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Abstract

Purpose Soil microbial communities are critically important to agricultural ecosystems. The present study aimed
to evaluate the changes in soil microbial community composition and functional groups after planting Phallus
rubrovolvatus.

Methods Illumina platform were adopted to characterize the bacterial and fungal diversity in the soil cropped with P
rubrovolvatus for 0 and 1 year.

Results The results showed that planting P rubrovolvatus reduced the bacterial and fungal diversity in the soil,

and the dynamics of the soil bacterial diversity changed more drastically. This study also indicated that, as keystone
taxa, the dominant bacteria (Actinobacteria, Sphingomonas, Xanthobacteraceae, and Gemmatimonadaceae) and domi-
nant fungi (Mortierellales and Eurotiales) served as a key component in the network of soil microbial communi-

ties. Moreover, the bacterial and fungal communities in the soil planted with P rubrovolvatus formed more similar

and weak networks.

Conclusion Planting P, rubrovolvatus significantly influenced the structure and composition of microbial communi-
ties. In the future, we will focus on ways to improve the soil environment after planting P rubrovolvatus.
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It is known as the “Queen of mushrooms” with a white
net-like veil (Sun et al. 2017). P. rubrovolvatus contains
various biologically active substances, such as polysac-
charides, polyphenols and flavonoids (Lv et al. 2022;
Wang et al. 2022). Therefore, regular consumption of
bamboo fungi contributes to improving human immu-
nity (Chen et al. 2021). Many studies on biological com-
pounds with antioxidant properties isolated from P
rubrovolvatus have been reported (Lu et al. 2014 ; Pan
et al. 2015). Recently, the cultivation of P rubrovolvatus
has developed rapidly and become an important eco-
nomic source and characteristic industry in Guizhou
Province. However, the sustainable production of P
rubrovolvatus has been affected by some problems, espe-
cially the aggravation of diseases and pests in a continu-
ous cropping system.

So far, it is common for farmers mono-cropping in the
same field due to the limited cultivated land in Guizhou
Province (Yu et al. 2021), causing continuous cropping
obstacles (Zheng et al. 2016). Crop growth may deterio-
rate with reduced crop yields and increased pests and
diseases, although normal management is performed
in continuous cropping systems (Yang et al. 2018). An
increasing number of scientists have started to study
continuous cropping obstacles. However, the objects
are mainly fruit, vegetables, Chinese herbs, and crops,
whereas few studies on edible mushrooms (Hu et al.
2017; Liu et al. 2007; Liu et al. 2021a, b, ¢; Lou et al. 2017;
Wang et al. 2014). Auricularia auricula in the soil where
it has been continuously cropped for more than 2 years
has a higher probability of rotting and a 20% lower yield
than that grown in new soil (Li and Gao 2004). Long-
term continuous cultivation of Pleurotus geesteranus is
an important factor resulting in the high incidence of dis-
eases (Xing et al. 2012). Similar to the interrelationship
and dynamic change processes between the growth of
other edible mushrooms and soil microorganisms, those
between the growth of P rubrovolvatus and soil micro-
organisms are still studied at the exploratory stage, and
practical ways to solve continuous cropping obstacles are
lacking (Gong et al. 2018; Benucci et al. 2019).

In general, a contributing factor is that mono-cropping
eliminates crop and biological diversity (Liu et al. 2021a,
b, ¢). Numerous works indicated that soil microorganisms
can be indicators of soil quality (Cardinale et al. 2019; Fan
et al. 2019; Liu et al. 2021a, b, c). Relatively high levels of
species richness in soil are associated with nutrient cycling,
and the species often regulate soil fertility (Zhang et al.
2022b). The content of soil organic carbon, total phospho-
rus and alkaline decomposition nitrogen were significantly
increased after planting Phallus echinovolvatus (Liang
et al. 2019). Interplanting Dictyophora echinovolvata sig-
nificantly increased the organic matter contents of soil and
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the pH value raised by 4.97% in soil of Phyllostachys het-
erocycla cv. Pubescens (Wang et al. 2016). The contents of
the organic matter, total nitrogen, total phosphorus, total
potassium, available nitrogen, available potassium, and
pH increased significantly under the Stropharia rugosoan-
nulata and strawberry rotation system (Mao et al. 2020).
The abundance and diversity of fungal community were
significantly reduced in the soil after planting Morchella
spp., and the Ascomycetes was increased over the years
(Han et al. 2023). Additionally, Ascomycetes were posi-
tively correlated with available potassium, available phos-
phorus, ammonium nitrogen, and water content. After
3 years of continuous-cropping Phallus echinovolvatus, the
population and diversity of soil bacteria were decreased,
and the relative abundance of Bradyrhizobium and Chtho-
niobacter were increased (Liang et al. 2019). After planting
Phallus echinovolvatus, the abundance of functional genes
changed significantly, especially the abundance of enzyme
genes involved in signal transduction, methanogenic
metabolism, nitrogen metabolism and other processes
increased, indicating that the planting Phallus echinovo-
lvatus could change soil function (Wang et al. 2016). The
relative abundance of saprophytic fungi increased by 15.2%
after planting Morchella in the same plot for many years
(Li et al. 2022). Saprophytic fungi often carry pathogens,
indicating that the hidden dangers of soil pests and dis-
eases are increasing.

