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Abstract: Lignin, an organic compound with a complex structure, is formed through the polymeriza-
tion of structural units linked by carbon—carbon bonds and ether bonds. The question of whether
lignin is labile or resistant to biological and chemical degradation in soil, particularly in alpine ecosys-
tems, remains unresolved. To address this knowledge gap, we analyzed the relationship between
phospholipid fatty acid biomarkers and the abundance of lignin components in grassland soils from
North Tibet, China. Soil samples were collected from alpine grasslands, including alpine meadows
and alpine steppes. The relative abundance of lignin in these alpine grassland soils before and after a
210-day incubation period was measured. Our results indicate that the relative abundance of lignin
in the alpine grassland soils decreased during the incubation period. Significant relationships were
found between the phospholipid fatty acid biomarkers of bacteria, fungi, Gram-positive bacteria,
and Gram-negative bacteria and the relative abundance of lignin components. This research was
conducted under laboratory conditions that are optimal for the development of microorganisms
but significantly different from the conditions in Tibet. Furthermore, this study contributes to the
understanding of soil organic matter degradation and the dynamics of microbial communities in
alpine grassland soils in the context of future global warming.
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1. Introduction

Lignin is the second most abundant polymer compound in nature, and it is considered
the most important aromatic resource in biomass energy [1,2]. It is a type of renewable nat-
ural aromatic macromolecule polymer, containing guaiacyl, syringyl, and p-hydroxyphenyl
propane monomers [3]. These monomers represent different lignin types, vegetation, and
environments. Studies have shown that the syringyl propane monomer is the dominant
component of lignin in forest soil and that the guaiacyl propane monomer is the main
component of lignin in grassland soil [4,5]. The composition of lignin in soil reflects the
degradation of plant debris, and studying the lignin in soils can help us understand the
soil organic matter composition in different environments.

Lignin is considered to be resistant to biological and chemical degradation due to its
complex structure [6,7]. Fungi, including brown-, white-, and soft-rot fungi, dominate the
depolymerization process of lignin macromolecules in soil [8]. These fungi have unique
physiological and biochemical mechanisms and strong metabolic abilities, and they miner-
alize lignin into carbon dioxide and water [9]. However, bacteria can also degrade lignin
in the soil through the action of enzymes, such as laccase and peroxidase [10]. Therefore,
lignin can be degraded by microbes in some environments, and lignin degradation and the
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related microbial mechanisms need to be studied in order to obtain a better understanding
of the degradation of soil organic matter.

Some studies have reported microbial mechanisms in lignin degradation in soils.
These studies have indicated that more than 90% of the known wood-rotting species are
white-rot fungi [11]. In the process of lignin degradation, fungi first become adsorbed on
the end of lignin and then extend into the interior, where lignin-degrading enzymes are
secreted, thus degrading lignin from the inside to the outside [12]. However, white-rot
fungi cannot mediate lignin decomposition and transformation alone. Lignin degradation
results from the combined action of various bacteria and fungi in the soil [13-15]. Lignin-
degrading bacteria can be divided into three categories: actinibacteria, x-proteobacteria,
and y-proteobacteria. Among prokaryotes, one of the most commonly identified and
studied lignolytic enzymes is laccase [16,17]. Phylogeny has shown that many strains
with laccase genes occur in proteobacteria, actinobacteria, and firmicutes [18]. The apical
and branching growth of these bacteria and the formation and development of airborne
or stromal hyphae lead them to resemble fungi. Recent studies by Rashid et al. [19]
showed that superoxide manganese dismutase produced by Sphingobacterium (bacteroides)
could oxidize lignin through a hydroxyl radical mechanism. In the composting process,
actinibacteria can decompose organic matter in the initial stages and decolorize refractory
organic matter such as lignin in the later stages. It appears that actinibacteria can enter the
interior of refractory lignin and increase its water solubility.

