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during the biodegradation

of garden biomass
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Lignin, a highly polymerized organic component of plant cells, is one of the most difficult aromatic
substances to degrade. Selective biodegradation under mild conditions is a promising method,

but the dynamic variations in lignin monomers during the biodegradation of lignocellulose are not
fully understood. In this study, we evaluated the differences in lignin degradation under different
microbial inoculation based on the lignin monomer content, monomer ratio, and stable hydrogen
isotope ratio of lignin methoxy groups (6°H,y,). The weight loss during degradation and the net loss
of lignocellulosic components improved dramatically with fungal inoculation. Syringyl monolignol
(S-lignin), which contains two methoxy groups, was more difficult to degrade than guaiacyl (G-lignin),
which contains only one methoxy group. The co-culture of Pseudomonas mandelii and Aspergillus
fumigatus produced the greatest decrease in the G/S ratio, but 62H,, values did not differ significantly
among the three biodegradation experiments, although the enrichment was done within the fungal
inoculation. The fluctuation of §2H,,, values during the initial phase of biodegradation may be related
to the loss of pectic polysaccharides (another methoxy donor), which mainly originate from fallen
leaves. Overall, the relative 62H,, signals were preserved despite decreasing G/S ratios in the three
degradation systems. Nevertheless, some details of lignin §H_, as a biomarker for biogeochemical
cycles need to be explored further.
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IRMS Isotope-ratio mass spectrometer
MS Mass spectrometer

NDL Net degradation loss

NDR Net degradation loss rate

OCH; Methoxy group

PM Pseudomonas mandelii Strain

PM+AF The co-culture of Pseudomonas mandelii and Aspergillus fumigatus
PTFE Polytetrafluoroethylene
S-lignin  Syringyl monolignol

With the rapid worldwide expansion of urbanization, garden biomass is becoming a major component of organic
solid wastes'. However, its unrestrained disposal would waste a potentially important resource (i.e., organic mat-
ter) and potentially even become a source of environmental pollution®. Biodegradation, including composting,
has garnered particular attention as a way to dispose of this biomass while efficiently recovering chemicals and
nutrients that have commercial applications or ecological value**. Researchers have shown that biodegradation
of this biomass under controlled or natural conditions can successfully decompose lignocellulosic material and
allow the production of potentially useful alternative organic products by multiple microbial enzymes acting
through different metabolic pathways>®. Nevertheless, depolymerization of lignin is a particular challenge during
bioconversion due to the relative hydrophobicity of macromolecular polymers and the antibacterial properties
of aromatic structures”®.

Lignin, the second-most abundant biomacromolecule, is predominantly composed of three 4-hydroxyphe-
nylpropanoid units: guaiacyl monolignols (G-lignin), syringyl monolignols (S-lignin), and minor amounts of
p-hydroxyphenyl monolignols (H-lignin), with the corresponding proportions varying with plant and tissue
type. In plants, these aromatic monomers are highly interconnected through aryl ether, biphenyl ether, resinol,
phenyl-coumaran, and diphenyl bonds, thus enhancing the strength and rigidity of these molecules, which
makes them more difficult for microbial enzymes and chemical hydrolysis to degrade®. In addition, because
the components of lignin have multiple cleavage sites for enzymatic hydrolysis and high oxidation potential
for non-specific free radicals, biodegradation is still an efficient, cost-effective, and eco-friendly approach for
lignin depolymerization'®!!. The complex biochemical process of enzymatic hydrolysis of lignin begins with
deconstruction to form heterogeneous aromatic hydrocarbons, which are then consumed by the central carbon
metabolism'% In general, these ligninolytic enzymes (extracellular oxidases), which include laccase, manga-
nese peroxidase, and lignin peroxidase, are mainly secreted by fungi and some bacteria'*!*. Most research has
focused on screening to identify lignin-degrading microorganisms and to characterize the expression of mul-
tienzyme activities; however, studies on the efficiency of lignin degradation by different microorganisms have
been neglected®.

Previous studies of the chemical transformations that occur during lignin depolymerization have indicated
that monolignol S-lignin, with two methoxy (OCH;) groups at the meta-positions (positions 3 and 5) of the
phenylpropanoid structure, is more difficult to depolymerize than G-lignin (with a single OCH; group) and
H-lignin (with no OCH; groups)'~'%. This is mainly due to the irreversible methylation of coniferyl and sinapyl
alcohols (3/5-O-methylation) via caffeic acid O-methyltransferases, caffeoyl-CoA O-methyltransferases, or both,
which is different from the isomerization of aromatic hydrocarbons and the bonding of the propane side chains
during monolignol biosynthesis®. Therefore, these stable OCH, groups are not only chemical markers of struc-
tural differences in lignin monomers but also notable precursors of numerous organic compounds®. To date,
lignin methoxy groups have been widely used in research on isotopic biogeochemistry, eco-climatology, and
authentication of the origin of organic matter because of the stability of C-H bonds, and because the lignin’s
stable hydrogen and carbon isotopes (8’H;,; and 8'*C;,;) did not exchange with hydrogen and carbon atoms
from source water or organic metabolites?*-2%.

