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Abstract

We used microbiology and molecular biology techniques to screen out high-temperature and low-temperature-resistant
saprobiotics for compost and prepared a compound fermentation bacteria agent to rapidly ferment cattle manure into high-
quality organic fertilizer in low-temperature season. Conventional composting and high-throughput techniques were used
to analyze the changes of physical and chemical indexes and biodiversity in the process of composting, from which high
and low-temperature-resistant strains were obtained, and high-temperature and low-temperature-resistant solid composite
bactericides were prepared and added to composting to verify the effects of composite bactericides on composting. The
conventional composting cycle took 22 days, and the diversity of microflora increased first and then decreased. Composting
temperature and microbial population were the key factors for the success or failure of composting. Two strains of high-
temperature-resistant bacteria and six strains of low-temperature-resistant bacteria were screened out, and they were efficient
in degrading starch, cellulose, and protein. The high-temperature and low-temperature-resistant solid bacterial agent was
successfully prepared with adjuvant. The preparation could make the compost temperature rise quickly at low temperature,
the high temperature lasted for a long time, the water content, C/N, and organic matter fell quickly, the contents of total
phosphorus and total potassium were increased, and the seed germination index was significantly improved. Improve the
composting effect. The solid composite bacterial agent can shorten the composting time at low temperature and improve
the composting efficiency and quality.
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Introduction

Responsible Editor: Diane Purchase

According to the survey data of the Ministry of Agriculture

Highlights and Rural Affairs of China and the National Bureau of Sta-

(1) The high-temperature-resistant bacteria Streptococcus

thermophilus and Bacillus licheniformis P8-B2 and low-
temperature-resistant bacteria Bacillus licheniformis, Bacillus
giant, Bacillus cereus, and Bacillus thuringiensis were screened to
degrade starch, cellulose, and protein efficiently.

(2) The high and low-temperature-resistant compost fermentation
solid microbial composite agent was successfully prepared. The
preparation can make the compost temperature rise quickly, the
high-temperature duration is long, the water content, C/N, and
organic matter decrease quickly, improve the total phosphorus and
total potassium content and seed germination index, shorten the
composting time, and improve the composting efficiency.

(3) High-throughput sequencing found that composting
temperature and microbial quantity were the key factors

affecting composting, resulting in large differences in microbial
composition and abundance at different stages.

Extended author information available on the last page of the article

tistics, the number of cattle raised in China shows a gradual
growth trend, and by the end of 2022, the total number of
cattle raised in China will reach 102.16 million (Chen et al.
2023) (Xu et al. 2023a). At the same time, livestock and
poultry manure has become one of the important causes of
pollution in China. The production of cattle manure reached
52.8 million tons in 2020 and exceeded 4 billion tons in 2022
(Zhou et al. 2023a). Cattle manure emits an unpleasant odor,
which is easy to breed pathogenic microorganisms. Exces-
sive direct discharge affects the growth of crops, causes seri-
ous pollution to the environment, and restricts the survival
and development of cattle industry (Xu et al. 2023b).
Composting is the process of decomposing substances
that are not easily decomposed in accumulated manure
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into substances that are beneficial to the environment and
soil plants under the action of microorganisms. Compost-
ing is the most common and economical way to disposal
of manure (Onwosi et al. 2017; Xu, et al. 2023a). However,
the traditional composting process has disadvantages such
as low efficiency, insufficient mineralization of nitrogenous
compounds, large nitrogen emissions, and low compost
quality (Cheng et al. 2023; Rao and Parsai 2023). There
are many factors that affect composting, mainly including
temperature, moisture content, pH, C/N, organic matter,
and other nutrients. Optimizing these factors is an effec-
tive way to improve the efficiency of composting, which
can ensure the smooth progress and improvement of fecal
waste fermentation. In order to solve this problem, people
often pre-treat compost raw materials; the most common
method is to add bacteria to the material. For example,
Liang et al. found that adding compound bactericides to
the composting process of chicken manure or cow manure
accelerates the degradation of antibiotics (Liang et al.
2020); Xie et al. found that adding composite microbial
agents to food waste compost can accelerate the biodeg-
radation of organic matter, reduce greenhouse gas emis-
sions in food waste compost, and improve the quality of
compost (Xie et al. 2021). Xu et al. found that the addition
of thermophilic bactericides in the composting process
increased the complexity and diversity of the bacterial
and fungal communities, enhanced the mineralization of
organic carbon, accelerated the degradation of cellulose,
and promoted the humification process of solid organic
waste compost (Xu et al. 2019). In summary, the addi-
tion of functional bactericides can improve the quality of
compost and realize the reuse of resources.

