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Abstract: The present study investigated the effects of bedding material (BM) waste on physicochem-
ical properties, organic matter (OM) degradation, microbial community structure and metabolic
function during composting. The results showed that bedding material (CK-0, S1-40%, S2-25%)
optimized the composting conditions for lignocellulose and OM biodegradation. The highest OM
degradation and humic substance (HS) synthesis rates were observed in the 40% BM addition group.
Firmicutes was more abundant in the bedding material addition groups, whereas Proteobacteria was
more abundant in the group without bedding material. Functional prediction showed higher carbo-
hydrate and amino acid metabolism in the BM groups than that in control group. Animal and plant
pathogens were almost eliminated, and saprotrophs were the dominant fungal trophic modes after
40% BM addition composting. Cellulose, hemicellulose, and organic matter had strong associations
with microbial communities, such as Lysinibacillus and Corynebacterium (bacteria), compared to the
associations of Aspergillus, Candida, and Sordariomycetes (fungi) (p value < 0.05). Network analysis
revealed closer microbial community interactions in 40% BM addition group than in other groups.
These findings provide detailed information about the coupling of material conversion, of bacterial
and fungal succession during composting, and that bedding materials waste can also be used as an
effective compost amendment.

Keywords: cow manure composting; waste bedding material; organic matter; humification; bacterial
and fungal community; metabolism

1. Introduction

Livestock production accounts for approximately 40% of the global value of agricul-
tural products and employs almost 1.3 billion people worldwide [1]. However, it also
raises concerns about substantial manure generation [1]. More than half of the total ma-
nure generated from all livestock is cow manure (CM). Approximately 380 million tons of
CM are generated annually in China, mostly from centralized large-scale farms [2]. CM
contains various hazardous components and pathogens, and the improper handling of CM
poses threats to soils, crops, and human health, and causes water and air environmental
pollution to the surroundings [3,4]. Biomass bedding is another popular technology in
the livestock industry, especially in the cow dairy industry, which provides a comfortable
lying surface for animals on farms [5,6]. A large amount of bedding material (BM), such as
rice husks and wheat straw, is often used to construct the bedding layer [7,8]. Consumed
BM typically must be disposed of annually or biennially, and BM contains a large amount
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of biomass. Therefore, methods to effectively use these materials, and to thus achieve
resource recycling instead of discarding, have not been explored. Recent limited efforts
were made to investigate appropriate treatment methods [9].

Composting is a microorganism-mediated technology with high efficiency for con-
verting various degradable organic matter (OM) into humus-like substances. Notably, the
composting process is dramatically affected by various composting factors (temperature
and pH C/N ratio, etc.) [10,11]. Dissolved organic matter (DOM) is an available energy
resource for microbiota, and it reflects compost stability and maturity [12]. Composting
products may be further used to improve the physical properties of soil [13,14]. Some
studies showed enhanced composting processes of livestock manure when amended with
additive materials, such as wood shavings, sawdust, and cornstalks, because these di-
verse additives altered the physiochemical properties of feedstock to a more appropriate
level [15–17]. The major components of organic wastes include carbohydrates, such as lig-
nocellulosic and proteinaceous substances. Mesophilic and thermophilic bacteria perform
the degradation activities of organic wastes, and fungi participate in the composting pro-
cess due to the abilities of different functional enzyme production and the decomposition of
various compounds [18,19]. Although many studies focused on bacterial dynamics during
multiple composts and bacterial structures at specific composting timepoints [2,10,20],
the influence of fungi on composting has not received sufficient attention. Due to recent
advancements in sequencing technology, studies that attach importance to the key role
of fungal dynamics in OM transformation during composting have become increasingly
detailed (Duan et al., 2019). However, confirmation of the functional microorganisms and
critical evidence from in situ studies related to microbial conversion of agricultural waste
remain elusive, especially with respect to fungi. Knowledge of BM waste as a compost
amendment remains insufficient, and there is no understanding of how BM performance
and microbial mechanisms occur during composting.

The present study investigated the composting performance of BM waste additives to
cow manure compost, especially on OM biodegradation and the dynamics and metabolic
function profiles of bacterial and fungal communities. The present study (1) explored
the effect of BM as an additive on the physicochemical properties of compost and ma-
ture compost, (2) investigated the BM effect on bacterial and fungal structural changes
and metabolic succession, and (3) assessed the correlation between bacterial and fungal
dynamics and various physicochemical properties during composting.

2. Materials and Methods
2.1. Composting Process and Sampling

Cow manure (obtained after dewatering fresh cow manure), wheat straw (WS) and
BM waste were collected from the research farm at Jixiang Livestock Co., Ltd., Fujian, China
and used as feedstock for composting. Table 1 shows the basic properties of these materials.
CM was mixed with 3–5 cm WS (2:1, w/w) before BM waste addition. A total of three
different treatments were performed: blends with 40% BM waste (S1, w/w), blends with
25% BM waste (S2, w/w), and treatment without any additives (CK). The C/N ratio
was adjusted with the application of urea, which was used as an inorganic nitrogen
source [10]. The composting C/N and water content were controlled between 30% and 70%,
respectively [21]. After thoroughly mixing the raw materials using a mechanized mixer, the
composting piles were established in a pyramid shape of approximately 3 m × 3 m × 1.5 m
(length × width × height). Each pile was turned using a forklift every 5 days. The
composting lasted for 60 days. Each treatment was performed in triplicate. Compost
samples were collected on days 0, 3, 7, 15, 20, 30, 40, and 50 of composting. The sub-
samples were taken from different positions, the top (30 cm from the top), middle, and
bottom (30 cm from the bottom) of the piles (approximately 1 kg, wet weight). Collected
sub-samples were mixed to form a composite sample. Each sample was divided into
2 parts: 1 part was used for the analysis of physiochemical parameters, and the other part
was stored at −20.0 ◦C. According to the temperature change, samples in the initial phase
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(day 0), mesophilic phase (day 7), thermophilic phase (day 20), cooling phase (day 40), and
maturation phase (day 60) were used for microbial community analyses.

Table 1. The compositions of the raw materials.

Materials Moisture (%) pH OM (%) TOC (%) TKN (%) C/N

WS 8.7 ± 1.7 6.63 ± 0.05 71.1 ± 2.3 41.1 ± 1.1 0.17 ± 0.01 24.2 ± 0.5
CM 61.6 ± 1.9 7.92 ± 0.07 87.2 ± 2.1 39.9 ± 1.5 1.37 ± 0.02 29.1 ± 0.3
BM 54.4 ± 1.6 8.84 ± 0.06 79.3 ± 2.4 49.3 ± 1.8 2.21 ± 0.01 22.3 ± 0.2

Note: Values indicate the means ± standard deviation based on determination with 3 replications. CM: cow
manure; WS: wheat straw; BM: bedding material waste; OM: organic matter; TOC: total organic carbon; TKN:
total Kjeldahl nitrogen; C/N: carbon: nitrogen ratio.