The 8°Hy, values of plant materials have been shown to record the primary signatures from lignin bio-
synthesis and the 8°H composition (8?°Hp,.) of the local precipitation?!. This is due to the robust isotope frac-
tionation (g, =— 216 + 19 mUr) between plant §°Hyy, and precipitation §*Hp,, which is controlled by air tem-
perature in the mid-latitude regions***. Most of the studies of §*H| values have applied them to reconstruct
paleoclimate?’-*°, to differentiate biogeochemical processes*>??, and to trace the geographical origin of organic
matter*"*2. However, the analytical application of 8°Hj,; to study the degradation of plant materials has been
rarely reported. A recent study combined analysis of the organic matter’s methoxy group content with its 8?Hj
and 83C; values to investigate the effect of degradation of plant litter on isotopic authenticity®. Although
the total the total litter mass loss and the change in the composition of the methoxy groups in the litter had no
essential impact on the 8°Hy, signatures during natural biodegradation, we still lack detailed knowledge of the
variability in §2H, )y during biotic and abiotic degradation, particularly in terms of the different roles and char-
acteristics of bacterial versus fungal degradation. Moreover, previous research focused more on the adsorption
capacities and conversion efficiencies of the enzymes for lignin*, and we found no study was reported describing
the dynamic variations in lignin monomers and their §?Hy, characteristics during lignin degradation by different
microorganisms. Providing the missing information would be of considerable value in expanding our ability to
perform structural characterization of lignin and apply this substance as a biomarker for environmental tracers
in biogeochemical cycles and organic matter decomposition.

To address these limitations of our knowledge, we designed the present investigation to compare the variations
in lignin during biodegradation of garden biomass. We chose fungal and bacterial strains that had been previously
shown to be active in lignin biodegradation, and tested their biodegradation effectiveness both separately and
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in combination under controlled thermophilic conditions in vitro. The gas chromatograph-mass spectrometry
(GC-MS) and gas chromatograph-isotope-ratio mass spectrometry (GC-IRMS) analyses of the degradation
residues at 2-day intervals during a 15-day cultivation were performed. We hypothesized that the lignin mono-
mer contents and the §?H,, values would change independently, and would reveal the different relative roles of
bacteria versus fungi in the biodegradation. Our specific objectives were to (1) investigate the variability in lignin
degradation by Pseudomonas mandelii, Aspergillus fumigatus, and their co-culture, and (2) evaluate the dynamic
characteristics of lignin degradation based on the ratio of the two main monomers and their §?H, ), values in
the degradation residues. We found that the specialization for lignin methoxy structure and selective hydrolysis
during microbial action produced an unbalanced ratio of the two monomers, but that the 8%Hyy, values, with
robust fractionation, remained essentially constant.

Materials and methods

Materials and microorganisms. We used multisource garden biomass composed of leaf litter, dead wood,
and horticultural pruning residues that were collected from the Xian Botanical Garden (Shaanxi, China). Each
component was cut with pruning shears into fragments approximately 1 cm long and thoroughly mixed to create
pooled samples with equal weight proportions of each material. The homogeneous mixtures were then added
to conical glass flasks. The main chemical composition of the bulked materials is cellulose (32%), hemicellulose
(17%), and total lignin (27%), which contains lignin monomers in the following proportions: G-lignin (10.0%),
S-lignin (13.6%), and total methoxy groups (5.7%).

The microbial inoculates used in this study were the bacterium Pseudomonas mandelii (strain QL-1, hereafter

“PM”), the fungus Aspergillus fumigatus (strain QL-4, hereafter “AF”), and the combination of the two strains
(combination of QL-1 and QL-4, hereafter “PM + AF”). These lignin-degrading strains were isolated from soil
humus in the understorey of a natural forest in the Qinling Mountains in central China in September 2019 and
were identified by means of 16S ribosomal DNA and internally transcribed spacer sequencing at Beijing Liuhe
BGI Technology Co., Ltd. (Beijing, China) (Supplementary Fig. S1). We used a chromatographic-grade inter-
nal standard (tetracosane, 99.5%) and the reaction reagent (hydriodic acid, 55-58%) purchased from Macklin
(Shanghai, China). All the other chemicals were of analytical grade and purchased from Kemiou Chemical
Reagent Co., Ltd. (Tianjin, China).
Biodegradation experiment. Before the biodegradation experiment, all biomass materials were thor-
oughly homogenized using a vortex oscillator (5 min), sterilized at high temperature (121 °C) and pressure
(103 kPa) for 20 min, and then dried in an oven at 85 °C for 8 h. To capture the variation in lignin monomers
and 8?H, ), values of the degradation residues, we performed biodegradation experiments both separately for
each microbe (PM and AF) and using their combination as a co-culture (PM + AF). For the separate microbial
strains, we used liquid suspensions with similar cell concentrations (107 to 1028 CFU/mL), which were cultured
in Luria-Bertani medium for PM and potato dextrose agar medium for AF, both at 30 °C with shaking 150 rpm.
The co-culture suspension was produced by mixing the same total volume (30 mL) used in the single-strain
suspensions.

