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 Abstract
Composting is a reliable way for manure treatment and nutrient recycle, but the accumulation of pig manures is not effectively 
treated with the limited available lands. In this study, a continuous composting system was designed to increasing the treat-
ment capacity by adding pig manure three times at the beginning of each composting cycle. The aim of the present study was 
to assess the composting parameters and bacterial community structure in this system. Physicochemical factors, bacterial 
community, and functional prediction of each composting cycles were evaluated. The result indicated that content of total 
nitrogen and NH4

+-N increased, while the amount of carbon, cellulose, and hemicellulose decreased during the composting 
process. At the same time, the amount of lignin increased firstly, and then decrease to 17.3% after the last composting cycle. 
Furthermore, bacterial community structures were different among the three composting cycles. The correlation heatmap 
between environment factors and microbial community indicated that C/N ratio and pH were the main factors affecting the 
community structure. Additionally, bacteria participated in nitrogen cycles were found in the composting materials. Para-
coccus denitrificans, Jonesia denitrificans, and Geobacillus thermodenitrificans were the main denitrifiers, and became the 
most abundance after the second composting cycle. The numbers of KEGG Orthology (KO) associated with ammonification, 
nitrification, and denitrification increased after the composting. The present study illustrated that more composting cycles 
might reduce the ability of nitrogen assimilation, but increases the degradation of lignin, cellulose, and hemicellulose in 
continuous composting system.

Keywords  Agricultural waste · Bacterial community · Continuous composting system · Functional KOs · Functional 
prediction · Solid manure

1  Introduction

The intensive swine industry for human food purposes 
produces a considerable amount of pig manures (Zhang 
et al. 2021). However, the utilization of pig manures was 
limited by their transport and the available lands (Wang 
et al. 2018). Inefficient application of manure had shown 
negative impacts on environment, including agricultural 
soil pollution, aquatic eutrophication, and ozone depletion 

(Pardo et al. 2017; Zahraet al. 2021). Manure treatment 
became an important issue associated with environmental 
quality, human health, and resource recycle (Pandey and 
Chen 2021). Furthermore, the direct application of pig 
manures as fertilizers on the lands is also limited under strict 
regulatory supervision (Varma et al. 2021). Therefore, the 
considerable amount of manures must be treated efficiently 
and effectively for addressing the urgent concerns of pig 
raising wastes.

Composting is the most common strategy for minimiz-
ing the negative impact of manure dispose, and recycling 
organic wastes into fertilizers economically (Costa and 
Akdeniz 2019; Bernal et al. 2017). The process of compost-
ing entails a series of complex chemical and microbiological 
transformations (Cáceres et al. 2018; Sánchez et al. 2017). 
Microbial activities are the critical drivers in the compost-
ing process, which can improve the mineralization and 
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humification of organics (Onwosi et al. 2017). In the com-
posting system, agricultural residuals, for instance spent 
mushroom substrates, rice husks, straws, and sawdusts, are 
used as the bulking agent for composting. It was reported 
that adding of bulking agents increases germination index 
and humic acid of the final compost, and also reduces 
nitrogen loss, NH3, and N2O emissions (Jolanun and Tow-
prayoon 2010; Li et al. 2018). However, the climatic and 
seasonal changes impact their costs and yield levels. Further-
more, the storage and transportation of biomass produced in 
agriculture also increase greatly the composting operation 
costs. Therefore, a continuous composting system was devel-
oped to overcome these problems by reducing the consump-
tion of bulking agents and extending their service life.

In the traditional composting system, the organic mate-
rial was mixed wholly for a period of composting, with-
out extra manure addition during the whole composting 
process. However, the continuous composting was carried 
out with adding manure twice on the 30th and 60th day, 
respectively. At the end of a composting period of 30 days, 
fresh solid pig manure (SPM) was added for the next cycle. 
Finally, the composting residues could be used as semi-
finished fertilizer. More importantly, the continuous com-
posting was designed as an effective approach to deal with 
PM and reduce operation costs. It is confirmed by previ-
ous studies that the C/N ratio, pH, moisture, and bulking 
agents influence the composting process (Zhou et al. 2014; 
Akdeniz 2019; Li et al. 2021). Therefore, the changes of 
physicochemical properties and enzymatic activities during 
the continuous composting need to be further investigated to 
optimize the composting conditions. Nitrogen is an essential 
component for organisms, and NH4

+-N and NO3
−-N can be 

easily taken and assimilated as fertilizer by plants (Canfield 
et al. 2010; Kuypers et al. 2018). Meanwhile, nitrogen is 
a key factor influencing microbial communities (Cáceres 
et al. 2018). Therefore, it is necessary to reveal the profiles 
of nitrogen content and their effects on the microbial suc-
cession during the composting processes.

