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Abstract

Aims Plant inputs are the primary organic carbon
source that transforms into soil organic matter (SOM)
through microbial processing. One prevailing view
is that lignin plays a major role in the accumulation
of SOM. This study investigated lignin decomposi-
tion using wood from different genotypes of Populus
tremula as the model substrate. The genotypes natu-
rally varied in lignin content and composition, result-
ing in high and low lignin substrates.

Methods The wood was inoculated with fresh soil
and decomposition was interpreted through mass loss
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and CO, produced during a 12-month lab incubation.
Detailed information on the decomposition patterns
of lignin was obtained by Two-dimensional Nuclear
magnetic resonance (2D NMR) spectroscopy on four
occasions during the incubations.

Results The lignin content per se did not affect the
overall decomposition and ~60% of the mass was lost
in both substrates. In addition, no differences in oxida-
tive enzyme activity could be observed, and the rate of
lignin decomposition was similar to that of the carbo-
hydrates. The 2D NMR analysis showed the oxidized
syringyl present in the initial samples was the most
resistant to degradation among lignin subunits as it fol-
lowed the order p-hydroxybenzoates > syringyl > guai-
acyl> oxidized syringyl. Furthermore, the degradabil-
ity of p—O—4 linkages in the lignin varied depending on
the subunit (syringyl or guaiacyl) it is attached to.
Conclusions Our study demonstrates that lignin
contains fractions that are easily degradable and can
break down alongside carbohydrates. Thus, the initial
differences in lignin content per se do not necessarily
affect magnitude of SOM accumulation.

Keywords Soil organic matter - Decomposition -
Lignin - 2D NMR
Introduction

Soil organic matter (SOM) contains the largest pool
of organic carbon in the biosphere second only to
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that found in the ocean. Approximately 2400 Gt
of organic carbon is estimated to be stored in the
top 3 m of soil with about 828 Gt of organic car-
bon stored in the top 30 cm (Beillouin et al. 2023;
Friedlingstein et al. 2020; Lin et al. 2023; Stock-
mann et al. 2013). Plant biomass is the primary
organic input to soils and subsequently transforms
into SOM through microbial processing. Besides
this, soil physical properties—such as porosity,
permeability, and surface area—along with chemi-
cal properties, including nutrient availability, pH,
cation exchange capacity, and organic matter con-
tent, also influence decomposition rates and the
soil’s capacity for carbon sequestration (Berg and
McClaugherty 2020). The current view about SOM
is that it is continuous in nature and consists of
plant organic fragments of all molecular sizes at
various stages of decomposition with a significant
contribution from microbial biomass and necromass
(Cotrufo et al. 2015; Lehmann and Kleber 2015;
Liang et al. 2019). Therefore, understanding the
decomposition and transformation of plant inputs
is important for long term carbon storage (Prescott
2010; Cotrufo et al. 2015). However, the biogeo-
chemical mechanisms that govern the long-term
storage of carbon in soil remain unclear.

Plant biomass is composed of approximately
20-40% lignin, which has been considered
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challenging to degrade due to its intricate chemical
structure (Zhu et al. 2017; Zoghlami and Paés 2019).
Lignin in plants forms mainly through the polym-
erization of three monomers (also known as monol-
ignols) that differ in their degree of methoxylation.
After incorporation into lignin, these are referred to
as syringyl (S), guaiacyl (G), and p-hydroxyphenyl/p-
hydroxybenzoate (H) respectively (Adler 1977; Boer-
jan et al. 2003; Vanholme et al. 2010). During the
lignification process, the monomers are connected
through ether (C—O-C) or carbon-carbon (C-C) link-
ages. Among them, the most frequent linkage is the
f—O—4 linkage while linkages such as B-5, p — P,
5-5, 5-0—4, and p — 1 exist to a lesser extent (Fig. 1)
(Ralph et al. 2004; Brown and Chang 2014). To depo-
lymerize such complex lignin structure, microbes
use a broad range of extracellular enzymes like per-
oxidase and phenol oxidase, each employing distinct
mechanisms. For instance, phenol oxidase catalyzes
non-specific reactions, including the oxidation of
Mn?" and Fe?", which can lead to the depolymeriza-
tion or transformation of lignin. In contrast, peroxi-
dase can directly oxidize the carbon-carbon (C-C)
bonds between lignin monomers, facilitating lignin
breakdown through a more targeted approach (Sinsa-
baugh 2010; Janusz et al. 2017).

