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Flammulina filiformis is an important edible and medicinal mushroom widely
cultivated in East Asia, with its quality and health strongly influenced by associated
microbial communities. However, limited data exist on the bacterial communities
associated with F. filiformis cultivation in Chinese farms. This study investigated
bacterial communities associated with F. filiformis and its production environment
using high-throughput 16S rRNA gene amplicon sequencing and culture-dependent
methods. A total of 42 samples were collected from farms in Jilin and Guizhou
provinces, China, for microbial community profiling. The analysis revealed diverse
bacterial phyla, including Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria,
and Cyanobacteria. Genera such as Pseudomonas, Lactobacillus, Acinetobacter,
Flavobacterium, and Phyllobacterium were identified, with notable regional variations
in the relative abundance of Pseudomonas and Lactobacillus. Pathogenic species,
including Pseudomonas tolaasii, Ewingella americana, Stenotrophomonas maltophilia,
Pseudomonas sp., Lelliottia amnigena, and Janthinobacterium lividum, were
identified through phenotypic, biochemical, and molecular analyses. Pathogenicity
tests confirmed the disease-causing potential of P. tolaasii, E. americana, and J.
lividum in F. filiformis. These findings highlight regional differences in bacterial
community composition and emphasize the need for tailored management
practices. This study contributes to safe, high-quality mushroom cultivation and
provides insights into improved cultivation practices, including Mushroom Good
Agricultural Practices (MGAP).

KEYWORDS

Flammulina filiformis, cultivation environment, 16S amplicon, bacterial diversity,
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Introduction

Flammulina filiformis, classified as Fungi, Basidiomycota, Agaricomycetes, Agaricales,
Physalacriaceae, Flammulina (Wang et al., 2018), is an important commercial mushroom
valued for its high nutritional and medicinal properties (Yan et al., 2019a). The fruiting body
of E filiformis is rich in carbohydrate, protein, amino acids (Kalac, 2013). It also contains
bioactive compounds that offer various health benefits, including anti-tumor,
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anti-atherosclerotic, antioxidant, and anti-aging effects (Rahman
et al,, 2015; Tang et al., 2016). E filiformis accounts for over 10% of
global mushrooms production, with China being the leading
producer, contributing significantly to both domestic consumption
and exports (Royse et al., 2017; Wang et al., 2018).

In recent years, the global demand for E filiformis has increased
due to its applications in traditional and functional foods,
nutraceuticals, and as a source of bioactive compound in
pharmaceuticals. Advances in production techniques, including
innovations in substrate composition, cultivation technology, and
quality control measures, have enhanced yield, disease resistance, and
sustainability (Jayaraman et al., 2024; Sangeeta et al., 2024; Dong et al.,
2022). The growing consumer preference for functional foods with
health-promoting properties has reinforced E filiformis as a vital
component of the mushroom industry.

Microbial communities play a crucial role in the growth,
development, and quality of mushrooms, including F. filiformis (Wang
et al,, 2018). These communities facilitate the breakdown of organic
matter and nutrient cycling within the mushroom substrate, thereby
providing essential nutrients for mushroom growth (Kalac, 2013).
Microbial interactions also influence the flavor, aroma, and nutritional
value of mushrooms through the production of enzymes and volatile
compounds (Rahman et al., 2015; Tang et al., 2016).

However, certain microbial species can negatively impacts
mushroom yield and quality, reducing crop productivity and affecting
product shelf-life (Liu et al., 2022). Additionally, the cultivation
environment can harbor microbes that pose food safety risks, such as
Listeria, which may be harmful to humans (Li et al., 2021; Chen et al.,
2014). Conversely, beneficial microbial communities can promote
disease resistance by outcompeting harmful pathogens (Han et al.,
2012; Wu et al, 2016). Studying these communities in both the
mushroom, mushroom substrate and cultivation environment enables
identification key microbial players that enhance growth, yield, and
disease resistance, as well as potential sources of disease inoculum.
Understanding and managing microbial communities is essential for
optimizing yield, enhancing quality, and ensuring sustainable
mushroom production (Berendsen et al., 2012).

To ensure safety and quality in mushroom cultivation, it is
essential to adhere to Mushroom Good Agricultural Practices
(MGAP), which include implementing Hazard Analysis and Critical
Control Points (HACCP) protocols (Jin et al., 2008; Su et al., 2023).
These practices encompass key aspects of cultivation, such as growing
conditions, substrate preparation, hygiene, pest management, and
harvesting. As an integral component of MGAP, HACCP identifies
critical control points to mitigate potential hazards (Li and Xu, 2022).
In China, the adoption of HACCP reflects a commitment to producing
safe, high-quality mushrooms (Jin et al., 2008). The effectiveness of
MGAP protocols, including HACCP, has been demonstrated in
Chinese mushroom factories, ensuring consistent product quality (Jin
et al., 2008; Li and Xu, 2022; Su et al., 2023).

Studying the structure and diversity of microbial communities is
essential for mining microbial resources, understanding their
functions, and elucidating the relationship between microbial
communities and their habitats. Previous studies have highlighted the
impact of casing composition and microbiota on disease development
in Agaricus bisporus (Berendsen et al., 2012). The advent of
metagenomics and advances in sequencing technology have made 16S
rRNA gene sequencing a valuable method for analyzing microbial
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community diversity and composition (Youssef et al., 2009; Caporaso
etal, 2011; Hess et al., 2011). The 16S rRNA gene is frequently used
for bacterial phylogenetic analysis and classification, revealing species-
specific characteristics.

Although 16S rRNA gene sequencing has been successfully
applied to study microbial communities and dynamics in the
cultivation of edible fungi, mushrooms and truffles (Benucci and
Bonito, 2016; Vos et al., 2017; Carrasco et al., 2019), studies specifically
examining the microbial communities associated with F filiformis in
its cultivation environment and factory settings are lacking. While
some studies have examined the microbial communities associated
with E filiformis fruiting bodies (Wei et al., 2021), the microbial
dynamics within the cultivation environment remain underexplored.
Therefore, analyzing the microbial community structure and diversity
related to E filiformis cultivation is essential for the effective
production management, ensuring food safety, preserving biodiversity,
and maintaining ecosystem health.

