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Abstract

:

Pinus squamata is a rare and endangered tree endemic to northeastern Yunnan Province, China, and it is listed as a Plant Species with Extremely Small Populations (PSESP) in China for requiring urgent conservation. Furthermore, the actions of ex situ conservation and reintroduction based on artificial propagation have been carried out since some 15 years ago. The rhizosphere microbiome plays an important role in soil quality and plant health. However, how the fungal communities of the rhizosphere differ between wild, ex situ, and reintroduced examples of Pinus squamata remains unclear. Illumina sequencing of the internal transcribed spacer 2 (ITS2) region was used to investigate fungal communities in the P. squamata rhizosphere soil. Rhizospheric fungal community composition, structure, diversity, and ecological function in the soil surrounding wild, ex situ, and reintroduced P. squamata individuals were elucidated. The ex situ site Kunming (EK) had the highest fungal community richness and diversity. The samples collected from six different sites were well separated (R = 0.95, p = 0.001), suggesting significant differences between the sites. Soil total potassium (TK), available phosphorus (AP), and pH were the main factors driving fungal community (0.01 < p ≤ 0.05). Prediction of fungal functional guild in the P. squamata rhizosphere demonstrated that the fungi could be classified as ectomycorrhizal, endophyte, and plant pathogenic fungi. Our research will provide a basis to guide the further selection of conservation sites for P. squamata based on fungal diversity and offer guidance on the antagonistic fungi and plant pathogenic fungi that may be of relevance to the conservation of this rare plant.
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1. Introduction


The plant microbiome consists of microorganisms present in the rhizosphere (the soil-root interface), phyllosphere (the plant aerial surfaces), and endosphere (the internal tissues). The microbiome is strongly influenced by the plant genome and may be considered as a second genome or pan-genome [1,2]. Rhizosphere microorganisms include phages, bacteria, archaea, and fungi [3]. The rhizosphere microbiome consists of micro-organisms that can be beneficial to plant growth and health, including the nitrogen-fixing bacteria, mycorrhizal fungi, plant growth promoting rhizobacteria (PGPR), biocontrol microorganisms, mycoparasitic fungi, and protozoa, as well as micro-organisms that can be detrimental, including the pathogenic fungi, oomycetes, bacteria, and nematodes [4,5]. Fungi are of major importance in plant ecology, decomposing organic matter and cycling nutrients across trophic levels [6]. Soil fungi can be classified into three functional groups, including the biological controllers, the ecosystem regulators, and the species participating in organic matter decomposition and compound transformations [7]. Soil microbial characteristics reflect changes in soil quality, and thus, can also be used as bio-indicators of soil health [8]. The soil microbiome is of critical importance for the conservation of soil health [9]. Therefore, studying the interactions between the soil environment, the host plants, and the rhizospheric microorganisms has become a hot topic in microbial molecular ecology research.



The Plant Species with Extremely Small Populations (PSESP) conservation concept was developed in China in 2005. Small remaining populations, a restricted and narrow habitat, severe anthropogenic disturbance, and a high risk of extinction are the four prominent characteristics of plants defined as PSESPs [10,11]. National- and provincial-level programs and projects rescuing PSESPs and supporting their conservation have been issued and implemented [12], and the PSESP concept and resulting conservation action have attracted widespread attention in the field of conservation biology [13,14]. Pinus squamata was listed as a national first-level key protected wild plant in China in both 1999 and 2021 [15,16], and was classified as Critically Endangered (CR) by the International Union for Conservation of Nature and Natural Resources (IUCN) in 2001 [17]. P. squamata is currently listed as 1 of 62 species of PSESPs in Yunnan Province, and also as 1 of the 20 key PSESPs of Yunnan. Moreover, the species was included as 1 of 120 nationally important PSESPs in China in 2011 [11].



Pinus squamata was described as a new species in 1992 [18], and has important research value in the elucidation of the evolution of the genus Pinus. Only 34 P. squamata individuals are known from the wild, and the species is found only in the Yunnan Yaoshan National Nature Reserve, with an area of only two square kilometers in Qiaojia County, Yunnan. The species is therefore known locally as the Qiaojia five-needle pine. Various aspects of P. squamata biology have been investigated, including floristic geography [19], endangerment reason [20], genetic structure [21,22], disease control [23], tissue culture [24], and ecological stoichiometric characteristics [25]. However, the microbial communities associated with the rhizospheric soil of P. squamata remain unclear.



The threats to endangered plants include internal factors such as restricted heritability and fertility, and external factors including environmental, human, and other interferences. Rhizosphere microorganisms, as external factors, also play an extremely important role in the growth and development of plants [26]. In this study, we investigated communities of rhizospheric microorganisms in the soil surrounding the roots of endangered P. squamata individuals, as well as the causes underlying observed patterns in fungal diversity. We collected the rhizosphere soil from wild, ex situ, and reintroduced P. squamata individuals at different sites. We investigated the community structure and diversity of the rhizosphere fungi and determined the soil physicochemical properties. We also analyzed the relationships between the fungal communities and soil physicochemical factors and conducted a functional prediction study. We hypothesized that the rhizosphere fungi will have different effects on the wild, ex situ, and reintroduced individuals of P. squamata, and that wild individuals will have the highest fungal diversity. We also predict that the soil physical and chemical properties will affect the communities of rhizospheric fungi. It is our aim that this study will suggest possible conservation strategies for P. squamata and provide guidance for the selection of future conservation sites for this critically endangered plant based on fungal diversity. We hope that our research can also help to protect P. squamata from soil-borne fungal pathogens.




