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Abstract

The method used to cultivate the popular Japanese mushroom Grifola frondosa (maitake), called ‘wood log culti-
vation, comprised two steps: (1) the mycelium is grown around a wood log in a plastic bag, and (2) the mycelium
that has spread on the wood log is transferred into casing substrates in a forest. This method is still popular in Japan
due to its low cost and high-quality crop production. The importance of the microbiome that inhabits mushroom-
cultivation surroundings has recently attracted attention, but no study of the microbial communities in maitake
cultivation has been published. We investigated how the bacterial communities changed in wood logs in compari-
son with a control group (without inoculation) and their interaction with maitake during the first to fourth years

of maitake wood log cultivation. A maitake biomass was detected by quantitative PCR in wood logs but not in

the casings, and we thus decided to investigate the bacterial communities in wood log samples for control and first-
to fourth-year cultivation. The results indicate that the phyla Proteobacteria, Firmicutes, and Gemmatimonadota play
key roles in changes of the microbiome composition for maitake wood log cultivation. In a functional profile, bacteria
communities in the wood logs during maitake cultivation showed higher relative abundance in cellulolysis, glycolysis,
TCA cycle, and many biosynthesis pathways, whereas the control group showed higher relative abundance in fermen-
tation. These results suggested that (i) the bacterial communities which inhabited maitake cultivated wood logs may
help the maitake degrade wood cellulose, and (i) part of the glucose from the cellulose degraded by both maitake
and bacteria was used for the bacterial TCA cycle instead of fermentation. Bacteria also produce some chemicals

that maitake mycelium may need. It is also likely that some potential intracellular parasites dwell with maitake. The
different cultivation stages showed different network structures. A network analysis indicated that Class Gammapro-
teobacteria is a potential keystone taxon for the microbiome network stability of maitake cultivated wood logs. These
results contribute to the understanding of the microbiome in maitake-cultivation surroundings and will improve
maitake wood log cultivation.
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Introduction
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necessary for the bottle or plastic bag cultivation method,
but a natural forest environment is used for the wood
log cultivation method. Although the bottle or plastic
bag cultivation method provides a short fruiting period,
the wood log cultivation method can produce tastier
and more natural-tasting fruiting bodies at a lower cost
compared to the bottle/plastic bag cultivation method
[3]. Shortening the long fruiting period of the wood log
cultivation method is desired, and the recent attention
given to microbiomes may provide useful information for
this purpose. However, there are no published studies of
the wood log cultivation method related to mushroom
microbiomes.

Generally, there are two steps involved in wood log cul-
tivation method for G. frondosa: in the first step, myce-
lium grows around a wood log in a plastic bag, and the
mycelium that has spread on the wood log is then trans-
ferred into casing substrates in a forest. Previous studies
have shown that the microbiome of the casing substrate
is an important factor for the cultivation of several types
of mushroom. In Agaricus mushrooms, the addition of a
casing substrate is applied to achieve high productivity
and induce the transition from vegetative to reproduc-
tive growth [4]. Casing microbiomes can also suppress
the development of diseases during cultivation [5, 6]. A
new method for cultivating morels (Morchella spp.) in
non-axenic soils under greenhouse environments was
developed in China [7]. With further research, soil bacte-
rial communities are considered an important factor for
primordia differentiation and ascocarp growth [8].

The two above-described mushroom cultivation meth-
ods are based on a compost or sawdust substrate for
growing mycelium. We speculated that not only the cas-
ing microbiome but also the surrounding bacterial com-
munities might also be important factors for the fungal
growth and life cycle. Positive effects of these factors
on the co-culturing of fungi with bacteria have been
reported; for example, coexisting bacteria promote myce-
lium growth [9] and the basidiospore germination rate
[10]. Even some truffle aromas, which are thiophene
volatiles, might be synthesized by surrounding bacteria
[11, 12]. These studies suggested that bacterial commu-
nities may play a key role in the fungal life cycle, and we
thus suspected that (i) the bacteria communities in wood
logs during maitake cultivation or in the casing substrate
may potentially have some effects that are beneficial
to maitake, and (ii) the determination of the composi-
tion of the surrounding microbiome may provide a new
and effective method for the development of an artificial
surrounding bacterial community that can be used to
improve the production of maitake mushrooms.

