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ABSTRACT

Freshwater microbial communities are integral components of riverine biodiversity. The ecological effects of
toxic chemical pollutants, such as fungicides (e.g., tebuconazole), on microbial abundance and diversity are
needed for risk assessment and regulation. The emergence of RNA metabarcoding approaches allow us to
describe at unprecedented resolution the microbial diversity of the active part of a microbial community. Our
study assesses the ecotoxicological impact of chronic and acute tebuconazole exposures on fungal, bacterial, and
algal biomass and biodiversity of aquatic fungi and bacteria in stream biofilms using an RNA metabarcoding
approach. In addition, the study uses HPLC-MS to evaluate the capability of biofilms to metabolize tebuconazole.
Natural biofilm communities from a Swedish stream were exposed chronically (24 days) and acutely (96 h) to
environmental concentrations of tebuconazole (10 and 100 pg/L) in microcosms conditions. The diversity and
community structure of fungi and bacteria was assessed by ITS2 and 16S cDNA amplicon-sequencing, respec-
tively. Biofilms chronically exposed to tebuconazole produced and released unidentified transformation products
into the water column, suggesting a biotransformation capability following 24 days of uninterrupted exposure.
The fungal biomass markedly decreased by a biomass loss of 40% when chronically exposed to 10 pg/L, and 60%
when chronically exposed to 100 pg/L. Bacterial and algal biomass remained comparable with the controls in all
tebuconazole treatments. Fungal and bacterial alpha diversity metrics were not significantly impacted, although
a decreasing trend in fungal richness was observed with the treatments. However, beta diversity was significantly
impacted in both fungal and bacterial compartments. Chronic exposures resulted in a shift in community
composition, where taxa potentially more tolerant to tebuconazole (i.e. Lecanoromycetes) replaced more sensitive
taxa (i.e. Malasseziomycetes). This study indicates that tebuconazole at environmental concentrations might pose

a risk to freshwater systems, mainly due to its high toxicity to fungi.

1. Introduction

Tebuconazole is a widely used triazole fungicide used to prevent the
growth of pathogenic fungi in crops. The extensive use of tebuconazole,
together with its aqueous solubility, makes this compound one of the
most frequently recovered micropollutant fungicides in the aquatic
environment (Bernabo et al., 2020; Glinski et al., 2018). Tebuconazole
has been increasingly detected in many regions of the world (De
Gero6nimo et al., 2014; Glinski et al., 2018; Necibi et al., 2021; Wang
et al., 2021), for instance in concentrations ranging from 9.1 pg/L-200
pg/L in European surface waters (Berenzen et al., 2005; Finckh et al.,
2024; Lefrancq et al., 2017). The mode of action of tebuconazole in-
cludes the inhibition of the ergosterol synthesis pathway which ulti-
mately results in the inhibition of fungal growth. Aquatic fungi in
freshwater environments are directly affected by tebuconazole as a
micropollutant (Campos et al., 2015; Kramer et al., 2024). The
increasing evidence of an ubiquitous presence of tebuconazole in surface
water calls for the assessment of its effects on freshwater biofilms, and in
particular their fungal compartment.

Fungi are abundant and diverse, yet poorly known, organisms that
are found in nearly all kinds of environments, including terrestrial,
marine, and freshwater habitats (Nilsson et al., 2019a,b). Most of the
fungi in aquatic biofilms of European rivers with deciduous riparian
forests colonize a diversity of substrates, including leaves, stones and
pebbles, wood, and sediment. Fungi in biofilms live together with bac-
teria and algae, embedded in an organic polymer matrix (Battin et al.,
2016), on substrata, and they provide important ecosystem services such
as decomposition of organic matter, mineralization, and nutrient
immobilization. These microbial communities interact with the water
column and possess a highly reactive surface area for the adsorption and
metabolism of contaminants (Bonnineau et al., 2021). In freshwater
environments, fungal biomass can account for more than 99% of the
total microbial biomass on decomposing plant detritus (Kuehn et al.,
2000). Due to their significant presence, fungi play key roles in several
ecosystem functions, notably decomposing organic matter, nutrient
cycling, and feeding higher trophic levels (Kagami et al., 2014). Despite
the high prevalence of fungicides in river ecosystems, little is known
about their impact on natural aquatic microbial communities, including
fungi. Research on the effects of fungicides on aquatic fungi and mi-
crobes has remained limited, likely due to technical challenges in
assessing their diversity (Grossart et al., 2019; Jobard et al., 2010). The
last two decades have seen increasing use of DNA and RNA-based

metabarcoding (using for fungi the nuclear ribosomal internal tran-
scribed spacer (ITS) region and for bacteria the 16S ribosomal RNA
gene) as a means to explore and characterize microbial communities in a
previously unachievable way. However, the path to straightforward
characterization of aquatic fungal species remains long, one reason
being that high-quality reference ITS sequences are available for a
modest 25% of the ~150,000 formally described species of fungi, which
in turn represent less than 2% of the estimated 2.3-6 million extant
species of fungi (Abarenkov et al., 2022a). Metabarcoding analysis
based on RNA allows targeting only the active part of the community.
While some studies demonstrate that RNA outperforms DNA-based
metabarcoding in assessing biodiversity changes to environemnatal
variables (Kong et al., 2023), its use is still not common in environ-
mental studies, including ecotoxicology. The metabolization of organic
xenobiotics by aquatic fungi has been previously reported (Augustin
et al., 2006a; Junghanns et al., 2005; Krauss et al., 2011a; Martin et al.,
2007). Fungi have developed different strategies to increase their
tolerance to fungicides, notably by interacting with these chemical
compounds and by modifying the fungicides’ original molecular struc-
ture (Augustin et al., 2006). Some fungal taxa may detoxify fungicides
through metabolic pathways otherwise used for breaking down organic
chemicals, while other taxa acquire or increase this ability as a form of
detoxification (Krauss et al., 2011b).

The level of protection of the European Union’s Environmental Risk
Assessment (ERA) for fungi and the ecosystem functions they provide is
still low (Zubrod et al., 2015). Most of the previous efforts to explore the
effects and fate of tebuconazole in microbial communities have focused
on assessing impacts in terms of total biomass, the eukaryotic commu-
nity structure (mainly algal community), or the bacterial community
composition using DNA-based approaches or enzymatic activities
related to nutrient turnover (Artigas et al., 2012; Baudy et al., 2021;
Bertrans-Tubau et al., 2023; Tlili et al., 2011a; Wijntjes et al., 2022).
However, to our knowledge, no studies have addressed the effects of
environmental concentrations of tebuconazole on active fungal com-
munities using RNA metabarcoding.

