
Microbial diversity of adult Aedes aegypti and water collected 
from different mosquito aquatic habitats in Puerto Rico

E.P. Caragata1,*, L.M. Otero1,2,*, C.V. Tikhe1, R. Barrera2, G. Dimopoulos1,#

1Department of Molecular Microbiology and Immunology, Bloomberg School of Public Health, 
Johns Hopkins University, Baltimore, MD, USA

2Entomology and Ecology Team, Dengue Branch, Centers for Disease Control and Prevention, 
San Juan, Puerto Rico

Abstract

Mosquitoes, the major vectors of viruses like dengue, are naturally host to diverse 

microorganisms, which play an important role in their development, fecundity, immunity 

and vector competence. The composition of their microbiota is strongly influenced by the 

environment, particularly their aquatic larval habitat. In this study we used 2×300 bp 16s Illumina 

sequencing to compare the microbial profiles of emerging adult Aedes aegypti mosquitoes and 

the water collected from common types of aquatic habitat containers in Puerto Rico, which 

has endemic dengue transmission. We sequenced 141 mosquito and 46 water samples collected 

from plastic containers, septic tanks, discarded tires, underground trash cans, tree holes or water 

meters. We identified 9 bacterial genera that were highly prevalent in the mosquito microbiome, 

and 77 for the microbiome of the aquatic habitat. The most abundant mosquito-associated 

bacterial OTUs were from the families Burkholderiaceae, Pseudomonadaceae Comamonadaceae 

and Xanthomonadaceae. Microbial profiles varied greatly between mosquitoes and there were 

few major differences explained by container type, however the microbiome of mosquitoes from 

plastic containers was more diverse and contained more unique taxa than the other groups. 

Container water was significantly more diverse than mosquitoes, and our data suggest that 

mosquitoes filter out many bacteria, with Alphaproteobacteria in particular being far more 

abundant in water. These findings provide novel insight into the microbiome of mosquitoes in the 

region and provide a platform to improving our understanding of fundamental mosquito-microbe 

interactions.

# To whom correspondence should be addressed (gdimopo1@jhu.edu).
*These authors contributed equally
Authors’ contributions
Conceived of or designed study: EPC, LMO, RB, GD. Performed research: EPC, LMO. Analyzed data: EPC, CVT. Wrote the paper: 
EPC, GD

Conflicts of interest/Competing interests
The authors declare they have no competing interests.

Consent to participate
Verbal consent was solicited and obtained from home/property owners before entering and collecting mosquito and container water 
samples when mosquito aquatic habitats were identified on private property.

Code availability
R scripts are available in the supplementary materials.

HHS Public Access
Author manuscript
Microb Ecol. Author manuscript; available in PMC 2024 August 16.

Published in final edited form as:
Microb Ecol. 2022 January ; 83(1): 182–201. doi:10.1007/s00248-021-01743-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Aedes aegypti ; microbiome; dengue; bacteria; 16s sequencing; aquatic container habitat

Introduction

Mosquitoes are major vectors of arthropod-borne viruses (arboviruses), which cause 

hundreds of millions of infections each year. The yellow fever mosquito, Aedes aegypti, 
is responsible for the transmission of dengue (DENV), chikungunya, yellow fever and Zika 

viruses, which have recently caused major outbreaks of human disease [1–3]. Transmission 

occurs when a mosquito bites someone who is already infected, the virus then replicates 

within the mosquito for a period of 7–14 days before it invades the salivary glands and is 

passed to a new host when the mosquito subsequently feeds. Increasing urbanization and 

changing climate have contributed to an expansion of Ae. aegypti’s geographic distribution 

[4–6]. While greater global connectivity has led to an increased frequency of imported cases 

of arboviral disease and subsequent local outbreaks [7,8]. These have been major driving 

forces in the increased incidence of arboviral disease over the past few decades [9], and 

collectively, these diseases represent a major threat to human health.

Broadly effective vaccines or treatments against key diseases such as dengue are not 

currently available to the general public. Accordingly, most intervention efforts focus 

on controlling mosquito populations, typically through the use of chemical insecticides. 

However, widespread usage has led to the emergence of genetic resistance against many 

insecticides amongst mosquito populations in areas with endemic disease transmission 

[10,11]. Researchers are currently exploring alternative mosquito control strategies, 

including those that exploit mosquito-associated bacteria. These novel approaches include 

biopesticides developed from bacteria [12,13], paratransgenesis [14,15], and the suppression 

or replacement of target mosquito populations by releasing microbiologically-altered 

mosquitoes [16,17].

Mosquitoes are naturally host to a diverse range of microorganisms, with their microbiota 

typically including bacteria, fungi, viruses and protists [18]. Hundreds of thousands of 

bacterial cells, representing many bacterial species, can inhabit a single mosquito. Most of 

these reside within the gut, but they can also be found in other somatic and germline tissues. 

Mosquito-bacteria interactions are complex and can influence many aspects of mosquito 

biology including their susceptibility to different pathogens [19].

Mosquito larvae acquire their microbiota through vertical transmission, or environmentally, 

predominantly from the water of their immature aquatic habitats [20]. The presence of 

microorganisms, or of live eukaryotic cells has been demonstrated to be essential for larval 

development [21–23]. However, axenic development under laboratory conditions is also 

possible if larvae are provided with sterile liver and yeast extract [24]. The bacteria that 

mosquitoes are exposed to as larvae can be carried over into the adult stage, and can 

be re-acquired from the larval environment by recently-emerged adults [25,26]. The adult 

microbiome is important for blood digestion and egg development [27–29], and also plays 

a role in immunity. The presence of the microbiota is linked to the activity of the Toll and 
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IMD innate immune pathways, and clearance through antibiotic treatment affects resistance 

to DENV and SINV [30,31]. Similarly, the presence of the microbiome also stimulates 

production of reactive oxygen species, which can influence susceptibility to viral infection 

[32]. The presence of specific bacteria in adult mosquitoes can alter susceptibility to 

arboviral infection. For instance, transinfection with the bacterial endosymbiont Wolbachia 
pipientis restricts infection with multiple arboviruses [33,34]. Oral exposure to Serratia 
marcescens can enhance DENV infection, exposure to Serratia odorifera enhances infection 

with either CHIKV or DENV [35,36], while exposure to Chromobacterium species Panama 
(Csp_P) reduces DENV infection [37,38].

Given the potential impact of the microbiota on vector competence and host fitness, 

understanding which bacteria infect mosquitoes in different regions, how these bacteria 

affect their mosquito hosts, and how different environmental factors affect community 

composition could allow us to assess whether certain mosquito populations are more likely 

to contribute to disease transmission than others. Meta-analysis of mosquito microbiomes 

indicates that mosquitoes do not become infected with all of the environmental bacteria 

to which they are exposed [18]. Studies highlight Pseudomonas, Aeromonas, Enterobacter, 
Serratia, Stenotrophomonas, and Burkholderia as key taxa within the Ae. aegypti microbiota 

[39–42], but also suggest that there is a high level of inter-individual and inter-container 

habitat variability in microbiome composition [20].

There is also evidence that mosquitoes may have a ‘core microbiome’ – a cohort of 

bacterial taxa that are commonly found across different populations of the same species 

[43–45]. In laboratory-reared Aedes aegypti there is evidence of low microbial diversity, 

with mosquito colonies from Latin America, Asia, Australia and Africa sharing the 

same 12 most-abundant bacterial genera [46]. Conversely, studies of the microbiome in 

field-collected Aedes mosquitoes show higher levels of mosquito-to-mosquito variation in 

community composition [39,21]. Some studies have demonstrated high levels of microbial 

community structure linked to the site of larval development. For instance, Anopheles 
gambiae mosquitoes from neighboring villages in Burkina Faso had distinct microbial 

profiles [47]. While a study of mosquitoes that emerged from tires or tree holes in 

Mississippi, USA determined that aquatic habitat type significantly affected community 

composition [48].

