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Abstract. The widespread use of synthetic hydrophilic polymers, such as polyvinylpyrrolidone (PVP), has raised concerns
about their potential effects on environmental biogeochemical processes, yet their impact on sediment ecosystems remains
largely unexplored. We investigated how PVP influences methane (CH4) production and prokaryotic community composition
in freshwater sediments over a 56-day anoxic incubation. PVP exposure accelerated the onset of methanogenesis, increased
maximum CH4 production rates, and elevated maximum CH4 concentrations. Notably, a substantial proportion of the response
occurred already at environmentally relevant concentrations. These functional changes were accompanied by shifts in bacterial
communities, particularly among fermentative taxa known to produce key methanogenic substrates. In contrast, archaeal
communities, including methanogens, exhibited comparatively weak and transient responses. The concomitant increase in CO-
and CH4 production and the observed microbial community shifts suggest that PVP altered microbial carbon-processing
pathways, although the mechanisms responsible for these effects remain unresolved. As a proof-of-concept study, our results
provide initial evidence that a widespread synthetic hydrophilic polymer can modify sediment microbial communities and
stimulate methane production. These findings highlight the need for future studies addressing the mechanistic basis of these

responses and their relevance under environmentally realistic conditions.

1 Introduction

The widespread use and disposal of plastic consumer products are major drivers of environmental pollution and contribute to
exceeding the planetary boundary for novel entities (Arp et al., 2021; Walker and Fequet, 2023). Global plastic production has
increased rapidly in recent decades, reaching approximately 400 million metric tons (Mt) annually, with over 2,489 Mt already
accumulated in landfills or natural ecosystems (Brooks et al., 2018; Geyer et al., 2017). Research on plastic pollution has
largely focused on solid, hydrophobic, and water-insoluble polymers, including macroplastics, microplastics, and nanoplastics
(Brunning et al., 2022; Groh et al., 2023; Hartmann et al., 2019). In contrast, synthetic hydrophilic polymers (SHPs) remain

poorly studied, despite an annual global production volume of 36.3 Mt and their widespread use in personal care products,
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pharmaceuticals, industry, and agriculture (Graves et al., 2021; Wang et al., 2023). Therefore, the effects of SHPs on ecosystem
structure and biogeochemical processes remain largely unknown, particularly in sediments where data are scarce (Steinmetz
et al., 2024). Despite their widespread use and environmental occurrence, the potential for SHPs to interfere with sediment
biogeochemistry remains unexplored. This is surprising given that sediments are both a likely sink for SHPs (Guezennec et
al., 2015) and a central environmental compartment in which fundamental biogeochemical processes, such as carbon and
greenhouse-gas cycling, occur (McClain et al., 2003; Rabaey et al., 2024). Whether SHPs can alter microbial community
structure or disrupt the syntrophic pathways underlying methanogenesis is entirely unknown

Methane (CHa4) production is one fundamental biogeochemical process in sediments with the potential for widespread effects
on ecosystems due to its global warming potential and major contribution to radiative forcing (IPCC, 2021), and its substantial
emissions from natural freshwaters and wetlands (Saunois et al., 2025). In sediments, CHa is formed as the terminal product
of anaerobic organic matter degradation through a multi-step, syntrophic microbial cascade, in which the intermediate steps
are performed by a diverse anaerobic microbial community and the final step is carried out by methanogenic archaea (Conrad,
2020; Megonigal et al., 2003). This syntrophic microbial cascade may experience direct exposure to anthropogenic stress, with
potential consequences for community structure and CHa production. Similar to microplastics (He et al., 2024; Zhang et al.,
2022), SHPs may affect methanogenesis by altering sediment geochemistry and microbial activity as it has been shown for
water soluble organic chemicals such as antibiotics (Bollinger et al., 2021). At the same time, chemical stressors can shift
microbial community composition toward more tolerant taxa (Blanck et al., 1988). Such structural changes can subsequently
shape the long-term metabolic capacity of microbial communities and ultimately alter CHa production dynamics (Bollinger et
al., 2024, 2025).