2.2. Physicochemical Analysis

The temperature was recorded at 5 sites (30–50 cm) of the piles before mixing. The
water content was obtained by measuring the weight loss by drying the samples at 105 ◦C
for 24 h. The contents of OM were measured at 550 ◦C for 5 h [22]. The dried samples
were crushed and passed through a 0.25-mm sieve. The pH was measured after mixing
each sample with distilled water (1:10, w/w). The total organic carbon (TOC) and total
Kjeldahl nitrogen (TKN) were measured using the Kjeldahl method, and the C/N was
calculated accordingly [11,23]. The germination index (GI) was tested using the methods
in a previous report [24].

A total of five grams of dried compost from each sample was extracted with 50 mL
deionized water for 24 h at 25 ◦C, and the aqueous extract was harvested via centrifugation
at 10,000 rpm for 10 min and filtration through a 0.45-mm membrane filter. Fluorescence
measurements were performed on the aqueous extract using an F-7000 (Hitachi, Japan)
spectrometer equipped with a xenon excitation source. To obtain the fluorescence spectra
of the EEM (excitation emission matrix spectra), the excitation wavelengths were increased
from 220 to 450 nm in 5-nm steps, and the emission wavelengths were detected from 280 to
550 nm in 2-nm steps [12].

The contents of lignocellulose (cellulose, hemicellulose, and lignin) were measured
using a previously described method [25], and their degradation rates were calculated
using the formula

Tn = (S0 − Sn)/S0 × 100% (1)

where Tn, Sn and S0 represent the lignocellulose biodegradation rate on the nth day, the
content on the nth day, and the content on day 0, respectively [25].

All physicochemical parameters used for analyses were assessed in triplicate.

2.3. DNA Extraction and High-Throughput Sequencing

Total DNA was extracted using an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Nor-
cross, GA, USA). The concentration of extracted DNA was determined using a NanoDrop
ND-2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, NC, USA). All DNA
extracts were stored at −80 ◦C until use. The variable V3-V4 region of the 16S rRNA
gene was selected for MiSeq sequencing using the barcoded fusion primers 338F (ACTCC-
TACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) [2]. ITS1-F (TTG-
GTCATTTAGAGGAAGTAA) and ITS2-R (GCTGCGTTCTTCATCGATGC) were used to
amplify the ITS region for fungal analyses [26]. PCR was guided using a previously de-
scribed procedure [2]. PCR products were sent to Majorbio Biopharm Technology Co., Ltd.
(Shanghai, China) for subsequent analysis as described in a previous study [26].

2.4. DNA Extraction and High-Throughput Sequencing

Raw gene sequence data generated from the Illumina sequencing were imported
into Trimmomatic and FLASH software for data modification. The sample sequence
was flattened by the minimum sample sequence number. Usearch 7.1 (http://qiime.
org/, accessed on 26 May 2021) was used to cluster the sequences into operational
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taxonomic units (OTUs) with 97% pairwise identity in QIIME (http://qiime.org/, ac-
cessed on 26 May 2021). The Ribosomal Database Project classifier (Release 11.1 http:
//rdp.cme.msu.edu/, accessed on 2 May 2020) was used for taxonomic classification
of the representative sequences of bacteria against the Greengenes 16S rRNA database
(Release 13.5, http://greengenes.secondgenome.com/, accessed on 2 May 2020) and the
Silva database (release 138.1, http://www.arb-silva.de, accessed on 29 May 2021). The
fungal taxonomic classification was based on the fungal UNITE ITS 12_11 database (re-
lease 5.0, http://unite.ut.ee/index.php, accessed on 2 June 2021). The taxonomic in-
formation for the 35 most abundant OTUs was uploaded to the FUNGuild database
(http://www.stbates.org/guilds/app.php, accessed on 2 June 2021) for functional predic-
tion, and their sequences were aligned using PhyDE (Phylogenetic Data Editor). Manual
adjustments were made to the alignment where necessary [27]. The neighbor-joining trees
were constructed using MEGA version 6.0 (http://megasoftware.net, accessed on 6 June
2021) with 1200 bootstrap replicates. The bacterial OTUs were imported into PICRUSt,
which demonstrated that the genome prediction accuracy was >0.80. The metabolic path-
ways were analyzed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) module
after normalizing the OTU table. CANOCO 5 software was used to assess the correlations
between microbial communities and environmental factors. The correlation between the
bacterial community and environmental factors was analyzed using redundancy analysis
(RDA) or canonical correspondence analysis (CCA) in the R language vegan package.

3. Results and Discussion
3.1. Changes in Physicochemical Characteristics during Composting

Physicochemical characteristics generally act as vital factors during the composting
process that largely affect the performance and products of the compost [21]. The dynamics
of the key physicochemical characteristics during the composting process are shown in
Figure 1 and Table 2. Temperature is generally considered the most important factor, and it
affects composting efficiency during the decomposition of OM by increasing or decreasing
microbial activities [28,29]. The temperature of the S1 group quickly increased to 45 ◦C,
entering the mesophilic phase (45–55 ◦C) after 3 days of incubation, which was faster
than CK and S2 groups (p < 0.05) because the diverse, easily degradable substances (e.g.,
carbohydrates and proteins) decomposed rapidly, exhibiting substantial heat loss [30].
After that, all the treatments subsequently started the thermophilic mode (>55 ◦C); among
these groups, the thermophilic stage was maintained for 9 days in the CK treatment, and
significantly less than 25 days in S1 and 17 days in S2 (p < 0.05), respectively. S1 quickly
reached the highest temperature (64.3 ◦C) on day 20 among the three treatments (p < 0.05),
compared with the other two groups. Then, there was a cooling and maturation stage
(<55 ◦C), during which the temperature gradually decreased to approximately 36–40 ◦C
after composting. These results likely indicated that the addition of 40% bedding ma-
terial could effectively increase the composting thermophilic temperature, maintain the
composting temperature, and then shorten the whole composting time.