The imbalance of soil microbial diversity can lead to
the enrichment of pathogenic microorganisms, causing
various soil-borne diseases (Tian et al. 2018). Reduced
microbial species and incomplete availability of nutri-
ents required for microbial metabolic activity leads to
low microbial diversity (Huang et al. 2021). However,
many scholars have focused on community composi-
tion without considering the key factors changed by the
cropping obstacle of P rubrovolvatus. In this study, we
aimed to (i) understand the effects of P rubrovolvatus
on the functions of soil microorganisms; (ii) characterize
the complex interactions among different microbial spe-
cies; (iii) evaluate the key factors in yield reduction of P
rubrovolvatus.

Materials and methods

Sample description

The study area is located in Nayong City in the north of
Guizhou Province, China (26°46°39"" N, 105°22'57"’
E). P rubrovolvatus has been cultivated for a long time
here and is highly affected by the continuous-cropping
obstacle, requiring renewing soil every year. The green-
house with an air humidity of 70% and room tempera-
ture of 26 C is suitable for the large-scale cultivation of
P rubrovolvatus. The test soil was collected from a farm-
land which located in Nayong City. The soil type of local
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area was yellow loam soil and the farmland was originally
planted with corn. The experimental plots (20%x20 m)
were set in a greenhouse. The distance between each plot
was 5 m. Total 200 mushroom sticks of P rubrovolva-
tus were buried into soil with 3 cm thickness of soil on
the top of sticks in 20 April, 2022. For each experimen-
tal plot 5 equally spaced repetitions were performed in
21 July, 2022. The soil samples were immediately trans-
ported to the laboratory with dry ice. Visible residues
were removed, and part of samples was dried naturally to
measure soil physical and chemical indices. Another part
was stored at — 80 °C for measuring microbial indicators.

Determination of physical and chemical properties of soil
Soil chemical properties were determined following
standard methods, and each sample was analyzed in trip-
licate. Soil organic matter (SOM) was measured using the
dichromate redox colorimetric method. Alkali-hydro-
lyzable nitrogen (Nah) was analyzed using the alkaline
hydrolysis diffusion method (Roberts et al. 2011). Avail-
able phosphorus (AP) was measured using the molybde-
num blue colorimetric method. Available potassium (AK)
was measured via flame photometry with neutral ammo-
nium acetate extraction. Soil pH was determined in sus-
pensions with a soil-water (w/w) ratio of 1:2.5.

DNA library construction and sequencing

According to the manufacturer’s protocols, DNA was
extracted from 0.25 g soil samples using a EZNA Soil
DNA Kit (Tiangen DP812, Beijing, China) and quantified
spectrophotometrically (Nanodrop ND-1000, NanoDrop
Technologies Inc., USA). The bacterial primers 338F
and 806R were used to amplify the V3-V4 hypervari-
able regions of the 16S rRNA gene (Huang et al. 2020).
The primers ITSIF and ITS2R were used to amplify the
ITS region of the fungal rRNA gene (Wang et al. 2017).
the PCR products were purified by DNA Extraction Kit
(T1020L, MA, USA). Equal amounts of the PCR prod-
ucts of each sample were quantified by QuantiFluor™ -ST
(Promega, USA). Then, the purified amplicons employed
for library construction using an Illumina Novaseq 6000
platform (Ilumina, CA, USA). The SEED 2.1.2 pipeline
was used for processing of the amplicon sequencing data
(V7etrovsky et al. 2018). Sequence alignment, denoising,
chimera check, and clustering were carried out by using a

Page 3 of 11

set of Seed 2 external programs (USEARCH/ v 7.0.1090,
MAFFT v 7.215, MOTHUR v1.34.4). For each OTU, a
representative sequence was selected and used to assign
taxonomic composition by using the Mothur method
(Schloss, et al. 2009) and SILVA132r (Edgar 2013).