2. Materials and Methods


2.1. Samples Collection


Samples of P. squamata rhizosphere soil were collected from different protected sites, including from individuals growing in wild (W), Ex-introduction (Ex), and Re-introduction (Re) sites in Yunnan Province in June 2020. Samples from the wild site were collected in Qiaojia County, Zhaotong City (WQ); ex situ sites included Caojian Forestry Farm, Dali Bai Autonomous Prefecture (EC), Yipinglang Forestry Station, Chuxiong Yi Autonomous Prefecture (EY), Kunming Botanical Garden (EK), and Qiaojia County (EQ). The re-introduction site was in Qiaojia County (RQ). The selected areas had no connection between the wild, ex situ, and reintroduced P. squamata individuals, and the populations were independent. The diameter at breast height (DBH) and height of selected P. squamata individuals were measured, and three individuals with the similar DBH were randomly selected from each of the six sites, representing three replicates from each site.



A total of 18 rhizospheric and bulk soil samples were collected, including from the wild Qiaojia site (26°52′03.96″ N, 103°00′42.44″ E, 2206 m), ex situ Caojian site (25°45′32.73″ N, 99°06′53.94″ E, 2502 m), ex situ Yipinglang site (25°08′08″ N, 101°54′01″ E, 1893 m), ex situ Kunming site (25°08′40.13″ N, 102°44′28.96″ E, 1990 m), ex situ Qiaojia site (27°0′30.34″ N, 102°57′ 25.47″ E, 1876.62 m), and the reintroduced Qiaojia site (26°52′00″ N, 103°00′39.9″ E, 2133 m). To collect the samples, we first removed the surface litter with a small shovel, then we gently followed a tree root to its tip, and dug out the root in four directions at a depth of 0–20 cm from the surface. Any loosely bound soil was gently shaken from the root and was used as “bulk soil”. Then, we collected the soil within 1–10 mm of the root surface in 4 directions according to the shaking-off method described previously [26]. Samples were packed into sterilized bags and thoroughly mixed as the rhizospheric soil from each individual. Samples were stored in liquid nitrogen during transportation and were taken immediately back to the laboratory. If the soil was too sticky, we used tweezers on ice to remove impurities such as plant dead branches, roots, and crushed stones, and to mix the samples well together. Samples were then passed through a 0.355 mm mesh sieve, put into 5 mL cryopreservation tubes and stored in a −80 °C freezer.




2.2. Measurement of Soil Physical and Chemical Properties


Bulk soil samples were ground and air-dried, and stored in self-sealing bag to determine soil physical and chemical properties. The soil physicochemical parameters were determined using the National Standards of the People’s Republic of China [27]: soil pH (NY/T1377-2007): Glass electrode method, soil organic matter (NY/T1121.6-2006): Sulfuric acid-potassium dichromate volumetric method, soil total nitrogen (NY/T1121.24-2012): Kjeldahl method, soil total phosphorus (NY/T88-1988): Alkaline solubility-molybdenum antimony anticolorimetric method, soil total potassium (NY/T87-1988): Atomic absorption spectrophotometry, soil available phosphorus (NY/T1121.7-2014): Spectrophotometry, soil available nitrogen (LY/T1228-2015): Alkalinolytic diffusion, and soil available potassium (NY/T889-2004): Atomic absorption spectrophotometry. Determination of soil physical and chemical properties was conducted by the Yunnan Sanbiao Agriculture and Forestry Technology Co., Ltd. in Kunming, China.




2.3. DNA Extraction, PCR Amplification, and High Throughput Sequencing


Total soil microbial total DNA was extracted directly using the Power Soil DNA Isolation Kit (MoBio Laboratories, San Diego, CA, USA). DNA purity and concentration were assessed using a NanoDrop 2000 spectrometer (Thermo Fisher Scientific, Wilmington, DE, USA). DNA integrity was measured using 1% agarose gel electrophoresis. The fungal universal primer pairs ITS3F (GCATCGATGAAGAACGCAGC)_ITS4R (TCCTCCGCTTATTGATATGC) were used to amplify the Internal Transcribed Spacer 2 (ITS2) region [28].