The main objective of this study was to evaluate the 
response of the physicochemical factors and succession of 
bacterial communities to the continuous composting pro-
cess. Therefore, the physicochemical factors including of 
carbon, nitrogen contents, and enzyme activities were ana-
lyzed. The succession of bacterial community in continuous 
composting system was characterized by MiSeq sequencing. 

In addition, the impact of environmental factors on bacterial 
community structure was also investigated. Furthermore, to 
identify the related microbes and their function in nitrogen 
cycle, KEGG Orthology (KO) associated with ammonifica-
tion, nitrification, and denitrification was analyzed by PIC-
RUSt predicting.

2 � Materials and Methods

2.1 � Composting Materials

The composting system is located in a farm at Jiaocheng 
District, Fujian Province, China. The width, depth, and 
length of composting tanks were 4, 1.2, and 20 m, respec-
tively. Spent mushroom substrates and sawdust (SMSS) were 
mixed at a 1:1 ratio (v/v) to be used as composting bulking 
agents. The characteristics of substrates used in compost-
ing construction are shown in Table 1. The solid fraction 
of pig manure (PM) was collected by a solid–liquid separa-
tion technology. Finally, the humidity of solid pig manure 
(SPM) was maintained at 54.5%. As the bulking agents, the 
SMSS was mixed with SPM. The final humidity and pH 
were 52.5% and 6.8, respectively. The separated liquid waste 
was fermented for agricultural irrigation.

2.2 � Composting Experiment Designs and Sampling

The composting experiment was carried out by three com-
posting cycle of 30 days (d), generating a 90-day process. 
The new material was added at the beginning of the second 
and third composting cycles, respectively. After the first 
composting cycle, the solid pig manure (SPM) was mixed 
with spent mushroom substrates and sawdust (SMSS) for 
static composting. After 30 days, SPM was added under-
going the second composting cycle. After another 30 days, 
the third composting cycle was operated by added SPM as 
the abovementioned manner. In each composting cycle, the 
composting mixture was turned every 3 days in the first 
2 weeks and then turned every 5 weeks thereafter. The air 
was blown through fans (0.5–2 m3·h−1) by longitudinal ven-
tilation when the ambient temperature was over 35 ℃. SMSS 
was added to the composting materials when the humidity 
was over 70%. Five hundred grams of materials from surface 
layer (i.e., 20 cm) and deep layer (50 cm) was collected at 

Table 1    Characteristics of physicochemical characteristics of substrates used in composting construction (dry-weight based)

Sample pH Moisture (%) Total C (g·kg−1) Total N (g·kg−1) Total P (g·kg−1) C/N

Solid pig manure 6.27 ± 0.08 54.5 ± 1.24 104.9 ± 3.02   11.0 ± 0.39 5.58 ± 0.47 9.54 ± 1.01
Mushroom residue 

and sawdust
6.97 ± 0.06 17.6 ± 0.29 509.7 ± 5.76 2.33 ± 0.21 2.60 ± 0.32 218.8 ± 4.27

4588 Journal of Soil Science and Plant Nutrition (2022) 22:4587–4597



1 3

the end of each cycle, and named as SFC (surface materi-
als of the first composting cycle), DFC (deep materials of 
the first composting cycle), SSC (surface materials of the 
second composting cycle), DSC (deep materials of the sec-
ond composting cycle), STC (surface materials of the third 
composting cycle), and DTC (deep materials of the third 
composting cycle), respectively.

2.3 � Physicochemical Characteristics Analyses 
of the Composting Materials

For all samples, the basic parameters such as pH, total 
nitrogen (TN), and carbon (TC) content were determined as 
reported previously (Chen et al. 2021). The pH was meas-
ured in a 1:10 water soluble extract (weight:weight, w:w) 
obtained after shaking the fresh samples in water suspen-
sion. TN and TC were determined by Kjeldahl and com-
bustion methods, respectively. The hemicellulose, cellulose, 
and lignin contents were measured according to previously 
method (Van Soest et al. 1991). Additionally, the concentra-
tions of ammonium nitrogen (NH4

+-N) and nitrate nitro-
gen (NO3

−-N) were measured by the colorimetric method, 
with pretreatment of KCL (Liu et al. 2019). Protease and 
urease activities of the all composting materials were also 
measured, respectively. Protease activity was determined by 
measuring the amount of the released amino acids after reac-
tion with casein for 10 min at 40 ℃, based on the method 
of Ladd and Butler (1972). The content of NH3-N produced 
by urease hydrolysis of urea was by the method of Kandeler 
(1996). The reaction was performed under the conditions of 
37 ℃ for 24 h, using Comin UE Kit (Suzhou, China).

