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Collection Time, Location, and
Mosquito Species Have Distinct
Impacts on the Mosquito Microbiota

Daniel W. Pérez-Ramos T, Martina M. Ramos T, Kyle C. Payne, Bryan V. Giordano
and Eric P. Caragata”

Florida Medical Entomology Laboratory, Department of Entomology & Nematology, Institute of Food & Agricultural Sciences,
University of Florida, Vero Beach, FL, United States

The mosquito microbiota affects many aspects of mosquito biology including
development and reproduction. It also strongly impacts interactions between the
mosquito host and pathogens that cause important disease in humans, such as
dengue and malaria. Critically, the mosquito microbiota is highly diverse and can vary in
composition in response to multiple environmental variables, but these effects are not
always consistent. Understanding how the environment shapes mosquito microbial
diversity is a critical step in elucidating the ubiquity of key host-microbe-pathogen
interactions in nature. To that end, we examined the role of time of collection, collection
location and host species on mosquito microbial diversity by repeating collections at two-
month intervals on a trapping grid spanning three distinct biomes. We then used 16S
rRNA sequencing to compare the microbiomes of Aedes taeniorhynchus, Anopheles
crucians, and Culex nigripalpus mosquitoes from those collections. We saw that mosquito
diversity was strongly affected by both time and collection location. We also observed that
microbial richness and diversity increased from March to May, and that An. crucians and
Cx. nigripalpus had greater microbial diversity than Ae. taeniorhynchus. However, we also
observed that collection location had no impact on microbial diversity except for
significantly lower bacterial richness observed in mosquitoes collected from the
mangrove wetlands. Our results highlight that collection time, collection location, and
mosquito species each affect aspects of mosquito microbial diversity, but theirimportance
is context dependent. We also demonstrate that these variables have differing impacts on
mosquito diversity and mosquito microbial diversity. Our findings suggest that the
environment likely plays an important but variable role in influencing the composition of
the mosquito microbiota.

Keywords: mosquito, vector, microbiota, 16s rRNA profiling, environmental variation, Aedes taeniorhynchus,
Anopheles crucians, Culex nigripalpus
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INTRODUCTION

Each year, infections with mosquito-borne pathogens cause
millions of human cases of diseases including malaria, dengue,
and West Nile fever (1). There are more than 3500 different
mosquito species, and many are implicated in transmitting
pathogens that cause disease. Pathogen infection and
transmission in mosquitoes is highly dependent on interactions
between pathogen and mosquito host. Important factors in these
interactions include pathogen replication or development cycles,
and interactions between the pathogen and the host immune
system, which can repress infection, or be suppressed or avoided
to promote infection (2).

Another key player in host-pathogen interactions is the
microbiota: the community of diverse microorganisms
encompassing bacteria, fungi, viruses, and protozoa that
naturally associates with mosquitoes (3-5). Mosquito immune
pathways that respond to infection with arboviruses like dengue,
or the Plasmodium parasites that cause malaria, can be activated
by the microbiota, facilitating indirect modulation of pathogen
infection in mosquitoes (6). The presence or absence of the
microbiota has been linked to differential expression of
antimicrobial peptides linked to the Toll and IMD immune
pathways and altered dengue virus (DENV) titers in Aedes
aegypti (7, 8). Similarly, antibiotic-treated Anopheles gambiae
mosquitoes without their natural microbiota experienced
increased susceptibility to Plasmodium falciparum infection,
which was linked to stimulation of immune effectors by the
microbiota (9). The presence of specific bacteria can also
modulate pathogen infection. For instance, infection with
Serratia marcescens or Serratia odorifera can promote
susceptibility to arboviral infection (10, 11), infection with
Wolbachia pipientis can reduce susceptibility to multiple
mosquito-borne pathogens including DENV and Zika virus
(12, 13), and infection with Chromobacterium sp. Csp_P
restricts infection with both DENV and Plasmodium
falciparum (14).

The microbiota plays an important role in multiple aspects of
mosquito biology beyond immunity. The presence of bacteria or
live eukaryotic cells is critical for normal larval development
(15), with this effect linked to hypoxia and riboflavin
provisioning by bacteria (16, 17). Axenic (bacteria-free)
development is possible if larvae are fed certain diets or on live
eukaryotic cells (18, 19). The microbiota also appears to be
important to digestion and reproduction, as antibiotic
treatment of Ae. aegypti reduced fecundity and reduced ability
to digest blood-derived protein (20). The presence of individual
bacteria can also impact host physiology. For instance, infection
of An. gambiae with Asaia reduces development time (21), and
infection of Ae. aegypti with Wolbachia can modulate egg
development (22), longevity (23), and feeding behaviors (24).
To understand how likely it is that these and similar interactions
will occur in mosquitoes in nature, it is important to understand
the factors that cause specific bacteria to associate
with mosquitoes.

The mosquito microbiota is naturally diverse. Individual
mosquitoes can be infected with dozens or even hundreds of

different bacteria and there are frequently high levels of
variation in microbiota composition between mosquito
populations and even between individual mosquitoes (4).
Mosquitoes are capable of harboring bacteria from diverse
phyla, with Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria all well represented in sequenced microbiomes
(5, 25, 26). Most mosquito-associated bacteria are acquired
from the environment, with larval microbiota overlapping in
composition with the water from their aquatic habitats (3, 4),
but microbial diversity is lower in larvae than in the
environment (27). During morphogenesis, pupae appear to
retain some of their larval microbiota, and bacteria can pass
transstadially to adults (28). Microbial diversity is higher
amongst larval mosquitoes than adults (15), and in wild
mosquitoes than laboratory-reared mosquitoes. Laboratory
Ae. aegypti colonies share common microbiota, regardless of
their location, suggesting that, in controlled environments,
their tissues promote colonization by certain bacteria (29).
Critically, it is still unclear what extrinsic factors shape the
composition of the microbiota, and whether the impact of these
variables changes between different mosquito populations
and species.