The Tibetan Plateau is known as the third “pole” of the world. Due to the high altitude,
it is colder than anywhere else outside the polar regions. In order to adapt to such an
extreme environment, the physiological structure and activity mode and microorganisms
in soil may be quite unique [20-22]. The composition and transformation of soil organic
matter in the alpine grassland in this area may be affected by the extreme climate [23].
However, the relationship between the soil microbial community and lignin, which is part
of the chemical composition of soil organic matter, has not been reported in Northern Tibet.
The lignin components in soil from alpine meadow and alpine steppe were analyzed using
pyrolytic gas chromatography-mass spectrometry (Py-GC/MS). The purpose of this study
was to compare the lignin content in soil organic matter in different alpine grasslands
under the extreme climatic conditions in the Tibetan Plateau and to explore the relationship
between lignin content and soil microorganisms.

2. Materials and Methods
2.1. Study Area

Northern Tibet is located between the Kailas Range and Nyangentanglala in the Tibet
Autonomous Region, China [24]. It covers about 446,000 km? and approximately one-third
of the total area of the Tibet Autonomous Region, with an average elevation of more than
4500 m [25,26]. Due to the high and complex terrain, this region is characterized by cold
and drought [27]. The annual average temperature is about 0 °C (the coldest month is
January, and the hottest month is July), and the average annual precipitation ranges from
247.3 to 513.6 mm [28,29]. Because of the vast territory and highly divided topography, this
area has different climate and vegetation belts [20,30].

Alpine grasslands are the most widely distributed ecosystems in Tibet, China. Alpine
grasslands cover more than 70% of the total area of the Tibetan Plateau [31]. This ecosystem
is dominated by alpine steppe and alpine meadow. Alpine meadow occupies approximately
31.3% of the total grassland area, in which the main species is Kobresia humilis. Alpine
meadows are mainly located in Ando and Damxung in Naqu region, with cold and wet
climatic conditions. Alpine steppe, which comprises approximately 38.9% of the total
grassland area, is the most widely distributed alpine grassland in Tibet. Alpine steppe
is mainly located in Shenza in the Naqu region, with cold and arid/semi-arid climate
conditions. The main species in this grassland are Stipa purpura and Carex moorcroftii [23].
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2.2. Soil Sampling

In this study, ten sampling sites were selected in eight counties—Damxung, Naqu,
Nyainrong, Ando, Shenza, Baingoin, Nyima, and Gérzé—in the Tibet Autonomous Region
of China. Two alpine grasslands, i.e., alpine meadow and alpine steppe (Figure 1), were
selected in this region, and five sampling sites were selected in each grassland type. The
coordinates of the sampling sites are listed in Table 1. Three 1 m x 1 m quadrats were laid
out at each sample site, with intervals of approximately 50 m. We removed all aboveground
plants, litter, and stone on the soil surface before sampling and collected the surface
(0-15 cm) soils in each quadrat. Soils from three quadrats were mixed well as a soil
sample [30]. In addition, global positioning system (GPS) (Garmin MAP62CSX made in
Garmin Ltd., Olathe, KS, USA) was used to measure the location and elevation of each site.

Alpine Meadow

Figure 1. Photographs of the studied areas.

Table 1. Coordinates of the sampling sites.

Sample Sites East Longitude North Latitude
Alpine meadow site 1 91.1115° 30.7499°
Alpine meadow site 2 91.9799° 31.3774°
Alpine meadow site 3 92.0694° 31.7286°
Alpine meadow site 4 91.7296° 31.7164°
Alpine meadow site 5 88.6991° 30.9571°

Alpine steppe site 1 90.7768° 31.3887°
Alpine steppe site 2 88.6999° 31.1236°
Alpine steppe site 3 87.4833° 31.5048°
Alpine steppe site 4 86.5031° 31.9320°
Alpine steppe site 5 85.3560° 32.0315°