This study adopted a comprehensive approach to investigate the
microbial community structure and diversity within the cultivation
and production environments of E filiformis across two industrial-
scale mushroom production facilities. Bacterial community
composition was analyzed using high-throughput 16S rRNA gene
amplicon sequencing. Additionally, traditional culture-dependent
methods were employed to isolate and identify specific bacteria
associated with diseases affecting F filiformis. By integrating these
techniques, a detailed understanding of the microbial dynamics
within the cultivation and production environment of E filiformis was
obtained. This enabled the
characterization of bacterial species involved in disease development,

approach identification and
contributing to deeper understanding of the factors affecting the
health and productivity of E filiformis.

Materials and methods
Study site and experimental design

The study was conducted in 2016 and 2017 at two industrial-scale
E filiformis mushroom production facilities in China. The first facility,
Changchun Gaorong Biotechnology Co., Ltd. (44.20°N, 125.24°E), is
located in Changchun, Jilin Province, while the second facility,
Weining Xuerong Biotechnology Co., Ltd. (26.55°N, 104.14°E), is
situated in Bijie City, Guizhou Province. These facilities were selected
to represent distinct geographical regions and diverse climatic
conditions. Both were dedicated indoor cultivation sites equipped
with climate control systems, lighting, shelving or racks for mushroom
trays, and automated conveyor system. While both facilities shared
centralized monitoring and control systems for humidity, ventilation,
they differed in their
production procedures.

and airflow, design, layout, and

A total of 42 samples were collected over 2 years, comprising
seven groups at each location. Each group included three sub-samples
used as biological replicates. Multiple samples from the same source
group were combined to create a bulked sample, which was
subsequently divided into three sub-groups to generate three
biological replicates for that specific group. The groups from
Changchun were labeled C1-C7, while those from Bijie were labeled

G1-G7. Samples sources included: C1 and G1 (healthy E filiformis
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fruiting bodies), C2 and G2 (diseased fruiting bodies of F. filiformis),
C3 and G3 (cultivation substrate), C4 and G4 (humidified water
reservoir), C5 and G5 (floor water from the mushroom facility), C6
and G6 (humidifier vent), and C7 and G7 (fresh air intake duct). All
samples were transferred to sterilized 10 mL centrifuge tubes, rapidly
frozen in liquid nitrogen, and stored at —80°C at the Engineering
Research Center of the Ministry of Education, located at Jilin
Agricultural University in Changchun, China.

16S rRNA amplicon metagenomic
sequencing for bacterial community
analysis

Library preparation and sequencing

DNA was extracted from all sample groups using the
cetyltrimethylammonium bromide (CTAB) method (Clarke, 2009).
DNA quantity and quality were assessed using a Nanodrop 2000
spectrophotometer (Thermo Electron Corporation, Waltham, MA,
United States) and a 1.0% agarose gel, respectively. The fourth
hypervariable (V4) region of the 16S rRNA gene was amplified using
Phusion®vHigh-Fidelity PCR Master Mix (New England Biolabs,
Ipswich, MA, United States) using primers 515F
(5"-CCTACGGGAGGCAGCAG-3') and 806R
(5"-GGACTACHVGGGTATCTAAT-3’) each containing a 12-bp
barcodes (Caporaso et al., 2011). PCR products were pooled based on
their concentrations and separated on 1% agarose gels. The resulting
PCR products were purified using GeneJET Gel Extraction Kit
(ThermoFisher Scientific, Waltham, MA, United States). Library
construction was performed using the Ion Plus Fragment Library Kit
(ThermoFisher Scientific, Waltham, United States) according to the
manufacturer’s instructions. Library quality was evaluated using Qubit
(ThermoFisher Waltham, MA,
United States) and an Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, United States). Finally, the 16S rRNA
sequences for all 42 samples were generated using an Ion S5™ XL
sequencer (ThermoFisher Scientific, Waltham, United States). DNA
extraction, library preparation, and sequencing were performed by

2.0 Fluorometer Scientific,

Novogene Biotech Company, located in Beijing, China.

Sequence data analysis

Cutadapt software (V1.9.1)' (Martin, 2011) was used to remove
low-quality portions of the reads. Cleaned reads were then separated
by sample based on the barcode sequences, with barcode and primer
sequences trimmed off before preliminary quality control. The final
clean reads were obtained by detecting and removing chimeric
sequences (Haas et al, 2011) using VSEARCH and the species
annotation database’ (Rognes et al., 2016).

Uparse software Uparse v7.0.1001° (Edgar, 2013) was used to
cluster cleaned reads at 97% similarity, generating Operational
Taxonomic Units (OUTs) (He et al, 2015). The representative

1 http://cutadapt.readthedocs.io/en/stable/
2 https://github.com/torognes/vsearch/
3 http://www.drive5.com/uparse/
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sequence with the highest frequency within each OTUs was selected.
For species annotation of OTU sequences, the SILVA132 database®
(Quast et al., 2013), the small subunit (SSU) rRNA database (Kolisko
etal,, 2020), and the Mothur package (Schloss et al., 2009) were used,
applying a threshold of 0.8-1 to obtain taxonomic information at
various levels (kingdom, phylum, class, order, family, genus, species)
(Wang et al., 2007). Data for each tested sample were standardized
using the sample with the smallest data set as the reference, followed
by analysis of Alpha diversity and Beta diversity. Qiime software
(Version 1.9.1) was used to calculate the UniFrac distance and to
construct the UPGMA (Unweighted Pair Group method with
Arithmetic  Mean)
multidimensional scaling (NMDS) analysis was performed using the

sample clustering tree. Non-metric
vegan package in R, while differences between the Beta diversity index

groups were analyzed with R software.