PCR amplification was conducted using TransGen AP221-02: TransStart FastPfu DNA Polymerase (TransGen Biotech, Beijing, China) and was performed in a GeneAmp 9700 thermal cycler (Applied Biosystems, Foster City, CA, USA). The reaction mixture included 4 µL of 5×FastPfu buffer, 2 µL of 2.5 mM dNTPs, 0.4 µL of FastPfu Polymerase, 0.8 µL of the forward primer (5 µM), 0.8 µL of the reverse primer (5 µM), 0.2 µL of BSA, and 10 ng of template DNA, and double distilled water (ddH2O) was added to a final volume of 20 µL. Thermal cycling conditions were as follows: 3 min for denaturing at 95 °C, 35 cycles (30 s at 95 °C; 30 s for annealing at 55 °C; and 45 s at 72 °C), 10 min for a final extension at 72 °C, and the reactions were then kept at 10 °C until halted. PCR amplification was detected using 2% agarose gel electrophoresis, and the target fragments were cut out and recovered.



Next, the products were purified, quantified, and homogenized to form a sequencing library, and the constructed library was checked for quality. Finally, qualified libraries were subjected to bidirectional high-throughput sequencing using Illumina MiSeq PE300 (Illumina, San Diego, CA, USA). The sequencing of all samples in this study was performed by the Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China) The National Microbiology Data Center (NMDC, https://nmdc.cn/, accessed on 19 June 2023) allows a huge amount of microbiological data to be organized and integrated in an effective way and shared in an open manner [29]. Data were deposited in the NMDC under BioProject ID NMDC10018294 and accession numbers NMDC40029871–NMDC40029888 (https://nmdc.cn/resource/genomics/sample/detail/NMDC40029871-NMDC40029888), and accessed on 19 June 2023.




2.4. Data Analysis


FLASH (version 1.2.11) software was used to join the reads from each sample and obtain high-quality clean reads [30]. The QIIME (version 1.9.1) and Fastp (version 0.19.6) programs were then used to filter the clean tags and obtain effective tags. The sequences were then clustered into operational taxonomic units (OTUs) with UPARSE (version 7.0.1090) based on a 97% nucleotide similarity threshold [31]. Taxonomic assignments were performed using the RDP classifier algorithm, and the fungal ITS database in UNITE (version 8.0) [32]. OTUs aligned to the chloroplast and mitochondrion sequences were removed from the dataset.



Alpha diversity metrics reflecting the richness and diversity of the communities were calculated using Mothur (version v.1.35.1). Beta diversity was also estimated as a representation of the compositional differences between communities. Principal coordinates analysis (PCoA) using the Bray–Curtis distance metric was used to evaluate similarities across community structures. Analysis of similarities (ANOSIM) was used to test whether the differences between groups were significantly greater than the within group differences. Common and unique taxonomic communities among the different groups were visualized with a Venn diagram. Significant differences in relative abundance were tested with Kruskal–Wallis rank sum tests. Linear discriminant analysis Effect Size (LEfSe) measurements analysis was conducted to identify taxonomic biomarkers for different groups. The relationships between soil physicochemical parameters and fungal community were analyzed using Redundancy analysis (RDA) and correlation heatmap analysis. The functional prediction and classification of the fungal communities were performed according to the FUNGuild database [33].



Statistical analyses were conducted using SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) and the results are shown as means ± SD (standard deviations), with a p < 0.05 considered to be statistically significant. Majorbio Cloud is a one-stop, comprehensive bioinformatic platform for multi-omics analyses [34]. Bioinformatics analyses were performed using the online Majorbio Cloud Platform (www.majorbio.com, accessed on 19 June 2023).





3. Results


3.1. Sequencing Quality


The 18 rhizosphere soil samples were subjected to sequencing of the whole community ITS on an Illumina MiSeq PE 300 platform. After filtering out low-quality reads, ITS2 sequencing obtained 1,197,640 clean reads and acquired 322 bp average length of sequence, respectively (Supplementary Table S1). With the increase in the number of sequencing reads, the rarefaction curves eventually became flat (Supplementary Figure S1), indicating that the sequencing depth of all samples are reasonable, and that the samples can truly and comprehensively reflect the structure and composition of the rhizospheric fungal community of P. squamata at different sites. In addition, the Good’s coverage rate of samples was higher than 99.00% (Table 1), indicating that the integrity of the sequencing data are high and therefore the data are reliable, with the probability of undetected fungal microbiota sequences in each sample being extremely low.




3.2. Alpha Diversity


The alpha diversity of rhizosphere fungi at the Operational Taxonomic Units (OTU) level were demonstrated (Table 1). The sobs, ace, and chao1 indices reflect community richness, and the simpson and shannon indices represent community diversity. The smaller the simpson index, and the larger the shannon index, the higher the community diversity. The EK site had the highest sobs, ace, and chao1 indices, which were 799.00, 979.90, and 975.72, respectively, and these values were significantly different from those at the other 5 sites (p < 0.05). The EY site had the lowest values of these three indices, with values of 209.00, 271.02, and 267.06, respectively. Thus, the EK site had the highest fungal community richness, while EY site had the lowest fungal community richness. The shannon index of the EK site was the largest at 4.30, and was significantly different from those of the EY, WQ, and RQ sites (p < 0.05). The simpson index of the EK site was the smallest at 0.0614, and was significantly different from that at the RQ site (p < 0.05). Combined with shannon and simpson indices, this demonstrates that the EK site had high fungal community diversity, while the RQ site had low fungal community diversity.




