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Abstract

Sphagnum peat bogs store a large fraction of biologically-bound carbon, due to a
steady accumulation of plant material over millennia. The resistance of Sphagnum
biomass to decay is poorly understood and of high importance for preservation efforts
and climate models. Sphagnum peat mostly consists of the polysaccharide-rich cell
wall of the moss but the mechanisms by which it resist degradation by microbes
remain unclear. Here we show that enzymatic saccharification of peat polysaccha-
rides including cellulose and other glucose-rich polysaccharides is predominantly
limited by access to the substrate. The experimental approach involved biotechnolog-
ical tools including hydrothermal pretreatment to disrupt and relocate cell wall compo-
nents. This physical change was confirmed by confocal laser scanning microscopy. A
cocktail of microbial enzymes (Cellic® CTec3) designed for industrial saccharification
of lignocellulose of vascular plants was used to assess enzymatic digestibility of peat
polysaccharides. The glucose yield increased from close to zero for untreated peat

to 30% and 50% when pretreated at 160 and 180 °C. An overall catalytic rate con-
stant for enzymatic glucose-release from peat-cellulose of 26.98 h' was calculated
using a kinetic model. This is a similar or higher rate compared to cellulose from
vascular plant tissues. With an iron content of 2g/kg dry peat, oxidative inactivation
of enzymes is an important factor to take into account. A high inactivation constant of
125.91 x10® h™' was found for the used saccharification conditions, but the addition
of catalase alleviated the oxidative inactivation and increased the glucose yield with
60% in peat pretreated at 180 °C. These findings show that molecular structures

of Sphagnum peat which prevents access for cell wall degrading enzymes can be
disrupted by hydrothermal pretreatment. This brings us closer to understanding peat
recalcitrance and thus how very large amounts of organic carbon is stored.
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1. Introduction

Soil organic matter contains more organic carbon than the global vegetation and the
atmosphere combined [1]. Of the estimated 4,000 billion tons of soil carbon, an esti-
mated 500 billion tons is stored in northern peatlands [2,3]. In light of the current climate
crisis, the importance of keeping these vast carbon stores in place has led to interna-
tional calls for peatland restoration and protective legislation [4,5]. Peat profiles in bogs
show increasingly decomposed plant material to a depth of several metre, representing
thousands of years of carbon accumulation. Although the plant matter is more decom-
posed the deeper it is below the surface, the carbon stored in deep waterlogged anoxic
zones (the catotelm) is very stable [6]. This remarkable recalcitrance and preservation
of peat has been a matter of debate, with several hypotheses proposed to explain these
properties. For example, the slow decomposition rate of the top layer (the acrotelm) has
been attributed to increasingly anoxic conditions, the composition of the plant cell wall
polysaccharides [7], and the phenolic content of Sphagnum [8], the main vegetation
comprising the top layer. The low concentration of nutrients and acidic pH also likely
contribute to the preservation of peat [9]. More recently, it was proposed that soil organic
matter in peat bogs is stabilized by complexing with iron [10].

Vascular plants synthesize lignin to strengthen cell wall integrity and protect polysac-
charides from degradation. Bryophytes, including Sphagnum, do not synthesize lignin
but do contain polyphenolic lignin-like compounds [11]. These lignin-like compounds
have been detected in Sphagnum leaves by histological approaches and from detecting
autofluorescence intensities similar to that of vascular plants [12]. Electron microscopy
analysis of cryo-fractured hyaline leaf cells from Sphagnum fuscum suggested that the
lignin-like compounds surround the cellulose, possibly forming a protective amorphous
layer that could restrict access by cellulases [13]. However, the removal of phenolics
had negligible effects on the degradation of Sphagnum polysaccharides by a micro-
bial inoculum from a bog [7]. Sphagnum likely has important composition and cell wall
architectural adaptations leading to greater recalcitrance compared to vascular plants.
For example, fungal taxa isolated from a boreal peat bog decomposed spruce wood
chips faster than Sphagnum fuscum biomass [14]. Sphagnum was thought to contain
an unusual pectin-like polymer, sphagnan [15] with tanning properties [16], but this claim
has since been disputed [17]. Overall, the reason behind the particular recalcitrance of
Sphagnum to decomposition remains poorly understood.

Several environmental factors have been proposed to influence the preservation of
peat. In the enzymatic latch hypothesis, putative Sphagnum-degrading enzymes are
inhibited by phenolic compounds, with phenol oxidase as a key enzyme preventing
this inhibition by degrading the inhibiting phenolic compounds [8]. Recent studies have
challenged this hypothesis showing no or little relation between Sphagnum degrading
enzymes and concentration of phenolics [18,19], including some that focus on the
role of iron in peat preservation [10,20,21]. The “iron gate” theory suggests that when
oxygen enters the peat due to receding water levels, ferrous iron Fe(ll) is oxidized to
ferric iron Fe(lll), which then complexes with phenolic compounds, thus creating an
“iron gate” against phenol oxidase, protecting the phenolic compounds from degrada-
tion [10]. However, a study investigating the effect of drainage on the protection of soil
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carbon by metals in peatland dominated by Sphagnum or non-Sphagnum, reported that the “iron gate” mechanism is highly
influenced by the vegetation type. In a Sphagnum-dominated peatland, most carbon was metallic bound under waterlogged
conditions compared to drained conditions, while the opposite was true for non-Sphagnum peatland [20]. The role of iron in
the preservation of carbon in wetlands, particularly in Sphagnum-dominated wetlands, thus remains unclear.

