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A B S T R A C T

Metagenomic sequencing was used to reveal the dynamic changes in microbiota and the metabolic functions in
corncob composting for preparing cultivation medium of Pleurotus ostreatus. Results showed that the changes of
physicochemical properties lead to different dominant phylum at different stages of composting. Firmicutes re-
placed Proteobacteria as the dominant phylum at thermophilic stage. Correlation analysis indicated that the
succession of microbiota was significantly affected by the C/N ratio, pH, temperature and organic matters in
compost. The changes in community inevitably lead to the differences of metabolic functions. Metabolism
analysis indicated that carbohydrate, lipid and amino acid metabolism were relatively higher in thermophilic
stage. Conversely, the metabolism of starch, sucrose, galactose, ascorbate was mainly detected in the late stage.
The metabolisms of different stages were driven by different microorganisms. Overall, these findings deepened
our understanding of metabolic functions, and it is of great value to the metabolomics research of composting
system.
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1. Introduction

Pleurotus ostreatus is one of the most widely cultivated edible
mushrooms in the world (Nam et al., 2018). It is favored by consumers
for its high levels of nutrients (such as fiber, carbohydrates, minerals
and vitamins), antioxidant and anticancer activity (Jayakumar et al.,
2008). Pleurotus ostreatus is easy to cultivate and can grow on various
agricultural wastes (Sánchez, 2010), its annual production continues to
increase rapidly the world (Carvalho et al., 2010). Currently, there are
three main techniques for cultivation of Pleurotus ostreatus: raw material
cultivation, clinker cultivation, and fermentation material cultivation
(Hernández et al., 2003). Compared to raw material and clinker culti-
vation, fermentation material cultivation has a wider application in the
world due to the advantages of low pollution, low cost, simple process,
and high economic benefits (Hernández et al., 2003). Fermentation
material is made by composting with agricultural waste such as straw
and corncob as the main raw materials. However, as a major agri-
cultural byproduct in terms of quantity of biomass available, corncob
collected for industrial processing is less (Sarkar et al., 2012). There-
fore, composting corncob into fermentation material for cultivation of
Pleurotus ostreatus, which not only can greatly contribute to the pro-
duction and quality, but also achieve high efficiency biotransformation
of agricultural waste (Zhang et al., 2016b).

Composting is one of the best strategies for agricultural waste
treatment, and corncob composting has been widely reported in pre-
vious studies. Wei et al. revealed that the bacterial communities dif-
fered in different stages of the maize straw composting, Staphylococcus,
Cellulosimicrobium and Ochrobactrum possibly participated in the
transformation of humic acid (Wei et al., 2018). However, Zhang et al.
came to a different conclusion, they revealed that there was no species
succession within the compost communities, and demonstrated that the
maize straw was a more efficient substrate for rapid natural lig-
nocellulose-based composting than wheat straw (Zhang et al., 2016b).
Other reports showed that in maize straw composting, Ascomycota
dominated in fungal communities and were independent of nitrogen
sources, but the addition of nitrogen sources affected the bacterial
community composition (Zhang et al., 2015). Although the micro-
biological process in composting have been widely reported, there are
still gaps in our knowledge owing to the various and heterogeneous raw
materials. Besides, numerous composting systems increased the diffi-
culty in this understanding. However, up to now, little information can
be found about the changes of in microbiota and the metabolic func-
tions in corncob composting. In addition, the relationships between the
physicochemical properties, microbial community, and metabolic
functions are also scarce for corncob composting.

Microorganisms play an important role in composting process. The
dynamic changes of microbiota affect the degradation of organic
matter, and this degradation determines the maturity of fermentation
(Wei et al., 2007). Fermentation maturity is also influenced by the
factors such as temperature, moisture, oxygen, and C/N ratio (Wan
et al., 2020). Therefore, the effective detection of dynamic changes in
the microbiota and analysis of metabolic pathways during the com-
posting process are the keys to establishing relationships between
compost properties, community, and metabolism. Generally, methods
such as T-RFLP, PCR-DGGE, and 16S rRNA clone library were used to
analyze the microbial community during composting, but these are not
sufficient to provide the comprehensive microbial communities and
metabolic function characteristics due to the limitations (Asano et al.,
2010). In recent years, through the study of environmental microbial
phylogeny and function, metagenomic libraries have become an im-
portant tool for researching environmental microbiology (Juan et al.,
2016). Metagenomic sequencing can not only obtain information about
the microbiome in samples, but also realize the analysis of functional
genes, degradation and metabolic pathways of organic matters (Costea
et al., 2017).