In light of these observations, we sought to assess microbial diversity of Ae. aegypti in 

eastern Puerto Rico, which had not previously been characterized. This region has endemic 

dengue transmission, and past mosquito control programs have determined that Ae. aegypti 
in the area develop in diverse container habitats, including septic tanks, which might 

contribute to inter-epidemic dengue virus transmission [49,50]. Consequently, we were 

interested in determining whether adult mosquitoes that emerged from six common types 

of container habitats had distinct microbial profiles, and whether these profiles could be 

reliably linked to the microbial composition of their container habitats. Additionally, we 

compared the microbial profiles of container water and the mosquitoes that emerged from 

those sites, in order to identify environmental bacteria that were differentially effective 

at colonizing Ae. aegypti, and thereby improve understanding of fundamental mosquito-

microbe interactions.

Caragata et al. Page 3

Microb Ecol. Author manuscript; available in PMC 2024 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Sample collection

Between October 2017 and October 2019, we collected newly-eclosed adult mosquitoes 

and water samples from 106 containers across eastern Puerto Rico, from San Juan in the 

north to Salinas in the south (Fig. 1). Samples were collected from six different types of 

water-filled containers (Fig. 1): Large 19L plastic buckets (plastic containers), septic tanks, 

discarded tires (tires), inground trash cans (trash cans), tree holes, and water meter pits 

(water meters), all common aquatic habitats for Ae. aegypti in Puerto Rico. When located, 

these containers were assessed visually to confirm the presence of mosquitoes. Emergence 

traps were used to cover apertures, as described below, and container water and adult 

mosquitoes were collected daily from each container, within a 24–72-hour window, so that 

all adult mosquitoes were collected within 24 hours of eclosion. This time point was selected 

to maximize similarities between mosquito and water samples, which would allow us to 

determine if any container-specific bacterial operational taxonomic units (OTUs) came to be 

associated with mosquitoes. Collected mosquitoes had no opportunity to leave the vicinity 

of their aquatic habitat, or become contaminated with microorganisms from other sources. 

During this time, emerged adult mosquitoes were not prevented from drinking from, or 

coming into physical contact with the water. We chose not to surface sterilize adult mosquito 

samples in order to preserve the cuticle microbiome.

The emergence traps used to collect adult mosquito samples were fabricated at the Centers 

for Disease Control (CDC). Collection protocols varied slightly depending on the size and 

location of the container habitat. Plastic containers and their contents, including water and 

mosquito larvae/pupae were physically transported to a greenhouse at the CDC Dengue 

Branch in San Juan in order to prevent the sites from being tampered with. Within the 

greenhouse, an emergence trap was placed over the container entrance in order to collect 

adult mosquitoes as they emerged. For larger unmovable containers, which included all 

containers from the in-ground trash cans, septic tanks, tires, water meters and tree holes 

categories, emergence traps were placed over the entrance on site. The emergence traps 

consisted of one plastic 3.8L cylindrical container with a screen on top, and a hole in the 

side with a fabric sleeve. This sleeve was used to surround exit points from containers, 

forcing emerging adults to fly into the traps [49,51].

After collection, mosquito samples from containers in the CDC Dengue Branch greenhouse 

were immediately frozen at −20°C. For containers that remained in the field, emergence 

traps were placed on ice and transported back to the laboratory. Once there, mosquito 

samples were sorted on ice, taxonomically identified by trained taxonomists. Ae. aegypti, 
Ae. mediovittatus and Culex spp. adults were identified, however only female Ae. aegypti 
samples were processed and sequenced. Ae. aegypti samples were stored individually in 

sterile, DNase and RNAse free 1.5mL tubes at −80°C. On each day of adult collection, a 

50–100mL sample of water was collected from the containers in a sterile 50mL conical tube 

or a sterile 100mL cup using a sterile serological pipet. Water samples were stored at −80°C, 

or on ice and thereafter at −80°C, as detailed above. Subsequently, groups of containers 

Caragata et al. Page 4

Microb Ecol. Author manuscript; available in PMC 2024 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were selected for further analysis based on the collection of sufficient numbers of mosquito 

samples within a 1–3 day time period.

Datasets

Over the course of the study, three groups of samples were sequenced and analyzed 

independently. The main dataset utilized in this work included 92 adult female Ae. aegypti 
mosquito samples, and 23 water samples from 19 containers, representing the six container 

types of interest (Table 1). These samples were collected between December 2018 through 

October 2019 and were the focus of most of the analyses in this paper. Two smaller groups 

of samples, which we have referred to as ‘supplementary’ datasets were sequenced prior to 

the main dataset to help validate collection and extraction methodologies. These data (File 

S1) were used to validate key findings from the analysis of the main dataset.

Initial collections performed between October 2017 and March 2018, used ethanol. Here, 

container water was collected using sterile pipets. 20mL of each sample was added to sterile, 

DNase and RNase free 100mL containers and 80mL of molecular grade ethanol added. 

Mosquito samples were collected individually or in groups in sterile, DNase and RNase free 

1.5mL tubes containing approximately 1mL of 80% ethanol. Samples stored in groups were 

collected from the same container on the same day. A selection of 37 mosquito samples and 

17 water samples, representing 17 septic tanks, tree holes, tires or different plastic containers 

were sequenced and analyzed independently, these samples are referred to as supplementary 

dataset A in the manuscript.

Due to issues with DNA quality in some of the early collections with ethanol, this protocol 

was changed, and all subsequent mosquito samples were collected using emergence traps 

and water samples were frozen directly upon collection, as described above. To assess the 

change in methodology, 12 mosquito samples and 6 water samples from 4 plastic buckets or 

septic tanks were collected between January and February 2019, and then sequenced. These 

samples make up supplementary dataset B.

DNA extraction

Separate DNA extraction protocols were used for mosquito and water samples. Individual 

mosquito samples and 100μL squash buffer (10mM Tris pH 8.2, 1mM EDTA, 50mM 

NaCl) were added to tubes and homogenized using sterile pestles. Samples were placed 

on ice for 5 mins, heated at 100°C for 5 mins using a dry bath, placed on ice again for 

2 mins, and then centrifuged at 14,000 rcf for 5 mins. The supernatant from each sample 

was cleaned using the DNA Clean & Concentrator kit (Zymo Research Cat. No. D4013), 

according to the manufacturer’s instructions. Water samples were passed through 47mm 

diameter nitrocellulose filter membrane with a pore size of 0.22μm (Millipore, Cat. No. 

N8645–100EA) under vacuum. DNA on these filter papers was extracted using the DNeasy 

PowerWater kit (Qiagen Cat. No. 14900–50-HF), according to manufacturer’s instructions. 

At the end of both protocols, the samples were dried using a vacuum centrifuge, and shipped 

to Johns Hopkins University, Baltimore, MD, USA, resuspended in 100μL sterile DNase- 

and RNase-free water, and aliquots sent for 16s sequencing. Negative controls in the form of 
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no sample extractions for each kit, and the DNase-free water used to resuspend sample DNA 

were also sequenced and analyzed.

Sample preparation, 16S sequencing, and taxonomic analysis

PCR amplification, sample processing, sequencing of the 16s rRNA gene and taxonomic 

analysis were performed commercially for all samples by MR DNA, Shoalwater, TX, 

USA (www.mrdnalab.com), the protocols described below are summarized from the MR 

DNA website. Samples were amplified via PCR with the 515F/806R primers for the V4 

region of the 16S rRNA gene, and using the HotStarTaq Plus Master Mix Kit (Qiagen). 

