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Abstract

Permafrost landscapes act as reservoirs for per- and polyfluoroalkyl substances (PFASs) and represent
crucial carbon pools in the global carbon cycle. With the intensification of climate warming, permafrost
is undergoing rapid degradation, exposing previously trapped organic carbon to microbial decomposition
and thereby leading to substantial greenhouse gas emissions. However, this thaw also liberates legacy
chemical pollutants into active biological zones. The role of PFAS contaminants in modulating microbial
community composition and metabolic activity, in particular greenhouse gas production, in thawing
permafrost landscapes remains poorly understood. A sampling campaign was conducted in a high-
latitude permafrost region, and a dose-response exposure experiment was performed with
concentrations ranging from ng to pg of perfluorooctanoic acid (PFOA; CgHF,50,) per gram sediment
with multiple cores from a thermokarst pond representing landscape features with highest methane
emissions. Our findings demonstrate a high susceptibility of microbial communities to PFOA pollution in
particular methane-cycling. PFOA led to distinct changes in microbial functional potential, including a
dual effect on methane-cycling communities: surfactant-induced inhibitory effects on sensitive
methanogenic taxa, and the inactive persistence and relative enrichment of methanotrophs. This
pollutant-driven shift was paralleled by a significant, concentration-dependent suppression of net
methane emissions. Path analysis revealed that this suppression was driven primarily by direct PFOA
inhibition rather than community turnover, despite substantial PFOA-induced restructuring of the broader
prokaryotic community. This study provides novel insights into the ecotoxicity of emerging contaminants
on key biogeochemical cycles, underscoring the need to account for contaminant-induced shifts when
projecting future Arctic climate feedbacks.

1. Introduction

The environmental risks of per- and polyfluoroalkyl substances (PFASs) have attracted growing global
attention. Due to their exceptionally strong carbon-fluorine (C—F) bonds, these compounds exhibit high
chemical and thermal stability, resistance to biodegradation, and unique hydrophobic/oleophobic
properties [1, 2]. Since the mid-20th century, PFASs have been widely applied in textiles, coatings,
lubricants, firefighting foams, and food packaging, leading to their ubiquitous detection in soils, surface
waters, the atmosphere, and biota worldwide [3, 4]. Their combined persistence, bioaccumulation, and
toxicity have earned them the designation “forever chemicals” [5, 6].

Among PFASs, perfluorooctanoic acid (PFOA) is one of the most common and extensively studied
representatives. Structurally, PFOA consists of a hydrophilic carboxyl group and a fully fluorinated carbon
chain, which confer surfactant properties and high recalcitrance [7]. PFOA is listed in the Stockholm
Convention on Persistent Organic Pollutants [8]. Decades of use have resulted in PFOA being widely
detected in aquatic environments, sediments, soils, sewage sludge, human blood, and even breast milk
[9, 10]. Permafrost landscapes are a critical sink for global PFAS pollution [11], and as arctic
temperatures rise, the thawing process liberates these sequestered chemicals, raising significant
concerns.
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High-latitude permafrost landscapes represent one of Earth's largest terrestrial carbon reservoirs, storing
nearly twice the amount of carbon currently present in the atmosphere [12]. Rapid thawing triggers
ground subsidence and the formation of thermokarst ponds [13], which act as intense anaerobic
biogeochemical reactors where previously frozen organic matter is exposed to microbial decomposition,
leading to substantial emissions of methane (CH,) [14]. While these aquatic systems are critical
conduits in the global carbon cycle [15], they also function as sinks for long-range transported
contaminants [16]. Therefore, understanding the vulnerability of the microbial communities in
thermokarst ponds to forever chemicals like PFOA is critical for predicting future climate feedbacks.

Emerging studies highlight that PFOA exerts profound effects on microbial communities. PFOA has been
shown to induce oxidative stress, stimulate the secretion of extracellular polymeric substances, cause
DNA and membrane damage, and suppress enzyme activities, thereby impairing microbial growth and
metabolic performance [17]. Crucially for biogeochemical cycles, PFOA markedly decreases CH,
production (by 11-19%) in anaerobic systems, with methanogenic archaea being more vulnerable than
bacteria [18, 19]. However, some research suggests that microbial communities may gradually develop
tolerance under long-term PFOA exposure, thereby maintaining partial metabolic functions [20]. This
adaptation is often accompanied by the enrichment of resistant taxa such as Proteobacteria,
Acidobacteria, and Bacteroidetes [21, 22].

While PFOA is known to interfere with microbial communities across different environmental settings,
this research has predominantly focused on sludge environments and overall community shifts.
Consequently, investigations directly addressing CH, emissions and their associated microbial
communities remain limited [23, 24]. Although existing studies suggest that PFOA can inhibit CH,
emissions and reshape the associated microbial community structure, the underlying mechanistic basis
remains poorly understood [18, 25]. Therefore, an in-depth exploration of the microbial mechanisms
through which PFOA influences CH, emissions is critical for advancing our knowledge of the carbon

cycle and for environmental risk assessment.

