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Abstract

Different from other fungal species that can be largely cultivated in ‘axenic conditions’ using plant material (e.g., species
of Lentinula and Pleurotus in ‘sterile’ straw-based substrate), the commercial Agaricus bisporus cultivation system relies
heavily on ecological relationships with a broad range of microorganisms present in the system (compost and casing). Since
the A. bisporus cultivation system consists of a microbial manipulation process, it is important to know the microbial com-
munity dynamics during the entire cultivation cycle to design further studies and/or crop management strategies to optimize
this system. To capture the bacterial community ‘flow’ from compost raw materials to the casing to the formation and
maturation of mushroom caps, community snapshots were generated by direct DNA recovery (amplicon sequencing). The
‘bacterial community flow’ revealed that compost, casing and mushrooms represent different niches for bacteria present in
the cultivation system, but at the same time, a bacterial exchange between microenvironments can occur for a portion of the
community. Within each microenvironment, compost showed intense bacterial populational dynamics, probably due to the
environmental changes imposed by composting conditions. In casing, the colonization of A. bisporus appeared, to reshape
the native bacterial community which later, with some other members present in compost, becomes the core community in
mushroom caps. The current bacterial survey along with previous results provides more cues of specific bacteria groups that
can be in association with A. bisporus development and health.
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Introduction

In the agricultural sector, cultivation of mushrooms is an
important economic income for many regions around the
world [1, 2]. Among many mushroom species cultivated
on a commercial basis, Agaricus bisporus is the most culti-
vated in western countries [2, 3]. The USA alone produced
361,000 tonnes of A. bisporus in 2019, valued at US$ 1.09
billion [4]. Like other horticultural commodities, the cultiva-
tion of A. bisporus is an intensive food production system
carried out in indoor settings (controlled environment) year-
round and is highly efficient in terms of production per area
cultivated [4].
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A. bisporus is a poor competitor on the dead organic
matter; however, as a secondary decomposer it is specifi-
cally adapted to grow on partially decomposed humic-rich
plant material [1, 5]. Different from other cultivated fungal
species that can be largely cultivated in ‘axenic conditions’
using non-degrade plant material (e.g. species of Lenti-
nula and Pleurotus), the commercial A. bisporus cultiva-
tion system relies heavily on ecological relationships with a
broad range of microorganisms present in the system [6, 7].
In addition, some of these microorganisms can be harmful
to the cultivated fungus, developing parasitic or antagonistic
relationships (‘pathogens’). These microorganisms (benefi-
cial or not) coexist with A. bisporus in two heterogeneous
microenvironments; the compost and the casing layer, which
differ in nature and function. These two microenvironments
are merged in a sequential cultivation process that can be
divided into three main stages, compost preparation, com-
post/casing colonization and mushroom formation and har-
vest (Fig. 1).
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Fig. 1 Illustration of the Agaricus bisporus cropping process and
sampling time/points. * Samples: DO—mixed compost raw materi-
als; PI—compost sample at the end of phase I; PIl—compost sam-
ple at the end of phase II; PIIl—compost sample at the end of spawn
run; CoFl—compost sample during the first mushroom harvest;
CoF

The compost represents the major nutrient source for the
fungus mycelium and is made to produce a selective sub-
strate for A. bisporus. The heterogeneous mix of vegetal and
animal raw materials (e.g. wheat straw, horse manure and
chicken manure) needs to be partially depolymerized [8]
by other decomposer microorganisms during a two-phase
composting process [9, 10]. The remaining microbial com-
munity will then interact directly with the fungus mycelium
in subsequent cropping stages (compost/casing colonization,
and mushroom formation and harvest). The second micro-
environment is the casing layer (added on top of colonized
compost), which provides a suitable environment for mush-
room formation. Typically, the casing layer is composed of
peat moss with a high capacity to hold water and rich in
organic matter. In addition, it has been speculated that the
casing materials contain bacteria involved in the transforma-
tion of vegetative mycelial growth into fruiting body forma-
tion [11, 12]. Additionally, microbial populations found in
the casing material may contribute to diseases on mushroom
caps [13, 14]. Different than compost, the microbial com-
munities of casing materials are introduced to the system
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mixed peat moss; CaFl—casing sample during the first mushroom
harvest; CaF2—casing sample during the second mushroom har-
vest; CapFl—mushroom caps during the first harvest and; CapF2—
mushroom caps during the second harvest. On top of the figure is a
description (temperature graph) of the temperature during the Agari-
cus bisporus cultivation process

after the fungus mycelium is already well established, i.e.
ready to change into reproductive structures (mushrooms).