This study aims to investigate how acute and chronic exposures to
tebuconazole affect the abundance of aquatic fungi in river biofilms
(along with associated bacteria and algae) and the diversity of fungi and
bacteria. Additionally, it examines the role of biofilms in removing
tebuconazole from the environment. To achieve this, natural biofilm
communities were collected from a Swedish stream and exposed in
laboratory conditions to environmental concentrations of tebuconazole
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(i.e 10 and 100 pg/L) over a period of 96 h (acute exposure), or a period
of 24 days (chronic exposure). Metabarcoding analysis based on RNA
was used to assess ecotoxicological impacts on the structure and di-
versity of active fungal and bacterial communities. The capacity of
biofilms to dissipate tebuconazole was studied using 96 h tebuconazole
kinetics tests, where tebuconazole, its main metabolite hydroxy-
tebuconazole, and other transformation products were identified using
high-performance liquid chromatography in tandem with a mass spec-
trometer (HPLC-MS). Overall, we hypothesized that environmental
concentrations of tebuconazole would reduce fungal biomass and alter
community composition in a dose- and time-dependent manner. Spe-
cifically, it was expected that chronic exposure to tebuconazole at 100
pg/L would cause a shift in the composition of the fungal communities,
where sensitive taxa would be replaced by tolerant ones, a process that
in turn would negatively affect fungal biomass and diversity. We also
anticipated that biofilms tolerant to tebuconazole exposure would be
able to metabolize tebuconazole, releasing its transformation products
into the water as a coping mechanism to high concentrations. For bac-
teria and algae, we predicted changes in their biomass and bacterial
diversity, driven by the reduction in fungal biomass due to tebuconazole
exposure.

2. Materials and methods
2.1. Biofilm colonization of glass slides in a Swedish river

Glass slides were used as artificial substrata for biofilm colonization.
These were held in a total of six polyethylene-sampling racks (Corcoll
et al., 2017) that were left hanging in the water column at 0.5 m below
the surface. The racks were held in a vertical position in the river with
long wooden sticks that were embedded in the sediment floor and ropes
that were tied to the trees along the bank of the river (Supplementary
Fig. 2). These racks were deployed in the upstream waters of the river
Molndalsan in a location close to the river’s source (57°40' 58.2'N 12°12’
59.7"E) for one week during September 2021. The river Molndalsén, a
tributary of the river Géta Alv, is an approximately 40 km long water
system with a catchment area of approximately 266 km?. It originates
from the Lake Rédasjon, and it is of great importance as a migration
route for fish, including salmon and sea trout (Nuligesbeskrivning Over
Molndalsdns Vattensystem Regional Samverkan Inom, 2022). The
rack-deployment site is surrounded by a deciduous forest, in addition to
a deciduous swamp forest that is wet for all or most of the year
(Nuldgesbeskrivning Over Molndalsdns Vattensystem Regional Samverkan
Inom, 2022). The annual precipitation for 2021 in the region was 906
mm, and the average air temperature during September 2021 ranged
from 11.1 to 18.3 °C (data retrieved from Sveriges meteorologiska och
hydrologiska institute; SMHI).

Each rack contained 34 glass slides (1.7 x 1.4 cm each). The glass
slides were washed, dried, and sterilized in 70% ethanol before use.
After a week of deployment, when biofilm growth was observed on the
slides, the racks were collected from the river and brought to the
laboratory.

About 250 L of surface river water were collected from the river,
brought to the laboratory, sterilized (filtration and subsequent auto-
claving, see section 2.2), and stored at 4 °C prior to conducting the
microcosm experiment.

2.2. Microcosms set up and experimental design

The experiment was conducted in a thermo-constant room indoors,
using glass vessels (microcosms) from October 1st to November 1st,
2021. It was divided into two phases (Supplementary Fig. 1): phase 1)
acclimation of the biofilms to the microcosms conditions (10 days), and
phase 2) exposure to tebuconazole (24 days). The experiment was per-
formed at 18 °C using a light cycle of 12/12 h of light/dark with a light

intensity at the surface of the microcosms of 120 pmol photons m 2 s~ %,
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In total, the experiment consisted of 18 independent microcosms
(Supplementary Fig. 1). Each microscosm was a rectangular glass vessel
(22.5 x 16 x 7 cm) with a holding volume of 1.5 L covered with a glass
lid. Each vessel contained a final volume of 1.2 L of enriched river water
(see below). The vessels were designed with a tubular glass rod fixed to
the bottom so that 15 slides could be submerged and placed semi-
vertically in the laterals of the vessel (Supplementary Fig. 3). Biofilms
were cultivated with enriched river water that was filtered twice using
GF/D (2.7 pm) and GF/F (0.7 pm) filters, autoclaved, and amended with
nitrate (NaNOs; 0.2 mg/L) and phosphate (KH2PO4; 0.02 mg/L) to avoid
nutrient depletion. The water of each microcosm was renewed every 3-4
days. The microcosms were kept in constant agitation by using hori-
zontal shakers at 47 rpm to mimic the river flow.

After the acclimation phase, the exposure phase (24 days) started, in
which the 18 microcosms were divided into four tebuconazole treat-
ments and negative controls. These were, in triplicates, 1) river biofilm
not exposed to tebuconazole for 24 days (Control 0 pg/L, n = 3), 2) river
biofilm exposed to 10 pg/L of tebuconazole for 24 days (Chronic 10 pg/
L, n = 3), 3) river biofilm exposed to 10 pg/L of tebuconazole during the
first 10 days, and to 100 pg/L of tebuconazole for the remaining 14 days
(Chronic 100 pg/L, n = 3), and 4) river biofilm exposed to 100 pg/L only
for the last 96 h of the exposure phase (Acute 100 pg/L, n = 3). In
addition, as a negative control, microcosms without biofilms (non-bio-
film control microcosms) and spiked with 10 and 100 pg/L of tebuco-
nazole, in triplicates, were prepared in the same way as the microcosms
containing biofilm to monitor the potential abiotic loss of tebuconazole
due to the test system. The microcosms were spiked with the corre-
sponding concentration of tebuconazole every 96 h.

The tebuconazole stock solution (40 g/L in 96 % MeOH) was pre-
pared from powdered tebuconazole (CAS nrl107534-96-3; Sigma-
Aldrich). From this solution, an intermediate solution of 0.08 g/L of
tebuconazole in MilliQ water was prepared and stored at 4 °C until use.
A total of 8 L was prepared for each treatment every time the water was
replaced in the microcosms. The treatments that contained tebuconazole
were spiked with the tebuconazole stock solution of 0.08 g/L to reach
the final concentrations of 10 and 100 pg/L in the water.

Water samples were collected weekly during the entire experiment to
monitor the nutrient and tebuconazole levels of each microcosm before
and after water renewal. For nutrient analysis, 10 mL of water was
collected, filtered through 0.45 pm filters (VWR, 0.45 pm PES), and
preserved at —20 °C until further analysis. For the analysis of tebuco-
nazole and its transformation products, 3 mL of filtered water samples
(VWR, 0.45 pm PES) were taken and stored in 4 mL glass chromato-
graphic vials at —20 °C until further analysis.

