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Abstract: Calcium (Ca) is an essential plant nutrient and cell signal element, but in the cultivation
of container seedlings, the regulatory effect of Ca on seedling nitrogen nutrition and its regulatory
mechanism have been neglected. Ectomycorrhizal fungi (ECMF) inoculation is widely used in forest
container seedling cultivation. Thus, we added a certain amount of Ca to the culture matrix to
determine how the cooperation between Ca and ECMF improves the nitrogen nutrition of Pinus
massoniana ectomycorrhizal (ECM) container seedlings. We found that addition Ca significantly
increased the relative abundance of Actinomycetota and Bacillota in the rhizosphere of ECM seedlings.
These enriched bacteria cooperated with the ECMF and significantly enhanced extracellular enzyme
NAG and LAP secretion. Meanwhile, adding Ca promoted the microbial nitrogen cycle in the ECM
seedlings rhizosphere, and the relative abundances of nitrogen fixation genes (nifD, nifH, nifK) and
the dissimilatory nitrate reduction gene (narH) significantly increased. In addition, Ca promoted the
infection of ECMF on seedlings and induced the sprouting of absorptive roots with larger diameter
(0.5 mm < RD < 2.0 mm), i.e,, ECM seedlings adopted a dual strategy of enhancing mycorrhizal
symbiosis and improving root absorption area to obtain soil nitrogen. These effects contributed to
an increase in microbial biomass nitrogen (MBN) and seedling nitrogen content by 20.65% and
54.38%, respectively. The results provide an effective method and theoretical reference for
improving the quality of container seedlings and increasing the ECM plantations early productivity.

Keywords: calcium; mycorrhizal container seedlings; microbial community composition; plant
nitrogen nutrition; rhizosphere nitrogen cycling

1. Introduction

Nitrogen (N), an essential macronutrient for plant growth and development, plays
an irreplaceable role in plant organ construction, material metabolism, and productivity
formation [1]. In forest ecosystems, ectomycorrhizal fungi (ECMF) commonly form
ectomycorrhizae with tree roots [2], which help host plants efficiently acquire N nutrients
[3-5]. In exchange, plants excrete photosynthetic fixed carbon-containing organic matter
to the rhizosphere, which strongly affects the root circumference microecosystem [6].
Therefore, ectomycorrhizal inoculation is very valued in seedling raising and
afforestation. However, nutrient exchange and stable symbiosis between host plants and
mycorrhizal fungi are regulated by plant nutrition status and soil physicochemical
properties [2].
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Calcium (Ca) is one of the essential nutrients for plant growth and development [7].
As a cell signaling molecule, Ca is a major plant cell metabolism regulator [8,9]. Adding
calcium fertilizer to the soil can promote plant growth and improve plant quality [10].
Under salt [11,12], drought [13], acid rain [14], and heavy metals [15] stress, Ca can
enhance plant resilience [16]. Additionally, Ca can improve the physical and chemical
properties of soil, increase the agglomeration of soil, and play a good role in regulating
soil microgrowth. Moreover, Ca encourages plants to establish symbiotic relationships
with microorganisms (rhizobia, arbuscular mycorrhizal fungi) [17,18]. For example,
calcium fertilizer application can improve the interaction between peanut roots and
rhizobia, and improve peanut symbiosis N fixation efficiency [19].

Adding a certain amount of Ca to the soil helps soil microorganisms convert plant
litter into persistent soil organic matter, thereby increasing soil organic carbon (SOC)
storage [20]. The biological mechanism triggered by Ca increases hyphae-forming bacteria
abundance, which then regulates plant litter decomposition and promotes litter
proportion transformation into microbial biomass [20]. Therefore, calcium has a beneficial
effect on the soil organic carbon cycle. However, the soil carbon and nitrogen cycles are
the most closely linked [21,22], and Ca impacts on ectomycorrhizal symbiosis, rhizosphere
microbial community structure, and seedling nitrogen nutrition remain unclear.