The water content of the S1 group decreased the fastest, from 70 to 55%, during the
thermophilic phase, because of the sharp change in temperature, and it then gradually
stabilized to approximately 50% in the cooling and mature stages (Figure 1b). In Figure 1c,
the pH of the three treatments exhibited alkaline environments during the composting
process. In Figure 1c, the pH showed an increasing trend early, which is likely because
of the decomposition of small molecular acidic substance and the gradual mineralization
of organic matter by microbial metabolism, causing the release of ammonium nitrogen
(NH4

+-N) and NH3 [31]. As the effect of ammonification decreased, the slowing NH3
volatilization and CO2 dissolved, showing acidity, and leading to the low and stable pH.
In Table 2, a higher pH during composting was consistently found in the BM-adding
treatments, rather than in the control group (p < 0.05), probably because the bedding
material could significantly affect the acid-base balance in the composting. Most likely
due to the addition of inorganic nitrogen sources, the pH of S2 was always higher than S1

http://qiime.org/
http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://greengenes.secondgenome.com/
http://www.arb-silva.de
http://unite.ut.ee/index.php
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during the mesophilic and thermophilic stage (p < 0.05). The final pH values of S1 (8.35),
S2 (8.21) and CK (8.44) met the requirement for maturity (7.0–8.5) [32]. In Figure 1d, the
contents of TOC in the three treatments showed a downward trend because of the aerobic
degradation of macromolecules and the rapid loss of CO2. The contents significantly and
sharply decreased on day 20, by 54.6% in S1, by more than 26.1% in S2, and 12.2% in CK
(p < 0.05). The greatest decrease of TOC in S1 may have been due to the rapidly increasing
temperature, probably increased by thermophilic microbiota (Section 3.3), thus possibly
further promoting TOC degradation. For example, some studies show that compost with a
psychrotrophic-thermophilic complex microbial agent inoculation can accelerate various
microbial activities, which accounts for the decrease of TOC, and that inoculation with
Pichia kudriavzevii RB1 also accelerates the degradation of TOC during composting [33,34].
There was no significant difference in TOC contents after day 20 (p > 0.05), which indicated
that the TOC level eventually stabilized in the cooling and mature phase, likely because
the microorganisms started to use lignin and other difficult-to-decompose substances after
consuming the readily decomposable substances in the compost material (Section 3.2).
However, the final TOC content of S1 (250.5 g·kg−1) was lower than CK (341.3 g·kg−1) and
S2 (291.3 g·kg−1) groups (p < 0.05). These results demonstrated that 40% BM probably
markedly accelerated the degradation of TOC during composting.

Figure 1e shows that the TN content in the three treatments exhibited a decrease in
the 1st week of composting, which was caused by the rapid decomposition of proteins,
following the generation of NH4

+-N and the loss of NH3 [31]. Significantly higher increases
which occurred later were more often found in BM treatments than in CK (p < 0.05), and the
TN content was 1.71 in S1, which was higher than 1.45 in S1 and 1.41 in S2 (p < 0.05) at the
end of composting. It is likely that this result occurred because the rapid TOC degradation
rate was higher than the nitrogen loss rate, which resulted in an increase in nitrogen
content per unit mass [35]. A similar study confirmed that the TN content which increased
during composting occurred because of the TOC reduction and the nitrogen-fixing bacterial
function [36]. Throughout the entire composting process, the C/N of all the treatments
showed a decreasing trend (Figure 1f). When composting was finished, the C/N ratio was
12.7 in S1 compared to 22.4 in CK and 17.4 in S2 (p < 0.05), which demonstrated that 40%
BM addition compost products had a higher degree of maturity.

A GI value greater than 80% generally acts as a vital index to evaluate whether
compost is mature and non-phytotoxic [32]. During the composting process, the GI value
continued to increase, and the values of S1 (123.1%) and S2 (91.8%) met the standard
of a mature compost product and were significantly higher than the CK group (57.4%)
(p < 0.05), which was too low to be satisfactory (Figure 1g, Table 2). The 40% BM addition
group increased the GI value by 51% compared to the CK group. According to the analysis
of physicochemical characteristics, the addition of BM to compost, especially 40% BM, was
an effective method to obtain a more mature compost compared to other treatments in
this study.

3.2. Degradation of OM and Formation of HS

Table 3 and Figure 2 show the degradation of OM and formation of humic substances
in the different composting systems. As composting proceeded, the OM content of the three
treatments continuously decreased, which was likely due to the rapid transformation of mi-
croorganisms from OM to stable HS [37]. The OM degradation of S1 was always higher than
CK after 7 days of composting (p < 0.05), and the final rates of S1 were 10.1%, which was
higher than 7.7% in CK and 8.2% in S2 (p < 0.05), respectively (Table 2 and Figure S1). This
result likely occurred because the BM created better conditions for the related microbiota
growth, which enhanced the microbial interactions with the OM degradation.
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Figure 1. Changes in physicochemical parameters during the composting process in response to dif-
ferent treatments. (a) Temperature, (b) moisture, (c) pH, (d) total organic carbon (TOC) concentration,
(e) total Kjeldahl nitrogen (TKN) concentration, (f) carbon nitrogen ratio (C/N), and (g) germination
index (GI) (CK-no bedding material addition treatment; S1-40% bedding material addition treatment;
S2-25% bedding material addition treatment).

Table 2. Physicochemical characteristics during composting.

Items
Times (Day)

SEM
Significance

0 7 20 40 60 TR TI TR × TI

Temperature (◦C)
CK 35.1 ± 0.1Ad 42.4 ± 0.8Cb 54.1 ± 0.1Ca 50.7 ± 0.5Aa 43.7 ± 0.5Ac

0.00S1 35.3 ± 0.5Ae 55.2 ± 0.6Ab 64.3 ± 0.2Aa 42.9 ± 0.8Bc 37.2 ± 0.1Bd *** *** ***
S2 35.1 ± 0.6Ad 49.0 ± 0.4Bb 57.3 ± 0.1Ba 39.3 ± 0.8Ab 39.8 ± 0.1Ac

pH
CK 7.81 ± 0.01Ae 8.14 ± 0.01Cd 8.48 ± 0.01Ca 8.38 ± 0.01Cc 8.44 ± 0.03Ab

0.008 *** *** ***S1 7.84 ± 0.02Ae 8.45 ± 0.01Bc 8.90 ± 0.01Ba 8.63 ± 0.01Ab 8.21 ± 0.01Bd
S2 7.83 ± 0.01e 8.57 ± 0.01Ab 9.08 ± 0.01Aa 8.51 ± 0.01Bc 8.35 ± 0.01Bd

TOC (g·kg−1)
CK 393.6 ± 7.5Ca 394.3 ± 13.1Aa 345.0 ± 12.2Ab 340.1 ± 2.0Ab 341.3 ± 1.4Ab

