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A B S T R A C T

The study of soil microorganisms and the composition of organic carbon is important for understanding the dynamics
of soil organic carbon. The means by which forest restoration approaches might affect the soil composition of lignin,
substituted fatty acids,1 and the lignin degradation genes, remain understudied. We hypothesized that the soils of
naturally restored forests have more abundant and stable lignin, SFA, and lignin degradation genes than those of
artificially restored plantations. We analyzed the compositions of lignin, SFA, and the lignin degradation genes in
soils restored with natural secondary forests, native species plantations, and introduced species plantations. We found
that the extractable lignin content, leaf-derived SFA, leaf- to root-derived SFA ratio, and lignin oxidation state were
higher in natural secondary forests than in plantations. The abundances of genes involved in glyoxal oxidase, lignin
peroxidase, and manganese peroxidase were higher in the soils of natural secondary forests than in those of the two
plantation types. No significant differences in the above indices were found between soils of native and introduced
plantations. Nutrients and lignin oxidation state, including tree richness, litter stock, available nitrogen, combined
clay and silt content, syringyl-based lignin to vanillyl-based lignin ratio, syringic acid to syringaldehyde ratio, and
SFA content significantly affected the composition of genes involved in lignin degradation. Nutrients and lignin
oxidation state explained 41.9% of the variation in the composition of lignin degradation genes. The lower lignin
oxidation state, higher nutrient availability, and higher aboveground inputs led to a higher abundance of lignin
degradation genes in the soils of natural secondary forests than in those of the plantations. These results provide
insight into the effects of forest restoration approaches on soil carbon sequestration.

1. Introduction

Soils are the Earth's largest carbon pool (Nave et al., 2018). The con-
tribution of soil organic carbon to climate change strongly depends on its
recalcitrant forms, such as lignin and substituted fatty acids.2 Lignin, a
biopolymer composed of complex phenolic heteropolymers, is the most
abundant aromatic polymer and the most recalcitrant form of carbon on
the Earth (Bahri et al., 2006; Furukawa et al., 2014). Lignin mainly occurs
in the cell walls of vascular plants and can resist many biological attacks
(Kirk and Farrell, 1987). The carbon derived from lignin contributes more
to humus than that derived from cellulose (Torres et al., 2014). SFA are
derived from the cutin present in leaves and from the suberin present in
roots and bark (Ma et al., 2014). Lignin and SFA play important roles in
the stabilization and cycling of soil organic carbon.

Inputs from aboveground litter and underground roots might lead to
differences in the soil composition of lignin and SFA under different
forest restoration approaches. Litter, root exudates, and root deposits
are important sources of aboveground and belowground inputs. Firstly,
different forest restoration approaches differ in plant diversity (Wang
et al., 2013), litterfall (Liao et al., 2010), and root biomass (Zheng et al.,
2008). This leads to differences in the diversity and quantity of carbon
inputs, which directly influence the composition of lignin and SFA.
Secondly, different forest restoration approaches differ in plant com-
munity structure (Wang et al., 2013), such as differences in the ratio of
woody plants to grasses. Different plants differ in the content and
composition of their lignin and SFA (Crow et al., 2009). Woody plants
have higher SFA content than grasses, but lower lignin content (Filley
et al., 2008a). Woody plants also have higher lignin oxidation state than
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grasses, as indicated by their higher ratio of syringyl-based lignin to
vanillyl-based lignin3 and lower ratio of cinnamyl-based lignin to va-
nillyl-based lignin4 (Filley et al., 2008a, 2008b). In addition, roots
generally have a higher lignin content than branches or leaves (Filley
et al., 2008a). Differences in the quantity and quality of litterfall and
root systems resulting from the forest restoration processes ultimately
lead to differences in soil lignin and SFA composition.

Different forest restoration approaches might affect lignin compo-
sition differently depending on soil physical and chemical character-
istics. Nitrogen and phosphorus affect lignin composition, which is
negatively charged when forming hydrogen bonds and exchanging ions
(Jones and Huang, 2003). Nitrogen released by alkyl hydrolysis,
available phosphorus, and available potassium were found to positively
correlate with lignin content, and to be important factors determining
its accumulation (Feng et al., 2015). As organic carbon components,
lignin and SFA are influenced by the content of organic carbon in the
soil. The soils of naturally restored forests have higher content of total
nitrogen, total phosphorus, available nitrogen, available phosphorus
(Liao et al., 2012), and organic carbon than the soils of plantations
(Liao et al., 2010; Eclesia et al., 2012). Differences in soil physical and
chemical characteristics therefore lead to differences in lignin and SFA
composition.