The experimental setup and operation followed the method of Yoon and Ji*® with slight modifications. In
summary, we added 30 mL of 5 mmol/L phosphoric acid buffer (pH 7.0) to a 250-mL conical flask containing
5 g of the homogenized garden biomass. Subsequently, we inoculated 0.5 mL of the cultured suspension (a 10%
volume to substrate mass ratio) into the flask and then sealed the opening with breathable film (Mlbio, Shanghai,
China). We used the same volume (0.5 mL) of sterile water as a control treatment, which included 30 mL of the
buffer solution. The biodegradation experiments were then performed in the dark using a shaking incubator at
45 °C and 150 rpm for 15 days. We created 84 batches (three replicates in a given measurement period for the
three inoculations and the control) for use in seven sampling periods.

Sample collection and analysis. Sample collection. We observed the degradation status daily, and add-
ed sterile water, as necessary, to maintain a consistent solution volume. We collected three replicate batches of
degradation residues per experiment as analytical samples on days 3, 5, 7, 9, 11, 13, and 15. The initial samples
on day 1 were obtained before we began the degradation experiment. The samples were washed three times with
15 mL of sterile water, filtered, and the solids were then dried (85 °C) to constant weight. The degradation weight
loss (DWL, %) of the garden biomass was calculated as follows:

DWL = (My, — M,)/M;, x 100%,

where M, is the initial amount of materials (5 g) before biodegradation, and M, represents the value after bio-
degradation for the experimental or control treatment on day # of biodegradation. Net degradation loss (NDL,
%) of the garden biomass was the difference in DWL between the inoculation experiment and the uninoculated
control. The analytical samples were ground (to a diameter <0.1 mm) prior to measurement of the lignin mono-
mer content and lignin methoxy 8*H .

Lignin monomers composition analysis. Qualitative and quantitative analyses of lignin monomers were per-
formed using the thioacidolysis reaction, which can effectively cleave the ether linkages of lignin monolignols
and yield thioester derivatives®. The composition of lignin monomers in the degradation residues were meas-
ured by using a 7890B gas chromatograph (GC) equipped with G4513A auto-injector, coupled to a 7000D mass
spectrometer (GC-MS; Agilent, USA). The GC was fitted with a HP-5MS column (30 m x0.32 mm x 0.25 pm;
Agilent) and the following conditions were employed: inlet temperature 250 °C, injection volume 1 uL, split
injection (10:1), initial oven temperature at 150 °C for 2 min, ramp at 20 °C/min to 250 °C and hold for 5 min.
Helium was used as the carrier gas at a constant flow of 1.0 mL/min. The following MS conditions were used:
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electron ionization (EI) mode, ion source temperature 230 °C, interface temperature 250 °C, electron energy
70 eV, solvent delay 3.5 min, scan range from 40 to 650 amu. The GC-MS was run in selective ion monitoring
mode for the following molecular ions and retention times: m/z 269 for G-lignin derivant at 17.5 min, m/z 299
for the S-lignin derivant at 20.8 min, and m/z 338 for internal standard tetracosane at 12.7 min.

The final determination of the lignin monomer contents followed the method of Lapierre®’, where the
response factor (k) equalled the ratio of the relative concentration to the relative area between the internal
standard and the target sample:

k= (Cs/Ci)/(As/Ad),

where k was equal to 1.5, C; and C, represent the concentrations of the lignin monomer derivatives and the
tetracosane, respectively, and A, and A; represent the corresponding peak areas. Moreover, we assumed that the
thioacidolysis reaction was sufficient and complete in this study, and defined the conversion of substrate and the
recovery of internal standard to be 100%**°. We then converted the sample lignin monomer contents into the
amounts of G- and S-lignin using the ratio of the molecular weight between the monolignols and their deriva-
tives (0.67 for G-lignin and 0.70 for S-lignin)*. Net degradation loss (NDL, %) of G-lignin and S-lignin was the
difference in lignin monomer contents between the inoculation experiments and the uninoculated control, and
the net degradation loss rate (NDR, %-day™!) was defined as the net degradation loss of lignin monomers at every
degradation stage. For more details of the thioacidolysis reaction, GC-MS conditions, and chromatographic
chart, please refer to the Supplementary information (Supplementary Figs. S2, S3a; Supplementary Text SI1.1).