To assess the effects of SHPs on sediment-associated prokaryotic communities and their associated ecosystem functions, we
exposed freshwater sediment with a natural microbial community for 56 days to four concentrations of polyvinylpyrrolidone
(PVP) serving as a model SHPs. PVP represents a suitable model SHP because it is highly water soluble and highly resistant
to chemical degradation under environmental conditions (Julinova et al., 2012; Luo et al., 2021). This persistence, together
with its widespread use in industrial and pharmaceutical applications, contributes to its frequent detection in aquatic
environments, such as surface waters downstream of wastewater treatment plants, with measured environmental concentrations
of up to 7 mg L'! (Anti¢ et al., 2011). We quantified CHa production under anoxic conditions through weekly measurements
and thereby assessed PVP-induced functional responses over time. In parallel, we characterized the active sediment-associated
prokaryotic communities using 16S rRNA metabarcoding after 7, 28 and 56 days of exposure to link functional responses to
structural community changes. Based on reported effects of microplastics on CHs production (He et al., 2024; Zhang et al.,
2022), we hypothesized that PVP exposure increases methanogenesis. We supplemented these functional measurements with
structural analyses of the active sediment-associated prokaryotic community using 16S rRNA metabarcoding. aiming to link

functional effects to structural changes.
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2 Materials and methods
2.1 Sediment sampling and processing

In June 2024, we collected a fine-grained sediment from the upper 20 cm of a naturally vegetated pond at the Euferthal
Ecosystem Research Station of the RPTU University Kaiserslautern-Landau, Germany (49°25' N, 7°96" E), which was
immediately transported to the laboratory. The pond receives water from a forest stream and supports a natural prokaryotic
community (Bollinger et al., 2021). To enrich the sediment with an additional organic carbon source, we amended it with 20
g (dry weight) of Alnus glutinosa (L.) Gaertn. leaf powder per kg wet sediment (gravimetric water content: O, = 2.53 + 0.42
g ¢'!). Adding organic substrates (e.g., leaf litter and glucose) to the test system is common practice when mechanistically
addressing methane production (e.g., Bhullar et al., 2013; Bollinger et al., 2025) to ensure sufficient substrate availability for
microbial metabolism (including methanogenesis) during incubation. In a previous study using the same approach, the added
leaf material contributed approximately 12% of the total sediment organic carbon (Bollinger et al., 2021). Due to limited leaf
availability at the sediment source site, leaves were collected from a different site near Landau, Germany (49°12' N, 8°08' E),

dried at 60 °C for 24 h, and ground into a fine powder using an electric mill prior to sediment amendment.

2.2 PVP treatment and quantification

We included three PVP treatments (0.5, 50, and 5,000 mg L), prepared from PVP K30 (40 kDa, CAS 9003-39-8; Carl Roth,
Karlsruhe, Germany), along with a PVP-free control. All treatments and the control were replicated 32 times. The selected
concentration range reflected environmentally relevant levels reported for European rivers receiving municipal sewage
discharges (up to 0.1 mg L'!) and wastewater treatment plant effluents (0.9-7 mg L!; Anti¢ et al., 2011), whereas the higher
concentrations were selected to assess concentration-dependent effects. We prepared serial dilutions of the PVP product in
unfiltered pond water collected from the sediment source. Because anaerobic organic matter degradation is highly sensitive to
pH (Wang et al., 1993; Zhang et al., 2010), we adjusted the test solutions to neutral pH after PVP application using NaOH.
This standardization minimized pH as a confounding factor among treatments and ensured that observed treatment effects
could be attributed to PVP exposure rather than differences in pH. We collected triplicate water samples from each treatment,
including the control, on days 0, 7, and 56, and stored all samples in glass vials at 4 °C until chemical analysis (Table1).

We quantified PVP by pyrolysis—gas chromatography—mass spectrometry (Py-GC/MS) following Steinmetz et al. (2020). In
brief, we coupled a Pyroprobe 6150 filament pyrolyzer (CDS Analytical, USA) to a Trace GC Ultra and a DSQII single
quadrupole mass spectrometer (Thermo Fisher Scientific, Germany). We ultrasonicated water samples for 10 min and applied
2 pL to a quartz filter (Whatman QM-A) in a quartz tube. We dried samples at 105 °C for 3 min under helium (20 mL min),
then flash-pyrolyzed them at 550 °C for 15 s (10 K s™). We set the transfer line to 250 °C and operated the injector at 300 °C
(split 1:10; helium 1.3 mL min™!). We separated pyrolysates on a 30 m x 0.25 mm x 0.25 um ZB-5MS column (Phenomenex,
Germany). The oven program started at 35 °C (2 min), increased to 104 °C at 3 K min!, then to 300 °C at 50 K min™!, and held
for 5 min. We maintained the GC-MS transfer line at 280 °C and the ion source at 230 °C. We identified PVP pyrolysates by

