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Abstract: Russula griseocarnosa is an important ectomycorrhizal edible fungus whose eco-
nomic and nutritional value are both high. To better understand which abiotic and biotic
factors affect the growth of R. griseocarnosa, this study examined the mycosphere soil of
R. griseocarnosa growing in five sites. The soil fungal communities of R. griseocarnosa from
five sites of Fujian, Guangxi, and Yunnan Provinces were sequenced by Illumina MiSeq
technology, and their community structure comprehensively analyzed in combination with
a suite of soil physicochemical properties. The results revealed significantly greater levels
of available potassium (AK), available nitrogen (AN), and available phosphorus (AP) in
mycosphere soil than bulk soil, and that R. griseocarnosa prefers acidic soil, with Penicillium,
Trichoderma, Talaromyces, Mortierella, Tolypocladium, Chloridium, Oidiodendron, and Umbelopsis
being the main dominant fungal taxa. Different geographical sites had different indicator
fungal genera, and the similarity of fungal communities in the mycosphere decreased
with increasing geographical distance among them. Soil pH was the major abiotic factor
influencing the structure of the mycosphere fungal communities. Management strategies
such as nitrogen, potassium, phosphorus mixed fertilizer, and fungal fertilizer can promote
the conservation and sustainable utilization of R. griseocarnosa.
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1. Introduction

Russula griseocarnosa [1] is a kind of wild ectomycorrhizal fungus prized for its edible and
medicinal value that has symbiotic relationships with Fagaceae wood plants, but it still cannot
be cultivated artificially [2]. Not only does R. griseocarnosa contain mineral elements, such
as potassium, calcium, and magnesium, but also various active substances, such as protein,
amino acid, fatty acid, and polysaccharide, all of which play a potential role in the prevention
of anemia and tumors in humans [3]. The current market price of fresh R. griseocarnosa fruit
bodies is USD 35-45/kg, while the price of their dry products is USD 140-180/kg. Due to
extreme climate and excessive hand-picking, the production area has shrunken, resulting in
a vicious cycle of diminishing supply and rising prices of R. griseocarnosa. The formation of
R. griseocarnosa fruit bodies is closely related to a warm and humid climate environment [2].
As an ectomycorrhizal fungus, this species is highly affected by its ecological interactions with
surrounding biological factors, especially the soil microbiota.

Soil fungi are vital microbial components belowground, and besides their key eco-
logical functions, such as organic matter decomposition and nutrient cycling, also play a
crucial role in the growth and development of ectomycorrhizal fungi and the formation
of fruiting bodies [4]. Fungi are the main biotic agents that create and maintain soil struc-
ture by secreting extracellular compounds and physically binding soil through mycelium
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networks [5,6]. Work by Yu et al. [4] found that there exist indicator genera of Russula
sporocarp formation in soil fungi, such as Clitocybula, Phellodon, and Tomentella, in addition
to indicator genera capable of coexisting symbiotically with Russula, such as Acremonium
and Cladophalophora. Soil fungi in the mycosphere of the edible Tricholoma matsutake can
promote the material exchange between T. matsutake and its host plants, thereby playing a
critical role in the fruit body development of T. matsutake and the formation of its fruiting
bodies [7]. Similarly, Penicillium spp. promote the fruit body development of Lactarius
hatsudake [8]. To improve the yield and the commercial value of R. griseocarnosa, its soil
fungal community characteristics should be studied to improve their conservation and
increase yield.

Many studies have investigated the mycosphere soil bacteria, and other aspects of
R. griseocarnosa [2], but there is relatively little research on the diversity and structure of
the soil fungi dwelling in its mycosphere. Ectomycorrhizal fungi, forming a symbiotic
relationship with host plants, interact physically and metabolically with microorganisms
in surrounding habitats [9] and select the soil physicochemical properties and microbial
communities that favor their own survival in the forest ecosystem [2]. Geographical
conditions and soil properties directly or indirectly affect the structure and diversity of
fungal communities [10]. As geographical distance increases, the similarity of soil fungal
communities decreases [11]. We speculate that the symbiosis of R. griseocarnosa and host
plants have an effect on the diversity and community structure of mycosphere soil. Hence,
the present study examined the fungal community structure and environmental factors of
the mycosphere and bulk soil of R. griseocarnosa originating from distinct geographical sites,
and explored the effects of these different geographical sites on soil fungal communities.
The purpose of this study was threefold: (1) to identify the biomarker genera of soil fungal
communities in mycosphere soil from different geographical sites; (2) to clarify the effect of
symbiosis of R. griseocarnosa and host plants on the diversity and community structure of
mycosphere soil fungi; and (3) to understand the factors shaping the distribution of fungi in
the mycosphere soil of R. griseocarnosa. Altogether, the results provide an empirical basis for
the conservation of this valuable fungus in the wild, and the promotion of its propagation.

