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Reforestation plays a vital role in restoring the soil degradation areas. However, the
mechanisms by which different restoration approaches affect the soil properties
and microbial communities remain unclear. Aiming to understand the interactions
between plant species, soil properties, and microbial communities in different
restoration approaches, we investigated the soil microbial community using
nontargeted metabolomics to explore how the reforestation approach affects
soil physicochemical properties, soil metabolites, and soil microbial communities.
The results showed that the reforestation approach, soil layer, and their interactive
effects significantly affected soil organic carbon, total nitrogen, dissolved organic
carbon, available phosphorus concentrations, and root traits. The diversity and
composition of bacterial and fungal communities in natural reforestation (NR) were
different from those in artificial mono-plantations, and their network interactions
were more significant in NR than in artificial plantations. A clear separation of
metabolites between the artificial plantations and NR was observed in the soil
metabolite analysis. Two pathways, linoleic acid metabolism, and valine, leucine, and
isoleucine biosynthesis, were significantly regulated between the artificial mono-
plantations and NR. Different soil traits were significantly correlated with dominant
microbial taxa in the four reforestation approaches. 13-L-hydroperoxylinoleic acid,
13-S-hydroxyoctadecadienoic acid, homovanillin, and 9,10-epoxyoctadecenoic acid
showed the highest correlation with the microbial taxa in the network. Partial least
squares path modeling (PLS-PM) shows that root-mediated soil physicochemical
properties were the primary factors affecting the bacterial community among the
reforestation approaches. The soil fungal community is directly regulated by plant
roots in the subsoil and indirectly regulated by the root-mediated physicochemical
properties in the topsoil. We conclude that different reforestation approaches affect
the soil microbial community through root and soil physicochemical properties
rather than soil metabolites.
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1 Introduction

Reforestation effectively controls soil degradation, improves soil
fertility, and restores the ecosystem services and functions of degraded
forest lands (Veldkamp et al., 20205 Sakti et al., 2024; Zhang et al,,
2024). Restored plantations cover more than 200 million ha
worldwide, of which 25% are comprised of fast-growing tree species
(FRA, 2010). The effects of reforestation on soil functions and
properties vary among plant species (Chen et al., 2019; Brown et al.,
2023). The composition of tree species and stand structure in artificial
forests were lower than those in natural secondary forests. The high
growth rates of artificial reforests can result in increased demand for
soil nutrients, a slower rate of litter decomposition, and an imbalance
between nutrient inputs and outputs (Liu W. et al., 2023; Kazmierczak
et al,, 2024), ultimately leading to soil degradation (Liu et al., 2024).
This difference may be related to plant traits that alter soil properties
and microbial communities, which are critical mediators of many
processes linked to plant health, soil productivity, and multiple
ecosystem functions (Wille et al., 2019; Mueller et al., 2020; Shi et al.,
2024). Thus, understanding how different plants mediate plant-soil-
microbe interactions can provide insight into the different feedback
mechanisms of reforestation.

The composition and diversity of soil microbes are influenced by
biotic (i.e., soil fauna activity, root exudates, microbial interactions,
plant communities) and abiotic (such as temperature, soil
physicochemical properties, and geographic and climatic conditions)
2023; Chamard et al., 2024). Soil
physicochemical properties such as pH and organic matter can

factors (Beugnon et al,

influence the structure of the soil microbiome (Philippot et al., 2023;
Zhang et al.,, 2023), whereas plants can regulate microbial activity and
community composition in the rhizosphere through the secretion of
root exudates or bioactive molecules (Dhungana et al, 2023).
Compared with adjacent secondary forests, artificial forests can alter
the availability of soil nutrients due to changes in the quantity and
quality of plant material entering the soil via root exudates and leaf
litter, which always cause alterations in soil microbial communities
and thus may further affect plant-soil-microbe interactions (Chen
et al., 2019; Spitzer et al., 2021). For example, Chen et al. (2019)
compared the composition of nitrogen-fixing microorganisms in soils
planted with legumes and non-legumes and found that the abundance
of diazotrophs in the soil with legume (Acacia mangium) plantations
was greater than that in the soil of non-legume (Pinus massoniana)
plantations.

Soil metabolites from soil organic matter, plant tissues, soil
animals, and microorganisms play crucial roles in regulating many
processes, such as microbial activities (Cheng et al., 2022). These
metabolites serve as sources of energy and nutrients for
microorganisms and regulate microbial growth, function, and
diversity (Bietal., 2021; Hao et al., 2022). Bi et al. (2021) reported that
plants release certain fatty acids and secondary metabolites (such as
diterpenoids) to regulate bacterial and fungal community
composition. Variations in the chemical phenotypes of roots among
tree species can modify the responses exhibited by rhizosphere
microbes, ultimately demonstrating a conditioning effect of plants on
soil chemical composition (Mueller et al., 2020). Soil metabolomics,
an emerging and powerful technology, provides insights into the
coupling of organic/inorganic compounds and soil microbial
communities (Song et al., 2020). However, regarding the reforestation
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approach, the mechanisms of how different restoration approaches
affect the microbial community, particularly the relationships among
the root traits, soil physicochemical properties, soil metabolites, and
soil microbial community structure in different forest restoration
approaches, have yet to be thoroughly explored. Therefore, combining
the analysis of microbial community composition with the
composition and functional metabolic pathways of soil metabolites
could provide a more comprehensive understanding of intricate
biological processes in soil (Morton et al., 2019). This integration of
knowledge is crucial for informed decision-making in the ecological
restoration of damaged ecosystems.