Indeed, the microbial ecology of the A. bisporus culti-
vation system has been continually studied since it gained
popularity in the second half of the last century [7, 12].
Portions of the cropping process were investigated regard-
ing microbial communities, and their ecological niche, e.g.
Vieira and Pecchia [10] and Cao et al. [15], investigated
the bacterial community dynamics during the two-phase
composting process, McGee et al. [16, 17] investigated
the microbial dynamics in compost during a commercial
cropping process, Taparia et al. [18] evaluated the micro-
bial community dynamics in different casing materials dur-
ing an experimental cropping process, Martins et al. [19]
investigated the bacterial community associated with blotch
disease using asymptomatic and symptomatic mushroom
caps collect from an organic farm and Carrasco et al. [20]
examined the microbial community dynamics in compost
and casing in a commercial cropping setting. These previ-
ous studies will be discussed along with the current results
when appropriate.
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Despite previous studies on the microbial ecology of the
system, it is still unclear as to the microbial community pat-
tern during the entire cultivation process, from compost raw
materials to the casing to the formation and maturation of
mushroom caps. Since the A. bisporus cultivation system
consists of a microbial manipulation process, it is impor-
tant to know the microbial community dynamics during the
entire cultivation cycle to design further studies and/or crop
management strategies to optimize this system. Thus, an
experimental design was set up attempting to capture the
bacterial community ‘flow’ (community snapshots generated
by direct DNA recovery, amplicon sequencing) within the
same microenvironment over time, between microenviron-
ments (compost and casing) and compared with bacterial
communities associated with mushroom caps.

Material and Methods
Cropping Process

The A. bisporus cropping trial was carried out using stand-
ards procedures at the Mushroom Research Center (https://
plantpath.psu.edu/research/centers/mushroom-research-
center) at Pennsylvania State University, PA, USA. The crop
process consisted of composting phases I and II, compost/
casing colonization, mushroom fructification and harvest
(Fig. 1 and Fig. S1). The compost formula was based on
wheat straw-bedded horse manure, dried poultry manure,
dried distiller’s grain and gypsum (Table S1). The raw com-
post materials (minus dried distiller’s grain) were mixed in a
Jaylor feed mixer (model S2545, Ontario, Canada) to reach
approximately 70% starting moisture. The mixed ingredients
(~3.5 tonnes, wet basis) were filled into a bunker with a
forced aeration system supplying fresh air to prevent anaero-
bic conditions. At day 3, the compost matrix was removed
from the bunker, mixed in the Jaylor feed mixer with the
addition of the dried distiller’s grain, watered and returned
to the bunker for an additional 3 days. At the end of phase I
(a total of 6 days), the compost matrix was removed from the
bunker, mixed and watered (to adjust the moisture to ~74%)
and transferred into a ‘pasteurization tunnel’ (rectangular-
shaped building) for phase II. The pasteurization tunnel is
designed with a forced aeration system supplying filtered
fresh air to prevent anaerobic conditions and to regulate the
temperature for pasteurization and conditioning. The tem-
perature and length for the phase II were set up at 60 °C for
4 h for pasteurization and 47 °C for 5 days for conditioning,
totaling 6 days of phase II. A day prior to spawning, the
temperature of conditioned compost was adjusted to 25 °C
by increasing the intake of filtered fresh air. Subsequently,
compost (with moisture of ~68%) was spawned at a rate of
3% (commercial strain of A. bisporus on millet grain, Triple
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X—Amycel, CA, USA) and the addition of 4% of commer-
cial supplement (Promycel gold [54% protein]—Amycel,
CA, USA). Spawn and supplement ratios were based on
dry weights of compost. For phase III, 22.5 kg of spawned
and supplemented compost (wet weight) was transferred to
rectangular PVC containers (35-cm height, 70-cm length
and 50-cm width) before transferred to growing rooms. The
spawn run (compost colonization, PIIT) was carried out with
temperature of compost adjusted to 24-25 °C and air humid-
ity of 95%, in the dark, until complete compost colonization,
16 days. A commercial casing material (Scotts sphagnum
peat moss, Ontario, Canada) was mixed in a mixer with
crushed agricultural limestone to raise the pH to near 8.0,
CAC (mycelium used for casing, Triple X—Amycel) and
water prior to adding to the top of the colonized compost.
Approximately 10 kg of peat moss with moisture adjusted
to~75% was placed on top of colonized compost, forming a
5-cm layer. From there, casing colonization took place, and
after ~ 17 days mushroom started being picked. Mushrooms
were picked in two harvest cycles with an interval of 8 days
between. Mushrooms were harvested based on their size and
maturity (2—4 cm in diameter) and were weighed for yield
calculations. The whole cultivation process was completed
within 60 days (from composting day O to the second mush-
room harvest), and biological efficiency for 2 cycles was
approximately ~60% (g of mushrooms [wet wt.] per g of dry
compost from phase II).