We thus conducted the present study to understand the
dynamics of the bacterial microbiome and to elucidate
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the interaction between the bacterial community and
maitake in wood logs as the first step for improving
maitake mushroom production. To achieve this, we
investigated: (1) the bacterial community, diversity, and
functionality during mushroom cultivation; (2) the co-
occurrence networks of microbial communities under
different cultivation stages; and (3) the coexisting key-
stone taxa in wood logs during maitake cultivation.

Materials and methods

Cultivation and sampling

Logs of the deciduous tree Quercus serrata (konara),
which are typically used in maitake cultivation, were used
as the test logs in this study. The test wood logs had a
diameter of 10-15 cm and a length of 12—-16 cm. Before
being inoculated with G. frondosa mycelium, the wood
logs were soaked in water for 24 h and then sterilized by
autoclaving. The inoculation was performed in January
(in 2019, 2020, 2021 and 2022), and maitake wood logs
were incubated for 5-6 months in plastic bags. In July,
the maitake wood logs were buried in sand in a forest
(Misato, Miyazaki). The production of maitake mush-
rooms in the wood logs was observed from September to
October.

Every year in November, fruiting bodies were har-
vested. In November 2022, after fruiting bodies harvest-
ing, we collected the following as wood log samples for
this study: control wood logs (buried in sand from July to
November without inoculation), first-year wood logs (at
1 year of cultivation), second-year wood logs (at 2 years’
cultivation), third-year wood logs (3 years’ cultivation),
and fourth-year wood logs (4 years’ cultivation). Four logs
were examined for each group’s sample. We thus used 20
samples (5 wood log sample types X 4 replicates). We also
collected 20 sand casings surrounding each wood log in
November 2022 as sand samples for this study (5 sand
sample types X 4 replicates).

Wood log and casing sand DNA extraction, and PCR
amplification and sequencing

DNA from the 20 wood logs and the 20 casing sand
samples was extracted using the NucleoSpin® soil kit
(Macherey—Nagel, Diiren, Germany) in accord with
the manufacturer’s instructions. The NanoDrop quan-
tification method was used to measure the DNA
concentrations.

To expand our understanding of the biomass of bacte-
ria and maitake, we conducted a real-time PCR, which
revealed 16S rRNA and c¢ytC genes. Thermal cycling and
fluorescence detection were conducted using the CFX
connect real-time polymerase chain reaction (RT-PCR)
system (Bio-Rad, Hercules, CA, USA) for determine the
number of copies of rRNA gene (16S rRNA gene) from
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bacteria (968R: 5-AACGCGAAGAACCTTAC-3’; 1401F:
5-CGGTGTGTACAAGACCC-3) [13] and cytochrome
C gene (cytC) [14] from G. frondosa (CYTc-F1: 5-GGT
GCCGGTCTTTTCAAGACTC-3; CYTc-Rl: 5-CTG
CATGGTATCGTGTTGTCCT-3’) in total DNA. DNA
was diluted to 0.5 ng/pL, and 1-uL samples were used for
the real-time PCR analysis. The real-time PCR reactions
were performed in a final volume of 10 pL with a final
concentration of 0.4 pM for each primer set, using TB
Green Premix Ex Taq II (Takara Bio, Otsu, Japan) accord-
ing to the manufacturer’s instructions.

The PCR amplification was performed as follows: initial
denaturation at 95 °C for 1 min, followed by 40 cycles of
denaturation at 95 °C for 10 s, and annealing 30 s (56 °C
for 16S rRNA gene amplification; 60 °C for cytC gene
amplification), and extension at 72 °C (30 s for 16S rRNA
gene amplification; 60 s for cytC gene amplification). At
the end of the real-time PCR, a melting curve analysis
was performed as a final step that consists of the meas-
urement of fluorescence signal intensities from 65 °C to
95°C.