The urgency of this research gap is further underscored by the importance of CH, as a potent
greenhouse gas, with a global warming potential 28 times higher than CO, on a 100-year timescale [26,
27], and the prominent role of ecosystems like lakes, bogs, and permafrost as major conduits of CH,
[28]. Global atmospheric CH, concentrations have risen continuously, now accounting for about 20% of
observed radiative forcing since the pre-industrial era [29, 30]. Net atmospheric CH, emissions are

regulated by the dynamic balance between two microbial processes: methanogenesis (production) and
methanotrophy (oxidation) [31, 32]. Methanotrophy, driven by methanotrophs, constitutes the major
biological CH, sink by converting it to CO, [33]. Consequently, PFOA and other chemicals can potentially

have profound effects on CH, emissions if they interfere with this balance in ecosystems such as
thawing permafrost landscapes.
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In this study, we investigate the effects of different concentrations of PFOA on CH, emissions and the
associated microbial community structure and functions. Using anaerobic incubation of thermokarst
sediments exposed to a PFOA gradient, we combine greenhouse gas monitoring with high-throughput
sequencing of the 16S rRNA gene and key functional genes (mcrA and pmoA). This approach allows us
to systematically evaluate how PFOA influences the CH, cycle, microbial community composition, and
metabolic functions. Furthermore, variance partitioning analysis (VPA), mixed-effects models, and partial
least squares path modeling (PLS-PM) are employed to disentangle the independent and interactive
effects of PFOA and environmental factors on CH, production. This work provides new insights into the

CH, cycling and emission mechanisms in thermokarst pond sediments under PFOA stress, offering a
scientific basis for ecological risk assessment and regional carbon emission management.

2. Materials and methods

2.1 Study site and sediment sampling

Sediment cores were collected from a thermokarst pond in the ISkoras permafrost peatland, Northern
Norway (69.20°N, 25.17°E). This site represents a dynamic biogeochemical hotspot undergoing rapid
permafrost thaw. Because standard regional GIS datasets often lack the temporal and spatial resolution
required to monitor rapidly subsiding permafrost, high-resolution drone photogrammetry was utilized to
accurately capture the active micro-topography of the sampling site (Fig. S1). Following collection, cores
were transported at 4°C and processed under anaerobic conditions to maintain the integrity of the
methanogenic community. Details about the site, sampling and physicochemical analyses are provided
in the Supplementary Material 1.1-1.3.

2.2 Experimental design and PFOA treatment

An anaerobic microcosm incubation was established to evaluate the dose-dependent effects of PFOA on
CH, cycling. Sediments were treated to achieve final PFOA concentrations of 0, 2, 4, 50, 100, and 5000

ng/g, based on environmentally relevant and worst-case legacy contamination scenarios (for details on
the reasoning and references see Table S1). A pristine thermokarst site was deliberately chosen to
provide a true, unexposed baseline. This experimental design was necessary to cleanly isolate the acute
dose-response effects of PFOA and observe initial community restructuring, which would otherwise be
masked if using sediments already adapted to historical PFAS contamination. PFOA monitoring in
Finnmark (Northern Norway) by the Norwegian Environment Agency of similar ecosystems have so far
resulted in concentrations below 0.08 ng/g sediment [34]. Initial geochemical measurements
established a baseline sediment pH of 4.33-4.91. Because PFOA is an acidic compound, we
stoichiometrically verified that our highest concentration gradient (5000 ng/g, equivalentto 1.2 - 10™8
mol/g of H*) was several orders of magnitude below the natural buffering capacity of the highly organic
peat sediment (TOC = 393.05 mg/g with a usual buffering capacity > 10”% mol/g of H*). Consequently,
the trace molar addition of PFOA is incapable of altering the sediment pH, ensuring that any observed

microbial inhibition was independent of experimental acidification. Microcosms were incubated at 10°C
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to simulate active-layer summer temperatures. For more detail on the experimental design see the
Supplementary Material 1.4.

2.3 Greenhouse gas analysis

Headspace gas samples were collected periodically over 7.5 days. CH, and CO, concentrations were

quantified using a Gas Chromatograph equipped with a Flame lonization Detector and a Thermal
Conductivity Detector. Fluxes were calculated based on the linear change in headspace concentration
over time, normalized to sediment fresh weight. For more details, see the Supplementary Material 1.5.

2.4 Microbial community and functional gene analysis

Total genomic DNA was extracted using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, USA). We
performed DNA metabarcoding on the 16S rRNA gene (V4 region) for taxonomic profiling, alongside the
mcrA and pmoA genes as functional markers for methanogenesis and methanotrophy, respectively.
Sequencing was performed on the lllumina platform. Metabolic functions were predicted using the
FAPROTAX database and cross-validated with functional gene abundances. Full details regarding PCR
primers, thermal cycling conditions, and bioinformatic pipelines (DADA2/QIIME2) are documented in the
Supplementary Material 1.6. Total microbial cell counts were monitored via flow cytometry (SYBR Green |
staining) to ensure that functional shifts were not artifacts of broad biomass collapse (for more details,
see Supplementary Material 1.7).