Therefore, the main objective of this study was to investigate the

variation tendencies of compost properties in different composting
stages. Metagenomics sequencing was used to reveal the dynamic
changes of microbial community structures and metabolic function at
the major stages of the corncob composting, and to identify the domi-
nant microorganism and metabolic pathway. In addition, the relation-
ship of physicochemical properties with microbial communities and
microbial metabolism will be discussed. These results will provide re-
ferences which elucidate the potential functions on the dominant
genera of corncob composting and will be of great value for metabo-
lomics research of composting systems.

2. Materials and methods

2.1. Materials and composting

The trial was conducted in Xinxiang, Henan Province, China in
November 2018. The raw materials included corncob, bran, lime and
urea. The corncob and bran were obtained from a local farm and
shattered into particles of 1 cm via a grinder to homogenize the di-
mension of raw materials. Lime and urea were purchased locally. A
pilot scale composting experiment was set up, consisting of 84%
corncob, 10% bran, 5% lime and 1% urea (dry weight basis). Before
composting, the raw materials were humidified with water at a weight
ratio of 1:2.5 (raw materials: water). The pilot scale composting ex-
periment contained three replicates, each replicate containing 250 kg of
raw materials. The raw materials were mechanically stirred for 30 min,
and then the evenly stirred raw materials were stacked into a trape-
zoidal heap with a height of 60 cm, a width of 80 cm at the top and a
width of 120 cm at the bottom, the length was not limited. The com-
posting took place in compartments, which were well ventilated. After
the heaps were formed, a wooden stick with a diameter of 30 cm was
used to punch holes from top to bottom, and the spacing between holes
was also 30 cm. Composting experiments were carried out for 10 days,
and turning the heaps initiated from the third day, the heaps were
turned every other day, a total of 4 times. The representative samples
were collected for each heap on days 2, 4, 6, 8, 10, which were T1, T2,
T3, T4, T5, respectively. To obtain representative samples, samples
were collected from at least 9 different sites of the heap, and then one
sample was obtained by mixing sub-samples. The sample was divided
into two parts, one part was air-dried to analyze the physicochemical
properties, and the other part was stored at −20 °C for biological
analysis.

2.2. Physicochemical analysis

Daily temperature readings (T) were taken using a digital thermo-
meter. The pH was determined at a ratio 1:5 (wet weight of composting
sample: moisture volume) after shaking equilibration for approximately
30 min using a combination pH meter. The water content (WC) of
composting samples was estimated based on the weight loss after
drying samples at 105 °C for 24 h until a constant weight. Total nitrogen
(TN) contents were determined using an elemental analyzer. Organic
matter (OM) was measured by the potassium dichromate method (NY/T
1121.6–2006, China Standard).

Xylanase activities (Xyl) were assayed according to the method
described by (Zhang et al., 2016a). Briefly, 5 g compost sample and
50 ml distilled water were added to a 250 ml conical flask, which was
then oscillated at 200 rpm for 1 h to extract the enzyme from the solid
matrix. Then, the mixture was transferred into a 50 ml centrifuge tube,
and centrifuged at 8000 rpm for 10 min. The supernatants were ob-
tained after removal of the biomass. Take 0.5 ml supernatant, add
1.0 ml 1% birch wood xylan (dissolved in pH 6.0 citrate buffer) at 50 °C
for 60 min, add 3 ml DNS reagent with plug, and boil the water for
5 min. After rapid cooling, add 20 ml water, shake well and measure the
OD value at 540 nm. Laccase activities (Lac) were assayed according to
the method described by (Parenti et al., 2013). Briefly, laccase activities
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were determined by detecting the products of the oxidation of 2.6-di-
metoxiphenol (DMP, ε468 = 49,600 M−1 cm−1). The reaction mixture
contained 450 μl of the culture filtrate described above and 500 μl of
10 mM DMP in 100 mM acetate buffer (pH 5.0). The reaction was
performed for 1 min at room temperature before variation in the ab-
sorbance at 468 nm was recorded. One unit of enzyme activity was
defined as the formation of 1 μmol of product per min. Protease ac-
tivities (Pro) were measured according to the method of (He et al.,
2019), 20 g compost samples were homogenized with precooled 100 ml
of 0.1 M sodium phosphate buffer (pH 6.0 with 5 mM hyposulfite) for
1 min. After filtration through 4 layers of cheesecloth and centrifuga-
tion at 8000 rpm at 4 °C for 10 min, then 0.2 ml supernatant was added
into the reaction mixture containing 0.3 ml of 10 mg ml−1 azocasein
and 0.5 ml of 0.2 m sodium phosphate buffer (pH 4.5). After 2 h at
40 °C, the reaction was stopped by adding 2 ml of 12% perchloric acid.
The precipitated protein was removed by centrifugation, and the ab-
sorbance of the supernatant was read at 340 nm. One unit of activity is
equivalent to the change of one absorbance unit at 340 nm h−1.