Sampling, DNA Extraction and Sequencing

Samples were taken from 11 time/points during the cultiva-
tion process including compost, casing and mushroom caps,
and each sample represents a ‘community snapshot’ at that
moment (Fig. 1 and Fig. S1). Compost samples were col-
lected at the beginning of composting (DO—mixed compost
raw materials), at the end of phases I, II and III (PI, PII
and PIII) and in the middle of the first and second harvests
(CoF1 and CoF2). Compost samples DO and PI were taken
at three different times during unloading of the mixer. The
PII compost samples were collected in the same way, three
different times during unloading of the Phase II tunnel. Dur-
ing the cropping process, compost samples were taken from
destructive experimental units (compost blocks), i.e. three
independent compost blocks were destroyed for each time/
point (PIII, CoF1 and CoF2). For casing, samples were col-
lected on casing day in three different times during unload-
ing of the mixer (Ca—mixed peat moss) and in the middle
of the first and second harvests (CaF1 and CaF2). Mushroom
samples were collected during the middle of the first and
second harvests (CapF1 and CapF2). For mushrooms, 10
mushroom caps (2—4 cm in diameter) were randomly col-
lected in each compost block. After collecting mushroom
caps, 200 g of casing and compost was taken as well. In this


https://plantpath.psu.edu/research/centers/mushroom-research-center
https://plantpath.psu.edu/research/centers/mushroom-research-center
https://plantpath.psu.edu/research/centers/mushroom-research-center

Bacterial Community Patterns in the Agaricus bisporus Cultivation System, from Compost Raw... 23

way, the mushrooms, casing and compost samples during
the cropping process originated from the same experimental
unit (compost block). All samples were collected in tripli-
cate (i.e. three samples for each time/point) and were used
as individual samples for DNA extraction, PCR amplified,
library preparation and sequencing.

All samples were collected and immediately frozen in
liquid nitrogen and stored at— 80 °C until genomic DNA
(gDNA) extraction. After removing from storage, samples
were freeze dried, and 10 g of each sample was homog-
enized (by making a fine powder); 50 mg of the fine powder
was used for gDNA extraction using a FastDNA Spin Kit for
Soil (MP Biomedicals, OH, USA) following the manufac-
turer’s instructions. Positive control samples were included
during the library preparation, which consisted of gDNA of
a commercial mock community (ZymoBiomics Microbial
Community DNA Standard II, CA, USA) with 8 species of
bacteria. The gDNAs were checked for concentration using
Qubit dsDNA BR Assay Kit and visualized by agarose gel
electrophoresis (agarose 1%, voltage 150 V for 40 min).
Normalized gDNA samples (30 ng) were amplified using a
dual-indexing approach [21] with primers (515F and 806R)
targeting the V4 region of the 16S rRNA gene [22]. Subse-
quently, Agencourt AMPure XP beads (Beckman-Coulter
Life Sciences) were used to purify PCR products followed
by a qualification using Agilent 2100 bioanalyzer. Purified
PCR products were normalized and sequenced using a 250
PE kit in a HiSeq 2500 Illumina platform at the Beijing
Genomic Institute.

