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ABSTRACT

There is an increasing interest in studying bacterial-fungal interactions (BFIs), also the interactions of Pleurotus ostreatus, a
model white-rot fungus and important cultivated mushroom. In Europe, P. ostreatus is produced on a wheat straw-based
substrate with a characteristic bacterial community, where P. ostreatus is exposed to the microbiome during substrate
colonisation. This study investigated how the bacterial community structure was affected by the introduction of P. ostreatus
into the mature substrate. Based on the results obtained, the effect of the presence and absence of this microbiome on P.
ostreatus production in an experimental cultivation setup was determined. 16S rRNA gene-based terminal restriction
fragment length polymorphism (T-RFLP) and amplicon sequencing revealed a definite succession of the microbiome during
substrate colonisation and fruiting body production: a sharp decrease in relative abundance of Thermus spp. and
Actinobacteria, and the increasing dominance of Bacillales and Halomonas spp. The introduced experimental cultivation
setup proved the protective role of the microbial community against competing fungi without affecting P. ostreatus growth.
We could also demonstrate that this effect could be attributed to both living microbes and their secreted metabolites. These
findings highlight the importance of bacterial-fungal interactions during mushroom production.
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INTRODUCTION

The study of bacterial-fungal interactions (BFIs) has become
increasingly important. Of particular importance is that BFIs
can be considered as one of the simplest cross-kingdom
(prokaryotic-eukaryotic models) interactions whose interplay
has a major role in a number of fields, including nutrient cycling,
host productivity, biocontrol, food production, and bioremedi-
ation (Deveau et al. 2018). One of the more specialised areas
is wood colonisation and degradation (Johnston, Boddy and
Weightman 2016), where white-rot fungi involved in the process
may interact with bacteria in a variety of ways. Bacterial pres-
ence can have negative effects on fungi, as bacteria can rapidly
consume easily degradable substrates (Messner et al. 2003); how-
ever, some bacterial products can serve as fungal growth fac-
tors (Clausen 1996). On the other hand, some white-rot fungi,
such as Hypholoma fasciculare and Resinicium bicolor, decreased
the number of wood-colonising bacteria, while the number of
bacteria adhering to exploratory hyphae in the surrounding soil
increased (Folman et al. 2008). Hervé et al. (2016) reported that
Phanerochaete chrysosporium selected certain bacteria in its myco-
sphere during wood decay, which are less inhibitory to fungal
growth and are involved in cellulose and hemicellulose degrada-
tion, and iron mobilisation. It is also possible that fungal species
do not select bacteria directly, but rather indirectly through
changing conditions during wood decay (Kielak et al. 2016).

Pleurotus ostreatus (oyster mushroom), a model organism for
white-rot fungi, is the second most important cultivated edi-
ble mushroom in the world (Royse, Baars and Tan 2017) and
has a remarkable role in bioremediation (Stella et al. 2017). Sev-
eral studies have reported on the interactions between bac-
teria and P. ostreatus. Pleurotus ostreatus was reported to lyse
bacterial colonies under low nutrient conditions (Barron 1988),
decrease soil bacterial colony counts by several orders of mag-
nitude (Lang et al. 1997), and kill most indigenous soil bacte-
ria expected to take part in polycyclic aromatic hydrocarbon
degradation (Gramss, Voigt and Kirsche 1999; Andersson et al.
2003). The antioxidant and antimicrobial (e.g. volatile compound
production) properties of P. ostreatus (Beltran-Garcia, Estarron-
Espinosa and Ogura 1997; Martı́nez et al. 2015; Smolskaite, Ven-
skutonis and Talou 2015) may contribute to this impact. How-
ever, there are some examples of positive effects. Cho et al.
(2003) demonstrated that fluorescent pseudomonads promoted
the fruiting body formation of P. ostreatus on agar plates. Addi-
tionally, P. ostreatus appeared to stimulate bacterial growth in
some cases (Stella et al. 2017), whereas Adamski and Pietr (2019)
revealed at least 34 different bacterial genera living in associa-
tion with eight P. ostreatus strains. Some of them had laccase-like
genes, so these microorganisms could support the biodegrada-
tive capacity of P. ostreatus.

Notwithstanding the examples above, there is little infor-
mation on the interactions between bacteria and P. ostreatus
during mushroom production. The initial step of mushroom
cultivation is the so-called substrate production. In Europe, a
wheat straw-based substrate, prepared via partial composting,
pasteurisation, and conditioning, is used (Rühl and Kües 2007;
Vajna et al. 2012). First, the straw is moistened, and easily
degradable substrates are consumed during partial composting.
The elimination of easily degradable substrates hinders sub-
strate contamination by competing microbes with no complete
lignocellulose-degrading enzyme set during substrate colonisa-
tion of P. ostreatus. Also the accessibility of cellulose is increasing
(Vajna et al. 2010). Second, pasteurisation eliminates competing
and pathogenic microbes of P. ostreatus, and third, during

conditioning, the substrate is colonised with the surviving non-
competing and non-pathogenic bacteria (Ororbia and Núñez
2001; Oei 2016). We previously described microbial succession
during substrate preparation (Vajna et al. 2010, 2012). Fungal
CFU (colony-forming unit) values reached their maxima during
partial composting with species from genera Thermomyces,
Myceliophthora, and Rhizomucor having versatile thermostable
cellulolytic enzymes, suggesting their role in the initial
straw polysaccharide decomposition (Vajna et al. 2010). Using
sequence-aided terminal restriction fragment length polymor-
phism (T-RFLP), it was revealed that Proteobacteria (Pseudomonas
and Sphingomonas spp.) dominated in the first phase of substrate
preparation, Firmicutes (Bacillus, Geobacillus, and Ureibacillus
spp.), Pseudoxanthomonas, and Thermobispora spp. at the end of
partial composting, and several genera of Actinobacteria, Ther-
mus spp., and Firmicutes (Bacillus, Geobacillus, Thermobacillus,
and Ureibacillus spp.) in the mature substrate (Vajna et al. 2012).