Soil microbial community structure is closely related to lignin and
SFA composition. The degradation of lignin and SFA requires specific
enzymes, and these processes are mainly completed by phenol oxidase,
peroxidase, and dehydrogenase (Burns et al., 2013). The composition
and abundance of the lignin degradation genes determine its process
and extent (Burns et al., 2013). The abundance of these genes also
differs among forest types (Zhang et al., 2007). Natural forests have
more abundant carbon degradation genes in their soils than natural
secondary forests (Paula et al., 2014) and afforestation with introduced
Eucalyptus spp. plantations reduced the abundance of microbial func-
tional genes involved in carbon degradation (Berthrong et al., 2009).
The different composition of lignin degradation genes under different
forest restoration approaches could, therefore, be closely related to
lignin and SFA composition.

With the increasing demand for wood, plantations occupy increas-
ingly higher proportions of forestland, whereas the area under naturally
restored natural forests has continued to decline (FRA, 2015). With an
area of 79.0 million hectares, China has the largest area of forest
plantations (FRA, 2015). In central and southern China, native Masson
pine (Pinus massoniana) plantations and introduced slash pine (Pinus
elliottii) plantations accounted for 59% of the area covered by planta-
tions, whereas the ecologically beneficial natural secondary forests
occupied only 28% of forest areas (Ren et al., 2007). The effects of large
areas of plantation on soil recalcitrant carbon sources, like lignin and
SFA and their related microorganisms, are not yet understood and the
relationships among lignin and SFA composition, plant diversity, soil
physical and chemical characteristics, and soil microorganisms need to
be elucidated.

We hypothesized that the soils of natural secondary forests would
contain more lignin, SFA, and lignin degradation genes than the soils of
native species plantations, which would in turn have higher values than
those of introduced species plantations. We also hypothesized that lignin
composition, the composition of lignin degradation genes, plant diversity,
and soil physical and chemical characteristics would be closely related.
These hypotheses were proposed based on the following understanding:
first, naturally restored secondary forests have higher plant diversity
(Wang et al., 2013), litterfall (Liao et al., 2010), root biomass (Zheng et al.,
2008), and soil nutrient concentrations than artificially restored planta-
tions (Liao et al., 2010; Wang et al., 2011; Wang et al., 2013). Second,
forest restoration approaches differ in the type and amount of litter and

roots they produce, forming different substrates and environments for soil
microorganisms, which can lead to differences in lignin composition and
soil microbial community structure.

We analyzed the composition of lignin, SFA, and lignin degradation
genes in regions with Acrisols in southern China where forests were
present for which three forest restoration approaches had been im-
plemented—naturally restored secondary forests, artificially restored
native Masson pine plantations, and introduced slash pine plantations.
We aimed to clarify the effects of the forest restoration approach on the
recalcitrant carbon forms lignin and SFA, and their related micro-
organisms, so as to provide insights into soil carbon sequestration under
different forest restoration approaches.

2. Materials and methods

2.1. Site description, experiment design, and soil sampling

This study was carried out in Hengyang County in Hunan Province,
Anfu County in Jiangxi Province, and Guilin area in Guangxi Province
in southern China. The above three sites were located at
110°32′16″–113°16′32″E, 26°07′05″–27°27′24″N; 114°–114°47′E,
27°4′–27°36′N; and 110°09′–114°32′56″E, 24°53′24″–27°19′05″N, re-
spectively. The climate in the study area was a subtropical humid
monsoon climate, with an average annual temperature of 18.4 °C and
average annual precipitation of 1452–1950mm. Rainfall occurred
mainly from May to August, and there was an annual frost-free period
of 270 days. The soils were Acrisols in all areas and the natural vege-
tation type was subtropical needle and broad-leaved mixed forest.

