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Abstract: True morels (Morchella, Pezizales) cultivated in soil are subject to complex influences from
soil microbial communities. To explore the characteristics of soil microbial communities on morel
cultivation, and evaluate whether these microbes are related to morel production, we collected
23 soil samples from four counties in Sichuan and Yunnan Provinces, China. Based on ITS and
16S rDNA amplicon sequencing, the alpha diversity analysis indicated that the biodiversity of
morel cultivation soil showed a downward trend compared with the bare soil. The results also
showed that there were no significant differences in soil microbial communities between OC (bare
soil) and OO (after one-year suspension of sowing). This means that, after about one year of
stopping sowing, the component and structure of soil that once cultivated morel would be restored.
In co-occurrence networks, some noteworthy bacterial microbes involved in nitrogen fixation and
nitrification have been identified in soils with high morel yields, such as Arthrobacter, Bradyhizobium,
Devosia, Pseudarthrobacter, Pseudolabrys, and Nitrospira. In contrast, in soils with low or no morel yield,
some pathogenic fungi accounted for a high proportion, including Gibberella, Microidium, Penicillium,
Sarocladium, Streptomyces, and Trichoderma. This study provided valuable information for the isolation
and culturing of some beneficial microbes for morel cultivation in further study and, potentially, to
harness the power of the microbiome to improve morel production and health.

Keywords: soil microbes; network analysis; nitrogen fixation; nitrification

1. Introduction

True morels (Morchella spp., Morchellaceae, Pezizales), as highly prized edible mush-
rooms, are of great economic and scientific value [1,2]. They are distinguished by their
unique honeycomb-like appearance of hollow fruiting bodies and are widely distributed
in temperate regions of the Northern Hemisphere [1,2]. Wild morels are enigmatic and
ephemeral because they usually only bear fruit for a few weeks every spring, except for
some autumnal species [2-4]. For centuries, the fruiting bodies of morel have been used as
food and, recently, it has been proved to be beneficial to health, especially in antibacterial,
antioxidant, and anti-inflammatory properties [5,6]. These important qualities not only
propel morel into a popular edible mushroom, but also lead to the increase in market
demand and scarcity of wild resources. Given the above, the artificial cultivation industry
of morel in Asia, especially in China, has been growing rapidly, which is helpful to alleviate
the market pressure [1,2].
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Artificial cultivation of morel has been the focus of global research for more than 100 years,
beginning with the first report in 1882 on outdoor cultivation in France [7]. The early indoor
cultivation of M. rufobrunnea was traced back to the 1980s in the United States [8]. In recent
years, with the improvement and wide application of exogenous nutrient bags, seven morel
species (i.e., M. sextelata, M. eximia, M. exuberans, M. importuna, M. owneri, M. rufobrunnea, and
M. tomentosa) and two phylogenetic species (i.e., Mel-13 and Mel-21) have been successfully
cultivated. Morchella sextelata, M. eximia, and M. importuna are the main cultivated varieties
in China [1,9-11]. From 2011 to 2020, the cultivated area rapidly expanded from 200 ha to
10,000 ha, and the yield of fresh morel increased from less than 750 kg /ha to 15,000 kg /ha [2,12].
The annual yield in 2020 upped to 15,000 tons (fresh weight) in China and maintained its
growth trend (unpublished data). However, a field survey of morel cultivation from 2019 to
2020 found that half of the morels’ cultivation failed to bear fruit or exhibited a low reproduction
rate, and more than 70% of growers could not obtain stable profits [2,13]. Unsuccessful cases of
morel culture may be due to the unstable quality of strains (e.g., high genetic diversity, spawn
aging, and degeneration) [9,14,15], pathogens [16-19], environmental factors (e.g., temperature,
humidity, and soil moisture) [20,21], exogenous nutrition [22], soil characteristics, and soil
microbial community dynamics [13,23-27].

Recent studies have shown that soil-associated microbes are known to influence the
growth and development of some mushrooms that need a casing of soil layer, e.g., Agar-
icus bisporus [28,29], Ganoderma lucidum [30,31], Phlebopus portentosus [32], and Stropharia
rugosoannulata [33]. The roles of these soil-associated bacteria and fungi include the preven-
tion of pathogenic infections, transport and cycling of materials in the soil for mushroom
growth, and the induction of primordial fruiting body formation [24,34-36]. Beneficial
bacteria Pseudomonas has been reported as being associated with the sclerotia formation,
primordia formation, and fruiting bodies in some cultivated species [37] of Agaricus [38],
Morchella [36], and Pleurotus [39,40]. As far as commercial cultivation of morel is concerned,
farmland and forest farming are the main cultivation patterns in China at present [10].
Considering that morel reproduction is inseparable from soil, and covering soil is a key
step in the sowing process, some researchers have speculated that certain soil substances
play a crucial role in morel cultivation [13,25-27].

Most research on dynamics of the microbial community associated with wild and
cultivated morel have been conducted by means of ribosomal amplicon-based approaches.
Orlofsky and colleagues (2021) revealed the ecological progression of the bacteria com-
munity associated with M. rufobrunnea fruiting in natural habitat [41]. Its progression
began with the establishment of photoautotrophic N-fixing bacterial mat on bare soil;
then, pioneer heterotrophic bacteria in soil under young morel became dominant; finally,
under mature fruiting body, the bacterial population changed to saprobes, organic-N de-
graders, denitrifiers, insect endosymbionts, and fungal antagonists [41]. For cultivated
morel, based on ITS and 16S rDNA high-throughput amplicon sequencing data, Longley
and colleagues (2019) determined the microbial community changes in the key stages of
morel fructification. The results showed trays with successful fruiting were dominated
by Gilmaniella and trays that failed to fruit were dominated by Cephalotrichum. They also
found that the fungi Gilmaniella and bacteria Bacillus were abundant in substrates support-
ing M. rufobrunnea fruiting indoors [25]. In the same year, Benucci and colleagues (2019)
reported that Pedobacter, Pseudomonas, Stenotrophomonas, and Flavobacterium formed the
core microbiome of M. sextelata ascocarps in outdoor greenhouses [26]. Later, Tan and
colleagues (2021) demonstrated that the soil physicochemical characteristics may not be the
main reason for the difference between the successful fructification and nonfructification of
morel farms in Chengdu Plain, China. Their findings also showed that the morel yield was
positively correlated with the alpha-diversity of fungal communities, and that community
evenness contributed to the higher diversity of the successfully fructified soils [13].

Indeed, growing morels requires an understanding of environmental microorganisms,
especially those living in soil. Previous studies on microbial communities related to the morel
cultivation were based on a single region or farm, and the in-depth research on soil communi-
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ties of morel in different places was still scarce. Considering the regional differences of soils,
large-scale sampling of morel cultivation soils will facilitate an exhaustive exploration of the
relationship between morel and soil microorganisms. It was hypothesized that microbiome
diversity, abundance, and specific microbiomes might play an important role that influences
the morel fructification. To better comprehend the interaction between cultivated morels
and their surrounding soil microbiome, this study employed high-throughput amplicon
sequencing to investigate the diversity and structure of soil fungal and bacterial community
in morel-cultivating areas. To reveal differences in soil microbial abundance and structure
after morel cultivation, 15 soil samples from three sites were collected in Songming city, Yun-
nan, and Guanghan city, Sichuan. Meanwhile, in order to assess whether the soil microbial
community is related to the morel yield and report the indicative soil fungal and bacterial
communities related to the morel fructification, an additional eight soil samples (i.e., SMO,
SM1, SM2, SM3, WD1, WD2, WD3, and DY1) were taken for in-depth analyses.

