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Abstract

Background: Pleurotus ostreatus is an edible mushroom popularly cultivated worldwide. Distilled grain waste (DGW)
is a potential substrate for P ostreatus cultivation. However, components in DGW restrict P. ostreatus mycelial growth.
Therefore, a cost-effective approach to facilitate rapid P, ostreatus colonization on DGW substrate will benefit P ostrea-
tus cultivation and DGW recycling.

Results: Five dominant indigenous bacteria, Sphingobacterium sp. X1, Ureibacillus sp. X2, Pseudoxanthomonas sp.

X3, Geobacillus sp. X4, and Aeribacillus sp. X5, were isolated from DGW and selected to develop a consortium-based
microbial agent to compost DGW for P ostreatus cultivation. Microbial agent inoculation led to faster carbohy-

drate metabolism, a higher temperature (73.2 vs. 71.2 °C), a longer thermophilic phase (5 vs. 3 days), and signifi-

cant dynamic changes in microbial community composition and diversity in composts than those of the controls.
Metagenomic analysis showed the enhanced microbial metabolisms, such as xenobiotic biodegradation and metab-
olism and terpenoid and polyketide metabolism, during the mesophilic phase after microbial agent inoculation,
which may facilitate the fungal colonization on the substrate. In accordance with the bioinformatic analysis, a faster
colonization of P, ostreatus was observed in the composts with microbial inoculation than in control after composting
for 48 h, as indicated from substantially higher fungal ergosterol content, faster lignocellulose degradation, and higher
lignocellulase activities in the former than in the latter. The final mushroom yield shared no significant difference
between composts with microbial inoculation and control, with 0.67 £0.05 and 0.60 4= 0.04 kg fresh mushroom/kg
DGW, respectively (p>0.05).

Conclusion: The consortium-based microbial agent comprised indigenous microorganisms showing application
potential in composting DGW for providing substrate for P ostreatus cultivation and will provide an alternative to
facilitate DGW recycling.
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Background
Pleurotus ostreatus, commonly known as the oyster
— . mushroom, is cultivated worldwide and has become the
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for the production increase. Among them, the economic,
ecological, and medicinal benefits are highlighted [2].
Remarkably, P. ostreatus requires a shorter growth time
when compared to other edible mushrooms and grows
on a broad range of natural substrates from woodland,
agricultural, and animal husbandry [1, 3]. Various agri-
cultural and agro-industrial by-products, such as straw,
grass, sawdust, coffee pulp, and corncob are suitable sub-
strates for P, ostreatus cultivation. Usually, materials from
local places are recommended for cultivators from differ-
ent countries to lower the costs of cultivation substrates.
For example, coffee husk was practiced in Brazil to culti-
vate oyster mushrooms [4]. In Asian countries, sorghum,
coffee pulp, cottonseed hulls, and wheat straw are popu-
lar materials used in P, ostreatus cultivation [1].

Distilled grain waste (DGW), the primary by-product
of the Chinese spirit-making process, is produced and
discharged as the primary solid waste [5, 6]. Approxi-
mately 25 million tons of DGW have been generated
annually in China in the past 5 years. The traditional
disposal of DGW into landfills, incineration to produce
steam, or directly be utilized as fertilizer caused resource
wastes and has resulted in severe environmental prob-
lems, including water and soil pollution, land devalua-
tion, and undesirable odor production [7], because the
DGW has high water content (55-60%) and organic mat-
ter content (80% of the dry weight), and easy to decay [8].
DGW is rich in carbohydrates, proteins, amino acids,
vitamins, and microelements from microorganisms and
fermented residues of sorghum, corn, wheat, rice, and
rice husk [9]. Therefore, it is a suitable raw substrate for
P, ostreatus cultivation. Thus, the proper and sustainable
treatment of DGW to cultivate P. ostreatus will be one of
the best solutions to facilitate the DGW re-utilization.

Fermentation material based on the composting of
raw materials is widely practiced worldwide to facilitate
mushroom cultivation due to the advantages of low pol-
lution, low cost, and simple process [2, 10]. Microorgan-
isms are one of the critical factors that affect composting.
To promote the composting process, some researchers
inoculate functional strains in the substrates to accelerate
the composting process and increase the nutrient content
of the substrates. For example, the degree of aromatic-
ity and stability of dissolved organic matter and humic
substances were substantially enhanced after inoculation
of a multifunctional thermophilic microbial consortium
in manure—sugarcane leaf composting [11]. Addition of
bacteria to cattle manure compost promoted microbial
activity and the degradation of cellulose-rich waste [12].
However, in most studies, commercial general agents or
strains from microbial collections were inoculated into
compost. It is difficult to ensure whether the foreign
strains could adapt to the local environment of a specific
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compost. As a result, several studies have screened func-
tional strains from natural compost to ensure that the
microorganisms quickly adapt to the environment [13,
14]. Although studies were taken on optimizing DGW
composting conditions for biofertilizer preparation [8],
no investigation was carried out to evaluate the applica-
tion potential of microbial agents on composting DGW
for P, ostreatus cultivation.

In the present study, indigenous bacterial strains were
isolated from DGW samples, based on which a consor-
tium-based microbial agent containing Sphingobacterium
sp. X1, Ureibacillus sp. X2, Pseudoxanthomonas sp. X3,
Geobacillus sp. X4, and Aeribacillus sp. X5 was devel-
oped to compost DGW for P, ostreatus cultivation. Given
that the temperature determines microbial activities and
is correlated with composting efficiency [15], DGW sam-
ples from the thermophilic phase of composting were
analyzed and used to isolate beneficial bacteria. The
effects of the microbial agent inoculation on DGW com-
posting and P. ostreatus colonization and growth were
evaluated. The high-throughput sequencing technique
was also used in this research to evaluate microbial com-
munity succession and metabolism after microbial agent
inoculation.

Results and discussion

Screening bacteria from distilled grain waste compost

for microbial inoculation

In order to obtain indigenous microorganisms to develop
a microbial agent for DGW composting, samples from
the thermophilic phase of DGW composting were used
as the source of beneficial bacteria [15]. Simultaneously,
high-throughput sequencing was employed to analyze
the dominant microorganisms in DGW compost to guide
the strain isolation. Results revealed that Thermobacillus,
Thermoactinomyces, Stenotrophomonas, Pseudomonas,
Symbiobacterium, Pseudoxanthomonas, Ureibacillus,
Caldibacillus, Sphingobacterium, Thermobifida, Aeriba-
cillus, Bacillus, Geobacillus, Chelatococcus, and Thermo-
vum were the top 15 genera in the thermophilic phase
of DGW compost (Fig. 1a). The bacterial genera can be
more or less abundant depending on starting material,
composting procedure, and analytical methodologies.
For example, the dominant bacterial genera, including
Pseudomonas, Sphingomonas, Bacillus, Geobacillus, Urei-
bacillus, Pseudoxanthomonas, and Thermobispora, were
identified from composted P ostreatus substrate when
using wheat straw—alfalfa mixture as the starting material
[16], while Acinetobacter, Pseudoxanthomonas, Sphingo-
bacterium, Terribacillus, Thermobacillus, and Thermobis-
pora were the dominant microbial genera in sugarcane
straw compost [17].
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Fig. 1 The identification of microorganisms in DGW composting. a The top 15 genera of microorganisms in DGW composting of the thermophilic
phase. b The phylogenetic tree of the five screened microorganisms was constructed using the MEGA 7 program based on the maximum likelihood
method