3
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analyzing a 2 mg mL™!' aqueous standard in scan mode (m/z 45-250) using OpenChrom v1.5.0 (Wenig and Odermatt, 2010)
and the NISTO08 database (National Institute of Standards and Technology, n.d.). We quantified PVP via the main fragment,
1-vinyl-2-pyrrolidinone, in selective ion monitoring mode (m/z 56 and 111). We established an 11-point calibration (5-200
mg L!), measured blanks, and included quality controls (125 mg L™). The limits of detection (LOD) and quantification (LOQ)
were 2.2 mg L'and 6.5 mg L', respectively. We diluted samples 50-fold or preconcentrated them 10-fold (50 °C, redissolved
in deionized water) to match the calibration range and be able to quantify PVP concentrations in the lower two treatments. The
initial deviation between nominal and measured PVP concentrations may have resulted from adsorption of PVP to the glass
walls of the storage vials, as PVP is known to adsorb to silica-based surfaces (Al-Harbi et al., 2016). The more pronounced
decline in measured concentrations during later stages of the experiment may additionally reflect interactions of PVP with
sediment constituents, including organic matter, as PVP has been shown to associate with humic and fulvic substances
(Watanabe & Kuwatsuka, 1992). Because initial measured concentrations remained within the intended treatment range and
did not alter the interpretation of treatment effects, nominal concentrations are used throughout the manuscript for ease of

presentation.

Table 1. Nominal and measured (mean + standard deviation; n=3) PVP concentrations in the test medium on days 0, 7, and

56 of the incubation.

Nominal (mg L) Time (d) Measured (mg L)
0 0 <LOD

7 <LOD

56 <LOD
0.5 0 0.799 + 0.007

0.853 +0.020

56 0.489 +0.050
50 0 37.7+3.1

7 8.2+0.3

56 6.9+03
5000 0 3754 £ 67

7 2428 + 69

56 2420+ 110

2.3 Experimental setup and greenhouse gas measurements

As described by Bollinger et al. (2021) we added 5.12 + 0.22 g (wet weight; N = 128) of carbon-spiked sediment and 30 mL
of pond water containing the respective PVP concentration (i.e., 0, 0.5, 50 and 5000 mg L!; n = 32) into airtight glass

microcosms. We flushed the headspace of each microcosm with nitrogen for 30 s and subsequently hermetically sealed the

4
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vessels. This procedure removed oxygen from the headspace but did not immediately eliminate dissolved oxygen present in
the sediment slurry. Consequently, fully anoxic conditions developed progressively during the initial incubation period as
residual oxygen was consumed by aerobic microbial respiration. This initial oxygen-consuming phase is supported by the
observed increase in CO2 concentrations (Fig. S1), with oxygen depletion inferred to occur after approximately seven days.
We incubated all vessels for 56 days in a climate-controlled cabinet (WB 345 KHFL; mytron, Germany) at 20 + 0.2 °C in
darkness (Fig. S2).

Every seven days, we quantified CH4 by withdrawing a 100 pL headspace gas sample (7;) from each microcosm and injected
it into a cavity-enhanced absorption spectrometer (UGGA, model 915-0011, Los Gatos Research Inc., USA) operated in a
closed-loop configuration. To determine the true mole fraction in the headspace (xx), we corrected the equilibrium mole fraction
(xe, ppm) measured by the analyzer after equilibration of the injected sample gas with the gas initially present in the analyzer
loop (Wilkinson et al. 2018). The correction accounts for dilution caused by the loop volume (V;; calibrated using certified
CHa and CO: reference gases; Messer Industriegase, Germany), the injected gas sample (V7), and the background mole fraction

(x0) assuming ambient pressure in the microcosms (Eq. 1):

Xy = (Z—f) X (X, — x9) + %, (1)
Afterwards, we estimated the amount of dissolved CHa (nw) using Henry’s law (Eq. 2):

n, =Ky Xx, XV, X f; 2)

where V,, is the water volume, f; is a conversion factor (10! Pa ppm™), and Ky is Henry’s law constant adjusted for the test

temperature of 293.15 K (Lide, 2004; Weiss, 1974):

In (Kyg,, ) = —115.6477 + 1555756 x (1£) ™ 4 65.2553 x In ()" — 6.1698 x (1) 3

where Tk is the temperature in Kelvin.

Finally, we normalize the total amounts of CH4 to the dry weight of sediment () in each system (Eq. 4):

N+ XV X f1)X(RXT) ™1
mex (1+ 0g)~1

c(CH,) =

(4)

where Vi is the headspace volume, R is the universal gas constant, ms and @, are the wet weight and the gravimetric water

content of the sediment, respectively.
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2.4 RNA extraction and metabarcoding

After measuring CH4 (and CO2) on days 7, 28, and 56, we destructively sampled six microcosms per treatment to collect
sediment for metabarcoding analyses. We immediately stored the sediment samples at -80 °C. From each sample, we extracted
RNA from 2 g of sediment using the RNeasy PowerSoil Total RNA Kit (Qiagen) according to the manufacturer’s protocol.
We quantified RNA concentrations using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and evaluated RNA
integrity with a 2100 Bioanalyzer system (Agilent).