The composting process is widely used in China. But in
northern regions of China, such as Hebei and Inner Mon-
golia, the temperature in autumn and winter is relatively
low, and the fermentation of compost is slow. The com-
mercial fermentation agent can generally play a role above
15 °C, which greatly limits the promotion and application
of microbial agents (Mi et al. 2023; Xie et al. 2021). The
search for low-temperature-resistant fermentation bacteria
is the key factor to solve the composting in the northern
region of China. On the other hand, refractory substances
such as cellulose and lignin in cattle manure are mainly
decomposed in the high-temperature period, but most
microorganisms cannot survive when the temperature is
too high (Chang et al. 2019; Zhou, et al. 2023a). There-
fore, searching for high-temperature-resistant fermentation
bacteria is also a key factor to improve the quality of com-
post (Bao et al. 2021; Sardar et al. 2021). However, there
are still few studies on the screening and evaluation of low
and high-temperature-resistant bacteria. In this study, we
screened high-temperature and low-temperature-resistant
bacteria, prepared solid composite microbial agent and
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added it to cattle manure, and investigated the effect of
fermentation bacterial agent on cattle manure composting
at low temperature.

Materials and methods
Main reagents

AGAR medium and some chemical reagents were purchased
from Fuchen (Tianjin) Chemical Reagents Co., LTD. Tryp-
tone was purchased from Beijing Aoxing Biotechnology Co.,
LTD. DNA extraction reagent Taqg-TM DNA Polymerase
MBI EP0702 and SanPrep column DNAJ gel recovery kit
SK8131 were purchased from Autobiological (Shanghai)
Technology Co. LTD.

Fermentation of cattle manure and sampling

Fresh cattle manure was provided by the experimental cattle
farm of Hebei Agricultural University. For indoor compost-
ing, the water content of fresh cow manure was close to 60%
after dry and wet separation. The cow manure was packed
into a plastic box connected with a ventilation tube to allow
natural internal ventilation. The top of the plastic box was
covered with a breathable woven bag. The compost was fer-
mented for 22 days. Two artificial turnings were conducted
on 8 days and 15 days within 22 days of composting. Each
sample was evenly mixed and put into a sealed bag. One part
was stored at—20 °C for 48 h for microbial screening and
physical and chemical index detection, and the other part
was stored at— 80 °C for microbial diversity analysis.

Determination of physical and chemical indexes

The day of starting composting was recorded as the first
day, and samples were collected at regular intervals. The
sampling time of physical and chemical indexes was 1, 2, 3,
4,5,6,7,8,9,10,11, 13, 15, 17, 20, and 22 days. The tem-
perature of all sampling sites was measured at 9:00 am and
5:00 pm every day, and the average value was taken as the
pile temperature of the day. The pH value was measured by
a pH meter. The moisture content was measured by drying at
105 °C. Total organic carbon and total nitrogen were deter-
mined according to Chinese national standard GB13193-91
and agricultural industry standard NYT 297-1995. Organic
matter was measured as organic carbon X 1.724. The seed
germination index was determined according to the method
of Zhang et al. (Zhang et al. 2023a), and each index was
repeated three times.
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Microbial diversity analysis

The sampling times of high-temperature and low-temper-
ature-resistant bacteria were the early composting period
and the high-temperature period, and the sampling times
of microbial diversity were the early composting period
(93S), the heating period (94S), 1 day before the high-tem-
perature period (95S), and the day of the high-temperature
period (96GWS). The strain DNA was extracted according
to the instructions of genomic DNA extraction kit (Beijing
Solarbio Technology Co., LTD.). The 16S rDNA sequence
was amplified by PCR. 16S rRNA and ITS sequencing was
performed using the Illumina platform MiSeq from Paise-
nore Biological Co., LTD. (Shanghai). The effective data of
each sample were obtained by computer detection, and the
a diversity, species composition, and dominant flora com-
parison were analyzed. The sequence with the highest abun-
dance (97%) was selected as the representative sequence, the
number of OTUs was obtained by Usearch statistics, and
dilution curve analysis was performed. The mothur software
was used to calculate sample alpha diversity, analyze sample
community structure component diagram, sample and spe-
cies analysis diagram, and analyze the diversity of bacterial
flora among samples. The Fisher exact test is used to test
the significance of differences in species composition and
community outcomes between samples.

