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Introduction: Peatlands store up to a third of global soil carbon, and in high
latitudes their litter inputs are increasing and changing in composition under
climate change. Although litter significantly influences peatland carbon and
nutrient dynamics by changing the overall lability of peatland organicmatter, the
physicochemical mechanisms of this impact—and thus its full scope—remain
poorly understood.

Methods: We applied multimodal metabolomics (UPLC-HRMS, 1H NMR) paired
with 13C Stable Isotope-Assisted Metabolomics (SIAM) to track litter carbon and
its potential priming effects on both existing soil organic matter and carbon gas
emissions. Through this approach, we achieved molecule-specific tracking of
carbon transformations at unprecedented detail.
Results: Our analysis revealed several key findings about carbon dynamics in
palsa peat. Microbes responded rapidly to litter addition, producing a short-
term increase in CO2 emissions, fueled nearly exclusively by transformations of
litter carbon. Litter inputs significantly contributed to the organic nitrogen pool
through amino acids and peptide derivatives, which served as readily accessible
nutrient sources for microbial communities. We traced the fate of plant-
derived polyphenols including flavonoids like rutin, finding evidence of their
degradation through heterocyclic C-ring fission, while accumulation of some
polyphenols suggested their role in limiting overall decomposition. The SIAM
approach detected subtle molecular changes indicating minimal and transient
priming activity that was undetectable through conventional gas measurements
alone. This transient response was characterized by brief microbial stimulation
followed by rapid return to baseline metabolism. Pre-existing peat organic
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matter remained relatively stable; significant priming of its consumption was not
observed, nor was its structural alteration.
Discussion: This suggests that while litter inputs temporarily increase CO2

emissions, they don’t sustain long-term acceleration of stored carbon
decomposition or substantially decrease peat’s carbon store capacity. Our
findings demonstrate how technological advancements in analytical tools
can provide a more detailed view of carbon cycling processes in complex
soil systems.

KEYWORDS

isotopic tracer, high resolution mass spectrometry, metabolomics, NMR, palsa, carbon
cycling, stable isotope-assisted metabolomics, litter decomposition

1 Introduction

Metabolites are molecules that constitute the substrates and end
products of cellular metabolism and regulatory processes (Fiehn,
2002). Metabolomics involves measuring thousands of naturally
occurringmetaboliteswithin a biological system (collectively known
as the metabolome) to provide a qualitative or quantitative analysis
of its metabolic processes (Liu and Locasale, 2017). Unlike previous
metabolite-based studies, currentmetabolomics tools, such as liquid
chromatography coupled with tandem mass spectrometry and
nuclear magnetic resonance (NMR) spectroscopy offer powerful
approaches for comprehensive and rapid profiling of the entire suite
of compounds derived from complexmixtures such as peat (Kellogg
and Kang, 2020). These techniques facilitate the identification of
organic compounds, decomposition byproducts, and elucidation of
underlying metabolic pathways (Ristok et al., 2017; Fudyma et al.,
2019; 2021; Tfaily et al., 2019; AminiTabrizi et al., 2020;
AminiTabrizi et al., 2023;Wilson et al., 2021). Stable isotope probing
has been successfully combined with ultrahigh-performance
chromatography–tandem mass spectrometry to quantitate trace
levels of 13C-labelled nucleic acids (Wilhelm et al., 2014), and when
integrated with metabolomics, known as stable-isotope assisted
metabolomics (SIAM), it can provide detailed characterization of the
chemical species produced during metabolic processes (Wei et al.,
2017;Wilhelm et al., 2022) allowing researchers to identify potential
degradation products of labeled metabolites and track their fate
along differentmetabolic pathways or environmental compartments
(Tian et al., 2018; Hou et al., 2021).

These advanced analytical techniques are particularly valuable
for studying critical ecosystems such as peatlands, which are vast
carbon (C) reservoirs holding up to one-third of the terrestrial
organic carbon (Lal, 2008; Mitsch et al., 2013; Dargie et al., 2017),
andmaybe evenmore asmore current analysis estimated the amount
of carbon in peatlands to be around of 1,055 Pg (Nichols and
Peteet, 2019). Peatland ecosystems, especially those from higher
latitudes including permafrost-affected peatlands, play a critical role
in regulating atmospheric greenhouse gasses, particularly carbon
dioxide (CO2) and methane (CH4) (Gorham, 1991; Lal, 2010;
Nichols and Peteet, 2019). However, Arctic warming, which is
occurring at a rate up to three times faster than the rest of the globe
(Rantanen et al., 2022), alongside altered precipitation patterns are
accelerating soil organic matter (SOM) decomposition, potentially
transforming peatlands from carbon sinks to sources (Lunt et al.,
2019; Smith et al., 2019; Qiu et al., 2020).

Accumulation of organic matter in high latitude peatlands
results from an imbalance between plant inputs to the peat and
their release as CO2 or dissolved organic carbon after decomposition
(Moore and Basiliko, 2006). In these habitats, organic matter
decomposition occurs slowly and depends on the interplay between
different biotic and abiotic factors (Moore and Basiliko, 2006), with
plant litter inputs playing a crucial role in determining the overall
decomposition rates (Mastný et al., 2018; Wilson et al., 2022). Plant-
derived materials significantly impact the degradability of peatland
organic matter either by enriching the peat with readily available,
low-molecular-weight compounds (Mastný et al., 2018), or by
making itmore resistant to degradation by releasing recalcitrant (less
bioavailable) or microbial growth-inhibiting metabolites (Painter,
1991; Stalheim et al., 2009; Fudyma et al., 2019). Consequently, litter
quality, determined by vegetation species, exerts direct influence on
litter decomposition, especially over shorter time scales (Ward et al.,
2015). For example, a previous study at Stordalen Mire, Sweden,
using Fourier Transform Infrared Spectroscopy (FT-IR) and
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
(FTICR-MS), demonstrated that differences in litter composition
and environmental factors among the permafrost thaw-sequence
habitats of palsa, bog and fen influenced the mechanisms of litter
degradation and the bioavailability of the metabolites that remain
in the peat (Wilson et al., 2022). The chemical diversity of litter
dictates the metabolic processes available to microbial communities
for its degradation (Bhatnagar et al., 2018; AminiTabrizi et al.,
2020). This chemical composition also influences the composition
of these microbial communities themselves (Hättenschwiler and
Vitousek, 2000; Wardle et al., 2006; Fofana et al., 2022). This
effect is strongest at the beginning of the decomposition process
when labile substrates and components of those substrates are
available, and diminishes over time, allowing live vegetation to play
a significant role (Ward et al., 2015).

As a result of climate warming there is a change in permafrost-
affected peatland vegetation dynamics, favoring the spread of
vascular plants over peat mosses, resulting in an increase of biomass
due to higher productivity (Hodgkins et al., 2014; Buttler et al.,
2015; Dieleman et al., 2015; Ward et al., 2015; Bell et al., 2018;
Mastný et al., 2018; Norby et al., 2019; Wilson et al., 2021;
Antala et al., 2022). This shift can modify current decomposition
rates, as vascular plant litter typically contains higher nutrient
content and is easier to degrade (Kaštovská et al., 2018) compared to
Sphagnum spp. litter. Sphagnum spp. mosses, which dominate boreal
and permafrost-affected ecosystems, limit decomposition through

Frontiers in Molecular Biosciences 02 frontiersin.org

https://doi.org/10.3389/fmolb.2025.1621357
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Ayala-Ortiz et al. 10.3389/fmolb.2025.1621357

various mechanisms including acidification of its surroundings,
accumulation of phenolic compounds, and production of
antimicrobial substances (van Breemen, 1995; Chiapusio et al., 2018;
Fudyma et al., 2019; Cory et al., 2025). Understanding these litter-
driven processes requires advanced analytical approaches to track
specific molecular transformations.

