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Abstract: The tendency of microbiota changes in the soil of Ganoderma leucocontextum continuous
cultivation is investigated by high-throughput sequencing technology. Medium bag cultivation of G.
leucocontextum with uncultivated soil significantly increased the organic matter (OM), hydrolyzable
nitrogen, available phosphorus, and available potassium content of soil. The relative abundance
of the dominant beneficial bacteria (Sphingomonas spp., Mucilaginibacter spp., Bryobacter spp., and
Bradyrhizobium spp.) for G. leucocontextum continuous cultivation, was decreased in the soil. Mortierella
spp. and Pyrenochaeta spp. were the dominant fungi with negative effects on G. leucocontextum
cultivation in the soil. The correlations between the microbiota and soil physicochemical properties
indicated that continuous cultivation not only caused changes in the soil physicochemical factors but
also affected the structure of dominant microbial communities, especially bacteria and environmental
factors.

Keywords: Ganoderma leucocontextum; casing cultivation; continuous cultivation obstacle; microbiota

1. Introduction

Ganoderma leucocontextum is a fungus of Basidiomycetes, with a cap of white tissue [1,2].
It is suitable for planting at an altitude of 1900–3000 m under a medium–low temperature [3].
It has been widely cultivated as a high-quality Ganoderma species for its medicinal values
with high contents of polysaccharides, triterpenes, and ganoderic acid [4–6].

Medium bag cultivation and log cultivation are the two main cultivation methods of
edible fungi. Different edible fungi can choose different cultivation methods according to
the requirements of the growth substrate and environment. G. leucocontextum’s cultivation
is mostly in soil with a casing layer [7]. The soil can stabilize the water content in the
medium, and provides plentiful probiotics and further mineral elements. By this cultivation
method, G. leucocontextum fruiting bodies have higher contents of medicinal components.
Moreover, this cultivation method can be of high yield. However, cultivation can be
restricted by its continuous cultivation obstacles [8], including slow growth, infection
by Penicillium, Trichoderma, and Neurospora, and its yield decreasing after 3–5 years of
continuous cultivation. Some soil-borne pathogens were isolated from the continuous
cultivation soil in our previous researches [9].

The researches on the decline in yield and quality caused by the continuous cultivation
of mushrooms mainly focused on the cultivation technology with casing materials, and cul-
tivation substrates [10–12]. Some microorganisms, such as Trichoderma sp. [13], Clostridium
sp., Alkaligenes sp., and Bacillus sp. with strong allelopathic effects on G. lucidum growth
with continuous cultivation obstacles had=ve been researched [14]. It was found that Peni-
cillium, Sphingomonas, Anaeromyxobacter, Bradyrhizobium, and Dehalococcoides were related to
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the continuous cultivation obstacles of G. lucidum [15,16]. A strong correlation between the
continuous cultivation obstacles and the changes in microbiota in the G. lucidum cultivation
soil was found [17]. However, the effect of the continuous cultivation of G. leucocontextum
on soil physical and chemical properties and soil microbiota is unknown.

In our study, the differences in the soil microbiota after two cultivation methods,
medium bag cultivation and log cultivation, were investigated, and the relationships
between the microbiota changes and the continuous cultivation obstacles were analyzed.
This study has promoted our understanding of the impact of the continuous cultivation of
G. leucocontextum on micro-ecology, and provided a reference for the development of the
cultivation technology of G. leucocontextum.

2. Materials and Methods
2.1. Cultivation

The G. leucocontextum (YBLZ4) strain was obtained from the Key Laboratory of South-
western Crop Gene Resources and Germplasm Innovation, Ministry of Agriculture, Yunnan,
China.

For medium bag cultivation, the sawdust/bran fruiting formula for cultivating G.
leucocontextum was sawdust (78%), wheat bran (13%), corn flour (7%), sucrose (1%), and
gypsum (1%), and the water content of the medium was 55–60% after soaking. The
polypropylene bags (17 cm × 35 cm × 0.06 mm) were filled with the 1200 g medium
(wet weight), and then the bags were autoclaved at 126 ◦C for 2 h, and inoculated with G.
leucocontextum spawn after cooling to room temperature. Bags were incubated in the dark
at 23 ◦C until substrate was filled with hyphae. The bags were transferred into arched shed
after incubating another 30 days. The bags were opened and covered with 6.5 ± 0.5 cm of
soil.

With log cultivation, wood logs (20 cm in diameter × 25 cm long) were bagged in
polypropylene bags (35 cm × 50 cm × 0.005 mm), sterilized with steam at 95 ◦C for 15 h,
and inoculated with actively growing mycelia of G. leucocontextum spawn at one side of
each log. After incubating at 23 ◦C for 50–60 days, the fully colonized logs were taken out
and transferred into arched shed to induce fruiting. Logs were put on the soil plot (1.5 m
wide × 25 cm deep) vertically and covered with 8 cm thickness of soil.