0.00 *** *** 0.002S1 430 ± 7.5Aa 343.6 ± 6.6Aab 295.7 ± 17.0Ab 250.7 ± 17.7Cb 250.6 ± 5.5Cb
S2 421.0 ± 6.5Ba 330.7 ± 6.1Ab 311.3 ± 12.2Ab 298.7 ± 6.8Bb 291.3 ± 8.0Bb

TN (g·kg−1)
CK 10.0 ± 0.21Cd 9.2 ± 0.1Ce 11.7 ± 0.6Bc 12.8 ± 0.1Cb 14.1 ± 0.2Ba

0.018 *** *** ***S1 14.1 ± 0.1Ac 13.6 ± 0.2Ac 16.1 ± 0.5Ab 17.1 ± 0.2Aa 17.1 ± 0.3Aa
S2 13.5 ± 0.3Bc 11.7 ± 0.2Bd 12.5 ± 0.2Bc 13.8 ± 0.1Bb 14.5 ± 0.3Ba

C/N
CK 30.6 ± 0.3Aa 29.4 ± 0.1Ab 24.4 ± 0.3Ac 21.5 ± 0.2Ad 21.5 ± 0.4Ad

0.192 *** *** ***S1 30.8 ± 0.4Aa 19.9 ± 0.6Cb 18.5 ± 0.3Cc 14.7 ± 0.3Cc 14.4 ± 0.8Cc
S2 30.9 ± 0.4Aa 25.4 ± 4.0Bb 24.8 ± 5.1Bc 21.3 ± 3.9Bd 17.3 ± 4.4Bd

GI
CK 32.3 ± 1.1Ac 38.3 ± 0.4Cbc 48.3 ± 0.5Bab 54.5 ± 2.7Ca 57.4 ± 5.5Ca

0.023 *** *** ***S1 33.9 ± 1.1Ad 77.8 ± 3.9Ac 89.2 ± 1.1Ab 119.0 ± 6.4Aa 123.1 ± 9.7Aa
S2 33.5 ± 1.2Ae 67.5 ± 1.1Bd 83.3 ± 0.9Ac 88.1 ± 1.3Bb 91.8 ± 1.5Ba

TOC: Total organic carbon; TKN: Total Kjeldahl nitrogen; C/N: Carbon: nitrogen ratio. GI: Germination index. Lowercase letters indicate
significant differences between the different composting times (p < 0.05). Capital letters indicate significant differences between the CK,
S1 and S2 treatments on the same sampling day (p < 0.05). The values are shown as the mean ± standard deviation of three replicates.
SEM: standard error of means. TR: Treatment; TI: Time; TR × TI: The interaction between treatment and treatment; ***: p < 0.001. (CK-no
bedding material addition treatment; S1-40% bedding material addition treatment; S2-25% bedding material addition treatment).
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Table 3. Degradation of organic matter and lignocellulose.

Items
Times (Day)

SEM
Significance

0 7 20 40 60 TR TI TR × TI

OM (organic matter, %)
CK 83.3 ± 17.6Aa 82.1 ± 6.0Aa 78.2 ± 4.6Ab 77.4 ± 10.5Ab 76.6 ± 3.0Ac

0.00 0.403 *** 0.315S1 84.7 ± 17.4Aa 82.3 ± 10.7Ab 77.5 ± 15.5Ac 76.9 ± 16.1Bcd 75.2 ± 10.5Bd
S2 80.7 ± 6.9Ab 82.1 ± 3.5Aa 78.3 ± 8.7Ac 77.2 ± 10.3ABc 75.7 ± 5.2ABd

Cellulose (%)
CK 0 12.1 ± 1.2Bbc 15.6 ± 4.1Aa 13.3 ± 1.4Ab 11.6 ± 1.0Bc

0.056 *** *** 0.002S1 0 14.3 ± 1.0Ab 16.7 ± 1.5Aa 14.3 ± 1.0Ab 14.3 ± 6.0Ab
S2 0 11.8 ± 0.6Bc 15.4 ± 1.0AaB 13.8 ± 1.3Aab 12.5 ± 0.5Bbc

Hemicellulose (%)
CK 0 18.4 ± 0.5Ac 38.2 ± 1.2Ba 40.4 ± 1.2Ba 32.1.1 ± 1.1Bb

0.068 *** *** ***S1 0 20.3 ± 1.0Ab 45.7 ± 2.5Aa 46.6 ± 2.3Aa 42.8 ± 3.0Aa
S2 0 18.3 ± 1.2Ac 36.3 ± 0.9Bb 42.2 ± 1.3Ba 34.2 ± 1.1Bb

Lignin (%)
CK 0 4.5 ± 0.01Cc 11.9 ± 0.18Bb 16.1 ± 0.8Ba 12.5 ± 0.7Bb

0.024 *** *** 0.002S1 0 6.4 ± 0.1Ac 14.5 ± 0.6Ab 20.2 ± 1.6Aa 16.4 ± 0.7Ab
S2 0 5.4 ± 0.8Bc 13.3 ± 0.6ABb 17.8 ± 1.3ABa 13.4 ± 0.9Bb

OM: Organic matter; lowercase letters indicate significant differences between the different composting times (p < 0.05). Capital letters
indicate significant differences between the CK, S1 and S2 treatments on the same sampling day (p < 0.05). The values are shown as the
means ± standard deviation of three replicates. SEM: standard error of means. TR: Treatment; TI: Time; TR × TI: The interaction between
treatment and treatment; ***: p < 0.001. (CK-no bedding material addition treatment; S1-40% bedding material addition treatment; S2-25%
bedding material addition treatment).
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Figure 2. The EEM fluorescence spectra of DOM the during composting. Region I: humic acid-like
substances. Region II: soluble microbial byproducts; Region III: fulvic acid-like substances; Regions
IV and V: simple aromatic proteins (CK-no bedding material addition treatment; S1-40% bedding
material addition treatment; S2-25% bedding material addition treatment).

The fluorescence of OM is influenced by condensed aromatic rings, unsaturated
aliphatic carbon chains, or both [38]. The contours of DOM from the three composting
treatments showed five peaks marked as I, II, III, IV and V (Figure 2). Peaks IV and V
(Em < 380 nm, Ex < 250 nm) in the early composting process represent aromatic proteins.
Peak III (Em > 380 nm, Ex < 250 nm), peak II (Em < 380 nm, Ex > 250 nm) and peak I
(Em > 380 nm, Ex > 250 nm) are attributed to fulvic acid, water-soluble microbial metabo-
lites, and humic acid, respectively. The fluorescence intensity of peak II decreased in S1 and
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S2 from the thermophilic stage, which was then followed by an increase. The fluorescence
intensity of peaks IV and V showed a downward trend, and the fluorescence intensity of
peaks I and III showed an upward trend. These results suggested that the primary reac-
tions during the composting process were the transformation of protein and water-soluble
microbial metabolites to fulvic acid and humic acid, especially during the mesophilic
phase. The trend gradually shifted toward the stabilization of the newly formed humic
and fulvic acid-like organic materials in the cooling and mature phases. The protein-like
substance content and the humic and fulvic-like substance content (S1 > S2 > CK) during
composting supported our GI data because humic substances favored seed germination
(Section 3.1). This result was an indicator of high DOM conversion efficiency during the
composting process, which was likely due to the appropriate nutrient ratio and the fast
rise in temperature during composting when 40% BM was added.