At the end of the exposure phase, biofilms were sampled to analyze
several biological parameters (biomass of fungi, bacteria, and algae plus
microbial composition of fungi and bacteria (ITS2 and 16S meta-
barcoding; see section 2.7). Biofilms were scraped using a sterile cell
scrapper into sterile Petri dishes and homogenized to a slurry. For each
biological measurement, a volume of 1 mL of the slurry was aliquoted
into 1.5 mL Eppendorf tubes, centrifuged at 4500 g for 10 min, and
stored at —80 °C until further analysis.

2.3. Water analyses

The physicochemical parameters (pH, oxygen, conductivity, and
temperature) of the enriched river water used in the microcosms were
measured using a multiparameter instrument (HANNA instruments).
Nutrients analyses were performed by Eurofins Water Testing Sweden
using standard spectrophotometric methods (phosphate: ISO
15923-1:2013 Annex F, nitrate: ISO 15923-1:2013 Annex F, and dis-
solved organic carbon (DOC): SSEN 1484:1997).

Tebuconazole and hydroxytebuconazole in water samples were
extracted in a solid phase extraction (SPE) and were identified and
quantified using HPLC-MS. A volume of 625 pL of 40 ng/mL of
deuterated tebuconazole (d9-tebuconazole, CAS:1246818-83-6; Sigma-
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Aldrich) in MeOH was added to 2.5 mL of each water sample (previously
thawed) as internal standard, reaching a final concentration of 10 ng/
mL. The sample was then passed through an SPE cartridge (Oasis PRIME
HLB cartridges, 3 cc/60 mg) according to the manufacturer’s in-
structions. The column was allowed to dry and then eluted in 2 mL
acetonitrilezmethanol (9:1). The solutions containing the analytes were
evaporated until dry using an air compressed speed vac (SpeedVac
SVC100, Savant), and then resuspended in 200 pL of formic acid 0.1% in
MeOH: formic acid 0.1% in water (30:70, v/v). The resuspended con-
tents were transferred to a 200 pL fixed insert vial (Chromacol 03-FISV)
and stored at 4 °C until injection in an Agilent 1260 Infinity HPLC sys-
tem (Agilent Technologies, Santa Clara, CA) coupled to an Agilent 6470
triple-quadrupole mass spectrometer (QqQ). The HPLC analysis was
performed using a Kinetex 2.6 pm EVO C18 100 A, 21 x 50 mm
analytical column for chemical separation. Tebuconazole (parent com-
pound, CAS: 107534-96-3; Sigma-Aldrich) and hydroxytebuconazole
(main transformation product of tebuconazole, CAS: 212267-64-6;
Sigma-Aldrich) were identified and quantified following (Carmona
et al., 2017). Formic acid 0.1% in MeOH (A) and formic acid 0.1% in
water (B) were used as HPLC mobile phases for electrospray ionization
in positive mode. Mobile phases were at a flow 0.3 mL/min in a linear
increase from 30 to 95% mobile phase A during 7 min, followed by an
isocratic elution for 5 min. The injection volume was set to 30 pL. Source
parameters for the Agilent 6470 were for ES (+) gas temperature 250 °C,
gas flow 4L/min, nebulizer 30 psi, and capillary 4000 V. Both Q1 and Q3
were set to unit resolution for all transitions. Compound-specific settings
were optimized for tebuconazole, tebuconazole-d9, and hydrox-
ytebuconazole (Supplementary Table 1). For the quantification of
tebuconazole and its transformation products, the obtained peaks were
integrated using MassHunter Workstation Software Quantitative Anal-
ysis for QQQ (version B.10.00, Agilent Technologies). The detection
limit for tebuconazole was 0.25 ng/L and for hydroxytebuconazole 0.01
ng/L. The working calibration of the standards’ concentrations ranged
between 0.5 pg/L and 250 pg/L for tebuconazole, and between 0.1 and
250 pg/L for hydroxytebuconazole. Other putative transformation
products from tebuconazole were also identified as these peaks did not
appear either in the corresponding standard sample or in the control
samples corresponding to water in contact with biofilm without tebu-
conazole treatment. These peaks were integrated for quantification in
MassHunter Workstation Software Quantitative Analysis for QQQ
(version B.10.00, Agilent Technologies) and normalized to the internal
standard d9-tebuconazole.

2.4. Tebuconazole kinetics test

A tebuconazole kinetics test on the water column was performed on
day 20 -when biofilms were mature and 96 h prior to the end of the
experiment-of the exposure phase for the control, 100 pg/L tebucona-
zole chronic and acute, and non-biofilm (abiotic) control treatments, in
triplicates. This test involved the exposure phase for the control, 100 pg/
L tebuconazole chronic and acute, and non-biofilm (abiotic) control
treatments, in triplicates. The kinetics test lasted for 96 h (h). Tebuco-
nazole was spiked at a concentration of 100 pg/L, and water samples
were taken at 0, 24, 48, 72, and 96 h after the onset of exposure. Water
samples were analyzed to monitor the fate of the parent compound,
tebuconazole, the transformation compound hydroxy-tebuconazole, and
unidentified transformation products using HPLC-MS (see section 2.3).

2.5. Biomass parameters

2.5.1. Fungal biomass

Ergosterol, a mycosterol found in cell membranes of fungi (Voshall
et al., 2021), was used as a proxy for fungal biomass. Ergosterol was
extracted from the biofilm samples using an adaptation of the
three-phase extraction method following Vale et al. (2019). This
three-phase lipid extraction (3PLE) allowed extraction and fractionation
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of lipids by polarity, obtaining one aqueous, upper organic phase
enriched in neutral lipids and two organic phases containing the major
glycerophospholipids. Briefly, 5 pL of 1,2-dinonadecanoyl-sn-glycer-
0-3-phosphocholine (1 pg/pL) and 5 pL of B-cholestanol (1 pg/pL) were
added to a 12 x 75 mm glass tube and dried under N,. Once dry, the
lyophilized biofilm samples were added together with 1.5 mL of boiling
isopropanol. The mixture was dried under N, after which 1 mL of
hexane with 0.025 % butylated hydroxytoluene (BHT), 1 mL of methyl
acetate, 0.75 mL of acetonitrile, and 1 mL of water were added. After
extraction in an ultrasonic bath for 30 min, the tubes were centrifuged at
2500 g for 5 min. As a result, three phases (i.e. upper, middle, and lower)
were obtained. Ergosterol was contained in the upper fraction
(non-polar lipid). This fraction was isolated in a new tube, dried under
Ny, and dissolved in 100 pL of isopropanol with 0.025% BHT. This
mixture was preserved at —20 °C until further analysis.

