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ABSTRACT

To study the variations in microorganisms and enzyme activity during sewage sludge composting, the 
dynamic changes in temperature, enzyme activity and microorganism composition were studied by 
co-composting municipal sludge and corn straw. The results show that the pile underwent mesophilic, 
thermophilic, and cooling phases and that the high-temperature duration (³ 50 °C) had reached 5 
days, which meets harmlessness requirements. During the composting process, the protease, 
arylsulfatase (ARS) and cellulase content increased gradually; urease content first decreased and 
then increased rapidly; and peroxidase (POD) content first increased and then decreased. Ureibacillus, 
Bacillus, Pseudomonas, Flavobacterium and Sporosarcina were the dominant bacteria during sludge 
composting. Microorganisms played different roles at different stages of the composting. Ureibacillus 
and Bacillus were the dominant strains in the mesophilic and thermophilic phases, respectively, and 
Pseudomonas and Flavobacterium were the dominant strains in the cooling phase. Sporosarcina 
mainly played a role later in the thermophilic and cooling phases. The effect of different bacteria on 
enzyme activity varied; Pseudomonas played a clear role in promoting the production of urease while 
Bacillus had a clear inhibitory effect on the production of urease. Ureibacillus inhibited the production 
of ARS, POD, protease and cellulase. By studying the changes in microbial and enzymatic activities at 
different stages of sludge composting, it is possible to thoroughly explore the nature of the latter and 
provide a reference for optimizing composting processes. 

INTRODUCTION

Sewage sludge is a by-product of municipal wastewater 
treatment plants that is rich in organic matter, nitrogen, phos-
phorus and other nutrients, and qualified sludge compost is a 
high-quality soil amendment (Ma et al. 2018). Composting 
is the process of converting organic waste into stable humus 
through microbial activities, which are largely influenced 
by C/N, moisture content, temperature, pH and ventilation 
conditions (Du et al. 2019). In composting, microorganisms 
are the main players in various organic metabolic activities, 
but their main function is the biochemical decomposition of 
degradable organic matter through enzymatic action (Lan-
garica-Fuentes et al. 2014). Bacteria are the main microbial 
population that decompose organic matter and produce heat 
during composting. Their diversity and abundance directly 
affect the composting process (Vieira et al. 2019). Microor-
ganisms promote the mineralization and decomposition of 
organic matter by secreting extracellular enzymes (Geisseler 
et al. 2008, Becarelli et al. 2019). For example, degradable 
organic matter (starch and sugars) and refractory organic 
matter (cellulose and lignin) are gradually mineralized and 

decomposed under the action of various specific enzymes, 
but the activities of these enzymes are closely related to the 
composition of bacterial communities. Composting cannot 
occur without the work of a series of specific functional 
enzymes such as protease, urease, and peroxidase (POD) 
(Krajewska et al. 2009, Du et al. 2018). Cellulase plays a 
major role in the degradation of cellulose to glucose and POD 
is related to lignin degradation. Both enzymes contribute to 
the degradation of organic matter and the carbon cycle (He 
et al. 2013). Protease and urease are involved in the nitro-
gen cycle during composting processes, while arylsulfatase 
(ARS) is involved in the sulphur cycle (Zeng et al. 2010). 
The sulphur cycle is closely related to the main odorous sub-
stances (NH3 and H2S) produced during composting. Enzyme 
activities are also closely related to microbial composition 
and activity in the different stages of composting. Microbial 
composition analysis during mesophilic, thermophilic, and 
cooling phases can help us understand the nature of com-
posting more thoroughly.

Little attention has been paid, to date, to the dynamic 
changes in the functional enzymes in aerobic sludge com-
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posting, and the relationship between the composition and 
structure of bacteria and functional enzyme activity at differ-
ent stages of fermentation (Krajewska et al. 2009, He et al. 
2013). Therefore, temperature and enzyme content analysis 
of different fermentation stages in sludge composting, and 
modern high-throughput sequencing methods, can be used 
to obtain a thorough understanding of the changes in enzyme 
activity and bacterial community structure. This can lead to 
a comprehensive understanding of the evolution of microbial 
communities and the degradation of organic matter during 
the composting process.

MATERIALS AND METHODS

Composting Material and Technology

Dewatered sludge was collected from a domestic sewage 
treatment plant in Zhengzhou City. The water content was 
80.8% and the volatile organic compound (VOC) content was 
54.8%. Corn straw was used as the auxiliary material. The 
particle size was 1-2 cm, the moisture content was 9.27%, 
and the VOC content was 87.27%.

