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Introduction: Tannic acid (TA), a polyphenol derived from plants, often
accumulates in water-holding containers where mosquitoes develop. Yet, its
effects on mosquito gut microbiota remain poorly understood, representing an
important knowledge gap. Because mosquito-associated microbiota are vital for
host development, nutrition, and immunity, uncovering how TA shapes these
microbial communities may yield new insights into mosquito biology and vector
control strategies.

Methods: In this study, we conducted a comparative analysis of bacterial
communities in Aedes triseriatus midguts and rearing microcosms with or
without TA supplement.

Results: Addition of TA at 0.35 mg/mL caused up to 50% larval Ae. triseriatus
mortality, whereas combined supplementation with TA and kanamycin (100
ng/mL) increased mortality to 75% relative to controls. TA treatment significantly
reduced microbial Chao 1 richness and Shannon diversity in larval and adult
mosquito guts, while water and leaf samples were not affected. Distinct
microbial community structures were observed between TA-treated and control
groups across larvae, adults, water, and leaf surfaces. Pseudomonadota and
Bacteroidota dominated all samples, with TA increasing the relative abundance
of Pseudomonadota while decreasing Bacteroidota. Notably, Pseudomonas
was enriched in TA-treated water, leaf surfaces, and larval midguts. PICRUSt
functional predictions indicated enrichment of carbohydrate and amino acid
metabolism and membrane transport pathways under TA exposure, reflecting
adaptive microbial responses to TA stress.

Conclusion: Our findings highlight how TA shapes mosquito microbiota and
habitat quality, offering potential avenues to manipulate microbial communities
as a biocontrol strategy for mosquito larvae.

KEYWORDS

Aedes triseriatus, biocontrol, comparative microbiome analysis, diversity and function
prediction, tannic acid

1 Introduction

Aedes triseriatus (Say) (Diptera: Culicidae), the primary vector of La Crosse virus in
the Midwestern United States, breeds in natural habitats such as water-filled tree holes,
as well as artificial containers like discarded tires (Grimstad and Walker, 1991). These
microhabitats are sustained by the accumulation of senescent leaves, plant detritus, and
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dead invertebrates, which drive microbial activity and support
the base of the aquatic food web (Fish and Carpenter, 1982;
Walker et al., 1991). Although the water in these habitats is
regularly replenished by rainwater moving into tree holes as
stemflow (Walker et al., 1991), the decomposition of leaf litter
through chemical and biological processes alters its nutritional
quality for mosquito larvae and other aquatic invertebrates (Walker
et al,, 1991). Microbial metabolism, in particular, modifies water
chemistry and releases various compounds, including TA, which
can accumulate to toxic levels and negatively impact mosquito
larval development (Rey et al, 2000). Despite its ecological
relevance, the physiological and behavioral effects of leaf-derived
compounds such as TA on mosquito larvae remain poorly
understood. Tannins in tree hole water inhibited growth of the
western tree hole mosquito, Ae. sierrensis and caused larval
mortality in a dose dependent manner (Mercer, 1993; Mercer and
Anderson, 1994). Histological analyses have shown that midgut
epithelium was damaged by TA or its derivatives, causing cellular
degeneration, in particular affecting the clear cells of the anterior
midgut before the dark cells of the posterior region (Rey et al,
1999). Additionally, TA has been reported to interfere with the
digestion of starches, lipids, and proteins, thereby disrupting
nutrient absorption and leading to growth inhibition, as observed
in Hyphantria cunea larvae (Zhang et al., 2023a).

TA, a plant-derived polyphenol, exhibits broad-spectrum
antimicrobial and anti-biofilm activities against various bacteria
and fungi in vitro. It inhibited growth of both Gram-positive and
Gram-negative bacteria by disrupting cell membranes, chelating
essential metal ions, and interfering with enzymatic functions
(Lorca et al., 2024; Leitéo et al., 2025). TA also effectively prevented
biofilm formation by reducing microbial adhesion to surfaces,
disrupting cell-to-cell signaling, and destabilizing extracellular
polymeric substances (Hosseini et al., 2025; Zheng et al., 2025).
These properties were observed across diverse microbial taxa,
including Streptococcus, Bacillus, and fungal genera such as
Candida (Payne et al, 2013; Long et al, 2024; Moreira et al.,
2024; Xu et al, 2025), underscoring its ecological significance
and potential applications in microbial community modulation
and biofilm management (Govindarajan et al., 2025). In vivo
studies in insects demonstrated that TA disrupted gut microbial
communities and interfered with digestive processes, contributing
to reduced growth and survival (Tan et al., 2022). For example, in
Hyphantria cunea larvae, TA ingestion caused significant damage
to midgut epithelial cells and impaired the activities of key digestive
enzymes, including amylase, lipase, and protease, resulting in poor
nutrient absorption and growth retardation (Tan et al., 2022;
Zhang et al., 2023a). Additionally, TA increased gut permeability in
insects, potentially facilitating microbial translocation and immune
activation (Choi et al., 2022). These findings highlighted the dual
role of TA in directly affecting insect physiology and indirectly
influencing development through microbiota modulation (Tan
et al., 2022). Given that mosquito larvae depend heavily on their
gut microbiota for digestion and development, elevated levels of
TA possibly disrupt these microbial communities (either within
the gut or the larval habitat), thus impeding larval development
(Coon et al., 2014). Furthermore, midgut epithelial damage may
compromise the gut barrier, allowing microbial translocation into
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the hemocoel and potentially leading to sepsis. This hypothesis
is supported by studies showing enhanced larvicidal efficacy of
Bacillus thuringiensis when co-administered with TA (Isayama
etal., 2021).

Several bacteria possess the ability to detoxify TA through
enzymatic degradation pathways, enabling them to survive in
tannin-rich environments such as leaf litter or herbivore insect
guts (Zimmer, 1999; Barbehenn and Peter Constabel, 2011). Key
enzymes include tannase, which hydrolyzes TA into gallic acid and
glucose. Gallate decarboxylase then further metabolizes gallic acid
(Lekshmi et al., 2021). Microbes such as Lactobacillus plantarum,
Bacillus subtilis, Enterococcus faecalis, and Streptococcus gallolyticus
have been shown to express these enzymes and tolerate TA
exposure (Goel et al., 2011; Jiménez et al., 2013, 2014; Govindarajan
et al., 2024). This microbial detoxification not only benefits the
bacteria themselves but may also alleviate tannin toxicity for
host organisms, such as insects, by reducing oxidative stress and
supporting gut homeostasis (Barbehenn and Peter Constabel, 2011;
Lekshmi et al., 2021; Tan et al,, 2022; Govindarajan et al., 2025).
In this study, we examined how varying concentrations of TA
influenced larval mosquito survival and found that the removal
of microbial communities further reduced larval survivorship,
suggesting a protective role of the microbiota. We conducted
high-throughput amplicon sequencing of the 16S rRNA gene to
characterize shifts in microbial communities in both larval habitats
and mosquito midguts following TA exposure. Our results support
the potential application of TA as a standalone or synergistic
agent in mosquito control strategies. Furthermore, a deeper
understanding of detoxification mechanisms in Aedes mosquitoes
and their associated microbiota may reveal novel targets for
disrupting vector populations and reducing disease transmission.

2 Materials and methods

2.1 Mosquitoes and experimental design

Aedes triseriatus mosquito larvae were from a laboratory
colony originating from larvae collected from bark-lined, pan
tree holes in American beech (Fagus grandifolia Ehr.) on the
Michigan State University campus and maintained under standard
insectary conditions (27 °C, 12:12h light:dark cycle, and 85%
relative humidity) (Walker et al., 1997). Upon adult emergence,
mosquitoes were provided with a 10% sucrose solution ad libitum
via a cotton wick. Adult Ae. triseriatus were blood-fed using bovine
blood (Hemostat Lab, Dixon, CA, USA) delivered through an
artificial membrane feeder. Two days post-blood meal, oviposition
substrates (filter paper moistened with water and placed in Petri
dishes) were introduced into rearing cages. Collected eggs were
transferred to plastic containers filled with distilled water for
hatching. First instar larvae were fed Tetramin tropical fish
food flakes (Tetra, Blacksburg, VA, USA) ad libitum, followed
by daily ad libitum feedings of Purina Cat Chow (Nestl¢) for
subsequent instars.