2.5 Data statistics and analysis

Alpha diversity indices of microbial communities, including ACE, Chao1, Shannon, and Simpson indices,
were calculated using the vegan package in R. Beta diversity was assessed using non-metric
multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity matrices computed in the same
package, and community differences among treatments and sediment cores were tested by
permutational multivariate analysis of variance (PERMANOVA, adonis function). Linear discriminant
analysis Effect Size (LEfSe) analysis was conducted in Python 2 to identify microbial taxa with
statistically significant differences between groups (LDA score > 3) [35]. Functional gene prediction was
performed using Functional Annotation of Prokaryotic Taxa (FAPROTAX) (version 1.2.6) to assess
microbial functional profiles before and after incubation [36]. Spearman correlation analysis was
conducted to evaluate relationships between environmental factors and CH,-associated microbial
communities, and Mantel tests were performed using the ggcor package [37] to assess associations
between multiple factors and CH, emissions. Principal component analysis (PCA) was applied to the
CH, emissions matrix across all sampling times, and the first principal component (PC1) was extracted
as an integrated response variable for subsequent VPA and random forest modeling. VPA [38] was
performed using the varpart function in the vegan package to explore the independent and interactive
effects of various influencing factors on CH, emissions. Random forest analysis was conducted using
the rfPermute package in R (with 500 trees) to further identify key biomarkers associated with CH,

emissions. The statistical significance of the variable importance was evaluated through permutation
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tests with 100 replications. PLS-PM was performed using the plspm package to investigate the direct
and indirect effects of PFOA contamination and environmental factors on CH, emissions [39].
Visualization of VPA and PLS-PM results was completed in Visio 2021. Statistical analyses, including
analysis of variance, significance testing, and standard error analysis, as well as result visualizations,
were conducted using Origin 2022. All graphs with error bars are presented as mean + SEM. Differences
among groups and the PFOA gradient were assessed by mixed-effects model using using the Ime4
package in R. PFOA concentration (log-transformed) was set as the fixed effect, while the biological
replicates (cores C1-C4) were assigned as a random intercept to account for spatial heterogeneity [40].
Significance levels indicated as follows: * for p < 0.05; ** for p < 0.01; and *** for p < 0.001.

3. Results

3.1 PFOA suppresses net methane production but not
carbon dioxide production

Over the incubation period, concentrations of both CO, (Fig. 1A) and CH, (Fig. 1B) increased in all
treatment groups. However, their responses to PFOA exposure differed significantly. Mixed-effects
models revealed no significant response in the accumulation curves of CO, concentrations, using end
concentration, take-off time, lag phase, or maximum production rate as curve descriptors, to increasing
PFOA concentrations (Table S3; Fig. S2). No differences were observed among the four experimental
cores. Subsequently, our molecular and functional analyses deliberately focused on the CH, cycling
pathways, which demonstrated a targeted, high vulnerability to the contaminant. CH, accumulation
curves were significantly affected, with both CH, end concentrations and the take-off time (the time
required to initiate production) showing clear responses to rising PFOA concentrations (Fig. 1C, D; Fig.
S3A, B). To accurately reflect this continuous, non-linear relationship and prevent visual distortion of the
decay rate, concentration gradients were plotted on a logarithmic scale (logq(x + 1)-transformed PFOA
concentrations). This visually confirms the rapid, steep toxicity of PFOA on methanogenesis at the
lowest, environmentally relevant concentrations (0 to 50 ng/g), while other descriptors, such as the
maximum production rate, did not respond linearly (Fig. S3C, D). Analyses of Variance (ANOVAs) on the
mixed-effect models confirmed these visual inspections with CH, end concentrations decreasing while
CH, take-off time increasing with log;(x + 1)-transformed PFOA concentrations (Table 1).
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Table 1
Analysis of Variances on mixed-effects models for descriptors of CH, accumulation

curves. Mixed-effect models were applied to assess the effects of PFOA addition and
source environment (core) on the concentration of CH, at the end of the experiment

(end concentration), the maximum production rate and lag phase, which were
assessed using the framework described by Carlsen et al. [41], and take-off time. The
latter was defined as the time point at which production rates exceeded a threshold
determined from core-specific maximum production rates. Asterisks indicate
significance levels: *p < 0.05; **p < 0.01; ***p < 0.001.

Response variable Factor df F-value p-value

End concentration core 3 638.43 <0.0007***
Log,o(PFOA+1) 1 177.47 <0.0007 %
core :logo(PFOA+1) 3  64.51 <0.0007%**

Maximum production rate  core 3 18.53 <0.0007***
PFOA 1 14.81 0.0014 **
core : PFOA 3 9.71 0.0007 ***

Lag-phase core 3 77.03 <0.0007%**
PFOA 19125 00001
core : PFOA 3 22.27 <0.0007***

Take-off time core 3 1051.78 <0.0007***
log,o(PFOA +1) 1 92.67 <0.0007***
core:log;o(PFOA+1) 3 1857 <0.0007%**

Quantitatively, the control group (PFOAO) produced the most CH, throughout the incubation (39.71 +
18.39 nmol/g), whereas the highest exposure group (5 pg/g) produced the least (16.66 + 7.44 nmol/qg).
Relative to the control, final CH, concentrations decreased by 13.40% (2 ng/g), 12.96% (4 ng/g), 22.07%