The recalcitrance of plant cell walls is partially due to the high chemical stability of the 1—4 B-glycosidic bond. Indeed,
the polysaccharides by themselves have a half-life on the order of millions of years [22]. Secreted microbial enzymes,
which synergistically degrade cellulose and hemicellulose, induce turnover rates down to seconds, however. In vascu-
lar plants, limited access (at the nano-scale level) to the individual polysaccharides can be the main factor limiting such
enzymatic degradation of lignocellulosic cell walls [23,24]. Whether this also holds true for Sphagnum cell walls remains
unknown. It is generally acknowledged that Sphagnum contains cellulose [25,26], but the similarity of Sphagnum cellulose
to that of vascular plants has not been fully clarified. Early work on the nature of cellulose in Sphagnum, extracted and
chemically characterized cellulose from Sphagnum recurvum and from cotton fibres. The cellulose of Sphagnum behaved
differently from that of cotton during extraction, and the extracted cellulose exhibited chemical differences compared to
cotton [27]. Whether the limit to enzymatic degradation of Sphagnum cell walls is attributable to limited access to cellulose
and other polysaccharides, or possibly to differences in cellulose, remains unknown.

The enzymatic digestion of lignocellulose releases saccharides and is therefore termed saccharification. This process
has been optimised through decade-long research initiatives and is now applied in industrial settings for efficient conver-
sion of lignocellulosic biomass, such as sugar cane bagasse, corn stover and wheat straw into ethanol [24]. However, it is
an absolute requirement in the industry, that the raw material is first pretreated in order to disrupt the structure of the plant
tissue. Hydrothermal pretreatment using pressurized reactors is currently operating in commercial production of lignocellu-
losic bioethanol. When saccharification conditions such as temperature, pH, and dissolved oxygen content are controlled
and optimised, an enzyme cocktail can degrade more than 80% of cellulose from steam-pretreated wheat straw [28]. The
degree to which peat would be degraded under such conditions is unknown. However, peat has long been used in horti-
culture as growth medium for soil improvement. Under these conditions, it is well known that peat decomposes. This leads
to the main research question addressed in this study: How recalcitrant is the cellulose in peat to saccharification by an
enzyme cocktail optimised for lignocellulose degradation? It is not a purpose of this study to design or propose methods
or processes for industrial exploration of Sphagnum peat.

In this study, we investigated the enzymatic digestibility of peat polysaccharides by applying methods developed for
enzymatic degradation of lignocellulose from vascular plants. It is shown that peat is resistant to saccharification by an
industrial enzyme cocktail. However, hydrothermal pretreatment of peat renders the material highly accessible to enzy-
matic saccharification. The overall catalytic rate and inactivation constants for the commercial enzyme cocktail used for
saccharification of pretreated peat are estimated. Confocal laser scanning microscopy confirmed the disruption of cells
and dislocation of cell wall components by the pretreatment. These findings suggests that access of the polysaccharide
degrading enzymes to their substrates is a major reason for the recalcitrance of peat to degradation. Thus, this study pro-
vides new insight on the particular recalcitrance of Sphagnum peat.

2. Methods
2.1 Enzymes and reagents

All reagents were laboratory grade, unless otherwise stated. The commercial enzyme cocktail Cellic® CTec3 HS, catalase,
and lactrol for preventing growth of lactic acid bacteria, were kind gifts from Novonesis A/S.

2.2 Substrates

Non-fertilized garden peat (Silvan, Grgnne Fingre), hereafter referred to as peat, was used as the main peat substrate
in this study. Peat was sieved through a 1 mm mesh to remove stones and small pieces of wood and was then stored at
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room temperature in a closed plastic bucket. For comparisons, acrotelm and catotelm collected from a known mire (peat-
land) and hydrothermally pretreated wheat straw were used. Hydrothermally pretreated wheat straw is a well described
lignocellulosic material. Steam-pretreated wheat straw was previously prepared by [29] and stored at —=18 °C. The pre-
treated wheat straw was thawed at 4 °C prior to saccharification experiments. The wheat straw had been pretreated at
195 °C with a residence time in the pretreatment reactor of six minutes. Acrotelm and catotelm was were sampled from
the palsa mire ‘Storflaket’ (68°20'48"'N,18°58'16'E) close to Abisko Scientific Research station in subarctic Sweden. The
sampling spot was typical Sphagnum fuscum (Schimp.) H. Klinggr. hummock. Specifically, on July 22, 2023, a hole was
cut with a bread knife to a depth of approximately 40 cm under which the peat was frozen. Acrotelm was collected from
just below the capitula of the moss shoots and to 10cm in depth. Catotelm peat was collected just above the frozen layer.
Samples were transported in plastic bags on ice. All collected materials originated from Sphagnum-dominated bogs and
therefore consisted mainly of Sphagnum cell wall remains. We were permitted access to sample in the field through the
Abisko Scientific Research Station under the Swedish Polar Secretariat. No endangered species were used for this work
and our research does not include any ethical issues.