The reason that lignocellulose is difficult to biodegrade may be due to its special
structural characteristics. For example, lignin is wrapped in the outer layer of the ligno-
cellulose complex, and the cellulose and hemicellulose inside are not easily decomposed
by microorganisms [29,39]. Table 3 shows that the degradation rate of cellulose in S1 was
higher than the CK and S2 groups during composting (p < 0.05). This result most likely oc-
curred because the scope of microbial activities expanded, and microorganism metabolism
gradually increased during cellulose degradation [29]. On the 7th day, the degradation
rate of cellulose in S1 showed the highest rate (24.8%). The subsequent degradation rate
of cellulose showed no significant difference between day 40 and day 60 (p > 0.05), which
indicated that the cellulose degradation rate was stable in the cooling and mature phases.
The degradation rate of hemicellulose in this experiment was always the highest relative to
cellulose and lignin (p < 0.05), because hemicellulose is the most easily degradable organic
substance in the process of composting via various microbiota and may provide basic
substrates and materials for the growth and proliferation of microorganisms [40]. After
day 20, a higher degradation rate of hemicellulose was observed in the S1 group compared
to the CK and S2 groups (p < 0.05). Similarly to cellulose, there was no significant change in
the degradation rate after day 20, which indicated that the rapid degradation of cellulose
and hemicellulose occurred in the thermophilic stages. When the compost entered the final
process, the S1 group maintained the highest degradation rate, of approximately 40%, com-
pared to the other treatments, which was 30% for CK and 32.8% for S2 (p < 0.05). During
compost processing, the degradation rate of lignin first showed an increasing trend and
subsequently entered a gradual downward trend (Table 3). During composting, the degra-
dation rate of lignin in S1 always showed a higher rate compared to the CK group (p < 0.05).
In contrast to cellulose and hemicellulose degradation, the lignin degradation rate on days
40 and 60 was higher than the other composting times (p < 0.05), which indicated that lignin
degradation primarily occurred in late composting, which was likely because lignin is a
complex organic polymer that is generally interconnected with cellulose and hemicellulose
to form a lignocarbohydrate complex, which is resistant to biodegradation [41]. These data
showed that 40% BM accelerated organic matter conversion and humification to a certain
extent, which effectively improved the production of humus substances. It also played an
important role in increasing the decomposition of lignocellulose.

3.3. Similarity and Diversity of Microbial Communities

A total of 31,081 bacterial sequences and 36,761 fungal sequences from all samples were
analyzed after quality filtering. Venn diagrams showed that the unique OTU numbers in
the S1 group were significantly higher than the CK and S2 groups (p < 0.05), and the unique
fungal OTU numbers in S1 were higher than the CK and S2 groups (p < 0.05) (Figure S2).
Venn diagram in the S1 group at different time points showed that only six common fungal
OTUs were identified from fungal OTU libraries, belonging to the genera Pseudeurotium
(OTU810), Mycothermus (OUT47, OTU417), and some other unclassified_k_Fungi, which
indicated that BM changed the fungal community during composting. Table 4 presents the
changes in microbial diversity and the richness of all the samples. The coverage indexes of
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all samples were greater than 99%, which indicates that the sequencing results represent
the actual state of each respective microbial community. Due to the higher temperatures,
the indexes of bacterial diversity (Shannon and Simpson index) and richness (Chao1 and
Ace index) initially decreased in the three groups entering the thermophilic stage (20 days),
followed by an increasing trend in the cooling and mature phases. The fungal community
diversity (Shannon and Simpson index) of the S1 group was lower than the CK and S2
groups (p < 0.05). During mesophilic and thermophilic phases, the Chao1 and Ace indexes
of the bacterial and fungal communities significantly increased in the S1 group compared to
the CK and S2 groups (p < 0.05). There was no significant difference between the Shannon
and Simpson indexes of bacteria and fungi or the Chao1 and Ace indexes of bacteria and
fungi (p > 0.05). The addition of BM increased the abundance of bacteria and fungi during
the thermophilic period, and the decrease in diversity in fungi during the thermophilic
period suggested dominant species during that period.

Table 4. Alpha diversity of bacterial and fungal communities during composting.

Treatment Time (Day) Coverage Chao 1
Bacteria/FungI

Ace
Bacteria/FungI

Shannon
Bacteria/FungI

Simpson
Bacteria/FungI

Richness Diversity

CK

0 1.0 773.72/226.29 987.01/219.31 4.11/3.43 0.16/0.28
7 1.0 684.02/223.12 718.87/221.05 3.26/3.01 0.12/0.23

20 1.0 294.23/104.09 363.55/106.90 2.47/2.84 0.10/0.25
40 1.0 676.01/126.01 456.99/122.36 3.88/1.35 0.11/0.18
60 1.0 799.19/131.27 480.58/126.16 4.82/2.43 0.12/0.20

S1

0 1.0 985.68/303.29 992.26/223.35 4.19/4.21 0.15/0.25
7 1.0 747.16/223.27 656.44/216.22 3.15/2.13 0.09/0.23

20 1.0 656.23/184.37 589.49/131.97 2.13/2.04 0.08/0.21
40 1.0 686.57/171.75 695.05/170.35 3.95/2.38 0.25/0.25
60 1.0 652.07/135.38 659.59/236.58 3.88/2.33 0.27/0.26

S2

0 1.0 949.29/313.05 1097.23/283.97 2.17/4.11 0.23/0.31
7 1.0 750.12/203.14 719.71/258.62 3.12/3.69 0.25/0.25

20 1.0 315.55/103.64 411.23/112.69 2.98/3.28 0.11/0.28
40 1.0 580.02/128.05 670.02/128.36 2.84/3.85 0.10/0.18
60 1.0 723.21/201.75 776.25/179.62 3.24/3.76 0.17/0.21

The number following CK/S1/S2 indicates sampling time (day). (CK-no bedding material addition treatment;
S1-40% bedding material addition treatment; S2-25% bedding material addition treatment).

