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Abstract

The emerging and increasing prevalence of bacterial antibiotic resistance is a significant
public health challenge. To begin to tackle this problem, it will be critical to not only under-
stand the origins of this resistance but also document environmental reservoirs of antibiotic
resistance. In this study we investigated the possibility that both colony and field caught
mosquitoes could harbor antibiotic resistant bacteria. Specifically, we characterized the anti-
biotic resistant bacterial populations from colony-reared Aedes aegyptilarvae and adults
and two field caught mosquito species Coquillettidia perturbans and Ochlerotatus canaden-
sis. The cultured bacterial populations were dominated by isolates belonging to the class
Gammaproteobacteria. Among the antibiotic resistant populations, we found bacteria resis-
tant to carbenicillin, kanamycin, and tetracycline, including bacteria resistant to a cocktail

of all three antibiotics in combination. The antibiotic resistant bacteria were numerically rare,
at most 5% of total cell counts. Isolates were characterized by 16S rRNA gene sequencing,
and clustering into Operational Taxonomic Units (OTUs; 99% sequence identity). 27 antibi-
otic resistant OTUs were identified, although members of an OTU did not always share the
same resistance profile. This suggests the clustering was either not sensitive enough to dis-
tinguish different bacteria taxa or different antibiotic resistant sub-populations exist within

an OTU. Finally, the antibiotic selection opened up a niche to culture mosquito-associated
fungi, and 10 fungal OTUs (28S rRNA gene sequencing) were identified. Two fungal OTUs
both classified to the class Microbotryomycetes were commonly identified in the field-caught
mosquitoes. Thus, in this study we demonstrate that antibiotic resistant bacteria and certain
fungi are common and conserved mosquito microbiome members. These observations
highlight the potential of invertebrates to serve as vehicles for the spread of antibiotic resis-
tance throughout the environment.

Introduction

Mosquitoes, like many complex organisms, live in association with a microbiome made up of
bacteria, fungi and viruses [e.g. 1-5]. Descriptive studies of the mosquito microbiome suggest
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that the bacterial species richness of the microbiome is relatively low, generally made up of 10
to 50 species [1,6]. As mosquitoes are vectors of blood borne arboviruses, such as West Nile
virus, dengue virus, and chikungunya virus, the microbiome has received substantial research
as a possible factor that could interact with mosquito vector competence [7,8]. Yet, these stud-
ies are hampered by an inability to systematically manipulate the microbiome.

The generation of axenic mosquitoes, allowing for establishing gnotobiotic hosts with a
controlled microbiome, has only been reported recently [9,10]. Previous studies had relied on
antibiotic treatment of the mosquitoes to reduce or “remove” the microbiome prior to experi-
ments [11-14]. However, studies have documented that the mosquito microbiome can harbor
antibiotic resistant populations [15,16] and thus antibiotic treatment is more likely to induce
a dysbiosis in the microbiome rather than an elimination of the mosquitoes’ microbiota [12].
Furthermore, antibiotic treatment can affect the host’s physiology by inducing mitochondrial
dysfunction and oxidative damage [17,18]. In this regard, it is often difficult to distinguish the
effects of reducing the microbiome load via antibiotics versus potential effects of the antibiotics
themselves.

In this study we set out to test how common antibiotic resistant bacteria are among colony-
reared and field-caught mosquitoes. We hypothesized that the mosquito microbiome would
naturally harbor antibiotic resistant bacterial populations. We further predicted that the wild-
caught mosquitoes would harbor larger and more diverse antibiotic resistant populations due
to their increased probability of encountering antibiotics in their environment, as the colony
mosquitoes had no history of antibiotic treatment.

Materials and methods

Rearing and collection of colony mosquitoes

Colony reared mosquitoes (Aedes aegypti; Orlando strain) were maintained using standard
conditions [9]. Larvae from the same egg hatch were collected from rearing pans with a Pas-
teur pipette and serially rinsed through three Petri dishes containing sterile water to remove
external adhering bacteria. Adult female mosquitoes were collected 24 hours post blood feed-
ing (hpbf) from females with a still visible blood bolus to ensure that the mosquito had blood
fed, which insured the mosquitoes were in a similar physiological state.

Testing colony-reared mosquitoes for antibiotic resistance genes

To investigate the presence of antibiotic resistance genes in the microbiome of colony-reared
mosquitoes we employed a quantitative PCR array. Total DNA was extracted from a pool of
three larvae and from the dissected midguts of three female adults 24 hpbf. DNA was extracted
with the DNeasy PowerSoil kit (Qiagen) using standard protocols as previously described for
mosquitoes [9]. The DNA was employed as a template for a Qiagen 96-well Microbial DNA
gPCR Array (Antibiotic Resistant genes). This array detects 84 antibiotic resistant genes across
multiple antibiotic classes and also includes two pan bacteria and positive PCR controls to test
for the presence of inhibitors and PCR efficiency. A full list of the genes detected in the assay
can be found on the manufacture’s website. Quantitative PCR was performed on a BioRad
C1000 Touch Thermocycler with CFX96 Real-Time System. Thermalcycling conditions con-
sisted of 10 minutes at 95°C, followed by 40 cycles of: 15 seconds at 95°C and 2 minutes 60°C
and a 1°C/s ramp rate (as recommended by the assay manufacture) with FAM fluorophore
detection. Values for cycle quantification value (C,) were recorded for each well and positive
detections were based on the manufacture’s recommendations.
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Field collection of mosquitoes

Mosquito trapping was conducted as described previously [19]. Briefly, CO, (dry ice) baited
CDC miniature light traps equipped with aluminum domes were collected from six sites
around Connecticut (Fig 1). Mosquitoes were collected as part of the state of Connecticut
Mosquito Trapping and Arbovirus Surveillance Program. The Connecticut Mosquito Trap-
ping and Arbovirus Surveillance Program was established by Public Act 97-289 in 1997.
Traps were placed in the field in the afternoon, operated overnight, and retrieved the following
morning. Adult mosquitoes were transported alive to the laboratory each morning in an ice
chest lined with cool packs. Mosquitoes were immobilized with dry ice and transferred to chill
tables where they were identified to species with the aid of a stereo microscope (90X) based

on morphological characters. Individual females of two species, Coquillettidia perturbans and
Ochlerotatus canadensis were identified and separated with sterile tweezers and processed for
bacterial isolation immediately after collection from the field.