The traditional rationale offered for lignin being
difficult to decompose is that the microorganisms tend
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to receive a lesser amount of energy in comparison to
the energy spent in producing the enzymes for lignin
degradation (Schimel and Weintraub 2003; Moorhead
and Sinsabaugh 2006; Herman et al. 2008). However,
recent studies suggest that lignin degradation is trig-
gered during the early stage of decomposition when
the input of an easily decomposable fraction, car-
bohydrates is abundant. In this way, microbes will
have sufficient energy to produce lignin-degrading
enzymes (Klotzbiicher et al. 2011; Lehmann and
Kleber 2015; Angst et al. 2021). Lignin also acts as
a binding material within the lignocellulose biomass
of plants by being involved in the cross-linking of
hemicellulose and cellulose to provide rigidity and
stiffness to the cell wall (Boer et al. 2005; Datta et al.
2017). As a result, lignin could physically protect the
more labile cell wall polysaccharides from microbial
attack or the presence of covalent bonds between
lignin and the labile cell wall polysaccharides could
potentially protect hemicellulose and cellulose chemi-
cally from hydrolysis during the decomposition
(Boerjan et al. 2003; Cadisch et al. 1997; Talbot et al.
2012). Thus, lignin could be the important control
over the decomposition and transformation of plant
inputs. However, the biogeochemical mechanisms
by which saprotrophic decay of lignin occurs are still
poorly understood.

One major reason for the lack of mechanistic
understanding of lignin decomposition is the difficul-
ties in analyzing lignin at adequate resolution. Pyroly-
sis — Gas Chromatography Mass Spectrometry (Py-
GC/MS) is a technique used widely in characterizing
different wood types in terms of polysaccharides and
lignin-derived products. However, it gives informa-
tion mainly on lignin derived monomers, leaving out
lignin linkages that can vary in their degradation (Lv
et al. 2022). Thus, the composition of linkages can be
important for decomposition. For instance, syringyl is
mostly associated with $-O-4 linkages that are more
easily broken by oxidation than the phenylcoumaran
(B- 5) and aryl-aryl linkages (5-5) that, in addition
to f-O-4 linkages, polymerize guaiacyl (Fig. 1) (Kim
and Ralph 2010). Other common methods such as!*C
Cross-Polarization Magic-Angle Spinning (CP-MAS)
NMR and FTIR-spectroscopy used for OM char-
acterization, lacks in resolution as they can detect
only a few broad functional groups (Mao et al. 2017;
Ong et al. 2020). However, the two dimensional -
13" C Heteronuclear Single Quantum Coherence

Nuclear magnetic resonance (2D HSQC NMR) is
a state—of-art technique that has been increasingly
applied in wood and lignin analysis. It has the advan-
tage of analyzing complex organic matrices with-
out extractions or chemical modifications (Kim and
Ralph 2014) and results in much higher resolution by
allowing for the identification of both lignin subunits
and their associated linkages.

The aim of this study is to investigate the deg-
radation of lignin during its initial decomposition
stages. To achieve this we conducted a lab incuba-
tion experiment using four clones of Populus tremula
(aspen wood) as model substrates. These clones were
chosen as they naturally vary in both lignin content
and composition. We hypothesized that the degra-
dation of lignin should be lower than the carbohy-
drates and the high lignin substrates (HL) will pro-
vide more protection to labile plant polymers than
in low lignin substrates (LL), thereby reducing the
mass loss and carbon respired from the HL substrates.
We also hypothesized that differences in lignin com-
position among the substrates influence its degrada-
tion. Therefore, the wood substrates with a higher
abundance of syringyl and p-hydroxybenzoate units,
would decompose faster than substrates relatively
higher in guaiacyl.

Materials and methods
Sample properties

Populus tremula clones were used as model substrates
for this decomposition study, as it is one of the most
common tree species in boreal forests and is natu-
rally rich in genetic variations due to nucleotide poly-
morphism. This variation significantly impacts the
chemical composition of wood (Jalas and Suominen
1989; Escamez et al. 2023). The clones were obtained
from the Skogforsk research station in Savar (63.4°N,
Umed district) and are part of the SwAsp collection,
which includes trees from 12 different localities in
Sweden (Luquez et al. 2008). Four clones (Clone #:
35, 114, 91, 52) from the SwAsp collection, were
chosen for their natural variation in lignin content
and composition (Table S2). The wood material was
taken from the branches of these clones, with the
bark removed completely before further process-
ing. The lignin: carbohydrate ratio was determined
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by Py-GC-MS (refer Sect. 2.5). Clones 35 and 114
were categorized as low lignin substrates (LL) with a
lignin content of 32 +0.6% (mean + SE) and a carbo-
hydrate content of 67+0.6% (mean=+ SE) and clones
91 and 52 were categorized as high lignin substrates
(HL), with a lignin content of 41 +0.9% (mean + SE)
and a carbohydrate content of 58 +0.9% (mean + SE).

The wood was then cut into small pieces and
milled using a Tube mill control (IKA, Germany).
The wood was milled to increase surface area,
thereby enhancing the availability of sites for enzy-
matic attack. Although this pretreatment differs from
in situ conditions and may affect decomposition rates,
our substrate, serves as a conceptual proxy for lignin
decomposability on a molecular level, even if it does
not fully capture the diversity of lignin morphologies
present in natural environments. The milled wood
was lyophilized for 72 h and stored at room tempera-
ture until the start of the experiment.