Measurement of the stable hydrogen isotope ratio of lignin methoxy groups. ~ 8?Hj, values of analytical powdered
samples were measured as the headspace iodomethane (CHj;I), released by the selective substitution reaction
between the methoxy groups of the degradation residues and hydriodic acid (HI). We followed the established
methods of Keppler et al.?! and Greule et al.** with minor modifications®. Specifically, 0.5 mL of HI was added
to the degradation residues (10 + 0.5 mg) in a brown crimp glass vial (1.5 mL; Agilent) containing a tiny magnet.
The vial was sealed with aluminum caps containing PTFE-lined butyl rubber septa (11-mm crimp and 0.9-mm
thickness) and stirred in an oil bath at 120 °C for 30 min. This conversion temperature was a weighted value
based on validation by Keppler et al.*! at 110 °C and Greule et al.** at 130 °C. After incubating, the sub-samples
were allowed to equilibrate at 22+0.5 °C (in an air-conditioned room) for at least 40 min. Finally, an aliquot
(80-100 pL) of the CH,I was directly injected into the analytical system by using a manual gas-tight syringe
(100 pL; Hamilton, USA).

8%H; s values of CH,I were measured using a TRACE 1310 GC coupled with an ISOLINK II Delta V Advan-
tage isotope-ratio mass spectrometer (IRMS) via a thermal conversion reactor (ceramic tube [Al,O;], length
320 mm, 0.5 mm i.d., reactor temperature 1400 °C) (Thermo Fisher, Germany). The measurements were per-
formed at the laboratory of biogeochemistry, Shaanxi Normal University. The GC was fitted with a TG-5MS
column (30 m x 0.25 mm x 0.25 um; Thermo Fisher), and based on the following parameters: inlet temperature
200 °C, split injection (12:1), initial oven temperature at 40 °C for 3.8 min, ramp at 20 °C/min to 80 °C and hold-
ing for 1 min, and then ramp at 40 °C/min to a final temperature of 100 °C and hold for 3 min. Helium was used
as the carrier gas at a constant flow of 0.8 mL/min. High purity hydrogen gas (99.999%; Beijing AP Baif Gases
Industry Co., China) was used as the monitoring gas. The H," factor ranged from 4.7 to 5.0 ppm/nA during the
measurement period.

To improve accuracy, the measurement should follow the principle of identical treatment for the analytical
samples and reference materials, and the §?H, , values should be normalised by a two-point calibration®”. How-
ever, due to the lack of available commercial samples with true 8°H;,, values as reference materials, we could
only use two homogenized wood samples from different geographical locations and tree species to examine
the stability and parallelism of the GC-IRMS results. These two wood samples have been recently measured by
Frank Keppler’s lab at Heidelberg University against that laboratory’s standards*'. Hence, the reported 6*H;y,
data in this study were expressed relative to the monitoring hydrogen gas and calibrated against our in-house
standards. Furthermore, milli-Ureys (mUr) were used as the unit of isotope §-values instead of the V-SMOW
(Vienna Standard Mean Ocean Water) scale in per mil (%o)** The standard deviations (n=3 or 7, 10) ranged
from 0.6 to 2.4 mUr. For more details about the substitution reaction, measurement conditions, correction
method, and chromatographic charts, please refer to the Supplementary information (Supplementary Fig. S2,
S3b and Supplementary Text S1.2).

Statistical analysis. The reported data are the mean + standard deviation of the three replicated experi-
ments. The statistical significance of the measurements was evaluated by one-way analysis of variance (ANOVA,
with significance at P<0.05), and when the ANOVA results were significant, we used Tukey’s HSD test to iden-
tify pairs of values that differed significantly between the degradation experiments.

Results and discussion

Differences in the microbial degradation of lignocellulosic biomass. Figure 1 and Supplementary
Table S1 show the degradation weight loss (DWL, %) and net degradation loss (NDL, %) of garden biomass
at 2-day intervals during the study period. At a given degradation stage, both microbes were able to degrade
the lignocellulosic biomass, but co-culture of the microorganisms frequently achieved a significantly (P <0.05)
greater degradation. In the 15-day degradation experiments, the DWL value of the bacterium (PM experi-
ment) increased from 4.3% (day 3) to 18.9% (day 15), and the corresponding NDL value increased from 3.1
to 11.9% with a linear fit and a slope of 1.16 (P<0.001). The final DWL value for the fungus (AF experiment)
increased to 23.9%, and the NDL value increased from 3.9 to 17.0% during the study period with a slope of
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Figure 1. The changes in degradation weight loss (DWL) and net degradation loss (NDL, the difference in

the DWL value between the inoculation experiment and the uninoculated control) for garden biomass during
the 15-day experiments, with measurements at 2-day intervals. The equations and dashed lines represent the
linear fit of the NDL over the 15-day experiments. Experiments: Con., uninoculated control; PM, Pseudomonas
mandelii; AF, Aspergillus fumigatus; PM + AF, co-culture of the two microbes. Bars on a given date labelled with
different letters differ significantly (P <0.05) between the four treatments.