Due to maitake biomass was detected only in the
wood logs, only twenty wood log samples were used for
sequencing (for details, see the discussion section). The
PCR amplification of the 16S rRNA gene was performed
using the V3V4 sequencing protocol (Part #15044223
Rev. B). TaKaRa Ex Taq HS (Takara Bio) in Ex Taq buffer
was used for the PCR with the following program: 2 min
at 94 °C, followed by 25 cycles of 30 s at 94 °C, 30 s at
55 °C and 30 s at 72 °C, and a final extension of 5 min
at 72 °C. A high-throughput sequencing of PCR ampli-
cons was performed on an Illumina MiSeq sequencer
(Ilumina, San Diego, CA) using the MiSeq Reagent Kit
v3 in accord with the manufacturer’s protocol. How-
ever, there was a problem in the PCR amplification in
one fourth-year sample; for the subsequent analysis we
thus used only three samples as the fourth-year samples.
The raw reads were submitted to the DDBJ Sequence
Read Archive under the accession number DRA016788.
A QIIME2 (ver. 2021.11) (https://qiime2.org/) plugged
DADA2 (dada2 denoise-paired) pipeline was used to fil-
ter chimeric sequences and merge the filtered forward
and reverse sequences.

The taxonomic assignment, diversity indices,

and functional profile annotation of the bacterial
communities

The taxonomic assignment was performed for the ampli-
con sequence variants (ASVs) using the giime2-feature-
classifier [15] by the SILVA bacterial 16S database (ver.
138). A database of representative sequences from opera-
tional taxonomic units was generated via the clustering
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of SILVA sequences at 99% identity. Species-level feature
tables were created by QIIME2.

The similarity of the microbial communities in each
sample was evaluated by a principal-coordinate analy-
sis (PCoA). Sample variation at the species level was
represented by an ordination using an Aitchison dis-
tance matrix in the R package vegan [16]. The R package
ggplot2 [17] was used for visualization. We examined
the differences among the communities of all groups by
conducting a permutational multivariate analysis of vari-
ances (PERMANOVA) on the Aitchison distance using
the adonis2 function in vegan with 9,999 permutations.
To determine whether there were differences in the vari-
ance (dispersion) between groups, we used the multivari-
ate homogeneity of group dispersions test (betadisper) in
vegan.

Alpha diversities were assessed on the ASV read
counts. ASV read counts were rarefied to a sequence
depth of 22,991 reads per sample in Qiime2. Alpha diver-
sity indices, including Chaol, Simpson evenness, Faith’s
phylogenetic diversity (Faith’s PD), Simpson, and Shan-
non indices were calculated using Qiime2. The Kruskal—
Wallis test was used for analyzing significant difference
among groups.

For the functional profiling of bacterial communities,
PICRUSt2 [18] and FAPROTAX [19] were used sepa-
rately. In PICRUSt2, representative sequences that were
outputted by Qiime2 were used to predict the metagen-
omic functions of the bacterial communities via marker
gene profiles. In FAPROTAX, to obtain the best opti-
mized results, species-level feature tables were produced
by the SILVA 132 database. Based on the existing litera-
ture regarding cultured representatives, metabolic or
ecologically relevant functions were predicted for the fea-
ture tables’ members. A statistical analysis of taxonomic
and functional profiles (STAMP) [20] was used for the
visualization and the statistical analysis.

Co-occurrence networks of bacterial communities

To understand the interactions of microbiomes, we cal-
culated the correlation between the relative abundance of
bacteria at the species level by using the Spearman’s rank
correlation coefficient test in the R package psych [21].
For further analysis, co-occurrence networks were con-
structed using the R packages psych, Hmisc, and igraph
[22] based on the Spearman’s correlation matrixes. The
Benjamini—Hochberg false discovery rate was used to
adjust the p-values in the correlation [23]. In this analy-
sis, 15 samples were separated to two stages (early stage,
four first-year samples and four second-year samples;
late stage, four third-year samples and three fourth-
year samples). Only species that occurred with>0.05%
relative abundance in all samples were included in the
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analysis. Centered log-ratio (clr) translation was used for
the species abundance treatment, and the co-occurrence
networks for bacteria were constructed based on the
Spearman’s correlation using only significant correlations
(adjusted p<0.05) of r>0.6 or r< —0.6 in the R packages
NetCoMi [24] and psych.