To characterize the potentially active sediment-associated prokaryotic community, we used an RNA-based sequencing
approach rather than DNA-based 16S rRNA gene sequencing. Specifically, 2 uL. of each RNA extract was reverse-transcribed
into cDNA using random primers supplied with the iScript cDNA Synthesis Kit (Bio-Rad). The resulting cDNA, representing
cellular 16S rRNA transcripts, was subsequently used for amplicon sequencing. This approach targets the potentially active
fraction of the microbial community and was therefore selected to better link microbial community composition to observed
biogeochemical processes. We amplified the hypervariable V4 region of the 16S rRNA gene using primers 515Fm (5'-
GTGYCAGCMGCCGCGGTAA-3") and 806Rm (5'-GGACTACNVGGGTWTCTAAT-3') (Walters et al., 2015). Each PCR
used 2 pLL of cDNA as template and consisted of an initial denaturation at 98 °C for 30 s, followed by 26 cycles at 98 °C for
10 s, 63 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 5 min. To minimize PCR bias, each biological
replicate (i.e., microcosm per treatment) was amplified in three independent PCR reactions, which were pooled to obtain one
technical composite. In a second pooling step, two biological replicates were randomly combined, reducing the number of
biological replicates per treatment from six to three for sequencing. Sequencing libraries were then prepared using the
NEBNext Ultra DNA Library Prep Kit for [llumina (NEB, USA). We assessed library quality with a 2100 Bioanalyzer system
(Agilent) and the libraries were sequenced on an Illumina MiSeq platform (2 % 300 bp paired-end; StarSeq GmbH, Germany).
We processed raw reads following Bollinger et al. (2024). Briefly, we removed primers using cutadapt (v1.18; Martin, 2011)
and analyzed reads with the DADA?2 pipeline (Callahan et al., 2016) using the following parameters: truncLen = c(216, 183),
maxEE = 1, maxN = 0 and minOverlap = 20. We detected and removed chimeras with vsearch (v2.13.7; Rognes et al., 2016)
and assigned taxonomy to amplicon sequence variants (ASVs) using the SINTAX algorithm (Edgar, 2016) against the
Greengenes reference database (v13.5; McDonald et al., 2012). We removed ASVs lacking taxonomic assignment and those
with fewer than five total occurrences across all samples (Bokulich et al., 2013). The filtered ASV table, combined with
taxonomy information, was used for downstream statistical analyses. We created a rarefaction curve on the final reads to

confirm saturated sampling profiles across all samples (Fig. S3).
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2.5 Data processing and statistics

For the statistical analysis of CHa production profiles, we followed the approach by Bollinger et al. (2024) and Middelanis et
al. (2025), using a non-linear function to describe methane production dynamics. To characterize temporal dynamics of

cumulative CH4 production over time (¢, days), we fitted an extended form of the von Bertalanffy growth function (Eq. 5):

L-A

—
(14v; KDy

CH,(t) = A+ (5)

where 4 and L represent the lower and upper asymptotes of the curve, respectively, £ is a rate constant controlling the steepness
of the increase, 7 determines the temporal displacement of the curve (i.e., the location where the incubation reaches its fastest
methane production), and v controls the curve’s symmetry. In the following, we primarily focus on L, representing the
maximum attainable CHa concentration, and 7, describing the timing until the inflection point of the curve is reached.

The maximum CHj4 production rate (rmax) Was afterwards calculated as (Eq. 6):

v+1

o =k X (L—A)x (L +v) v (6)

We built the methanogenesis models using non-linear Bayesian regression implemented in the brms package (v2.20.0;
Biirkner, 2021), which interfaces with rstan (v2.32.3; Stan Development Team, 2023). We ran four Markov chains with 20,000
iterations each, a thinning interval of 10, and a warm-up of 16,000 iterations. To ensure stable sampling and model
convergence, we used previously described priors (Bollinger et al., 2024). These priors were informative enough to support
reliable convergence while remaining broad enough to avoid introducing bias. Sensitivity analyses revealed no bias from the
priors on the posterior distributions (Fig. S4), and validity analyses showed that the models could reliably detect parameter
effects (Fig. S5). We report posterior distributions for z, rmax, and L using the maximum a posteriori estimate (MAP) together
with the 95% highest density credible interval (CRI). We evaluated the certainty for treatment differences using Bayes factors
(BF), which indicate the relative likelihood of the alternative hypothesis (Hi) versus the null hypothesis (Ho) given the observed
data. For clarity and comparability across contrasts, we expressed BF values as > 1 irrespective of the direction of the effect.
When all posterior samples favor Hi over Ho (or vice versa), BF is technically undefined but approaches infinity (Inf).

