
ENVIRONMENTAL MICROBIOLOGY

An Exploration into the Bacterial Community
under Different Pasteurization Conditions during Substrate
Preparation (Composting–Phase II) for Agaricus bisporus
Cultivation

Fabricio Rocha Vieira1,2 & John Andrew Pecchia1

Received: 24 March 2017 /Accepted: 27 June 2017 /Published online: 20 July 2017
# Springer Science+Business Media, LLC 2017

Abstract Substrate preparation (i.e., composting) for
Agaricus bisporus cultivation is the most critical point of
mushroom production. Among many factors involved in the
composting process, the microbial ecology of the system is the
underlying drive of composting and can be influenced by
composting management techniques. Pasteurization tempera-
ture at the beginning of phase II, in theory, may influence the
bacterial community and subsequently the Bselectivity^ and
nutrition of the final substrate. Therefore, this hypothesis was
tested by simulation in bioreactors under different pasteuriza-
tion conditions (57 °C/6 h, 60 °C/2 h, and 68 °C/2 h), simu-
lating conditions adopted by many producers. Bacterial diver-
sity, based on 16S ribosomal RNA obtained by high-
throughput sequencing and classified in operational taxonom-
ic units (OTUs), was greater than previously reported using
culture-dependent methods. Alpha diversity estimators show a
lower diversity of OTUs under a high-temperature pasteuriza-
tion condition. Bacillales order shows a relatively higher OTU
abundance under a high-pasteurization temperature, which al-
so was related to high ammonia emission measurements. On
the other hand, beta diversity analysis showed no significantly
changes in the bacterial community structure under different

conditions. Agaricus bisporus mycelium growth during a
standard spawn run period was significantly slower in the
compost pasteurized at high temperature. Since the bacterial
community structure was not greatly affected by different pas-
teurization conditions but by-products left (e.g., ammonia) at
the end of compost conditioning varied, further studies need to
be conducted to determine the functional role of the microbial
communities found during substrate preparation for Agaricus
bisporus cultivation.
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Introduction

Agaricus bisporus (both button and portabella mushroom)
cultivation contributes greatly to the agriculture economy
in the USA, which in 2015 produced approximately
418,000 t valued at 1.19 billion USD [1]. Among many
factors involved in A. bisporus production, substrate prep-
aration (i.e., composting) is considered the most critical
step. Mushroom substrate preparation is a complex biolog-
ical process to manage and represents a major cost for
mushroom producers.

The meticulous substrate preparation process has improved
over recent years by utilizing specific composting materials
such as straw-bedded horse manure, wheat straw, mulch hay,
corn stover, poultry manure, grain distillers waste, oilseed
meal, and gypsum [2, 3]. However, it is still based on a simple
understanding of phase I and II composting concepts devel-
oped during the last century [4–6]. Phases I and II composting
is a continuous process but varies in the nature and function of
each phase. Phase I can be carried out in a rick (outdoor wind-
row) or an aerated bunker (indoor) over a 5–14-day period,
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depending on the raw materials and composting system. The
intense microbial activity releases heat (temperatures can ex-
ceed 80 °C within 24–36 h) and breaks down complex carbo-
hydrates such as cellulose and hemicellulose, resulting in a
lignin-humus complex [2, 7]. Phase II has two main objec-
tives, pasteurization and conditioning. Both stages are execut-
ed in a controlled environment, either in aerated tunnels
(rectangular-shaped buildings containing bulk compost) or
in a growing room (shelf beds or trays) under specific temper-
ature regimes. Pasteurization temperatures are reached in tun-
nels by self-heating and by utilizing steam if done in growing
rooms. Pasteurization set points typically range between 57
and 62 °C for 2–8 h to kill insects, nematodes, competitor
species, and pathogens. Conditioning temperature ranges are
typically between 47 and 48 °C for 5–8 days and is necessary
to remove the ammonia formed during phase I and to establish
a beneficial microbiota which can feed and stimulate
A. bisporus growth [7–10].