The Louvain method was used for a modularity analy-
sis; the eight highest proportions of modularity classes
were colored in the plot, and the results of the correlation
matrix were visualized using Gephi software (https://
gephi.org) [25]. The degree and betweenness centrality
were used to statistically identify microbial keystone spe-
cies. We selected species with a degree above the 80th
percentile and betweenness centrality below the 20th
percentile as potential keystone taxa.

The network comparison and differential network anal-
ysis were performed with the NetCoMi package. Only
species with the 100 highest variances were selected for
the network construction. The figure of network com-
parison required to subset to species, which presented
in both bacterial communities (early stage and late stage)
under investigation. We used Spearman’s rank correla-
tion coefficient test to calculate the correlation relation-
ships between the relative abundance of bacteria at the
species level. Hubs of the network comparison were iden-
tified as nodes above the 70% quantile of the distribution
of the two networks’ metrics degree and eigenvector cen-
trality. The nodes of the differential network were deter-
mined using the Fisher test, requiring p<0.05. Values
were adjusted to multiple testing using the Benjamini—
Hochberg false discovery rate for multiple testing.

Results
The biomass, composition, and diversity of the microbial
communities in the wood logs and casing sand samples
To prove whether maitake existed and know how many
bacteria existed in wood logs, real-time quantitative
PCR was used in the first step of our study. As shown in
Fig. 1A, the real-time PCR data demonstrated that cytC
gene from maitake was not detected in any of the casing
sand samples or wood log control samples. In contrast
to cytC gene, 16S rRNA gene was detected in all sam-
ples (Fig. 1B). The 16S rRNA gene copy numbers in the
casing sand used for maitake cultivation (1 to 4 years of
cultivation) were significantly higher than those in the
casing sand used for the control wood logs. In the wood
logs used for maitake cultivation, the 16S rRNA gene
copy numbers showed an upward trend with the increase
in the cultivation time (Fig. 1B). In contrast, the ratio of
cytC gene to 16S rRNA gene exhibited a downward trend
with the increase in cultivation time (Fig. 1C).

To understand bacterial community structures, prin-
cipal-coordinate analysis (PCoA) and relative abundance
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analysis were conducted. The principal-coordinate analy-
sis ordination plots and PERMANOVA analysis results
demonstrated that the bacterial communities were sig-
nificantly different among the five groups (R*=0.28,
p<0.001) and was not due to sample group dispersion
(p=0.691) (Fig. 2, Table 1). Regarding alpha diversity,
we observed a significant difference in Simpson even-
ness; however, the data revealed no significant difference
in Chaol, Faith’s pd, Shannon, or Simpson diversities
(Table 2). The bacterial composition results revealed that
Proteobacteria had the highest relative abundance in all
five groups (Fig. 3A).

Significant differences in relative abundance among
all groups were revealed in three phyla: Proteobacteria,
Firmicutes and Gemmatimonadota. Compared to the
control group, the third- and fourth-year groups showed
significantly lower relative Proteobacteria abundance
(Fig. 3A). The control group had significantly higher rela-
tive Firmicutes abundance (Fig. 3B). The second-year
group showed significantly higher relative Gemmatimon-
adota abundance than the control, first-year and fourth-
year groups (Fig. 3B).

Functional profiles of the bacterial communities

in the wood logs during maitake cultivation

To understand bacterial functional profile, FAPROTAX
and PICRUSt2 were used. The PCA plot of functional
prediction retrieved from the bacterial communities
showed a similar pattern in the FAPROTAX and PIC-
RUSt2 results. The control group was clearly separated
from the other groups (Fig. 4). In detail, based on the
FAPROTAX database, the relative abundance of bacte-
rial functions, ligninolysis, and xylanolysis regarding
the wood degradation and chitinolysis regarding fun-
gal cell-wall degradation was not significantly different
among the five groups (Fig. 5). In contrast, the relative
abundance of cellulolysis regarding wood degradation,
fermentation, and intracellular parasites was significantly
different among all groups. The control group showed the
highest relative abundance of fermentation but the low-
est cellulolysis and intracellular parasites functions. In
the PICRUSt2 results, significant differences among all
groups were identified in 73 pathways (50 biosynthesis,
14 degradation, and nine other pathways) (Fig. 6). Aero-
bic respiration I (cytochrome c) in particular showed the
highest relative abundance in 73 pathways, and that of
control group was the lowest relative abundance among
all groups (Fig. 6C).