Bioinformatics and Statistical analyses

One-way analysis of variation (ANOVA) was used to
assess the significance of the effects of bacterial and
fungal composition and diversity (Xing et al. 2014). We
estimated microbial community richness using Chaol
and ACE indexes; larger values of both indexes indicated
higher community richness. The functional potentials of
bacteria and fungi were investigated with PICRUSt2 and
FUN Guild, respectively. All analyses were performed on
the BMK Cloud platform (Biomarker Technology Co.,
Ltd., Beijing, China). Finally, to confirm difference in the
abundances of individual taxonomy between the two
groups, results were evaluated using SPSS 20.0. The date
was expressed as mean+SD of replicated values where
indicated.

Results

Soil physicochemical properties

Changes in the chemical properties of soils in response
to planting P. rubrovolvatus are shown in Table 1. After
planting P. rubrovolvatus, the fluctuation of soil pH was
small, and all samples showed weak acidity. In contrast,
SOM, Nah, AP, and AK values changed significantly that
exhibited a similar increasing trend. The SOM, Nah, AP,
and AK values of soil were significantly affected by plant-
ing P. rubrovolvatus.

Diversity of microbial communities in the cultivated soil

of P. rubrovolvatus

All sequence data have been deposited in the NCBI
(accession number: PRJNA878607). We obtained
480,134 clean reads for bacteria and 518,037 clean reads
for fungi. The clean bacterial reads included 239,924 for
CK (cropping of P. rubrovolvatus for 0 year) and 240,210
for T1 (cropping of P rubrovolvatus for 1 year). The
clean fungal reads included 292,666 for CK and 225,371
for T1. The alpha diversity of the bacteria indicated that
the bacterial diversity tended to decrease after plant-
ing P. rubrovolvatus (Fig. 1A, B). The observed bacterial

Table 1 Physicochemical properties of fallow farmland soil and planting P, rubrovolvatus soil samples

Samples SOM (g/kg) Nah (mg/kg) AP (mg/kg) AK (mg/kg) pH
CK 761£0.01 39.13£0.05 4.23+0.01 107.52+0.85 593+0.01
T 21524030 97.05+0.30 8.00+0.03 488.46+0.71 5.72+0.01

CK soil from fallow farmland, T7 soil from planting P. rubrovolvatus for 1 year. Data are presented as the mean +standard error (n=3)
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Fig. 1 Alpha diversity indices of bacterial and fungal communities of soil samples. A, B The bacterial abundance is reflected in the ACE and Chao1
index; the ACE and Chao1 index was significantly different between the two groups (p < 0.05). C, D The fungal abundance is reflected in the ACE
and Chao1 index. CK: soil from fallow farmland. T1: soil from planting P. rubrovolvatus for 1 year

species changed significantly from 1737 to 1776 in CK
and from 1498 to 1580 in T1. However, the fungal diver-
sity and richness both tended to increase following the
cultivation of P. rubrovolvatus, and no significant differ-
ence was found (Fig. 1C, D).

Composition and differences of microbial communities

in the cultivated soil of P. rubrovolvatus

According to OTUs, the cultivated soil of P. rubrovolva-
tus contained 35 phyla, 92 classes, 257 orders, 461 fami-
lies, and 798 genera of bacteria. The top six abundant
bacterial phyla were Proteobacteria (15.15-36.37%), Aci-
dobacteriota (14.39-17.06%), Actinobacteriota (5.77—
22.54%), Chloroflexi (3.23-12.1%), Methylomirabilota