Beyond direct effects on decomposition rates, litter inputs
also influence carbon cycling through more complex mechanisms.
Litter inputs play a crucial role in determining the manifestation
of priming effects, a key mechanism influencing carbon storage
stability in peatlands (Liang et al., 2018). Priming refers to changes
in decomposition rates of pre-existing SOM that occur due to the
addition of an organic amendment to the soil (Bingeman et al.,
1953; Liu et al., 2020). These inputs can result in the enhanced
degradation of pre-existing SOM, known as “positive priming”
(Kuzyakov et al., 2000), or in its reduction, known as “negative
priming” (Guenet et al., 2010). Understanding priming effects is
particularly important for predicting how changing litter inputs
might affect the stability of stored carbon in peatlands. The exact
mechanisms behind priming are still not completely understood,
but primarily involve two key processes: microbial activation
and carbon-nitrogen stoichiometry effects that emerge particularly
under nitrogen limitation (Kuzyakov et al., 2000; Perveen et al., 2019;
Wild et al., 2019; Liu et al., 2020). Microbial activation involves an
increased microbial activity and growth supported by the additional
substrate which allowsmicrobial communities to then shift to native
SOM sources (Kuzyakov et al., 2000; Liu et al., 2017), while the C-N
stoichiometrymodel involves accessing the N contained in the SOM
to meet the demands created by the additional carbon entering into
the system (Kuzyakov et al., 2000; Fontaine et al., 2003).

Previous research at Stordalen Mire in Arctic Sweden showed
that litter addition to active layer palsa peat produced a significant
but transient spike in CO2 emissions that rapidly declined
after 7 days (Hough, 2020). Although isotopic measurements
indicated potential positive priming of SOM decomposition,
substantial data variability prevented definitive conclusions. This
critical knowledge gap persists because conventional methods lack
the molecular resolution needed to identify and track the specific
biochemical transformations occurring during early-stage litter
decomposition.The underlyingmechanisms driving priming effects
in active layer palsa peat, including the precise metabolic pathways
and molecular transformation sequences, remain uncharacterized.

To overcome these methodological limitations and address
these fundamental knowledge gaps, we employed an integrated
multimodal metabolomics approach using ultra performance liquid
chromatography coupled with high resolution mass spectrometry
and 1H NMR (UPLC-HRMS, 1H NMR), paired with stable isotope
labeling to precisely track carbon transformations and characterize
how litter addition affects organic matter composition of active layer
palsa peat at the molecular level. While previous environmental
studies have successfully applied SIAM to gain insights into
biotransformation of pollutants (Tian et al., 2018), or specific
metabolites of interest (Chen et al., 2022; Qian et al., 2023), they
typically trace only a single labeled compound. Our approach
represents a significant methodological advancement—we labeled
native plants in vivo to create a diverse pool of isotopically labeled
compounds, then amended peat incubations with this complex
labeled litter under field-matched conditions. This novel application

of SIAM to soil-litter interactions enabled us to simultaneously track
carbon through multiple transformation pathways and detect subtle
priming effects that conventional methods would miss.

Our investigation had two primary objectives: (1) to elucidate
specific litter decomposition pathways by tracing litter metabolites
through their transformation products, and (2) to characterize
impacts on carbon and nutrient cycling processes that ultimately
influence climate-relevant carbon gas dynamics (Tian et al., 2018;
Hou et al., 2021). We hypothesized that fresh litter addition would
trigger an immediate metabolic response as microbial communities
rapidly degraded the bioavailable and nutritious contents present
in the litter inputs corresponding to an observed CO2 efflux
peak. Our second hypothesis addressed priming effects. Despite
the potential for labile litter decomposition to stimulate microbial
activity, we expected the high C ratios documented in palsa
litter (Hough et al., 2022) would limit strong positive priming
effects—consistent with the rapid decline in CO2 release observed
in previous studies (Hough et al., 2022).

Our integrated approach linking metabolomic profiles to
previous respiration data aimed to develop a mechanistic
understanding of how litter contributes to active layer palsa peat
formation and respiration over the course of decomposition.
This research enhances our understanding of how litter inputs
modulate carbon and nutrient cycling processes in permafrost-
affected peatlands, ultimately leading to changes in climate
forcing gas dynamics and climate feedback. Our findings have
important implications for improving climate change predictions
and informing peatland management strategies in response to
ongoing environmental changes.

2 Materials and methods

2.1 Study site

The Stordalen Mire (68°21′N 18°49′E) is a peat plateau located
adjacent to Lake Torneträsk, underlain by discontinuous permafrost
in northernmost Sweden, 10 kmeast ofAbisko.Ongoingmonitoring
and sampling have been conducted at the Stordalen Mire for
decades, most recently focusing on plant and microbial community
composition, soil organic matter chemistry, and CH4 and CO2
fluxes and isotopic ratios from the active layer zone (Malmer et al.,
2005; Hodgkins et al., 2014; McCalley et al., 2014; Mondav et al.,
2017; Holmes et al., 2022). The non-lake surface of this study
site (∼98%) is covered by the three most commonly occurring
subhabitats of northern wetlands (Johansson et al., 2006). These
subhabitats include semi-drained palsas containing mixed low
shrubs, mosses, lichen, and sedges and a shallow persistent active
layer underlain by permafrost, semi-thawed bogs with variable
seasonal water table and active layer depth with a dominant cover
of Sphagnum spp. Mosses and small sedges, and fully thawed fens
dominated by large sedges and without a discernible permafrost
layer (Johansson et al., 2006; Hough et al., 2022).

Active layer peat soil and live plants for this study were collected
from palsa sites which are raised, semi-drained ombrotrophic
peat areas with underlying permafrost (Johansson et al.,
2006; Olefeldt and Roulet, 2012). The surfaces are mostly
dominated by a mixture of ericoid, graminoid, moss and lichen
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species (Hough et al., 2022; Wilson et al., 2022) (more details
discussed below).

2.2 Plant labeling

In addition to its ecological relevance, E. vaginatum was chosen
for practical reasons: it was the only species for which we could
reliably obtain thoroughly isotopically labeled material. Its rapid
growth rate and annual replacement of leaves facilitated effective 13C
enrichment by growing living plants in a chamberwith 13C-enriched
CO2 at atmospheric concentrations. Living plants representative of
the palsa vegetation (E. vaginatum) were isotopically labeled by
growing them in a chamber with 13C-enriched CO2 at atmospheric
concentrations of CO2 to obtain system-specific 13C labeled litter
according to (Hough, 2020). Control plants were grown in a different
chamber at the same CO2 concentration with naturally occurring
levels of 13CO2. Briefly, living plants for labeling were gathered
from the field at the start of the Arctic growing season (20 June
2016). Plants were collected intact to ensure they kept their root
systems, and the soil matrix attached to them (Hough, 2020).
The labeling period consisted of 8 weeks of growth from June
25 through August 11. During the experiment, the chamber air
was regulated over the entire growing period to ensure proper
atmospheric 13C enrichment at roughly 400 ppm CO2. All new
plant growth (i.e., new leaves) was harvested after 8 weeks. These
samples were collected, dried to constant weight, and ground. The
ground material was then used for isotopic enrichment analysis
at the Dept of Geological Sciences, Stockholm University Stable
Isotope Laboratory, and subsequently utilized in the incubation
experiments described below. Final enrichment of the plantmaterial
from E. vaginatum prior to addition to incubations was 52.4 atom
percent (at-%).