Co-occurrence networks and differential networks

Generally, maitake wood log cultivation was conducted
for four years. We identified first half of the cultiva-
tion time as early-stage (first- and second-year) and the
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Fig. 2 The principal-coordinate analysis (PCoA) ordination plots of the bacterial communities in wood logs during maitake cultivation

Table 1 Permutational multivariate analysis of variance
(PERMANOVA) and multivariate  homogeneity of groups
dispersions analysis results

Test R? F

p-value
PERMANOVA 0.28 1.3355 <0.007***
Dispersion 0.5958 0.691
Group R? p-value
Pairwise PERMANOVA Tstyearvs.2nd year 0.16 0.088
Tstyearvs. 3rdyear 0.17 0.139
Istyearvs.4thyear 022 0.086
Tst year vs. control 0.20 0.031*
2nd year vs. 3rd year  0.15 0.338
2nd year vs. 4th year  0.17 0.343
2nd year vs. control  0.22 0.029*%
3rd year vs. 4thyear  0.17 0457
3rd year vs. control  0.21 0.028*
4th year vs. control ~ 0.27 0.029*

*p<0.05, *p<0.01, and ***p < 0.001

last half of the cultivation time as late-stage (third- and
fourth-year). To increase our understanding of interac-
tions within bacterial communities, we constructed co-
occurrence networks using early-stage and late-stage
samples. The network of bacterial communities dem-
onstrated distinct co-occurrence patterns with the dif-
ferent cultivation stages. The early stage showed 0.853
modularity, and the late stage showed 0.913 modularity
(data not shown). The results revealed that the num-
ber of edges of the early-stage network was twice that
of the late-stage network based on a similar number of
nodes (Fig. 7). The network showed a high number of
edges, which means that the interaction between bacte-
ria in a community is high.

Twenty-two potential keystone taxa (Suppl. Table S1)
were detected in the early-stage network, and 38 poten-
tial keystone taxa (Suppl. Table S2) were observed
in the late-stage network. At the early stage, Gam-
maproteobacteria and Acidimicrobiia showed the
highest proportion at>20% each, followed by Alp-
haproteobacteria (13.64%) (Table 3). At the late stage,
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Table 2 Alpha diversities detected in the bacterial community
Control 1st year 2nd year 3rd year 4th year H p-value

Chao1 176.25+6341 146.5+83.22 159.5+48.06 259.5+£12652 299.78 £141.59 0.839 0.933
Faith's pd 0.86+£0.04 0.92+0.01 093+0 0.93+0.01 09+0.02 1.455 0.835
Shannon 6.02£0.79 6.11£0.71 6.65+0.37 6.91+0.83 6.74+£1.32 1.550 0.818
Simpson evenness 0.35+£0.09 0.56+0.03 0.58+0.03 0.58+0.02 0.43+0.08 9.584 0.048*
Simpson 0.96+0.02 0.98£0.01 0.99£0 0.98+0.01 0.97£0.02 1713 0.788

The data are mean + standard error. *p < 0.05, **p < 0.01, and ***p < 0.001
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Gammaproteobacteria also showed the highest pro-
portion at>20%, followed by Thermoleophilia and
Alphaproteobacteria.

To understand how the early stage and late stage dif-
fer, we constructed a network comparison plot and a

differential network (Fig. 8, Table 4, Suppl. Table S3).
Figure 8A summarizes the hub bacteria that are impli-
cated in the reorganization or transition from the early
to late stage. We selected 38 taxa to construct the plot
for the comparison of the networks. Seven hub taxa
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were detected in the early stage, and five hub taxa were
detected in the late stage. Only hub taxon S126 (which
is an unclassified bacterial taxon from the Acidothermus
genus, Actinobacteria class) was observed in both the
early and late networks.