Forward primers were barcoded in order to permit sample pooling. PCR conditions were 

as follows: 3 mins at 94°C, followed by 30 cycles of 30 sec at 94°C, then 40 sec at 

53°C, then 60 sec at 72°C, and finally 5 mins at 72°C. PCR products for all samples 

were then run on 2% agarose gels in order to gauge band size and intensity. Amplified 

DNA for each sample was purified using Ampure XP beads. Samples were pooled in 

equal proportions, according to the concentration of DNA and the molecular weight, and 

this mixture was used to prepare Illumina DNA libraries. Libraries were then sequenced 

using Illumina MiSeq in three independent runs to generate 2× 300bp paired end reads. All 

raw sequence data are available through google drive: https://drive.google.com/drive/folders/

17aUjQy8fwFOkepyDv0GRcHbtj5HHkaW5?usp=sharing.

All data generated from sequencing were processed using the MR DNA analysis pipeline 

(detailed in [52]). Barcode sequences were removed, and then raw sequences were 

assembled. Short assemblies of less than 150bp were removed from the data set, as were 

sequences that contained ambiguity in base calls. Sequences were denoised and assigned 

to an operational taxonomic unit (OTU) by clustering at the 3% divergence (or 97% 

similarity) level. Chimeric sequences not conclusively assigned to an OTU were removed. 

OTUs were then classified taxonomically using BLASTn comparison against a custom, 

curated database that was derived from both NCBI (www.ncbi.nlm.nih.gov) and RDPII 

(http://rdp.cme.msu.edu). OTUs that could not be classified taxonomically were marked as 

‘unclassified’ and were not considered in downstream analyses. FASTAQ mapping files 

were produced at different taxonomic levels, and these were used to describe the count of the 

reads associated with each OTU, and the percentage of the total reads associated with each 

OTU, for individual samples. We received these data from MR DNA.

Bacterial profiles

Read count and abundance data for bacterial OTUs were analyzed at the class (File S2), 

family (File S3) and genus (File S4) levels, and for both supplementary data sets at the 

family level (File S5). The maximum percentage abundance for each bacterial OTU was 

calculated across all samples in the dataset, and low abundance taxa where the value was 

less than 0.05% were removed. Abundance data were then recalculated based on the revised 

read count data with those taxa absent. The analyses described below were performed using 

family level data unless otherwise specified, as this level provided the greatest level of 

certainty about taxonomic identification given the amplicon length. For negative controls, 

bacterial OTUs that had an average read count equating to greater than 5% of the average 

reads of mosquito and water samples were considered to be contaminants. As contaminants 
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could still be associated with mosquitoes and/or their aquatic habitats in nature, we did 

not remove contaminant OTUs from the total reads or microbial profiles, but instead 

acknowledged their identity as likely contaminants and did not consider them in subsequent 

analyses.

Highly abundant bacterial families were identified through assessment of average and 

maximum abundance of bacterial families in the main mosquito dataset. Twenty-one 

of these families were part of 7 major classes – Actinobacteria, Alphaproteobacteria, 

Bacilli, Bacteroidia, Betaproteobacteria, Clostridia and Gammaproteobacteria. Other less-

abundant families within these classes were grouped together in a single category, e.g., 

Other Actinobacteria. Two further Family groups, Unclassified Oscillatoriales family, 

and Flavobacteriaceae were highly abundant but not from any of these 7 classes. All 

remaining families, which occurred at lower abundance (average abundance of <1% across 

all samples), were grouped together into a category termed ‘Other Bacteria’. These 31 

groupings were used to construct bacterial profiles of mosquito and water samples for all 

three datasets, and for QIIME2 pipeline analysis. Abundance levels of these key bacterial 

families were compared between mosquitoes from the six container types using Kruskal-

Wallis ANOVA.

Differentially abundant families between mosquito and water samples were identified using 

a volcano plot. Briefly, average mosquito and average water abundances were calculated 

and the LOG2 ratio of mosquito: water abundance was calculated. These were plotted 

against negative LOG10-transformed P values resulting from one-tailed t tests comparing the 

abundance of each bacterial family between all mosquito and water samples. Families with 

significantly higher abundance in water samples had a LOG2 abundance ratio greater than 

−1, and a LOG10-transformed P value greater than 1.30103. Families with significantly 

higher abundance in water samples met the same P value criterion, but had a LOG2 

abundance ratio greater than 1.

Lists of highly prevalent bacterial genera associated with mosquito and water samples were 

generated in order to identify bacterial OTUs widely associated with these sample types in 

Puerto Rico, under the hypothesis that these OTUs might form part of the core microbiome 

for mosquitoes and aquatic habitats in this region. To be included in these lists, bacteria had 

to present in all samples of that particular type at abundance of greater than 0%. Bacterial 

OTUs were not exclusive to either list. These lists were then compared against each other, 

and against similar lists generated from the two supplementary data sets.

Bacterial diversity

Multiple measures were used to compare the bacterial diversity of mosquitoes and 

container water from the different types of containers, and between water and mosquito 

samples. Total families per sample at a minimum abundance of 0.05% were compared for 

mosquito samples from the different container types using One-way ANOVA, with pairwise 

comparisons performed using the Holm-Šídák multiple test correction. Family abundance 

data for water samples were compared using Kruskal-Wallis ANOVA. Similar analyses were 

performed for the two supplementary data sets. Shannon and Simpson diversity indices for 

aquatic habitat and mosquito samples were computed for bacterial OTU count data using the 
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diversity() function in the Vegan package (version 2.5–6) in R. These values were compared 

across container types using Kruskal-Wallis ANOVA. Between and within group variance 

metrics across container types and across individual sites within each of the six container 

types were generated from univariate ANOVAs of these diversity indices. Rarefied family 

counts for water and mosquito samples were generated using the rarefy() function in the 

Vegan package in R, and compared between container types using Kruskal-Wallis ANOVA.

Non-metric multidimensional scaling & hierarchical clustering

Bray-Curtis distance matrices for mosquito and water data were generated and used to 

perform NMDS using the metaMDS() function in R. MDS values were exported and 

visualized using Microsoft Excel v16.32. A subsequent NMDS analysis was performed on 

a joint Mosquito-Water Bray-Curtis distance matrix. NMDS analysis was used to examine 

ordination for mosquito and water samples from the larger of the two supplementary data 

sets. A Euclidean distance matrix from family level data was generated for all mosquito and 

water samples using the dist() function. This matrix was used to build a dendrogram from 

using the hclust() hierarchical clustering function using Ward’s method to minimize within 

cluster variance.

PERMANOVA analysis

Mosquito bacterial OTU count data were square root transformed, and then a Bray-Curtis 

dissimilarity matrix was created using the vegdist() function in R. PERMANOVA was 

performed to compare differences in mosquito profiles between containers, and between 

types of containers using the adonis2() function. Pairwise PERMANOVA was performed 

using the pairwise.adonis() function in R to identify pairs of container types where mosquito 

samples had significant differences in their bacterial profiles. Key families underlying these 

differences were identified using volcano plot analysis.

Venn diagrams

Genus level abundance data for water and mosquito samples were transformed to binary 

presence/absence data to determine which genera were present in all mosquito and water 

samples, or mosquito and water samples from each of the six container types. A genus was 

considered to be present if it was detected in at least one sample from that group. Pairwise 

Venn diagrams were generated in Microsoft Excel (Fig. S4). Six-way Venn diagrams 

comparing mosquito or water samples by site type were generated using the Venn package 

and venn() function in R.