For metabarcoding analyses, we first analyzed the complete prokaryotic community and subsequently examined Euryarchaeota
separately, as this phylum comprises the methanogenic Archaea responsible for CH4 production. This hierarchical approach
allowed us to distinguish broad shifts in prokaryotic community composition from responses specifically associated with
methanogenic microorganisms. Therefore, we expressed taxon-specific responses as centered log-ratio (CLR) differences
relative to the control, which accounts for the compositional nature of amplicon sequencing data and allows mathematically

valid comparisons among taxa (Eq. 7; Aitchison, 1982; Gloor et al., 2017):
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CLR; = log(RA; + €) — =%?_, log(RA; + €) (7)

where RA; is the relative abundance of ASV i, R4; is the relative abundance of ASV j, D is the total number of ASVs in the
sample, and & (= 107°) is a pseudocount added to avoid zero values. CLR differences between treatment and control therefore
reflect deviations in taxon abundance relative to the overall community composition. We removed one replicate at 5,000 mg
L™ on day 7 from further analyses because it was identified as an outlier using the Mahalanobis distance (Filzmoser et al.,
2008). We then performed non-metric multidimensional scaling (NMDS) based on Euclidian distances of CLR-transformed
ASV abundances to ordinate samples in low-dimensional space using the R package vegan (version 2.6-6.1; Oksanen et al.,
2022). We evaluated differences in community structure among PVP treatments and the control using permutational
multivariate analysis of variance (PERMANOVA) on the same CLR-based Euclidean distance matrix (Anderson, 2001).
NMDS plots were visually scaled such that axes reflect relative differences in community composition while maintaining
mathematically valid distances. To identify taxa contributing most to observed dissimilarities, we performed similarity
percentage (SIMPER) analyses on CLR-transformed data, summarizing taxon-specific contributions across time points using
the R package vegan (version 2.6-6.1; Oksanen et al., 2022). We conducted all data analyses in R (version 4.4.0; R Core Team,
2025).

3 Results
3.1 Methane production

Across all experimental treatments, including the control, the CHa development followed a generalized logistic growth curve
(Fig. S1) progressing through the typical phases of methanogenesis under anoxic conditions. Exposure to PVP, however,
caused altered CH4 production patterns compared to the PVP-free control. Specifically, at all PVP concentrations, the time
until the inflection point was reached (z; the location where the incubation reaches its fastest methane production) was 2 days
earlier (BF = 28.6—Inf), indicating a faster transition from the initial to the exponential phase. Maximum CHa4 production rates
(rmax) were up to 25% higher under PVP exposure compared with the control (BF = 9.5—Inf; Fig. 1). Furthermore, the maximum
attainable CH4 concentration by the end of the incubation (L) was up to 20% higher in PVP-treated samples than in the control
(BF = 399-Inf; Fig. 1).
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Figure 1. Violin plots showing (top) the time until the inflection point is reached (t), (middle) the maximum CHa production rate (Imax),
and (bottom) the maximum attainable CH4 concentration (L) in the control and under PVP exposure. Within each violin, bars indicate the
50% (thick), 75% (medium), and 95% (slim) credible intervals, and circles mark the maximum a posteriori estimate. Bayes factors (BF)
compared to the control are printed above and represent the odds ratio for the probability that the effect is greater or less than zero, with
values expressed as >1. PVP concentrations are indicated by color: light blue = control, green = 0.5 mg L', ochre = 50 mg L', red =
5,000 mg L.
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3.2 Metabarcoding

A total of 9,188 ASVs from 59 phyla, 138 classes, and 206 orders were analyzed with an average of 1,233 = 704 ASVs across
147,602 + 42,653 reads per sample. Independent of the PVP treatment, the same prokaryotic classes (Clostridia, Bacteroidia,
Proteobacteria, and Methanomicrobia) dominated all communities, despite slightly different dominance patterns among
sampling times (7 days, 28 days, and 56 days; Fig. 2). Nevertheless, across all assigned prokaryotes, both PVP concentration
and sampling time significantly affected the community composition (PERMANOVA; p < 0.001), while the PVP treatment
and sampling time showed an interaction effect (PERMANOVA; p = 0.029; Fig. 3; Table 2). Changes in prokaryotic
communities were mostly detected at the highest PVP concentration (Fig. 3). Across the three sampling times, the classes that
contributed most to average similarities between the highest treatment and the control were Clostridia (15.2%), Bacteroidia
(12.1%), Gammaprobacteria (5.3%), Betaprobacteria (2.8%), and unassigned ASVs (2%; Fig. 3). Methanomicrobia, the
prokaryotic class that contains most methanogenic archaea, also showed considerable effect sizes that revert the observed
changes in CHas production in the exponential phase of the incubation (28 days), with negative effects at all tested PVP
concentrations. However, the overall contribution of the relative abundance of these ASVs average similarities between the
highest treatment and the control was rather moderate with a dissimilarity contribution of 1.7%.