Bacterial culturing and isolation

In initial experiments we tested the bacterial recovery from individual colony-reared and field-
caught mosquitoes. For the colony mosquitoes an individual was sufficient to recover c.a. 1 x
107 colony-forming units (CFUs; for larvae and post blood fed females) whereas individual
field-caught mosquitoes displayed much lower CFUs, often with too few to reliably enumerate
from an individual. For this reason, the field-caught mosquitoes were processed in pools of 6
individuals.

Prior to culturing individuals were washed in a solution of 90% ethanol to remove external
adhering bacteria. Individual or pooled mosquitoes were placed in a sterile 1.5 ml tube and
crushed with a sterile pellet pestle in a volume of 250 pl of sterile phosphate buffered saline.
For plating, a 100 pl aliquot of the homogenate was serially diluted and used for spread plating
as diagramed in Fig 2. Mosquito homogenates were plated on LB media with no antibiotics to
enumerate the total culturable microbial populations. Mosquito homogenates were also plated
on LB plates containing carbenicillin (100 pg/ml), a carboxypenicillin antibiotic with action
against peptidoglycan and cell wall synthesis [20]; kanamycin (50 pg/ml), an aminoglycoside
antibiotic with action against the bacteria 30S ribosomal subunit [21], and tetracycline (50 pg/
ml) a polyketide antibiotic which also targets the bacterial 30S ribosomal subunit [22]. Finally,
LB plates were also made with a cocktail of all three antibiotics in combination to identify mul-
tiple antibiotic resistant bacteria.

Ten random colonies were isolated and characterized from LB plates to generate a low-res-
olution characterization of the cultivable microbial populations associated with mosquitoes.
For antibiotic resistant colonies, growth characteristics and colony morphology guided
selection, in order to recover the broadest diversity of isolates. In this respect, this sampling
procedure was designed to gain insights into both the structure of the culturable microbial
populations through non-selective culturing, and a broad characterization of the antibiotic
resistant bacterial populations within the mosquito microbiome. A schematic diagram of the
plating scheme is presented in Fig 2.

Bacterial isolation, DNA extraction, and PCR of bacterial 16S rRNA genes

All isolates were streaked to single colonies over three generations to obtain pure cultures.
Each isolate was then grown in liquid LB media for generating frozen permanent stocks and
for DNA isolation. DNA was isolated from a 1 ml aliquot of an overnight culture using the E.
Z.N.A. Bacterial DNA Kit (Omega BIO-TEK) with the difficult to lyse bacteria optional proto-
col. Bacterial 16S rRNA genes were amplified using the universal primers 515F and 806R
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Fig 1. Mosquito collection sites in the state of Connecticut. Mosquitoes from two different species were collected from sites around the state.
Collection locations are designated by a two-letter code. A full list of sites and their GPS coordinates are provided in S1 Table. The location of the
Connecticut Agricultural Experiment Station (CAES) and the state capital (Hartford) are also indicated. A 20 km scale bar is included for a
distance reference.

https://doi.org/10.1371/journal.pone.0218907.g001

[23,24] and amplification conditions consisting of initial denaturation 95 °C, 3 minutes; 30
cycles of the following, 95 °C, 45 seconds; 55 °C, 45 seconds; 72 °C, 1 minute and 45 seconds;
followed by a final extension of 10 minutes at 72 °C. The resulting amplicons were verified
by gel electrophoresis and the PCR reaction was cleaned using the E.Z.N.A. Cycle Pure Kit
(Omega BIO-TEK). Purified PCR products were sequenced at the Yale Keck Biotechnology
Resource Laboratory by standard Sanger chemistry and the 515F primer as the sequencing
primer.

Fungal isolates

Isolates that were not successfully amplified with the bacterial universal primers were visual-
ized by light microscopy. The majority of the isolates appeared to be fungal cells. For these
isolates the fungal LSU gene was amplified with the LR22R [25] and LR3 [26] primer set and
identical amplification, cleaning, and sequencing conditions as for PCR described above.

Bioinformatic analyses

Bacterial 16S rRNA and fungal LSU sequences were quality filtered in the Geneious software
package (version 8.1.9) and only sequences with a length of 250 b.p. and quality score greater
than 80% were retained. Sequences were assigned to OTUs in the mothur software package
(v.1.40.5) [27]. OTUs were assigned with 99% sequence identity. Bacterial 16S rRNA gene
sequences were classified with naive Bayesian Classifier [28] against the SILVA database
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Fig 2. Schematic diagram of bacterial culturing. A). Bacteria were isolated from individual colony-reared Ae. aegypti larvae and adults. B). For
field caught mosquitoes bacteria were isolated from a pool of six individual adults. Individuals or pools were homogenized and the homogenates
were employed in serial dilutions and plating. C). For LB plates a numbered 100 square grid was places under the plate and a random number
generator was used to select numbers. If the number drawn and the indicated square contained a colony that colony was selected for isolation, if
not another number was drawn. This process was repeated until 10 colonies were selected for isolation. In this manner 10 random colonies were
selected to represent a low-resolution profile of the culturable microbial community. D). For antibiotic plates (LB media supplemented with
antibiotics) colony morphology and growth characteristics guided selection in order to recover the broadest diversity of isolates. Abbreviations:

Tc = tetracycline, Km = kanamycin, Carb = carbenicillin.

https://doi.org/10.1371/journal.pone.0218907.9002

(version 132; [29]) as implemented in mothur. The fungal LSU sequences were classified
against the Fungal LSU Training set [30] also hosted with mothur.

Representative sequences for each OTU (calculated used abundance weighted scoring)
were uploaded to the NCBI Nucleotide database with accession numbers MN046275-
MN046301 for bacterial 16S rRNA genes and MN046918-MN046927 for fungal 28S rRNA

Identification of antibiotic resistance genes in colony reared mosquitoes

The first goal of the project was to test the colony-reared mosquito microbiome for the pres-
ence of antibiotic resistance genes by qPCR. A non-overlapping set of seven antibiotic
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Table 1. Antibiotic resistance genes detected in colony larvae and adults.