Sequence Processing and Bioinformatics Analyses

The resulting read files (Fastq files) were processed using
the DADA2 R package version 1.16.0 [23] in RStudio ver-
sion 1.4.1103 [24] and R version 4.02 [25]. Raw reads were
checked for ambiguity (zero Ns were allowed), and primer
removal (forward and reverse) was performed by cutadapt
command-line tool version 2.8 [26] as a plugin in DADAZ2.
Subsequently, reads were inspected for their quality score,
and reads < Q 30 were removed from the dataset. High
quality reads (220 bp and 220 bp for forward and reverse
reads, respectively) were then merged, with a read aver-
age length of 253 bp (length threshold chosen for the V4
region was 250-260 bp and sequences shorter or longer were
removed). After chimera removal, the remaining sequences
were aligned using a naive Bayesian classifier method [27]
against Silva 16S rRNA database version 138.1 [28]. The
DADA? output files (taxonomic assignment and abundance
of sequences) were manipulated by phyloseq R package ver-
sion 1.34.0 [29]. The sequencing and data processing ‘evalu-
ation of accuracy’ was carried out by simply checking the
presence and absence of sequences in the positive samples
(commercial mock community). All 8 sequences from the

mock community were recovered in positive control sam-
ples. The dataset was pruned, and classified sequences only
at the bacteria domain (i.e. no taxonomic classification at
phylum level and beyond, 225 sequences) were removed
prior to some downstream analyses. Most of the analyses
were carried out using unrarefied and rarefied data for com-
parison and were discussed if appropriated. To facilitate the
display of results, candidate phyla were removed (NB1-j,
MBNT15, SAR324 clade, WPS2, WS1 and WS4, 138
sequences in total). Datasets rarefied or not (to the sample
with the fewest number of reads) and pruned (exclusion of
candidate phyla) or not can be accessed in the supplemental
material (Tables S2-S4).

Taxa distribution, community profile, core community
and taxa prevalence calculations and visualization were
carried out using R packages, MiscMetabar version 0.20
(http://github.com/adrientaudiere/Miscmetabar), microbi-
ome version 1.10.0 [30] and phyloseq. Beta diversity indexes
were calculated using Bray—Curtis [31] between microen-
vironments and unweighted Unifrac [32] within the same
microenvironment and for samples from different microen-
vironments. Both ecological metrics were visualized using
Non-metric Multi-dimensional Scaling (NMDS) plots with
phyloseq and ggplot2 R package version 3.3.3 [33]. Analy-
sis of variance for beta diversity indices was performed by
Adonis and pairwise PERMANOVAs with vegan R package
version 2.5-7 [34].

Alpha diversity measures were calculated and visualized
using richness, Shannon and Simpson indices with phyloseq.
Normality test (Shapiro—Wilk) and Q-Q plots of the residu-
als were performed using stats R package version 4.0.2 [25]
which showed a non-normal distribution for the dataset, and
a non-parametric test (Kruskal-Wallis) was used. Post hoc
test using Dunn’s test was performed using FSA R package
version 0.8.32 [35] with adjustment for p values using Bon-
ferroni correction.

Results

The bacterial community succession displayed below
was based on community snapshots generated by direct
DNA recovery of samples from major crop stages (Fig. 1,
Fig. S1). After sequence processing, more than half of the
raw sequences (~62%) remained for taxonomic assignment
(Table SS5). Sequencing depth showed high coverage trend
to casing and mushroom samples (Fig. S2). In the mock
community, seven of eight SVs (sequence variants) were
recovered with a matching score of 100% with reference
sequences, and one SV had an alignment of 97% similarity
(data not shown). Based on unrarefied and unpruned data,
3776 SVs were detected, and 33 of them were singletons
(SVs present only in one sample) (Table S3). The percentage
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of sequences classified below the phylum level decreased as
follows: Class 99%, Order 97%, Family 90% and Genus 70%.
At the species level, 245 SVs compressing ~ 17% of total
sequences were classified with a matching score of 100%
with the reference sequences (silva database version 138.1).

Without any data treatment associated with taxonomy
assignments, 35 bacterial phyla were identified globally
(all samples, Table S3). From there, 6 phyla with the status
of ‘candidate phyla’ (Table S4) and SVs classified only at
Bacteria domain were removed from the dataset for some
visualization analyses (a total of 15 SVs compressing 353
sequences). Among the remaining 29 phyla, Proteobacte-
ria, Firmicutes, Actinobacteriota and Bacteroidota were the
most abundant, comprising 90% of total sequences (Fig. 2a
and Table S4). Some phyla appear to have specificity dis-
tribution patterns regarding the microenvironment (Fig. 2b
and Fig. S3), e.g. Firmicutes in compost (Fig. S4, samples
DO, PI, PII, PIII, CoF1 and CoF2) and Bacteroidota in
mushroom caps (Fig. S5, samples CapF1 and CafF2). On
the other hand, some phyla were more uniformly distrib-
uted in all microenvironments, e.g. Proteobacteria (Fig. 2b
and Fig. S6), while others were more uniformly distributed
between microenvironments adjacent to each other, e.g. Act-
inobacteriota in compost and casing (Fig. S7). Between crop
stages, phyla distribution tended to be consistent within the
same microenvironment (Fig. 3a), e.g. Firmicutes in com-
post (DO, PI, PII, PIII, CoF1 and CoF2) and Bacteroidota in
mushroom caps (CapF1 and CafF2).