P. ostreatus is exposed to this microbial community after
spawning the mature substrate during substrate colonisation.
However, it is not completely understood how microbial com-
munity structure changes during this process and what kind
of interactions develop among microbial community members
and P. ostreatus. Our first aim was to test using molecular fin-
gerprint techniques and amplicon sequencing whether known
bacterial community structure of the mature mushroom sub-
strate was transformed during P. ostreatus production. Subse-
quently, a laboratory-scale experimental cultivation setup was
established in which the effect of the presence and absence of
microbiome on P. ostreatus cultivation was investigated. With the
help of this system we addressed the following questions: (i) if
microbes have any effect on P. ostreatus growth (ii) if there is an
effect, whether it is attributed to the entire microbiome or to its
extracellular metabolites (iii) a single indigenous bacterial strain
could have an antagonistic effect on P. ostreatus? To monitor fun-
gal functioning in the model, activity patterns of lignocellulose-
degrading enzymes and hyphal growth rate were used as indi-
cators.

MATERIALS AND METHODS

Bacterial community composition during large-scale
production

Pleurotus ostreatus production and sampling
To study bacterial succession, samples derived from a large-
scale P. ostreatus producer (Pilze-Nagy Ltd., Kecskemét, Hungary)
were used as described previously (Bánfi et al. 2015). Briefly,
mature mushroom substrate (after partial composting, pas-
teurisation, and conditioning) was inoculated with P. ostreatus
HK35 spawn and filled into substrate blocks (22–25 kg; 55 ×
35 × 20 cm). Blocks were incubated for substrate colonisation
and subsequent fruiting body production in a temperature-,
humidity-, and light-controlled production house. The culti-
vation cycle consisted of three main stages. First, P. ostreatus
mycelia colonised the substrate blocks (24–26◦C, 75–80% relative
humidity [RH]); second, fruiting body production was induced
(12–20◦C, 85–90% RH); and third, mature fruiting bodies were
produced and harvested (10–13◦C, 75–80% RH). For further sub-
strate utilisation and mushroom harvesting, a second cultiva-
tion cycle was applied (Fig. 1). The sampling period was 11 weeks
from spawning (day 1) until the end of the second flush (day 71).
Five mushroom substrate blocks (‘A’ to ‘E’) at different locations
in a 250 m2 production house were sampled: 30–30 g substrate
was collected from surface layers (0–10 cm) of each block at
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Figure 1. Stages of the P. ostreatus cultivation process and the 11 sampling days. Sampling days are denoted with numbers and arrows on the horizontal axis. ‘NGS’ shows
samples processed for amplicon sequencing. Stage 1: 1/1. vegetative growth; 1/2. fruiting body induction; 1/3. first flush and harvest; Stage 2: 2/1. second vegetative
growth; 2/2. second fruiting body induction; 2/3. second flush and harvest; columns: biological efficiency/day in the production house; black line: temperature during

the investigation period. Biological efficiency was calculated as ratio of weight of fresh fruiting bodies per weight of dried substrate on day 1. Figure modified from
Bánfi et al. (2015) with the permission of Fungal Biology.

three random regions to avoid the disturbance of the blocks.
On day 71, blocks were cut in half, and the inner parts were
sampled. Samples were stored at -20◦C until further analysis.

T-RFLP analysis
DNA was extracted from the samples after grinding in liquid
nitrogen as described by Vajna et al. (2010) using a G-spinTM

Total DNA Extraction Mini Kit (iNtRON Biotechnology, Seong-
nam, South Korea). PCR reactions (using HEX-labelled 27F [5’-
AGA GTT TGA TCM TGG CTC AG-3’] and 534R [5’-ATT ACC GGG
GCT GCT-3’] 16S rDNA primers, Lane 1991), enzymatic digestion,
purification of enzymatic digests, and electrophoresis of labelled
fragments were carried out as previously described (Székely et al.
2009).

T-RFLP chromatograms were analysed using GeneMapper R©
Software v3.7 (Applied Biosystems, Foster City, CA, USA). Only
T-RFs longer than 50 bp were used. Further data processing was
performed according to an updated script of Abdo et al. (2006)
(Supplementary Data). The following parameters were applied:
noise filtration based on standard deviation (multiplier = 4) of
peak area, and T-RFs alignment with a 1 bp clustering threshold.
The resulting alignment was compared to raw chromatograms
and manually corrected if needed. For normalisation, relative
abundance of each detected T-RF within a given T-RFLP profile
was calculated. To obtain a more robust result, the data matrix
for AluI and Hin6I enzymes was combined.