1.68 (P<0.001). This showed that the fungus could rapidly degrade or ferment the lignocellulose components
into various bio-products by means of enzymatic hydrolysis. As expected, the biodegradation efficiency in the
co-culture (PM + AF experiment) was generally higher than that of the single strains, with a final DWL value
as high as 26.7% and a fitted slope of 1.75 (P<0.001) for NDL. Usually, a multi-species symbiotic mixture is the
best approach to promote diverse enzyme production and synergistic effects*’. This could be why co-cultivation
of different species can trigger more responses to chemical signals than would be possible with a single fungus
or bacterium*.

The conversion efficiency of the degraded substances showed a large increase starting on day 7, especially in
the fungal inoculation experiments (AF and PM + AF). Small molecules such as amino acids are metabolized
first by microorganisms, followed by precursors (i.e., cellobiose, xylose, and oligomers) of refractory macromo-
lecular substances®*. Except for some materials with good thermo-solubility, these degraded substances are
mainly derived from polysaccharide units and can be preferentially metabolized by microorganisms as carbon
and energy sources. Thus, efficient hydrolysis of cellulose and hemicellulose was evident at the early stages of
the three inoculation experiments. Previous studies have reported that the lignocellulose-degrading filamentous
fungi, including Aspergillus, Trichoderma, Penicillium, and Chaetomium species, can efficiently secrete a range of
lignocellulosic enzymes, with high extracellular enzymatic activity>*. Although both A. fumigatus and P. mandelii
in this study belong to the group of leaf-litter-decomposing microorganisms, the highest degradation efficiency
was obtained in the co-cultivation. According to Miao et al.’, the activities of the major cellulases and xylanase
secreted by A. fumigatus stayed relatively low during the first 3 days, and their peak values with mycelium growth
were generally obtained around the 6th day. In contrast, the enzymes from P. mandelii, a cold-adapted bacterium,
may have displayed low catalytic activity because of the moderate to high temperature (with culturing at 45 °C for
15 days)*®. Among those temperature-dependent enzymes, extracellular glucosidases and cellobiohydrolases had
a substrate preference for the hydrolysis of polysaccharides. Therefore, the combined fungal-bacterial consortium
has a unique biodegradation advantage due to synergies among the species and enzymes®.

Degradation dynamics of the lignin monomers. The changes in the content of lignin monomers (G-
and S-lignin) showed similar patterns in the PM, AF, and PM + AF experiments (Figs. 2, 3). Within the first
5 days, the G-lignin and S-lignin contents decreased slightly, from 10.0% and 13.6% to 9.6% and 13.0%, respec-
tively, for PM, to 9.5% and 13.1% for AF, and to 8.9% and 12.8% for PM + AF (Supplementary Table S2). On sub-
sequent days, the decrease in G-lignin was particularly significant compared to S-lignin (Fig. 2a,b). At the end of
the degradation period (day 15), the G-lignin content in the AF and PM + AF fungal experiments had decreased
by 5.1 and 6.7 percentage points, respectively, whereas S-lignin decreased by only 3.4 and 3.8 percentage points,
respectively (Table 1). Overall, the sum of the G- and S-lignin contents decreased by 4.5, 8.5, and 10.5 percent-
age points in the three inoculations, respectively (Fig. 2¢, Table 1). In addition, the NDL values of G-lignin were
much larger than those of S-lignin after day 7 (Supplementary Table S3). Although the corresponding linear fits
for both lignin monomers were significant over the entire degradation period, the steepness and significance of
the equations for the three experiments differed, with the slope greatest for PM + AF, followed by AF and PM
(Fig. 3a). This result is consistent with the total degradation weight loss of lignocellulosic biomass, and dem-
onstrates that fast degradation occurred in the co-culture system. Furthermore, the net degradation loss rate
(NDR) of G-lignin content showed different but significant increases throughout the degradation experiments,
whereas for S-lignin the NDR increased significantly between PM and PM + AF treatments (Fig. 3b, Supple-
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Figure 2. Temporal variations in the content of (a) guaiacyl monolignol (G-lignin), (b) syringyl monolignol
(S-lignin), and (c) the sum of the two monolignols (G&S-lignin) in the degradation residues during the

15-day experiments, with measurements at 2-day intervals. Experiments: Con., uninoculated control; PM,
Pseudomonas mandelii; AF, Aspergillus fumigatus; PM + AF, co-culture of the two microbes. Bars on a given date
labelled with different letters differ significantly (P<0.05) between the four treatments.

