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ABSTRACT
Temperature is an important environmental factor that can greatly influence the cultivation
of Auricularia cornea. In this study, lignin peroxidase, laccase, manganese peroxidase, and
cellulose in A. cornea fruiting bodies were tested under five different temperatures (20 �C,
25 �C, 30 �C, 35 �C, and 40 �C) in three different culture periods (10days, 20days and
30days). In addition, the V4 region of bacterial 16S rRNA genes in the substrate of A. cornea
cultivated for 30 days at different temperatures were sequenced using next-generation
sequencing technology to explore the structure and diversity of bacterial communities in
the substrate. Temperature and culture days had a significant effect on the activities of the
four enzymes, and changes in activity were not synchronized with changes in temperature
and culture days. Overall, we obtained 487,694 sequences from 15 samples and assigned
them to 16 bacterial phyla. Bacterial community composition and structure in the substrate
changed when the temperature was above 35 �C. The relative abundances of some bacteria
were significantly affected by temperature. A total of 35 genera at five temperatures in the
substrate were correlated, and 41 functional pathways were predicted in the study. Bacterial
genes associated with the membrane transport pathway had the highest average abun-
dance (16.16%), and this increased at 35 �C and 40 �C. Generally, different temperatures had
impacts on the physiological activity of A. cornea and the bacterial community in the sub-
strate; therefore, the data presented herein should facilitate cultivation of A. cornea.
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1. Introduction

Auricularia cornea, which belongs to the class
Basidiomycota, is a common edible fungus with
medicinal value in China [1,2]. The fruiting bodies of
A. cornea are abundant, containing many nutrients
including protein, crude fiber, carbohydrates, amino
acids, and some microelements [3,4]. The polysac-
charides in the fruiting bodies have been confirmed
to reduce blood fat and have shown antioxidizing,
immune enhancing, and cancer reducing activities
[5–8]. A. cornea can also nourish and clear the lungs
to enable smooth breathing, enrich and circulate
blood, and restrain pain and bleeding [9]. Since the
early 1980s, A. cornea has been artificially cultivated
in China, and its social demands have recently
increased greatly owing to its obvious advantages.
Like other edible mushrooms, temperature, enzyme
and microbiota greatly influence A. cornea during
growth, which could lead to changes in

polysaccharide and microelements in the sporocarp
[10,11]. Among all factors that influence the growth
of A. cornea, temperature has the greatest effect and
can determine the output and quality of A. cornea.
Temperature does not only influence the growth of
hyphae, but also the extracellular enzyme activities
[12–14]. However, high temperature may result in
hyphal gliosis at the surface, causing serious reduc-
tions in yield. A. cornea secretes extracellular
enzymes to dissolve and absorb outer substances,
playing vital roles in its growth. The extracellular
enzymes produced during A. cornea growth are
related to the substrate, and different temperatures
will affect the activity of extracellular enzymes to
varying degrees [15]. There are many enzymes asso-
ciated with A. cornea, primarily laccase, cellulose, lig-
nin peroxidase (Lip), and manganese peroxidase
(Mnp). In the macromycetes, laccase is related to for-
mation of pigments and fruiting bodies, degradation
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of lignin, pathogenicity and detoxification of conid-
ium [16–19]. Among edible mushrooms, especially
A. cornea, the nutritional value of fruiting bodies is
affected by the substrate. The microbial community
structure in the substrate also impacts on the mush-
room growth and development [20,21]. The micro-
bial community constitution and activities are closely
associated with the ratio of carbon to nitrogen in the
substrate, and certain bacterial community structures
can indicate the health status of edible mushrooms
[22]. Currently, next-generation sequencing technol-
ogy is being widely applied to explore the distribu-
tion and diversity of microbial communities in
unique ecological environments [23,24].

Previous studies of A. cornea mainly focused on
the active ingredients in the fruiting bodies, cultiva-
tion techniques and genetic diversity [1,6,25–30].
The studies have shown that temperature can influ-
ence hyphal growth, the formation of sporocarps
and the shelf-life of sporocarps [12,31,32]. In add-
ition, temperature has been shown to be important
to screen the strains that can produce certain
enzymes [13,15,33,34]. However, few studies have
been carried out on the changes of extracellular
enzymes and bacterial communities in the substrate
at different temperatures. Therefore, in this study,
we explored the influence of temperature (20 �C,
25 �C, 30 �C, 35 �C, and 40 �C) and culture periods
(10 days, 20 days and 30 days) on the activity of A.
cornea-associated extracellular enzymes (including
Lip, laccase, Mnp, and cellulose), the structure of
bacterial community in the substrate and the puta-
tive function of the dominant bacteria, with the
ultimate goal to facilitate the commercial cultivation
of A. cornea.