2.3 Litter decomposition

An oxic incubation experiment was performed to identify
potential litter degradation pathways and to track key intermediate
and end products of litter decomposition. Active layer peat samples
were collected from the top 5 cm of the same palsa sites as the
plants used for the production of labeled litter. These samples were
thenhomogenizedwithminimal aeration and refrigerated overnight
before use. All incubation flasks were prepared by adding ∼38 mL
of palsa active layer peat. The experimental treatments for the
incubation included peat-only (PO) samples, and samples amended
with either 13C labeled or unlabeled ground litter (peat and litter,
PL). For the amended samples, we used the ground plant material
described above, adding 0.58 g of this processed litter (dry weight)
to reach a ratio of 0.2 g of litter/g of dry peat equivalent (based
on bulk density measures of field moist peat), chosen to match
litter deposition rates previously observed in the field (Hough et al.,
2022). Two replicates from each treatment were prepared resulting
in a total of 18 samples. Samples were incubated at field water
content (81% w/v) with an aerobic headspace at 10 °C (normal
temperature range for surface soil in the summer) except during
gas sampling. Field water content was maintained by weighing
samples at days 7 and 18 and adding enough water to return the

samples to their initial weight at the beginning of the incubation
(0.06–0.24 g depending on the mass lost of each sample). Two
replicate samples per treatment were destructively harvested on
each of days 7 (T1), 18 (T2) and 40 (T3) for organic matter (OM)
characterization. Upon harvesting, these samples were immediately
frozen and maintained at −20 °C prior to analysis. Litter-only
samples (LO) (dry groundmaterial that was used for the incubation)
were also stored at −20 °C and analyzed alongside the treatment
samples for downstream analyses. A schematic of the methods is
presented in Figure 1. All sample names, codes and treatments are
specified in Supplementary Table S1.

2.4 Gas isotopic measurements and
calculations of gas production

Incubation jars were sampled on days 1, 3, 5, and thereafter
every 5 days until day 40 for total and isotopic measurement of
CO2. Gas measurements were performed using a Picarro G2131-
i Cavity Ringdown Spectrometer equipped with a Small Sample
Isotope Module (SSIM). In all cases, incubations were first injected
with 40 mL of 400 ppm CO2 standard gas (with delta = −33.8),
then direct injection to the SSIM was performed in dual injection
mode (for a total of 40 mL gas sampled (Dickinson et al., 2017).
Incubation jars were then flushed with the same standard gas for
5 min and resealed.

The amount of CO2 produced from the litter in amended
samples (PL) was calculated as:

Litter respiration =
FNet ∗ (RNet −RSoil)

RLitter −RSoil

Where FNet = total CO2 flux, RNet = 13CO2/total CO2 flux,
RSoil = mean 13CO2/total CO2 flux of unamended peat incubations
(PO samples), and RLitter = 13C/total C of amended labeled
incubations (labeled PL samples). The amount of CO2 produced
from peat in amended samples (PL) was calculated as the total CO2
flux minus litter respiration. The production of CO2 due to priming
was calculated as the difference between the CO2 flux due to peat
only (i.e., total CO2 flux minus CO2 flux due to litter) of amended
peat incubations (PL samples) and the total CO2 flux of unamended
peat incubations (PO samples).

2.5 Organic matter characterization

Frozen active layer peat samples (4 timepoints, 3 treatments,
2 replicates each (except T0), total = 19 samples) and litter
samples (labeled and unlabeled, total = 2 samples) were shipped
to the Environmental Molecular Sciences Laboratory (EMSL) at
the Pacific Northwest National Laboratory (PNNL), Richland, WA,
United States for processing. Metabolites were extracted using
milliQ water following the protocol developed by (Tfaily et al.,
2017). We specifically selected water extraction to target labile
and moderately labile metabolites that would be most relevant
to early-stage decomposition processes. This approach mimics
natural field conditions where water infiltration from precipitation
events facilitates the leaching and subsequent decomposition of soil
organic matter compounds in peat systems. While water extraction
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FIGURE 1
Schematic representation of the experimental design. Representative plants from the palsa were labeled in vivo by growing in chambers with air
enriched in 13CO2. Labeled and unlabeled litter were then incubated with active layer palsa peat for up to 40 days. Peat-only (PO) samples and peat
samples amended with labeled and unlabeled litter were collected after 7, 18, and 40 days for organic matter characterization, and metagenome
sequencing whereas for Litter-only (LO) samples, we used the original T0 material to understand the starting organic matter composition. Figure
created with BioRender.

primarily captures polar, water-soluble compounds and may not
comprehensively represent the more recalcitrant organic matter
fractions, it provides an environmentally relevant snapshot of the
bioavailable metabolite pool that would be most actively involved
in microbial degradation and priming responses. Briefly, 100 mg of
peat from each sample was suspended in 1 mL of milliQ water in a
2 mL Microsolv glass vial and shaken for 2 h at room temperature.
Samples were then spun down at 4430 RFC using a centrifuge
and the supernatant was aspirated and collected in a new vial.
Extracts were split for both 1H NMR and UPLC-HRMS analysis
(discussed below).

Changes in metabolome molecular composition were
characterized with UPLC-HRMS consisting of a Waters Acquity
ultra-performance liquid chromatograph (UPLC) (Waters
Corporation, Milford, MA, USA) connected to a 21 T Fourier
transform Ion Cyclotron resonance (21T FT ICR) high resolution
mass spectrometer (HRMS) (Bruker Daltonics, Billerica, MA,
United States) (Shaw et al., 2016; Walker et al., 2017; Fudyma et al.,
2019), located at EMSL, PNNL, Richland, WA, United States.
The high mass resolution power of the 21T FT ICR HRMS was
utilized in differentiating between the 13C labeled and unlabeled
compounds with accurate mass that facilitated tracking the plant
litter degradation process.

For the UPLC step, 10 µL of sample extracts were injected
into a Zorbax C18 column (0.5 mm × 150 mm × 5 µm) (Agilent
Technologies, Inc., Santa Clara, CA, United States) Samples were

eluted using two solutions: 5 mM aqueous ammonium formate
solution (solvent A) and a 5 mM ammonium formate in mass
spectrometry grademethanol solution (solvent B). Elution was done
at a flow rate of 0.2 mL/min with a 60 min linear gradient of solvent
B from 5% to 95% followed by isocratic elution at 95% of solvent
B for 10 min. The 21T FT ICR HRMS was equipped with a heated
electrospray ionization source operated in negative ionizationmode.
The capillary voltage was −3500 V, and the precursor ions and
fragmentation features were acquired with accurate mass using
collisionally induced dissociation with a collision energy of 40 eV.

2.6 UPLC-HRMS spectra processing and
annotation

Raw UPLC-HRMS spectra were processed with Compound
Discoverer (version 3.3) (ThermoFisher Scientific, Waltham, MA,
USA) using a modified version of the Stable Isotope Labeling
preset workflow.This workflow enabled feature detection,molecular
formula generation, isotopic pattern comparison, fragmentation
pattern assignment and comparison, and annotation using online
databases. Mass spectrometry data was filtered to include masses
between 100 and 1,200 Da. Retention time alignmentwas performed
using an adaptive curve model with a tolerance of 5 ppm. The
minimum intensity threshold for feature detection was 2 × 106 and
a signal-to-noise ratio greater than 3.
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In the SIAM approach, 13C-labeled metabolites occur
together with their natural counterparts and as such they
can be detected in groups using UPLC-HRMS (Wei et al.,
2017; Tian et al., 2018) because the labeled and unlabeled
features share the same chromatographic retention time, have
specific exact mass differences and diagnostic intensity ratios
(Neumann et al., 2014) (see Figure 2B). Stable isotope integration
with untargeted metabolomics serves two essential functions. It
enhancesmetabolite identification accuracy and reveals biochemical
pathway relationships (Creek et al., 2012). In our analytical
workflow, we used Compound Discoverer software to first detect
and determine elemental composition of metabolites using
the unlabeled reference samples. The software then identified
the isotopically labeled counterparts of these metabolites and
calculated their fractional label incorporation after correcting for
natural abundance. We exported the abundance data for both
labeled and unlabeled metabolites in CSV format for subsequent
analysis.