DGW samples were diluted to 107® and spread on LB
plates to ensure that the dominant microorganisms in
compost samples were efficiently isolated. Finally, five
strains with different colony phenotypes were selected
and utilized in the following experiments. The strains
identified were Sphingobacterium sp. X1, Ureibacil-
lus sp. X2, Pseudoxanthomonas sp. X3, Geobacillus
sp. X4, and Aeribacillus sp. X5 based on 16S rRNA
gene sequence similarities (16S rDNA GenBank No.
MZ323963-MZ323967) and belonged to the top fifteen
genera as mentioned above (Fig. 1b, Additional file 1:
Table S1). These five species are well known to utilize
complex organic matter, such as polysaccharides, phe-
nolic compounds, and polycyclic aromatic hydrocar-
bons [18-22]. For example, Sphingobacterium sp. is a
promising candidate for lignocellulolytic enzymes [22]

and acenaphthene utilization [23]. Ureibacillus sp. is
well known for its high efficiency in removing phenolic
compounds, its production of a broad range of ligno-
cellulolytic enzymes, including laccases, tyrosinase,
peroxidases, catalases, and oxidases, and efficiently
degrading furfural and 5-hydroxymethylfurfural with
minor sugar consumption (<5%) [24]. Pseudoxan-
thomonas sp. is the key diazotrophic community influ-
encing NH,"-N transformation in dairy manure and
corn stalk compost [25]. Geobacillus sp. can degrade
and metabolize hemicellulose [26]. Based on the dual
culture experiments on LB agar plates, these five strains
showed no or trace competition between each other
(data not shown). Thus, these five newly isolated strains
were then employed to develop a consortium-based
agent.
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Fig. 2 The physicochemical properties of DGW composting with and without microbial inoculation. a Temperature. b pH. c Total Kjeldahl nitrogen.
d C/N ratio. e Water soluble sugar content. *p <0.05, **p < 0.01, ***p <0.001. Compost M, with microbial inoculation. Compost C, without microbial

Complex microbial agent inoculation improves
physicochemical properties of DGW compost

The physicochemical properties of Compost M (with
microbial inoculation) and Compost C (control with-
out microbial inoculation) were analyzed to evaluate the
effect of the microbial agent inoculation on composting
and summarized in Fig. 2. The internal temperature of
the compost pile rapidly increased to over 65 °C within
24 h in Compost M, one day earlier than that in Compost
C (Fig. 2a). Although the temperature curves and the
duration of the thermophilic phase (>50 °C) between the
two groups were similar, the temperature of Compost M
reached and kept at the peak of 73.2 °C, in comparison to
that of 71.2 °C in Compost C. Temperature can be used
to evaluate the quality of composting [15] and reflects
microbial activity during the composting process, espe-
cially at the early phase [27]. Thus, our results indicated
that the microorganisms in Compost M were more active
than those in Compost C. The acceleration of compost-
ing temperature might improve compost quality because
this biological self-heat generation process is essen-
tial for killing pathogens and hastening maturity during
composting [28]. Other studies also observed increased

temperatures after adding extra microorganisms. For
example, Chi et al. [29] revealed that inoculating swine
manure and rice straw co-compost with Streptomyces gri-
seorubens JSD-1 contributed to high temperatures (maxi-
mum 66.8 °C). Meanwhile, the high temperature caused
moisture evaporation, leading to a porosity increase in
composting feedstock and maintaining sufficient oxygen
in the heap. Both the increase in temperature and oxygen
content promoted the activity of microorganisms and
accelerated the degradation of organic substances [30].
The pH value of Compost M rose faster than that
of Compost C from about 6.5 to 8.5 at the initial stage
of the composting process. Subsequently, pH of both
groups remained at 8.5-8.9 without significant difference
(p>0.05, Fig. 2b). The increase in pH was attributed to
volatile ammonia and ammonium produced by organic
nitrogen decomposition [31]. Total Kjeldahl nitro-
gen (TKN) concentration increased in both composts
because of the weight reduction of compost mass caused
by organic degradation (Fig. 2c). However, the C/N ratio
was reduced in the two groups, indicating that carbon
decomposition was faster than nitrogen loss (Fig. 2d).
Simultaneously, the higher TKN concentration but less
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C/N ratio in Compost M than Compost C also suggested
that organic matter was consumed faster in Compost M,
indicating a more robust microbial metabolism in Com-
post M [32]. Following this, the content of water soluble
sugar (WSS) rapidly decreased in Compost M between
0 and 48 h (Fig. 2e). On the other hand, WSS content
increased from 48 to 72 h in Compost M. This phenom-
enon may be due to the fast hydrolyzation of carbohy-
drates such as cellulose and hemicellulose [33]. In the
end, WSS content in Compost M was higher than that in
Compost C at 168 h (p<0.05, Fig. 2e).

In total, our results showed that inoculation with a
complex microbial agent caused changes in physico-
chemical properties of DGW compost which is a com-
mon phenomenon observed during composting of
substrates with other microbial agents. For example,
after inoculating a thermophilic bacterium (Geobacil-
lus stearothermophilus CHBL1) in a sludge compost, Fang
and the coworkers found that the high-temperature stage
(>50 °C) of the CHBI1 inoculated compost and con-
trol compost without inoculum started on day 5 and 8,
respectively. Furthermore, at the end of composting, the
CHBI1 inoculated compost showed a higher loss of total
organic carbon, lower C/N ratio, and lower moisture
content [34].

Complex microbial agent changed bacterial community
diversity and composition

The microbial ecology of the substrate is the underlying
driver of the composting process. However, the bacterial
community composition of oyster mushroom substrate
preparation via composting is still poorly understood
[17]. Here, the bacterial community diversity of the two
composting groups was analyzed at mesophilic, thermo-
philic, and cooling phases to obtain deep insights into
variations in microbial composition and illustrate the
effects of the microbial agent inoculation on compost-
ing. After the preliminary quality filtering, an average
read depth of 76,323 reads per sample was obtained and
clustered to amplicon sequence variants (ASV) at a high
similarity level (>97%). PCoA analysis based on ASV
abundance was performed to gain an overview of micro-
bial composition. The microorganisms from the differ-
ent composting phases were distanced from each other
(Additional file 1: Fig. Sla), indicating that temperature
played an essential role in the succession of microbial
communities [35]. Bacterial community richness slightly
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decreased during the thermophilic phase in Compost M
comparing to Compost C as indicated by Chao 1 index
(Additional file 1: Fig. S1b). By comparison, in Compost
M, the bacterial community diversity represented by
the Shannon index slightly increased (Additional file 1:
Fig. Slc). These results suggested that the inoculation
of microorganisms altered the a-diversity of the bacte-
rial community during the composting process, which
may explain the rapid increase in temperature and the
extended thermophilic phase in Compost M because
microbial diversity correlates with the strong mineraliza-
tion of organic matter [36, 37].

Four phyla, namely Firmicutes, Proteobacteria, Bac-
teroidetes, and Actinobacteria, are most dominant in
composting processes [38], and comprised the domi-
nant taxa in all samples, accounting for 95.48-99.65%
at the different composting phases (Fig. 3a). In Compost
C, the relative abundance of Proteobacteria was nega-
tively correlated with temperature, similar to a microbial
inoculated compost with pig manure as the start mate-
rial [36]. The abundance increased from about 30.3%
during the mesophilic and thermophilic phases to 44.3%
during the cooling phase (Fig. 3b). By contrast, this pro-
portion did not considerably change at the three phases
in Compost M. Consistent with some previous studies
[39, 40], the composting process decreased the propor-
tion of Firmicutes but increased that of Bacteroidetes and
Actinobacteria in both groups (Fig. 3b—d). Given that the
inoculated bacteria were from 72 h of the thermophilic
phase, the relative abundances of Proteobacteria (19.6%,
p<0.05), Firmicutes (14.9%, p<0.05), and Bacteroidetes
(14.6%, p <0.05) were significantly higher in Compost M
than those in Compost C during the thermophilic phase.
Firmicutes, a classic fermenting group of bacteria [41],
form heat-resistant endospores during the thermophilic
phase [42]. Other members, such as Bacteroidetes, are
responsible for breaking down lignocellulosic plant poly-
saccharides including hemicellulose and cellulose, and
subsequently releasing short-chain fatty acids [43]. Thus,
we speculate that the increase in the relative abundance
of these three phyla led to a higher composting tempera-
ture and a faster carbohydrates consumption. Moreover,
Actinobacteria was relatively abundant in Compost M
during the cooling stage (p < 0.05).