Culture-dependent identification of
pathogenic bacteria from diseased samples

Disease samples of E filiformis (C2 and G2 groups), weighing 2 g
each, were surface disinfection. The samples were first treated with
75% ethanol for 30s, followed by immersion in 2% sodium
hypochlorite solution for 1 min, then rinsed three times with sterile
distilled water. The disinfected tissue blocks were mashed in sterile
distilled water to prepare bacterial suspensions. These suspensions
were streaked onto nutrient agar (NA) medium and incubated at 28°C
in the dark for 48 h. Single colonies were selected, streaked NA at least
three times to obtain pure cultures, which subsequently were stored
in 70% glycerol at —80°C.

Pathogenicity determination

To assess pathogenicity, single bacterial colonies were inoculated
into 50 mL Erlenmeyer flasks containing 25 mL of Luria-Bertani (LB)
liquid medium. The flasks were shaken at 28°C and 180 rpm for
12-18 h. Bacterial cells were collected by centrifugation, washed three
times with sterile distilled water, and the suspension was adjusted to
a concentration of 3 x 10* CFU/mL.

White E filiformis fruiting bodies, approximately 30 days old and
at fruit body stage 1, were sourced from Changchun Gaorong
Biotechnology Co., Ltd., a commercial mushroom production facility.
Healthy fruiting bodies were inoculated with 20 pL of bacterial
suspension at the contact point between the fruit bodies and the inner
wall of the bottle mouth. Each strain was tested in triplicate bottles
and sterile water was used as a control. All inoculated samples were
maintained in a mushroom-growing room at Jilin Agricultural
University, with a temperature 12-14°C, humidity of 95-98%, and
controlled light conditions. Disease symptoms appeared on the
fruiting bodies 12 h post-inoculation, followed by re-isolation of the
pathogenic bacteria. The control samples treated with sterile distilled
water remained disease-free. The pathogenicity test was repeated three
times for result calidation.

4 http://www.arb-silva.de/
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Morphological identification of pathogenic
bacteria

The isolated pathogenic bacteria were cultured on NA and King’s
B (KB) medium at 28°C in the dark for 48-72 h. Observations were
made on the size, color, shape, and fluorescence of the bacterial
colonies on each medium. Bacterial cells grown on NA medium for
24 h were further examined using transmission electron microscope
and scanning electron microscope to assess cell shape, size, presence
of flagella, and growth patterns.

Biochemical identification of pathogenic
bacteria

Bacteria cultures were grown overnight in 5 mL of liquid LB
medium at 30°C, shake at 180 rpm for 12 h. The cultures were
centrifuged at 25°C and 12,000 rpm for 1 min, and the supernatant
was discarded before washing the bacterial pellet twice with sterile
distilled water. Biochemical tests were performed on all isolated
strains using API 20E and API 50CHE kits (BioMérieux, Marcy-
IEtoile, France) according to the protocols described by Mergaert
etal. (1993). All tests were repeated three times to ensure reliability.

16S rRNA identification of pathogenic
bacteria

Bacterial strains isolated from the C2 and G2 groups were cultured
on NA medium for 24 h, after which single colonies were transferred
to 50 mL conical flask containing 20 mL of LB liquid medium. The
cultures were incubated at 28°C with shaking at 180 rpm for 12-18 h.
Genomic DNA was extracted from liquid cultures using the BioFlux
Biospin bacterial genomic DNA extraction kit (Bioflux, Beijing,
China). The concentration and quality of the extracted DNA were
assessed using a Shimadzu BioSpec-nano UV-Vis spectrophotometer
(Shimadzu, Kyoto, Japan) and 1% gel.

The 16S rRNA gene was amplified using the primers 27F
(5"-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5-TACGGTTACCTTGTTACGACTT-3’) (Lane, 1991). The 25 pL
PCR reaction mixture consisted of: 5 pL of 5 x TranStart Faspfu
Buffer], 2 pL of ANTPs (2.5 mM), 1 pL of forward primer, 1 pL of
reverse primer, 1 pL of genomic DNA, 0.5 pL of TranStart Faspfu
DNA Polymerase (5 U/pl), and 14.5 pL of ddH,O. The PCR protocol
involved an initial denaturation at 94°C for 5 min; followed by
30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 30 s,
and extension at 72°C for 1 min; with a final extension at 72°C for
5min (Liu et al., 2020). PCR products were visualized using 1%
agarose gel electrophoresis.

The PCR products were then purified and sequenced Sangon
Bioengineering Co., Ltd. (Shanghai, China). The resulting 16S rRNA
gene sequences were edited using BioEdit7.2 (Hall, 1999) and
compared to sequences in the GenBank database using the BLAST
tool.” Sequences showing 100% similarity index were downloaded and

5 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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aligned with ClustalW (Thompson et al., 1994) for multiple sequence
alignment. A phylogenetic tree was constructed based on the 16S
rRNA sequences of bacteria was constructed using MEGA11 (Tamura
et al,, 2021) with the Neighbor-Joining method and 1,000 bootstrap
replications (Tamura et al., 2004).

Statistical analysis

All statistical analyses were conducted using RStudio (version
4.2.1) and QIIME2. For microbial community data, OT'U tables were
transformed as needed, and relative abundances at the phylum, genus,
and species levels were calculated. Alpha diversity indices (Shannon,
Simpson, Chaol, and Observed OTUs) were computed using the
“vegan” package (Oksanen et al., 2020). One-way ANOVA and the
nonparametric Kruskal-Wallis test were used to assess differences in
alpha diversity, with post-hoc comparisons conducted using Tukey’s
HSD or Wilcoxon rank-sum tests.

Beta diversity was evaluated using PCoA based on Bray-Curtis
dissimilarity to explore microbial community structure differences
between sample groups. PERMANOVA and ANOSIM, conducted
with the “adonis” function in “vegan,” tested for significant differences
in community composition. NMDS was used to visualize
these differences.