2. Materials and Methods
2.1. Sample Collection

Mycosphere and bulk soils were collected from five regions of Fujian, Guangxi, and
Yunnan Provinces in China during the growing season of R. griseocarnosa in early July
(Table 1). Host plants of R. griseocarnosa were also collected for identification, and the
temperature range, latitude, longitude, and elevation of each location also recorded. Their
temperature range was 24-37 °C, and the soil types at different sampling locations were
ferralsols. For the collection of mycosphere soil, a spiral drill was used to collect soil
attached to the roots of R. griseocarnosa at a depth of 0-10 cm, which was then placed into
sterile self-sealing bags [12]. The lateral distance between each R. griseocarnosa fruiting body
was at least 1 m [12]. Additionally, bulk soil from nearby areas without R. griseocarnosa
was collected at a depth of 0-10 cm, maintaining a lateral distance of 40 cm from each
R. griseocarnosa, and placed into sterile self-sealing bags [12]. Across five sites, three
mycosphere soil samples were collected at the DPF site, while three mycosphere soil
samples and corresponding bulk soil samples were collected at each sampling point in
the other four sites, totaling 27 samples. We then divided the collected soil samples into
two parts, and one part was air-dried naturally and sieved through a 2 mm sieve for the
determination of soil physical and chemical properties, while the other part was stored in a
-80 °C in freezer for molecular analysis.
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Table 1. Sample site information of soil.
. . Longitude Latitude Elevation AK AN AP SOC
1 1 L Host Pl H

Sample Soil Source ocation ost Plant () N) (m) p (mg/kg) (mg/kg) (mg/kg) (g/kg)
DPF Mycosphere soil YEﬁE;T\gPTr%{z Castanopsis chinensis ~ 104°35/23.85"  23°6/22.49" 1617 3974007  26578+17.68 247.60 £2603 1170 £198 1174 £ 359
HTCF Mycosphere soil Huangtianchong, o . R R 4.50 £ 0.03 106.21 £ 3.89 286.12 + 33.07 3.87 £0.46 6.69 + 0.74
HTCFCK Bulk soil Guangxi Prov,  CAstanopsis chinensis — 110°41'59.24"  23°10/33.92" 149 450 £ 0.12 7170 £7.55 17940 +2511  1.67 + 051 2.56 + 0.46
JIE Mycosphere soil Jinji Town, o ) . 4184005  14125+1288 19826+£2312  688+138  3.64 4011
JJFCK Bulk soil Guangxi Prov. Psychotria asiatica — 110°49'18.61"  23°13/36.54" 38 4304002  8949+2072 17250 + 1359  3.65+0.65 463 +213
YYF Mycosphere soil Youyi Co., Ardisia simeeons I e s 413+£004 34557 +£31.06 29532 +£575  555+018 349 +015
YYFCK Bulk soil Guangxi Prov. quindques 111°33'35.09"  23°41'30.84 4225005 12346 +£21.66 24656 £ 6233  363+135  2.61+089
ZPF Mycosphere soil  Zhangping Co., Do cil e o 168 4174£002  33315+£947 37808+ 1234 18484309  7.15+126
ZPFCK Bulk soil Fujian Prov. oona ciliata 17725711997 2571772466 3884007 15493 +£1235 2301741833 6314631 1391 40.68

AK, AN, AP, and SOC represent available potassium, available nitrogen, available phosphorus, and soil organic carbon, respectively. Data are mean + standard error (n = 3).
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2.2. Analysis of Soil Physical and Chemical Properties