At the genus level, Acinetobacter, Desemzia, Enterococ-
cus, and Aerococcus were abundant in both groups during
the mesophilic phase, accounting for 67.98 and 51.00%

(See figure on next page.)

Fig. 3 Changes in bacterial community composition during composting in DGW samples with and without microbial inoculation. a Phylum level.
b The relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. ¢ The heatmap of top 20 genera in DGW samples. d RDA of
compost physiochemical properties with bacterial communities. M1, M2, and M3 represent the samples from mesophilic, thermophilic, and cooling
phases of Compost M, respectively, while C1, C2, and C3 represent the samples from mesophilic, thermophilic, and cooling phases of Compost C.

*p<0.05
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of the total genera in Compost M and C, respectively
(Fig. 3c). They gradually died during the thermophilic
phase because of their sensitivity to heat [44]. Bacillus,
Chelativorans, especially Sphingobacterium (15.57%) and
Pseudoxanthomonas (21.67%), which were very few at
the mesophilic phase, became the dominant genera dur-
ing the thermophilic phase because of their heat resist-
ance. These genera are decomposers and participate in
carbon and nitrogen cycles [45, 46], and most of them
were more abundant in Compost M than in Compost
C. For example, Sphingobacterium, belongs to Bacteroi-
detes and is closely related to carbon and nitrogen cycles
[47]. When the composting process entered the cool-
ing stage, some exogenous microorganisms, including
Pseudomonas, Ruminofilibacter, Devosia, Persicitalea,
and Leadbetterella entered and proliferated in the sam-
ples. Pseudomonas is widely distributed in nature and
can decompose complex polymers, such as lignocellu-
lose [48], Ruminofilibacter can degrade xylan [49], and
Devosia is a genus of cellulolytic bacteria [50]. These gen-
era may contribute to lignocellulose degradation during
DGW composting.

Redundancy analysis (RDA) was conducted to explore
correlations between bacterial communities and phys-
icochemical properties, including temperature, pH,
TKN, C/N, and WSS (Fig. 3d). The bacteria during the
three composting phases were divided into three clus-
ters. The correlations were ranked in the following order:
C/N (r*=0.9876, p=0.0083) > temperature (r’>=0.9434,
p=00347)>pH  (*=0.9217,  p=0.0236)>TKN
(r2=0.9099, p=0.0375)>WSS (r*=0.9064, p=0.1).
Specifically, the C/N ratio was positively associated with
Acinetobacter, Desemzia, Enterococcus, and Aerococcus.
These genera were relatively abundant during the meso-
philic phase, responsible for substrate degradation [17],
and then died (Fig. 3c). Temperature showed positive
relationships with Aeribacillus, Ureibacillus, Geobacillus,
Bacillus, Microbacterium, Sphingobacterium, Pseudoxan-
thomonas, Chelatococcus, and Chelativorans, which are
thermophilic bacteria and can produce different extracel-
lular decomposing enzymes for degradation of carbohy-
drates and cellulose [45, 46, 51-53].

Complex microbial agent changed the potential function
of bacterial community

Four main bacterial functions, including metabolism
(eleven pathways), genetic information processing (four
pathways), environmental information processing (two
pathways), and cellular processes (four pathways), were
enriched in the samples from both groups (Additional
file 1: Fig. S2). Most predicted functional genes during
the DGW composting process were assigned to metab-
olism (80.22-81.75% in Compost M, 79.86-81.19% in
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Compost C), which is associated with organic mat-
ter degradation [54, 55]. Distilled grain waste is rich in
starch and lignocellulose. Similar to previous studies on
lignocellulosic composting [54], the genes related to the
metabolism of carbohydrates, amino acids, cofactors,
and vitamins accounted for the top three highest propor-
tions during DGW composting. Their relative abundance
substantially increased from the mesophilic phase to the
thermophilic phase, probably because of the degrada-
tion of easily degradable compounds, such as starch and
protein [56]. Carbohydrate metabolism was higher in
Compost M than in Compost C during the thermophilic
phase. This phenomenon may attribute to the increase in
some microbes caused by the inoculants (Fig. 4a). Fur-
thermore, the increase in decomposers affected various
complex compounds, such as cellulose and hemicellu-
lose; thus, the metabolism of carbohydrates, amino acids,
cofactors, and vitamins remained high during the cooling
phase. Unlike that in Compost C, xenobiotic biodegrada-
tion and metabolism, as well as terpenoid and polyketide
metabolism, accelerated in Compost M during the mes-
ophilic phase (Fig. 4a). The lipid metabolism was active
in both groups because of the high fatty acid content of
DGW. The accelerated xenobiotic biodegradation and
metabolism and lipid metabolism during the mesophilic
phase of Compost M contributed to the degradation of
complex components, such as alcohols, phenols, and
aldehydes, in DGW, producing small molecular nutrition
for P. ostreatus mycelial growth [2].

RDA correlating the metabolic functions and physico-
chemical properties further confirmed this fact (Fig. 4b).
The correlations were ranked in the following order:
C/N (r!=0.9953, p=0.0013) > temperature (r>=0.9461,
p=0.0111)>pH (r2=0.9030, p=0.05)>WSS
(r*=0.8292, p=0.0708)>TKN (r*=0.5385, p=0.3055).
The C/N ratio was positively associated with lipid metab-
olism and xenobiotic biodegradation and metabolism.
Temperature was associated with the metabolism of
amino acids, carbohydrates, and energy. Therefore, reg-
ulating the C/N ratio in composting can effectively pro-
mote the metabolism of microbial communities, increase
temperature, and promote the degradation of organic
matter (Fig. 3d and 4b).

The top 50 enriched KEGG function terms are shown
in Fig. 5a. Among them, the biosynthesis of ansamy-
cin, synthesis and degradation of ketone bodies, fatty
acid biosynthesis, and valine, leucine, and isoleucine
biosynthesis accounted for the most active pathways
at all periods of DGW composting (Fig. 5a). The abun-
dance of genes related to ansamycin synthesis in Com-
post M was enriched in the first two phases compared
with Compost C. Ansamycin production can help defeat
mycoviruses commonly infected by P ostreatus and
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promote its fruit body formation [57]. Moreover, genes
related to glycolysis/gluconeogenesis, citrate cycle (TCA
cycle), pentose phosphate pathway, pyruvate metabo-
lism, and C5-branched dibasic acid metabolism were
also accounted for a relatively higher proportion com-
pared with the other pathways in both groups. These

phenotypes were consistent with the fact that metabo-
lisms of carbohydrates, amino acids, and lipids are the
main activities in composting [30].

Pearson correlation analysis revealed that func-
tion terms, such as glycolysis/gluconeogenesis, pyru-
vate metabolism, fatty acid metabolism, synthesis and
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degradation of ketone bodies, secondary bile acid bio-
synthesis, and protein export were positively corre-
lated with C/N, OM, and WSS (p<0.01 or p<0.05) but
negatively correlated with TKN and pH (Fig. 5b). The
abundance of these genes decreased as the composting
process progressed. The opposite trend was observed in
glycine, serine, and threonine metabolism, streptomycin
biosynthesis, and C5-branched dibasic acid metabolism
(p<0.01 or p<0.05) (Fig. 5b). Microbes can interact and
secrete many enzymes to degrade proteins and various
complex carbohydrates in composting, especially dur-
ing the mesophilic and thermophilic phases, leading to
fewer carbohydrates, relatively higher total nitrogen, and
higher pH [58].