2.4 � DNA Extraction and Sequencing

Microbial community genomic DNA (gDNA) was extracted 
from 100  mg of each composting sample using the 
FastDNA™ PowerSoil kit (MoBio, CA). After concentrated 
and purified, the gDNA was used to amplify the V3–V4 
regions of 16S rDNA by PCR to analyze bacterial commu-
nity. The PCR was carried out by using the TruSeq® DNA 

Sample Pre kit according to the manufacturer’s instructions 
(www.​illum​ina.​com). Sequencing was performed using the 
Illumina Miseq at Majorbio, Inc., Shanghai, China. Paired-
end reads from the original DNA fragments were merged 
by FLASH (V1.2.11) to get raw tags, and then qualified by 
QIIME (V1.9.1). All the raw datasets had been deposited 
into NCBI’s Sequence Read Achieve (accession number: 
SRS7139815-SRS71398649).

2.5 � Bioinformatics Analysis

Sequences with ≥ 97% similarity were assigned to the same 
operational taxonomic units (OTUs) by Uparse (Uparse 
v7.0.1090). Taxonomic information for each representative 
sequence of each OTU was annotated by the RDP classifier 
(Version 2.11). The taxon abundance of each sample was 
generated into the phylum, class, order, family, and genera 
levels (Ma et al. 2016). All of the analyses from clustering 
to alpha (within sample) and beta diversity (between sam-
ples) were performed with Mothur (Version 1.30.2). The 
correlations between enzyme activities and N content were 
conducted in SPSS 16.0 with Pearson correlation coefficient. 
The differences of microbial community in the three com-
posting cycles were analyzed by Kruskal–Wallis H test. The 
correlation heatmap of environmental parameters and OTUs 
was performed by R pheatmap package (Version 3.3.1). Tax-
onomic information of each sample was treated by PICRUSt 
for functional prediction (Douglas et al. 2018). The func-
tional KOs and bacteria were extracted to calculate the rela-
tive contents of functional groups in nitrogen transformation.

3 � Results

3.1 � Physicochemical Properties of the Composting 
Materials

Physicochemical properties of the compost samples are 
shown in Table 2. The carbon concentration in the deep 
layers remained constant along the whole composting 

Table 2   Characteristics of physicochemical properties of composting materials (dry-weight based)

TN, total nitrogen; TC, total carbon; SFC, surface layer of first cycle; DFC, deep layer of first cycle; SSC, surface layer of second cycle; DSC, 
deep layer of second cycle; STC, surface layer of third cycle; DTC, deep layer of third cycle

Sample TN (%) TC (%) pH C/N NH4
+-N (mg·g−1) NO3

−-N (mg·g−1) Lignin (%) Cellulose (%)