Analysis in QIIME2

To further examine key findings, we also analyzed the sequence data using the QIIME2 

pipeline (https://qiime2.org; [53]). All raw reads were imported in QIIME artifact format 

using a FASTQ processor (available on http://www.mrdnalab.com/mrdnafreesoftware/fastq-

processor.html). The DADA2 pipeline was used to denoise and trim the reads [54]. Samples 

from the three independent runs were denoised independently and then merged for further 

analysis. Alpha and beta diversity indices were calculated using the QIIME2 diversity 

plugin. A sampling depth of 4000 was used. For taxonomic analysis, QIIME2 feature 
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classifier trained on GreenGenes 13_8 at 99% similarity was used to call OTUs. This 

pipeline differed from the MR DNA pipeline in the databases queried, with the MR DNA 

pipeline analyzing a database that contained information from GreenGenes, but also RDP 

and NCBI. Similarity for calling OTUs also differed with the MR DNA pipeline using 97% 

rather than 99%. Level 2 (Class), Level 5 (Family) and Level 6 (Genus) data were assessed. 

Unassigned sequences and sequences associated with Archaea, chloroplasts, mitochondria, 

or unclassified bacterial OTUs at the phylum or class levels were removed from data sets 

prior to analysis. QIIME2 data (File S6) were used to compare bacterial abundance with MR 

DNA data at the Class level, to generate bacterial profiles, and to perform NMDS ordination 

at the family level, and to compare highly prevalent bacteria at the genus level.

Statistical analysis

The statistical analyses described above were performed using either Prism v 6.0h 

(Graphpad) or R version 3.6.1 in RStudio Version 1.2.1335. ANOVA and Kruskal-Wallis 

ANOVA were performed in Prism. Input data were checked for normality using the 

D’Agostino & Pearson omnibus normality test, and then either parametric or non-parametric 

statistical analyses were employed, as appropriate. All other analyses were performed in R, 

with the exception of the one-tail t tests used in the volcano plot and pipeline comparison 

analyses, which were generated using the Excel t.test function. R scripts used to analyze data 

are provided in File S7.

Results

Aedes aegypti bacteria profiles

We collected 92 emerging adult females of Ae. aegypti, and 23 water samples from 

6 different container types across eastern Puerto Rico (Table 1) and described their 

microbiomes using 16s rRNA sequencing (Fig. 1). Bacterial profiles of water and 

associated mosquitoes were prepared at the family level for mosquito (Fig. 2) and water 

samples (Fig. 3). We observed a total of 268 bacterial families from 61 distinct bacterial 

classes represented within the dataset. Two hundred and fifty-three of those families 

were observed in at least one mosquito sample and 267 were observed in at least one 

water sample. The five most abundant bacterial families (by average abundance) across 

the mosquito dataset were: Burkholderiaceae (Class: Betaproteobacteria, Av. abundance: 

19.64%), Pseudomonadaceae (Gammaproteobacteria, 14.95%), an unclassified family from 

Order Oscillatoriales (Cyanophyceae, 14.75%), Comamonadaceae (Betaproteobacteria, 

4.17%), and Xanthomonadaceae (Gammaproteobacteria, 3.33%). Of these families, only 

Comamonadaceae was present in a similar list of the five most abundant families 

in water samples, which was as follows: Rhodocyclaceae (Betaproteobacteria, 9.46%), 

Hyphomicrobiaceae (Alphaproteobacteria, 6.57%), Comamonadaceae (Betaproteobacteria, 

5.83%), Microbacteriaceae (Actinobacteria, 3.67%), and an unclassified family from order 

Burkholderiales (Betaproteobacteria, 3.37%). 23 mosquito samples had a single bacterial 

family representing over 50% of the sequenced reads. For 19 of these samples, that family 

was Burkholderiaceae, other families represented in this manner were Burkholderiales (2 

mosquitoes), the unclassified Oscillatoriales family, and Enterobacteriaceae (1 mosquito 

each).
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We also assessed genus level data in order to identify bacterial OTUs present in all mosquito 

and/or water samples (Table 2). We observed a total of 738 genera across all samples, with 

689 of these detected in at least one mosquito sample, 693 observed in at least one water 

sample, and 644 of these shared between both sample types (File S8). We observed that 

9 genera were present in all mosquito samples, while 77 genera were present in all water 

samples (File S9), with that number including all of the 9 mosquito genera. Assessing the 

two supplementary datasets (Fig. S1 & S2), 7/9 of the highly prevalent mosquito bacterial 

OTUs, were present across all of the other 48 mosquito samples, with the exclusions being 

Altererythrobacter and Delftia. However, only 45/77 genera from container water-associated 

OTUs were present in the 21 water samples from the supplementary data sets.

Analysis of negative control samples (Supplementary File 10) revealed five bacterial genera 

that were likely contaminants, linked to different stages of the collection and extraction 

processes [55]. OTUs linked to genus Halospirulina, corresponding to the unclassified 

Oscillatoriales family, and genus Pseudomonas were likely contaminants of extraction 

reagents. Oscillatoriales does not have a well described relationship with mosquitoes, 

and we consider this taxa to be a contaminant, rather than a real biological association 

with the mosquitoes we sampled. OTUs linked to genus Bradyrhizobium and genus 

Sediminibacterium were associated with the kit used for aquatic habitat sample DNA 

extraction. Neither of these bacteria were highly abundant in mosquito or water samples. 

An OTU associated with genus Staphylococcus was highly abundant in one blank extraction 

from the kit used to extract mosquito DNA, but was not seen in the other samples. This OTU 

was present at low abundance in the main dataset. Genus-level NMDS analysis indicated 

that control samples clustered independently of mosquito and water samples, indicating they 

had distinct microbial profiles Supplementary File 10.

Differences between container types

We observed a significant difference in the number of families present in mosquitoes from 

the six different container types (Fig. 4a, One-Way ANOVA: f = 2.947, df = 91, P = 0.0167), 

and this effect was mostly due to a higher diversity amongst mosquitoes from plastic 

containers (Mean Families ± s.e.m.: 35.61 ± 2.79) compared to those from tires (25.53 ± 

3.08) (Holm-Sidak test: P = 0.0164). However, we observed no significant difference in 

family numbers between the water of the different container types (Fig. 4b, Kruskal-Wallis: 

W = 10.01, df = 18, P = 0.075). We then assessed metrics of alpha diversity. Comparison 

of Shannon (Fig. 4c) and Simpson (Fig. 4d) diversity indices across site types revealed no 

significant difference for mosquito samples (Kruskal-Wallis: P > 0.05). ANOVA revealed 

higher levels of variance between samples from different container types than within 

container types (Table S1). Likewise, for each individual container type, expect septic tanks, 

we observed higher variance between mosquitoes collected from different sites than within 

sites. Analysis of mosquito data rarefied to a read count of 12606 reads revealed a significant 

overall difference in diversity by container type (Fig. 4e, Kruskal-Wallis: W = 37.00, df = 5, 
P < 0.0001), with higher taxa richness associated with plastic container-derived mosquitoes 

than those from every other site type (Dunn’s test: vs. septic tanks/trash cans – P < 0.05; vs. 

water meters – P < 0.001; vs. tires/tree holes – P < 0.0001). For water data rarefied to a read 

count of 26797 reads, we observed an overall difference in species richness between site 
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types (Fig. 4f, Kruskal-Wallis: W = 11.95, df = 5, P = 0.0354). This effect was associated 

with a trend towards lower species richness for plastic container and septic water-emerged 

mosquitoes compared to the other four site types, however pairwise comparisons were not 

statistically significant.

Venn diagram analysis revealed that 197/689 genera (28.59%) were present in at least one 

mosquito sample from each of the six container types (Fig. 5a). The greatest number of 

unique genera were present in plastic container-emerged mosquitoes (70), while plastic 

container and septic-emerged mosquito mosquitoes shared 110 genera that were not present 

in the other four groups of mosquitoes. Tire, trash can-, tree hole- and water meter-emerged 

mosquitoes all had fewer than five unique genera. A similar analysis of water samples across 

site types indicated that 311/693 genera (44.88%) were present in at least one water sample 

of each site type (Fig. 5b). There were few unique genera associated with water from any 

site type, with the maximum being 14 for water meters and septic tanks. A total of 62 genera 

were present in all container types except septic tanks.