Pinus massoniana, a widely distributed fast-growing timber tree, is a typical
ectomycorrhizal tree species. The addition of an appropriate amount of calcium to the soil
markedly improves Pinus massoniana seedlings growth and development [23,24]. The
rhizosphere is a hotspot for root nutrient absorption, litter deposition, microbial activity,
and plant-matrix—microbe interactions [25,26]. Given the significant regulatory effects of
exogenous Ca on soil microbial communities and the carbon cycle, we investigated the
impact of Ca addition on Pinus massoniana mycorrhizal container seedlings nitrogen
nutrition and rhizosphere nitrogen cycling, using metagenomic sequencing to reveal
interactions with rhizosphere microorganisms. This study is helpful to understanding the
mechanism of calcium on forest-ECMF high efficient symbiosis, and provides a reference
for using calcium to improve seedling productivity of ECM plantation.

2. Materials and Methods
2.1. Experimental Site and Materials

The experiment was conducted in a greenhouse at Anshun University, Guizhou
Province (26.16° N, 106.98° E), at 1410 m elevation. This location has a subtropical humid
monsoon climate with an average annual temperature of 14 °C, annual rainfall of 1188.5
mm, and a frost-free period of 267-282 days. The experimental material was an excellent
progeny from a second-generation Pinus massoniana breeding population of controlled
cross-pollinated 6627 (Jiangxi) x 5907 (Zhejiang), provided by the Key Laboratory for
Subtropical Forestry Cultivation of the State Forestry and Grassland Administration
(Hangzhou, China). The ECMF used was Pisolithus tinctorius (Pers.) Coker & Couch strain
cfcc7668, purchased from the China General Microbiological Culture Collection Center
(Beijing, China). Peat, perlite, and vermiculite were mixed at a volumetric ratio of 5:2:1,
and placed in a high-temperature and high-pressure sterilizer at 121 °C for 2 h. After
cooling, they were loaded into plastic pots with a top diameter of 12 cm and a height of
15 cm. The pH 7.2 culture matrix contained total nitrogen (0.91 g/kg), total phosphorus
(0.22 g/kg), total potassium (5.56 g/kg), available nitrogen (84.90 mg/kg), available
phosphorus (1.66 mg/kg), available potassium (62.38 mg/kg), exchangeable Ca (11.55
cmol/kg), and organic matter (62.15 g/kg).

2.2. Experimental Setup

The experiment included four treatments: control (CK group), ECMF inoculation
(ECMF group), 20 mmol/L CaClz addition (Ca group), and ECMF inoculation + 20 mmol/L
CaCl2 (EC group). The CaCl2 concentration was determined through a preliminary
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experiment, with set concentrations of 0, 10, 20, 30, and 40 mmol/L, where 20 mmol/L
CaClz had the most significant impact on seedling growth after 4 months of cultivation.
The experiment was a completely randomized block design, with single plant plots and
six blocks (to mitigate environmental influences on the experiment), meaning each
treatment had six replicates (Figure 1).

Figure 1. Experimental design. CBH: cellobiohydrolase, NAG: N-acetyl-pB-D-glucosidase, LAP:
leucine aminopeptidase, POD: peroxidase, MBC: microbial biomass carbon, MBN: microbial
biomass nitrogen.

Pinus massoniana seeds were sterilized by soaking in 0.4% KMnOs solution for 20 min,
rinsed several times with sterile water, and then placed on sterilized wet filter paper in a
petri dish. The seeds were germinated in an artificial climate chamber at 25 °C for 5-7
days. Once the seeds showed a white tip, the sowing experiment commenced. Sowing
took place in early March 2023. During sowing, the ECMF group and EC group had 0.3 g
of Pisolithus tinctorius (Pers.). Coker & Couch fungal fertilizer was added below the sowing
holes, while the CK group and Ca group received the same amount of sterilized fungal
fertilizer. Then, 2-3 seeds were sown in each hole and covered with 2 cm of growing
medium. After emergence, seedlings with uniform growth were selected from each
treatment, retaining one plant per pot. After three months post-planting, once
ectomycorrhiza had formed, Ca addition experiments were initiated. A 200 mL solution
of 20 mmol/L CaClz was uniformly sprayed on the seedling root zone in the Ca and EC
groups, while the CK and ECMF groups received an equal volume of distilled water.
These applications were repeated every 7 days for two months. During the experiment,
pot soil moisture was maintained between 70-80% to meet Pinus massoniana seedling
normal water requirements. Seedlings were harvested in early October 2023, 7 months
after sowing. The collected rhizosphere soil samples were loaded into 20 mL EP tubes and
stored at -70 °C for metagenomic analysis.