To evaluate the effects of TA (Sigma-Aldrich, St Louis, MO) on
mosquito development and microbiota, experimental microcosms
were prepared with 1g of senescent, American beech leaf litter
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sampled in autumn, dried, and placed into 80 mL of Milli-Q water,
and 1ml of microbial inoculum, consistent with our previous
experiments (Walker et al., 1997; Norman and Walker, 2018).
Immersed leaves after 6 days of conditioning allow for microbial
colonization (Norman and Walker, 2018, 2019). To evaluate the
dose-dependent effect of TA (Supplementary Figure 1), larvae were
hatched from eggs and seeded into microcosms; 10's instar larvae
were exposed to a range of supplemented TA concentrations (0.00,
0.19, 0.35, 0.72, 1.4, and 1.8 mg/mL). The number of surviving
larvae was counted after 1 week.

The effects of TA and kanamycin on Ae. triseriatus larval
survival were assessed by counting surviving larvae 1 week after
treatment (Kuiters and Sarink, 1986). Kanamycin, a water-soluble
broad-spectrum antibiotic, was used to reduce the bacterial load
in larval mosquitoes (data not shown). For these combinatorial
treatments (Supplementary Figure 2), four groups were established:
(1) kanamycin-only group (100pg/mL), (2) TA-only group
(sublethal dose, 0.35 mg/mL), (3) TA + kanamycin group (0.35
mg/mL TA + 100 pg/mL kanamycin), and (4) untreated control
group. Microcosms received either 2mL TA solution plus 2mL
Milli-Q water (treatment) or 4 mL Milli-Q water only (control).
Ten second instar Ae. triseriatus larvae were introduced into each
microcosm at the time of treatment. Larval survival rate was
recorded after 7 days of exposure. The experiment was replicated
five times, and the data were analyzed using one-way analysis of
variance (ANOVA). Significance was defined as p < 0.05. Tukey’s
HSD was used for post-hoc pairwise comparisons.

To perform microbial community analysis, the microcosms
were set up as described above. Fourth-instar larvae were collected
for sampling to obtain enough midgut contents after a ten-
day incubation (Supplementary Figure 3). Upon adult emergence,
mosquitoes were caught, and were surface-sterilized by three rinses
in 70% ethanol followed by one rinse in sterile water. Midguts were
removed under sterile conditions using finely sharpened, number 5
watchmaker’s forceps (Daigger Scientific, New Jersey, USA), placed
into 200 pL of sterile phosphate-buffered saline (PBS), and pooled
from six individuals per sample. For larvae, at least 12 replicates
were analyzed in the TA-treated group and 10 in the control group
(Supplementary Figure 3). For adults, 14 TA-treated and 19 control
samples were processed. Each pooled set was homogenized with
a sterile pestle. Water samples were collected by centrifuging at
15,000 rpm for 10 min at 4 °C; resulting pellets were stored at
—70 °C until further use. Leaf materials after removing surface
water were flash-frozen in liquid nitrogen, and ground with a sterile
pestle. For water and leaf samples, five replicates were included for
each treatment group (Supplementary Figure 3).

2.2 DNA extraction, library construction,
and 16S rRNA sequencing

All dissections and DNA extractions were conducted in a
laminar flow biosafety cabinet to avoid contamination. Mosquito
midgut tissues, pellets from water and leaf materials were
resuspended in 200 pL of lysis buffer, and DNA was extracted
using the DNeasy Blood & Tissue Kit (Qiagen) according to
the manufacturer’s protocol. DNA concentration was quantified
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using Qubit™ dsDNA HS Assay Kits, and integrity was confirmed
by PCR with primers 63F (CAGGCCTAACACATGCAAGTC)
and 1387R (CGGAACATGTGWGGCGGG). Amplicon tagging
and 16S rRNA gene sequencing were performed at the Research
Technology Support Facility (RTSF) at Michigan State University.
The V4 region of the bacterial 16S rRNA gene was amplified
using primers 515f (GTG CCA GCM GCC GCG GTA A) and
806r (NNN NNN GGA CTA CHV GGG TWT CTA AT), with
unique 6-bp error-correcting barcodes included in the reverse
primer. Amplicons were purified, pooled, and sequenced using the
Mlumina MiSeq platform with a 2 x 250 bp paired-end format
and 500-cycle v2 reagent kit. Base calling was performed with
Mlumina Real Time Analysis (RTA) v1.18.54, and output files were
demultiplexed and converted to FASTQ format using Illumina
Bcl2fastq v1.8.4.2.3.

2.3 Bioinformatics analysis and statistical
analysis

To obtain high-quality sequences, bases at the head or tail
with Phred quality scores below Q30 were trimmed, and sequences
shorter than 100 bp were discarded. Raw sequence data were
processed in QIIME2 (version 2024.2) (Bolyen et al, 2019),
including sequencing and PCR error reduction, and denoising with
DADA?2 (filtering, dereplication, chimera removal, and merging of
paired-end reads) to generate amplicon sequence variants (ASVs)
for taxonomic analysis. ASVs representing less than 0.1% of the
total sequences across all samples or annotated as chloroplast
or mitochondrial contaminants were removed. Sequencing depth
was normalized to the minimum read count among samples.
Taxonomic classification was performed using a Naive Bayes
classifier trained on the SILVA 138.2/16S rRNA database (https://
www.arb-silva.de/). Alpha diversity was calculated in Mothur
(version 1.30.2) (https://mothur.org/) using the Chaol richness
and Shannon diversity indices based on randomly subsampled
sequences from each sample. Statistical differences in alpha
diversity were assessed using the Kruskal-Wallis test. Differences
were considered statistically significant when the p-value was less
than 0.05. Beta diversity was assessed using PERMANOVA (999
permutations) based on Bray-Curtis distances, weighted UniFrac,
and Jaccard dissimilarities, implemented in the vegan package
(version 2.4-1) in R (version 3.3.1). Microbial biomarkers for
each experimental group were identified using LEfSe (version 1.0)
(Segata et al., 2011).

Microbial functions were predicted using PICRUSt2 (v2.2.0-
b) (Douglas et al., 2020), and functional differences between
treatment groups were assessed using FAPROTAX (version 1.2.11)
(Louca et al, 2016). Predicted genes were annotated against
the Enzyme Commission (EC) database (https://enzyme.expasy.
org/), the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Kanehisa, 2000; Kanehisa et al., 2016, 2025), and
the MetaCyc Metabolic Pathway Database (https://metacyc.org/).
Group differences were analyzed in STAMP (https://beikolab.cs.
dal.ca/software/STAMP), with two-group comparisons performed
using the Wilcoxon test followed by false discovery rate (FDR)
correction. Statistical significance was defined as p < 0.05.
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2.4 Sequence data accession number

Raw paired-end reads per sample without barcode and primer
bases were submitted to the Sequence Read Archive of the
NCBI (PRJNA1320966).

3 Results

3.1 Effects of TA and antibiotic treatment
on larval mosquito

Larval Ae. triseriatus survival declined with increasing TA
concentrations, with 100% mortality observed at 1.8 mg/mL TA
(Figure 1A) (p < 0.05). Larval survival was high and equivalent
between controls and kanamycin alone but was lower with TA (at
35 mg/mL) and lowest with TA and kanamycin in combination
(Figure 1B) (p < 0.05), indicating a synergistic negative effect on
larval survivorship.

3.2 Effects of TA treatment on bacterial
composition in insect guts and microcosms

After filtering, denoising, merging, and chimera removal,
3,313,743 high-quality reads were obtained, with a median depth of
44,183 reads per sample. Taxonomic profiling assigned sequences
to at least 38 bacterial phyla. The five most abundant were
Pseudomonadota, Bacteroidota, Bacillota, Planctomycetota, and
Actinomycetota (Figure 2A). Across all habitats (rearing water,
leaf surfaces, larval midguts, and adult midguts) Pseudomonadota
(45.3-93.3%), of TA
Bacteroidota ranked second (1.61-33.4%). In rearing water,

predominated regardless treatment.
TA addition remarkably increased the relative abundance of
Pseudomonadota (from 45.3% to 92.4%) while sharply reducing
Bacteroidota (from 33.4% to 1.6%), indicating strong TA-mediated
inhibition of this bacterial group. Bacillota abundance declined in
TA-treated water (from 12.7% to 5.8%), Verrucomicrobia nearly
disappeared (from 4.1% to 0), and Actinomycetota decreased
(from 0.9% to 0.2%). Similar patterns were observed on leaves and
in midguts, except Bacillota increased on TA-treated leaves (from
3.0% to 7.9%). Planctomycetota were more common in larvae
(10.2%) and adults (5.9%) from non-TA treatments but remained
rare in water (0.3%) and leaves (0.3%).