2.3. Incubation Experiment

Alpine meadow and alpine steppe soils (100.0 g dry-weight) were placed in 250 mL
triangular flasks for 210 days, and the soil moisture was adjusted to a 40% water-holding ca-
pacity and 25 °C to activate the soil microbes. The temperature and moisture were adapted
to the optimum temperature and humidity for microorganisms during incubation [32,33].
For incubation, five experimental groups were selected from five alpine meadow sites, and
five soil experimental groups were selected from five alpine steppe sites, with three repli-
cates per experimental group. When all samples were ready, the quality of each triangular
flask was labeled. To reduce humidity losses while ensuring adequate gas inside, all flasks
were covered with a perforated, adherent film. When the quality of the triangular flasks
decreased, water was added to the soil along the flask borders every three days to maintain
constant soil moisture. After 210 days of incubation, all incubation samples were harvested
using the destructive method.

2.4. Pyrolysis Gas Chromatography—Mass Spectrometry

The soil samples were analyzed for lignin components using pyrolysis gas chromatography—
mass spectrometry (Py-GC/MS) technology. The Py-GC/MS operational process was conducted
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with reference to the methods outlined in the previously published literature [5]. The soil
samples were passed through a 2 mm mesh sieve and air-dried in the shade. The lignin
components were identified using a pyrolyzer (CDS5200, CDS company, Oxford, PA, USA).
The procedure involved placing 25 mg of soil into quartz tubes, which had a length of
2 cm and an inside diameter of 2 mm. Then, the soil samples were heated from ambient
to 700 °C for 15 s at 20 °C/ms using a Mettler microbalance (Mettler—Toledo, Greifensee,
Switzerland). The pyrolyzer was used with a PerkinElmer Clarus680GC-SQ8MS System
(PerkinElmer, Santa Clara, CA, USA) to pyrolyze the soil samples at a high temperature
in order to obtain different compounds. The operation procedure was as follows: the
temperature of the gas chromatograph was maintained at 40 °C for 3 min, increased to
280 °C at a rate of 10 °C/min, and maintained for 5 min. Helium was the carrier gas. The
injector temperature was 280 °C. In the electron shock mode, the temperature of the ion
source of the mass spectrometry indicator was maintained at 250 °C, and it operated at an
electron energy of 70 eV.

The NIST 2014 library was used to identify the pyrolysis products, as well as reports
from other researchers [5,34,35]. The pyrolysis products were identified as compounds
when the surface of two characteristic ion fragments of the pyrolysis products were the same
as the compounds in the NIST 2014 library. The relative percentage of lignin compounds
was calculated according to the proportion of the peak area of lignin pyrolysis compounds
to all the peaks measured in the chromatogram. Therefore, the relative peak area of
lignin compounds was calculated by normalizing results to the all the peaks measured in
the chromatogram.

2.5. Phospholipid Fatty Acid Analysis

All soil samples were stored in sealed bags at 4 °C before measurement. Lipids
were extracted using one-phase chloroform, water extractant, and methanol from soils.
Then, using a silicic acid column, they were fractionated into neutral lipids, phospholipids,
and glycolipids. The quantification of phospholipid fatty acids (PLFAs) was conducted
using gas chromatography (GC Agilent 6890-Agilent Technology, Santa Clara, CA, USA)
technology, coupled with an HP7673 auto-sampler, a split injector, and a flame ionization
detector (FID). The carrier gas was helium. It was operated with a pressure of 35 psi
and a flow rate of 0.8 mL min~!. The detector temperature was 300 °C, and the injector
temperature was 250 °C [36].