The microbial ecology of the substrate is the underlying
drive of the composting processes and has been the impetus
of several studies in the past. This effort to isolate microor-
ganisms in culture and subsequently identify by morpholo-
gy, and more recently by molecular analyses, has been in-
vestigated to look for a relationship with A. bisporus growth
and/or yield [11–17]. The majority of these reports [11–15]
focused on thermophilic bacteria and fungi such as
Scytalidium, Torula, Chaetomium, Humicola, Mucor,
Penicillium, Aspergillus, Monilia, Fusarium, Epicoccum,
Trichoderma, Nocardia, Pseudonocardia, Streptomyces,
Thermoactinomyces, Thermomonospora, Talaromyces, and
Stibella, which are typically cultured in the laboratory (cul-
ture-dependent methods). More recently [16, 17], a finger-
print and library clones sequencing methods was used to
reveal the presence of certain bacterial orders during
composting for A. bisporus cultivation such as Bacillales,
Xanthomonadales, Clostridiales, Pseudomonadales,
Themales, Halanaerobiales, Thermoanaerobacteriales,
Actinomycetales, and Acidimicrobiales. The bacterial succes-
sion previously identified during composting should be
reinvestigated, since in recent years, improvements in mo-
lecular biology tools have expanded the microbiology fron-
tiers, revealing that a vast majority of bacteria found in en-
vironmental samples were not able to be cultured in the
laboratory [18–20]. In addition, recent studies [21, 22] using
high-throughput sequencing revealed the presence of bacte-
rial 16S rRNA sequences for several phyla during
composting processes (Verrucomicrobia, Spirochaetes,
Proteobacteria, Planctomycetes, Gemmatimonadetes,
Firmicutes, Chloroflexi , Chlorobi , Bacteroidetes ,
Actinobacteria, and Acidobacteria). These observations
were done based on waste composting management (over
time and compost recipes) with samples taken over long
periods of time (months).

Different from a conventional manure or waste
composting, with the goal of making a stable soil organic
amendment, substrate preparation for A. bisporus is an ex-
tremely controlled, high-temperature system that occurs
for a much shorter period of time. The microbial ecology
of this system is not well understood and can be influenced
by temperature management during phase II [23–25].
Since the conditioning step is recognized as fundamental
to compost preparation, the adjustment of temperature at
the beginning of phase II (pasteurization), in theory, can
modify the bacterial community for the subsequent condi-
tioning step and ultimately affect the compost selectivity
for A. bisporus cultivation. Therefore, the objective of this
work was to use a culture-independent method (direct re-
cover amplicon) was used to evaluate the bacterial commu-
nity changes under different phase II temperature regimes
during pasteurization in an experimental composting
system.

Material and Methods

Composting Phases I and II

Phase I composting was prepared at the Mushroom Research
Center (MRC) at The Pennsylvania State University,
University Park campus, PA, USA, in an aerated bunker, fol-
lowing standard methods, followed by phase II composting
simulated in bioreactors. The standard formula consisted of
wheat straw-bedded horse manure, dried poultry manure, dried
distiller’s grain, and gypsum (Table S1). The raw materials
were mixed in a Jaylor® feed mixer to reach approximately a
60% starting moisture. The mixed ingredients were filled into a
bunker with a forced aeration system supplying fresh air to
prevent anaerobic conditions. At day 3, the compost was re-
moved from the bunker, remixed, watered, and returned to the
bunker for an additional 3 days, totaling 6 days of phase I. In
phase II, bioreactors were adapted to simulate three different
pasteurization conditions, 57 °C/6 h, 60, °C/2 h, and 68 °C/2 h
(Fig. 1). Four-liter reactors were made from 15.2-cm-diameter
polyvinyl chloride (PVC) pipe, compost was supported on a
rigid, and stainless steel grid was fixed 5 cm from the bottom of
the reactor. Fresh humidified air was supplied to the bottom of
the bioreactors through plastic tubing, providing an aerobic
condition for the compost (Fig. S1). Each bioreactor was filled
with 1.5 kg of fresh compost collected immediately at the end
of phase I, and three replicates were applied for each time/
temperature combination during the different pasteurization
conditions. After pasteurization, the transition from pasteuriza-
tion to conditioning was managed quickly and adjusted to a
constant conditioning temperature at 47 °C for 6 days, similar
to commercial production practices.
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Sampling and DNA Extraction