(50 ng/g), 31.35% (100 ng/g), and 57.70% (5 pg/g). This potent inhibitory effect was strongly described
by a mixed-effects model (Adj. R? = 0.99; F-statistic = 326.6, p < 0.0001), which, after accounting for inter-
core variability, estimated a highly significant negative effect for log;o(PFOA + 1) (Estimate =-7.04 + 0.38,

t=-18.37, p<0.0001).
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3.2 PFOA induces shifts in microbial community
composition

To understand the microbial basis for the altered CH, accumulation curves, we first analyzed the
community structure. In the initial environmental (unincubated) samples, the community was dominated
by Acidobacteriota (24.34%), followed by unclassified Bacteria (15.63%), Proteobacteria (9.72%), and
Myxococcota (9.33%) (Fig. 2A). The incubation process (approximately 7.5 days) itself induced a marked
community shift. In the incubated control (0 ng/g) group, the major phyla changed to Acidobacteriota
(17.46%), Proteobacteria (15.54%), Firmicutes (15.26%) and unclassified Bacteria (14.27%).

From this control baseline, PFOA exposure amplified the dominance of Proteobacteria, which increased
from 15.54% in the control to 50.15% under 5 pg/g sediment. This trend indicates a strong adaptation to
high PFOA levels, likely reflecting the metabolic versatility of this phylum [42]. Conversely, the relative
abundances of Acidobacteriota and Firmicutes declined with increasing PFOA concentrations,
suggesting their sensitivity and ecological suppression under PFOA stress.

At the family level, this shift was even more pronounced (Fig. 2B). The family Pseudomonadaceae (a
member of Proteobacteria) showed a consistent and dramatic increase with rising PFOA concentrations,
expanding from 2.85% in the control to 33.80% under 5 pg/g sediment. This pattern suggests
Pseudomonadaceae may play a crucial ecological role, rapidly expanding under PFOA pressure and
reflecting both high tolerance and potential degradation capacity [43, 44]. Other taxa responded as well,
suggesting that PFOA exposure substantially restructured the microbial community at the family level.

In contrast to these dramatic compositional shifts, PFOA did not significantly affect overall microbial
abundance or a-diversity. Mixed-effects models showed no significant effect of PFOA concentration on
total cell counts (Fig. S4; Table S4). Although at 5 ug/g sediment we observed the lowest average cell

count ((6.95 + 1.70) x 10* cells/mL) compared to the control ((1.13 + 0.30) x 10° cells/mL), this
difference was not statistically significant. Because the total prokaryotic numbers did not vary
significantly across the PFOA gradient (ANOVA, p = 0.12; Table S4), the observed relative shifts in
community composition can be interpreted as reflecting changes in absolute ecological contributions.
Similarly, PFOA concentration exerted no significant effect on the a-diversity indices (Fig. S5; Table S5).
B-diversity analysis revealed that spatial heterogeneity amongst the sediment cores (Fig. S6) exerted a
stronger influence on community structure than the PFOA treatments.

3.3 Identification of microbial biomarkers responding to
PFOA

To pinpoint the specific microbial taxa that characterized each treatment group, we performed a LEfSe
analysis (Fig. S7). This identified key differentially abundant taxa from the phylum to family level. In the
raw (unincubated) samples, Phycisphaerae and Gammaproteobacteria Incertae Sedis were identified as

biomarker taxa. After incubation, the biomarkers shifted. The control (PFOAQ) group was characterized
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by Firmicutes, indicating its dominance under PFOA-free incubation conditions. Under 100 ng/g
sediment, the anaerobic fermentative bacteria Peptostreptococcaceae and Peptostreptococcales-
Tissierellales were enriched, likely reflecting microenvironmental shifts under moderate PFOA stress.
Finally, under 5 pg/g sediment, Sphingobacteriaceae was the sole enriched family, suggesting its strong
adaptability and potential for organic pollutant degradation under high PFOA exposure.

3.4 PFOA exerts a dual effect on methane-related
metabolic functions

To predict the functional consequences of the observed community shifts, we used FAPROTAX
functional annotation (Fig. 2C). The analysis revealed a pronounced dual effect of PFOA exposure on
CH,-related metabolism, consistent with our gas measurements. The predicted function of overall
methanogenesis (via all pathways) showed a non-linear response. The relative abundance of
methanogenic taxa increased slightly at low PFOA concentrations (below 50 ng/g) but then declined
significantly at higher doses, reaching its lowest level under 5 pg/g. In direct contrast, the predicted
function of methanotrophy increased relatively with higher PFOA levels, peaking under the highest PFOA
exposure. These opposing predicted trends—the suppression of methanogens and the stimulation of
methanotrophs—align with the net suppression of CH, emissions observed in our incubation
experiment.

Other metabolic functions were also affected. Nitrogen fixation was particularly sensitive, showing a
significant relative decrease across all PFOA treatments and its lowest relative abundance under 5 pg/g.
Phototrophy and oxygenic photoautotrophy were also suppressed, with concentration-dependent relative
abundances.