Gene Antibiotic class Also detects Larvae Adults

IMI & NMC-A Class A beta-lactamase IMI-2, IMI-3 Positive Not detected
OXA-18 Class D beta-lactamase Positive Not detected
OXA-58 Group Class D beta-lactamase OXA-96, OXA-97, OXA-164 Positive Not detected
QnrD Fluorquinolone resistance Positive Not detected
OXA-60 Class D beta-lactamase OXA-60A, OXA-60B, OXA-60c Not detected Positive
SHV(156G) Class A beta-lactamase Not detected Positive
aadAl Aminoglycoside-resistance Not detected Positive

https://doi.org/10.1371/journal.pone.0218907.t001

resistance genes were detected in the colony larvae and adults (Table 1). These data suggest
that there was a significant shift in the microbial community between the larvae and adults,
as they had no resistance genes in common. The resistance genes detected encompassed four
classes of antibiotic resistance, suggesting diverse modes of action in resistance. Thus, these
data demonstrate the potential for the colony-reared mosquito microbiome to harbor antibi-
otic resistance. Based on these data a program to isolate antibiotic resistant bacteria was
pursued.

Plate counts

The viable cell counts were determined for each culture condition. The LB medium with no
antibiotics consistently recovered the highest number of CFUs. Antibiotic resistant popula-
tions only made up a small fraction of the cells recovered on LB, never exceeding 5% but gen-
erally below 1% (Fig 3). In general, carbenicillin and kanamycin resistant populations were
most abundant and present in similar counts, with the exception of in the colony-raised larvae,
where kanamycin resistant populations were predominant.

Characterization of bacterial isolates

A total of 198 bacterial isolates were cultured and characterized through 16S rRNA gene
sequencing. Clustering of the sequences (99% sequence identity) recovered 27 OTUs (52
Table). The OTUs represented 4 bacterial phyla (Actinobacteria, Bacteroidetes, Firmicutes,
and Proteobacteria). Even with the relatively short sequence fragment (mean 259 b.p.) 20 of
the 27 OTUs could be classified to the genus level with confidence scores >80%. Among those
OTUs that could be classified to genus, 14 different genera were represented with Elizabethkin-
gia and Morganella being the most abundant, respectively (S2 Table).

The cultivable microbiome among mosquitoes

For the bacteria cultured on LB medium, 10 strains were randomly selected for sequencing
from each individual mosquito or pool in order to obtain a low-resolution profile of the diver-
sity, abundance, and conservation of bacteria among the mosquitoes (see Fig 2). The patterns
of OTU conservation clearly distinguished the colony-raised larvae and adults (Fig 4). The
OTUs from the larvae were predominantly from the class Actinobacteria, compared to Gam-
maproteobacteria for the adults. In fact, no OTUs from the LB plates were shared between the
colony larvae and adults, suggesting that the numerically dominant community members dif-
fered between the two mosquito developmental stages.

The pattern of OTU conservation also distinguished the colony reared-mosquitoes from
the wild caught mosquitoes. The number and taxonomic diversity of OTUs recovered from
the wild caught mosquitoes tended to be larger than for the colony mosquitoes. For instance,
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Fig 3. Bacterial cell counts. Each bar denotes the recovered CFUs per individual colony-reared mosquito or pools of individuals for the field-
caught mosquitoes. Points represent the values for individual replicate plates and the solid bar denotes the mean of the three replicates. Numbers
above the boxes indicate the proportion of CFUs recovered on each antibiotic plate as a percentage of the OTUs recovered on the non-selective
LB media. The y-axis is log scaled.

https://doi.org/10.1371/journal.pone.0218907.9003

bacteria of the classes Bacteroidia and Bacilli were only present in the wild mosquitoes (on the
non-selective LB media). The OTUs were also largely unique to either the colony or wild popu-
lations. Indeed, only one OTU (Otu06) was found in both the colony and wild caught mosqui-
toes. Yet, across the different adult mosquitoes the dominant OTUs were generally within the
class Gammaproteobacteria, suggesting these bacteria are particularly well adapted for life in
association with mosquitoes. Taken together, these observations indicate that even a shallow
sampling of the cultivable microbial diversity was sufficient to distinguish the microbial com-
munity between colony-raised larvae and adult Ae. aegypti mosquitoes, describe differences
amongst the colony reared and wild caught mosquitoes, and identify a predominance of
Gammaproteobacteria in the mosquito associated bacteria. However, as all culturing was per-
formed on LB media these data likely only represent a proportion of the total bacterial diversity
and favor fast growing bacterial species.

Characterization of antibiotic resistant bacteria

Sampling of antibiotic resistant bacteria targeted diversity rather than abundance in order to
recover the broadest selection of antibiotic resistant colonies. The recovered bacteria were
identified as belonging to 22 OTUs (Fig 5). Carbenicillin and kanamycin resistant bacteria
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Fig 4. Composition of the cultivable mosquito microbiome. Each column represents an OTU detected on LB plates and the rows are the
colony-reared individuals or pools of field-caught mosquitoes. The size of each point represents the number of isolates belonging to that OTU
from that individual or pool. Each OTU is colored based on the taxonomic class to which each OTU was classified. For the field-caught
mosquitoes the labels indicate the species of mosquito (Oc = Ochlerotatus canadensis, Cq = Coquillettidia perturbans) and the two-letter site code

(Fig 1).

https://doi.org/10.1371/journal.pone.0218907.9004

were the most commonly recovered, matching observations from the plate counts, indicating
carbenicillin and kanamycin resistant isolates were most abundant (Fig 5). Only two OTUs
(Otu01 and Otu07) accounted for the bacteria resistant to all three antibiotics (Fig 5).

The number of antibiotic resistant OTUs recovered from the wild populations was greater
than for the colony raised Ae. aegypti (Fig 5), suggesting a larger diversity of antibiotic resistant
bacteria amongst the field caught mosquitoes. Several of the OTUs were also common to mul-
tiple pools of mosquitoes caught from different locations suggesting that antibiotic resistant
strains were potentially shared between geographically separated mosquito populations. Addi-
tionally, there were three OTUs (Otu05, Otu07, Otu09) that were identified in both the col-
ony-reared and field-caught mosquitoes.