Therefore, the main objectives of the present study were: (a) to
clarify the effects of different reforestation approaches on root traits,
soil physicochemical properties, soil metabolites, and microbial
communities, to examine the interaction patterns of plant-soil
microbes using a reforestation approach; and (b) to determine the
relative importance of soil physicochemical properties and metabolites
in shaping the microbial community under different reforestation
approaches. This study provides new insights into the systematic
coupling of soil metabolomics and microbial communities during
forest reforestation.

2 Materials and methods
2.1 Sampling site and sampling

This study was carried out at the Maoxian Mountain Ecosystem
Research Station (103°54” E, 31°42" N), Chinese Academy of Sciences,
in Sichuan Province, located on the eastern edge of the Tibetan
Plateau, which has an annual precipitation of 850 mm and a mean
annual temperature of 9.3°C, with Calcic Luvisol soil type according
to the TUSS Working Group (WRB, 2006). The natural forest in the
area was felled on a large scale from the 1940s to the 1980s (Wang
etal,, 2016). Reforestation was conducted to develop plantations in the
1980s, with approximately 60% of the land in the area. Four
reforestation approaches were applied to the degraded region. One
approach was natural reforestation (NR) and the other three were
artificial plantations of evergreen coniferous tree spruce (Picea
asperata Mast.) with a shallow root system, pine (Pinus tabuliformis
Carriére) with a deep root system, and broad-leaved deciduous tree
katsura (Cecidiphyllum japonicum Sieb. and Zucc.), which is an
important ecological and economic tree species designed for
formonoculture plantations (Hu et al., 2016). The dominant species of
naturally regenerating forests are the broad-leaved deciduous trees
Quercus aliena Blume and Corylopsis willmottiae Rehd. and Wils,
Berberis candidula Jytte and the bamboo Fargesia nitida (Mitford ex
Stapf) Keng f. ex T. P. Yi (GRIN). The forest sites have not received any
management since planting, although they are frequently disturbed by
the extraction of Chinese medicinal plants and wild mushrooms in
the spring.

In August 2022, three field plots (20 m x 20 m) were selected
within each reforestation approach, and each field plot was
approximately 40 m from the adjacent plot. Field sampling was
conducted in three 1 m x 1 m subplots, randomly selected from each
plot. To avoid the disturbance of dead roots, the subplots were at least
0.8 m from any stumps. Each subplot sample was collected with five
soil cores (20 cm in depth, 7 cm in diameter) from depths of 0-20 cm
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(topsoil) and 40-60 cm (subsoil) and mixed into one composite
sample. Roots in each sample were separated from the soil by sieving
through a 5-mm mesh and stored at 4°C after washing with tap water.

In total, 24 soil samples (3 replicates x 4 four reforestation
approaches x 2 soil layers) were obtained. Each soil sample was sieved
(<2 mm) and divided into three portions: one portion was stored at
—20°C for DNA extraction, one was stored at 4°C for analysis of
air-dried for soil

microbial biomass, and the other was

physicochemical analysis.

2.2 Analysis of soil physicochemical
properties

Soil pH was determined in a 1:2.5 soil:water suspension. The
air-dried soil samples (passed through a 0.15-mm sieve) were used for
chemical characterization and soil organic carbon (SOC) and total
nitrogen (TN) contents were assayed using a vario MACRO cube CN
Elemental analyzer (Elementar Analysensysteme, Langenselbold
Germany) (Wang et al., 2016). The concentrations of dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON) in the extracted
solution were determined using a total organic carbon (TOC) analyzer
(Shimadzu TOC-VCSH/TN, Kyoto, Japan). Available phosphorus
(AP) in the soil was estimated using the Olsen method (Olsen, 1954)
and was determined by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES). Soil microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN) were determined using the
fumigation extraction method (Vance et al., 1987) and calculated
using the formula: MBC (or MBN) = Fc (or Fn)/ke (or Kn), where Fc
(or Fn) = [C (or N) evolved from fumigated soil - C (or N) evolved
from non-fumigated soil]; and kc=0.45 (kn=0.54) that is the
proportion of obtained microbial C (or N) in the total biomass C (or
N). The units of MBC, Fc, CO,-C and MBN were all in pg C or N
g ! soil.

2.3 Root morphology measurements

Roots were placed in a thin layer of water on a glass container
without overlapping and scanned at a resolution of 600 dpi using a
flatbed scanner (Epson Expression 1200XL). Following scanning, the
roots were oven-dried at 65°C for at least 48 h and weighed to obtain
their dry mass. Scanned images of the roots were analyzed using the
WinRHIZO professional root analysis system (Pro 2016a version,
Regen Instruments, Canada), which was used to measure root length,
surface area, average diameter, and volume. Four root traits were used
for analysis: average diameter (AD), specific root length (SRL) = root
length/dry weight (cm/g), specific root surface area (SRA) = surface
area/dry weight (cm?/g), and root tissue density (RTD) = dry weight/
volume (g/cm?).

2.4 Microbial community analyses

Soil DNA was extracted using an EZNATM Omega Mag-bind Soil
DNA kit (OMEGA, USA). DNA concentration and quality were
evaluated using a NanoDrop Spectrophotometer (Thermo Fisher
Scientific, USA) and electrophoresis on 1% (w/v) agarose gel. Primers
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338F-806R (Cui et al., 2017) for bacteria and ITS1F-ITS2 (Jiang et al.,
2017) for fungi were used for the amplification. Specific methods for
PCR amplification and final sequencing are described in detail in
Supplementary material (Text 1). All raw sequences were deposited at
the National Microbiology Data Center (NMDC) with accession
numbers NMDC 40055004-40,055,027 for
NMDC40055028-NMDC 40055051 for fungi.