Studies have demonstrated major shifts in microbial diversity
and composition due to sex, age, during diapause, and due to
variation across seasons and time (30-33). The role of geography
is less clear, with several studies showing that microbiota
composition is influenced by collection origin (34-36), while
other studies have failed to find such an effect (37, 38). In
container breeding mosquitoes, container type might have a
minor predictive role in shaping the microbiota (39, 40).
Further studies show that collection location drives diversity,
with specimens from the same location having more similar
microbiota than those from other locations even if they are
different mosquito species (3, 41). These findings likely highlight
the fact that the microbiota is a complex system where multiple
macro- and micro-environmental variables affect the abundance
of bacteria in different environments where mosquitoes also
occur (25, 40, 42), while intrinsic factors linked to mosquito
biology dictate the ability of different bacteria to colonize
mosquito tissues.

Explicitly defining the roles of environmental variables that
predict microbiota composition in mosquitoes is a key step
towards understanding natural variation in mosquito microbial
diversity and mosquito-microbe interactions. To that end, we
sought to evaluate the role of collection time, collection location,
and mosquito species in shaping mosquito microbial diversity
over a small scale. Within this experimental design we were also
interested in evaluating whether the factors that predict
mosquito diversity also determined mosquito microbial
diversity. To address these questions, we collected mosquitoes
three times at two-month intervals using a six-trap grid that
spanned three distinct biomes within 1km of each other.
Bacterial profiles from cohorts of three mosquito species
collected at different times and across the three biomes were
sequenced using 2x300bp 16S rRNA Illumina MiSeq sequencing
in order to assess the role of these variables in mosquito
microbial diversity.
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METHODS AND MATERIALS

Study Site

Mosquito collections for this study took place in the Oslo Riverfront
Conservation Area (ORCA) and forested trails abutting the Florida
Medical Entomology Laboratory (FMEL), both located in Vero
Beach, Florida, United States. ORCA is a 298-acre conservation area
accessible to the public, which contains approximately 1.6km of
paved and unpaved walking trails and boardwalks. The FMEL
campus is a 35-acre property immediately to the south of ORCA
that contains 500m of unpaved walking trails accessible to
researchers but not the general public. The ORCA and FMEL
walking trails cross diverse biome types: estuarine wetlands
dominated by mangroves to the east, coastal hammock in the
center and north, and pine flatwoods in a portion of the west. For
mosquitoes, these areas differ in their potential access to oviposition
and larval development sites, the plant life available for nectar
feeding and as resting or landing sites, and the types of animals
available as potential blood meal hosts. Critically, the biomes are
found within 1km of each other, making ORCA/FMEL an ideal
location for assessing the role of small-scale changes in collection
location on mosquito and microbial diversity.

Mosquito Collection & Identification

In this study, adult mosquitoes were collected using CDC mini-
light traps (John W. Hock Company) baited with cannisters
containing dry ice (File S1). We intended to capture only host-
seeking mosquitoes given that blood feeding can induce dysbiosis
in the mosquito microbiota (15, 43). A 6-trap grid was deployed
three times at approximately two-month intervals from March
through July 2021 (Figure 1; map adapted from ESRI 2022.
ArcGIS Desktop: Release 10.8. Redlands, CA: Environmental
Systems Research Institute). On each trap night, traps were hung
from the same trees. Two traps were deployed into each of three

biomes (mangrove wetlands, coastal hammock, and pine
flatwoods), with these paired traps placed approximately 100-
200 meters apart, depending on the availability of suitable trees.
On each trap night, traps were deployed between 3-6pm and
collected the next morning between 8-10am. During this time,
trap fans were powered by a single 9V lead-acid battery.

Trap night one was conducted on March 11", 2021, however
due to unanticipated maintenance at the ORCA entry that
prevented collection of the traps deployed in the pine
flatwoods, collections from those areas were repeated on
March 13", 2021, the first possible date after the end of the
maintenance. Trap nights two and three proceeded without issue
on May 4, 2021, and July 6™, 2021, respectively.

Upon collection, traps were returned to the laboratory and
alive and intact specimens were knocked down by freezing for 1
hour at -20°C. After this time, samples were sorted on glass petri
dishes chilled by ice. Mosquito samples were retained and
returned to storage at -20°C while other collected insects were
discarded. Mosquito samples were identified to the species level if
possible, or the genus level otherwise, using morphological keys
and mosquito reference texts (44-48). Samples that were in poor
condition due to physical damage and could not be identified
were classified as being ‘unidentifiable’.

Mosquito Diversity Analysis

Mosquito counts per species data (Table 1) were used to develop
graphs of species abundance and species composition for each
trap across biomes and across time. Total collection numbers
were compared by trap night and biome using a chi-square test
of independence using Graphpad Prism. Data from samples that
could only be identified to the genus level and from
‘unidentifiable’ specimens were included in these two analyses
but were excluded from subsequent analyses. Numbers of unique
species collected were compared across habitat and time using

panels (B-D) taken by Eric P. Caragata.

FIGURE 1 | Mosquito trapping locations. Dry ice-baited CDC mini light traps were used to collect host-seeking mosquitoes within the Oslo Riverfront Conservation Area,
Vero Beach, FL, USA. Pairs of traps were deployed overnight in distinct biomes: mangrove wetlands (dark blue circles), coastal hammock (light blue circles), and pine
flatwoods (pink circles) at a distance of approximately 100m apart. Trapping was repeated during March, May, and July 2021. Map image in panel A adapted from ArcGis
Desktop (source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community). Photographs in
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TABLE 1 | Female mosquitoes collected across biome and time.