At a low taxonomic level, approximately 630 genera and
245 species were identified, and 14 SVs/species had a rela-
tive abundance higher than 1% within species level, Fig. 3b.
As in higher taxonomic level (e.g. phylum), the distribution
of species displayed specificity patterns related to the micro-
environment. Beta diversity indices were used to compare
community composition between microenvironments, within
the same microenvironment over time or for different time/
points between microenvironments (Fig. 4a—b, Table S6).
Between microenvironments, community composition was
significantly different (p <0.05) between compost and mush-
rooms. Within the same microenvironment, over time, com-
munity composition in compost was significantly different
(p <0.05) between early and late crop stages. Mixed compost
raw materials (D0) and post thermophilic stage (PI) were the
most different (p <0.05) compared with all other compost
samples, while mature compost (PII) was significantly dif-
ferent than compost samples at harvest (CoF1 and CoF2).
Colonized compost (PIII) was significantly different than
compost samples from second harvest (CoF2). In casing
and mushroom microenvironments over time, community
composition did not differ (p > 0.05). For different time/
points between microenvironments, compost samples from
early crop stages (DO, PI and PII) were significantly differ-
ent (p <0.05) than casing samples (Ca, CaF1 and CaF2).
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Colonized compost (PIII, CoF1 and CoF2) and colonized
casing (CaF1 and CaF2) did not differ (p > 0.05). Mush-
room caps (CapF1 and CapF2) were significantly different
(» <0.05) compared to all other samples.

Alpha diversity measures (richness, Shannon and Simp-
son) were compared as beta diversity, i.e. between micro-
environments, or within the same microenvironment over
time or for different time/points between microenvironments
(Fig. 5a-b and Table S7). Community diversity tends to
be higher in compost comparing to casing and mushroom
samples. Independently of the alpha metric tested with or
without rarefied data, significant differences (p < 0.05) were
observed between the compost and mushrooms. For some
alpha diversity metrics, compost was significantly differ-
ent (p <0.05) than casing. Within the same microenviron-
ment, community diversity over time in compost was not
significantly different (p > 0.05) as well as compared with
casing samples (p > 0.05). In mushrooms, alpha diversity
values were not significant (p > 0.05) between the first and
second harvest (CapF1 and CapF2). Significant differences
(p <0.05) were observed between samples from different
microenvironments, mixed compost raw materials (D0) and
mushroom (CapF1 and CapF2), mixed compost raw materi-
als and casing raw materials (Ca) and compost PI and mush-
rooms (CapF1).

The core community (SV/species level) was calculated
globally (all samples), within the same microenvironment
and between microenvironments (Table S8). Arbitrarily, a
threshold of 1% detection (taxa with at least 1% relative
abundance) and 50% prevalence (taxa present in at least 50%
of samples) was used for the analyses. The global core com-
munity was represented by 1 SV. Within the same micro-
environment, the core community in compost was repre-
sented by 11 SVs while in casing 13 and mushrooms 13.
Between microenvironments, compost and casing shared 3
SVs and compost and mushroom 6 SVs while casing and
mushroom shared 10 SVs. A second threshold (1% detec-
tion and 100% prevalence) was used to calculate the core
community within the same microenvironment and com-
post had 1 SV while casing 2 and mushrooms 4. Comparing
compost-casing-mushroom samples at the same crop stage
using a threshold of 1% detection and 100% prevalence did
not detect any SV among these samples (i.e. CoF1-CaF1-
CapF1 or CoF2-CaF2-CapF2).