bacteria and

2.5 Untargeted metabolomic analysis

0.2 g soil were extracted with 600 pL MeOH containing 4 mg/mL
2-amino-3-(2-chloro-phenyl)-propionic acid (Vasilev et al., 2016).
The mixture was then placed in a tissue grinder for 90 s at 60 Hz and
sonicated for 30 min at room temperature and 30 min on ice. After
that, the mixture was centrifuged at 12,000 rpm for 10 min at 4°C, and
the supernatant was filtered through a 0.22-pm membrane. The
untargeted metabolome was analyzed by Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China) using UHPLC-Q-Exactive
MS/MS analysis. Liquid chromatography was performed using a
Vanquish UHPLC System (Thermo Fisher Scientific, USA).
Chromatographic separation was carried out using an ACQUITY
UPLC ® HSS T3 (150 x 2.1 mm, 1.8 pm) (Waters, Milford, MA, USA),
maintained at a temperature of 40°C. The mobile phases consisted of
(A) 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B). The flow rate was set to 0.25 mL/min. The elution gradient was as
follows: 0-1 min, 2% B2; 1-9 min, 2-50% B2; 9-12 min, 50-98% B2;
12-13.5 min, 98% B2; 13.5-14 min, 98-2% B2; 14-20 min, 2% B2
(Zelena et al., 2009). Q Exactive mass spectrometer (Thermo Fisher
Scientific, USA) was used for mass spectrometric detection
of metabolites.

2.6 Statistical analyses

SPSS version 24 was used to calculate descriptive statistical
parameters. Soil physicochemical properties, root traits, microbial
diversity index (Shannon and Chaol), and taxonomic composition
were compared by one-way analysis of variance (ANOVA) with
Duncan’s multiple range test. The relative importance of reforestation
and soil layer in explaining the variation in environmental variables
and microbial community was evaluated using two-way ANOVA. The
microbial structure was visualized using principal coordinate analysis
(PCoA) of Bray—Curtis distances. Linear discriminant analysis (LDA)
effect size (LefSe) was conducted to identify the biomarkers from the
phylum to genus level between any artificial plantations and NR and
the filter value of the LDA Score to 3.5 (Segata et al., 2011). The effects
of soil physicochemical properties and root traits on the soil microbial
community were tested using redundancy analysis (RDA) and the
function “envfit” in the vegan package. PERMANOVA was conducted
to test the differences in beta diversity among the four reforestation
approaches using the “adonis” function in “vegan” (Anderson, 2006).
Differentially expressed metabolites (DEMs) between any artificial
plantation and NR were defined as those with variable importance in
projection (VIP) > 1.0, p-value <0.05, in orthogonal partial least
squares analysis (OPLS-DA). The expression of the top 20 DEMs
between any artificial plantation and NR is shown using a heatmap. A
metabolic pathway with an impact value higher than 0.06 and a
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p-value less than 0.05 is characterized as significantly relevant.
Spearman’s correlation coefficients were applied to reveal the
correlations between microbial community composition (phylum
level), soil properties, and root traits in the R vegan package. The
co-occurrence network was employed to explore the associations
between soil microbial community structure and soil metabolite
profiles. Spearman’s rank correlation coefficients (rs) in the
co-occurrence network were considered statistically significant if
|r] > 0.7 and p < 0.05, as these criteria indicate a strong statistical
correlation. To identify the key drivers controlling soil microbial
communities, a partial least squares path model (PLS-PM) was used
to further reveal the direct and indirect effects of plant roots, soil
physicochemical properties, and soil metabolites on soil microbial
community (Bi et al., 2021). PLS-PM was performed by using
“innerplot” function of the “plspm” package in R (Sanchez, 2013).

3 Results

3.1 Soil physicochemical properties and
root traits

According to the association analysis (Table 1), the soil layer
significantly affected all the tested soil physicochemical properties; for
example, all the nutrient values, except pH, were lower in the subsoil
than in the topsoil. The reforestation approach and its interaction with
the soil layer exerted significant effects (p < 0.001) on SOC, TN, DOC,
and AP concentrations. The data in Table 1 also revealed that root
traits (SRL and SRA) were significantly influenced by both
reforestation and soil layers. The comparative analysis (Figure 1)
demonstrated that the contents of SOC, TN, and AP in the topsoil
showed the same tendency of spruce > katsura > NR > pine forest,
while the contents of DOC, DON, and root traits SRL, SRA, and RTD
varied according to the plantation approach. In detail, the contents of
DOC in katsura and DON in pine were significantly lower (p < 0.05)
than those in NR topsoil, while pine forests had significantly lower
MBC and MBN contents than NR in the subsoil. Soil pH was lower in
spruce than in NR in both the topsoil and subsoil. Katsura forest had
significantly higher SRL, SRA, and RTD than NR in the topsoil
(Figure 1). There were no significant differences in root characteristics
among the different reforestation approaches in the subsoil. Soil SOC,
TN, AP, and MBC decreased with increasing soil depth at all
reforestations. SRL and SRA values of katsura decreased with
increasing soil depth.

3.2 Composition of the bacterial and fungal
community

16S rRNA and ITS gene sequencing yielded 1,372,987 and
1,866,942 effective reads after quality control, ranging from 45,626 to
110,178 reads per sample. As shown in Table 1, association analysis
showed that species richness (Chaol values) and diversity (Shannon
index) of both bacterial and fungal communities were significantly
associated with reforestation approaches and soil layers. However, the
interactive effect of the reforestation approach and soil layer only
significantly affected the fungal diversity (Table 1). In a comparison of
the topsoils from the tested reforestation approaches (Table 2), NR
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and katsura forests presented similar Chaol and Shannon indices of
bacteria that were significantly greater (p < 0.05) than those in pine
and spruce reforestation, whereas the latter two shared similar values.
For fungi in topsoils, the Chaol and Shannon indices showed the
following trend: katsura > NR > spruce > pine and katsura > NR > pine
> spruce (p < 0.05) (Table 2). In the subsoils, the Chaol index for
bacteria presented a similar tendency to that in topsoils: similar values
in katsura and NR, which were significantly greater than those of
spruce and pine reforestations, but similar Shannon indices were
detected among all four reforestation approaches. For fungi, the
Chaol index was the highest in katsura forestry, which differed
significantly from that in NR. In comparison between the two soil
layers, the Chaol and Shannon indices of bacteria in subsoils were
significantly lower than that in topsoil for the four reforestation
approaches, except for the Shannon value in NR. Fungal Chaol and
Shannon indices in katsura and NR and fungal Chaol in pine forests
were also significantly lower in the subsoil than in the topsoil.