2. Materials and methods

2.1. A. cornea cultivation

The experimental strains of A. cornea were provided
by the Soil and Fertilizer Institute at the Sichuan
Academy of Agriculture Science. The substrate was
composed of cottonseed hull (10%), crushed corn-
cob (30%), wood chips (33%), rice bran (20%), corn
flour (2%), lime (4%), and gypsum (1%).

The substrate was sterilized at 100 �C for 15 h,
after which it was placed in polythene cultivation
bags (size: 17 cm� 33 cm� 0.005 cm). After cooling
to room temperature in a laminar flow cabinet, the
substrate was inoculated with A. cornea. Following
inoculation, A. cornea was cultivated at 20–25 �C in
Tonglin Village, Shifang, China. When the bags
were full of hyphae, they were divided equally into
five groups and placed into a biochemical incubator
for cultivation at five different, but steady

temperatures i.e., 20 �C, 25 �C, 30 �C, 35 �C, and
40 �C, respectively.

2.2. Determination of extracellular
enzyme activity

Extracellular enzyme activities were measured on
the 10th, 20th and 30th days after A. cornea was
cultivated at the five different temperatures men-
tioned above, respectively. Lip, laccase, Mnp, and
cellulose of A. cornea were determined using a trace
kit (Comin Biotechnology Co., Ltd., Suzhou, China)
according to the manufacturer’s instructions.

2.3. Sample collection

A. cornea samples were collected on the 30th day
after cultivation at the five different temperatures.
Three cultivated bags were selected randomly from
each temperature treatment and sent to the labora-
tory for sampling. Disposable disinfected gloves,
sterilized tweezers and knives were prepared and
used for sampling.

Substrate materials of each cultivation bag were
collected from different parts of the bag and pooled
together. More than 500mg of substrate materials
per sample were collected and stored in 2mL micro-
tubes at –20 �C, prior to DNA extraction.

2.4. DNA extraction, PCR amplification and
MiSeq sequencing

The samples collected at 20 �C, 25 �C, 30 �C, 35 �C,
and 40 �C were designated as A1, A2, A3, A4, and
A5, respectively. Three replications of each tempera-
ture treatment were treated independently to evalu-
ate the methodological reproducibility. A MoBio
PowerSoilVR DNA Isolation Kit (12888, MoBio
Laboratories Inc., Carlsbad, CA, USA) was used to
isolate DNA from the substrate. The concentration
of DNA was quantified using an ultraviolet spectro-
photometer (EppendorfVR Bio Photometer,
Hamburg, Germany). The size of DNA was deter-
mined by 0.8% agarose gel electrophoresis.

PCR was conducted using the bacterial 16S rRNA
gene V4 region-specific primer 520 F (50-
barcodeþGCACCTAAYTGGGYDTAAAGNG-30)
and primer 802 R (50-TAC NVGGGTATC TA
ATCC-30). Samples were amplified by subjecting
mixtures composed of 0.25lL Q5 high-fidelity DNA
polymerase, 5 lL reaction buffer, 5 lL high GC
Buffer, 0.5 lL dNTP, 1 lL DNA template, 1lL for-
ward primer, 1lL reverse primer, and 11.25lL ster-
ile water to the following conditions: 98 �C for
2min (initial denaturation) followed by 25–27 cycles
of 98 �C for 15 s (denaturation), 50 �C for 30 s

MYCOBIOLOGY 225



(annealing) and 72 �C for 30 s (extension), after
which they were subjected to 72 �C for 5min (final
extension) [35]. High-fidelity DNA polymerase was
used to ensure the efficiency and accuracy of PCR
amplification. The PCR products were checked by
2% agarose gel electrophoresis and the target frag-
ments were removed and recovered using an
Axygen Axy Prep DNA Gel Extraction kit (AxyGen
Biosystems, USA). Meanwhile, the products were
quantified using a Quant-iT Pico Green dsDNA
Assay Kit (Invitrogen, Carlsbad, CA, USA) with a
Microplate reader (FLx800, BioTek Instruments,
Inc., Winooski, Vt.) and then mixed based on the
concentration of each sample.