2.3. Test Methods
2.3.1. Plant Traits and Soil Nitrogen Content Determination

The harvested seedlings were thoroughly washed with distilled water and divided
into roots and shoots. An EPSON (Suwa, Japan) perfection V700 scanner was used to scan
all the roots, obtaining root scan images for each group. These images were analyzed using
WiIinRHIZO Pro 2016 software (Regent Instruments Inc., Quebec City, QC, Canada) for
morphological parameters of the root system, including total root length (RL) and lengths
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of absorptive roots in various diameter classes (0 mm < root diameter [RD] < 0.5 mm, 0.5
mm < RD <£2.0 mm), as well as root surface area.

Thirty 1-2 cm root segments were randomly selected from each treatment (4
repetitions), mycorrhizal morphology was observed, and fungal infection was counted
using a TSD6745 stereomicroscope (Suzhou Sadie Precision Instrument Co., Ltd., Suzhou,
China). Mycorrhizal infection ratio (MIR) = infected root tips/total root tips selected x 100%
[27], calculating the average of 4 replicates.

Whole seedling samples were first blanched at 105 °C for 30 min and then dried at 60
°C to a constant weight to obtain the total dry weight. A suitable amount of dried, crushed
plant material was digested with H2504-H20: and total nitrogen content was determined
using the Kjeldahl method. Soil total nitrogen (STN) and alkali-hydrolyzable nitrogen
(SAN) were measured using the Kjeldahl and alkaline diffusion methods, respectively.

2.3.2. Determination of Soil Extracellular Enzyme Activities and Microbial Biomass
Carbon and Nitrogen

The activities of soil cellobiohydrolase (CBH), leucine aminopeptidase (5-LAP), N-
acetyl-B-D-glucosidase (5-NAG), and peroxidase (S-POD) were measured according to
the manufacturer’s instructions provided by Sinobestbio Co. Ltd., China. Microbial
biomass carbon (MBC) was determined using CHCls fumigation-K2SOs extraction, the
extract carbon content was determined by an organic carbon analyzer, microbial biomass
nitrogen (MBN) was determined using CHCls fumigation-K2SOs extraction, and the
extract nitrogen content was determined by the Kjeldahl method [28].

2.3.3. Soil Metagenomic Sequencing and Data Analysis
1. Microbial community metagenomic sequencing

Total genomic DNA was extracted from each soil sample using the CTAB method
[29]. Extracted DNA quality was tested using an Agilent 5400 (Agilent Technologies Co.,
Ltd., Palo Alto, CA, USA). An NEB Next® Ultra™ II FS DNA Library Prep Kit (New
England Biolabs, Ipswich, MA, USA) was used for library construction. Library yields
were determined using an Agilent 2100 (Agilent Technologies Co. Ltd., Palo Alto, CA,
USA). Library sequencing was conducted on the Illumina NovaSeq PE150 platform (San
Diego, CA, USA) by Wekemo Tech Co., Ltd., Shenzhen, China.

2. Bioinformatics analysis

Raw data obtained from sequencing were quality-controlled (Trimmomatic, Version
0.39) and host-removed (Bowtie2, Version 2.3.5.1) using Kneaddata software (0.7.4).
Quality control effectiveness was assessed using FastQC (Version 0.11.9) [30]. Clean
sequencing data were annotated and classified with Kraken2. Species annotation
resolution was evaluated across seven taxonomical levels (from kingdom to species). The
higher the proportion of sequences at the species or genera level relative to the total
number of sequences, the better the annotation performance of the samples. Bracken was
then used to estimate the relative abundance of each sample.