The physical and chemical properties of the soil samples after air-drying each were
analyzed, and all the measurements were calculated on a dry weight basis. Soil pH was
recorded with an acidity meter (EutechCyberScan pH510, Eutech Instruments, Vernon
Hills, IL, USA) using a soil-to-water ratio (w/v) of 1:2.5 [13]. Soil organic carbon (SOC)
was measured by the potassium dichromate heating method [14]. To determine the soil
available phosphorus (AP), molybdenum antimony resistance colorimetry with double
acid extraction was used [15]. Soil available potassium (AK) was determined by flame
spectrophotometry [16], while soil available nitrogen (AN) was determined by the alkaline
hydrolysis diffusion method [17].

2.3. Analysis of Soil Fungal Diversity and Community Structure

From each soil sample, 0.30 g was weighed to extract its DNA, by following the in-
structions of the Ezup column soil DNA extraction kit (B518233, Sangon Biotech (Shanghai)
Co., Shanghai, China). The DNA concentration and purity were assessed on a NanoDrop
2000 spectrophotometer, to ensure that the former was >50 mg/L and the latter’s ODy¢ /250
ratio was between 1.8 and 2.0. The qualified DNA samples were then sequenced for
fungal ITS diversity. The primer fragment size for ITS sequencing was approximately
300 bp, and the primers were ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2R
(5’-GCTGCGTTCTTCATCGATGC-3') [18]. The PCR reaction system consisted of the fol-
lowing: 5x amplification buffer (4 uL), 2.5 mmol/L dNTPs (2 uL), 2.0 g/L bovine serum
albumin solution (BSA, 0.2 pL), 5 uM forward (0.8 puL) and reverse primers (0.8 uL),
0.5 U/uL Taq DNA polymerase (0.4 uL), 50 mg/L DNA template (2 puL), ultra-pure water
(9.8 uL). The PCR reaction procedure was as follows: predenaturation at 95 °C for 3 min,
followed by 35 cycles at 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 45 s, then ending with
a final extension at 72 °C for 10 min (GeneAmp 9700 thermocycler PCR system, Applied
Biosystems, Beijing, China). The PCR products were detected by agarose gel electrophoresis
with a mass to volume ratio of 2%, and then sequenced (2 x 300 bp) using Illumina’s MiSeq
platform (Majorbio Bio-Pharm Technology Co., Shanghai, China). The generated raw data
have been stored in the NCBI Sequence Read Archive (SRA) database (accession number:
PRJNA1212833).

The raw fastq was demultiplexed, and quality-filtered by fastp v 0.19.6, and then
merged by FLASH v 1.2.7 using the following criteria: (1) truncated 300 bp reads with an
average quality score <20 (over 50 bp); any truncated reads <50 bp were discarded; (2) pre-
cise barcode matching sequences were included, and any reads containing two nucleotide
mismatches or ambiguous characters in primer matching were deleted; (3) those overlap-
ping sequences exceeding 10 bp were assembled according to where they overlapped; and
(4) all unassembled reads were discarded.

Next, the clean reads were clustered into operational taxonomic units (OTUs) with
a 97% similarity cutoff value using USEARCH1 v7.0. The Ribosomal Database Project
(RDP) classifier v 2.2 was used to analyzed OTUs based on the UNITE (Release 8.0) tax-
onomy database, with a 70% confidence threshold. Before performing the soil fungus
calculations, sequences of R. griseocarnosa were removed to eliminate any estimation bias
of R. griseocarnosa abundance [19]. Sequencing analysis was performed by smoothing the
minimum number of sequences in the sample [20]. The diversity indices (Chao richness
index, Shannon diversity index) were calculated using Mothur v.1.30.1, based on the OTU
tables obtained for the samples. The fungal function was predicted by the FunGuild clas-
sification predicts database (Fungi Functional Guild, Guilds_v1.1.py), with the identified
fungal OTUs assigned to nutritional groups and guilds via BLAST v 2.12.0+ search [21].
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2.4. Statistical Analysis