Incubation experiment

The soil used in this study originated from the surface
O-horizon (0-15 cm) of a boreal spodozol collected
from the Kulbicksliden experimental forest, near Vin-
deln in the county of Vésterbotten, northern Sweden
(64°11'N, 19°33'E). Spodzol cover large areas of the
northern hemisphere and is thus representative for the
boreal forest landscape. The site is a a mixed spruce
(Picea abies) and pine (Pinus sylvestris) stand with
Vaccinium vitis idaea, Vaccinium myrtillus, and Pleu-
rozium schreberi as ground vegetation. The soil was
transported to the lab and stored at 4 °C overnight after
which the soil was homogenized by passing it through
a cutting sieve (6x3.5 mm) in its field moist state.
During the homogenizing process, needles, cones, vis-
ible roots, and other debris were removed. The soil was
stored at -20 °C until the start of the experiment.
Organic matter (OM) and carbon (C) contents
were determined on replicate subsamples (n=4) of
milled wood and homogenized soil. OM was deter-
mined by loss on ignition (LOI; 4 h at 550 °C), and
organic C was determined using an Elemental Ana-
lyzer (Flash EA 2000, Thermo Fisher Scientific,
Bremen, Germany). The OM content of the wood
was 99.4+0.1% (mean+SE) with a negligible
amount of minerals. The organic carbon and nitro-
gen contents were 49.7+0.2% and 0.10+0.006%
(mean + SE), respectively, for all wood substrates.

@ Springer

For the soil, the OM content was 74.6+0.44%
(mean+SE), with an organic C content of
45.1+£0.04% (mean=+SE) (Fig.S1) and organic
nitrogen content of 1.38+0.13% (mean + SE). The
soil pH was determined using soil-water suspension
method with a soil to water ratio of 1:2, resulted in
a pH of 4.5+0.003 (mean + SE).

The soil incubation experiment was conducted
using a respirometer (A. Nordgren Innovations
AB, Sweden) to measure CO, production hourly.
Each incubation jar was equipped with a small ves-
sel containing 10 mL of 0.5 M potassium hydrox-
ide (KOH) and two platinum electrodes. The CO,
produced during the incubation was trapped in the
KOH solution and its production was measured by
the induced change in electrical conductivity (Nor-
dgren 1988). For the experiment, 2.55 g dry weight
of soil was placed in each 250 mL incubation jar.
The moisture content of the homogenized soil was
set to -25 kPa, representing optimum moisture
content for microbial activity (Ilstedt et al. 2000).
Based on the previous litter mass loss studies (Berg
et al. 1984; Berg and Ekbohm 1991; Wardle et al.
2003) and in-house incubation studies with boreal
forest soils (Nordgren 1988, 1992; Nordgren et al.
1988), approximately 1.5 g dry weight of milled
wood in a 160-micron nylon mesh bag (4 cm X
4 cm) was placed inside each jar along with the
soil. The size of the nylon mesh bag was chosen
to be above 10 pm to ensure unrestricted move-
ment of microbial communities. The samples were
incubated in an insulated water bath at 15 °C for
56 weeks, reflecting a typical summer tempera-
ture at the site from which the soil was taken. At
each of the four sampling time points (12, 24, 36
& 56 weeks after the start of the experiment) 16
sample bags were removed from the incubation
jars for analysis, with eight replicates each for both
LL and HL substrates. Upon removal, the samples
were taken out of the mesh bags and homogenized.
Subsamples were then taken for the determination
of mass loss (dry weight; 48 h at 80 °C), enzyme
activities, and chemical characterization using 2D
HSQC NMR and Py-GC/MS.

Enzyme assay

In addition to CO, production rates, we used enzyme
assays to evaluate differences in the microbial
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activity between HL and LL substrates. Specifically,
we tracked oxidative enzymes phenol oxidase and
peroxidase that are known to be associated with lignin
oxidation and broadly reflecting microbial activity.
Oxidative enzyme activity was estimated using the
protocol from Bonner et al. (2019) that was modi-
fied from Saiya-Cork et al. (2002). Approximately 1 g
(wet weight) of the decomposed wood substrate was
added into two 15 mL falcon tubes. 4 mL of milli-Q
water and 1 mL of 5SmM L-DOPA (L-3,4-dihydroxy-
phenylalanine) were added. To one of the two tubes,
0.2 mL of 0.3% hydrogen peroxide was added. The
tubes were manually shaken to homogenize and incu-
bated in the dark at room temperature for 2 h. After
incubation, the tubes were centrifuged at 3000 rpm
for 2 min and the absorbance of each supernatant
sample was determined at 460 nm using a spectropho-
tometer. The increase in L-DOPA oxidation induced
by hydrogen peroxide addition was used to calculate
peroxidase activity. The absorbance measured from
the tube without the addition of hydrogen peroxide
was used to calculate phenol oxidase enzyme activity.
A concentration gradient of 180 pl of 5mM L-DOPA
with 20 pl NaNO, and 10 pl of 1 M HCI was incu-
bated overnight and a standard curve was plotted by
reading the absorbance at 460 nm.

The measured absorbance was subtracted for blank
(without L-DOPA) and negative controls (with-
out wood material) and the concentration (mM) for
each measured absorbance was determined from
the standard curve. Furthermore, the concentra-
tion was multiplied by the assay volume (milli-Q
water + L-DOPA +hydrogen peroxide) of 5.2 mlL.
The enzyme activity was normalized to the dry
weight of wood used and incubation time, resulting in

nmol g~'min~".