Screening and identification of high-temperature
and low-temperature-resistant bacteria

The steps for isolation and purification of the high-tempera-
ture-resistant bacteria are as follows: the bacteria were cul-
tured at 55 C for 48 h, actinomycetes and fungi were cul-
tured at 55 °C for 7 days, and then, the colony morphology
was observed. Different single colonies were selected and
inoculated into the corresponding liquid medium. After 24 h
of incubation in a constant temperature culture at 55 ‘C, the
cultures were streaking again on solid plates and repeated
3—4 times until purified bacteria, actinomycetes, and fungi
were obtained.

The isolation and purification of low-temperature-resist-
ant bacteria were similar to the above steps, but the low-
temperature-resistant bacteria were sampled at the begin-
ning of fermentation and at the high-temperature stage and
cultured at 25 ‘C and 55 °C, respectively. After the strains
that could grow were screened out, they were cultured at 15
°C, 20 °C, 25 C, and 30 °C to observe whether these bacteria
could still grow. In this study, the temperature suitability
test determined that 25 ‘C was the culture temperature of
low-temperature-resistant bacteria, and 55 ‘C was the culture
temperature of high-temperature-resistant strains.

The selected strains were sent to Shanghai Sangon Bio-
technology Co., LTD., for 16S rDNA sequencing analysis

and BLAST comparison to determine the species of micro-
organisms. At the same time, the selected strains were cul-
tured, and single colonies were selected for Gram staining
and microscopic identification.

Functional verification of high-temperature
and low-temperature-resistant bacteria

Degradation tests such as starch hydrolysis test, cellulose
degradation test, and protein hydrolysis test were used to
screen strains with strong decomposition ability of cattle
manure (Lopez-Gonzélez et al. 2014). When the various
bacteria to be screened grew to 80% of the logarithmic
phase, they were stored at 4 C.

Determination of the growth curve of each
bacterium and the number of colonies per unit
volume

The OD value of the bacterial solution was measured every
2 h at 600 nm by spectrophotometry. After determining the
optimal inoculation time, each strain was grown in shake
flasks at 25 °C and 55 °C, respectively. When the bacteria
reached the optimal access point, the bacterial solution was
obtained, and the number of colonies in the bacterial solu-
tion was measured and recorded. The coating plate method
was used for determination, and the dilution concentration
gradients was 10~*~1078. Each strain was treated in triplicate
and the average value was calculated. The number of the
strain contained in each unit volume of the bacterial solution
was measured as cfu-mL ™!

Preparation of fixed composite bacterial agent

The inoculation amount of compost is generally 0.5-1%. In
this experiment, about 170 kg cow manure was composted,
the volume of various microorganisms was 200 mL, and a
total of 1600 mL bacterial solution was prepared. The inocu-
lation amount was about 0.94% of which 400 mL was two
strains of high-temperature-resistant bacteria and 1200 mL
was six strains of low-temperature-resistant bacteria. We
mixed fine bran and fine sawdust evenly and divided them
into two parts. One part was recorded as X1 is 400 g mixed
with high-temperature-resistant bacteria, and 100 g glu-
cose was added; the other part was recorded as X2 which is
1200 g mixed with low-temperature-resistant bacteria, and
300 g glucose was added. Glucose was used as fermentation
primer, and an appropriate amount of distilled water was
mixed with solid substrate evenly. The water content was
60% and cultured in the incubator for 24 h, respectively. The
high-temperature-resistant bacteria were cultured at 55 C,
and the low-temperature-resistant bacteria were cultured at
25 °C and 55 °C. Take out the mixed solids and dry them in
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the oven at 25 °C and 55 “C. Thoroughly dried X1 and X2 are
mixed evenly at room temperature, and the solid bactericide
is prepared.