X: YwZ were used to designate phospholipid fatty acids. In the formula, X is the
number of carbon bonds, Y is the number of unsaturated olefinic bonds, Z represents the
keys or cyclopropane chain location, and w is the end of methyl. In addition, i (iso) and
a (anteriso) represent the branching chain; 10 Me represents the methyl group, which is
tenth at the end of the pitch molecule carbon chain; and cy is a cyclopropyl group. The
biomarkers used for each group of microorganisms were determined based on specific
works in the research literature [37]. Bacterial PLFAs were estimated as the sum of 113:0,
14:0, i14:0, 115:0, a15:0, i15:1G, 16:0, i16:0, 16:1 20H, 16:1G, 16:1w5c, 16:1w9c¢, 117:0, al7:0,
cyl7:0, 17:1w8c, 18:1w5c, 18:0, and cy19:0w8c. In addition, 18:1w9c and 20:1w9c represent
fungal PLFA biomarkers and 10Me17:0 and 10Me18:0 represent the actinobacteria groups.
The Gram-positive bacterial PLFAs included 13:0 anteiso, 14:0, 14:0 iso, 15:0 anteiso, 15:0
iso, 15:1 iso G, 16:0 iso, 16:1 20H, 16:1 iso G, 17:0 anteiso, and 17:0 iso. The Gram-negative
bacterial PLFAs contained 16:1w5c, 16:1w9c¢, 17:0 cyclo, 17:1w8c, 18:0, 18:1w5c, and 19:0
cyclo w8c. The soil microbial PLFAs are expressed as the absolute abundance of PLFA
biomarkers of microorganisms in nmol/g. The microbial biomass was calculated using the
sum of the absolute abundances of PLFAs. PLFAs that were present in >3 samples were
selected for analysis [27].

2.6. Statistical Analysis

All statistical analyses were conducted using SPSS 20.0 (IBM, Chicago, IL, USA, 2011),
and the significance level was p < 0.05. The differences in soil lignin and PLFA in soils from
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alpine meadow and alpine steppe were determined using an independent sample ¢ test. The
lignin relative abundance and soil microbial characteristics were subjected to a correlation
analysis. All figures were developed using Sigmaplot® Version 10 software (Systat Software
Inc., Chicago, IL, USA, 2007). A principal component analysis was conducted using
Canoco 5.

3. Results
3.1. The Relative Abundance of Lignin in Alpine Grassland Soils

A total of 20 samples, comprising 5 alpine meadow soil samples and 5 alpine meadow
soil samples before and after incubation, were analyzed using Py-GC/MS. The results
showed that the relative abundance of lignin in the alpine meadow soil was significantly
higher than that in the alpine steppe soil (Table 2). A comparison of the lignin before
and after the experiment showed that its relative abundance decreased significantly in
the alpine meadow soil, with values of 4.71% =+ 1.04% and 1.32% =+ 0.58%, respectively
(p < 0.05) (Table 2). However, the relative abundance of lignin showed no significant change
in the alpine steppe soil before and after the experiment (p > 0.05) (Table 2). The lignin
components detected in the two types of alpine grassland soils are shown in Figure 2. Seven
compounds with lignin as their precursor material were detected in the alpine grassland
soils: 1-butanol, 2-ethyl-; 1-pentanol, 2-methyl-; 3-hexyne-2,5-diol; 3,5-hexadien-2-ol; 2-
methoxy-4-vinylphenol; ethanol, 2-[2-(2-butoxyethoxy)ethoxy]-; and benzenemethanol,
a-ethyl-4-methoxy- (Figure 2). The result showed that the relative abundance of 2-methoxy-
4-vinylphenol increased and that the relative abundance of 1-pentanol, 2-methyl-, and
benzenemethanol, «-ethyl-4-methoxy- decreased in the alpine grassland soils (Table 3;
Figure 3).

Table 2. The relative abundance of lignin in alpine grassland soils before and after incubation.

Grassland Type Alpine Meadow Alpine Steppe
Before 4.71% £ 1.04% Aa 1.66% =+ 1.39% Ba
After 1.32% =+ 0.58% Ab 1.56% £ 2.42% Aa

Data are presented as the mean value and standard error of the relative abundance of lignin in soil. Different
uppercase letters indicate a significant difference between alpine meadow and alpine steppe soil at p < 0.05.
Different lowercase letters indicate a significant difference before and after the incubation of alpine grassland soil
atp <0.05.
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Figure 2. The dominant compositions of lignin in alpine grassland soils based on pyrolysis gas
chromatography—mass spectrometry. (A) The alpine meadow soil before incubation; (B) the alpine
steppe soil before incubation; (C) the alpine meadow soil after incubation; (D) the alpine steppe soil
after incubation.