Moreover, the continuous cultivated soil was used for the cultivation of G. leucocontex-
tum. There were three treatments for the continuous cultivation in March 2021. Group I
was medium bag cultivation with uncultivated soil in No.1 arched shed, Group II was log
cultivation with continuous cultivated soil after 2-year log cultivation in No.2 arch shed,
Group III was log cultivation with continuous cultivated soil after 4-year log cultivation in
No.3 arch shed. The soil water content of all treatment groups was kept at 50%, and differ-
ent treatment groups adopted unified farming management. A number of 1000 bags/logs
were prepared for each treatment.

2.2. Collection of Soil Samples

All soil samples were collected at the end of G. leucocontextum harvest in October 2021
and were divided into four groups (Table 1).

In each group, four randomly placed sampling quadrates (1 m× 1 m) were selected. A
5-point sampling method (centre and four corners) was used, and 300 g soil was extracted
by sterilized shovel around 3–7 cm in depth. The soil samples were collected and mixed
together in sterile ziplock bags, which were immediately transported to the laboratory and
stored at −80 ◦C for further analyses.

Each group contained four replicates resulting a total of 16 samples. The 200 g from
each sample was homogenized for the analyses of soil physicochemical properties, another
20 g was used for microbial culture, another 50 g was used for total genomic DNA analyses.
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Table 1. Soil sampling information and sample IDs.

Sampling Information Sample ID Sample Group

Medium bag cultivation 1© soil of Group I (after 1 year) B1a.1

B1a
Medium bag cultivation 2© soil of Group I (after 1 year) B1a.2
Medium bag cultivation 3© soil of Group I (after 1 year) B1a.3
Medium bag cultivation 4© soil of Group I (after 1 year) B1a.4

CK 1© uncultivated soil CK.1

CK
CK 2© uncultivated soil CK.2
CK 3© uncultivated soil CK.3
CK 4© uncultivated soil CK.4

Log cultivation 1© Group II (after 3 year) W3a.1

W3a
Log cultivation 2© Group II (after 3 year) W3a.2
Log cultivation 3© Group II (after 3 year) W3a.3
Log cultivation 4© Group II (after 3 year) W3a.4

Log cultivation 1© Group III (after 5 year) W5a.1

W5a
Log cultivation 2© Group III (after 5 year) W5a.2
Log cultivation 3© Group III (after 5 year) W5a.3
Log cultivation 4© Group III (after 5 year) W5a.4

2.3. Soil Physicochemical Properties

The homogenized soil samples were all air-dried and sieved. Soil pH was measured
using a calibrated pH meter INESA PHS-3E in a 1:2.5 soil–water suspension. The or-
ganic matter (OM) in the soil samples was measured using the chromic acid titration
method [18]. The hydrolyzable nitrogen (N) was measured using the alkaline solution
diffusion method [19]. The available phosphorus (P) was determined by UV—colorimetric
analysis [20]. The potassium (K) was determined by flame atomic absorption spectrometry
(FAAS) [21].

2.4. The Number of Cultivatable Microorganisms

Samples meant for microbial culture were subjected to gradient dilution, and the num-
ber of cultivable soil microorganisms was determined by the dilution plating method [22].
The medium for the cultivation of bacteria, fungus, and actinomycetes were beef extract
peptone, potato dextrose agar (PDA), and Gauze’s Medium No.1, respectively. Bacteria,
fungi, and actinomycetes were cultured for 72 h in incubators set at 35 ◦C, 28 ◦C, and 30 ◦C
respectively. The microorganisms were spread onto the plate, the number of colonies on
each plate was counted, and finally the number of colonies in each group of samples was cal-
culated. In order to verify the microorganisms we isolated, we selected some representative
isolates from bacteria, fungi, and actinomycetes for 16S rRNA Sanger sequencing.

2.5. Sequencing for Microbial Diversity Analysis

The total genomic DNA of the soil sample was extracted using a Mag Pure Soil DNA
LQ Kit (Magen), then it was diluted to 1 ng/µL with sterile water, and stored at −80 ◦C.