NMR spectroscopy

Two dimensional 'H-'* C Heteronuclear Single
Quantum Coherence Nuclear magnetic resonance (2D
HSQC NMR) was used to determine the changes in
the lignin composition over time. This technique ena-
bled the detailed analysis of lignin subunits and their
associated linkages. Sample preparation was done
according to the protocol described in Soucémari-
anadin et al. (2017). Briefly, 200 mg of freeze-dried
wood material were ground in a 50 mL ZrO, jar with
ten 10 mm ZrO, ball bearings using a Retsch PM100

planetary ball mill (Fritsch, Idar-Oberstein, Ger-
many) for 5x 10 min at 500 rpm with 10 min breaks.
50 mg of ball-milled wood sample was transferred
to the NMR tube and dissolved in 600 pl of deuter-
ated dimethyl sulfoxide (DMSO-d6). The sample was
mixed thoroughly and left to stand overnight before
NMR analysis.

HSQC correlates 'H atoms with their directly
bonded '*C atoms through their one-bond J coupling,
so that each C-H group gives rise to a cross peak
(Fig. 2) at the respective 'H and 'C chemical shifts
(in parts per million, ppm). Spectra were acquired
on an 850 MHz Bruker Avance III HD spectrometer
equipped with a 5 mm cryoprobe (TCI HCN) and
automatic sample changer (SampleXpress), using
the hsqcetgpsisp2.2 pulse sequence from the Bruker
pulse sequence library. Spectra were collected at
room temperature (298 K) using 40 scans. A recycle
delay of 1 s was used and 128 points were collected
in the indirect dimension. Each 2D experiment was
approximately 2 h and the raw data were zero-filled
to a 2048 x 1024 spectrum size. Spectral widths of 10
ppm (8504 Hz) and 165 ppm (35274 Hz) were used
in the 'H and '3C dimensions respectively. Spectra
were manually phase- and baseline-corrected and ref-
erenced using the residual DMSO peak at 40.0/2.50
ppm. Data were processed with Topspin 3.2 (Bruker
BioSpin Corporation, Billerica, USA).

Identification of lignin moieties

The HSQC spectrum was divided into the following
regions: aromatic, di-O-alkyl, O-alkyl, and alkyl. To
follow the changes in lignin structure, ten peaks in the
2D HSQC spectra were assigned to different lignin
moieties and quantified (Table 1). Assignments were
based on previously published data (Kim et al. 2008;
Del Rio et al. 2012). The peaks related to lignin subu-
nits and linkages were identified and integrated into
the aromatic and O-alkyl regions (Fig. 2). In Poplar
lignin, p-hydroxyphenyl content is very low and not
detected. Instead, the p-hydroxybenzoate groups are
present and it is linked to the y-position of either S or
G units (Smith 1955; Goacher et al. 2021).

The relative abundance of each moiety was deter-
mined from the specific grouped sum of cross-peak
integrals for each sampling time point. Therefore, the
sum of subunits was 100% and the sum of linkages

@ Springer
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Table 1 Assignments of HSQC signals to the lignin linkages
and lignin subunit moieties. Each cross peak in the spectrum
resulted from the correlation between 'H and °C, separated
by one bond. The 'H and '3C chemical shifts of moieties are
shown in parts per million (ppm)

Assignments 8'H  8BC (ppm)
(ppm)

Lignin subunits

C, ¢-H, ¢ in syringyl units 6.65 103.7

C, ¢-H, 6 in C,-oxidized syringyl units 7.19  106.2

C,-H, in guaiacyl units 692  110.7

C, ¢-H, ¢ in p-hydroxybenzoates 7.64 1312

Lignin linkages

Cp-Hj in resinol 3.03 535

Cp-Hj in spirodienone 275 595

Cp-Hp in -O-4’ ethers linked to guaia- 426 83.5
cyl

Cp-Hg in p-O-4’ ethers linked to syrin-  4.08  85.8
gyl

C,-H,, in phenylcoumaran 543 869

Cg-Hg in cinnamyl alcohol 6.20 127.9

was 100%. In this way, we see the abundance of these
moieties over time. A decreasing trend of the relative
abundance of a certain moiety as a function of sam-
pling time meant that it degraded to a larger extent
than other moieties included within the same group.
Likewise, an increasing trend implies less degrada-
tion relative to other moieties within the same group.
In cases where several peaks could be used to track
the same sub-structure, the best-resolved peak was
chosen (Table 1).