Trap Mw
Mosquitoes collected Species collected

Trap night 1: March 11*"/March 17*" 2021

Mosquitoes collected

CH PF

Species collected Mosquitoes collected Species collected

A 208 5 91 5 190 5
B 205 6 83 5 347 7
Trap night 2: May 4" 2021

C 207 6 138 7 42 3
D 376 7 76 6 68 3
Trap night 3: July 6™ 2021

E 504 6 116 5 123 4
F 876 6 154 5 97 3

CH, coastal hammock; MW, mangrove wetlands; PF, Pine flatwoods.
Collection data pooled across the paired traps from each biome.

chi-square test of independence, as above. Diversity analyses
were performed using the R package vegan (v. 2.5-7). Alpha
diversity (mean species diversity) was calculated using the
Shannon index and the diversity() function in R. Shannon
values were split by time of collection or biome. Normality was
assessed using the Shapiro-Wilk test, and Shannon values were
compared using Kruskal-Wallis ANOVA. Beta diversity
(dissimilarity between traps) was calculated using Non-metric
multidimensional scaling (NMDS) with the metaMDS()
function. Permutational multivariate analysis of variance
(PERMANOVA) was used to assess the impact of collection
time, collection biome, time by biome interaction, and trap by
trap variation on the diversity of mosquitoes collected. Species
abundance data were square root-transformed, then a
dissimilarity matrix was produced using the vegdist() formula,
and then analyzed using the adonis2() function to build a model
that incorporated those four variables.

Microbiome Sample Selection and
Preparation

We wanted to sequence the microbiota of three different
mosquito species and observe variation in microbial diversity
due to host species, biome, and time of collection. Three
mosquito species were abundant across all biomes in at least
two collection periods: Ae. taeniorhynchus, An. crucians, and Cx.
nigripalpus. However, Ae. taeniorhynchus was only abundant in
the May and July collections, and An. crucians only in the March
and May collections. Accordingly, we selected 96 of the 3991
female mosquito samples for 16s rRNA sequencing (File S2)
with 3-6 samples per species-time-biome combination. No Ae.
taeniorhynchus from March or An. crucians from July were
selected due to insufficient samples collected during those
months. Culex nigripalpus samples from all collections were
selected and sequenced.

Adult female mosquito samples were processed individually.
Each mosquito was surface sterilized by immersion in 70%
molecular grade ethanol (Fisher, BP2818500) for 2 mins,
before being washed twice by immersion in sterile, DNase/
RNase-free molecular grade water (Fisher, BP28191). Samples

were manipulated using fine forceps that were sterilized by flame
and ethanol after contact with each mosquito to limit cross-
contamination. Bacterial DNA from each sample was extracted
using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo,
D6005), according to manufacturer’s instructions. Sample DNA
yield and absorbance ratios were determined using an ND-2000
(NanoDrop). Two no-sample (kit blank) extractions and two
elution blanks were also performed and sent for microbial
sequencing as negative controls.

16s rRNA Profiling and Bioinformatic
Analysis

Sample DNA was shipped to MR DNA (Shallowater, TX, USA),
who performed PCR amplification for the V4 region of the 16S
rRNA gene using 515F/806R primers. MR DNA also constructed
libraries, performed quality assurance, conducted Illumina
MiSeq to generate 2x300bp paired-end reads, as previously
described (39). The MR DNA custom analysis pipeline (49)
was used to generate sequencing data at different taxonomic
levels and generate operational taxonomic unit (OTU) calls at a
3% divergence level. These data were returned to our research
team and used in all subsequent analyses.

Microbial Diversity Analyses

Data were analyzed at the class (File $3) and OTU levels (File
S4). Listed taxa were verified to ensure that only bacteria were
included. All taxa where the maximum abundance was less than
0.05% across all samples were removed from analysis, and these
revised data sets were used to generate read counts and
percentage abundance data at both taxonomic levels. OTUs
that were prevalent in at least three of the four negative control
samples, with an average read count of > 300 were not
considered in the analyses described below. Two samples
were excluded from the dataset as they returned fewer than
5000 total reads, leaving a total of 94 samples. Class level data
were used to generate microbiome profiles for the individual
mosquito specimens that we sequenced. For each of these
specimens, we generated graphs detailing the percentage of
total reads accounted for by highly abundant bacterial taxa.
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Highly abundant bacterial classes within the dataset were
identified by ranked average read percentage across all
mosquito samples. Highly abundant OTUs were identified in
the same manner. Highly prevalent OTUs were identified as the
proportion of samples in which an OTU was present at a
percentage of total reads of greater than 0%.

Total OTU counts per sample at a minimum abundance
threshold of 0.05% were compared across all samples by
multiple linear regression using a model that compared the
variables of collection time, mosquito species, and collection
biome. Mean OTU counts were compared by mosquito species,
time of collection, and biome of collection using a heat map.
Alpha diversity for OTU counts was calculated via the Shannon
index, as above. These data were also analyzed by multiple
linear regression using a model that compared the variables of
collection time, mosquito species, and collection biome. Mean
Shannon index data were split by mosquito species, time of
collection, and biome of collection then visualized using a heat
map. NMDS analysis was performed on OTU counts using the
metaMDS() function in R, as above, and the resulting output
split by treatment then visualized in Microsoft Excel.
PERMANOVA was performed on OTU count data using the
adonis2() function, as above. This model examined the
influence of time, biome, mosquito species, trap, and
interactions between those variables.

