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Warming-induced permafrost thaw could enhance microbial decomposition of previously
stored soil organic matter (SOM) to carbon dioxide (CO») and methane (CHj,), one of the
most significant potential feedbacks from terrestrial ecosystems to the atmosphere in
a changing climate. The environmental parameters regulating microbe-organic matter
interactions and greenhouse gas (GHG) emissions in northern permafrost peatlands
are however still largely unknown. The objective of this work is to understand controls
on SOM degradation and its impact on porewater GHG concentrations across the
Stordalen Mire, a thawing peat plateau in Northern Sweden. Here, we applied
high-resolution mass spectrometry to characterize SOM molecular composition in peat
soil samples from the active layers of a Sphagnum-dominated bog and rich fen sites
in the Mire. Microbe-organic matter interactions and porewater GHG concentrations
across the thaw gradient were controlled by aboveground vegetation and soil pH.
An increasingly high abundance of reduced organic compounds experiencing greater
humification rates due to enhanced microbial activity were observed with increasing
thaw, in parallel with higher CHs and CO» porewater concentrations. Bog SOM
however contained more Sphagnum-derived phenolics, simple carbohydrates, and
organic- acids. The low degradation of bog SOM by microbial communities, the
enhanced SOM transformation by potentially abiotic mechanisms, and the accumulation
of simple carbohydrates in the bog sites could be attributed in part to the low
pH conditions of the system associated with Sphagnum mosses. We show that
Gibbs free energy of C half reactions based on C oxidation state for OM can be
used as a quantifiable measure for OM decomposability and quality to enhance
current biogeochemical models to predict C decomposition rates. We found a
direct association between OM chemical diversity and 8'3C-CH, in peat porewater;
where higher substrate diversity was positively correlated with enriched §'3C-CH,
in fen sites. Oxidized sulfur-containing compounds, produced by Sphagnum, were
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FIGURE 5 | (A) Principal component analysis (PCA) plot derived from GC-MS primary metabolite abundance variation between the bog (green) and fen (blue) groups.
(B) Correlation analysis performed against Fen-Bog showing the 25 most significant features correlated with the pattern with p < 0.05. Distance measure used:
Pearson r. (C) Box plots visualizing distribution of a subset of metabolites that are significantly changing (pairwise t-test, p < 0.05) between the two treatments. All P
values less than 0.01, 0.001, and 0.0001 are summarized with two, three and four asterisks, respectively. (D) Heatmap of the significant metabolites (pairwise t-test)
upregulated (orange) and downregulated (blue) between the bog and fen groups at different time points.

created via fold change (FC) analysis and ¢-test on absolute value
changes between metabolites identified in bog and fen samples.

Shifts in C Transformations With Thaw
Consistent with changes in SOM and primary metabolite
composition, transformation analysis indicated that the

biochemical processes associated with the SOM degradation
were significantly different between the bog and fen sites
(Figure 6A). We observed higher abundances of sugar-associated
transformations for the bog sites compared to the fen sites, which
generally correlated with carbon transformations (Figure 6A).
These data are consistent with Figures 2, 4B where bog sites had
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TABLE 4 | Metabolites that display both large magnitude fold-changes (fold change threshold >2 and p < 0.05); comparison type” Bog/Fen) and high statistical

significance (P-value threshold = 0.05).

Metabolite name Fold change Log>(FC) P value Chemical class
4-hydroxyphenylacetic acid 0.0001875 —12.381 0.0014809 Phenol derivative
Pyruvic acid 0.054091 —4.2085 1.97E-05 a-keto acid
3-Deoxytetronic acid 0.076363 —-3.711 0.0001358 Fatty acid
Glycolic acid 0.09286 —3.4288 8.35E-05 a-hydroxy acid
4-hydroxy-3-methoxybenzoic acid 0.10877 —3.2007 0.0006269 dihydroxybenzoic acid
2,4,7,9-Tetramethyl-5-decyne-4,7-diol 0.1119 —3.1598 0.0052057 glycol
2,3-Dihydroxybutanoic acid, tristrimethylsilyl 0.13987 —2.8379 0.0067571 Organic acid
L-glutamine 0.14716 —2.7646 0.0001358 a-amino acid

