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Abstract: Diversified soil microbiomes are the key drivers of carbon fixation and plant residue
decomposition in forest ecosystems. Revealing the elevation patterns of soil microbial carbon cycling
in forests is essential for utilization of forest ecological resources. However, the soil microbial diversity
and carbon cycle processes in Platycladus orientalis plantations across different elevations are still
unclear. Here, we established a gradient with three elevations (118 m, 300 m, and 505 m) on the Beijing
Ming Dynasty Tombs Forest Farm, which is located in Changping District, Beijing. The metagenomics
method was applied to study the soil microbiome, with a special focus on the carbon cycle process at
each elevation. We found the diversity and composition of the soil microbiomes significantly varied
across the elevation gradients. The structure of bacteria and archaea was mainly driven by soil total
potassium, pH and NH4*, but the eukaryota had no significant relationship with the environmental
factors. The relative abundance of genes involved in microbial carbon fixation and decomposition of
organic carbon were also significantly impacted by elevation, with the former showing increasing,
u-shaped, or hump trends with increasing elevation, but the latter only showing hump trends. The
rTCA cycle and 3-hydroxypropionate pathway were the dominant carbon fixation pathways in the
Platycladus orientalis plantations. The elevation gradient shaped the microbial decomposition of
plant-derived organic carbon by changing soil properties and, furthermore, led to soil organic carbon
stock losses. These findings increase our understanding of soil microbial diversity and the carbon
cycle across different elevations and provide a theoretical basis for the utilization of forest ecological
resources to promote carbon sequestration.
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1. Introduction

Forests that cover a large proportion of the land surface have been identified as the
largest carbon sink in terrestrial ecosystems [1-3]. Soil microorganisms are important com-
ponents in forest ecosystems and play key roles in carbon cycling [4,5]. The biogeochemical
cycling of soil elements is driven by the metabolic activity of microorganisms, which in-
clude the three domains of bacteria, archaea and eukaryota [6]. A large number of studies
have revealed that ecosystem functions in forests are supported by plant diversity, but the
importance of microbial diversity on multifunctionality has been relatively overlooked in
the past decades [7]. Considering the recent advances in understanding the microbial roles
in ecosystem functioning, the concept of the “forest microbiome” was recently proposed
and encompasses the total structure and function of microorganisms present in all com-
ponents of a forest ecosystem [8,9]. The composition and structure of soil microbiomes
can reflect the stability of a forest ecosystem and indicate changes in forest ecosystem
function [10]. Therefore, a better understanding of structure and function of complex forest
soil microbiomes can be conducive to maintaining and improving multi-functions and
services of forest ecosystems.
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The organic carbon stock in forest soils is derived from plant residues, deadwood,
rhizo-deposited carbon and microbial necromass [11]. The microbiomes play crucial roles in
soil carbon cycling by decomposition and transformation of organic matter in forest ecosys-
tems [12]. Soil microorganisms are the major decomposers of organic carbon stocks and
annually produce 60 Pg of CO; in the atmosphere [13]. On the other side, some autotrophic
bacteria and archaea also fix the CO, in the atmosphere into organic carbon forms to
support their growth [14-16]. Therefore, microbial carbon fixation also constitutes a source
of organic carbon pools, but it was traditionally neglected due to its small contribution [17].
Soil autotrophic microorganisms fix carbon through various pathways, including the Calvin
Benson cycle, reductive tricarboxylic cycle, 3-hydroxypropionate /4-hydroxybutyrate cycle,
3-hydroxypropionate cycle and Wood-Ljungdahl pathway, and can annually fix 0.5%—4.1%
of CO, and sequester 0.3-3.7 Pg of organic carbon [14]. However, the systematic overview
of how microbial carbon cycling pathways would affect soil organic carbon stock is still
incomplete, especially in forest ecosystems.