Ergosterol was identified and quantified via HPLC-MS (Agilent 1260
Infinity HPLC system (Agilent Technologies) coupled to an Agilent 6470
triple-quadrupole mass spectrometer (Agilent Technologies), using a
Kinetex 2.6 um EVO C18 100 A, 2.1 x 50 mm analytical column.
Analytical grade ergosterol (CAS: 57-87-4; Sigma-Aldrich) was used as
authentic reference, and p-cholestanol (CAS: 80-97-7; Sigma-Aldrich)
was used as the internal standard. Formic acid 0.1% in water and for-
mic acid 0.1% in MeOH: Isopropanol (3:1, v/v) were used as HPLC
mobile phases A and B, respectively. Mobile phases were at a constant
flow of 0.3 mL/min, starting at 40 % (B) with a linear increase to 100%
(B) in 8 min, and kept for 3 min. They were then decreased to 40% B for
1 min, and reconditioning of the column was done for 5 min before the
next injection. The injection volume was set to 5 pL. Source parameters
for the Agilent 6470 were the same as described in section 2.5.
Compound-specific settings were optimized (Supplementary Table 2).
The obtained peak areas were normalized to the internal standard
B-cholestanol, and the peaks were integrated using Mass Hunter Work-
station Software Quantitative Analysis for QQQ. The working calibra-
tion of the standard concentrations ranged between 0.5 pg/pL and 20
pg/pL for ergosterol. Ergosterol is expressed in pg/g of dry weight. For
dry weight measurements, a total of 1 mL of fresh slurry was transferred
into previously weighed 20 mL glass scintillation vials. The vials were
covered with perforated aluminum foil and left in an oven at 60 °C until
completely dry. The dried weight of the vial was determined by
extracting the weight of the empty vials from the weight of the vials
containing the dry biofilms.

2.5.2. Bacterial abundance

Quantitative polymerase chain reaction (qQPCR) was used to amplify
and quantify the bacterial marker gene rpoB (1 copy per bacterial cell)
as a proxy of bacterial abundance in the biofilms (Dahllof et al., 2000).
RNA was extracted using Quick-RNA Fecal/Soil Microbe Microprep Kit
(Zymo Research, CA), following the manufacturer’s instructions. Biofilm
samples were preserved at —80 °C prior to RNA extraction. DNA
contamination was removed using PureLink™ DNase Set (Thermo
Fisher Scientific, Waltham, MA, USA). The extracted RNA was used as a
template for cDNA synthesis using iScript Select cDNA Synthesis Kit
(Bio-Rad, USA) following the reaction setup with random primers pro-
vided by the manufacturers. The concentration and purity of the syn-
thesized cDNA were determined using a Qubit fluorometer and a
Nanodrop Spectrophotometer, respectively. The qPCR reaction was
performed using SYBR green detection chemistry on a CFX96 Touch
real-time PCR machine using the CFX Maestro software (Bio-Rad, USA).
The target gene, rpoB, was amplified using the forward primer
rpoB1698f (5'-AACATCGGTTTGATCAAC-3) and the reverse primer
rpoB2041r (5-CGTTGCATGTTGGTACCCAT-3") from Dahllof et al.
(2000). The qPCR conditions were optimized for the gene of interest
(98 °C for 3 min [1 cycle]; 98 °C for 155, 50 °C for 90 s, and 72 °C for 90 s
[30 cycles]; 72 °C for 10 min [1 cycle]). The obtained standard curve (7
points, 5-fold dilutions of rpoB amplicons of known concentrations)
yielded an efficiency of 94.7% and a correlation coefficient of 0.957. The
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identity of the rpoB amplicons was confirmed with Sanger sequencing
(Eurofins). The number of rpoB copies is used as a proxy for the number
of bacterial cells (Dahllof et al., 2000) and is expressed in the number of
copies of rpoB/cm?.

2.5.3. Algal biomass

Chlorophyll-a was extracted and identified following
Gomez-Martinez et al. (2023). Briefly, the frozen pellets were thawed in
ice, resuspended in 1 mL of solvent (80/20 acetone/methanol v/v), and
incubated for 1 h at —20 °C in dark conditions. Then, ultrasonication
was performed at 4 °C for 3 min, followed by incubation overnight at
—20 °C, to ensure total pigment extraction. The extracts were filtered
through 0.45 pm Target2™ Nylon Syringe 4 mm diameter filters
(Thermo Scientific™, cat n° F2504-1) and stored at —20 °C in dark glass
vials. The extracts were analyzed via high-performance liquid chroma-
tography (Shimadze Prominence HPLC Systems) following Corcoll et al.
(2019). Chlorophyll-a was identified using an internal standard, and its
relative abundance was estimated following Wright and Jeffrey (2006).
The content of chlorophyll-a (Chl-a) was used as a proxy for the total
algal biomass and is expressed in ng of chlorophyll-a/dry weight.

2.6. Univariate statistical analysis

Statistical differences in ergosterol, abundance of rpoB gene (bacte-
rial biomass), content of chlorophyll-a (algal biomass), and alpha
diveristy measurementes for ITS2 and 16S (see below) among treat-
ments were assessed by one-way analysis of variance (ANOVA), fol-
lowed by a Tukey post-hoc test for multiple comparisons using the R
package multcompView (Spencer Graves, Hans- Peter Piepho, 2024).
Approximate normality was confirmed through quantile-quantile plots
of the residuals. No model had residuals that deviated substantially from
anormal distribution (Supplementary Fig. 6). In all tests, p-values <0.05
were considered statistically significant.

2.7. Fungal and bacterial community composition analysis

Fungal and bacterial community composition in the biofilms was
evaluated by RNA metabarcoding (amplicon sequencing). While DNA
metabarcoding reflects the genomic content from the total microbial
community, RNA metabarcoding reflects expression and, thus, active
organisms in microbial communities. It excludes organisms that are
dead or dormant as well as propagules and free DNA (Adamo et al.,
2021). RNA was extracted and used as template to synthesize cDNA, as
described in section 2.7.2. The V3-V4 region of the bacterial 16S rRNA
gene was amplified using the forward primer Bakt 341F
(5-CCTACGGGNGGCWGCAG-3) and the reverse primer Bakt 805R (5'-
GACTACHVGGGTATCTAATCC-3") following Andersson et al. (2010).
The fungal nuclear ribosomal internal transcribed spacer 2 was ampli-
fied using the forward primer ITS3-Mix1,2.

(5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-AAC-caWC-
GATGAAGAACGCAg-3") and the reverse primer mix ITS4-cwmix1 (5~
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-AA-
TCCTCCGCTTAYTgATAtGc) together with  ITS4-cwmix2 (5-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-AA-
TCCTCCGCTTAtTrATAtGe-3") following Wurzbacher et al. (2020).

The sequencing was done by CD Genomics (New York, USA). One
sequencing library from each amplicon was prepared using the 600 cycle
Amplicon kit with PhiX library preparation kit (Illumina Inc.).
Sequencing was performed in a NovaSeq 6000, PE250 (Illumina Inc.),
producing 300 bp paired-end fragments. The raw sequences were
deposited in the NCBI sequence read archive (SRA) with BioProject
accession number PRJNA1092544  (https://www.ncbi.nlm.nih.
gov/sra/PRINA1092544).