D L-isoleucine 0.15699 —2.6712 0.0002079 a-amino acid
4-hydroxybenzoic acid 0.18953 —2.3995 0.0016227 Phenol derivative
Fumaric acid 0.22224 —2.1698 0.0071197 Organic acid
Tartaric acid 0.22292 —2.1654 0.049424 Organic acid
N,9-bisTrimethylsilyl-6-trimethylsilyloxy-9H-purin-2-amine 0.23355 —2.0982 0.0052057 Nitrogenous base derivative
Glyceric acid 0.26547 —-1.9134 0.0020432 Sugar acid
Erythronic acid 0.32836 —1.6067 0.012038 Organic acid
Glycerol 0.33471 —-1.579 0.037481 Polyol

Succinic acid 0.35168 —1.6077 0.037481 Dicarboxylic acid
Adenine 0.41888 —1.2554 0.030045 Amino acid
Hydroquinone 0.48962 —1.0303 0.046572 Phenol derivative
D-mannose 2.9914 1.5808 0.014911 Simple sugar
D-glucose 3.4837 1.8006 0.014452 Monosaccharide
lactobionic acid 4.1415 2.0502 0.019697 Sugar acid

L- sorbose 4.2542 2.0889 0.026852 Monosaccharide
D-malic acid 6.6396 2.7311 0.038903 Dicarboxylic acid
Citric acid 8.8833 3.1511 0.0071197 Organic acid
Fructose 21.452 4.423 0.0001953 Monosaccharide
Sucrose 22.465 4.4896 8.35E-05 Disaccharide
D-galactouronic acid 206.25 7.6882 0.049424 Sugar acid
Melibiose 256.46 8.0026 1.54E-05 Disaccharide

If the fold change threshold is >1, the metabolite is more prevalent in the bog, and if <1, it's more prevalent in the fen.

TABLE 5 | Concentrations of porewater CO, and CHy (reported in mM) and
CO,/CH, ratio measured in site for bog and fen (averaged).

CO, CH, CO,/CH,4
Bog Average 1.35 0.12 11.16
(SD) (0.88) (0.14) (0.52)
Fen Average 1.46 0.35 4.12
(SD) (0.61) (0.34) (0.19)
P-value 0.003 0.001 0.0001

a lower abundance of carbohydrate molecules with mass >400
Da but a higher abundance of mono and disaccharides, reflective
of decomposition of complex carbohydrates into mono, and
disaccharides. However, based on their higher relative abundance
in the porewater (Figure 5), these sugars are likely being slowly
utilized by microbial communities and/or undergoing slow
decomposition. In contrast, fen samples had a higher abundance
of complex carbohydrate molecules, but lower abundance of
simple, mono, and disaccharides. Despite the higher abundance
of complex carbohydrate compounds in the fen site and the
higher abundance of sugar - associated transformations in

the bog compared to the fen, principal component analysis
on specific sugar -associated metabolic transformations on
all elemental formulas detected in the bog and fen samples
(Figure 6B) indicated similar sugar transformations, suggesting
that microbes at both sites have the capability of degrading
simple and complex sugar molecules. These data suggest that
simple sugars are being utilized at a higher rate in the fen sites
compared to the bog sites. The slow decomposition at the bog
sites and/or slow uptake of glucose by microbial communities for
fermentation or anaerobic cellular respiration suggest additional
controls (e.g., thermodynamic, abiotic processes) on SOM
decomposition in the bog sites. The high amino acid-associated
transformations in the fen samples (Figure 6A) is consistent
with a higher abundance of amino acid compounds at the fen
sites, reflective of protein degradation and /or release of amino
acids by fen vegetation through roots.