2. Materials and Methods
2.1. Soil Sample Collection

To investigate the changes in soil microbial community after cultivating morel and the
characteristics of soil microbial community associated with morel productivity, soil samples
were collected from four representative plantations in two provinces of China (Table 1 and
Figure 1) and, in total, 20 soil samples with diverse morel yield and three blank soil samples
were collected for amplicon-based microbial community analyses. The protocol used for
soil sampling in this study was as follows: to minimize the effects of soil spatial variability,
samples were taken using a “W”-shaped path for each plot and soil samples were collected
to a depth of 3-5 cm using a shovel; each plot consisted of nine individual soil cores, which
were then mixed; after thoroughly mixing, the last four replicates were obtained by using
quartering [13,33]. In total, 92 samples (23 plots x 4 replicates) were collected to be analyzed.
The collected fresh soil was sieved (<2 mm) to remove stones and plant roots [33]. All soil
samples were placed in 50 mL sterile centrifuge tubes and stored at —80 °C for DNA extraction.
To ensure the sterility of collection tubes, empty tubes were used for negative control.

Table 1. Information of soil samples in this study.

. Code of Detail in Morel .
Site Soil Sample Production Group I Group II Group III Location
NC Control soil MUCS
1 NF high yield MCS H Songming,
NN low yield MCS L Yunnan
NSN no yield MCS N
OoC Control MUCS
Stop cultivating morels .
2 00 for a year MUSC Sc;ngmmg,
OCP high yield MCS H unnan
OCF high yield MCS H
ORF high yield MCS H
GHC Control MUCS
GH1 no yield MCS N
3 GH2 low yield with disease MCS L Guanghan,
GH3 no yield MCS N Sichuan
GH4 high yield MCS H
GH5 high yield MCS H
SMO no yield N
4 SM1 high yield H Songming,
SM2 high yield H Yunnan
SM3 high yield H
WD1 high yield H .
5 WD2 high yield H Wauding,
WD3 high yield H Yunnan
6 DY1 no yield N Deyang,

Sichuan
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Figure 1. Soil samples of different morel production. Take site 1 in Songming as an example, (a) soil
samples with high morel yield, (b) soil samples with low morel yield, (c) soil samples without
morel yield.

In this study, MUCS = control soil, the soil samples without morel cultivation located
in a nearby farm (the distance < 50 m), and MCS = the soil samples with morel cultivation.
Briefly, a total of 23 soil samples were treated in three groups (Table 1): group I consisted
of NC, NE, NN, NSN, OC, OO, OCP, OCF, ORF, GHC, GH1, GH2, GH3, GH4, and GHS5;
group II was made up of NF, OCP, OCF, ORF, GH4, GH5, SM1, SM2, SM3, WD1, WD2, and
WD3, representing soil of samples with a high yield of morels (>1500 kg /ha); and group III
was composed of NN, NSN, GH1, GH2, GH3, SM0, and DY1, representing soil of samples
with low or no morel productivity (<450 kg/ha).

2.2. DNA Extraction and Sequencing

Total soil DNA was extracted from 0.5 g fresh soil by the MoBioPowerSoil ™DNA Isola-
tion Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. DNA concentration and purity were measured using a Nanodrop NC2000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA). For site 1 and site 2, 165 and ITS2 am-
plicon library preparation and sequencing were performed according to the manufacturer’s
protocol at BGI-Wuhan, China. The primers 341F (ACTCCTACGGGAGGCAGCAG) and
806R (GGACTACHVGGGTWTCTAAT) were used to amplify the V3-V4 region of the bacte-
rial 165 rRNA gene. The primers ITS3 (GCATCGATGAAGAACGCAGC) and ITS4 (TCCTC-
CGCTTATTGATATGC) were used to amplify the internal transcribed spacer (ITS) region
of fungi. For sites 3-6, 165 (V3-V4 region, 338F: ACTCCTACGGGAGGCAGCA; 806R:
GGACTACHVGGGTWTCTAAT) and ITS (ITS1 region, ITS5F: GGAAGTAAAAGTCG-
TAACAAGG,; ITS1IR: GCTGCGTTCTTCATCGATGC) amplicon library preparation and
sequencing were performed at Personal Biotechnology Co., Ltd., China. The purified PCR
products were sequenced, and then amplicon libraries were prepared using the Illumina
MiSeq platform using the MisSeq Reagent Kit V3 (600 cycles). Raw reads were processed
using the QIIME 1 software package [42]. Briefly, based on the sequence lengths > 160 bp
and without fuzzy base N, the sequences with a mismatched base number > 1 of 5’ end
primer and with >8 identical consecutive bases were discarded, and then the chimera
sequences were filtered by the USEARCH v5.2.236 algorithm [42-44]. After quality control,
quantification, and normalization of the DNA libraries, the obtained high-quality sequences
were merged as operational taxonomic units (OTUs) using UCLUST at a 97% similarity
threshold cutoff [45]. To process the taxonomic classification of OTUs, the representative
sequences of each OTU were generated and aligned against the Greengenes database [46],
RDP databases [47], and Sliva database (Sliva_V132) [48] for bacterial OTUs and UNITE
database [49] for fungal OTUs, respectively. The relative abundance data for taxa were
generated based on the read count for each taxon across samples by using the total-sum
scaling method. Rare (OTUs with an abundance less than 0.001% of the total sequences
of all samples [50]), nonfungal, and nonbacterial OTUs were removed from final analysis
in this study. All raw sequence data were deposited in National Center for Biotechnology
Information (NCBI) database with BioProject accession number PRJNA813979.
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2.3. Statistical Analyses

Alpha-diversity analyses (within the community), including ACE [51] and Chao 1 [52],
and Simpson [53] and Shannon [54] diversity indices were analyzed at the OTU level using
QIIME. Beta-diversity (principal component analysis, PCA) analyses were performed for
the observed samples [55]. The statistical significance of the difference between the means
of samples was determined by one-way ANOVA (Team, 2015). To detect differential taxa of
different samples, pairwise comparisons of the number of sequences (absolute abundance)
among taxa in genera level were performed using Mothur with Metastats [56].

To explore the co-occurrence patterns between soil microbial taxa in group II (high-yield
group) and group III (low- and no-yield group), the co-occurrence network was performed
using the Spearman correlation matrix [57]. Fungal genera and bacterial genera with the top
50 relative abundances in each group were selected for analysis. Networks were calculated
by all possible pairwise Spearman’s rank correlations between the microbial genera with
an absolute cut-off r-value of 0.6. After applying the Benjamini-Hochberg’s false discovery
rate correction [58], the edges with merged p-values below 0.05 were retained to improve
network precision. The robust correlations selected from pairwise comparisons of the genera
abundance form a correlation network, where each node represented one genus, and each
edge represented a strong and significant correlation between nodes [59]. The network
structure was visualized and analyzed using Cytoscape, and related parameters (average
clustering coefficient, average path length, and modularity) were calculated [59,60].

3. Results
3.1. Sequencing Results

Approximately 424,666 and 32,313 OTUs were generated for the 16S and ITS sequenc-
ing samples, respectively. After filtration, a total of 4036 fungal community OTUs with a
read length of predominantly 200-350 bp, and 6029 bacterial community OTUs with a read
length of mainly 400-450 bp were obtained. Rarefaction analysis was conducted on each
sample, and the microbial rarefaction curves of all samples gradually exhibited a gentle
trend, which implied that the sequenced depths were saturated to reflect the diversity of
the samples.