The dewatered sludge and corn straw were evenly 
mixed in a 3:1 weight ratio and then fermented by static 
stacking and high-temperature aerobic composting. The 
VOC content was 80.31% and the heap bulk density was 
570.46 kg·m3.

The fermentation reactor was 1.2 m high and 0.6 m in 
diameter. There was a ventilation system at the bottom of 
the fermentation reactor. Forced ventilation was controlled 
by an automatic blower. The ventilation interval was 12-15 
min and the duration of the blast (regulated and controlled 
by a computer according to the fermentation temperature 
feedback) was 1-3 min.

Sampling and Analysis Method

Based on the composting temperature, 1 kg of compost (from 
30 cm under the surface layer of the compost body) was 
sampled in a sealed bag during the mesophilic phase (days 
1 and 3), thermophilic phase (days 5 and 7), and cooling 
phase (day 10) and then taken to the laboratory for analysis. 
The temperature of the sludge fermentation process was 
monitored automatically with a temperature probe. Protease 
content was determined by ninhydrin colourimetry, urease 
activity was determined by sodium phenol-sodium hypochlo-
rite colourimetry (Nannipieri et al. 2002), and ARS content 
was determined by sodium hydroxide-calcium chloride 
colourimetry (Tabatabai et al. 1970). POD content was de-
termined by pyrogallol colourimetry and cellulase content 
was determined by 3,5-Dinitrosalicylic acid colourimetry.

The compost samples were sent to Shanghai Meiji Bio-
medical Technology Co., Ltd. for high-throughput sequenc-
ing. Microbial DNA was extracted with a soil FastDNA Spin 
Kit (MPBio) method. The DNA was purified and determined 
using a NanoDrop 2000 ultraviolet-visible spectrophotometer 
(Thermo Scientific, Wilmington, USA). The v3-v4 hyper-
variable region of the 16S rRNA gene was amplified with 
primers 338F (ACTCCTGGGAGGCGAGCGAG) and 806R 
(GGACTACHVGGTWTCTAAT).

Statistical Analysis

SPSS (V 19.0) was used for statistical analysis, the Duncan 
method was used for multiple comparisons, and Origin 9.0 
was used to draw charts.

RESULTS AND DISCUSSION

Dynamic Change of Temperature During Sewage 
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The decomposition of organic matter is accompanied by the rise and fall of composting 
temperature so that the composting material can be matured and harmless. As 
illustrated in Fig. 1, the ambient temperature fluctuated around 20℃ throughout the 
composting process and the sludge and straw composting process lasted for 10 days. 
The heap experienced mesophilic (day 1-3), thermophilic (day 4-7) and cooling (day 
8-10) phases. The reactor temperature began to rise on day 1 and reached its highest 
temperature of 57.6℃ on day 3, with a heating rate of 12.7℃/day. The thermophilic 
phase (temperature > 50℃) duration of the compost was approximately 5 days, which 
meets the hygienic index of composting and effectively kills pathogenic bacteria and 
weed seeds in the compost (Zeng et al. 2010). 
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Fig. 1: Changes in pile temperature during composting. 

 

Dynamic Changes of Enzyme Activities in Sludge Composting Process 
Corn straw, which can be classified as microbial refractory organic matter, has high 
cellulose content, a complex structure, and is difficult to degrade (Vieira et al. 2019). It 
is usually degraded by POD and polyphenol oxidase. As illustrated in Fig. 2(a), POD 
activity increased gradually and then decreased significantly (P<0.05) during 
composting. POD content was significantly higher during the high-temperature phase 
than in the heating and cooling periods, reaching a maximum value of 192.50 μmol/h.g 
on day 7. The higher POD levels were due to the high population and activity of 
microorganisms during the high-temperature period, which thus meant that more POD 
was produced to promote the degradation of cellulose, lignin, and other refractory 
organic matter. 
Hydrolytic enzymes are key enzymes in organic mineralization during composting (Du 
et al. 2019). Their activity can be used to characterize the degradation efficiency of 
organic matter (Krajewska et al. 2009). Protease and urease are closely related to the 
nitrogen cycle in composting and are important functional enzymes. During sludge 
composting, protease activity increased gradually (Fig. 2(b)), and reached a maximum 
of 3.25 mg/g on day 10. The urease content first decreased and then increased, and 
reached a maximum of 1.90 mg/g at the end of composting (Fig. 2(c)). The urease 
content in the cooling phase was significantly higher than in the mesophilic and 