CO, and CH4 Emissions Associated With
SOM Chemical Composition

Figure 7 and Supplementary Figure 4 show the correlation
between network analysis parameters to pH, DOC (mM), and
813C -CH4 of bog and fen porewater samples. Significant
correlations were observed between clustering coefficient and
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FIGURE 6 | Principal component analysis of (A) overall metabolic transformations and network analysis parameters and (B) specific sugar-associated metabolic
transformation for all formulas detected in the bog and fen samples. Fen samples are separated by higher correlation to clustering coefficient whereas bog samples
are highly correlated to average number of neighbors. Higher correlation between bog samples and sugar-associated transformation indicates preservation of these
compounds in the bog. However, (B) indicates similar specific sugar-associated metabolic transformation in both the bog and fen samples.
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FIGURE 7 | Correlation of network analysis parameter (clustering coefficient) with (A) pH, (B) dissolved organic carbon and (C) 8'*C for CH, measured from the
porewater of the bog (green) and fen (blue) samples. One-Way ANOVA (at p < 0.05) was performed on the calculated values to determine the significant differences

average number of neighbors for SOM molecules to porewater
pH, DOC (mM) and 813C -CH4 values. SOM clustering
coefficient increased with increasing pH (Figure 7A), decreasing
DOC (Figure 7B), and enriched §!*C -CH, (Figure 7C) values
as in the case of fen and decreased with decreasing pH
(Figure 7A) and depleted 813C -CH,4 values (Figure 7C) as
in the case of bog. On the other hand, SOM average
number of neighbors had an opposite trend to the clustering
coefficient (Supplementary Figure 4). Significant correlations (p
< 0.05) were also observed between different biogeochemical
properties including concentrations of DOC, TN, DIC (CO3),
CH4, ammonia, nitrate, sulfate, 8!3Cpw-DIC, $"*Cpw-CH,

(Supplementary Table 4), revealing clear coupling between
different biogeochemical properties and GHG emissions.

DISCUSSION

Based on our advanced analytical characterization of peat SOM
along a permafrost thaw gradient, organic matter compositional
differences were clear between the bog and fen sites. Fen
SOM appeared to be more degraded (regardless of the depth),
transformed, and reduced as evident by the more negative
NOSC and higher AG°C-ox values. This data is consistent with
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previous studies comparing bog and rich fen samples from
different locations across the Stordalen Mire from different
years (Hodgkins et al, 2014, 2016). Phenol oxidase is an
important enzyme in peatlands, as it is one of the few that can
decompose recalcitrant phenolic compounds generally produced
by Sphagnum spp. (McLatchey and Reddy, 1998; Freeman
et al, 2004). Degradation of these phenolic compounds by
microbes without the aid of phenol oxidase is challenging
due to the high resonance energy that stabilizes the C-
C bonds in aromatic rings (Harwood and Parales, 1996).
Our data indicated that the bog SOM was more oxidized,
dominated by tannin-like (polyphenolic) and organic acids, all
with large number of carboxyl, aromatic, and methoxylated
phenol groups (higher MWs). Previous reports have shown
inhibition of microorganisms and the extracellular enzymes by
these large polymers via crossbridged hydrogen bonds with
proteins (enzymes) as well as penetration to the sensitive
sites within microorganisms, hence altering their physiology
(Wang et al., 1991; Field and Lettinga, 1992). These findings
suggest that the high abundance of phenolic compounds in
peat bogs could have a toxic effect on microorganisms in
addition to lower decomposition rates by extracellular enzymes
(Freeman et al, 2004). The activity of phenol oxidase is
also dependent on various factors such as bimolecular oxygen
availability, extent of waterlogging, and plant communities,
which in the peat bog are factors controlled by Sphagnum
spp. (Freeman et al., 2004). Sphagnum spp. creates waterlogged
conditions, acidifies its environment using high cation exchange
rates (Rudolph and Samland, 1985; Rasmussen et al., 1995;
Thormann, 2006), produces lignin-like polymeric phenols that
inhibit enzymatic activity (such as 5-keto-D-mannuronic acid, p-
hydroxy-b[carboxymethyl]-cinnamic acid) (Stalheim et al., 2009;
Fudyma et al, 2019), and has highly recalcitrant cell walls
(Stalheim et al., 2009; Hajek et al., 2011). Sphagnum moss is also
known to decay more slowly than vascular plants (Hodgkins
et al, 2014; Tfaily et al, 2014). The preservation of labile
compounds in the peat bog observed in our data is likely due
to the anoxic, acidic, and nutrient sequestration traits intrinsic
to Sphagnum spp. and likely impedes phenol oxidase activity
and subsequent organic matter decay by microbial communities
(Williams et al., 2000; Freeman et al., 2004).