The modularity of global network properties was sig-
nificantly higher (adjusted p <0.05) in the early-stage net-
work (0.593) than in the late-stage network (0.392) (data
not shown). A significant difference in the average path
length (adjusted p <0.05) was detected between the early-
and late-stage networks (2.375 and 1.495, respectively).
Based on the differences between the two networks, we
selected 14 taxa for the construction of a differential
network (Fig. 8B). Sorted in terms of the proportion of
the selected taxa numbers at the class level, the selected
microorganisms were Alphaproteobacteria (42.86%),
Acidobacteria (28.57%), Gammaproteobacteria (14.29%),
Actinobacteria (7.14%), and Vicinamibacteria (7.14%)
(Table 4).

Discussion

A study of morel cultivation showed that non-sterilized
soils were highly colonized by Morchella mycelium [7].
The morel mycelium appears to potentially coexist with
the bacterial microbiome, leading to primordia differen-
tiation and ascocarp growth [7, 8]. Those findings sug-
gested that the microbiome is an important factor in

morel cultivation. For the production of maitake mush-
rooms, wood log cultivation is carried out in natural
forest conditions in non-sterilized sand. In the present
study, we detected the bacterial biomass in the wood logs
and the surrounding casing sand; however, maitake bio-
mass was detected only in the wood logs. Based on the
morel cultivation experience and our results, we decided
to first investigate the microbiome in the wood logs.

The first-year to fourth-year wood logs showed signifi-
cant differences in the pattern of bacterial communities
compared to the control group; however, when wood logs
were colonized by maitake, a conservative pattern was
observed during the cultivation, and no significant differ-
ences were detected among the wood logs of the different
groups. Moreover, a significant difference was observed
only in the diversity of Simpson evenness. Although no
difference was detected in the pattern of bacterial com-
munities, differences in bacterial compositions including
Proteobacteria, Firmicutes, and Gemmatimonadota were
observed among the wood log samples. Proteobacteria
was dominant in the bacterial communities of the wood
logs. The dynamic trend of the relative abundance of
Proteobacteria detected in the wood logs was similar to
that observed in the Agaricus bisporus compost process
(phase III), with a dominant Proteobacteria population in
the beginning that decreased by the end of the cultivation
in compost [5].
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In another edible mushroom, Actinobacteria, Chlor-
oflexi, and Proteobacteria were found at high relative
abundance from the soils used in morel cultivation
[7]. Proteobacteria, Acidobacteria, and Actinobacteria
were dominant in the soils from the forestland where
the mushroom Stropharia rugosoannulata [26] was
cultivated. In the cultivation of the mushroom Pleuro-
tus eryngii, Proteobacteria remained in highest relative
abundance from the growth of the P eryngii hyphae
to the filling of the cultivation bags [27]. Actinobacte-
ria, Proteobacteria, and Firmicutes are also considered
important phyla in forest decayed wood [28, 29]. Based
on these results, it is apparent that the relative abun-
dances of Proteobacteria, Firmicutes, Gemmatimon-
adota play key roles in the microbiome composition in
wood logs during the cultivation of maitake.

The present study’s functional profiles showed that
the bacterial communities from the first-year to fourth-
year groups presented higher relative abundance in cel-
lulolysis, glycolysis III (from glucose), aerobic respiration
I (cytochrome c), and the TCA cycle, but lower relative
abundance in fermentation compared to the control
group. Cellulose can be converted to glucose by many
bacterial strains in both aerobic and anaerobic condi-
tions [30], and the glucose is then converted to pyruvate
by glycolysis. Under anaerobic conditions, NADH, is
usually used as a reductant for the production of etha-
nol from pyruvate. In contrast, under aerobic conditions,
pyruvate is converted to acetyl-CoA and enters the TCA
cycle (aerobic respiration) [31]. The erosion and penetra-
tion of hyphae were observed in fungal decaying wood
[32], and the wood components cellulose, hemicellulose,
and lignin were degraded by white rot fungi [33]. Based
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Connected node: 282
Edge: 1163

Fig. 7 The bacterial co-occurrence networks at the two stages of G. frondosa cultivated wood logs. Nodes represent individual species; edges
represent significant positive or negative Spearman'’s correlations (r> 0.6 or < —0.6 and adjusted p < 0.05). Different colors, including purple, green,
blue, black, orange, red, dark green, and tan, represent the eight largest modules. The early stage includes the first-year and second-year samples.