2.3 Determination of substrate composition

The composition of structural polymers in the catotelm, untreated peat and pretreated peat was determined by sulphuric
acid hydrolysis in triplicates. A wheat straw reference material from the National Institute of Standards and Technology
(NIST) was analysed in parallel to validate the composition analysis. First, the plant materials were oven-dried at 50°C for
two days. Afterwards, the samples were ground with a mortar and pestle and the dry matter (DM) content was determined
in triplicate using a moisture analyzer (HC103, Metler Toledo). Approximately 15mg dried material was weighed and
placed into 2.5-mL screw cap tubes, soaked in 83 uL of 72% (v/v) sulphuric acid and incubated at room temperature for

1 hour with vortexing every 10 minutes. The volume was adjusted to 1.5mL with deionized water, resulting in a 4% (v/v)
sulphuric acid solution and 1% (w/v) biomass before incubation at 121 °C for one hour in a heating block. Finally, samples
were cooled on ice and vacuum filtered through a pre-weighted sintered glass filter crucible por. 4 (Duran, Buch og Holm,
Denmark) to separate the acid-soluble and acid-insoluble fraction. The acid-soluble fraction was neutralized with CaCO,
and spun for 10 minutes at 2000 rpm. The supernatant was filtered through sintered 0.45-um glass filters, and analysed for
arabinose, galactose, glucose, xylose and mannose on a Dionex ICS-5000 (Thermo Scientific). Monosaccharide content
was converted into the theoretical amount of homopolymers as previously described [30]. The acid-insoluble part of the
biomass, Klason lignin+ash, was retained in glass the filter and measured gravimetrically after drying at 105 °C overnight.

2.4 Analysis of metal contents in the substrates

Transition metals are involved in oxidative chemistry. The concentration of metals including iron, copper, manganese,
aluminium was quantified in the substrates by inductively coupled plasma-mass spectrometry (ICP-MS). The substrates
were first freeze-dried and homogenized with a mortar and pestle. Then, 0.3 g of each substrate was weighed into a Teflon
bomb and 10 mL of concentrated nitric acid (70%) was added. The samples were heated in a microwave with a ramping
phase of 20 minutes and a hold phase of 25 minutes at 180 °C. After cooling, the solutions were first diluted to 50 mL with
MilliQ water and further diluted 10-fold before analysis.

2.5 Pretreatment of peat

For hydrothermal pretreatment of peat, a slurry of 15% (w/w) dry matter was prepared in deionized water and had a pH of
4.11, which was not adjusted. The pretreatment at 121 °C was carried out in an autoclave and the pretreatments at 140°C,
160°C and 180 °C were performed in a Parr reactor (model 4848, PARR Instrument Company) with continuous stirring

at 100rpm and a 5 minute hold phase at the desired temperature [31]. To separate soluble and insoluble glucan in peat
pretreated at 180 °C, a slurry of 1% (w/w) DM was prepared in a 250-mL plastic bottle. The 1% DM slurry was shaken for
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10 seconds by hand and then centrifuged at room temperature for 5 minutes at 3000rpm. The supernatant was analysed
for monosaccharides and soluble oligosaccharides by HPLC. This procedure was repeated 10 times, and the remaining
insoluble part of the pretreated peat was used in saccharification experiments.

2.6 Saccharification with CTec3

Peat, pretreated peat substrates and pretreated wheat straw were enzymatically saccharified essentially as described
previously for steam-pretreated wheat straw [28]. Briefly, 20g of a slurry of 5% (w/w) DM was hydrolysed in duplicate
samples in 50 ml falcon tubes at 50 °C and pH 5.2 in a hybridization incubator (combi-D24, Finepcr) for up to 144 hours.
Lactrol was added to a concentration of 75mg/kg slurry to prevent growth of lactic acid bacteria. The commercial enzyme
cocktail CTec3 was used in three dosages of 5, 10, and 15mg/ g DM. In addition, the effect of 10, 50 and 100 pL catalase
on saccharification efficiency of pretreated peat incubated with 15mg CTec3 was assessed. To determine the glucose
concentration during saccharification, samples were taken from the falcon tubes after 1.5, 3, 6, 24, 48 and 72 hours of
incubation. After each sampling, the pH was adjusted with 1 M KOH, except at the 3 hours sampling time. The concen-
tration of monosaccharides was determined by high-performance liquid chromatography (HPLC) analysis using a Dionex
ICS-5000 as described below. Fractional conversion of cellulose was calculated by dividing the glucose concentrations,
measured by HPLC at each time point, by the original cellulose content of the substrate. The soluble glucose concentra-
tion prior to enzyme addition and the amount of glucose added with CTec3 was subtracted from the measured glucose
before calculating the fractional conversion.

2.7 Saccharification of soluble glucan released from peat pretreated at 180 °C

The soluble part in the first wash of peat pretreated at 180 °C was centrifuged at 14,000 rpm for 10 minutes at room tempera-
ture and sterile-filtered (0.45 ym). Duplicate samples of 1 mL were incubated for 1h at 50 °C in a thermomixer (Eppendorf)
with shaking at 600 rpm with 5 pL of CTec3 diluted 10-fold from the commercial product added to each sample. The samples
with and without CTec3 were analyzed for their contents of monosaccharides and oligosaccharides by HPLC as described
below. Any content of monosaccharides or oligosaccharides in CTec3 was below the HPLC detection limit.

2.8 HPLC analysis of monosaccharides, oligosaccharides and acetate

The contents of monosaccharides (arabinose, galactose, glucose, xylose, mannose) from saccharification experiments,
compositional analysis and pretreatment assessment, as well as oligosaccharides, were analyzed by high-performance
anion-exchange chromatography (HPAEC) using a Dionex ICS-5000 (Thermo Scientific) equipped with a CarboPac PA1
column (Thermo Scientific) and a Dionex lonPac guard column (Thermo Scientific) operated at 30 °C and with pulse
amperometric detection (PAD). Monosaccharides were eluted with MilliQ water as eluent at a flow rate of 0.25mL/min and
an isocratic flow of 0.2 M NaOH at a flow rate of 0.1 mL/min. Oligosaccharides were separated by applying a gradient 1 M
sodium acetate as described by [32].