Diversity in microbial communities is important to the
function and stability of many microbial ecosystems, such
as animal- and plant-associated microbiomes (Worm et al,
2002; Muscarella et al, 2019). Uncovering mechanisms to
maintain microbial diversity in these environments is important
in understanding belowground metabolic transformations
and subsequent GHG emissions (Muscarella et al., 2019).
Substrate generalists vs. specialists can interact with different
available substrates and depending upon the substrates that
are used, we can partly understand microbial preferences
and predict gas flux changes (Chen et al., 2020; Zhou et al,
2020). Based on our data, bog SOM exhibited higher DOC
porewater concentrations, lower microbial diversity (inferred
from Shannon diversity; Singleton et al., 2018; Woodcroft et al.,
2018), and activity (inferred from the high average number of
neighbors and lower clustering coefficient in the bog metabolic

transformations analysis—Supplementary Table 3), suggesting
that bog microbial communities are comprised of substrate
specialists that are only capable of performing a limited set
of specific functions (Monard et al., 2016; Muscarella et al.,
2019) under anoxic and acidic conditions mainly created by
Sphagnum spp. (Williams et al., 2000; Freeman et al., 2004).
On the other hand, fen SOM was characterized by increased
substrate heterogeneity (higher clustering coeflicient), suggesting
fen microbial communities are substrate generalists and are able
to use and transform same substrates through different metabolic
pathways. This observation is again consistent with Woodcroft
et al. (2018) that showed microbial diversity (Shannon index)
in the bog to be significantly lower than that in the fen. GC-MS
data showed that the majority of upregulated metabolites in the
bog were mono and disaccharides and sugar acids, in particular
galacturonic acid, while the fen had higher abundances of
amino acids and polyphenols (Figures 5, 6B), suggesting that
in the fen, mono and disaccharides are consumed by microbial
communities as soon as they are degraded by various biotic and
abiotic metabolic pathways and the high abundances of amino
acids and polyphenols reflect microbial byproducts and thus
an active microbial community (Whiting and Chanton, 1992;
Chanton et al., 1995, 2008; Hodgkins et al., 2014).

Recently, Fudyma et al. (2019) showed that Sphagum fallax
metabolite profile is composed of flavonoid glycoside compounds
(a compound formed from a simple sugar and a phenol), that
could be acting as potent antimicrobial compounds. Thus, the
quality of bog SOM (i.e., high abundance of lignin-like and
polyphenolics and simple sugars, recalcitrant dead Sphagnum
litter, and the low phenol oxidase enzymes activity) all suggest
limited OM degradation by biotic factors. Here we hypothesize
that the accumulation of simple sugars is either due to low
rates of biotic decomposition and consumption, leading to its
accumulation or that the release of simple sugars is occurring
abiotically through acid catalyzed hydrolysis of lignocellulose
and cellulose (BeMiller, 1967; Timell, 1967; Hopkinson, 1969;
Girisuta etal., 2007; Ahmad and Pant, 2018) (Figures 2A, 5B-D).
Therefore, we further postulate that low pH could be aiding
the acid catalyzed hydrolysis of carbohydrates and sugar acids
(glycosides) in bog systems (Ahmad and Pant, 2018) leading
to the release of mono and disaccharides with lower average
AG°C-ox. However, accumulation of these compounds in the
peat with time probably due to low pH and high abundance
of galacturonic acids produced by Sphagnum, further shed light
on the limited microbial activities in respiring these compounds
(Figures 1, 3, 5) (Rasmussen et al,, 1995; Thormann, 2006).
Metabolic transformation analysis and FT-ICR-MS data confirm
this trend, with higher abundance of sugar transformations
present in bog samples. Because both reactant and product of
the metabolic transformation are present in the bog samples, we
believe in the bog biotic degradation of organic matter happens
more slowly than at fen sites, and that possible byproducts
of Sphagnum OM degradation in the bog (i.e., upregulated
galacturonic acid—which is a by-product of pectin degradation
known to have antimicrobial effects—Héjek et al., 2011) could be
limiting the biotic complex carbohydrate degradation pathways,
resulting in the accumulation of both complex and labile
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sugars. Observed correlations between the pH and the SOM
clustering coefficient (positive correlation; p < 0.0001) and the
average number of neighbors (negative correlation; p = 0.0002)
potentially indicates the impact of pH on substrate quality and
concentration. Lower pH values promote carbon accumulation
and low substrate diversity whereas higher pH values are
correlated with higher substrate quality and diversity. The bog
porewater DOC concentration correlated positively (p = 0.0008)
with the average number of neighbors, reflecting accumulation
of OM in the bog sites consistent with lower decomposition
rates (Supplementary Figure 3) and acidic conditions (low pH).
Moreover, in fens, vascular plant roots may transport oxygen into
the soil, where it activates phenol oxidase and thereby decreases
the concentration of decomposition-inhibiting phenolics and
organic acids (Joabsson and Christensen, 2001; Estop-Aragonés
et al, 2012). However, further experiments are required to
validate these assumptions.