In total, 44 and 11 phyla were identified in the bacterial and fungal
sequences, respectively. The dominant bacterial phyla across all soil
samples were Proteobacteria (29.78%), Actinobacteria (17.74%),
Acidobacteria (17.19%), Chloroflexi (11.25%), and Verrucomicrobia
(5.26%), which accounted for more than 81% of all sequences
(Figure 2). The dominant fungal phyla were Basidiomycota (53.96%)
and Ascomycota (35.27%). The relative abundance of Proteobacteria
in the spruce and pine topsoils was enhanced by 70.37 and 58.87%,
respectively, whereas the relative abundance of Actinobacteria,
Chloroflexi, Gemmatimonadetes, and Bacteroidetes was significantly
reduced compared with NR and katsura. The relative abundance of
Basidiomycota was 365.17 and 374.90% higher in spruce and pine
topsoil, respectively, while the relative abundance of Ascomycota was
significantly reduced compared to NR. The relative abundance of
Ascomycota and Mucoromycota was 3.09 and 7.39 times higher in
spruce and pine subsoils than that in NR. The relative abundances of
Chloroflexi,
Basidiomycota and Ascomycota were altered by the reforestation

Proteobacteria, Verrucomicrobia, Bacteroidetes,
approach, soil layer, and the interactive effect of the reforestation
approach and soil layer (Table 1). PCoA results indicated that the top
two main axes of the bacterial and fungal community structure
explained 32.44-59.78% of the variation (Figures 2C-F). The
compositions of the bacterial and fungal communities of NR were
clearly separated from those of the artificial plantations in the topsoil
and subsoil, and the fungal communities of the artificial plantations
were distinct from each other. PERMANOVA further revealed that
reforestation approaches significantly affected the bacterial and fungal
community structures, regardless of the soil layer collected. Bacterial
and fungal structures were affected by the soil layer
(Supplementary Figure S1).

LefSe analysis was used to determine the taxa that could best
characterize each biological class. As shown on Figure 3, 60 and 18
bacterial taxa and 47 and 30 fungal taxa were significantly different
between the topsoil and subsoil, respectively. There were 45
biomarkers in NR, 6 biomarkers in spruce, 6 biomarkers in pine and
3 biomarkers in katsura in the topsoil. At the phylum level, NR topsoil
microorganisms were mainly enriched in Actinobacteria and
Firmicutes, including Bacilli (class), Solirubrobacterales (order), and
(order). (phylum),
Alphaproteobacteria (class), and Actinobacteria (class) were the most

Pseudonocardiales Proteobacteria

significantly enriched taxa in the spruce, pine, and katsura topsoil,
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TABLE 1 Association probability (P) values among the reforestation approach and soil layer and soil properties, root trait and microbial characteristics.

Reforestation approach Soil layer Reforestation approach * Soil
layer
F P F P
Soil characteristics
Nelo 43.022 <0.001 536.522 <0.001 24299 <0.001
N 24.245 <0.001 234.747 <0.001 10.360 <0.001
DOC 9.371 0.001 47.372 <0.001 12.568 <0.001
DON 2.509 0.096 40.549 <0.001 3.309 0.047
AP 29.085 <0.001 158.757 <0.001 30.325 <0.001
MBC 0.392 0.760 317.882 <0.001 1.293 0.311
MBN 2244 0.123 31.520 <0.001 0.424 0.739
pH 8.635 0.001 13.519 <0.001 0.360 0.783
Root trait
SRL 5.447 0.009 8.886 0.009 7.033 0.003
SRA 5.335 0.010 4.862 0.042 3.920 0.028
RTD 7.275 0.003 0.360 0.557 0.444 0.725
AD 0.754 0.536 2.436 0.138 0.278 0.840
Bacterial characteristics
Chaol 8.621 0.001 24.176 <0.001 1.134 0.365
Shannon 6.119 0.006 25.093 <0.001 0.302 0.823
Proteobacteria 6.791 0.004 28.620 <0.001 16.496 <0.001
Actinobacteria 8.747 0.001 23.370 <0.001 0.690 0.571
Acidobacteria 9.154 0.001 0.461 0.507 1.009 0.415
Chloroflexi 8.918 0.001 40.069 <0.001 13.064 <0.001
Verrucomicrobia 3.430 0.042 13.064 <0.001 13.064 <0.001
Rokubacteria 0.556 0.651 84.590 <0.001 0.876 0.474
Gemmatimonadetes 11.262 <0.001 0.599 0.450 3.201 0.052
Firmicutes 6.414 0.005 12.106 0.003 3.144 0.054
Planctomycetes 0.144 0.932 1.253 0.279 1.804 0.187
Bacteroidetes 6.354 0.005 13.671 0.002 3.844 0.030
Fungal characteristics
Chaol 35.480 <0.001 73.192 <0.001 0.813 0.505
Shannon 18.467 <0.001 14.426 0.002 6.781 0.004
Basidiomycota 21.978 <0.001 4.502 0.050 21.090 <0.001
Ascomycota 15.689 <0.001 16.928 0.001 16.299 <0.001
Mortierellomycota 5.440 0.009 13.825 0.002 2.479 0.098

p values <0.05 are highlighted in bold.