(2.21-11.25%), and Myxococcota (2.59-8.03%), account-
ing for more than 85% of sequences among both treat-
ments. Proteobacteria and Actinobacteriota dominated
the T1 group occupying 58.9% of all sequences (Fig. 2A).
Their relative abundance in the cultivated soil of P. rubro-
volvatus was significantly higher than that in CK. In
addition, significant decreases were found in the relative
abundances of Acidobacteriota, Chloroflexi, Methylo-
mirabilota, and Myxococcota in the cultivated soil of P
rubrovolvatus. The relative abundances of eight genera
(Gemmatimonadaceae, Nitrospira, Vicinamibacterales,
Rokubacteriales, Proteobacterium, Acidobacteriales,
Chloroflexi, and Burkholderiales) in CK were significantly
higher than those in the T1 group (Fig. 3A). However,
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Fig. 3 Relative abundance of bacterial and fungal communities of soil samples at genus level. A Bacterial genera. B Fungal genera. CK: soil

from fallow farmland. T1: soil from planting P. rubrovolvatus for 1 year

the relative abundances of seven genera (Sphingomonas,
Xanthobacteraceae, Actinobacteria, Gemmatimonas,
Streptomyces, Pseudolabrys, and Acetobacteraceae) in
T1 were significantly higher than those in CK. In each
sample, Gemmatimonadaceae was the most important
bacterial genus, and its proportion in CK (5.04%) was sig-
nificantly higher than in T1 (3.51%). Nitrospira was the
second most important bacterial genus, with its propor-
tion in CK (3.80%) being significantly higher than in T1
(0.79%).

Similarly, 18 phyla, 60 classes, 142 orders, 317 families,
and 733 genera of fungi were contained in the cultivated
soil of P rubrovolvatus. The top three abundant fungal
phyla were Ascomycota (62.04—70.14%), Basidiomycota

(13.45-23.43%), and Mortierellomycota (3.37-10.05%),
accounting for more than 90% of sequences among both
treatments (Fig. 2B). Ascomycota dominated in T1, occu-
pying 70.14% of all sequences. In addition, its relative
abundance in the T1 was significantly higher than that in
CK. The relative abundance of Basidiomycota in T1 was
lower than that in CK. The relative abundances of nine
genera (Auricularia, Thermomyces, Thermoascus, Bys-
sochlamys, Fusarium, Cladosporium, Aspergillus, Peni-
cillium, and Microascus) in CK were significantly higher
than those in T1 (Fig. 3B). However, the relative abun-
dances of five genera (Mortierella, Trichoderma, Leo-
tiomycetes, Hypocreales, and Lecanicillium) in T1 were
significantly higher than those in CK. It is noteworthy
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that the relative abundance of Thermomyces in CK was
6.78%, while that in T1 was 2.59%. Interestingly, the rela-
tive abundances of Mortierella had upward trends, being
higher in T1 (9.82%) than in CK (3.01%).

Co-occurrence networks in the bacterial and fungal
communities in the cultivated soil of P. rubrovolvatus

The co-occurrence networks at the OTU level were fur-
ther exploded the interactions of bacterial and fungal co-
occurrence patterns (Supplemental Figure S1-4). For the
bacterial community, the T1 and CK networks consisted
of 50 and 74 nodes, respectively, indicating that the CK
network had a larger size with more nodes than the T1
network. The T1 network had far more simple interac-
tions in terms of connectivity than the CK network. The
OTUs with the highest betweenness centrality scores
were regarded as keystone taxa (Fan et al. 2019). We also
found that Actinobacteria, Sphingomonas, Xanthobacte-
raceae, and Gemmatimonadaceae were keystone taxa in
the cultivated soil of P rubrovolvatus. In addition, Gem-
matimonadaceae, Nitrospira and Vicinamibacterales
were categorized as keystone taxa in CK.

The network structures of the fungal community were
significantly simpler than those of the bacterial commu-
nity. The T1 and CK networks consisted of 53 and 61
nodes, respectively. The proportion of the nodes having
positive interactions with others in the CK network (51%)
was higher than that in the T1 network (34%), indicating
the high stability and complexity of the CK network. We
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also identified many differences in keystone taxa between
all samples. Mortierellales and Eurotiales were catego-
rized as keystone taxa in the cultivated soil of P. rubro-
volvatus. Eurotiales, Auriculariales, and Sordariales were
regarded as keystone taxa in the CK group. The results of
the correlation heatmap showed that AK and pH had the
greatest influence in shaping the bacterial and fungal key-
stone taxa (Fig. 4). AK exerted a positive effect on Actino-
bacteria and Gemmatimonadaceae. pH exerted a strong
negative influence on Sphingomonas, Xanthobacteraceae,
and Mortierellales.