Table 3. Lignin components in alpine grassland soils before and after incubation.

Alpine Meadow Alpine Steppe
0,

Component/% AM1 AM2 AM3 AM4 AM5 AS1 AS2 AS3 AS4 AS5

1-Butanol, 2-ethyl- 4.34 4.78 571 920 329 610 11.04 1285 1212 6.92

1-Pentanol, 2-methyl- 40.63 2917 30.15 33.03 24.63 2499 1944 18,60 1813 4.81
3-Hexyne-2,5-diol 0.00 2259 2612 2739 2833 2680 1821 1841 19.15 16.89

Before 3,5-hexadien-2-ol 2.88 5.56 257 4.08 3.61 4.08 2.81 299 406 297
2-Methoxy-4-vinylphenol 9.35 11.37 320 6.14 1490 12.04 2.15 197 218 833

Ethanol, 2-[2-(2-butoxyethoxy)ethoxy]- 4.56 4.33 270 445 512 544 3.29 247 463 280
Benzenemethanol, x-ethyl-4-methoxy- 3824 2219 2955 1571 20.12 2055 43.06 4270 39.74 57.28
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Table 3. Cont.
Alpine Meadow Alpine Steppe
Component/? AM1 AM2 AM3 AM4 AM5 AS1 AS2 AS3 AS4 AS5
1-Butanol, 2-ethyl- 58.59 0.00 4381 3242 3414 2490 2914 7.06 10.59 38.96
1-Pentanol, 2-methyl- 0.00 0.00 3228 2618 2329 1879 3150 2345 1852 1819
3-Hexyne-2,5-diol 0.00 0.00 346 266 285 912 362 3059 2859 17.49
After 3,5-hexadien-2-ol 7.22 0.00 0.00 523 466 541 693 1207 748 298
2-Methoxy-4-vinylphenol 13.03 5254 396 820 1312 759 323 462 748 521
Ethanol, 2-[2-(2-butoxyethoxy)ethoxy]- 1481 4746 1140 2030 1584 2892 20.83 1584 23.01 6.10
Benzenemethanol, x-ethyl-4-methoxy- 6.35 000 508 501 609 526 474 636 434 1106

Data are presented as the percentage of each component in lignin. AM, alpine meadow; AS, alpine steppe.
Numbers 1 to 5 represent the five soil samples.
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Figure 3. The compositions of lignin in alpine grassland soils before and after incubation. AM1 and
AS1 are alpine meadow and alpine steppe before incubation; AM2 and AS2 are alpine meadow and
alpine steppe after incubation.

3.2. Phospholipid Fatty Acid Analysis

The absolute abundance of phospholipid fatty acids (PLFAs) in the alpine grassland
soils is presented in Table 4. A significant difference was observed in the microbial PLFA
biomarkers in the alpine meadow soil and alpine steppe soil, as illustrated in Figure 4. The
levels of PLFA biomarkers of bacteria, fungi, actinibacteria, Gram-positive bacteria, and
Gram-negative bacteria were significantly higher in the alpine meadow soils than in the
alpine steppe soils (Table 4). Similarly, the fungal PLFA biomarker content in the alpine
meadow soils was higher than that in the alpine steppe soils (Table 4). Overall, the total
PLFA content, which serves as a proxy for the total microbial biomass, was approximately
twice as high in the alpine meadow soils than in the alpine steppe soils (Table 4). The alpine
grassland soil PLFAs mainly contained 18:1w9c¢ (fungi) and 16:0 (bacteria), with a relative
abundance of more than 10% in the total PLFA. Also, 19:0 and 15:0 anteiso (bacteria) were
more abundant in the alpine meadow than in the alpine steppe (Figure 4).