For the 16S amplicons, the obtained raw reads were processed with
QIIME2 (v. 2023.07). Once the sequences were loaded into QIIME2 (v.
2023.07), the primer sequences were trimmed using cutadapt. The
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denoising was performed with DADA2 using the following parameters:
-p-trunc-len-f 270 —p-trunc-len-r 220 —p-max-ee-f 2.0 —p-max-ee-r 2.0.
RNA sequencing of the 16S rRNA gene yielded, on average, 30,304 reads
per sample (min: 26,712; max: 35,602). Filtering resulted in the removal
of 40% of the reads. Next, QIIME2 was used to group the reads into
amplicon sequence variants (ASVs; Callahan et al., 2017). The number
of ASVs present in each sample was calculated after randomly rarefying
each sample down to 853 sequences (corresponding to the lowest
sequencing depth) to minimize any bias due to differences in number of
sequences between the samples. For 16S amplicons, taxonomic anno-
tation was performed by assigning the sequences to the
silva-138-99-515-806-nb-classifier reference dataset (Quast et al.,
2013).

Raw reads for ITS2 amplicons were processed in QIIME2 (v.
2023.07) and clustered to operational taxonomic units (OTUs (Blaxter
etal., 2005);). For the ITS2 sequences, we chose to cluster our sequences
into OTUs due to the high level of intraspecific variation of the ITS2
marker (Kauserud, 2023). RNA sequencing of the ITS2 region yielded,
on average, 110,899 reads per sample (min: 82,805; max:135,153).
Briefly, primer trimming was performed using cutadapt, and sequence
quality filtering was carried out using the “quality-filter g-score” QIIME2
plugin with a minimum acceptable PHRED score of 20. Sequences were
first dereplicated and subsequently merged to operational taxonomic
units using the VSEARCH plugin with a sequence similarity cut-off of
97%. The number of OTUs present in each sample was calculated after
randomly rarefying each sample down to 5070 sequences (correspond-
ing to the lowest sequencing depth) to minimize any bias due to dif-
ferences in number of sequences between the samples. Taxonomic
annotation was performed by assigning the OTUs to the UNITE database
(v. 2023.07.25; Nilsson et al. (2019)). OTUs that were assigned to
non-fungal species were manually removed from the resulting OTU
table, since the aim of this part of the study was to investigate the bio-
films’ fungal component. Moreover, the 50 most abundant OTUs were
manually verified for veracity and taxonomic affiliation using BLAST
(GenBank; https://blast.ncbi.nlm.nih.gov/Blast.cgi). Only 43 OTUs
from the initial 5070 OTU remained as OTUs assigned to fungi, since
most of the rest were identified as algae or animals.

For both 16S and ITS2, sequences with poorly resolved (i.e. Fungi
incertae sedis) or non-fungal/non-bacterial taxonomic annotations,
respectively, were removed prior to further analysis. Furthermore, an
additional filtering of the data was perfomed in order to avoid false
positives with low counts and single presence coming from PCR artifacts
(rt-PCR and region-specific PCR), where all ASVs or OTUs that were not
present in at least 3 samples and contained fewer than 5 reads were
excluded from further analysis, resulting in 379 ASVs for 16S and 30
OTUs for ITS2 after filtering.

Alpha diversity analysis, principal coordinates analyses (PCoA) to
describe beta diversity, and relative abundance analysis were carried out
with the phyloseq R package (v. 1.44.0; McMurdie and Holmes, 2013).
The relative abundances at the phylum and class levels were plotted
using the microbiome R package (v. 1.23.1) (https://bioconductor.org/
packages/release/bioc/html/microbiome.html). Differentially abun-
dant ASVs (16S) and OTUs (ITS2) were identified using the DESeq2
v.1.36.0 package, from Bioconductor v 3.15 (https://bioconductor.
org/packages/release/bioc/html/DESeq2.html). The resulting p-values
were adjusted using the Benjamini-Hochberg false discovery rate (FDR)
algorithm. Differentially abundant taxa within treatments were selected
with a cut-off of |log2 Fold Change (FC)| > 2 and adj p value < 0.05.
PERMANOVA (adonis2) tests were performed using the vegan package
v. 2.5-7 to test differences between the microcosm groupings.

3. Results
3.1. Experimental conditions

Physical and chemical conditions were comparable between
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treatments. Average water conditions in the microcosms were: pH 6.39
+ 0.73, percentage of dissolved oxygen 79 + 1.2 %, conductivity 57 +
13.4 pS/cm, temperature 11.79 + 0.13 °C, 0.025 + 0.002 mg/L of PO?{,
0.19 £ 0.017 mg/L of NO%’, and 10.6 + 0.57 mg/L of DOC. The tebu-
conazole concentrations in the exposed treatments were close to the
nominal concentrations (5 and 10, and 25% below the nominal con-
centrations, in treatments chronic 10 and 100 pg/L, and acute 100 pg/L,
respectively; Table 1). Tebuconazole was not detected in the microcosms
not receiving pollutant (Control 0 pg/L).

3.2. Kinetics of tebuconazole and the release of transformation products

In the biotic treatments, tebuconazole kinetics tests showed a high
persistence over 96 h, where only 24 % =+ 8.5 % (n = 6) of the compound
was dissipated from the water column (Fig. 1). Hydroxytebuconazole
(OH-tebuconazole), its main transformation product, was detected at 0 h
at a concentration of 0.05 & 0.008 pg/L. After 96 h, a 2-fold increase in
OH-tebuconazole concentrations had occurred in both the biotic and the
abiotic treatments. Transformation products (TPs) were identified after
96 h in a 10-fold significantly higher presence (p = 0.0057, ANOVA &
Tukey’s HSD) in the samples from microcosms that contained biofilms
(Fig. 1). The presence of TPs at the start of the tebuconazole kinetic test
(0 h) was also significantly higher in the water coming from the 24-day
chronic exposure to tebuconazole in comparison to the water coming
from the abiotic test (p = 0.047, ANOVA & Tukey’s HSD) and the one
coming from the acute treatment (p = 0.01, ANOVA & Tukey’s HSD).
This indicates that the TPs are more abundant in the presence of biofilms
that have already been exposed to tebuconazole and that these biofilms
can release them to the water column.

3.3. Effects on fungal, bacterial and algal biomass

The concentration of ergosterol in biofilms decreased with increasing
concentrations of tebuconazole (Fig. 2a). The biofilms chronically
exposed to tebuconazole had significantly lower ergosterol content than
control biofilms (Fig. 2a; Supplementary Table 3). Compared to the
control, a 40% decrease was observed in the biofilms treated with
chronic exposure to 10 pg/L, and a decrease of 60% was observed for the
biofilms chronically exposed to 100 pg/L of tebuconazole. In addition, a
40% decrease of ergosterol was observed in the biofilms under the acute
treatment of 100 pg/L of tebuconazole (Fig. 2a).

The number of bacteria in the biofilm (number of rpoB copies per
cm?) was not affected by the tebuconazole exposure, which was
demonstrated by a similar number of rpoB copies between treatments
(Fig. 2b). Similarly, the algal biomass (chlorophyll-a content) remained
relatively constant between treatments (Fig. 2c).