Elevation is one of the important factors that affects soil microbial diversity, commu-
nity structure and metabolic function by influencing soil physicochemical properties, soil
temperature and humidity, plant biomass, and local microclimate [18]. Although soil micro-
bial diversity and community composition changes across elevations have been extensively
studied, there are no consistent conclusions regarding changes in soil microbial communi-
ties and soil carbon cycling (including soil carbon fixation, carbon degradation and other
processes) across elevations [19]. Previous results showed that soil microbial diversity and
the dominant taxa varied, showing different trends, such as hump or u-shaped patterns,
and increasing or decreasing with increasing elevation [20-22]. This lack of consistency
in microbial responses to elevation may be caused by a combination of biotic and abiotic
factors such as the study site, vegetation type, vegetation cover status, litter inputs and soil
physicochemical properties. Therefore, conducting research on specific forest ecosystems
can lead to a better understanding of the impact of elevation changes on the structure and
function of soil microbial communities.

Platycladus orientalis (Oriental Arborvitae) is one of the dominant tree species in the
mountainous forest ecosystems of Beijing. The Platycladus orientalis plantation provides
multi-services, including drought resistance, wind break effects, air purification, and water
retention. Platycladus orientalis forests cover an area of about 1.48 x 10° hm? in Beijing, of
which the area of plantation is about 1.21 x 10° hm? [23-25]. Here, we used the Platycladus
orientalis plantation as a model system to investigate the structure and function of whole
microbiomes across three domains of life (bacteria, archaea and eukaryota) across the
elevation gradients (118 m, 300 m and 505 m). The microbial carbon cycling processes,
including two dimensions of autotrophic C-fixation, decomposition of plant-derived carbon
(cellobiose, cellulose, lignin, pectin and xylan) and microbial-derived carbon (peptidoglycan
and chitin), were investigated by using the metagenomic approach. The main objectives
of this study are to explore (i) how microbial diversity responds to elevation gradients in
Platycladus orientalis plantations; and (ii) whether the variations in microbial diversity and
function exert significant impacts on soil organic carbon stocks.

2. Materials and Methods
2.1. Site Description

We selected the Beijing Ming Dynasty Tombs Forest Farm (115°50'17"~116°29'49" E,
40°02'18"”~40°23/13" N) as the experimental site, which is located in Changping District,
Beijing, at the junction of Yanshan Mountain and Taihang Mountain, with a total area
of 8561.29 hm? [26]. This area has a temperate continental semi-humid and semi-arid
monsoon climate, with an average annual temperature of 11.5 °C, an annual precipitation
of 500-600 mm, and elevation ranging from 68.0 m to 954.2 m, with an average elevation of
400 m [27].
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2.2. Experimental Design

The field survey and sampling in the Platycladus orientalis plantations were conducted
in September 2023. Three elevations (118 m, 300 m and 505 m) were selected in the
Platycladus orientalis plantation on the Beijing Ming Dynasty Tombs Forest Farm. Four
replicated plots (20 m x 20 m) were set up at each elevation in an area with a relatively
consistent slope gradient and little disturbance from anthropogenic activities. The latitude,
longitude, slope, and aspect for each sample plot was collected using the Global Positioning
System (GPS). All tree species with a diameter at breast height (DBH) of more than 1 cm
within each sample plot were counted (Table 1). Three 5 x 5 m subplots were randomly
selected within each plot to conduct the shrub survey. Additionally, three 1 x 1 m subplots
were randomly selected within each plot for herb surveys. In each plot, five topsoil samples
(0-10 cm) were collected randomly and pooled to make one composite sample. Topsoil was
chosen because this research focused on the microbial turnover of plant litter (plant-derived
carbon), which is mainly distributed in the topsoil. After removing the rocks, roots, and
debris, the soil samples were passed through a 2 mm sieve. Each soil sample was divided
into two parts: one part was used for the soil chemical properties measurement and the
other part was frozen (—20 °C) for molecular analysis.

Table 1. Basic information of the Platycladus orientalis plantation sampling plots in the Beijing Ming
Dynasty Tombs Forest Farm.

Plot Number Elevation (m) Slope (°) Aspect = Mean Diameter at Breast Height (cm)  Stand Density (per/hm?)
A_100 118 26 NW 11.50 1350
B_300 300 26 NW 10.98 1375
C_500 505 27 NW 11.74 1375

Mean diameter at breast height (cm): The diameter at breast height (DBH) of each tree in the sampling plot was
measured during the survey and the average DBH was calculated.