Table 4. The phospholipid fatty acid biomarkers in alpine grassland soils.

Grassland Type
PLFA Biomarkers/nmol g1

Alpine Meadow Alpine Steppe

Bacteria 23.64 £3.06 a 1150 £ 151b

Fungal 370+ 054 a 2.03+0.31b

Actinibacteria 1.96 £ 0.27 a 1.22+0.15b

Gram-positive bacteria 1092+ 1.29a 526 +0.63b

Gram-negative bacteria 6.14 £ 0.86 a 3.14+043Db
Total PLFAs 4637 £5.16 a 2396 £3.07Db

Data are presented as the mean value and standard error. Different lowercase letters indicate a significant
difference between the alpine meadow and alpine steppe soils at p < 0.05.
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3.3. The Relationship between Lignin and Phospholipid Fatty Acids

The correlation analysis showed that the relative abundance of lignin components
had a significant effect on the PLFA biomarkers (Figures 5 and 6). The results showed that
the relative abundance of lignin was significantly correlated with the PLFA biomarkers
of bacteria, fungi, Gram-positive bacteria, and Gram-negative bacteria (Figure 5). Never-
theless, the relative abundance of lignin components was not correlated with the PLFA
biomarkers of actinibacteria (Figure 6). The results showed that 2-methoxy-4-vinylphenol
was significantly correlated with the total PLFAs; ethanol, 2-[2-(2-butoxyethoxy)ethoxy]-
and 3-hexyne-2,5-diol were significantly correlated with the PLFA biomarkers of fungi and
bacteria; and 3,5-hexadien-2-ol and 1-pentanol, 2-methyl- were significantly correlated with
the PLFA biomarkers of Gram-positive bacteria and Gram-negative bacteria (Figure 6).

18

20
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Figure 5. The correlations between lignin and soil PLFA biomarkers in alpine grassland soils.
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4. Discussion

Lignin is a major component of plants and contributes significantly to the soil organic
carbon pool [38]. In addition, lignin biomarkers can reflect the vegetation type due to plant-
released monomers with a vanillyl or syringyl group (depending on the lignin type), and
differences between gymnosperms, angiosperms, and grasses can be detected [15,16]. Stud-
ies have indicated that the syringyl propane monomer is the dominant component of lignin
in soil in forest ecosystems and that the guaiacyl propane monomer is the main component
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in grassland ecosystems [5]. Vancampenhout et al. [39] provided similar evidence regarding
the role of biomarkers in terms of lignin. They showed that the lignin compounds in soil
under coniferous vegetation were mainly dominated by guaiacol (coniferyl-derived), while
both guaiacol and syringol (sinapyl-derived) compounds were present in broadleaved
forests. In this study, guaiacols, such as 2-methoxy-4-vinylphenol, were detected as lignin
components, but no syringyl groups were detected (Table 3 and Figure 3). In fact, guaiacyl-
type lignins have a higher resistance to biodegradation than syringyl-type lignins due
to the higher degree of internal cross-linking [39]. Because of its recalcitrant nature and
biomarkers, lignin is useful for studying land-use history, as reflected in the soil. Therefore,
2-methoxy-4-vinylphenol, which is a member of the guaiacol group, was preserved in the
soil as a stable lignin material, and it may be an indicator of alpine grassland soil.

Scientists have found that lignin differs considerably between litters and soils, and
elevation and vegetation can affect the abundance of lignin in soils [40,41]. For instance, the
syringyl propane monomer is the dominant component in lignin in soil in forest ecosystems,
and the guaiacyl propane monomer is the main component in lignin in soil in grassland
ecosystems [35]. Lignin is dominated by guaiacol (up to 3%) in secondary succession in
Imperata grassland soil [5]. In this study, the relative abundance of lignin was lower in the
alpine steppe soils than in the alpine meadow soils. This may be due to the lower number
of plant species and plant biomass in the alpine steppe [20,24]. In addition, 2-methoxy-4-
vinylphenol, a type of guaiacyl propane lignin, was the dominant product in the alpine
grassland soils. This finding is supported by the findings of Yassir and Buurman [5] and
Nierop et al. [42]. During the incubation experiment, the relative abundance of 2-methoxy-
4-vinylphenol increased in most samples (Table 3 and Figure 3). Therefore, this result
suggests that 2-methoxy-4-vinylphenol can be stored in soil for a long time and is not easily
broken down, thus indicating lignin in alpine grassland soils.

