Journal of Medical Entomology, 60(5), 2023, 884898
https://doi.org/10.1093/jme/tjad097 Q” ENTOMOLOGICAL
icati . SOCIETY OF AMERICA
Advance Access Publication Date: 21 July 2023 'ﬁ) I St SeIENCE CLoBMLLY OXFORD
Research -

Arthropod/Host Interaction, Immunity

Microplastic ingestion perturbs the microbiome of Aedes
albopictus (Diptera: Culicidae) and Aedes aegypti

Carla-Cristina Edwards', Gabriella McConnel?>°, Daniela Ramos',
Yaizeth Gurrola-Mares', Kailash Dhondiram Arole3®, Micah J. Green3®%,
Jaclyn E. Canas-Carrell>“, Corey L. Brelsfoard"

'Department of Biological Sciences, Texas Tech University, 2901 Main St., Lubbock, TX 79409, USA, ?Department of Environmental
Toxicology, Texas Tech University, 1207 S. Gilbert Drive, Lubbock, TX 79416, USA, *Department of Materials Science and Engineering,
Texas A&M University, College Station, TX 77843, USA, *Artie McFerrin Department of Chemical Engineering, Texas A&M University,
College Station, TX 77843, USA "Corresponding author, mail: corey.brelsfoard@ttu.edu

Subject Editor: Julian Hillyer

Received on 13 April 2023; revised on 28 June 2023; accepted on 11 July 2023

Microplastics (MPs) are common environmental pollutants; however, little is known about their effects after
ingestion by insects. Here we fed Aedes (Stegomyia) aegypti (L.) and Aedes (Stegomyia) albopictus (Skuse)
mosquito larvae 1 um polystyrene MPs and examined the impacts of ingestion on adult emergence rates, gut
damage, and fungal and bacterial microbiota. Results show that MPs accumulate in the larval guts, resulting
in gut damage. However, little impact on adult emergence rates was observed. MPs are also found in adult
guts postemergence from the pupal stage, and adults expel MPs in their frass after obtaining sugar meals.
Moreover, MPs effects on insect microbiomes need to be better defined. To address this knowledge gap,
we investigated the relationship between MP ingestion and the microbial communities in Ae. albopictus
and Ae. aegypti. The microbiota composition was altered by the ingestion of increasing concentrations of
MPs. Amplicon sequence variants (ASVs) that contributed to differences in the bacterial and fungal micro-
biota composition between MP treatments were from the genera Elizabethkingia and Aspergillus, respec-
tively. Furthermore, a decrease in the alpha diversity of the fungal and bacterial microbiota was observed
in treatments where larvae ingested MPs. These results highlight the potential for the bacterial and fungal
constituents in the mosquito microbiome to respond differently to the ingestion of MPs. Based on our findings
and the effects of MP ingestion on the mosquito host micro- and mycobiome, MP pollution could impact the
vector competence of important mosquito-transmitted viruses and parasites that cause human and animal
diseases.
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Introduction the environment and are easily ingested by animals, particularly
invertebrates. Recently, it was demonstrated MPs up to 2 pm in size
can be ingested by mosquito larvae and transferred ontogenically
from the larval stage to the adult stage (Al-Jaibachi et al. 2019). In
addition, Culex tritaeniorbynchus and Aedes aegypti were collected

Plastic pollution remains one of the most ubiquitous and menacing
environmental threats worldwide. While larger plastic particles cause
concerns when ingested by animals, little is known about the effects
of much smaller microplastics (MPs) and nanoplastics (NPs), which
can be produced intentionally for abrasion applications or formed
as degradation products via weathering and degradation of larger
plastics by sunlight, abrasion, and tire wear (Zhang et al. 2021, Wu
et al. 2022, Liu et al. 2023). MPs and NPs are polymer particles,
which range in size from 5 mm to 1 pm in diameter and 1-0.001

from household drainage pits and examined for the presence of MPs
in their guts and other tissues. Both species were found to ingest
MPs, and particle size analyses demonstrated 42% of MPs found in
the mosquitoes were less than 5 pm in size, and the remaining MPs
were 25 pm (Gopinath et al. 2022). Container-inhabiting mosquito
. . . species such as Ae. albopictus and Ae. aegypti are vectors of impor-
pm, respectively (Wang et al. 2021b). These plastic particles of a few

. o . . tant disease-causing viruses such as dengue, Zika, and chikungunya
microns in size or less are difficult to characterize and remove from
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and live and breed in small artificial containers such as discarded
tires, food containers, soda/water bottles, and plastic flowerpots,
particularly in highly urbanized areas (Champion and Vitek 2014).
These containers are weathered by a number of chemical, mechan-
ical, and biological factors resulting in their breakdown and release
of MPs of different shapes, sizes, and source materials (Duis and
Coors 2016, Fadare et al. 2020). Based on the indiscriminate filter-
feeding behaviors of Aedes mosquito larvae, the ingestion of MPs
is likely a common occurrence in container habitats (Merritt et al.
1992).

The ingestion of MPs has been demonstrated to alter the gut
microbiota of honeybees, collembola, and other soil-dwelling
invertebrates resulting in gut dysbiosis (Zhu et al. 2018, Fackelmann
and Sommer 2019, Wang et al. 2021a). Cui et al. (2022) demonstrated
the transfer of MPs from the mosquito Culex quinquefasciatus to
the wolf spider Paradosa pseudoannulata via predation. Ingestion
of C. quinquefasciatus adults that had been fed MPs as larvae
by P. pseudoannulata altered the intestinal bacterial composi-
tion, caused gut damage, impacted growth and development, and
caused behavioral changes in the spiders (Cui et al. 2022). While the
mechanism(s) of how MP ingestion may be impacting microbiota
in arthropods is not known, one hypothesis is that MPs could be
impacting the microbiome directly by providing additional carbon
to the gut microenvironment as well as increased surface area for
microbial and pathogen growth and distribution (Lear et al. 2021).
Additionally, changes in the bioavailability of nutrients due to the
presence of plastic leachate can impact bacterial growth (Sheridan
et al. 2022). As plastics degrade in the environment or experience
environmental weathering, dissolved organic matter or carbon is
produced, providing energy for microbial growth (Sheridan et al.
2022). As carbon balance is highly regulated in ecosystems, carbon
inputs can interfere with homeostasis. Also, commercial plastic is
often treated with additives and plasticizers to enhance its durability
and longevity, which can leach into the surrounding environment
under normal weathering conditions, salinity, turbulence, and UV ra-
diation (Sheridan et al. 2022). These additives and plasticizers could
play a part in altering the microbiome composition in the insect gut
and somatic tissues by inhibiting or promoting bacterial growth.
Additionally, MPs can also act as a sink for organic and inorganic
pollutants that may result in toxic effects due to bioaccumulation,
which could also impact microbiota composition (Menendez-
Pedriza and Jaumot 2020, Song et al. 2022).

Understanding the impacts of MP ingestion on the mosquito
microbiome is important because the composition and, subsequently
the interactions of microbes that reside within a mosquito host
can influence the host phenotype, including impacts on the vector
competence of pathogens (Carissimo et al. 2015, Gao et al. 2020,
Gabrieli et al. 2021). Previous studies of bacterial microbiomes in
mosquitoes have demonstrated that the microbiome can be highly
variable yet contain a low diversity of bacteria (Charan et al. 2013).
The observed variability appears to be the result of the influence
of multiple intrinsic and extrinsic factors, including environmental
influences, diet, species, sex, host genetics, development stage, and
contaminants or antibiotic exposure (Novakova et al. 2017, Short
et al. 2017, Cansado-Utrilla et al. 2021). This observed variability
can also impact pathogen transmission. The bacterial microbiome
in Anopheles mosquitoes has been observed to affect Plasmodium
infection (Dennison et al. 2014, Romoli and Gendrin 2018,
Martinez-de la Puente et al. 2020) and also has been demonstrated
to impact arboviral vector competence (Novakova et al. 2017,
Cansado-Utrilla et al. 2021). Previous studies examining the effects
of the microbiome on vector competence have used antibiotics

to disrupt or eliminate bacteria members of the microbiome. The
resulting dysbiosis is enough to result in alterations in vector com-
petence. For example, when Ae. aegypti was provided antibiotics
and dengue virus (DENV) virus titers decreased (Xi et al. 2008).
Similarly, when bacterial isolates of Chomobacterium, Proteus, and
Paenibacillus were reintroduced into mosquitoes, DENV replication
was inhibited. In contrast, bacteria isolates such as Serratia odorifera
have been demonstrated to increase DENV and chikungunya virus
infection rates (Apte-Deshpande et al. 2012, 2014). Other studies
have examined different Ae. aegypti mosquito lines with different
microbiota profiles, all of which demonstrated a varying level of
DENV susceptibility (Charan et al. 2013, Hill et al. 2014). While
many studies of mosquito-associated microbiota have focused on
bacteria, fungal microbial partners have been largely neglected
(Guegan et al. 2018). Mosquito fungal communities (mycobiota) are
mainly composed of Ascomycota (yeasts) and are an important com-
ponent of the microbiome as they represent an average of 19-47%
of the mosquito microbiota, suggesting the need to investigate mul-
tiple components of mosquito microbiomes and how changes to the
microbiome can impact insect host phenotypes (Muturi et al. 2016,
Luis et al. 2019).