Complex microbial agent facilitates P. ostreatus
colonization on DGW compost

Although the substrate preparation through compost-
ing for champignon cultivation (secondary decomposer)
has been developed and improved for more than sev-
enty years, limited information has been gained about
substrate preparation through composting for oyster
mushroom cultivation (primary decomposer), which
possesses entirely different physiological characteristics
from champignon [2]. Thus, the effect of the consortium-
based microbial agent in composting DGW for P, ostrea-
tus cultivation was evaluated using DGW withdrawn at
different time intervals as substrates. As shown in Fig. 6a,
P. ostreatus could not colonization when directly using
mixed raw DGW as the substrates because no ergosterol,
which is commonly used as a marker to characterize fun-
gal growth [59], was detected in the DGW substrate. By
comparison, after 48 h of composting, DGW was the
favorable substrate for P ostreatus growth. Its growth
slowed down in the substrates as the composting process
prolonged, and they stopped growing altogether in the
substrate after 144 h of composting (Fig. 6a). Ergosterol
content was substantially higher in Compost M than in
Compost C, especially in DGW composted for 24 h, indi-
cating that fermentation material cultivation by compost-
ing DGW material facilitated the P ostreatus mycelia
growth because its growth was faster in the former than
in the latter. A possible explanation for this result was
the intense microbial activity caused by the inoculant.
For example, DGW contains high concentrations of phe-
nolic compounds (3.5-5 mg/g dry matter) and fermented
residues that fungi cannot easily use, thus restricting P
ostreatus growth in DGW. However, after one day of
composting, the total concentration of phenolic com-
pounds decreased to 1.7 mg/g dry matter. As a whole, the
inoculation of microbes shortened the DGW composting
time and facilitated P, ostreatus mycelial growth.
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P, ostreatus is a famous lignocellulose degradation fun-
gus that employs powerful enzymatic machinery, includ-
ing LiP, MnP, laccase, cellulose, and xylanase to grow in
a wide range of agro-wastes [60]. Thus, the 48 h-com-
posted DGW samples of Compost M and Compost C
were used as substrates to cultivate P ostreatus, and the
lignocellulose degradation and relative enzymatic activi-
ties were measured every 4 d to compare the mycelial
growth status. The lignocellulose degradation ratios all
increased significantly in Compost M than Compost C
(»<0.05 or p<0.01, Fig. 6b). For example, the degradation
ratios of lignin, cellulose and hemicellulose were 21.4%,
7.5%, and 17.3% in Compost C after 24 d, while in Com-
post M they reached 38.4%, 13.0%, and 38.8%, respec-
tively. Correspondingly, higher LiP activity, MnP activity,
laccase activity, cellulose activity and xylanase activity
were observed throughout the culture period in Compost
M (p<0.05, p<0.01 or p<0.001, Fig. 6¢c—g). These results
further suggested that microbes inoculated composting
substrate promoted mushroom mycelial colonization.

Five batches of mushroom production experiments
were conducted using the 48 h-composted DGW samples
of Compost M and Compost C as substrates to cultivate
P ostreatus. The final yield of mushroom from Com-
post M was 0.67 £0.05 kg fresh mushroom/kg DGW, a
bit higher than the control samples (0.60 £ 0.04 kg fresh
mushroom/kg DGW), but without significant difference
(p>0.05). However, the harvesting time of the mushroom
using substrate from Compost M was 5-7 days earlier
than using substrate from Compost C.

Conclusion

A consortium-based microbial agent comprising five
indigenous microorganisms was developed, and its pos-
sible use in composting DGW for P. ostreatus cultivation
was evaluated. Results revealed that inoculation of this
microbial agent influenced the physicochemical proper-
ties of the DGW compost, the dynamics of the microbial
community structures and metabolic functions at differ-
ent composting phases, and P, ostreatus mycelial growth.
Thus, the consortium-based microbial agent comprised
indigenous microorganisms shows application potential
in composting DGW for P. ostreatus cultivation and will
provide an alternative way for DGW recycling.

Methods

Composting materials

Raw DGW was obtained from Golden Seed Winery (Fuy-
ang, Anhui Province, China). Corncob and lime were
purchased from the local market. Corncob was crushed
to about 0.5 cm in length. The physicochemical prop-
erties of raw substrates are listed in Additional file 1:
Table S2. P ostreatus was maintained on PDA (potato
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dextrose agar, filtrate of boiled-potato 200 g L™, glucose
20 g LY, agar, 15 g L™!) slants at 4 °C and stored at the
School of Life Sciences of Anhui University.

Screening and identification of microbial inoculum
The compost pile was made of a mixture of 100 kg of
DGW and corncob. The 7:3 ratio of DGW and corncob

were mixed to adjust the C/N to 30-35. Lime was added
to the composting substrate to adjust the pH to 6.5 [8].
The moisture was adjusted to 65% with tap water. The
composting was conducted in a compartment equipped
with ventilating machines. Samples from naturally com-
posting of 72 h (in thermophilic phase,>70 °C) were
withdrawn and divided into two parts. One part was
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sent for 16S rDNA high-throughput sequencing. The
other part was used for strain isolation. Briefly, sam-
ples were suspended in sterile PBS buffer and diluted
via the standard dilution-to-extinction method to 107®
and then spread on Luria—Bertani (LB) agar plates (LB,
tryptone 10 g L™}, yeast extract 5 g L™, NaCl 10 g L™,
Agar, 10 g L™!) and incubated at 55 °C for 24 h [14]. Colo-
nies grew on the plates were picked and individually cul-
tured in liquid LB medium at 55 °C on a rotary shaker for
24 h at 180 rpm. Each strain was identified based on the
16S rRNA gene, which was amplified using the primers
Bact-27F (5-AGAGTTTGATCMTGGCTCAG-3) and
Bact-1492R (5-GGTTACCTTGTTACGACTT-3"). The
obtained sequence was blasted in the Eztaxon database
(https://www.ezbiocloud.net/) to match the most closely
related species [61]. The strains used for developing the
consortium-based microbial agent were selected based
on their physiological functions, as reported in the refer-
ences. The phylogenetic tree of the five screened micro-
organisms was constructed using the MEGA 7 program
[62] based on the maximum likelihood method with 1000
bootstrap replicates.

Composting process and sampling
Five strains employed were individually cultivated in 2.4
L LB medium to the logarithmic growth phase. Cells were
mixed and withdrawn by centrifugation, resuspended in
12 L sterile water, and used as inoculants. The compost-
ing materials were prepared as described above and seg-
regated into two parts: one part was used for microbial
inoculation composting (Compost M), the other was uti-
lized as the control composting (Compost C). Compost
M was inoculated with 0.2% (v/m) of the inoculants. The
same volume of sterile water was added to Compost C
as the control. Each experiment was performed in trip-
licate, and each repetition contained 200 kg of the com-
posting materials. The mixed materials were stacked to
form trapezoidal piles 80 cm width at the top, 150 cm at
the bottom, and 60 cm in height. The composting lasted
for 186 h in compartments equipped with ventilating
machines. Heaps were turned and thoroughly mixed
every 24 h. A nine-point sampling method was employed
for the sample and data collection to obtain representa-
tive results. A total of 1 kg of the sample was collected
every 24 h and used to analyze physicochemical proper-
ties and utilized as the P. ostreatus cultivation substrate.
Samples collected at 18, 72, and 168 h, which belonged
to the mesophilic, thermophilic, and cooling phases,
were chosen and numbered in Compost M and Compost
C for 16S rDNA high-throughput sequencing analysis.
M1, M2, and M3 represented the samples from the mes-
ophilic, thermophilic, and cooling phases of Compost
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M, respectively, whereas C1, C2, and C3 represented the
samples from Compost C, respectively.

Physicochemical analysis

The temperature was measured using an electronic ther-
mometer probe by inserting it into the center of the
composting heap with three replicates every 6 h. Other
determinations were repeated three times and conducted
every 24 h. pH was measured using a pH meter after
mixing 10 g of composting samples with 100 mL deion-
ized water [29]. The TKN and organic matter (OM) were
determined via the Kjeldahl method (GB/T 6432-2018)
and the dry combustion method (NY/T 304-1995),
respectively. The WSS was measured via the anthrone
sulfuric acid colorimetric method according to Laurentin
and Edwards [63].