SFC 2.34 ± 0.18c 47.08 ± 0.52c 7.05 ± 0.11c 20.12 ± 0.21b 3.13 ± 0.15d 1.26 ± 0.08c 10.99 ± 0.61c 22.41 ± 1.52a
DFC 2.21 ± 0.10d 48.09 ± 0.36b 6.94 ± 0.16d 21.76 ± 0.29a 4.09 ± 0.08c 1.21 ± 0.09c 7.20 ± 0.59d 19.46 ± 1.35b
SSC 3.86 ± 0.21a 50.84 ± 0.27a 7.04 ± 0.08c 13.176 ± 0.38d 3.62 ± 0.10c 1.30 ± 0.07b 25.58 ± 1.72a 11.53 ± 0.68d
DSC 3.24 ± 0.14b 47.31 ± 0.28 8.30 ± 0.17a 14.605 ± 0.57c 7.07 ± 0.21a 1.86 ± 0.07a 15.44 ± 0.75 15.25 ± 1.06c
STC 3.20 ± 0.16b 44.12 ± 0.41d 7.72 ± 0.11b 13.79 ± 0.26c 5.59 ± 0.18b 1.05 ± 0.05d 19.62 ± 1.32b 12.74 ± 0.90d
DTC 3.25 ± 0.29b 47.55 ± 0.20b 7.46 ± 0.05b 14.633 ± 0.33c 6.01 ± 0.19b 1.16 ± 0.06c 17.31 ± 0.89b 14.55 ± 1.26c
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processes. In the surface layers, carbon contents increased 
slightly to 50.8% after the second cycle, and then decreased 
to 44.1% after the third cycle. The amount of lignin increased 
from 7.2 to 25.6% after the second composting period, and 
decreased to 17.3% after the third cycle. As the soluble car-
bon was consumed, the lignin content increased. After the 
second composting, contents of cellulose rapidly decreased 
from 22.4 to 11.5%, and hemicellulose content decreased 
from 33.7 to 18.0%. After then, their contents remained con-
stant after the third composting. The highest total nitrogen 
(TN) concentration was found in the surface layer of the 
second composting cycle. At the end of the second compost-
ing cycle, the relative contents of nitrogen and carbon were 
the highest in the surface layer among all samples. The C/N 
ratios decreased rapidly after the second cycle till 13.1, and 
remained stable at 13.8 after the third cycle. During the com-
posting cycles, the C/N values decreased from 21.9 to 13.8, 
which represented satisfactory maturation. Compared with 
composting materials after the first composting cycle, the 
adding of solid pig manure (SPM) significantly increased the 
concentrations of total nitrogen (TN) in the materials from 
the second composting cycle. However, little increasing of 
TN was observed after the third composting cycle. Along the 
three composting cycles, the NH4

+-N concentrations in the 
composting materials increased from 3.13 to 7.07 mg·g−1, 
and the deep layers had higher concentration than the surface 
layers. The NO3

−-N concentrations increased to the peak 
after the second composting cycle (1.85 mg·g−1) and then 
decreased after the third composting cycle. Meanwhile, the 
pH value of the all composting materials increased from 7.1 
to 8.3. The correlation analysis revealed that the NO3

−-N 
concentration was negative with the pH value (Fig. 1).

3.2 � Relationship of Protease, Urease Activities, 
and N Content

The highest protease activities were observed after the first 
composting cycle, and then declined to 0.6 U·g−1 through 
the other composting cycles. The urease activities remained 
at approximately 3.0 U·g−1, and increased slightly till 3.3 
U·g−1 along the composting process. The relation between 
protease and urease activities and N content of the com-
posting samples are shown in Fig. 1. Protease had positive 
relationships with nitrate concentration and moisture, while 
urease had positive relationships with pH, nitrogen, and 
ammonium concentrations.

3.3 � Microbial Diversity

3.3.1 � Taxonomic Composition

Numbers of microorganisms entail material transformations 
in composting. In the continuous composting system, a total 
of 2361 bacterial OTUs were found, including 36 phyla. The 
indices including Sobs, Shannon, and Simpson indicated the 
bacterial richness and diversity decreased along the com-
posting process (Table 3).

Bacterial diversity analysis found the most abundant taxa 
throughout 36 phyla were Firmicutes, Chloroflexi, Actino-
bacteriota, Proteobacteria, Bacteroidota, and Gemmatimon-
adota (Fig. 2). Firmicutes, Chloroflexi, Proteobacteria, and 
Actinobacteriota contributed more than 80% of all identified 
sequences. Firmicutes was the most dominant in the surface 
layers, with the relative abundance of 60.1%, 44.1%, and 
50.9% after the first, second, and third composting cycles, 

Fig. 1   The relationships 
between activities of protease, 
urease, and composting param-
eters of the composting samples
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respectively. However, the deep layers from the three com-
posting cycles had different dominant phyla. Proteobacte-
ria, Actinobacteriota, and Chloroflexi were the main bac-
teria after the first, second, and third composting cycles, 
respectively. A genus of o_SBR1031 was the most dominant 
genus in the composting materials, and its relative content 
increased from 12.6% after the first composting cycle to 
48.1% after the third cycle. In the surface layers, the genera 
of o_MBA03, Hydrogenispora and Clostridium sensu stricto 
had high abundance. The relative contents of g_o_MBA03 
and Hydrogenispora increased along the composting 

process, while the contents of C. sensu stricto decreased. In 
the deep layers, the high abundance genera were Methylocal-
dum (7.7%) and UBA6140 (7.6%) after the first composting 
cycle and Nonomuraea (10.4%) and Sphaerobacter (5.3%) 
after the second composting cycle.