Heterogeneity of antibiotic resistance within an OTU

A potential weakness of this sampling strategy was that isolates from a single antibiotic con-
taining plate might have clustered into an OTU with multi-antibiotic resistant strains. In this
respect, the multi-drug resistance of an OTU was not directly tested for every isolate in that
OTU. To assay if all of the members of an OTU had identical resistance profiles, the isolates
making up Otu01 and Otu07, which contained isolates resistant to all three antibiotics, were
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Fig 5. Composition and conservation of antibiotic resistant OTUs among mosquitoes. Each column represents an OTU detected on
antibiotic plates and the rows are the colony-reared individuals or pools of field-caught mosquitoes. As the sampling was not conducted to assess
abundance of isolates the points only reflect presence or absence. The bars above the figure indicate the antibiotic resistance profile of the OTU.
The resistance profile was determined such that each OTU was assigned all of the resistances within an OTU. For example, if one isolate in the
OTU was from the cocktail plate the resistance profile is indicated as all four resistances although some isolates may have originated from a single
antibiotic plate. For the field-caught mosquitoes the labels indicate the species of mosquito (Oc = Ochlerotatus canadensis, Cq = Coquillettidia
perturbans) and the two-letter site code (Fig 1). Abbreviations: Carb = carbenicillin, Tet-tetracycline, Km = kanamycin, Ck = cocktail.

https://doi.org/10.1371/journal.pone.0218907.9005

challenged in a multi-resistance assay (Fig 6). For both OTUs a subset of the isolates were resis-
tant to only a single antibiotic, whereas the remainder were resistant to all three (Fig 6). In
this respect, OTU membership was not a perfect predictor of an isolate’s antibiotic resistance

phenotype.

Fungal isolates

Multiple isolates (30) were determined to be fungi through microscopy, and were subsequently
characterized by sequencing of the large subunit (LSU) rRNA gene. The sequences clustered
into 10 OTUs (99% sequence identity). Fungal OTUs were classified to both the Basidiomycota
and Ascomycota lineages. The OTUs were further classified to five classes with two OTUs only
classified to the Domain and Phylum level, respectively (S3 Table). All but two of the isolates
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(both clustering within fungal Otu01) were isolated from antibiotic containing plates. This
suggests that the reduction of bacterial numbers by the antibiotics opened up a niche to culture
fungal cells. With the exception of the colony-reared adults, fungi were identified in every
mosquito pool (Fig 7). Although, only a single fungal isolate was identified in the colony larvae,
indicating that fungal abundance was limited in colony-rearing conditions. The wild caught
mosquitoes showed an overlap in membership with two fungal OTUs (Otu01 and Otu02)
being conserved among the majority of the pools of wild mosquitoes (Fig 7). Both OTUs were
classified to the class Microbotryomycetes, suggesting this group of fungi may be common
mosquito-associated organisms. The remaining fungal OTUs were all unique to a single mos-
quito pool, indicating they are less likely to form cosmopolitan stable associations with mos-
quito hosts.

Discussion

The majority of research investigating the capacity of insects to harbor antibiotic resistant bac-
teria has focused on flies and their potential role as vectors to transport antibiotic resistant bac-
teria from animal production facilities to human populations [31-34]. Additionally, honeybee

and various plant feeding insects have also been found to carry antibiotic resistant bacteria
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[35,36]. Here we show that antibiotic resistant bacteria, including multiple-antibiotic resistant
isolates, are commonly recovered from colony-reared and wild-caught mosquitoes, across
three different mosquito genera. These data suggest that the presence of antibiotic resistant
bacteria is wide spread among mosquito populations. Yet, the finding of antibiotic resistant
bacteria in the colony-reared mosquitoes was surprising, in that the colony has no history of
antibiotic treatment. It is increasingly recognized that antibiotic resistant genes can be main-
tained in the absence of direct selection [37,38]. Thus, previous antibiotic exposure may not
always be an indicator for the presence of antibiotic resistance determinants. Mosquitoes are a
recognized public health threat as the vector of many diseases. Thus, the finding that mosqui-
toes also appear to consistently carry antibiotic resistant bacteria could cause some concern.
However, as the majority of human pathogens transmitted by mosquitoes are viruses there is a
seemingly low risk that mosquitoes will act as a vector of antibiotic resistant bacterial infec-
tions. Yet, mosquitoes are mobile, traveling up to a few kilometers per day with longer distance
dispersals facilitated by wind and human transport [39], as such they could act as a vector for
spreading antibiotic resistant bacteria between environments. Insects have already been identi-
fied as a possible route by which antibiotic resistance determinants are spread from rural to
urban areas [40].

The most common antibiotic resistant genes detected in the colony-reared mosquito
microbiome were beta-lactamases, of which two classes were identified. Beta-lactamases may
be among the most common and cosmopolitan resistance genes [41]. Up to 90% of tested
soils contained beta-lactamase resistance genes [42], supporting the ubiquitous nature of these
genes in the environment. An Aminoglycoside-resistance gene was also detected which could
potentially explain the high population numbers resistant to kanamycin (Fig 3). The wide dis-
tribution of aminoglycoside resistant genes has significantly reduced the use of these antibiot-
ics in clinical settings [43,44].

Two of the isolates met the requirements to be considered multi-drug resistant, defined as
being resistant to at least 3 classes of antibiotics [45]. Thus, those isolates capable of growth on
the antibiotic cocktail of the three antibiotics employed in this study meet this criterion. One
of the multi antibiotic resistant OTUs (Otu01) was classified to the genus Elizabethkingia.
Organisms from this genus have been previously been isolated from field-caught mosquitoes
from The Gambia, and isolates demonstrate broad spectrum antibiotic resistance, including
ampicillin, kanamycin, streptomycin, chloramphenicol, and tetracycline [15]. Here we demon-
strate a similar multi-drug resistant phenotype from an Elizabethkingia-related isolate from
colony-reared Ae. aegypti. An observation of note is that isolates that clustered into the same
multi-resistant OTU showed heterogeneous antibiotic resistance profiles. For instance, the
majority of isolates within Otu01 were resistant to all three antibiotics tested, but 4 (12%) were
sensitive to only a single antibiotic (Fig 6). This could be explained by resistance genes being
present on plasmids or transposons only shared among subpopulations of an OTU. Similarly,
point mutations in resistance genes could only be present in a fraction of the OTU members.
Alternatively, the clustering of isolates with differing phenotypes could be due to the short
fragment of the 16S rRNA gene sequenced in this study (c.a. 259 b.p.). In this regard, longer
16S rRNA gene sequences or multi-locus sequencing may have been better able to distinguish
the isolates as different taxa. Yet, these are the same primers used for the Earth Microbiome
Project [46] and are likely among the most commonly employed primers for culture-indepen-
dent microbial diversity assays. So any other study employing these primers would have likely
generated similar OTUs. These data highlight that OTU membership can be a flawed predictor
for antibiotic resistance phenotype.