Genus-level composition varied widely between treatments
and sample types (Figure 2B). In control water, ~37.5% of reads
were unclassified at the genus level (“others”); dominant genera
included Pseudomonas, Flectobacillus, Clostridium, unclassified
Comamonadaceae, and Cytophaga. TA-treated water showed a
marked shift. Pseudomonas nearly doubled in abundance (35.6%)
while Flectobacillus, Clostridium, and Cytophaga declined to
negligible levels (Figure 2B). Conversely, unclassified Erwinaceae,
unclassified  Enterobacteriaceae,  Burkholderia-Caballeronia-
Paraburkholderia,
enriched (Figure 2B). In control leaves, Pseudomonas was rare

and unclassified Enterobacteriales were
(0.4%); dominant genera included Flavobacterium, unclassified
Comamonadaceae, unclassified Enterobacteriales, Ralstonia, and

Variovorax. TA-treated leaves were dominated by Pseudomonas,
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unclassified Erwinaceae, and unclassified Enterobacteriaceae,
resembling TA-treated water communities. In control larval
midguts, 55.4% of reads were unclassified (“others”), with
Pedobacter, Pseudomonas, Rurimicrobium, Elizabethkingia, and
Ralstonia as key taxa. TA treatment doubled Pseudomonas
abundance, while Elizabethkingia and Pedobacter remained similar
to controls; Sphingobacterium, Serratia, and Variovorax were also
common (Figure 2B). Adult midguts in controls were dominated
by unclassified Yersiniaceae, Serratia, unclassified Isosphaeraceae,
unclassified env.OPS_17, Escherichia-Shigella, and Legionella. In
TA-treated adults, Pseudomonas, unclassified Enterobacteriales,
and unclassified Yersiniaceae increased markedly (33.3%, 23.8%,
and 14.0%, respectively).

3.3 Alpha and beta diversity affected by TA
in the insect guts and microcosms

Building on our initial observations of microbial community
composition, we next assessed whether alpha diversity was
influenced by TA treatment (Figure 3). Bacterial richness, as
measured by the Chaol index, was significantly reduced in TA-
treated adult guts compared to controls (p < 0.05) (Figure 3A).
A similar decrease in richness was observed in larval samples
following TA exposure (Figure 3B). In contrast, no significant
richness differences were detected between TA-treated and
untreated leaf samples (p > 0.05) (Figure 3C), nor in water
samples (Figure 3D). However, when comparing all non-TA-
treated samples (water, leaf, larvae, and adult grouped as controls)
against all TA-treated samples (Figure 3E), a significant difference
emerged (p < 0.05). Additionally, leaf samples generally exhibited
higher Chaol values than water samples, independent of treatment.
When TA treatment was disregarded, no significant differences in
richness were found between treated and untreated adults or larvae
(p > 0.05) (Figure 3F).

Significant differences in species diversity, assessed via the
Shannon index, were found between non-TA-treated controls and
TA-treated adults (p < 0.05), with TA-treated larvae also showing
reduced diversity relative to controls (Figures 4A, B). However,
no significant diversity differences (p > 0.05) were observed
between TA-treated and control leaves, nor between TA-treated
and control water samples (Figures 4C, D). When ignoring TA
treatment, Shannon diversity did not differ significantly (p > 0.05)
among adult and larval mosquitoes or between leaf and water
samples (Figures 4E, F).

For beta diversity analysis, we performed PCoA to assess
similarities in microbial structures among TA treatment, rearing
systems and development stages. PCoA analyses were based on
Bray-Curtis distance, Weighted UniFrac and Jaccard, respectively
(Figure 5). For Bray-Curtis distance analysis (Figure 5A), the
dissimilarity revealed clear separation between TA-treated and
control microbial communities (ANOSIM: R = 0.67, p = 0.001).
The first two PCoA axes explained 25.05% of the total variance
(PCoAl: 15.15%, PCoA2: 9.90%). Samples clustered primarily
by TA treatment, with separation along axis 1 except for adult
mosquito samples. Moreover, both Weighted UniFrac (ANOSIM:
R = 042, p = 0.001) and Jaccard (ANOSIM: R = 0.68, p =
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between TA-treated and control microbiome (Figures 5B, C),

agreeing with Bray-Curtis analysis. From the three different
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dissimilarity analyses, we also observed there were distinct gut

microbial communities across developmental stages (larvae vs.

adults) and in rearing systems (leaf vs. water) (Figure 5). Moreover,
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treatment. (B) Larvae with and without TA treatment. (C) Leaf samples with and without TA treatment. (D) Water samples with and without TA
treatment. (E) Combined samples (adults, larvae, leaves, water) with and without TA treatment. (F) Comparison across adults, larvae, leaves, and water,
regardless of TA treatment. Diversity metrics are based on total ASVs. Statistical differences were assessed using the Kruskal-Wallis test. * indicates p
< 0.05; ns, not significant (p > 0.05). Ad_Ctr, adult mosquitoes without TA; Ad_Tan, adult mosquitoes with TA; La_Ctr, larval mosquitoes without TA;
Lar_Tan, larval mosquitoes with TA; Leaf_Ctr, leaves without TA; Leaf_Tan, leaves with TA; Wa_Ctr, water without TA; Wa_Tan, water with TA.

PERMANOVA analysis indicated that TA treatment (p = 0.001),
rearing systems (p = 0.028), and developmental stages (p = 0.001)
were all significant drivers of beta diversity (Table 1).

3.4 Linear discriminant analysis effect size
(LEfSe) analysis

LEfSe analysis identified bacterial taxa differentially enriched
across mosquito life stages and microcosms, spanning from phylum
to genus level (Figures 6A, B). Only taxa with an LDA score greater
than 2.0 were included. Three candidate markers in TA-treated
water were found (Figure 6A): order Pseudomonadales, family
Pseudomonadaceae, and genus Pseudomonas. In contrast, family
Caulobacteraceae was enriched exclusively in control water. Two
markers such as genus Methylorubrum and class Planctomycetes
were enriched in control larvae, while genus Sphingomonas was a
marker for control leaf. Additionally, family Caulobacterales served
as a characteristic marker in control adults. No marker taxa were
detected in treated leaf or treated adult groups. The cladogram from
phylum to species was used to further understand the distribution
of these different taxa at different taxonomic levels (Figure 6B). The
differences in phylogenetic distribution showed that the microbial
communities in each sample group are compositionally distinct.
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3.5 Functional prediction analysis reveals
potential differences in microbial
community metabolic function

PICRUSt2 predicted six major functional pathways (Level
1) based on KEGG (Kanehisa, 2000; Kanehisa et al., 2016,
2025) (Figure 7A). These functional categories were enriched
in metabolism, environmental information processing, genetic
information processing, cellular processes, human diseases, and
organismal systems (Figure 7A). Among all groups, metabolism
was the predominant predicted function (72.91-76.5%), followed
by environmental information processing (6.07-9.55%) and
genetic information processing (4.80-6.50%). It is noted that
more “environmental information processing” functions were
predicted in the TA-treated samples. The most abundant
pathways at Level 2 included carbohydrate metabolism, global
and overview maps, amino acid metabolism, energy metabolism,
and metabolism of cofactors and vitamins (Figure 7B). However,
COG functional classification did not clearly resolve the predicted
functional differences  (Supplementary Figure 4).  Therefore,
FAPROTAX was employed to refine functional predictions,
focusing on processes such as plant cell wall degradation,
nitrogen and carbon cycling, and nutrient assimilation, based
on individual microbial profiles. This annotation identified 30
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Principal coordinate analysis (PCoA) of bacterial community structure. (A) Bray—Curtis distances. (B) Weighted UniFrac distances. (C) Jaccard
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functional categories within the insect guts and rearing systems
(Supplementary Figure 5). The top five enriched pathways were
chemoheterotrophy, aerobic chemoheterotrophy, fermentation,
and ureolysis (Supplementary Figure 5). We further analyzed the
different predicted function enriched in treatment for further
comparison (Figures 8, 9). Notably, cellulolysis and intracellular
parasite-related functions were more abundant in water controls
without TA compared to TA-treated water (Figure 8). The only
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significantly different pathway between TA-treated and untreated
leaf surface samples was cellulolytic activity (Figure 9C). It seemed
that “methanol oxidation” and “methylotrophy” were more
abundant in larval and adult mosquitoes without TA, which
likely benefits insect physiology (Figures 9A, B). Genes involved
in nitrogen metabolism were commonly detected in both larval
and adult mosquitoes (Figures 9A, B). Overall, TA-treated insects
showed a reduced proportion of nitrogen fixation and methanol
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TABLE 1 Pseudo F table of pairwise comparisons of TA types using PERMANOVA.