2.3. DNA extraction and PCR amplification

Genomic DNA was extracted from all the composting samples using
the FastDNA SPIN Kit for Soil (MP, USA) according to the manu-
facturer’s instructions. The extracted DNA was examined on a 1.0%
agarose gel, and the concentration and quality of the extract (A260/
A280) were measured using a Nano Drop ND-1000 UV–vis spectro-
photometer (Thermo Scientific, Rockwood, TN, USA). Bacterial DNA
amplification was carried out, targeting the V3-V4 regions of the 16S
rRNA gene, and the primer sequences were 338F (5′-ACTCCTACGGG
AGGCAGCAG-3′) and (5′-GGACTACHVGGGTWTCTAAT-3′) 806R (Lee
et al., 2012). PCR amplification was performed using a 20 μl reaction
system, with reaction parameters: 3 min at 95 °C; 30 cycles (30 s at
95 °C, 30 s at 55 °C, 45 s at 72 °C); 10 min at 72 °C, 4 °C until halted by
user. After the amplification was completed, the PCR products were
pooled and purified using an AxyPrep DNA purification kit (AXYGEN,
Inc.), then were paired-end sequenced by the MiSeq PE300 platform
(Illumina, USA).

2.4. Metagenomic analysis

DNA was fragmented to approximately 300 bp by using the Covaris
M220 (Gene Company Limited, China). Adapters containing the full
complement of sequencing primer hybridization sites were bound to the
blunt-end of fragments. Sequencing was performed on the Illumina
Hiseq2500 platform (Illumina Inc, San Diego, CA, USA) at Seqhealth
Technology Co, Ltd. (Wuhan, China). Raw metagenomic reads were
quality trimmed and filtered using Trimmomatic version 0.30, resulting
in 20.0 Gbp of high-quality reads. Then trimmed metagenomic reads
were de novo assembled by IDBA-UD version 1.1.1, with an additive
multiple k-mer approach, where k-mers ranged from 57 to 137 with a
step of 10, selecting the optimal assembly result from the different k-
mers. The data were then assembled and contigs with a minimum
length of 300 bp were selected as final results to conduct the gene
prediction and annotation. Open reading frames (ORFs) prediction for
each assembled contig was carried out using Meta Gene (http://
metagene.cb.k.u-tokyo.ac.jp/). The obtained ORFs (length ≥ 100 bp)
were retrieved and translated into amino acid sequences. The entirety
of the predicted gene sequences was clustered using CD-HIT (http://
www.bioinformatics.org/cd-hit/) (parameters: 95% identity and 90%
coverage) and the longest genes of every cluster were selected as the
representative sequence to build a non-redundant gene catalog. All the
raw metagenomic datasets are available at the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (accession
number: SRR10856164). For taxonomic annotations, sequences of the
obtained non-redundant gene catalog were annotated against NCBI NR
database, a non-redundant protein database, using BLASTP (BLAST

Version 2.2.28+, http://blast.ncbi.nlm.nih.gov/Blast.cgi) with e-value
cutoff of 1e-5. Searching against the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database was conducted for functional annota-
tion. The coding genes for denitrification-related enzymes were iden-
tified according to KEGG PATHWAY database and the abundance was
evaluated by the matched reads (reads count and relative reads
number). Relative abundance of different functional hierarchy was
equal to the sum of relative abundance of genes annotated to that
functional level.