Statistical analysis was performed using Welch's t-test for unequal variances between
two groups of data [22]. The fungal diversity indexes are presented as the mean =+ stan-
dard error (SE). For multiple comparisons, the Kruskal-Wallis H test was implemented
in STAMP v2.1.3. The relative abundance of fungal OTU was analyzed by detrended
correspondence analysis (DCA), which showed that the length of the first axis was greater
than 3 [23]. Therefore, based on the relative abundance of fungal species at OTU level,
canonical correspondence analysis (CCA) was performed to reveal the association between
fungal communities and environmental factors, using the vegan package in the R v4.1.3 soft-
ware platform [23]. To analyze the relationships between mycosphere fungal communities
and environmental factors, variation partitioning analysis (VPA) was also performed using
R’s vegan package [24]. The distance—decay relationship was calculated as the ordinary
least squares regression slope of the relationship between geographic distance and fungal
community similarity (i.e., 1-dissimilarity measured by Bray Curtis) [25]. LEfSe (linear
discriminant analysis (LDA) effect size) was used to discover the significant differences of
five regions’ mycosphere fungal taxa at the genus level, under default parameters (LDA
score > 2, p < 0.05). This was carried out online using the Majorbio I-Sanger Cloud Plat-
form2 (https:/ /cloud.majorbio.com/page/tools/, accessed on 11 October 2024). Spearman
correlation coefficients between the LEfSe-significant fungal genera in the mycosphere and
environmental factors were calculated and displayed as a heatmap using the pheatmap
package in R v4.1.3 [26].

3. Results
3.1. Sample Site Information of Mycosphere and Bulk Soils

Compared with bulk soil, the SOC of HTCF (p = 0.009) was significantly higher in
mycosphere soil, but vice versa for ZPF (p = 0.009) (Table 1). The AN, AP, and AK values
were higher in all mycosphere soils compared with their bulk soils (Table 1). These results
showed that relative to bulk soil, mycosphere soil was more nutrient-rich.

The mycosphere’s SOC content ranged from 3.49 to 11.74 g/kg, with a soil pH
value between 3.97 and 4.50, and AN content of 198.26-378.08 mg/kg, an AP content
of 3.87-18.48 mg/kg, and AK content of 106.21-345.57 mg/kg (Table 1). There were sig-
nificant differences in soil physicochemical properties among soil samples from different
mycosphere soils.

3.2. Soil Fungal Diversity of R. griseocarnosa

After flattening the minimum sequence for each sample, we obtained 39,600 sequences
on average, and the rarefaction curve for the number of OTUs actually represented fungi
tended to plateau (Figure S1). This demonstrated that the sequencing results were reason-
able and reliable, in that with more sequencing data found, the contribution rate of each
new OTU was lower.

We investigated the distinctiveness of fungal communities in the mycosphere and bulk
soils sampled from the different sites. In terms of fungal diversity, the Chao (Figure 1A)
and Shannon (Figure 1B) indexes of mycosphere soil samples from both HTCF and ZPF
were significantly lower than those of their bulk soil samples. The Chao index of the five
regions differed significantly (p = 0.016), among which ZPF’s Chao diversity index was the
highest (Figure S2).
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Figure 1. Comparison of Chao (A) and Shannon (B) diversity indexes between mycosphere and
bulk soil. Significant differences by * p < 0.05; ** p < 0.01. DPF, HTCF, JJF, YYF, and ZPF represent
mycosphere soil in different geographical areas, and HTCFCK, JJFCK, YYFCK, and ZPCK represent
bulk soil.

3.3. Soil Fungal Community Structure of R. griseocarnosa

We clustered the obtained OTUs into six phyla. Among all soil samples, Ascomy-
cota, Basidiomycota, and Zygomycota were the main phyla found (Figure 2A). Over-
all, we identified 411 genera in the sequencing dataset, with Penicillium, Trichoderma, Ta-
laromyces, Mortierella, and Tolypocladium being the dominant genera. We observed that
Penicillium, Tolypocladium, Chloridium, Oidiodendron, and Umbelopsis levels were higher in
mycosphere soil than bulk soil at all sites (Figure 2B). In the HTCF area, the abundance
of Mortierella (p = 0.031) was significantly higher in its mycosphere soil relative to its bulk
soil (Figure 2B), whereas that of Chaetosphaeria (p = 0.046) was significantly lower in my-
cosphere soil (Figure 2B). Conversely, Mortierella was significantly higher in the bulk soil
than mycosphere soil at YYF (p = 0.023) (Figure 2B). Paecilomyces was significantly higher
in the bulk soil of ZPF relative to its mycosphere soil (p = 0.0022) (Figure 2B).