Clean sample sequences were compared with the protein database (UNIREF90) using
DIAMOND software (Version 0.8.22). To obtain gene functional annotations and relative
abundances at various functional levels, the gene sequence Uniref90 IDs were matched
against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Based on the
gene functional abundance table, a nitrogen cycle pathway map was constructed.

2.3.4. Data Statistical Analysis

Multifactor analysis of variance was conducted using IBM SPSS Statistics 19.0
software, and the Duncan test was used for multiple comparisons (a = 0.05). Data
visualization was performed using Origin Pro 2022 software. a-Diversity analysis was
completed using Wekemo Bioincloud (https://www.bioincloud.tech, 16 August 2024), and
significant differences between groups were considered at p < 0.05. To identify the
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dominant species within microbial communities in Ca addition treatments, biomarkers
with significant differences were defined by LEfSe analysis (LDA > 2). To evaluate the
direct and indirect associations of nitrogen cycle genes, microbial biomass, extracellular
enzymes, and root parameters with plant nitrogen content, a structural equation model
(SEM) was constructed using IBM SPSS Amos 25.0 software. The relative importance of
major variables in predicting plant nitrogen content was assessed using an RF model by
Wekemo Bioincloud (https://www.bioincloud.tech, 20 August 2024).

3. Results and Analysis
3.1. Impact of Ca on ECM Seedling Rhizosphere Microbial Community Structure

Metagenomic analysis revealed that microbial community composition in the Pinus
massoniana mycorrhizal seedling rhizosphere consisted of 99.41% bacteria, 0.44% fungi,
and 0.14% archaea. Among these, phyla with higher relative abundance in fungi included
Ascomycota, Basidiomycota, Mucoromycota, and Cryptomycota. Dominant bacterial phyla
were Pseudomonadota, Actinomycetota, Bacillota, and Verrucomicrobiota, which collectively
accounted for over 73% of total microbial rhizosphere abundance (Figure 2A). Ca addition
significantly affected the microbial Chaol index in the ECM seedling rhizosphere (Figure
2B). Non-metric multidimensional scaling (NMDS) analysis based on Bray—Curtis
distances indicated that the CK and ECMF group, and the Ca and EC group formed two
distinct microbial communities, showing significant separation along the first axis (p <
0.001) (Figure 2C). The latter significantly increased the relative abundance of
Actinomycetota (orders Micrococcales, Mycobacteriales, Propionibacteriales,
Streptosporangiales) and Bacillota (class Bacilli), while the relative abundance of the phylum
Pseudomonadota decreased, although not significantly (Figures 2A and 3).

The Figure 2D Venn diagram shows the number of common and unique species
within each group. LEfSe (LDA > 2) and cladogram analysis results (Figure 3) indicated
that the EC group was significantly enriched in the largest number of differential species.
At the family and genus levels, EC group was primarily enriched in bacteria with the
potential to degrade organic nitrogen and fix inorganic nitrogen, such as Streptomycetaceae,
Arthrobacter, Mycolicibacterium, Pseudarthrobacter, Nocardiaceae, Rhodococcus, Gordonia,
Nocardioides, Streptosporangiaceae, Xanthobacteraceae, Phyllobacterium, Mesorhizobium,
Neorhizobium, Pseudomonadaceae, Bradyrhizobium, and Hyphomicrobiaceae.
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Figure 2. Effects of different treatments on soil bacterial communities. (A) Relative abundances of
major bacterial phyla; (B) bacterial community Chaol index; (C) NMDS map of bacterial
communities based on Bray—Curtis distance; (D) Venn diagram of bacterial communities. * indicates
that relative abundances are significant at p <0.05.
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Figure 3. The cladogram illustrates species phylogenetic relationships in each group. Species
differences between treatments and significantly different biomarkers between groups at the genus
level (LDA default value 2.0).