To assess Beta diversity, we compared differences between container types using Non-metric 

multidimensional scaling ordination (NMDS), which allowed for visualization of complex 

data sets in two dimensions. In interpreting these plots, dots that are closer together 

represent samples with more similar bacterial profiles. For mosquito samples (Fig. 5c) 

(NMDS: k = 2, stress = 0.19965), we observed two main clusters, one containing all plastic 

container-derived mosquito samples and 8/17 septic tank-derived mosquito samples, and the 

other containing all of the remaining samples. For water samples (Fig. 5d), we observed 

three main clusters (NMDS: k = 2, stress = 0.11321). A cluster containing 3/5 plastic 

container samples, one containing all three septic tank samples, and the final larger cluster 

containing all tire, trash can, tree hole and water meter samples. NMDS analysis of the 

larger supplementary dataset (A) revealed no clustering by site type amongst mosquito or 

water samples, but did reveal near-complete separation of mosquito and water samples (Fig. 

S3).

Similar to the NMDS analyses, hierarchical clustering of all water and mosquito samples 

(Fig. 5e) did not show major groupings of samples by container type of origin. The 

major difference in clustering amongst mosquito samples was explained by levels of family 

Burkholderiaceae, with cluster 1 consisting of samples where Burkholderiaceae represented 

the dominant family, such as those from sites H1, T1 and W2. Cluster 2 consisted of the 

samples with moderate levels of Burkholderiaceae. Cluster 3 contained the majority of 

mosquito samples, which had high levels of Pseodomnadaceae and Oscillatoriales. Cluster 4 

largely consisted of water samples.

Permutational multivariate analysis of variance indicated there were significant differences 

in the microbial profiles of mosquitoes collected from the different individual containers 

(PERMANOVA: F = 3.3287, df = 18, R2 = 0.45078, P = 0.001), and those collected from 

the six different container types (PERMANOVA: F = 2.2278, df = 5, R2 = 0.11467, P = 

0.001). These analyses revealed that a much higher percentage of the variation in the data set 

was explained by individual container (45.08%) than by container type (11.47%). Pairwise 

PERMANOVA analysis (File S10) indicated that plastic container-derived mosquitoes had 
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distinct profiles from mosquitoes of all other container types, while septic tank-derived 

mosquitoes and trash can-derived mosquitoes also had significantly different profiles from 

each other. We used volcano plot analysis to identify families that were differentially 

abundant for each of those six comparisons. A total of 101 families were significantly 

more abundant for plastic container-derived mosquitoes than for mosquitoes from at least 

one other type of container (File S11). Of those, ten families were significantly more 

abundant for plastics mosquitoes than for mosquitoes from all of the other container types. 

Conversely, there were 20 families that were significantly less abundant for mosquitoes 

emerging from plastic containers than at least one of the other five container types, and only 

two of these were shared across all five comparisons. For the comparison between septic 

tank- and trash can-derived mosquitoes, 30 families were significantly more abundant for 

septic tank-derived mosquitoes and 14 were significantly less abundant (File S11).

Differences between container water and mosquitoes

Comparing all mosquito samples with all water samples, we observed that the median 

number of bacterial families represented at greater than 0.05% of total reads was 29.5 

for mosquito samples, and 75 for water samples (Fig. 6a). There was significantly higher 

diversity observed amongst water samples than in the mosquitoes that emerged from those 

waters (Mann Whitney U test: U = 65, P < 0.0001). We observed a total of 693 genera 

present across all water samples, and 689 in all mosquito samples. A total of 644 of these 

were observed in both water and mosquito samples. Comparison of mosquito and water 

samples for each of the six container types (Fig. S4) revealed a high degree of overlap 

between the two classes of sample with an average of 53.98% of the identified genera 

shared, 15.02% being observed only in mosquitoes and 31.00% only in water. However, 

these proportions varied depending on container type. Plastic container-derived mosquitoes 

(20.03%) and septic tank-derived mosquitoes (23.93%) had a greater percentage of exclusive 

taxa compared to the other groups and had a higher proportion of taxa shared between adult 

mosquitoes and waters (71.96% and 64.75%, respectively). Conversely, for tires, trash cans, 

tree holes and water meters, at least 40% of all bacteria genera were only observed in the 

water.

The profiles of mosquito and water samples were compared using NMDS, which revealed 

near complete separation of the two groups (Fig. 6b, NMDS: k = 2, stress = 0.17585), 

similar to what was demonstrated in the hierarchical clustering analysis. Follow-up analysis 

using a volcano plot (Fig. 6c) revealed 110 families significantly associated with either 

mosquito (five families) or water (105 families) samples. For mosquito samples, these five 

families were: Micrococcaceae (Actinobacteria), Burkholderiaceae (Betaproteobacteria), 

the unclassified Oscillatoriales family (Cyanophyceae), Pseudomonadaceae and 

Xanthomonadaceae (both Gammaproteobacteria). The water-associated families represented 

39 classes of bacteria, with Deltaproteobacteria (18 families), Alphaproteobacteria (16) 

and Gammaproteobacteria (8) the most highly represented classes. A similar volcano 

plot analysis of class-level data (File S12) indicated that Gammaproteobacteria and 

Cyanophyceae were the only two classes significantly more prevalent within mosquitoes. 

In contrast, 18 classes were significantly more abundant in water samples, with Opitutae, 
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Alphaproteobacteria and Sphingobacteriia displaying the strongest association to container 

water.

Comparison between pipelines

To further evaluate our findings, we analyzed the sequence data using the QIIME2 pipeline. 

Comparison of mosquito sequences between the two pipelines at the class level revealed that 

Alphaproteobacteria, Anaerolineae, Cytophagia, Deltaproteobacteria, and Sphingobacteriia 

sequences were comparatively enriched in the MR DNA pipeline, while Bacilli, Clostridia, 

and Gammaproteobacteria sequences were enriched in the QIIME2 pipeline. Comparison 

of the pipelines at the family level revealed many similarities amongst the most abundant 

taxa. For mosquito samples (Fig. S5), four of the five most abundant families were shared 

between the two pipelines. The 5th, the unclassified Oscillatoriales family was not present 

in the QIIME2 pipeline analysis, and in its place was Moraxellaceae, which was ranked 7th 

in the MR DNA analysis. For the container water data (Fig. S6), 4/5 of the most abundant 

families identified with the MR DNA pipeline were in the top six most abundant with the 

QIIME2 pipeline. Sequences associated with an unclassified Burkholderiales family in the 

former pipeline were called as Comamonadaceae in the latter.

Comparison of the list of highly prevalent bacterial OTUs in mosquitoes between the 

pipelines revealed that only 2/9 genera were found in all samples through QIIME2 analysis, 

with these being Stenotrophomonas and an unclassified Comamonadaceae family that likely 

corresponds to Delftia in the MR DNA pipeline. Six of the other seven genera were present 

in greater than 80% of samples, with the exceptions being Bacillus, which was detected in 

60/92 samples. For the water microbiome, QIIME2 analysis indicated that only 14 genera 

were present in all 23 samples, as opposed to 77 with the MR DNA pipeline. However, an 

additional nine genera were detected in 22 samples. Three of these families were not part 

of the MR DNA container water microbiome. NMDS analysis of water and adult mosquito 

samples with the QIIME2 pipeline data revealed the same clustering pattern identified with 

the MR DNA pipeline data (Fig. S7). The mosquito data displayed two major clusters, with 

no site-specific clustering. The water data displayed three major grouping, with septic tank 

water isolated from the other types of containers.