Pairwise Source of Sum of Mean square

comparison variance freedom squares

Water*leaf Microcosm 1 0.70 0.69 2.20 0.11 0.028
Residuals 18 5.66 0.31 0.89
Total 19 6.35

TA*control Treatment 1 0.64 3.05 8.05 0.01 0.001
Residuals 73 27.68 0.34 0.9
Total 74 30.73 1

Adults*lavae Development 1 3.22 3.32 9.08 0.15 0.001
Residuals 1 18.77 0.35 0.85
Total 54 21.99 1

A
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FIGURE 6
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LEfSe analysis showing significant differences of microbial species from phylum to genus. (A) LEfSe Bar diagram for different samples with LDA
scores higher than 2.0. A higher LDA score represents that this bacterial taxon has a greater contribution to the differences. (B) Cladogram indicates
the phylogenetic distribution of microbial communities in insect guts and rearing system and their TA-treated samples. Yellow nodes represent
microbial taxa with no significant difference between different life stages, while other color nodes represent microbial taxa that are significantly
enriched at those life stages. Ad_Ctr, adult mosquitoes without TA treatment; Ad_Tan, adult mosquitoes with TA treatment; La_Ctr, larval mosquitoes
without TA treatment; Lar_Tan, larval mosquitoes with TA treatment; Leaf_Ctr, leaf without TA treatment; Leaf_Tan, leaf with TA treatment; Wa_Ctr,

metabolism genes. However, several functions such as aerobic
chemoheterotrophy showed higher abundance in TA-treated water
and larval samples (Figures 9B, D).

4 Discussion

Previous research on tannin-insect interactions largely focused
on their impacts on the growth and physiology of herbivorous
pests, with relatively little attention paid to aquatic insects
(Barbehenn and Peter Constabel, 2011; Isayama et al., 2021; Tan
et al, 2022; Zhang et al, 2023a). In this study, we investigated
the effects of TA on mosquito larval development, gut microbiota
composition, and environmental microbial communities within
experimental rearing microcosms. Our research centered on the
feeding ecology of Ae. triseriatus larvae in container habitats, where
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early-life interactions with microbial communities can influence
adult fitness and vector competence (Merritt et al., 1992; Kaufman
et al., 1999; Xu et al., 2008; Chen et al., 2014). Larval Ae. triseriatus
feed by filtering and browsing suspended particulate matter,
detritus of plant leaves, and microbial biofilms found on submerged
surfaces such as plant material and container walls (Merritt et al.,
1992). In natural tree holes, microbial community composition
was shaped by both leaf litter decomposition and larval mosquito
activity (Paradise et al., 2008). However, little is known about how
mosquito larvae tolerate or metabolize plant-derived polyphenol
compounds such as tannins, which commonly accumulate in
these environments (Rey et al, 1999). The western tree hole
mosquito was negatively affected by exposure to tannins, but any
ameliorating effects of microorganisms on the effects were not
investigated (Mercer, 1993; Mercer and Anderson, 1994). Overall,
our findings demonstrated TA influenced both mosquito survival
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Prediction of KEGG functions of bacteria at different developmental stages, with TA-treatment and in the microcosms. (A) Level 1 of predicted
function categories is shown in each group. (B) Level 2 of predicted function categories is shown in each group. Ad_Ctr, adult mosquitoes without
TA treatment; Ad_Tan, adult mosquitoes with TA treatment; La_Ctr, larval mosquitoes without TA treatment; Lar_Tan, larval mosquitoes with TA
treatment; Leaf_Ctr, leaf without TA treatment; Leaf_Tan, leaf with TA treatment; Wa_Ctr, water without TA treatment; Wa_Tan, water with TA
treatment.
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and the structure of their associated microbial communities. These
insights expand our understanding of how ecological and chemical
factors shape mosquito-microbiome interactions and suggest that
naturally occurring compounds such as tannins could be leveraged
to manipulate mosquito-associated microbiota as part of integrated
biocontrol strategies against mosquito populations and vector-
borne diseases (Isayama et al., 2021; Tan et al., 2022).

Our that
significantly reduced larval survival rate. Although TA likely exerts

results showed elevated TA concentrations
its effects primarily by directly damaging the midgut epithelium of
Aedes mosquitoes as reported previously (Mercer, 1993; Rey et al.,
1999), we cannot rule out additional pathways through which
TA may influence larval physiology (Tan et al., 2022; Hosseini
et al., 2025). For example, TA was shown to increase reactive
oxygen species while decreasing antioxidant and detoxification
enzyme activities in hosts (Tan et al.,, 2022). In addition, dietary
tannins were reported to change growth, behavior, and the gut
microbiome of larval amphibians (Maurer et al., 2024). Because
larval Aedes mosquitoes depend on microbial and detrital food
resources that are frequently coated with plant-derived tannins,
they are continuously exposed to these chemical stressors (Merritt
et al, 1992; Norman and Walker, 2018, 2019). Such exposure
may lower the nutritional quality of available food, disrupt gut
microbial communities, and impose sublethal physiological costs
that collectively slow larval growth and development. Another
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possible pathway for TA-induced toxicity involves changes in
water chemistry, especially reductions in dissolved oxygen (DO)
levels, which may result from increased microbial respiration
during the breakdown of tannin-rich organic matter (Oliva et al,,
2024). Soaking American beech leaves for 3 days released tannins
up to 120 mg/L, substantially lowering DO (Oliva et al., 2024).
Reduced DO imposed metabolic stress, increased respiration costs,
and impaired larval growth and survival (Pino-Otin et al., 2023).
Whether these mechanisms apply to mosquito larvae and other
aquatic insects remains to be determined.

Taken together, the findings from this study and previous work
suggest that tannins may influence mosquito survival through
multiple interacting pathways, including direct physiological stress,
reduced food quality, disruption of the gut microbiome, and
alterations in water chemistry. These results highlight the potential
of tannins as natural compounds for modulating mosquito
populations and contributing to integrated vector management
strategies. A limitation of this study is that it primarily focused
on microbiome changes, without fully examining the physiological,
chemical, and molecular mechanisms underlying the interactions
between mosquitoes and their microbiota under high tannic
acid stress. In particular, the proposed water-quality effects—
such as reduced dissolved oxygen driven by increased microbial
respiration during tannin degradation—remain speculative, as
these parameters were not directly measured. Likewise, although
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Paired comparation of Functional differences. The relative proportions of FAPROTAX-predicted functions were compared. (A) Adults with and

without TA treatment. (B) Larvae with and without TA treatment. (C) Leaf surfaces with and without TA treatment. (D) Water samples with and without

TA treatment. Ad_Ctr, adult mosquitoes without TA treatment; Ad_Tan, adult mosquitoes with TA treatment; La_Ctr, larval mosquitoes without TA

treatment; Lar_Tan, larval mosquitoes with TA treatment; Leaf_Ctr, leaf without TA treatment; Leaf_Tan, leaf with TA treatment; Wa_Ctr, water

without TA treatment; Wa_Tan, water with TA treatment.
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previous studies indicate that tannins may elevate ROS levels
and suppress antioxidant or detoxification enzyme activity, these
pathways were not assessed here and therefore cannot be used
to infer causality in the observed larval mortality patterns.
Incorporating water-chemistry measurements, respiration assays,
and physiological biomarkers of oxidative stress in future work
would help clarify these potential mechanisms and strengthen the
overall interpretation of tannin-mediated effects.