P. ostreatus cultivation and ergosterol content
determination

The water content and pH of composting samples col-
lected at different time points were adjusted to 65% and
7.0, respectively, and then autoclaved at 115 °C for 20 min
[64, 65]. Five plugs (5 mm in diameter) of P ostreatus
actively growing on the PDA plate at 25 °C were inoc-
ulated into 100 mL liquid PDA medium and grown at
25 °C for 4 d with shaking at 120 rpm. The mycelia were
then homogenized twice at 3,000 rpm for 5 s and used as
the seed to inoculate into the sterile DGW composting
material (5%, v/w) and cultured in the dark at 25 °C and
80% humidity.

The P ostreatus mycelial biomass was determined
by measuring the content of ergosterol after 10 days of
cultivation [66]. Three bags of cultures were withdrawn,
dried at 60 C to a constant weight, crushed, and sifted.
Ergosterol was extracted by saponification reaction. In
brief, samples were mixed with 20% NaOH solution,
incubated at 85 °C for 2 h, and centrifuged at 2,000 x g
for 20 min. Next, the precipitate was added with alcohol,
thoroughly mixed, and centrifuged to obtain the super-
natant. The supernatant was filtered through 0.22 pum
filters, and 200 pL of each sample was used to analyze
ergosterol content via a high-performance liquid chro-
matography equipment equipped with an XDB C18 col-
umn (1250 mm x 4.6 mm, 5 um; Agilent, Palo Alto, USA)
and a UV detector (1260 DAD) at 30 °C. The eluting
buffer was methanol. The flow rate was 1.0 mL/min.

The wrapped substrate bags (1.5-1.7 kg) were cultured
in a humidity-, temperature-, and light-controlled pro-
duction house to evaluate the final mushroom yield. The
mushroom production was closely monitored until the
end of the third flush. The mushroom yield was calcu-
lated as the wet weight of kilogram fresh mushroom per
kilogram substrate.
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Lignocellulose contents and enzymatic activities during P.
ostreatus colonization

The lignocellulose contents and relative enzymatic activi-
ties of DGW compost inoculated with P ostreatus were
estimated to evaluate the performance of P ostreatus
cultivated in the 48 h DGW composting samples. Three
bags were withdrawn everyfour days. Twenty grams of
the samples were randomly collected and transferred to
a flask containing 100 mL deionized water and blended
at 4 °C overnight and away from light, respectively. The
mixtures were filtered for removing residues and fur-
ther separated for the supernatant to measure enzy-
matic activities by centrifugation at 8000 x g for 10 min.
Laccase activity of the supernatant was determined
with  2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) (0.5 mM) as the substrate according to Bour-
bonnais and Paice [67]. Lignin peroxidase (LiP) activity
was carried out based on the oxidation of veratryl alco-
hol to veratraldehyde as described by Arora [68]. Man-
ganese peroxidase (MnP) was measured in the presence
of MnSO, (0.5 mM), 2,6-dimethylphenol (2,6-DMP)
(1.0 mM) and H,O, according to Wariishi [69]. Xyla-
nase activity of the supernatant was estimated firstly
using xylan solution and then adding 3,5-dinitrosalicylic
acid (DNS) as described by Irfan [70]. Cellulase activity
was carried out by measuring the reducing sugars by the
method described by Gonzalez Bautista [71].

The cellulose, hemicellulose, and lignin contents were
determined on an XD-CXW-10 fiber analyzer accord-
ing to the method shown by Zang [72]. Among which,
the hemicellulose content was calculated by subtraction
of the acid-detergent fiber (ADF) from the neutral-deter-
gent fiber (NDF). The cellulose content was estimated by
subtraction of the acid-detergent lignin (ADL) from the
NDE. The lignin content was calculated as the difference
between the ADL and the ash content.

Genomic DNA extraction and high-throughput sequencing
Total microbial genomic DNA of composted DGW
samples was extracted using the DNeasy PowerSoil Kit
(Qiagen, Germany) following the manufacturer’s instruc-
tions. The quantity and quality of extracted DNA were
analyzed using a NanoDrop ND-1000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) and
agarose gel electrophoresis, respectively. PCR amplifica-
tion of the V3—V4 regions of bacterial 16S rRNA genes
was performed using the forward primer 338F (5-ACT
CCTACGGGAGGCAGCAG-3') and the reverse primer
806R (5-GGACTACHVGGGTWTCTAAT-3). Sam-
ple-specific 7 bp barcodes were incorporated into the
primers for multiplex sequencing. Final PCR amplicons
were purified with AMPure beads (Beckman Coulter,
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Indianapolis, IN) and quantified using the PicoGreen
dsDNA assay kit (Invitrogen, Carlsbad, CA, USA). After
the individual quantification step, amplicons were pooled
in equal amounts, and paired-end 2 x 300 bp sequencing
was performed using the Illumina MiSeq platform with
MiSeq reagent kit v3 at Shanghai Personal Biotechnology
Co., Ltd (Shanghai, China). A negative control to verify
possible exogenous contamination was simultaneously
set up according to the manufacturer’s instructions.

Sequence analysis

Quality check of sequencing data was performed using
QIIME2 2019.4 [73] with slight modifications according
to the official tutorials (http://docs.qiime2.0rg/2019.4/
tutorials/). In brief, raw sequencing data were demulti-
plexed using the demux plugin followed by primers cut-
ting with the cutadapt plugin [74]. The sequence reads
were first filtered using DADA2’s recommended param-
eters (i.e., an expected error threshold of 2 combined
with the trimming of 10 nucleotides from the start and
end of each read). Filtered reads were then de-replicated
and de-noised using DADA?2 default parameters [75].
De-replication combines identical reads into unique
sequences and constructs consensus quality profiles for
each combined lot of sequences; the consensus qual-
ity profiles then inform the de-noising algorithm, which
infers error rates from samples and removes identified
sequencing errors from the samples [75]. Nonsingleton
amplicon sequence variants (ASVs) were aligned using
the MAFFT 7.0 software [76] (via q2-alignment) and
used to construct a phylogeny with FastTree 2 [77] based
on an approximately maximum likelihood method (via
q2-phylogeny). Taxonomy was assigned to ASVs by using
the classify-sklearn naive Bayes taxonomy classifier in
feature-classifier plugin [78] based on the SILVA Release
132 database (https://www.arb-silva.de/documentation/
release-132) [79].

Bioinformatics analysis

Sequence data analyses were mainly performed using
QIIME2 2019.4 and R packages (vision 3.2.0). ASV-
level a-diversity indices, such as Chaol richness esti-
mator, Observed species, Shannon diversity index, and
Simpson index, were calculated using the ASV table in
QIIME2, and visualized as box plots. 5-Diversity analy-
sis was performed to investigate structural variations in
microbial communities across samples by using Jaccard
metrics [80], Bray—Curtis metrics [81] and UniFrac dis-
tance metrics [82] and visualized via principal coordi-
nate analysis (PCoA) and nonmetric multidimensional
scaling (NMDS) [83]. The significance of differentiation
of microbiota structure among groups was assessed by
ANOSIM (analysis of similarities) using QIIME2 [84].
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Taxonomic compositions and abundances were visual-
ized using MEGAN [85] and GraPhlAn [86].

Microbial functions were predicted using PICRUSt2
(Phylogenetic investigation of communities by recon-
struction of unobserved states) [87] upon Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database (https://
www.kegg.jp/). Level 3 KEGG ortholog functions about
the relative abundance of metabolic functions were
drawn in a heatmap using the “pheatmap” package of the
R software (version 3.6.3) [88]. RDA was conducted using
Canoco (version 5.0.2) to reveal relationships among
multiple variations between environmental factors and
community compositions and functions [89].