To investigate the effects of MP ingestion on the Ae. aegypti
and Ae. albopictus fitness and microbiome composition, we fed
larvae of both species 1 pm fluorescent tagged polystyrene beads
at different concentrations in glass beakers and examined for gut
damage, changes in adult emergence rates, and bacterial and fungal
microbiome changes. We hypothesized that due to the indiscrim-
inate feeding behavior of Ae. aegypti and Ae. albopictus in small
containers, these species would ingest MPs as larvae, which would
remain in the gut before subsequent egestion, resulting in gut damage
and a perturbation of the adult fungal and bacterial microbiome.
Our results indicate that exposure to MPs during larval development
is associated with changes in the bacterial microbiota and fungal
mycobiota of Ae. aegypti and Ae. albopictus adults.

Materials and Methods

Mosquito Rearing and MP Ingestion Experiments

Aedes albopictus and Ae. aegypti used for MP feeding experiments
originated from a lab-acclimated colony started from eggs collected
in Lubbock, TX, USA, and the Rockefeller strain obtained from BEI
resources, respectively. Both species were reared in incubators held
at28 =2 °C, 80 = 5% RH, and a 16:8 light-dark cycle. Larvae were
fed a 60 g/liter bovine liver powder (MP Biomedicals, Santa Ana,
CA) slurry ad libitum. Glass containers were utilized for all food and
rearing supplies to avoid the risk of unintended microplastic expo-
sure. Adults were provided a 10% sucrose solution. Adult females
were fed heated bovine blood using an artificial blood-feeding ap-
paratus. All eggs were collected in a 140 ml cup lined with seed
germination paper (Anchor Paper Company, St. Paul, MN, USA)
submerged in an oviposition attractant composed of 1:1 fermented
water:DI water. All eggs were allowed to mature for at least five days
prior to hatching and hatched in a 1:1 fermented water:DI water
seeded with an inoculate from larval habitat collected in Lubbock,
TX, USA. The same inoculate water source was used for all larval
rearing. To setup MP feeding experiments, 30 first-instar larvae were
transferred to a 500-ml glass beaker containing 200 ml of distilled
water and different concentrations (0, 100, 10,000, and 100,000
MP/ml) of 1 pm polystyrene carboxylate-modified fluorescent pol-
ystyrene beads, and 1 ml of 60 g/liter liver powder slurry (Sigma
Item #L4655) using a glass pipettor (Fig. 1a). MP concentrations
were chosen based on previous studies, and with a realistic
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Fig. 1. a) Experimental design to examine the effects of MP ingestion on the adult mosquito microbiome. Created with BioRender.com, b) images of Ae.
albopictus larvae (first-fourth instar) and adult female midgut dissections demonstrating the presence of 1 um MP beads in the insect gut, and c¢) images of Ae.
aegyptilarvae (first-fourth instar) and adult female midgut dissections demonstrating the presence of 1 um MP beads in the insect gut. All images of larvae and
adult females are from the 10,000 MP/ml treatment.
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concentration to what mosquitoes may encounter in natural and ar-
tificial containers (100 MPs/ml) and higher concentrations (10,000
and 100,000 MPs/ml) similar to what mosquitoes may encounter as
an extreme biological stressor (Al-Jaibachi et al. 2019, Thormeyer
and Tseng 2023). Each treatment consisted of three replicates. MP
concentrations were determined by using a hemocytometer and a
DMS inverted microscope with an integrated camera and GFP filter
(Leica Microsystems, Wetzlar, Germany). After the first sign of pu-
pation, beakers were checked every 24 h for pupae, and pupae were
subsequently transferred to a 150 ml glass beaker containing 50 ml
of distilled water and placed into a 14 cm® Bugdorm insect rearing
cage (MegaView Science Co., Taichung, Taiwan). After all adults had
emerged, the contents of the cage were aspirated and anesthetized
on wet ice to determine their sex and calculate adult emergence
rates. Adults were then processed for 16s and ITS sequencing by
freezing for approximately 10 min at -20 °C and surface sterilized
using successive washes of 70% ethanol, 10% sodium hypochlorite,
and sterile water and subsequently preserved in DNA/RNA shield
(Zymo Research, Irvine, CA). DNA was isolated from a total of 40
Ae. albopictus and 24 Ae. aegypti adult mosquitoes as a random
sample from each replicate treatment using a ZymoBIOMICS-96
MagBead DNA kit (Zymo Research, Irvine, CA).

MP Characterization

The morphologies of the 1 pm polystyrene carboxylate-modified
fluorescent polystyrene beads were observed with an FEI Quanta
600 field-emissionSEM. For imaging, the MP dispersion was vig-
orously mixed and drop cast on a silicon wafer and letting it dry
in a vacuum overnight. The acceleration voltage used for the im-
aging was 20 kV (Supplementary Figure 1). XRD patterns of the
MPs were obtained using Bruker D8 powder X-ray diffractometer
fitted with LynxEye detector, in a Bragg Brentano geometry with
CuKa (/ = 1.5418 A) radiation source. The XRD was performed
with a scan rate of 1.5 s per step. The MP particle dispersion was
deposited on the glass slide via drop-casting deposition and left to
dry overnight.

Imaging of Immatures and Adult Guts

Larval ingestion and the presence of MPs in adult guts were
observed using a DM3500 inverted microscope (Leica microsystems,
Wetzlar, Germany) and GFP filter and pE-300 ultraviolet (UV)
light (CoolLED, London, England) with a DFC3000-G (Leica
microsystems, Wetzlar, Germany) attached camera. Multiple normal
light and UV images of larvae were taken at 50x and merged into one
image using Photoshop (Adobe, Mountain View, CA, USA). Twenty
of each larval instar from each MP treatment type were examined
for MPs in the gut using microscopy.

Gut Damage

In a separate experiment, 500-ml glass beakers containing 0, 100,
10,000, and 100,000 MP/ml, 30 Ae. aegypti or Ae. albopictus first-
instar larvae and 200 ml of DI water were set up as described in the
mosquito rearing and MP experiments methods section. Immediately
after introducing the larvae to the beakers, 300 pl of trypan blue
was added to each beaker. Trypan blue stain is commonly used to
determine between viable cells and cells with damaged membranes.
Larvae were then removed from the trypan blue solution as early
fourth instars and placed in 200 ml of DI water with 10 drops of
60 g/liter liver powder slurry for approximately 12 h. The larvae
were then removed and placed on a microscope slide for imaging
using an S9i stereo microscope with an integrated camera (Leica

Microsystems, Wetzlar, Germany). Ten larvae from each treatment
were imaged to show similar patterns of gut damage.

16s and ITS Sequencing

[llumina high-throughput sequencing of 16S rRNA and ITS gene
amplicons was used to examine the bacterial and fungal com-
munity composition and diversity of Ae. albopictus and Ae. aegypti
samples. Bacterial 16S ribosomal RNA gene-targeted sequencing
was performed using the Quick-16S NGS Library Prep Kit (Zymo
Research, Irvine, CA) using the bacterial 16S primer mix, which
amplified the V3-V4 region of the 16S rRNA gene. These primers
have been custom-designed by Zymo Research to provide the
best coverage of the 16S gene while maintaining high sensitivity
(Supplementary Table 1). Fungal ITS gene targeted sequencing
was performed using the Quick-16S NGS Library Prep Kit with
custom ITS2 primers substituted for 16S primers (ITS primers:
ITS3f—5"-GCATCGATGAAGAACGCAGC-3; ITS4r—5-
TCCTCCGCTTATTGATATGC-3’). The ZymoBIOMICS Microbial
Community Standard (Zymo Research, Irvine, CA) was used as a
positive control for each DNA extraction and used as a positive con-
trol for each targeted library preparation. Negative controls (i.e.,
blank extraction control) were also included to control for the li-
brary preparation and contamination during the extraction process.
The sequencing library was prepared using a library preparation
process in which PCR reactions were performed in real-time PCR
instruments to control cycles and therefore limit PCR chimera for-
mation. The final PCR products were quantified with qPCR fluo-
rescence readings and pooled together based on equal molarity. The
final pooled library was cleaned with the Select-a-Size DNA Clean
& Concentrator (Zymo Research, Irvine, CA), then quantified with
TapeStation (Agilent Technologies, Santa Clara, CA) and Qubit
(Thermo Fisher Scientific, Waltham, WA). The ZymoBIOMICS
Microbial Community Standard (Zymo Research, Irvine, CA) was
used as a positive control for each DNA extraction and each targeted
library preparation. Negative controls (i.e., blank extraction control,
blank library preparation control) were included to assess the level
of bioburden carried by the wet-lab process. The final library was
sequenced on Illumina MiSeq with a v3 reagent kit (600 cycles). The
sequencing was performed with a 10% PhiX spike-in.

Data Analysis

Differences in adult emergence rates were determined using a non-
parametric Kruskal-Wallis test for multiple comparisons, and pair-
wise comparisons of adult emergence rates were conducted using
Bonferroni corrected Wilcoxon tests with a P value of 0.01 using
JMP Prol6 (SAS, Cary, NC, USA). Unique amplicon sequence
variants (ASVs) were inferred from raw reads using the DADA2 pipe-
line (Callahan et al. 2016). Potential sequencing errors and chimeric
sequences were also removed with the DADA2 pipeline. Taxonomy
assignment was performed using Uclust from Qiime v.1.9.1 with the
Zymo Research Database, a 16S and ITS database that is internally
designed and curated, as a reference. Database details and access
can be requested by contacting Zymo Research. Composition visual-
ization, alpha-diversity, and beta-diversity analyses were performed
with Qiime v.1.9.1 (Caporaso et al. 2010). Differences in Simpson
and Shannon indices between treatments were determined using an
ANOVA in JMP Prol16 (SAS, Cary, NC, USA). If applicable, taxa
with significant abundance among different groups were identified
by LEfSe (Segata et al. 2011) using default settings. Other analyses,
such as Taxa2ASV Decomposer and PCoA plots, were performed
with internal Zymo scripts. Composition stacked bar plots based on
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proportions of ASVs were composed using the ggplot2 package in R.
Venn diagrams were composed using the R package VennDiagram.
Multivariate analysis of similarity (ANOSIM) was used to measure
Bray—Curtis dissimilarity and corresponding PCoA plots were
generated using R to identify whether MP ingestion had an effect on
microbial communities (Clark 1993).