Effects of combined bacterial agents on compost
fermentation

The cattle manure composting with solid compound micro-
bial agent was set as the experimental group (group T), and
the natural composting without microbial agent was set as
the control group (group C). The composting was carried
out in winter (December). At the time of sampling, the ini-
tial composting period of groups T and C was T1 and C1,
the heating period was T2 and C2, the high-temperature
period was T3 and C3, the cooling period was T4 and C4,
and the putrefaction period was T5 and C5, and each was
repeated three times. The sampling time was 1, 2, 3, 4, 5,
6,7,8,9,10, 11, 13, 15, 17, 20, and 22 days. Physical and
chemical indexes, species composition, and diversity were
detected according to 2.2, 2.3, and 2.4 to verify the effects of
high-temperature and low-temperature tolerance composite
microbial agents on cattle manure composting in winter and
high-temperature composting stage.

Data analysis and processing

Data are presented as mean + SD. The SPSS19.0 software
was used to analyze the data, and the T test was used for
significance analysis. GraphPad Prism 5 software was
used to draw bar and line graphs. Dilution curves, species

composition, and dominant microorganisms were analyzed
by QIIME2 software.

Results

Changes in physical and chemical indexes
during conventional composting

The whole composting period was 22 days, and the tem-
perature first increases and then decreases. On the 4th day,
the temperature is higher than 55 °C and enters the high-
temperature period. On the 7th day, the maximum tempera-
ture reaches 60.5 ‘C, which lasts for 7 days and begins to
decrease, basically meeting the composting temperature
requirements of China’s “Hygienic Standard for Harmless
Manure (GB7959-87)” (Fig. 1a). The initial pH of compost
was 8.06, reached the maximum value of 9.03 on the 7th day,
and then gradually decreased. In the later stage of compost,
the pH was basically stable between 8.10 and 8.20, which
was suitable for the growth and reproduction of bacteria
(Fig. 1b). During the whole composting process, the mois-
ture content decreases throughout the composting process.
The initial moisture content of the compost was 61.4%, and
the moisture content after the compost was 37.3%, which
decreased by 24.1% in the whole process (Fig. 1c¢). The C/N
decreased throughout the composting process. The initial
C/N was 32, which decreased by 48.4 in the suitable range,
and the C/N was 16.4 at the end of the composting (Fig. 1d).
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Analysis and evaluation of microbial diversity
during composting

Single-sample a diversity analysis can reflect the richness
and influence of microbial communities within a sample.
The Chao I index, Shannon index, ACE, and Coverage
were used to assess the diversity of bacteria and fungi
at different compost stages of cattle manure. The results
showed that bacterial diversity increased first and then
decreased, and 95S was the turning point. The diversity
of fungi showed the same trend (Table 1).

In this study, metagenomic sequencing technology was
used to analyze the diversity and abundance of bacte-
ria and fungi during cattle manure composting and to
explore the changes in microbial community composition
at different stages during cattle manure composting. The
results showed that the diversity of bacteria and fungi in
96GWS was significantly different from the other three
samples. At the phylum level, the difference between
96GWS and 93S bacteria was significant in Bacteroi-
detes and Firmicutes (P < 0.05), and there was no sig-
nificant difference in other bacteria. At the genus level,
there were significant differences between 96GWS and
938 in unclassified bacteria, Actinomyces, Flavobac-
terium, Azotomonas, and Fibrovibrio (P < 0.05). There
were significant differences between 96GWS and 93S
fungi in Ascomycota and Basidiomycota (P <0.05), and
there were no significant differences in other fungi. At
the genus level, 96GWS and 93S bacteria showed signifi-
cant differences between Yeasts and unclassified Micro-
cystomycetes (P <0.05) (Fig. 2). The results showed
that the diversity of bacteria and fungi changed with the
change of temperature at different stages of cattle manure
compost, and dominant microorganisms that were condu-
cive to rapid fermentation of cattle manure appeared at
each stage, mainly including Actinomyces, Azotomonas,
Vibrio, Yeasts, and Microcystomycetes.

Table 1 Statistical table of a diversity of bacterial and fungal com-
munities in sample

Group Sample  Shannon ACE Chao I Coverage
938 3.58 5391.60 4064.02 098
Bacteria 945 4.47 6537.99  4805.69 0.97
958 4.62 7117.51 499742 097
96GWS  4.56 5297.37 3789.29 098
938 2.72 406.99  402.23 1.00
Fungi 945 2.92 486.66 456 1.00
958 3.48 569.87  478.56 1.00
96GWS  2.54 401.01 388.32 1.00

Screening and identification of microorganisms
resistant to high temperature and low temperature