The experiment had a single factor randomized design. The factor
was forest restoration approach, and had three levels, artificially re-
stored introduced species plantations, artificially restored native species
plantations, and naturally restored secondary forests. Fifteen plots were
selected for each forest restoration approach, with restoration times of
20 to 25 years. The natural secondary forests were hardly disturbed
after restoration. The plantations were only subjected to silvicultural
treatments once in the first 3–4 years of plantation, including loosening
of the soil surface and thinning of the understory vegetation. Three
subplots of 10m×10m were selected per plot. In each subplot, five
10-cm-deep soil cores were collected at a distance of 50 cm from the
trunks of randomly selected dominant trees. The soil from the 15 cores
in each plot was combined into one composite sample. In total, 45 soil
samples were obtained and transported to the lab in an icebox.

2.2. Analytical methods

2.2.1. Content and composition of lignin and SFA
The alkaline cupric-oxide oxidation method was used to measure

the extractable lignin and SFA content in the soils (Hedges and Mann,
1979; Goñi and Hedges, 1990). The reactions utilized Monel reaction
vessels (Prime Focus, Inc. Seattle, WA, USA). Ethyl vanillin and DL-12
hydroxystearic acid were added as internal recovery standards for
lignin and SFA, respectively. Only the 42 soil samples that had ex-
tractable high-quality DNA, as described below, were used to measured
lignin and SFA. Forty-one valid datasets were obtained in this step.

The trimethylsilyl derivatives of lignin phenols were classified into
three subcategories: vanillyl5-based, syringyl6-based, and cinnamyl7-
based. The sum of S-, V-, and Ci- based lignin,8 and the sum of S- and V-

3 syringyl-based lignin to vanillyl-based lignin, S/V
4 cinnamyl-based lignin to vanillyl-based lignin, C/V

5 Vanillyl–based lignin, V, including vanillin, acetovanillone, and vanillic
acid.
6 Syringyl–based lignin, including syringaldehyde, acetosyringone, and syr-

ingic acid.
7 Cinnamyl–based lignin, Ci, including p-hydroxycinnamic acid and ferulic

acid.
8 sum of S-, V-, and Ci- based lignin
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based lignin9 were used to represent the content of lignin and char-
acteristics of lignin accumulation. The Ci/V, S/V, vanillic acid to va-
nillin,10 and syringic acid to syringaldehyde11 ratios can be used to
represent the extent of lignin oxidation (Filley et al., 2008a; Filley et al.,
2008b). Higher values in the above four parameters correspond to less
oxidation of lignin (Filley et al., 2008a; Filley et al., 2008b).

The trimethylsilyl derivates of SFA included leaf-derived SFA, root-
derived SFA, 9,16-dihydroxyhexadecanoic acid,12 and 10,16-dihydrox-
yhexadecanoic acid.13 The leaf-derived SFA included 9,16 and 10,16 di-
hydroxyhexadecanoic acid,14 7 and 8 hydroxyhexadecane dioic acid,15 and
9,10,18-trihydroxyoctanoic acid16 (Crow et al., 2009). The root-derived
SFA included 16-hydroxyhexadecanoic acid,17 hexadecanoic di-acid,18 18-
hydroxyoctadec-9-enoic acid,19 9-octadecene-1,18-dioic acid20 (Crow et al.,
2009). The ratio of 9&10,ω-C16/ω-C18:1 was assumed to vary with the
relative input of leaf- to root-derived SFA (Filley et al., 2008a).

2.2.2. Lignin degradation genes
The lignin degradation genes were measured using the microarrays

GeoChip 3.0 (Institute for Environmental and Genomics, University of
Oklahoma, Norman, OK, USA). Soil microorganism DNA was extracted
following the method described by Peršoh et al. (2008) with minor
modifications. In the final step, diethyl pyrocarbonate-treated water
was used instead of double distilled water. In total, 42 soil samples
contained extractable DNA.

The metagenomic DNA was directly labeled by fluorescence, and
dissolved in the hybridization solutions. The labeled DNA and GeoChip
3.0 were hybridized in the HS4800 Hybridation Station in the dark at
42 °C for 10 h. The hybridized GeoChip 3.0 was scanned using
Scanarray 5000 (PerkinElmer, Wellesley, MA, USA) at 95% laser energy
and 68% photomultiplier tube gain. Seventy-four lignin degradation
genes, which belonged to the glyoxal oxidase (EC 1.2.3.5),21 lignin
peroxidase (EC 1.11.1.14),22 manganese peroxidase (EC 1.11.1.13),23

and phenol oxidase (EC 1.11.1.7) gene families, were scanned.