2.5. Statistical analysis

All data for this trial was generated using the Microsoft Excel 2016
and origin 2017 (Origin Lab, USA) and presented as means with stan-
dard deviation of treatments. One-way analysis of variance (ANOVA)
was performed to investigate the statistical significance of the physi-
cochemical properties of compost and the relative abundance of or-
ganisms within the microbial community using SPSS analysis
(Statistical Product and Service Solutions 24.0 Windows, SPSS Inc,
Chicago, USA) and corrected by Tukey's test (if p < 0.05, the differ-
ence is significant). Pearson correlation analysis was performed to
analyze the relationship between the physicochemical properties and
the composition of microbial community by using the SPSS software.
The vegan package of R software (Version 3.1.2) was used to calculate
the community similarity based on OTUs using non-metric multi-
dimensional scaling (NMDS) analysis based on Bray-Curtis distance
matrixes as well as ANOSIM analysis. Relative abundance of different
functional hierarchy was equal to the sum of relative abundance of
genes annotated to that functional level. The level 3 KEGG ortholog
functions about the relative abundance of the 50 most metabolic
functions were drew in heatmap using the vegan package of R software
(Version 3.1.2). A linear discriminant analysis effect size (LEfSe) was
applied to the OTU table (non-parametric factorial Kruskal-Wallis (KW)
sum-rank test p < 0.05, LDA > 3.0) to identify the discriminant
bacterial clade, using the Huttenhower Galaxy web application with the
LEfSe algorithm (http://huttenhower.sph.harvard.edu/galaxy/).
According to the KO abundance table, the difference p value of KO
between the two groups was calculated by the Wilcoxon's rank sum test,
and the KO with significantly different expression in two group was
screened according to the p < 0.05, it was calculated by STAMP.

3. Results and discussion

3.1. Physicochemical changes during composting

The changes of compost physicochemical properties are shown in
Fig. 1. For the first two days after composting, the temperature of the
compost was 34 °C, and reached a peak at 71 °C on the 4th day, then
began to decrease gradually (Fig. 1a). Temperature reflected the ac-
tivity of the microorganisms in composting process, and it was depend
on microbial metabolic and heat losses (Xu et al., 2019). The thermo-
philic phase (T2, T3) of composting (above 60 °C) maintained 4 days,
and it was essential for pathogens killing and maturity acceleration
(Joseph et al., 2018). Meanwhile, the high temperature also caused the
evaporation of moisture (Fig. 1b). Low moisture content would increase
the porosity of composting feedstock and maintain sufficient oxygen in
the heap. Both the increase in temperature and the addition of oxygen
promoted the activity of microorganisms, and accelerated the de-
gradation of organic substance. The pH also strongly influenced the
microbial activity during composting. As shown in Fig. 1c, the pH
showed a downward trend from 9.34 to 7.34. This may be because the
corncob contained amount of degradable organic matter, which was
rapidly decomposed by microorganisms to produce organic acids
(Gajalakshmi & Abbasi, 2008). TN concentration slightly increased
during composting (Fig. 1d). It was due to the weight reduction of the
mass, caused by the OM degradation (Tong et al., 2019). The C/N ratio
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decreased gradually during composting which was due to the rapid
degradation of organic matter, and the rate of carbon decomposition
being greater than nitrogen loss (Fig. 1e) (Tong et al., 2019) These
phenomena were common and desirable.

Xylanase was essential for hemicellulose degradation (Chadha et al.,
2019), as shown in Fig. 1f. In the early stage (T1) of composting, xy-
lanase activity showed an upward trend and reached the highest on day
8, and then followed by a sharp decline. The changes of xylanase ac-
tivity was consistent with the degradation of hemicellulose as our
previous studies and the reports by other researches (Wei et al., 2019).
The early degradation of cellulose and hemicellulose may be due to the
large amount of degradable organic matters in the initial compost
substrate, which stimulated the increase of microbial biomass and en-
zyme synthesis (Zeng et al., 2010). Laccase is one kind of phenolox-
idase, and is a member of lignin degrading enzyme system, which can
catalyze and oxidize many aromatic compounds and play an important
role in lignin degradation and humus formation (Liu et al., 2008).
During composting, the laccase activity continued to rise and reached a
maximum at the end of composting (Fig. 1g). The similar results were
reported by Wei et al., the peak of laccase activities were observable at
the cooling and mature stage during composting (Wei et al., 2019).
Pearson correlation analysis showed that the laccase activities were
negatively correlated to pH, water content, OM and C/N ratio
(p < 0.01). Protease mediated the mineralization and degradation of
organic matter, which involved in degradation of complex nitrogen
compounds to simple nitrogen substance with smaller molecules
(Cunha-Queda et al., 2007). The trend of protease activities was similar
to that of laccase activities. It also reached a maximum at the end of
composting, indicating that the decomposition of protein also occurred
in the later phase of compost. The results were in line with the findings
of previous studies (He et al., 2019). The content of protease increased
with the addition of matured compost during the cooling phase
(p < 0.05). Correlation analysis showed that the protease activities
was positively correlated with TN and negatively correlated with the C/
N ratio (p < 0.01).