Exogenous toxicants are known to perturb insect gut
microbiota, disrupting physiological homeostasis and impairing
host growth and development (Wang et al,, 2024). Consistent
with this, TA exposure significantly altered the richness, diversity,
and taxonomic composition of gut microbiota in both larval
rearing systems and the insects themselves, with TA-treated
groups exhibiting reduced Chaol richness and lower Shannon
diversity indices compared to controls. PCoA analysis revealed
clear differences in microbial community structures, highlighting
a strong TA-driven influence on community composition. These
shifts suggested that TA exposure selectively favored microbes
capable of detoxification or otherwise supporting host health
under chemical stress. Despite its antimicrobial properties, many
bacteria exhibit tannin resistance (Goel et al., 2011; Reyes et al.,
2017; Farha et al., 2020; Rogowska-van der Molen et al., 2023).
Microbes have evolved diverse mechanisms for TA degradation
in natural environments (Unban et al., 2020; Rogowska-van
der Molen et al., 2023). Notably, the relative abundance of
Pseudomonas spp. consistently increased across insect midguts,
rearing water, and leaf surfaces under sublethal TA exposure
compared to controls. In agreement with this observation, Tan
et al. reported a higher relative abundance of Pseudomonas in
TA-treated larvae compared to untreated controls (37.43% vs.
33.59%) (Tan et al., 2022). In Pseudomonas protegens Pf-5, TA
exposure modulated iron homeostasis, upregulating genes for heme
uptake and siderophore biosynthesis and transport, which may
reduce reactive oxygen species generation and enhance bacterial
survival (Lim et al., 2013). Additionally, certain Pseudomonas
species can metabolize TA and its hydrolysis product gallic
acid as sole carbon sources (Chowdhury et al, 2004). TAs
antimicrobial and protein-binding properties may inhibit tannin-
sensitive bacteria, reducing competition and selectively enriching
for tannin-tolerant taxa like Pseudomonas (Farha et al.,, 2020).
TA may alter the microenvironment within mosquito larval guts
or associated habitats (e.g., pH, nutrient availability), indirectly
favoring Pseudomonas proliferation (Maurer et al., 2024). As
predominant mosquito commensals, Pseudomonas spp. played
key roles in shaping larval gut communities and protecting
hosts from toxic metals and insecticides (Silva et al., 2024),
with disruptions to these populations linked to increased larval
mortality and impaired development (Tikhe and Dimopoulos,
2022). Collectively, these findings suggest that TA exposure
drives a selective restructuring of mosquito gut microbiota,
promoting tannin-tolerant taxa like Pseudomonas, which may
provide detoxification functions and confer mutualistic benefits
to the host. However, without quantifying the total bacterial
load (e.g., via CFU counts or qPCR) across TA treatments and
controls, it remains unclear whether Pseudomonas contributes to
TA detoxification. Further studies would be required to determine
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the relationship between absolute abundance and intensity of
detoxification of tannins.

Microbes within Burkholderia-Caballeronia-Paraburkholderia,
unclassified Erwinaceae, and unclassified Enterobacteriaceae
were also promoted by TA addition (Figure 2). Members of the
Erwinaceae family, such as Pantoea and Erwinia, were commonly
plant-associated bacteria (Walterson and Stavrinides, 2015;
Wasendorf et al., 2022). Many plant-associated bacteria possessed
tannin-tolerant or tannin-degrading enzymes including tannase
(tannin acyl hydrolase) and polyphenol oxidases to survive in
these phenolic-rich environments (Rogowska-van der Molen et al.,
2023; Govindarajan et al., 2024). For instance, P. agglomerans was
reported to tolerate polyphenols and degrade certain gallotannins
(Xu et al., 2023). Burkholderia exhibited a dramatic increase in
relative abundance in water samples treated with TA compared to
controls. It was also found in Aedes mosquito habitats (Kaufman
et al., 1999; Xu et al, 2008). This marked enrichment suggested
a strong tolerance or adaptive response of Burkholderia to TA
exposure, potentially mediated by specific genetic determinants
that confer resistance or degradation capabilities. Serratia
spp., another common commensal bacterium associated with
mosquitoes (Chen et al., 2017), demonstrated a modest increase in
relative abundance in TA-treated larval mosquitoes and persisted
in adult mosquitoes. However, the physiological functions and
ecological roles of Serratia in mosquito biology remain poorly
characterized, warranting further investigation. The elevated
abundance of Pseudomonas, Serratia, and Burkholderia collectively
implies that these taxa may harbor intrinsic or acquired genes
enabling resistance to the antimicrobial and protein-binding effects
of TA, thereby facilitating their persistence and proliferation in
TA-enriched environments (Zeida et al., 1998; Pepi et al., 2010).

In contrast, TA exposure resulted in a notable decrease in
the relative abundance of Flavobacterium across both microcosms
and mosquitoes (Kaufman et al., 1999; Xu et al, 2008). The
reduction of Flavobacterium is particularly significant, as this genus
represents an important commensal gut bacterium in mosquitoes,
commonly acquired and enriched from larval habitats (Chen
etal., 2014). Prior studies demonstrated that Flavobacterium played
critical roles in mosquito nutrition and fitness (Chen et al., 2014);
its removal delayed larval growth, reduced adult longevity, and
impaired overall mosquito fitness (Giraud et al., 2022). While
we observed a decrease in Flavobacterium abundance following
TA exposure, we did not directly measure changes in nutritional
quality or host physiology. Therefore, any potential effects of
TA on mosquito nutrition or development remain hypothetical.
Nonetheless, the antimicrobial activity of TA against this genus
suggests that tannin presence in breeding sites could indirectly
influence microbial community composition, which may, in turn,
have consequences for host health and development. Investigating
these dynamics further is important for understanding the complex
interactions between environmental chemicals, microbiota, and
mosquito physiology.

LEfSe
genus Pseudomonas as markers enriched in TA-treated water,

analysis identified Pseudomonadaceae and the

highlighting their role in TA degradation or tolerance. In contrast,

Caulobacteraceae were enriched only in non-treated water. It
features a distinctive life cycle with motile swarmer and sessile
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stalked cells, enabling effective colonization of aquatic surfaces
(Abraham et al., 2014). Widely distributed in various habitats,
Caulobacteraceae contribute to nutrient cycling and organic
matter decomposition (Abraham et al, 2014; Dasgupta et al,
2024), particularly in nutrient-poor environments such as water in
native tree hole or disposed tires. In control larvae, two additional
markers appeared: genus Methylorubrum and class Planctomycetes.
Bacteria Methylorubrum are facultative methylotrophs that utilize
single-carbon compounds like methanol, supporting carbon
cycling and potentially host nutrition (Zhang et al, 2023b).
Planctomycetes are involved in nitrogen and carbon cycling
and may help maintain gut microbial balance (Storesund et al.,
2020). Sphingomonas species (Showering et al., 2022), common in
various insect microbiomes including mosquitoes, were markers
in TA-treated larvae. Known for degrading aromatic compounds,
Sphingomonas likely aid in detoxifying tannin-rich environments
(Zhao et al.,, 2017). They were also found in herbivorous insects,
assisting in plant material digestion (Pecourt et al., 2025). Lastly,
Caulobacteraceae was a marker in leaf-reared control adults. LEfSe
analysis did not discover significant marker taxa in two groups
such as TA-treated leaf or treated adult groups. This usually means
that those groups do not have bacterial taxa with strong enough
differential abundance (LDA score > 2.0) compared to others, or
the microbial communities are more similar in these groups.

using PICRUSt2 that
carbohydrate and amino acid metabolism dominated microbial
activity in mosquito guts and their habitats, while FAPROTAX
identified key functions including chemoheterotrophy and

Functional predictions revealed

fermentation, essential for nutrient cycling and organic matter
breakdown. Targeted experiments could be conducted to validate
the functional predictions generated by PICRUSt. For example,
targeted metabolomics could be used to confirm predicted
metabolic activities, and key Pseudomonas strains could be isolated
to experimentally assess their functional roles in the mosquito
gut. These approaches would provide direct evidence linking
microbial community composition to metabolic function and host
interactions. Moreover, cellulolytic activity was higher in untreated
water and leaf samples, suggesting that TA inhibits microbes
responsible for plant polymer and polyphenol degradation
(Makarewicz et al, 2021). This shift likely alters microbial
community composition and reduces the capacity to process TA.
Methanol oxidation and methylotrophy pathways were more
abundant in untreated larvae and adults but reduced under TA
treatment, potentially impacting host nutrition and metabolite
production beneficial for mosquito development. Conversely,
aerobic chemoheterotrophy increased in TA-treated water and
larvae, indicating enrichment of microbes capable of tolerating or
metabolizing TA. Nitrogen metabolism genes were present across
samples, but nitrogen fixation decreased in TA-treated insects,
potentially limiting nitrogen availability critical for larval growth.
Overall, TA reshaped mosquito-associated microbial functions
by suppressing specific degradation pathways while promoting
others, thereby influencing microbial detoxification capacity and
nutrient support, which likely affected mosquito development
and survival in tannin-rich environments. Our results highlight
that detoxification processes in Aedes mosquitoes and their
microbiota are still poorly understood, which constrains the
mechanistic interpretation of TA-induced effects. Future studies
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incorporating microbial functional assays, host detoxification
enzyme profiling, and oxidative stress measurements will be
critical to delineating how TA shapes mosquito physiology
and survival.

Data availability statement
The data presented in this study are publicly available.

The data can be found here: https://www.ncbi.nlm.nih.gov/,
Accession PRJNA1320966.

Ethics statement

The manuscript presents research on animals that do not
require ethical approval for their study.