454 Pyrosequencing
To identify bacterial community members, selected samples (1–
1 sample from blocks ‘A’ and ‘B’ at day 1, 30, and 57 correspond-
ing to initial phase, first, and second flush) were subjected to
pyrosequencing analysis. 16S rDNA library preparation, using
the same primer pair as for T-RFLP, and sequencing were per-
formed as described by Felföldi et al. (2015). Resulting sequence
reads were processed as described by Szabó et al. (2017) using the
Mothur v1.35 software (Schloss et al. 2009), SINA v1.2.11 aligner
tool (Pruesse, Peplies and Glöckner 2012), and the ARB-SILVA SSU
NR 99 reference database—SILVA Release 123 (Quast et al. 2013).
Raw sequence reads are available in the NCBI Sequence Read
Archive under BioProject ID PRJNA630385.

Phylogenetic composition of bacterial communities was
visualised with the metacoder package of R software (R Core
Team 2020; the used scripts are available as Supplementary
Material).

Experimental cultivation setup

Preparation of the cultivation setup
To study the effect of the presence and absence of the micro-
biome, a P. ostreatus cultivation setup was established. 150 g
of unspawned mature P. ostreatus substrate derived from the
same production series as used for the large-scale production
above were filled into tubes (30 cm, Ø 4 cm) formed from trans-
parent plastic sheets (0.1 mm thick). Substrate density of the
model tubes (∼0.6 kg/L) was the same as that in large-scale sub-
strate blocks. Tube ends were covered with plastic foil. For gas
exchange and fruiting body development, 15 holes (3 mm) were
drilled evenly into the tubes (Fig. S1, Supporting Information).

Applied treatments are summarised in Fig. 2A. About 50
substrate-filled tubes were autoclaved at 121◦C for 40 min.
(i) Ten autoclaved tubes were used without any treatment,
designated as ‘A’ namely ‘autoclaved’. As autoclaving not
only kills microbes but may also change the physicochemical
structure of substrates (Berns et al. 2008), different inoculation
treatments were used. (ii) First, a microbial suspension was
prepared by adding 100 g of the same unspawned mature P.
ostreatus substrate to 800 mL dechlorinated (0.1% w/v thiosul-
phate containing) sterilised tap water and shaken at 150 rpm
at 28◦C for 90 min. Ten autoclaved tubes were inoculated with
the resulting microbial suspension, and each tube was injected
under aseptic conditions with 10 mL of suspension evenly
distributed through 15 holes (∼0.66 mL suspension/hole). The
10 tubes were designated as ‘AM’, namely ‘autoclaved’ substrate,
and inoculated with ‘microbial suspension’. (iii) To separate the
effect of cells from their metabolites, cell-free extracts were pre-
pared. Adequate volume of microbial suspension was filtered
through a 0.2 μm cellulose nitrate membrane filter (Millipore,
Billerica, MA, USA) to remove microbial cells. Then 10 mL of
cell-free filtrate were used to inoculate 10 autoclaved tubes each
in the same way as described above. Tubes were designated as
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Figure 2. Scheme of applied treatments and sampling regions in the experimental cultivation setup. (A), Scheme of applied treatments (see details in text and Supple-
mentary Fig. 1) A: autoclaved; AW: autoclaved and sterile water injected; AA: autoclaved and inoculated with suspension of an antagonistic bacterium; AF: autoclaved
and inoculated with cell-free filtrate of microbial suspension; AM: autoclaved and inoculated with microbial suspension; N: normal, untreated, not autoclaved. (B),
Sampling regions at the end of the 1st and 2nd periods of experiment. ‘nc’: noncolonised region, ‘fh’: region of front hyphae, ‘col’: three-week colonised region sam-

pled before induction of the fruiting bodies, ‘colio’: older colonised region sampled after induction of fruiting bodies, ‘colir’: recently colonised region sampled after
induction of fruiting bodies.

‘AF’, namely ‘autoclaved’ substrate and inoculated with cell-free
‘filtrate’ of microbial suspension. (iv) A bacterial strain collection
from a mature P. ostreatus substrate was established previously.
Strains were tested in simple cross-streak antagonism exper-
iments with P. ostreatus on malt extract peptone agar (MEPA,
DSMZ Medium 90) plates. Some of them showed inhibitory
effects on P. ostreatus hyphal growth. To test the effect of a single
antagonistic strain on P. ostreatus in our cultivation model, a
suspension from one of the mentioned antagonistic strains
(Bacillus sp. Sz55, 16S rRNA gene sequence GenBank accession
number MK908096) was prepared in dechlorinated sterilised tap
water with 0.04 OD600 density. Further, 10 mL of this suspension
was inoculated into another 10 autoclaved tubes each, in the
same way as described above. Tubes were designated as ‘AA’,
namely ‘autoclaved’ and inoculated with the suspension of an
‘antagonistic’ bacterium. (v) To have an inoculation control,
each of the 10 autoclaved tubes were injected with 10 mL of
dechlorinated sterilised tap water, in the same way as above.
These tubes were designated as ‘AW’, namely ‘autoclaved’ and
inoculated with sterile ‘water’. (vi) Finally, 10 tubes designated
as ‘N’ were not autoclaved and contained normal, untreated
mature P. ostreatus substrate. The fungal inoculum Pleurotus
ostreatus strain HK35 (obtained from Sylvan Hungary Ltd.;
Dunaharaszti, Hungary) was grown on MEPA plates at 28◦C for
one week. Thereafter, one end of cultivation model tubes was
inoculated with a 2 × 2 cm hypha-covered MEPA culture block
(Fig. 2A). Further, additional control tubes not inoculated with