The differences we observed here could have arisen due to the relatively short length of the 

sequencing product that results from 2×300bp 16s sequencing, or differences in OTU calling 

tools between pipelines. Database content may also have been an issue. The GreenGenes 

database, which was the sole database queried by the QIIME2 pipeline, and part of the 

custom database queried by the MR DNA pipeline is no longer being updated, which 

could also have affected OTU calls. For this reason, we primarily utilized data generated 

through the Mr DNA pipeline, and used this as our major determinant of OTU calls for 

highly-prevalent bacterial OTUs associated with this project. However, in spite of these 

limitations, and because QIIME2 is a tool commonly utilized in mosquito microbial ecology, 

we felt that this provides a useful point of comparison, particularly as we observed high 

concordance between the results of the two pipelines for more abundant bacterial OTUs.
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Discussion

The microbiota of Puerto Rican Ae. aegypti

In this study, we sought to characterize the microbiome of Aedes aegypti mosquitoes 

emerging from container habitats from eastern Puerto Rico, a highly urbanized region 

with endemic transmission of dengue virus. Through 16S sequencing, we identified 253 of 

bacterial OTUs at the family level associated with the mosquitoes we collected, with the 

average mosquito microbiome containing 31.42 families, and the most diverse mosquito 

microbiome containing 79 families. These numbers reflect a high level of microbial 

diversity, in line with what has been observed in other studies of the microbiomes of field 

mosquitoes [39,20,21,45].

We observed broad similarities between our data and previously published mosquito 

microbiomes. When considering our mosquito data, we observed that several of the 

more abundant bacterial families; Burkholderiaceae, Pseudomonadaceae, Comamonadaceae, 

and Xanthomonadaceae were all well described members of the Ae. aegypti microbiota 

[39,21,41], and the mosquito microbiota, in general [56,20,57]. While a bacterial OTU 

linked to genus Pseudomonas was a likely contaminant, it had much higher abundance in 

mosquito samples than in control, and given the known links between mosquitoes and this 

bacterial family, we consider it likely that this is an association with biological relevance.

At the genus level, we identified 689 bacterial OTUs associated with mosquitoes, and 

determined that 9 of these were present in every mosquito sample. It remains to be 

seen if these bacteria are widely found within mosquitoes from this area. Eight of 

these genera; Acinetobacter, Bacillus, Brevundimonas, Corynebacterium, Delftia, Massilia, 

Micrococcus, and Stenotrophomonas have previously been described in Aedes and/or 

Anopheles mosquitoes from the field or laboratory [47,21,22,58,59,44]. In the case of 

Altererythrobacter, we found no clear evidence linking the genus to infection in mosquitoes, 

however its family, Erythrobacteraceae, has been observed in Anopheles gambiae [45]. 

Differential analysis of the these bacteria across the two analytical pipelines revealed the 

importance of the choice of reference 16S database to OTU calls, particularly for sequencing 

with shorter amplicons, as in 2× 300bp 16S sequencing.

Comparison of our data with other published mosquito microbiomes and metanalyses [57] 

indicated that several other common mosquito-associated bacterial OTUs were present 

in a fairly high proportion of our samples. These include: Aeromonas (39/92 mosquito 

samples), Comamonas (53) Enterobacter (71), Pantoea (42) and Propionibacterium (61). 

However, the key taxon of Serratia was only detected in 21 mosquito samples, which 

is interesting given its widespread occurrence in mosquito microbiomes [60,39,61,62,28]. 

As some Serratia species and isolates have been linked to mosquito vector competence 

[35,36,63], it is possible that its absence in Ae. aegypti could be impacting disease 

transmission in the field. Other key mosquito-associated bacterial OTUs including Asaia, 

Elizabethkingia and Klebsiella were entirely absent. It is currently unclear why these taxa 

were not represented in our data set. It is possible that the differences between our data and 

other published studies reflect the nature of Puerto Rico as an isolated tropical island, which 

could potentially facilitate distinct mosquito-microorganism associations. A larger-scale, 
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longitudinal study encompassing additional geographic locations might reveal whether taxa 

like Serratia and Elizabethkingia are underrepresented in mosquitoes from Puerto Rico as a 

whole. The mosquitoes we sampled were all recently emerged mosquitoes that had not yet 

taken a carbohydrate-rich nectar meal. Age, diet, and diet by age interactions could all be 

expected to contribute to differences between our results and the results of other studies. It is 

also possible that the microbiomes of our mosquitoes contained environmental bacteria that 

were reacquired from the container water and may not go on to form long-term associations 

with adult mosquitoes.

Our laboratory is particular interested in bacteria from the genus Chromobacterium, as one 

species, Chromobacterium Csp_P can inhibit DENV [37,38], the Plasmodium parasites that 

cause malaria [37,64], and is the basis of a promising new biopesticide [12]. We saw little 

evidence of Chromobacterium in the main data set, with only 15/92 samples infected. 

However, that genus was present in all 48 samples from the supplementary datasets, 

including one sample where Chromobacterium represented 81.29% of all reads, suggesting 

it may just have been underrepresented in the main dataset, or that there may be temporal 

or seasonal variations in its abundance. Finally, we saw no evidence of a native Wolbachia 
infection in our mosquitoes, with Wolbachia sequences detected in 13/92 samples at the low 

average abundance of 0.19%, likely suggestive of environmental contamination rather than a 

persistent infection, in line with previous studies of Wolbachia infection in Ae. aegypti [65].

Differences in mosquito microbiome composition due to aquatic habitat of origin

We were interested in determining whether adult female mosquitoes that emerged from 

six common Ae. aegypti container types found around Puerto Rico could be distinguished 

from each other based on differences in their microbiomes. We did observe high similarity 

between mosquito and water samples from the same container, with an average of 53.98% of 

all bacterial genera identified in container water also detected in mosquitoes. Neither NMDS 

analysis nor hierarchical clustering of mosquito microbial profiles revealed any stand-alone 

clusters where mosquitoes from a single container type clustered together in the absence of 

mosquitoes from another site type, suggesting that there were few major differences between 

the groups.

Similarly, PERMANOVA analysis indicated that the amount of variation in the dataset 

explained by differences between mosquitoes from different containers was approximately 

four times higher than variation between container types, suggesting that container type-

specific factors only made minor contributions to microbial community composition. 

Nevertheless, the analysis suggested that the effect of these factors was still significant, 

with pairwise PERMANOVA comparisons revealing that this effect was primarily due 

to differences between plastic container-derived mosquitoes and those from all other 

container types. This observation was supported by Venn diagram analysis, which revealed 

plastic container mosquitoes were associated with the highest number of unique bacterial 

genera. Comparative analysis of the six container types identified a key group of 12 

bacterial families that were differentially abundant between plastics mosquitoes and all 

others. Ten of these families were significantly more abundant in plastic container-derived 

mosquitoes. These had diverse characteristics including freshwater and marine species, three 
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methanotrophs, a photosynthetic bacterium, and a thermophilic bacterium [66–70]. While of 

the two families associated with mosquitoes from the other five container types, one was 

aerobic and the other anaerobic [71,72].