3.2. Evolution of microbial community

In order to identify the genetic information of the microbiota pre-
sent during the composting, compost samples at different stages were
analyzed using metagenomic sequencing. Non-metric multidimensional
scaling (NMDS) ordination (Fig. 2a) was structured based on different
composting stages to revealed microbial community composition (AN-
OSIM, R = 0.6111, p < 0.01). Results revealed that the identified taxa
successfully partitioned the compost samples into 4 distinct groups. The
T4 and T5 were clustered into a group, while T1, T2 and T3 were in-
dependent group, which indicated that different composting stages
caused differences in bacterial community structure. Next, we ex-
plained these composition differences at the phylum and genus level.

At the phylum level, different dominant phylum was observed in
different composting stages (Fig. 2b). Proteobacteria was the dominant
phylum (relative abundance 35.67%-44.10%) at the early stage (T1),
and at the thermophilic stage (T2, T3), Firmicutes became the new
dominant phylum (relative abundance 41.50%-48.52%), but in the late
stage (T4, T5), Proteobacteria re-emerged as the dominant phylum (re-
lative abundance 33.55%-36.89%). However, these results were in-
consistent with previous studies, in which Actinobacteria and Firmicutes
were considered to be the dominant phylum in compost (Lopez-
Gonzalez et al., 2015; Zhou et al., 2019), it maybe caused by different
composting materials and systems. Pearson correlation analysis was
performed to link the changes in physicochemical properties with
community composition. Proteobacteria has a significant negative cor-
relation with temperature (rho = -0.588, p < 0.05), which was in
consistent with the results of Zhou et al (Zhou et al., 2019). Proteo-
bacteria had a vital role in degradation of plant straw composting, many
bacteria belong to this phylum have been identified as organisms that
relating to carbon and nitrogen cycles (Zhong et al., 2018). Firmicutes
was just the opposite (rho = 0.713, p < 0.01), indicating that the
higher the temperature, the more active Firmicutes became. Same as
previous study, Firmicutes have been proposed to have the ability to
form the heat-resistant endospores during the thermophilic phase
(Zhong et al., 2018). Firmicutes was recognized as a common fermenting
group of bacteria (Sangeetha et al., 2017). However, its increased
abundance in the thermophilic stage, which indicated that substrate has

Fig. 1. Physicochemical properties and enzyme activity of compost at different time. T1, T2, T3, T4 and T5 represent day 2, 4, 6, 8 and 10 in composting,
respectively.
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a better fermentation ability (Zhao et al., 2019). Secondly, the relative
abundance of Actinobacteria and Bacteroidetes also reduced at the
thermophilic stage, but it increased in the late stage, this shifting mi-
crobial community pattern has also been reported in previous studies
(Qiu et al., 2019). This may be because the high temperature inhibited
their activities of them, and the correlation analysis showed that the
relative abundance of Bacteroidetes was negatively influenced by tem-
perature (rho = 0.730, p < 0.01). Actinobacteria was considered to
play an important role in biodegradation of cellulose and lignin (Wei
et al., 2018), thus it has a significant positive correlation with laccase
and protease activities (p < 0.01).

At the genus level, similarly, different stages have different domi-
nant genus, and the evolutions of the community were consistent with
those at the phylum level (Fig. 2c). Some genera, such as Carno-
bacterium, Glutamicibacter, Pseudomonas, Sphingobacterium, Steno-
trophomonas have the higher abundance in the early stage of com-
posting, which showed negative correlation with temperature
(p < 0.05). Acinetobacter, Aerococcus, Bacillus, Desemzia, Lysinibacillus,
Corynebacterium, Enterococcus and other genera have the highest
abundance during the thermophilic stage. Bacillus is ubiquitous in lig-
nocellulosic composting systems due to its thermotolerance (de Gannes
et al., 2013), and it also contributes to waste degradation during the
composting process (Insam & Bertoldi, 2007). There was positive cor-
relation between these genera and pH, it indicated that they may be
more active in alkaline condition. However, at the late stage, Pseu-
doxanthomonas, Luteimonas, Thermobifida, Mycobacterium became the
dominant genera, which were negatively correlated with pH, water
content and C/N ratio.