Bacterial OTUs that changed in prevalence depending on the
mosquito species, time of collection, or biome of collection were
identified and visualized using heatmaps. OTU level abundance
data were independently sorted by those three predictor variables
then prevalence of infection for each OTU was calculated across
mosquito samples at a threshold of greater than 0% of total reads.
The variance in prevalence was calculated across treatments for
each of the three predictor variables, these values were then
ranked and differences in prevalence of infection were compared
between the 15 OTUs with the greatest variance using chi-square
tests in GraphPad prism.

Statistical Analysis and Figure Preparation
Diversity analyses were performed in RStudio using the vegan
package, as described above. R scripts are provided in File S5. All
other analyses were performed using Graphpad Prism (V.9.3.0),
as above. Figures were prepared using Graphpad Prism and
Microsoft PowerPoint for Mac (v16.57).

RESULTS

Mosquito Collection

Across the three trap nights, we collected a total of 4053
mosquitoes from 12 different mosquito species, of which 3991
were female (Table 1, File S1). Of these, 197 (4.94%) could only
be identified to the genus level and a further 107 (2.68%) were
unidentifiable. Collection numbers varied significantly between
biomes and across time (Chi-square test: X% =568.9, P < 0.0001).
A total of 1214 female mosquitoes (30.42%) were collected in
March, 907 (22.73%) in May, and 1870 (46.86%) in July. A total

of 2466 female mosquitoes (61.79%) were collected from traps in
the mangrove wetlands, 658 (16.49%) from coastal hammock
traps, and 867 (21.72%) from pine flatwoods traps. Species
richness across time and collection locations varied from a
minimum of three different species collected in pine flatwoods
traps during May to a maximum of eight in the same habitat
during March. An average of 5.89 mosquito species were
collected in each biome across all time points. However, no
significant variation in richness was observed across our
collections (Chi-square test: X° = 2.428, P = 0.6575).

We observed large-scale variation in the mosquito species we
collected across time and between the different biomes
(Figure 2). Four mosquito species were collected in high
abundance (Figure S1): Deinocerites cancer (N = 1121, 28.09%
of total mosquito collections), Culex nigripalpus (1060, 26.56%),
Aedes taeniorhynchus (665, 16.66%), and Anopheles crucians
(472, 11.83%). Abundance of De. cancer increased over time,
with 94.65% of all specimens from that species collected in
mangrove wetlands. Abundance of Cx. nigripalpus declined
from March to May, and then increased from May to July.
Abundance in coastal hammock was consistent across the three
trapping periods, with the peak abundance observed in pine
flatwoods during March (25.57%). Few Ae. taeniorhynchus were
collected during March, but collections increased marginally in
May and then drastically during July, with peak abundance
observed in mangrove wetlands during July (44.06%). An.
crucians collections peaked in March and declined steeply
thereafter. Abundance was higher in pine flatwoods and
coastal hammock than in mangrove wetlands.

Mosquito Diversity

Analysis of Shannon index values showed no significant impact of
time of collection on mosquito alpha diversity (Figure 3A. Kruskal-
Wallis: H = 3.029, P = 0.231), but did show a significant impact of
biome (Figure 3B. Kruskal-Wallis: H = 6.503, P = 0.031) with that
effect driven by higher mosquito diversity in mangrove wetlands than
in pine flatwoods (Dunn’s test: P = 0.039). In our NMDS analysis
(Figure 3C; k = 2, stress = 0.1582), we observed separation of traps
due to time (MDS1) and biome (MDS2). PERMANOVA confirmed
that there was a significant impact of time (R” = 0.3952, F = 16.94, P =
0.001) and biome (R® = 0.4186, F = 17.94, P = 0.001) on mosquito
diversity, with these two variables accounting for approximately 81%
of the variation in the model. We also observed non-significant effects
of trap-by-trap variation (R* = 0.0275, F=0.785, P = 0.647) and time x
biome interaction (R? = 0.0888, F = 1.902, P = 0.103).

Composition of Mosquito Microbiota

Our 16s sequencing produced a total of 3.32 million reads. A total
of 2.98 million reads were identified as being bacterial in origin,
which equated to an average of 31,010 bacterial 16s rRNA reads per
mosquito sample (median - 32,077 reads). Raw sequencing data
were deposited in GenBank (accession ID: PRINA818006). Reads
associated with 57 different bacterial classes were detected in at least
one of the 94 sequenced mosquito samples at an abundance of
greater than 0.05%. Microbiome profiles of individual mosquitoes
across collection time, species and biome were generated for the 12
most abundant bacterial classes (Figure 4) with these classes
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FIGURE 2 | Mosquito collections across time and biomes. Panels depict the relative abundance of different mosquito texa collected during March (A), May (B), and July (C).
Data are presented as a percentage of total mosquitoes collected from each trap. A total of 3991 female mosaquitoes from 12 distinct species were collected, with the crabhole
mosquito Deinocerites cancer being the most abundant and the Florida SLE mosquito Culex nigripalpus being the most ubiquitous. Mosquito taxa from the same genus are
presented in common colors. Taxonomic status was assessed using established morphological keys, with samples being assigned to a particular species or genus, if species-
level identification was not possible, or being classified as ‘unidentifiable’ if the sample condition was too poor to allow identification. CH, coastal hammock; MW, mangrove

wetlands; PF, pine flatwoods; sp, species; Uncat, uncategorizable.