10.0 0.6
a PM AF PM+AF b
G-lignin A vy * G-lignin S-lignin
1 S-lignin A > a L
75 ]~ 08 14, K =093, P<0.001
>y =0.4x- 1.6, B> = 0.97, P < 0.001 b -
—_ 1y=03x-038, &R =099, P<0.001 * — r0.4 .
X s
S y=03x- 1.0, R = 0.87, P < 0.005 =
my  5:09y=03v-1.1,R? =094, P <0.001 E ab 2 ¢ X
§ y=0.1x + 0.1, R* = 0.88, P < 0.0 ¢ 7;/ o~
— b 7% 02 §
7% W
2.5 A u:i: /A
i I L
0.0- 0.0

3 5 7 9 11 13 15 PM AF PM+AF PM AF PM+AF
Time [Days] Experiments

Figure 3. Net loss of guaiacyl monolignol (G-lignin) and syringyl monolignol (S-lignin) monomers in the three
inoculation experiments: (a) net degradation loss (NDL, the difference in lignin monomer contents between

the inoculation experiments and the uninoculated control) and (b) net degradation loss rate (NDR, the NDL at
the end of the incubation divided by the duration of the incubation, in days). The equations and dashed lines
represent the linear fit of the NDL versus time over the 15-day experiments. In the boxplots, white squares
represent mean values, the horizontal lines represent median values, the boxes represent the 25th to the 75th
percentiles, and whiskers represent the 95% confidence interval. Experiments: PM, Pseudomonas mandelii;

AF, Aspergillus fumigatus; PM + AF, co-culture of the two microbes. Bars across all dates labelled with different
letters differ significantly (P <0.05) between the four treatments.

mentary Fig. S4). These results suggest that the fungus had a strong degradation ability and some selectivity for
G-lignin, especially in the co-culture mode with both the bacterium and the fungus.

Previous reports on microbial utilization of lignocellulosic materials and lignin depolymerization demon-
strated that lignin was decomposed into small aromatic compounds by extracellular oxidases secreted by mul-
tiple microorganisms, including both fungi and bacteria'*!>**%!. These ligninolytic enzymes consist of at least
two types: heme-containing peroxidases (such as lignin peroxidase, manganese peroxidase, and some versatile
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Period (day) Experiment | GMC (%) | SMC (%) G&SMC (%) | MGC (%) | G/S ratio 8*Hy; (mUr)
Initial (day 1) Control 10.0+0.2 13.6+£0.3 23.6+0.4 5.7£0.12 0.74+0.01 -230.3+1.5
Control 9.2+0.2a | 13.2+£0.3a |22.4+0.4a 5.5+0.14a | 0.70+0.02a -2304+19a
PM 7.0+£0.2b | 12.1£0.3b | 19.1+0.3b 4.8+0.12b | 0.58+0.00b -230.0+23a
Final (day 15)
AF 49+0.2c | 10.2+0.4c | 15.1+0.4c 3.9+0.11c | 0.47£0.01c —227.5%+22a
PM+AF 33+0.2d | 9.8+0.3c |13.1+0.4d 32+0.06d |0.33+0.02d | —228.1t1.1a

Table 1. Variations of the lignin monomer content, methoxy group content, monomer ratio, and 8°H
values in the bulk material and degradation residues from the beginning of biodegradation to the end.
Experiments: Control, uninoculated control; PM, Pseudomonas mandelii; AF, Aspergillus fumigatus; PM + AF
(P+A), co-culture of the two microbes. GMC, guaiacyl (G-lignin) monomer content; SMC, syringyl (S-lignin)
monomer content; G&SMC, G&S-lignin monomer content; MGC, methoxy group content; G/S, GMC/SMC.
Values of a parameter labelled with different letters differ significantly (P <0.05).
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Figure 4. The (a) chemical structures, (b) polymeric structures, and (c) biodegradation pathways for lignin-
based aromatic compounds®. Lip, lignin peroxidase; Mnp, manganese peroxidase; Vp, versatile peroxidase.

peroxidases) and phenol oxidase (laccase). They all can generate unstable free radicals to attack and cleave the
chemical bonds. Generally, lignin-degrading fungi can secrete a variety of oxidative enzymes, which have stronger
enzymatic hydrolysis selectivity and catalytic efficiency and are therefore better able to break the intra- and
inter-monomer linkages and aromatic rings through both specific and nonspecific oxidative pathways®>>. In
contrast, bacteria decompose lignin slower than fungi, since they have fewer oxidases and fungi are less sensi-
tive to the antibacterial and hydrophobic characteristics of the resulting aromatics>***. As shown in Figs. 2 and
3, the incubation results demonstrated that fungal inoculum has greater ability to decompose lignin, as well as
other lignocellulosic substrates. The highest degradation efficiencies for both G-lignin and S-lignin were in the
co-culture experiment, which may have resulted from the combined action of different enzymes and synergistic
effects among the extracellular enzymes*®*.