Finally, through our efforts to culture antibiotic resistant bacteria we opened up a niche to
culture fungal isolates from the mosquitoes. Fungi were more common and abundant among
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the wild-caught mosquitoes, suggesting that colony-rearing conditions may not be conducive
for mosquito-associated fungi, or at least mosquito associated fungi were not abundant in the
laboratory. The finding of conserved fungal OTUs, particularly belonging to the class Micro-
botryomycetes (Fig 7) between mosquitoes collected at disparate sites suggests that these fungi
form stable relationships with mosquitoes. The majority of research into mosquito-fungal
associations has generally focused on entompopathogenic fungi and their role in mosquito
control [47-49], whereas the potential role of fungi as commensal flora has been generally
neglected. Yet, studies have documented fungal taxa such as Aspergillus, Penicillium, Candidia,
and Fusarium associated with mosquitoes [4,50,51]. Presumably all of these fungi are not path-
ogens. One family of fungi, the Harpellales, has been shown to benefit mosquito larval devel-
opment and thus has been considered to be a commensal [52,53]. But by in large the potential
role and beneficial relationships between mosquitoes and fungi has been under studied. Here
we show fungi may be conserved microbiome members amongst wild-caught mosquitoes, but
their potential role in mosquito biology is essentially unknown.

Conclusion

The data presented here demonstrate the potential of mosquitoes to act as an environmental
reservoir of antibiotic resistant bacteria, including multi-drug resistant strains. Furthermore,
the presence of conserved fungal OTUs among field-caught mosquitoes collected from dispa-
rate locations points to a role for fungi to associate with mosquitoes. Thus, antibiotic resistant
bacteria and fungi should be considered to common members of the mosquito microbiome.

Supporting information

S1 Table. Location of the collection sites in the state of Connecticut. The location of each
site is indicated along with the two-letter code that is used to designate the site throughout the
manuscript.

(DOCX)

$2 Table. Taxonomic classification of representative sequences for bacterial OTUs.
“Number of isolates belonging to the OTU. Values in brackets indicate the confidence scores
for the classification.

(XLSX)

$3 Table. Taxonomic classification of representative sequences for fungal OTUs. “Number
of isolates belonging to the OTU. Values in brackets indicate the confidence scores for the clas-
sification.

(XLSX)

Acknowledgments

We would like to thank John Sheppard and the members of the Connecticut Mosquito Trap-
ping and Arbovirus Surveillance Program for collecting and identifying the wild-caught
mosquitoes.

Author Contributions
Conceptualization: Doug E. Brackney, Blaire Steven.
Data curation: Josephine Hyde, Courtney Gorham.

Formal analysis: Josephine Hyde, Courtney Gorham, Blaire Steven.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218907  August 14, 2019 13/16


https://doi.org/10.1371/journal.pone.0218907
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218907.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218907.s003
https://doi.org/10.1371/journal.pone.0218907

@ PLOS|ONE

Antibiotic resistant bacteria in mosquitoes

Funding acquisition: Doug E. Brackney, Blaire Steven.

Investigation: Courtney Gorham, Blaire Steven.

Supervision: Doug E. Brackney.

Visualization: Josephine Hyde.

Writing - original draft: Josephine Hyde, Doug E. Brackney, Blaire Steven.

Writing - review & editing: Josephine Hyde, Doug E. Brackney, Blaire Steven.

References

1.

10.

1.

12

13.

14.

15.

Minard G, Mavingui P, Moro CV. Diversity and function of bacterial microbiota in the mosquito holobiont.
Parasit Vectors. 2013; 6: 146. https://doi.org/10.1186/1756-3305-6-146 PMID: 23688194

Kim C-H, Lampman RL, Muturi EJ. Bacterial Communities and Midgut Microbiota Associated with Mos-
quito Populations from Waste Tires in East-Central lllinois. Journal of Medical Entomology. 2015; 52:
63-75. https://doi.org/10.1093/jme/tju011 PMID: 26336281

Lindh JM, Terenius O, Faye I. 16S rRNA Gene-Based Identification of Midgut Bacteria from Field-
Caught Anopheles gambiae Sensu Lato and A. funestus Mosquitoes Reveals New Species Related to
Known Insect Symbionts. Applied and Environmental Microbiology. 2005; 71: 7217—7223. https://doi.
org/10.1128/AEM.71.11.7217-7223.2005 PMID: 16269761

Chandler JA, Liu RM, Bennett SN. RNA shotgun metagenomic sequencing of northern California (USA)
mosquitoes uncovers viruses, bacteria, and fungi. Front Microbiol. 2015; 6. https://doi.org/10.3389/
fmicb.2015.00185 PMID: 25852655

Zouache K, Raharimalala FN, Raquin V, Tran-Van V, Raveloson LHR, Ravelonandro P, et al. Bacterial
diversity of field-caught mosquitoes, Aedes albopictus and Aedes aegypti, from different geographic
regions of Madagascar: Bacterial communities of wild Aedes mosquito vectors. FEMS Microbiology
Ecology. 2011; 75: 377-389. https://doi.org/10.1111/j.1574-6941.2010.01012.x PMID: 21175696

Muturi EJ, Kim C-H, Bara J, Bach EM, Siddappaji MH. Culex pipiens and Culex restuans mosquitoes
harbor distinct microbiota dominated by few bacterial taxa. Parasites & Vectors. 2016; 9. https://doi.org/
10.1186/s13071-016-1299-6 PMID: 26762514

Charan SS, Pawar KD, Severson DW, Patole MS, Shouche YS. Comparative analysis of midgut bacte-
rial communities of Aedes aegypti mosquito strains varying in vector competence to dengue virus.
Parasitology Research. 2013; 112: 2627-2637. https://doi.org/10.1007/s00436-013-3428-x PMID:
23636307

Ramirez JL, Short SM, Bahia AC, Saraiva RG, Dong Y, Kang S, et al. Chromobacterium Csp_P
Reduces Malaria and Dengue Infection in Vector Mosquitoes and Has Entomopathogenic and In Vitro
Anti-pathogen Activities. PLOS Pathogens. 2014; 10: e1004398. https://doi.org/10.1371/journal.ppat.
1004398 PMID: 25340821

Correa MA, Matusovsky B, Brackney DE, Steven B. Generation of axenic Aedes aegypti demonstrate
live bacteria are not required for mosquito development. Nature Communications. 2018; 9: 4464.
https://doi.org/10.1038/s41467-018-07014-2 PMID: 30367055

Coon KL, Brown MR, Strand MR. Gut bacteria differentially affect egg production in the anautogenous
mosquito Aedes aegypti and facultatively autogenous mosquito Aedes atropalpus (Diptera: Culicidae).
Parasites & Vectors. 2016; 9: 375. https://doi.org/10.1186/s13071-016-1660-9 PMID: 27363842