accounting for an average of 92.57% of all reads. By average
percentage of total reads, the top five most abundant bacterial
classes in the dataset were Actinobacteria (17.02%), Bacilli (14.09%),
Gammaproteobacteria (13.60%), Betaproteobacteria (13.21%), and
Alphaproteobacteria (12.45%). A total of 37 individual mosquito
specimens had a single bacterial class representing more than 50%
of all reads. These classes were: Actinobacteria (5 samples),
Alphaproteobacteria (3), Bacilli (9), Betaproteobacteria (1),
Epsilonproteobacteria (3), Gammaproteobacteria (4), and
Spirochaetia (12). At the OTU level (Table 2) the most abundant
OTU across all samples matched to Lactobacillus kunkeei. Three
Spironema culicis OTUs were amongst the ten most abundant, with
these corresponding to the class Spirochaetia reads.
Betaproteobacterium Variovorax paradoxus was the most
prevalent OTU in the dataset, being detected in 81% (76/94) of
all samples. Other common members of the mosquito microbiota

(5, 25) were detected at high prevalence, including Staphylococcus
pasteuri (61%), Burkholderia ubonensis (51%), and Serratia
marcescens (49%). Reads from five Asaia sp. OTUs were detected
in the dataset. These OTUs were highly abundant amongst Ae.
taeniorhynchus samples collected in July, with a peak abundance of
76.18%. Three Wolbachia OTUs were observed in the dataset, with
the most prevalent of these observed in 12/94 mosquito samples.
Wolbachia reads were detected at a maximum abundance of 5.37%,
0.12%, and 0.02% in An. crucians, Cx. nigripalpus, and Ae.
taeniorhynchus mosquitoes, respectively, and were not indicative
of widespread, stable infections.

Microbial Diversity

A total of 2516 OTUs were detected in the raw microbiome data.
Of these, 156 were removed from the dataset due to low
abundance. A further 10 OTUs were classified as contaminants

MW, mangrove wetlands; PF, pine flatwoods.
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FIGURE 3 | Mosquito diversity analyses. Alpha diversity (mean species diversity) was assessed by collection time (A) and collection biome (B) using the
Shannon index with the diversity() function in R. We observed no significant impact of time on alpha diversity (Kruskal-Wallis: P = 0.2306) but did see an effect of
biome (Kruskal-Wallis: P = 0.0312), driven by higher diversity in mangrove wetlands than in pine flatwoods. We also used NMDS as a measure of beta diversity
(dissimilarity between trap collection profiles) and saw good separation of traps by time and collection biome (C). PERMANOVA revealed that both time (R, =
0.3952, P = 0.001) and biome (R. = 0.4186, P = 0.001) were important predictors of mosquito diversity. Different shapes and colors in these panels depict
individual traps across collection times and biomes. Lower-case letters (a/b) in the first two panels represent different statistical groups. CH, coastal hammock;
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FIGURE 4 | Mosquito microbiome composition at the class level. We used 2x300bp lllumina MiSeq sequencing to profile 16s rRNA sequences in 94
Anopheles crucians (A, B), Aedes taeniorhynchus (C, D), and Culex nigripalpus (E-G) mosquito samples collected across the three trap nights and biomes,
with 3-6 samples profiled for each condition. Insufficient numbers of An. crucians and Ae. taeniorhynchus were collected in July and March, respectively, so
samples from those species were not sequenced for those timepoints. Each bar represents the relative abundance of all the bacteria from each sample at the

class taxonomic level. Within each bar, different colors represent 12 bacterial classes, which accounted for an average of 92.57% of all reads across the
dataset, and an ‘other classes’ group that represents all the remaining reads. C, coastal hammock; M, mangrove wetlands; P, pine flatwoods.

due to their presence in negative control samples and were also
removed from the dataset. We assessed the diversity of the
mosquito microbiota using the remaining 2350 OTUs. Multiple
linear regression of microbial species richness (using OTU count
data at a threshold of 0.05% abundance per sample) indicated that
time (F = 24.16, P < 0.0001), biome (F = 5.348, P = 0.0064), and
mosquito species (F = 9.956, P = 0.0001) were all significant
predictors of the number of OTUs detected. Visualization of these
data via heat map revealed lower microbial richness associated
with March collections, with the mangrove wetlands biome, and
with Ae. taeniorhynchus (Figure 5A). Visualization of Shannon

index data via a heatmap (Figure 5B) also revealed lower alpha
diversity associated with March collections and with Ae.
taeniorhynchus. The impact of biome was less clear for this
index, although variation due to biome within species groups
were observed. Similarly, multiple linear regression of Shannon
index data revealed a significant impact of collection time (F =
10.859, P < 0.0001) and mosquito species (F = 23.040, P < 0.0001),
but not for biome (F = 1.508, P = 0.2270).

NMDS analysis of microbial beta diversity (Figure 5C; k = 2,
stress = 0.2215) revealed two clusters split by time of collection.
The first cluster consisted chiefly of samples from the March

TABLE 2 | Highly abundant and highly prevalent OTUs.

Rank Highly abundant OTUs Av. abund. (%) Highly prevalent OTUs Prevalence
1 Lactobacillus kunkeei 6.25 Variovorax paradoxus 0.81
2 Spironema culicis 4.64 Unknown 0.78
3 Cellulosimicrobium terreum str. ds_61 4.49 Pandoraea pnomenusa str. ccug 38742 0.74
4 Spironema culicis 2.79 Staphylococcus pasteuri 0.61
5 Asaia siamensis str. t_671 2.76 Unknown 0.56
6 Variovorax paradoxus 2.31 Rhodoferax sp. 0.55
7 Unknown 2.20 Variovorax paradoxus 0.52
8 Arcobacter butzleri 2.10 Burkholderia ubonensis str. cip 107078 0.51
9 Spironema culicis 2.10 Rhodanobacter sp. 0.49
10 Unknown 1.83 Serratia marcescens 0.49