Statistical analysis

All experimental data are presented as mean =+ standard
deviation. SPSS analysis (Statistical Product and Ser-
vice Solutions 24.0 Windows, SPSS Inc, Chicago, USA)
was used to investigate the statistical significance of the
physicochemical properties of compost and the relative
abundance of metabolic functions. The mean values of
the samples of different cultivations were compared by
ANOVA tests. Duncan’s multiple range test was used
for means separation. The level of significance was set
at p<0.05. Other statistical significance was evaluated
through one-way ANOVA, followed by Student’s ¢-test
with GraphPad Prism 7.0. p<0.05 was considered statis-
tically significant.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513068-021-02089-4.

Additional file 1: Table S1. The identification results of five microorgan-
isms screened for microbial inoculation from DGW composting. Table S2.
The physicochemical properties of raw substrates. Fig. S1. Effect of
microbial inoculation on bacteria community diversity during DGW
composting. Fig. $2 The level 1 KEGG microbial ortholog function profiles
in different composting phases during DGW composting.

Authors’ contributions

SW and RZ: conceptualization, investigation, data curation, writing—original
draft. YM: investigation, data curation. YF: investigation. GX and XG: resources,
methodology. YX: writing—review and editing. JL: conceptualization, supervi-
sion, data curation, writing—original draft, review and editing. ZF: conceptual-
ization, supervision, funding acquisition, writing—review and editing.

Funding

This work was supported by the Science and Technology Major Project of
Anhui Province (No. 202103a06020006, 17030701059), the Science Fund for
Distinguished Young Scholars of Anhui Province (No. 2008085J12), and the
Doctoral Research Start-up Funding of Anhui University (No. Y040418162).

Availability of data and materials

The raw metagenomic datasets are publicly available in National Center for
Biotechnology Information (NCBI) Sequence Read Archive (BioProject ID:
PRINA723141). The DNA sequence of the Internal Transcribed Spacer (ITS)

Page 14 of 16

rRNA gene for molecular identification of P, ostreatus is deposited in the Gen-
Bank database (the Accession No. OL308083).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent for publication.

Competing interests
The authors declare that they have no competing interest.

Author details

'School of Life Sciences, Anhui University, Hefei 230601, Anhui, China. 2Anhui
Key Laboratory of Modern Biomanufacturing, Hefei 230601, Anhui, China.
3Anhui Golden Seed Winery Co,, LTD, Fuyang 341200, Anhui, China. *Livestock
and Poultry Breeding Service Center of Fuyang City, Fuyang 341200, Anhui,
China.

Received: 11 September 2021 Accepted: 4 December 2021
Published online: 17 December 2021

References

1.

2.

Sanchez C. Cultivation of Pleurotus ostreatus and other edible mush-
rooms. Appl Microbiol Biotechnol. 2010;85(5):1321-37.

Vieira FR, de Andrade MCN. Optimization of substrate preparation for
oyster mushroom (Pleurotus ostreatus) cultivation by studying different
raw materials and substrate preparation conditions (composting: phases
I'and I1). World J Microbiol Biotechnol. 2016;32:190.

Pathmashini L, Arulnandhy V, Wijeratnam RW. Cultivation of oys-

ter mushroom (Pleurotus ostreatus) on sawdust. Cey J Sci (Bio Sci).
2008;37(2):177-82.

Pandey A, Soccol CR, Nigam P, Brand D, Mohan R, Roussos S. Biotech-
nological potential of coffee pulp and coffee husk for bioprocesses.
Biochem Eng J. 2000;6(2):153-62.

Zhang J, Zhang W,Wu Z,Yang J, Liu Y, Zhong X, et al. A comparison of dif-
ferent dilute solution explosions pretreatment for conversion of distillers’
grains into ethanol. Prep Biochem Biotechnol. 2013;43(1):1-21.

Tan L, Sun Z, Zhang W, Tang Y, Morimura S, Kida K. Production of bio-fuel
ethanol from distilled grain waste eluted from Chinese spirit making
process. Bioprocess Biosyst Eng. 2014;37(10):2031-8.

Wang T, Sun Z, Huang Y, Tan L, Tang Y, Kida K. Biogas production from
distilled grain waste by thermophilic dry anaerobic digestion: Pretreat-
ment of feedstock and dynamics of microbial community. Appl Biochem
Biotechnol. 2018;184(2):685-702.

Wang S, Zhong X, Wang T, Sun Z, Tang Y, Kida K. Aerobic composting of
distilled grain waste eluted from a Chinese spirit-making process: the
effects of initial pH adjustment. Bioresour Technol. 2017;245:778-85.
Zhang J, Zhang W, Li S, You L, Zhang C, Sun C, et al. A two-step fermenta-
tion of distillers’ grains using Trichoderma viride and Rhodopseudomonas
palustris for fish feed. Bioprocess Biosyst Eng. 2013;36(10):1435-43.

. Hernandez D, Sdnchez JE, Yamasaki K. A simple procedure for prepar-

ing substrate for Pleurotus ostreatus cultivation. Bioresour Technol.
2003;90(2):145-50.

. XuJ,Jiang Z, Li M, Li Q. A compost-derived thermophilic microbial

consortium enhances the humification process and alters the microbial
diversity during composting. J Environ Manage. 2019;243:240-9.

. LiJ,Wang X, Cong C,Wan L, Xu Y, Li X, et al. Inoculation of cattle manure

with microbial agents increases efficiency and promotes maturity in
composting. 3 Biotech. 2020;10(3):128.

. Vargas-Garcia MC, Sudrez-Estrella F, Ldpez MJ, Moreno J. Effect of inocula-

tion in composting processes: modifications in lignocellulosic fraction.
Waste Manag. 2007;27(9):1099-107.

. Wan L, Wang X, Cong C, Li J, XuY, Li X, et al. Effect of inoculating micro-

organisms in chicken manure composting with maize straw. Bioresour
Technol. 2020;301:122730.


https://www.kegg.jp/
https://www.kegg.jp/
https://doi.org/10.1186/s13068-021-02089-4
https://doi.org/10.1186/s13068-021-02089-4

Wau et al. Biotechnology for Biofuels

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2021) 14:242

Morales AB, Bustamante MA, Marhuenda-Egea FC, Moral R, Ros M, Pas-
cual JA. Agri-food sludge management using different co-composting
strategies: study of the added value of the composts obtained. J Clean
Prod. 2016;121:186-97.

Vajna B, Szili D, Nagy A, Mérialigeti K. An improved sequence-aided
T-RFLP analysis of bacterial succession during oyster mushroom substrate
preparation. Microb Ecol. 2012;64(3):702-13.

Vieira FR, Pecchia JA, Segato F, Polikarpov I. Exploring oyster mushroom
(Pleurotus ostreatus) substrate preparation by varying phase | compost-
ing time: changes in bacterial communities and physicochemical
composition of biomass impacting mushroom yields. J Appl Microbiol.
2019;126(3):931-44.

Fu L, BaiY, LuY, Ding J, Zhou D, Zeng R. Degradation of organic pollutants
by anaerobic methane-oxidizing microorganisms using methyl orange as
example. J Hazard Mater. 2019;364:264-71.

Fujii K, Tominaga Y, Okunaka J, Yagi H, Ohshiro T, Suzuki H. Microbial and
genomic characterization of Geobacillus thermodenitrificans OS27, a
marine thermophile that degrades diverse raw seaweeds. Appl Microbiol
Biotechnol. 2018;102(11):4901-13.

Harirchi S, Etemadifar Z, Mahboubi A, Yazdian F, Taherzadeh MJ. The effect
of calcium/magnesium ratio on the biomass production of a novel ther-
moalkaliphilic Aeribacillus pallidus strain with highly heat-resistant spores.
Curr Microbiol. 2020;77(10):2565-74.