Pairwise PERMANOVA and ANOSIM were employed to detect
significant differences across sampling sites and between healthy and
diseased samples. Spearman correlation tests were applied to assess
relationships between environmental variables and microbial
diversity/composition. p-values were adjusted for multiple
comparisons using the Benjamini-Hochberg correction. Key taxa
contributing to differences in microbial diversity were identified using
heatmaps generated with the “pheatmap” package.

Results
Characterization of diseased symptoms

Symptoms of rot were observed on the mushroom fruiting bodies
with four distinct types identified The C2 samples exhibited black rot
and light brown rot symptoms (Figures 1A,B), while the G2 samples
displayed light brown rot, dark brown rot, and black brown rot in their
fruiting bodies (Figures 1B-D).

16S rRNA amplicon metagenomic
sequencing for bacterial community
analysis

Sequence analysis

Single-end sequencing was conducted on 42 samples using the Ion
S5TM XL platform. After shear filtering and quality control, an
average of 79,718 raw reads per sample were obtained, with 76,051
clean reads were retained post-chimera removal. The average read
length was 252 bp, corresponding to the V4 region of the 16S rRNA
gene. The mean GC content was 52.3%, with quality control efficiency
0f 95.5% (Supplementary Table S1). Rarefaction analysis confirmed
sufficient sequencing depth, approaching saturation as the average
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FIGURE 1

Four types of disease symptoms observed in Flammulina filiformis fruiting bodies. (A) Black root rot disease observed only in the C2 group. (B) Light
brown rot disease observed in both C2 and G2 groups. (C) Dark brown rot disease observed only in the G2 group. (D) Black brown rot disease
observed only in the G2 group. The C2 group was collected from Changchun, while the G2 group was collected from Bijie.

read per sample approached 48,826, nearing saturation (Figure 2A).
The observed increase in bacterial OTUs with higher sequencing
depth demonstrated comprehensive coverage of the bacterial diversity.
Rank abundance analysis showed a clear species rank pattern, where
relative abundance decreased progressively, evident from the step-like
structure in the rank abundance curve at lower abundance levels
(Figure 2B).

Operational taxonomic unit clustering
analysis

OTU clustering at a 97% identity threshold yielded 7,038 OTUs
across all samples. The Changchun factory samples contained 3,195
OTUs, while the Guizhou factory samples had 3,843 OTUs. In the
Changchun samples, 373 OTUs (11.7%) were shared among all groups
(Figure 3A). Group C6 had the highest number of unique OTUs at 804
(25.2%), while group C2 had the fewest at 19 (0.6%). The remaining
groups (C7, C4, C1, C3, and C5) had 724 (22.7%), 492 (15.4%), 486
(15.2%), 232 (7.3%), and 65 (2.0%) unique OTUs, respectively. In the
Guizhou samples, 381 core OT'Us (9.9%) were shared across all groups
(Figure 3B). Group G6 had the highest number of unique OTUs at
1,766 (46.0%), while groups G2 and G3 had the lowest, with 54 (1.4%)
each. Groups G1, G7, G4, and G5 had 637 (16.6%), 515 (13.4%), 336
(8.7%), and 100 (2.6%) unique OTUs, respectively.

Bacterial community abundance

Sequences were classified at various taxonomic levels, including
phyla, classes, orders, families, and genera. The two most abundant
phyla were Proteobacteria and Firmicutes, accounting for 78.27 and
17.01% of the sequences, respectively. Proteobacteria predominated
in most samples, except for C4, C7, G1, and G2, where Firmicutes
were more prevalent. The top 10 phyla identified were Proteobacteria,
Firmicutes,  Bacteroidetes,  Actinobacteria, Cyanobacteria,
Acidobacteria, Chloroflexi, Fusobacteria, Patescibacteria, and
Gemmatimonadetes (Figure 4A; Supplementary Table 52). At the
genus level, the 10 most abundant genera included Pseudomonas,
Lactobacillus, Acinetobacter, Flavobacterium, Phyllobacterium,

[Eubacterium]_coprostanoligenes_group, Janthinobacterium,
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Bacteroides, Leuconostoc, and Sphingobium (Figure 4B;
Supplementary Table S3). In the Changchun factory samples,
Pseudomonas was most abundant in C2, whereas Acinetobacter
predominated in C5. In the Guizhou factory, Lactobacillus was the
most prevalent in G2, while Pseudomonas was dominant in G5, G4,
G7, and G3. A evolutionary tree analysis showed that Pseudomonas
and Lactobacillus consistently exhibited high abundance across all

samples (Supplementary Figure S1).

Bacterial community diversity

Alpha diversity analysis

Alpha diversity was analyzed to assess microbial diversity and
richness within in the samples. Various alpha diversity indices,
including observed species, Shannon, Simpson, Chaol, ACE, goods
coverage, and PD whole tree indices, were calculated for each sample
group (Table 1). The observed species count ranged from 481 (C2) to
2,559 (G6), indicating differences in species evenness. The Shannon
index values varied from 4.618 (C2) to 8.469 (C7). Simpson index
values ranged from 0.835 (C4) to 0.987 (C7), reflecting variations in
dominance. The Chaol index ranged from 676.031 (C2) to 2685.340
(C7), while the ACE index varied from 753.418 (C2) to 2805.019 (C7).
Goods coverage values ranged from 0.989 (C7) to 0.996 (C2),
suggesting high sampling coverage. Finally, the PD whole tree index
ranged from 53.775 (C2) to 221.501 (G6), indicating phylogenetic
diversity differences between samples.

Beta diversity analysis

NMDS analysis

Non-metric Multidimensional Scaling (NMDS) analysis was
conducted to explore the distribution patterns of samples in a
two-dimensional space defined by NMDS1 and NMDS?2 (Figure 5).
Samples were labeled according to their respective group and
sub-sample numbers. In the NMDS plot, group C (C1-C7) displayed
a relatively compact distribution with some overlap among adjacent
samples, whereas group G (G1-G7) exhibited a more dispersed
distribution, reflecting greater variations. Distinct clustering patterns
were observed for both group C and group G, although sub-samples
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FIGURE 3
Common and unique operational taxonomic units (OTUs) based on 16S rRNA sequences in different groups of samples collected from Flammulina
filiformis factories in Changchun (A) and Bijie (B).

within each group (including G1.1, G1.2, and G1.3) tended to cluster
closely together.