Cirimotich CM, Ramirez JL, Dimopoulos G. Native Microbiota Shape Insect Vector Competence for
Human Pathogens. Cell Host & Microbe. 2011; 10: 307-310. https://doi.org/10.1016/j.chom.2011.09.
006 PMID: 22018231

Hughes GL, Dodson BL, Johnson RM, Murdock CC, Tsujimoto H, Suzuki Y, et al. Native microbiome
impedes vertical transmission of Wolbachia in Anopheles mosquitoes. PNAS. 2014; 111: 12498
12508. https://doi.org/10.1073/pnas.1408888111 PMID: 25114252

Boissiere A, Tchioffo MT, Bachar D, Abate L, Marie A, Nsango SE, et al. Midgut Microbiota of the
Malaria Mosquito Vector Anopheles gambiae and Interactions with Plasmodium falciparum Infection.
Vernick KD, editor. PLoS Pathogens. 2012; 8: e1002742. https://doi.org/10.1371/journal.ppat. 1002742
PMID: 22693451

Chouaia B, Rossi P, Epis S, Mosca M, Ricci |, Damiani C, et al. Delayed larval development in Anophe-
les mosquitoes deprived of Asaia bacterial symbionts. BMC microbiology. 2012; 12: 1.

Kampfer P, Matthews H, Glaeser SP, Martin K, Lodders N, Faye |. Elizabethkingia anophelis sp.
nov., isolated from the midgut of the mosquito Anopheles gambiae. International Journal of Systematic

PLOS ONE | https://doi.org/10.1371/journal.pone.0218907  August 14, 2019 14/16


https://doi.org/10.1186/1756-3305-6-146
http://www.ncbi.nlm.nih.gov/pubmed/23688194
https://doi.org/10.1093/jme/tju011
http://www.ncbi.nlm.nih.gov/pubmed/26336281
https://doi.org/10.1128/AEM.71.11.7217-7223.2005
https://doi.org/10.1128/AEM.71.11.7217-7223.2005
http://www.ncbi.nlm.nih.gov/pubmed/16269761
https://doi.org/10.3389/fmicb.2015.00185
https://doi.org/10.3389/fmicb.2015.00185
http://www.ncbi.nlm.nih.gov/pubmed/25852655
https://doi.org/10.1111/j.1574-6941.2010.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/21175696
https://doi.org/10.1186/s13071-016-1299-6
https://doi.org/10.1186/s13071-016-1299-6
http://www.ncbi.nlm.nih.gov/pubmed/26762514
https://doi.org/10.1007/s00436-013-3428-x
http://www.ncbi.nlm.nih.gov/pubmed/23636307
https://doi.org/10.1371/journal.ppat.1004398
https://doi.org/10.1371/journal.ppat.1004398
http://www.ncbi.nlm.nih.gov/pubmed/25340821
https://doi.org/10.1038/s41467-018-07014-2
http://www.ncbi.nlm.nih.gov/pubmed/30367055
https://doi.org/10.1186/s13071-016-1660-9
http://www.ncbi.nlm.nih.gov/pubmed/27363842
https://doi.org/10.1016/j.chom.2011.09.006
https://doi.org/10.1016/j.chom.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22018231
https://doi.org/10.1073/pnas.1408888111
http://www.ncbi.nlm.nih.gov/pubmed/25114252
https://doi.org/10.1371/journal.ppat.1002742
http://www.ncbi.nlm.nih.gov/pubmed/22693451
https://doi.org/10.1371/journal.pone.0218907

@ PLOS|ONE

Antibiotic resistant bacteria in mosquitoes

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

and Evolutionary Microbiology. 2011; 61: 2670-2675. https://doi.org/10.1099/ijs.0.026393-0 PMID:
21169462

Coon KL, Brown MR, Strand MR. Mosquitoes host communities of bacteria that are essential for devel-
opment but vary greatly between local habitats. Molecular Ecology. 2016; 25: 5806-5826. https://doi.
org/10.1111/mec.13877 PMID: 27718295

Kalghatgi S, Spina CS, Costello JC, Liesa M, Morones-Ramirez JR, Slomovic S, et al. Bactericidal Antibi-
otics Induce Mitochondrial Dysfunction and Oxidative Damage in Mammalian Cells. Science Translational
Medicine. 2013; 5: 192ra85—-192ra85. https://doi.org/10.1126/scitransimed.3006055 PMID: 23825301

Singh R, Sripada L, Singh R. Side effects of antibiotics during bacterial infection: Mitochondria, the main
target in host cell. Mitochondrion. 2014; 16: 50-54. https://doi.org/10.1016/j.mit0.2013.10.005 PMID:
24246912

Andreadis TG, Armstrong PM, Anderson JF, Main AJ. Spatial-Temporal Analysis of Cache Valley Virus
(Bunyaviridae: Orthobunyavirus) Infection in Anopheline and Culicine Mosquitoes (Diptera: Culicidae)
in the Northeastern United States, 1997—2012. Vector-Borne and Zoonotic Diseases. 2014; 14: 763—
773. https://doi.org/10.1089/vbz.2014.1669 PMID: 25325321

Butler K, English AR, Ray VA, Timreck AE. Carbenicillin: Chemistry and Mode of Action. The Journal of
Infectious Diseases. 1970; 122: S1-S8.

Konno K, Oizumi K, Kumano N, Oka S. Mode of Action of Kanamycin on Mycobacterium bovis BCG.
Am Rev Respir Dis. 1973; 108: 101—107 PMID: 4577267

Chopra I, Roberts M. Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epi-
demiology of Bacterial Resistance. Microbiol Mol Biol Rev. 2001; 65: 232—260. https://doi.org/10.1128/
MMBR.65.2.232-260.2001 PMID: 11381101

Parada AE, Needham DM, Fuhrman JA. Every base matters: assessing small subunit rRNA primers for
marine microbiomes with mock communities, time series and global field samples. Environmental
Microbiology. 2016; 18: 1403—1414. https://doi.org/10.1111/1462-2920.13023 PMID: 26271760

Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU rRNA 806R gene primer
greatly increases detection of SAR11 bacterioplankton. Aquatic Microbial Ecology. 2015; 75: 129—-137.
https://doi.org/10.3354/ame01753

Mueller RC, Gallegos-Graves LV, Kuske CR. A new fungal large subunit ribosomal RNA primer for
high-throughput sequencing surveys. FEMS Microbiol Ecol. 2016; 92. https://doi.org/10.1093/femsec/
fiv153 PMID: 26656064