Pyrolysis gas-chromatography mass spectrometry
(Py-GC/MS)

To determine the differences in the lignin contents
of the model substrates, milled wood from the four
clones (see above) was analyzed by Py-GC/MS for
their lignin: carbohydrate ratios. This was repeated
at the end of the experiment to evaluate the extent to
which the polymeric groups had decomposed in rela-
tion to each other. Approximately 75 pg of freeze-
dried sample was transferred to auto sampler con-
tainers (Eco-cup SF, Frontier Laboratories, Japan).
The Py-GC/MS setup consisted of an oven pyrolyzer
with an auto sampler (PY-2020iD and AS-1020E,
FrontierLabs, Japan) connected to a GC/MS system

(Agilent, 7890 A-5975 C, Agilent Technologies AB,
Sweden). The setup of pyrolysis GC/MS conditions
was similar to (Gerber et al. 2012). The pyrolyzing
temperature was set at 450 °C. The temperatures of
the pyrolysis GC interface and GC injector were at
340 °C and 320 °C respectively. Helium was used
as the carrier gas with a split ratio of 16:1. The gas
saver mode was activated with a flow rate of 3 mL
min~! after one minute to vent away the pyrolysate
remaining in the pyrolyzer oven. DB-5MS capillary
column (30 m x 0.25 mm i.d., 0.25 pm film thick-
ness; J&W, Agilent Technologies AB, Sweden) was
used to separate the pyrolysate. The GC temperature
was increased from 40 °C to 320 °C with a rate of
10 °C min~!. The GC/MS interface was maintained at
300 °C. The mass spectrometer operated at unit mass
resolution with a quadrupole type analyzer and the
mass range was scanned from m/z 30 to 500 at 3.1
scan s~ 1. For ionization, 70 eV electron bombardment
was used (Tolu et al. 2015).

From the Agilent Chemstation Data Analysis (Ver-
sion E.02.00.493), the raw data were exported to
NetCDF and proceeded in R (version 2.15.2, 64 bits)
similar to the processing method specified in (Jons-
son et al. 2005; Tolu et al. 2015). Alternate regression
(MCR-AR) is used to process the data that involves
chromatogram smoothing and alignment, background
correction, and multivariate curve resolution (Kar-
jalainen 1989). Then for each sample, a data table
with peak areas and a data text file with mass spectra
for each peak were obtained. The latter was imported
into the mass spectra library software ‘NIST MS
Search 2.0’ to annotate the peaks based on spectra
from the library ‘NIST/EPA/NIH 2011°. In total, 55
peaks were annotated, excluding CO,. The annotated
peaks were categorized either carbohydrates or lignin
(guaiacyl, syringyl and phenols) (Supplementary
Table S1). The relative percentage of carbohydrates
and lignin were then determined by normalizing to
the total sum of peak areas for each sample.

Statistical analysis

The difference in mass loss between the HL and LL
substrates after 56 weeks and the initial difference
in the lignin: carbohydrates ratio between HL and
LL substrates were determined using the unpaired
two-sample t-test. Both the assumptions of normal-
ity and homogeneity of variance were satisfied. To
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investigate if the difference in lignin abundance of
the substrates significantly affected the increase in
total accumulated CO,-C over time and lignin: car-
bohydrates ratio determined from pyrolysis products,
we conducted two way repeated measure Analysis of
Variance (ANOVA). The normality assumption of
data was satisfied but the variance of the differences
between groups was not equal (assumption of sphe-
ricity). To solve this, the p-values were adjusted using
Greenhouse-Geisser and Huynh-Feldt corrections
(Girden 1992). The difference in the enzyme activi-
ties for the HL and LL substrates and the difference
between the phenol oxidase and peroxidase enzyme
activity among substrates were determined using
three-way repeated measure ANOVA. The assump-
tion of normality was satisfied and the p-values were
adjusted for violation of the assumption of sphericity.

The relative percentage of each molecular moi-
ety was analyzed for the difference in decomposition
between the HL and LL substrates by using Linear
mixed effects (LME) models. Using the lme4 pack-
age in R (Bates et al. 2015), LME models were per-
formed by considering the different starting values
of four clones individually as the random factor.
p-values of the fixed factors (HL & LL substrates)
were approximated by F-test using Type I ANOVA
tests with Kenward-Roger Degrees of Freedom using

the “car” and “ImerTest” packages in R (Kuznetsova
et al. 2017; Kenward and Roger 1997). The signifi-
cance of random effects was tested using the maxi-
mum likelihood ratio test (Zuur et al. 2009). If the
random effects were not significant then two way
repeated measure ANOVA was performed. The post
hoc test of pairwise comparison was performed using
emmeans packages in R. The p-values were adjusted
using the Tukey method (Searle et al. 1980). All sta-
tistical analysis was performed with R environment
software v.4.0.1(R Core Team 2021).

Results
Overall decomposition of model substrates

The overall decomposition rate of our substrates was
interpreted through mass loss and the total CO,-C
produced during the incubations. The total CO,-C
generated from the soil in the absence of substrates
over 56 weeks was 53+0.7 mg (mean+SE). After
accounting for this, the decomposition of HL and LL
substrates resulted in 466+29 mg and 443 +34 mg
of CO,-C, respectively, representing 62+4% and
59+4% of carbon lost from the substrates, with
no significant difference between them (p=0.55)

Fig. 3 Average percentage
(relative to C content of
added substrate, n=38) of

carbon respired from high 60 Substrates

and low lignin substrates as
function of incubation time.
The error bars represent

=— High Lignin
== Low Lignin

standard error (+ SE)