Two of four of the analyses of microbial diversity that we performed suggested that the 

profiles of plastic container-derived mosquitoes were more diverse than those of other site 

types. This may reflect a real biological difference, as these containers tended to contain 

plants and soil, which could potentially be a source of increased bacterial diversity. It 

could also have been influenced by the fact that plastic containers were relocated before 

collection while others were not, which could have altered the microbial profile of the 

containers and mosquitoes within. Interestingly, our hierarchical clustering analysis placed 

mosquito samples from plastic containers in three distinct clusters, potentially suggesting 

that relocation did not have a significant impact on the mosquito microbiome. Tire-derived 

mosquitoes had the lowest diversity, reflecting a previous study that observed few unique 

bacterial taxa in Aedes and Culex mosquitoes that developed in tires [73]. Additionally, we 

were unable to control for the number of larvae in the different aquatic habitats, which could 

influence food availability and microbiome composition. Another potential explanation for 

the difference relates to the date of collection, as plastic container-derived mosquito and 

water samples were collected earlier in the collection window due to an inability to locate 

acceptable sites during the same time period as the other site types. However, it should 

be noted that the septic tank-derived mosquitoes that clustered with the plastic container-

derived mosquitoes in the NMDS analysis were not collected in the same time period, nor 

were septic tanks relocated prior to collection, suggesting that the microbial differences that 

defined the plastics/septics NMDS cluster were unlikely to be due to either of these factors 

in isolation.

We had originally hypothesized that, given the presence of human-derived or associated 

bacteria, mosquitoes that emerged from septic tank water might be most likely to have a 

distinct microbiome. However, our analyses indicated that there were few bacterial OTUs 

exclusively associated with these mosquitoes. Both NMDS and Venn diagram analysis 

suggested that plastics container- and septic tank-derived mosquitoes were more similar 

to each other than mosquitoes from other site types. While pairwise PERMANOVA 

analysis indicated that the septic tank mosquito microbiome was only significantly different 

from mosquitoes collected from underground trash cans. We identified 44 families with 

significantly different abundance between septic tank- and trash can-derived mosquitoes, 

with many of these being anaerobic in nature, and these taxa could underlie biological 

differences between mosquitoes reared in septic tanks and those from other container 

types. The lack of distinction between septic tank-derived mosquitoes and other groups was 

particularly noteworthy given that septic tank water samples formed an isolated cluster in the 

NMDS analysis. Suggesting that while the septic tank water has a distinct microbiome to the 

other site types, these differences do not carry over to the mosquitoes that develop within it. 

Potentially, given the high degree of inter-sample variation we observed, differences could 

have been revealed if we had been able to sequence a greater number of samples from each 

type of aquatic habitat. Interestingly, septic tank water samples in the supplementary datasets 

did not cluster independently, which might indicate that not all septic tanks have unique 

microbial profiles, or potentially that there is temporal or seasonal variation in the septic 

Caragata et al. Page 16

Microb Ecol. Author manuscript; available in PMC 2024 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tank microbiome. It is also possible that this difference was observed due to differences in 

sample collection protocols between the main and supplementary datasets.

The literature is split on the influence of geographic or collection location on the 

composition and diversity of the mosquito microbiome. Several studies have demonstrated 

the importance of these parameters [74,20,47,75,76], while others show no effect [39,77,78]. 

Other studies show high inter-individual and inter-site variation in the microbiome, in 

line with our results [39,21]. Our results provided little evidence to suggest that there 

were major differences in the Ae. aegypti microbiome due to container of origin. A 

recently published study of the microbiomes of container water and Ae. aegypti larvae in 

Guadeloupe and French Guiana observed minimal impact of container type on microbiome 

composition, but did see an effect of geographic origin on the water microbiome profile 

[79]. We did not attempt to assess the role of geography in our data as sampling of 

containers in different locations was not well controlled over time (see Table 1), and because 

most sites were collected from the San Juan region. The cause of this disparity between 

studies is currently unclear. It may reflect real biological differences between mosquito 

populations from different regions, but could also occur due to studies employing different 

methods of analyzing their data. There are likely numerous other factors that influence 

mosquito microbial community structure, including mosquito developmental stage, time 

post-eclosion in adult mosquitoes, genetic background, and behavioral differences, and 

in some circumstances, this could include the site of origin. Previous studies highlight 

the importance of environmental factors such as seasonality, which can affect community 

diversity and the abundance of some community members [74,80,81]. These factors may 

represent the cause of the 45% of the variation in community composition that was 

unexplained by the variables we measured in our study.

Mosquitoes as a biological filter

From a biological perspective, understanding the differences between host and environment 

can tell us what types of bacteria are more likely to infect mosquitoes, and help us to 

understand functional bacterial niches within a mosquito. Our NMDS analysis indicated that 

container water and mosquitoes have distinct microbial profiles [56,82]. We also observed 

greater diversity of container water in comparison with mosquito samples, with the average 

water sample containing approximately 2.5 times more bacterial families than the average 

mosquito sample. These findings are in line with previous studies that suggest mosquitoes 

filter out certain bacterial OTUs [56,21,83,45].

We observed significant differences in the abundance of certain bacterial OTUs 

between water and adult mosquito samples, with the vast majority of these (18/20 

classes and 105/110 families) being more abundant in container water. Two classes, 

Gammaproteobacteria and Cyanophyceae were more highly represented in mosquitoes, 

while many others, most notably Sphingobacteriia, Opitutae, Alphaproteobacteria and 

Deltaproteobacteria were underrepresented compared to container water. Interestingly, in 

Aedes koreicus adults, Alphaproteobacteria were more abundant than in aquatic habitats 

[56], suggesting that there are species-specific differences in bacteria that associate with 

mosquitoes. Our results could suggest a predisposition for colonization of mosquito guts by 
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Gammaproteobacteria and Cyanophyceae, and a tendency to filter out some taxa belonging 

to those other classes. Gammaproteobacteria, particularly the genera Enterobacter, Serratia 
and Pseudomonas, are well known members of the mosquito microbiome. Given the 

predominance of phylum Proteobacteria in mosquitoes [20,84,45,85] it would be interesting 

to understand the reason why Gammaproteobacteria are more abundant in adult mosquitoes, 

why Alpha-, Delta and Epsilonproteobacteria remain more abundant in the water, and why 

there was no difference in abundance in Betaproteobacteria between mosquitoes and water.

Volcano plot analysis indicated that only five bacterial families were more 

abundant (by relative proportion) in adult mosquito samples than in water 

samples: Micrococcaceae (Actinobacteria), Burkholderiaceae (Betaproteobacteria), 

Pseudomonadaceae and Xanthomonadaceae (both Gammaproteobacteria), and the 

unclassified Oscillatoriales Family (Cyanophyceae), with the first four of these being 

well described mosquito-associated bacterial families that are likely to be highly adept at 

colonizing Ae. aegypti [57]. At the genus level, we observed that a larger proportion of the 

water microbiome was held in common across container types than for adult mosquitoes. 

This likely reflects the lower diversity of mosquito microbiomes, but could also be seen 

as further evidence that many of the bacteria in the aquatic habitat are not capable of 

successfully colonizing a mosquito. When considering the different types of containers, we 

saw that microbiomes of plastic container- and septic tank-derived mosquitoes were more 

similar to their water than mosquitoes from other site types. These two groups also had 

a greater proportion of bacteria that were exclusively associated with mosquito samples, 

although these typically had low prevalence and abundance. These observations might 

indicate that the relationship between the aquatic habitats and mosquito microbiomes may 

differ depending on the container type or environmental factors, or that certain container 

habitats are more likely to have bacteria in the water that can also infect mosquitoes.