P. ostreatus were produced, three tubes for treatment ‘A’, 10 for
‘AM’, 10 for ‘AA’, and two for ‘N’.

Incubation and sampling of the tubes
All cultivation model tubes were placed in a plant growth cham-
ber (Sanyo MLR-352H, Japan). In the 1st period, they were incu-
bated for four weeks at 26◦C and 90% RH without light, with par-
tial aeration. Hyphal colonisation speed was recorded weekly by
measuring the hyphal front distance from the inoculated end of
the tubes. The position of the hyphal front was clearly visible
by naked eye (Fig. S1, Supporting Information). Despite keep-
ing the tubes in a ‘clean environment’, mould infection was
observed during incubation around the tube holes. Contamina-
tion of the tubes was recorded at the end of the 1st period (at
the end of the 4th week) by counting the number of contam-
inated and uncontaminated holes. To have colonised and still
noncolonised parts in every tube, half of the tubes (i.e. 5 tubes
from each of the six treatments: A, AM, AF, AA, AW, and N) were
opened at the end of the 1st period, when one-third of every tube
was still noncolonised (Fig. 2B). Additionally, half of the con-
trol tubes (not inoculated with P. ostreatus) were opened. Sam-
ples (10 g of each) were taken from three regions (non-colonised,
front hyphae regions, and three-week colonised regions, Fig. 2B)
of 30 P. ostreatus inoculated tubes and from two parts of control
tubes. Samples were processed immediately for enzyme assays.
In the 2nd period, the remaining tubes were incubated under the
same conditions for two weeks until complete colonisation of
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the tubes. The temperature was then decreased by 1.5◦C/12 h
until 16◦C. At this temperature, fruiting body formation was
induced by 12-hour light-dark cycle for two weeks. At the end
of the 2nd period, the remaining 5 tubes from each of the six
treatments and the other half of the control tubes were opened
and 10 g of each samples were taken from two regions (recently
and longer-colonized regions, Fig. 2B) of the 30 P. ostreatus inoc-
ulated tubes, and from two parts of the control tubes. Samples
were processed immediately for enzyme assays.

Enzyme assays
Samples from model tubes were subjected to enzyme analysis
according to Bánfi et al. (2015). Briefly, lignocellulolytic enzymes
were extracted from 3 g of wet samples in 48 mL of 50 mM
phosphate buffer (pH 7) with orbital shaking (100 rpm min–1) at
8◦C for 2 h. The extract was filtered through a VWR Collection
(USA) no. 413 filter paper. The filtrate was used for enzyme
activity measurements. Laccase activity was determined using
ABTS (2,2’-azino-bis[3-ethylbenzothiazoline-6-sulfonic acid];
Sigma-Aldrich, USA), and manganese peroxidase (MnP) with
DMAB-MBTH (3,3-dimethylaminobenzoic acid; Sigma-Aldrich,
USA; 3-Methyl-2-benzothiazolinone hydrazone; Sigma-Aldrich,
USA) as a substrate. Cellobiohydrolase, β-glucosidase, 1,4-β-
xylosidase, and N-acetyl-β-glucosaminidase activities were
assayed using p-nitrophenyl substrates (p-nitrophenyl-β-
D-cellobioside [pNPC], p-nitrophenyl-β-D-glucoside [pNPG],
p-nitrophenyl-β-D-xyloside [pNPX], and p-nitrophenyl-N-
acetyl-β-D-glucosaminide [pNPN], respectively; Sigma-Aldrich,
USA; Glycosynth, UK). Endo-β-glucanase (cellulase) and endo-
1,4-β-xylanase activities were analysed using chromogenic
substrates AZO-CM-CELLULOSE and AZO-XYLAN (Megazyme,
Ireland), respectively. Spectrophotometric measurements were
performed using a microplate reader (Sunrise, Tecan, Switzer-
land) and a UV-VIS spectrophotometer (Lambda35, PerkinElmer,
USA). One unit of enzyme activity was defined as the amount
of enzyme releasing 1 μmol of reaction product per minute.
Results were calculated as units per gram of dry mass of the P.
ostreatus substrate. Dry matter (DM) content was determined by
drying the substrate samples at 105◦C for 24 h.

Isolation and identification of infectious fungi
From visually different infected parts of the tubes, pure cul-
tures were isolated on MEPA medium. For DNA extraction, a
loopful of fungal culture was added to 100 μL 0.1 M Tris buffer
(pH 8) containing 100 μL sterile glass beads (0.1 mm). The sus-
pension was shaken in a mixer mill (Mixer Mill MM301, Retsch,
Haan, Germany) at 30 Hz for 1 min. Crude lysates were heated
at 98◦C for 5 min and then centrifuged at 10 000 g for 5 min.
The supernatant was used as a template for amplification of
the fungal nrDNA ITS region with primers ITS1F forward [5’-TCC
GTA GGT GAA CCT GCG G-3’; Gardes and Bruns 1993] and ITS4
reverse [5’-TCC TCC GCT TAT TGATAT GC-3’, White et al. 1990].
Sanger sequencing of the amplicons was carried out by LGC
Genomics (Berlin, Germany). Sequences were deposited in Gen-
Bank under accession numbers MW365370-MW365376 and were
compared with sequences in public databases using BLASTn
searches (Altschul et al. 1990).

Statistical analyses

Statistical analyses were performed using R software (R Core
Team, 2020; the used scripts are available as Supplementary
Material).