UPGMA clustering tree

The UPGMA analysis, based on the weighted Unifrac distance
metric, was used to evaluate phylogenetic relationships among the
samples. The resulting tree demonstrated a complex clustering pattern,
where samples from groups C (C1-C7) and G (G1-G7) formed mixed
clusters rather than strictly separate ones (Figure 6). Notably,
sub-samples G7, C1, and C4 formed a distinct sub-cluster, suggesting
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that the clustering pattern did not align strictly with the predefined
group classifications.

Isolation of bacteria and confirmation of
pathogenicity

To evaluate the pathogenicity of the isolated bacteria, seven single
colonies were obtained from two groups, C2 and G2. From group C2,
B2-1, and PT13 were isolated, while group G2 yielded GZ1-3, GZ2-3,
GZ2-2, GZ2-4, and YC2-2. Pathogenicity tests showed that PT13 and
B2-1 from the C2 sample were pathogenic toward E filiformis, whereas
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Comparison of bacterial communities at the phylum and genus levels. (A) Distribution of bacterial phyla. (B) Distribution of bacterial genera. Groups
C1-C7 represent samples from Changchun, while groups G1-G7 represent samples collected from Bijie, as detailed in Supplementary Table S5. Each
color in the figures corresponds to a specific phylum or genus, with relative abundance represented as a percentage.

TABLE 1 Diversity and abundance indices of samples*.

Observed_ Shannon Simpson Goods_ PD_whole_
species coverage tree
C1 1,513 6370 0.939 1610.772 1637.890 0.995 141585
Cc2 481 4509 0.870 676.031 753.418 0.996 53.775
C3 1,173 5.490 0.926 1451.696 1501.058 0.993 111.498
C4 1,639 5.695 0.835 1932.930 1943.854 0.992 152.268
Cs 751 5.329 0.930 992.135 1007.987 0.995 66.774
c6 1,971 8.188 0.980 2244.169 2218.387 0.993 163.961
c7 2,379 8.469 0.987 2685.340 2805.019 0.989 176.772
Gl 1,678 6.787 0.949 1983.008 2001.021 0.992 152.913
G2 687 4618 0.860 904.161 986.137 0.995 65.517
G3 739 5.059 0.907 947.845 1000.134 0.995 68.935
G4 1,226 6.208 0.935 1505.301 1576.240 0.993 112.444
G5 748 6.303 0.961 1095.703 1118.040 0.995 79.782
G6 2,559 8.440 0.983 2849.887 2844.811 0.991 221.501
G7 1,375 6.481 0911 1572.678 1567.955 0.995 128.294

*The table presents a summary of diversity and abundance indices calculated for the samples. The indices included are as follows: observed species (obser.), Chaol index, Shannon index,
Simpson index, ACE (abundance-based coverage estimator), goods coverage, and PD_whole_tree index (phylogenetic diversity based on the whole tree).
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the control group inoculated with sterile water exhibited no disease
symptoms. PT13 inoculation led to black rot within 24 h, accompanied
by a darkening color and a strong putrid odor, replicating natural
disease symptoms (Figure 7A). Similarly, B2-1 induced water-soaked

Frontiers in Microbiology

lesions that changed from white to light brown within 2 days,
progressively deepening in color over 4 days. The infected stalk
became soft and unable to remain upright, consistent with typical
disease manifestations (Figure 7B).
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FIGURE 7

transmission electron microscope, (scale bar = 500 nm).

Pathogenicity and morphological characteristics of different pathogenic bacteria. (A) Inoculation with Pt11 bacteria suspension; (B) Inoculation with
B2-1 bacteria suspension; (C) Inoculation with YC2-2 bacteria suspension; (D) Inoculation with GZ2-2 bacteria suspension; (E) Morphological
characteristics of PT13 colonies cultured on NA plates at 28°C for 2 days; (F) Morphological characteristics of PT13 under a transmission electron
microscope, (scale bar = 1 pm); (G) Morphological characteristics of B2-1 colonies cultured on NA plates at 28°C for 2 days; (H) Morphological
characteristics of PT13 under a transmission electron microscope, (scale bar = 500 nm); (I) Morphological characteristics of YC2-2 colonies cultured
on NA plates at 28°C for 2 days; (J) Morphological characteristics of YC2-2 under a transmission electron microscope, (scale bar = 500 nm);

(K) Morphological characteristics of GZ2-2 colonies cultured on NA plates at 28°C for 2 days; (L) Morphological characteristics of GZ2-2 under a

Of the six strains isolated from the G2 group, three demonstrated
pathogenicity toward E filiformis, while the others did not. Inoculation
with YC2-2 resulted in rot appearing 2 days post-inoculation,
transitioning from white to black-brown with a persistent putrid odor
(Figure 7C). The symptoms produced by GZ2-2 were similar to those
caused by B2-1 (Figure 7D).

To confirm the identity of the re-isolated pathogens from
inoculated fruit bodies, morphological, physiological, biochemical,
and 16S rRNA identification tests were conducted. These confirmed
the characteristics of the inoculated bacteria, fulfilling Koch’s
postulates and verifying their pathogenicity.

Morphological identification of pathogenic
bacteria

The PT13 colony on NA medium appeared round, milky white,
convex, and smooth with regular edges (Figure 7E). The cells were
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rod-shaped, measuring 0.8-0.9 x 1.5-2.3 pm, highly virulent, and
possess 1-2 flagella (Figure 7F). The B2-1 colony was white or milky
white, round, sticky, convex, and smooth (Figure 7G). Its cells were
short rods, measuring 0.8-1.0 x 1.5-1.8 pm, and had peripherally
located flagella (Figure 7H).