3.3.2 � The Significant Difference of Microbial Community 
During Composting Process

In the phylum level, the relative contents of Chloro-
flexi, Proteobacteria, Actinobacteriota, Bacteroidota, 

Table 3   The values of 
biodiversity indices along the 
composting cycles

Sample Shannon Simpson Ace Chao Coverage

SFC 4.75 ± 0.18a 0.03 ± 0.01d 1476.92 ± 110.5a 1477.23 ± 118.5a 0.994 ± 0.0d
DFC 4.21 ± 0.32c 0.05 ± 0.01b 1116.59 ± 197.4b 1092.42 ± 182.1c 0.995 ± 0.0c
SSC 4.38 ± 0.15b 0.05 ± 0.01b 1119.83 ± 43.4b 1143.16 ± 67.4b 0.995 ± 0.0c
DSC 4.31 ± 0.41b 0.04 ± 0.01c 879.57 ± 179.5d 875.29 ± 165.7d 0.997 ± 0.0a
STC 4.30 ± 0.07b 0.05 ± 0.0b 1070.01 ± 24.6c 1095.16 ± 57.87c 0.995 ± 0.0c
DTC 3.505 ± 0.18d 0.12 ± 0.02a 848.49 ± 11.7d 859.52 ± 26.4d 0.996 ± 0.0b

Fig. 2   Relative abundances of 
predominant bacterial compo-
sitions at the phylum (a) and 
genus (b) levels. SFC, surface 
materials of the first compost-
ing cycle; DFC, deep materials 
of the first composting cycle; 
SSC, surface materials of the 
second composting cycle; DSC, 
deep materials of the second 
composting cycle; STC, surface 
materials of the third compost-
ing cycle; DTC, deep materials 
of the third composting cycle
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Gemmatimonadota, Myxococcota, Halanaerobiaeota, and 
Bdellovibrionota had significant correlations with the com-
posting cycles (Fig. 3). The relative content of the phylum 
Chloroflexi increased from 18.7% after the first compost-
ing cycle to 42.6% in third composting cycle. In the com-
posting, the relative content of the phylum Proteobacteria 
significantly decreased from 23.0 to 6.30%, and that of the 
phylum Bacteroidota reduced by 88.2% along the compost-
ing process.

The bacterial genera were also compared among the 
three composting cycles. The contents of Clostridium sensu 
stricto, Terrisporobacter, and Ureibacillus in phylum Fir-
micutes reduced by 80.6%, 74.2%, and 73.2%, respectively. 
However, the contents of g_SBR1031 and Sphaerobacter in 
the phylum Chloroflexi showed an increasing trend, which 
increased from 15.7 and 0.1 to 37.5% and 2.2%, respectively.

3.4 � Linking the Top Bacterial Communities 
with the Composting Cycles

In order to reveal the relationships between environment 
factors and microbial community, the correlation heatmap 
was derived based on the top 30 OTUs in the composting 
process. All those OTUs were classified into two groups. 
After the first group, OTU689, OTU269, OTU496, OTU380, 
OTU2110, OTU337, OTU428, and OTU1238 had positive 
correlations with nitrate, C/N ratio, and moisture, while the 
other OTUs had negative relationships with these param-
eters (Fig. 4). OTU689-Methylocaldum szegediense with the 
highest abundant in first composting period had a signifi-
cantly positive relationship with the content of total carbon, 
while OUT496-UBA6140 in the family Methylophilaceae 
had a significantly positive relationship with the concentra-
tion of nitrate (P < 0.001). Relative abundance of OTU269-
Pseudomonas was 1.2% and 1.4% in the surface and deep 
layers after the first period, respectively, and had the high-
est correlation with the concentration of nitrate in the all 
tested OTUs. As the compost developed, the OTU1238-
Terrisporobacter and anaerobic OTU428-Clostridium sensu 
stricto 1 distributed mostly in the deep layers, and their 
relative contents decreased from 5.6% and 8.2% after the 
first composting cycle to 1.0% and 1.1% after the third com-
post cycle, respectively. OUT380-Chelativorans composti, 
OTU2110-Turicibacter sp. H121, and OTU337-Ureibacillus 
had significant negative relationships with the contents of 
ammonium (P < 0.001). The relative abundances of those 
OTUs also decreased from 1.1, 1.9, and 3.3 to 0.6%, 0.25%, 
and 0.4% at the end of this composting, respectively.