Av. abund. — average abundance — average percentage of total reads per sample. OTU, Operational taxonomic unit; Prevalence, proportion of samples in which reads from that OTU were

detected; sp., species; str., strain; Unknown, no good match to OTU sequence.
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FIGURE 5 | The impact of mosquito species, collection time, and collection biome on mosquitomicrobial diversity. We found that all three variables
impacted aspects of microbial diversity, with time and mosquito species having the strongest effects. Heatmap depicting variation in the average number of
OTUs in sequenced mosquitoes depending on the mosquito species, time, and biome of collection (A). Light colors (yellow-orange) indicate a higher OTU
count, while dark colors (purple-black) indicate a lower count. Time (P < 0.0001), biome (P = 0.0064), and mosquito species (P = 0.0001) were all significant
predictors of the number of OTUs detected. Lower OTU counts were observed in March, for Ae. taeniorhynchus mosquitoes, and for mangrove wetlands
samples. Additional heatmap and MLR analyses of alpha diversity of OTU count data (via Shannon index) for the same treatments (B) indicated a similar role
for time (P < 0.0001) and species (P < 0.0001) but indicated that the role of biome was less pronounced (P = 0.2270). NMDS assessment of OTU count
data beta diversity (C) indicated there were two main clusters of samples with the split being due to time of collection (March vs May/July). Samples from
later timepoints that grouped with the March cluster were principally from mangrove wetlands collections. A sub-grouping of Ae. taeniorhynchus samples
occurred at the base of the rightmost cluster. In panel C, the different shapes and colors depict the different treatment groups (time x species x biome). AC,
Anopheles crucians; AT, Aedes taeniorhynchus; C, coastal hammock; CN, Culex nigripalpus; M, mangrove wetlands; P, pine flatwoods.

collection, but also included a small number of mosquitoes
collected during May, predominantly those from the mangrove
wetlands traps. The second cluster consisted chiefly of samples
from the May and July collections. Large numbers of Ae.
taeniorhynchus samples were situated at the base of this
cluster, largely independent of samples from the other two
species. PERMANOVA analysis of OTU data revealed that
time (R? = 0.0654, F = 3.33, P = 0.001), mosquito species (R? =
0.0438, F = 2.31, P = 0.001), and the time by species interaction
component (R? = 0.0268, F = 1.36, P = 0.007) all had significant
effects on mosquito microbial diversity. Biome did not have a
significant effect (R? = 0.0234, F = 1.19, P = 0.066). No other
components in the model were significant predictors of
microbial diversity and the residual component had an R’
value of 0.510.

Time-, Mosquito Species-, and
Biome-Responsive OTUs

To identify bacterial OTUs that were highly responsive to
changes in host species, time of collection, and the biome of
collection, we assessed OTUs by variance of prevalence for each
of these three variables (Figure 6). We identified OTUs with
significantly higher prevalence associated with each species of
mosquito. This list included three Lactobacillus kunkeei OTUs,
two Klebsiella pneumoniae OTUs and two Acinetobacter sp.
OTUs. Of the 15 OTUs described in Figure 6, ten had the
greatest prevalence in Ae. taeniorhynchus, four in Cx.
nigripalpus, and one in An. crucians. Time-responsive OTUs
all increased in prevalence between the March and May/July
collections. These included three OTUs associated with

Tetrasphaera sp., three with Rhodoferax sp., and two each
with Acidovorax sp. and Rhodanobacter sp. We observed
multiple biome-responsive OTUs with sequences similar to
Acidovorax sp., Corynebacterium sp., and Rhodoferax sp.
Biome-responsive OTUs typically had low prevalence in
mosquitoes collected from mangrove wetlands, and higher
prevalence in mosquitoes from pine flatwoods and/or coastal
hammock. Using chi-square tests (File $6), significant
differences in prevalence were observed between their
respective treatments for 44 of the 45 comparisons depicted
in Figure 6 (P < 0.05). The exception occurred for OTU140
(Propionivibrio sp.), where higher prevalence was observed in
coastal hammock and pine flatwoods biomes, but the effect was
not significant (chi-square; X° = 5.96, P = 0.0509).

DISCUSSION

Impact of Extrinsic Variables on

the Microbiota

We assayed the importance of time of collection, location of
collection, and mosquito species in shaping the composition and
diversity of the mosquito microbiota. Three mosquito species
were examined: Ae. faeniorhynchus, a known carrier of EEV,
VEEV, WNV, and a vector of Dirofilaria immitis, An. crucians,
an historical vector of Plasmodium spp. in the Southeast United
States, and Cx. nigripalpus, a vector of SLEV, EEEV, WNV, and
D. immitis (48). In addition, all three species are common
nuisance biters.
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FIGURE 6 | Identification of bacterial OTUs that changed in prevalence due to variation in mosquito species, time, and collection biome. Heat maps of the 15 OTUs
that exhibit the highest variance in prevalence (presence in x proportion of sequenced samples) due to mosquito species (A), collection time (B), and collection
biome (C). OTUs are presented as: unique OTU number | bacterial class | likely match at the species or genus level | statistical significance of comparison (chi-square
test: * = P < 0.05, * = P < 0.01, * = P < 0.001, *** = P < 0.0001). In each comparison, multiple OTUs associated with the same bacterial species or genus were
observed. OTUs of high and low prevalence were observed for each mosquito species. Three Lactobacillus kunkeei OTUs had high prevalence in Ae. taeniorhynchus
and low prevalence in Cx. nigripalpus. Two Acinetobacter sp. OTUs had lower prevalence in An. crucians than in the other species. Time-responsive OTUs all
experienced lower prevalence in mosquitoes collected during March. Biome-responsive OTUs all experienced lower prevalence amongst mosquitoes collected from
mangrove wetlands traps. Note that the scales in the three panels differ. ACT, Actinobacteria; AC, Anopheles crucians; APB, Alphaproteobacteria; AT, Aedes
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Our findings indicate that collection time was the most
important variable of the three we assessed. Between the March
and May/July collections we observed a significant increase in
microbial richness (OTU count), an increase in alpha diversity,
and a shift in the composition of the microbiota. We also saw that
OTUs in the Actinobacteria and Proteobacteria phyla accounted
for the majority of OTUs with the greatest variation in prevalence
due to time, suggesting that bacteria in these groups could be those
most likely to have variable associations with mosquitoes over
time. It is known that shifts in time are an important variable in
microbiome assembly. For instance, the microbiota of Ae. aegypti
in Puerto Rico varied significantly due to collection time (39). It is
possible that the time-dependent changes in microbial diversity we
observed were driven by seasonal changes, as other studies have
demonstrated that such changes can influence microbial diversity.
For instance, microbial diversity in An. gambiae and An. coluzzii
from Ghana was higher in the dry season than the wet season (30).
Another study saw repeatable, seasonal shifts in abundance and/or
prevalence of multiple bacteria taxa and observed that these
correlated with shifts in patterns of WNV infection (50). Our
experimental design did not allow for rigorous assessment of the
effect of changes in seasons, and while we saw increased mean
monthly peak temperatures as time progressed during our
trapping (March - 26°C, May - 30°C, July - 32°C), we did not
see notable differences in rainfall in the month prior to collection
(March - 152.4mm, May - 96.8mm, July - 118.1mm; Data from
Vero Beach Municipal Weather Station, accessed via Weather
Underground). Nominally, March and May fall within the dry
season in central Florida, while July falls at the beginning of the
wet season.