The YC2-2 colony was white, round, with neat edges and convex
surface (Figure 7I). Its cells were short rods, measuring 0.82-
1.00 x 1.80-2.75 pum, with a single flagellum (Figure 7J). The GZ2-2
colony was white or milky white, round, sticky, convex, smooth, and
had neat edges (Figure 7K). Its cells were short rods, measuring
1.5-1.8 pm x 0.8-1.0 pm, with peripherally located flagella (Figure 7L).

Physiological and biochemical
identification of pathogenic bacteria

The four strains of pathogenic bacteria examined in this study
were identified as Gram-negative and exhibited a positive reaction for
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tobacco hypersensitivity. Each strain displayed distinct physiological
and biochemical characteristics: PT13 tested positive for the white line
reaction, arginine hydrolysis, and gelatin liquefaction but was negative
for oxidase production, hydrogen sulfide (H,S) production, and indole
production. PT13 metabolized carbon sources such as glucose,
sodium citrate, D-ribose, rhamnose, arabinose, sorbitol, mannitol,
arabinol, and pyruvate. However, it could not utilize urea, sucrose,
esculin, gluconate, beta-galactoside, inositol, or maltose
(Supplementary Table S4).

B2-1 exhibited positive results for contact enzyme production,
tryptophan decarboxylase activity, nitrate reduction, and salicin
reaction but was negative for gelatin hydrolysis, oxidase production,
and indole reaction. It metabolized mannose, fructose, lactose,
galactose, escin, acetate, and arabinol as sole carbon sources but could
not utilize raffinose, glucose, mannitol, inositol, maltose, sucrose, or
sorbose (Supplementary Table S4). GZ2-2 displayed similar
characteristics with B2-1 (Supplementary Table S4). YC2-2 tested
positive for catalase production, gelatin liquefaction, and arginine
hydrolysis but was negative for the fluorescent reaction, oxidase
reaction, indole reaction, H,S production, starch hydrolysis, nitrate
reduction, lysine decarboxylase activity, ornithine decarboxylase
activity, and tryptophan decarboxylase activity. YC2-2 utilized
pyruvate, sodium citrate, esculin hydrate, urea, amygdalin, D-ribose,
maltose, arabitol, and arabinose as sole carbon sources but could
metabolize utilize rhamnose, sucrose, glucose, sorbitol, melibiose, or

mannitol (Supplementary Table S4).

16S rRNA identification

The amplified 16S rRNA gene products from all eight purified
strains ranged from 1,403 to 1,465 bp. Alignment with sequences in
the GenBank database revealed high similarity, with seven strains
showing 99-100% homology with Pseudomonas tolaasii (MH235995),
Ewingella americana (CP048243), Stenotrophomonas maltophilia
(KF941215), Pseudomonas sp. (KY623380), Lelliottia amnigena
(MT634455), and Janthinobacterium lividum (KT767666). These
findings elucidated the taxonomic classification of the analyzed strains.

Phylogenetic analysis confirmed the identity of strains YC2-2,
GZ1-3, GZ2-3, PT13, GZ2-4, B2-1, and GZ2-2 as closely related to
J. lividum, S. maltophilia, Pseudomonas sp., P. tolaasii, L. amnigena,
and E. americana, respectively (Figure 8). These findings elucidated
the taxonomic classification of the analyzed strains. The sequences of
the seven strains were submitted to GenBank, and accession numbers
were obtained (Table 2).

Discussion

Microbial communities in the E filiformis cultivation environment
play a crucial role in mushroom growth and quality but can also pose
a significant threat to mushroom cultivation. Bacterial diseases can
negatively impact E filiformis yield and pose risks to human health
(Lomonaco et al., 2009; Scholte et al., 2016; Esposito et al., 2019;
U.S. Food and Drug Administration, 2021). Despite the critical role of
these microorganisms, the composition, diversity, and pathogenic
potential of these bacterial communities within the E filiformis
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cultivation environment remain insufficiently explored. This study
aimed to investigate the bacterial communities associated with
E filiformis and its production environment to enhance the
understanding of microbial ecology and offer insights for improving
agricultural practices, ensuring the safety and quality of
mushroom production.

The 16S rRNA metagenomic sequencing revealed a diverse
bacterial community within E filiformis cultivation environments,
with notable variations between the two industrial-scale facilities
studied. The dominant phyla identified were Proteobacteria and
Firmicutes, which included key genera such as Pseudomonas,
Lactobacillus, and Janthinobacterium. These genera play diverse
roles in mushroom cultivation environments. For example,
Pseudomonas species are known for their diverse metabolic
capabilities, including plant-growth promotion, biocontrol
properties, antifungal secondary metabolite production, nutrient
cycling, and disease suppression (Palleroni, 2015; Sah et al., 2021;
Raaijmakers et al,, 2010). However, certain species, such as
P. tolaasii, are pathogenic and can cause blotch disease in
mushrooms (Liu et al., 2022). Lactobacillus spp. are recognized for
their roles in fermentation processes, potential probiotic benefits,
substrate decomposition and pH stabilization through lactic acid
production, but their function in mushroom cultivation
environments may involve competitive exclusion of pathogens
through the production of antimicrobial compounds (Hammes
and Hertel, 2015; Kharazian et al., 2017; Murindangabo et al,,
2023; Gianzle, 2015; Yang et al., 2018). Janthinobacterium spp.,
known for producing violacein, can exhibit antifungal and
antimicrobial properties, which may influence the microbial
balance and disease suppression within the cultivation system
(Pidot et al., 2014; Pantanella et al., 2007). These results are
consistent with previous studies (Benucci and Bonito, 2016; Vos
et al., 2017; Carrasco et al,, 2019; Shamugam and Kertesz, 2023),
which also documented diverse microbial communities in
mushroom cultivation settings. Understanding the functional
roles of specific taxa within these microbial communities is
essential for assessing their impact on mushroom production and
human health (Pardo et al., 2013; Chen et al., 2014; Li et al., 2021).