Depleted 3'*C -CHy in the bog porewater samples suggest
that hydrogenotrophic rather than acetcolastic methanogenesis
is likely the preferred pathway for methane production. This is
consistent with low degradation potential of the bog SOM and
higher DOC concentrations (Hodgkins et al., 2014; McCalley
et al., 2014; Tfaily et al., 2014). More enriched 813C -CHy in
fen porewater, on the other hand, suggests that acetoclastic
methanogenesis is the dominant pathway for CH4 production
and that methanogenisis substrates are produced by OM
fermentation leading to low DOC concentration (Chanton et al.,
1995; Chasar et al., 2000). Observed correlation between the
clustering coefficients and the 3!*C -CHy for the bog and fen
samples potentially suggests that the network analysis parameters
indicating the substrate diversity and heterogeneity can be used
as an indication of pathways by which microbial communities
are utilizing the OM and ultimately producing GHG and
they indirectly provide information on the microbial diversity.
However, further studies should aim to replicate these findings in
a larger experimental setup.

Pathways underlying CO, and CH4 productions in peatlands
are also dependent on S and N cycling and the microorganisms
that interact with these compounds (Granberg et al., 2001;
Limpens et al., 2008; Pester et al, 2012). Sulfate (SO4 27)
and nitrate (NO3) can act as terminal electron acceptors
in anoxic conditions, allowing microorganisms to couple
the oxidization of substrates (e.g., Hj, organosulfur and
organonitrogen compounds) and reduction of TEAs to produce
CO,; and CHy (Muyzer and Stams, 2008). Hence sulfate
reducing microorganisms (SRM) and methanogens can co-
exist or compete for substrates within these oxygen-limited
environments (Raskin et al., 1996; Schink, 1997). Recently,
Woodcroft et al. (2018) identified the presence and activation
of high diversity deep-branching lineages of the dsrAB genes
(dissimilatory sulfate reduction genes) belonging to sulfate-
reducing microorganisms (SRMs) in Sphagnum-dominated bog
in the Mire. SRMs utilize sulfur containing compounds and
produce CO;, In peatlands, H; is generated from fermentation
of carbohydrates (especially the ones with aromatic rings),
while oxidized S-containing compounds come from plant matter
(Rawat et al, 2012). Peat bogs generally have larger amounts

of oxidized organosulfur compounds due to high S uptake
potential by Sphagnum and therefore dead Sphagnum is rich
in organic S compounds, which can drive sulfate reduction
(Urban et al., 1989; Novak and Wieder, 1992; Fritz et al.,
2014). Our data suggests that hydrogenotrophic reduction by
SRM and nitrate reduction is occurring in the peat bog due
to the following factors: (1) increased organosulfur compounds,
potentially acting as TEAs for SRMs and suggesting that sulfate
reduction is not limited by S availability (Baena et al., 1998);
(2) low porewater mM concentrations of SO4 >~ and NOJ,
suggesting rapid turnover of TEAs; (3) low pH, which is likely
inhibiting methanogen activities (Tang et al., 2018); and (4) high
abundance of mono and disaccharides, suggesting degradation
of large carbohydrates by fermentative bacteria in addition to
acid-catalyzed dissociations. Fermentation byproducts such as
CO3, and Hj, are then further consumed in hydrogenotrophic
reduction (Conrad et al., 1987; Goodwin et al., 1991). CO, and
CHy4 porewater concentrations measured in the bog samples were
lower compared to the fen samples (Table 4), however, CO,:CHy
production ratios (Table 4) were higher in the bog compared
to the fen, suggesting likely consumption of fermentation and
acid-catalyzed dissociation byproducts by SRMs, leading to
suppressed methanogenesis potentials by methanogens in the
bog (Ward et al., 2009; Rawat et al., 2012; Hausmann et al., 2018).
Similarly, SRMs can oxidize CHy4 coupled with sulfate reduction,
which is also likely driving the lower CHy4 production rates in
bogs (Cord-Ruwisch and Ollivier, 1986; Ward et al., 2009; Rawat
et al.,, 2012). Higher CO, and CHy4 porewater concentrations
in the fen are likely due to a decrease in Sphagnum-derived
inhibitory organic acids (Figure5) driven by changing plant
inputs and increasing pH (Table 1 and Supplementary Table 1)
from bog to fen systems. Lower C/N ratios in the fen, driven by
lower C/N of plant inputs from sedges compared to Sphagnum,
may also lead to greater organic matter decomposition in the
fen by alleviating N limitation for decomposers (Hodgkins et al.,
2014; Khadka et al., 2016).