3.3. Differences in community composition of different composting stages

To determine the classified bacterial taxa with significant abun-
dance differences among the different composting stages, a biomarker
analysis based on linear discriminant analysis (LDA) effect size (LEfSe)
method was used (Fig. 3). With an LDA threshold of 3.0, there were 22,
47, 50 and 9 bacterial genera with statistically significant differences
between T1 and T2, T2 and T3, T3 and T4, T4 and T5, respectively. It
indicated that there was a greatest difference between the community
composition of T3 and T4, followed by T2 and T3, and the smallest
difference occurred between T4 and T5. When composting entered the
thermophilic stage or transited from thermophilic stage to late stage, its
microbial community composition underwent significant changes. As
shown in Fig. 3a, 12 genera were significantly enriched in T2, include
Lysinibacillus, Acinetobacter, Aerococcus, Dsemzia, Bacillus. Difference
analysis between T2 and T3 showed that the number of enriched genera
in T3 was higher than in T2 (Fig. 3b). Some genera belong to Firmicutes
such as Bacillus, Paenibacillus, Thermobacillus, Caldalkalibacillus and

Geobacillus were significantly enriched in T3, they were not only re-
sistant to high temperature, but also facilitated fermentation because
they played an important role in the degradation of organic matter
(Zhang et al., 2016c). In line with some previous reports, Bacillus was
enriched significantly at thermophilic stage in virtue of its thermo-
tolerance (de Gannes et al., 2013; Wei et al., 2018). Simultaneously, it
made a contribution to organic matter degradation during the com-
posting process (Insam & Bertoldi, 2007). Additionally, Cellvibrio was
also enriched in T2, as reported by Berg et al. (Berg et al., 1972),
Cellvibrio is a mesophilic bacteria with cellulose degrading ability. In
the comparison of T3 and T4, 30 genera were significantly enriched in
T4 but only 20 genera showed abundance advantage in T3 (Fig. 3c).
Some genera like Thermobifida, Luteimonas, Aminobacter, Chelatococcus
and Cellulomonas were enriched in T4. Similar to the report of Wei
et al., the abundance of Cellulomonas increased in the late period of
composting (Wei et al., 2018). Cellulomonas can degrade lignocellulose
under neutral and alkaline conditions by producing endoglucanase and
exoglycanase (Wang et al., 2014). The number of genera with sig-
nificant differences was small between T4 and T5 (Fig. 3d). In brief, the
dominance of these genera indicated that selective communities were
shaped according to the typical characteristics of the organic compound
decomposition such as lignocellulose. These genera have also have
developed the ability to attack insoluble substrates at the end of the
composting (Wei et al., 2018). Thus, the evolution of microbial com-
munity structure can be explained by the emergence of a unique
adaptation of composting specific microbial population to lig-
nocellulosic biomass.

3.4. Microbial metabolism of compost

In order to learn about the physiological capabilities of microbial
communities and to link taxonomic shifts with functions, the differ-
ential abundances of KEGG orthologs (KOs) identified the key genotypic
features of microorganisms in different composting stages. Of the pre-
dicted gene sequences annotated with KEGG pathway in the fifteen
compost samples, in total, 396 different KOs were detected and orga-
nized into 39 small metabolic pathways at KEGG level 2 and 396 me-
tabolic subsystems at KEGG level 3. These metabolic pathways were
included in 6 basic metabolic systems at KEGG level 1: metabolism,
genetic information processing, environmental information processing,
human diseases, cellular processes, and organismal systems.

The metabolisms of amino acid, carbohydrate and lipid were the
main pathways in the cluster of metabolisms identified during the
composting process (Fig. 4). Their relative abundance also increased
significantly at thermophilic stage, and as the composting continued,
the abundance decreased. This result was consistent with some previous
reports of lignocellulosic composting systems (Wang et al., 2018).

Fig. 2. Non-metric multidimensional scaling analysis for the bacterial communities based on the Bray–Curtis similarity index (a), and taxonomic structure of the soil
bacterial microbiota at the phylum (b) and genus level (c).
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Under aerobic conditions, carbohydrate metabolism can produce var-
ious compounds through the degradation of cellulose and hemicellulose
(Toledo et al., 2017). The easily-degradable substances were