In the biochemical degradation pathways for lignin, lignin polymers are first depolymerized into monomers
by microbial catalysis, followed by aromatic catabolism, and are then further degraded by cleavage of aromatic
rings and incorporation in the citric acid cycle'. The structural difference caused by the methoxy specificity of
the different enzymes (Fig. 4a,b) is the main reason why G- and S-lignin follow different aromatic metabolic
pathways, with ferulic acid and syringic acid acting as the initial degradation products from the degradation
of G-lignin and S-lignin, respectively (Fig. 4c). In general, ferulic acid (from G-lignin) can be transformed
into the intermediate vanillic acid via non-oxidative decarboxylation, CoA-dependent B-oxidation/non-p-
oxidation, and side chain reduction pathways®. Under the catalysis of vanillate-O-demethylase, vanillic acid
is ultimately demethylated into protocatechuic acid®’. In contrast, syringic acid (S-lignin) is first demethylated
to form the intermediate 3-O-methylgallate by tetrahydrofolate-dependent O-demethylase, and then catalysed
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Figure 5. Temporal variations in (a) the lignin monomers ratio (G-lignin/S-lignin, G/S) and (b) the stable
hydrogen isotope values (8°H; ) of lignin methoxy groups in the degradation residues. The equations and lines
represent the linear fit of the G/S ratio over the 15-day experiments. In the boxplots, white squares represent
mean values, the horizontal lines represent median values, the boxes represent the 25th to the 75th percentiles,
whiskers represent the 95% confidence interval, and the green diamond represents outliers. Bars labelled with
different letters differ significantly (P<0.05). Ini., initial 8°H,, value of the bulk material; Con., uninoculated
control; PM, Pseudomonas mandelii; AF, Aspergillus fumigatus; PM + AF (P + A), co-culture of the two microbes.

into 4-oxalomesaconate through a series of cleavage, demethylation, and carboxylation pathways via multiple
metabolic enzymes®®. Finally, these low-molecular-weight lignin-derived aromatic substances become sources
of carbon and other materials for microbial cell growth and metabolism®*.

In addition, combined with the irreversibility of methylation in lignin biosynthesis®, we observed that S-lignin
is more difficult to degrade than G-lignin, possibly due to the chemical stability of the methoxy groups or even
to biological inhibition of enzyme activities®”. For example, GC-MS analysis showed that some monomeric
derivatives that contain methoxy groups, such as 3-methylbutanoic acid, 5-methyl-5-propylnonane, 3-methyl-
2-butanol, 2-methoxyphenol, and 4-methyltridecane, could be easily detected during the process of lignin
degradation®®. The presence of these intermediate metabolites suggests that the release of methoxy groups from
aromatic substrates is the major metabolic pathway for lignin depolymerization, although methoxy groups can be
used as C1 source for the biosynthesis of methionine®’. Therefore, our results could indicate that the enzymatic
selectivity of microbial metabolism and the structural specificity of methoxy groups together contribute to the
observed differences in lignin monomers during biodegradation.

Variation of the lignin monomer ratios and 62H,, values. We further characterized the changing
characteristics of lignin degradation by using the lignin monomer ratios (G/S) and the methoxy §*Hj; values.
The G/S ratios of the degradation residues in the three inoculation experiments showed different rates of decrease
starting from the initial ratio value of 0.74 (Fig. 5a, Tables 1 and Supplementary Table S4). The largest decrease
in the G/S ratio occurred in the PM + AF experiment, with a final value of 0.33, followed by the AF experiment
(0.47) and the PM experiment (0.58). In contrast, the G/S ratio in the uninoculated control experiment remained
essentially constant (0.73+0.01) throughout the degradation period (Fig. 5a). Furthermore, based on the theo-
retical relative molecular mass ratio of methoxy groups to lignin monomers (17.2% for G-lignin and 29.5% for
S-lignin), we calculated that the methoxy group content of the degradation residues decreased from the initial
5.7% to a final value of 3.2% (PM+ AF), versus 3.9% (AF) and 4.8% (PM) (Table 1). These findings further
confirm our observations that G-lignin is more susceptible to degradation than S-lignin and that both forms of
degradation occur faster in experiments with fungal inoculation.