The soil microbial DNA was amplified by PCR using barcoded primers. The corre-
sponding regions of the primers were: (i) 343F 5′-TACGGRAGGCAGCAG-3′, and 798R
5′-AGGGTATCTAATCCT-3′ for the 16S V3-V4 region. (ii) ITS1F-ITS2R for the ITS region,
ITS1F 5′-CTTGGTCATTTAGAGGAAGTAA-3′, ITS2R 5′-GCTGCGTTCTTCATCGATGC-3′.
The PCR reaction system (30 µL) included 2× Gflex PCR Buffer 15 µL, Tks Gflex DNA Poly-
merase (1.25 U/µL) 0.6 µL, Primer F/R (5 µM) 1 µL, gDNA 1 µL (50 ng), and added H2O
to 30 µL. The PCR program was 94 ◦C pre-denaturation for 5 min, followed by 26 cycles of
(94 ◦C for 30 s, 56 ◦C for 30 s, and 72 ◦C for 20 s), then 72 ◦C for 5 min.

PCR products were detected by electrophoresis and purified using magnetic beads of
the Qubit dsDNA Assay Kit (Life Technologies) after detection. Then, they were subjected
to two rounds of PCR amplification, detection, and purification, and then quantified by
Qubit. Equal amounts of PCR products were mixed according to their concentrations, and
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the products were sent to Shanghai Ouyi Industry and Trade Co., Ltd. for sequencing using
the Illumina MiSeq high-throughput sequencing platform.

2.6. Bioinformatics Analysis

Following sequencing, the generation of 250 bp paired-end reads ensued. These reads
were then assigned to their respective samples based on their unique barcode and truncated
by removing the barcode and primer sequence. FLASH V1.2.7 [23] was utilized to merge
the paired-end reads. To obtain high quality clean tags, raw tags were filtered under specific
filtering conditions in accordance with the QIIME 2 [24] quality-controlled process. The tags
were then compared to the reference Silva database [25] to detect any chimera sequences,
which were subsequently removed.

Operational taxonomy units (OTUs) were established by grouping sequences with a
similarity of ≥97% using Uparse v7.0.1001 [26]. A representative sequence was selected for
each OTU and subjected to further annotation [27]. Taxonomic information was assigned
to each representative sequence using the Mothur algorithm and the Silva database [25].
Analyses on microbial community structure, and alpha and beta diversity, and multivariate
were further carried out according to previous studies [28].

2.7. Yield Measurement

The above-mentioned continuous cultivated soil was used for the two cultivation
methods of G. leucocontextum in March 2022 (adopting the same cultivation method as
in Section 2.1), medium bag cultivation (B-CK and B1a) and log cultivation (W-CK, W3a,
W5a). A number of 100 bags/logs were prepared for each treatment, and the fruit bodies
were harvested when there was spore on the pileus surface and the white margins changed
to brown. The yields of fresh and dry mushrooms (g/bag or g/log) were determined in
August–September. Biological efficiency and conversion rate were estimated by Formulas
(1) and (2), respectively [29].

Biological efficiency (%) =
Weight of fresh fruit bodies

Weight of dry substrate
× 100% (1)

Conversion rate (%) =
Weight of dry fruit bodies

Weight of dry substrate
× 100% (2)

2.8. Statistical Analysis

The sequencing data were analyzed and processed using SPSS 17.0 statistical software.
The t-test was used for comparison between groups, and p < 0.05 indicated significant
difference, and p < 0.01 indicated very significant difference.

3. Results
3.1. Comparison of Soil Physicochemical Properties

The soil physicochemical properties are shown in Table 2. Compared with the back-
ground control, the OM of the casing soil (273.58%) in B1a treatment significantly increased,
and the contents of hydrolyzable nitrogen, available phosphorus, and available potassium
increased by 266.67%, 45.45%, and 414.81%, respectively. The pH increased by 2.5 units.
The OM in the W3a and W5a treatments had significantly increased N and K contents, just
not as significant as in the medium bag treatment; the P content slightly decreased, and
little effect on the pH was seen.
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Table 2. Soil physicochemical analysis.

Treatment pH OM
(g/kg)

N
(mg/kg)

P
(mg/kg)

K
(mg/kg)

B1a 8.0 a 19.8 a 44 a 19.2 a 973 a

CK 5.5 b 5.3 c 12 c 13.2 b 189 c

W3a 5.1 b 10.6 b 29 b 10.5 b 437 b

W5a 5.4 b 8.3 b 26 b 10.2 b 638 b

Note: The different letters in a row indicate significant differences between treatments at p < 0.05.

3.2. The Number of Culturable Microorganisms

Among the four studied groups, the total count of soil microorganisms in B1a was
the largest compared with the CK, the former was increased by 2.1-fold, and the counts of
the three major microbial groups (bacterium, actinomycete, and fungus) were increased
significantly (Table 3). There were significant differences in the numbers of culturable
bacteria, actinomycetes, and fungi in the casing soil with different continuous cultivation
years of the log mode. Different from the medium bag mode, the number of microorganisms
in W3a and W5a were both smaller than that in the CK treatment, and the number of
microorganisms decreased with the increase in cultivation years. In particular, the decrease
in actinomycetes was the largest and the decrease in bacteria was small, whereas the
number of fungi increased.