Prediction of bacterial and fungal community functions

in the cultivated soil of P. rubrovolvatus

We used functional annotation of prokaryotic taxa to
predict the abundances of different metabolic pathways
(Fig. 5). The results showed that chemoheterotrophy, aer-
obic chemoheterotrophy, predatory or exoparasitic and
aromatic compound degradation dominate the metabolic
pathways. Additionally, the abundance of genes related
to chemoheterotrophy, aerobic chemoheterotrophy,
and aromatic compound degradation were significantly
higher in T1 than in CK.

The FUNGuild database was introduced to annotate
fungi and found different microbial functional communi-
ties in the cultivated soil of P. rubrovolvatus. The results
showed that pathoproth increased rapidly after planting
P rubrovolvatus, and the relative abundance increased
from 13.33 to 26.73% (Fig. 6A). The relative abundances
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Fig.4 A correlation heatmap between environmental factors and bacterial (A) and fungal (B) communities at the genus level. Correlations
between environmental factors and genera were indicated by different colors and “*”
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of endophytes, fungal parasites, and wood saprotrophs
in T1 were significantly higher than those in CK. In con-
trast, the abundances of arbuscular mycorrhizal, dung
saprotrophs and saprotrophs decreased significantly
(Fig. 6B). However, the abundances of plant pathogens
and plant saprotrophs had no significant changes.

Discussions

The growth of P. rubrovolvatus is essentially the inter-
action between mycelium and below-ground microor-
ganisms (Huang et al. 2018). In the present study, we
found significant changes in the characteristics of soil
microbial communities after planting P rubrovolva-
tus. The alpha analysis indicated that the bacterial and
fungal diversity was reduced after planting P rubro-
volvatus. It is noteworthy that the dynamics of soil
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bacterial diversity changed more drastically. Previous
findings indicated that, after planting Dictyophora echi-
novolvata, the soil bacterial diversity first increased in
the first year and then decreased in the following year
(Liang et al. 2019). In this work, the level of bacterial
diversity in the soil tended to decrease, the levels of soil
fungal diversity and richness both tended to increase,
and no significant difference existed after planting P
rubrovolvatus. This result is contrary to that of Liang
et al. (2019). In this study, we found that Proteobacte-
ria and Actinobacteriota were the dominant phyla, and
the relative abundances of Acidobacteriota, Chloroflexi,
and Myxococcota decreased at different levels. Previ-
ous findings indicated that Proteobacteria and Act-
inobacteriota were fast-growing copiotrophic bacteria.
Acidobacteria, Chloroflexi, and Myxococcota were con-
sidered as oligotrophic bacteria and they usually domi-
nant in harsh environments (Teixeira et al. 2010; Xu
et al. 2022). The abundances of Proteobacteria and Act-
inobacteriota were relatively high in the cultivated soil
of P. rubrovolvatus, probably due to nutrients released
from mushroom sticks and mycelium secretions. The
increase in soil nutrients might inhibit the growth of
Acidobacteria, Chloroflexi, and Myxococcota.

Numbers of reports have pointed that Ascomycota
and Basidiomycota were considered as the dominant
fungal phyla in many soil types (Huang et al. 2020; Sun
et al. 2022). In the present study, we found that Asco-
mycota, Basidiomycota and Mortierellomycota were the
dominant phyla. In addition, Ascomycota was the most
abundant in all samples. Basidiomycota degraded more
complex lignocellulose components in soil. This finding
confirms our assumption that planting P rubrovolvatus
can provide simple nutrients in the soil which can be
easily accessed by microorganisms. With an increase in
continuous cropping years, the relative abundances of
Hypocreales, Mortierella, Sordariales, and Trichoderma
decreased (Bai et al. 2015; Schlatter et al. 2015). Previous
studies displayed that many fungi belonging to Hypo-
creales (e.g., Fusarium) were potential pathogens of P
rubrovolvatus (Hubbard et al. 2011). The increased rela-
tive abundance of Hypocreales may increase the risk of
crop diseases. for instance, an increase in the contents of
Mortierella and Trichoderma in the fungi of the soil may
be an important reason for the high incidence of “mildew
disease” in planting P. rubrovolvatus.