Lignin has been considered to be more recalcitrant than other organic matter (cellulose)
in soils because it has a complex structure that includes multiple monomers connecting
carbon—carbon and ether bonds [41]. However, new evidence has indicated that lignin
can be degraded by microbes under some pedoclimatic conditions [43,44]. Martin and
Haider [45,46] studied lignin decomposition in soils with different properties and vegeta-
tion types, and they showed that the initial amount of synthetic 14C-DHP lignin decreased
by 19~60% after 13 weeks to 2 years. The degradation of lignin was also observed in
field studies [6,47]. These studies indicated that the degraded lignin in litter constituted
between 48% and 87% of the initial content after five years [6]. A decrease in lignin has been
observed in agricultural soil. For example, lignin was more rapidly degraded than bulk
soil organic matter [48,49], especially under low acidic pH conditions [39,50,51]. Kogel [52]
found that lignin is significantly decreased at the transition to mineral soil in forests. Kiem
and Kogel-Knabner [53] indicated that lignin is not part of the hard-to-degrade pool in
temperate arable soils. A study on secondary succession in Imperata grassland soil also
indicated that lignin underwent decomposition [5], and it showed that lignin, including
4-vinylphenol and 4-vinylguaiacol, is significantly higher in litter than in soils. These
reports indicate that 4-vinylphenol can be retained in soil and is a component of plant
matter. Is lignin recalcitrant or decomposed in soil? Based on this question, we incubated
alpine meadow and alpine steppe soils and studied the changes in the lignin components in
them. The result showed that the relative abundance of lignin decreased significantly in the
alpine meadow soils (Table 2). In addition, the relative abundance of lignin components,
including benzenemethanol, a-ethyl-4-methoxy-, and 1-pentanol, 2-methyl-, significantly
decreased in the alpine meadow soils. However, the relative abundance of ethanol 2-[2-(2-
butoxyethoxy)ethoxy]- increased during incubation (Table 3 and Figure 3). This is similar
to the reports by Dao et al. [54]. They focused on lignin decomposition in the soil of the
Northern Siberian tundra and discovered that the neutral sugars contained within lignin
were more susceptible to degradation. Therefore, perhaps benzenemethanol, x-ethyl-4-
methoxy-, and 1-pentanol, 2-methyl- are decomposed and utilized by microorganisms.
They were not recalcitrant in the alpine meadow soil.
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The activity of soil microbes, which produce necessary extracellular enzymes, is an
important factor regulating the biological decomposition of lignin [41]. In general, white-rot
fungi degrade lignin by secreting extracellular enzymes into the soil. Grandy et al. [55]
found that b-1,4-N-acetyl-glucosaminidase was positively related to lignin in the light
fraction in alpine and forest ecosystems, and they indicated that fungi could degrade lignin
by secreting enzymes. Lignin degradation is, in fact, the result of combined fungal and
bacterial activities. Some studies have shown that bacteria, including o-proteobacteria,
actinibacteria, and y-proteobacteria, can degrade lignin by secreting laccase [40]. How
do the different types of bacteria, including aerobic, anaerobic, and extreme bacteria,
degrade lignin? The complexity and heterogeneity of the lignin structure hinder its efficient
utilization. In this study, we found that the PLFA biomarkers of bacteria, fungi, Gram-
positive bacteria, and Gram-negative bacteria were significantly correlated with lignin
in alpine grassland soils (Figure 5). 1-pentanol, 2-methyl decreased (Figure 3) and was
significantly correlated with the PLFA biomarkers of bacteria, Gram-positive bacteria, and
Gram-negative bacteria (Figure 6). This indicates that 1-pentanol, 2-methyl may have been
used by bacteria in the alpine grassland soil during incubation. Researchers have found
that bacteria can secrete enzymes, such as 3,4-dioxygenase, hydroxyquinol 1,2-dioxygenase,
and 1,2-dioxygenase, which can reveal the lignin components [56,57]. While this study
did not measure the relevant enzymes as direct evidence of the bacterial decomposition of
lignin compounds, the correlation between the PLFA biomarkers of microorganisms and
lignin components, as well as previous research [58], implicitly demonstrates the potential
for lignin components to be utilized by microorganisms. Thus, 1-pentanol, 2-methyl could
have been degraded and provided important food for microbes by secreting enzymes
in the alpine meadow and alpine steppe soils. In addition, there was no correlation
between the PLFA biomarkers of actinobacteria and the relative abundance of lignin
components in this study (Figure 6). Although actinobacteria play an important role in soil
ecosystems, they do not directly participate in the decomposition process of lignin [59]. The
decomposition of lignin mainly relies on microorganisms such as bacteria, which possess
specific decomposing enzymes. This finding is similar to that of Song et al. [60], Nagaraju
et al. [61], and Thitinun et al. [62]. Focus should be placed on the abundance of functional
bacteria and fungi, the composition of functional fungal communities, and the structure of
the overall microbial community to jointly regulate the rate of lignin decomposition.