3.4. Effects on fungal diversity and community composition

Both the richness and Shannon index (alpha diversity) showed non-
significant differences between control and treatments (p = 0.132
(richness) and p = 0.051 (Shannon); ANOVA,; Fig. 3a). For both indexes,
the values showed a lower trend in biofilms exposed to both a 96 h acute
and chronic exposure to 100 pg/L of tebuconazole compared to non-
exposed biofilms. Biofilms exposed to 10 pg/L of tebuconazole showed
values similar to the control biofilms. Principal coordinate analysis using
the Bray-Curtis dissimilarity measure (beta diversity) showed that the

Table 1
Tebuconazole concentrations in microcosms during the exposure phase. Values
are means and standard deviations for each treatment after water renewal.

Treatment Control Chronic Acute Chronic
10 pg/L 100 pg/L 100 pg/L
Tebuconazole 0+0(n= 9.5+0.51 74.81 £3.72  89.2 £0.95
(pg/L) 12) (n=22) (n=6) n=18)
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Fig. 1. Tebuconazole (TBZ), hydroxy-tebuconazole (OH-TBZ), and unidentified
transformation products (TP) kinetics over a 96-h period after a tebuconazole
spike (acute) of 100 pg/L (Oh), in a) Abiotic control: microcosms without bio-
film, b) Chronic 100 pg/L: biofilms exposed to 100 pg/L of tebuconazole
chronically for 24 days, and c) Acute 100 pg/L: biofilms not pre-exposed to
tebuconazole. Average and standard deviation are shown in dots for each time
point. The concentration (normalized abundance) in pg/L of TBZ and TBZ-OH
are represented in the left-y-axis (log-scale) and the sum of the peak areas from
the TPs are shown in the right-y-axis.

fungal composition in biofilms exposed chronically to 100 pg/L of
tebuconazole grouped differently from the fungal community of the
control samples (PcoAl = 35.8%; Fig. 3b). Even though the fungal
communities exposed to 10 pg/L and those exposed in a acute manner to
100 pg/L of tebuconazole did not show any obvious different grouping,
they presented a higher heterogeneity than did the control samples.
Moreover, permutational multivariate analysis of variance (PERMA-
NOVA) detected significant differences between the different microcosm
groups (Adonis, p = 0.036).

The fungal phyla Ascomycota, Basidiomycota, Rozellomycota, and
Mucuromycota were identified in similar proportions in all treatments
(Fig. 3c and Supplementary Table 4). At the class level (Fig. 3d and
Supplementary Table 5), almost 80% of the taxa remained unresolved.
The fungal classes Monoblepharidomycetes, Sordariomycetes, Malassezio-
mycetes, Eurotiomycetes, Dothideomycetes, and Lecanoromycetes were
identified in all samples in a similar proportion between treatments.
Fungal species belonging to Malasseziomycetes and Eurotiomycetes were
present in all treatments except in the chronic exposure to tebuconazole
100 pg/L treatment. Fungal species assigned to Dothideomycetes and
Lecanoromycetes showed a higher abundance trend in exposed biofilms
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Fig. 2. Biofilm responses upon exposure to tebuconazole acute (96 h) and chronic (24 days) in terms of fungal biomass — ergosterol concentration (a), bacterial
biomass — number of rpoB copies (b), and algal biomass — chlorophyll-a concentration (c). Colored bars represent average values, the error bars represent the standard
deviation (n = 3), and the letters on top of the bars indicate a significant result between treatments obtained after Tukey’s multiple comparisons post hoc test (p

< 0.005).
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Fig. 3. Fungal richness and Shannon alpha diversity indexes (a), PCoA plot based on Bray-Curtis distances (b), and fungal taxonomic profiles at the phylum (c) and
class (d) levels, resulting from the RNA metabarcoding (ITS2) from the control biofilms, biofilms exposed for 24 days chronically to 10 and 100 pg/L of tebuconazole,
and biofilms exposed in a 96 h acute pulse to 100 ug/L of tebuconazole, respectively.

compared to the controls.

Among the 30 OTUs analyzed for differential abundance, three OTUs
exhibited significant differences for both biofilms exposed to 10 and 100
pg/L of tebuconazole for 24 days, respectively, using a cutoff of |log2

Fold Change (FC)| > 2 and adj p-value <0.05 (Table 2). All treatments
were individually compared to the control samples. Five OTUs were
differentially abundant in the acute-treated biofilms. Species belonging
to the classes Lecanoromycetes, Malasseziomycetes, and Eurotiomycetes as
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Table 2 richness or Shannon index (p = 0.06 (richness); p = 0.07 (Shannon);
Differentially abundant fungal OTUs after DESeq2. All exposed biofilms were ANOVA). Despite this lack of significance, the richness and Shannon
compared to control biofilms. index showed a noticeable upward trend in all tebuconazole-treated
Phylum Class log2FoldChange padj biofilms (Fig. 4a). Principal coordinate analysis utilizing the Bray-
Chronic 10 g/ vs. Control CurFls .dlssmular%ty measure indicated that the bacterial composition
Chytridiomycota Monoblepharidomycetes _5.42 4.7¢-07 of biofilms chronically exposed to both 10 and 100 pg/L of tebuconazole
Ascomycota Lecanoromycetes 5.51 4.2¢-07 for 24 days differed from the control samples (PcoAl = 23.01%; Fig. 4b).
Basidiomycota Other —6.67 6.1e-10 The bacterial community composition of biofilms exposed to 100 pg/L of
Chronic 100 pg/L vs. Control tebuconazole in an acute manner did not exhibit distinct clustering.
Basidiomycota Malasseziomycetes 2.78 0.04 . 1 It . lysi P .
Ascomycota Eurotiomycetes 5.17 2.8¢-06 However, permutational multivariate analysis of variance (PERMA-
Basidiomycota Other —6.32 6.2e-09 NOVA) detected significant differences between the different microcosm
Acute 100 pg/L vs. Control groups (Adonis, p = 0.001, r? = 0.41).
g"lzf”‘”"y cota 8ﬂ‘her 2'22 8'8‘3‘ Taxonomic analysis revealed that the bacterial biofilm communities
ther ther . K . . .
Other Other .96 0.02 were dominated by the phyla Bgctermdota, Cyanobacteria, Planctomy-
Chytridiomycota Monoblepharidomycetes _5.74 1.1e-07 cetota, and Pseudomonadota (Fig. 4c and Supplementary Table 6). At

Basidiomycota Other —6.49 2.1e-09 the genus level, the relative abundance of species belonging to the genus
Pseudanabaena_PCC-7429 decreased in biofilms exposed to tebucona-
. . zole. Inversely, species belonging to the genus SM1A02 (family Phyci-
well as on('a species belonging to the Phylum Rozellomycota werf: more sphaeraceae) were higher in biofilms exposed to tebuconazole compared
abundant lfl tebugonazole treated bloﬁl.ms when compare_d ‘_Nlth the to the controls (Fig. 4d and Supplementary Table 7). Out of the 379 ASVs
controls. .D1fferent1ally abundant OTUs in tl.1e phylum Basiodiomycota subjected to differential abundance analysis, three and five ASVs were
and SPeCleS of the fungal class Monoblepharidomycetes were less abun- differentially abundant in biofilms exposed to 10 and 100 pg/L of
dant in tebuconazole-treated samples compared to the controls (see tebuconazole for 24 days, using a cutoff of [log2 Fold Change (FC)| > 2

Table 2). and adj p-value <0.05, respectively (Table 3). The abundance of ASVs
belonging to the families Phycisphaerales and Chitinophagales were
3.5. Effects on bacterial diversity and community composition higher in tebuconazole-treated samples.