respectively (Supplementary Figure S2A). In the subsoil, the identified
biomarkers included Ktedonobacteraceae and Nitrospira for spruce,
Thermoleophilia for pine, and JG30_KF_AS9 for kasura in the
artificial plantations compared to NR (Supplementary Figure S2C).
Among the fungi, spruce and pine topsoils significantly increased the
abundance of the Tricholomataceae (family) and Basidiomycota
(phylum). The most prominent indicators were Sordariomycetes
(class) and Pleosporales (order) in katsura and NR topsoils,
respectively (Supplementary Figure S2B). NR subsoil was significantly
enriched with Boletaceae (family), which differed from that of the
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artificial plantations. Soil bacterial and fungal networks were
generated in the reforestation soils (Figure 4).

Topological properties showed distinguishing differences in taxa
correlations between the artificial plantations and NR
(Supplementary Table S1). The degree and modularity based on 16S
rRNA and ITS genes in katsura soils were higher than those in spruce
and pine soils. Additionally, significant differences in keystone taxa
(genera) were observed between artificial plantations and NR in the
comparison group for the bacterial-fungal networks (Figure 4). The
structural properties of the network were greater in NR than in the
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FIGURE 1
Comparative analysis of soil physicochemical property and root traits in the reforestation approaches corresponding to Spruce, Pine, Katsura, and NR. (A) SOC,
soil organic carbon; (B) TN, total nitrogen; (C) DOC, dissolved organic carbon; (D) DON, dissolved organic nitrogen; (E) AP, available phosphorus; (F) MBC,
microbial biomass carbon; (G) MBN, microbial biomass nitrogen; (H) pH; (I) SRL, specific root length; (J) SRA, specific root surface area; (K) RTD, root tissue
density; (L) AD, average diameter. Values followed by the same letter are not significantly different between reforestation approaches at p < 0.05. Asterisk
represents significant difference between soil layers within the same reforestation approach (p < 0.05). Values are means + S.E.

TABLE 2 Shannon diversity, Chaol richness, and coverage of bacterial and fungal communities.

Layers Treatments Bacteria Fungi
Shannon Coverage Shannon Coverage
(%) (%)
Topsoil Spruce 4072.76 + 230.97b 10.66 + 0.11b 99.06 + 0.18 375.13 + 12.01b 3.56 +0.25d 99.97 +0.01
Pine 3903.34 + 268.13b 10.46 + 0.12b 99.04%0.13 263.29 +9.78¢ 421+0.22c 99.99 = 0.00
Katsura 5067.91 + 280.14a 11.12 +0.15a 98.50 = 0.16 608.98 + 36.24a 6.44+0.17a 99.97 +0.01
NR 5007.3295 + 62.92a 1115 +0.17a 98.59 +0.07 400.51 + 16.33b 5.63 +0.04b 99.99 +0.00
Subsoil Spruce 3267.44 + 39.18ab* 9.6 +0.11a* 99.57 % 0.27 238.33 + 56.94b 4.39 +0.35ab 99.99 = 0.00
Pine 1812.38 + 654.52b* 9.45 + 0.52* 99.08 % 0.05 57.54 + 13.05¢* 3.16 £ 0.63b 99.99 = 0.00
Katsura 4032.38 + 176.4a* 10.47 + 0.11a* 98.7 £ 0.06 380.5 + 44.1a* 5.05 + 0.14a* 99.99 +0.00
NR 3762.23 + 663.19a 1037 + 0.41a 99.01 % 0.29 180.65 + 37bc* 3.97 + 0.24ab* 100.00 £ 0.00

Values followed by the same letter are not significantly different between reforestation approaches at p < 0.05. *Asterisk represents values significantly lower than the corresponding values in
topsoil in the same reforestation approach (p < 0.05).

artificial plantations in both the topsoil and subsoil, indicating more ~ 3.3 Soil metabolite characteristics

connections and closer relationships of bacterial and fungal taxa

under NR. The structural properties of the network were greater in the In total, 263 metabolites were detected in the samples from the
topsoils than in the subsoils for all four reforestation approaches,  four reforestation approaches by nontargeted metabolomic analysis.
indicating more connections and closer relationships of bacterialand =~ The PCoA results (Supplementary Figure S3) revealed no significant
fungal taxa in the topsoils. difference in the soil metabolite profiles among the four reforestation
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FIGURE 2
Relative abundances of the dominant bacterial (A) and fungal (B) phyla in soils of different reforestation approaches. Principal coordinate analysis
(PCoA) illustrating changes in bacterial (C,D) and fungal (E,F) community structure in topsoil and subsoil.

approaches in both topsoils and subsoils. PERMANOVA further
revealed that the soil metabolism spectrum was not considerably
altered in response to reforestation (Supplementary Figure S3). The
OPLS-DA models were effective and could be used to screen for
differentially metabolites (DEMs)
(Supplementary Figure S4), which differed between the artificial
plantations and the NR. The number of DEMs between each artificial
plantation approach and NR presented in the volcano plots

expressed

(Supplementary Figure S5) clearly showed that the downregulated
DEMs were much more abundant than the upregulated ones for all
three artificial plantations in both soil layers (detailed data in
Figure 5).