3.2. Microbial Community Composition and Structure Analysis in All Soil Samples

Fungal communities of all soil samples were successively dominated by Ascomycota,
Basidiomycota, Mortierellomycota, Rozellomycota, Chytridiomycota, Mucoromycota, and Mono-
blepharomycota. Percentages of Ascomycota and Basidiomycota were ranged from 38.641% to
89.831% and 1.843% to 21.915%, respectively (Figure 2a). The dominant bacterial phyla
were Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, Gemmatimonadetes,
Verrucomicrobia, Cyanobacteria, the Patescibacteria group, Planctomycetes, Nitrospirae, the
Latescibacteria group, the Rokubacteria group, and Firmicutes (Figure 2b).

The extent of the top 20 fungal species-specific variations at the genus level (Metastats
analysis, Figure 3) revealed the predominance of Corynespora, Dictyosporium, Elaphomyces,
Fusarium, Heydenia, and Paranamyces in site 1; Cladosporium, Donadinia, Fusarium, Fusicolla,
Helicoma, Humicola, Hyonectria, and Paecilomyces in site 2; Cladonia in site 3; Calicium, Dictyospo-
rium, Melanospora, Membranomyces, and Morchella in site 4; Devriesia in site 5; and Nigrospora in
site 6. Considering the soil samples related to the morel production, Paranamyces, Melanospora,
and Nigrospora with high abundance were detected in soil samples related to low- and no-
morel yield; whereas Corynespora, Dictyosporium, Elaphomyces, Heydenia, Paecilomyces, Fusicolla,
Calicium, Devriesia, Melanospora, Membranomyces, and Morchella were most abundant in soil
related with high morel yield. For 19 bacterial genera, Metastats analysis showed Burkholderia—
Caballeronia—Paraburkholderia and Carnobacterium seemed to be biomarkers in site 3.

3.3. The Beta-Diversity of Soil Microbial Communities in All Samples

To compare the beta-diversity of soil microbial communities, PCA was performed
on the ITS (Figure 4a) and 16S rDNA (Figure 4b) data. For the fungal communities, the
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variance of the first axis (32.25%) was due to differences in fungal communities between
NC and SM1, and variation obtained for the second axis (10.09%) was contributed to by
the differences between NC and GH1. For the bacterial communities, their differences
between GH3 and NF explained the variance obtained in the first axis (27.58%), while
the variance in the second axis (11.42%) was mainly due to the differences within NSN.
PERMANOVA analyses showed that 0.831 and 0.693 of the sum of squares variation were
explained by fungal and bacterial communities, respectively (Table 2). The distinction of
fungal communities appeared to be more pronounced than that of bacterial communities.
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Figure 2. Microbial community composition and abundance distribution in all soil samples. (a) Fun-
gal phyla-level distributions based on ITS amplicon data. (b) Bacterial phyla-level distributions based
on 165 amplicon data.
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Figure 4. PCA of the microbial communities for fungal communities (a) and bacterial communities
(b) in all soil samples.

Table 2. Permutational multivariate analysis of variance (PERMANOVA) results for both fungal and
bacterial communities associated with morel cultivation soil. Permutations = 999. Significant p-values
at p < 0.05 are highlighted in bold.

. Fungal Community Bacterial Community
actor
Df F. Model R2 p Df F. Model R? P
Soil samples 22 15.414 0.831  0.001 22 7.088 0.693  0.001
Residuals 69 0.169 69 0.307
Total 91 1.000 91 1.000

3.4. Heatmap Analyses of Soil Microbial Communities

The top 50 fungal genera and top 50 bacterial genera were selected for heatmap analyses,
respectively, which indicated that the dominant genera varied greatly among different soil
samples (Figure 5). Amongst fungal genera (Figure 5a), there were significant differences in
the relative abundance of Morchella in MCS, even though the standardized initial sowing
rate of morel was performed. In MCS with high yield, the relative abundance of Morchella
ranged from 0.52% (WD2) to 62.13% (SM1). However, the relative abundance of Morchella in
GH3 and DY1 that showed low or no yield incredibly hit 19.84% and 11.50%, respectively.
In GH2 where morel fruiting bodies were infected by some diseases, the relative abundance
of Morchella was 7.69%. Those cases indicated the relative abundance of Morchella in the
soil was not the main reason for its successful fructification. From the heatmap analysis of
bacteria (Figure 5b), crop-beneficial microbes Bradyrhizobium (in WD2, 2.48%), Devosia (in
WD3, 1.50%), Flavobacterium (in GH4, 9.96%), Pedobacter (in GH4, 5.25%), and Pseudomonas
(in GH2, 4.14%) showed higher proportions. Amongst those genera, the relative abundance
of “beneficial bacteria” Pseudomonas ranged from 0.06% (DY1) to 4.14% (GH2).

3.5. Changes in Alpha-Diversity on Soil Microbial Community between MUCS and MCS

To investigate the effect of morel cultivation on soil microbial communities, group I
(containing sites 1-3) was selected for further study (Figure 6). For fungal communities
collected from sites 1 and 3, the richness indices (ACE and Chao 1) were statistically higher
in MUCS than in MCS (p < 0.05), while the Simpson and Shannon indices did not differ
among all soil samples. In site 2, the diversity indices of fungal community (Simpson and
Shannon) in OC and OO were significantly higher than in OCP, OCE and ORF (p < 0.05). For
bacteria, the taxonomic diversity (Simpson and Shannon) and richness (ACE and Chao 1)
had no statistical difference in all soil samples collected from sites 1 and 3. In site 2, the
taxonomic richness (ACE and Chao 1) and diversity (Shannon) indices were statistically
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Figure 5. Heatmap of the relative abundances of top 50 fungal genera (a) and top 50 bacterial
genera (b). Gradient color from blue to red represents a relative abundance of each taxon from low to
high. Scale, the relative abundance of genus at row normalization by removing the mean (centering)
and dividing by the standard deviation (scaling).
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Figure 6. Alpha-diversity estimators of the soil fungal (a,c,e) and bacterial communities (b,d,f) of the
investigated morel farms. For individual index boxes, different letters indicate significant differences
atp = 0.05 (ANOVA) between means (Tukey’s HSD pairwise comparisons, n = 4).

Remarkably, the alpha-diversity indices had no significant difference between OC and
OO, which showed, after a year of cessation cultivation, the diversity and richness in the
soil where morels have been cultivated may be expected to recover (Figure 6¢,d).

3.6. Co-Occurrence Patterns of Microbial Communities Associated with Morel Production

To investigate differences in the co-occurrence patterns related to morel production,
tweleve high-yield soil samples (group II: SM1, SM2, SM3, WD1, WD2, WD3, GH4, GHS5,
NF, OCP, OCF, and ORF) and seven low- or no-yield soil samples (group III: SM0, GH1,
GH2, GH3, DY1, NN, and NSN) were selected for network analysis, respectively.

In group II, the fungal microbial network was composed of 37 nodes and 121 edges,
with an average number of neighbors of 6.54 (Figure 7a), whereas the network for bacterial
microbes had 46 nodes and 174 edges, with an average number of neighbors of 7.57
(Figure 7b). The highest degrees of association were detected in fungal genera named
Massariosphaeria (degree = 16) and Mucor (degree = 16), followed by Alternaria (degree = 15)
and Coprinellus (degree = 15). Within the bacterial communities, 15 bacterial genera (15/46)
were detected in the co-occurrence network with a degree > 10, of which Pseudarthrobacter
(degree = 20) was the highest degree, followed by Arthrobacter (degree = 18), Bradyhizobium
(degree = 18), and RB41 (degree = 18). Amongst those bacterial genera, Arthrobacter,
Bradyhizobium, Devosia, Pseudarthrobacter, Pseudolabrys, and Nitrospira proved to play an
important role in the nitrogen cycle. This indirectly indicates that the yield of morel may be
positively correlated with these microbes involved in the nitrogen cycle.