An Illumina TruSeq Nano DNA LT Sample Prep
Kit (FC-121-4001 or FC-121-4002, Illumina, San
Diego, CA, USA) was used for library construction.
Selection of the final segment and purification of the
library was conducted using 2% agarose gel electro-
phoresis. The qualified library was diluted, mixed
with each sample and changed to single strand DNA
subjected sodium hydroxide, after which a MiSeq
Reagent Kit v2 600-cycles-PE (MS-102-3003,
Illumina) and the MiSeq platform (Personal
Biotechnology Co., Ltd. Shanghai. China) were
utilized to accomplish paired-end sequencing
of 2� 300 bp.

2.5. Sequence data processing and
statistical analysis

After paired-end sequencing of the DNA, the ori-
ginal data were saved in FASTQ format. The sliding
window method was used to screen the quality of
sequences in FASTQ format. The FLASH software
(version 1.2.7) was used for splicing [36]. The
QIIME software (Quantitative Insights Into
Microbial Ecology, version 1.8.0) was employed to
identify and eliminate the query sequences [37],
after which USEARCH (version 5.2.236) was
employed to check and remove the chimera sequen-
ces to obtain high-quality sequences. The number of
high-quality sequences of each sample was then cal-
culated and the length distribution of the high-qual-
ity sequences of the whole samples was also
calculated using the R software.

High-quality sequences with �97% similarity
were clustered into operational taxonomic units
(OTUs) using UCLUST [38], a sequence alignment
tool based on QIIME. The sequence of the greatest
abundance per OTU was selected to represent this
OTU, whereas those OTUs with a relative abun-
dance lower than 0.001% were removed [39]. The
Greengenes database (Release 13.8) was utilized to
assign the taxonomy of the OTUs [40]. The OTU
table was input into R software and subject to

statistical analysis. The shared OTUs were presented
in a Venn diagram. Four indices (Chao1, ACE,
Shannon and Simpson) were used to reflect the
alpha diversity of microbial communities. A heat-
map was drawn to cluster and analyze the 50 most
abundant genera based on the R heatmap package
[41]. Non-metric multidimensional scaling (NMDS)
was used to reflect the beta diversity of microbial
communities. LEfSe analysis was employed to reveal
the bacterial taxa that had differential abundance
between different temperature treatments at all taxo-
nomic levels in the substrate of A. cornea [42].
Network analysis was performed using the Mothur
software [43]. PICRUSt software was used to predict
the metabolic functions of bacterial communities
based on the KEGG database [44].

One-way analysis of variance (ANOVA) was used
to test the effect of temperature on enzyme activities
in SPSS v19.0 (IBM Inc., Armonk, NY, USA). The
least significant difference (LSD) was used to iden-
tify significant pairwise differences between the
means of the treatments. All significance was con-
cluded at p< .05.

3. Results

3.1. The influence of temperature on hyphae
and the activities of extracellular enzymes from
A. cornea

The changes in hyphae under different temperature
treatments were evident under an electron micro-
scope in the present study (Figure 1). The five tested
temperatures were divided into three groups accord-
ing to the hyphal presentation: 20 �C and 25 �C,
30 �C and 35 �C, and 40 �C. Hyphal twisting
increased with increasing temperature.

On the same culture day, the activities of each
measured extracellular enzyme of A. cornea differed
among different temperatures (Figure 2). On the
10th day, the Lip activity reached a maximum of
79.60U/g at 30 �C (Table S1). Afterwards, the Lip
activity decreased greatly with increasing tempera-
ture and tended to be the same at 35 �C and 40 �C.
On the 20th day, the Lip activity showed no big dif-
ferences among test temperatures. On the 30th day,
the Lip activity was observed lowest at 40 �C (29.
27U/g). The laccase activity was highest at 20 �C,
regardless of culture days. On the 10th and 20th
days, the laccase activity exhibited a fluctuating pat-
tern with increasing temperatures. On the 30th day,
the performance of laccase declined with increasing
temperature from 20 �C to 40 �C. The Mnp activity
did not differ among different temperatures on the
10th and 20th days. However, on 30th day of culti-
vation, the Mnp activity fluctuated with increasing
temperature with the highest activity at 20 �C and
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Figure 1. The morphology of A. cornea’s hyphae at five different cultivation temperatures under an electron microscope with
magnification of 10000 times. (A) presents the hyphae at 20 �C, (B) at 25 �C, (C) at 30 �C, (D) at 35 �C, (E) at 40 �C.