In the second group, the distributions of OTUs had nega-
tive relationships with moisture, nitrate concentrations, and 
C/N ratio. OTU1260-Thermomonospora, OTU1251-Non-
omuraea, OTU954-Sphaerimonospora, OTU1690-Sphaero-
bacter thermophilus, OTU1904-Hyphomicrobiaceae, and 
OTU992-Steroidobacteraceae had significantly positive 
relationships with ammonium concentrations and pH. Those 
OTUs had the highest relative abundance in the deep layer 
of the second composting cycle, expecting OTU1260-Ther-
momonospora after the third composting cycle. OTU578-
Ureibacillus thermophiles had a negative relationship with 
contents of carbon and nitrate, but positive with those of 
nitrogen and pH (P < 0.001), and decreased along the com-
posting process. OUT1188-SBR1031, OTU1125-Halocella, 
OTU788-MBA03, OTU286-Hydrogenispora, OTU1293-
Limnochordaceae, and OTU1153-MBA03 had positive rela-
tionships with nitrogen concentrations, but negative with 
moisture and C/N ratio (P < 0.001). The relative abundant 
of these OTUs increased along the compost process, and 
became the dominant bacteria at the end of composting. 
Those OTUs were prevalent in the anaerobic deep layer of 
the third composting cycle.

Fig. 3   Significant difference of bacteria in different composting 
cycles at phylum (a) and genus (b) levels. 1st compost, the first com-
posting; 2nd compost, the second composting; 3rd compost, the third 
composting. *P < 0.05, **P < 0.01
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3.5 � Succession of Functional Groups in Nitrogen 
Transformation

To reveal bacterial function in the transformation of nitrogen, 
the related bacteria and KEGG Orthology (KO) in nitrogen 
cycles were analyzed. Throughout the composting process, 
many bacteria participated in nitrogen cycles were found in 
the composting materials. Azospirillum and Klebsiella were 
found as the main nitrogen-fixing bacteria in the compost-
ing system. In ammonification, Streptomyces (42.4%), Pseu-
domonas (22.0%) and Mycobacterium (10.3%) were the main 
genera. Nitrosomonas in the third composting cycle is con-
firmed as ammonia-oxidation bacteria (AOB) (Campanaro 
et al. 2020). The main nitrite oxidation bacteria (NOB) dur-
ing the composting process were Nitrospira and Nitrolan-
cea, which are confirmed as the main NOB in nitrification 
(Kuypers et al. 2018). Paracoccus denitrificans, Jonesia deni-
trificans, and Geobacillus thermodenitrificans are the main 
denitrifiers (Huang et al. 2018a, b). They were found to have 
the most abundance after the second composting cycle. They 
are all at a high relative abundance during the composting 
process.

The KOs assigned to nitrogenase was the most abundant 
after the first composting cycle, and decreased along the 
composting process (Fig. 5). In the deep layers, the num-
bers of KOs associated with urease (Ure) in ammonifica-
tion increased along the composting process. However, 
those KOs in the surface layer increased after the second 

cycle, and then decreased after the third cycle. This result 
indicated that the ammonification was more intensive in the 
deep layer, and more content of NH4

+-N accumulated in the 
deep layer, actually. Generally, the decrease of KOs contents 
in nitrogen fixation and increase of those in ammonifica-
tion led to the changes of NH4

+-N concentration through 
the composting.

Compared with KOs in other processes, the KOs assigned 
to nitrification were at a very low level. In our composting 
system, relative abundances of ammonia monooxygenase 
(Amo) and hydroxylamine oxidase (Hao) firstly decreased 
after the second composting cycle, and then increased after 
the third composting cycle, while the relative content of 
nitrite oxidoreductase (Nxr) increased along the composting 
process. In sum, the contents of KOs assigned to nitrification 
increased after the second composting cycle, and decreased 
slightly after the third composting cycle. The change of 
their content was coincident with the changes of NO3

−-N 
concentration.

The relative abundances of KOs associated with denitri-
fication also increased after the second composting cycle, 
and decreased after the third composting cycle. The rela-
tive contents of membrane-bound nitrate reductase (Nap) 
and nitric oxide reductase (Nor) were the highest after the 
first composting cycle, and then decreased. However, those 
of both nitrite reductase (Nir) and nitrous oxide reductase 
(Nos) were the highest after the second and third composting 
cycles, respectively.