Within the phylum of Euryarcheota, effects of PVP on the community composition were less pronounced compared to the
entire prokaryotic community composition (PERMANOVA; p = 0.005), but effect of the sampling time was consistent and
significant (PERMANOVA; p < 0.001; Table 1). The most relevant families for dissimilarities between the highest PVP
treatment and the control across samplings were Methanosarcinaceae (23.1%), Methanosaetaceaec (6.2%) and

Methanoregulaceae (4.4%; Fig. 3).

10
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Table 2. PERMANOVA results for community compositions of all prokaryotic taxa and the Euryarchaeota subset. Statistical
significance is highlighted in bold.

Taxa (subset) Source of variation Df  SumSq F p

All prokaryotes Time 2 364792 4.94 <0.001
PVP 3 201469 1.82 <0.001
Time x PVP 6 271996 1.23 0.029
Residual 23 849526
Total 34 1687783

Euryarchaeota Time 2 2548.5 20.93 <0.001
PVP 3 505.7 277 0.005
Time x PVP 6 487.9 1.34 0.133
Residual 23 1400.1
Total 34 4942.3

Df: degrees of freedom, SumSq: sums of squares, R?: coefficients of determination
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Figure 2. Relative abundance of prokaryotic classes in the control as well as under exposure to PVP, separated by samplings
after (a) 7 days, (b) 28 days, and (c) 56 days.

11



260

Clostridia (15.2%) |
Bacteroidia (12.1%) |
Gammaproteobacteria ( 5.3%) |
Betaproteobacteria ( 2.8%) |
Unassigned ( 2.0%) |
Methanomicrobia ( 1.7%) |
Holophagae ( 1.5%) |
Epsilonproteobacteria ( 1.3%) |
Spirochaetes ( 1.0%) |

Deltaproteobacteria ( 0.9%) |

b

Methanosarcinaceae (23.1%)

Methanosaetaceae ( 6.2%) '

Methanoregulaceae ( 4.4%) |

DHVEG-1 ( 0.5%)

Methanobacteriaceae ( 0.4%) |

7 days 28 days 56 days
- - la - ~.l
» E3 L]
—o- A o
e L g
= Y| [
—— e N
—— e =
—lo— - ]
— —h— ]
A
o e 5
- 1&‘ ll
S - o
—— — -
—— 1 -
—o— 4 a— -
—— ——
—— 1o —a R |
Fom —A- -]
T — -
—_—r —A (-
—t — ho—
—— [A— =
—e— ——
= -t |
- 4 n
- e =
~ - H
-0.2 0.0 0.2 -04  -02 0.0 0.2 04 -0500 05 10 15 20
CLR difference relative to control
7 days 28 days 56 days
—— —_— ——
- - !
= —n—
-— e —O—
o~ y: ol —o|
» - -
‘;.- ‘_-AF '_-l-
L d A =
b > a2t -
(] o n
_ _ ——
T o1 | el P I ——
——1— —_— -1
-20 -15 -1.0 -05 0.0 -15 -1.0 -05 00 05 0 1 2
CLR difference relative to control
Euryarchaeota

Prokaryota

Concentration [ @ | omgL' [e] 05mgL+ o] somgLs o] s000mgL® Time o 7days A 28days ® 56days

12

Figure 3. (a) SIMPER analysis of all prokaryotes: average centered log-ratio (CLR) differences relative to the control (mean + SE) for
taxonomic classes after 7, 28, and 56 days of incubation. Negative CLR differences indicate taxa reduced relative to the control; positive
values indicate taxa enriched under PVP exposure. Classes are ordered according to their contribution to the dissimilarity between the
highest PVP concentration (5,000 mg L™") and the control, averaged across time points, with the mean contribution (%) shown in
parentheses. (b) SIMPER analysis of Euryarchaeota: average CLR differences relative to the control (mean + SE) for taxonomic families
after 7, 28, and 56 days, plotted and ordered as described for prokaryotes. (c¢) NMDS plots based on Euclidean distances of CLR-
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transformed ASV abundances. Left: all prokaryotes (stress = 0.114); right: Euryarchaeota (stress = 0.008). Colors indicate PVP
concentration (light blue = control, green = 0.5 mg L', ochre = 50 mg L', red = 5,000 mg L"), while symbols indicate sampling times
(circles = 7 days, triangles = 28 days, squares = 56 days).