Samples were obtained from eight different points during
the composting period: mixed raw materials at the begin-
ning of phase I (D0), at the end of phase I (D6), after
pasteurization (P57, P60, and P68), and after conditioning
(C57, C60, and C68) (Fig. 1). For each sampling point/
period, three samples were collected and immediately fro-
zen in liquid nitrogen and kept at −80 °C until DNA
extraction. Briefly, 10 g of frozen compost were trans-
ferred to a 50-ml falcon tube with 30 ml of saline solution
(NaCl–0.9%, w/w), shook for 6 h on an orbital table at
150 rpm, and 12 ml of the supernatant was transferred to a
15-ml falcon tube. The supernatant was centrifuged at
4000 rpm for 20 min at 4 °C, and 300 mg of the pelletized
cells was used for DNA extraction using PowerLyser™
PowerSoil DNA Isolation Kit (Mo Bio, Carlsbad, CA,
USA) fo l l ow ing manu f a c t u r e r ’s i n s t r u c t i on s .
Subsequently, extracted genomic DNA was visualized in
an agarose gel (1%, 100 v for 45 min) and quantified
using a spectrophotometer (NanoDrop, 2000c model,
Thermo Scientific). To improve the genomic DNA quali-
ty, a DNA cleanup kit was used (PowerClean Pro DNA
kit—Carlsbad, CA, USA) to remove humic acids and oth-
er PCR inhibitory substances with a subsequent visualiza-
tion in agarose gel and quantification in a spectrophotom-
eter following the cleanup step.

Library Preparation and Sequencing of Bacterial
Ribosomal Markers 16S rRNA

The V4 variable region of the 16S ribosomal RNA gene was
amplified in triplicate (pooled after amplification) using
primers F515 5′-GTGCCAGCMGCCGCGGTAA-3′ and
R806 5′-GGACTACHVGGGTWTCTAAT-3′ [26], with
Illumina’s barcodes on the forward and reverse primers. For
each PCR reaction, 40 ng of extracted genomic DNA was
used. The reaction was carried out with 5.0 μl of buffer 5X
(Q5 reaction buffer), 0.5 μl of dNTPs (10 μM each), 1.25 μl
each primer (forward and reverse, 10 μM each), 0.25 μl Q5
high-fidelity DNA polymerase and adjusted with nuclease-
free water for a final volume of 25 μl. PCR conditions were
an initial denaturation at 98 °C for 30 s, followed by 30 cycles
at 98 °C for 10 s, 50 °C for 30 s, 72 °C for 30 s and ended with
a final extension step at 72 °C for 5 min. After amplification,
PCR products were verified in a 1% agarose gel (45 min/
100 v) and quantified by spectrophotometer NanoDrop
2000c (Thermo Scientific). Subsequent steps included a
cleaning step using Agencourt AMPure magnetic beads
(Beckman Coulter, Brea, CA, USA); visualization in the
Bioanalyzer; and quantification using an Invitrogen Qubit
HS double-stranded DNA (dsDNA) kit (Invitrogen
Carlsbad, CA, USA). Amplicon samples were pooled in equi-
molar concentrations (10 nM) following Illumina’s protocol.
Sequencing was carried out using Illumina MiSeq platform

Fig. 1 Experimental design and
temperature settings during
composting phases I and II.
Vertical line in the middle of
graph separates phases I and II.
Diagram above shows sampled
points. Phase I (self-heating) two
samples: D0 and D6. Phase II
(bioreactors) 6 samples: after
pasteurization P57, P60, and P68
and after conditioning C57, C60,
and C68
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(paired 300-bp read lengths) at Huck Institutes of the Life
Sciences at The Pennsylvania State University, University
Park, PA, USA.

Sequences Processing

Raw Illumina bacterial sequence reads were processed
using mothur package v.1.38.1 [27] following the pipeline
analysis from Schloss laboratory (SOP–Standard
Operating Procedures) [28]. Forward and reverse reads
were paired based on their quality score. In subsequent
screenings, no ambiguous base codes were allowed, and
primers as well as reads shorter than 250 and longer than
260 bp were removed, generating a read average length of
253 bp. The dataset was dereplicated and unique sequences
were aligned to a 50,000-column wide SILVA-based refer-
ence alignment using the Needleman-Wunsch pairwise
alignment method. Sequence classifications were made
against the SILVA database (release v123) containing
152,308 bacterial small subunit (SSU) rRNA sequences
as well as Archaea and Eukarya sequences [29]. After
alignment, sequences with homopolymers exceeding 8 bp
were removed. To reduce the sequencing error and number
of unique sequences, the dataset was further denoised
through a pre-clustering algorithm initially developed by
Huse et al. [30] and modified and implemented in mothur
[31]. Using this method, sequences were sorted by decreas-
ing abundance and then sequentially compared to each of
the rarer sequences. If a rare sequence is less than a spec-
ified number of bases (1-nt difference per 100-nt) different
from the more abundant sequence, the rare sequence is
removed from the dataset and its abundance is added to
the more abundant sequence. Chimera sequences were
treated separately from sequencing error using the
UCHIME algorithm [32] by comparing all sequences to
the most abundant sequences in the dataset, which is im-
plemented in mothur. Unspecific amplification products
(mitochondria, chloroplasts, Archaea, Eukarya, and un-
known domain) were removed by a mothur command.
Denoised and high-quality sequences were classified by a
naïve Bayesian classifier [33] implemented in mothur.
Finally, sequences were split into groups corresponding
to their taxonomy at the level of order and then assigned
to operational taxonomic units (OTUs) at a 3% dissimilar-
ity level [34]. To normalize the sequencing effort in all 24
samples without compromising the estimated amplicon di-
versity, all samples were randomly subsampled 1000 times
to the number of reads in the sample with the fewest reads,
n = 22,000 and n = 25,000 excluding and including OTU
singletons, respectively. Downstream alpha- and beta-
diversity measurements were performed excluding OTU
singletons’ and results and discussion focused on datasets