Author contributions

SC: Conceptualization, Data curation, Formal analysis,
Methodology,
administration, Resources, Supervision, Validation, Visualization,

Funding acquisition, Investigation, Project
Writing - original draft, Writing - review & editing. LC: Formal
analysis, Validation, Writing - review & editing. BZ: Formal
analysis, Investigation, Validation, Writing — review & editing. JZ:
Formal analysis, Writing — review & editing. EW: Formal analysis,

Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This project was funded by the
Seed Grant of College of Health and Human Sciences, Research
and Artistry at Northern Illinois University, Illinois Innovation
Network Sustaining Illinois Seed Grant (awarded to SC), and NIH
Grant R37A121884 (awarded to EW).

Acknowledgments
The authors expressed their gratitude to Brooke Nelson

and Samantha Hoyle for processing mosquito tissues and
DNA extraction.

Conflict of interest
The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1755894
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abraham, W.-R,, Rohde, M.,
Caulobacteraceae,” in The Prokaryotes
Heidelberg), 179-205.

Barbehenn, R. V., and Peter Constabel, C. (2011). Tannins in plant-herbivore
interactions. Phytochemistry 72, 1551-1565. doi: 10.1016/j.phytochem.2011.01.040

and Bennasar, A. (2014). “The Family
(Berlin, Heidelberg: Springer Berlin

Bolyen, E., Rideout, J. R,, Dillon, M. R, Bokulich, N. A., Abnet, C. C., Al-Ghalith,
G. A, etal. (2019). Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/s41587-019-0209-9

Chen, S., Blom, J., and Walker, E. D. (2017). Genomic, physiologic, and symbiotic
characterization of Serratia marcescens strains isolated from the mosquito Anopheles
stephensi. Front. Microbiol. 8:1483. doi: 10.3389/fmicb.2017.01483

Chen, S., Kaufman, M. G., Korir, M. L., and Walker, E. D. (2014). Ingestibility,
digestibility, and engineered biological control potential of Flavobacterium hibernum,
isolated from larval mosquito habitats. Appl. Environ. Microbiol. 80, 1150-1158.
doi: 10.1128/AEM.03319-13

Choi, J., Yadav, S., Wang, J., Lorentz, B. J., Lourenco, J. M., Callaway, T. R,
et al. (2022). Effects of supplemental tannic acid on growth performance, gut health,
microbiota, and fat accumulation and optimal dosages of tannic acid in broilers. Front.
Physiol. 13:912797. doi: 10.3389/fphys.2022.912797

Chowdhury, S. P., Khanna, S., Verma, S. C., and Tripathi, A. K. (2004). Molecular
diversity of tannic acid degrading bacteria isolated from tannery soil. J. Appl. Microbiol.
97, 1210-1219. doi: 10.1111/j.1365-2672.2004.02426 x

Coon, K. L, Vogel, K. J, Brown, M. R, and Strand, M. R. (2014).
Mosquitoes rely on their gut microbiota for development. Mol. Ecol. 23, 2727-2739.
doi: 10.1111/mec.12771

Dasgupta, D., Richardson, A. E., Camuy-Vélez, L. A., Kirkby, C., Kirkegaard,
J. A., and Banerjee, S. (2024). Microbial dynamics during in-situ organic matter
decomposition reveals the importance of keystone taxa in the core microbiome. Appl.
Soil Ecol. 199:105396. doi: 10.1016/j.aps0il.2024.105396

Douglas, G. M., Maffei, V. J., Zaneveld, J. R, Yurgel, S. N., Brown, J. R,, Taylor, C.
M, et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol.
38, 685-688. doi: 10.1038/s41587-020-0548-6

Farha, A. K, Yang, Q-Q., Kim, G., Li, H.-B, Zhu, F,, Liu, H.-Y,, et al
(2020). Tannins as an alternative to antibiotics. Food Biosci. 38:100751.
doi: 10.1016/j.fbi0.2020.100751

Fish, D., and Carpenter, S. R. (1982). Leaf litter and larval mosquito dynamics in
tree-hole ecosystems. Ecology 63, 283-288. doi: 10.2307/1938943

Giraud, E., Varet, H., Legendre, R., Sismeiro, O., Aubry, F., Dabo, S., et al.
(2022). Mosquito-bacteria interactions during larval development trigger metabolic
changes with carry-over effects on adult fitness. Mol Ecol. 31, 1444-1460.
doi: 10.1111/mec.16327

Goel, G., Kumar, A., Beniwal, V., Raghav, M., Puniya, A. K, and Singh,
K. (2011). Degradation of tannic acid and purification and characterization of
tannase from Enterococcus faecalis. Int. Biodeterior. Biodegrad. 65, 1061-1065.
doi: 10.1016/j.ibiod.2011.08.006

Govindarajan, R. K., Alrefaei, A. F., Almutairi, M. H., Khanongnuch, C., and
Lackner, M. (2024). The bio-transformation of green tea infusion with tannase
enzymes produced by Bacillus subtilis KMS2-2. J. Food Sci. Technol. 62, 1863-1873.
doi: 10.1007/s13197-024-06194-8

Govindarajan, R. K., Prathiviraj, R., Zaki, R. M., Kamal, M. A., Rabbee, M.
F., Waheeb, M. Q. et al. (2025). Microbial tannases: biosynthesis, purification,
characterization and potential industrial applications. Int. J. Biol. Macromol.
311:143376. doi: 10.1016/j.ijbiomac.2025.143376

Frontiers in Microbiology

10.3389/fmicb.2026.1755894

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2026.
1755894/full#supplementary-material

Grimstad, P. R, and Walker, E. D. (1991). Aedes triseriatus (Diptera:
Culicidae) and La Crosse virus. IV. Nutritional deprivation of larvae affects
the adult barriers to infection and transmission. J. Med. Entomol. 28, 378-386.
doi: 10.1093/jmedent/28.3.378

Hosseini, M., Moghaddam, L., Barner, L., Cometta, S., Hutmacher, D. W., and
Medeiros Savi, F. (2025). The multifaceted role of tannic acid: from its extraction and
structure to antibacterial properties and applications. Prog. Polym. Sci. 160:101908.
doi: 10.1016/j.progpolymsci.2024.101908

Isayama, S., Suzuki, T., Nakai, M., and Kunimi, Y. (2021). Influence of tannic
acid on the insecticidal activity of a Bacillus thuringiensis serovar aizawai formulation
against Spodoptera litura fabricius (Lepidoptera: Noctuidae). Biol. Control 157:104558.
doi: 10.1016/j.biocontrol.2021.104558

Jiménez, N., Barcenilla, J. M., de Felipe, F. L., de las Rivas, B., and Mufioz,
R. (2014). Characterization of a bacterial tannase from Streptococcus gallolyticus
UCN34 suitable for tannin biodegradation. Appl. Microbiol. Biotechnol. 98, 6329-6337.
doi: 10.1007/500253-014-5603-0

Jiménez, N., Curiel, J. A., Rever6n, I, de las Rivas, B., and Muifoz, R.
(2013). Uncovering the Lactobacillus plantarum WCFS1 gallate decarboxylase
involved in tannin degradation. Appl. Environ. Microbiol. 79, 4253-4263.
doi: 10.1128/AEM.00840-13

Kanehisa, M. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 28, 27-30. doi: 10.1093/nar/28.1.27

Kanehisa, M., Furumichi, M., Sato, Y., Matsuura, Y., and Ishiguro-Watanabe, M.
(2025). KEGG: biological systems database as a model of the real world. Nucleic Acids
Res. 53, D672-D677. doi: 10.1093/nar/gkae909

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016).
KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. 44,
D457-D462. doi: 10.1093/nar/gkv1070

Kaufman, M. G., Walker, E. D., Smith, T. W., Merritt, R. W., and Klug, M. J.
(1999). Effects of larval mosquitoes (Aedes triseriatus) and stemflow on microbial
community dynamics in container habitats. Appl. Environ. Microbiol. 65, 2661-2673.
doi: 10.1128/AEM.65.6.2661-2673.1999

Kuiters, A. T., and Sarink, H. M. (1986). Leaching of phenolic compounds from
leaf and needle litter of several deciduous and coniferous trees. Soil Biol. Biochem. 18,
475-480. doi: 10.1016/0038-0717(86)90003-9

Leitdao, M. M., Gongalves, A. S. C., Moreira, J., Fernandes, C., Borges, F., Simdes,
M., et al. (2025). Unravelling the potential of natural chelating agents in the control
of Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Eur. J. Med. Chem.
283:117163. doi: 10.1016/j.ejmech.2024.117163

Lekshmi, R., Arif Nisha, S., Thirumalai Vasan, P., and Kaleeswaran, B.
(2021). A comprehensive review on tannase: microbes associated production of
tannase exploiting tannin rich agro-industrial wastes with special reference to
its potential environmental and industrial applications. Environ. Res. 201:111625.
doi: 10.1016/j.envres.2021.111625