3.3. Fungal Communities in Rhizosphere Soil of P. squamata


3.3.1. Community Structure and Composition


The fungal communities of the 18 P. squamata rhizosphere soils contained a total of 18 phyla, 58 classes, 154 orders, 343 families, 715 genera, 1164 species, and 2775 OTUs. At the phylum level, five phyla were detected in all of the six sites, including Ascomycota, Basidiomycota, unclassified_k_Fungi, Rozellomycota, and Mortierellomycota. Phyla with a relative abundance of less than 0.01 (1%) in all samples were considered to be “others” (Figure 1A). The relative abundance of Ascomycota (55.67–85.40%), and Basidiomycota (5.44–36.15%) together made up between 87.64% (RQ) and 99.00% (EY) of the total taxa. At the genus level, genera with a relative abundance of less than 0.05 (5%) in all samples were categorized as “others” (Figure 1B). Suillus (15.17%) was abundant at the EC site, while Cenococcum (30.41%) and Oidiodendron (10.26%) were dominant at the EY site, and Fusarium (10.81%) and Chrysosporium (10.78%) were abundant at the EK site. Rhizopogon (14.23%) was dominant at the WQ site, and Rhizopogon (21.73%) and Tuber (13.77%) were abundant at the RQ sites, Penicillium (32.52%) was dominant at the EQ sites.




3.3.2. Unique and Common Communities


Unique and common communities at the different sites were analyzed using Venn diagrams (Figure 2). At the phylum level, two (11.11%) phyla, Entorrhizomycota (87.80%), and Monoblepharomycota (12.20%) were unique to the EC site. A single phylum, Calcarisporiellomycota (5.56%) was specific to the EY site, and two (11.11%) phyla were unique to the EK site. Seven (38.89%) of the eighteen phyla were common to all of the six sites (Figure 2A). These seven shared phyla were the Ascomycota (70.13%), Basidiomycota (22.97%), Rozellomycota (1.18%), Mortierellomycota (1.02%), and others (0.35%).



At the genus level, the number of genera unique to each site were: EC (68), EY (20), EK (91), WQ (17), RQ (21), and EQ (32). In total, 55 (7.69%) of the 715 genera were shared in six different sites (Figure 2B). The EK and EC sites each had more specific genera than they had shared genera. The genera common to all six sites were Penicillium (21.16%), Oidiodendron (9.42%), Fusarium (4.48%), Infundichalara (4.36%), Sagenomella (4.14%), Trichoderma (4.03%), Saitozyma (2.98%), Mortierella (2.24%), Cladosporium (1.25%), Coniochaeta (1.06%), Chaetosphaeria (1.03%), and others (11.06%).





3.4. Beta Diversity


Analysis of similarities (ANOSIM) is used to test whether the differences between groups is significantly greater than that within groups. The R value can range between −1 and 1, with an R > 0, indicating that the differences between groups is greater than the difference within the group. A p < 0.05 signifies significant differences between groups. The samples collected from six different sites were well separated (R = 0.95, p = 0.001), suggesting significant differences between the sites. Variation in rhizospheric fungal communities is mainly correlated with spatial location: the trees from the three sampling locations that were close to each other are clearly clustered. We also ran a principal coordinates analysis (PCoA) of fungal communities in rhizosphere soil of P. squamata at the OTU level (Figure 3). PC1 explained 17.02% of the variation in the data, and PC2 illustrated 14.44%, together accounting for 31.46% of the observed differences in fungal communities between sites. The EC and EY sites were clearly separated from other sites on PC1 dimension, while the PC2 dimension clearly separated the EC and EK sites from the other sites.




3.5. Difference Analysis of Fungal Communities


Linear discriminant analysis Effect Size (LEfSe) analysis was used to identify taxonomic groups associated with the different sites. Thus, identification of fungal biomarkers to distinguishing different conservation sites was conducted at the genus-to-genus levels based on the all-against-all strategy. Only taxa above the linear discriminant analysis (LDA) significance threshold of >4.0 are presented for the six soil groups (Figure 4). At the genus level, Sagenomella, Cadophora, Truncatella, and Pseudeurotium were enriched at EC, Cenococcum, Tomentella, and Infundichalara were abundant at EY, and Fusarium, Coniochaeta, and Pyrenochaetopsis were enriched at EK. Meanwhile, Stilbella and Pseudogymnoascus were abundant at WQ, Rhizopogon and Tuber were enriched at RQ.



Significant difference between groups among the top 10 phyla and genera were analyzed using Kruskal–Wallis rank sum tests (Supplementary Figure S2). At the phylum level, the abundance of the Rozellomycota and Olpidiomycota were found to be different between different sites (0.01 < p ≤ 0.05). Furthermore, at the genus level, Rhizopogon, Cenococcum, Tuber, and Suillus were significantly different between the six different sites (0.01 < p ≤ 0.05).