This study indicates that lignin components can be decomposed by microorganisms,
as revealed by an analysis of lignin components in alpine grassland soils using Py-GC/MS.
Studying the microbial degradation mechanism of lignin in the unique ecological environ-
ment of North Tibet, China, not only helps us gain a deeper understanding of soil nutrient
characteristics but also provides important clues for exploring nutrient cycling patterns.
Specifically, the question of whether lignin, as the second most abundant organic matter
in the world [1], can be used by microorganisms has been a focus of study. However,
lignin and soil organic matter degradation are highly impacted by microorganisms and
environmental conditions, such as litter type, incubation temperature, and moisture [41].
We only described the factor of microorganisms in this study. Previous studies have also
reported on environmental conditions. For example, on grasslands in the Mediterranean,
it has been found that microbial communities have adapted to harsher conditions, and
future climate change will affect plant biomass and enzyme activity, thereby influencing
soil lignin decomposition and soil carbon storage mechanisms through temperature and
humidity deviations [63]. So, what is the mechanism underlying the relationship between
lignin decomposition and microorganisms in the alpine grassland in North Tibet, China?
This will be the direction of our future research.

5. Conclusions

Lignin is known to be a recalcitrant compound. This study found that the relative
abundance of lignin was significant and decreased in alpine grassland soils from North
Tibet, China, after 210 days of incubation in a laboratory. The relative abundance of lignin
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was significantly correlated with the abundance of the PLFA biomarkers of bacteria, fungi,
Gram-positive bacteria, and Gram-negative bacteria. Our findings suggest that lignin can
be degraded and form an important food source for microbes in alpine grassland soils.

The present study carried out preliminary research on lignin biodegradation in alpine
grassland soils using incubation. However, it is difficult to determine which specific species
or populations of microorganisms decompose lignin or fully understand the process of
lignin degradation based on the data obtained in this study. In the future, extracellular
enzyme activity around the microbes needs to be measured, and sufficient evidence of
microbes degrading lignin needs to be provided. In addition, Py-GC/MS is an analytic
technique that is used to calculate the relative abundance of lignin in soil organic matter.
The absolute content of lignin in soil organic matter needs to be determined in combination
with other methods, including an authenticated external lignin standard. Thus, quantitative
analyses and the biodegradation mechanisms of lignin in the Tibetan Plateau need to be
studied further.
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