Fig. 1: Changes in pile temperature during composting.
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Sludge Composting 

During aerobic composting of sewage sludge, microor-
ganisms (through enzymatic action) decompose organic 
matter and heat is released (He et al. 2013). The composting 
temperature is thus influenced by microbial activity and 
material oxidation. The decomposition of organic matter is 
accompanied by the rise and fall of composting temperature 
so that the composting material can be matured and harmless. 
As illustrated in Fig. 1, the ambient temperature fluctuated 
around 20°C throughout the composting process and the 
sludge and straw composting process lasted for 10 days. The 
heap experienced mesophilic (day 1-3), thermophilic (day 
4-7) and cooling (day 8-10) phases. The reactor temperature 
began to rise on day 1 and reached its highest temperature of 
57.6°C on day 3, with a heating rate of 12.7°C/day. The ther-
mophilic phase (temperature>50°C) duration of the compost 
was approximately 5 days, which meets the hygienic index 
of composting and effectively kills pathogenic bacteria and 
weed seeds in the compost (Zeng et al. 2010).

Dynamic Changes of Enzyme Activities in Sludge 
Composting Process

Corn straw, which can be classified as microbial refractory or-
ganic matter, has high cellulose content, a complex structure, 
and is difficult to degrade (Vieira et al. 2019). It is usually 
degraded by POD and polyphenol oxidase. As illustrated 
in Fig. 2(a), POD activity increased gradually and then 
decreased significantly (P<0.05) during composting. POD 
content was significantly higher during the high-tempera-
ture phase than in the heating and cooling periods, reaching 
a maximum value of 192.50 μmol/h.g on day 7. The higher 
POD levels were due to the high population and activity 
of microorganisms during the high-temperature period, 
which thus meant that more POD was produced to promote 
the degradation of cellulose, lignin, and other refractory 
organic matter.

Hydrolytic enzymes are key enzymes in organic miner-
alization during composting (Du et al. 2019). Their activity 
can be used to characterize the degradation efficiency of 
organic matter (Krajewska et al. 2009). Protease and urease 
are closely related to the nitrogen cycle in composting and are 
important functional enzymes. During sludge composting, 
protease activity increased gradually (Fig. 2(b)), and reached 
a maximum of 3.25 mg/g on day 10. The urease content first 
decreased and then increased, and reached a maximum of 
1.90 mg/g at the end of composting (Fig. 2(c)). The urease 
content in the cooling phase was significantly higher than 
in the mesophilic and thermophilic phases, while the urease 
content was significantly higher in the mesophilic phase than 
in the thermophilic phase (P < 0.05).

Cellulose-decomposing bacteria degrade corn straw cel-
lulose by secreting cellulase. During sludge composting, the 
cellulase content increased gradually (P < 0.05) and reached 
a maximum of 335.79 µg/g*min at the end of composting 
(Fig. 2(d)). This is consistent with the conclusion that cel-
lulase activity increased gradually during the composting of 
chicken, pig, and cow manure. This finding is also consistent 
with the fact that cellulose is a relatively refractory organic 
matter and that its degradation occurs mainly in the middle 
and late stages of composting (Becarelli et al. 2019). ARS 
is mainly involved in the conversion of organic sulphur to 
SO4

2- (Toledo et al. 2018). As illustrated in Fig. 2(e), the ARS 
activity increased steadily and continuously. The ARS activ-
ity during the cooling phase (days 7-10) was significantly 
higher (P < 0.05) than during the mesophilic and thermophilic 
phases. This may be due to the gradual release of organic 
sulphur from straw with the degradation of cellulose and 
other refractory organic matter (Toledo et al. 2018). 

Dynamic Changes of Microbial Composition in Sludge 
Composting Process

Coverage reflects whether the sequencing results represent 
the true situation of microorganisms in the samples. Here, the 
mesophilic, thermophilic and cooling phases reached 0.9956, 
0.9956 and 0.9973, respectively (Table 1), which indicated 
that the sequencing results were highly representative (Ye 
et al. 2017). Bacterial composition varied during sludge 
composting, and the richness and diversity of the bacterial 
community are different at different fermentation stages 
(Table 1). Sobs, Ace and Chao are all indicators of microbial 
community richness (Ke et al. 2018). From Table 1, we can 
see that Sobs, Ace and Chao decreased, respectively, from 
573, 655.40 and 651.54 in the mesophilic phase (day 3) to 
407, 531.21 and 535.82 in the thermophilic phase (day 5), 
and then to 325, 379.08 and 374.91 in the cooling phase (day 
10). Shannon is an index reflecting microbial community 
diversity (Huang et al. 2013), which decreased from 3.62 
in the mesophilic phase (day 3) to 3.47 in the thermophilic 
phase (day 5) and then to 2.97 in the cooling phase (day 
10) (Table 1). This indicated that the richness and diversity 
of the microbial community decreased with composting. 
This may be due to the abundant degradable organic matter 
such as sugars in the raw material during the early stage 
of composting, which resulted in higher bacteria richness 
in the mesophilic phase compared to the thermophilic and 
cooling phases.