Figure 2. The activities of Lip, laccase, Mnp and cellulose at five different temperatures on three different culture days.
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the lowest at 30 �C. On 10th day, the cellulose activ-
ity increased with increasing temperature and
peaked at 40 �C. On the 20th and 30th days, the cel-
lulose activity fluctuated and was observed highest
at 25 �C. In general, there were significant differen-
ces in enzymes activities between different tempera-
tures on each special culture day.

3.2. Composition and structure of bacterial
community in the substrate

In total, 438,458 high-quality sequences were
obtained from the 15 samples, accounting for
89.90% of the total reads. The sequences from all
samples were clustered into 915 OTUs, with 97%
similarity as the threshold. The number of individ-
ual sequences that mapped to each OTU ranged
from 36 to 413 (Figure S1). A total of 16 phyla, 29
classes, 47 orders, 101 families, and 177 genera were
detected in the 15 samples in the substrate at differ-
ent temperatures. As shown in Figure S2, the dom-
inant phyla included Firmicutes (average 91.6%),
Proteobacteria (5.1%), Bacteroidetes (1.6%), and
Actionbacteria (1.2%), all of which showed different
relative abundances at different temperatures. In the
phylum Firmicutes, Bacilli was the largest class, with
an average relative abundance of 90.9%. Bacilli
mainly included Paenibacillaceae, Planococcaceae,
Bacillaceae, and Streptococcaceae with average rela-
tive abundances of 65.0%, 16.8%, 8.1%, and 0.6%,
respectively. At the genus level (Figure S3),
Paenibacillus (28.2%), Brevibacillus (27.3%) and
Lysinibacillus (16.6%) were the dominant genera in
the substrate. In addition, Cohnella, Bacillus,
Rhodococcus, and Prevotella were relatively rich in

abundance, accounting for 8.7%, 7.8%, 1.1%, and 1.
1% on average, respectively.

3.3. NMDS analysis

The beta diversity of bacterial communities in the
substrate of A. cornea between different temperature
treatments was visualized with NMDS ordination
(Figure 3). The bacterial community structure was
similar under cultivation at 20–30 �C. However, the
increase in cultivation temperature above 35 �C
resulted in apparent structural changes in bacterial
communities in the substrate.

3.4. Bacterial alpha diversity indices and
community composition at different
temperatures

The bacterial alpha diversity indices did not differ
between different cultivation temperatures (Table 1).

A Venn diagram was used to display the degree
of overlap of bacterial OTUs among the five tem-
perature treatments (Figure 4). Samples at different
temperatures had different numbers of OTUs, with
396, 492, 583, 588, and 496 OTUs being observed at
20 �C, 25 �C, 30 �C, 35 �C, and 40 �C, respectively.

Figure 3. Nonmetric multidimensional scaling ordination
showing the weighted UniFrac dissimilarities of bacterial
communities in the substrate of A. cornea subject to five dif-
ferent cultivation temperatures.

Table 1. Community richness and diversity indices of bac-
teria in the substrate of A. cornea at five different
temperatures.
Samples Simpson Chao1 ACE Shannon

A1 (20 �C) 0.79 ± 0.05a 51.00 ± 3.00a 70.15 ± 14.65a 3.02 ± 0.22a

A2 (25 �C) 0.84 ± 0.03a 62.33 ± 11.01a 91.15 ± 24.82a 3.44 ± 0.24a

A3 (30 �C) 0.86 ± 0.05a 83.67 ± 55.77a 108.07 ± 80.64a 3.82 ± 0.93a

A4 (35 �C) 0.80 ± 0.03a 70.33 ± 3.79a 96.60 ± 5.55a 3.41 ± 0.16a

A5 (40 �C) 0.86 ± 0.03a 75.00 ± 10.44a 92.93 ± 5.74a 3.86 ± 0.41a

Each value is mean of three replicates (±SD). Values followed by differ-
ent lowercase letters indicate significant differences (p< .05) between
samples in a line.