The late stage includes the third-year and fourth-year samples

on these results, with the progression of wood logs’ deg-
radation by fungi, which makes aerobic conditions, the
coexisting bacteria may help maitake degrade wood cel-
lulose and prefer entrance into the TCA cycle instead of
a fermentation pathway with the degradation of glucose.
It is possible that the metabolism of glucose into the TCA
cycle by coexisting bacteria contributes to a suppression
of the decrease in cellulolytic activity (negative feedback)
by consuming the glucose that has accumulated in decay-
ing wood under aerobic conditions.

Our analyses also revealed that 50 biosynthesis path-
ways showed significant differences among the wood
logs of the different groups, and most of these pathways
showed higher relative abundance in the maitake culti-
vated wood logs compared to the control group. It has
been reported that the fungus Aspergillus nidulans and
the bacterium Bacillus subtilis establish a mutualis-
tic growth mechanism that involves bacterial thiamine
[34], and that the bacterium Klebsiella aerogenes pro-
duced dopamine as a possible substrate that was used
by the fungus Cryptococcus neoformans [35]. These find-
ings suggested that interactions between bacteria and
fungi include an exchange of chemicals. Our present
findings indicate that some chemicals produced during

biosynthesis may contribute to the growth of the maitake
mycelium, but further studies are necessary before any
conclusions can be made.

We also observed a high relative abundance of intra-
cellular parasites in the first-year to fourth-year groups.
Endobacteria (bacterial endosymbionts) that dwell
inside fungal cells were recently described. Myco-
plasma-related endobacteria (MRE) (class Betapro-
teobacteria) and Burkholderia-related endobacteria
(BRE) (class Mollicutes) were detected in the division
Glomeromycotina of the arbuscular mycorrhizal fungi
Mortierellomycotina and Mucoromycota [36, 37]. The
endobacteria of fungi exhibit mutualism or antagonism
behavior with a fungal host. For example, the sexual
reproduction of Mortierella sp. was inhibited by endo-
bacteria [38]. However, there is no report or endobac-
teria being detected in mushrooms. The intracellular
parasites identified in the present study belonged to the
classes Chlamydiae, Alphaproteobacteria, and Gam-
maproteobacteria. Based on these results, it appears
that there are some potential intracellular parasites
dwelling in maitake; however, these intracellular para-
sites are obligate or facultative endosymbiotic bacteria
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Table 3 The keystone taxa numbers of each bacterial class in the
bacterial co-occurrence networks

Class No. of keystone taxa

Early stage Late stage
Acidimicrobiia 5(22.73%) 0 (0%)
Acidobacteriae 0 (0%) 2 (5.26%))
Alphaproteobacteria 3 (13.64%) 3 (7.89%))
Bacteroidia 1 (4.55%) 1 (2.63%)
BD7-11 0 (0%) 1(2.63%)
Chlamydiae 1 (4.55%) 1 (2.63%)
Clostridia 1 (4.55%) 0 (0%)
Elusimicrobia 1 (4.55%) 0 (0%)
Fimbriimonadia 0 (0%) 1 (2.63%)
Gammaproteobacteria 5(22.73%) 10 (26.32%))
Gemmatimonadetes 0 (0%) 2 (5.26%))
Holophagae 0 (0%) 1 (2.63%)
Ktedonobacteria 0 (0%) 1(2.63%)
MB-A2-108 0 (0%) 1(2.63%)
Methylomirabilia 1 (4.55%) 0 (0%)
Myxococcia 0 (0%) 1 (2.63%)
Nitrospiria 0 (0%) 1 (2.63%)
OM190 0 (0%) 1(2.63%)
Phycisphaerae 1 (4.55%) 1 (2.63%)
Planctomycetes 1 (4.55%) 0 (0%)
Polyangia 0 (0%) 1 (2.63%)
Saccharimonadia 0 (0%) 1 (2.63%)
SAR324_clade(Marine_group_B) 0 (0%) 1 (2.63%)
Subgroup_22 1 (4.55%) 0 (0%)
Thermoleophilia 1(4.55%) 4(10.53%)
Verrucomicrobiae 0 (0%) 2 (5.26%)
WPS-2 0 (0%) 1 (2.63%)
Total 22 taxa 38 taxa