Summary

We observed that the microbiome of Ae. aegypti from Puerto Rico was rich in bacteria 

from the families Burkholderiaceae and Pseudomonadaceae, as well as an unclassified 

family from Order Oscillatoriales. However, key members of the microbiota found in other 

locations, including the genera Asaia, Elizabethkingia, and Serratia were either absent or 

present only at low abundance. We also observed that there were few major differences 

between mosquitoes from different container habitat types but did see some evidence of 

distinct and more diverse profiles for mosquitoes that developed in the water of large plastic 

containers. These observations should be validated over time, across changes in seasons 

and at a greater range of locations in Puerto Rico, but the data as they stand should 

serve as a platform for future investigations of mosquito-microbe interactions and vector 

competence with Ae. aegypti populations from this region. From a broader perspective, 

we have provided insight into the nature of mosquito-microbe interactions within aquatic 

habitats from prominent types of containers in this region. The next step is to determine why 

those particular taxa are present, and how they are interacting with their mosquito hosts on 

a functional level, as this will help us to better understand the biology of an organism that is 

critical to public health across the world.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Container collection map and example site type images.
Mosquito and water samples were collected for 16S sequencing from different natural 

mosquito aquatic habitats in eastern Puerto Rico between October 2017 and October 2019 

(a). These samples were collected from six distinct types of containers, represented here 

by type photographs taken on-site at the time of collection: large plastic buckets (b), septic 

tanks (c), discarded tires (d), inground trash cans (e), tree holes (f), and water meter pits (g).
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Fig. 2: Bacterial profiles of adult Ae. aegypti mosquitoes.
Bar plots represent the bacterial profiles of adult female Ae. aegypti mosquitoes collected 

within 24 hours post-emergence from six different container types: large plastic buckets (a), 
septic tanks (b), discarded tires (c), inground trash cans (d), tree holes (e), and water meter 

pits (f). Each bar represents the profile of a single mosquito sample. Bacterial taxa of high 

abundance are depicted in different colors at the family level, or as an unclassified family 

(Uncl.) belonging to a bacterial order. Common colors represent families from the same 

class. Families of lower abundance have been grouped together as ‘Other’. Dashed blue lines 

separate mosquitoes collected from different containers. x-axis labels indicate container of 

origin (Table 1).
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Fig. 3: Bacterial profiles of container-habitat water.
Bar plots represent the bacterial profiles of container water samples collected from large 

plastic buckets (a), septic tanks (b), discarded tires (c), inground trash cans (d), tree 

holes (e), and water meter pits (f). Each bar represents the profile of 1–2 water samples. 

Bacterial taxa of high abundance are depicted in different colors at the family level, or as an 

unclassified family belonging to an order (Uncl.). Common colors represent families from 

the same Class. Families of lower abundance have been grouped together as ‘Other’. X-axis 

labels indicate container of origin (Table 1).
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Fig. 4: Bacterial diversity at the family level in mosquito and water samples.
Each dot plot depicts a different measure of bacterial diversity for mosquito or water 

samples, separated by container type. Panel (a) depicts the number of families in each 

mosquito sample with a significant difference overall difference due to container type 

(One-Way ANOVA: f = 2.947, df = 91, P = 0.0167) largely explained by greater diversity 

in mosquitoes from plastic buckets (P). Panel (b) depicts the number of families in each 

water sample, with no significant difference observed between groups (Kruskal-Wallis: 

W = 10.01, df = 18, P = 0.075). Panels (c) and (d) depict the Shannon and Simpson 

diversity indices for mosquito samples, respectively. Data were generated using the Vegan 

function diversity(). Higher values indicate greater diversity. No significant differences 

between groups were observed. Panels (e) and (f) depict family counts for mosquito and 

water samples, respectively, rarefied to the minimum read count for either mosquito or 

water samples, with the rarefy() function. A significant difference between mosquito groups 

(Kruskal-Wallis: W = 37.00, df = 5, P < 0.0001) was driven by higher diversity amongst 

plastics mosquitoes, while a similar difference amongst water samples (Kruskal-Wallis: W 
= 11.95, df = 5, P = 0.0354), was driven by lower diversity amongst plastic containers. 

Each dot represents a single mosquito or water sample. Black lines represent group medians. 

Treatment codes: P - large plastic buckets, S - septic tanks, T - discarded tires, C - inground 

trash cans, H - tree holes, and W - water meter pits.
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Fig. 5: Differences between mosquito and water samples from different types of containers.
Six-way venn diagrams for mosquito (a) and water samples (b) genus level presence/

absence data were produced using the venn() function from the R package Venn. Numbers 

represent total genera unique to samples from each site type or held in common between 

different groups of site types: plastics (grey), septics (dark red), tires (light blue), trash 

cans (orange), tree holes (purple), and water meters (green). NMDS ordination plots for 

mosquito (c) and water (d) samples generated through non-metric multidimensional scaling 

(NMDS) using the metaMDS() function of family level data. Each dot depicts one sample, 

with samples from the same container type sharing colours. Samples that are closer together 

in space have more similar bacterial profiles. Dendrogram (e) produced using the hclust() 
function depicting hierarchical clustering between mosquito and water samples across the 

six site types. Sample codes followed by a ‘w’ represent water samples (blue), all others are 

mosquitoes (red).
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Fig. 6: Comparison of water and mosquito samples.
(a) Bacterial diversity, as measured by the total number of bacterial families represented 

in water (blue) samples is higher than that in mosquito (red) samples (Unpaired t test: t = 

9.903, df = 109, P < 0.0001). Black lines represent group medians. (b) NMDS ordination 

plot of water (blue) and mosquito (red) samples. Each point represents one water or 

mosquito sample. Samples that are closer together in space have more similar bacterial 

profiles. Samples clustered into groups dominated either by water (blue) or mosquito (red) 

samples, with minimal overlap between them suggesting that the two groups had distinct 

microbial profiles. (c) Volcano plot depicting bacterial families with significantly greater 

abundance in either water or mosquito samples. Each point represents one bacterial family. 

Families above the P < 0.05 line on the plot’s y-axis differ significantly in their abundance 

between the two treatments. Those colored in blue have a LOG2 abundance ratio of >−1 and 

are more abundant in water samples, while those in red have a LOG2 abundance ratio of >1 

and are more abundant in mosquito samples. A total of 105 families were significantly more 

abundant in water samples, while 5 were more abundant in mosquito samples.
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Table 1:

List of sequenced breeding site samples

Site code Collection location Collection time Mosquito samples Water samples

Site type: Underground trash cans

C1 San Juan Sep 11th 2019 3 1

C2 San Juan Sep 12th 2019 4 1

C3 San Juan Sep 17th - 19th 2019 2 1

Site type: Tree holes

H1 Salinas Sep 4th - 5th 2019 5 1

H2 Salinas Sep 9th - 10th 2019 5 2

H3 San Juan Oct 3rd - 4th 2019 4 2

Site type: Large plastic buckets

P1 Cataño Dec 24th - 26th 2018 5 2

P2 Puerto Nuevo, San Juan Jan 30th - Feb 1st 2019 4 1

P3 Puerto Nuevo, San Juan Feb 6 – 8th 2019 4 1

P4 Puerto Nuevo, San Juan Feb 5th 2019 4 1

Site type: Septic tanks

S1 Carolina Jun 14th 2019 5 1

S2 Salinas Aug 1st 2019 5 1

S3 Salinas Aug 9th 2019 5 1

Site type: Discarded tires

T1 Guaynabo Sep 1st - 3rd 2019 6 1

T2 Puerto Nuevo, San Juan Sep 6th - 9th 2019 3 2

T3 Salinas Sep 10th 2019 6 1

Site type: Water meters

W1 San Juan Aug 27th 2019 5 1

W2 San Juan Sep 17th 2019 4 1

W3 San Juan Oct 4th 2019 5 1
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Table 2:

Bacteria present in all mosquito samples

Class Family Genus

Actinobacteria Corynebacteriaceae Corynebacterium

Micrococcaceae Micrococcus

Alphaproteobacteria Caulobacteraceae Brevundimonas

Erythrobacteraceae Altererythrobacter a

Bacilli Bacilliaceae Bacillus

Betaproteobacteria Comamonadaceae Delftia a

Oxalobacteraceae Massilia

Gammaproteobacteria Moraxellaceae Acinetobacter

Xanthomonadaceae Stenotrophomonas

a
Not present in all mosquito samples from secondary data sets
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