Annotation of the detected UPLC-HRMS metabolites to obtain
level 2 (putatively annotated compound using public libraries
without reference standards) and level 3 annotations (putatively
characterized compound classes) (Sumner et al., 2007) was made
using a combination of spectral library searches against the
mzCloud database, and the GNPS database (Wang et al., 2016)
(MS2 databases) (high confidence level 2 annotations). MS1-based
database searches with ChemSpider (Pence and Williams, 2010)
(low-confidence level 2 annotations), and in silico prediction of
structures and molecular classes were made using the SIRIUS
(Dührkop et al., 2019) and CANOPUS (Dührkop et al., 2021)
fragmentation analysis pipelines (level 3 annotations).

For level 2 annotations, Compound Discoverer was used to
perform spectral library searches against the mzCloud database,
and MS1-based searches using ChemSpider (Pence and Williams,
2010) to annotate metabolites against the BioCyc (Karp et al.,
2019), ChEBI (Degtyarenko et al., 2008), ChemBank (Seiler et al.,
2008), Human Metabolome Database (Wishart et al., 2007; 2022),
KEGG (Kanehisa et al., 2002) and MassBank (Horai et al., 2010)
databases based on their mass and assigned molecular formula.
Because of the high number of unannotated metabolites with
MS2 available, their spectra were exported as Mascot Generic
Format (MGF) files using a custom R script that combines the
MSnbase package (Gatto et al., 2021) and the ThermoRawFileParser
(Hulstaert et al., 2020). Exported MS2 spectra were used for
annotation against the GNPS database using their own Library
Search Tool (Wang et al., 2016). Annotations from the Kyoto
Encyclopedia of Genes and Genomes (Kanehisa et al., 2002) were
retrieved manually from annotated metabolites.

For metabolites that have a level 2 annotation, InChIKeys were
retrieved from PubChem by querying its REST API web service
PUG-REST (Kim et al., 2018). These metabolites were classified
using ClassyFire (Djoumbou Feunang et al., 2016) based on their
molecular structure (InChiKeys). For metabolites that did not
have any annotation, but have MS2 available, molecular class was
predicted using the CANOPUS (Dührkop et al., 2021) tool in the
SIRIUS metabolomics framework (Dührkop et al., 2019).

2.7 1H NMR

For 1H NMR analysis, water extract samples (180 µL) from
the frozen peat samples and controls described in Section 2.5 (n
= 21 samples) - were combined with 2,2-dimethyl-2-silapentane-
5-sulfonate-d6 (DSS-d6) in D2O (20 μL, 5 mM) and thoroughly
mixed prior to transfer to 3 mmNMR tubes. One-dimensional (1D)
1H NMR spectra were acquired on a Varian 600 MHz VNMRS
spectrometer equipped with a 5-mm triple-resonance (HCN) cold
probe at a regulated temperature of 298 K (Varian, Inc., Palo
Alto, CA, USA). The 90° 1H pulse was calibrated prior to the
measurement of each sample. The one-dimensional (1D) 1H spectra
were acquired using a nuclear Overhauser effect spectroscopy
(NOESY) pulse sequence with a spectral width of 12 ppm and
512 transients. The NOESY mixing time was 100 ms, and the
acquisition time was 4 s, followed by a relaxation delay of 1.5 s
during which presaturation of the water signal was applied. Time-
domain free induction decays (57,472 total points) were zero filled
to 131,072 total points prior to Fourier transform. Chemical shifts
were referenced to the 1H methyl signal in DSS-d6 at 0 ppm.
The 1D 1H spectra were manually processed, assigned metabolite
identification, and quantified using Chenomx NMR Suite 8.3.
Candidate metabolites present in each of the complex mixtures
were determined by library matching to Chenomx and custom in-
house databases by matching the chemical shift, J-coupling, and
intensity of experimental signals. Quantification was based on fitted
metabolite signals relative to the internal standard. (DSS-d6). Signal
to noise ratios (S/N) were measured using MestReNova 14 with the
limit of quantification set to 10 and the limit of detection set to 3. In
several cases further corroboration of metabolite identity was made
using standard 2-D experiments such as 1H/13C - heteronuclear
correlation (HSQC) experiments or 2-D 1H/1H Total Correlation
spectroscopy (TOCSY).

2.8 Statistical analysis

Carbon isotopes (13C and 12C) share identical electronic
configurations, meaning labeled molecules maintain the same
chemical characteristics as their unlabeled counterparts.The isotope
effects from 13C substitution are negligible and do not significantly
alter biological systems or introduce measurement errors in
metabolomics analysis (Freund and Hegeman, 2017). This principle
allowed us to treat labeled and unlabeled LO and PL samples as
analytical replicates for statistical purposes. All statistical analyses
were performed in RStudio (version 2023.12) using R (version
4.3.2) (R Core Team, 2023) as detailed below, all visualizations were
produced with ggplot2 (Wickham, 2016). The code for all the
analysis done in this study can be found in its Github repository
(https://github.com/Coayala/palsa_metabolomics).

To assess the impact of litter addition on the metabolome profile
of active layer palsa peat, we analyzed the normalized abundance of
detected features using both multivariate and univariate statistical
approaches. For all statistical analysis, the abundances of the
metabolites detected by UPLC-HRMS or 1H NMR were first
normalized by median normalization and then pareto scaled.
Differences between all samples were analyzed with a principal
coordinate analysis (PCoA) based on “manhattan” distances using
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FIGURE 2
(A) Number of detected features using UPLC-HRMS and 1H NMR. The number of labeled metabolites that were detected per sample is shown in yellow.
(B) Temporal dynamics and isotopologue occurrence pattern of features MW_328.22503@RT_37.539 (top) (more abundant in the litter) and
MW_780.23422@RT_17.199 (bottom) (more abundant after incubation). Left: Changes in compound abundance across different time points, from
initial litter (LO T0) through peat incubation periods (PL T1, T2, T3). Values represent mean abundance. Right: Isotopic distribution pattern of this
compound in the 13C-labeled litter sample, showing mass shift patterns that indicate carbon incorporation from labeled source material. The multiple
peaks represent different isotopologues with varying numbers of 13C atoms incorporated into the molecular structure. (C) Venn diagram showing how
many metabolites were detected to be labeled only in the LO samples, the PL samples, and how many were labeled in both sample types. (D)
Metabolic pathway dynamics across decomposition timeline. Bubble plot illustrating the number and distribution of 13C-labeled metabolites detected
across different molecular classes and subclasses at each incubation time point (T0, T1, T2, T3). Bubble size corresponds to the count of unique labeled
metabolites identified within each category, revealing temporal shifts in metabolic pathway activity during litter decomposition. This visualization
highlights which biochemical pathways become activated or suppressed throughout the degradation process.

functions from the vegan R package (Oksanen et al., 2024).
Additionally, the same distances were also used for hierarchical
clustering analysis. To highlight the differences between PL samples

and T1 and other samples from the incubation experiment, an
additional non-metric multidimensional scaling (NMDS) (Kruskal,
1964) ordination was applied without considering LO samples. For
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both cases, a permutational analysis of variance (PERMANOVA)
was applied to determine if sample type or time were the main
drivers of the observed differences.