2.2.3. Analysis of plant and soil factors
In each plot, tree richness was surveyed in three subplots of

10m×10m. Within each tree subplot, shrub richness was surveyed in
one or two 5m×5m subplots, and herb richness was surveyed in one
to three 1m×1m subplots. In addition, litter was collected from a
0.5m×0.5m area within all three tree subplots. Overall, plant di-
versity was surveyed in 31 tree subplots, 57 shrub subplots, and 87 herb
subplots. Subplot data were averaged to obtain data per plot.

The surface area of thin roots (diameter < 2mm) was obtained
from scanning with an Epson Expression 836 XL scanning system (Seiko
Epson Corp., Nagano, Japan). Subsequently, the surface area of thin
roots was analyzed with WinRhizoV5.0 (Regent Instruments, Sainte
Foy, QC, Canada).

Soil pH was measured in a 1:5 soil:water slurry using a combined
glass electrode. Total carbon and total nitrogen were measured using an
elemental analyzer (Vario EL III, Elementar Corp., Hanau, Germany).

Recalcitrant carbon was represented by the unhydrolyzed residue ob-
tained using two-stage sulfuric acid hydrolysis (Rovira and Vallejo,
2002). Available nitrogen was measured by micro-diffusion after alka-
line hydrolysis (Bao, 2000). Available phosphorus was extracted with
HCl and H2SO4 (Bao, 2000), and measured by inductively coupled
plasma mass spectrometry (ICP-MS; NexION 300, Perkin-Elmer, Wal-
tham, MA, USA). Particle size was measured using a Mastersizer 2000
(Malvern Instruments, Malvern, England) (Wang et al., 2008).

2.3. Data analysis and statistics

The GeoChip 3.0 data were normalized as follows:

(1) Only the probes automatically detected as positive were analyzed.
(2) Probes with a signal to noise ratio lower than two were deleted. The

signal intensity data were first normalized within the slide, and then
across the samples; relative values were then obtained by dividing
the above normalized signal intensity by the mean of the sample.

(3) Probes that appeared less than twice were deleted.
(4) Microarrays in which the sum of the signal intensity was more than

twice the standard deviation were deleted. Three outliers were
detected here.

After combining the microarray, lignin, and SFA data, 13, 14, and
11 datasets were obtained for the slash pine plantations, Masson pine
plantations, and natural secondary forests, respectively.

One-way analysis of variance24 was used to analyze the effect of
forest restoration approach on soil lignin composition and the lignin
degradation genes. When the effect was significant (P < 0.05), Tur-
key's distance was used for multiple comparisons. Spearman's correla-
tion was used to analyze the correlations between the lignin degrada-
tion genes and environmental factors. One-way ANOVA and Spearman's
correlation analyses were carried out in SPSS 16.0 (SPSS INC., Chicago,
IL, USA). The figures were prepared using Sigmaplot 11.0 (Systat
Software, San Jose, CA, USA).

Principle component analysis25 was used to differentiate soil mi-
crobial community structure as indicated by the composition of lignin
degradation genes among the three forest restoration approaches.

Redundancy analysis26 was used to analyze the relationships among
the composition of lignin degradation genes, SFA and lignin composi-
tion, the characteristics of plants, and soil factors. The abundances of
lignin degradation genes were used as dependent factors. The in-
dependent factors were classified into three groups. The first group of
factors consisted of lignin and SFA, including SVCi, SV, Ci, S/V, Ac/Alv,
Ac/Als, and the sum of all SFA. The second group consisted of soil
factors, including pH, carbon to nitrogen ratio, content of available
nitrogen, available phosphorus, recalcitrant carbon, bulk density, and
combined clay and silt content. The third group consisted of plant-re-
lated factors, including the species richness of trees, shrubs, and herbs,
the surface area of thin roots, and litter stock. Except for soil pH, the
other environmental factors were log10(x+ 1) transformed. Thereafter,
all the environmental factors were standardized relative to Z scores
(mean= 0, standard deviation= 1) to reduce the influence of dimen-
sion. Each group of factors was used in Monte-Carlo permutation tests
run 999 times independently to identify the factors that significantly
affected the lignin degradation genes. These significant factors were
then combined to perform RDA using Canoco 4.5 (Biometris, Wagen-
ingen, Netherlands). The direction of the arrow represents an increase
in the value of a variable in the RDA biplot. An acute angle in the RDA
biplot represents a positive correlation among the variables, whereas an
obtuse angle represents a negative correlation among the variables