Numbers in parentheses indicate the proportion (%) of taxa numbers of each
class

or free-living bacteria, and further investigation is
necessary.

Our network results showed that the early stage and
late stage of maitake cultivation involve different inter-
actions among bacterial communities, which suggests
that the two cultivation stages present different micro-
biome network stability. Potential keystone taxa were
also detected in both stages, and class Gammapro-
teobacteria showed the highest proportion of key-
stone taxa. Other research has indicated that keystone
taxa have important roles in maintaining the network
structure relative to the other taxa in the network [39—
41]. Keystone taxa may therefore play a role in main-
taining ecosystem stability. Alphaproteobacteria and
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Gammaproteobacteria were considered potential key-
stone taxa in the rhizosphere [40], and Gammaproteo-
bacteria play an important role in several ecosystems
as the keystone taxa of the bacterial community [42].
Pseudomonas (one genus of class Gammaproteobacte-
ria) interacts with morels to induce primordium for-
mation [43], and it promotes mycelium growth in A.
bisporus [44] and Pleurotus eryngii [45]. Gammapro-
teobacteria may thus be a keystone or biomarker in the
cultivation of many species of mushroom. Our analy-
sis of bacterial differential networks also identified
Gammaproteobacteria. Together these results suggest
that Gammaproteobacteria is an important potential
keystone taxon for microbiome network stability in
maitake cultivation.

A limitation of our study is that it was conducted only
in wood log samples. Further studies are necessary to
reveal the interaction between maitake and bacterial
communities. As a next step in our research, we will try
to isolate coexisting bacteria and examine their interac-
tion with maitake in vitro and investigate the presence of
intracellular parasites and chemical exchanges. We will
then attempt to determine the precise bacterial and fun-
gal communities in casing sand.

Conclusions

Our results demonstrated the presence of maitake bio-
mass in wood logs but not in casing sand, and we thus
investigated the bacterial communities in wood log sam-
ples during maitake cultivation. Differences in microbial
diversity, bacterial community, and the network were
observed among the control samples and the different
years of maitake cultivated wood logs. The relative abun-
dance of Proteobacteria, Firmicutes, and Gemmatimon-
adota play key roles in the microbiome composition.
Bacterial communities and maitake may create a mutu-
alistic mechanism. During the degradation of wood logs,
the bacterial communities may help maitake degrade
wood cellulose, and part of the glucose from the cellu-
lose degraded by both maitake and bacteria may be used
for the bacterial TCA cycle. Bacteria also produce some
chemicals that maitake mycelium may need. Some poten-
tial intracellular parasites probably dwell within maitake.
Regarding the microbiome network, the different cul-
tivation stages showed different network structures,
and Gammaproteobacteria was an important potential
keystone taxon for the microbiome network stability
of maitake cultivated on wood logs. These insights con-
tribute to our understanding of the microbiome in wood
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Table 4 The selected taxa numbers of each bacterial class in the
bacterial differential networks

Class No. of taxa from the
network comparison
Acidobacteriae 4 (28.57%)
Actinobacteria 1(7.14%)
Alphaproteobacteria 6 (42.86%)
Gammaproteobacteria 2 (14.29%)
Vicinamibacteria 1(7.14%)
Total 14 taxa

Numbers in parentheses indicate the proportion (%) of taxa numbers of each
class

MRE Mycoplasma-related endobacteria
BRE Burkholderia-related endobacteria
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