A Multiblock (s)PLS-DA (Singh et al., 2019) from the
mixomics package (Rohart et al., 2017), was used to determine
metabolites that can discriminate between PL and PO samples.
This analysis uses an N-integration framework allowing for the
simultaneous analysis of different multiomics datasets. To visualize
the changes in abundance of discriminatory metabolites, the
abundance of each metabolite was expressed as log2-fold change
relative to its value in the PO samples at T0.

3 Results

3.1 Isotopic tracing identifies litter-derived
nitrogen in soil amino acids and peptides

Analyzing the metabolome of litter (LO), peat (PO) and
litter-amended peat (PL) samples at different time points
(Supplementary Table S1) with the current UPLC-HRMS
procedure, we detected a total of 320 features with masses ranging
from 275 to 1,193 Da (Figure 2A) (Supplementary Table S2).
Among these, 164 features (51.25%) showed incorporation of
the 13C label from samples that received labeled litter (either
labeled litter alone or peat with labeled litter), as evidenced
by their mass differences and expected diagnostic ratios
(Tian et al., 2018) (Supplementary Table S3).

We successfully annotated 103 features (32.19%) out of the
320 features with molecular structures. Since our analysis did not
utilize an in-house library, all annotations should be considered
level 2 confidence or lower. Of these annotations: 26 metabolites
(8.21%) were assigned high-confidence annotations based on MS2
spectral matches against the mzCloud database, 9 metabolites
(2.5%) were annotated using MS2 spectra matches from the
GNPS database (Wang et al., 2016). The remaining 68 annotations
(21.25%) were based on mass and molecular formula searches using
ChemSpider.

For molecular classification, features with a putative
chemical structure (103 features) were classified using ClassyFire
(Djoumbou Feunang et al., 2016), with molecular classes assigned
to 92 of them (28.75% of the total 320 features). Features lacking
annotation but with available MS2 data were classified using
CANOPUS (156 out of 320, 47.5%) (Dührkop et al., 2021). A total
of 61 out of the total 320 features (19.06%) remained unnanotated
and unclassified (Supplementary Table S4).

In addition to UPLC-HRMS, we utilized 1H NMR spectroscopy
for structural elucidation of low-molecular-weight metabolites. This
technique detected 45 metabolites with masses ranging from 32
to 355 Da, of which 18 (40%) showed isotopic labeling at one
or more time points (Figure 2A) (Supplementary Tables S5, S6).
The complementary use of UPLC-HRMS and 1H NMR enhanced
our capacity to analyze the effects of litter addition, particularly
given their differing optimal mass detection ranges. Analysis of
labeledmetabolites viaUPLC-HRMS revealed diverse isotopologues
with varying levels of 13C incorporation (Figure 2B). The LO
samples exhibited the highest abundance of heavy isotopologues,
consistent with enriched 13C levels in the palsa litter. The

isotopologue profile fluctuated over time, with certain labeled
metabolites restricted to litter samples and others appearing only
at specific incubation time points (Figure 2C). The majority of
detected labeled metabolites were categorized as amino acids and
peptide-like compounds, with flavonoids representing the second
most abundant group (Figure 2D). Nitrogen-rich compounds
exhibited particularly distinct distribution patterns throughout the
experiment. We observed that certain amino acids and peptides
(both labeled and unlabeled variants) appeared exclusively in litter-
only (LO) samples, while different nitrogen-containing compounds
were uniquely present in peat-with-litter (PL) samples, indicating
dynamic transformation processes of these biologically important
molecules.

3.2 Rapid microbial response to litter
inputs in palsa peat ecosystems

For the ordination analysis, we considered the entire set of
metabolites, encompassing all detected features, and for litter-
only (LO) and peat-amended with litter (PL) samples, we treated
both labeled and unlabeled samples as replicates to capture
the broader metabolomic response. Hierarchical clustering and
ordination analysis revealed distinct differences in the metabolome
profiles of the litter-only (LO) samples compared to the peat-
only (PO) and litter-amended peat (PL) samples (Figures 3A,C).
In particular, the organic matter profile of PL samples at T1 (7
days) differed significantly from all other PL and PO samples
(Figures 3A,C). Permutational analysis of variance (PERMANOVA)
confirmed that sample type, rather than incubation time, had
a significant influence on metabolite abundance (p < 0.05).
Notably, PL-T1 samples were significantly different from all others
(p = 0.033; Supplementary Figure S1).

This distinct PL-T1 metabolomic signature corresponded with
an early peak in CO2 production, which was higher in amended
compared to unamended samples (consistent with Hough, 2020).
Clustering analysis supported this, with PL-T1 samples forming a
unique group, distinct from both unamended controls and other
amended samples at later time points (Figure 3A). Over time, as
microbial activity declined (Figure 3B), themetabolome of amended
peat (PL) gradually resembled that of unamended controls (PO).

Litter addition also increased the relative abundance of several
metabolite subclasses in PL samples, such as amines, amino
acids, and purines (Supplementary Figure S2). These metabolites
exhibited a rapid increase followed by a sharp decline in abundance
after 14 days (Figures 3A,C), indicating transient accumulation and
swift microbial utilization.

3.3 Transient old carbon mobilization
following litter addition in palsa peat

To further elucidate the mechanisms of organic matter
degradation triggered by the addition of litter, and using both
labeled and unlabeled samples as biological replicates to enhance the
robustness of our investigation, and confirm whether the observed
patterns of gas flux measurements and changes in metabolomics
profiles (Figure 3C) correspond to a transient priming effect, we
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FIGURE 3
Effect of litter addition on the organic matter profile of the palsa peat. For this analysis, we treated both labeled and unlabeled samples as biological
replicates to capture the broader metabolomic response (A) Heatmap and hierarchical clustering of the normalized abundances of the features
detected with UPLC-HRMS (B) Mean CO2 production during the incubation (Hough, 2020). (C) PCoA ordination of the normalized UPLC-HRMS
abundances showing how litter-amended samples at T1 cluster separately from unamended samples and litter-amended samples at other time points.
LO: Litter-only samples, PL: peat samples amended with litter, PO: peat-only samples.

employed a Multiblock sparse partial least squares discriminant
analysis (Multiblock sPLS-DA) (Rohart et al., 2017), to contrast the
metabolomics signatures of the amended (PL) and unamended
peat samples (PO). This approach allowed us to integrate our
UPLC-HRMS and 1H NMR datasets and identify discriminant
variables whose abundance significantly differs between amended
and unamended samples. This analysis allowed us to identify
20 discriminant UPLC-HRMS features and 6 discriminant 1H
NMR features that accounted for 18% and 15% of the variation
in metabolome profiles between PO and PL samples, respectively
(Figure 4A) (Supplementary Table S7).

Most of these discriminatory features were more abundant in
unamended samples compared to amended samples (Figure 4B).
This suggests that the observed differences in the metabolome
caused by litter addition is due to an enhancement of the
degradation of existing peat metabolites or due to an inhibition
of their natural accumulation, both of which can result in peat
metabolites becoming less abundant in the PO samples. The
potential breakdown of older peatmetabolites caused by the effect of
newly added nutrient sources such as litter inputs, may indicate that
litter addition to the palsa peat is inducing a positive priming effect
(Wild et al., 2014).Thus, these discriminatory features could serve as
potential indicators of priming activity, which seems to corroborate

the claims of positive priming occurrence that were based only on
gas flux data (Figure 4C) (Hough, 2020).