During interpreting bacterial T-RFLP dataset, the following
analyses were carried out: (i) For comparing within and among
block heterogeneity at selected sampling dates (day 1, 30, and
57), permutational multivariate analysis of variance using Bray-
Curtis distances was carried out. Based on this result (see Sup-
plementary Material), only one parallel sample from each block
(11 sampling dates, one-one sample from the five mushroom
blocks at each date) was used. (ii) Succession of the bacte-
rial community was visualised using non-metric multidimen-
sional scaling (NMDS) using Bray-Curtis distances. (iii) To test
whether a priori grouping of samples according to sampling
dates were separated significantly from each other, combined
cluster and discriminant analysis (CCDA, Kovács et al. 2014;
Bánfi et al. 2015) was applied. (iv) To test whether surface and
inner samples of the same block at day 71 were different, two
groups were compared with permutational multivariate analy-
sis of variance using Bray–Curtis distances. To reveal how groups
of inner samples were grouped with other samples, CCDA and
NMDS with Bray-Curtis distances were used. Based on this result
(see Supplementary Material) samples from the surface layers
adequately represent bacterial community changes in the whole
substrate block. (v) Shannon diversity indices were calculated.
(vi) Spatial and temporal changes in community composition
were calculated. Spatial heterogeneity was characterised on the
cultivation block level using Bray–Curtis distances among sam-
ples within one sampling date. Weekly temporal changes were
calculated using Bray-Curtis distances among samples from
consecutive sampling dates. Differences among groups were
tested using Kruskal-Wallis and Nemenyi post-hoc tests. (vii) To
test the effect of P. ostreatus lignocellulose-degrading enzymes
on bacterial community composition, enzymatic activities of the
same samples were fitted as vectors onto the NMDS ordination,
and the significance of fittings was tested with random per-
mutations. Enzyme activity data was derived from Bánfi et al.
(2015). (viii) Finally, for comparison, an already published T-RFLP
dataset (Vajna et al. 2012) from the first part of the P. ostrea-
tus mushroom production (Supplementary Fig. 2) was involved.
That part is the so-called substrate production, from where the
mature substrate used in this study was also gained.

For the cultivation model, the following statistical analyses
were carried out: (i) Effect of treatments (A, AM, AF, AA, AW, and
N) on the speed of hyphal colonisation was tested with a general
linear model (LM) using generalised least squares with contami-
nation of the tubes as covariant. The effect of the treatments on
substrate contamination was also tested the same way. Based
on the results of the later model (see Results and Discussion),
a new explanatory variable was introduced as ‘treatment type’
with two categories for treatments with higher (A, AA, and AW)
and lower (AM, AF, and N) contamination values. (ii) The effects
of different treatments on enzymatic activities were tested sep-
arately for the two periods, as in the 1st and the 2nd periods in
our cultivation model, different sets of model tubes were used
due to destructive sampling. To create new summary variables
from enzymatic activities, principal component analysis (PCA)
using variance-covariance matrix was carried out on range stan-
dardised values separately for samples from 1st and 2nd peri-
ods. Only principal components, supported by the broken stick
model, were used in further tests. For each principal compo-
nent, enzyme activities with loadings above 0.53 or below -0.53
were considered for interpretation (Tabachnick and Fidell 2013).
Effects of treatment, region, contamination, and treatment type
on these new summary variables and with tube number as ran-
dom effects was tested with general linear mixed-effects models
(LMM). Random effect was used to control non-independence of
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different regions sampled from the same tubes. The best models
were found by automated model selection using combinations
of fixed effect terms in original models and comparing them
based on the Akaike information criteria. For both cases (i and
ii), adjusted means were calculated, and post-hoc Tukey’s tests
were performed.

RESULTS AND DISCUSSION

Bacterial community composition during large-scale
production

Bacterial community succession based on T-RFLP
In the first part of the study, samples were collected from a
large-scale P. ostreatus producer (11 sampling days, five mush-
room blocks with three parallel samples; Fig. 1). 16S rRNA encod-
ing gene based T-RFLP fingerprints of the bacterial community
showed a definite succession during 11 weeks of cultivation with
the following significantly different groups of samples: day 1,
day 8, day 12, day 22–30-36–43, and day 50–57-64–71 (Fig. 3A and
Fig. S3, Supporting Information). Bacterial community diversity
decreased slightly, based on Shannon indices (Fig. S4, Support-
ing Information). Spatial heterogeneity of samples within one
sampling day was similar during the whole investigated period,
whereas weekly shifts (Bray–Curtis distances among samples
from consecutive sampling dates) decreased significantly during
mushroom production (Fig. S5, Supporting Information), denot-
ing the slowing of changes in the bacterial community. These
rates of changes are easier to interpret when compared to the
first part of P. ostreatus production, the so called substrate pro-
duction (Fig. S2, Supporting Information) described by Vajna
et al. (2012), where only during 12 days, but under more varied
circumstances a much more remarkable change in the bacterial
community was observed (Fig. 3C).

Substrate colonisation and fruiting body formation by P.
ostreatus had the main influence on the bacterial community.
Colonising hyphae produce high amounts of laccases, a known
phenomenon when P. ostreatus interacts with other microorgan-
isms (Baldrian 2004; Velázquez-Cedeño et al. 2008; Janusz et al.
2020). This could partially be responsible for changes in bac-
terial community composition in the first two weeks (Fig. 3B),
although it is unclear whether laccases have a direct inhibitory
effect on microbial growth (Baldrian 2004). Periodically decreas-
ing temperature, ∼25◦C during substrate colonisation and 12–
20◦C during fruiting body production (Bánfi et al. 2015), and a
rapid drop in pH from ∼7 to ∼5 (Viziteu 2004; De Boer et al. 2010)
can have a strong effect on the bacterial community. Change
of pH is a known process during wood degradation by which
fungi control the environment and indirectly bacterial diver-
sity (Johnston et al. 2019). From the third week, high activity
of manganese peroxidase and different cellulases were signif-
icantly correlated with the transformation of bacterial commu-
nity structure (Fig. 3B).