preferentially degraded by microorganisms, which then in turn degrade
the more complex molecules (i.e., phenol and lignin) (Wei et al., 2018).
This implied that carbohydrate metabolism played an important role in
the degradation of cellulose and hemicellulose during corncob com-
posting. In the thermophilic stage, the abundance of these functions
increased, indicating that carbohydrate metabolism was more active. In
addition, amino acids are energy and carbon sources for microbial
metabolism (Lopez-Gonzalez et al., 2015). The higher the metabolic
intensity, the more amino acids were required. Thus, the abundance of
amino acid metabolic functions would be higher, and have a more
pronounced effect on amino acids production and humic substance
synthesis (Wu et al., 2017). Biodegradable carbohydrates and amino
acids, however, declined gradually at the late stage. The functional
sequences related to xenobiotics, terpenoids and polyketides metabo-
lisms were higher at the thermophilic stage. Similar phenomena have
been reported in other studies (Albrecht et al., 2010). It indicated that
the bacterial metabolism of these complex compounds in compost could
be mainly occurring during the thermophilic stage.

The level 3 KEGG ortholog function predictions for the 50 most
abundant metabolic functions were shown in Fig. 5a. It includes 41
pathways for metabolism, 4 for environmental information processing
and 3 pathways for genetic information processing, 1 pathway for
human diseases and cellular processes. The abundance of genes related
to degradation of naphthalene, aminobenzoate, atrazine and benzoate
increased during the thermophilic stage, it means that the degradation
of these complex compounds were active and rapid at high tempera-
tures. However, these results have not been reported in previous stu-
dies. This may be because the rapid metabolism of amino acids, car-
bohydrates, and lipids at high temperatures, providing sufficient energy
and carbon sources for degradation of these complex compounds
(Lopez-Gonzalez et al., 2015). As shown in Fig. 5b, Pearson correlation

Fig. 3. Taxonomic differences at genus level among compost bacteria in different composting stages by a linear discriminant analysis (LDA) effect size (LEfSe)
method and the LDA threshold is 3.0. T1, T2, T3, T4 and T5 represent day 2, 4, 6, 8 and 10 in composting, respectively.

Fig. 4. Variation of microbial function profiles during the composting process
and present the level 2 KEGG ortholog function annotation at different com-
posting stages. T1, T2, T3, T4 and T5 represent day 2, 4, 6, 8 and 10 in com-
posting, respectively.
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analysis showed that the degradation of most of these complex com-
pounds were significantly positively correlated with pH, water content
and C/N ratio, while negatively correlated with TN. In addition, there
was a significant negative correlation between these and enzyme ac-
tivity (p < 0.01). Moreover, the genes involved in biosynthesis of
acarbose and validamycin, glycosphingolipid, flavonoid, isoquinoline
alkaloid and phenylpropanoid were also increased significantly at the
thermophilic stage. It was in consistent with Wang et al., they found
that the genes related to the biosynthesis and metabolism of glycan and
ketone increased in thermophilic stage (Wang et al., 2018). These
biosynthesis processes showed positive correlations with temperature
and negative correlations with enzyme activities (p < 0.05). The
abundance of genes associated with the citrate cycle (TCA cycle), pro-
panoate metabolism, pyruvate metabolism was also significantly in-
creased at thermophilic stage. This was in accordance with the results
of Mao et al., the TCA cycle, glycolysis and C5-branched dibasic acid
metabolism were enhanced in this stage (Mao et al., 2020). These
metabolisms were aerobic metabolic pathways, and its enhancement
indicated that oxidation metabolism was improved as the increment of
aerobic area and the rise of redox potential level in compost (Liu et al.,
2013). It indicated that the metabolic activity of carbohydrate, lipid,
amino acid was increased obviously. On the contrary, the abundance of
genes involved in metabolisms of starch, sucrose, galactose, ascorbate
and aldarate decreased during the early stage, but gradually enhanced
in the following period. Previous studies have reported similar findings
(Wang et al., 2018). The genes related to tryptophan, arginine and
proline metabolisms were higher in the thermophilic phase than the
other periods, which improved the biological decomposition of proteins

(Wang et al., 2015). It was due to the carbohydrate-degrading enzymes
that secreted by the bacteria to degrade proteins, cellulose and hemi-
cellulose in the thermophilic phase (Goh et al., 2013). Additionally,
some functions belong to environmental information processing such as
the bacterial secretion system and the HIF-1 signaling pathway were
enhanced in the thermophilic stage, and they were positively correlated
with temperature (p < 0.05). This may be due to higher metabolic
intensity occurred during the thermophilic stage, and due to the mi-
croorganisms need to produce enzymes or extracellular secretions to
participate in various metabolic pathways. Thus, the abundance of
genes related to bacterial secretion system increased (Bai et al., 2018).
However, HIF-1 is a kind of hypoxia inducible factors, which can be an
indicator of hypoxic conditions. It was a response mechanism formed
by the microorganisms under hypoxic stress (Liu et al., 2019). This may
be due to the extremely high respiratory requirements of microorgan-
isms during the thermophilic stage, which consumed a large amount of
oxygen, resulting in some microorganisms experiencing hypoxic con-
ditions due to competition for oxygen within the heaps.