Results

MP Ingestion in Immature and Adult Ae. albopictus
and Ae. aegypti

Scanning electron microscope (SEM) images showed a spherical
morphology, and we determined the size of the MPs to be 0.99 =
0.04 pm in diameter (Supplementary Fig. 1) (Hwang et al. 2020,
Zong et al. 2021, Donkers et al. 2022). In X-ray diffraction analysis
(XRD), patterns revealed the broad peak around 20° showing the
amorphous nature of MPs, consistent with polystyrene-based MPs
(Sudha and Sivakala 2009, Zong et al. 2021). Ingestion and inter-
nalization of the labeled 1 pm MPs were observed in all 20 (20/20)
samples Ae. aegypti and Ae. albopictus examined for each larval
stage (Fig. 1b and ¢). In addition, MPs were also found in adult male
(8/8 adults examined had MPs) and female (10/10 adults examined
had MPs) guts of both species suggesting some carry over to adults.
In these experiments, no significant differences were observed in
adult emergence rates in Ae. albopictus and Ae. aegypti (Kruskal-
Wallis chi-square = 1.58, df = 3, P = 0.66; Ae. aegypti, Kruskal-
Wallis chi-square = 7.03, df = 3, P = 0.07) (Fig. 2a and b). We also
collected frass from adult Ae. aegypti and Ae. albopictus to examine
for the fate of MPs after ingestion by larvae. Results suggest some
MPs remain in the adult gut for up to 4 days, but a majority of the
MPs are expelled in the frass when mosquitoes feed on sucrose (Fig.
2¢—f). In a separate experiment, Ae. albopictus and Ae. aegypti larvae
(8/10 = 100 MP/ml, 10/10, 10,000 MP/ml, and 9/10 MP/ml) show
staining in their guts, suggesting MP ingestion may be associated
with gut damage (Fig. 2g and h).

MP Ingestion Effects on the Bacterial Microbiome

After 16s rRNA sequencing and quality filtering, a total of 3,120,599
qualified paired-end reads with an average count per sample of
48,759 reads were divided into 379 bacteria ASVs (Supplementary
File 1). Any ASVs accounting for <2% of the relative abundance of
reads were excluded from the analyses (Supplementary File 2). No
contamination was observed in the blank DNA extraction controls
in samples used for library preparation. Rarefaction curves indicated
that mosquito samples sequenced were sequenced to sufficient depth
(Supplementary Fig. 2).

Alpha diversity of bacterial communities for Ae. albopictus was
assessed using the Shannon and Simpson indices at the species level.
There were no observed differences in Shannon and Simpson diver-
sity of bacterial taxa assessed at the species level for males or females
(ANOVA, Simpson; males, F,,,=08,P=0.51, females F, =051,
P = 0.8, Shannon; males, F, |, = 1.4, P = 0.3, females F, | = 0.42, P
=0.7) (Fig. 3a). The bacterial microbiome of Ae. albopic’tus and Ae.
aegypti samples sequenced were dominated by alphaproteobacteria
and gammaproteobacteria. The most common ASV found in Ae.
albopictus was Wolbachia pipientis accounting for >47% of all
ASVs in male and female treatments (Fig. 3b and ¢) (Supplementary
File 2). Second to Wolbachia in terms of ASV abundance was
Elizabethkingia (Fig. 3b and c). A higher proportion of ASVs from
the genus Elizabethkingia was observed in the MP treatments for
females (Control—5%, 100 MP/ml—28%, 10,000 MP/ml—6%,

and 100,000 MP/ml—20%) and males (Control—7%, 100 MP/
ml—3%, 10,000 MP/ml—7%, and 100,000 MP/ml—11%). The
high abundance of Wolbachia and Elizabethkingia ASVs suggests
that these taxa may be driving the observed diversity profiles detected.
Other bacterial genera, including Pseudomonas, Staphylococcus,
Undibacterium,  Propionibacterium, Serratia, Siphonobacter,
Propionibacterium, Rothia, and Gloeocalita did not change in rel-
ative abundance when comparing different MP treatments (Fig. 3¢).

Beta diversity of bacterial communities was assessed using mul-
tidimensional scaling (MDS) of Bray—Curtis dissimilarity performed
at the genus level (Fig. 3d). Data suggests there is an overlap in the
characteristic bacterial community between all treatments in the
females (ANOSIM, R = 0.34, P > 0.05). The characteristic bacterial
community between all treatments in the males suggested there is
less similarity between the MP treatments and the untreated con-
trol treatments (ANOSIM, R = 0.69, P < 0.05). Beta diversity was
further characterized by the assessment of shared species level ASVs
between treatment groups (Fig. 3e), revealing that 64% and 57% of
the total bacterial species level ASVs were unique to each treatment
group for females and males, respectively. Conversely, only 20% and
19% were shared amongst all four treatment groups for females and
males, respectively. The relative abundance of unique bacterial ASVs
for females was notably higher in the control and 10,000 MP/ml
groups, at 31% and 29%, compared to 3% and 1% in the 100 and
100,000 MP/ml treatment groups (Fig. 3e). The relative abundance
of unique bacterial ASVs for males was notably higher in the control
and 100 MP/ml groups, at 11% and 43 %, compared to 2% and 0%
in the 10,000 and 100,000 MP/ml treatment groups (Fig. 3e).

Alpha diversity of bacterial communities for Ae. aegypti was
assessed using the Shannon and Simpson indices at the species level.
There were no observed overall differences in Shannon and Simpson
diversity of bacterial taxa between treatments assessed at the species
level for males or females (ANOVA, Simpson; males, F, = 1.8, P =
0.2, females F,g=17,P=02, Shannon; males, F,g=24,P=0.1,
females F,, = 1.6, P = 0.3) (Fig. 4a). However, a higher diversity of
bacteria was observed in the 100,000 and 10,000 MP/ml treatments
when compared to the untreated control group in females and lower
diversity in males (Bonferroni corrected, Tukey-Kramer post hoc
tests [P < 0.0]) (Fig. 4a).

The most common ASV found in Ae. aegypti samples was
Elizabethkingia meningoseptica accounting for 39.3 = 21%
(mean = STDV) of all ASVs in male and female treatments
(Fig. 4b and ¢) (Supplementary File 2). A higher proportion of
ASVs from the genus Elizabethkingia was observed in the MP
treatments for females(Control—0.2%, 100 MP/ml - 73.5%,
10,000 MP/ml—42.8%, and 100,000 MP/ml—36.9%) and males
(Control—19.1%, 100 MP/ml—52.7%, 10,000 MP/ml—43.4%,
and 100,000 MP/ml—45.8%). A higher proportion of ASVs from
the genus Filimonas was observed in untreated controls compared
to MP treatments in females (Control—8.9%, 100 MP/ml—0%,
10,000 MP/ml—1.4%, and 100,000 MP/ml—0.2%) and males
(Control—11%, 100 MP/ml—0.5%, 10,000 MP/ml—0.2%, and
100,000 MP/ml—0%) (Fig. 4b and c). Other bacterial genera did
not change in relative abundance when comparing different MP
treatments (Fig. 4c).

Beta diversity of bacterial communities for Ae. aegypti analyses
suggest there is a difference in the characteristic bacterial community
between all the treatments in females and males (females, ANOSIM,
R =0.84, P < 0.05; males, ANOSIM, R = 0.65, P < 0.05). Beta di-
versity was further characterized by assessment of shared species
level ASVs between treatment groups (Fig. 4d), revealing that 62%
and 35% of the total bacterial species level ASVs were unique to
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Fig. 2. a) Adult emergence rates of Ae. albopictus, and b) Ae. aegypti when exposed as larvae to 100,000, 10,000, 100 MP/ml, and untreated controls. All
measurements are shown as mean + SE and are based on three replicates of each treatment type (30 mosquito larvae per treatment). No difference in adult
emergence rates were observed using a Bonferroni corrected Wilcoxon pairwise tests (P> 0.01), c) frass collection device composed of a 50 ml glass scintillation
vial filled with 10% sucrose and blue food coloring with a cotton dental wick and transparent plastic disk to collect deposited mosquito frass after sugar feeding
for subsequent fluorescent imaging, d) 50x, e) 100x, and f) 200x image of frass droplets under fluorescent light showing the presence of fluorescent-tagged 1

um MP beads (triangles indicate MP accumulations in the frass) (scale bars represent 0.1 mm), g) images of Ae. albopictus, and h) Ae. aegyptilarvae exposed
to trypan blue in rearing water. Staining of the gut cell lining demonstrates gut damage associated with ingesting MPs.

each treatment group for females and males, respectively (Fig. 4e).
Conversely, only 13% and 26% were shared amongst all four treat-
ment groups for females and males, respectively (Fig. 4e). The rel-
ative abundance of unique bacterial ASVs for females was notably
higher in the 10,000 MP/ml and 100,000 MP/ml groups, at 30%
and 18%, compared to 8% and 2% in the 100 MP/ml and control
treatment groups (Fig. 4e). The relative abundance of unique bac-
terial ASVs for males was also notably higher in the 10,000 MP/ml

and 100,000 MP/ml, at 15% and 11%, compared to 9% and 0% in
the 100 MP/ml and control treatment groups (Fig. 4e).