Table 3. The number of soil culturable microorganisms.

Treatment
Total Count Bacterium Count Actinomycete Count Fungus Count

(104 CFU/g) % (104 CFU/g) % (104 CFU/g) % (104 CFU/g) %

B1a 1553.23 a 212.05 842.81 a 571.56 697.15 a 89.03 13.276 a 284.59
CK 497.75 b / 125.50 b / 368.80 b / 3.452 b /

W3a 174.33 c −64.98 87.38 c −30.37 84.43 c −77.11 2.513 b −27.20
W5a 63.35 c −87.27 60.37 c −51.90 * * 2.985 b −13.53

Note: The different lowercase letters in a row indicate significant differences between treatments at p < 0.05.
* indicates not detectable.

3.3. Microbial Community Structure

The ASV sequences obtained from high-throughput technology were used to evaluate
the changes in soil bacteria and fungi in different cultivation modes with different continu-
ous cultivation years. After processing the sequences, the final number of bacterial reads
was between 55,062 and 64,624, and the number of OTUs of the samples varied from 800 to
1574. On the other hand, the final number of fungal reads was in the range of 56,927–71,173,
and the number of OTUs of the samples was in the range of 167–529.

The samples were annotated and summarized at various taxonomic levels such as
phylum, class, order, family, genus, and species. Then the absolute abundances and relative
abundances were sorted at each taxonomic level. The analysis results at the phylum and
genus levels showed that the community structure and diversity of the soil bacteria and
fungi were changed significantly after the continuous cultivation of G. leucocontextum.

3.3.1. Bacterial Community Composition

There were significant differences in the abundances of the top ten phyla in the soil
bacterial community composition from different cultivation modes of G. leucocontextum.
However, their abundance in different years of continuous cultivation varied slightly but
not the composition (Figure 1). A total of approximately 40 bacterial phyla were found, the
average abundance of the top 10 bacterial phyla accounted for >90% of the abundance of all
the 16 samples, and the top five phyla accounted for >70%. In log cultivated soil, with the
increase in years of continuous cultivation, the abundances of Actinobacteria, Bacteroidetes,
Gemmatimonadetes, and Firmicutes decreased, and, conversely, the abundances of Acidobac-
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teria, Myxococcota, and Nitrospirae increased, while in the medium bag cultivation, the
abundance of Proteobacteria was >50%, and the abundances of Actinobacteria, Bacteroidetes,
and Gemmatimonadetes were also higher than those in the CK and log cultivation to varying
degrees, while Acidobacteria, Myxococcota, and Firmicutes were sparsely distributed.

Agronomy 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

and genus levels showed that the community structure and diversity of the soil bacteria 
and fungi were changed significantly after the continuous cultivation of G. leucocontextum. 

3.3.1. Bacterial Community Composition 
There were significant differences in the abundances of the top ten phyla in the soil 

bacterial community composition from different cultivation modes of G. leucocontextum. 
However, their abundance in different years of continuous cultivation varied slightly but 
not the composition (Figure 1). A total of approximately 40 bacterial phyla were found, 
the average abundance of the top 10 bacterial phyla accounted for >90% of the abundance 
of all the 16 samples, and the top five phyla accounted for >70%. In log cultivated soil, 
with the increase in years of continuous cultivation, the abundances of Actinobacteria, Bac-
teroidetes, Gemmatimonadetes, and Firmicutes decreased, and, conversely, the abundances 
of Acidobacteria, Myxococcota, and Nitrospirae increased, while in the medium bag cultiva-
tion, the abundance of Proteobacteria was >50%, and the abundances of Actinobacteria, Bac-
teroidetes, and Gemmatimonadetes were also higher than those in the CK and log cultivation 
to varying degrees, while Acidobacteria, Myxococcota, and Firmicutes were sparsely distrib-
uted. 

 
Figure 1. The composition of bacterial communities at the phylum level in the casing soil of different 
treatments of G. leucocontextum cultivation. 

In the present study, most bacterial genera showed decreased abundances in the soil 
bacterial community composition from various cultivation modes, among which the 
abundances of Sphingomonas spp., Bryobacter spp., Bradyrhizobium spp., Mucilaginibacter 
spp., and Granulicella spp. were decreased with the increase in years of continuous culti-
vation (Figure 2). The abundances of Massilia spp., Brevundimonas spp., and Pedobacter spp. 
were also increased in the medium bag cultivation, and became the dominant bacteria for 
medium bag cultivation. 