Bacterial community composition based on 454 pyrosequencing data
The 16S rRNA gene amplicon sequencing of 6 selected samples
(1–1 sample from blocks ‘A’ and ‘B’ at day 1, 30 and 57) resulted in
a total of 39094 high-quality reads classified within the domain
Bacteria. Sequences were randomly subsampled according to
the lowest number of sequences in sample block ‘A’ at day 30
(2994 sequences). Sequencing efficiency was high, with Good’s
coverage values ranging from 0.979 to 0.994. Observed number
of OTUs and Shannon diversity indices showed a slight decrease
in both blocks (Fig. 4, Table S1, Supporting Information).

Dominant trends in the bacterial community change dur-
ing substrate colonisation and fruiting body production were
the disappearance of Thermus spp., probably due to lower tem-
peratures, a sharp decrease in Actinobacteria relative abun-
dance, and an increase in members of the order Bacillales and
Halomonas spp. (Fig. 5; Table S2, Supporting Information). The
number of unclassified sequences (order level) decreased from
9%–12% to 1%–2% (Table S2, Supporting Information). Most of the
dominant Bacillales genera (Thermobacillus and Ureibacillus) have
already been described from the mature substrate of P. ostreatus
production (Vajna et al. 2012). Bacillus, Paenibacillus, and Lysini-
bacillus spp. were also the main isolates identified from the P.
ostreatus substrate described by Suarez et al. (2019). Many Bacillus
spp. produce antifungal peptides (e.g. fengycin) with selective
antagonistic ability as they inhibit green-mould disease causing
Trichoderma spp. growth without affecting P. ostreatus (Kim et al.
2008; Nagy et al. 2012; Liu et al. 2015). Paenibacillus polymyxa also
supports the competitiveness of P. ostreatus (Velázquez-Cedeño
et al. 2008). Moreover, the thick gram-positive cell wall and spore
forming potential of these Bacillales may enable their survival.
Stella et al. (2017) reported a similar shift due to P. ostreatus
toward the dominance of Firmicutes and disappearance of Acti-
nobacteria in a polychlorinated biphenyl degrading soil com-
munity. Also in Agaricus bisporus production increasing ratio of
gram-positive to gram-negative taxa was observed, suggesting
selective suppression of different bacteria (Vos et al. 2017). The
genus Halomonas contains moderately halophilic bacteria with
broad pH (5–10) and temperature (10–45◦C) tolerance (De La Haba
et al. 2014), a compact cell wall (Vreeland, Anderson and Mur-
ray 1984), and exopolysaccharide production (Mata et al. 2006).
Salt concentration of P. ostreatus compost was lower than Agari-
cus compost (Jasińska 2018), but the lower temperature (5–15◦C)
after the first fruiting body induction at day 22 might support
their growth. Moreover, Halomonas spp. are highly abundant dur-
ing denitrification and lignocellulose degradation in salty envi-
ronments (Cortes-Tolalpa et al. 2018; Deng et al. 2020; Zhong et al.
2020), which might contribute to lignocellulose degradation dur-
ing mushroom production.

Effect of microbial presence on the cultivation of
Pleurotus ostreatus

Monitoring of large-scale production provided an overview of
the bacterial community composition, but the role and func-
tion of this community was unknown. The P. ostreatus cultiva-
tion model was developed to study the effect of the presence
and absence of microbes.

Growth of P. ostreatus and contamination of the model tubes
The different applied treatments A, AW, AA, AF, AM and N
(Fig. 2A) had a significant influence on colonisation speed (LM:
F5,54 = 6.78, P < 0.0001). Although P. ostreatus can be produced
on a sterilised substrate (Kwon 2004; Oei 2016), P. ostreatus
grew significantly slower in autoclaved substrate with no addi-
tional treatments (A) and in autoclaved inoculation control (AW),
than in normal (N) tubes (Fig. 6A, see Supplementary data).
During weekly checking of the model system, mould infection
was detected around the tube holes. According to nrDNA ITS
sequences, those fungi belonged to the genera Aspergillus and
Penicillium. Although the ITS region is not suitable for precise
species identification in these groups, we assumed that three
Aspergillus spp. and two Penicillium spp. were isolated. Moulds in
both genera are common indoor fungi and can be found as com-
petitors during mushroom production (Sağir and Yildiz 2004;
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Figure 3. Bacterial community composition changes according to 16S rRNA gene based T-RFLP fingerprints during substrate colonisation and fruiting body production
of P. ostreatus. (A) NMDS ordination using Bray-Curtis distances for samples. Different small symbols denote samples from different mushroom blocks (A–E). Filling of

symbols is lightened from black to white in parallel with sampling date (day 1 to day 71). Blue filling shows samples subjected to pyrosequencing. Ellipses mark weekly
mean ± SD area based on samples’ NMDS coordinates; whereas, arrows point from weekn mean to weekn+1 mean. Filling of ellipses and their respective sampling
date label denote significantly different groups of samples according to CCDA method (Supplementary Fig. 3). (B) The same NMDS ordination as in Fig. 3A though only