Figure 4. Venn diagram displaying the overlaps of bacterial
OTUs between different temperature treatments.
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Moreover, there were 4, 9, 83, 18, and 41 unique
OTUs at each temperature, respectively.
Additionally, a total of 137 common OTUs existed
at all the temperatures, accounting for 14.97% of
the total.

The abundance of several phyla differed at the five
tested temperatures (Figure S4). The average abun-
dance of Actinobacteria decreased as temperature
increased. The richest phylum, Firmicutes, decreased
at 20 �C–30 �C, then increased at 30–40 �C. The 50
most abundant genera can be seen in the heatmap
(Figure 5). The bacterial communities of the samples
at 20 �C and 25 �C were similar, as were those of sam-
ples at 35 �C and 40 �C; however, these two groups
differed significantly. In the samples from 20 �C
and 25 �C, the dominant genera were Sphingopyxis,
Acinetobacter, Coprococcus, Desulfovibrio, and
Brevibacterium, belonging to Proteobacteria,
Actinobacteria and Firmicutes. However, the genera
Kyrpidia, Cohnella, Brevibacillus, and Paenibacillus

(all Firmicutes) were dominant at 35 �C and 40 �C,
while Kyrpidia was the only genus observed at 40 �C.

3.5. Biomarker discovery

LEfSe analysis was used to reveal the substrate bac-
terial taxa that showed differential abundance
between different temperatures on the 30th day of A.
cornea cultivation at all taxonomic levels (Figure 6).
One unidentified genus showed the greatest abun-
dance at 20 �C. The family Bradyrhizobiaceae was
significantly enriched in the substrate at 25 �C rela-
tive to other temperature conditions. A significantly
higher abundance of the class Clostridia (e.g., order
Clostridiales) was observed in the substrate at 30 �C
than at the other four temperatures. The family
Alicyclobacillaceae and an unidentified genus exhib-
ited significantly higher abundance at 40 �C.
However, no distinct species were observed in the
substrate of A. cornea cultivated at 35 �C.

Figure 5. Heat map showing the relative abundance of genera in the substrate of A. cornea at five different temperatures.
The color of scale reflects the density of OTUs abundance. The 50 most abundant OTUs were clustered in R software.
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3.6. Association network analysis of the
dominant genera

The 35 most abundant genera showed certain corre-
lations with each other (Figure S5). The related
behaviors of Paraprevotella and Mucispirillum dif-
fered from those of other genera. Specifically, varia-
tions in their abundances were not correlated with
other changes in abundance, and the two genera only
appeared in the samples at 30 �C with a low abun-
dance (about 0.1%). The other 33 genera were in a
complex network and closely connected, forming
mutual inhibition or mutual promotion relationships.
The abundance of Cohnella was negatively correlated
with Acinetobacter, Propionibacterium, Sphingobium,
Staphylococcus, and Janthinobacterium. Some genera
on the edge of the network, such as Acinetobacter,
Sphingopyxis and Brevundimonas [Ruminococcus],
had less contact with other members, while others
were involved in the complex relationship.

3.7. Predicted bacterial community function

In this study, seven functional genotypes with 41
pathways were predicted by PICRUSt based on
KEGG database (Table 2), including environmental
information processing, genetic information process-
ing, metabolism, cellular processes, human diseases,
organismal systems and unclassified. Overall, 45.03%
of these pathways were related to metabolism, fol-
lowed by environmental information processing
(19.15%) and genetic information processing
(15.58%). There were relatively few pathways of
human diseases, biological systems and cell physi-
ology. In addition, 14.68% of these pathways were

unclassified. The membrane transport pathway was
the most abundant pathway, accounting for 16.16%
on average. Although its abundance changed slightly
among 20 �C, 25 �C and 30 �C, it was much higher at
35 �C and 40 �C. The average abundances of amino
acid metabolism and carbohydrate metabolism were
also higher (9.56% and 9.44%), with both decreasing
slightly with increasing temperature. Surprisingly, the
proportion of replication, repair and translation
pathways decreased from 25 �C, while their abun-
dance increased at 40 �C. Some pathways related to
metabolism, such as terpenoid and polyketide metab-
olism, lipid metabolism and xenobiotics biodegrad-
ation and metabolism, decreased in abundance with
increasing temperature.