N
o
1

N
o
f

C respired from the substrates,%

Week-1
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(Fig. 3). Similarly, the total mass loss for HL and LL
substrates was 59+5% and 50+5%, respectively,
also showing no significant difference (p=0.23).
Furthermore, carbon loss through mass reduction
and CO,-C respiration remained statistically similar
for both the substrates (p=0.24). The enzyme activ-
ity did not differ significantly neither between per-
oxidase and phenol oxidase activity (p=0.28) nor
between HL and LL substrates (p=0.41). By the end
of week 56, the peroxidase activity for HL and LL
substrates was 69+ 10 nmol g~' min~! (mean+ SE)
and 100+ 10 nmol g~' min~' (mean=+SE) respec-
tively. During the same period, the phenol oxidase
activity for HL. and LL substrates was 57 + 14 nmol
g~ ! min~! (mean+SE) and 77+ 15 nmol g ~! min~!
(mean + SE) respectively (Fig. 4).

The difference in the lignin: carbohydrates ratio
(determined by Py-GC/MS) among our substrates
at the start of the incubation was statistically signifi-
cant (p <0.001). The mean lignin: carbohydrates ratio
of HL substrates was 0.72+0.02 (mean+SE) and
0.48+0.02 (mean + SE) for the LL substrates. By the
end of week 56, the mean lignin: carbohydrates ratio
of HL substrates was 0.57+0.01 (mean+SE) and
0.58 +0.05 (mean + SE) for the LL substrates (Fig. 5).
The lignin: carbohydrates ratio had a significant inter-
active effect between substrates and time (p <0.05).

Relatively more lignin was decomposed compared to
carbohydrates in the HL substrates, while lignin and
carbohydrates decomposed at equal rates in the LL
substrates (Fig, S2, S3 and S4).

Decomposition of lignin subunits and linkages

The changes in the relative abundance of lignin
subunits and lignin linkages across different time
points were statistically significant (Figs. 6 and 7,
p<0.0001). Within the lignin subunits, the rela-
tive abundance of syringyl decreased significantly
(»<0.0001 for HL. and LL substrates) during the
period from 24 —56 weeks (Fig. 6a). However, the
relative abundance of oxidized syringyl increased
significantly (»p<0.0001 for HL and LL substrates)
during the weeks 12-36 (Fig. 6d). For the guaiacyl,
the relative abundance did not change significantly
until the week 36 (p=0.07 for HL and LL substrates)
(Fig. 6b).

Within the lignin linkages, the relative abundance
of p-O-4 linked to guaiacyl increased significantly
(»<0.0001 for HL substrates; p <0.001 for LL sub-
strates) during the weeks 12-56 (Fig. 7b). In contrast,
the relative abundance of B-O-4 linked to syringyl
did not change significantly (p=0.15 for HL sub-
strates; p=0.09 for LL substrates) during this time

Peroxidase Enzyme

Phenoloxidase Enzyme

Fig. 4 The average (n=38)
peroxidase and phenol oxi-
dase activities for the high
and low lignin substrates.
The error bars represent
standard error (+ SE) 90+
F‘C
E
'o
S 60+
£
>
£
Q
< 30-
O <

Week-12 Week-24 Week-36 Week-56

Week-12 Week-24 Week-36 Week-56
Time

Substrate — High Lignin == Low Lignin
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Fig. 5 Lignin: Carbohy-
drates ratio of pyrolysis

High lignin

Low lignin

products from high and 1.0
low lignin substrates for

the initial, undecomposed,
substrates and after week 56
of incubation. The boxplot
shows means (n=38) and
standard errors (+SE).

The sign (*) indicates
p-value <0.05 and (ns)
indicates statistical non-
significance
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period (Fig. 7a). For the first 12 weeks, the relative
abundance of B-O-4 linked to syringyl increased sig-
nificantly (»p <0.001 for HL substrates; p <0.01 for
LL substrates) (Fig. 7a). During the same time, the
relative abundance of resinol linkages decreased sig-
nificantly (p <0.01) for HL substrates but not for LL
substrates (p =0.29) (Fig. 7c). For the cinnamyl alco-
hol linkages, the relative abundance decreased signifi-
cantly for LL substrate (p <0.05) but not for HL sub-
strates (p=0.43) during the weeks 12-36 (Fig. 7d). In
addition, the relative abundance of spirodienone link-
ages decreased (p <0.0001 for HL and LL substrates)
significantly during the weeks 12-36 (Fig. 7f).
Finally, for the phenylcoumaran linkages, the rela-
tive abundance increased significantly until week 56
(»<0.001 for HL and LL substrates) (Fig. 7d).