The initial mean 8?°Hy, value of the bulk material before the degradation experiments was — 230.4 + 1.5 mUr,
which is close to the value (- 233.6+9.4 mUr, n=119) in our research group’s multi-year measurements of
tree-ring wood (manuscript under review). Because these tree wood samples were collected from the Qinling
Mountains, just 30 km from where we collected garden biomass samples in the present study, the consistency of
the two sets of §*H,, values suggests consistency with the plant source water (i.e., local precipitation). In addi-
tion, although the 8?°H values in the different culture experiments fluctuated after around 5 days of degrada-
tion, the measured 8H values did not change significantly (ANOVA, P<0.05) during the entire degradation
period (Supplementary Table S5). Although the experimental material used in this study was a mixture of multi-
source garden biomass, plant litter usually contains roughly equal proportions of lignin and pectin®. The pectic
polysaccharides, another aromatic methoxy donor, are abundant in the cell walls of plant leaves and are easily
hydrolysed along with cellulose and hemicellulose®. According to Anhduser et al.**, the shift of 8°H ,, values at
beginning of degradation might result from the contribution of pectin, whose methoxy groups have not been
analyzed separately from lignin. Furthermore, S-adenosylmethionine is the common methoxyl group donor for
G-lignin and S-lignin biosynthesis, but the aromatic ring is methylated at the 3 position, the 5 position, or both
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via different O-methyltransferases’. Therefore, the presence of these variations in the §?H, , values suggests that
the production of methoxy groups from lignin monomers and pectin is not negligible*.

Significantly, the co-culture experiment showed the greatest G/S ratio decrease and loss of methoxy groups,
did not show the strongest §°H, ; enrichment or depletion, which exhibited similar variation and similar mean
values (the average during the 15-day degradation period) to the values in the fungal inoculation. In contrast,
the observed 3.0-mUr decrease of the 82°H, , values in the bacterial experiment was obvious. In addition to the
fact that methoxy-rich pectin is easier to degrade, probably resulting in a more positive isotopic signature, iso-
topic fractionation during microbial enzymatic hydrolysis should be considered®. Biodegradation can lead to
an enrichment of residual substrates, because of the lighter isotopes can be more easily utilized by microbes®.
According to Fischer et al.®, isotopic fractionation of hydrogen was evident during aerobic hydroxylation of
benzene rings during biodegradation, and some isotope enrichment factors for a specific biodegradation pathway
may be caused by a mixture of degradation materials, cultivation conditions, and complex enzymatic reactions.
This result was consistent with the demethylation of lignin aromatic compounds that we observed, with greater
enrichment of 8°Hj ; values in the experiments with fungal inoculation.

Even though the final (day 15) 6°Hy values (which ranged from — 227.5 to — 230.4 mUr) in the four experi-
ments were not significantly different (ANOVA, P<0.05) from the initial value (- 230.3 mUr), we observed
slight enrichment of the lignin 8°H; ; values during degradation (Fig. 5b, Table 1 and Supplementary Table S5).
However, some analytical uncertainties*"%’, such as the substrate homogeneity, the reference standard used, the
injection volume, baseline drift, natural variation (i.e., a high standard deviation), and scale compression, were
away from the actual mean. In this study, some standard deviation (n =3, with a range from 0.9 to 2.6 mUr)
were greater than or equal to 1.5 mUr, which is clearly greater than what would be expected for ideal isotopic
measurements?>?*. Overall, though the loss of pectin from the leaf litter and microbial metabolic isotope frac-
tionation might be responsible for the observed fluctuation of the §*Hy, values during the degradation of lignin,
it appears that these processes did not did not depend on the decrease of the G/S ratio or the loss of methoxy
groups. However, before we can apply lignin-specific 8°H, values to evaluate the degradation dynamics of
lignocellulosic materials or as a proxy for lignin deposition from plant litter into soil humus, we require more
detailed information about the differences in 8°Hy ), values between G- and S-lignin.

Conclusion

Our analyses confirmed our hypothesis that the lignin monomers and their §?°H;, values would change inde-
pendently and reveal different relative roles of bacteria and fungi in biodegradation. The lignin-depolymerizing
ability of Aspergillus fumigatus, alone or in co-culture, was stronger than that of Pseudomonas mandelii alone.
G-lignin was more easily degraded than S-lignin in all experiments. The measured 8°H; ; values of the lignin
methoxy groups in degradation residues showed no significant dependence on the lignin monomer content, G/S
ratio, or loss of methoxy groups. This indicated that the *H; ,; signal in biodegradation of lignocellulosic material
or lignin mineralization can be used as a biomarker for the lignin input from plant litter to organic soil. However,
it is not clear whether the §?H ; values vary with respect to the proportions of plant lignin monomers. The differ-
ences in 8?°Hy, values between G- and S-lignin should be further investigated by separating the two monomers
or determining their isotopic values separately, thereby providing additional insights into lignin biodegradation.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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