3.2. Impact of Ca on Rhizosphere Microbial Biomass and Extracellular Enzyme Activity

MBC content in the rhizospheres of Ca and in EC groups was significantly higher
than in the CK group, with increases of 10.09, 9.53, and 33.14%, respectively (Figure 4).
Compared to the CK group, MBN content in the EC group increased significantly (by
20.65%). Clearly, Ca addition significantly enhanced EC group rhizosphere
microorganism activity. Compared to the CK group, CBH, NAG, LAP, and POD activities
in the EC group rhizosphere soil significantly increased, by 17.78, 11.62, 42.08, and 13.43%,
respectively (Figure 5). CBH activity was in the order ECMF > EC > Ca > CK. CBH activity
in the EC group was significantly reduced by 26.22% compared to the ECMF group. Thus,
Ca addition did not significantly increase rhizosphere CBH activity.
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Figure 4. Differences in microbial biomass between treatments. (A,B) show the content of microbial
biomass carbon (MBC) and microbial biomass nitrogen (MBN) under different treatments,
respectively. *: p <0.05.

Figure 5. Differences in extracellular enzyme content between treatments. (A-D) are
cellobiohydrolase (CBH), N-acetyl-p-D-glucosidase (NAG), leucine aminopeptidase (LAP), and
peroxidase (POD) contents under different treatments, respectively. *: p <0.05; **: p <0.01.

3.3. Impact of Ca on Soil Nitrogen Cycling and Related Functional Genes Abundance

Soil nitrogen cycling pathway analysis revealed that in the EC group, both the
nitrogen fixation and dissimilatory nitrate reduction pathways were significantly
enhanced, while denitrification was reduced. Metagenomic sequencing analysis of genes
involved in rhizosphere microbial nitrogen cycling identified 29 genes with relatively high
abundances, of which 16 had clearly identified species origins. Compared to the CK
group, the EC group showed significant increases in the relative abundances of nitrogen
fixation genes nifD, nifH, and nifK and the dissimilatory nitrate reduction gene narH
(Figure 6). The primary source species for these differential genes in the EC group were
the phyla Pseudomonadota (genera Immundisolibacter cernigline, Hyphomicrobium sp MC1,
Azotobacter beijerinckii, Azotobacter chroococcum). and Actinomycetota (genera Arthrobacter sp
HMWEFO013, Intrasporangium calvum).
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Figure 6. Relative abundance of major functional genes involved in nitrogen cycling and their
species origins.

3.4. Impact of Ca on ECM Seedling Nitrogen Nutrition and Soil Nitrogen Content

Compared to the CK group, seedling total nitrogen content from the Ca and EC
groups increased by 22.64 and 54.38%, respectively, and seedling dry weight was
enhanced by 28.93 and 55.37% (Figure 7A,B). Nutrient content analysis in the rhizosphere
soil indicated that total and available nitrogen content in the Ca and EC groups were
significantly lower than in the CK and ECMF groups (Figure 7E,F). This suggests that Ca
addition significantly improved root absorption efficiency and nitrogen utilization in the
rhizosphere soil of ECM seedlings.

EC seedling mycorrhizal infection rate significantly increased (by 25.68%) compared
with the ECMF group (Figure 7C), indicating that Ca promoted ECMF infection of
seedling roots. Analysis of root parameters showed significant increases in total RL and
surface area for the ECMF, Ca, and EC groups. Specifically, total RL increased by 1.24
times, 28.92%, and 1.01 times compared to the CK group, but surface area increased by
1.07 times, 32.89%, and 1.32 times, respectively (Figures 7D and 8B). From root system
analysis, it was evident that the increase in FRL (fine root length) within the diameter
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range of 0.5 mm < RD <2.0 mm was greater than within the range of 0 mm < RD < 0.5 mm
for EC groups. This may explain the larger increase in root surface area in the EC group.
Root scanning revealed that lateral roots in the EC group were longer and more branched,
suggesting that the root system may extend into larger soil spaces (Figure 8A).