The random intercept LME model was employed
to address the initial variations in the relative abun-
dance of lignin linkages and subunits among the sub-
strates. After controlling for the initial randomness,
the decomposition patterns of f-O-4 linked to syringyl
(p=0.15), p-O-4 linked to guaiacyl (»p=0.39), and phe-
nylcoumaran (p=0.10) linkages showed no significant
differences between HL and LL substrates (Fig. 7a, b
& d). The decomposition patterns of resinol (p <0.05)
and cinnamyl alcohol linkages (p <0.05) were signifi-
cantly different between HL and LL substrates (Fig. 7c

@ Springer

Week 56 Initial Week 56

Time

& e) but not for the spirodienone linkages (p=0.06)
(Fig. 7f). Similarly, for the lignin subunits, there was
no significant difference between HL and LL substrates
in the decomposition pattern of syringyl (p=0.09),
guaiacyl (p=0.39), p-hydroxybenzoate (p=0.83), and
oxidized syringyl (p=0.12) units (Fig. 6). However,
there was a significant interaction effect between the
substrate type and time on the abundance of syringyl
(p<0.05) and p-hydroxybenzoate (p <0.05). The rela-
tive abundance of syringyl decreased for HL substrates
between weeks 36-56 (p<0.001). However, for the LL
substrates, the relative abundance of syringyl did not
significantly change during the same period (Fig. 6a).
In the same way, the relative abundance of p-hydroxy-
benzoate decreased significantly for HL substrates
(»<0.0001) from initial until week 56, but for the LL
substrates, the relative abundance of p-hydroxybenzo-
ate did not change significantly (p=0.77) during the
same period (Fig. 6¢).

Discussion

This study investigated lignin degradation during its
initial decomposition phase using different high lignin
(HL) and low lignin (LL) genotypes aspen wood
as a model substrate. Our results suggest that the
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difference in lignin content and composition did not
impact the decomposition of model substrates as CO,
production, mass loss, and oxidative enzyme activity
between our model substrates were similar (Figs. 3
and 4 & S5). Furthermore, the lignin degraded rela-
tively more than carbohydrates for the HL substrates
and was on par with the degradation of carbohydrates
for the LL substrates (Fig. 5). This suggests that the
potential for lignin degradation during the decompo-
sition is high, Similar results of active degradation
of lignin during the early decomposition phase were
shown by He et al. (2019) in a 180 days laboratory
incubation experiment using leaf litter from two plant
species Fagus lucida and Schima parviflora. In addi-
tion, there is an increasing amount of laboratory and
field studies suggesting that lignin is not particularly
resistant to microbial decomposition during its ini-
tial stages of the decomposition (Huang et al. 2023;

Kalbitz et al. 2006; Klotzbiicher et al. 2011; Miltner
and Zech 1998; Yue et al. 2016).

The observation that CO, production and mass loss
are similar suggests the absence of significant physi-
cal constraints induced by the lignin on the microbial
access to the cell wall components of e.g. polysaccha-
rides. This is also supported by Talbot et al. (2012)
who concluded that physical protection of cell wall
polysaccharides by lignin appeared to play a smaller
role than the chemical protection of the decay of the
plant material. They used litter from Arabidopsis
thaliana that was genetically modified to differ in
guaiacyl content, as compared to the wild type. Litter
from the high guaiacyl plant lost polysaccharides at a
similar rate as compared to the wild type, which led
to their similar decay rates. Likewise, in our study, we
observed lignin degradation to be more similar to that
of carbohydrates for the model substrates. Thus, we

@ Springer
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can reject our hypothesis that lignin degradation pro-
ceeds slower than carbohydrates.

During decomposition, the reduction in the abun-
dance of syringyl was greater than that of guaiacyl
(Fig. 6a & b). This is consistent with several stud-
ies that have reported a decrease in syringyl rela-
tive to guaiacyl during the decomposition of various
plant litters (Otto and Simpson 2006; Pisani et al.
2015; Strukelj et al. 2012; Thevenot et al. 2010;

@ Springer

vandenEnden et al. 2018). Because the HL substrates
contained more lignin initially, we hypothesized HL
substrates to retain more lignin during the incuba-
tion. This was partially true as the changes in the
lignin chemistry over the course of the experiment,
between HL and LL substrates were similar except
for the p-hydroxybenzoate. The relative abundance of
p-hydroxybenzoate decreased faster in HL substrates
compared to LL substrates (Fig. 6¢). This implies that
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similar to the p-hydroxyphenyl (H-lignin) (Campo
et al. 2019; Goili et al. 1993; Otto and Simpson 2006;
Soucémarianadin et al. 2017; vandenEnden et al.
2018), p-hydroxybenzoate also degrades faster and
belong to faster-decomposing lignin fraction, along-
side syringyl, as compared to guaiacyl.

Interestingly, a small proportion of syringyl was
found to be in its oxidized form (Ca-oxidation) in our
model substrates and its fraction increased signifi-
cantly during decomposition (Fig. 6d). This indicates
that oxidized syringyl was more resistant to degrada-
tion compared to any of the other lignin sub-units.
Studies have shown that Ca-oxidation deactivates
the aromatic ring from undergoing electrophilic sub-
stitution that determines their subsequent reactions
after enzyme oxidation (Kirk et al. 1986; Kawai et al.
2002). Therefore, Ca-oxidation would suppress the
degradation of lignin further (Van Erven et al. 2019;
Chen et al. 2021). Moreover, microbes depolymerize
lignin using various peroxidases and phenol oxidase
enzymes that lead to Ca-Cp cleavage, Ca-oxidation,
p-ether cleavage, or aromatic ring cleavage reac-
tions. However, the increase in Ca-oxidation fraction
was mainly due to the relative decrease in the abun-
dance of other subunits and there was no clear evi-
dence of additional formation of oxidized syringyl
(Ca-oxidation) resulting from the de-polymerization
of lignin.