Zhang W, Yu C, Wang X, Hai L. Increased abundance of nitrogen trans-
forming bacteria by higher C/N ratio reduces the total losses of N and C
in chicken manure and corn stover mix composting. Bioresour Technol.
2020;297:122410.

Neelkant KS, Shankar K, Jayalakshmi SK, Sreeramulu K. Optimization of
conditions for the production of lignocellulolytic enzymes by Sphingo-
bacterium sp. ksn-11 utilizing agro-wastes under submerged condition.
Prep Biochem Biotechnol. 2019;49(9):927-34.

Mallick S. Biodegradation of acenaphthene by Sphingobacterium sp.
strain RTSB involving trans-3-carboxy-2-hydroxybenzylidenepyruvic acid
as a metabolite. Chemosphere. 2019,219:748-55.

Theiri M, Chadjaa H, Marinova M, Jolicoeur M. Combining chemical floc-
culation and bacterial co-culture of Cupriavidus taiwanensis and Ureibacil-
lus thermosphaericus to detoxify a hardwood hemicelluloses hydrolysate
and enable acetone-butanol-ethanol fermentation leading to butanol.
Biotechnol Prog. 2019;35(2):e2753.

Wu X, SunY, Deng L, Meng Q, Jiang X, Bello A, et al. Insight to key diazo-
trophic community during composting of dairy manure with biochar
and its role in nitrogen transformation. Waste Manag. 2020;105:190-7.
Huang D, Liu J, QiY, Yang K, Xu Y, Feng L. Synergistic hydrolysis of xylan
using novel xylanases, 3-xylosidases, and an a-L-arabinofuranosidase
from Geobacillus thermodenitrificans NG80-2. Appl Microbiol Biotechnol.
2017;101(15):6023-37.

ZhaoY, Lu Q WeiY, Cui H, Zhang X, Wang X, et al. Effect of actinobacteria
agent inoculation methods on cellulose degradation during composting
based on redundancy analysis. Bioresour Technol. 2016;219:196-203.
Joseph S, Kammann Cl, Shepherd JG, Conte P, Schmidt HP, Hagemann

N, et al. Microstructural and associated chemical changes during the
composting of a high temperature biochar: Mechanisms for nitrate,
phosphate and other nutrient retention and release. Sci Total Environ.
2018;618:1210-23.

Chi CP, Chu S, Wang B, Zhang D, Zhi Y, Yang X, et al. Dynamic bacterial
assembly driven by Streptomyces griseorubens JSD-1 inoculants cor-
respond to composting performance in swine manure and rice straw
co-composting. Bioresour Technol. 2020;313:123692.

Kong W, Sun B, Zhang J, Zhang Y, Gu L, Bao L, et al. Metagenomic analysis
revealed the succession of microbiota and metabolic function in corncob
composting for preparation of cultivation medium for Pleurotus ostreatus.
Bioresour Technol. 2020,306:123156.

Yang Y, Awasthi MK, Bao H, Bie J, Lei S, Lv J. Exploring the microbial
mechanisms of organic matter transformation during pig manure
composting amended with bean dregs and biochar. Bioresour Technol.
2020;313:123647.

Tong B, Wang X, Wang S, Ma L, Ma W. Transformation of nitrogen and
carbon during composting of manure litter with different methods.
Bioresour Technol. 2019;293:122046.

Wu D, Wei Z, Qu F, Mohamed TA, Zhu L, Zhao Y, et al. Effect of

Fenton pretreatment combined with bacteria inoculation on humic

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 150f 16

substances formation during lignocellulosic biomass composting
derived from rice straw. Bioresour Technol. 2020;303:122849.

Fang, Jia X, Chen L, Lin C, Zhang H, Chen J. Effect of thermotoler-
ant bacterial inoculation on the microbial community during sludge
composting. Can J Microbiol. 2019;65(10):750-61.

Yin'Y, Gu J, Wang X, Zhang Y, Zheng W, Chen R, et al. Effects of rham-
nolipid and Tween-80 on cellulase activities and metabolic functions
of the bacterial community during chicken manure composting.
Bioresour Technol. 2019;288:121507.

LiC, LiH,YaoT, SuM, Ran F, Han B, et al. Microbial inoculation influ-
ences bacterial community succession and physicochemical charac-
teristics during pig manure composting with corn straw. Bioresour
Technol. 2019;289:121653.

Xi B, He X, Wei Z, Jiang Y, Li M, Li D, et al. Effect of inoculation methods
on the composting efficiency of municipal solid wastes. Chemosphere.
2012;88(6):744-50.

Zhu L, ZhaoY, Zhang W, Zhou H, Chen X, Li Y, et al. Roles of bacte-

rial community in the transformation of organic nitrogen toward
enhanced bioavailability during composting with different wastes.
Bioresour Technol. 2019;285:121326.

Qiu X, Zhou G, Zhang J, Wang W. Microbial community responses to
biochar addition when a green waste and manure mix are com-
posted: a molecular ecological network analysis. Bioresour Technol.
2019;273:666-71.

Wei H, Wang L, Hassan M, Xie B. Succession of the functional microbial
communities and the metabolic functions in maize straw composting
process. Bioresour Technol. 2018;256:333-41.

. Sangeetha T, Guo Z, LiuW, Gao L, Wang L, Cui M, et al. Energy recovery

evaluation in an up flow microbial electrolysis coupled anaerobic
digestion (ME-AD) reactor: role of electrode positions and hydraulic
retention times. Appl Energy. 2017,206:1214-24.

Zhong X, Ma S, Wang S, Wang T, Sun Z, Tang Y, et al. A comparative
study of composting the solid fraction of dairy manure with or without
bulking material: performance and microbial community dynamics.
Bioresour Technol. 2018;247:443-52.

Dodd D, Mackie RI, Cann IK. Xylan degradation, a metabolic property
shared by rumen and human colonic Bacteroidetes. Mol Microbiol.
2011,79:292-304.

Meng X, Liu B, Xi C, Luo X, Yuan X, Wang X, et al. Effect of pig manure
on the chemical composition and microbial diversity during co-
composting with spent mushroom substrate and rice husks. Bioresour
Technol. 2018;251:22-30.

Li R, LiL, Huang R, SunY, Mei X, Shen B, et al. Variations of culturable
thermophilic microbe numbers and bacterial communities during

the thermophilic phase of composting. World J Microbiol Biotechnol.
2014;30:1737-46.

Gao J, Liu X, Fan X, Dai H. Effects of triclosan on performance, microbial
community and antibiotic resistance genes during partial denitrifica-
tion in a sequencing moving bed biofilm reactor. Bioresour Technol.
2019;281:326-34.

Anderson CR, Condron LM, Clough TJ, Fiers M, Stewart A, Hill RA, et al.
Biochar induced soil microbial community change: Implications for
biogeochemical cycling of carbon, nitrogen and phosphorus. Pedobio-
logia. 2011;54:309-20.

Casacchia T, Toscano P, Sofo A, Perri E. Assessment of microbial pools
by an innovative microbiological technique during the co-composting
of olive mill by-products. J Agr Sci. 2011;2:104-10.

Nissild ME, Li YC, Wu SY, Lin CY, Puhakka JA. Hydrogenic and metha-
nogenic fermentation of birch and conifer pulps. Appl Energy.
2012;100:58-65.

Huang S, Sheng P, Zhang H. Isolation and identification of cellulolytic
bacteria from the gut of Holotrichia parallela larvae (Coleoptera: Scara-
baeidae). Int J Mol Sci. 2012;13(3):2563-77.

Pankratov TA, Ivanova AO, Dedysh SN, Liesack W. Bacterial populations
and environmental factors controlling cellulose degradation in an acidic
Sphagnum peat. Environ Microbiol. 2011;13:1800-14.

Song W, Wang X, Gu J, Zhang S, Yin Y, Li Y, et al. Effects of different swine
manure to wheat straw ratios on antibiotic resistance genes and the
microbial community structure during anaerobic digestion. Bioresour
Technol. 2017;231:1-8.