2.3. Soil Properties Characterization

Soil organic carbon (SOC) was measured by the potassium dichromate volumetric method,
and soil total nitrogen (TN) was measured by the semi-micro Kjeldahl method [28,29]. Ammo-
nium N (NH4*-N) and NO3;~-N concentrations were measured by flow injection analy-
sis [6]. Soil microbial biomass carbon (SMBC) and soil microbial biomass nitrogen (SMBN)
were measured by chloroform fumigation and extraction methods [30]. Soil pH was mea-
sured by the potentiometric method. Soil total phosphorus (TP) and available phosphorus
(AP) were measured by the Mo-Sb colorimetric method [28]. Total potassium (TK) and
available potassium (AK) were determined by flame photometry [31].

2.4. Soil DNA Extraction

The DNA samples were extracted from 0.25 g of soil using the FastDNA®Spin Kit
for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the standard protocols. The
quality of these DNA samples (concentration and purity) was determined using Quantus
Fluorometer (Promega, Madison, WI, USA) and NanoDrop2000 (Thermo Fisher Scientific,
Waltham, MA, USA). The DNA samples were checked by electrophoresis in 1% agarose
gels and finally stored at —80 °C for the subsequent metagenomics analysis.

2.5. Metagenomic Sequencing

The DNA extracts were fragmented into small pieces (about 400 bp) using Covaris
M220 (Gene Company Limited, Shanghai, China). The paired-end libraries were con-
structed using NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters
containing the full complement of sequencing primer hybridization sites were ligated to
the blunt end of fragments. The paired-end metagenomic sequencing was conducted on
INlumina NovaSeq (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China) using NovaSeq 6000 S4 Reagent Kit (Illumina, CA, USA) v1.5
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(300 cycles) according to the manufacturer’s instructions. Finally, about 12 Gb of raw
sequences were yielded for each metagenomic sample.

2.6. Bioinformatics Analysis

The quality control of the raw metagenomic was performed by filtering those reads with
adapter contamination and low-quality bases (length < 50 bp or with a quality value < 20
or having N bases) in fastp (https://github.com/OpenGene/fastp/, accessed on 16 Oc-
tober 2023). The clean reads were individually assembled into contigs by using Megahit
with the default parameters [32]. The protein encoding genes in contigs were predicted
by Prodigal [33]. The non-redundant gene catalogs were generated by CD-HIT (http:
/ /www.bioinformatics.org/cd-hit/, accessed on 16 October 2023) with a sequence identity
threshold of 0.90 and alignment coverage of 0.9 [34]. High-quality reads were aligned to
the non-redundant gene catalogs to calculate gene abundance with 95% identity using
SOAPaligner (version 2.21) [35]. The non-redundant gene catalogs were aligned to the
NCBI-NR database using Diamond (http:/ /www.diamondsearch.org/index.php, version
0.8.35, accessed on 16 October 2023) [36] with an e-value cutoff of 1 x 10~° to obtain the
taxonomic profiles. The non-redundant gene catalogs were aligned to the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database and CAZy database using Diamond with the
e-value parameter at 1 x 107° [36]. The microbial genes involved in the decomposition of
plant-derived carbon (cellobiose, cellulose, lignin, pectin and xylan) and microbial-derived
carbon (peptidoglycan and chitin) were calculated based on a previous publication [37].
The key genes in carbon fixation pathways, which include the Calvin-Benson reductive
pentose phosphate cycle (CB cycle), reductive citric acid cycle (rTCA), reductive acetyl-CoA
pathway (Wood-Ljungdahl), 3-hydroxypropionate pathway and 3-hydroxypropionate /4-
hydroxybutyrate cycle (3HP/4HB), were used to assess the microbial carbon-fixing capacity,
according to a previous publication [38].

2.7. Statistical Analysis

The statistical analysis was performed in R (R version 4.1.2). The microbial diversity,
as indicated by the Shannon diversity index, was calculated using the diversity function in
the R package vegan. Principal coordinate analysis (PCoA) based on Bray—Curtis distances
was used to evaluate the variance of microbial community beta diversity, and the top
2 eigenvalues (the first and second axis) were selected for data visualization. Permutational
multivariate analysis of variance (PERMANOVA) was also applied to test the significance
of variance across the elevation gradients. Relationships between microbial carbon cycling
genes and soil chemical properties were analyzed using Spearman’s correlations. The
Mantel test was applied to investigate the impacts of environmental factors on microbial
beta diversity based on Bray—Curtis distances. Partial least squares path model analysis
(PLSPM) was performed to analyze the association between soil properties, biodiversity,
carbon fixation, carbon decomposition and soil organic carbon.