No significant differences were found between treatments in terms of
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Fig. 4. Bacterial richness and Shannon alpha diversity indexes (a), PCoA plot based on Bray-Curtis distances (b), and bacterial taxonomic profiles at the phylum (c)
and genus (d) levels, resulting from the RNA metabarcoding (16S rRNA gene) from the control biofilms, biofilms exposed for 24 days chronically to 10 and 100 pg/L
of tebuconazole, and biofilms exposed in a 96 h acute pulse to 100 pg/L of tebuconazole, respectively.



D. Gémez-Martinez et al.

Table 3
Differentially abundant bacterial ASVs after DESeq2. Biofilms chronically
exposed to 10 and 100 pg/L of tebuconazole were compared to control biofilms.

Phylum Family log2FoldChange padj
Chronic 10 pg/L vs. Control

Planctomycetota Phycisphaeraceae 23.71 3.17e-05
Bacteroidota Saprospiraceae 8.89 0.003
Planctomycetota Phycisphaeraceae 6.86 2.39%e-06
Other Other —24.01 8.31e-08
Other Other 26.16 2.39%-06
Chronic 100 pg/L vs. Control

Planctomycetota Phycisphaeraceae 23.87 6.08e-07
Other Other —23.41 3.06e-09
Other Other 26.09 2.99¢-08

4. Discussion

In this study, natural biofilm communities from a Swedish river were
exposed in microcosms to two environmental concentrations of the
fungicide tebuconazole in both a chronic (24 days at 10 or 100 pg/L) and
an acute manner (96 h at 100 pg/L). Our results show that biofilms
chronically exposed to tebuconazole can partly metabolize this com-
pound and release its transformation products to the water column. The
biofilms exposed chronically to 10 and 100 pg/L of tebuconazole were
the most affected in terms of fungal biomass, although this decrease in
fungal biomass was not associated with any changes in bacterial or algae
biomass. Both fungal and bacterial community composition were
influenced by tebuconazole exposures. Chronic exposure to tebucona-
zole led to a drastic reduction of the fungal biomass accompanied by
changes in the community composition, where taxa potentially more
tolerant to tebuconazole (i.e. Lecanoromycetes sp.) replaced the more
sensitive taxa (i.e. Malasseziomycetes sp).

Biofilms chronically exposed to tebuconazole dissipated around 20%
of the compound, resulting in a 10-fold increase of tebuconazole trans-
formation products after 96 h. Despite the very low mineralization po-
tential of tebuconazole mainly due to the general recalcitrance of the
triazole ring to microbial degradation (El Azhari et al., 2018), biodeg-
radation of tebuconazole has been reported previously (Wang et al.,
2018). Although studies that specifically target the biodegradation ca-
pacity of aquatic biofilms towards tebuconazole are lacking, our results
are similar to those of Bertrans-Tubau et al. (2023), who reported that
aquatic biofilms in microcosms were able to dissipate a pesticide
mixture composed of tebuconazole, terbuthylazine, glyphosate and its
metabolite aminomethylphosphonic acid, and imidacloprid at rates
ranging from 2 to 35% in a period of 12 days.

Studies performed in soil microbiomes have previously reported up
to 22 transformation products originating from tebuconazole (El Azhari
et al., 2018; Storck et al., 2017). We were not able to identify the mo-
lecular structures of the detected transformation products. However, our
study revealed that the release of transformation products occurs not
only in soil, but also in aquatic environments. This observation calls for
studies that elucidate the molecular structure of the transformation
products; such studies are required to gain a better understanding of the
environmental fate of tebuconazole and its ecotoxicological impact.

The fungal biomass decreased as a function of the concentration and
exposure time, confirming that tebuconazole is toxic to non-target
aquatic fungi. Chronic exposure of tebuconazole at 10 or 100 ug/L led
to a 40 and 60% reduction in fungal biomass, respectively. Biofilms
acutely exposed (96h) of 100 pg/L showed a 40% loss of fungal biomass.
Previous studies have also reported the toxicity of tebuconazole to
aquatic fungi. For instance, Artigas et al. (2012) reported a decrease of
29% in aquatic fungal biomass when aquatic fungal communities were
exposed to 33 pg/L of tebuconazole. Similarly, Donnadieu et al. (2016)
reported a 20 % decrease when aquatic microbial communities were
exposed to 10 pg/L. To our knowledge, our study is the first to report the
inhibition of aquatic fungal biomass by 100 pg/L of tebuconazole, a
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concentration that has been previously reported in agricultural streams
when frequent fungicide applications and runoff during rainfall episodes
co-occurred (Artigas et al., 2012). In our study, the decrease in fungal
biomass did not indirectly affect neither the bacterial nor the algal
biomass of the biofilms, however, indirect effects on bacterial commu-
nity composition (beta diversiy) were observed. Antagonistic and syn-
ergistic interactions have been documented between aquatic bacteria
and fungi (Dimitrov et al., 2014a; Gulis and Suberkropp, 2003).
Consequently, a reduction of fungal biomass due to the effects of tebu-
conazole could be expected to induce changes in bacterial biomass. For
instance, Mille-Lindblom and Tranvik (2003) reported strong antago-
nistic effects from fungi on bacteria and vice versa. Artigas et al. (2012)
reported that bacterial biomass temporally decreased under tebucona-
zole exposure (20 pg/L), followed by full recovery. Our study also
attempted to correlate the loss of fungal biomass to changes in bacterial
and algal biomass, but they remained comparable to the control bio-
films. The results corroborate the findings from Zubrod et al. (2011),
where the number of bacterial cells remained stable when biofilms were
exposed to 65 ug/L of tebuconazole. Heterotrophic fungi and autotro-
phic algae share a long history of ecological and evolutionary in-
teractions, including parasitism and various forms of nutritional
symbiosis (Bonito, 2024). Therefore, changes in algal biomass as a
consequence of a loss of fungal biomass were expected. However, our
results showed that tebuconazole does not influence total algal biomass.
It could be hypothesized that under chronic exposures, the algal biomass
could start to decrease, as shown by Tlili et al. (2011), who found that
algal biomass decreased after 35 days of exposure to tebuconazole.