Samples of peat pretreated at 180 °C taken after 1.5, 3, 6, 24, 48 and 72 hours of incubation with and without CTec3
were also analyzed for acetate contents using a Dionex Ultimate 3000 system (Thermo Scientific) with a Rezex refractive
index detector and a ROA-organic acid H+(8%), 300 x 7.8 mm column (Phenomenex). The system was operated at 80 °C
with 5mM H,SO, as eluent at a flow rate of 0.6 mL/min. The lower detection limit of acetate for this method was 0.2g/L.

2.9 Polysaccharide analysis by carbohydrate gel electrophoresis (PACE)

Soluble part of peat pretreated at 180 °C and cello-oligosaccharide standards were derivatised with 8-aminonaphthalene-
1,3,6-trisulfonic acid (ANTS) by reductive amination according to previous protocols. Derivatised samples were dried
under vacuum and solubilised in 3M urea. For carbohydrate electrophoresis, samples were loaded on a 10% (w/v)
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polyacrylamide gel and electrophoresed at 10 °C at 1000 V for 1 h using 0.1 M Tris-borate (pH 8.2) as running buffer.
A GBox CCD camera with a transilluminator with long-wave tubes emitting at 365 nm was used for PACE gel scanning.
Images were captured using GENESNAP software.

2.10 Enzyme kinetics

Building on previous work [28,33], a two-stage kinetic model for enzymatic release of glucose was used to estimate the
inactivation k; and the catalytic k_ rate constants, taking into account the conversion of cellulose to cellobiose (first stage)
and cellobiose to glucose (second stage) by a complex enzyme cocktail. The model consists of a set of five differential
equations that include enzyme specific constants [28]. The input for the equations are the concentration of cellulose (S),
cellobiose (G2), glucose (G), and active cellulase (E,). Optimal values of k; and k_ were determined by non-linear least
squares, keeping other parameters fixed at the same values given in previous work [28,33]. Computations were carried
out with custom-made code in R (version 4.4.1) [34] using the deSolve package (version 1.35) [35] to numerically solve
the system of differential equations with the Dormand-Price method and the optim function to minimize the least square’s
function (S1 file). Previous work with the kinetic model used Excel Solver for the computations [28]. The model was
applied to data from 180 °C pretreated peat and the insoluble part of 180 °C pretreated peat. To validate the R code, it
was applied to the fractional conversion data of pretreated wheat straw from this study, giving k and k values very similar
to those calculated in [28] (S1 Fig).

2.11 Microscopy

Leaf material from frozen samples of Sphagnum fuscum plants was thawed and immediately fixed in Karnovsky’s fixative
(5% [w/v] glutaraldehyde, 4% [w/v] paraformaldehyde, 0.1 M sodium cacodylate buffer, pH 7.3), and stored at 4°C until
analysed, together with fixed samples of peat and 180 °C pretreated peat. All preparations were performed in triplicates.
Leaf tips were stained for 15 minutes in 0.5% (w/v) calcofluor white, rinsed in distilled water, and mounted onto glass
slides in a 20 uL droplet of distilled water and imaged with a Leica SP5X confocal laser scanning microscope (Mannheim,
Germany) using a 20 x objective. Calcofluor white was excited with the UV laser (355nm), and emission was collected

at 391-463 nm. An excitation wavelength of 488 nm and an emission band of 513-556 nm was used for the detection of
autofluorescence from secondary cell walls.

3. Results and discussion

To investigate the extent to which Sphagnum peat is susceptible to enzymatic saccharification, we used an approach sim-
ilar to that applied to lignocellulosic materials targeted for industrial bioconversion. Specifically, we conducted a chemical
characterisation, hydrothermal pretreatment, assessment of abiotic reactivity, and enzymatic saccharification. Further-
more, we used an enzyme kinetic model to calculate the catalytic rate and first-order inactivation rate constants of the
cellulases present in CTec3, the enzyme cocktail used for enzymatic saccharification

Garden peat (peat) was used as the primary source of peat for this study and compared to those obtained for environ-
mental samples from a peat bog (catotelm and acrotelm). We also used steam-pretreated wheat straw as a well described
and industrially relevant lignocellulosic material for comparison.

3.1 Chemical composition of peat substrates and pretreated wheat straw

The composition of the main constituents of lignocellulose, namely cellulose, hemicellulose and the residual fraction of
Klason lignin and ash, were determined by sulphuric acid hydrolysis (Table 1). While Sphagnum does not contain lignin
per se, the peat samples had a much higher content of Klason lignin and ash than steam-pretreated wheat straw. Peat is
formed from humification processes in the environment and the Klason-lignin part of the peat will therefore also contain
humic substances that include proteins and fatty acids. Ash was not measured directly in the samples but the element
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content in the catotelm peat, peat samples and pretreated wheat straw can be found in S2 Fig. The content of cellulose
was calculated based on the glucose concentration in the sulphuric acid—hydrolysed samples. This method is commonly
used for a subsequent assessment of enzymatic saccharification of cellulose in biomass [36,37]. However, this method

is not entirely accurate, as glucose will also be released from polysaccharides other than cellulose during sulphuric acid
hydrolysis. Nevertheless, we estimated the cellulose content to be 4-5 times lower in peat (128 mg/g) and catotelm

(114 mg/g) than in steam-pretreated wheat straw (567 mg/g). The content of hemicellulose was calculated based on the
concentration of arabinose, galactose, xylose and mannose in the acid-hydrolysed samples, which reached levels roughly
twice as high in the Sphagnum samples as in steam-pretreated wheat straw. Because different methods for determining
the composition of peat have previously been used [26,38], it is not straightforward to directly compare our results and
those from other studies.