Discussion

Microorganisms present in compost and casing microenvi-
ronments cohabit and interact with A. bisporus, and such
ecological relationships are described as important driver
factors of mycelial growth and fruiting bodies development
as detailed in previous reviews [6, 7, 12, 16]. The results of
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Fig.2 a Absolute number of
bacterial sequences at the phy-
lum level. b Absolute number
of bacterial sequences at the
phylum level distributed by
microenvironments (compost,
casing and mushrooms)

the current work combined with previous findings provide
more cues of microbial community patterns in the A. bispo-
rus cultivation system which perhaps can contribute to crop
management programs focusing on microbial manipulation.
Our contribution is an assessment of the bacterial commu-
nity dynamics over time in different microenvironments of

the A. bisporus cultivation system (compost, casing and
mushrooms).

The cultivation process starts with the substrate prepara-
tion (i.e. composting) which is the major event contributing
to bacterial community shifts in the compost microenviron-
ment (Figs. 4a and 5a). The bacterial communities present
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Fig.3 a Relative abundance of sequences at the phylum level distributed by crop stages. b Absolute number of sequences at the species level

distributed by microenvironments

in the heterogeneous mix of vegetal and animal sources
were reshaped by environmental conditions imposed by
the composting process (carbon and nitrogen ratios, water
content, piling up effect, temperature, etc.), and such envi-
ronmental conditions affect the rise or decline of certain
bacterial populations in a short period of time. For example,
sequences of Thermus sp. (SV9, Deinococcota, Table S3)
were recovered in residual levels in mixed compost raw
materials (DO) but increased to ~36,000 sequences after
PI. After PII, sequences of Thermus sp. dropped to residual
levels. However, sequences of Pseudomonas formosensis
(SV22, Proteobacteria, Table S3) decreased from ~ 16,000
in mixed compost raw materials (DO) to residual levels after
PI and subsequent crop stages. Despite intense population
shifts between pre- or post-thermophilic periods (DO to PI
and to PII), the decreasing trend in community diversity
was not significantly different (p > 0.05). On the other hand,
community composition shifted significantly between pre-
and post-thermophilic periods, DO, PI and PII (Fig. 4b and
Table S6). After the composting process, the presence of
A. bisporus mycelium and supplement did not significantly
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affect community diversity and composition in compost over
time.

The core community in compost was formed by a few
members of Firmicutes, Proteobacteria and Actinobac-
teriota (11 SVs compressing ~ 15% of total sequences,
Table S8), and previous studies have reported a large num-
ber of sequences that belong to these phyla in compost
during preparation [10, 15] or in colonized compost [20].
Sequences of Firmicutes were the most abundant, especially
during the thermophilic stage (PI). This trend may indicate
the ability of Firmicute members to grow and/or survive
in environmental conditions imposed during PI (e.g. high
temperature and high levels of ammonia [10]). Almost half
of the total sequences at the end of PI belong to the fam-
ily Bacillaceae (Firmicutes, Fig. S8), which is composed of
rod-shaped bacteria known to form endospores and survive
adverse physical and chemical conditions [36]. Within the
Bacillaceae family, Bacilli and Clostridia were the most
abundant members, and Bacilli have been speculated to
play a role in compost selectivity. Some species of Bacil-
lus (Bacilli) are present in compost raw materials and can
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act as a biological control agent against certain pathogens,
e.g. Trichoderma (green mold disease) [37, 38]. In addi-
tion, inoculants of Bacillus spp. are commercially available
for application in matured compost (PII) and/or casing to
control green mold. On the other hand, the impact of native
populations of Bacillus spp. on compost fitness against dis-
eases occurrence is still unknown. In the current survey,
16 SVs that belong to Bacillus were identified in compost,
comprising just a few sequences (~2500 sequences), and
the majority of them were recovered in colonized compost
(PIII, CoF1 and CoF2, Tables S3—-S4). In casing, 9 of these
SVs (Bacillus sp.) were detected in residual levels, and in
mushrooms 1 SV was detected in residual level. Besides Fir-
micutes, sequences of Proteobacteria were detected in large
amounts, and Rickettsiales comprised ~40% of sequences
within the phylum. The majority of Rickettsiales sequences
were recovered during compost conditioning (PII) and col-
onized compost (PIII, CoF1 and CoF2). Previous studies
investigating the microbial changes in different compost-
ing settings (aerobic and vermicomposting of green waste)
reported the presence of sequences of Rickettsiales [39, 40].