CONCLUSION

Due to the contribution from aboveground vegetation and
belowground metabolic transformations under various redox
conditions, microbial processes both affect and are being affected
by the chemical composition and quality of SOM. In order to
gain better insight on the overall metabolic transformations in
bog and fen and to link substrate diversity and quality with
microbial activity and GHG production, we calculated the Gibbs
free energy of C half reactions based on C oxidation state
for OM, a quantifiable measure for OM decomposability and
quality, which can be incorporated into current biogeochemical
models to represent OM lability and microbial diversity. We
further correlated clustering coefficients and average number
of neighbors, two network analysis parameters, with different
biogeochemical properties of bog and fen samples. Our data
revealed that pH is a main driver of SOM decomposition.
We hypothesized that the low pH of the bog, driven by
Sphagnum-derived organic acids, along with phenolics, could
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potentially impact substrate quality and concentration and
microbial diversity thereby promoting carbon accumulation and
low substrate diversity. We further hypothesized that abiotic
degradations such as acid catalyzed hydrolysis reactions (i.e.,
hydrolysis of Lignocellulose, complex carbohydrates, and sugar
acids) are happening at a greater rate in bog, freeing bioavailable
compounds for microbial utilization and further biotic metabolic
pathways. In the fen, the presence of lower molecular weight
compounds with higher Gibbs free energy, low DOC, more
populated and diverse metabolic transformations, and higher net
CH,4 and CO; fluxes and higher pH is indicative of more diverse
substrate composition and higher microbial diversity than the
bog, suggesting a more active system where biotic pathways
are largely upregulated. The correlation observed between the
clustering coefficient and the average number of neighbors with
813C -CHy values further reflects that organic matter quality and
composition has an impact on microbial activity (as revealed
by FT-ICR-MS and GC-MS data) measured indirectly through
CHy fluxes.

While many microbial pathways can be inhibited by acidic
and anoxic conditions, as observed in the bog, we found evidence
of activity of sulfur reducing bacteria. Lower concentrations
of sulfate in the bog porewater suggest a rapid turnover of
organosulfur compounds acting as TEAs. This is also confirmed
by lower CH4 production rates and lower pH in the bog,
with low pH likely inhibiting methanogenesis, as well as
SRM either consuming H, and producing CO;, or consuming
CH4 and producing CO, (CHs4 + SOi_ — HCO3; +
HS™ + H,0). Due to these results, fen ecosystems that are
composed of more diverse and active microbial communities
should be more stable with changing environmental conditions
(e.g., similar GHG fluxes) whereas bog microbial populations
may be more easily affected by a changing climate. It is
expected that thaw progression in northern peatlands will
rapidly change the water table level, plant communities and
nutrient input sources, all contributing to a decline of Sphagnum
moss (Norby et al, 2019). This could result in shifts in
decomposition, as well as altered contributions from biotic
and abiotic pathways of OC toward higher CH4 and CO,
emission which ultimately creates positive climate feedbacks.
Therefore, insights into how metabolite diversity and resource
heterogeneity relate to the taxonomic and functional diversity of
microbial communities allows for aspects of ecosystem stability
and functional redundancy to be studied and provides a unique
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