Oxidative abiotic reactions can promote or impede the degradation of lignocellulose and involve transition metals such
as iron and copper [33,39]. Significant decarboxylation (CO, production) of organic matter in natural humic-coloured
waters, catalysed by iron, has been demonstrated [39]. Such abiotic reactions are also taking place in slurries of pre-
treated wheat straw under saccharification conditions (pH 5.3 and 50 °C), involving H,O, as an intermediate. The resulting
CO, production contributes to acidification of the saccharification slurry [33]. We therefore carried out an ICP-MS analysis
to determine the metal content of all samples. High concentrations of iron was observed in the peat samples (Table 1, S2
Fig). In particular, the catotelm contained 4000 mg of iron per kg of dry matter (DM), while peat contained 2000 mg iron
per kg DM, which was 6-fold and 3-fold higher than in the wheat straw used in this study, respectively. The high concen-
trations of iron and aluminium in the catotelm and peat are consistent with reports that peatlands globally tend to store
large quantities of metals, with nutrient-poor bogs containing 2500 mg iron per kg on average and nutrient-rich fens up to
16.000 mg iron per kg [40]. Sphagnum-derived peat, in particular, has been suggested to be prone to accumulating metals
because of complexation with acidic and phenolic compounds from Sphagnum cell walls [41—-43]. From the degradation of
peat, a substantial pool of iron might therefore be released and lead to a noticeable degree of abiotic oxidative reactions.

3.2 Hydrothermal pretreatment of peat and its effect on acidification of peat slurries

We hypothesised that hydrothermal pretreatment could enable enzymatic saccharification of peat. Therefore, a slurry of
15% (w/w) DM in water was pretreated at either 121 °C by autoclaving or at 140°C, 160°C, or 180°C in a Parr reactor. The
pH of the resulting peat slurries was close to 4 in all cases (Fig 1A) and thus no correlation with pretreatment temperature.
A lower pH resulting from hydrothermal pretreatment lignocellulose is well described and attributed to the formation of

Table 1. Summary of composition of structural polymers, and concentrations of common redox-related metals in catotelm peat, peat samples
and pretreated wheat straw. Values are presented as means * standard deviation (SD) from three biological replicates. Pretreatment of peat is
described in section 3.2.

Catotelm peat | Peat Peat pretreated at 180 °C | Peat pretreated at 180 °C and washed | Pretreated wheat straw
Structural polymers
Glucan (mg/g) 1147 128+6 125+2 106 +1 1567
Hemicellulose (mg/g) 306+12 185+24 1147 24+1 185
Klason lignin+ash (mg/kg) | 572+ 10 66011 601148 707 £41 1299
Elements (mg/g)
Iron (mg/kg) 4027+79 1956 £159 | 2057 £ 148 1108 £47 638+6
Copper (mg/kg) 39+0 7.5+0 8.5+0 5+1 4+0
Manganese (mg/kg) 42+1 6517 65+1 26+1 9+1
Aluminium (mg/kg) 2751459 1773+140 | 1726+24 952159 57+1

"Data from [29]

https://doi.org/10.1371/journal.pone.0312219.t001
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Fig. 1. Pretreatment leads to higher acidification and release of monosaccharides from peat. A) Volume of 1 M KOH required to keep the pH
at 5.2 during 24 h of incubation without CTec3 at 50 °C. During incubation, pH was adjusted to 5.2 with 1 M KOH after 1.5, 6 and 24 hours. The same
amount of KOH (1 M) was added to both duplicate samples of the 20g slurry. The pH of each pretreated material without any adjustments is noted in
each column. B) Monosaccharide solubilization from peat as a function of pretreatment temperature. The values are averages of duplicate samples.

https://doi.org/10.1371/journal.pone.0312219.9001

organic acids [44] in the process. These acids contribute to partial removal of hemicellulose by auto-catalysis and a pH in
the same range as seen here [45]. Uronic acids like galacturonic acid may be released by the hydrothermal pretreatment
of peat and contribute to acidification, but decompose into their degradation products like furfurals at high temperatures
[46,47].

Due to the high iron content in peat samples (Table 1), it was necessary to evaluate to which extent the peat slurries
would acidify, under the same conditions as for the subsequent saccharification (50 °C, pH 5.2). Peat pretreated at high
temperatures (160 °C or 180 °C) required a higher volume of 1 M KOH to maintain the slurry pH to 5.2 (85 pL and 100 pL,
respectively), than for peat samples pretreated at the lower temperatures (40 uL for 120 °C and 45 pL for 140 °C). This
finding suggested a strong correlation between slurry acidification during incubation at 50 °C and pretreatment tempera-
ture (Fig 1A). Disruption of chemical bonds by the pretreatment likely led to release of iron otherwise sequestered by
negatively charged compounds, thereby increasing the production of CO,. Release of acetic acid from hemicelluloses also
contributes to acidification during the saccharification of lignocellulose slurries [33]. However, the concentration of acetic
acid in the pretreated peat slurries was in all cases below the detection limit (S3 Fig)

The effect of pretreatment temperature on slurry acidification during incubation was therefore likely explained by an
increase in abiotic oxidative reactions. As the concentration of dissolved oxygen under lab conditions is much higher than
concentrations found in a peat bog, the effect on acidification observed here would not be expected to be as prominent
below the water table in an undisturbed peat bog. However, such iron-catalysed reactions involving H,O, as an interme-
diate are well described in environmental systems such as arctic soil waters [48,49]. It has also been shown that CO,
can be a main contributor to peatland water pH [50]. In the uppermost part of peatlands where Sphagnum grows, organic
acids such as uronic acids and phenolic acids released from Sphagnum cell walls also contribute to an acidic pH [51,52].