2.8. Data Availability

The metagenomic sequences from our Platycladus orientalis plantation samples have
been deposited in the NCBI Sequence Read Archive (SRA) database under the accession
number of Project PRINA1089939.

3. Results
3.1. Plant Community Diversity and Soil Physiochemical Properties

With the increase in elevation, the Shannon index of the herbaceous layer decreased
gradually, while the diversity of the shrub layer slightly increased, but not significantly
(p > 0.05, Table 2). The SOC and TN contents showed consistent trends with the increasing
elevation, and both were significantly higher at 500 m than those at 100 m and 300 m
(p <0.05). The NH4" and TK contents were increased at 300 m, and were significantly
higher than those at 100 m (p < 0.05). The soil TP reached the highest value at 500 m, and
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was significantly higher than the values at 100 m and 300 m (p < 0.05). The C:N ratio
decreased with increasing elevation, and was significantly higher at 100 m and 300 m than
that at 500 m (p < 0.05). In contrast, the N:P ratio increased with increasing elevation, and
was significantly higher at 300 m and 500 m than that at 100 m (p < 0.05). The pH first
decreased and then increased with the increasing elevation, and was significantly higher at
100 m than that at 300 m (p < 0.05). There were no significant changes in NO3;~, AK, AP,
C:P, SMBC and SMBN contents across different elevations (p > 0.05).

Table 2. Soil properties and plant species diversity of a Platycladus orientalis plantation at different

elevations.
Elevation/m 118 300 505

TN (g kgfl) 148 £0.16 b 1.65+0.05b 2.62 +0.27a
SOC (g kg_l) 175+2.18b 19.2 £096 b 26.4 +2.00a
TK (g kgfl) 189 +£0.05b 21.6 +£0.15a 21.2 +0.43 ab

TP (g kg_l) 0.36 = 0.02b 0.30 +£0.01b 043 +0.02a

AK (mg kgfl) 178 £9.87 a 207 +16.4 a 199 +£159a
AP (mg kgfl) 242 +0.50a 140+0.15a 2354+021a
C:N 11.8£0.32a 11.7 £0.30 a 102 +0.36b

CP 482 +4.53a 63.2 +5.03 a 61.7 =293 a

N:P 4.084+0.30b 540 +0.32a 6.09 £0.37 a
pH 745+ 0.05a 6.87 £ 0.04b 7.04 £0.15 ab

SMBC (mg kgfl) 462 154 a 390 £ 208 a 389 +112a
SMBC:SOC 0.03 £0.01 a 0.02+0.01a 0.01 4 0.004 a
SMBN (mg kgfl) 121+ 4.02a 11.2+201a 848 +2.21a
NH4*-N (mg kgfl) 2,61 £0.11b 6.44 + 0.60 a 445+ 0.14 ab
NO3;™-N (mg kgfl) 595+ 1.34a 343 +0.90a 721+1.18a
Herb Shannon 1.25+0.28a 1.12£0.13 a 0.88 £ 0.32a
Shrub Shannon 0.53 +0.21a 0.744+0.31a 0.73 +0.11a

TN: total nitrogen, SOC: soil organic carbon, TK: total potassium, AK: available potassium, TP: total phosphorus,
AP: available phosphorus, SMBC: soil microbial biomass carbon, SMBN: soil microbial biomass nitrogen. Different
letters indicate a significant difference between elevations (p < 0.05).

3.2. Diversity and Structure of Soil Microbial Communities

All biota «-diversity (total micro-biomes) and bacteria a-diversity firstly increased
and then decreased with the increasing elevation, but there were no significant differences
among different elevations (p > 0.05, Figure 1la,b). Archaea x-diversity and eukaryota
a-diversity peaked at 300 m. Archaea x-diversity increased by 15.14% from 100 m to 300 m
(p < 0.05, Figure 1c), and eukaryota x-diversity was 23.37% higher at 300 m in comparison
to the value at 100 m (p < 0.05, Figure 1d), while there were no significant differences in the
values between 500 m and 300 m or between 500 m and 100 m (p > 0.05, Figure 1d).