MP Ingestion Effects on the Fungal Mycobiome

After ITS sequencing and quality filtering, a total of 994,941 qual-
ified paired-end reads with an average count per sample of 15,546
reads were divided into 64 fungal ASVs (Supplementary File 3). Any
ASVs accounting for <2% of the relative abundance of reads were
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Fig. 3. Analysis of bacteria microbiome diversity over the four MP treatments for Ae. albopictus females and males. a) Shannon and Simpson diversity plots
used to compare levels of diversity between treatments. Pairwise comparisons between treatment types revealed no significant differences in bacterial diversity
(Bonferroni corrected Tukey-Kramer post hoc tests, P> 0.01), b) mean relative abundance of bacterial taxa in mosquito samples from 4 treatment types (control
n=10, 100 MP/ml n =10, 10,000 MP/ml n = 10, and 100,000 MP/mI| n = 10). All ASVs with <2% abundance were grouped into the “other category’ c) heat map
illustrating the observed changes in abundance of the notable bacterial taxa in Ae. albopictus females and males associated with MP ingestion. All values in
the heat map are mean ASV abundance for each bacterial genera, d) principal coordinate analysis (PCoA) plot with Bray—Curtis dissimilarity reveals clustering
suggesting that the bacterial microbial community is unique between MP treatments and untreated controls for males and females, and e) Venn diagrams of
shared groups of bacterial taxa among the four treatment groups.
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excluded from the analyses (Supplementary File 4). Rarefaction
curves indicated that mosquito samples sequenced were sequenced
to sufficient depth (Supplementary Figure 3).

Ascomycota and Basidiomycota made up all members of the Ae.
albopictus fungal mycobiome. For Ae. albopictus, there were no
overall observed differences in Shannon and Simpson diversity of
fungal taxa assessed at the species level for males or females when
comparing treatment groups. (ANOVA, Simpson; males, F, =038,
P =0.5, females F,, = 0.8, P = 0.5, Shannon; males, F, ,, = 0.7, P =
0.6, females F,,,=0.9,P = 0.4) (Fig. 5a). However, a lower diversity
of fungi was observed in the 100,000 and 10,000 MP/ml treatments
when compared to the untreated control group in males using post
hoc pairwise comparisons (Bonferroni corrected, Tukey-Kramer
post hoc tests [P < 0.01]) (Fig. 5a).

The Ae. albopictus fungal mycobiome was largely com-
posed of Alternaria, Aspergillus, Cladosporium, Malassezia, and
Saccharomyces genera. The two most common ASVs found in the
samples were Aspergillus and Cladosporium, accounting for 9.5 =
5% and 10.6 = 8.1%, respectively (mean = STDV) of all ASVs in
male and female treatments (Fig. 5Sb and c¢) (Supplementary File 4).
A higher proportion of ASVs from the genus Cladosporium spp. was
observed in the control treatments for females (Control—9.7%, 100
MP/ml—5.9%, 10,000 MP/ml—1.8%, and 100,000 MP/ml—6.4 %)
and males (Control—21.5%, 100 MP/ml—24.9%, 10,000 MP/
ml—7.8%, and 100,000 MP/ml—7.2%) (Fig. 5b and ¢). A higher
proportion of ASVs from the genus Aspergillus spp. was observed
in untreated controls compared to MP treatments in females
(Control—10.2%, 100 MP/ml—9.0%, 10,000 MP/ml—1.3%,
and 100,000 MP/ml—11.8%), but not in males (Control—4.8%,
100 MP/ml—19.2%, 10,000 MP/ml—7.9%, and 100,000 MP/
ml—11.7%) (Fig. 5b and c).

Beta diversity of fungal communities was assessed using multi-
dimensional scaling (MDS) of Bray—Curtis dissimilarity performed
at the genus level (Fig. 5d). Data suggests there is no significant
difference in the characteristic fungal community between all the
treatments in females and males (females, ANOSIM, R = 0.31, P
> 0.05; males, ANOSIM, R = 0.36, P > 0.05). Beta diversity was
further characterized by the assessment of shared species level ASVs
between treatment groups (Fig. Se), revealing that 45% and 76%
of the total bacterial species level ASVs were unique to each treat-
ment group for females and males, respectively. Conversely, only
1.8% and 6.7% were shared amongst all four treatment groups for
females and males, respectively. The relative abundance of unique
fungal ASVs for females was notably higher in the control and 100
MP/ml groups, at 24% and 26 %, compared to 19% and 15% in
the 10,000 and 100,000 MP/ml treatment groups (Fig. Se). The rel-
ative abundance of unique fungal ASVs for males was similar for all
treatment groups (Control—20%, 100 MP/ml—18%, 10,000 MP/
ml—16%, and 100,00 MP/ml—22%) (Fig. Se).

Similar to Ae. albopictus, members of Ascomycota and
Basidiomycota, made up a majority of the members of the Ae.
aegypti fungal mycobiome. A total of 64 fungal ASVs were identified
in the 24 Ae. aegypti samples sequenced. There were no observed
differences in Shannon and Simpson diversity of fungal taxa assessed
at the species level for males or females (ANOVA, Simpson; males,
F,=0.4,P=0.8, females F, ;= 0.5, P = 0.7, Shannon; males, F
0.3, P = 0.8, females F,;=0.5,P=0.7) (Fig. 6a).

The Ae. aegypti fungal mycobiome was primarily com-

38 =

posed of Alternaria, Aspergillus, Cladosporium, Malassezia, and
Saccharomyces genera. The two most common ASVs found in the
samples were Aspergillus and Malassezia, accounting for 11.1 =
8.1% and 29 = 12.2%, respectively (mean = STDV) of all ASVs in

male and female treatments (Fig. 6b and c) (Supplementary File 4).
A higher proportion of ASVs from the genus Malassezia spp. was
observed in the control treatments when compared to MP treatments
for males (Control—54.1%, 100 MP/ml - 25.4%, 10,000 MP/ml -
25.4%, and 100,000 MP/ml - 19.4%) but not females(Control —
15.7%, 100 MP/ml - 40.0%, 10,000 MP/ml = 27.0%, and 100,000
MP/ml - 27.2%) (Fig. 6b and c). A higher proportion of ASVs from
the genus Aspergillus spp. was observed in untreated controls and
the 100 MP/ml treatment compared to the 10,000 and 100,000 MP/
ml treatments in females (Control - 15.1%, 100 MP/ml - 21.9%,
10,000 MP/ml - 5.4%, and 100,000 MP/ml - 4.3%) and males
(Control - 9.1%, 100 MP/ml—23.2%, 10,000 MP/ml - 2.5%, and
100,000 MP/ml - 9.2%) (Fig. 6b and c).

Beta diversity of fungal communities was assessed using multi-
dimensional scaling (MDS) of Bray—Curtis dissimilarity performed
at the genus level (Fig. 6d). Data suggests there was a significant
difference in the characteristic fungal community between all
treatments in females and males (females, ANOSIM, R = 0.86, P
< 0.05; males, ANOSIM, R = 0.71, P < 0.05). Beta diversity was
further characterized by the assessment of shared species level ASVs
between treatment groups (Fig. 6e), revealing that 72% and 83%
of the total bacterial species level ASVs were unique to each treat-
ment group for females and males, respectively. Conversely, only 2%
and 0% were shared amongst all four treatment groups for females
and males, respectively. The relative abundance of unique bacterial
ASVs for females was notably higher in the control, 100 MP/ml, and
10,000 MP/ml groups, at 17%, 22%, and 22% compared to 11%
in the 100,000 MP/ml treatment group (Fig. 6e). The relative abun-
dance of unique fungal ASVs for males was higher in the control
and 100 MP/ml groups at 25% and 27% respectively, compared to
the 10,000 and 100,000 MP/ml treatment groups at 15% and 17%,
respectively (Fig. 6e).

Discussion

Here we demonstrate that container-inhabiting mosquitoes Ae.
aegypti and Ae. albopictus ingest 1 pm diameter MPs as larvae, and
MPs are found in the gut at all larval stages and in low numbers
in adult guts. Results suggest larvae egest at least some of the MPs
prior to pupation, but they do not expel all of the MPs they ingested
as larvae based on the observation that some MPs are still found
in the adult gut. The MPs found in the adult gut may imbedded in
host gut tissue, and this hypothesis may explain the observed gut
damage in mosquito larvae. In contrast, there is the potential these
remaining MPs could be residuals left in the gut after the remodeling
process, and the remodeling process resulted in MPs being embedded
in the newly formed adult gut. Previous studies have demonstrated
that gut myco- and microbiota remain in the gut as well as other
mosquito anatomical areas, and gut remodeling does not always re-
sult in complete microbiome reorganization between the larval and
adult stages (Frankel-Bricker et al. 2020, Galeano-Castaneda et al.
2020). Therefore, it is not unrealistic to expect that MP ingestion as
larvae may impact the larval as well as the adult microbiome. The
results from this study agree with previous studies that have also
demonstrated that MPs are found in the adult stage when ingested
as larvae (Al-Jaibachi et al. 2019, Gopinath et al. 2022). These MPs
in the larval and adult gut could be harboring diverse biofilms and
disrupting microbiota and mycobiota homeostasis. The observed
compositional variation in the microbiome and mycobiome of Ae.
aegypti and Ae. albopictus within and between treatments could
be explained by males or females harboring greater numbers of
MPs in the adult stage, or more specifically, the age of the adults
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Fig. 5. Analysis of fungal mycobiome diversity over four MP treatments for Ae. albopictus females and males. a) Shannon and Simpson diversity plots used
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between 100,000 and 10,000 MP/ml treatments and 100 MP/ml and control treatments in males indicated by different letters above each box plot (Bonferroni
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the observed changes in abundance of the notable fungal taxa in Ae. albopictus females and males associated with MP ingestion. All values in the heat map are
mean ASV abundance for each bacterial genera, d) Principal coordinate analysis (PCoA) plot with Bray-Curtis dissimilarity reveals little clustering suggesting
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post-emergence (i.e., males typically emerge 24 h before females)
could be impacting microbiota composition, particularly if adults
are egesting MPs after acquiring a sucrose meal. Further quantifi-
cation of MPs in adult gut tissues would be needed to confirm this
hypothesis. While not examined in this study, it would not be sur-
prising to see MPs in frass samples collected post blood feeding.
Similar to previous studies that suggested predation of mosquitoes
could be a route of ontogenic transfer to other invertebrates or
vertebrates (Al-Jaibachi et al. 2019, Cui et al. 2022), the observation
of MPs in frass suggests an additional route of MP translocation to
other environments. Since male and female mosquitoes often visit
nectar sources for a sugar meal, they could potentially translocate
MPs to nectar sources when expelling frass containing MPs after a
sugar meal, providing an additional exposure source to other insects
or invertebrates that come into contact with excreta. Additionally,
females and males could act as environmental transporters for MPs
and NPs, potentially transferring MPs to aquatic sites when visiting
for oviposition or seeking mates at oviposition locations.