excluding OTU singletons but a consideration was made to
both strategy analyses (see, e.g., [35]).

Data Analysis

An average (%) of assigned OTUs per sample was plotted in a
bar plot at phylum and order levels. Sampling effort was ver-
ified by Good’s coverage measure [36] and rarefaction curves
in mothur. Rarefaction curves were calculated using 1000-fold
resampling without replacement. Alpha diversity estimators
(Shannon-Wiener [H], the inverse Simpson [1/D], richness
estimator Chao 1, and Sobs–observed OTUs) were applied
to compare the total diversity among the communities. The
reciprocal Simpson index (Inverse Simpson) was selected for
the results and discussion because it represents the number of
uniformly distributed OTUs that were required to have the
same diversity as the actual community; thus giving it an
easier biological interpretation compared to others indices
(e.g., Shannon) [31]. Alpha diversity estimations generated
in mothur were compared by ANOVA (p < 0.05) followed
by t-test pairwise comparisons with Bonferroni correction in
R program version 3.3.1 (R Development Core Team; http://
www.R-project.org [37]). All graphic visualization was
generated by ggplot2 R package [38], except Venn diagram
and rarefaction curves, which were plotted in Excel. Beta
diversity was calculated applying Jaccard and Theta Yue and
Clanton [39] dissimilarity coefficients implemented in
mothur. Beta diversity measures were supported by non-
metric multidimensional scaling ordination plots [40],
heatmap, and a dendrogram [27]. Statistical analyses of beta
diversity measures were computed using parsimony, analysis
of molecular variance (AMOVA), and homogeneity of molec-
ular variance (HOMOVA) [41–43] by pairwise comparisons
with Bonferroni correction in mothur. Good’s coverage [36],
rarefaction curves, shared OTUs (Venn diagram), and alpha-
and beta-diversity measures were all calculated in mothur to a
normalized number of OTUs (observed richness).

Ammonia Emission during Phase II

Ammonia emission concentration (NH3) of exhaust gas from
the bioreactors (phase II) was evaluated over two periods,
during pasteurization and during conditioning. Boric acid
flasks were kept in a cold water bath in a 4 °C refrigerator
(Fig. S1). The boric acid flask was filled with a solution of
42 g l−1 boric acid plus a bromocresol green-methyl red indi-
cator. The boric acid flasks were replaced after pasteurization
and again after conditioning. To determine the amount of am-
monia released from the compost and captured in the flasks,
the boric acid solution was titrated with 0.7 M hydrochloric
acid (HCL) with the end point defined as the color change
from yellow to pink (original color) [44] . Each milliliter of
HCL consumed during the titration represents 11.9 mg of
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NH3. Ammonia emission was expressed in mg of NH3/ton of
substrate/h. In addition, the total nitrogen (Kjeldahl method)
and total carbon (by loss ignition method) were analyzed for
the compost samples.

Agaricus bisporus Mycelium Growth Ratio during Phase
III

To evaluate A. bisporusmycelium growth rate in the compost
generated under different pasteurization conditions, an exper-
imental spawn run was modeled in Brace tubes^ (glass tube,
4 cm diameter×20 cm height). Conditioned compost obtained
from bioreactors (100 g after conditioning) was inoculated
with 4% commercial millet spawn (w/w, strain 901 Lambert)
and incubated at 22 °C. The growth measurement was initiat-
ed 3 days after inoculation with subsequent 2-day intervals
until complete compost colonization. Growth rate comparison
was made against a commercial standard spawn run period
(~12 days) by ANOVA and posterior Tukey test (p < 0.05).