The LEfSe (linear discriminant analysis (LDA) effect size) analysis of the fungal com-
munities from five regions revealed significant bioindicator fungal genera in the myco-
sphere soils (LDA score > 2, p < 0.05). There were 46 LEfSe-significant fungal genera
(Figure 3). The fungal biomarker genera at ZPF comprised Chaunopycnis, Scleroderma,
Cladophialophora, Gliocephalotrichum, and Arachnopeziza, while those at YYF consisted of
Chaetosphaeria and Gliocladiopsis. Those at JJF were limited to only Oidiodendron. Those at
HTCEF were Penicillium, Geminibasidium, and Clonostachys. Those at DPF were Calcarisporium,
Lactarius, and Paecilomyces (Figure 3).
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Figure 2. Comparison of fungi community composition between mycosphere and bulk soil.
(A) Phylum level; (B) the top 30 genera. DPE, HTCF, JJF, YYF, and ZPF represent mycosphere
soil in different geographical areas, and HTCFCK, JJFCK, YYFCK, and ZPCK represent bulk soil.

3.4. Effects of Abiotic and Biotic Factors on Soil Fungal Community Structure

The CCA results describe the relation between environmental factors and soil fungi
microbial community structure (Figure 4). They showed that the CCA1 and CCA2 axes
explained 24.05% and 22.75% of the total community variance, respectively (Figure 4).
The results also showed that pH (12 = 0.468, p = 0.0015), SOC (r? = 0.695, p < 0.001), AP
(r2 = 0.343, p = 0.014), elevation (r> = 0.967, p < 0.001), longitude (r> = 0.937, p < 0.001), and
latitude (2 = 0.886, p < 0.001) were the main factors influencing the compositional assembly
of soil fungal communities (Figure 4). In particular, the samples from HTCE, JJE, and YYF
were predominantly affected by pH, whereas those from DPF were influenced by elevation,
and those from ZPF and ZPFCK were influenced by latitude (Figure 4).

To quantify the effects of soil parameters and geographical location (longitude, latitude,
and elevation) on mycosphere fungal communities, we used variance partitioning analysis
(VPA). These variables explained a substantial portion (62.32%) of the changes in fungal
community structure in the mycosphere (Figure 5A). Notably, of that percentage, the soil
parameters constituted 35.55% and geographical location accounted for 22.35%, while
their interactions explained just another 4.42% of the variation among mycosphere fungal
communities (Figure 5A). The beta diversity (Bray—Curtis dissimilarity) of the mycosphere
fungal community decreased with an increase in geographical distance (Figure 5B).

The relative abundance of the LEfSe-significant fungal genera and soil/site properties
were analyzed by Spearman correlations in the mycosphere soil (Figure 6). The resulting
heatmap showed that longitude, latitude, and AN clustered together; AP and AK gathered
together; and elevation and SOC aggregated together, but pH was set largely apart and
clustered alone (Figure 6). Penicillium, Geminibasidium, and Oidiodendron were negatively
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correlated with AP (p < 0.05), AK (p < 0.05), and elevation (p < 0.05), and positively
correlated with pH (p < 0.05) (Figure 5). Calcarisporium was negatively correlated with
pH (p = 0.04), longitude (p = 0.024), and latitude (p = 0.024) (Figure 6). Chaunopycnis and
Calonectria showed positive correlation with AK, AN, longitude, and latitude (p < 0.05)
(Figure 6). Bionectria, Coccomyces, Tinctoporellus, Scleropezicula, and Rhizophydium showed
positive correlation with AP, AN, longitude, and latitude (p < 0.05) (Figure 6). Paecilomyces,
Cladophialophora, and Fimetariella showed a significant positive correlation with elevation
(p <0.01) and SOC (p < 0.05) (Figure 6). Stilbella and Fimetariella showed a significant
positive correlation with elevation (p < 0.01), while being negatively correlated with pH
(p < 0.05). Lactarius and Hirsutella had significant negative correlations with longitude and
latitude (p < 0.01) (Figure 6).
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Figure 3. LEfSe analysis of mycosphere fungi at genus level. DPE, HTCF, JJE, YYF, and ZPF represent
mycosphere soil in different geographical areas.