The composition of microbial communities showed significant differences among
the different elevations (Figure 2). In the bacteria community, the relative abundance
of Actinobacteria was significantly lower at 300 m than that at 100 m, while the relative
abundance of Proteobacteria and Acidobacteria firstly increased and then decreased with
the increasing elevation, and the relative abundance of Verrucomicrobia increased with
increasing elevation, with its abundance being significantly higher at 300 m and 500 m
than that at 100 m (p < 0.05, Figure 2a). As for the archaea community, the relative
abundance of Thaumarchaeota and Euryarchaeota was significantly lower at 300 m than
that at 100 m (p < 0.05, Figure 2b). In the eukaryotic community, the relative abundance
of Ascomycota, Mucoromycota, and Chordata firstly increased and then decreased with
increasing elevation; the relative abundances of Ascomycota and Mucoromycota were
significantly higher at 300 m compared to 100 m, while the relative abundance of Chordata
was significantly higher at 300 m and 500 m than at 100 m (p < 0.05, Figure 2c).
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Figure 1. Alpha diversity of soil microbial communities ((a) total micro-biomes; (b) bacteria; (c) ar-

chaea; (d) eukaryota) at different elevations. The diversity is indicated by the Shannon index. Different

letters indicate there was a significant difference between different elevations (p < 0.05).
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Figure 2. The relative abundance (RPKM) of soil microbial phylum levels ((a) bacteria community;

(b) archaea community; (c) eukaryota community) at different elevations. Different letters indicate a

significant difference between different elevations (p < 0.05). “RPKM” means “Reads Per Kilobase

per Million mapped reads”.

The community biodiversity of bacteria, archaea and eukaryota showed significant
variance across different elevations (p < 0.01). Across different elevations, the PCoAl and
PCoA2 explained 59% and 17%, respectively, of the variation in biodiversity structure
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(R?>=0.70, p = 0.001, Figure 3a); 57% and 18% of the variation in bacteria community
structure (R% = 0.70, p = 0.001, Figure 3b); 74% and 19% of the archaea community structure
variation (R? = 0.62, p = 0.004, Figure 3c); and 52% and 12% of the variation in the eukaryota
community structure (R? = 0.49, p = 0.001, Figure 3d).
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Figure 3. Shifts in soil microbial community beta diversity ((a) total micro-biomes; (b) bacteria;
(c) archaea; (d) eukaryota) at different elevations. The significance of variation across the different
elevations was tested by the PERMANOVA analysis.

The Mantel’s test showed that TK, pH, NH4 ", and TP were the environmental driving
factors that significantly affected total biodiversity and bacterial communities (p < 0.05,
Figure 4a,b). TK, pH, and NH,;* were the environmental driving factors that significantly
affected the archaea community (p < 0.05, Figure 4c), but the eukaryota community was
not significantly affected by the environmental factors (p > 0.05, Figure 4d).

3.3. Microbial Genetic Capacity for Carbon Fixation and Decomposition

The relative abundance of the Calvin cycle genes increased significantly with the
increasing elevation, and was significantly higher at 300 m and 500 m in comparison to the
levels at 100 m (p < 0.05, Figure 5a). The relative abundance of the 3HP /4HB pathway genes
had the lowest abundance at 300 m, which at 37.94%, was significantly reduced compared
to 100 m (p < 0.05, Figure 5b). The relative abundance of the 3-hydroxypropionate pathway
genes firstly increased and then decreased with the increasing elevation, and was 14.56%
and 10.47% higher at 300 m compared to 100 m and 500 m (p < 0.05, Figure 5c). The relative
abundance of rTCA cycle and W-L pathway genes firstly decreased and then increased
with the increasing elevation, but not significantly (p > 0.05, Figure 5d,e).
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Figure 4. Environmental drivers of microbial beta-biodiversity ((a) total micro-biomes; (b) bacteria;
(c) archaea; (d) eukaryota) in a Platycladus orientalis plantation. The Mantel test was applied to test
the significance of each environmental factor on microbial beta-biodiversity.
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Figure 5. Microbial carbon fixation pathways at different elevations. The key marker genes responsi-
ble for the Calvin cycle (a), 3HP /4HB (b), 3-hydroxypropionate (c), reductive citric acid cycle (rTCA)
(d) and Wood-Ljungdahl (e) pathways were used to assess the microbial capacity for carbon fixation.
Different letters indicate a significant difference between different elevations (p < 0.05).