ellipses for each week are plotted. Red arrows show significantly fitted (p < 0.05) P. ostreatus lignocellulose-degrading enzyme activities of the same samples. Enzyme
activity data are derived from Bánfi et al. (2015). Enzyme names are abbreviated: β-gluc- β-glucosidase, Cbh- cellobiohydrolase, Chit- N-acetyl-β-glucosaminidase, Lcc-
laccase, and MnP- manganese peroxidase. (C) NMDS ordination comparing bacterial community changes in P. ostreatus substrate preparation production series (data
derived from Vajna et al. 2012) and samples from the present study. Substrate preparation is the first part of the P. ostreatus mushroom production, where the mature

substrate also used in this study was produced. Ellipses correspond to mean ± SD area as in the previous parts. Stages 1, 3 and 7 in darkening green colours correspond
to (S1) chopped, wetted wheat straw, (S3) end of partial composting, and (S7) mature substrate (Fig. S2, Supporting Information). For samples from the present study,
only weekly ellipses of Fig. 3A are plotted.

Figure 4. Bacterial diversity based on 16S rRNA gene amplicon sequencing during substrate colonisation and fruiting body production of P. ostreatus (A) Observed
number of OTUs and (B) Shannon diversity calculated from the OTU (defined at 97% similarity level) numbers.
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Figure 5. Phylogenetic composition of bacterial communities based on 16S rRNA gene amplicon sequencing during substrate colonisation and fruiting body production
of P. ostreatus. Each node represents a taxon from kingdom to family. Tree topology is the same for every sample, whereas colour of the nodes goes from blue (100%

relative abundance) through red to yellow (0% relative abundance) according to taxa abundance in each sample. Small numbers on the edges give relative abundance
of the taxa, which follow the given edge. Only OTUs having >1% relative abundance at least in one sample were used for calculations. ‘unc’ stands for unclassified
bacteria. The original size figure also complemented with genus level is available as Fig. S6 (Supporting Information).
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Figure 6. Effects of different treatments (for codes see Fig. 2A) on the (A) speed of P. ostreatus hyphal colonisation in the experimental cultivation setup and (B)
contamination of the tubes after the end of the 1st period. Values show estimated marginal means ± standard error calculated from the linear model. Upper letters

show significantly different groups based on Tukey’s post-hoc test.

Verdier et al. 2014; Oei 2016) as well. This contamination was
significantly treatment-dependent (LM: F5,54 = 34.56, p<0.0001;
Fig. 6B, see Supplementary Data). Normal, non-treated tubes
(N), and autoclaved tubes inoculated with microbial suspen-
sion or its cell-free filtrate (AM and AF) showed significantly
lower infections than tubes with no microbiome or microbial
metabolites (A, AW, and AA). It was already observed by Gyurkó
(1978) that microbes have a protective role in P. ostreatus produc-
tion, and bacteria may produce antifungal compounds against
moulds in Agaricus mushroom production substrate (Liu et al.
2015). Velázquez-Cedeño et al. (2004) showed that on a straw-
based cultivation substrate, bacteria reduced the competitive
ability of Trichoderma longibrachiatum against P. ostreatus. In a later
study (Velázquez-Cedeño et al. 2008), Bacillus spp. and Paenibacil-
lus polymyxa were identified as the taxa responsible for these
effects. This finding is consistent with our findings, as large
amounts of Firmicutes bacteria were found in the mature sub-
strate (Fig. 5, day 1 samples). Our results also unambiguously
showed that this protective role was developed not only by the
microbial community, but also by their secreted metabolites.
Antifungal activity of microbe cell-free supernatants has been
observed in several cases (Shehata et al. 2019; Xu et al. 2019), but
this is the first time that it has been described during P. ostreatus
production. Another important outcome is that inoculation with
a single antagonistic Bacillus sp. (AA) neither reduced hyphal
growth nor prevented contamination of the tubes.

Enzymatic activity of P. ostreatus
In the case of the 25 uninoculated control tubes and non-
colonized region of the inoculated tubes, higher enzymatic
activities (namely 1,4-β-xylosidase and endo-1,4-β-xylanase,
Fig. S7, Supporting Information) were measured only in tubes
characterised by higher contamination ratios (A, AW, and AA),
which can be explained by the hemicellulose degrading capac-
ity of Aspergillus sp. and Penicillium sp. (Andlar et al. 2018). In the
non-colonized regions of normal, untreated tubes only activi-
ties close to detection limits were measured, showing that the
microbial community of mature substrate prior to spawning
with P. ostreatus had a negligible effect on measured enzymatic
activities. Thus, for further analysis, only the enzymatic activ-
ity values of P. ostreatus-colonised regions were used, taking into
account the effect of contamination.