3.5. Functional Predictions of Soil Fungi

We assigned fungal OTUs to specific nutrient groups and then further subdivided
them into specific roles in ecology. Three ecological functions were mainly detected,
namely pathotroph, saprotroph, and symbiotroph (Table S1). Pathotroph-symbiotroph
(ericoid mycorrhizal) and saprotroph-symbiotroph (ectomycorrhizal lichenized wood
saprotroph) were more common in mycosphere soil than bulk soil at all sites (Table S1).
At the JJF and YYF sites, saprotroph (undefined saprotroph and soil saprotroph) and
saprotroph-symbiotroph (ectomycorrhizal-undefined saprotroph) were more prevalent
in mycosphere soil than bulk soil (Table S1). At HTCF, pathotroph—saprotroph (ani-
mal pathogen-fungal parasite-undefined saprotroph), pathotroph-symbiotroph (ericoid
mycorrhizal), and saprotroph-symbiotroph (endophyte-litter saprotroph-soil saprotroph-
undefined saprotroph) were greater in mycosphere soil than bulk soil (Table S1). In the ZPF



Microorganisms 2025, 13, 490 9of 15

samples of mycosphere soil, pathotroph (fungal parasite), pathotroph-symbiotroph (animal
pathogen-clavicipitaceous endophyte-fungal parasite), saprotroph (undefined saprotroph),
and symbiotroph (ectomycorrhizal) were all higher than in bulk soil (Table S1).

Permutation test: P=0.001

. Longitude

Latitude %o

CCA2:22.75%

Group

DPF
HTCF
HTCFCK
JIF
JIFCK

® Elevation

bt YYFCK
ZPF
ZPFCK

0 1
CCA1: 24.05%

Figure 4. Canonical correspondence analysis (CCA) based on the relative abundance of fungal taxa at
the OTU level and environmental factors. DPF, HTCE, JJE, YYF, and ZPF represent mycosphere soil
in different geographical areas, and HTCFCK, JJFCK, YYFCK, and ZPCK represent bulk soil. AK,
AN, AP, and SOC represent available potassium, available nitrogen, available phosphorus, and soil
organic carbon, respectively.

A Soil parameters Geographical location oo . 5 .
I grap B P : R*=0.1745 p<0.01
(=1
o Ll
R
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g < . e .
.
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e I
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Figure 5. Relationships between mycosphere fungal communities and environmental factors.
(A) Variation partition analysis (VPA) of soil/site properties on fungal community. (B) Distance—decay
curves of fungal communities.

The functional analysis of LEfSe-significant fungal genera showed that fungal parasite
and ectomycorrhizal abundance at DPF significantly exceeded that of other mycosphere site
samples (Figure 7). Yet significant geographic differences in saprotroph (leaf saprotroph)
abundance were evident, being significantly higher in the samples of ZPF than those of
other sites (p = 0.027) (Figure 7). The abundance of dung saprotroph-endophyte-plant
pathogen-undefined saprotroph at YYF was significantly higher than that of other site
samples (p = 0.040). Finally, the abundance of undefined saprotroph at HTCF significantly
exceeded that of other site samples (p = 0.019) (Figure 7).
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Figure 6. Spearman correlation between the LEfSe-significant fungal genera and soil/site properties.
Significant correlation was noted when * p < 0.05 and ** p < 0.01.
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Figure 7. Functional classification of the LEfSe-significant fungal genera. DPF, HTCF, JJF, YYF, and
ZPF represent mycosphere soil in different geographical areas, and HTCFCK, JJFCK, YYFCK, and
ZPCK represent bulk soil.