Our results suggest that litter addition either enhanced
degradation or suppressed accumulation of specific peat-derived
compounds. For example, two unlabeled metabolites showed
particularly notable responses: MW_624.17009@RT_27.610 and
MW_672.17446@RT_28.644. Both consistently declined in PL
samples throughout the incubation, eventually falling below their
initial T0 levels. Their unlabeled status confirms they originated
from native peat rather than added litter. The first compound
was annotated as a carbazole (a recalcitrant polycyclic aromatic
structure), while the second was identified as an N-acyl amino
acid derivative. These classes of metabolites can be accumulated
in the peat due to their complex structure or antimicrobial
properties (Koshlaf and Ball, 2017; Lee et al., 2019), but can still
be degraded by diverse bacterial groups across various ecological
niches (Salam et al., 2017).The degradation of these peatmetabolites
may indicate their role as a reservoir of carbon or nitrogen
that peat microbial communities can access under the correct
conditions, such as an increased energy. In addition, at least four
other non-discriminant metabolites, only assigned a molecular
class level, were also found to decrease in abundance from T0
to T3 in PL samples (Figure 4B), despite an initial accumulation
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FIGURE 4
(A) Multiblock (s)PLS-DA ordination using both the UPLC-HRMS and 1H NMR datasets (B) Discriminatory features explaining the observed differences in
the Variate 1 of the multiblock (s)PLS-DA ordination. (C) Origin of the measured CO2 fluxes. (D) Changes in abundance over time (expressed as log2
fold-changes (LFC) relative to T0) of metabolites potentially involved with priming. Metabolites highlighted in orange were determined as significant by
the multiblock (s)PLS-DA.

due to litter addition (evidenced by the presence of the 13C
label). The reduction of all these metabolites, after the addition
of amendments, corroborates a weak priming activity, where
microbial communities used energy from litter decomposition
(Wang and Roulet, 2017) to process otherwise recalcitrant peat-
derived compounds (Figure 4D). However, as the labile fraction
gets consumed, as shown by the overall decrease of amino acids
and peptide derivatives (Supplementary Figure S3), microbial
communities do not seem able to sustain the positive priming effect
past the initial incubation stages (Figure 4C).

3.4 Diverse microbial strategies for litter
metabolite utilization

To elucidate potential litter decomposition pathways,
metabolites with molecular structure detected via UPLC-HRMS
(103 metabolites) and 1H NMR (45 metabolites) across all
samples regardless of labeling status, were mapped onto the
KEGG database (Kanehisa et al., 2002). We identified 10 UPLC-
HRMS metabolites and all 1H NMR metabolites (45 metabolites)
involved in microbial pathways according to KEGG present in
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FIGURE 5
Potential degradation pathways for litter-derived flavonoids derived from the litter such as rutin can be degraded through the rutin catabolic pathway.
Metabolites in red indicate those that were found labeled in our dataset, metabolites in yellow were present in the dataset but without label. The blue
line indicates an alternate rutin degradation pathway that does not involve the formation of the intermediate quercetin.

either LO or PL samples. Annotations from the KEGG database
revealed that the UPLC-HRMS metabolites included flavonoids
such as quercitrin, rutin, epicatechin, and myricitrin, which are
small phenolic compounds produced by vegetation as secondary
metabolites. These compounds are found typically in peatlands as
plant secretions or litter inputs (Panis and Rompel, 2022).

Even though, tannins and other polyphenols can be difficult
to degrade due to the formation of complexes or due to having
antimicrobial properties (Lewis and Starkey, 1968), analysis
of the labeled data allowed us to identify changes in their
relative abundance, as well as the presence of labeled forms
of these metabolites (e.g., rutin, epicatechin, and vitexin-2-o-
beta-L-rhamnoside) at different time points throughout the
incubation (Supplementary Figure S4). The observed changes in
abundance of these metabolites confirms the ability of peatland
microbial communities to decompose phenolic compounds
(McGivern et al., 2021), and suggest that they are potentially
transforming these metabolites through reactions associated with
flavone and flavonol biosynthesis, as well as flavonoid degradation
metabolic pathways (Figure 5).

Rutin, a common plant-derived flavonoid and one of the few
well-characterized labeled metabolites detected in both LO and
PL samples, was observed to decrease in abundance throughout
the incubation period suggesting active decomposition by peat
microbial communities. Glucose and protocatechuic acid (as
protocatechuate), which are known degradation products of rutin,

were also detected across all time points, even though only
glucose showed evidence of labeling (Supplementary Figure S4).
However, other expected intermediates of rutin degradation such
as isoquercetin, quercetin, or phloroglucinol were not detected.
Other key components of condensed tannins: (−) epicatechin and its
dimer procyanidin B5 (Arunachalam et al., 2003) were also detected
during our analysis across all time points. They initially showed a
decrease in their abundance relative to litter inputs, however their
concentrations increased by T2 and T3 (Supplementary Figure S4),
potentially indicating dynamic degradation and accumulation
processes.

1H NMR data also revealed the presence of several
labeled and unlabeled metabolites, including sugars, amino
acids, and small organic acids involved in central carbon
metabolism (Supplementary Table S5). For instance, we
observed an increase in pyruvate abundance coupled with
a decrease in glucose levels, suggesting active glycolysis
(Supplementary Figure S4). The presence of labeled glucose across
all time points (Supplementary Table S6) suggested that it may
have originated either from labeled litter inputs, or result from
the degradation of labeled litter metabolites such as polyphenols or
polysaccharides.

Several amino acids showed decreasing trends in abundance,
while larger labeled peptides were uniquely identified in the
UPLC-HRMS dataset for PL samples (Supplementary Figure S5),
suggesting microbial synthesis from smaller litter-derived
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metabolites. Additionally, the use of 13C-labeled litter enabled
the detection of plant-derived low molecular weight metabolites,
including fructose, glucose, and sucrose, up to 40 days into the
incubation. Unlabeled metabolites not originally detected in litter,
such as mannitol and lactate, were also observed, as well as
fermentation products and degradation intermediates like gallate
and protocatechuate.

4 Discussion

The consistent detection of labeled features across our
metabolomic datasets demonstrates that our 13C stable-isotope
labeling protocol successfully enabled us to track litter-derived
compounds through various transformation pathways during
decomposition. Variability in 13C incorporation is expected, given
influences such as metabolic flux and plant growth rate (Freund
and Hegeman, 2017), and is reflected in the dynamic isotopologue
profiles over time. The prominence of labeled metabolites in
LO (litter only) samples supports initial enrichment in litter
material (Wang and Jones, 2014), while the fluctuating presence
of labeled compounds in the PL (litter-amended peat) suggests
ongoing degradation and transformation processes, likely driven
by microbial activity (Gilbert et al., 2022) and specific biological
pathway preferences (Rasmussen and Hoffman, 2020).

A large portion of metabolites detected across all samples were
annotated as amino acids and peptide derivatives, which aligns
with expectations for RP-UPLC-HRMS in negative ion mode. The
prevalence of these nitrogen-rich metabolites can also be attributed
to their abundance in Eriophorum spp., a dominant component of
palsa vegetation (Wilson et al., 2022). These compounds constitute
a significant portion of the labile dissolved organic matter (DOM)
pool (Marschner and Kalbitz, 2003), require minimal enzymatic
breakdown, and thus are readily bioavailable (Lynch, 1982). They
can also accumulate in the soil as products from microbial
metabolism (Miltner et al., 2009).