In group III, two fungal genera Microidium and Solicoccozyma and a single bacterial
genera JGI_0001001-H03 had the highest degrees of association (9 and 11, respectively).
Analysis of the microbial network properties, both fungal and bacterial communities
revealed higher densities in the high-yield network than in the low- or no-yield network.
Some common pathogenic fungi, such as Gibberella, Microidium, Penicillium, Sarocladium and
Streptomyces, and Trichoderma were present in the co-occurrence network related to low or
no yield. Genus Cercophora showed a negative relationship with Morchella. Unexpected high
relative abundance of those pathogenic microbiomes in group Il may lead to the decline in
morel yield and serious diseases. Collectively, potential pathogenic genera Microidium and
Fusarium were found in both group II and group III. After modularizing the nodes in the
network, two fungal modules and top three bacterial modules of group II, and both top
three fungal and bacterial modules of group III were visualized in Figure 7, with network
scores ranging between 3 and 11.



J. Fungi 2022, 8, 299

Mariannaeq
a) Fusi@olla Exophiala
Ilyonectia . .. Microidium
Hunfligola e N
Cladotrhinum RIS AV
Fusarium ) x CIauq;enymyccs
Staphylotrichum Saitogiiia Pseudogymnoascus A ‘> ; N
Scytalidiiin A [ ‘
Magnapowthiopsis Alternaria ..~ Clonostachys
Calcatisporium — popriosia Acremonium . g
~ Ilyonectria 4 ) :
Oididggieor TrecHi§pora Coprinellus Cladosporium
Piectospliuerella ) 9 . 4 3
Claussennmyéev Routr ; ; /
&Y. e ¥ " Melanospora
Hydniin P Apiotichum i MCODE: 1
y = ~ Penicillinm Score: 11
Cercophora < i Ma:
Penicillitiin
Exaphialit /" T
Trichotlerma ,I Mucor /\ H..m
N A y
Cladosporium T
Gibberella
Node: 37 _— L cerhora
ortierella
Edge: 121 Melanospora™ " ¢f;nostachys MCODE: 2
Mcode: 2 Peziza Score: 3
Density: 0,182 Catcalf@@prium
2 Rhodopl ..RB41
b) Pajaroellobacter Iti0doplanes Blastococcus-. “Devosia
Dongia ==
Huliangium ... MND1 Anderomyxobacter Arthrobacter! = Mycobacterium
HSEROKSS 07 Candidatus_Solibacter Pedobacter N E b
" mlel-7 Acidothermus
Massili Gaiella Candidatus *Udaeobacter A o
assilia
Terrabactel _ (rmmn Allorhizobium-Neorhizobium-Pararhizobium-Rhizobi {
Acinetobacter’ Ellin6067
Acinetobacter Geobacter Pseudolabrys Solirubrobacter L 7 il ) MCODE: 1
\ Arthrobacter - Pseudqrthrobactei v : [Nirospina Score: 10.923
Acidothermus -~ Luediggunella Pseudomonas Bradyr inin  Ce ib
Arenimonas e Terrabacter
Mycabncteﬁum' ¥ Pseudarthrobacter Kribbella ) )
;. S JGI“0001001-H03 Flavobacterium Streptomyces,
i “Bradyrhizobi /O Kribbella
Ellin6067 gradyrhlzob’yng T NoctBivides _ ¢
Reyranella ¢ Caenimonas HSB_OF53-F07
RB41 Streptomyces P N
Nitrospira mlel7 P Nocardioides Luedemanriella
Geobacter, ) - - o
Gemmatimonas " Bryobacter Candida!uéi@nlibacrer Bryobacter
Node: 46 - . o MCODE: 2
Conexibacter Ak \ .
Edge: 174 Ramlibacter Flavisolibacter Pséudolabrys Caer{'irh:pnas Score: 4.5
Mcoqe' 4 Sphingomonas MCODE: 3 ¢ N
Density: 0.168 Score: 3.2 Mi'g;s}lia
c) >
Copringpsis Cistella Apiotrichum
Trecliispora Saitggyma
S v Trichoderma il
Rhizophlyctis Chloridium Cadophora
g MCODE: 1
Byl Gibberella Staphylotrichum Phoma Score: 4
Penicillium
Acrémonium AT il Sarocladium Melamospora ]
A Dialonectria Podospora A
Mmldmn’l — Chaetomium
b y 4 N \
S o Salicoccozym \o- Oidiodendron
Chaetomium y f "9’?’” Mofiierella
Nigrospora . Chrysosporium P MCODE: 2
Morshelle Ekophidia Rhizophlyctis
Cercophora  Taeniolella Talgzomyces L Score: 3.333
Apiotriehum Cophellophora  Hlyoitectria  Agrecybe
Alternaria Devriesia Acre@;'um
Humicola
Cadophora Plectosphaerella W Y
Scytadidium Tr "‘[}fﬂ" e
Node: 43 Phoma Pyrenochaetopsis .
Edge- 80 Chl‘/arigdium Slaphy@richum MCODE: 3
Mcode: 6 Clonostachys o ;
onosachys Score: 3.333

Density: 0.089

Figure 7. Cont.

Saitgdma



J. Fungi 2022, 8, 299

12 of 16

d) Flavisolibacter
Streptomyces
Geobacter MND1 .
Cond@bacter JGI_0001001:H03 Adhaeribacter
Candidatus_Solibacter k ’
Thiobacillus Cellvibrio Nocardioides
. Bradyrhizobium Luedemannella
Anaerolinea
Sideroxydans Flavobacterium  Candidatus_Udaeobacter Gaiella
il Singulisphaera Pseudarthrobacter Arthrobacter MCODE: 1
aenimonas .
Dongia Kribbella Kribbella Score: 7
Anacromyxobacter Pajaroellobacter
Arthrobacter Pseudarthrobacter
A L S o
Tychonema_CCAP_1459-11B S
mlel-7 ¥ = — Bradyrhizobium g uicoriq
Massilia & . o
RB41 JGI_0001001:-H03 Nocdgiotdes—G4ipila
Streptomyces Pedobacter
Ramlibacter  psondotabrys )
s i
i Adhaeribacter Nitrospira \ MCODE: 2
RiodBsbacter Flavisolibacter Lysobacter Conexibacter 3
Bryobacter core:
Luedemannella
Node: 43 Pseudomonas Br@aer _
Burkholderia-Caballeronia-Paraburkholderia i Ellin6067
Edge: 80 Ellin6067
Mcode: 5 Micromonos
spora MCODE: 3
Density: 0.089 Micrmomospora ’
o Score: 3

Figure 7. Microbial co-occurrence network in MCS associated with the high-yield group ((a) fungi,
(b) bacteria) and low- or no-yield group ((c) fungi, (d) bacteria). The solid line represented positive
co-occurrence and the dotted line indicated negative co-occurrences. Node size indicates the number
of taxa connected to it (node size represents the degree of each taxonomy), the size from small to big
represents the degree from low to high.

4. Discussion

Under current cultivation techniques, covering soil is crucial for morel develop-
ment [10]. The rhizosphere soil harbors diverse microbes, most of which undeniably benefit
crops by preventing pathogenic infection and transferring nutrients from the soil [34]. Thus,
it is important to understand the taxonomic, interaction, and functional components of the
rhizosphere microbiome for sustainable morel production.