3.4. Bacterial Community Succession and Predicted Bacterial Functions

A closer observation of the bacterial phylum revealed five dominant groups in the
three composting systems: Proteobacteria, Firmicutes, Chloroflexi, Bacteroidetes, and
Actinobacteria (Figure 3a). The most common phylum among the three treatments was
Firmicutes (47.3%), which plays a major role in lignocellulose degradation [42]. Notably,
the relative abundance (RA) of Firmicutes in S1 and S2 was higher than that in CK during
composting (p < 0.05), which indicated that the addition of BW could promote the growth
of Firmicutes in compost. It is consistent with previous work that different additives could
promote Firmicutes in the compost [19,42]. The RA of Firmicutes showed the highest level
in all treatments on day 20, which was 44.3% (CK), 65.8% (S1) and 62.7% (S2), respectively.
This result indicated that Firmicutes survived well under high-temperature conditions
and likely participate in the biodegradation of lignocellulose in the whole composting
process [43]. The RA of Proteobacteria was higher in the early composting process and was
considered a vital microbial component in the biodegradation of agricultural wastes [44].
During the thermophilic stages of composting, the relative abundance of Proteobacteria
showed no obvious change in CK, and decreasing trends were found in BM-supplemented
composting. The RA of Chloroflexi and Actinobacteria showed increasing trends during
the composting of the BM-supplemented groups. Chloroflexi includes many thermophilic
cellulose-degrading bacteria [45]. The RA of Actinobacteria remained at approximately
12% in the BM treatments, and the RA of CK was in the range of 2.1–8.9%, which demon-
strated that it is likely that Actinobacteria actively participated in OM biodegradation
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activities. Similar studies have shown that Actinobacteria stimulated microbes to produce
lignocellulosic hydrolases, which increased the OM decomposition [10,22]. Previous works
confirmed that Actinobacteria secreted a variety of antibiotics to prevent the growth and
proliferation of pathogenic microorganisms and increased the biodegradation of refractory
substances [46].
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Figure 3. (a) Change in bacterial community composition in the three groups at the phylum level.
(b) The relative abundance of fungal taxa at the genus level in S1. Taxa with <1% of reads were
combined as “others”. The columns of different colors represent different species, and the length of
the columns represents the proportion of the species. The metabolic function categories of bacterial
communities analyzed by PICRUSt (c) in the different treatments, (d) at different time points during
the S1 composting process. (CK-no bedding material addition treatment; S1-40% bedding material
addition treatment; S2-25% bedding material addition treatment).
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Further observation of the bacterial genera showed the bacterial community dynam-
ics during the composting process of S1 (Figure 3b). Acinetobacter (42.5%), Pseudomonas
(25.57%), and Psychrobacillus (8.86%) were the most abundant genera in the original com-
post mixture. Acinetobacter are ubiquitous in nature and exist in various environments,
including sludge, sewage, and wastewater [47]. The strain belonging to genus Pseudomonas’
(Pseudomonas aeruginosa in origin) compost is a relatively common and potential pathogen
related to serious lung diseases, while Pseudomonas syringae and pathovars are the main
pathogens related to plant spoilage in the natural environment [48]. After 7 days of compost-
ing, the pathogen genus Pseudomonas was not found in the late stages, probably reducing
the risks to a certain extent. From day 7 to day 20, Lysinibacillus (13.97–16.61%), Solibacil-
lus (10.42–13.90%), Acinetobacter (12.12–13.75%), norank_f_Limnochordaceae (9.75–12.71%),
Bacillus (6.23–6.91%) and Symbiobacterium (4.47–8.13%) were the main genera (RA > 10%).
Except for Acinetobacter, most of the species identified are members of Firmicutes. At
this stage, OM and lignocellulose were largely degraded, which indirectly demonstrated
that Firmicutes were primarily responsible for the biodegradation of OM and acted as an
indispensable OM-degrading phylum [43]. During this period of lignocellulose degrada-
tion, the most abundant genus, Lysinibacillus, possibly participated in the lignocellulose
degradation. Similar results confirmed that Lysinibacillus was reported to be a cellulose-
and lignin-decomposing bacteria, with thermotolerant capacity, and may be used as a
potential compost inoculant to accelerate the composting process [49–51]. Solibacillus may
play an important role in the degradation of organic matter and lignocellulose, which was
supported by a previous study [52]. Acinetobacter has the capacity for cellulase enzyme
production and phenol biodegradation [53,54]. The relative abundances of Bacteroides
(19.09%) became the main genera in the cooling and mature stages.

The metabolic potential of bacterial communities was evaluated using PICRUSt ac-
cording to the KEGG database. As predicted, there were three main functional categories,
including metabolism, environment information processing, genetic information process-
ing, cellular processes, and human diseases (Figure 3c,d). Amino acid metabolism (14.5%),
carbohydrate metabolism (13.7%), energy metabolism (6.7%), membrane transport (6.3%),
and lipid metabolism (4.8%) showed significantly higher proportions in S1 compared to S2
and CK (p < 0.5) (Figure 3c). The RA of genes associated with carbohydrate metabolism,
amino acid metabolism, and membrane transport remained high across all treatments, and
this result likely occurred due to the biodegradation of nutrient-containing manure and
BM wastes in the compost, such as crude proteinous complexes and sugars [29]. Amino
acids, carbohydrates, lipids, and other substrates are generally available as nutritional
substances and energy sources, which are conducive to the growth and reproduction of
microorganisms, and increase the metabolism of microorganisms [20]. Figure 3d shows
that the metabolism group (49.87–52.76%) was higher in S1 than the other treatment groups.
The RA of genes associated with carbohydrate metabolism experienced an upward trend as
composting proceeded. Notably, the slight decrease in the thermophilic stage was primarily
due to the reduction in the amount of thermo-bacteria related to carbohydrate metabolism.
Cellulose and hemicellulose were mostly contained in BMs during the mesophilic period,
and a few dominant thermostable bacteria began to slowly degrade the difficult-to-degrade
substances during the thermophilic period, during which there was a large reduction in
mesophilic bacteria. The RA of genes related to terpenoid and polyketone metabolism
increased rapidly after 7 days, which demonstrated the continuous decomposition of re-
fractory substances. The RA related to the transportation and metabolism of amino acids
increased in S1 during 7 days of composting and gradually stabilized after 20 days. A
previous study proposed that a higher enrichment of amino acid metabolism increased
bacterial types and the generation of more humic substances [55]. There was a decrease in
the RA of genes associated with human disease during composting, which indicated that
the S1 composting product became safer after day 0.
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3.5. Fungal Community Succession and Predicted Fungal Functions