Results

As a basic indicator of the composting progress, compost
temperatures of 70 and 80 °C were recorded on days 2 and 4
of the phase I process, respectively (Fig. 1). These are temper-
atures typically observed in commercial phase I mushroom
composting systems. Bacterial communities recovered by di-
rect amplicon sequencing generated approximately 1.8 mil-
lion raw paired Illumina reads for eight sampled points (24
samples). After processing the quality of the reads in mothur,
~1.2 million reads remained, comprised of 152,617 unique
sequences which were clustered into 96,227 OTUs, including
OTU singletons (Table S2). Sampling effort verified to a nor-
malized number of sequences still yielded sufficient resolution
of bacterial communities (as suggested by a Good’s coverage
measures averaged across all sampled points) of 90.5 and 98%
including and excluding OTU singletons, respectively
(Table S3). Rarefaction curves based on the number of ob-
served OTUs revealed a better sampling intensity excluding
OTU singletons (Fig. S2).

Relative abundances of OTUs per sample, at both the phy-
lum and order levels, are plotted in Fig. 2. Firmicutes were
dominant at all sample points followed by Proteobacteria,
Actinobacteria, and Bacteroidetes, whether including OTU
singletons or not. These four phyla had an average of ~91%
assigned OTUs across all sampled points and ~9% for the
other phyla, whether including OTU singletons or not
(Table S4). Removing OTU singletons changed the total num-
ber of phyla from 19 to 16, excluding Spirochates,
Saccharibacteria, and Synergistetes (Table S4). During the
pasteurization stage (P57, P60, and P68), Firmicutes showed
an average of ~81% abundance, excluding OTU singletons

(Fig. 2a). Bacillales was the most abundant order
(Firmicutes) among all sampled points, particularly during
the pasteurization stage comprising 50.2, 54.1, and 66.5% of
OTUs of the P57, P60, and P68 sample points, respectively
(Fig. 2b and Table S4). During conditioning, the relative abun-
dance of Bacillales was still predominant, but decreased to
11.4, 14.5, and 43.4% at C57, C60, and C68, respectively.
Clostridiales, Lactobacillales, and Micrococcales, also
Firmicutes members, were the most abundant orders besides
Bacillales at all sample times (Fig. 2b), excluding or including
OTU singletons. The total number of classified orders
dropped to 13.2%, removing OTU singletons (82 to 72 orders,
data not shown).

Alpha diversity is a general measure of species based on
OTUs’ richness and is summarized in Fig. 3. All diversity
indices applied (Inverse Simpson, Chao1 and Shannon) as
well as observed number of OTUs (Sobs) were significant-
ly higher in the low temperature points (mixed raw mate-
rials–D0 and conditioning stage C57, C60, and C68)
(Fig. 3 and Table S6). Each index has a different approach
behind the calculation but similar diversity tendencies
were observed with each method; however, different
methods used to calculate the indices and the exclusion
of OTU singletons can change the diversity among sam-
ples [35]. Removing OTU singletons changed the magni-
tude of total diversity (Table S3), but not the statistical
significantly among sampled points (data not show).

Among several beta measures, Jaccard and ThetaYC were
chosen and applied to examine the extent to which different
composting stages (mainly pasteurization temperatures) can
influence the microbial community structure during
composting. Community structure dissimilarity among sam-
pled points during composting were compared using
ThetaYC index and visualized by non-metric multidimen-
sional scaling plot (nMDS) and by heatmap (Fig. 4). At the
end of phase II, composting samples C57 and C60, previous-
ly pasteurized at low temperature (P57 and P60), showed
higher similarity as observed in heatmap (Fig. 4a). Phase I
samples (D0 and D6) grouped separately from each other as
well as from phase II samples (nMDS) (Fig. 4b). The high
pasteurization temperature sample (P68) grouped separately
from samples submitted at low pasteurization temperatures
(P57, P60), which grouped together. After conditioning the
samples, previously submitted at low pasteurization tempera-
ture (C57 and C60) also grouped separately from the sample
pasteurized at high-temperature C68. AMOVA applied to the
community structure showed no statistical difference, wheth-
er including OTU singletons or not (Table S7). HOMOVA
also showed no statistical difference among sampled points
(Table S7). Community relationships during composting
were calculated using Jaccard and ThetaYC dissimilarity co-
efficients and verified by dendrogram and analyzed by parsi-
mony. Four distinct clusters were observed in the dendrogram
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(Fig. S3): samples D0 and D6, samples P57, P60, P68, and
C68 as well as samples C57 and C60, in both coefficients.