4. Discussion

The temperature is an important limiting factor dur-
ing the cultivation of A. cornea. Therefore, it is
necessary to understand the changes in its character-
istics during the vegetative reproductive process at
different temperatures. The changes of the mycelium
growth could be observed obviously in this process.
In our results, hyphal twisting increased with increas-
ing temperature and the morphology of hyphae was
significantly different among group 1 (20 �C, 25 �C),
group 2 (30 �C, 35 �C) and group 3 (40 �C). The dif-
ferent morphology of hyphae at different tempera-
tures means that the temperature has a great
influence on the growth of hyphae. Temperatures
and other environmental factors play a vital role in
the growth of hyphae and directly influence the
entire cultivation process [45]. Many scholars have
shown that different temperatures may lead to a dis-
tinctive growth rate, vigor and hyphal formation
[31,46]. Under high temperature stress, the hyphae
emerged with twisted, shortened branches, which
diminished and concentrated the cell nucleus [47,48].
In a study conducted by Devi, A. polytricha showed
the highest biomass and maximum radial growth of
7.2mm/day when cultivated at 30 �C (optimum tem-
perature) in solid and liquid media [49].

Temperature also significantly influenced the
growth of A. cornea through effects on the extracel-
lular enzyme activity. Specifically, temperature and
culture time led to changes in the activity of Lip,
laccase, Mnp and cellulose, which were closely
related to the growth of A. cornea. However, the
trends in extracellular enzyme activity differed sig-
nificantly among enzymes. Lip, laccase and Mnp all
belongs to ligninolytic enzymes [50]. The optimum
temperature of laccase was 20 �C in our study, when
its activity was highest on the 10th day of cultiva-
tion. At all other temperatures, the laccase activity
was highest on the 20th day. Other study reported

Figure 6. Cladogram showing the differentially abundant
bacterial taxa in the substrate of A. cornea at five different
temperatures based on LEfSe analysis (p< .05, LDA score
>2). There were no A4-enriched OTUs, so no legend was
assigned for A4.
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that the optimal fermentation condition of laccase
by A. cornea was 27 �C, 6 days [34]. There is some
discrepancy which may be caused by the different
strains and different substrate. The maximum activ-
ity of Mnp was observed at 20 �C on the 30th day
and the maximum activity of Lip was observed at
30 �C on 10th day. Ganoderma lucidum had the
good lignin degradation and the optimal tempera-
tures of Lip, laccase and Mnp were all 30 �C [51].
The cellulose activity was relatively low and was
higher at 40 �C on 10th day and at 25 �C on 30th
day. As for cellulose enzymes, temperature has a sig-
nificant effect on their activity in the stage of repro-
ductive growth, moreover, with the increase of
temperature, the enzyme activity increased, and the
higher temperature is more conducive to the secre-
tion of cellulose [15]. Overall, in our study, the
influence of temperatures and cultivation days on
the four enzymes varied; Lip, laccase and Mnp were
more active at 20 �C on 10th day, but cellulose
activity was not high under these conditions.
Extracellular enzymes are enzymes produced inside
cells and play roles outside the cell. These enzymes
can decompose lignocelluloses and detoxify and
degrade contaminants [52]. In the process of growth
and development of edible fungi, hyphae can secrete
various enzymes in outside substrate, previous stud-
ies showed that A. cornea can control the mechan-
ism of extracellular enzymes in order to dissolve
and make use of substances in the substrate [53].
Then the hyphae absorb the small molecule materi-
als to complete the growth and development of A.
cornea [54]. So there is an inevitable relationship
between the extracellular enzyme activity and the
growth of A. cornea [54]. In other words, measuring
the activity of the enzyme can understand the vari-
ation regularity of the growth of edible fungi to
some extent. The activity of these four extracellular
enzymes is regulated by A. cornea themselves, and
the enzymes may interact with each other. Some
scholars have shown that the lignin degrading
enzymes including Lip, laccase and Mnp exerted
synergistic activity, but could lead to mutual inhib-
ition with environmental changes [55]. Moreover,
the proportion of these enzymes will directly affect
the results of lignin and cellulose degradation,
although the specific mechanism is not clear
[56].We can infer that the temperature may influ-
ence regulatory mechanism of extracellular enzymes
and then affect the absorption of nutrients by
hyphae, so the growth of hyphae was different at
different temperature.