Mosquito species was another important variable in our
dataset. Previous studies indicate that there are natural,
species-specific differences in microbial diversity. For instance,

higher diversity amongst Ae. aegypti and Ae. albopictus
compared to Cx. quinquefasciatus (51), and high variability in
alpha diversity between mosquitoes from the genera Aedes
(including subgenus Ochlerotatus), Coquilletidia, and Culex
(50). Similar to those findings, we observed that Ae.
taeniorhynchus mosquitoes had lower microbial richness, alpha
diversity, and differed in Beta diversity than the other two species
we examined. If microorganisms fill physical and functional
niches within the mosquito digestive tract (52), it is possible
that there are fewer niches available in species such as Ae.
taeniorhynchus, perhaps through differential immune response
or nutrient availability. While microbial diversity in Ae.
taeniorhynchus was low, we did observe multiple OTUs with
higher prevalence in that species than the other two. This
includes Lactobacillus kunkeei, a fructophilic bacterium that
produces large quantities of lactic and acetic acid from glucose
(53), and Acinetobacter nectaris, which is commonly found in
plant nectar and pollinators (54, 55), which could be indicative of
nectar feeding. Conversely, there was a higher prevalence of
Shigella sonmnei, an opportunistic pathogen often found in
contaminated water that causes Shigellosis (56) and
Brachymonas sp., a genus of denitrifying bacteria (57), in An.
crucians and Cx. nigripalpus than Ae. taeniorhynchus. Our
analyses showed little overall difference in microbial diversity
between An. crucians and Cx. nigripalpus, although there were
subtle differences in species richness and alpha diversity when
comparing time by biome combinations for these species. Several
previous studies have highlighted that host species can be less
important than collection location when predicting microbial
diversity (3, 41). In this context, our data highlight the fact that
mosquito species-driven effects can act on multiple elements of
microbial diversity, but that the importance of species in
microbiota assembly is likely context dependent.
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The effect of biome on the mosquito microbiota was less clear
than for the other two test variables. We saw a clear impact of
biome of collection on microbial richness, with mosquitoes from
the mangrove wetlands having significantly fewer OTUs. We also
saw several OTUs that had high prevalence in either pine
flatwoods mosquitoes or coastal hammock and pine flatwoods
mosquitoes. These findings indicated that biome of collection did
have some influence on mosquito microbial diversity. However,
we saw no significant impact of biome on alpha or beta diversity,
with no clear clustering of samples by biome in the NMDS
analysis, suggesting that the overall impact was minor. These
findings are in line with previous studies that examined the effect
of location on mosquito microbial diversity where a significant
role was outlined in some studies (34-36, 42) but not in others
(37, 38). In the case of our study, a distance of less than 1 km is a
very small-scale difference in location, and this might have
contributed to the effect of biome/collection location being
minor. In some studies, larger-scale distances in collection
origin have revealed distinct effects on microbial diversity. For
instance, Ae. aegypti from Guadeloupe and French Guiana
formed largely independent clusters in principle coordinate
analysis (40). However, similar effects have been found over
small distances, as with An. gambiae in Burkina Faso, where
specimens from three villages separated by approximately 10 km
also had distinct microbiomes (35). In contrast, collections from
other studies ranged over 50 km in Kenya (38) and several
hundred kilometers in Panama (37) and saw no clear impact of
collection location. Given these disparities, it is possible that
certain mosquito habitats are more important to microbial
diversity than others, and that in some mosquito populations,
other variables make more significant contributions to microbial
diversity than location. It is also important to note that within
our experimental design, a mosquito’s location of development
was not controlled, only its location of collection, so it was
entirely possible that we collected and sequenced mosquitoes
that had moved between biomes. The dispersal ranges of An.
crucians and Cx. nigripalpus are estimated at approximately 1.6
km (58, 59), while Ae. taeniorhynchus is more mobile with an
estimated dispersal range of 2 — 20 miles (60). These observations
suggest that all three species could be expected to move freely
across our short trap grid.