Figure 7. Differences in plant and soil nitrogen content and root parameters between treatments. *:
p <0.05; **: p < 0.01. (A-D) representing parameters related to plant nitrogen nutrition respectively;
(E,F) representing the content of total nitrogen and available nitrogen of soil.

Figure 8. Root scanning images for each group, showing root surface area and FRL at different
diameter ranges. (A) root scanning images; (B) root surface area, a total of 0 mm < root diameter
[RD] < 0.5 mm and 0.5 mm < RD < 2.0 mm fine roots within different diameter ranges. Different
lowercase letters indicate significant differences between groups at p < 0.05.

3.5. SEM and RF Analysis of the Main Factors Affecting Seedling Nitrogen Content

According to the SEM model, microbial biomass (MBC, MBN), extracellular enzyme
activities (CBH, NAG, LAP, POD), and root parameters (MIR, RL, FRL) all significantly
influenced seedling total nitrogen content, with path coefficients of 0.76, 0.50, and 0.54,
respectively (Figure 9). The direct impact of nitrogen cycle-related genes (nifD, nifH, nifK,
narH) on seedling total nitrogen content was not significant; however, their interactions
with extracellular enzyme activities and microbial biomass were significant, with path
coefficients of 0.74 and 0.51. This indicates that nitrogen cycling genes indirectly affect
seedling total nitrogen content by regulating extracellular enzyme activities and microbial
biomass. RF analysis explored the relative importance of different variables on seedling
nitrogen content. In the EC group, the nitrogen fixation genes nifD, nifK, and the
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extracellular enzyme NAG had significant predictive power for seedling nitrogen
absorption and utilization (nitrogen content) (Figure 10).

x2=688.21, CMIN/DF = 3.529, GFI = 0.972, NFI = 0.966, RMSEA = 0.057 (1)

Figure 9. SEM model of the main factors affecting seedling nitrogen content. Red arrows represent
the latent variable affecting seedling nitrogen content. MIR: mycorrhizal infection rate, RL: total
roots length, FRL: 0.5 mm < root diameter [RD] < 2.0 mm absorptive roots length. Numbers on the
lines represent standardized path coefficients, and the R? values indicate the proportion of variance
explained. ¥, **, *** indicate significance of variables at p <0.05, p < 0.01, p <0.001, respectively.

Figure 10. RF analysis results showing the relative importance of the main variables in predicting
seedling nitrogen content. R? values indicate the proportion of variance explained, p <0.001 indicates
the significance of the model. MSE, mean square error, where higher values imply greater
importance of the variable, ** indicates significance at p <0.01.



Forests 2024, 15, 2068

12 of 15

4. Discussion
4.1. Calcium Altered the Microbial Community Composition in Container Seedling Rhizosphere

In this study, metagenomic analysis showed that Ca significantly increased the
relative abundance of Actinomycetota and Bacillota in the mycorrhizal container seedling
rhizosphere. Enriched bacteria such as Streptomycetaceae, Arthrobacter, Mycolicibacterium,
Pseudarthrobacter, Nocardiaceae, Rhodococcus, Xanthobacteraceae, Bradyrhizobium, and
Hyphomicrobiaceae could potentially degrade organic nitrogen and fix inorganic nitrogen.
Shabtai [11] showed that exogenous Ca promoted the enrichment of Bacillota (class Bacilli)
and Actinomycetota (classes Actinomycetes and Thermoleophilia) as well as some
Pseudomonadotar members. Our results were similar, but the number of specific bacteria in
the ECM seedling rhizosphere after Ca addition was significantly higher than in the
seedling roots without ECMF colonization (Ca group). This shows that Ca can regulate
rhizosphere bacteria and ECMF interactions, increasing the enrichment of specific
bacteria. The following reasons may explain why Ca affected ECM seedling rhizosphere
microbial community composition. As a general plant cell metabolism regulator, Ca can
regulate the light signaling pathway [31] and photosynthetic organ function [32], thus
improving ECM seedling photosynthetic efficiency. Therefore, plants have more
photosynthetic carbon products to distribute to the rhizosphere as root exudates, thus
providing a large carbon source for fungal and bacterial growth. Notably, up to half of the
carbon fixed by photosynthesis is transferred to roots and their symbiotic fungi [33]. Rich
carbon sources tend to form thriving rhizosphere microbial communities [34].
Additionally, root exudate type is also a key factor causing rhizosphere bacterial
colonization [35,36]. Ca may also regulate root exudate composition, inducing these
enriched bacteria to colonize in the rhizosphere. Further research is needed to confirm this
hypothesis.