9 sum of S- and V-based lignin
10 vanillic acid to vanillin, Ac/Alv
11 syringic acid to syringaldehyde, Ac/Als
12 9,16-dihydroxyhexadecanoic acid, 9,16-DHPA
13 10,16-dihydroxyhexadecanoic acid, 10,16-DHPA
14 9,16 and 10,16 dihydroxyhexadecanoic acid, 9&10,ω-C16
15 7 and 8 hydroxyhexadecane dioic acid, 7&8-C16:1 DA
16 9,10,18-trihydroxyoctanoic acid, 9,10,ω-C18
17 16-hydroxyhexadecanoic acid, ω-C16
18 hexadecanoic di-acid, C16DA
19 18-hydroxyoctadec-9-enoic acid, ω-C18:1
20 9-octadecene-1,18-dioic acid, C18:1-DA
21 Genes involved in glyoxal oxidase, glx
22 Genes involved in lignin peroxidase, lip
23 Genes involved in manganese peroxidase, mnp

24 One-way Analysis of Variance, ANOVA
25 Principle Component Analysis, PCA
26 Redundancy Analysis, RDA
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(Lepš and Šmilauer, 2003).

2.4. Data availability

The microarray data have been deposited in the National Center for
Biotechnology Information under accession number GSE100379.

3. Results

3.1. Characteristics of lignin and SFA

One-way ANOVA showed that forest restoration approach significantly
affected lignin content (P < 0.05, Table 1). The natural secondary forests
had higher SVCi lignin content than the slash pine plantations, and the
value in the latter was higher than in the Masson pine plantations. The
difference in SVCi lignin content between the natural secondary forests
and Masson pine plantations was significant (P < 0.05). The S/V ratios in
the soils of natural secondary forests were significantly higher than those
of the plantation soils (P < 0.05). This indicates that less lignin oxidation
occurred in the soils of natural secondary forests.

There was no significant difference in total SFA content among the
three forest restoration approaches (P > 0.05), whereas a significant
difference was present in the composition of SFA derivatives (P < 0.05,
Table 1). Leaf-derived SFA in the soils of the natural secondary forests
were significantly higher than those in the soils of the two plantations
(P < 0.05). There were no significant differences in root-derived SFA
content among the three forest restoration approaches (P > 0.05).

The 9&10,ω-C16/ω-C18:1 in the soils of the natural secondary forests
were higher than those in the soils of the slash pine plantations. In addi-
tion, their content was significantly higher than that in the soils of the
Masson pine plantations (P < 0.05, Table 1). This indicates that the ratio
of leaf- to root-derived organic materials in the lignin from the soils of
natural secondary forests were higher than those from the plantation soils.

3.2. Composition and abundance of the lignin degradation genes

PCA showed that the three forest restoration approaches differed in
their composition of lignin degradation genes (Fig. 1). The first prin-
ciple component axis explained 37.5% of the variation in lignin de-
gradation genes composition. The first principle component axis was
significantly correlated with the Shannon diversity of lignin degrada-
tion genes (r=−0.959, P=2.19×10−21). The sample scores on the
first axis of the slash pine plantations were significantly higher than
those of the natural secondary forests (P < 0.05), indicating a sig-
nificantly lower diversity of lignin degradation genes in slash pine
plantations than in natural secondary forests. The second principle
component axis explained 14.0% of the variation in lignin degradation
gene composition. The second principle component axis was sig-
nificantly correlated with the abundance of lignin degradation genes

(r=0.442, P=0.005). The sample scores on the second axis of the
natural secondary forests were significantly higher than those of the
slash pine plantations, which were significantly higher than those of the
Masson pine plantations (P < 0.05, Fig. 1), indicating the same trend
in the diversity of lignin degradation genes.