Figure 1. The composition of bacterial communities at the phylum level in the casing soil of different
treatments of G. leucocontextum cultivation.

In the present study, most bacterial genera showed decreased abundances in the
soil bacterial community composition from various cultivation modes, among which the
abundances of Sphingomonas spp., Bryobacter spp., Bradyrhizobium spp., Mucilaginibacter spp.,
and Granulicella spp. were decreased with the increase in years of continuous cultivation
(Figure 2). The abundances of Massilia spp., Brevundimonas spp., and Pedobacter spp. were
also increased in the medium bag cultivation, and became the dominant bacteria for
medium bag cultivation.

3.3.2. Fungal Community Composition

Not much difference was found in the dominant fungal phyla in the rhizosphere
of the medium bag cultivation and log cultivation treatments. The average abundance
of Ascomycota, Basidiomycota, Zygomycota, Rozellomycota, Chytridiomycota, Cercozoa, and
Glomeromycota (top 7 phyla) was about 70% of the total and thus regarded as dominant
(Figure 3).

However, at the generic level, big differences were found (Figure 4), where the abun-
dances of Ganoderma spp., Mortierella spp., Hypomyces spp., Geminibasidium spp., and
Pyrenochaeta spp. were increased with the increase in years of continuous cultivation. How-
ever, in this trend, the abundances of Spirosphaera spp. and Russula spp. were decreased.
Phaeoacremonium spp. and Protocrea spp. were dominant fungi in the treatment B1a. While
the abundances of Psathyrella spp. and Psilocybe spp. were slightly increased in the fungal
community of the log cultivation W3a.
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3.4. Microbial Alpha Diversity Analysis

The indexes such as Chao1, goods coverage, and observed species were used to
exhibit community richness, and the Shannon index, Simpson index, and phylogenetic
diversity (PD) were used to display community diversity. To investigate the significance
of differences in the diversity indices in different groups, Violin plot analysis (using the
Wilcoxon algorithm) was performed by calculating the number of operational taxonomic
units (OTUs) and multiple alpha diversity indices.

The alpha diversity represented the measure of the species richness in the community
ecology according to the Shannon index (Figure 5). It demonstrated the comprehensive
index of species richness and evenness and the relationship was direct. The index degree
and relationship intensity could be explained in various ways. In the soil bacterial commu-
nity of the CK treatment, the index was the highest, and it was significantly different from
B1a (p = 0.029 by Wilcoxon rank sum test) but not W3a and W5a. Treatments B1a and W5a
showed significantly different values of the index. However, for the soil fungal commu-
nity, it was the highest in the B1a treatment, which was significantly different from W5a
(p = 0.029 by Wilcoxon rank sum test) but not the other treatments. The index values were
significantly different between the W3a and W5a treatments. From this result, it can be seen
that continuous cultivation reduced the diversity of bacterial communities in the casing soil.
With the increase in years of continuous cultivation, the diversity of bacterial communities
decreased, whereas fungi behaved differently. The diversity of fungal communities was
enhanced, and it only declined after 5 years of continuous cultivation.



Agronomy 2023, 13, 888 9 of 16
Agronomy 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 5. Alpha diversity of soil bacterial (a) and fungal (b) communities in the casing soil of differ-
ent treatments of G. leucocontextum cultivation. * indicates significant differences between treat-
ments at p < 0.05. ns indicates there is no significant difference between different treatments. 

3.5. Microbial Beta Diversity Analysis 
In this study, beta diversity analysis was carried out via non-metric multidimen-

sional scaling (NMDS) plots. It shows the NMDS clustering results of the communities for 
bacteria (stress = 0.014) and fungi (stress = 0.062) in the continuous cultivated soil of G. 
leucocontextum cultivation (Figure 6). NMDS analysis is a type of beta diversity. Through 
dimensionality reduction, nonlinear models were adopted, and the distance between 
points represented the level of difference between samples. Usually, NMDS can exhibit 
the relationship between objects with less distortion than PCoA, and intuitively represents 
the clustering or difference between samples. 

 
Figure 6. NMDS plots of bacterial (a) and fungal (b) communities in continuous cropping soil for G. 
leucocontextum cultivation. Note: The horizontal (NMDS1) and the vertical (NMDS2) are two sorting 
axes. Each point in the plot represents a sample. Each group was represented by one color. Similar 
samples are clustered together. A long distance between points means big difference between sam-
ples. The confidence ellipses are shown in the plot. 

3.6. Multivariate Analysis of Microorganisms 

Figure 5. Alpha diversity of soil bacterial (a) and fungal (b) communities in the casing soil of different
treatments of G. leucocontextum cultivation. * indicates significant differences between treatments at
p < 0.05. ns indicates there is no significant difference between different treatments.