In addition to the pathogenic taxa identified, several beneficial
microbial genera were detected, which may play critical roles in
promoting the health and productivity of E filiformis. Beneficial
bacteria can enhance nutrient availability, stimulate host defenses, and
suppress pathogen proliferation through competitive exclusion or
antagonistic interactions (Vieira et al., 2023).

Functional  profiling  through  metagenomic  or
metatranscriptomic analyses could offer deeper insights into the
metabolic capabilities of these taxa, helping to identify those that
are beneficial or harmful. For example, exploring the roles of
their
contributions to substrate decomposition and nutrient cycling.

Acinetobacter and Flavobacterium could elucidate
Acinetobacter species are known for their metabolic versatility,
including the degradation of hydrocarbons, while Flavobacterium
species contribute to the breakdown of polysaccharides and
proteins, which may enhance substrate quality and support fungal
growth (Jung and Park, 2015; Shrivastava and Berg, 2015; Nemec,
2022). Leveraging these microbes could serve as a natural and

sustainable approach to disease management, complementing
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highlighted in red. Escherichia coli (LC712754) was used as the outgroup.

Neighbor-joining consensus phylogenetic tree based on partial 16S rRNA gene sequences of bacterial isolates obtained from factory cultivation
environment and diseased fruiting bodies of Flammulina filiformis. Bootstrap values are based on 1,000 replicates. Strains analyzed in this study are

Escherichia coli(LC712754)

existing practices and minimizing chemical inputs. The presence
of such beneficial communities underscores the importance of
maintaining microbial diversity and stability in cultivation
environments, as it may contribute to both enhanced yields and
reduced disease prevalence.

The rarefaction curve analysis indicated that while most of the
bacterial diversity was captured, additional sampling or shotgun
metagenomics could provide further insight into rare or
low-abundance taxa. The alpha diversity indices (Observed Species,
Shannon, Simpson, Chaol, ACE, Goods Coverage, PD Whole Tree)
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revealed significant differences between microbial communities in
Changchun production facility (Group C) and Guizhou production
facility (Group G). Higher microbial diversity, particularly in samples
C6 and C7 from Changchun production facility, indicated a more
stable and diverse microbial ecosystem that may promote healthier
mushroom growth and disease suppression. In contrast, Guizhou
production facility exhibited lower diversity in samples such as G2
and G5, suggesting potential microbial imbalances and increased
susceptibility to pathogens, consistent with findings from previous
studies (Carrasco et al., 2019).

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1429213
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

10.3389/fmicb.2024.1429213

TABLE 2 Identification the strains isolated and purified from C2 and G2 by 16S rRNA amplification.

Strain number = Family

Species

NCBI accession
number

Pathogenic assay

B2-1 Enterobacteriaceae Ewingella americana Changchun + MF522251

PT13 Pseudomonadaceae Pseudomonas tolaasii Changchun + MN410791

GZ1-3 Xanthomonadaceae Stenotrophomonas maltophilia Bijie - MW659105
GZ2-3 Pseudomonadaceae Pseudomonas sp. Bijie - MW548984
GZ2-2 Enterobacteriaceae Ewingella americana Bijie + MW548736
GZ2-4 Enterobacteriaceae Lelliottia amnigena Bijie - MW555246
YC2-2 Oxalobacteraceae Janthinobacterium lividum Bijie + MW658909

The richness, as measured by the Observed Species and Chaol
indices, was higher in Changchun production facility, with samples
C6 and C7 demonstrating high evenness and lower dominance of
specific species per the Simpson index-indicating a balanced microbial
community. Conversely, Guizhou production facility samples like G2
showed lower richness and greater species dominance, suggesting
potential vulnerability to pathogens.

The ACE and Simpson indices supported these trends, with
consistently higher values in Changchun production facility,
reflecting a well-distributed microbial community. Goods
Coverage and PD Whole Tree indices indicated a more complete
capture of microbial diversity in Changchun production facility,
potentially due to better environmental or substrate management.
These differences emphasize the role of environmental factors,
such as substrate composition, humidity, and management
practices, in shaping microbial communities. Higher diversity in
Changchun production facility suggests a more resilient microbial
ecosystem, critical for effective disease management and enhanced
mushroom production.

The beta diversity analysis using the NMDS plot revealed distinct
differences in microbial community structures between Changchun
production facility and Guizhou production facility. The clear
separation of microbial communities suggests that environmental and
management practices may significantly influence microbial
composition in these E filiformis cultivation environments. Samples
from Changchun production facility generally clustered closely,
indicating a more consistent and stable microbial community. In
contrast, the wider distribution of samples from Guizhou production
facility suggests greater variability and potential instability in its
microbial communities.

The differences in microbial stability between the two
factories may have important implications for disease
susceptibility. Group C2 and G2, representing diseased samples,
displayed patterns that further highlight these contrasts.
Specifically, samples from Group C2 clustered closer to the overall
Changchun production facility community structure, suggesting
that even diseased samples may retain some community stability.
Conversely, Group G2 from Guizhou production facility appeared
more separated, consistent with greater microbial variability and
potentially indicating higher susceptibility to pathogenic
outbreaks. Interestingly, the clustering of healthy samples (C1 and
G1) also reflects these patterns. Healthy samples from Changchun
production facility (C1) closely clustered with other samples,
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reinforcing the notion of a stable microbial community that may
promote resilience against pathogens. However, healthy samples
from Guizhou production facility (G1) exhibited more variability,
suggesting a potential imbalance even in ostensibly healthy states.

Overall, the observed differences in microbial community
composition and stability highlight the potential influence of
environmental factors, such as substrate composition and
management practices, on microbial diversity and disease outcomes
(Nguyen et al., 2021). The greater variability in Guizhou production
facility microbial communities may reflect conditions favoring the
emergence of pathogenic genera, emphasizing the need for targeted
interventions to promote microbial stability and reduce disease risks
in mushroom cultivation (Carrasco and Preston, 2020).