3.6. Soil Physicochemical Properties and Their Relationships with Fungal Communities


3.6.1. Soil Physical and Chemical Properties


Soil physical and chemical properties at different conservation sites of P. squamata were shown in Table 2. Soil pH was <7 at the WQ, RQ, EC, and EY sites, and was significantly different from the pH of the soil at the EK and EQ sites (p < 0.05). Soil organic matter (OM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), and available phosphorus (AP) levels at the EY site were the lowest, reaching 30.23 g/kg, 0.76 g/kg, 0.25 g/kg, 68.31 mg/kg, and 6.93 mg/kg, respectively. The OM content at the EY site was significantly different from that at the EC and EK sites (p < 0.05), TN and AN levels at the EY site were significantly different from those at the EQ, EC, and EK sites (p < 0.05). The TP content at the EY site were significantly different from those at other sites (p < 0.05), and the AP content of the soil at the EY site was significantly different from that at the RQ, EQ, and EK sites (p < 0.05). Soil total potassium (TK) at the EK site was the lowest, reaching 7.27 g/kg, but available potassium (AK) at the EK site was the highest, reaching 174.50 mg/kg, with that at the WQ site being the lowest, at 99.77 mg/kg. The TK content of the EK site was significantly different from that at other sites, with the exception of EQ site (p < 0.05). The AK content of the soil at the WQ site was significantly different from that at EQ and EK sites (p < 0.05).




3.6.2. Redundancy Analysis


A redundancy analysis (RDA) was conducted to evaluate the relative contribution of different soil physicochemical factors on variation in the observed fungal communities in the rhizosphere soil of P. squamata. At the phylum level, the interpretation rate of RDA1 was 51.84%, and the RDA2 was 5.13%, together accounting for 56.97% of the variation (Figure 5). Of the eight soil physicochemical parameters, soil TK, AP, and pH affected community structures (0.01 < p ≤ 0.05), while the other five parameters did not (p > 0.05) (Supplementary Table S2). TK, AP, and pH were therefore the main factors driving fungal community structure.




3.6.3. Heatmap of the Correlation between Fungal Community and Soil Physicochemical Properties


Correlations between soil physicochemical parameters and the relative abundances of the top 10 most abundant fungal phyla were visualized using heatmaps at the phylum level. TK and other factors clustered into two branches (Figure 6). TK was extremely significantly positively correlated with Basidiomycota, positively correlated with Mucoromycota. TK was also negatively correlated with Chytridiomycota and extremely significantly negatively correlated with Ascomycota. AP was significantly positively correlated with unclassified_k_Fungi and Chytridiomycota, and negatively correlated with Mucoromycota. pH was significantly positively correlated with Mortierellomycota, and positively correlated with Glomeromycota and Ascomycota. pH was also negatively correlated with Basidiomycota. AK was significantly positively correlated with Olpidiomycota, and positively correlated with Mortierellomycota and Glomeromycota, while it was negatively correlated with Basidiomycota. AN was positively correlated with Rozellomycota. OM and TN were significantly positively correlated with Rozellomycota, and positively correlated with Olpidiomycota.





3.7. Functional Prediction in Rhizosphere Fungal Community of P. squamata


FUNGuild functional classification prediction in the rhizosphere soil of P. squamata was conducted. Any classes with a relative abundance < 0.01 were merged into “others” (Supplementary Figure S3). Trophic mode is mainly based on saprotrophic fungi in the P. squamata rhizosphere. Fungal functional guild classification prediction in the P. squamata rhizosphere soil suggested that the most common guilds were likely to be ectomycorrhizal, and endophyte fungi, as well as plant pathogens. The relative abundance of ectomycorrhizal fungi at the conservation sites were: 32.51% (EC), 49.20% (EY), 0.16% (EK), 24.27% (WQ), 37.32% (RQ), and 9.02% (EQ). The relative abundances of plant pathogens in P. squamata rhizosphere soil at the different sites are 0.42% (EC), 0.13% (EY), 2.85% (EK), 0.30% (WQ), 0.42% (RQ), and 1.30% (EQ), indicating that there were large numbers of antagonistic microorganisms in the EY and WQ sites.





4. Discussion


4.1. Fungal Diversity of P. squamata Rhizosphere Soil


Microbial community richness and diversity can reflect the complexity of the microbial communities. Upon pathogen or insect attack, plants are able to recruit protective microorganisms, and enhance the activity of these microbes to suppress pathogens in the rhizosphere [4]. In our study, the EK site had the highest fungal community richness and diversity. Because of the stronger stability of the community structure in EK, this ex situ Kunming site may therefore be the most suitable of all the sites tested for the ex situ conservation of P. squamata. The wild Qiaojia (WQ) and ex situ Yipinglang (EY) sites had the lowest community richness of all the tested sites, while the ex situ Yipinglang (EY) and reintroduced Qiaojia (RQ) sites had lowest fungal community diversity. These less stable fungal community structures may be related to the older ages of the sampled trees in WQ, EY, and RQ sites. Previous research into the effects of rhizospheric microorganisms on seven wild and two reintroduced populations of Scutellaria tsinyunensis, suggested that the population reintroduced into Helong garden (B42) had higher fungal richness and diversity than the other tested sites, and it showed more trend in the process of field reintroduction, more beneficial to S. tsinyunensis growth in the field [26]. Our study demonstrated that at Qiaojia site, the fungal community richness at the wild Qiaojia site (WQ) was lower than at the reintroduced (RQ) and ex situ Qiaojia (EQ) sites, and that the fungal community diversity at the ex situ Qiaojia (EQ) site was higher than that at the wild (WQ) and reintroduced Qiaojia (RQ) sites. Similarly, Shen et al. (2020) found that the richness of the fungal communities was lower in the wild Magnolia sinica rhizosphere than in that of the reintroduced M. sinica rhizosphere, but that the diversity of fungal communities in the wild plants was higher than that in the rhizosphere of reintroduced plants. Moreover, the DBH and height of the wild plants was significantly larger than that of the reintroduced plants [35]. Our results are consistent with those from the M. sinica study in the richness and diversity of soil fungal communities in wild and reintroduced plant individuals.