3.5. Microbial Beta Diversity Analysis

In this study, beta diversity analysis was carried out via non-metric multidimensional
scaling (NMDS) plots. It shows the NMDS clustering results of the communities for
bacteria (stress = 0.014) and fungi (stress = 0.062) in the continuous cultivated soil of G.
leucocontextum cultivation (Figure 6). NMDS analysis is a type of beta diversity. Through
dimensionality reduction, nonlinear models were adopted, and the distance between
points represented the level of difference between samples. Usually, NMDS can exhibit the
relationship between objects with less distortion than PCoA, and intuitively represents the
clustering or difference between samples.
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Figure 6. NMDS plots of bacterial (a) and fungal (b) communities in continuous cropping soil for
G. leucocontextum cultivation. Note: The horizontal (NMDS1) and the vertical (NMDS2) are two
sorting axes. Each point in the plot represents a sample. Each group was represented by one color.
Similar samples are clustered together. A long distance between points means big difference between
samples. The confidence ellipses are shown in the plot.
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3.6. Multivariate Analysis of Microorganisms

The samples were statistically analysed at each level of the phylum, class, order, family,
genus, and species. The results of the analysis of variance (ANOVA) showed 1147, 235 and
22 different bacterial OTUs, genera, and phyla, respectively. It also revealed 233 different
fungal ASV, and 67, 32, and 3 fungal genera, orders, and phyla, respectively.

According to the relative abundance of the differential species, ANOVA was employed
to conduct multivariate analysis on soil microorganisms to reveal the differential bacteria
and fungi. Statistical analysis was performed at the genus level, and each of the top
10 abundant differential genera was subjected to relative abundance boxplot analysis
to demonstrate the abundance of dominant differential genera within a group and for
between group comparisons. It listed the group comparisons of the abundance of some
dominant bacterial and fungal genera (Figure 7). The results showed significant changes in
the bacterial and fungal community structures of G. leucocontextum caused by continuous
cultivation.
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In different cultivation modes, most of the bacterial differential genera reduced their
relative abundances. In the group comparison, the dominant bacterial genera Sphingomonas
spp. showed a decrease in abundance in continuous cultivated soil, which clearly decreased
with the increase in cultivation years, reaching the lowest abundance in W5a treatment. The
abundance of Mucilaginibacter spp. declined even more sharply, showing an extremely low
abundance in B1a and W5a treatments. Combining the results of the fruit body growth and
yield of G. leucocontextum, it is not hard to find that the abundances of Sphingomonas spp.
and Mucilaginibacter spp. were positively correlated with the growth of G. leucocontextum.

For the fungal community composition in the continuous cultivated soil of G. leucocon-
textum cultivation, the relative abundances of differential genera such as Ganoderma spp.,
Mortierella spp., and Pyrenochaeta spp. increased significantly. In particular, Mortierella spp.
had the highest abundance in the B1a treatment, showing a clear pattern of increase with
the increase in years of continuous cultivation. It was the dominant genus in continuous
cultivated soil and had a negative effect on the growth of G. leucocontextum.
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3.7. Correlation between Microbial Flora and Soil Physicochemistry

Combining the changes in soil microorganisms and soil physicochemical properties of
different samples, their relationships were analysed through redundancy analyses (RDA)
(Figure 8).
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Figure 8. RDA relationship between soil bacteria (a) and fungi (b) with soil physicochemistry.

Soil physicochemical factors were positively correlated with each other, but no cor-
relation was found between dominant genera. However, they correlated positively with
Brevundimonas spp., Massilia spp., and Pedobacter spp., and negatively with Burkholderia-
Caballeronia-Paraburkholderia, Mucilaginibacter spp., Sphingomonas spp., Granulicella spp.,
and Bryobacter spp. The longer rays of the soil physicochemical factors also indicated the
stronger impacts of these factors. The results demonstrated that continuous cultivation not
only caused changes in soil physicochemical factors, such as soil pH, organic matter content,
hydrolysable nitrogen, available phosphorus, and available potassium, but also affected the
structure of dominant bacterial communities. Regarding fungi, the soil physicochemical
properties were negatively correlated with Leucoagaricus spp., and positively correlated
with Phaeoacremonium spp., Ganoderma spp., and Protocrea spp. to a certain extent, but the
degree of influence was less than that of bacteria.

3.8. Effects on Yield with Continuous Cultivated Soil

The continuous cultivation yield of G. leucocontextum shows that the medium bag
method had a lower value than the log (Table 4). However, it had a remarkably high
biological efficiency and conversion rate. Regarding the impact of continuous cultivated
soil on cultivation, medium bag cultivation was more affected, and the B1a treatment had a
dramatically reduced yield. Log cultivation had a reduced yield in the W3a treatment, and
the yield was decreased with the increase in years of continuous cultivation.