The relative abundance of the microbial-derived carbon decomposition genes and
plant-derived carbon decomposition genes firstly increased and then decreased with in-
creasing elevation (Figure 6), with the former being significantly higher at 300 m than that
at 100 m and 500 m (p < 0.05, Figure 6a), and the latter being significantly higher at 300 m
than at 500 m (p < 0.05, Figure 6b).
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Figure 6. Genes involved in microbial-derived (a) and plant-derived (b) carbon decomposition at
different elevations. The microbial genes involved in the decomposition of plant-derived carbon
(cellobiose, cellulose, lignin, pectin and xylan) and microbial-derived carbon (peptidoglycan and
chitin) were calculated based on the methods of a previous publication [37]. Different letters indicate
there is a significant difference between different elevations (p < 0.05). “RPKM” means “Reads Per
Kilobase per Million mapped reads”.

3.4. Mechanism Underlying Changes in Soil Organic Carbon Stock across Different Elevations

We finally explored how biotic and abiotic factors drive carbon cycling processes and
affect organic carbon stocks using PLS-PM (Figure 7). The biodiversity (biotic factors) had
a significant path effect on carbon fixation (path coefficient = 0.686, p < 0.05), but not for
carbon decomposition (p > 0.05). In contrast, the soil properties (abiotic factors) exerted
a negative effect on both plant-derived carbon decomposition (path coefficient = —0.718,
p < 0.01) and microbial-derived carbon decomposition (path coefficient = —0.659, p < 0.05).
Additionally, the microbial carbon fixation had a positive impact on soil organic carbon
stock (path coefficient = 0.469, p = 0.06), but the microbial decomposition of plant-derived
carbon decomposition negatively contributed to the soil organic carbon stock (path coeffi-
cient = —0.650, p < 0.05) (Figure 7).

[ J
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Figure 7. The partial least squares path modeling (PLS-PM) showing the mechanism underlying
changes in soil organic carbon stocks across different elevations. Asterisks indicate that the path
is significant (* p < 0.05, ** p < 0.01). The significant or near-significant paths were visualized in
the PLS-PM.
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4. Discussion

The diversity of the herbaceous layer gradually decreases and the diversity of the shrub
layer increases with elevation because soil TN and SOC contents increase with elevation
and the shrub layer plants are highly efficient in utilizing soil nutrients. This leads to the
shrub layer species being the dominant species and occupying the dominant ecological
niche, and contributes to the increase in diversity and biomass of the shrub species. As a
result, herbaceous plants are gradually eliminated with the increase in elevation, resulting
in a decrease in herbaceous diversity [23].

The present study revealed that bacteria diversity increases and then decreases with
increasing elevation, while archaea diversity and eukaryotic diversity reach a maximum
at 300 m, suggesting that these groups may have more ecological functions at the middle
elevation. However, in terms of the overall soil microbial diversity and function, there was
no consistent relationship with increasing elevation, which may be attributed to different
factors such as microclimate, litter, and soil physiochemical properties at the different
study sites [20,39,40]. We found that different elevations significantly affected the micro-
bial community structure, which is similar to the results of other studies, due to the fact
that changes in vegetation cover and litter with increasing elevation affect the input of
nutrients into the soil, which in turn, affects the microbial community structure [41-43].
As an important factor influencing the structure and diversity of soil microbial commu-
nities, elevation may regulate soil microbial diversity by changing soil physicochemical
properties, thus indirectly influencing the structural and functional diversity of soil micro-
bial communities [44,45]. Our results showed that soil pH, TP, TK and NH;* were major
environmental drivers that significantly affected total microbial diversity and bacterial
diversity, illustrating that an increase or decrease in bacterial diversity is closely related to
changes in soil nutrient content and pH [4,20,46]. In the present study, pH, TK, and NH4*
were environmental drivers that significantly affected archaea biodiversity, suggesting that
archaea biodiversity was also highly dependent on soil nutrients and pH [46—48]. In con-
trast, there was no significant correlation between eukaryotic diversity and environmental
factors, suggesting that eukaryote biodiversity remains relatively stable under different
environmental conditions due to their larger genomes and stress-tolerance capacity [49].