PLS-DA results showed clear metabolite separation between the
artificial plantations and NR (Figures 5A-F). Compared with that in
the corresponding NR samples, 50 and 64 DEMs (6 and 11
upregulated, 44 and 53 downregulated) in the artificial planted spruce
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forest, 54 and 39 DEMs (12 and 2 upregulated, 42 and 37
downregulated) in the pine forest, and 32 and 24 DEMs (5 and 3
upregulated, 27 and 21 downregulated) in the katsura forest were
identified in the topsoil and subsoil, respectively, using the OPLS-DA
model (Figures 5A-F). The most enriched DEMs were fatty acyls in
the topsoil of the artificial plantations in comparison with NR group
(Figures 5G-I). In the subsoil, carboxylic acids and derivatives,
phenols, and fatty acyls were the main DEM:s for all the three artificial
plantations compared with the NR ecosystem (Figures 5]-L). Among
the top 20 DEMs in spruce, pine, and katsura forests 2-5 upregulated
DEMs the  topsoil presented
(Supplementary Figure 56). According to the threshold conditions of

in and subsoil  were
impact values, more than 0.06 and p-value less than 0.05, differential
metabolic pathways were identified for the artificial plantations versus
NR. Artificial plantations mainly influenced the metabolite contents

in linoleic acid metabolism and valine, leucine, and isoleucine
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FIGURE 3
LefSe analysis of soil bacterial (A,C) and fungal (B,D) community structure in topsoil and subsoil between different reforestation approaches.
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A co-occurrence network of the abundant bacterial taxa (A—D) and fungal taxa (E—H) in soils of spruce, pine, katsura, and NR, respectively. The node
size represented the degree in the network. Only significant Spearman’s correlation coefficients (|r| > 0.7 and p < 0.05) are shown. The red lines
indicate positive correlations and the green lines indicate negative correlations. The nodes were colored by phylum.

biosynthesis, compared with NR (Supplementary Figure S7). Tyrosine
metabolism was only identified in the DEMs of spruce-NR, whereas
glycine, serine, and threonine metabolism were only detected in the
pine-NR and katsura-NR comparison group.

3.4 Relationships between soil
physicochemical properties-metabolites
and microbial communities

Correlation tests associated the main bacterial and fungal phyla
with the soil physicochemical properties and root traits
(Supplementary Figure S8) showed that SOC, TN, and MBC
concentrations were significantly correlated with Proteobacteria,
Chloroflexi, and Rokubacteria; SAL was significantly related to
Actinobacteria and Bacteroidetes; DON, AP, and MBN concentrations
and RTD were significantly correlated with the dominant fungal phyla
Ascomycota. From the Bray-Curtis distances, RDA was used to
identify the effects of soil physicochemical properties on bacterial and
fungal community structures (Figure 6). RDA showed that SRL, DON,
AP, and MBN significantly affected bacterial community composition
(Envift analysis; p < 0.05), in which AP was the strongest determinant
of fungal community composition. AP, SRL, TN, DON, MBC, and
MBN were significantly correlated (Envift analysis; p < 0.05) with
changes in fungal community structures (Figures 6C,D).

Co-occurrence networks were built between the significantly
impacted microbial taxa and DEMs (Figures 6E,F). A greater density was
found between the microbial taxa and metabolites in the topsoil than in
the subsoil. Fungi predominantly connected the network in the topsoil,
whereas bacteria were predominant in the subsoil. Alphaproteobacteria
and Cercophora were the core bacterial and fungal responders, and

Frontiers in Microbiology

13-L-hydroperoxylinoleic acid, 13-S-hydroxyoctadecadienoic acid, and
homovanillin (downregulated in artificial plantation - NR comparison
group) were prominent metabolite responders that negatively
co-occurred with Alphaproteobacteria and positively co-occurred with
Cercophora in topsoil (Figure 6E; Supplementary Table 52). Acidothermus
and Orbiliomycetes were the core bacterial and fungal responders in
subsoil. 9,10-epoxyoctadecenoic acid in the subsoil of artificial plantation
NR was the prominent metabolite responder that positively co-occurred
with fungi in the order Boletales.

PLS-PM revealed that plant species had a significantly positive
effect (p < 0.05) on soil physicochemical properties and exhibited a
direct and significant positive correlation with the bacterial
community in the topsoil (Figure 7). Conversely, there was a
significant negative correlation between the soil physicochemical
properties and the fungal community in the topsoil. Plant roots and
soil metabolites had no significant direct effect on the microbial
community in the topsoil. In the subsoil, plant roots directly and
significantly positively affected soil physicochemical properties and
fungal communities. Soil physicochemical properties had a
significantly negative impact on the bacterial communities in
the subsoil.

4 Discussion

4.1 Variation in soil physicochemical
properties among the reforestation
approaches

Previously, it was reported that reforestation could improve soil
properties, but different stand forests have discrete impacts on the soil
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FIGURE 5
OPLS-DA analysis of metabolites between artificial plantations and NR in topsoil (A—C) and subsoil (D—F). Differential metabolite classification statistics
between artificial plantations and NR in topsoil (G-1) and subsoil (J-L).

environment (He et al., 2021). Our results in the present study offer
some novel information by comparing three artificial and natural
reforestation approaches. The detection of varied nutrient (SOC, TN,
DOC, and AP) concentrations in soils among the different
reforestation approaches (Table 1) was consistent with that reported
by He et al. (2021). The lower contents of SOC, TN, and AP in the pine
forest than in the NR forest confirmed the findings of Zheng et al.
(2005). However, the greater contents of SOC, TN, and AP in the
topsoil of spruce and katsura plantations than those in NR (Figure 1)
demonstrate that these artificially planted trees have improved soil
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fertility. Therefore, soil property improvement in the reforestation
areas is a tree species-dependent procedure, which can affect the soil
nutrient cycle and transformation process mainly through litter input
and root activity (Hobbie, 2015; Angst et al., 2019).