3.5 PFOA structuring the CH, cycling communities

We next examined the CH,-cycling communities underlying the functional shifts (Fig. 3). The overall
relative abundance of methanogens declined with PFOA exposure, from 4.27% in the control to 2.83%
under the highest PFOA exposure (Fig. 3A), indicating a clear concentration-dependent decline. This
decline was primarily driven by the dominant methanogenic group, Rice Cluster I, which comprised
77.88%-95.82% of all methanogens. Its relative abundance, after a slight increase at very low doses (2-4
ng/g), steadily dropped reaching its minimum (2.37%) under 5 pg/g. This suggests that Rice Cluster Il is
highly sensitive to PFOA and is a key taxon regulating CH, production in this system.

The overall relative abundance of methanotrophs was low (0.23% in raw samples) and declined markedly
in the control incubation (0.03%), likely due to anoxic conditions unfavorable for aerobic methanotrophs.
Yet, PFOA exposure progressively increased the relative abundance of methanotrophs from this low
baseline (Fig. 3B). This increase was not uniform and involved a distinct community shift. The
abundance of Methylomonadaceae was negligible in the raw and control groups but rose substantially
with increasing PFOA, peaking at 0.18% under 5 pg/g of sediment. In contrast, Methylacidiphilaceae
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dominated the methanotrophs in the raw group (0.23%) but followed a pattern of initial increase at low
PFOA concentrations before declining to nearly undetectable levels under 5 ug/g.

Similar to findings on the overall community composition (Section 3.2), PFOA concentration had no
significant effect on the a-diversity of methanogenic and methanotrophic communities (Fig. S8). B-
diversity analysis (Fig. S9) revealed that spatial heterogeneity of the sediment cores (core identity)
exerted a stronger influence on the structure of CH,-related microbial communities than the PFOA
treatments.

3.6 Integrated analysis of putative factors driving CH,
emissions

To disentangle the complex drivers of CH, end concentrations (termed “emissions” from now onwards)
in our experiments, we first used VPA to attribute the explained variance among PFOA, environmental
factors (reflecting the conditions in the sediments amongst the four cores or biological replicates), and
the CH, metabolism-related communities (Fig. 4A). After removing collinear variables through VIF
analysis, TN, TOC, and MC were retained as environmental factors. Collectively, these three categories
explained 84.35% of the total variance in CH, emissions. Environmental factors (TN, TOC, MC;
representing core-specific environmental properties) had the largest unique explanatory power,
accounting for 39.36% of the variance, while PFOA explained 5.15% of the variance in CH, emissions.
The interaction between environmental factors and CH, metabolism was the second-largest component,
explaining 38.37%. This indicates that environmental conditions (representing core-specific properties)
largely regulate CH, emissions by modulating the metabolic community, whereas PFOA had a minor
impact on the observed variations. The joint effect of all three categories explained an additional 2.54%.
The unexplained fraction was only 15.65%, demonstrating that our selected variables effectively
captured the principal drivers of CH, emissions in our experiment.

A random forest regression model, built to rank the importance of all variables, explained 73.4% of the
variance in CH, emissions, indicating robust predictive power (Fig. 4B). This analysis identified the
methanogenic community as the single most important predictor, followed by environmental factors.
Methanogenic metabolism (function) was also identified as a key predictive factor, supporting its central
role in regulating CH, emissions.

3.7 PLS-PM reveals comprehensive effects of multiple
factors on CH, emissions

To clarify the causal relationships between PFOA concentration, environmental factors, CH,-related
microbial community structure, metabolic functions, and their integrated effects on CH, emissions, we
applied a PLS-PM analysis (Fig. 5). The model showed a good fit (GOF = 0.65), indicating strong
explanatory and predictive power. PFOA exerted a significant direct inhibitory effect on CH, emissions
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(path =-10.30, p<0.01). However, the model indicated that the indirect pathway mediated by the
community structure was not statistically significant (path coefficient < 0.24, p > 0.1). This implies that
although PFOA drives profound shifts in community composition (Figs. 2-3), these structural changes
play a negligible role in regulating the observed decline in CH, emissions. Instead, the reduction in CH, is
primarily driven by the direct impact of PFOA, independent of the observed community turnover.

In contrast, environmental factors had a strong and direct effect on CH, emissions (path = 0.68, p <
0.001). This effect was also mediated indirectly, as the environment drove CH, emissions by determining
the relative abundances and diversities of methanogens and methanotrophs. Finally, the model
confirmed that methanogenic metabolism was the main functional mediator (path = 0.47, p < 0.001), with
its effect size far exceeding that of methanotrophic metabolism (path = 0.18) in regulating final CH,
emissions.

4. Discussion

4.1 PFOA exhibits potent, targeted inhibition of methane
emissions

The experimental results of this study demonstrate that PFOA exhibits a pronounced concentration-
dependent inhibitory effect on CH, emissions in anaerobic thermokarst sediments. While the most
dramatic suppression occurred at the highest treatment level (5 pg/g), where emissions were reduced by
more than 50% compared to the control, there were also responses at the lower end of our gradient. At
concentrations of 2 ng/g and 4 ng/g, which are levels directly representative of typical background
contamination in remote Arctic regions, CH, emissions in the experiments were already reduced by
13.40% and 12.96%, respectively. This suggests that as climate warming intensifies and the thawing
permafrost liberates previously trapped “forever chemicals” into active biogeochemical zones, even trace
levels of pollution can significantly perturb carbon fluxes.