Bacterial disease symptoms can manifest at all stages of mushroom
growth, significantly diminishing the marketability of mature
mushrooms. The presence of various types of rot, including light
brown rot, dark brown rot, black-brown rot, and black rot, on
mushroom fruiting bodies underscores the role of microbial
communities in disease development. Our findings revealed that
diseased samples, such as C2, exhibited fewer taxa at both the phyla
and genus levels compared to healthier samples, suggesting a potential
loss of beneficial or neutral microorganisms. This reduction in
microbial diversity may be driven by the dominance of specific
pathogenic taxa, such as Pseudomonas and Lactobacillus. Such shifts
in microbial composition emphasize the need to identify and manage
these dominant pathogens to mitigate disease impacts (Han et al.,
2012; Wu et al,, 2016; Wang et al., 2019, 2022; Yan et al., 2019b; Liu
etal, 2020, 2022).

Mushroom discoloration and rot severity are influenced by
factors including bacterial population density on mushroom caps,
specific bacterial strains, infection timing, and environmental
conditions (Cho and Kim, 2003; Soler-Rivas et al., 1999). These
variations in symptoms may reflect distinct microbial
communities associated with diseased samples, aiding in the
identification and rapid diagnosis of potential pathogens. Notably,
different bacterial species or even strains of the same species can
produce similar or distinct rot symptoms, highlighting the
importance of comprehensive documentation. Visual records of
these symptoms provide a valuable reference for research and
facilitate comparisons with previous cases, contributing to a
deeper understanding of disease development and its microbial
context (Benucci and Bonito, 2016; Vos et al., 2017; Carrasco
et al.,, 2019).
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Our study identified multiple bacterial strains associated with
diseased E filiformis samples from Changchun and Bijie. Among
these, E. americana (B2-1), P. tolaasii (PT13), and J. lividum
(YC2-2) were confirmed as primary pathogens through Koch’s
postulates, demonstrating their ability to induce disease
symptoms. E. americana and P. tolaasii are established mushroom
pathogens, with the latter known for causing blotch disease (Han
et al., 2012; Liu et al.,, 2018; Osdaghi et al., 2019; Liu et al., 2022;
Hamidizade et al., 2023). Notably, J. lividum was confirmed as a
pathogen, and while its role in mushroom disease is less
documented, related species such as J. agaricidamnosum are
known to cause soft rot in A. bisporus (Lincoln et al., 1999; Wein
et al., 2023), warranting further investigation into its pathogenic
mechanisms and interactions within microbial communities. In
contrast, strains like S. maltophilia (GZ1-3), Pseudomonas sp.
(GZ2-3), and L. amnigena (GZ2-4) did not exhibit pathogenicity.
Their presence in diseased samples suggests potential roles as
secondary colonizers or contributors to microbial community
shifts under disease conditions, which merit further exploration
(Braat et al., 2022).

A comparative analysis of strains from Changchun and Bijie
provides insights into potential environmental influences on
microbial composition and pathogenicity. The detection of
common pathogens, such as E. americana, in both locations
suggests a broad geographical range and adaptability to different
cultivation environments. Identifying primary pathogens like
P. tolaasii and E. americana emphasizes the need for targeted
management strategies. These strategies may include monitoring
pathogen populations, exploring biological control options, and
refining cultivation practices to suppress their spread (Osdaghi
et al., 2019).

The absence of L. monocytogenes in the sampled factories
underscores the effectiveness of implemented food safety
practices. This finding particularly significant given the recent
multinational outbreak of listeriosis linked to E filiformis
imported from South Korea (Pereira et al., 2023). Identifying and
addressing potential sources of Listeria contamination in
E filiformis farms, including factory floor, cultivation materials,
substrates, and human contact are crucial (Chen et al., 2014; Li
et al, 2021). Strict adherence to hygiene protocols, the
implementation of MAP, and the application of HACCP principles
are essential to prevent L. monocytogenes contamination and
ensure product safety and quality. Further research could explore
the factors contributing to the absence of L. monocytogenes and
identify strategies that can be adopted into targeted control
measures to minimize potential contamination risk.

The study has several limitations that should be considered. First,
the DNA extraction method used may introduce biases in the
microbial community analysis. Future studies should explore
alternative extraction techniques to minimize these biases and
enhance consistency and reliability across different laboratories
(Greathouse et al., 2019).

Additionally, focusing on a specific region of the 16S rRNA
gene (V4 region) may limit the overall representation of microbial
diversity. Exploring additional hypervariable regions of the 16S
rRNA gene or adopting a whole genome shotgun metagenomics
approach could provide a more comprehensive understanding
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of the microbial communities associated with FE filiformis
cultivation.

Furthermore, the study excluded certain production stages, which
may affect the interpretation of the results. Including a broader range
of production stages, such as harvesting and packaging, would provide
a more complete picture of microbial dynamics. The sampling was
also conducted during a specific season, potentially limiting the
representation of microbial ecology throughout the year. Adopting a
Longitudinal sampling could better capture seasonal variations and
offer a more comprehensive understanding. Addressing these
limitations in future research will contribute to a deeper and more
comprehensive understanding of the microbial ecology in E filiformis
cultivation, with potential implications for improved mushroom
production.

Conclusion

This study provides valuable insights into the microbial diversity
present in E filiformis production facilities, emphasizing the roles of
both beneficial and pathogenic bacteria. The findings have significant
implications for identifying beneficial microbes that promote rapid
growth and high yields in mushroom cultivation, as well as for
understanding pathogenic threats. This research serves as a foundation
for developing guidelines to implement Mushroom Good Agricultural
Practices (MGAP) and designing critical control points in F filiformis
facility operations.

Metagenomics surveillance has proven to be a powerful tool for
comprehensively monitoring microbial communities, enabling early
detection of potential pathogens and facilitating the implementation
of targeted control measures. Incorporating metagenomics
surveillance into mushroom production practices can optimize
cultivation techniques, improve disease management, and enhance
food safety in F filiformis operations. Overall, this research reveals
important microbial dynamics in E filiformis farms and offers practical
insights for optimizing cultivation, disease management, and food
safety, contributing to the sustainability and efficiency of
mushroom production.
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