To test the effects of different treatments on the enzymatic
activities, new independent summary variables were created
from original enzymatic activities with PCA for the 1st and 2nd

periods separately (Table S3a, Supporting Information). Based
on the effect of contamination, a new explanatory variable was
introduced as ‘treatment type’ with two categories for treat-
ments having higher (A, AA, and AW) and lower (AM, AF, and
N) contamination values. According to the linear mixed-effects
model, the combination of regions in model tubes and treatment
type were the best explanatory variables (Table 3b, Supporting
Information; Fig. 7). The significant effect of the regions was due
to enzymatic activities of P. ostreatus in the cultivation model
(Fig. S7, Supporting Information) showing a similar temporal
trend as in the large-scale cultivation system (Bánfi et al. 2015).
In the 1st period, during substrate colonisation, lignin-degrading
enzymes were dominant, laccase in the region of front hyphae
and MnP in the 3-week-old colonised parts. Treatment type
slightly modified the actual values within a region. Unlike large-
scale production, xylanases showed higher activity in the region
of front hyphae, but only in the case of treatments with higher
contamination. Thus, xylanases were produced, or xylanases
were induced by the contaminating fungi. After inducing fruit-
ing body production, during the 2nd period, high cellulose, xylan,
and chitin-degrading enzyme activity were measured. Activities
were similar in the two regions (recently and older colonised),
but significantly different according to treatment type (Table
S3b, Supporting Information; Fig. 7), so P. ostreatus showed higher
activity in case of lower contamination (AM, AF, and N).

Potential role of bacteria during Pleurotus ostreatus production
Our results from large-scale mushroom production showed that
the bacterial community composition of the mature mushroom
substrate changed significantly during P. ostreatus production.
DNA-based methods used did not reflect the activity of the given
taxon, that is, whether the detected bacterium has an active
role during mushroom production. However, modest commu-
nity transformation during substrate colonisation and fruiting
body production compared to substrate production (Fig. 3C),
and the 5–10-fold reduction in relative bacterial 16S rRNA levels
observed in a similar cultivation model (Vajna, Frey-Klett and
Deveau 2013) support the idea of reduced bacterial activity in
general, but does not exclude the active role of some selected
lineages.
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Figure 7. Enzymatic activities in the experimental cultivation setup: Effects of regions and different treatment types on the new PCA-derived summary variables in
(A-C) 1st and (D) 2nd period. To understand which enzymes have a large impact on the respective principal components, see loadings in Table 3. ‘Treatment type’ was
introduced based on LM for contamination and has two categories: treatments having higher (A, AA, and AW) and lower (AM, AF, and N) contamination ratios (For
codes of the original treatments see Fig. 2A). Values show estimated marginal means ± standard error calculated from linear mixed-effects model. Upper letters show

significantly different groups based on Tukey’s post-hoc test. Lcc stands for laccase and MnP for manganese peroxidase.

In order to elucidate the role of microbes, the cultivation
model was used to determine how the presence and absence
of the known bacterial community affects P. ostreatus growth.
Our main result was that the presence of microbes or their cell-
free filtrate significantly decreased mushroom substrate con-
tamination, and increased carbohydrate utilisation of P. ostrea-
tus during fruiting body production. It is an important informa-
tion from P. ostreatus producers, that proper substrate produc-
tion (partial composting, pasteurisation, and conditioning) and
consequently adequate microbial community is needed to avoid
substrate contamination and because of this potential yield loss.
It is worth mentioning that role of microbes is dependent on the
mushroom species. In case of Agaricus bisporus primordia for-
mation requires the presence of Pseudomonas putida or a related
pseudomonad (Kertesz and Thai 2018).

Microbes play an important role prior to P. ostreatus colonisa-
tion, that is, they produce antimicrobial compounds (Nagy et al.
2012) during substrate production, which decrease the potential
of later infection by competitive microbes. They also increase
the accessibility of celluloses (Vajna et al. 2010). To test whether
some microbe exert further activities during mushroom coloni-
sation and fruiting body formation, or just survive in an inac-
tive form (Mcgee et al. 2017), metaproteomic studies (Alessi et al.
2017) and analysis of secreted metabolites (Pinu et al. 2018; Sen-
ges et al. 2018) would be required.

CONCLUSIONS

A definite succession of bacterial community composition dur-
ing colonisation and fruiting body production of P. ostreatus with

increasing dominance of the order Bacillales and Halomonas spp.,
and decreasing relative abundance of Thermus spp. and Acti-
nobacteria was described. In a cultivation model, it was proven
that the presence of these microbes or their cell-free filtrate sig-
nificantly decreased substrate contamination and increased cel-
lulase and hemicellulase activity of P. ostreatus during fruiting
body production. These findings support the hypothesis that the
bacterial microbiome plays an important role prior to P. ostrea-
tus spawning (e.g. by production of antimicrobial compounds,
increase the accessibility of celluloses), and later P. ostreatus
can use microbes partially to build their own biomass, but the
microbes or their cell-free filtrate have a role in inhibiting com-
peting microbes without hindering P. ostreatus growth.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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framework of TÁMOP 4.2.4. A/1–11-1–2012-0001 ‘National Excel-
lence Program’ (A1-MZPD-12–0166), the National Competitive-
ness and Excellence Program (NVKP 16–1-2016–0035), and partly
by the ELTE Thematic Excellence Program 2020 by the National
Research, Development and Innovation Office (TKP2020-IKA-05).

Balázs Vajna was supported by the János Bolyai Research
Scholarship of the Hungarian Academy of Sciences (Grant No.
BO/00 156/21/8).

Conflicts of interest. None declared.

REFERENCES
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Andlar M, Rezić T, Mard̄etko N et al. Lignocellulose degradation:
an overview of fungi and fungal enzymes involved in ligno-
cellulose degradation. Eng Life Sci 2018;18:768–78.

Baldrian P. Increase of laccase activity during interspecific inter-
actions of white-rot fungi. FEMS Microbiol Ecol 2004;50:245–53.
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