The dominant bacteria in the composting process were 
Ureibacillus, Bacillus, Pseudomonas, Flavobacterium and 
Sporosarcina (Fig. 3). The proportion of Ureibacillus in the 
bacterial community decreased with time. The proportion of 
Ureibacillus decreased rapidly from 37.9% in the mesophilic 
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phase to 3.82% in the thermophilic phase, and then to 0.48% 
in the cooling phase. The proportion of Ureibacillus in 
the mesophilic phase was significantly higher than in the 
thermophilic and cooling phases. This indicates that it was 
the dominant bacteria in the mesophilic phase and played 
a major role during this stage of composting (Vieira et al. 
2019). The proportion of Bacillus in the community first 
increased and then decreased. The proportion of Bacillus 
increased rapidly from 11.50% in the mesophilic phase to 
31.58% in the thermophilic phase and then decreased rapidly 
to 1.66% in the cooling phase. The proportion of Bacillus in 
the thermophilic phase was the largest; significantly higher 
than in the mesophilic and cooling phases. This indicated 
that Bacillus was the dominant bacteria in the thermophilic 
phase and played a major role in this composting phase. 
Pseudomonas increased from an extremely low proportion of 
the bacterial community in the mesophilic and thermophilic 
phases to 36.69% in the cooling phase, which indicated that 
Pseudomonas played a major role in the cooling phase of the 
composting process and was the dominant bacteria during 
this period. The proportion of Sporosarcina in the bacterial 

community increased rapidly during the composting process, 
from 0% in the mesophilic phase to 3.88% and 9.81% in 
the thermophilic and cooling phases, respectively, which 
indicated that Sporosarcina played a role in the thermophilic 
and cooling phases of the composting process (Du et al. 
2019). 

Correlation between Dominant Bacteria and 
Functional Enzyme Activity in Sludge Composting 
Process

The Heatmap diagram clearly shows the relationship between 
functional enzyme activity and functional microorganisms. 
As illustrated in Fig. 4, urease was positively correlated 
with Pseudomonas (r=1, P=0), indicating that Pseudomonas 
played a significant role in promoting the production of 
urease (Vieira et al. 2019). There was a significant negative 
correlation between urease and Bacillus (r=-1, p=0), indicat-
ing that Bacillus had a significant inhibitory effect on urease 
production, which is consistent with the minimum urease 
activity in the thermophilic phase and the maximum urease 
activity in the cooling phase (Fig. 2). There was a significant 
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thermophilic phases, while the urease content was significantly higher in the 
mesophilic phase than in the thermophilic phase (P < 0.05). 
Cellulose-decomposing bacteria degrade corn straw cellulose by secreting cellulase. 
During sludge composting, the cellulase content increased gradually (P < 0.05) and 
reached a maximum of 335.79 ug/g*min at the end of composting (Fig. 2(d)). This is 
consistent with the conclusion that cellulase activity increased gradually during the 
composting of chicken, pig, and cow manure. This finding is also consistent with the 
fact that cellulose is a relatively refractory organic matter and that its degradation 
occurs mainly in the middle and late stages of composting (Becarelli et al. 2019). ARS 
is mainly involved in the conversion of organic sulphur to SO4

2- (Toledo et al. 2018). 
As illustrated in Fig. 2(e), the ARS activity increased steadily and continuously. The 
ARS activity during the cooling phase (days 7-10) was significantly higher (P < 0.05) 
than during the mesophilic and thermophilic phases. This may be due to the gradual 
release of organic sulphur from straw with the degradation of cellulose and other 
refractory organic matter (Toledo et al. 2018). 
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Fig. 2: Evolution of enzyme activities of different piles during composting. 
Note: Different letters indicate significant difference at P < 0.05 among different samples.  