4 Discussion
4.1 PVP effects on methanogenesis

PVP clearly affected methanogenesis, resulting in shorter times needed to reach the inflection point (7), higher maximum CH4
production rates (7max), and higher maximum attainable CHa concentrations (L). Notably, the response magnitude was relatively
modest compared with the large PVP concentration range tested. Moreover, the response did not follow a simple concentration-
dependent pattern, which was contrary to our initial expectation. A substantial proportion of the observed effect occurred
already at the environmentally relevant concentration of 0.5 mg L'}, whereas further increases in PVP concentration caused
comparatively small additional stimulation. This pattern was particularly evident for 7 and rmax, indicating that the lowest
exposure treatment already accounted for a considerable fraction of the total response observed across the entire concentration
gradient. The absence of a proportional increase in methanogenesis across four orders of magnitude in PVP concentration
suggests that the affected process became saturated at relatively low exposure levels. Rather than reflecting a continuously
increasing effect of PVP concentration, the observed response appears more consistent with a threshold-like alleviation of a
constraint on methanogenesis. Once this constraint was sufficiently reduced, additional PVP may have produced only limited
further stimulation. Although the identity of this constraint remains unknown, the findings indicate that environmentally
realistic concentrations may already be sufficient to induce measurable changes in methane-production dynamics. Despite the
comparatively modest increase in total CH4 production, PVP consistently accelerated CH4 formation, with all exposure
concentrations reaching the phase of maximum CHa accumulation earlier than the control. Because all incubations were
established and maintained under identical conditions except for PVP addition, alternative experimental explanations for the
observed differences appear unlikely. The concomitant increase in both CO2 and CH4 production further suggests that PVP
exposure enhanced overall anaerobic carbon turnover. Consequently, the stimulation of methanogenesis likely reflected
changes in microbial carbon processing and substrate supply rather than direct stimulation of methanogenic Archaea. This

interpretation is further supported by the microbial community analyses.

4.2 PVP effects on prokaryotes

The overall prokaryotic community began changing early in the incubation, with treatment effects becoming progressively
more pronounced over time. In contrast, and consistent with previous observations (Bollinger et al., 2024, 2025),
Euryarchaeota exhibited comparatively weak and taxon-specific compositional responses despite the clear stimulation of
methanogenesis. The stronger response of bacteria relative to archaea may reflect differences in how these groups interact with

PVP. Besides potential effects on substrate availability, PVP has been reported to interact with a wide range of organic
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compounds (see section 4.3), including signaling molecules involved in bacterial quorum sensing (Xue et al., 2011). Because
bacterial growth, metabolism, and biofilm formation are often regulated through quorum-sensing pathways (Waters and
Bassler, 2005), sequestration of signaling molecules could disproportionately affect bacterial communities, whereas archaeca
generally appear less dependent on quorum-sensing mechanisms (Charlesworth et al., 2017). Although this hypothesis remains
untested in the present study, it is consistent with the stronger bacterial than archaeal community responses observed under
PVP exposure.

Several methanogenic families showed transient positive or negative responses during the incubation period, but no consistent
compositional shift mirrored the observed methane-production patterns across treatments and sampling dates. Similar
decoupling between archaeal community composition and CHa production has been observed previously (Bollinger et al.,
2024, 2025) and suggests that changes in methane production cannot be explained solely by shifts in methanogen composition.
Instead, the microbial data suggest that bacterial community restructuring may have contributed to the observed stimulation
of methanogenesis. Several fermentative families, including Ruminococcaceae, Veillonellaceae, Lachnospiraceae, and
Syntrophomonadaceae, contributed substantially to treatment-related community differences (Fig. S6). These taxa are known
to produce acetate, hydrogen, and formate, which represent key substrates for methanogenesis (La Reau and Suen, 2018;
Marchandin et al., 2014; Sobieraj and Boone, 2006). The responses of these families generally coincided with the period during
which methane-production trajectories began to diverge among treatments. Through syntrophic interactions, methanogens
consume fermentation products such as H, thereby facilitating continued decomposition of organic matter and accelerating
anaerobic carbon turnover (Mosbak et al., 2016; Sousa et al., 2009; Westerholm et al., 2022). Consequently, the observed
shifts in fermentative bacterial taxa are broadly consistent with the enhanced methane production observed under PVP
exposure. However, these associations should be interpreted cautiously because relative abundance patterns do not necessarily
reflect metabolic activity and functional redundancy may obscure direct taxon-process relationships (Louca et al., 2018).
Furthermore, the RNA-derived 16S approach applied here primarily provides information on the composition of the potentially
active microbial community rather than direct measurements of functional activity. As no functional gene expression or
metabolic pathway data were collected, the present results do not permit direct attribution of the observed methane response
to specific microbial processes. Thus, while the data suggest that altered bacterial carbon processing may have contributed to

enhanced methanogenesis, the underlying mechanisms remain unresolved.