Parsimony analysis showed no statistical difference between
samples points (Table S8).
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OTUs’ distribution across sample points during
composting is summarized in Fig. 5. During phase I, a total
of 1703 OTUs were assigned. At D0 (mixed materials) a total
of 989 OTUs were assigned, and at D6 (pasteurization peak
heating) 427 OTUs were assigned; between these samples,
287 OTUs were shared. Immediately following pasteuriza-
tion, the 3-way Venn diagram (P57, P60, and P68) showed a
total of 4161 OTUs of which 275 were shared among the three
communities. The samples taken after pasteurization at 57 °C
(P57) had the highest number of OTUs assigned, 1700 (in-
cluding shared OTUs). After the conditioning stage (C57,
C60, and C68) a total of 3902 OTUs were assigned and the
highest number of OTUs was again associated with the lowest
pasteurization temperature (C57), 1847 (including shared
OTUs). It should be noted that the number of OTUs, after
excluding singletons, dropped approximately 40% but still
demonstrated a similar distribution across sampled points
(Table S2).

As an important nutrient, the nitrogen loss of the compost
was monitored by quantifying ammonia emissions during
phase II composting under different pasteurization conditions
(temperatures). Ammonia emission during pasteurization and
conditioning was recorded for each treatment during phase II
composting. Ammonia emissions were higher during the

pasteurization stage for the high-temperature treatment (P68)
compared to the emissions at the other two pasteurization
temperatures, which were 35 and 34% lower (P57 and P60
respectively) (Fig. 6b). After pasteurization, during condition-
ing, both compost samples pasteurized at the lower tempera-
tures (P57 and P60) showed lower ammonia emissions (81
and 79% less, respectively) than compost pasteurized at
68 °C (Fig. 6b). The total nitrogen at the end of conditioning
was slightly lower for the compost pasteurized at 68 °C
(Fig. 6c). However, the C/N ratio of compost pasteurized at
68 °C was higher at the end of conditioning (Fig. 6d).

High-temperature pasteurization compost (68 °C/2 h) dem-
onstrated significantly slower mycelial growth in the Brace
tubes^ after spawning compared to growth rates observed in
the 57 and 60 °C pasteurized composts. Mycelial growth rates
between the 57 and 60 °C pasteurization temperature compost
showed no statistical difference from each other (Fig. 6a).

Discussion

This was the first report applying direct recovered amplicons
to explore the bacterial community profiles during phase II
substrate preparation for A. bisporus cultivation under
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different pasteurization conditions (temperatures). The num-
ber of bacterial taxa represented by 16 phyla (Fig. 2a) and
approximately 80 orders (only the top 20 were plotted in
Fig. 2b) which was higher than previously reported using
fingerprint and clone library sequencing methods during