3.3 Hydrothermal pretreatment of peat releases monosaccharides

Hydrothermal pretreatment of plant materials partially disrupts chemical bonds in the cell wall [53]. Depending on the pre-
treatment conditions, hemicelluloses such as xylan are degraded to a greater or lesser extent, thus releasing monosac-
charides. These physicochemically released monosaccharides must be quantified before the enzymatic saccharification
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efficiency can be assessed. The concentration of monosaccharides in the soluble part increased with pretreatment
temperature, as expected (Fig 1B). While hardly any monosaccharides was released from pretreatment at 121 °C, all five
monosaccharides were in concentrations from about 0.1-0.3 g/L in the soluble part of peat pretreated at 180 °C. Notice-
ably, the glucose concentration increased from 0.12 g/L with the pretreatment temperature of 160°C to 0.33 g/L with the
180°C pretreatment. The concentrations of the other sugars in the 180°C pretreated sample were 0.32g/L for galactose,
0.18g/L for arabinose, 0.16 g/L for xylose, and 0.09 g/L for mannose.

The polysaccharide composition of peat is largely unknown. This material may contain plant residue from more than
one species that has been partially degraded during hundreds of years in the bog and during excavation and storage.
However, the monosaccharide profile released by the 180 °C pretreatment, with high concentrations of glucose, galactose
and arabinose, is very different from the typical xylan-rich monosaccharide profile of wheat straw pretreated at 180 °C
[54]. This observation suggested major differences in cell wall architecture between the two types of plants. The mono-
saccharides in the pretreated peat are likely constituents of Sphagnum cell wall polysaccharides such as arabinoglucan,
xyloglucan and glucomannan [55]. Arabinoglucan is a moss-specific polysaccharide first identified in Physcomitrella pat-
ens and is partially soluble when samples are heated to 60 °C in water [56]. Arabinoglucan is an unbranched and unsub-
stituted polysaccharide consisting of beta (1,4)-glucose and (1,3)-arabinose in a 7.5:1 ratio. Such a polysaccharide would
very likely decompose into monosaccharides to a much larger extend than cellulose during hydrothermal pretreatment.
The concentration of arabinose decreased from 160 °C to 180 °C, reflecting its degradation at high temperature [57,58].
The relatively high concentrations of galactose measured here are supported by previous findings showing significant
antibody labelling of galactan in hyaline cell walls of Sphagnum leaves [25] and in the pectin-like polysaccharide sphag-
nan, which is extractable from the Sphagnum cell wall by heating to 98 °C in water [17]. Mannans are abundant hemicel-
luloses in the cell wall of several moss species [55]. The fact that we detected mannose in the soluble part of pretreated
peat is interesting because mannans from vascular plants have been reported to primarily degrade into oligosaccharides
by hydrothermal pretreatment between 160 °C and 190 °C [59].

3.4 Pretreatment renders peat enzymatically degradable

Slurries of peat and pretreated peat were saccharified using the cellulase-rich enzyme cocktail CTec3 at three different
dosages, using pretreated wheat straw as a positive control for saccharification by CTec3 (Fig 2). The CTec3 cocktail
contains enzymes that release acetic acid from acetylated hemicelluloses in pretreated wheat straw, contributing to the
acidification of the slurry [33]. There was a clear dosage-dependent acidification of pretreated wheat straw during saccha-
rification with CTec3 (S4 Fig). The pretreated peat samples also acidified during saccharification and required the addition
of more KOH to maintain the pH at 5.2 than wheat straw. However, there was no apparent effect of enzyme dosage on pH
and acetic acid was not detected in samples. The cause of acidification of pretreated peat slurry during saccharification

is therefore likely due to the abiotic oxidative reactions catalysed by iron as discussed above. While minimal enzymatic
conversion was observed for the untreated and autoclaved peat samples, a temperature-dependent increase in sac-
charification efficiency was seen for peat samples subjected to pretreatment at 140 °C, 160 °C, and 180 °C (Fig 2). This
enhancing effect of pretreatment on saccharification efficiency was similar to that previously seen for lignocellulose [60].
This result demonstrated that peat is similar to other types of plant biomass, in the sense that it requires a pretreatment
step before enzymes can access their substrates in the plant biomass. The fractional conversion of cellulose, which is the
degree to which the cellulose is converted to glucose, depended on enzyme dosage, reaching a maximum of 0.52 when
using 15mg CTec3/g DM from peat pretreated at 180 °C after 24 hour of incubation. The peat conversion progress curves
showed a fast initial phase, followed by a rapid decline in further saccharification (Fig 2E). These curves contrasted with
the slow but steady conversion observed for pretreated wheat straw (Fig 2F) that continued for 6 days (S1 Fig). Since all
conversion progress curves for pretreated peat samples stagnated after 6 hours, the enzymes were most likely inactivated
rather than depleted of substrate. Both oxidative inactivation and substrate depletion were investigated further below.
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Fig. 2. Effect of pretreatment temperature on peat saccharification progress curves. Fractional conversion of cellulose from A) untreated peat, B)
peat pretreated at 121 °C, C) peat pretreated at 140 °C, D) peat pretreated at 160 °C, E) peat pretreated at 180 °C, and F) pretreated wheat straw. All
samples were incubated for 24 hours with 5mg CTec3/g DM (blue), 10mg/g DM (red) or 15mg CTec3/g DM (green) at 50°C, at pH 5.2. The data are pre-
sented as means £ SD from duplicate samples.