4.2. Community Structure of P. squamata Rhizosphere Fungi


In our study, the Ascomycota and Basidiomycota were the dominant phyla in the fungal communities of P. squamata rhizosphere soil at different conservation sites. Previous research compared the diversity and structure of the rhizosphere fungal community between the straight and twisted trunk types of Pinus yunnanensis. The fungal communities’ composition in the rhizosphere of straight and twisted bark varieties included Basidiomycota (72.96 and 68.35%, respectively) and Ascomycota (26.12 and 29.76%, respectively), with an overall relative abundance of more than 98% in both groups [36]. Many fungi convert dead organic matter into biomass, carbon dioxide, and organic acids, can effectively decompose organic matter and soil components, and thereby, regulate the balance of carbon and nutrients [7].



Ascomycota play an essential role in decomposing plant residues and degrading OM in the soil [37]. In this study, the relative abundance of Ascomycota was higher in the reintroduced Qiaojia site (RQ) than the wild Qiaojia (WQ). The relative abundance of Ascomycota at Qiaojia was higher in the ex situ site (EQ) than the reintroduced (RQ) and wild (WQ) sites. However, the OM content at the ex situ Caojian (EC) and ex situ Kunming (EK) sites were significantly higher than that in the RQ, EY, suggesting that the large number of Ascomycota at EY promoted the decomposition of OM, at EC and EK, they reduced the decomposition of OM. A previous study investigating rhizosphere soils surrounding wild and reintroduced Magnolia sinica individuals showed that the relative abundance of Ascomycota was greater in the reintroduced rhizospheric soil than in the wild rhizospheric soil [35]. Our findings were consistent with these results.



Basidiomycota can efficiently decompose lignocellulose, fallen, and litter [38]. In our study, the relative abundance of Basidiomycota was higher in WQ than RQ. This is consistent with our observations that when we collected the samples, we found that there were a large number of fallen leaves and a large amount of litter where the wild plants were growing, whereas there was only a small amount of litter associated with the reintroduced P. squamata. Of the four ex situ sites, the relative abundance of Basidiomycota was highest at EC. Furthermore, the relative abundance of Basidiomycota at Qiaojia was higher in the wild (WQ) individuals than those in reintroduction (RQ) and ex situ (EQ) conservation programs. Previous results have demonstrated that the relative abundance of Basidiomycota in the wild plant rhizosphere is significantly greater than that in the rhizosphere surrounding reintroduced plants [35]. Our findings are consistent with these results.



Some strains of Mortierella belong to the plant growth-promoting fungi (PGPF) and are valuable decomposers. Key characteristics, including the ability to survive under very unfavorable environmental conditions and the utilization of carbon sources contained in polymers like cellulose, hemicellulose, and chitin, mean that these fungi are efficient as the agricultural inoculants [39]. In this study, the relative abundances of Mortierella in the EC and EK sites were higher than that at EQ. Trichoderma are plant symbionts, and also behave as a low cost, effective and ecofriendly biocontrol agents [40]. In our study, the relative abundance of Trichoderma was higher at the WQ site than at RQ. Of the four ex situ sites, the relative abundance of Trichoderma was higher in EY than EK, EQ, and EC, indicating that there were a large number of antagonistic fungi in the EY site, that could potentially be screened for use in biocontrol programs. Our results suggested that the relative abundance of Mortierella in the reintroduced plant rhizosphere was higher than that in the wild plant rhizosphere, but that the relative abundance of Trichoderma in the wild plant rhizosphere was 1.56 times higher than that in the reintroduced plant rhizosphere [35]. The low relative abundances of Mortierella and Trichoderma in wild and reintroduced Qiaojia soils may be a biotic factor contributing to the scarcity of P. squamata.



Penicillium is a diverse genus occurring worldwide and its species play important roles as decomposers of organic materials [41]. In our study, the relative abundance of Penicillium was higher in RQ than WQ. Of the four ex situ sites, the relative abundance of Penicillium was highest at EQ, indicating that there were a large number of plant pathogens fungi at EQ. Furthermore, the genus Fusarium contains many important plant pathogens, and mycotoxin producers, as well as opportunistic human pathogens [42]. In this study, the relative abundance of Fusarium was higher at the EK site than EQ and RQ, suggesting that there may be many plant pathogenic fungi at EK. The presence of these Fusarium species may represent a potential risk for P. squamata conservation at EK.