4.1. Microbial Community Dynamics during Morel Cultivation

Cultivating morel could affect the component and structure of the soil microbiome.
Compared with morel uncultivated soil (MUCS), the diversity and richness of fungi and
bacteria in the morel cultivated soil (MCS) have declined to varying degrees. In site 2,
the soil sample OO was taken from a farm where the morel cultivation had been stopped
for one year. The x-diversity analyses showed that there was no significant difference in
microbial diversity and abundance between OC and OO, and PCA analyses also showed
that microbial communities in OC and OO were similar.

In field-based and semi-artificial cultivation, continuous cropping obstacles are often
found in cultivating several kinds of mushrooms, such as in Agaricus bisporus, Ganoderma
lucidum, Morchella spp., Phallus indusiatus, Pleurotus eryngii, and Stropharia rugosoannulata.
Previous studies indicated that the change in soil microbiome was the cause of continuous
cropping obstacles [61]. Continuous cropping in morel cultivation could reduce yield,
quality of fruiting bodies, and disease resistance. At present, the continuous cropping
obstacles have not been effectively solved. With the extension of planting time and the
increase in continuous cropping land, continuous cropping obstacles will restrict the
development of morel industry. In this paper, x-diversity and PCA analyses implied that
the soil cultivated with morel can recover to the fungal and bacterial community status
of the original soil after one year. However, because the physicochemical properties of
soil samples and the microbial metabolites were not analyzed, whether intermittent morel
cultivation can alleviate continuous cropping disorders still needs further research.

4.2. Positive Effects of Nitrogen Cycling on High Yields of Morels

In group II, Arthrobacter, Bradyhizobium, Devosia, Pseudarthrobacter, Pseudolabrys, and
Nitrospira in the center of the network proved to play an important part in the nitrogen cycle
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(Figure 7b). Members in Pseudarthrobacter showed a positive correlation with the content
of available nitrogen in various agricultural ecological soil systems, confirming that Pseu-
darthrobacter could promote crop growth by nitrogen fixation [62,63]. Based on the genome
data, Buckley [64] indicated that Pseudarthrobacter and Arthrobacter were able to reduce ni-
trate to nitrite. Bradyrhizobium, Devosia, and Pseudolabrys were also proved to have nitrogen
fixation and nitrification, which played vital roles in agricultural productivity [24,65-67]. In
addition, comammox Nitrospira members can complete oxidation of ammonium to nitrate
for the nitrification [68].

Morels and truffles are very precious edible mushrooms in ascomycetes. Barbieri
and colleagues (2010) reported nitrogen fixation by Bradyrhizobium cells occurred within
Tuber magnatum ascocarps and it was the first time the nitrogenase expression gene and
activity within truffle was demonstrated [65]. Using high-throughput sequencing combined
tissue culture, Chen and colleagues (2019) reported the bacterial communities of Chinese
black truffle, Tuber indicum, from different geographical regions of China. Their findings
revealed Bradyrhizobium was the dominant genus in fruiting bodies of T. indicum, and they
suspected that some cultural bacteria strains that exhibited the potential abilities of nitrogen
fixation and inorganic phosphorus solubilization may play an important role in truffle
seedling growth, fruiting body development, and even truffle evolution process [69]. In the
natural habitat of M. rufobrunnea, the establishment of the photoautotrophic nitrogen-fixing
microbial pad and heterotrophic nitrification were two important ecological processes for
morel fruiting [41]. For the cultured morels, Tan and colleagues (2021) showed that nitrogen
nutrients in the substratum were essential for morel fruiting, and the appropriate form of
nitrogenous substances was requested [70]. Across the whole fruiting process of morels,
they demonstrated that the C1 substratum, with the highest morel yield, maintained more
abundant nitrate N; in comparison, the C2 substratum (a lower yield of morel fructification)
harbored higher levels of ammonium N than nitrate N, which indicated that nitrate N
had a positive effect on the morel fructification [70]. Previously reports also showed that
ammonia accumulation in A. bisporus substratum can adversely affect mycelium growth
while favoring fungal parasites [34]. In this study, it was found that the groups involved
in nitrogen fixation and nitrification were placed in hubs in the co-occurrence network
related to high yield of morel. Combined with previous studies, nitrogen nutrients and
nitrogenous form were of great significance to morel fructification. Therefore, the following
work should be focused on the interaction between morels and some microbiomes that
have the ability of nitrogen fixation and nitrification.

4.3. Pathogenic Fungi Affect Morel Fructification

In morel cultivation, fungal diseases threaten the morel production and cause economic
losses. In group III, the relative abundance of those pathogenic fungi, such as Gibberella,
Microidium, Penicillium, Sarocladium and Streptomyces, and Trichoderma, may be the main
cause of low or no yield of morels. At present, Cladobotryum spp., Diplodspora longispora,
Fusarium spp., and Paecilomyces penicillatus were considered as the four most serious disease-
causing fungi of the morel industry [16-19,71]. However, how many potential pathogenic
fungi are there? What is the pathogenicity of these fungi to morel? Further, how can they
be identified and controlled? These problems still need further in-depth research.

Based on a large-scale investigation of morel farms, this study revealed the effect of
cultivating morel on soil microbial community and identified the soil microbial cortege
associated with morel yield. The results showed nitrogen-fixing and nitrifying microorgan-
isms may promote morel fructification, while pathogenic fungi may seriously affect morel
yield. In the future, the relationship between morels and the participation in nitrogen fixing
and nitrification needs to be further studied. Meanwhile, the identification, prevention, and
control of potentially pathogenic fungi are urgent issues to be solved. This study provided
valuable information for understanding the interaction between morel production and soil
fungal as well as bacterial communities, and provided useful microbial resources for morel
cultivation in future.



J. Fungi 2022, 8, 299 14 of 16

Author Contributions: Conceptualization, F-M.Y. and Q.Z.; Data curation, F-M.Y. and Q.Z.; Formal
analysis, F-M.Y.; Funding acquisition, Q.Z.; Methodology, F.-M.Y.; Supervision, R.S.J.,, N.-T., M.-L.L,,
X.-T.Z. and Q.Z.; Writing—original draft, F-M.Y.; Writing—review and editing, F-M.Y.,, R.S.J., N.T,,
M.-L.L,, X.-T.Z. and Q.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study is supported by the Second Tibetan Plateau Scientific Expedition and Research
(STEP) Program (Grant No. 2019QZKKO0503), the open research project of “Cross-Cooperative
Team” of the Germplasm Bank of Wild Species, Kunming Institute of Botany, Chinese Academy
of Sciences (Grant No. 292019312511043), Natural Science Foundation of Guizhou Province (grant
No. Qian Ke Zhong Yin Di (2021)4031, Qian Ke He Zhi Cheng (2021) Generally 200); Science and
Technology Service Network Initiative of the Chinese Academy of Sciences (KFJ-STS-QYZD-171);
the Biodiversity Survey and Assessment Project of the Ministry of Ecology and Environment, China
(2019HJ2096001006). Thailand Science Research and Innovation (TSRI) grant “Macrofungi diversity
research from the Lancang-Mekong Watershed and Surrounding areas (grant no. DBG6280009).
MS Calabon is grateful to the Department of Science and Technology—Science Education Institute
(Philippines) and Mushroom Research Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All raw sequence data have been deposited to NCBI with BioProject
accession number PRJNA813979.