https://doi.org/10.1371/journal.pone.0312219.9002

3.5 Catalase reduces acidification and increases fractional conversion of pretreated peat

To investigate if the apparent inactivation of the enzyme cocktail was caused by oxidative reactions, we added cata-
lase to scavenge the reaction intermediate H,O,. A previous examination of oxidative inactivation of cellulases during
saccharification of wheat straw [28] indicated that the presence of oxidative enzymes called lytic polysaccharide
monooxygenases (LPMOs) in the CTec3 cocktail decreased the half-life of cellulases, despite significantly increas-
ing the glucose yield. This negative effect was however alleviated by addition of catalase, demonstrating that H,0, is
involved in the inactivation of the cellulases. Catalase was also shown to substantially decrease the requirements for
KOH to maintain a constant pH, although there was no direct coupling between titrant requirements and sugar yield in
that study [33]. Therefore, saccharification of peat pretreated at 180 °C was repeated with different dosages of cata-
lase added.

First, the effect of catalase on titrant requirements was confirmed for the peat slurry, as all dosages of catalase tested
clearly reduced the volume of KOH needed to maintain a pH of 5.2 during enzymatic saccharification of the peat slurry
(Fig 3A). Without catalase, 165 uL KOH was required and with 10 pL catalase, only 50 yL KOH was required. Increasing
the dosage of catalase to 100 pL led to a stable pH of in the peat slurry and no KOH was required during the 48 hours
of incubation. Decreasing the amount of dissolved oxygen during saccharification of the GP slurry to around 1% (where
100% is air saturated) also lead to a decrease in KOH requirement substantially over 48 hours of saccharification (S5 Fig).

Second, catalase increased saccharification of pretreated peat during the first 6 hours of incubation in a dosage-
dependent manner, while the conversion progress curves stagnated for all treatments. This result contrasts with the
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Fig. 3. Effect of catalase on saccharification of 180 °C pretreated peat. Duplicate samples of peat pretreated at 180 "C were incubated for 72 hours
with 15mg CTec3 and a varying dosage of 0, 10, 50 or 100 pL catalase, at 50 "C and pH 5.2. A) Required amount of 1 M KOH to maintain the pH at 5.2
during saccharification. B) Fractional conversion of cellulose with varying dosages of catalase added.

https://doi.org/10.1371/journal.pone.0312219.9003

positive effect of a 10 yL catalase addition on the saccharification of wheat straw which was most pronounced after 24
hours of incubation [28]. The effect of catalase on enzyme inactivation during saccharification of peat slurries and the
overall catalytic rate is discussed below.

3.6 Catalytic rate constant and inactivation constant for the saccharification of pretreated peat and pretreated
wheat straw

To shed further light on the enzymatic saccharification of 180 °C pretreated peat, the two key kinetic constants for this
heterogeneous and complex process was calculated. Previous work [28,33] has presented a kinetic model describing the
synergistic release of glucose from cellulose by a complex cocktail of enzymes and is used to estimate the inactivation
rate constant (k) and the catalytic rate constant (k). This kinetic model consists of two stages, the first encompassing the
conversion of cellulose to cellobiose by multiple enzymes and the second the production of glucose by B-glucosidase.
However, when we applied the model to the fractional conversion data obtained from peat pretreated at 180 °C, the kinetic
model exhibited a poor fit, suggesting that the fast initial phase of conversion followed by a rapid decline could not be
explained by a combination of high catalytic rate and fast inactivation of the enzymes. A plausible alternative explanation
would be that pretreated peat contains a considerable amount of soluble glucose-rich oligosaccharides or polysaccha-
rides, which are highly accessible to the enzymes.

3.7 Pretreated peat contains both soluble and insoluble glucan

Overall, the shapes of the progress curves for saccharification of peat were clearly different from those obtained for
pretreated wheat straw, and the initial rate of glucan conversion of peat pretreated at 180 °C was noticeably high. To
test whether peat pretreated at 180°C contained a highly enzyme accessible soluble glucan, we extensively washed
the peat slurry and collected the soluble and insoluble parts. The monosaccharide content in the soluble part after
incubation with and without CTec3 was determined by HPLC, which showed that glucose is predominantly released by
the enzyme cocktail (Fig 4A). A range of oligosaccharides with retention times similar to those of cello-oligomers (1—4
B-linked glucose) with a degree of polymerization of 2—-5 were detected in the soluble part (Fig 4B). It is conceivable
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that cellooligomers could be released from cellulose to some extent, but hydrothermal pretreatment of wheat straw
under conditions similar to those used in this study did not yield detectable amounts of cello-oligomers [61]. Consis-
tent with [61], addition of H,SO, during pretreatment of wheat straw at 180 °C leads to a very limited release of soluble
cello-oligomers [62]. This suggests that either cellulose in peat is more extensively degraded during pretreatment or
that a glucose-rich non-cellulosic polysaccharide is present in the soluble part. This is a possible outcome, as the oli-
gosaccharide co-eluting with the cellotriose standard was not accessible to the CTec3 cocktail (Fig 4C). Additionally, a
range of oligosaccharides of lower abundance eluting between 13 and 23 minutes were resistant to the CTec3 cock-
tail. Polysaccharide analysis using carbohydrate gel electrophoresis (PACE) of the CTec3 treated soluble part indi-
cated that the oligosaccharides are not derived from cellulose, since they did not co-migrate with cello-oligosaccharide
standards (S6 Fig). Based on our estimates, the glucan in the soluble part of the pretreated peat accounted for 11% of
the total glucan content (S2 File).