3.5. Differences in metabolic functions of different composting stages

The significant functional differences of different composting stages
were analyzed (p < 0.05), as shown in the Fig. 6. There were 8, 35, 27,
12 pathways with statistically significant differences between T1 and
T2 (Fig. 6a), T2 and T3 (Fig. 6b), T3 and T4 (Fig. 6c), T4 and T5
(Fig. 6d), respectively. The greatest difference of the metabolic func-
tions occurred between T2 and T3, followed by T3 and T4, and the
smallest difference between T1 and T2. This corresponded to changes in

Fig. 5. Variation of microbial function profiles during composting process. The level 3 KEGG ortholog function predictions about the relative abundance of the 50
most metabolic functions (a). Pearson correlation analysis between function and physicochemical properties of compost (b), *p < 0.05, **p < 0.01.
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the microbial community (Fig. 3). First, compared with T1, the abun-
dance of genes related to piperidine and pyridine alkaloid biosynthesis,
glycine, serine and threonine metabolism, ubiquinone and other ter-
penoid-quinone biosynthesis, ABC transporters and glyceropho-
spholipid metabolism was significantly increased in T2. It was attrib-
uted to the increase in temperature which occurred during T2, and
when the amino acids such as glycine, serine and threonine begin to
metabolize, providing energy and carbon sources for microorganisms
(Lopez-Gonzalez et al., 2015). ABC transporters also became active,
because they play a role in transporting substrates for cells (Jin et al.,
2019). Compared with T2, the abundance of 22 pathways were sig-
nificantly increased in T3, such as valine, folate biosynthesis, ABC
transporters, quorum sensing, nitrogen metabolism, phosphorate and
phosphinate metabolism, thiamine metabolism, sulfur relay system,
pyrimidine metabolism. In T3, the activities of ABC transporters con-
tinued increasing, indicating that the transport of substances in the
composting system was becoming more complicated. Additionally, the
nitrogen, phosphorus, and sulfur metabolisms were also significantly
enhanced. In the raw materials of composting, nitrogen, phosphorus,
and sulfur mostly existed in the form of macromolecular organic
matter, which can be decomposed into small molecules or minerals
through the metabolism of microorganisms (Lu et al., 2018). The
compost would eventually be used to cultivate Pleurotus ostreatus, so it
can provide nutrients for Pleurotus ostreatus. Furthermore, T4 has a
significantly increased abundance of genes related to 17 pathways
when compared to T3, including starch and sucrose metabolism, sulfur
relay system, fatty acid biosynthesis, phenylalanine, cysteine and me-
thionine metabolism, bacterial secretion system. As in previous studies,

starch and sucrose metabolism mainly occurred in the late stage of
composting (Wang et al., 2018), during which amino acid metabolism
continued to increase, including phenylalanine, cysteine and methio-
nine. When compared with T4, only two pathways were enhanced in
T5, including the sulfur relay system and ABC transporters. However,
the abundance of genes related to 10 pathways were decreased, such as
fructose and mannose metabolism biosynthesis of amino acids, two-
component system, phosphotransferase system. T5 was the final stage
of composting, the temperature has dropped and the compost substrate
was approaching maturity, thus the activities of some functional sys-
tems such as the two-component system and phosphotransferase system
declined.

4. Conclusion

In this study, changes in physicochemical properties of compost lead
to different dominant genera at different composting stages. Besides, C/
N ratio had the greatest influence on them among pH, temperature and
organic matters. Changes in microbial communities inevitably lead to
different metabolic pathways, which were driven by different micro-
organisms at different stages. In this sense, microbes inhabiting com-
posting piles could be considered a true microbiota, with each member
(resident and temporary) playing a key role in metabolism of com-
posting process. Overall the findings extend our understanding on
metabolic function of microbial community in corncob composting
systems.

Fig. 6. Extended error bar plots considering abundance profile of microbial functions in metagenome data of different composting stages. STAMP was used to analyze
the statistically differential features of microbial functions in different composting stages. T1, T2, T3, T4 and T5 represent day 2, 4, 6, 8 and 10 in composting,
respectively.
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