Forest restoration approach significantly affected the abundances of
lignin degradation genes (Fig. 2). The abundance of glx genes in the
soils of the natural secondary forests was significantly higher than those
in the soils of the two plantations (P < 0.05). However, there was no
significant difference in the abundance of glx genes between the soils of
the two plantations (P > 0.05). The abundances of lip and mnp genes in
the soils of the natural secondary forest were higher than those in the
soils of Masson pine and slash pine plantations. Moreover, the differ-
ences in the abundances of lip and mnp genes between the soils of
natural secondary forests and slash pine plantations were significant
(P < 0.05). There were no significant differences in the abundances of
lip and mnp genes between the two types of plantations (P > 0.05).

There were also no significant differences in the abundance of genes
involved in the phenol oxidase pathway among the soils of the three
forest restoration approaches (Fig. 2, P > 0.05).

3.3. Relationship between the composition of lignin degradation genes and
environmental factors

The RDA showed that the tree richness, litter stock, available ni-
trogen content, combined clay and silt content, S/V, Ac/Als, and SFA

Table 1
Chemical composition and contents of lignin and SFA (Kg/100 Kg organic carbon).

Reforestation approach SVCia Ci/Vb S/Vc ∑SFAd Root SFAe Leaf SFAf 9&10, ω-C16/ω-C18:1

ARSP 1.13(0.48,1.42) ab 0.45 ± 0.03 a 0.28 ± 0.02 b 1.01 ± 0.19 a 0.38(0.19, 0.55) a 0.58 ± 0.13 b 5.81 ± 0.68 ab
ARMP 0.69(0.55,0.86) b 0.45 ± 0.05 a 0.22 ± 0.02 b 0.97 ± 0.12 a 0.42(0.24, 0.55) a 0.52 ± 0.07 b 4.43 ± 0.53 b
NRSF 1.14(0.84,1.64) a 0.47 ± 0.04 a 0.46 ± 0.03 a 1.26 ± 0.15 a 0.29(0.23, 0.36) a 0.88 ± 0.08 a 7.52 ± 0.71 a

a Normal data are represented as means± standard errors; skewed data are represented as medians (25 percentiles, 75 percentiles). Different letters in the same
column represent significant difference among forest restoration approaches (P<0.05). n = 13, 14, and 11 for artificially restored slash pine plantations (ARSP),
artificially restored Masson pine plantations (ARMP), and naturally restored secondary forests (NRSF), respectively. SVCi is the sum of syringyl-, vanillyl-, and
cinnamyl-based lignin.
b The ratio of cinnamyl-based lignin to vanillyl-based lignin.
c The ratio of syringyl-based lignin to vanillyl-based lignin.
d The sum of substituted fatty acids (SFA).
e Root-derived substituted fatty acids.
f Leaf-derived substituted fatty acids.

Fig. 1. Principle component analysis of lignin degradation genes under dif-
ferent forest restoration approaches. n=13, 14, and 11 for artificially restored
slash pine plantations (ARSP), artificially restored Masson pine plantations
(ARMP), and naturally restored secondary forests (NRSF), respectively.
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content significantly affected the composition of lignin degradation
genes (Fig. 3). These factors explained 41.9% of the variation in gene
composition (F=3.092, P=0.001). The first and second axes ex-
plained 22.7% and 30.7% of the accumulation of variation in the
composition of lignin degradation genes. The first axis explained 54.1%
of the variation in the relationship between the composition of lignin
degradation genes and environmental factors (F= 8.795, P= 0.001).
In addition, the second axis explained 73.2% of the accumulated var-
iation in the above relationship (F=4.342, P=0.001).

Further correlation analysis showed that tree species richness was
significantly correlated with the abundances of the glx, lip, and mnp
genes (P < 0.05). In addition, tree species richness was only margin-
ally correlated with the abundances of the lignin degradation genes and
mnp genes (0.05 < P < 0.1).

Available nitrogen was significantly and positively correlated with
the abundances of the lignin degradation genes, and the glx, lip, and
mnp genes (Table 2, P < 0.05) Available nitrogen content was also

marginally correlated with the abundance of genes involved in the
phenol oxidase pathway (0.05 < P < 0.1). The combined clay and silt
content was negatively correlated with the abundances of the lignin
degradation genes, and the glx and lip genes (Table 2, P < 0.05).