Links Between Mosquito and Mosquito
Microbial Diversity

Similar to the findings of other studies (61-63) our data indicated
that mosquito abundance was strongly influenced by both time of
collection and collection location. Mosquito beta diversity was also
affected by both variables, but alpha diversity was affected by
location but not time, and species richness did not vary
significantly due to time of collection. These findings differed
greatly from our observations of mosquito microbial diversity
where time, but not collection location impacted alpha and beta
diversity, and where species richness was significantly impacted by
both variables. In our PERMANOVA models, the time by species
interaction term was a significant predictor of microbial diversity
but not mosquito diversity. We also observed contrasting mosquito

and microbial diversity in the mangrove wetlands (high mosquito
diversity but low microbial diversity), and during March (no clear
impact on mosquito diversity but lower microbial richness and
diversity). Collectively, these observations suggest that factors that
predict mosquito diversity are not necessarily good predictors of
mosquito microbial diversity. Additionally, the variables of time,
collection location, and time x collection interaction within our
PERMANOV A models of mosquito and microbial diversity differed
in the amount of variation they explained. In the mosquito model,
these terms had a combined R’ of 0.9026, while in the microbial
model, the equivalent R” was 0.1156. This suggests that changes in
mosquito diversity might be well explained by a simple model
consisting of those macroenvironmental variables, but such a model
would be insufficient to explain the majority of the variation seen in
the microbiota of wild mosquitoes. If such an effect were broadly
applicable, it would likely imply that there are other variables
playing major driving roles in mosquito microbiota assembly.
Given that host-microbiota-environment interactions appear be a
complex system, it is possible that these variables differ in
importance in a context dependent manner. This list of variables
could include a range of macro- and micro-environmental
parameters, particularly those linked to the larval aquatic
environment, which were not accounted for in our experimental
design, or they might be factors intrinsic to mosquito biology that
affect permissiveness to different microorganisms, such as immune
processes or microbe-microbe competition. Additionally, our
findings highlight that there is a need to consider including
additional environmental variables, including climate
measurements like rainfall and local temperatures, in models
describing mosquito microbial diversity. We believe it is worth
investigating these factors in greater depth in a broad range of
mosquito populations.

Caveats

Within our experimental design, mosquito age, blood feeding
status, development location, and genetic relatedness to other
collected mosquitoes were all uncontrolled factors, with several
of these being uncontrollable due to the fact that we collected and
sequenced wild mosquitoes. All of these factors could feasibly
influence the likelihood of exposure to a particular bacterium,
and also the composition of the microbiome. Given our use of
dry ice-baited traps, we expect that the majority of our collection
were young female mosquitoes seeking their first blood meal,
however, it is feasible that we may have collected and sequenced
older mosquitoes that had previously fed and laid eggs.
Developmental variation could have been controlled through
the use of emergence traps; however, this could have caused
increased genetic relatedness between samples from the same site
and trapping in this manner could be difficult to implement as
the three species we examined typically develop in natural
breeding sites, which can be difficult to locate. Still, it is
possible that some of these factors contributed to variation in
microbial diversity unaccounted for by our model. Our
experimental design was also imbalanced by time-dependent
shifts in abundance of Ae. taeniorhynchus and An. crucians,
which meant we only had microbiome data from three mosquito
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species available during one of the three collection periods. We
chose to proceed with this design rather than sequencing a
greater number of samples from two species over two
collection months as we felt that the former design would
ultimately prove more informative. If we had been able to
sequence all three species across all three collection periods it
is possible that we might have seen different effects of species by
time and species by biome interactions on microbial diversity.
Likewise, this imbalance could have led to overestimation of the
importance of species and species by time effects in our data.

Conclusions

Our results highlight that each of our three test variables of
collection time, collection location, and mosquito species affected
microbial richness, diversity, prevalence, and/or abundance.
However, their importance was relative and context dependent.
Collection time was clearly the most influential variable in our
experimental design and appears likely to be a major factor in
shaping host-microbe interactions in wild mosquitoes. It remains
to be seen whether time-induced shifts in microbial diversity are
consistent from year to year in mosquito populations around the
world, and clarifying this remains an important future direction
for microbiome research. Likewise, the implications of such
shifts on host-microbe interactions, particularly those
associated with mosquito immunity and pathogen infection are
also unclear. However, from our data it is apparent that
microbiome studies involving field collections should attempt
to collect samples over as brief a window as possible. We also
show that small-scale changes in collection location can impact
microbial richness and the prevalence of certain OTUs, but may
not have a major impact on other elements of mosquito
microbial diversity. In the context of results from other studies,
this finding indicates that there are likely key factors associated
with certain habitats, but not others, that influence microbial
diversity in mosquitoes. Identifying these factors and
determining whether they consistently modulate microbial
diversity over time is a pivotal step in our understanding of
mosquito microbiota assembly. Finally, we demonstrate that
locations with high mosquito diversity do not necessarily
produce mosquitoes with high microbial diversity. It could be
interesting to determine whether there is a similar effect in
mosquito larvae and their aquatic habitats as this observation
could potentially be linked to the larval habitat preferences of
different mosquito species.

Collectively, our findings indicate that it is important to
attempt to control ecological variables when surveying
mosquito microbiomes in nature, as this could help to avoid
major biases in the resulting data. Controlling these variables
could also provide a useful platform for answering fundamental
questions about the biology of mosquito-microbe interactions in
nature, including whether there are networks of microbes that
co-associate with mosquitoes under certain conditions, whether
microbiomes associated with particular ecosystems or changes in
time have different impacts on mosquito biology at the
functional level, or if different microbiomes impact pathogen
infection and transmission in adult mosquitoes. It is clear that

environmental variables play an important role in shaping
mosquito microbial diversity, but our data also indicate that it
is possible that microbial diversity is a complex system shaped by
multiple variables of minor effect that vary in their importance
between different mosquito populations, over time, and across
geographic space.
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