An important insight into the inhibitory mechanism is the differential response of carbon-based gases.
While CH, emissions were severely suppressed, manifesting as a prolonged take-off time and a

significantly lower terminal concentration, the production of CO, was not significantly affected. This

finding strongly suggests that PFOA does not cause a general suppression of microbial activity or overall
organic carbon mineralization. Instead, its toxicity appears to be specific to the methanogenic process.

Our results are consistent with the majority of findings in related systems. For instance, Jiao et al. [25]
reported a significant negative correlation between PFOA concentration and cumulative CH, emissions.

Similarly, Wang et al. [18] observed a marked decline in CH, emissions with increasing PFOA

concentrations, and Silva et al. [45] found that PFOA specifically inhibited acetoclastic methanogenic
activity. Although the experimental systems (e.g., sludge, sediments) and PFOA concentrations varied
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across these studies, all consistently demonstrated that PFOA suppresses CH, emissions, with these
inhibitory effects increasing with dose.

It is important, however, to also address contrasting findings. Li et al. [23], for example, reported an
irregular increase (5-20%) in CH, yield with PFOA in an anaerobic sludge digestion system. They
proposed that PFOA might have enhanced the biochemical CH, potential of their specific substrate. This

discrepancy does not invalidate our findings but rather highlights the critical importance of the
environmental matrix. The active sludge system used by Li et al. [23] differs substantially in substrate
composition, microbial community structure, and dominant metabolic pathways from the thermokarst
sediments used in our study.

Overall, our results confirm that the influence of PFOA on CH, release from thermokarst sediments is
concentration-dependent. This effect is likely attributable to the direct toxicity of PFOA toward key
methanogenic guilds, leading to a marked decline in methanogenic capacity. This finding underscores
the significant potential ecological risk PFOA poses to carbon cycling and greenhouse gas budgets in
thawing permafrost landscapes.

4.2 A “dual” effect on the methane-cycling community

Our results suggest a distinct dual effect on the CH,-cycling community, which provides a clear
mechanistic basis for the observed net decrease in CH, emissions. First, PFOA suppressed key

methanogens. The abundance of methanogenic archaea declined in a concentration-dependent manner,
a trend driven primarily by the suppression of Rice Cluster Il. This dominant, obligately anaerobic lineage
is crucial in wetlands and permafrost [46] and appears highly sensitive to PFOA. This aligns with studies
showing species-specific responses of methanogens to PFOA [9, 47].

Second, and in direct contrast, PFOA stimulated methanotrophs. This effect was characterized by a
distinct community shift. The relative abundance of Methylomonadaceae, known as dominant aerobic
methanotrophs in polar sediments [47-49], increased significantly under high PFOA exposure.
Conversely, Methylacidiphilaceae, a group of acidophilic methanotrophs, showed a variable rise-and-fall
pattern, suggesting different sensitivity to PFOA stress [51]. These Type | methanotrophs possess
unique structural properties such as extensive intracytoplasmic membranes and high concentrations of
hopanoids, which act as functional analogs to sterols to increase membrane rigidity and decrease
permeability [51—-53], while their broader metabolic plasticity allows them to adapt to fluctuating
environmental stressors more effectively than the highly specialized, substrate-restricted methanogens
[55].

The observed suppression of Firmicutes and methanogenic archaea likely stems from their structural
vulnerability to surfactant-induced stress. Unlike the resilient Proteobacteria, which utilize a double-
membrane system and active efflux pumps to mitigate PFOA toxicity, Gram-positive fermenters (e.g.,
Firmicutes) lack an outer membrane barrier, leaving their cytoplasmic membrane directly exposed to
lipid disruption [56]. Similarly, while methanogens possess unique ether-linked membranes, they often
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lack the specialized multi-drug efflux systems required to prevent PFOA accumulation within the lipid
bilayer (like the RND-family pumps in Pseudomonas) [57], likely leading to the observed functional
collapse of the methanogenic pathway.

The FAPROTAX functional predictions mirrored these community shifts. The predicted potential for
methanogenesis declined markedly at high concentrations, while the predicted potential for CH,
oxidation (methanotrophy) increased. This is consistent with Li et al. [23], who observed a substantial
decline in mcrA gene abundance under PFOA exposure. Interestingly, Cao et al. [9] reported that high
PFOA concentrations upregulated key methanogenic functional genes such as mcrA and mtrA, with
mcrA expression, yet not corresponding with increasing CH, production. They suggested that this may
reflect a microbial stress response or selective enrichment of specific methanogenic populations [58].
These inconsistencies may arise from differences in microbial community composition, substrate types,
and exposure duration among studies [24]. Overall, our results strongly support that the steep decline in
CH, emissions resulted from PFOA simultaneously suppressing methanogens and promoting

methanotrophs.