Although S/V was significantly correlated with the abundances of
the glx, lip, and mnp genes (P < 0.05), it was only marginally corre-
lated with the abundances of lignin degradation genes
(0.05 < P < 0.1). Ac/Als was negatively correlated with the abun-
dances of lignin degradation genes, and the glx and lip genes (Table 2,
P < 0.05).

The natural secondary forest points were close to the positions of
high tree species richness, available nitrogen content, and S/V (Fig. 3).
The Masson pine plantation points appeared close to the positions of
high litter stock and SFA content. The slash pine plantation points were
close to high Ac/Als (Fig. 3).

S/V was positively correlated with tree richness (R=0.663,
P < 0.001) and available nitrogen content (R=0.718, P < 0.001). S/
V, litter stock, and the combined clay and silt content were negatively
correlated (Fig. 3).

4. Discussion

4.1. Effects of forest restoration approaches on the composition of lignin and
SFA

The most recalcitrant component of organic carbon, SVCi lignin,
was present at higher content in the soils of natural secondary forests
than in the soils of slash pine plantations. In addition, the soils of slash
pine plantations had significantly higher content of SVCi lignin than the
soils of Masson pine plantations (Table 1). The young forests with high
densities of earthworms had significantly higher content of SVCi lignin
than the old forests with low densities of earthworms (Filley et al.,
2008b). This was because soils have a higher lignin content after di-
gestion by earthworms (Filley et al., 2008b). Here, three factors led to a
higher diversity, quantity, and quality of organic materials, and sub-
sequently to a higher SVCi lignin content in the soils of natural sec-
ondary forests than in the soils of the two types of plantations. First, the
natural secondary forests had a higher quantity and quality of litter.
The ratio of high quality broad-leaf to low quality needle-leaf litter in
natural secondary forests is approximately 11 times higher than that in
slash pine plantations (Zheng et al., 2005; Liao et al., 2010). Second,
natural secondary forests have higher plant diversity than plantations
(Wang et al., 2013), which leads to more types and a higher quantity of
root exudate inputs into the soil. The root biomass of natural secondary
forests is significantly higher than that of plantations (Zheng et al.,
2005; Liao et al., 2010). Third, in nitrogen-limited plots (Wang et al.,
2011), a higher available nitrogen content led to higher quality lignin.
When nitrogen forms hydrogen bonds and participates in ion exchange,
it affects the composition of lignin (Jones and Huang, 2003). Thus,
nitrogen appears to be an important factor affecting the accumulation
of lignin.

In the soils of natural secondary forests, S/V was significantly higher
than that in the soils of the two types of plantations. Higher S/V in-
dicates a lower lignin oxidation state (Filley et al., 2008b) and higher
lignin quality (Otto and Simpson, 2006). The S/V in the soils of young
forests with higher earthworm densities was higher than that in the
soils of old forests with lower earthworm densities (Filley et al., 2008b).
This was because of the preferential digestion of leaf and leaf tissues
with high nitrogen content by earthworms (Filley et al., 2008b). In the
present study, the S/V ratios were positively correlated with tree
richness (Fig. 3). High tree richness in natural secondary forests (Wang
et al., 2011) leads to a high diversity and amount of litter and root
exudates. This leads to high quality lignin in the soils of natural sec-
ondary forests. In addition, S/V was positively correlated with available
nitrogen content. The higher available nitrogen content in the soils of
the natural secondary forests than in the soils of the artificially restored

Fig. 2. Abundances of the lignin degradation genes under different forest re-
storation approaches. n=13, 14, and 11 for artificially restored slash pine
plantations (ARSP), artificially restored Masson pine plantations (ARMP), and
naturally restored secondary forests (NRSF), respectively.

Fig. 3. Redundancy analysis between the compositions of lignin degradation
genes, and lignin and SFA characteristics, plant characteristics, and soil factors.
S/V: the ratio of syringyl to guaiacyl monomers, Ac/Als: the ratio of syringic
acid to syringaldehyde, ARSP: artificially restored slash pine plantations;
ARMP: artificially restored Masson pine plantations, and NRSF: naturally re-
stored secondary forests.
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plantations plays an important role in enhancing the quality and
quantity of lignin. The higher lignin content in the soils of the natural
secondary forests might lead to higher abundances of lignin degrada-
tion genes in these soils than in the soils of the plantations. Thus, in the
present study, the degradation of lignin was limited by the substrate
(lignin), which promoted the accumulation of organic carbon. These
important findings shed light on the accumulation of soil organic
carbon under different forest restoration approaches.