Wau et al. Biotechnology for Biofuels

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

(2021) 14:242

Zhang L, Zhang H, Wang Z, Chen G, Wang L. Dynamic changes of the
dominant functioning microbial community in the compost of a 90 m?
aerobic solid state fermentor revealed by integrated meta-omics. Biore-
sour Technol. 2016;203:1-10.

Zhou G, Xu X, Qiu X, Zhang J. Biochar influences the succession of
microbial communities and the metabolic functions during rice straw
composting with pig manure. Bioresour Technol. 2019;272:10-8.

Wang K, Chu C, Li X, Wang W, Ren N. Succession of bacterial community
function in cow manure composing. Bioresour Technol. 2018;267:63-70.
Zhong X, Li X, Zeng Y, Wang S, Sun Z, Tang Y. Dynamic change of bacterial
community during dairy manure composting process revealed by high-
throughput sequencing and advanced bioinformatics tools. Bioresour
Technol. 2020;306:12309.

Kwon YC, Jeong DW, Gim SI, Ro HS, Lee HS. Curing viruses in Pleurotus
ostreatus by growth on a limited nutrient medium containing cCAMP and
rifamycin. J Virol Methods. 2012;185(1):156-9.

Lopez-Gonzalez JA, Suarez-Estrella F, Vargas-Garcia MC, Lopez MJ, Jurado
MM, Moreno J. Dynamics of bacterial microbiota during lignocellulosic
waste composting: studies upon its structure, functionality and biodiver-
sity. Bioresour Technol. 2015;175:406-16.

Mansoldo FRP, Firpo R, Cardoso VDS, Queiroz GN, Cedrola SML, Godoy
MG, et al. New method for rapid identification and quantification of fun-
gal biomass using ergosterol autofluorescence. Talanta. 2020;,219:121238.
Ferndndez-Fueyo E, Ruiz-Duenas FJ, Lépez-Lucendo MF, Pérez-Boada M,
Rencoret J, Gutiérrez A, et al. A secretomic view of woody and nonwoody
lignocellulose degradation by Pleurotus ostreatus. Biotechnol Biofuels.
2016;9:49.

Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, et al. Introducing EzBio-
Cloud: a taxonomically united database of 16S rRNA gene sequences and
whole-genome assembilies. Int J Syst Evol Microbiol. 2017,67(5):1613-7.
Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33(7):1870-4.
Laurentin A, Edwards CA. A microtiter modification of the anthrone-
sulfuric acid colorimetric assay for glucose-based carbohydrates. Anal
Biochem. 2003;315(1):143-5.

Aghajani H, Bari E, Bahmani M, Humar M, Ghanbary MAT, Nicholas DD,

et al. Influence of relative humidity and temperature on cultivation of
Pleurotus species. Maderas Ciencia y tecnologia. 2018;20(4):571-8.

Bari E, Daniel G, Yilgor N, Kim JS, Tajick-Ghanbary MA, Singh AP, et al. Com-
parison of the decay behavior of two white-rot fungi in relation to wood
type and exposure conditions. Microorganisms. 2020;8(12):1931.
Cardoso RVC, Fernandes A, Oliveira MBPP. Calhelha RC, Barros L, Martins
A, et al. Development of nutraceutical formulations based on the
mycelium of Pleurotus ostreatus and Agaricus bisporus. Food Funct.
2017;8(6):2155-64.

Bourbonnais R, Paice MG. Oxidation of nonphenolic substrates.

An expanded role for laccase in lignin biodegradation. FEBS Lett.
1990;267(1):99-102.

Arora DS, Gill PK. Comparison of two assay procedures for lignin peroxi-
dase. Enzyme Microb Technol. 2001;28(7-8):602-5.

Wariishi H, Valli K, Gold MH. Manganese (Il) oxidation by manganese
peroxidase from the basidiomycete Phanerochaete chrysosporium: Kinetic
mechanism and role of chelators. J Biol Chem. 1992,267(33):23688-95.
Irfan M, Asghar U, Nadeem M, Nelofer R, Syed Q. Optimization of process
parameters for xylanase production by Bacillus sp. in submerged fermen-
tation. J Radiat Res Appl SC. 2016;9(2):139-47.

Gonzalez Bautista E, Gutierrez E, Dupuy N, Gaime-Perraud |, Ziarelli

F, Farnet da Silva AM. Pre-treatment of a sugarcane bagasse-based
substrate prior to saccharification: Effect of coffee pulp and urea on lac-
case and cellulase activities of Pycnoporus sanguineus. J Environ Manag.
2019;239:178-86.

Zang X, Liu M, Fan'Y, Xu J, Xu X, Li H. The structural and functional contri-
butions of B-glucosidase-producing microbial communities to cellulose
degradation in composting. Biotechnol Biofuels. 2018;11:51.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,

et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol. 2019;37(8):852-7.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. 2011;17(1):10-2.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

Page 16 of 16

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
DADA2: High-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581-3.

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 2002;30(14):3059-66.

Price MN, Dehal PS, Arkin AP FastTree 2—approximately maximum-likeli-
hood trees for large alignments. PLoS ONE. 2010;5(3):9490.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al.
Optimizing taxonomic classification of marker-gene amplicon sequences
with QIIME 2's g2-feature-classifier plugin. Microbiome. 2018;6(1):90.
Koljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AF, Bahram M, et al.
Towards a unified paradigm for sequence-based identification of fungi.
Mol Ecol. 2013;22(21):5271-7.

Jaccard P. Nouvelles recherches sur la distribution florale. Bull Soc Vaud
SciNat. 1908;44:223-70.

Bray JR, Curtis JT. An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr. 1957;27(4):325-49.

Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative
beta diversity measures lead to different insights into factors that struc-
ture microbial communities. Appl Environ Microbiol. 2007;73(5):1576-85.
Ramette A. Multivariate analyses in microbial ecology. FEMS Microbiol
Ecol. 2007;62(2):142-60.

Warton DI, Wright ST, Wang Y. Distance-based multivariate analyses con-
found location and dispersion effects. Methods Ecol Evol. 2012;3:89-101.
Huson DH, Mitra S, Ruscheweyh HJ, Weber N, Schuster SC. Integrative
analysis of environmental sequences using MEGAN4. Genome Res.
2011;21(9):1552-60.

Asnicar F, Weingart G, Tickle TL, Huttenhower C, Segata N. Compact
graphical representation of phylogenetic data and metadata with
GraPhlAn. Peer). 2015;3:e1029.

Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA,
et al. Predictive functional profiling of microbial communities using 165
rRNA marker gene sequences. Nat Biotechnol. 2013;31(9):814-21.

Kolde R, Kolde MR. Package ‘pheatmap! R package. 2015;1(7):790.
Mitchell RJ, Hewison RL, Fielding DA, Fisher JM, Gilbert DJ, Hurskainen S,
et al. Decline in atmospheric sulphur deposition and changes in climate
are the major drivers of long-term change in grassland plant communi-
ties in Scotland. Environ Pollut. 2018;235:956-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Development of a consortium-based microbial agent beneficial to composting of distilled grain waste for Pleurotus ostreatus cultivation
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Screening bacteria from distilled grain waste compost for microbial inoculation
	Complex microbial agent inoculation improves physicochemical properties of DGW compost
	Complex microbial agent changed bacterial community diversity and composition
	Complex microbial agent changed the potential function of bacterial community
	Complex microbial agent facilitates P. ostreatus colonization on DGW compost

	Conclusion
	Methods
	Composting materials
	Screening and identification of microbial inoculum
	Composting process and sampling
	Physicochemical analysis
	P. ostreatus cultivation and ergosterol content determination
	Lignocellulose contents and enzymatic activities during P. ostreatus colonization
	Genomic DNA extraction and high-throughput sequencing
	Sequence analysis
	Bioinformatics analysis
	Statistical analysis

	References