4. Discussion

Consistent with most studies concerning soil fungal communities [12,19,27], we found
that fungal Chao and Shannon diversity indices in mycosphere soil were lower than in bulk
soil. This indicates that the symbiosis of R. griseocarnosa and host plants has a significant
impact on the diversity and community structure of soil mycosphere. Among the myco-
sphere soil fungi, the reduction in Basidiomycota (Figure 2A) may be explained by their
rejection by R. griseocarnosa, since the latter secretes antifungal compounds that repel other
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basidiomycetes, thus promoting its own growth [28,29]. This belowground reduction of
Basidiomycota also occurs with other ectomycorrhizal fungi [18], leading to a decline in the
diversity of soil fungi [19]. Furthermore, Yu et al. [4] found that the richness and diversity
of mycorrhizal soil fungi decreased during the symbiosis stage in Russula—Fagaceae root
interactions. According to Yu et al. [4], the abundance of Russula’s DNA features in myco-
sphere soil increased in the stage of mycelium growth. The sequences of R. griseocarnosa
dominated the sequencing data and obscured the signals of other low-abundance fungi,
leading to bias in soil fungal community structure analysis. After eliminating the sequences
of R. griseocarnosa, rare species or key functional bacteria can be identified more clearly. To
better understand the relationship between R. griseocarnosa and soil fungi, we deleted the
R. griseocarnosa sequence to eliminate bias in estimating fungal community structure and
diversity [19].

The mycosphere fungal community of R. griseocarnosa was mainly composed of As-
comycota, Basidiomycota, and Zygomycota (Figure 2A). The majority of Ascomycota are
saprophytic fungi, which can decompose recalcitrant substances such as lignin and ker-
atins, thereby bolstering nutrients’ circulation in soil and improving overall soil quality [30].
Frey et al. [31] found that Ascomycota and Zygomycota fungi are critically involved in the
decomposition of plant residues and organic matter in soil, while Basidiomycota members
have a strong ability to decompose lignocellulose. Oh et al. [18] reported that the main fungi
in the mycosphere soil of the edible fungus Tricholoma matsutake belonged to Ascomycota,
and likewise for the mycosphere soil of Russula as well as Craterellus [32]. In mycosphere
soil, the dominant fungi were Penicillium, Trichoderma, Talaromyces, Mortierella, and Tolypocla-
dium (Figure 2B). Most studies have shown that Penicillium spp. are the dominant genus in
the mycosphere soil of mycorrhizal edible fungi, whose presence and activity may benefit
the fruit body development of mycorrhizal species [33,34]. Trichoderma spp. can secrete cel-
lulase and hemicellulase to degrade plant cell walls [35] and dissolve organic and inorganic
phosphorus in soil, thereby promoting the absorption of soil phosphorus by plants and
participating in the soil carbon and phosphorus cycle [36]. Work by Sun et al. [37] found
that the saprophytic Mortierella fungi occur at high abundance in soils rich in organic matter
and are major microbial members responsible for soil organic matter and nutrient cycling.
Yu et al. [4] detected Mortierella, Penicillium, and Trichoderma in the mycorrhizal mycosphere
during both the Russula-Fagaceae root mycelia-running stage and the Russula sporocarping
stage. Our results showed that both Tomentella and Umbelopsis were more abundant in
mycosphere soil than bulk soil (Figure 2B). Other research has shown that Tomentella can
form ectomycorrhizae improving the absorption and accumulation of mineral nutrients in
soil by the host plant [38], while Umbelopsis has been detected often in the fruiting bodies
and fairy rings of Tricholoma matsutake mushrooms [39]. Oh et al. [19] had suggested that
Umbelopsis and Mortierella could interact positively with T. matsutake, which is consistent
with our results. According to Yu et al. [4], the existence of Tomentella and Chaetosphaeria
may indicate a shift in Russula’s physiological development, from vegetative (mycelium)
stage to sporocarp production (reproductive) phase. A study by Qi et al. [27] demonstrated
that Trichoderma, Inocybe, and Penicillium were the main mycosphere fungi of Russula spp.
Therefore, mutualistic fungi may coexist in mycelium-dominated soil habitats.