The absence of certain amino acids and peptides in later
time points of the incubation in unamended peat samples
(PL) (Supplementary Figure S5) suggests their rapid decomposition
(Sachse et al., 2005), consistent with their high turnover rates
(Kielland et al., 2007), and roles as key sources of organic
nitrogen in soils (Schulten and Schnitzer, 1997).Their disappearance
(Supplementary Figure S5) likely reflects microbial utilization for
energy and biosynthesis (Philben et al., 2015). In contrast, the
presence of labeled amino acids and peptides exclusively in PL
samples is indicative of microbial transformation processes, such as
the biosynthesis of new metabolites from litter-derived precursors.
Previous studies have indicated microbial proteases as key agents
in degrading plant proteinaceous material (Wanek et al., 2010),
releasing amino acids that can then be accumulated as microbial
biomass (Schimel and Bennett, 2004; Kelleher et al., 2006; Jones and
Kielland, 2012). These findings support the detection of PL-specific
labeled peptides and underscore the importance of proteolytic
activity in microbial decomposition of litter-derived organic matter.
Together, these results demonstrate the utility of stable isotope-
assisted metabolomics for tracing the origin and fate of nitrogen-
containing metabolites in complex soil systems.

The rapid microbial response to litter addition in palsa peat
was observed as a distinct metabolomic signature in PL-T1. This
response aligns not only with CO2 release, but also with findings by
Hough (2020), where 73%of themicrobial community incorporated
the 13C label by day 7, increasing to 82% by day 18. These
“fast responders” dominated during early litter decomposition,
which likely explains the strong deviation in metabolome profiles
observed during the initial stages of incubation. The transient
accumulation and subsequent disappearance of labile compounds
such as amino acids, purines, and amines further underscored this
rapid response. These metabolites, likely representing water-soluble
plant derivatives, are rapidlymetabolized by soilmicrobes, reflecting
a dynamic cycle of nitrogen and carbon processing within the palsa
active layer, consistent with previous reports of fast metabolic shifts
following litter addition (Bourget et al., 2023).

As litter-derived labile compounds were depleted, microbial
activity diminished, and themetabolome of amended samples began
to resemble unamended controls. This transition mirrors the classic
two-phase model of litter decomposition, where easily accessible
metabolites drive early microbial activity (Fanin et al., 2014),
followed by a slowdown as more recalcitrant materials like lignin
and polysaccharides become dominant (Berg and Ekbohm, 1991;
Kosheleva and Trofimov, 2008). The energy required to degrade
lignin often comes from more labile carbon sources (Berg et al.,
1984), explaining the observed pattern of initial activity followed by
stabilization.

The return of the PL metabolome to a PO-like state also reflects
peatland ecology, where the accumulation of partially decomposed
organic matter is a defining feature (Clymo, 1996; Finlayson and
Milton, 2018). Previous microbial community analysis conducted
by (Hough, 2020) showed that while the dominant taxa (≥0.5%
abundance) remained relatively stable, certain functional groups
responded to litter addition. Notably, there was an increase in
taxa associated with denitrification, such as Rhodanobacteraceae,
and Burkholderiaceae (Hao et al., 2021; Takatsu et al., 2022),
as well as those involved with carbohydrate degradation such
as Sphingobacteriaceae (Pankratov et al., 2007). These findings
complement our current metabolomic observations, highlighting
how litter addition temporarily stimulates microbial metabolism
and reshapes the chemical landscape of peat soils, even if these shifts
are short-lived.

TheMultiblock sPLS-DA analysis provided compelling evidence
that litter addition induced temporary changes in the metabolome
of palsa peat, with several peat-derived metabolites declining
in abundance in amended samples. This pattern aligns with
the concept of a priming effect, where the addition of labile
substrates stimulates the breakdown of older, native organic matter
(Wild et al., 2014). Importantly, our data corroborates the weak
and transient priming effects that were inferred by the gas flux
through the use of stable isotope-assisted metabolomics. We believe
the discriminatory features revealed with this analysis could serve
as potential indicators of priming activity, capable of signaling
even small occurrences of this phenomenon and providing an
additional line of evidence to previous observations relying only
on gas data (Figure 4C).

This observation, along with our earlier findings on increased
microbial activity and rapid shifts in the palsa peat metabolome,
suggests microbial metabolic activation as the main priming
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mechanism following litter addition (Kuzyakov et al., 2000).
It further supports the efficient processing of plant inputs in
the palsa’s active layer and emphasizes the complex interactions
between fresh litter and legacy organic matter. The potential
priming effect indicated by these discriminatory features may
contribute to the dynamic nature of carbon cycling in thawing
permafrost ecosystems. The observed depletion of metabolites
like the carbazole and N-acyl amino acid derivative (Figure 4D),
indicates activation of degradation pathways for complex peat
compounds. While such compounds are typically resistant to
degradation (Koshlaf and Ball, 2017), or may serve antimicrobial
roles (Lee et al., 2019), various bacteria can utilize them as carbon
and nitrogen sources (Inoue et al., 2005; Nojiri and Omori, 2007;
Salam et al., 2017). While their degradation likely contributes to
increased carbon gas losses, the return to baseline microbial activity
(Figure 4C) suggests that priming was minimal and short-lived.
Similar transient positive priming effects have also been observed
in other peatlands (Mastný et al., 2021), and aquatic systems
(Steen et al., 2016; Textor et al., 2018).

The limited priming response observed in our study aligns
with recent research suggesting low sensitivity of peat and organic
layers to priming by plant-derivedmetabolites under oxic conditions
(Wild et al., 2023). This reduced sensitivity is attributed to the
inherently high soil organic carbon (SOC) content, high SOC/N
ratios, and nitrogen limited nature of peat (Wild et al., 2023).
In some ecosystems, plant-derived carbon can push microbial
communities toward nitrogen limitation, prompting extracellular
enzyme production (Craine et al., 2007). In our system, while plant-
derived organic nitrogen can provoke CO2 release (Wild et al.,
2023), the shift in C:N ratios has little to no effect on increasing
native organic matter decomposition, as microbial communities
of the palsa are already adapted to nitrogen-limiting conditions
(Song et al., 2022). Given that E. vaginatum litter has high C:N
and low protein content (Hough et al., 2022; Wilson et al., 2022),
its addition may have only transiently stimulated microbial activity
(Figures 3B, 4C), reinforcing the idea that microbial activation,
rather than nutrientmining, drives the brief priming effect observed
in these permafrost peatlands.

Previous research has shown that under oxic conditions,
microbes tend to prioritize decomposing more energetically
favorable and accessible substrates like fresh litter over native
peat organic matter, which requires more energy investment to
break down (Fontaine et al., 2003). This preferential utilization
could explain why, after the initial stimulation of microbial activity
and CO2 release, the priming effect was not sustained once the
labile litter fraction was consumed. For example, many metabolites
classified as amino acid derivatives or peptides, which can be
considered highly nutritious, seem to have an overall decreasing
trend throughout the incubation (Supplementary Figure S3).
Nonetheless, the absence of a stronger priming signal may also
be attributed to the relatively short duration of our incubation
experiment. A study summarizing global patterns of the priming
effect reported a mean experiment duration of 128 days across 802
compiled datasets (Mo et al., 2022). A longer-term experiment
tracking CO2 production, as well as the microbial communities
structure and activity, could potentially reveal a delayed priming
effect, manifesting after microbes deplete the fresh litter and switch

to decomposing older peat organic matter, possibly through late
activation of microbial nitrogen mining (Perveen et al., 2019).

Overall, the combination of preferential substrate utilization by
specificmicrobial enzyme systems under oxic conditions, alongwith
the high SOC and nitrogen limited conditions of the peat, likely
explains the limited priming of native peat decomposition observed
in our incubation experiment. Furthermore, our use of stable isotope
assisted metabolomics allowed us to identify priming signals that
could not be confirmed by the use of gas flux data alone (Hough,
2020), providing amore complete understanding of the effect of litter
addition upon peat-stored metabolites. These findings underscore
the complex interplay between fresh litter inputs, existing peat
organic matter, and microbial communities in subarctic peatland
ecosystems, highlighting how the use of emerging analytical tools
can enable more detailed studies needed to fully elucidate the
dynamics of carbon cycling in these sensitive environments.