substrate preparation (phases I and II) and during
A. bisporus cultivation [16, 17, 45, 46]. Some of the previous
reports [16, 17] were able to detect, by fingerprint and library
clones sequencing, phyla such as Firmicutes, Proteobacteria,
Deinococcus-Thermus and Actinobacteria, including 9 orders
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paring the structure similarity
among the communities sampled
across composting phases I and II.
Both visualization methods were
applied by ThetaYC (Yue and
Clayton) coefficient as measure of
similarity. Heatmap–0 (blue)
more similarity than 1 (red).
Samples: phase I–D0 and D6;
phase II (pasteurization)–P57,
P60, and P68; phase II (condi-
tioning)–C57, C60, and C68
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(Bac i l l a l e s , Xan t homonada l e s , Clo s t r i d i a l e s ,
Pseudomonadales , Thermales , Halanaerobiales ,
Thermoanaerobacter ia les , Act inomycetales , and
Acidimicrobiales. During mushroom cropping (casing layer
samples), Siyoum et al. [45] using fingerprint (DGGE, dena-
turing gradient gel electrophoresis) and sequencing (purified
sequence fragments from gel) were able to identify two phyla,
Proteobacteria and Bacteroidetes. Wang et al. [46] using
DGGE to compare the bacterial communities of two different
substrate formulations (based on rice- and wheat-straw) dur-
ing composting for A. bisporus cultivation, reported differ-
ences on gel bands intensity, without any taxa information.
These bacterial groups previously reported, especially
Firmicutes, Proteobacteria, and Actinobacteria were three
most abundant taxa detected by high-throughput sequencing
in the current study, which can possibly explain the detection
by less robust methods such as fingerprint and clones library
sequencing. Most classified OTUs (~90%, Fig. 2a) were dis-
tributed among Firmicutes, Proteobacteria, Actinobacteria,
and Bacteroidetes. However, Firmicutes was the most abun-
dant phylum in the current survey, differing from previous
reports, which used direct recovered amplicons with
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Fig. 5 Venn diagram demonstrating OTUs at >97% of similarity cluster
overlap within broad sampled points across composting phase I and phase
II. Samples: phase I–D0 and D6; phase II (pasteurization)–P57, P60, and
P68; phase II (conditioning)–C57, C60, and C68
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differences in primers (target region), sequences analysis
(analysis strategies), and composting methods (waste
composting) [21, 22]. Bacteroidetes was reported as the most
abundant phylum during waste composting [21].
Proteobacteria was the most abundant phylum found during
food and animal waste composting [22]. On the other hand,
Ntougias et al. [47] reported that Firmicutes was the most
abundant phylum in spent mushroom compost (compost re-
maining after cropping) by a clone library sequencingmethod.
These results support the initial hypothesis that drove us to
explore the bacterial communities present during substrate
preparation under different pasteurization conditions using a
robust amplicon sequencing methodology. It should be noted
that results comparison between different studies should be
carefully examined since the differences in experimental de-
signs are considerably broad (samples type, primers, bioinfor-
matics analysis, etc.) [48–50]. In addition, variability in both
chemical as well as physical differences is difficult to account
for as is collecting compost samples representing specified
temperatures in a large system [51]. Collecting a representa-
tive sample from a commercial composting system is very
difficult due to the heterogeneity of the compost matrix [52,
53]. The experimental design applied here, including bioreac-
tors and high-throughput sequencing, was used to improve on
the accuracy of bacterial community exploration during sub-
strate preparation for A. bisporus cultivation. The bioreactor
system and temperature settings were simulated based on
commercial phase II compost observations. One of the advan-
tages in an experimental scale (i.e., bioreactors) is the possi-
bility to uniformly mix the raw materials as well as control the
airflow (oxygen level) and temperatures, which are critical to
solid fermentation performance [54, 55].

Another expected finding was the bacterial diversity based
on total number of assigned OTUs, which was significantly
lower from high-temperature compost, i.e., peak heating (D6),
and after the pasteurization stage (P57, P60, and P68) (Fig. 3
and Table S6). The temperature within a composting matrix
determines the rate at which many of the biological processes
take place [56–58], which controls microbial population suc-
cession during composting [59–61]. Therefore, the tempera-
ture represents a significant factor in determining the relative
advantage of some populations over others [62, 63]. Previous
[64, 65] studies that isolated microorganisms during phase I
(at the beginning and during the turns) and phase II (after
pasteurization and conditioning) reported that some species
present at the beginning of the process (mixed raw materials)
disappeared during composting and other species, as well as
the number of CFU’s (colony-forming unit), decreased at the
high-temperature stages (peak heating and after pasteurization
stage). It should be noted that analysis based on assigned
OTUs is not a quantitative method. However, the compost
temperature during pasteurization affected the bacterial diver-
sity at the end of the conditioning stage (C57, C60, and C68).

After conditioning, compost pasteurized at 68 °C demonstrat-
ed significantly lower diversity than the compost treatments
pasteurized at lower temperatures (C57 and C60).

Although the alpha diversity was significantly different,
pasteurization temperature settings had only limited or no sta-
tistical difference on the bacterial community structure among
composting stages (Fig. 4 and Tables S7 and S8). It is worth
remembering that the interval between sample points D6 (end
of phase I) and P57, P60, and P68 (at the end of pasteuriza-
tion) was separated by only a few hours (Fig. 1), which could
contribute to the similarity observed among these communi-
ties. On the other hand, comparison among sample points after
pasteurization and at the end of conditioning also showed no
statistical differences in the communities’ structure (after
6 days of composting). Overlap or shifting of OTUs within
the three composting stages (D0-D6; P57-P60-P68; C57-C60-
C68) revealed that less than 50% of OTUs were shared be-
tween the three different composting stages (Fig. 5). Compost
chemical changes based on carbon, nitrogen, and ammonia
emission (Fig. 6), during composting possibly favored spe-
cialized bacterial groups across these different composting
stages (Fig. 5) without affect the bacterial community
structure.