4.3. Relationships between Fungal Community and Soil Physicochemical Properties


Abiotic stresses and soil nutrient limitations are major environmental conditions that reduce plant growth, productivity, and quality [43]. In this study, we determined eight soil physical and chemical parameters at different P. squamata conservation sites. The tested parameters included pH, OM, TN, TP, TK, AN, AP, AK. Soil pH at the EK and EQ sites was found to be >7, indicating alkaline soils, which is not conducive to the growth of P. squamata. The biogeochemistry of soil organic matter is a highly complex and dynamic soil property and is of vital importance for the health and ecological functioning of ecosystems [44]. Nitrogen (N), phosphorus (P), and potassium (K) are essential macronutrients for plant growth and development [45]. Soil organic matter (OM), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), and available phosphorus (AP) contents were all the lowest at the EY site, indicating that this site had the lowest soil fertility and nutrients.



The diversity and activity of soil fungi is regulated by various biotic (plants and other organisms) and abiotic (soil pH, moisture, salinity, structure, and temperature) factors [7]. In our study, of the eight soil physicochemical parameters, soil TK, AP, and pH affected community structures significantly (0.01 < p ≤ 0.05), while the other five parameters did not (p > 0.05). TK, AP, and pH were thus the main factors driving fungal community structure. Soil pH, AK, TN, TP, and TK have also been found to be important factors influencing the fungal communities associated with the rhizosphere soil surrounding wild and reintroduced M. sinica individuals [35]. Moreover, available K was found to be correlated with different fungal communities (p = 0.01) in the soils of twisted and straight-trunk individuals of P. yunnanensis [36]. Our results are therefore similar to those of previous studies.




4.4. Functional Prediction of P. squamata Rhizosphere Fungal Communities


According to the means by which they obtain nutrition, fungi can be divided into three trophic modes: pathotrophs, saprotrophs, and symbiotrophs [33]. In our study, the dominant trophic mode in the rhizosphere of P. squamata was saprotroph. This group of fungi obtains most of its nutrients by decomposing litter; therefore, the litter itself is important and can influence the functional diversity of the P. squamata rhizosphere fungal communities. This is similar to results from studies in wild and reintroduced M. sinica rhizospheres, where most of the fungi in the wild rhizospheric soils around wild M. sinica individuals were predicted to be saprotrophs, followed by pathotrophs, with only a small proportion of symbiotrophs. However, although most fungi in the rhizospheric soil surrounding the reintroduced plants were saprotrophic, the second largest predicted trophic mode was symbiotroph [35], suggesting that the trophic modes of fungi in the rhizospheric soils of P. squamata and M. sinica are different. We found a large number of antagonistic microorganisms in the EY and WQ sites. Our results are consistent with the results from previous studies suggesting that the relative abundance of plant pathogens in the rhizosphere of wild M. sinica individuals was significantly lower than that in rhizosphere of the reintroduced plants [35].





5. Conclusions


The present study explored the diversity, composition, and function of rhizosphere soil fungal communities in conservation sites where P. squamata is grown in the wild, or in ex situ, and reintroduced conservation programs. The ex situ Kunming (EK) site had the highest fungal community richness and diversity, and may therefore be most suitable for the ex situ conservation of P. squamata. The low relative abundance of Mortierella and Trichoderma in wild and reintroduced Qiaojia soils may be a biotic factor contributing to the threats facing P. squamata, and sites chosen for the conservation of P. squamata should be selected by comparison of fungal diversity. Nevertheless, we acknowledge that this study has limitations. This study only explored the impacts of the rhizosphere on P. squamata at different conservation sits. Furthermore, we investigated only the fungal communities of the P. squamata rhizosphere, although rhizosphere microbes may include further microbial communities, including prokaryotes (bacteria and archaea), as well as protists and viruses. Moreover, the effects of different plant compartments (root endosphere and phyllosphere) and non-rhizosphere soil on the growth of P. squamata should be fully investigated. In the future, culture-dependent methods or a combination of multi-omics methods should also be considered to assess the patterns in microbial diversity in the P. squamata rhizosphere.
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Figure 1. Composition of fungal communities in P. squamata rhizosphere soil at the phylum (A) and genus (B) levels. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3). 
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Figure 2. Venn diagrams of fungal communities in P. squamata rhizosphere soil at different sites at the phylum (A) and genus (B) levels. Note: The bar plots represent the number of phyla and genera found at each site. The intersections of the Venn diagram represent the number of phyla and genera common to different sites. The outer areas of the diagram mean the number of phyla and genera unique to each different sites. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3). 
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Figure 3. Principal coordinate analysis of fungal communities in the rhizosphere soil of P. squamata at different sites at the OTU level. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3). 
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Figure 4. Linear discriminant analysis of fungal communities in the rhizosphere soil of P. squamata Note: the larger the LDA score, the greater the influence of species abundance on the differential effect. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3). 
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Figure 5. Redundancy analysis of fungal communities and soil physicochemical properties of P. squamata rhizosphere soil at different conservation sites at the phylum level. Note: the length of the environmental factor arrow can represent the degree of influence of the environmental factor on the species. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3). 
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Figure 6. Heatmap of the correlation between fungal community and soil physicochemical properties of P. squamata rhizosphere soil at different conservation sites at the phylum level. Note: * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001. Red means a positive correlation, blue means a negative correlation. Darker colors indicate stronger correlations. 
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Table 1. Alpha diversity values of P. squamata rhizosphere fungi at different conserving sites.
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	Group
	Sobs
	Ace
	Chao1
	Shannon
	Simpson
	Good’s Coverage