4.3 PFOA acts on the broader microbial community

Beyond the CH, cyclers, PFOA exposure acted as a selective pressure that reshaped the prokaryotic
community in permafrost-peat sediments. We observed a high heterogeneity in the beta-diversity and
taxonomic composition across replicates, where sediment incubations within the same treatment group
often harbored distinct microbial assemblages. While such variability and the focus on a single site
might be perceived as experimental limitations, they strengthen our conclusions regarding PFOA
affecting community composition.

Proteobacteria were markedly enriched in a concentration-dependent manner consistent with a previous
study [59]. This was driven by the expansion of the Pseudomonadaceae family from 2.85% in the control
to 33.80% in the highest treatment group suggesting that their robust genomic repertoire for xenobiotic
metabolism and stress response provides a distinct competitive advantage in PFOA-impacted
sediments. This corroborates the group’s renowned high tolerance, metabolic versatility, and potential to
degrade organic pollutants [60]. In contrast to the enrichment, Acidobacteriota and Firmicutes decreased
significantly with increasing PFOA concentrations, indicating high sensitivity and ecological niche
suppression under chemical stress [61].

The observed suppression of Rice Cluster Il, a lineage of archaea characterized primarily by
hydrogenotrophic methanogenesis, is likely exacerbated by the concurrent decline in fermentative
Firmicutes producing the H, and CO, substrates of the hydrogenotrophic pathways. This suggests that

the decline of methanogens is driven by the simultaneous induction of substrate starvation by disrupting
the upstream fermentation supply chain and direct PFOA toxicity.

4.4 The “diversity paradox” and overarching environmental
control
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Our findings resolve the apparent discrepancy between stable microbial diversity and drastically reduced
CH, emissions. While high-throughput sequencing provides inherently compositional data which
necessitates caution when linking relative abundances to absolute gas fluxes, our flow cytometry data
provides a critical quantitative anchor. Because total prokaryotic cell counts remained statistically
unchanged across the PFOA gradient (ANOVA, p = 0.12; Table S4), the profound relative decline in
methanogenic taxa within the community represents a loss of absolute methanogenic biomass. Thus,
even without absolute gPCR quantification, the stability of total prokaryotic cell counts serves as a
quantitative anchor to interpret the relative restructuring of mecrA and pmoA guilds to the observed
functional suppression of CH, in PFOA-impacted thermokarst sediments.

Furthermore, the “diversity paradox” of profound compositional shifts occurring without any significant
change in a-diversity or total cell counts is consistent with some sediment studies [25] but contrasts
work in sludge, where diversity often decreases under exposure [19]. This discrepancy might be due to
lower loss rates in the complex thermokarst communities or their capability to buffer against broad
cytotoxic effects. As such, PFOA appears to act as a selective filter that reshapes the community rather
than a broad-spectrum biocide that reduces its richness in thermokarst sediments, similar to previous
studies [2, 62].

Moreover, B-diversity analysis revealed that spatial heterogeneity in the sediment (i.e., core identity)
explained the largest proportion of variance (~ 39%), which is expected in dynamic thermokarst systems.
This finding is critical, as it underscores that the sediment's inherent physicochemical characteristics
[63] are a primary driver of microbial composition, overshadowing any contaminant effect. However,
despite PFOA explaining a smaller absolute proportion of the variance (~ 5%), its targeted inhibitory
effect remained highly statistically significant (p < 0.0001), proving its potency as a universal
physiological stressor that overrides background environmental noise.

Finally, the impact of PFOA was not limited to the carbon cycle. FAPROTAX analysis showed that
functions related to nitrogen cycling, and photosynthesis were also disturbed, indicating PFOA's potential
to disrupt multiple biogeochemical cycles and microbial ecological functions [23, 64].

4.5 Modeling confirms environmental modulation of
PFOA's effects

Our multivariate models (VPA and PLS-PM) allowed us to disentangle the complex interplay between
PFOA, environmental factors, and the microbial community. The VPA confirmed that environmental
factors (e.g., DOC, pH) played a dominant role in explaining CH, variations, thereby reinforcing the -
diversity results. For example, DOC (a substrate for methanogenesis) showed a highly significant
positive correlation with CH, emissions [65]. Similarly, pH was strongly correlated with the methanogenic
community, and low pH can favor acid-tolerant taxa [66], potentially altering PFOA's bioavailability or
toxic effects [20, 67].
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The PLS-PM model clarified the causal pathways, confirming that PFOA had a significant direct negative
effect on CH, emissions (p < 0.01). Furthermore, it is expected that inherent environmental heterogeneity
across sediment cores explains the largest proportion of total variance. However, from an ecological
modeling perspective, the detection of a highly significant PFOA inhibitory effect (p < 0.0001) against this
massive natural background noise highlights the extreme robustness of the response. Because terminal
CH, concentrations decreased across all biological replicates, this demonstrates that PFOA toxicity
induces a universal physiological suppression of methanogenesis that supersedes local environmental
variability and remained concentration-dependent.

The decoupling of taxonomic variance from functional decline provides robust evidence that PFOA acts
through a conserved physiological mechanism (direct inhibition) rather than relying on the presence of a
specific, sensitive community architecture. If the PFOA effect were contingent on specific community
shifts, the high variability between replicates would have obscured the functional signal. Instead, the fact
that CH, production declined uniformly across divergent communities suggests that PFOA toxicity is a

fundamental physiological response, independent of the variability in microbial community composition.