For the fungal community, six main phyla were detected during composting (Figure 4a):
Ascomycota, Basidiomycota, Cercozoza, Neocallimastigomycota, Mortierellomycota and
unclassified_k_Fungi. Ascomycota dominated the fungi in the three groups. Especially at
the thermophilic phase of the S1 groups, Acomycota accounted for the greatest proportion
of the classified OTUs, with an abundance of 90.7%. The RA of Ascomycota showed an
increasing trend as the temperate increased, then showed a downward trend. Entering the
cooling stage, it remained stable until the composting was complete. This result may have
occurred because Ascomycota utilize various energy sources and adapt well to extreme
conditions, such as high-temperature stress and nutritional deficiency [56]. Similar trends
were obtained previously [57]. Ascomycota played a vital role in lignocellulose-degrading
consortium during cow manure compost with wood chips, and it may compete with
endogenous fungi in metabolic activities for nutrients. Notably, the RA of Basidiomycota
increased during S1 composting, which was different from the decreasing trend in S2.
Ascomycota and Basidiomycota are the prominent phyla responsible for lignocellulose
biodegradation, and a high proportion of these phyla accelerate the decomposition of
organic complexes [58].
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Figure 4. (a) Changes in fungal community composition at the phylum level in the three groups;
(b) Change in fungal community composition in S1 at the genus level. The columns of different
colors represent different species, and the length of the columns represents the proportion of the
species. Taxa with <1% of reads were combined as “others”. (c) Fungal community trophic mode
and functional guild based on FUNGuild. Top 30 OTUs are shown in the heatmap. (CK-no bedding
material addition treatment; S1-40% bedding material addition treatment; S2-25% bedding material
addition treatment).
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Figure 4b shows the fungal genus composition in the S1 treatment, and the RA of the
20 most abundant classified fungal genera showed obvious variations over the composting
period. Orpinomyces, which was detected only in the original CK, includes anaerobic fungi
that are generally located in the gastrointestinal tract of animals, and seldom grow and
reproduce in an aerobic composting environment [59]. Orpinomyces disappeared when
composting started due to the generation of an aerobic environment. The thermophilic
genus Mycothermus was dominant in the composting process, especially in the thermophilic
phase (85.7%). At this stage, the degradation rate of OM and lignocellulose was main-
tained at high levels, possibly indicating that the dominant strain Mycothermus played an
absolute role on the degradation of OM and lignocellulose. Similarly to several studies,
Mycothermus can produce thermostable cellulases, hemicellulases, and xylanase, and the
microbial cluster with high temperature resistance, including the thermophilic strain My-
cothermus thermophilus and the series of Proteobacteria and Actinobacteria, was primarily
responsible for the degradation of feedstock and the release of ammonia [60,61]. Candida
and Aspergillus were found during all the composting stages, which shows their high
adaptability to diverse environmental conditions (e.g., temperature, moisture, and pH).
Several Aspergillus fungal species produce different enzymes to decompose lignocellu-
lose [62]. The thermophilic fungal genus exhibited a considerable capacity for complex
polymer degradation. Mycothermus and Aspergillus dominated the fungal community at
the thermophilic phase of composting, and they positively correlated with the carbon and
nitrogen transformation parameters [62]. The relative abundance of Candida reached the
highest value during the cooling and mature phases, and degraded various components of
lignocelluloses, improved the transformation of precursor substances, and promoted the
synthesis of humic substances [52]. Coniolariella, Pyrenochaetopsis, and Sordariomycetes were
also the main genera in the cooling and mature phases.

The fungi in the composting of the S1 group, including the 30 most abundant OTUs,
were classified by the ecological guild and trophic mode (Figure 4c). A neighbor-joining
phylogenetic tree was constructed to demonstrate the phylogenetic relationships among
the main fungal communities in the S1 treatment (Figure S3). Fungal trophic modes and
guilds primarily included pathotrophs (plant and animal pathogen, 20.3%), symbiotrophs–
saprotrophs (animal pathogen–plant pathogen-undefined saprotroph, 23.6%), pathotrophs–
saprotrophs–symbiotrophs (animal pathogen–endophyte plant pathogen–wood sapro-
trophs, 16.3%), and saprotrophs (undefined saprotrophs, 30.4%) in the composting. Fungal
trophic modes and guilds showed significant variation during anaerobic fermentation.
Saprotrophs and pathotrophs were the predominant fungal trophic modes during the
composting process, and saprotrophic fungi were the most common taxonomic group, with
13 OTUs classified into 11 known genera of Ascomycota (e.g., Aspergillus and Candida) and
Basidiomycota (e.g., Wallemia) (Figure S3). Animal and plant pathogens existed in early
compost, including Ascochyta (OTU 207) and Cutaneotrichosporon (OTU 381), and vanished
after S1 composting, which indicated that the addition of 40% BM improved the safety of
raw materials as an agricultural fertilizer. High temperature was the most critical environ-
mental factor to effectively remove pathogens during aerobic composting [18]. Notably,
the relative abundances of the OTUs of pathotrophs–saprotrophs–symbiotrophs (including
wood saprotroph) started at only 16.3% on day 0 but increased quickly and became the
dominant fungal group (89.1%) in the thermophilic stage and almost disappeared in the
mature stage. Similar trends of first quickly increasing then slightly decreasing were found
in the changes in cellulose, hemicellulose, and lignin in Section 3.2. This result confirmed
the efficient conversion of cellulose and hemicellulose during S1 composting. At the end of
composting, saprotrophs became the main trophic mode, and the main saprotrophic fungi
include Mycothermus, Aspergillus, Sordariomycetes, Candia, Coniolariella and Pyrenochaetopsis
(Figure 4c and Figure S3). The core functional genera Mycothermus, Penicillium, and As-
pergillus produce lignocellulose-degrading enzymes during composting [60]. Specifically,
Mycothermus also acts as a key organism in the decomposition of plant materials and
plant-derived compounds [63]. The thermophilic microbe Aspergillus has a high capacity
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to degrade lignocelluloses and lignin and uses foul-smelling sulfur-containing substances
to prevent the diffusion of gaseous pollutants during composting [52,64]. Several studies
found that the saprotrophic fungus Sordariomycetes accelerated the circulation and absorp-
tion of nutrients and the degradation of litter waste (fallen leaves and dung, etc.) [65].