Table 4. Comparison of yield of G. leucocontextum.

Yield
Medium Bag Log

B-CK B1a W-CK W3a W5a

fresh mushroom (g/bag·log) 148.8 ± 12.37 91.2 ± 7.91 294.1 ± 25.32 108.3 ± 8.14 25.5 ± 2.13
dry mushroom (g/bag·log) 41.2 ± 5.67 25.3 ± 3.79 108.9 ± 9.11 40.0 ± 6.29 9.4 ± 1.71

biological efficiency (%) 24.8% 15.2% 9.8% 3.6% 0.85%
conversion rate (%) 6.87% 4.22% 3.63% 1.33% 0.31%
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4. Discussion

With respect to the medium bag cultivation, the sharp increase in pH, organic matter,
N, and K led to an increase in the number of bacteria, actinomycetes, and fungi in the
soil, and induced a significant decline in the yield of G. leucocontextum. Presumably, it
was related to the in-bag high-temperature and high-humidity microenvironment. It also
confirmed the cause of stronger continuous cultivation obstacles for bag-cultivated G.
leucocontextum. Regarding the log cultivation, the contents of organic matter, N, and K
were slightly increased, the number of bacteria and actinomycetes showed a decreasing
pattern but fungi was increased, and pH was slightly affected. However, the yield still
decreased each year, indicating that the continuous cultivation of G. leucocontextum caused
decreased metabolism such as nutrient decomposition and transformation that the bacteria
participated in in the soil. On the other side, this also helped to increase substances
such as secondary metabolites produced by fungi, which are one of the major members
participating in the decomposition and synthesis of organic matter in soil [30]. They also
play an essential role in soil carbon metabolism and the nitrogen cycle, and directly affect
soil fertility [11]. However, many species of fungi are pathogenic to crops, and are closely
related to the occurrence of soil-borne diseases in crops [31]. G. leucocontextum is a fungus,
so an increase in the number of other fungi across years of continuous cultivation decreases
the effective nutrition for it. As a result, the pests and diseases increase, and the pathogenic
fungi in the soil compete with G. leucocontextum for nutrients. This condition affects
the yield and quality of G. leucocontextum, consistent with the symptoms of continuous
cultivation obstacles.

The changes in soil microbiota and their quantity are usually an index to evaluate
soil quality [32]. Nowadays, the development of high-throughput sequencing technology
has enabled a deeper understanding of the diversity of soil microbial communities [33–35].
Using this technology on the microbial diversity, rich species differences were obtained
in the present study, and the declined abundance of Proteobacteria and Actinobacteria in
the bacterial taxa in the continuous cultivated soil of log cultivation seems worthy of
consideration. As we all know, actinomycetes are one of the largest soil microbial groups,
and they play an important role in the biodegradation and recycling of organic matter;
the groups that generate antibiotics are also widely applied in medicine and agriculture
to inhibit a variety of pathogenic bacteria [36,37]. Beneficial bacteria in the continuous
cultivated soil such as Bacteroidetes, Gemmatimonadetes, and Firmicutes decreased compared
with the control (CK). Earlier researches revealed that some members of the phyla of
Alphaproteobacteria, Firmicutes, and Cyanobacteria as well as some members of the genera
Pseudomonas and Bacillus have an inhibition effect on Ralstonia solanacearum disease [38].
A microbiome with a high abundance of functional genes encoding antimicrobial and
antibiotic compounds was thought to be able to provide protection to plants [39]. In the
fungal taxa, it was found that the fungi Ganoderma, Mortierella, and Pyrenochaeta were
increased in the continuous cultivated soil, affecting the normal growth of the bag-grown
G. leucocontextum. It is thus speculated that continuous cultivation obstacles resulted from
the increase in the metabolites of the cultivated species itself, and the possible distribution
of some soil-borne pathogens from the cultivation of edible fungi and potential soil-borne
pathogen species. It is similar to the results that researchers achieved by applying the
Illumina platform ITS1 amplicon technology to analyze the rhizosphere fungal structure in
the continuous cropping of watermelon [40] and Panax notoginseng [41].