Vilgalys R, Hester M. Rapid genetic identification and mapping of enzymatically amplified ribosomal
DNA from several Cryptococcus species. Journal of Bacteriology. 1990; 172: 4238—4246. https://doi.
org/10.1128/jb.172.8.4238-4246.1990 PMID: 2376561

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
Open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; 75: 7537-7541. https://doi.org/10.1128/AEM.
01541-09 PMID: 19801464

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian Classifier for Rapid Assignment of rRNA
Sequences into the New Bacterial Taxonomy. Applied and Environmental Microbiology. 2007; 73:
5261-5267. https://doi.org/10.1128/AEM.00062-07 PMID: 17586664

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucl Acids Res. 2012; D590-6.
https://doi.org/10.1093/nar/gks1219 PMID: 23193283

Liu K-L, Porras-Alfaro A, Kuske CR, Eichorst SA, Xie G. Accurate, Rapid Taxonomic Classification of
Fungal Large-Subunit rRNA Genes. Applied and Environmental Microbiology. 2012; 78: 1523—-1533.
https://doi.org/10.1128/AEM.06826-11 PMID: 22194300

Mohammed AN, Abdel-Latef GK, Abdel-Azeem NM, EI-Dakhly KM. Ecological study on antimicrobial-
resistant zoonotic bacteria transmitted by flies in cattle farms. Parasitol Res. 2016; 115: 3889—-3896.
https://doi.org/10.1007/s00436-016-5154-7 PMID: 27245073

Alves T dos S, Lara GHB, Maluta RP, Ribeiro MG, Leite D da S. Carrier flies of multidrug-resistant
Escherichia coli as potential dissemination agent in dairy farm environment. Science of The Total Envi-
ronment. 2018; 633: 1345—-1351. https://doi.org/10.1016/j.scitotenv.2018.03.304 PMID: 29758886

Ahmad A, Ghosh A, Schal C, Zurek L. Insects in confined swine operations carry a large antibiotic resis-
tant and potentially virulent enterococcal community. BMC Microbiology. 2011; 11: 23. https://doi.org/
10.1186/1471-2180-11-23 PMID: 21269466

Onwugamba FC, Fitzgerald JR, Rochon K, Guardabassi L, Alabi A, Kilhne S, et al. The role of “filth
flies” in the spread of antimicrobial resistance. Travel Med Infect Dis. 2018; 22: 8—17. https://doi.org/10.
1016/j.tmaid.2018.02.007 PMID: 29482014

PLOS ONE | https://doi.org/10.1371/journal.pone.0218907  August 14, 2019 15/16


https://doi.org/10.1099/ijs.0.026393-0
http://www.ncbi.nlm.nih.gov/pubmed/21169462
https://doi.org/10.1111/mec.13877
https://doi.org/10.1111/mec.13877
http://www.ncbi.nlm.nih.gov/pubmed/27718295
https://doi.org/10.1126/scitranslmed.3006055
http://www.ncbi.nlm.nih.gov/pubmed/23825301
https://doi.org/10.1016/j.mito.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24246912
https://doi.org/10.1089/vbz.2014.1669
http://www.ncbi.nlm.nih.gov/pubmed/25325321
http://www.ncbi.nlm.nih.gov/pubmed/4577267
https://doi.org/10.1128/MMBR.65.2.232-260.2001
https://doi.org/10.1128/MMBR.65.2.232-260.2001
http://www.ncbi.nlm.nih.gov/pubmed/11381101
https://doi.org/10.1111/1462-2920.13023
http://www.ncbi.nlm.nih.gov/pubmed/26271760
https://doi.org/10.3354/ame01753
https://doi.org/10.1093/femsec/fiv153
https://doi.org/10.1093/femsec/fiv153
http://www.ncbi.nlm.nih.gov/pubmed/26656064
https://doi.org/10.1128/jb.172.8.4238-4246.1990
https://doi.org/10.1128/jb.172.8.4238-4246.1990
http://www.ncbi.nlm.nih.gov/pubmed/2376561
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1128/AEM.06826-11
http://www.ncbi.nlm.nih.gov/pubmed/22194300
https://doi.org/10.1007/s00436-016-5154-7
http://www.ncbi.nlm.nih.gov/pubmed/27245073
https://doi.org/10.1016/j.scitotenv.2018.03.304
http://www.ncbi.nlm.nih.gov/pubmed/29758886
https://doi.org/10.1186/1471-2180-11-23
https://doi.org/10.1186/1471-2180-11-23
http://www.ncbi.nlm.nih.gov/pubmed/21269466
https://doi.org/10.1016/j.tmaid.2018.02.007
https://doi.org/10.1016/j.tmaid.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29482014
https://doi.org/10.1371/journal.pone.0218907

@ PLOS|ONE

Antibiotic resistant bacteria in mosquitoes

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ludvigsen J, Amdam GV, Rudi K, L’Abée-Lund TM. Detection and Characterization of Streptomycin
Resistance (strA-strB) in a Honeybee Gut Symbiont (Snodgrassella alvi) and the Associated Risk of
Antibiotic Resistance Transfer. Microb Ecol. 2018; 76: 588—591. https://doi.org/10.1007/s00248-018-
1171-7 PMID: 29520453

Ignasiak K, Maxwell A. Antibiotic-resistant bacteria in the guts of insects feeding on plants: prospects
for discovering plant-derived antibiotics. BMC Microbiology. 2017; 17: 223. https://doi.org/10.1186/
512866-017-1133-0 PMID: 29191163

Salyers AA, Amabile-Cuevas CF. Why are antibiotic resistance genes so resistant to elimination? Anti-
microbial Agents and Chemotherapy. 1997; 41: 2321-2325. https://doi.org/10.1128/AAC.41.11.2321
PMID: 9371327

Gillespie SH. Antibiotic resistance in the absence of selective pressure. International Journal of Antimi-
crobial Agents. 2001; 17: 171-176. https://doi.org/10.1016/S0924-8579(00)00340-X PMID: 11282261

Elbers ARW, Koenraadt C, Meiswinkel R. Mosquitoes and Culicoides biting midges: vector range and
the influence of climate change: -EN- -FR- Les moustiques et les moucherons piqueurs Culicoides :
diversité des vecteurs et influence du changement climatique -ES- Mosquitos y jejenes Culicoides: dis-
tribucién de los vectores e influencia del cambio climatico. Revue Scientifique et Technique de I'OIE.
2015; 34: 123-137. https://doi.org/10.20506/rst.34.1.2349 PMID: 26470453