Lim, C. K., Penesyan, A., Hassan, K. A., Loper, J. E., and Paulsen, I. T. (2013). Effect
of tannic acid on the transcriptome of the soil bacterium Pseudomonas protegens Pf-5.
Appl. Environ. Microbiol. 79, 3141-3145. doi: 10.1128/AEM.03101-12

Long, J., Yang, C,, Liu, J., Ma, C,, Jiao, M., Hu, H., et al. (2024). Tannic acid inhibits
Escherichia coli biofilm formation and underlying molecular mechanisms: biofilm
regulator CsgD. Biomed. Pharmacother. 175:116716. doi: 10.1016/j.biopha.2024.116716

Lorca, G., Ballestero, D., Langa, E., and Pino-Otin, M. R. (2024). Enhancing
antibiotic efficacy with natural compounds: synergistic activity of tannic acid and

nerol with commercial antibiotics against pathogenic bacteria. Plants 13:2717.
doi: 10.3390/plants13192717

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1755894
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1755894/full#supplementary-material
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3389/fmicb.2017.01483
https://doi.org/10.1128/AEM.03319-13
https://doi.org/10.3389/fphys.2022.912797
https://doi.org/10.1111/j.1365-2672.2004.02426.x
https://doi.org/10.1111/mec.12771
https://doi.org/10.1016/j.apsoil.2024.105396
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1016/j.fbio.2020.100751
https://doi.org/10.2307/1938943
https://doi.org/10.1111/mec.16327
https://doi.org/10.1016/j.ibiod.2011.08.006
https://doi.org/10.1007/s13197-024-06194-8
https://doi.org/10.1016/j.ijbiomac.2025.143376
https://doi.org/10.1093/jmedent/28.3.378
https://doi.org/10.1016/j.progpolymsci.2024.101908
https://doi.org/10.1016/j.biocontrol.2021.104558
https://doi.org/10.1007/s00253-014-5603-0
https://doi.org/10.1128/AEM.00840-13
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkae909
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1128/AEM.65.6.2661-2673.1999
https://doi.org/10.1016/0038-0717(86)90003-9
https://doi.org/10.1016/j.ejmech.2024.117163
https://doi.org/10.1016/j.envres.2021.111625
https://doi.org/10.1128/AEM.03101-12
https://doi.org/10.1016/j.biopha.2024.116716
https://doi.org/10.3390/plants13192717
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

Louca, S., Parfrey, L. W., and Doebeli, M.
and taxonomy in the global ocean microbiome. Science 353,
doi: 10.1126/science.aaf4507

Makarewicz, M., Drozd,z, 1., Tarko, T., and Duda-Chodak, A. (2021). The
interactions between polyphenols and microorganisms, especially gut microbiota.
Antioxidants 10:188. doi: 10.3390/antiox10020188

(2016). Decoupling function
1272-1277.

Maurer, M. L., Goyco-Blas, J. F., and Kohl, K. D. (2024). Dietary tannins alter
growth, behavior, and the gut microbiome of larval amphibians. Integr. Zool. 19,
585-595. doi: 10.1111/1749-4877.12758

Mercer, D. R. (1993). Effect of tannic acid concentration on development of the
western treehole mosquito, Aedes sierrensis (Diptera: Culicidae). J. Chem. Ecol. 19,
1119-1127. doi: 10.1007/BF00987373

Mercer, D. R, and Anderson, J. R. (1994). Tannins in treehole habitats and
their effects on Aedes sierrensis (Diptera: Culicidae) production and parasitism by
Lambornella clarki (Ciliophora: Tetrahymenidae). J. Med. Entomol. 31, 159-167.
doi: 10.1093/jmedent/31.1.159

Merritt, R. W., Dadd, R. H., and Walker, E. D. (1992). Feeding behavior, natural
food, and nutritional relationships of larval mosquitoes. Annu. Rev. Entomol. 37,
349-374. doi: 10.1146/annurev.en.37.010192.002025

Moreira, L. E. A., de Farias Cabral, V. P., Rodrigues, D. S., Barbosa, A. D,
Silveira, M. J. C. B., Coutinho, T., et al. (2024). Antifungal activity of tannic acid
against Candida spp. and its mechanism of action. Braz. J. Microbiol. 55, 3679-3690.
doi: 10.1007/s42770-024-01477-w

Norman, B. C., and Walker, E. D. (2018). Conditioning of leaf detritus modulates
density-dependent growth of Aedes triseriatus larvae (Diptera: Culicidae). J. Med.
Entomol. 55, 342-350. doi: 10.1093/jme/tjx209

Norman, B. C., and Walker, E. D. (2019). Succession of bacteria and fungi in leaf
litter of tree hole habitats: responses of diversity to mosquito larvae. Aquat. Microb.
Ecol. 83, 237-250. doi: 10.3354/ame01916

Oliva, A., Doolittle, C. M., Medlock, S. A., Aubert, J. F., and Earl, J. E. (2024).
Effects of tree leaves, tannins, and water color on chlorophyll concentrations in ponds.
Hydrobiology 3, 263-278. doi: 10.3390/hydrobiology3030017

Paradise, C. J., Blue, J. D., Burkhart, J. Q., Goldberg, J., Harshaw, L., Hawkins,
K. D,, et al. (2008). Local and regional factors influence the structure of treehole
metacommunities. BMC Ecol. 8:22. doi: 10.1186/1472-6785-8-22

Payne, D. E., Martin, N. R,, Parzych, K. R,, Rickard, A. H., Underwood, A., and
Boles, B. R. (2013). Tannic acid inhibits Staphylococcus aureus surface colonization in
an IsaA-dependent manner. Infect. Immun. 81, 496-504. doi: 10.1128/IA1.00877-12

Pecourt, A., Catterou, M., Mazoyon, C., Demailly, H., Sarazin, V., Dubois, F., et al.
(2025). Two Sphingomonas species modify the productivity and the susceptibility
of Pisum sativum to pea aphid, Acyrthosiphon pisum. Plant Stress 15:100703.
doi: 10.1016/j.stress.2024.100703

Pepi, M., Lampariello, L. R., Altieri, R., Esposito, A., Perra, G., Renzi, M.,
et al. (2010). Tannic acid degradation by bacterial strains Serratia spp. and Pantoea
sp. isolated from olive mill waste mixtures. Int. Biodeterior. Biodegrad. 64, 73-80.
doi: 10.1016/j.ibiod.2009.10.009

Pino-Otin, M. R,, Lorca, G., Val, J,, Ferrando, N., Ballestero, D., and Langa,
E. (2023). Ecotoxicological study of tannic acid on soil and water non-target
indicators and its impact on fluvial and edaphic communities. Plants 12:4041.
doi: 10.3390/plants12234041

Rey, D., David, J.-P., Martins, D., Pautou, M.-P., Long, A., Marigo, G., et al.
(2000). Role of vegetable tannins in habitat selection among mosquito communities
from the Alpine hydrosystems. C. R. Acad. Sci. III Sci. Vie 323, 391-398.
doi: 10.1016/S0764-4469(00)00136-0

Rey, D., Pautou, M.-P., and Meyran, J. C. (1999). Histopathological effects of tannic
acid on the midgut epithelium of some aquatic Diptera larvae. J. Invertebr. Pathol. 73,
173-181. doi: 10.1006/jipa.1998.4810

Reyes, A. W. B, Hong, T. G., Hop, H. T., Arayan, L. T., Huy, T. X. N., Min,
W., et al. (2017). The in vitro and in vivo protective effects of tannin derivatives
against Salmonella enterica serovar Typhimurium infection. Microb. Pathog. 109,
86-93. doi: 10.1016/j.micpath.2017.05.034

Rogowska-van der Molen, M. A., Berasategui-Lopez, A., Coolen, S., Jansen, R. S.,
and Welte, C. U. (2023). Microbial degradation of plant toxins. Environ. Microbiol. 25,
2988-3010. doi: 10.1111/1462-2920.16507

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60.
doi: 10.1186/gb-2011-12-6-r60

Frontiers in Microbiology

15

10.3389/fmicb.2026.1755894

Showering, A., Martinez, J., Benavente, E. D., Gezan, S. A, Jones, R. T., Oke, C.,
et al. (2022). Skin microbiome alters attractiveness to Anopheles mosquitoes. BMC
Microbiol. 22:98. doi: 10.1186/512866-022-02502-4