Since the differences at the genus level can better inform the changes in taxa in con-
tinuous cultivation, so as to correspond to the effects on the fruiting body growth of G.
leucocontextum, the present study focused on the differences at the genus level based on
the high-throughput sequencing results of this study. The results provided two potential
differences: (i) It was found that among the dominant genera with positive effects on the
growth of G. leucocontextum, Sphingomonas spp., and Mucilaginibacter spp., there were de-
creased relative abundances in continuous cultivated soil, and the declines were significant
with the increase in cultivation years. This was consistent with the findings of Ren (2020)
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et al. [17]. Sphingomonas spp. happens to be a rich new microbial resource, which may be
used for the biodegradation of aromatic compounds. It has great application potential in
environmental protection and industrial production for its high metabolic capacity and
multifunctional physiological characteristics [42]. The species has the ability to degrade
polyphenols and tributylphosphates (TBP) [43,44]. Members of Mucilaginibacter spp. were
present in various soil samples [45], and they may play an important role in carbon pro-
cessing [46]. In the present research, it was considered that they may promote the growth
of fruiting bodies of G. leucocontextum to a certain extent, or may synergize with various
factors in the microenvironment. However, the continuous cultivating style sabotages this
positive effect. (ii) Among the dominant genera with a negative effect on the growth of
G. leucocontextum, Ganoderma spp., Mortierella spp., and Pyrenochaeta were dominant in
the continuous cultivated soil. Their relative abundance increased significantly with the
increase in cultivation years. Mortierella spp. happens to be a key microbial member of
transferring soil carbon and nutrients and could produce arachidonic acids and single-cell
oil (SCO) [47]. Some species of this genus can produce antibiotics, a few isolates of which
have proved to be potential antagonists against various plant pathogens. However, with
respect to the negative effects on the growth of the fruiting bodies of the G. leucocontextum,
it can be seen that the secondary metabolites produced by Mortierella spp. had certain
inhibitory effects.

Combined with the soil, growth, and structural characteristics of the dominant mi-
crobiota in the continuous cultivation of G. leucocontextum, it can be found that the factors
relevant to bacterial flora have a greater degree of effects. However, this result differed
from the findings obtained in the continuous cultivation obstacles of higher plant crops. In
the study, soil physicochemical factors correlated negatively with bacteria Mucilaginibacter,
Sphingomonas, and Bryobacter, which is consistent with the effects of dominant bacteria in
continuous cultivated soil on the growth of G. leucocontextum. Soil pH has been considered
as one of the important abiotic elements affecting the diversity and richness of soil micro-
biota [48,49]. The acidic soil in the cultivation and production of this experiment favored the
growth of G. leucocontextum, consistent with the previous research results on the pathogenic
G. boninense of the same genus [39]. It is believed that conditions of acidic soil and low pH
favored the growth of G. boninense compared to neutral soil with pH 6–7 [50]. In the bagged
continuous cultivated soil, the abundances of some acid-producing bacteria, Acidobacteria,
Myxococcota, and Nitrospirae, were decreased, making the soil pH shift toward alkaline.
Compared to acidic soils (pH 4), the bacterial diversity and relative abundance were bigger
in alkaline soils (pH 8) [51]. Differently, some researchers believed that the composition of
soil microorganisms changed over time, and the changes in fungal species richness and the
relative abundance of several major species were greater than bacteria [52,53]. In this study,
in the continuous cultivated soil for G. leucocontextum cultivation, the contents of N and P
decreased, while soil pH and Fe content increased. Therefore, targeting a further follow-
up of the research, the change in the soil physicochemical parameters in the continuous
cultivation of G. leucocontextum seems valuable and we need to find the dynamic change
patterns of microorganisms and environmental factors during the cultivation period.

Finally, it can be seen that the continuous cultivation changed the soil microbial com-
munity structure elaborately, shaping a special microenvironment together with changes
in soil biological and physicochemical properties. Therefore, analyzing the changes in
microbial communities in continuous cultivated soil has important guiding significance for
the prevention and control of continuous cultivation obstacles.

5. Conclusions

The continuous cultivation of G. leucocontextum affected the micro-ecology of the soil
in the area, resulting in soil physicochemical imbalance and reduced yield. The relative
abundance of the dominant beneficial bacteria for G. leucocontextum, e.g., Sphingomonas spp.,
Mucilaginibacter spp., Bryobacter spp., and Bradyrhizobium spp., decreased in the continuous
cultivated soil and with the increased number of years of cultivation. It was speculated
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that they could promote the growth of the fruiting bodies of G. leucocontextum. From
the soil fungal community, Mortierella spp. and Pyrenochaeta spp. were dominant in the
composition of continuous cultivated soil. Their relative abundances showed significant
direct relationships with the increasing cultivation years and thus had negative effects
on the growth of G. leucocontextum. Changes in the bacterial community structure were
inconsistent between the two modes of cultivation, namely, medium bag and log cultivated
soil, whereas the changes in the fungal community structure were consistent. It was
observed that the changes in the structure of soil microbiota communities and species
abundance were potential factors responsible for the continuous cultivation obstacles of G.
leucocontextum.
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