Fig. 4   The correlation heatmap 
of environmental param-
eters and OTUs. *P < 0.05, 
**P < 0.01, ***P < 0.001
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4 � Discussion

The addition of bulking agents can provide degrada-
ble organic carbon, improving the composting efficiency 
(Zhou et al. 2014). In the continuous composting system, 
the lignin, cellulose, and hemicellulose was utilized by 
microorganisms which accelerated their degradation. The 
low biodegradation rate of lignin fraction and the high 
degradation efficiency of cellulose and hemicellulose were 
detected in manure composting, in accordance with previ-
ous results (Qiao et al. 2019). Therefore, the continuously 
composting is benefit for lignin, cellulose, and hemicel-
lulose degradation.

The C/N ratio is confirmed as one of the most critical 
factors influencing the composting, and is also an impor-
tant index of composting maturity (Qiao et al. 2021). The 
C/N ratio decreases along the composting process. It is 
reported that the higher loss rate of organic C than that of 
N led to the decrease of C/N ratio (Zhang et al. 2021). The 
pH values increase during composting process. The result 
in our research also indicated that the changes in pH val-
ues are coincident with the NH4

+-N concentration (Cáceres 
et al. 2015). It is stated that the nitrification is dominant pro-
cess when the pH value is within the range of 6.0–7.0, and 
the release of H+ during nitrification leads to the decrease of 
pH value (Cáceres et al. 2018; Onwosi et al. 2017). Mean-
while, the higher pH value could also inhibit the nitrifica-
tion and lead to NH3 emission (Akdeniz et al. 2019). As the 
highest content of NH4

+-N after the third composting cycle, 
decrease of NO3

−-N concentrations indicated excessive 
amount of NH4

+-N would inhibit the nitrification (Cáceres 
et al. 2018).

Protease hydrolyzes proteins into amino acids which are 
related to the mineralization of nitrogen from proteins in 
composting process (Qiao et al. 2019). Furthermore, urease 
in ammonification could catalyze the inorganic nitrogen to 
NH4

+-N (Liu et al. 2018). The cooperation of protease and 
urease increased the content of available N for microorgan-
ism. Overall, the urease activity had shown opposite trends 
to that of protease, which was also observed in the com-
posting process at ectopic fermentation bed system (Chen 
et al. 2021).

The changes of microbial community composition 
are found to be associated with composting parameters, 
such as C/N ratio, pH, and humidity (Zhou et al. 2014; Li 
et al. 2021). Firmicutes, Chloroflexi, Proteobacteria, and 
Actinobacteriota contributed more than 80% of all identi-
fied sequences, which distribute widely in composting sys-
tem and contribute to the degradation of organic substances 
(Li et al. 2018; Liu et al. 2021). The phylum Chloroflexi 
including many anaerobic thermophiles becomes the pre-
dominant phylum in later period of composting (Li et al. 
2018). As the most dominant genus in the composting 
materials, genus of o_SBR1031 has been identified as the 
major microbial populations in anaerobic digesters (Xia 
et al. 2016). Hydrogenispora in the surface layers has been 
confirmed to decompose chitin in composting systems 
(Uua et al. 2020). Methylocaldum and UBA6140 in the 
deep layers are methanotrophs which had been provided to 
be effective in reducing methane emission (Li et al. 2018). 
OTU689-Methylocaldum szegediense with the highest 
abundant in the first composting period had a significantly 
positive relationship with the content of total carbon, while 
OUT496-UBA6140 in the family Methylophilaceae had a 

Fig. 5   Distribution of KOs in 
ammonification (a), nitrogen 
fixation (b), nitrification (c), and 
denitrification (d) processes. 
SFC, surface materials of the 
first composting cycle; DFC, 
deep materials of the first 
composting cycle; SSC, surface 
materials of the second com-
posting cycle; DSC, deep mate-
rials of the second composting 
cycle; STC, surface materials 
of the third composting cycle; 
DTC, deep materials of the third 
composting cycle
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significantly positive relationship with the concentration 
of nitrate (P < 0.001). As a thermophilic methanotroph, M. 
szegediense and UBA6140 could transform CH4 to CO2, 
which playing important roles in carbon period (Koo and 
Rosenzweig 2021). Meanwhile, methane oxidation cou-
pled with nitrate/nitrite reduction might lead to a corre-
lation between methanotroph and nitrate (Raghoebarsing 
et al. 2006). Species of the genus Pseudomonas are also 
dominant in other pig manure composting, and are power-
ful in degradation of hydrocarbons and phenol (Wilkes and 
Aristilde 2017). Clostridium sensu stricto 1 and Terrisporo-
bacter from animal intestine are the dominant group at the 
beginning of manure composting, which is supported by 
other study (Huang et al. 2018a, b). OTU578-Ureibacillus 
thermophiles had a negative relationship with contents 
of carbon and nitrate, but positive with those of nitrogen 
and pH (P < 0.001), and decreased along the composting 
process. U. thermophiles has been confirmed as the major 
species for enhancing soluble organic materials in a thermo-
philic sewage sludge digestion (Jang et al. 2013). Thus, the 
higher content of U. thermophiles could improve the com-
posting process by providing soluble organics for micro-
organism. The Anaerolineae (Chloroflexi), MBA03, and 
Hydrogenispora have been identified as the major microbial 
populations in anaerobic digesters (Xia et al. 2016; Uua 
et al. 2020; Sardar et al. 2021). Halocella and Limnochor-
daceae have been found in the anaerobic denitrification 
of saline wastewater (Guo et al. 2013). Those OTUs were 
prevalent in the anaerobic deep layer of the third compost-
ing cycle.