Acknowledgments: The authors deeply acknowledge the valuable comments from Kevin David
Hyde (Center of Excellence in Fungal Research, Mae Fah Luang University, Chiang Rai 57100,
Thailand), who substantially enhanced the manuscript quality.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Du, X.-H.; Zhao, Q.; Yang, Z.-L. A review on research advances, issues, and perspectives of morels. Mycology 2015, 6, 78-85.
[CrossRef] [PubMed]

2. Du, X.-H.; Yang, Z.-L. Mating Systems in True Morels (Morchella). Microbiol. Mol. Biol. Rev. 2021, 85, e00220-20. [CrossRef]
[PubMed]

3. Taskin, H.; Dogan, H.H.; Biiyiikalaca, S. Morchella galilaea, an autumn species from Turkey. Mycotaxon 2015, 130, 215-221.
[CrossRef]

4. Matocec, N.; Kusan, I; Mrvos, D.; Raguzin, E. The autumnal occurrence of the vernal genus Morchella (Ascomycota, Fungi). Nat.
Croat. 2014, 23, 163-177.

5. Dissanayake, A.A.; Mills, G.L.; Bonito, G.; Rennick, B.; Nair, M.G. Chemical Composition and Anti-Inflammatory and Antioxidant
Activities of Extracts from Cultivated Morel Mushrooms, Species of Genus Morchella (Ascomycota). Int. |. Med. Mushrooms 2021,
23,73-83. [CrossRef]

6. Wu, H; Chen, ] Li,J; Liu, Y.;; Park, H.J.; Yang, L. Recent advances on bioactive ingredients of Morchella esculenta. Appl. Biochem.
Biotechnol. 2021, 193, 4197-4213. [CrossRef]

7. Roze, M.E. Adherence de la base d’appareils ascospores de Morchella sur Helianthus tuberosus. Acta Bot. Gall. 1882, 19, 166-167.

8. Ower, R. Notes on the development of the morel ascocarp: Morchella Esculenta. Mycologia 1982, 74, 142-144. [CrossRef]

9.  Du, X.-H.; Wang, H.; Sun, J.; Xiong, L.; Yu, ]. Hybridization, characterization and transferability of SSRs in the genus Morchella.
Fungal Biol. 2019, 123, 528-538. [CrossRef]

10. Liu, Q.; Ma, H.; Zhang, Y.; Dong, C. Artificial cultivation of true morels: Current state, issues and perspectives. Crit. Rev.
Biotechnol. 2018, 38, 259-271. [CrossRef]

11.  Du, X.-H.; Wu, D.-M.; He, G.-Q.; Wei, W.; Xu, N.; Li, T.-L. Six new species and two new records of Morchella in China using
phylogenetic and morphological analyses. Mycologia 2019, 111, 857-870. [CrossRef] [PubMed]

12.  Zhao, Q.; Lyu, M.-L,; Li, L.; Huang, W.; Zhang, Y.-F,; Hao, Z. Temptation and trap of morel industry in China. J. Fungal Res. 2021,
19, 232-237. (In Chinese)

13. Tan, H;Liu, T; Yu, Y;; Tang, J.; Jiang, L.; Martin, EM.; Peng, W. Morel production related to soil microbial diversity and evenness.
Microbiol. Spectr. 2021, 9, €00229-21. [CrossRef] [PubMed]

14. Mer, G.S.; Dubey, R.C. Formation of sclerotial spawn, conidia and fruiting body initials in Morchella esculenta. Int. J. Environ. Biol.
1996, 1, 35-38.

15.  Yu, F-M.; Zhao, Q. Genetic diversity of hyphae sprouted from different single spores and different germ pores of morels.
Mycosystema 2020, 39, 1-13. (In Chinese)

16. Lan, Y.-F; Cong, Q.-Q.; Wang, Q.-W,; Tang, L.-N.; Li, X.-M.; Yu, Q.-W.; Cui, X,; An, X.-R.; Yu, C.-X,; Kong, FE-H.; et al. First report

of Cladobotryum protrusum causing cobweb disease on cultivated Morchella importuna. Plant Dis. 2020, 104, 1-26. [CrossRef]


http://doi.org/10.1080/21501203.2015.1016561
http://www.ncbi.nlm.nih.gov/pubmed/30151316
http://doi.org/10.1128/MMBR.00220-20
http://www.ncbi.nlm.nih.gov/pubmed/34319143
http://doi.org/10.5248/130.215
http://doi.org/10.1615/IntJMedMushrooms.2021039297
http://doi.org/10.1007/s12010-021-03670-1
http://doi.org/10.1080/00275514.1982.12021480
http://doi.org/10.1016/j.funbio.2019.05.005
http://doi.org/10.1080/07388551.2017.1333082
http://doi.org/10.1080/00275514.2019.1640012
http://www.ncbi.nlm.nih.gov/pubmed/31414967
http://doi.org/10.1128/Spectrum.00229-21
http://www.ncbi.nlm.nih.gov/pubmed/34643439
http://doi.org/10.1094/PDIS-08-19-1611-PDN

J. Fungi 2022, 8, 299 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

He, P-X; Li, C.-C.; Cai, Y.-L.; Zhang, Y.; Bian, Y.-B.; Liu, W. First report of pileus rot disease on cultivated Morchella importuna
caused by Diplodspora longispora in China. J. Gen. Plant Pathol. 2018, 84, 65-69. [CrossRef]

He, X.-L.; Peng, W.-H.; Miao, R.-Y;; Tang, J.; Chen, Y.; Liu, L.-X.; Wang, D.; Gan, B.-C. White mold on cultivated morels caused by
Paecilomyces penicillatus. FEMS Microbiol. Lett. 2017, 364, 1-5. [CrossRef]

Guo, M.-P; Chen, K.; Wang, G.-Z.; Bian, Y.-B. First report of stipe rot disease on Morchella importuna caused by Fusarium
incarnatum—rF. equiseti species complex in China. Plant Dis. 2016, 100, 2530. [CrossRef]

Lohberger, A.; Spangenberg, ].E.; Ventura, Y.; Bindschedler, S.; Verrecchia, E.P.; Bshary, R.; Junier, P. Effect of organic carbon
and nitrogen on the interactions of Morchella spp. and bacteria dispersing on their mycelium. Front. Microbiol. 2019, 10, 1-13.
[CrossRef]

Kalyoncu, E; Oskay, M.; Kalyoncu, M. The effects of some environmental parameters on mycelial growth of six Morchella species.
J. Pure Appl. Microbiol. 2009, 3, 467-472.

Tan, H.; Kohler, A.; Miao, R.-Y,; Liu, TH.; Zhang, Q.; Zhang, B.; Jiang, L.; Wang, Y.; Xie, L.-Y.; Tang, J.; et al. Multi-omic
analyses of exogenous nutrient bag decomposition by the black morel Morchella importuna reveal sustained carbon acquisition
and transferring. Environ. Microbiol. 2019, 21, 3909-3926. [CrossRef] [PubMed]

Liu, D.; He, X.-H.; Chater, C.C.C.; Perez-Moreno, J.; Yu, F.-Q. Microbiome community structure and functional gene partitioning
in different micro-niches within a sporocarp-forming fungus. Front. Microbiol. 2021, 12, 1-11. [CrossRef] [PubMed]

Gohar, D.; Pent, M.; Poldmaa, K.; Bahram, M. Bacterial community dynamics across developmental stages of fungal fruiting
bodies. FEMS Microbiol. Ecol. 2020, 96, 1-8. [CrossRef]

Longley, R.; Benucci, G.M.N.; Mills, G.; Bonito, G. Fungal and bacterial community dynamics in substrates during the cultivation
of morels (Morchella rufobrunnea) indoors. FEMS Microbiol. Lett. 2019, 366, 1-8. [CrossRef]

Benucci, G.M.N.; Longley, R.; Zhang, P.; Zhao, Q.; Bonito, G.; Yu, F.-Q. Microbial communities associated with the black morel
Morchella sextelata cultivated in greenhouses. Peer] 2019, 2019, e7744. [CrossRef]