The growth of ectomycorrhizal fungi is influenced by biotic and abiotic factors in soil
ecosystems [40]. Here, the contents of AN, AK, and AP were higher in mycosphere soil than
in bulk soil (Table 1), and the CCA results showed that pH, SOC, AP, elevation, longitude,
and latitude were the main factors influencing the composition of fungal communities.
Yet soil pH emerged as the major factor influencing the structure of mycospheric fungal
communities (Figures 4 and 6). Studies have shown that Boletus, Amanita, and Russula
ectomycorrhizal fungi often grow in forest habitats with a much thicker humus layer and
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fertile soil, with acidic soil of pH 4-6 being the most suitable for their growth [41,42]. The
SOC content of mycosphere soil at HTCF and YYF was lower than that of the corresponding
bulk soil, suggesting that R. griseocarnosa may regulate the soil fungal community, accelerate
carbon decomposition, and thus reduce the organic carbon storage [43]. The DPF and ZPF
samples were taken from high elevations, and the content of AP in those soil samples sur-
passed that in the other site samples (Table 1). As the elevation increased, the nutrient status
of the mycosphere soil of dominant plants gradually became more phosphorus-limited [10].
We found that the main taxa of soil fungi with different geographical sites were similar
(Figure 2B), but the biomarker genera occurred in these different geographical locations
were different (Figure 3). That is, Paecilomyces, Cladophialophora, Stilbella, and Fimetariella
were significantly positively correlated with SOC and elevation (Figure 6). Most genera
were significantly positively correlated with longitude and latitude, while Calcarisporium,
Lactarius, and Hirsutella were significantly negatively correlated with longitude and latitude
(Figure 6). With increasing geographical distance, the community similarity of soil fungi
decreased (Figure 5B), which is consistent with Yang’s findings [10]. Soil fungi exhibit
strong local patterns that vary between different areas and which are driven by climate
and soil factors [11]. These findings indicated that ectomycorrhizal fungi can affect the
nutrient status of soil, and in turn, soil nutrients can regulate the colonization and growth
of ectomycorrhizal fungi.

The soil fungi in the habitat of R. griseocarnosa were mainly saprophytic (Figure 7).
Ectomycorrhizal fungi lack the GH6 and GH7 family genes encoding cellobiohydrolase,
which are found in soil saprophytes [44]. This study found that the fertility of myco-
sphere soil was higher than that of bulk soil (Table 1), and the pathotroph-symbiotroph
and saprotroph-symbiotroph functions of mycosphere were higher than those of bulk
soil (Table S1). Mucha et al. [45] found that several saprophytic fungi could induce ecto-
mycorrhizal fungi to produce chitinase and acid protease. High soil fertility leads to a
general increase in the abundance of saprophytic and/or pathogenic fungi in forest ecosys-
tems [46,47]. Since saprotrophic fungi can colonize in large numbers, they may continue to
provide nutrients for the growth of R. griseocarnosa by helping the degradation of humus
in the surrounding habitat [48-50]. Despite some limitations to functional predictions, we
have uncovered potential positive effects of soil fungi on the growth of R. griseocarnosa,
providing a sound basis for future studies to further explore the dynamic relationship
between R. griseocarnosa’s growth dynamics and its soil microorganisms.

5. Conclusions

Through a comprehensive analysis of the physicochemical properties and fungal
community structure of mycosphere of R. griseocarnosa from different geographical areas, it
was found that soil AK, AN, and AP values were higher than those in bulk soil. Penicillium,
Trichoderma, Talaromyces, Mortierella, Tolypocladium, Chloridium, Oidiodendron, and Umbelopsis
were the dominant soil fungal taxa, which may promote the growth of R. griseocarnosa.
There were pronounced differences in the indicator species from different geographical
areas. However, the similarity of fungal communities in the mycosphere declined with the
increase of geographical distance. Improved soil properties, including the application of
nitrogen, phosphorus, potassium, and microbial fertilizers, could promote the propagation
of R. griseocarnosa.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390 /microorganisms13030490/s1, Figure S1. Rarefaction curves for fungal
sequences. Figure S2. Comparison of Chao (A) and Shannon (B) indexes in mycosphere soil. Different
lowercase letters indicate significant differences (p < 0.05). Table S1. The relative abundances of soil
fungal functional guilds.
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