140000 160000

§ Thermobifida alba

W . . .
& Flavobacterium arsenitoxidans

o 1ev0®

Chalativorans composti

Some of their members are pathogenic to eukaryotes includ-
ing humans [41]. Sequences of Leitomonas sp. and Chela-
tivorans sp. were the second and third most abundant genera
found within Proteobacteria. These two genera are known to
play an important role in biomass degradation in composting
processes [42]. Actinobacteriota was the third most abun-
dant phylum in compost, and sequences of Thermobifida
sp. were recovered in large amounts within the phylum. In
addition, sequences of Thermobifida sp. were found in all
microenvironments. Zhang et al. [43] reported Thermobifida
sp. as a common isolate in mature compost, and it appeared
that they are involved with organic matter cycling.

Similar to compost, casing materials carry bacterial com-
munities from adjacent environments (typically peat moss),
and when it is incorporated into the system, environmen-
tal changes reshape the community (e.g. inoculation of A.
bisporus, water content, application of supplements and/
or pesticides, etc.). The casing layer is not thought to be
a nutritive source for the mushroom mycelia like the com-
post, but it provides a suitable environment for the trans-
formation of vegetative mycelium into fruiting bodies [9,
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Fig.4 a Beta diversity indices a
calculated by microenviron-
ment. b Beta diversity indices
calculated between crop stages.
Samples: DO—mixed compost
raw materials; PI—compost
sample at the end of phase I; 10-
PII—compost sample at the

end of phase II; PIII—compost

sample at the end of spawn run;
CoFl—compost sample during 051
the first mushroom harvest;
CoF2—compost sample during
the second mushroom harvest;
Ca—mixed peat moss; CaF1—
casing sample during the first
mushroom harvest; CaF2—cas-
ing sample during the second
mushroom harvest; CapF1—
mushroom caps during the first
harvest and; CapF2—mushroom
caps during the second harvest 10-

Bray-Curtis (Stress = 0.06)

NMDS2

0.0~

-0.5-

" Unweighted UniFrac (Stress = 0.03)

0.1+

NMDS2

0.0~

0.1+ S

12]. As observed in compost, population shifts occur in
the casing microenvironment when the raw casing (Ca) is
incorporated to the system. For example, sequences of Fla-
vobacterium arsenitoxidans (SV 1, Bacteroidota, Table S3)
increased from residual levels in raw casing (Ca) to~ 17,000
in colonized casing (CaF1). In mushrooms (CapF1 and
CapF2), sequences of F. arsenitoxidans were recovered
in large numbers (~ 56,000 sequences). On the other hand,
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sequences of Massilia sp. (SV16, Proteobacteria, Table S3)
decreased from raw casing (~ 10,000 sequences) to residual
level in colonized casing (CaF1 and CaF2). In mushrooms,
sequences of Massilia sp. (SV16) were recovered in residual
levels.

Even with a certain populational dynamics between
uncolonized (Ca) and colonized casing (CaF1 and CaF2),
the increasing trend in community diversity, as well as shifts
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Fig.5 a Alpha diversity metrics calculated between crop stages. b
Alpha diversity metrics calculated by microenvironments. Samples:
D0—mixed compost raw materials; PI—compost sample at the end
of phase I; PIl—compost sample at the end of phase II; PIIl—com-
post sample at the end of spawn run; CoFl—compost sample during

in community composition, was not significantly different.
The casing microenvironment was less diverse than com-
post, and Proteobacteria and Bacteroidota (former Bacteroi-
detes) phyla comprised the majority of sequences, forming
the core community in casing (Table S8). Previous studies
have reported a large number of sequences that belong to
Proteobacteria and Bacteroidota in the casing microenvi-
ronment during the mushroom cropping process [18, 20].
Proteobacteria appear to be the most abundant phylum in
the casing microenvironments, and among several members,
sequences of Pseudomonadaceae were recovered in large
numbers in the casing and mushrooms. In some cases (using
dependent-culturable methods, i.e. isolation of bacteria from
casing), members of Pseudomonadaceae represented up to
80% of the bacterial community recovered in casing micro-
environments [11].