Zhang, F.-S.; Long, L.; Hu, Z.-Y.; Yu, X.-R;; Liu, Q.-Y.; Bao, J.-K,; Long, Z.-F. Analyses of artificial morel soil bacterial community
structure and mineral element contents in ascocarp and the cultivated soil. Can. J. Microbiol. 2019, 65, 738-749. [CrossRef]
McGee, C.F. Microbial ecology of the Agaricus bisporus mushroom cropping process. Appl. Microbiol. Biotechnol. 2018, 102,
1075-1083. [CrossRef]

Cao, G.-T.; Song, T.-T.; Shen, Y.-Y,; Jin, Q.-L.; Feng, W.-L.; Fan, L.J.; Cai, W.-M. Diversity of bacterial and fungal communities in
wheat straw compost for Agaricus bisporus cultivation. HortScience 2019, 54, 100-109. [CrossRef]

Ren, F; Zhang, Y.-G.; Yu, H.; Zhang, Y.-A. Ganoderma lucidum cultivation affect microbial community structure of soil, wood
segments and tree roots. Sci. Rep. 2020, 10, 1-9. [CrossRef]

Zhang, B.; Yan, L.-],; Li, Q.; Zou, J; Tan, H.; Tan, W.; Peng, W.-H.; Li, X.-L.; Zhang, X.-P. Dynamic succession of substrate-
associated bacterial composition and function during Ganoderma lucidum growth. Peer] 2018, 2018, 1-23. [CrossRef]

Yang, R.-H.; Bao, D.-P.; Guo, T.; Li, Y.; Ji, G.-Y.; Ji, K.-P,; Tan, Q. Bacterial profiling and dynamic succession analysis of Phlebopus
portentosus casing soil using miseq sequencing. Front. Microbiol. 2019, 10, 1-12. [CrossRef] [PubMed]

Liu, D.; Wang, Y.-L.; Zhang, P.; Yu, E-Q.; Perez-moreno, ]. Macrofungi cultivation in shady forest areas significantly increases
microbiome diversity, abundance and functional capacity in soil furrows. J. Fungi 2021, 7, 775. [CrossRef] [PubMed]

Carrasco, J.; Preston, G.M. Growing edible mushrooms: A conversation between bacteria and fungi. Environ. Microbiol. 2020, 22,
858-872. [CrossRef]

Xu, J.; Zhang, Y.-Z.; Zhang, P-F,; Trivedi, P.; Riera, N.; Wang, Y.-Y.; Liu, X,; Fan, G.-Y.; Tang, J.-J.; Coletta-Filho, H.D.; et al. The
structure and function of the global citrus rhizosphere microbiome. Nat. Commun. 2018, 9, 1-10. [CrossRef]

Pion, M.; Spangenberg, ].E.; Simon, A.; Bindschedler, S.; Flury, C.; Chatelain, A.; Bshary, R.; Job, D.; Junier, P. Bacterial farming by
the fungus Morchella crassipes. Proc. R. Soc. B Biol. Sci. 2013, 280, 20132242. [CrossRef]

Braat, N.; Koster, M.C.; Wosten, H.A. Beneficial interactions between bacteria and edible mushrooms. Fungal Biol. Rev. 2022, 39,
67-72. [CrossRef]

Colauto, N.B.; Fermor, T.R; Eira, A.F; Linde, G.A. Pseudomonas putida stimulates primordia on Agaricus bitorquis. Curr. Microbiol.
2016, 72, 482-488. [CrossRef]

Cho, Y.S.; Kim, ].S.; Crowley, D.E.; Cho, B.G. Growth promotion of the edible fungus Pleurotus ostreatus by fluorescent pseu-
domonads. FEMS Microbiol. Lett. 2003, 218, 271-276. [CrossRef]

Kang, YM.; Cho, K.M. Identification of auxin from Pseudomonas sp. P7014 for the rapid growth of Pleurotus eryngii mycelium.
Korean |. Microbiol. 2014, 50, 15-21. [CrossRef]

Orlofsky, E.; Zabari, L.; Bonito, G.; Masaphy, S. Changes in soil bacteria functional ecology associated with Morchella rufobrunnea
fruiting in a natural habitat. Environ. Microbiol. 2021, 23, 6651-6662. [CrossRef] [PubMed]

Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, ED.; Costello, E.K.; Fierer, N.; Pefia, A.G.; Goodrich,
J.K.; Gordon, ].I; et al. Correspondence QIIME allows analysis of high- throughput community sequencing data intensity
normalization improves color calling in SOLiD sequencing. Nat. Publ. Gr. 2010, 7, 335-336. [CrossRef]

Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460-2461. [CrossRef] [PubMed]
Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 2011, 27, 2194-2200. [CrossRef]


http://doi.org/10.1007/s10327-017-0754-3
http://doi.org/10.1093/femsle/fnx037
http://doi.org/10.1094/PDIS-05-16-0633-PDN
http://doi.org/10.3389/fmicb.2019.00124
http://doi.org/10.1111/1462-2920.14741
http://www.ncbi.nlm.nih.gov/pubmed/31314937
http://doi.org/10.3389/fmicb.2021.629352
http://www.ncbi.nlm.nih.gov/pubmed/33859628
http://doi.org/10.1093/femsec/fiaa175
http://doi.org/10.1093/femsle/fnz215
http://doi.org/10.7717/peerj.7744
http://doi.org/10.1139/cjm-2018-0600
http://doi.org/10.1007/s00253-017-8683-9
http://doi.org/10.21273/HORTSCI13598-18
http://doi.org/10.1038/s41598-020-60362-2
http://doi.org/10.7717/peerj.4975
http://doi.org/10.3389/fmicb.2019.01927
http://www.ncbi.nlm.nih.gov/pubmed/31507552
http://doi.org/10.3390/jof7090775
http://www.ncbi.nlm.nih.gov/pubmed/34575813
http://doi.org/10.1111/1462-2920.14765
http://doi.org/10.1038/s41467-018-07343-2
http://doi.org/10.1098/rspb.2013.2242
http://doi.org/10.1016/j.fbr.2021.12.001
http://doi.org/10.1007/s00284-015-0982-8
http://doi.org/10.1016/S0378-1097(02)01144-8
http://doi.org/10.7845/kjm.2014.3076
http://doi.org/10.1111/1462-2920.15692
http://www.ncbi.nlm.nih.gov/pubmed/34327796
http://doi.org/10.1038/nmeth0510-335
http://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://doi.org/10.1093/bioinformatics/btr381

J. Fungi 2022, 8, 299 16 of 16

45.

46.

47.

48.

49.

50.
51.
52.
53.
54.
55.
56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Blaxter, M.; Mann, J.; Chapman, T.; Thomas, E; Whitton, C.; Floyd, R.; Abebe, E. Defining operational taxonomic units using
DNA barcode data. Philos. Trans. R. Soc. B Biol. Sci. 2005, 360, 1935-1943. [CrossRef]

DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72,
5069-5072. [CrossRef]

Cole, J.R.; Wang, Q.; Cardenas, E.; Fish, J.; Chai, B.; Farris, R.J.; Kulam-Syed-Mohideen, A.S.; McGarrell, D.M.; Marsh, T.; Garrity,
G.M,; et al. The ribosomal database project: Improved alignments and new tools for rRNA analysis. Nucleic Acids Res. 2009, 37,
141-145. [CrossRef]

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, ].; Schweer, T.; Yarza, P,; Peplies, ].; Glockner, EO. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, 590-596. [CrossRef]

Koljalg, U.; Nilsson, R.H.; Abarenkov, K.; Tedersoo, L.; Taylor, A.E.S.; Bahram, M.; Bates, S.T.; Bruns, T.D.; Bengtsson-Palme, J.;
Callaghan, T.M.; et al. Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 2013, 22, 5271-5277.
[CrossRef]

Bokulich, N.A.; Subramanian, S. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat.
Methods 2013, 10, 57-59. [CrossRef]

Chao, A.; Yang, M.C.K. Stopping rules and estimation for recapture debugging with unequal failure rates. Biometrika 1993, 80,
193-201. [CrossRef]

Chao, A. Nonparametric estimation of the number of classes in a population. Scand. J. Stat. 1984, 11, 265-270.