3.6. Co-Occurrence Network Analysis for Correlations in Microbial Community

Microorganisms generally form complex networks via positive and negative inter-
actions rather than living in isolation. To better understand the interaction between the
microbial communities in BM addition composting, we constructed co-occurrence net-
works based on the relationship of the dominant bacterial and fungal genera (Figure 5).
The BM affected co-occurrence networks between bacterial and fungal taxa and topologi-
cal properties. The topological characteristics of the network in the S1 group were more
complex than the other groups. The average weighted degree 5.550 in S1 was higher than
3.447 in CK and 4.130 in S2. Compared to the CK and S2 groups, the number of nodes
increased by 12.0% and 14.5%, and the number of edges increased by 35.2% and 19.7%,
respectively. The network diameter in the S1 treatment also increased by 30% and 40%,
respectively, compared with CK and S2. The above results showed that there were closer
interactions among microbial communities in the S1 treatment than in the CK and S2
treatments. Symbiobacterium, Thermobispora, Thermopolyspora, and Thermoflavimicrobium, etc.,
had positively correlated with each other in S1 (p < 0.05). The most abundant fungal genus,
Mycothermus, in the S1 composting had many correlations with other genera. Notably, the
bacterial genus Bacteroides, which was the dominant genus in the cooling and mature phase
in S1 composting, was negatively related to various bacteria and fungi, such as Solibacillus,
Lysinibaccilus, Micothermus, Penicillum, and Coniolariella (p < 0.05). There were more positive
correlations with each other in the BM addition groups than the control group (Figure 5).

3.7. Relationships of the Bacterial/Fungal Community with Physicochemical Characteristics

CCA, RDA and Spearman correlation heatmaps were used to describe the relation-
ships between the microbial community and physicochemical properties (temperature,
OM, C/N, and lignocellulose, etc.) in the different compost processes (Figure 6). The CCA
results demonstrated that the correlation between environmental factors and the bacterial
community was OM > hemicellulose > C/N > moisture > cellulose > temperature > lignin
> pH (Figure 6a). The microbial samples on day 0 were more affected by OM and water
content. Entering the mesophilic and thermophilic stages, especially in the S1 system,
temperature was the main environmental factor. Figure 6c shows the relationship between
the dominant bacterial genera and physicochemical properties. Lysinibacillus and Sym-
biobacterium had a positive relationship with cellulose, lignin, and hemicellulose (p < 0.01),
and negatively related to C/N (p < 0.01), which indicated Lysinibacillus and Symbiobacterium
possibly participated in the lignocellulose degradation. Corynebacterium was negatively
related to cellulose and hemicellulose (p < 0.001) but positively related to OM and C/N
(p < 0.01). Sphaerobater and Solibacillus were positively related to temperature (p < 0.01),
and Pseudomonas was negatively related to temperature (p < 0.01), which demonstrated
a close relationship between bacterial communities and physicochemicals. C/N and OM
had positive associations with Psychrobacter and Sporosarcina but negative associations with
Bacillus and Solibacillus (p < 0.05).

Figure 6b shows that the relationship between physicochemical properties and the fun-
gal genera was as follows: OM > C/N > hemicellulose > moisture > cellulose > lignin > pH
> temperature. Compared to bacteria, temperature had a lower effect on fungi. Similarly to
the bacterial community, hemicellulose positively correlated with cellulose, temperature,
pH, and lignin content and was negatively related to OM and C/N. The fungal samples on
day 0 were more affected by water content. In contrast to bacteria, cellulose, hemicellulose,
and lignin were the main environmental factors during the mesophilic and thermophilic
stages. OM became the dominant environmental property and strongly correlated with
the fungal community at the end of composting. Figure 6d shows that Aspergillus, Candida,
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and Sordariomycetes were positively related to cellulose and hemicellulose (p < 0.01) but
negatively related to OM and C/N (p < 0.05). In addition, the most abundant taxa My-
cothermus in S1, which was positively correlated to cellulose and negatively correlated to
C/N (p < 0.05), indirectly confirmed the result in the Section 3.6 that Mycothermus could
act as a key organism in the efficient degradation of cellulose and hemicellulose. Ascochyta
was negatively related to cellulose and hemicellulose (p < 0.01), while it was positively
correlated to OM and C/N (p < 0.05). Cellulose, hemicellulose, and lignin were also nega-
tively related to Talaromyces, Wallemia and Microascus, while they were positively related
to Penicillium (p < 0.05). These results showed that cellulose, hemicellulose, and OM had
strong associations with the succession of bacteria and fungi, and C/N and lignin jointly
affected the microbial community. Temperature had a lower influence on the dynamics of
fungi than bacteria.
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Figure 5. Network analysis showing the co-occurrence based on the correlation among dominant
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networks. Red edges: Positive correlation; green edges: Negative correlation; the size of nodes
indicates the average relative abundance of the genera. (CK-no bedding material addition treatment;
S1-40% bedding material addition treatment; S2-25% bedding material addition treatment).
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Figure 6. (a) Canonical correspondence analysis (CCA) of the relationship between physicochemical
properties and bacterial genera. (b) Redundancy analysis (RDA) of the relationship between environ-
mental parameters and fungal genera. Correlation analysis of physicochemical properties and the
top 30 (c) bacterial genera and (d) fungal genera. (* 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001)
(CK-no bedding material addition treatment; S1-40% bedding material addition treatment; S2-25%
bedding material addition treatment).

4. Conclusions

This work designed a composting system in which cow manure and bedding material
waste (BM) waste were used as feedstock to simultaneously handle two agricultural wastes.
The 40% BM significantly improved the duration of high temperatures (>55 ◦C, 25 days) and
increased the GI value (51.3%) and OM degradation (10.4%) (p < 0.05) during composting.
Firmicutes was more abundant in S1 and S2, but Proteobacteria was more abundant in CK.
Cellulose, hemicellulose, and OM had strong associations with bacteria and fungi, such as
Lysinibacillus and Corynebacterium (bacteria) and Aspergillus, Candida, and Sordariomycetes
(fungi). Mycothermus acted as a key organism in the efficient degradation of cellulose
and hemicellulose. Network analysis indicated the closer interactions of the microbial
community in the S1 group than in the other groups. This study showed instructive
significance for improving the efficiency and quality of compost, using bedding material
waste as a compost amendment. These findings also provide detailed information about
how the dynamic changes in bacteria and fungi in the composting process are closely
related to material conversion.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/su132313035/s1, Figure S1: Profiles of (a) OM, the degradation rate of (b) cellulose, (c) hemicellulose,
(d) lignin, Figure S2: Similarity analysis of bacterial and fungal communities in the different composts.
Venndiagram of (a) bacterial OTUs of three groups; (b) fungal OTUs of three groups; (c) bacterial OTUs
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in S1 at the different timepoints; (d) fungal OTUs in S1 at the different timepoints., Figure S3: Phylogram
of the top 30 fungal species in S1 compost.
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