Leaf-derived SFA and the ratio of leaf- to root-derived SFA were
higher in natural secondary forests than in plantations (Table 1). This
shows that both the absolute and relative values of leaf-derived SFA
were higher in natural secondary forests than they were in plantations.
This might be due to the higher quality of leaf litter in the natural
secondary forests than in the plantations.

4.2. Effects of forest restoration approaches on lignin degradation genes

PCA showed that the three forest restoration approaches differed in
their composition of lignin degradation genes. The abundances of the
glx, lip, and mnp genes, and of genes involved in phenol oxidase, in the
soils of natural secondary forests were higher than in the soils of
plantations. The activity of phenol oxidase is higher in undisturbed
forests than in forests with greater disturbance intensity (Waldrop and
Powers, 2003), similar to the trend found for gene abundance in the
present study. Here, the abundance of glx genes was positively corre-
lated with SVCi lignin content (R=0.363, P=0.025). The higher
lignin content in the litter of Quercus spp. was correlated with the
higher activity of phenolic degrading enzymes in the forest floor
(Chávez-Vergara et al., 2016). In the degradation of litter, the dynamics
of microbial biomass carbon and lignin loss followed similar trends (He
et al., 2015). Because lignin is more recalcitrant than sugar and hemi-
cellulose (Burke et al., 2013), the lignin content in litter increases at the
later stages of decomposition (Filley et al., 2008b). Moreover, the mi-
crobial community structure becomes more specialized and the abun-
dance of phenol oxidase genes also increases at the later stages of de-
composition (Sara et al., 2013). A change in substrates may result in
changes in the abundances of microbial genes or enzyme activities. In
addition, the activities of soil phenol oxidase and peroxidase are posi-
tively correlated with the content of organic matter (Prescott, 2010).

The indices of nutrient availability and nitrogen availability were
positively correlated with the abundances of lignin degradation genes,
as shown by the three following aspects. First, tree richness, which is a
proxy for the types of aboveground plants and litter, and belowground
root exudates, is an important indicator of nutrient availability. Tree
richness positively correlated with the abundances of the lignin de-
gradation genes (Table 2). The higher diversity of plants in the natural
secondary forests led to more types of substrates for microorganisms
and may, therefore, result in higher abundances of the corresponding
lignin degradation genes. Second, the oxidation state of lignin,

represented by S/V, was positively correlated with the abundances of
the lignin degradation genes. The lower lignin oxidation state indicated
higher nutrient availability and aboveground inputs. This might lead to
higher abundances of the lignin degradation genes in the soils of natural
secondary forests than in the soils of plantations. Third, the soil avail-
able nitrogen content was positively correlated with the abundances of
the lignin degradation genes (Table 2). In the nitrogen-limited plots,
higher available nitrogen content in the soils of natural secondary
forests provided higher substrate availability. This may result in the
higher abundances of the lignin degradation genes in the soils of the
natural secondary forests than in the soils of the two plantations
(Fig. 2). Thus, soil nutrient availability and nitrogen availability influ-
enced, and were positively correlated with, the abundances of the lignin
degradation genes. The results were in accordance with our hypothesis.

5. Conclusions

Lignin, SFA, and the lignin degradation genes were more abundant
and stable in the soils of the natural secondary forests than in the soils
of the Masson pine plantations and slash pine plantations. No sig-
nificant differences in the above indices existed between soils in native
plantations and introduced plantations. Nutrients and lignin oxidation
state, including tree richness, litter stock, available nitrogen, the com-
bined clay and silt content, S/V, Ac/Als, and SFA content significantly
affected the composition of lignin degradation genes. Nutrients and
lignin oxidation state explained 41.9% of the variation in the compo-
sition of lignin degradation genes. The soils of natural secondary forests
had lower lignin oxidation state, higher nutrient availability, and
higher aboveground inputs than the soils in plantations. This led to a
higher abundance of the lignin degradation genes in the soils of the
natural secondary forests than in the soils of the plantations. These
results provide insights into the effects of forest restoration methods on
soil organic carbon accumulation, which might be applicable to similar
environments in other areas of the world.
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