4.3 Implications and outlook

The present study was designed as a proof-of-concept experiment to determine whether the widely used soluble polymer PVP
can influence sediment methanogenesis and microbial community composition. The results demonstrate that PVP exposure
can alter both microbial communities and methane-production dynamics. However, the study was not designed to resolve the
mechanisms responsible for these effects. Consequently, the findings should primarily be interpreted as evidence that SHPs

can influence sediment biogeochemical functioning rather than as a definitive identification of the underlying pathways. A
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particularly noteworthy finding is that much of the observed methanogenic response occurred already at environmentally
relevant PVP concentrations. This suggests that potential ecosystem consequences may not be restricted to highly contaminated
environments and highlights the need to consider SHPs as potentially relevant drivers of biogeochemical processes.

Several non-exclusive mechanisms may contribute to the observed responses. PVP may alter substrate availability through
interactions with dissolved and particulate organic matter, consistent with its documented affinity for both mineral and organic
surfaces (Al-Harbi et al., 2016; Watanabe and Kuwatsuka, 1992). In addition, interactions with nutrients, metals, signaling
molecules, and sediment particles could modify microbial competition and carbon-processing pathways (Liu et al., 2000; Xue
etal., 2011; Wang et al., 2024). Another possible mechanism involves interactions between PVP and redox-active metals such
as iron. By complexing iron, PVP may alter iron speciation and bioavailability (Liu et al., 2000; Shi et al., 2024). Because
Fe(II) reduction commonly competes with methanogenesis under anoxic conditions (Baek et al., 2019), such interactions
could theoretically weaken competitive constraints on methanogenic pathways. However, iron chemistry was not quantified
and iron-cycling taxa did not exhibit consistent responses across treatments, leaving the relevance of this mechanism uncertain.
Stress-induced production of extracellular polymeric substances (EPS) may represent another potential pathway, as EPS
production has been reported in microbial systems exposed to synthetic polymers and can affect carbon turnover and microbial
interactions (Zhou et al., 2015; Liu et al., 2022). However, EPS production was not quantified and therefore this mechanism
remain speculative.

The broader environmental relevance of these findings remains largely unexplored. The experiment was conducted under
controlled laboratory conditions using homogenized sediments in closed incubations, whereas natural ecosystems are
characterized by fluctuating hydrological regimes, heterogencous redox environments, seasonal variability, and strong
biological interactions (Canfield et al., 2005; Lacroix et al., 2023). In particular, PVP entering aquatic and terrestrial
ecosystems is likely to interact with plant roots and rhizosphere microbial communities rather than with bulk sediments alone.
Root exudates, radial oxygen loss, plant-mediated carbon inputs, and species-specific rhizosphere effects strongly influence
microbial community assembly, carbon cycling, and methane production (Canarini et al., 2019; Kuzyakov and Razavi, 2019;
Mueller et al., 2020), and may therefore substantially modify PVP effects under field conditions Additionally, PVP may
influence the physical structure of the porewater environment. By increasing viscosity or promoting polymer-induced
aggregation, PVP could restrict diffusive transport of dissolved electron acceptors within sediments (Siebel et al., 2015) and
create spatial heterogeneity in redox conditions. Localized microsites may thus develop in which oxidants are rapidly depleted,
creating strongly reducing conditions that favor anaerobic metabolic pathways (Lacroix et al., 2023). Future studies should
evaluate PVP under environmentally realistic scenarios, including different sediment types, plant communities, hydrological
regimes, and long-term exposure conditions. Combining geochemical measurements with microbial community analyses,
functional gene expression analyses, metabolomics, and process-based measurements will be essential for identifying the
mechanisms responsible for the observed stimulation of methanogenesis. In particular, quantifying carbon mobilization, iron
speciation, terminal electron-acceptor dynamics, quorum-sensing processes, EPS production, and rhizosphere-mediated effects

would help disentangle the relative importance of the hypothesized pathways.

15



355

360

365

370

375

5 Conclusions

This proof-of-concept study demonstrates that the widely used soluble polymer PVP can alter sediment microbial communities
and stimulate methanogenesis, even at environmentally relevant concentrations. The observed responses suggest that SHPs
may represent an overlooked driver of sediment carbon cycling. However, the mechanisms responsible for these effects remain
unresolved and should be investigated through future studies combining microbial, geochemical, and process-based

approaches under environmentally realistic conditions.
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