To provide a theoretical basis for the increasing carbon sinks in forest ecosystems, it
is important to understand the microbial carbon cycle processes, which are the basis of
key ecosystem services [15,50]. Microbial autotrophic carbon fixation, which directly fixes
atmospheric CO; into organic forms, is one of the most important sources of soil organic
carbon pools in forest ecosystems [47]. Here, our PLSPM demonstrated the positive impact
of microbial carbon fixation on soil organic carbon, but this effect was not significant. This
slight positive effect of microbial carbon fixation on soil organic carbon pools can be well
explained by the scarcity of autotrophic bacteria, which only accounted 2%-11% of the
total microbiome [51]. The 3-hydroxypropionate pathway, the dominant carbon fixation
pathway in our study site, showed an increasing and then decreasing trend with increasing
elevation, indicating that the abundance of microorganisms (e.g., Chloroflexus aurantiacus)
that encode for 3-hydroxypropionate had the highest abundance at mid-elevations [52].
Their higher abundance at mid-elevation might be attributed to the significantly lower pH
in mid-elevation soils, which has been reported to be an important driver of autotrophic
CO,-fixing microbes [53]. Previous studies also identified 3-hydroxypropionate a dominant
CO;, fixation pathway in semiarid grassland soils, suggesting its wide importance in
promoting soil carbon sinks [38].

The changes in soil organic carbon stocks across different elevations were associated
with the microbial decomposition of soil organic carbon compounds, as evidenced by
our PLS-PM analysis. Microorganisms are involved in soil organic carbon decomposition
and release of CO, to the atmosphere through catabolism, which has been reported to
cause an annual loss of soil organic carbon as high as 58 Pg [54,55]. Elevation indirectly
leads to changes in the inputs of plant litter and root debris, and thus, may alter micro-
bial preference in utilization of organic carbon forms [56]. The present study found that



Forests 2024, 15, 979 110f 14

microbial-derived carbon decomposition and plant-derived carbon decomposition genes
showed an increasing and then decreasing trend with the increasing elevation, suggesting
that microorganisms had a high decomposition capacity when utilizing diversified soil
organic carbon forms at mid-elevation, which might have contributed to the loss of soil
organic carbon pools in mid-elevation sites [57]. This elevation pattern of microbial decom-
position genes was consistent with the previous research, which found that carbohydrate
esters, chitin and pectin showed hump trends along elevation climosequences [19]. Soil
pH was the important driver that shaped the abundance patterns of genes involved in
carbon decomposition [19]. This was evidenced by our PLS-PM, as the genes involved in
decomposition of plant-derived carbon significantly affected soil organic carbon stocks.
Thus, our study provided evidence for the links between microbial functional genes and
soil carbon cycling in forest soils, which has implications for maintaining multi-services
in forest ecosystem [58]. Soil chemical properties (nutrient availability) had a significant
impact on microbial decomposition of organic carbon, which might be associated with
microbial maintenance of the stoichiometric balance [59]. Soil microorganisms degrade
organic carbon to acquire nutrients, such as nitrogen and phosphorus for cell growth,
and this explains why soil chemical properties are important factors in determining the
source of microbial-degraded carbon [60]. Overall, these findings increase the mecha-
nistic understanding of microbial regulation of soil carbon cycling in forest soils from a
metagenomic perspective.

5. Conclusions

Elevation was an important influencing factor on the structure and function of soil
microbial communities in Platycladus orientalis plantations. Soil microbial x-diversity
tended to increase and then decrease with increasing elevation, and microbial community
structure showed significant variation between elevations, which was driven by soil TK, TP,
pH and NHy*. The 3-hydroxypropionate pathway was the most important carbon fixation
pathway in the Platycladus orientalis plantations. The genes involved in decomposition
of plant-derived carbon had negative effects on soil carbon stocks across the elevation
gradient. Our study increases the understanding of soil microbial community structure
and function across different elevations, providing a theoretical basis for the utilization of
forest ecological resources to mitigate climate change. Further studies are needed to explore
microbial functions across larger elevation gradients to provide more convincing results.
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