In this study, we did not see any significant effects on adult emer-
gence rates after ingestion of MPs, which may suggest there are
limited effects of MPs on adult mosquitoes. This result agrees with
previous studies that show no effect of MP ingestion as larvae on
adult mosquito survivorship (Al-Jaibachi et al. 2019, Gopinath et
al. 2022). From imaging, lower amounts of MPs compared to what
we observed in the larvae guts remained in the adult gut, which may
be correlated with the observed minor MP effects on adult emer-
gence. However, further experimentation is needed to investigate
the effects of MP ingestion on other adult life history traits (e.g.,
survivorship, longevity, fecundity, and egg hatch rates). Most likely,
the effects of MP ingestion originate in the immature stages, where
MP concentrations are highest in the gut. When larvae were fed
MPs and reared in water with trypan blue, there was an observed
increase in cell staining, suggesting cellular damage associated with
exposure to increasing concentrations of MPs in Ae. aegypti and
Ae. albopictus larvae. Similar to our results, Cui et al. 2022 (2022)
observed damage to the gut tissue of Parados pseudoannulata (Wolf
spiders) after ingesting adult mosquitoes that fed on up to 1,000
NPs/ml as larvae.

Our results suggest that the ingestion of MPs as larvae perturbs
the microbiome of Ae. aegypti and Ae. albopictus. In the higher MP
concentration treatments for both Ae. aegypti and Ae. albopictus
males, the diversity of the bacterial microbiota was generally lower
than the untreated controls. Microbiota composition changes were
also observed when comparing MP treatments to controls in Ae.
aegypti and Ae. albopictus. These composition changes were more
evident in Ae. aegypti than Ae. albopictus. However, compositional
changes in Ae. albopictus may be diluted by a large proportion of the
microbiota consisting of Wolbachia pipientis and Elizabethkingia,
and measures of alpha diversity between treatments may be largely
affected by the dominance of these two taxa. Interestingly, in both
Ae. aegypti and Ae. albopictus, there was an observed increase in
Elizabethkingia abundance in the MP treatment groups. Bacteria
from the genera Elizabethkingia are gram-negative, rod-like, aerobic,
nonfermenting, nonmotile, and non-spore-forming flavobacterium
and widely found in wild and lab-reared Aedes and Anopheles
mosquitoes (Terenius et al. 2012, Perrin et al. 2017). Elizabethkingia
anophelis has been demonstrated to affect Plasmodium develop-
ment in Anopheles mosquitoes and Zika virus infection rates in Ae.
albopictus (Bahia et al. 2014, Onyango et al. 2021). Elizabethkingia
density changes as the result of MP ingestion suggest the potential
for MPs to indirectly affect arbovirus transmission by Ae. albopictus
and Ae. aegypti. Also, the number of bacterial ASVs shared by all

groups for females (19) and males (24) was lower than the total
number of bacterial ASVs for females (42) and males (71), suggesting
a small core bacterial community that was not altered by the pres-
ence of MPs in the gut.

The observed fungal mycobiota in Ae. aegypti and Ae. albopictus
is mainly composed of Ascomycota and Basidiomycota, similar
to previously reported studies (Chandler et al. 2015, Luis et al.
2019). The decrease in fungal diversity and composition changes in
samples from the MP treatments, particularly in male Ae. aegypti
and Ae. albopictus suggests that the fungal mycobiota in both spe-
cies are susceptible to MP perturbations and are associated with
exposure to higher concentrations of MPs as larvae. Interestingly,
yeasts from the genus Malassezia were negatively associated with
higher concentrations of MPs. Malassezia has been demonstrated
to metabolize fructose in males and females (Guégan et al. 2020).
Concerningly, Aspergillus and Cladosporium genera have been
identified as involved in fructose metabolism and showed minor
increases in MP treatments (Guégan et al. 2020). Thus, members
of the mycobiota may also be impacted by MPs, and compositional
changes of these mycobiota could impact mosquito metabolism.
Unfortunately, the taxonomic resolution is still relatively low for
insect fungal communities, as many fungal ASVs were unspecified
or uncategorized due in part to the lack of a well-defined database
of fungal ITS sequences and the convolutions of fungal taxonomy
(Gdanetz et al. 2017). Furthermore, insect microbiome research has
been biased towards the investigation of the bacterial microbiome
rather than the characterization of the complete insect microbiome.
Hence, there may be other members of the mycobiota that were not
identified that could be impacted by the ingestion of MPs.

Taken together, the observed perturbation of the bacterial and
fungal micro- and mycobiota associated with MP ingestion could
impact key roles in the biology of mosquitoes. The gut microbiota
of adult mosquitoes is critical for blood meal digestion and egg
production (Gaio Ade et al. 2011, Coon et al. 2016). When Ae.
aegypti was fed antibiotics to reduce gut bacteria, there was a
reduced digestion of blood proteins and egg production (Gaio Ade
et al. 2011). Data from empirical studies have also shown us that
several mechanisms are involved in the interaction of members of
the microbiome with that of the host mosquito, which can impact
arbovirus transmission. The activation and maintenance of basal
immune activity in mosquitoes can influence vector competence
to pathogens. Recent work has demonstrated that the ingestion
of MPs by dipteran larvae induces the production of an enzyme
critical to melanogenesis, phenoloxidase, affecting innate immu-
nity and causing oxidative damage, which could impact pathogen
transmission (Silva et al. 2021b, 2021a). Fungal infections have
also been recently demonstrated to affect the immune gene expres-
sion of An. stephensi and Anopheles gambiae (Wei et al. 2017).
Anopbheles gambiae and A. arabiensis microsporidia stimulate im-
mune responses that impact Plasmodium spp. oocysts production
(Bargielowski and Koella 2009, Cirimotich et al. 2011). Multiple
reports have demonstrated the harmful effects of MP ingestion on
terrestrial and aquatic organisms (Clark et al. 2016, Rochman et
al. 2017, Cole et al. 2019, 2020, Muhammad et al. 2021, Romano
and Fischer 2021, Silva et al. 2021b, Cao et al. 2022). These in-
clude adverse effects at the cellular level, which can result in al-
tered gene expression levels of the immune system, metabolic
and metamorphosis signaling pathways, impacts on life history
traits, and reactive oxygen species induced upregulation of oxi-
dative stress genes in aquatic organisms and insects (Malafaia et
al. 2020, Romano and Fischer 2021, Silva et al. 2021b). In addi-
tion to activating the mosquito immune response, midgut bacteria

$20z Asenuep g0 uo Jasn sse00y Joquis| VST Aq /18/22/2/788/S/09/a10n4e/awl/woo dnooiwepese//:sdiy woll papeojumod



896

Journal of Medical Entomology, 2023, Vol. 60, No. 5

can also influence insect mosquito competence by impairing path-
ogen infection through competition for resources or secretion of
anti-pathogen molecules and or metabolites (Perera et al. 2012,
Caragata et al. 2014, Mendez et al. 2021). For example, changes
to or removal of a majority of midgut bacteria through antibi-
otic treatment results in greater susceptibility of the mosquitoes
Anopheles gambiae and Ae. aegypti to malaria parasite transmis-
sion and Dengue virus, respectively (Beier et al. 1994, Xi et al.
2008, Dong et al. 2009).

While this study does not examine stress and immune response
pathways or the removal of particular members of the micro- and
mycobiota, it suggests the need for further studies that will inves-
tigate the physiological and molecular mechanism associated with
the ingestion of MPs impacting the microbiome at different develop-
mental stages of mosquitoes. Specifically, additional studies could in-
vestigate whether MPs directly provide additional carbon to the gut
microenvironment and an increase in surface area for microbial and
pathogen growth in the insect gut (Lear et al. 2021). MPs may also act
as a sink for organic and inorganic pollutants and chemical additives
added to plastics that may result in toxic effects due to bioaccu-
mulation, which could impact microbiota composition (Menendez-
Pedriza and Jaumot 2020, Song et al. 2022). Furthermore, studies
are needed to examine the effects of different MP polymers and sizes
on the mosquito host. Here, only 1 pm size polystyrene beads were
examined. Nanoplastic particles, various polymer types, and larger
sizes of MP particles have been observed to impact the microbiomes
of multiple invertebrate as well as vertebrate species of animals
(Rochman et al. 2017, Silva et al. 2019). The 10,000 and 100,000
MP/ml concentrations of MPs in this study were extreme doses,
which are likely not realistic concentrations found in natural and ar-
tificial container habitats but could correspond to a large accidental
release of MPs and a polluted environment. The proposed future
studies should also include MPs of different chemical compositions
and mixtures of different sizes and shapes, as well as co-exposure
scenarios, which may be more realistic to mixtures larvae ingest in
natural aquatic habitats. Furthermore, additional studies on the sizes
and types of microplastics could be expanded to include examining
other life history traits (e.g., fecundity, immature survivorship, adult
longevity, egg hatch, and mating competitiveness). Moreover, this
project focused on the whole micro- and mycobiome of Ae. aegypti
and Ae. albopictus, investigating only the gut microbiome may help
to determine specific interactions of MPs and the gut microbiota. It
would also be interesting to examine mosquito container habitats
and characterize the type, size, and density of MPs and complete
similar experiments presented here with larvae collected from nat-
ural conditions.