4.2. Ca Increased the Rhizosphere Nitrogen Cycle and Plant Nitrogen Content of
Container Seedling

Changes in microbial community structure will inevitably affect soil nutrient cycling
[37]. In this study, we found that Ca addition enhanced the nitrogen fixation and
dissimilatory nitrate reduction pathways, while the relative abundances of nitrogen
fixation genes (nifD, nifH, nifK) and the dissimilatory nitrate reduction gene (narH)
significantly increased. Nitrogen cycling genes regulated rhizosphere extracellular
enzyme secretion and microbiological activity to fix inorganic nitrogen and degrade
organic nitrogen. Therefore, MBN and seedling nitrogen content increased by 20.65% and
54.38%, respectively. We found that the major source species of these genes were in
Actinomycetota and Pseudomonadota. Adding Ca significantly increased Actinomycetota
relative abundance in the ECM seedling rhizosphere. Thus, these results suggest that Ca
promoted ECMF and enriched bacteria collaboration to increase NAG and LAP secretion.
Meeds [38] showed that some rhizosphere bacteria could interact with ECMF to affect soil
nutrient cycling and plant nutrient uptake. For example, ECMF and bacteria collaborate
to increase the secretion of extracellular enzymes to promote soil nitrogen activation [4].
Extracellular enzymes play an important role in promoting soil organic matter
decomposition and nutrient mineralization [39,40]. Additionally, we found that compared
with the nitrogen acquiring enzyme, carbon acquiring enzyme CBH activity did not
increase significantly after Ca addition. Although Ca addition reduced the degradation of
soil organic carbon catalyzed by CBH, MBC increased significantly. This part of the carbon
component may originate from the host plant.

4.3. Ca Altered the Acquisition Strategy of Mycorrhizal Container Seedling for Soil Nitrogen

Mycorrhizal symbiosis, which can extend the range of nutrient uptake by roots, is an
important way for trees to acquire nutrient resources in barren environments [41,42]. Ca
promoted ECMF infection roots to increase nitrogen absorption by container seedlings.
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When Ca regulates plant metabolism and promotes seedling growth, it increases the
nutrient requirement and forces roots to form a closer symbiotic relationship with ECMF,
so the seedling mycorrhizal infection rate increases. Moreover, Ca induced the sprouting
of larger diameter absorptive roots to increase root absorption area. Meanwhile, seedling
lateral roots tended to be longer and more branched, which may promote ECM seedling
roots to expand into larger soil spaces. We suggested that ECM seedlings with Ca addition
adopt a dual strategy of enhancing mycorrhizal symbiosis and changing root architecture
to obtain soil nitrogen. Root evolution generally tends to reduce dependence on symbiotic
fungi, while strengthening the direction of investment in root system resource acquisition
and self-defense [43-46]. The effect of Ca on root nitrogen acquisition strategies of
mycorrhizal container seedling needs to be further studied over the long term.

5. Conclusions and Significance

We showed that Ca addition altered the rhizosphere microbial community structure
of Pinus massoniana mycorrhizal container seedlings, significantly increasing
Actinomycetota and Bacillota’s relative abundance. These enriched bacteria cooperated with
ectomycorrhizal fungi, raising the ECM seedling nitrogen content and dry weight by
increasing extracellular enzyme activity and microbial biomass. Therefore, our results are
helpful to understand the effects of Ca on the rhizosphere microbial community, and
provide an effective way to improve the nitrogen content of mycorrhizal container
seedlings.
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