Our results indicated that the difference in the abun-
dances of main soil microbial communities in the culti-
vated soil of P rubrovolvatus might be caused by different
soil nutrient conditions. Bacterial composition was more
sensitive than fungal composition to changes after plant-
ing P. rubrovolvatus. In this work, we also observed that
the keystone taxa were considered ubiquitous species in
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the soil of each sample. Actinobacteria, Sphingomonas,
Xanthobacteraceae, and Gemmatimonadaceae as bac-
terial keystone taxa in the cultivated soil of P rubro-
volvatus, meanwhile Mortierellales and Eurotiales were
categorized as fungal keystone taxa. In contrast, Actino-
bacteria tend to dominate in acidic environment where
pH is low (Ho et al. 2017). The release of acids during the
growth of P. rubrovolvatus may have also reduced the pH,
thus favoring the growth of Acidobacteria. Xanthobac-
teraceae were known to have hydrolytic ability and are
recognized as slow acting decomposers of plant-derived
organic matter (Ivanova et al. 2017). Sphingomonas and
Gemmatimonadaceae were identified as aerobic hetero-
trophs and also involved in organic matter degradation
(Zhou et al. 2015). Changes in the abundance of these
three genera may affect soil reactive N and organic mat-
ter decomposition strongly. Mortierellales and Euroti-
ales as Saprophytic fungal contributed to the acquisition
of soil nutrients and decomposition of organic matter
(Nguyen et al. 2016). The keystone taxa drove the struc-
ture and functioning of microbial communities (Liu et al.
2016). The weakened interactions after planting P. rubro-
volvatus were mainly due to reduced links between bac-
terial and fungal taxa. Taxa with high relative abundances
may have critical role in the network of soil microbial
communities. Thus, an in-depth analysis on the key func-
tional taxa of these types may contribute to reducing the
harm caused by soil pathogens (Cipollini et al. 2012).

We adopted the principal component analysis to ana-
lyze the bacterial and fungal community structures in
the cultivated soil of P rubrovolvatus (Fig. 7). An obvi-
ous separation between the CK and T1 indicated that
planting P rubrovolvatus contributed to changing the
microbial communities of the soil and forming different
taxonomic units. Compared to the bacterial and fungal
communities in the soil in CK, those in the cultivated
soil of P rubrovolvatus formed more similar and weak
networks. The bacterial and fungal networks of CK had
a larger size with more nodes, indicating its higher sta-
bility and complexity. According to this finding, the pre-
vious study also found similar results. A previous study
reported that soil microbial diversity was reduced due
to the cultivation of Morchella sextelata (Zhang et al.
2022a). The continuous cropping of Phallus echinovo-
lvatus caused an imbalance in microbial populations by
converting soil microorganisms from bacterial to fungal
types (Liang et al. 2019).

Microorganisms depend on nutrients to support growth
and reproduction under the nutrient competition hypoth-
esis (Orwin et al. 2011). The prediction result of bacterial
community functions showed that chemoheterotrophy,
aerobic chemoheterotrophy, predatory or exoparasitic,
and aromatic compound degradation were dominant. As
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Fig. 7 Major variations in the bacterial (A) and fungal (B) communities in soil samples detected by the PCA of the OTUs. CK: soil from fallow

farmland. T1: soil from planting P. rubrovolvatus for 1 year

for the fungal community functions, pathoproth increased
rapidly after planting P rubrovolvatus, and the relative
abundance increased from 13.33 to 26.73%. We suspected
that there were two main reasons for those results. As
macro-fungi, P rubrovolvatus fungi were artificially cul-
tivated into the soil and might crowd out the ecological
niches of soil microorganisms, breaking the balance of
the soil microbial communities (Xing et al. 2012). High
humidity and the bio-thermal energy produced by mush-
room sticks could alter the microbial environment and
species diversity of the soil (Chen et al. 2021). This study
showed that planting P. rubrovolvatus altered the ecologi-
cal balance of the soil microbial communities. The dura-
tion of this change and the method of restoring the soil
microbiology to levels similar to the previous ones require
to be further studied.

Conclusions

Soil microbial communities changed significantly after
planting P. rubrovolvatus. According to our results, the
bacterial and fungal diversity was reduced due to the cul-
tivation of P. rubrovolvatus, probably leading to changes
in corresponding functions. we also observed that the
keystone taxa, such as bacteria including Actinobacte-
ria, Sphingomonas, Xanthobacteraceae, and Gemma-
timonadaceae) and fungi including Mortierellales and
Eurotiales, with high relative abundances, and play an
important part in the network of soil microbial commu-
nities. In the future, an in-depth analysis should focus on
the way to improve the soil environment after planting P
rubrovolvatus.
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