Besides providing additional evidence regarding the occurrence
of the priming effect, the analysis of 13C-labeled metabolomics
data also revealed potential litter utilization pathways in the
palsa peatlands. The decrease in abundance of flavonoids
such as rutin, epicatechin, and myricitrin in PL samples
(Supplementary Figure S4) suggests active microbial metabolism of
these plant secondary metabolites. While the enzyme latch theory
suggests oxygen limitations in the peatlands might inhibit their
degradation (Freeman et al., 2001), recent studies have shown that
wetland microbial communities can decompose a diverse array of
phenolic metabolites (McGivern et al., 2021).

For example, rutin, a defense compound exuded by plants,
can be degraded in the soil by fungal (Aspergillus and Penicillium)
(Westlake et al., 1959; Mamma et al., 2004), and bacterial
(Streptomyces) (Merkens et al., 2008; Yang et al., 2009) taxa.
The typical rutin catabolic pathway involves enzymatic reactions
catalyzed by glycosidase, dioxygenase, and esterase, resulting
in the production of sugars (rhamnose and glucose), carbon
monoxide, and phenolic compounds like phloroglucinol and
protocatechuic acid (Tranchimand et al., 2010). Interestingly, while
we detected both glucose (in labeled form) and protocatechuic
acid (as protocatechuate), we did not observe other intermediate
degradation products such as isoquercetin, quercetin, or
phloroglucinol. This may suggest an alternative rutin degradation
pathway in the palsa peat that involves the direct cleavage of
the heterocyclic ring (Westlake et al., 1959), bypassing quercetin
formation and releasing phloroglucinol and protocatechuic acid
(Westlake et al., 1959; Yang et al., 2009). The absence of detectable
phloroglucinol in our incubations may be explained by its rapid
aerobic degradation into acetate and pyruvate (Armstrong and
Patel, 1994). Alternatively, the lack of detection of other intermediate
products could be due to their rapid consumption or the limitations
of the analytical approach used.

Similar to rutin, other tannin components such as
(−)epicatechin and its dimer procyanidin B5 can also be
decomposed by heterocyclic C-ring fission, resulting in the
production of phloroglucinol and phenylacetate or benzoic
acid derivatives (McGivern et al., 2021). Interestingly, although
these metabolites declined initially, their abundance rose at
later incubation stages (Supplementary Figure S4), likely due to
ongoing tannin cleavage (Boominathan and Mahadevan, 1985;
Mutabaruka et al., 2007) throughout the incubation. As polyphenol

Frontiers in Molecular Biosciences 13 frontiersin.org

https://doi.org/10.3389/fmolb.2025.1621357
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Ayala-Ortiz et al. 10.3389/fmolb.2025.1621357

degradation feeds into central metabolism (Figure 5), these
pathways are likely important for microbial nutrient acquisition
from litter in the palsa peat (McGivern et al., 2021).

The increase in pyruvate and decrease in glucose
observed in the amended samples (PL) during the incubation
(Supplementary Figure S4) further suggests microbial engagement
in glycolysis. Labeled glucose likely originated from polysaccharides
or polyphenols in the litter, degraded by extracellular enzymes like
hemicellulases and cellulases (Burns et al., 2013). The pyruvate
generated during glycolysis can be utilized in fermentation processes
to produce acetate or in the synthesis of amino acids such as alanine,
valine, and leucine. The use of these sugars in central metabolism
for energy production and amino acid synthesis aligns with the
concurrent decrease in free amino acids and emergence peptides in
UPLC-HRMS data (Supplementary Figures S4, S5).

Moreover, the persistent availability of labeled sugars (e.g.,
glucose, fructose, sucrose) up to 40 days post-litter addition may
have influenced the lack of sustained priming effects observed
(as discussed in Section 3.3). This availability supports microbial
preference for labile substrates and aligns with studies showing that
decomposition of leaves from vascular plants such as E. vaginatum
can release substantial amounts of labile metabolites, including
organic acids, sugars, and amino acids (Mastný et al., 2018). Our
analysis also revealed the presence of unlabeled metabolites not
detected in the original litter, including fermentation products
such as mannitol and lactate. These compounds, which can be
produced during carbohydrate degradation (Wisselink et al.,
2002) may represent additional degradation products from
partially labeled and unlabeled litter metabolites. Similarly, the
accumulation of gallate and protocatechuate appears to result
from the degradation of plant derived phenolic compounds
(Fan et al., 2017; Arafat et al., 2020).

5 Conclusion

In this study, we employed an emerging approach combining
stable isotope labeling of E. vaginatum litter with advanced
metabolomics techniques (SIAM) to elucidate the metabolic
pathways involved in organic matter decomposition within palsa
peat. This innovative methodology has provided new insights
into the fate of litter derived compounds and their impact on
peatland carbon cycling. Our research revealed that litter inputs
significantly contribute to the organic nitrogen pool in palsa peat,
primarily through amino acids and peptide derivatives. These
bioavailable compounds serve as readily accessible nutrient sources
for microbial communities. We successfully identified flavonoids
and other polyphenols originating from the litter, either directly
synthesized by plants or produced through tannin hydrolysis. While
evidence of polyphenol degradation was observed, likely through
heterocyclic C-ring fission, their accumulation of some of them
in amended peat samples suggests a role in limiting overall litter
decomposition.

Our results corroborated previous findings showing that under
oxic conditions (Hough, 2020), palsa peat microbial communities
rapidly utilize the more bioavailable compounds present in E.
vaginatum litter (Wilson et al., 2022). This was evidenced by
the dynamic changes in the organic matter profile during the

first 7 days, followed by a gradual return to a profile resembling
unamended peat. Importantly, we demonstrated that priming
effects in this system are transient and minimal, with microbial
communities showing a brief period of enhanced activity followed
by a rapid return to baseline metabolism. This transient nature
suggests that while litter inputs temporarily stimulate microbial
activity, they do not sustain long-term acceleration of stored
carbon decomposition. By combining stable isotope labeling with
comparative metabolome profiling of amended and unamended
samples, we identified potential metabolites undergoing weak
positive priming. This molecular level evidence confirmed the
existence of priming processes that were not detectable throughCO2
gas measurements alone. The novelty of our approach lies in its
ability to provide a comprehensive, molecular-level understanding
of litter decomposition processes in peatland ecosystems. We
identified potential keymetabolites (e.g., litter-derived polyphenols)
and pathways (e.g., degradation of flavonoids via heterocyclic C-
ring fission) governing litter degradation. This level of detail goes
beyond previous studies that relied on chemical composition and
energetic analysis to understand litter bioavailability influences on
carbon release from thawing permafrost systems.

As climate change may facilitate the displacement of Sphagnum
spp. mosses by vascular plants, the faster-decomposing litter from
these plants is likely to increase CO2 fluxes, potentially creating
a positive climate feedback loop. Our findings underscore the
importance of litter quality and composition in influencing SOM
degradation and accumulation across different sub-habitats of
the permafrost gradient. Furthermore, our research highlights
how technological advancements in analytical tools can enable a
more detailed view into the complex interactions between litter,
microbes, and peat organic matter. The use of these cutting-edge
technologies provide means for tracking labeled metabolites across
degradation processes, improving our understanding of carbon
cycling and the emissions of climate active gases, uncovering
processes that could not be fully confirmed with traditional
environmental measurements. Future studies building on this
approachwill be crucial to unravel the complex interactions between
plant communities, microbial metabolism, and greenhouse gas
production in these sensitive ecosystems.
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