The distinct characteristics of plant litter, including C/N and lignin/N
ratios, directly affect the decomposition rate and soil inputs (Krishna and
Mohan, 2017; Yang et al., 2022). Therefore, in the present study, the lower
soil nutrients in pine forests may be related to the slower decomposition
rates of pine needle litter than those of broad-leaved tree and shrub
species (Li et al., 2009) since pine needle litter presents poorer quality,
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such as lower N concentration, higher C/N ratio, and greater lignin
content. The lower SOC, TN, AP, and MBC concentrations in the subsoil
than in the topsoil for all reforestation forests (Figure 1) are consistent
with the conclusions of previous studies, such as He et al. (2021). Subsoil
properties are also linked to root traits and diverse litterfalls of plants, as
well as humus derived from plant residues (Zhu et al., 2020).
Differences in soil microbial community among the reforestation
approaches Consistent with previous results (Wu et al., 2023; Zhang
et al., 2023), the dominant bacterial phyla of the four reforestation
approaches in the present study were Proteobacteria, Actinobacteria,
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and Acidobacteria, with variations in abundance. The significant
differences in the diversity and composition of the bacterial and fungal
communities revealed by LefSe (Figure 3) and PCoA (Figure 2) among
the four reforestation approaches were consistent with the results of
previous studies (Oria-de-Rueda et al., 2010; Yang et al.,, 2020). This
might be due to the fact that different plant species result in different
rhizosphere effects and rates of litter decomposition and nutrient
release, which directly or indirectly enrich or deplete some specific
microorganisms (Berg and Smalla, 2009; Vezzani et al., 2018; Xu et al.,
2023). In the present study, the significant enrichment of Actinobacteria
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and Ascomycota in NR and katsura topsoils and of Proteobacteria
(including Alphaproteobacteria) and Basidiomycota in spruce and pine
topsoils (Figures 2A,B) might provide evidence for the effects of plant
litter on soil microbial communities. In general, the litter of broad-
leaved trees in the NR and katsura forests presented a lower C/N ratio
and lignin content but greater cellulose content compared with that of
the coniferous forests (spruce and pine). Members of Actinobacteria
and Ascomycota are well-known degraders of cellulose. In addition,
many members of Actinobacteria are plant growth-promoting bacteria
that improve the availability of nutrients and minerals, synthesize plant
growth regulators, and inhibit phytopathogens (Franco-Correa and
Chavarro-Anzola, 2016). Corresponding to the high C/N ratio and
high content of lignin (lignocellulose) in coniferous litter,
Proteobacteria might be enriched in the topsoils of spruce and pine
forests based on their nitrogen-fixing ability, which plays a crucial role
in nitrogen recycling, which is beneficial for plant growth, yield, and
the quality of fruits and seeds (Zhang H. et al., 2022). Members of
fungal phylum Basidiomycota are well-known degraders of
lignocellulose, which might be the main reason why they are enriched
in spruce and pine topsoils. In subsoils, the microbial communities
seemed not to be related to the litter characteristics but were more
affected by the root systems in the four reforestation approaches since
some similar compositions were detected between the forests of spruce
and katsura and between the forests of NR and pine in both the
bacterial and fungal communities. Further comparative studies on root
exudates may explain the similarities in the soil microbial communities.

4.2 Soil metabolites and enriched
metabolic pathways in different
reforestation approaches

Metabolomics can reveal material cycling in soil and provide
crucial insights into soil quality (Liu et al., 2021). The biological
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functions and co-network interactions of soil metabolites vary
according to plant species and land use patterns (Mueller et al.,
20205 Yao et al., 2023). However, there is insufficient information
on soil metabolite fingerprints using different reforestation
approaches. Our soil metabolite analysis results clearly showed
that, in both soil layers, the artificial mono-plantations
downregulated the expression of most DEMs compared to NR
(Figure 5; Supplementary Figure S6). These differences might
be related to the effects of tree species (biodiversity) on soil
metabolites since four plant species were dominant in the NR
forest, while the artificial forests were dominated by mono-planted
species. Different plant species produce root exudates with distinct
quantities and qualities (El Zahar Haichar et al., 2014; Weinhold
et al., 2022), which directly form a part of the soil metabolites. In
addition, different organic compounds exist in the litter produced
by different plant species (Krishna and Mohan, 2017) and are
transformed into diverse soil metabolites by distinct microbial
degraders and microbial interactions (Figures 2—4). Higher plant
diversity under natural restoration conditions may increase root-
derived organic inputs, litter quality, and decomposition rates
(Eisenhauer et al., 2017; Zheng et al., 2021).

The DEMs between natural reforestation and artificial
plantation were fatty acyls, phenols, carboxylic acids, and
derivatives (Figures 5G-L), indicating that artificial plantations
were different from natural reforestation in the synthesis of
complex lipids, the defense mechanism of the plant and soil
phosphorus availability (Schefe et al., 2011; Mueller et al., 2020).
The contents of related metabolites in the linoleic acid metabolism
and valine, leucine, and isoleucine biosynthesis pathways were
mainly different in artificial plantations-NR
(Supplementary Figure S7). These differences may be attributed to
the fact that artificial plantations have shaped the microbial
community and regulated plant immunity, enhancing resistance to
biotic and abiotic stresses (Feng et al., 2023; Liu Y. et al., 2023).
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Previously, it has been reported that the content of
13-S-hydroxyoctadecadienoic acid in roots increased in respond
to the soil salinity (Li et al., 2023), while 13-L-hydroperoxylinoleic
acid was involved in metabolism of linoleic acid that caused
repelling of zoospores of the phytopathogen Phytophthora sojae in
soybean rhizosphere (Zhang Z. et al, 2022). Therefore, the
downregulation of prominent DEMs 13-L-hydroperoxylinoleic
acid and 13-S-hydroxyoctadecadienoic acid found in the present
study in artificial plantations compared with those in the NR forest
might imply a reduction of the disease and stress resistance

in forests.