Silva, L. M., Acerbi, G., Amann, M., and Koella, J. C. (2024). Exposure to
Pseudomonas spp. increases Anopheles gambiae insecticide resistance in a host-
dependent manner. Sci. Rep. 14:29789. doi: 10.1038/541598-024-78288-4

Storesund, J. E., Lanzén, A., Nordmann, E.-L, Armo, H. R, Lage, O. M,
and Ovreds, L. (2020). Planctomycetes as a vital constituent of the microbial
communities inhabiting different layers of the meromictic lake Seelenvannet (Norway).
Microorganisms 8:1150. doi: 10.3390/microorganisms8081150

Tan, M., Wu, H, Yan, S, and Jiang, D. (2022). Evaluating the toxic
effects of tannic acid treatment on Hyphantria cunea larvae. Insects 13:872.
doi: 10.3390/insects13100872

Tikhe, C. V., and Dimopoulos, G. (2022). Phage therapy for mosquito larval control:
a proof-of-principle study. mBio 13:€0301722. doi: 10.1128/mbi0.03017-22

Unban, K., Kodchasee, P., Shetty, K., and Khanongnuch, C. (2020). Tannin-
tolerant and extracellular tannase producing Bacillus isolated from traditional
fermented tea leaves and their probiotic functional properties. Foods 9:490.
doi: 10.3390/foods9040490

Walker, E. D., Lawson, D. L., Merritt, R. W., Morgan, W. T., and Klug, M. J.
(1991). Nutrient dynamics, bacterial populations, and mosquito productivity in tree
hole ecosystems and microcosms. Ecology 72, 1529-1546. doi: 10.2307/1940953

Walker, E. D., Merritt, R. W., Kaufman, M. G., Ayres, M. P., and Riedel, M.
H. (1997). Effects of variation in quality of leaf detritus on growth of the eastern
tree-hole mosquito, Aedes triseriatus (Diptera: Culicidae). Can. J. Zool. 75, 706-718.
doi: 10.1139/297-091

Walterson, A. M., and Stavrinides, J. (2015). Pantoea: insights into a highly versatile
and diverse genus within the Enterobacteriaceae. FEMS Microbiol. Rev. 39, 968-984.
doi: 10.1093/femsre/fuv027

Wang, Y., Wang, L, Li, D, Chen, Z., Luo, Y., Zhou, J., et al. (2024). Advancements
in the impact of insect gut microbiota on host feeding behaviors. Genes 15:1320.
doi: 10.3390/genes15101320

Wasendorf, C., Schmitz-Esser, S., Eischeid, C. J., Leyhe, M. J., Nelson, E. N,,
Rahic-Seggerman, F. M., et al. (2022). Genome analysis of Erwinia persicina reveals
implications for soft rot pathogenicity in plants. Front. Microbiol. 13:1001139.
doi: 10.3389/fmicb.2022.1001139

Xu, H,, Fu, ], Luo, Y., Li, P, Song, B., Lv, Z,, et al. (2023). Effects of tannic acid on
the immunity and intestinal health of broiler chickens with necrotic enteritis infection.
J. Anim. Sci. Biotechnol. 14:72. doi: 10.1186/s40104-023-00867-8

Xu, M., Wang, X,, Gong, T., Yang, Z. Zhang, D., Ma, Q. et al. (2025).
Glucosyltransferase —activity-based screening identifies tannic acid as an
inhibitor of Streptococcus mutans biofilm. Front. Microbiol. 16:1555497.
doi: 10.3389/fmicb.2025.1555497

Xu, Y., Chen, S., Kaufman, M. G., Maknojia, S., Bagdasarian, M., and Walker,
E. D. (2008). Bacterial community structure in tree hole habitats of Ochlerotatus
triseriatus: influences of larval feeding. J. Am. Mosq. Control Assoc. 24, 219-227.
doi: 10.2987/5666.1

Zeida, M., Wieser, M., Yoshida, T., Sugio, T., and Nagasawa, T. (1998). Purification
and characterization of gallic acid decarboxylase from Pantoea agglomerans T71. Appl.
Environ. Microbiol. 64, 4743-4747. doi: 10.1128/ AEM.64.12.4743-4747.1998

Zhang, A, Li, T., Yuan, L., Tan, M,, Jiang, D., and Yan, S. (2023a). Digestive
characteristics of Hyphantria cunea larvae on different host plants. Insects 14:463.
doi: 10.3390/insects14050463

Zhang, X., Xia, L., Liu, J., Wang, Z., Yang, Y., Wu, Y., et al. (2023b). Comparative
genomic analysis of a Methylorubrum rhodesianum MB200 isolated from biogas
digesters provided new insights into the carbon metabolism of methylotrophic bacteria.
Int. J. Mol. Sci. 24:7521. doi: 10.3390/ijms24087521

Zhao, Q., Yue, S., Bilal, M., Hu, H., Wang, W, and Zhang, X. (2017). Comparative
genomic analysis of 26 Sphingomonas and Sphingobium strains: dissemination of
bioremediation capabilities, biodegradation potential and horizontal gene transfer. Sci.
Total Environ. 609, 1238-1247. doi: 10.1016/j.scitotenv.2017.07.249

Zheng, X., Yang, W,, Jia, Y., Xu, H,, Jia, D., Chen, X,, et al. (2025). Engineered
antibiofilm coatings via tannic acid-mediated Ga3+/Cu2+ coordination: dual-targeted
biofilm prevention through membrane disruption and iron metabolism interference. J.
Mater. Sci. Technol. 252, 273-282. doi: 10.1016/j.jmst.2025.07.021

Zimmer, M. (1999). The fate and effects of ingested hydrolyzable tannins in Porcellio
scaber. J. Chem. Ecol. 25, 611-628. doi: 10.1023/A:1020962105931

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1755894
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.3390/antiox10020188
https://doi.org/10.1111/1749-4877.12758
https://doi.org/10.1007/BF00987373
https://doi.org/10.1093/jmedent/31.1.159
https://doi.org/10.1146/annurev.en.37.010192.002025
https://doi.org/10.1007/s42770-024-01477-w
https://doi.org/10.1093/jme/tjx209
https://doi.org/10.3354/ame01916
https://doi.org/10.3390/hydrobiology3030017
https://doi.org/10.1186/1472-6785-8-22
https://doi.org/10.1128/IAI.00877-12
https://doi.org/10.1016/j.stress.2024.100703
https://doi.org/10.1016/j.ibiod.2009.10.009
https://doi.org/10.3390/plants12234041
https://doi.org/10.1016/S0764-4469(00)00136-0
https://doi.org/10.1006/jipa.1998.4810
https://doi.org/10.1016/j.micpath.2017.05.034
https://doi.org/10.1111/1462-2920.16507
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/s12866-022-02502-4
https://doi.org/10.1038/s41598-024-78288-4
https://doi.org/10.3390/microorganisms8081150
https://doi.org/10.3390/insects13100872
https://doi.org/10.1128/mbio.03017-22
https://doi.org/10.3390/foods9040490
https://doi.org/10.2307/1940953
https://doi.org/10.1139/z97-091
https://doi.org/10.1093/femsre/fuv027
https://doi.org/10.3390/genes15101320
https://doi.org/10.3389/fmicb.2022.1001139
https://doi.org/10.1186/s40104-023-00867-8
https://doi.org/10.3389/fmicb.2025.1555497
https://doi.org/10.2987/5666.1
https://doi.org/10.1128/AEM.64.12.4743-4747.1998
https://doi.org/10.3390/insects14050463
https://doi.org/10.3390/ijms24087521
https://doi.org/10.1016/j.scitotenv.2017.07.249
https://doi.org/10.1016/j.jmst.2025.07.021
https://doi.org/10.1023/A:1020962105931
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Tannic acid shaped microbiome composition in midguts and rearing microcosms of Aedes triseriatus (Say)
	1 Introduction
	2 Materials and methods
	2.1 Mosquitoes and experimental design
	2.2 DNA extraction, library construction, and 16S rRNA sequencing
	2.3 Bioinformatics analysis and statistical analysis
	2.4 Sequence data accession number

	3 Results
	3.1 Effects of TA and antibiotic treatment on larval mosquito
	3.2 Effects of TA treatment on bacterial composition in insect guts and microcosms
	3.3 Alpha and beta diversity affected by TA in the insect guts and microcosms
	3.4 Linear discriminant analysis effect size (LEfSe) analysis
	3.5 Functional prediction analysis reveals potential differences in microbial community metabolic function

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


	Button1: 
	Button2: 
	Button3: 
	Button4: 
	Button5: 
	Button6: 
	Button7: 
	Button8: 
	Button9: 