The differences in the degradation of lignin subu-
nits can be attributed to the different stability of vari-
ous linkages that these units form (Talbot et al. 2012).
The p—O—4 linkages are more associated with syrin-
gyl than with guaiacyl (Kim and Ralph 2010) and
they are considered more easily degradable than other
lignin linkages. Moreover, because of the availability
of the C5 position for the formation of linkages such
as B-5, 5-5, and 5-O—4, guaiacyl was more resistant
to degradation (Boerjan et al. 2003). This is in line
with our results as we found p—O—4 linked to syrin-
gyl linkages decreased in abundance as compared to
guaiacyl’s phenylcoumaran (B-5) linkages (Fig. 7a
& d). In addition, the linkage $—O—4 linked to guaia-
cyl was more resistant to microbial decomposition
than p—O—4 linked to syringyl (Fig. 7a & b). Thus,
the degradability of p—O—4 linkages depends on the
degradability of the respective subunits to which they
are attached. Along with f—O—4 linkages, a decrease
in the abundance of other minor linkages such as res-
inol, cinnamyl alcohol, and spirodienone was also

evident in our samples (Fig. 7c, e & f). During the ini-
tial phase of decomposition (<12 weeks), the abun-
dance of resinol (p— p) linkages, which is more resist-
ant than p—O—4 linkages decreased faster compared to
that of p—O—4 linked to syringyl linkages (Fig. 7a &
¢). Thus, our results suggests other unknown factors
also regulates lignin linkage stability.

A common challenge in lignin degradation studies
is the difficulty in generalizing results, as significant
variations often occur among studies (Thevenot et al.
2010; Polman et al. 2021). These variations can be
attributed to differences in e.g. the source and type of
plant material and soil properties. Different plant spe-
cies exhibit distinct lignin content and composition,
particularly in the subunits that make up lignin and
the distribution of linkages between them (Lourengo
and Pereira 2018). For instance, in gymnosperms
like pine and spruce, lignin is predominantly com-
posed of guaiacyl (G-units), with minor amounts of
p-hydroxyphenyl (H-units). In contrast, angiosperm
dicots have lignin that mainly consists of guaiacyl
(G-units) and syringyl (S-units). Softwood tends to
have a higher abundance of H-units, with slightly
elevated levels also found in grasses (Vanholme et al.
2010). Moreover, different parts of plants, such as
internodes, leaves, and roots, exhibit variations in the
presence of condensed lignin structures (where lignin
units are attached at the C2, C3, C5, or C6 positions
of adjacent units) and uncondensed structures (where
these connections are absent) (Bertrand et al. 2006;
Machinet et al. 2009). Various biotic and abiotic fac-
tors further impact lignin polymerization in plants
(Moura et al. 2010; Liu et al. 2018; Renstrom et al.
2024), which in turn can be reflected in the overall
rate of lignin degradation.

In our model substrates, the degradation patterns of
lignin moieties were consistent between the HL and
LL substrates. The composition of our model lignin in
terms of S, G, and H-type subunits, is representative
of the lignin found in a range of boreal plant species,
though the relative distribution of these subunits may
vary among species. On a molecular level, this distri-
bution provides an effective conceptual proxy across
diverse plant materials, offering a reliable framework
for studying lignin degradation. Additionally, under
low pH conditions like in our study, lignin can undergo
non-enzymatic oxidation by hydroxyl radicals pro-
duced via the Fenton reaction, which oxidizes Fe?' to
Fe3" (Jung et al. 2009; Shah et al. 2015; Op De Beeck
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et al. 2018). It is also possible that other soil types
with varying mineral compositions could exhibit dif-
ferent behaviors due to stronger interactions between
mineral constituents and organic matter, potentially
exerting greater control over decomposition (Cotrufo
et al. 2013, 2015; Huang et al. 2019). However, irre-
spective of the specific degradation mechanisms or the
structural variations within lignin, HSQC NMR can be
applied to investigate the resistance of different lignin
subunits and linkages that determine the lignin degra-
dation rate.

Conclusions

HSQC NMR offers the unique possibility to inves-
tigate the degradation of lignin comprehensively,
involving not just the various subunits of the lignin
polymers but also the different polymerizing link-
ages. This technique also allows for the identification
of sections within the lignin polymer that are more
susceptible to enzymatic degradation, distinguish-
ing them from those that contribute significantly to
the stability and accumulation of SOM. Our results
contradict the more traditional view on lignin deg-
radation as it occurred at rates similar to that of car-
bohydrates. Instead, it lends support to the recent
paradigms of energetically coupled decomposition
of lignin and carbohydrates. Our findings emphasize
that the type of subunits and their linkages determine
lignin stability. Furthermore, our study reveals that
lignin contains fractions that are easily degradable
and can break down alongside carbohydrates, sug-
gesting that initial differences in lignin content alone
do not necessarily contribute to the magnitude of
SOM accumulation.
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