To our knowledge, our study is the first one to describe the microbial
diversity of the active aquatic fungal community using RNA meta-
barcoding under exposure to tebuconazole in a microcosm setup. We
observed a great loss of diversity from the field samples (Supplementary
Figs. 4 and 5) in the fungal community we obtained in the microcosms.
The glass slides were deployed in the field for 7 days to allow biofilm
colonization. It could be argued that a longer colonization period may
have increased biofilm maturity and diversity. However, since fresh-
water biofilms often undergo colonization, formation, and detachment
phases within a scale of weeks (Villanueva et al., 2011), we aimed to
allow colonization while preventing detachment during the microcosm
experiment. Yet, we were able to study how the fungal community
changes in the presence of tebuconazole under highly controlled con-
ditions. The biofilms exposed acutely to 100 pg/L of tebuconazole
showed a downward trend in diversity concerning both the controls and
the chronic treatments. These diversity values were lower than those
found in biofilms exposed to 100 pg/L of tebuconazole for 24 days, even
though biofilms exposed to 100 pg/L of tebuconazole lost 60% of their
fungal biomass after 24 days of chronic exposure. This indicates that
some taxa were able to thrive under high concentrations of tebucona-
zole, and therefore might be more tolerant to tebuconazole. Two species
- one belonging to the fungal class Malasseziomycetes and the other to
Eurotiomycetes - proved to be more abundant in biofilms exposed
chronically to 100 pg/L of tebuconazole. Some of the Malasseziomycetes
fungal species are well characterized as human skin associates. How-
ever, Malasseziomycetes spp. are widespread and have been detected in a
wide variety of both aquatic and terrestrial environments (Amend,
2014). Similarly, Eurotiomycetes species are widely distributed across
various environments and have been documented in numerous terres-
trial and aquatic habitats (Sandberg et al., 2014). Previous studies have
reported variations in ergosterol content between different species. For
instance, Gessner and Chauvet (1993) described significant differences
in ergosterol concentrations between two strains of Alatospora acuminata
and Flagellospora curvula. Moreover, Charcosset and Chauvet (2001)
reported a variation by a factor of 14 between four aquatic hyphomycete
species and culture conditions. It can therefore be hypothesized that
species with lower ergosterol content may be less sensitive to tebuco-
nazole exposures compared to species with higher ergosterol levels.

Nevertheless, in this study we were not able to annotate the OTUs to
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genus or species level, limiting the possibility to compare our findings
with existing literature and infer potential metabolic functions of the
differentially abundant species, since less than 50% of the reads could be
classified to a taxonomic rank beyond the fungal kingdom level, pre-
sumably due to the lack of reference sequences from aquatic fungi.
Abarenkov et al. (2022) reported that roughly 42% of the full-length
Sanger-derived fungal ITS sequences in the INSDC lack a full species
name, and 29% of these are not annotated beyond the kingdom level.
Therefore, the lack of information in the reference databases has defi-
nitely affected the low taxonomic resolution of many of our OTUs.

Additionally, in this study, we used an RNA, rather than DNA, met-
abarcoding approach since it explicity seeks to exclude non-active or
dead cells, and therefore offers a better characterization of the active
microbial community (Adamo et al., 2021; Cristescu, 2019). We there-
fore argue that our approach comes closer to capturing the effect of
tebuconazole on active aquatic fungal communities than previous
DNA-based approaches. However, it is conceivable that we missed the
detection of some taxa, and therefore we agree with Adamo et al. (2021)
that the best approach is to produce RNA and DNA-based datasets from
identical environmental samples, and define the taxa that are shared
between them. These "shared taxa" would potentially be less likely to
correspond to artifacts, and their use may reduce the impact of nucleic
acids from dead or dormant organisms on perceived microbial com-
munity composition.

The two most abundant fungal identified phyla were Ascomycota and
Mucuromycota. The phylum Ascomycota has been previously identified
in freshwater mesocosms when exposed to 238 pg/L of tebuconazole
Dimitrov et al. (2014). The phylum Mucuromycota is typically found in
soil environments, however species belonging to this phylum have been
isolated from aquatic environments (Seeber et al., 2022) but they have
not been assessed in fungicide exposure experiments before.

Bacterial diversity did not significantly change within treatments.
The most common phyla were Bacteroidota, Cyanobacteria, Plancto-
mycetota, and Pseudomonadota. A high abundance of Pseudomonadota
has been found in mesocosms exposed to 238 pg/L of tebuconazole
(Dimitrov et al., 2014). This phylum has been reported to increase after
the introduction of leaf litter in limnic systems (Hutalle-Schmelzer et al.,
2010), therefore it can be hypothesized that the abundance of Pseudo-
monadota could have been higher in our experiments since no leaves
were introduced in the system. The presence of Cyanobacteria decreased
by 20% in the biofilms from the 100 pg/L chronic tebuconazole treat-
ment. Kumar et al. (2012) described the reduction of photosynthetic
pigments as well as metabolic and enzymatic activities of cyanobacteria
under exposure to tebuconazole, suggesting that cyanobacteria might be
more sensitive to tebuconazole than other bacterial phyla. Finally,
species belonging to the families Phycispheraceae (phylum Planctomy-
cetota) and Saprosphyraceae (phylum Bacteroidota) were significantly
more abundant in tebuconazole-exposed biofilms (Table 3). Both classes
can be found in freshwater environments and express a wide variety of
carbohydrate-active enzymes (CAZy) that allow them to degrade a wide
spectrum of complex polysaccharides from freshwater particles (Chiriac
et al., 2023). Therefore, these two classes may partially take over the
ecological function of organic matter degradation from fungi during
prolonged tebuconazole exposure.

5. Conclusions

This microcosm study allowed us to report the sensitivity of non-
target fungal microbial communities at environmental concentrations
of tebuconazole. Moreover, aquatic biofilms proved to release tebuco-
nazole transformation products to the water column. The toxicity of
these transformation products remains unknown and could potentially
be higher than the toxicity of the parent compound. Tebuconazole ex-
posures also triggered changes in the fungal community composition
resulting in different beta diversity. This community shift could affect
the ecological role of aquatic fungi in freshwater ecosystems, since the
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emerging species could be more tolerant to the fungicide at the expense
of losing efficiency in other functions, such as decomposing organic
matter. The bacterial and algal compartments of the biofilm remained
stable in terms of biomass after being exposed to tebuconazole.

In conclusion, this study shows that environmental concentrations of
tebuconazole are harmful to the fungal community of freshwater bio-
films. Even though our ecotoxicological study in microcosm using nat-
ural communities such as biofilms represents a simplification of natural
conditions, this approach provides the opportunity to understand the
complex set of responses of biofilms to contaminants, which is necessary
to establish more accurate environmental quality standards for con-
taminants such as the fungicide tebuconazole. It calls for improved
assessment of the effects of environmental concentrations of this
fungicide, ideally by combining molecular and analytical chemistry
tools to gain a better understanding of microbial shifts and the signifi-
cance of the release of transformation products to the water column. Our
results provide new data that we hope will aid in defining appropriate
environmental quality standards for tebuconazole.
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