The microorganism in nitrogen cycles played pivotal 
roles in the composting process, and finally transformed 
organic materials into the high-quality bio-fertilizers (Qiao 
et al. 2019). Both of nitrogen fixation and ammonification 
processes are related with NH4

+-N production (Kuypers 
et al. 2018). Nitrogen fixation is biologically carried out 
by microorganisms that carry nitrogenase and thus can fix 
N2 into NH4

+-N (Lindström and Mousavi 2020). Klebsiella 
and Azospirillum participated in biological nitrogen fixa-
tion were found in composting materials (Lindström and 
Mousavi 2020). In ammonification process, urease could 
catalyze the hydrolysis of organic nitrogen to NH4

+-N, lead-
ing to NH3 emission and nitrogen loss (Liu et al. 2018). The 
changes of KOs associated with urease (Ure) indicated that 
the ammonification was more intensive, and more content 
of NH4

+-N accumulated in this layer, actually.
In the two-step nitrification, the NH4

+ is oxidized by 
ammonia monooxygenase (Amo) to hydroxylamine, and 
then catalyzed to NO2

− and NO3
− by hydroxylamine oxi-

dase (Hao) and nitrite oxidoreductase (Nxr), sequentially 
(Cáceres et al. 2018). In sum, the contents of KOs assigned 
to nitrification increased after the second composting cycle, 
and decreased slightly after the third composting cycle. The 

change of their content was coincident with the changes of 
NO3

−-N concentration. Furthermore, the relative abundances 
of KOs associated with denitrification also increased after 
the second composting cycle, and decreased after the third 
composting cycle. Nitrate reduction by membrane-bound 
nitrate reductase (Nap) or periplasmic nitrate reductase (Nar) 
is the first step in denitrification, providing nitrite for other 
nitrogen processes (Tsementzi et al. 2016). Nitrite is reduced 
to NO by nitrite reductase (Nir), and finally transformed to 
N2O or N2 by nitric oxide reductase (Nor) or nitrous oxide 
reductase (Nos) (Kuypers et al. 2018). The relative contents 
of Nor were the highest after the first composting cycle, 
while those of both Nir and Nos were the highest after the 
second and third composting cycles. Thus, it is speculated 
that the emission of N2O might decrease with increasing of 
the composting cycles. It is also reported previously that 
the N2O emission was remarkably affected by composting 
duration and bulking agent, and the N2O emission declined 
with the increase of the composting time (Zhang et al. 2021). 
The conversion of NH4

+-N to NO3
−-N is benefit for nitrogen 

retain and increasing the fertility of composting materials, 
so that more composting cycles might reduce the ability of 
nitrogen assimilation (Sánchez et al. 2017).

5 � Conclusions

This study provided an assessment of physicochemical char-
acteristics, bacterial community, and functional properties of 
a continuous solid pig manure composting system. After the 
composting process, nitrogen and NH4

+-N concentrations 
increased. Simultaneously, the C/N ratios decreased after 
the second composting cycle, and stabilized after the third 
cycle. During the whole composting process, the relative 
contents of Clostridium sensu stricto, Terrisporobacter, and 
Ureibacillus reduced significantly, while those of SBR1031 
and Sphaerobacter increased. The C/N ratio and pH were 
the main factors for the changes of bacterial community. In 
summary, more composting cycles might reduce the abil-
ity of nitrogen assimilation, but increase the degradation of 
lignin, cellulose, and hemicellulose.
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