In this work, we demonstrated Ae. aegypti and Ae. albopictus
larvae ingest and accumulate MPs in their guts during larval stages,
and some of these MPs remain in the adult guts. Also, this accumu-
lation of MPs in the mosquito gut results in perturbations of the
micro-and mycobiomes. These results provide a strong basis to fur-
ther investigate the mechanisms behind MP ingestion altering the
mosquito host micro- and mycobiome and whether MP-driven per-
turbation of the mosquito micro- and mycobiota will impact vector
competence of important mosquito-transmitted viruses and parasites
that cause human and animal diseases.

Acknowledgments

We would like to thank Hunter Covey and Sri Jyosthsna
Kancharlapalli for their help with rearing mosquitoes.

Funding

This work was funded by the US National Science Foundation grant
#2136670.

Author Contributions

CE: validation; investigation; visualization; writing — original draft.
GM: validation; investigation; visualization; writing — original draft.
DR: investigation. YG: investigation. KDA: investigation; visualiza-
tion. MG; investigation; visualization. JC: conceptualization; super-
vision; project administration; methods; funding acquisition; writing
— review & editing CB: conceptualization; funding acquisition; su-
pervision; project administration; methods; visualization; writing —
review & editing

Data Availability

Data is available upon a reasonable request. Please contact the cor-
responding author Corey L. Brelsfoard (corey.brelsfoard@ttu.edu)
with data requests.

Supplementary Material

Supplementary material is available at Journal of Medical
Entomology online.

References

Al-Jaibachi R, Cuthbert RN, Callaghan A. Examining effects of ontogenic
microplastic transference on Culex mosquito mortality and adult weight.
Sci Total Environ. 2019:651(Pt 1):871-876. https://doi.org/10.1016/j.
scitotenv.2018.09.236

Apte-Deshpande A, Paingankar M, Gokhale MD, Deobagkar DN. Serratia
odorifera a midgut inhabitant of Aedes aegypti mosquito enhances its sus-
ceptibility to dengue-2 virus. PLoS One. 2012:7(7):e40401. https://doi.
org/10.1371/journal.pone.0040401

Apte-Deshpande AD, Paingankar MS, Gokhale MD, Deobagkar DN. Serratia
odorifera mediated enhancement in susceptibility of Aedes aegypti for
chikungunya virus. Indian | Med Res. 2014:139(5):762-768.

Bahia AC, Dong Y, Blumberg BJ, Mlambo G, Tripathi A, BenMarzouk-
Hidalgo O], Chandra R, Dimopoulos G. Exploring Anopbheles gut bacteria
for Plasmodium blocking activity. Environ Microbiol. 2014:16(9):2980~
2994. https://doi.org/10.1111/1462-2920.12381

Bargielowski I, Koella JC. A possible mechanism for the suppression of
Plasmodium berghei development in the mosquito Anopheles gambiae by
the microsporidian Vavraia culicis. PLoS One. 2009:4(3):¢4676. https://
doi.org/10.1371/journal.pone.0004676

Beier MS, Pumpuni CB, Beier JC, Davis JR. Effects of para-aminobenzoic acid,
insulin, and gentamicin on Plasmodium falciparum development in anoph-
eline mosquitoes (Diptera: Culicidae). ] Med Entomol. 1994:31(4):561-
5635. https://doi.org/10.1093/jmedent/31.4.561

Callahan BJ, McMurdie PJ, Rosen M], Han AW, Johnson AJ, Holmes SP.
DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016:13(7):581-583. https://doi.org/10.1038/nmeth.3869

Cansado-Utrilla C, Zhao SY, McCall PJ, Coon KL, Hughes GL. The
microbiome and mosquito vectorial capacity: rich potential for discovery
and translation. Microbiome. 2021:9(1):111. https://doi.org/10.1186/
s40168-021-01073-2

Cao J, Xu R, Wang F, Geng Y, Xu T, Zhu M, Lv H, Xu S, Guo MY. Polyethylene
microplastics trigger cell apoptosis and inflammation via inducing oxida-
tive stress and activation of the NLRP3 inflammasome in carp gills. Fish
Shellfish Tmmunol. 2022:132:108470.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, Fierer N, Pefia AG, Goodrich JK, Gordon JI, et al. QIIME allows

$20z Asenuep g0 uo Jasn sse00y Joquis| VST Aq /18/22/2/788/S/09/a10n4e/awl/woo dnooiwepese//:sdiy woll papeojumod


corey.brelsfoard@ttu.edu
https://doi.org/10.1016/j.scitotenv.2018.09.236
https://doi.org/10.1016/j.scitotenv.2018.09.236
https://doi.org/10.1371/journal.pone.0040401
https://doi.org/10.1371/journal.pone.0040401
https://doi.org/10.1111/1462-2920.12381
https://doi.org/10.1371/journal.pone.0004676
https://doi.org/10.1371/journal.pone.0004676
https://doi.org/10.1093/jmedent/31.4.561
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-021-01073-2
https://doi.org/10.1186/s40168-021-01073-2

Journal of Medical Entomology, 2023, Vol. 60, No. 5

897

analysis of high-throughput community sequencing data. Nat Methods.
2010:7(5):335-336. https://doi.org/10.1038/nmeth.£.303

Caragata EP, Rances E, O’Neill SL, McGraw EA. Competition for amino acids
between Wolbachia and the mosquito host, Aedes aegypti. Microb Ecol.
2014:67(1):205-218. https://doi.org/10.1007/s00248-013-0339-4

Carissimo G, Pondeville E, McFarlane M, Dietrich I, Mitri C, Bischoff E,
Antoniewski C, Bourgouin C, Failloux AB, Kohl A, et al. Antiviral im-
munity of Anopheles gambiae is highly compartmentalized, with distinct
roles for RNA interference and gut microbiota. Proc Natl Acad Sci USA.
2015:112(2):E176-E1835. https://doi.org/10.1073/pnas. 1412984112

Champion SR, Vitek CJ. Aedes aegypti and Aedes albopictus habitat
preferences in South Texas, USA. Environ Health Insights. 2014:8(Suppl
2):35-42. https://doi.org/10.4137/EHL.S16004

Chandler JA, Liu RM, Bennett SN. RNA shotgun metagenomic sequencing
of northern California (USA) mosquitoes uncovers viruses, bacteria,
and fungi. Fromt Microbiol. 2015:6:185. https://doi.org/10.3389/
fmicb.2015.00185

Charan SS, Pawar KD, Severson DW, Patole MS, Shouche YS. Comparative
analysis of midgut bacterial communities of Aedes aegypti mosquito
strains varying in vector competence to dengue virus. Parasitol Res.
2013:112(7):2627-2637. https://doi.org/10.1007/s00436-013-3428-x

Cirimotich CM, Dong Y, Clayton AM, Sandiford SL, Souza-Neto JA,
Mulenga M, Dimopoulos G. Natural microbe-mediated refrac-
toriness to Plasmodium infection in Anopheles gambiae. Science.
2011:332(6031):855-858. https://doi.org/10.1126/science.1201618

Clark JR, Cole M, Lindeque PK, Fileman E, Blackford J, Lewis C, Lenton
TM, Galloway TS. Marine microplastic debris: a targeted plan for un-
derstanding and quantifying interactions with marine life. Front Ecol
Environ. 2016:14(6):317-324. https://doi.org/10.1002/fee. 1297

Clark K. Non-parametric multivariate analysis of changes in community
structure. Austral Ecol. 1993:18:117-1443.

Cole M, Coppock R, Lindeque PK, Altin D, Reed S, Pond DW, Serensen
L, Galloway TS, Booth AM. Effects of nylon microplastic on feeding,
lipid accumulation, and moulting in a coldwater copepod. Environ
Sci Technol. 2019:53(12):7075-7082. https://doi.org/10.1021/acs.
est.9b01853

Cole M, Liddle C, Consolandi G, Drago C, Hird C, Lindeque PK, Galloway
TS. Microplastics, microfibres and nanoplastics cause variable sub-lethal
responses in mussels (Mytilus spp.). Mar Pollut Bull. 2020:160:111552.
https://doi.org/10.1016/j.marpolbul.2020.111552

Coon KL, Brown MR, Strand MR. Gut bacteria differentially affect egg pro-
duction in the anautogenous mosquito Aedes aegypti and facultatively au-
togenous mosquito Aedes atropalpus (Diptera: Culicidae). Parasit Vectors.
2016:9(1):375. https://doi.org/10.1186/s13071-016-1660-9

Cui Y, Wang Z, Zhang G, Zhao Y, Peng Y, Yun Y. Transmission of nanoplastics
from Culex quinquefasciatus to Pardosa pseudoannulata and its impact on
predators. Sci Total Environ. 2022:820:153331. https://doi.org/10.1016/j.
scitotenv.2022.153331

Dennison NJ, Jupatanakul N, Dimopoulos G. The mosquito microbiota
influences vector competence for human pathogens. Curr Opin Insect Sci.
2014:3:6-13. https://doi.org/10.1016/j.c0is.2014.07.004

Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito midgut
microbiota in the defense against malaria parasites. PLoS Pathog.
2009:5(5):€1000423. https://doi.org/10.1371/journal.ppat.1000423

Donkers JM, Hoppener EM, Grigoriev I, Will L, Melgert BN, van der Zaan
B, van de Steeg E, Kooter IM. Advanced epithelial lung and gut bar-
rier models demonstrate passage of microplastic particles. Microplast
Nanoplast. 2022:2(1):1-18.