Compared with compost and casing materials in
which the bacterial community loads come from adjacent

NN NN
N RS S chg‘rf‘;@‘

N
S

o N N N N
& N QQQ§Q§Q<<,§O&0

oS &

the first mushroom harvest; CoF2—compost sample during the sec-
ond mushroom harvest; Ca—mixed peat moss; CaFl—casing sample
during the first mushroom harvest; CaF2—casing sample during the
second mushroom harvest; CapFl—mushroom caps during the first
harvest and; CapF2—mushroom caps during the second harvest

environments, the bacterial community that resides on
mushroom caps is formed by recruiting microorganisms
already present in casing and/or compost. Unfortunately,
samples of water, air, tools and other potential sources of
bacteria at the production facility were not collected. Cas-
ing materials appear to be the major source of microorgan-
isms that reside on mushroom caps, and three genera (Pseu-
domonas, Pedobacter and Flavobacterium) comprised 2/3 of
the total sequences on mushroom caps (Table S4). Among
them, Pseudomonas (Proteobacteria, Pseudomonadaceae)
probably are the most well-known regarding ecological rela-
tionships with A. bisporus [12, 13, 19, 44]. Globally, 33 SVs
(~0.8% of total SVs) were classified as members of Pseu-
domonas, and 7 of them were classified at the species level
(P. formosensis, P. pertucinoger, P. mendocina, P. oleo-
vorans, P. saudimassiliensis, P. flexibilis and P. alcaligenes,
Table S3). In raw compost (DO0), 21 SVs (Pseudomonas sp.)
were detected, and half of them were detected at the end
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Fig.5 (continued)

of the composting process (PII). Most of Pseudomonas
sequences in compost were detected in residual levels, except
SV22 P. formosensis in raw compost (D0), which dropped
to residual levels at the end of the composting process. In
raw casing, 10 SVs (Pseudomonas sp.) were detected, and
two of them comprised a large number of sequences (SV3
and SV4). Searching in a broader database (NCBI nucleo-
tide collection), SV3 and SV4 had a match score of 100%
(253/253 bp) with P. putida (GenBank: MT641244.1 and
MTO065816.1, respectively), a bacterium known to stimulate
mushroom fruit body formation [12, 44]. In mushroom caps,
15 SVs (~ 1.5% of total SVs) were classified as members of
Pseudomonas, comprising ~33% of the total sequences in
mushroom caps (CapF1 and CapF2). The major sequences
of Pseudomonas found in mushroom caps were also detected
in large number in the casing microenvironment, e.g. SV3
and SV4 (Table S3). Besides Pseudomonas, two other gen-
era comprised a large number of sequencing in mushroom
caps, Flavobacterium and Pedobacter (Table S3), and such
genera have been less studied regarding their potential rela-
tionships with A. bisporus. It is worth noting that together,
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these three genera (71 SVs) comprised ~2/3 of the total
sequences found in mushroom caps in the current study.
Comparing the bacterial community between microen-
vironments, the compost microenvironment tends to be
more diverse than the casing and mushrooms. However,
previous studies have reported opposite trends. Carrasco
et al. [20] evaluated the bacterial community dynamics in
compost and casing over time in commercial settings and
found that compost samples were less diverse than the
casing, leading to the hypothesis that the application of
casing on top of colonized compost (PIII) promoted bacte-
rial translocation from casing to compost which increased
the community diversity in the compost microenvironment
over time. In the current survey, the community diversity
in raw casing tended to increase after contact with com-
post, and the ‘bacterial motility’ appeared to occur from
compost to casing (even watering the casing during the
crop process). Besides bacterial mobility, Taparia et al.
[18] investigated the microbial dynamics in different cas-
ing materials, and threefold higher diversity index values
were reported compared with the current results and with
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the study of Carrasco et al. [20]. It is unclear if these vari-
ances in community diversity between studies are results
of biological differences (casing materials, crop manage-
ment, etc.) or differences of methodological strategies
(DNA extraction, primers, bioinformatics analyses pipe-
lines, etc.). Perhaps, a metanalyses (i.e. large collection of
datasets) using different datasets can help elucidate some
of this differences. In addition, the current analysis of the
bacterial communities based on amplicon sequencing as
well as others presented here only represents snapshots
of the communities in the A. bisporus cultivation system,
and future research may look into the functionality of this
communities with hopes to understand the association of
A. bisporus and bacteria in a community level.

This attempt to capture the ‘bacterial community flow’
(from raw materials to the mushroom caps) in the A. bispo-
rus cultivation system revealed that compost, casing and
mushrooms represent different niches for bacteria present
in the cultivation system, but at the same time, a bacte-
rial exchange between microenvironments can occur for a
portion of the community. Looking within each microen-
vironment, compost showed intense bacterial populational
dynamics, probably due to the environmental changes
imposed by composting conditions. In casing, the coloniza-
tion of A. bisporus appeared, to reshape the native bacterial
community which later, with some other members present in
compost, becomes the core community in mushroom caps.
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