Zurek L, Ghosh A. Insects Represent a Link between Food Animal Farms and the Urban Environment
for Antibiotic Resistance Traits. Muller V, editor. Applied and Environmental Microbiology. 2014; 80:
3562-3567. https://doi.org/10.1128/AEM.00600-14 PMID: 24705326

Davies J, Davies D. Origins and Evolution of Antibiotic Resistance. Microbiology and Molecular Biology
Reviews. 2010; 74: 417—433. https://doi.org/10.1128/MMBR.00016-10 PMID: 20805405

Walsh F, Duffy B. The Culturable Soil Antibiotic Resistome: A Community of Multi-Drug Resistant Bac-
teria. PLOS ONE. 2013; 8: €65567. https://doi.org/10.1371/journal.pone.0065567 PMID: 23776501

Mingeot-Leclercq M-P, Glupczynski Y, Tulkens PM. Aminoglycosides: Activity and Resistance. Antimi-
crobial Agents and Chemotherapy. 1999; 43: 727-737. https://doi.org/10.1128/AAC.43.4.727 PMID:
10103173

Murray BE. New Aspects of Antimicrobial Resistance and the Resulting Therapeutic Dilemmas. J Infect
Dis. 1991; 163: 1185—1194. https://doi.org/10.1093/infdis/163.6.1185

Nikaido H. Multidrug Resistance in Bacteria. Annual Review of Biochemistry. 2009; 78: 119—-146.
https://doi.org/10.1146/annurev.biochem.78.082907.145923 PMID: 19231985

Alivisatos AP, Blaser MJ, Brodie EL, Chun M, Dangl JL, Donohue TJ, et al. A unified initiative to harness
Earth’s microbiomes. Science. 2015; 350: 507-508. https://doi.org/10.1126/science.aac8480 PMID:
26511287

Scholte E-J, Knols BGJ, Samson RA, Takken W. Entomopathogenic fungi for mosquito control: A
review. J Insect Sci. 2004; 4. https://doi.org/10.1093/jis/4.1.19 PMID: 15861235

Mnyone LL, Kirby MJ, Lwetoijera DW, Mpingwa MW, Knols BG, Takken W, et al. Infection of the malaria
mosquito, Anopheles gambiae, with two species of entomopathogenic fungi: effects of concentration,
co-formulation, exposure time and persistence. Malaria Journal. 2009; 8: 309. https://doi.org/10.1186/
1475-2875-8-309 PMID: 20030834

Kanzok SM, Jacobs-Lorena M. Entomopathogenic fungi as biological insecticides to control malaria.
Trends in Parasitology. 2006; 22: 49-51. https://doi.org/10.1016/j.pt.2005.12.008 PMID: 16377249

Pereira E da S, Sarquis Ml de M, Ferreira-Keppler RL, Hamada N, Alencar YB. Fungos filamentosos
associados a larvas de mosquitos (Diptera: Culicidae) em municipios da Amazdnia Brasileira. Neotropi-
cal Entomology. 2009; 38: 352—-359. https://doi.org/10.1590/S1519-566X2009000300009 PMID:
19618051

Galal FH, AbuElnasr A, Abdallah |, Zaki O, Seufi AM. Culex (Culex) Pipiens Mosquitoes Carry and Har-
bor Pathogenic Fungi during Their Developmental Stages. Erciyes Tip Dergisi/Erciyes Medical Journal.
2017; 39: 1-6. https://doi.org/10.5152/etd.2017.16067

Wang Y, White MM, Kvist S, Moncalvo J-M. Genome-Wide Survey of Gut Fungi (Harpellales) Reveals
the First Horizontally Transferred Ubiquitin Gene from a Mosquito Host. Mol Biol Evol. 2016; 33: 2544—
2554. https://doi.org/10.1093/molbev/msw126 PMID: 27343289

Horn BW, Lichtwardt RW. Studies on the Nutritional Relationship of Larval Aedes Aegypti (Diptera: Culi-
cidae) with Smittium Culisetae (Trichomycetes). Mycologia. 1981; 73: 724—740. https://doi.org/10.
1080/00275514.1981.12021400

PLOS ONE | https://doi.org/10.1371/journal.pone.0218907  August 14, 2019 16/16


https://doi.org/10.1007/s00248-018-1171-7
https://doi.org/10.1007/s00248-018-1171-7
http://www.ncbi.nlm.nih.gov/pubmed/29520453
https://doi.org/10.1186/s12866-017-1133-0
https://doi.org/10.1186/s12866-017-1133-0
http://www.ncbi.nlm.nih.gov/pubmed/29191163
https://doi.org/10.1128/AAC.41.11.2321
http://www.ncbi.nlm.nih.gov/pubmed/9371327
https://doi.org/10.1016/S0924-8579(00)00340-X
http://www.ncbi.nlm.nih.gov/pubmed/11282261
https://doi.org/10.20506/rst.34.1.2349
http://www.ncbi.nlm.nih.gov/pubmed/26470453
https://doi.org/10.1128/AEM.00600-14
http://www.ncbi.nlm.nih.gov/pubmed/24705326
https://doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
https://doi.org/10.1371/journal.pone.0065567
http://www.ncbi.nlm.nih.gov/pubmed/23776501
https://doi.org/10.1128/AAC.43.4.727
http://www.ncbi.nlm.nih.gov/pubmed/10103173
https://doi.org/10.1093/infdis/163.6.1185
https://doi.org/10.1146/annurev.biochem.78.082907.145923
http://www.ncbi.nlm.nih.gov/pubmed/19231985
https://doi.org/10.1126/science.aac8480
http://www.ncbi.nlm.nih.gov/pubmed/26511287
https://doi.org/10.1093/jis/4.1.19
http://www.ncbi.nlm.nih.gov/pubmed/15861235
https://doi.org/10.1186/1475-2875-8-309
https://doi.org/10.1186/1475-2875-8-309
http://www.ncbi.nlm.nih.gov/pubmed/20030834
https://doi.org/10.1016/j.pt.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16377249
https://doi.org/10.1590/S1519-566X2009000300009
http://www.ncbi.nlm.nih.gov/pubmed/19618051
https://doi.org/10.5152/etd.2017.16067
https://doi.org/10.1093/molbev/msw126
http://www.ncbi.nlm.nih.gov/pubmed/27343289
https://doi.org/10.1080/00275514.1981.12021400
https://doi.org/10.1080/00275514.1981.12021400
https://doi.org/10.1371/journal.pone.0218907