Duis K, Coors A. Microplastics in the aquatic and terrestrial environ-
ment: sources (with a specific focus on personal care products), fate
and effects. Environ Sci Eur. 2016:28(1):2. https://doi.org/10.1186/
$12302-015-0069-y

Fackelmann G, Sommer S. Microplastics and the gut microbiome: how chron-
ically exposed species may suffer from gut dysbiosis. Mar Pollut Bull.
2019:143:193-203. https://doi.org/10.1016/j.marpolbul.2019.04.030

Fadare OO, Wan B, Guo LH, Zhao L. Microplastics from consumer plastic
food containers: are we consuming it? Chemosphere. 2020:253:126787.
https://doi.org/10.1016/j.chemosphere.2020.126787

Frankel-Bricker J, Buerki S, Feris KP, White MM. Influences of a pro-
lific gut fungus (Zancudomyces culisetae) on larval and adult mos-
quito (Aedes aegypti)-associated microbiota. Appl Environ Microbiol.
2020:86(3):¢02334-19. https://doi.org/10.1128/AEM.02334-19

Gabrieli P, Caccia S, Varotto-Boccazzi I, Arnoldi I, Barbieri G,
Comandatore F, Epis S. Mosquito trilogy: microbiota, immunity and
pathogens, and their implications for the control of disease trans-
mission. Front Microbiol. 2021:12:630438. https://doi.org/10.3389/
fmicb.2021.630438

Gaio Ade O, Gusmao DS, Santos AV, Berbert-Molina MA, Pimenta PF, Lemos
FJ. Contribution of midgut bacteria to blood digestion and egg produc-
tion in Aedes aegypti (diptera: culicidae) (L.). Parasit Vectors. 2011:4:105.

Galeano-Castaneda Y, Bascunan P, Serre D, Correa MM. Trans-stadial fate
of the gut bacterial microbiota in Anopbheles albimanus. Acta Trop.
2020:201:105204. https://doi.org/10.1016/j.actatropica.2019.105204

Gao H, Cui C, Wang L, Jacobs-Lorena M, Wang S. Mosquito microbiota and
implications for disease control. Trends Parasitol. 2020:36(2):98-111.
https://doi.org/10.1016/j.pt.2019.12.001

Gdanetz K, Benucci GMN, Vande Pol N, Bonito G. CONSTAX: a tool for
improved taxonomic resolution of environmental fungal ITS sequences.
BMC Bioinf.2017:18(1):538. https://doi.org/10.1186/s12859-017-1952-x

Gopinath PM, Darekar AS, Kanimozhi S, Mukherjee A, Chandrasekaran N.
Female mosquito-a potential vector for transporting plastic residues to
humans. Chemosphere. 2022:301:134666. https://doi.org/10.1016/j.
chemosphere.2022.134666

Guégan M, Tran Van V, Martin E, Minard G, Tran F-H, Fel B, Hay A-E, Simon
L, Barakat M, Potier P, ez al. Who is eating fructose within the Aedes
albopictus gut microbiota? Environ Microbiol. 2020:22(4):1193-1206.
https://doi.org/10.1111/1462-2920.14915

Guegan M, Zouache K, Demichel C, Minard G, Tran Van V, Potier P,
Mavingui P, Valiente Moro C. The mosquito holobiont: fresh insight into
mosquito-microbiota interactions. Microbiome. 2018:6(1):49. https://doi.
org/10.1186/s40168-018-0435-2

Hill CL, Sharma A, Shouche Y, Severson DW. Dynamics of midgut microflora
and dengue virus impact on life history traits in Aedes aegypti. Acta Trop.
2014:140:151-157. https://doi.org/10.1016/j.actatropica.2014.07.015

Hwang ], Choi D, Han S, Jung SY, Choi J, Hong J. Potential toxicity of poly-
styrene microplastic particles. Sci Rep. 2020:10(1):1-12.

Lear G, Kingsbury JM, Franchini S, Gambarini V, Maday SDM, Wallbank
JA, Weaver L, Pantos O. Plastics and the microbiome: impacts and
solutions. Environ Microbiome. 2021:16(1):2. https://doi.org/10.1186/
540793-020-00371-w

Liu H, Zhang X, Ji B, Qiang Z, Karanfil T, Liu C. UV aging of microplastic
polymers promotes their chemical transformation and byproduct forma-
tion upon chlorination. Sci Total Environ. 2023:858(Pt 2):159842. https://
doi.org/10.1016/j.scitotenv.2022.159842

Luis P, Vallon L, Tran F-H, Hugoni M, Tran-Van V, Mavingui P, Minard
G, Valiente Moro C. Aedes albopictus mosquitoes host a locally struc-
tured mycobiota with evidence of reduced fungal diversity in invasive
populations. Fungal Ecol. 2019:39:257-266.

Malafaia G, da Luz TM, Guimaraes ATB, da Costa Aradjo AP. Polyethylene
microplastics are ingested and induce biochemical changes in Culex
quinquefasciatus (Diptera: Culicidae) freshwater insect larvae. Ecotoxicol.
Environ. Contam. 2020:15:79-89.

Martinez-de la Puente J, Gutierrez-Lopez R, Diez-Fernandez A, Soriguer RC,
Moreno-Indias 1, Figuerola J. Effects of mosquito microbiota on the sur-
vival cost and development success of avian Plasmodium. Front Microbiol.
2020:11:562220. https://doi.org/10.3389/fmicb.2020.562220

Mendez Y, Pacheco C, Herrera F. Inhibition of defensin A and cecropin
A responses to dengue virus 1 infection in Aedes aegypti. Biomedica.
2021:41(1):161-167. https://doi.org/10.7705/biomedica.5491

Menendez-Pedriza A, Jaumot J. Interaction of environmental pollutants with
microplastics: a critical review of sorption factors, bioaccumulation and
ecotoxicological effects. Toxics. 2020:8(2):40. https://doi.org/10.3390/
toxics8020040

Merritt RW, Dadd RH, Walker ED. Feeding behavior, natural food, and
nutritional relationships of larval mosquitoes. Annu Rev Entomol.
1992:37:349-376. https://doi.org/10.1146/annurev.en.37.010192.002025

$20z Asenuep g0 uo Jasn sse00y Joquis| VST Aq /18/22/2/788/S/09/a10n4e/awl/woo dnooiwepese//:sdiy woll papeojumod


https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1007/s00248-013-0339-4
https://doi.org/10.1073/pnas.1412984112
https://doi.org/10.4137/EHI.S16004
https://doi.org/10.3389/fmicb.2015.00185
https://doi.org/10.3389/fmicb.2015.00185
https://doi.org/10.1007/s00436-013-3428-x
https://doi.org/10.1126/science.1201618
https://doi.org/10.1002/fee.1297
https://doi.org/10.1021/acs.est.9b01853
https://doi.org/10.1021/acs.est.9b01853
https://doi.org/10.1016/j.marpolbul.2020.111552
https://doi.org/10.1186/s13071-016-1660-9
https://doi.org/10.1016/j.scitotenv.2022.153331
https://doi.org/10.1016/j.scitotenv.2022.153331
https://doi.org/10.1016/j.cois.2014.07.004
https://doi.org/10.1371/journal.ppat.1000423
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1016/j.marpolbul.2019.04.030
https://doi.org/10.1016/j.chemosphere.2020.126787
https://doi.org/10.1128/AEM.02334-19
https://doi.org/10.3389/fmicb.2021.630438
https://doi.org/10.3389/fmicb.2021.630438
https://doi.org/10.1016/j.actatropica.2019.105204
https://doi.org/10.1016/j.pt.2019.12.001
https://doi.org/10.1186/s12859-017-1952-x
https://doi.org/10.1016/j.chemosphere.2022.134666
https://doi.org/10.1016/j.chemosphere.2022.134666
https://doi.org/10.1111/1462-2920.14915
https://doi.org/10.1186/s40168-018-0435-2
https://doi.org/10.1186/s40168-018-0435-2
https://doi.org/10.1016/j.actatropica.2014.07.015
https://doi.org/10.1186/s40793-020-00371-w
https://doi.org/10.1186/s40793-020-00371-w
https://doi.org/10.1016/j.scitotenv.2022.159842
https://doi.org/10.1016/j.scitotenv.2022.159842
https://doi.org/10.3389/fmicb.2020.562220
https://doi.org/10.7705/biomedica.5491
https://doi.org/10.3390/toxics8020040
https://doi.org/10.3390/toxics8020040
https://doi.org/10.1146/annurev.en.37.010192.002025

898

Journal of Medical Entomology, 2023, Vol. 60, No. 5

Muhammad A, Zhou X, He ], Zhang N, Shen X, Sun C, Yan B, Shao
Y. Toxic effects of acute exposure to polystyrene microplastics
and nanoplastics on the model insect, silkworm Bombyx mori.
Environ  Pollut.  2021:285:117255.  https://doi.org/10.1016/j.
envpol.2021.117255

Muturi EJ, Bara JJ, Rooney AP, Hansen AK. Midgut fungal and bacterial mi-
crobiota of Aedes triseriatus and Aedes japonicus shift in response to La
Crosse virus infection. Mol Ecol. 2016:25(16):4075-4090. https://doi.
org/10.1111/mec.13741