	EC
	558.67 ± 116.34 b
	661.55 ± 136.84 b
	665.72 ± 137.41 b
	3.65 ± 0.64 ab
	0.0808 ± 0.0441 b
	0.9967 ± 0.0007 bc



	EY
	209.00 ± 7.81 d
	271.02 ± 49.14 d
	267.06 ± 31.68 d
	2.82 ± 0.10 c
	0.1133 ± 0.0101 ab
	0.9988 ± 0.0003 a



	EK
	797.00 ± 91.41 a
	979.90 ± 72.71 a
	975.72 ± 68.27 a
	4.30 ± 0.45 a
	0.0614 ± 0.0389 b
	0.9949 ± 0.0005 d



	WQ
	359.67 ± 75.70 cd
	458.26 ± 90.49 c
	446.56 ± 73.48 c
	3.10 ± 0.22 bc
	0.0979 ± 0.0242 ab
	0.9975 ± 0.0005 b



	RQ
	443.00 ± 107.39 bc
	559.39 ± 127.91 bc
	559.84 ± 130.51 bc
	2.80 ± 0.51 c
	0.1757 ± 0.0741 a
	0.9969 ± 0.0006 bc



	EQ
	524.00 ± 63.41 b
	656.31 ± 51.88 b
	657.61 ± 43.53 b
	3.57 ± 0.32 abc
	0.0792 ± 0.0300 b
	0.9964 ± 0.0001 c







Note: The data in the table show the mean ± standard deviation, different lowercase letters in the same column indicate significant differences at the p < 0.05 level, and the maximum mean value is marked with an a. EC ex situ Caojian, EY ex situ Yipinglang, EK ex situ Kunming, WQ wild Qiaojia, RQ reintroduced Qiaojia, and EQ ex situ Qiaojia (n = 3).
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Table 2. Soil physical and chemical properties of P. squamata rhizosphere at different conservation sites.
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	Samples
	pH
	OM

(g/kg)
	TN

(g/kg)
	TP

(g/kg)
	TK

(g/kg)
	AN

(mg/kg)
	AP

(mg/kg)
	AK

(mg/kg)





	WQ
	6.52 ± 0.07 b
	54.31 ± 18.77 ab
	1.88 ± 0.48 bcd
	1.02 ± 0.25 b
	13.35 ± 0.45 b
	140.38 ± 44.96 bc
	15.47 ± 3.30 bc
	99.77 ± 13.47 c



	RQ
	6.72 ± 0.07 b
	41.41 ± 2.48 b
	1.55 ± 0.10 cd
	1.55 ± 0.06 a
	13.21 ± 0.10 b
	115.32 ± 9.85 bc
	28.91 ± 1.25 a
	108.85 ± 11.75 bc



	EQ
	7.62 ± 0.09 a
	77.65 ± 16.07 ab
	3.03 ± 0.34 abc
	1.31 ± 0.03 ab
	8.61 ± 1.59 c
	186.40 ± 24.93 b
	17.01 ± 2.20 b
	151.07 ± 12.81 ab



	EC
	5.28 ± 0.66 c
	121.87 ± 7.59 a
	4.16 ± 0.48 a
	1.00 ± 0.10 b
	20.44 ± 1.41 a
	305.63 ± 32.61 a
	15.89 ± 1.49 bc
	134.08 ± 22.76 abc



	EY
	4.48 ± 0.05 c
	30.23 ± 2.98 b
	0.76 ± 0.10 d
	0.25 ± 0.02 c
	15.33 ± 1.40 b
	68.31 ± 12.74 c
	6.93 ± 0.25 c
	107.05 ± 15.31 bc



	EK
	8.03 ± 0.10 a
	118.14 ± 48.70 a
	3.20 ± 0.81 ab
	0.96 ± 0.13 b
	7.27 ± 0.69 c
	171.11 ± 36.24 b
	22.19 ± 5.91 ab
	174.50 ± 1.09 a







Note: The data in the table represent the mean ± standard deviation, and different lowercase letters in the same column indicate significant differences at the p < 0.05 level. The maximum mean value is marked with an “a”. WQ wild Qiaojia, RQ reintroduced Qiaojia, EQ ex situ Qiaojia, EC ex situ Caojian, EY ex situ Yipinglang, and EK ex situ Kunming (n = 3).
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