3.8 Catalytic rate constant and inactivation constant for the saccharification of the insoluble part of peat

As the kinetic model was developed for the synergistic release of glucose from (insoluble) cellulose, it is arguably not
applicable to produce kinetic constants from unseparated pretreated peat [28]. Saccharification with CTec3 was there-
fore repeated with the insoluble part of the pretreated peat. The kinetic model was then applied and the new curves from
the insoluble part of peat were a better fit, albeit not good, compared to those obtained for the non-washed peat (Fig
5A). The catalytic rate constant k_ was calculated to 26.98h™" (SE+2.61), which is two-fold higher compared to that of
wheat straw. It is conceivable that the pretreatment led to more accessible chains on the outer part of peat cellulose, thus
producing a higher k_ value. However, it is possible that the pretreated peat contains other insoluble glucan containing
polysaccharides.

The inhibition constant k was 125.91 x107® h™" (SE £ 15), thus around 6-fold higher than that for wheat straw (S1 Fig).
A higher k value means that the cellulolytic cocktail has a short half-life. The inactivation was also clear from a plot of the
fractional conversion curves as a function of enzyme dosage x time (mg/g x h) (Fig 5B) where curves lying on top of each
other would illustrate no time-dependent inactivation [63]. It is important to mention that the enzyme dosage for wheat
straw and pretreated peat was the same when calculated based on DM, but the dosage of enzyme relative to cellulose
content was 4.5 times higher for peat than for wheat straw due to the higher glucan content of wheat straw. Enzymes are
in general stabilized by their substrates.
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3.9 Visualization of changes in peat cell wall after pretreatment

Subjecting biomass to pretreatment will affect the cell wall integrity to some extent [64]. Sphagnum has a unique leaf anat-
omy compared to other mosses and vascular plants, as they consist of dead and empty hyaline cells and chloroplast-
containing chlorophyllose cells [65]. The effect of hydrothermal pretreatment on cell wall integrity of peat was investigated
by confocal laser scanning microscopy. Calcofluor white was used to stain 3-1,4 glucans such as cellulose, and lignin-like
compounds were detected by autofluorescence. Sphagnum leaves from acrotelm were compared with the partially
degraded catotelm. The acrotelm (Fig 6A) showed the expected regularly arranged hyaline cells and chlorophyllose cells.
The secondary cell walls of the hyaline cells strongly fluoresced in yellow/orange corresponding to lignin-like compounds,
while the narrow chlorophyllose cells had clear cellulose-rich primary cell walls, with the narrow chlorophyllose cells hav-
ing clear cellulose-rich primary cell walls. Thus, cellulose appears to be surrounded by a lignin-like compound, a similar
observation as [13]. The autofluorescence signal from catotelm (Fig 6B), collected about 40cm below the acrotelm, was
significantly lower than that of the acrotelm, but with some degree of cell integrity left.

The structure of hyaline and chlorophyllose cells in peat (Fig 6C) resembled that of acrotelm, but the fluorescent signal
from the lignin-like compounds was decreased compared to that of peat. Furthermore, the calcofluor white signal was less
organized in peat, although a distinct line could be noted as thin lines in some places (Fig 6C). Following the 180 °C pre-
treatment of peat (Fig 6D), individual cell types could no longer be recognized and the calcofluor white signal was no lon-
ger localized to cell walls. The autofluorescence signal from lignin-like compounds was intensified and appeared to have
relocated to droplets, similar to observations of wheat straw lignin relocation following pretreatment [60]. Together, these
data indicate that a 180 °C pretreatment leads to extensive degradation of Sphagnum cell walls and lignin relocation.

4. Conclusions

When robust microbial enzymes are deployed and oxidative inactivation is taken into account, the polysaccharides of
Sphagnum peat are just as susceptible to enzymatic saccharification as lignocellulose from vascular plants. Certainly, the
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Fig. 6. Confocal laser scanning microscopy of Sphagnum fuscum leaf material from different sources of peat moss. Acrotelm (A) and catotelm
(B) collected in Abisko peat bog compared to peat (C) and peat pretreated at 180 °C (D). 3-1.4 glucans are visualized with calcofluor white staining and
shown in cyan. The arrow points to intact parts of the primary cell wall within chlorophyllose cells, where presumably cellulose is clearly exposed to the
dye. Fuzzy and speckled labeling may indicate degradation of calcofluor white epitopes (arrowheads). Autofluorescence from lignin-like compounds is
shown in yellow/orange. The signal clearly localizes to the secondary cell walls of hyaline cells in A) and C), while it localizes to droplets in D). Scale
bars, 25 pm.

https://doi.org/10.1371/journal.pone.0312219.9006

rather large proportion of glucose in the soluble fraction after pretreatment and the very different shape of progress curves
suggests different molecular structures in the cell wall of Sphagnum that warrants further investigation. These findings
offer a new perspective on the recalcitrance of Sphagnum moss and the protection of carbon storage in peat bogs.
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