Novakova E, Woodhams DC, Rodriguez-Ruano SM, Brucker RM, Leff JW,
Maharaj A, Amir A, Knight R, Scott J. Mosquito microbiome dynamics,
a background for prevalence and seasonality of West Nile Virus. Front
Microbiol. 2017:8:526. https://doi.org/10.3389/fmicb.2017.00526

Onyango MG, Lange R, Bialosuknia S, Payne A, Mathias N, Kuo L, Vigneron
A, Nag D, Kramer LD, Ciota AT. Zika virus and temperature mod-
ulate Elizabethkingia anophelis in Aedes albopictus. Parasit Vectors.
2021:14(1):573. https://doi.org/10.1186/s13071-021-05069-7

Perera R, Riley C, Isaac G, Hopf-Jannasch AS, Moore R], Weitz KW, Pasa-Tolic
L, Metz TO, Adamec J, Kuhn R]. Dengue virus infection perturbs lipid ho-
meostasis in infected mosquito cells. PLoS Pathog. 2012:8(3):¢1002584.
https://doi.org/10.1371/journal.ppat.1002584

Perrin A, Larsonneur E, Nicholson AC, Edwards DJ, Gundlach KM, Whitney
AM, Gulvik CA, Bell ME, Rendueles O, Cury ], et al. Evolutionary dy-
namics and genomic features of the Elizabethkingia anopbelis 2015 to
2016 Wisconsin outbreak strain. Nat Commun. 2017:8:15483. https://
doi.org/10.1038/ncomms15483

Rochman CM, Parnis JM, Browne MA, Serrato S, Reiner EJ, Robson M,
Young T, Diamond ML, Teh SJ. Direct and indirect effects of different
types of microplastics on freshwater prey (Corbicula fluminea) and their
predator (Acipenser transmontanus). PLoS One. 2017:12(11):e0187664.
https://doi.org/10.1371/journal.pone.0187664

Romano N, Fischer H. Microplastics affected black soldier fly (Hermetia
illucens) pupation and short chain fatty acids. | Appl Entomol.
2021:145(7):731-736. https://doi.org/10.1111/jen.12887

Romoli O, Gendrin M. The tripartite interactions between the mosquito, its
microbiota and Plasmodium. Parasit Vectors. 2018:11(1):200. https://doi.
org/10.1186/s13071-018-2784-x

Segata N, Izard ], Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C. Metagenomic biomarker discovery and expla-
nation. Genome Biol. 2011:12(6):R60. https://doi.org/10.1186/
gb-2011-12-6-r60

Sheridan EA, Fonvielle JA, Cottingham S, Zhang Y, Dittmar T, Aldridge DC,
Tanentzap AJ. Plastic pollution fosters more microbial growth in lakes
than natural organic matter. Nat Commun. 2022:13(1):4175. https://doi.
org/10.1038/s41467-022-31691-9

Short SM, Mongodin EF, MacLeod HJ, Talyuli OAC, Dimopoulos G. Amino
acid metabolic signaling influences Aedes aegypti midgut microbiome
variability. PLoS Negl Trop Dis. 2017:11(7):e0005677. https://doi.
org/10.1371/journal.pntd.0005677

Silva CJ, Beleza S, Campos D, Soares AM, Silva ALP, Pestana JL, Gravato
C. Immune response triggered by the ingestion of polyethylene
microplastics in the dipteran larvae Chironomus riparius. | Hazard Mater.
2021b:414:125401.

Silva CJ, Silva ALP, Campos D, Machado AL, Pestana JL, Gravato C. Oxidative
damage and decreased aerobic energy production due to ingestion of poly-
ethylene microplastics by Chironomus riparius (Diptera) larvae. ] Hazard
Mater. 2021a:402:123775.

Silva CJ, Silva ALP, Gravato C, Pestana JL. Ingestion of small-sized and ir-
regularly shaped polyethylene microplastics affect Chironomus riparius
life-history traits. Sci Total Environ. 2019:672:862-868. https://doi.
org/10.1016/j.scitotenv.2019.04.017

Song X, Zhuang W, Cui H, Liu M, Gao T, Li A, Gao Z. Interactions of
microplastics with organic, inorganic and bio-pollutants and the ecotox-
icological effects on terrestrial and aquatic organisms. Sci Total Environ.
2022:838(Pt 2):156068. https://doi.org/10.1016/j.scitotenv.2022.156068

Sudha ], Sivakala S. Conducting polystyrene/polyaniline blend through
template-assisted emulsion  polymerization.  Colloid  Polym  Sci.
2009:287:1347-1354.

Terenius O, Lindh JM, Eriksson-Gonzales K, Bussiére L, Laugen AT,
Bergquist H, Titanji K, Faye I. Midgut bacterial dynamics in Aedes
aegypti. FEMS Microbiol Ecol. 2012:80(3):556-565. https://doi.
org/10.1111/1.1574-6941.2012.01317.x

Thormeyer M, Tseng M. No effect of realistic microplastic exposure on growth
and development of wild-caught Culex (Diptera: Culicidae) mosquitoes. |
Med Entomol. 2023:60(3):604-607. https://doi.org/10.1093/jme/tjad014

Wang K, Li J, Zhao L, Mu X, Wang C, Wang M, Xue X, Qi S, Wu L. Gut
microbiota protects honey bees (Apis mellifera L.) against polystyrene
microplastics exposure risks. | Hazard Mater. 2021a:402:123828. https://
doi.org/10.1016/j.jhazmat.2020.123828

Wang L, Wu WM, Bolan NS, Tsang DCW, Li Y, Qin M, Hou D. Environmental
fate, toxicity and risk management strategies of nanoplastics in the en-
vironment: current status and future perspectives. | Hazard Mater.
2021b:401:1234135. https://doi.org/10.1016/j.jhazmat.2020.123415

Wei G, Lai Y, Wang G, Chen H, Li F, Wang S. Insect pathogenic fungus
interacts with the gut microbiota to accelerate mosquito mortality. Proc
Natl Acad Sci U S A. 2017:114(23):5994-5999. https://doi.org/10.1073/
pnas.1703546114

Wu X, Zhao X, Chen R, Liu P, Liang W, Wang J, Teng M, Wang X, Gao
S. Wastewater treatment plants act as essential sources of microplastic
formation in aquatic environments: a critical review. Water Res.
2022:221:118825. https://doi.org/10.1016/j.watres.2022.118825

Xi Z, Ramirez JL, Dimopoulos G. The Aedes aegypti toll pathway controls
dengue virus infection. PLoS Pathog. 2008:4(7):¢1000098. https://doi.
org/10.1371/journal.ppat.1000098

Zhang K, Hamidian AH, Tubic A, Zhang Y, Fang JKH, Wu C, Lam PKS.
Understanding plastic degradation and microplastic formation in the
environment: a review. Environ Pollut. 2021:274:116554. https://doi.
org/10.1016/j.envpol.2021.116554

Zhu D, Chen Q, An X, Yang X, Christie P, Ke X, Wu L, Zhu Y. Exposure of
soil collembolans to microplastics perturbs their gut microbiota and alters
their isotopic composition. Soil Biol Biochem. 2018:124:277-278. https://
doi.org/10.1016/}.s0ilbi0.2018.05.031

Zong X, Zhang J, Zhu ], Zhang L, Jiang L, Yin Y, Guo H. Effects of polysty-
rene microplastic on uptake and toxicity of copper and cadmium in hy-
droponic wheat seedlings (Triticum aestivum L.). Ecotoxicol Environ Saf.
2021:217:112217. https://doi.org/10.1016/j.ecoenv.2021.112217

$20z Asenuep g0 uo Jasn sse00y Joquis| VST Aq /18/22/2/788/S/09/a10n4e/awl/woo dnooiwepese//:sdiy woll papeojumod


https://doi.org/10.1016/j.envpol.2021.117255
https://doi.org/10.1016/j.envpol.2021.117255
https://doi.org/10.1111/mec.13741
https://doi.org/10.1111/mec.13741
https://doi.org/10.3389/fmicb.2017.00526
https://doi.org/10.1186/s13071-021-05069-7
https://doi.org/10.1371/journal.ppat.1002584
https://doi.org/10.1038/ncomms15483
https://doi.org/10.1038/ncomms15483
https://doi.org/10.1371/journal.pone.0187664
https://doi.org/10.1111/jen.12887
https://doi.org/10.1186/s13071-018-2784-x
https://doi.org/10.1186/s13071-018-2784-x
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/s41467-022-31691-9
https://doi.org/10.1038/s41467-022-31691-9
https://doi.org/10.1371/journal.pntd.0005677
https://doi.org/10.1371/journal.pntd.0005677
https://doi.org/10.1016/j.scitotenv.2019.04.017
https://doi.org/10.1016/j.scitotenv.2019.04.017
https://doi.org/10.1016/j.scitotenv.2022.156068
https://doi.org/10.1111/j.1574-6941.2012.01317.x
https://doi.org/10.1111/j.1574-6941.2012.01317.x
https://doi.org/10.1093/jme/tjad014
https://doi.org/10.1016/j.jhazmat.2020.123828
https://doi.org/10.1016/j.jhazmat.2020.123828
https://doi.org/10.1016/j.jhazmat.2020.123415
https://doi.org/10.1073/pnas.1703546114
https://doi.org/10.1073/pnas.1703546114
https://doi.org/10.1016/j.watres.2022.118825
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1016/j.envpol.2021.116554
https://doi.org/10.1016/j.envpol.2021.116554
https://doi.org/10.1016/j.soilbio.2018.05.031
https://doi.org/10.1016/j.soilbio.2018.05.031
https://doi.org/10.1016/j.ecoenv.2021.112217