Microbial communities in the substrate play an
important role in the growth of edible fungi,
because they can provide nutrition for the organism
and resist virus infection, creating a stable growth

environment for edible fungi [22,57]. The detection
of microbial communities can reflect physiological
changes in A. cornea to some extent. In our conclu-
sion, bacterial community composition and structure
in the substrate changed when the temperature was
above 35 �C. Although the bacterial alpha diversity
indices did not change with the increasing tempera-
ture, the relative abundances of certain bacteria were
significantly affected by temperature. In terms of
phyla, the abundance of Firmicutes maintained at a
high level but its abundance decreased at 20–30 �C
and then increased to a maximum at 40 �C.
However, the variation of Acidobacteria,
Bacteroidetes and Proteobacteria abundances was just
contrary to that of Firmicutes. In addition, the abun-
dance of Actinobacteria decreased with the rise in
temperature. Firmicutes and Bacteroidetes were found
as the two most abundant populations in anaerobic
digestion processes and there were negative correl-
ation between the relative abundance of Firmicutes
and Bacteroidetes [58,59]. During the fermentation
process of Agaricus bisporus, Firmicutes, and
Actinobacteria was observed to increase as fermenta-
tion progressed, which indicated that these two phyla
played prominent roles in the conversion of wheat
straw into utilisable sugars [60]. At 40 �C, Bacilli,
belonging to Firmicutes, accounted for the vast
majority (99%) of bacteria in the substrate of A. cor-
nea. Bacilli have strong environmental adaptability
because of the formation of highly resistant spores
[61]. In terms of genera, Sphingopyxis, Acinetobacter,
Coprococcus, Desulfovibrio, and Brevibacterium
dominated at 20 �C and 25 �C, while Firmicutes
Kyrpidia, Cohnella, Brevibacillus, and Paenibacillus
dominated at 35 �C and 40 �C with Kyrpidia only
being observed at 40 �C. These results showed that
the composition and structure of bacterial commun-
ities in the substrate, change with different tempera-
tures. In previous studies, the amount of bacteria in
the soil matrix used to cultivate mushrooms was
found to be closely related to the metabolic activity
of mushroom mycelia [62]. Specifically, the mycelia
of mushrooms have been found to selectively induce
and promote the growth and reproduction of certain
bacteria in the overlying soil. Temperature can sig-
nificantly influence the growth and metabolism of
mycelium, and the abundance of each bacterium
varies with temperature. In biological systems, differ-
ent microbial communities interact, and stable com-
munity structures in the environment are more
conducive to the growth of crops and edible fungi
[63,64]. There are some specific interactions influ-
enced by temperature between microbial commun-
ities. In the substrate of A. cornea, the abundances of
35 genera were correlated with each other. With the
exception of Cohnella, the abundances of these
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genera were positively correlated; however, they
exerted their effects at different temperatures.
Proteobacteria and Acidobacteria both existed in the
anthropogenic soil, and that they were both nega-
tively correlated with Actinobacteria [65].

A growing number of studies have used the next-
generation sequencing technology methods to pre-
dict their genetic functions to show the importance
of each genus and understand their genetic varia-
tions [66]. In this study, a total of seven functional
genotypes with 41 pathways were predicted. Among
the metabolic pathways, the membrane transport
pathway showed the highest average relative abun-
dance. Moreover, the abundance of this pathway
increased at 35 �C and 40 �C, indicating that the
membrane transport metabolism will be enhanced
at high temperature. A previous study revealed that
there was an important mechanism responsible for
temperature sensing in organisms that controls the
vesicular transportation of temperature sensory
receptors to adjust the transduction of temperature
information, which may be an important means of
adapting to the variations in environmental tem-
perature [67]. Overall, the proportion associated
with metabolism was highest, and the abundances of
other functional pathways varied with temperature,
despite being a few differences among some func-
tional pathways. Taken together, these results indi-
cate that the metabolic activities of microbial
communities in the substrate of A. cornea at differ-
ent temperatures need to be further explored.
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