 

Dynamic Changes of Microbial Composition in Sludge Composting Process 
Coverage reflects whether the sequencing results represent the true situation of 
microorganisms in the samples. Here, the mesophilic, thermophilic and cooling phases 
reached 0.9956, 0.9956 and 0.9973, respectively (Table 1), which indicated that the 
sequencing results were highly representative (Ye et al. 2017). Bacterial composition 
varied during sludge composting, and the richness and diversity of the bacterial 

Fig. 2: Evolution of enzyme activities of different piles during composting.

Note: Different letters indicate significant difference at P < 0.05 among different samples.
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negative correlation between ARS and Ureibacillus (r=-1, 
p=0). This indicates that Ureibacillus had a significant 
inhibitory effect on ARS production. ARS is an important 
enzyme involved in the sulphur cycle of composting ma-
terials. It can be inferred that Ureibacillus can inhibit the 
degradation of organic sulphur during the heating period. 
There was a significant negative correlation between POD 
and Ureibacillus (r=-1, p=0), indicating that Ureibacillus 
had a significant inhibitory effect on POD production. 
This finding was the most consistent with POD activity in 

the later thermophilic phase (Du et al. 2019). There was 
a significant negative correlation between protease and 
Ureibacillus (r=-1, p=0), indicating that Ureibacillus had 
a significant inhibitory effect on protease production. This 
was also consistent with the maximum activity of protease 
during the cooling phase. There was a significant negative 
correlation between cellulase and Ureibacillus (r=-1, p=0), 
indicating that Ureibacillus had a significant inhibitory 
effect on cellulase production. This was also consistent 
with the fact that cellulose is a relatively refractory organic 

Table 1: Bacterial diversity indices during sewage sludge composting.

Fermentation stage Sobs Shannon Ace Chao Coverage

Mesophilic phase (Day 3) 573 3.62 655.40 651.54 0.9956

Thermophilic phase (Day 5) 407 3.46 531.21 535.82 0.9956

Cooling phase (Day 10) 325 2.97 379.08 374.91 0.9973
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Fig. 3: Distribution of bacterial community compositions at different composting stages. 

  

Correlation between Dominant Bacteria and Functional Enzyme Activity in 
Sludge Composting Process 
The Heatmap diagram clearly shows the relationship between functional enzyme 
activity and functional microorganisms. As illustrated in Fig. 4, urease was positively 
correlated with Pseudomonas (r=1, P=0), indicating that Pseudomonas played a 
significant role in promoting the production of urease (Vieira et al. 2019). There was a 
significant negative correlation between urease and Bacillus (r=-1, p=0), indicating 
that Bacillus had a significant inhibitory effect on urease production, which is 
consistent with the minimum urease activity in the thermophilic phase and the 
maximum urease activity in the cooling phase (Fig. 2). There was a significant 
negative correlation between ARS and Ureibacillus (r=-1, p=0). This indicates that 
Ureibacillus had a significant inhibitory effect on ARS production. ARS is an 
important enzyme involved in the sulphur cycle of composting materials. It can be 
inferred that Ureibacillus can inhibit the degradation of organic sulphur during the 
heating period. There was a significant negative correlation between POD and 
Ureibacillus (r=-1, p=0), indicating that Ureibacillus had a significant inhibitory effect 
on POD production. This finding was the most consistent with POD activity in the 

Fig. 3: Distribution of bacterial community compositions at different composting stages.
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matter, and its degradation process mainly occurs in the late 
stage of composting (Becarelli et al. 2019).

CONCLUSION

The composting of corn straw and sludge experienced meso-
philic, thermophilic and cooling phases, and the thermophilic 
duration (temperature >50°C) reached 5 days, which meets 
the harmlessness requirement. During the composting pro-
cess, protease, ARS and cellulase increased gradually, urease 
content first decreased and then increased rapidly, and POD 
activity first increased and then decreased. Ureibacillus, 
Bacillus, Pseudomonas, Flavobacterium and Sporosarcina 
were the dominant bacteria in the sludge composting process. 
Microorganisms played different roles in different fermen-
tation stages. Among them, Ureibacillus was the dominant 
bacteria in the mesophilic phase, and Bacillus was the dom-
inant bacteria in the thermophilic phase. Pseudomonas and 
Flavobacterium were the dominant bacteria in the cooling 
phase, while Sporosarcina also mainly occurred and played 
a role in the cooling phase. Different bacteria have different 
effects on different enzymes in sludge composting. Pseu-
domonas can promote urease, while Bacillus can inhibit 

urease. Ureibacillus had a clear inhibitory effect on ARS, 
POD, protease and cellulase.
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