Thus, the strong direct path identified by the model suggests that PFOA suppresses methanogenesis
primarily through direct physiological inhibition (potentially enzyme toxicity), which overrides the
influence of community composition. Furthermore, this indicates that although PFOA has the potential to
directly suppress methanogenesis, its actual, realized impact in a complex sediment system is
modulated by the background environmental conditions.

5. Conclusions

This study provides mechanistic evidence that PFOA exerts a pronounced, concentration-dependent
inhibition on CH, production in thermokarst sediments. Our data demonstrate that the pervasive

presence of the “forever chemical” PFOA can suppress CH, production by ~ 13% at background levels

(2-4 ng/g) and by over 50% at contamination hotspots. This suppression was primarily associated with
the decline of methanogenic archaea, especially Rice Cluster Il, and the concurrent stimulation of
methanotrophic taxa such as Methylomonadaceae, indicating a shift in carbon flow under PFOA stress.
PFOA exposure also induced a substantial restructuring of the prokaryotic community, characterized by
specific taxonomic enrichments, thereby altering the functional balance of carbon and nitrogen cycling
pathways.

Integrative modeling revealed that although PFOA directly depresses CH, emissions, environmental
factors exert dominant modulatory effects on microbial composition and metabolic responses, jointly
governing CH, fluxes. From a policy and management perspective, these findings reveal that
anthropogenic contaminants are a critical, non-climatic variable that can skew Arctic carbon feedback
projections. Because permafrost acts as a critical global sink for PFAS, our work underscores the
urgency of integrating contaminant-microbe-environment interactions into regional environmental
monitoring and global climate models to ensure the accuracy of future carbon emission forecasts.
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Figure 1

CO, and CH, accumulation curves and their descriptors under different PFOA concentrations based on
mixed-effects model analysis. The colors indicate the various cores (C1-C4). (A) CO, accumulation
curves, and (B) CH, accumulation curves under different PFOA treatments; (C) relative CH, end
concentration (%) and (D) relative take-off time (%) across log,y(x+1)-transformed PFOA concentrations.
Take-off time is defined as the time point at which CH, production rates exceeded a threshold defined by
core-specific maximum production rates. To accurately reflect the continuous, non-linear relationship
and prevent visual distortion, PFOA concentrations (x-axis in C and D) were transformed using logqo(x+1)

to accommodate the control group (0 ng/g). To account for natural core-to-core variance, the response
variables (y-axis in C and D) were normalized against each core's individual control providing the
percentage change relative. The absolute values of CH, end concentrations and take-off time with
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log,o(x+1)-transformed PFOA concentrations are provided in Supplementary Figure S3. Statistical

significance based on mixed-effects model analysis is given in Table 1.
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Relative abundance of dominant microbial taxa and metabolic functions under different PFOA

concentrations averaged across four biological replicates or cores. C1-C4 indicate the four cores
(biological replicates) taken from the thermokarst pond. (A) Relative abundance of the top 10 microbial
phyla; (B) Relative abundance of the top 30 microbial families; and (C) Metabolic functions of microbial
communitiesbased on FAPROTAX functional annotation under different treatment conditions: raw

(original samples), control (0 ng/g) and PFOA concentrations (2-5000 ng/g). The color of each bubble
represents a specific metabolic function, and the bubble size indicates the relative abundance of that

function within each PFOA treatment.
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Figure 3

Community composition of CH, metabolism-related microorganisms under different PFOA

concentrations averaged across four biological replicates or cores. C1-C4 indicate the four cores
(biological replicates) taken from the thermokarst pond. (A) Relative abundance of methanogens;
(B) Relative abundance of methanotrophs under different conditions: raw (original samples), Control (0
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ng/g) and PFOA concentrations (2-5000 ng/g). Colors represent different microbial families within each
functional group.
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Figure 4

Key indicators of CH, emissions identified by VPA and random forest analyses. (A) VPA showing the
relative contributions of PFOA, environmental factors,and CH4-related metabolism to CH, emissions.
Colored circles represent the three explanatory variables, and their overlapping areas indicate the
proportions jointly explained.

(B) Random forest analysis showing the relative importance of environmental and microbial indicators
affecting CH, emissions. Asterisks indicate the significance levels (*p<0.05;**p<0.01), and colors
represent different variables according to their importance ranking.
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Figure 5

Direct and indirect effects driving CH, emissions under different PFOA contamination levels. (A) Path

analysis diagram showing the direct and indirect effects of PFOA and environmental factors on CH,

emissions through methanogenic and methanotrophic communities, diversity, and metabolic

potentials. Solid lines indicate positive path coefficients, whereas dashed lines indicate negative

coefficients. Arrow thickness corresponds to the strength of standardized path coefficients. Asterisks
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indicate significance levels (*p<0.05;**p<0.01;***p<0.001). (B) Bar plot of standardized total effects of
major variables on CH, emissions, indicating the overall contribution of each variable. The direction of
each bar indicates whether the relationship is positive or negative, and the bar length represents the
effect size.
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