4.3 Influence of soil metabolites and
physicochemical properties on microbial
communities

In the study area, forest soil is deficient in nitrogen and
phosphorus under natural conditions (Wu et al., 2012; Liu et al.,
2015). Our study showed that soil physicochemical properties and
root traits play important roles in regulating soil microbial
communities since soil physicochemical properties DON, AP, and
MBN, and root character SRL were the most important factors
significantly correlated with the structure of bacterial and fungal
communities (Figure 6). Meanwhile, the responds of dominant
bacterial and fungal taxa to the soil and root traits varied
(Supplementary Figure S8). In general, more soil characters
presented significant effects on soil bacterial and fungal
communities than the root traits, and bacterial community might
be more sensitive than the fungal communities to the variations in
both the soil and root traits (Supplementary Figure S8). The
significant positive correlation of the bacterial phyla Proteobacteria,
Actinorhizobia, Firmicutes and Bacteroidetes with contents of
various soil nutrients (C, N, P) might be related to the fact that
heterotrophic bacteria are dominant in these phyla. In addition,
the
Acidobacteria, and Verrucomicrobia with pH value demonstrated

significant negative correlation of Proteobacteria,
that most member in these phyla detected in the tested forestry
might be acidophilic, while the members of Gemmetimonadetes
involved in this study might be alkaliphilic as evidenced by its
significant correlation with pH value (Mucsi et al., 2024). Moreover,
the significant positive correlation of Actinorhizobia and
Bacteroidetes might imply their main association with fine roots
(Acharya et al., 2023). The significantly positive correlation of
fungal phylum Ascomycota with DON, AP, and MBN was
consistent with its adaption to high-N soils (Wu et al., 2021) and
high AP (Kuzikova and Medvedeva, 2023). While its significant
positive correlation with RTD might imply their association with
roots of the tested plants as mycorrhizal fungi and as endophytes
(Kyslynska et al., 2023). In contrast, the negative correlations of
Basidiomycota with RTD and of Mortierellomycota with MBC and
MBN might reflect their competition relationships with roots and
with other microbes (bacteria), respectively in the studied forests.

Our study also found that soil metabolites play an essential role in
the regulation of soil microbial communities. As prominent metabolite
acid,

responders, 13-L-hydroperoxylinoleic

13-S-hydroxyoctadecadienoic acid, homovanillin, and

9,10-epoxyoctadecenoic acid were strongly correlated with microbial
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taxa in the network (Figure 6). In terms of ecological functions,
13-L-hydroperoxylinoleic acid and 13-S-hydroxyoctadecadienoic acid
can also be classified as antistress metabolites that correlate with a
significant number of microbial taxa (Figure 6E), which is consistent
with the results of previous studies (Zhang Z. et al., 2022; Li et al., 2023).
PLS-PM results showed that vegetation types were the main factors
that drove the variation in microbial community since the plants could
have direct and indirect effects on the soil microbial community
through root effects and by regulating physicochemical properties in
the soil. The fine roots of trees are primarily distributed in the topsoil
(0-20-cm soil layer) (52-71%), which also presents a greater exudation
of live roots and decomposition of dead roots (Matamala et al., 2003;
Yang et al., 2018). The root effect might significantly affect the soil
metabolite spectrum, soil nutrients, and microenvironment, which in
turn causes further differences in soil microbial communities among
the tested reforestation approaches. Plants growing in environments
with limited nutrients employ root exudates as signals for soil microbes
involved in nutrient acquisition (Dakora and Phillips, 2002; Zhao et al.,
2021). We speculate that the roots in the subsoil interact more with
root-associated microorganisms, such as mycorrhizal fungi, to improve
nutrient acquisition in different reforestation approaches. Soil
metabolites play a crucial role in regulating interactions between
microorganisms and plants (Wang et al., 2019). In general, the
metabolism of rhizosphere soil is affected by plant roots more than the
bulk soil (Raaijmakers et al., 2009), which may be an important reason
for our finding that plant root traits had no significant effects on soil
metabolites. Our results revealed that some metabolite responders
were strongly correlated with microbial taxa, whereas soil metabolites
had no significant effects on soil bacterial and fungal communities. It
has been suggested that soil microorganisms are more sensitive to soil
nutrients and the microenvironment during forest restoration.

5 Conclusion

Our study investigated soil physicochemical properties,
metabolic profiles, microbial community composition, and diversity
between artificial plantations and NR. The results revealed that
the
physicochemical properties, metabolites, and microbial communities

artificial mono-plantation significantly changed soil
compared to NR. Soil physicochemical properties (such as DON,
AP, and MBN) were significantly correlated with dominant bacterial
and fungal taxa and significantly affected bacterial and fungal
communities in soil. In addition, plant root-mediated soil
physicochemical properties were the primary factors to explain the
variations in microbial communities among different reforestation
approaches. In general, the ensemble of soil metabolites was not
significantly affect the soil microbial community; however, several
metabolites,  such acid,

as  13-L-hydroperoxylinoleic

13-S-hydroxyoctadecadienoic ~ acid, = homovanillin,  and
9,10-epoxyoctadecenoic acid showed strong correlations with
differentially abundant microbial taxa. Therefore, the connection
between soil metabolomics and the microbial community is crucial
for understanding the interactions among plant, soil physicochemical
properties and soil microbes and for improving forecasts of forest
ecological restoration using a reforestation approach. Further
detailed exploration of the relationship between core metabolites

and soil microorganisms is needed.
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