The bacterial community present in compost has a direct
effect on the mycelium nutrition mainly during the initial
growth (spawn run) and represents an easily degradable
source of carbon and nitrogen [66, 67]. Nonetheless, some
compounds left by the microbial communities at the end of
conditioning can inhibit or stimulate A. bisporus mycelium
growth. One of the most notable compounds that can affect
mycelial growth is ammonia. Ammonia concentration has a
strong inhibition effect on A. bisporus mycelium growth and
thus on mushroom production [68]. Free ammonia is required
during phase I composting because it stimulates the biocon-
version of mixed raw materials and releases polysaccharides
from the lignin matrix making the straw carbohydrates more
accessible to A. bisporus mycelium. However, free ammonia
should be avoided at the end of conditioning to not adversely
affect A. bisporus mycelium growth. As observed during
phase II, ammonia emission was higher during pasteurization
at 68 °C (Fig. 6b) with a significant effect on A. bisporus
growth under an experimental spawn run condition (Fig. 6a).
In addition, total nitrogen content was slightly lower at the end
of conditioning for the compost pasteurized at 68 °C (Fig. 6c).
These observations agree with previous studies [69, 70],
which, using different bio-wastes and temperature profiles,
demonstrated that increased ammonia emissions during
composting have a correlation with high-temperature regimes.
Carbon content also is an important nutrient and serves pri-
marily as an energy source for the microorganisms, while a
fraction of the carbon is incorporated into the microbial cell
and the other fraction is lost to the atmosphere through CO2

emissions. Carbon loss during the decomposition process was
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more pronounced than nitrogen loss partially because of their
relative abundance in the compost matrix (C > N), and both
impacted the C/N ratio [71]. The carbon content at the begin-
ning of the process (D0–mixed raw material) was 41.82% and
dropped to 39.24, 38.22, and 39.66% at the end of condition-
ing for the compost pasteurized at 57, 60, and 68 °C, respec-
tively (Fig. 6d). Eklind et al. [72] reported that waste
composting in a laboratorial scale under different temperatures
(40, 55, and 67 °C) showed highest CO2 emissions at a
composting temperature of 55 °C (~15 days). Other variables
can affect the carbon dynamics during composting such as
oxygen level [73, 74] and initial compost composition [75].
In addition, the compost temperature, C/N ratio, and oxygen
levels (phase I and phase II) used in the current study are quite
different from waste composting.

Firmicutesmembers, in particular bacteria belonging to the
Bacillales and Clostridiales orders (Fig. 2b) which are spore-
formers and have the capability to grow in environments with
high ammonia levels and high temperatures [76, 77], were the
most abundant orders observed during high ammonia emis-
sion stages, pasteurization at 68 °C (Fig. 6b). These results do
not provide an understanding regarding the metabolic role of
Firmicutesmembers during composting but rather support the
need for further explorations into the functionality of this par-
ticular bacteria group during A. bisporus substrate preparation
with the goal focusing on better management of phase I and
phase II composting and reducing free ammonia as efficiently
as possible at the end of conditioning. Future studies should
include analysis of RNA (metatranscriptomics) as well as pro-
teomics to explore the functionality of these bacterial taxa for
this particular composting process.

Conclusions

Bacterial dynamics documented during these experimental
composting conditions revealed a broad bacterial diversity
not reported before by less robust methods. Furthermore, lim-
ited changes in the community structure during composting
should be examined because by-products left by the commu-
nities could vary at different pasteurization conditions and
affect A. bisporus growth. As observed in ammonia emissions
and mycelium growth, the high-temperature pasteurization
setting had a negative impact during initial A. bisporus growth
(spawn run). Bacillalesmembers showed potential to be a key
group of bacteria important during phase I composting, related
to the breakdown and raw materials and creating a selective
substrate for A. bisporus growth. Looking forward, further
studies should include fungal community analyses by direct
recover amplicons as well as investigating the functionality
that these communities play in making a selective substrate
for mushroom production. A better understanding of the biol-
ogy of substrate preparation will lead to better decision-

making for growers as they manage the composting process.
Further experimentation is also needed to determine what role
the microbial communities play in fruit body formation as
well as disease development during mushroom cropping.
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