Simpson, E. Measurment of Diversity. Nature 1949, 163, 688. [CrossRef]

Shannon, C.E.; Weaver, W. The Theory of Mathematical Communication; University of Illinois Press: Champaign, IL, USA, 1949.
Ramette, A. Multivariate analyses in microbial ecology. FEMS Microbiol. Ecol. 2007, 62, 142-160. [CrossRef] [PubMed]

White, ].R.; Nagarajan, N.; Pop, M. Statistical methods for detecting differentially abundant features in clinical metagenomic
samples. PLoS Comput. Biol. 2009, 5, €1000352. [CrossRef] [PubMed]

Faust, K.; Raes, J. microbial interactions: From networks to models. Nat. Rev. Microbiol. 2012, 10, 538-550. [CrossRef]
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B 1995, 57, 289-300. [CrossRef]

Newman, M.E.J. Modularity and community structure in networks. Proc. Natl. Acad. Sci. USA 2006, 103, 8577-8582. [CrossRef]
Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Tan, Y.; Cui, Y.-S.; Li, H-Y,; Kuang, A.-X,; Li, X.-R.; Wei, Y.-L.; Ji, X.-L. Rhizospheric soil and root endogenous fungal diversity and
composition in response to continuous Panax notoginseng cropping practices. Microbiol. Res. 2017, 194, 10-19. [CrossRef]

Yang, Y.-Z.; Fang, M.-K.; Wu, M.-Y.; Zhang, H.-S.; Li, H.-Z.; Zhu, ]J.-Q. Differences in the soil bacterial communities under
organic farming and conventional farming modes revealed by 16S rDNA sequencing. J. Biobased Mater. Bioenergy 2021, 15, 10-19.
[CrossRef]

Yin, S.-J.; Suo, E-Y,; Kong, Q.-X.; You, X.-W.; Zhang, X,; Yuan, Y.; Yu, X.-Y.; Cheng, Y.-D.; Sun, R.-X.; Zheng, H.; et al. Biochar
enhanced growth and biological nitrogen fixation of wild soybean (Glycine max subsp. soja Siebold & Zucc.) in a Coastal Soil of
China. Agriculture 2021, 11, 1246. [CrossRef]

Buckley, E. Phenotypic and Genomic Insights into Ultraviolet Resistance of Arthrobacter and Pseudarthrobacter Isolated from
Desert Soil. Ph.D. Thesis, Auckland University of Technology, Auckland, New Zealand, 2020.

Barbieri, E.; Ceccaroli, P.; Saltarelli, R.; Guidi, C.; Potenza, L.; Basaglia, M.; Fontana, F.; Baldan, E.; Casella, S.; Ryahi, O.; et al.
New evidence for nitrogen fixation within the Italian white truffle Tuber magnatum. Fungal Biol. 2010, 114, 936-942. [CrossRef]
[PubMed]

Lee, H.; Oh, S.Y,; Lee, YM,; Jang, Y.; Jang, S.; Kim, C.; Lim, Y.W.; Kim, ]J.J. Successional variation in the soil microbial community
in Odaesan National Park, Korea. Sustainability 2020, 12, 4795. [CrossRef]

Rivas, R.; Velazquez, E.; Willems, A.; Vizcaino, N.; Subba-Rao, N.S.; Mateos, P.F; Gillis, M.; Dazzo, F.B.; Martinez-Molina, E. A
new species of Devosia that forms a unique nitrogen-fixing root-nodule symbiosis with the aquatic legume Neptunia natans (L.f.)
Druce. Appl. Environ. Microbiol. 2002, 68, 5217-5222. [CrossRef]

Han, S.; Zeng, L.-Y.; Luo, X.-S.; Xiong, X.; Wen, S.-L.; Wang, B.-R.; Chen, W.-L.; Huang, Q.-Y. Shifts in Nitrobacter- and Nitrospira-
like nitrite-oxidizing bacterial communities under long-term fertilization practices. Soil Biol. Biochem. 2018, 124, 118-125. [CrossRef]
Chen, J.; Li, J-M,; Tang, Y.-J.; Xing, Y.-M.; Qiao, P; Li, Y.; Liu, P-G.; Guo, S.-X. Chinese black truffle-associated bacterial
communities of Tuber indicum from different geographical regions with nitrogen fixing bioactivity. Front. Microbiol. 2019, 2515.
[CrossRef]

Tan, H.; Yu, Y,; Tang, J.; Liu, T.-T.; Miao, R.-Y;; Huang, Z.-Q.; Martin, EM.; Peng, W.-H. Build your own mushroom soil: Microbiota
succession and nutritional accumulation in semi-synthetic substratum drive the fructification of a soil-saprotrophic morel. Front.
Microbiol. 2021, 12, 1-18. [CrossRef]

Chen, C.; Fu, R.-T.; Wang, J.; Li, X.-Y,; Chen, X.-J.; Li, Q.; Lu, D.-H. Genome sequence and transcriptome profiles of pathogenic
fungus Paecilomyces penicillatus reveal its interactions with edible fungus Morchella importuna. Comput. Struct. Biotecnol. . 2021, 19,
2607-2617. [CrossRef]


http://doi.org/10.1098/rstb.2005.1725
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/nar/gkn879
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1111/mec.12481
http://doi.org/10.1038/nmeth.2276
http://doi.org/10.1093/biomet/80.1.193
http://doi.org/10.1038/163688a0
http://doi.org/10.1111/j.1574-6941.2007.00375.x
http://www.ncbi.nlm.nih.gov/pubmed/17892477
http://doi.org/10.1371/journal.pcbi.1000352
http://www.ncbi.nlm.nih.gov/pubmed/19360128
http://doi.org/10.1038/nrmicro2832
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1073/pnas.0601602103
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1016/j.micres.2016.09.009
http://doi.org/10.1166/jbmb.2021.2027
http://doi.org/10.3390/agriculture11121246
http://doi.org/10.1016/j.funbio.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21036337
http://doi.org/10.3390/su12114795
http://doi.org/10.1128/AEM.68.11.5217-5222.2002
http://doi.org/10.1016/j.soilbio.2018.05.033
http://doi.org/10.3389/fmicb.2019.02515
http://doi.org/10.3389/fmicb.2021.656656
http://doi.org/10.1016/j.csbj.2021.04.065

	Introduction 
	Materials and Methods 
	Soil Sample Collection 
	DNA Extraction and Sequencing 
	Statistical Analyses 

	Results 
	Sequencing Results 
	Microbial Community Composition and Structure Analysis in All Soil Samples 
	The Beta-Diversity of Soil Microbial Communities in All Samples 
	Heatmap Analyses of Soil Microbial Communities 
	Changes in Alpha-Diversity on Soil Microbial Community between MUCS and MCS 
	Co-Occurrence Patterns of Microbial Communities Associated with Morel Production 

	Discussion 
	Microbial Community Dynamics during Morel Cultivation 
	Positive Effects of Nitrogen Cycling on High Yields of Morels 
	Pathogenic Fungi Affect Morel Fructification 

	References