The samples of high-temperature and low-tempera-
ture-resistant bacteria were obtained from the early
composting stage and high-temperature stage, and the
plate culture method and temperature adaptability test
were used to screen the high-temperature and low-
temperature-resistant bacteria. Therefore, 29 strains of
microorganisms were obtained, including 20 strains of
low-temperature-resistant bacteria and 9 strains of high-
temperature-resistant bacteria, which were numbered as
follows: initial low-temperature-resistant bacteria DDX1,
DDX2, DDX3, DDX4, DDX5, DDX6, DDX7, DDXS8,
DDX9, DDX10, DDX11; low-temperature-resistant bacte-
ria DGX1, DGX2, DGX3, DGX4, DGXS5, DGX6, DGX7,
DGX38, DGX9; GX1, GX2, GX3, GX4, GX5, GX6,
GX7, GX8, GXO9 in high-temperature stage. The species
of strains were identified by 16Sr DNA method, among
which Escherichia coli, Enterobacter, and Enterobacter
cloacae had no significant effect on the fermentation of
cattle manure compost, so they were excluded, and then
verified by Gram staining, 8 types of strains were identi-
fied (Table 2 and Fig. 3).

Finally, the 8 strains of bacteria were selected for the
subsequent preparation of complex bacterial agents, The
high-temperature-resistant bacteria included GX4 and GX7,
and the low-temperature-resistant bacteria included DDX1,
DDX2, DDX4, DDX5, DDX6, and DDX7 (Table 3).

Functional validation results of microorganisms
resistant to high temperature and low temperature

The results of starch hydrolysis, fibrinolysis, and pro-
teolysis showed that all the 8 strains had the ability to
hydrolyze starch, and the hydrolysis effect was strong.
GX4, DDX2, DDX5, DDX6, and DDX7 were signifi-
cantly hydrolyzed compared with the control (P <0.01).
GX7, DDX1, and DDX4 were significantly hydrolyzed
compared with the control (P <0.05). The value in the
table indicates the hydrolysis ability, and the higher the
value, the stronger the starch hydrolysis ability. DDX7
has the strongest starch hydrolysis ability, followed by
DDX6, and the values of DDX2 and GX4 are 8.69 and
5.6, respectively. The hydrolysis ability of other bacteria is
not significantly different about 4.0. All the 8 strains could
degrade cellulose, and the degradation effect was strong.
Compared with the control group, all the 8 strains hydro-
lyzed cellulose significantly (P <0.01). The degradation
ability of DDX7 was the strongest, followed by DDX1,
GX7, and GX4, and the degradation ability of other bac-
teria was about 3.0—4.0. Six strains of bacteria had the
ability to degrade proteins, and the degradation effect was
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Bacteria Fungi

a Phylum

similarity Taxonomic composition similarity Taxonomic composition

958 958
94S 948
938 938
96GWS 96GWS
b Order PR .
similarity Taxonomic composition similarity Taxonomic composition

958 958
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938 938
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Fig.2 Metagenomic sequencing was used to analyze the changes of tree and bar chart analysis of bacteria and fungi in order. ¢ Cluster
bacterial and fungal diversity in cow manure fermentation. a Cluster tree and bar chart analysis of bacteria and fungi in family. d Cluster
tree and bar chart analysis of bacteria and fungi in phylum. b Cluster tree and bar chart analysis of bacteria and fungi in genus

strong. Compared with the control group, the six strains of ~ degradation ability of other bacteria was about 2.0-4.0.
bacteria were highly hydrolyzed (P <0.01). DDX2 had the = The two strains of heat-resistant bacteria did not hydrolyze
strongest degradation ability, followed by DDX4, and the = proteins (Table 4).
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Table 2 The affiliation of bacterial Gram staining

Number Form Affiliation
GX4,DGX4, Gram’s stain was positive, and the thallus was straight rod-shaped with blunt round Bacillus licheniformis P8-B2
DGXS5, ends, 0.8 1.5 to 3.5 ym
DGX7
GX6, GX7 Gram staining was positive. The cells were spherical to ovo-shaped, 0.8 to 1.0 pmin  Streptococcus thermophilus
diameter, and two cocci were connected in pairs to form chains of different lengths
DDX1 Gram’s stain was positive and the bacteria were straight rod-shaped Bacillus licheniformis dSM 13
DDX2 Gram’s stain was positive. The bacteria were straight 4-10 pm with blunt round ends  Bacillus licheniformis MRP dSCV17203
DDX3, DDX4 Gram’s stain was positive. The bacteria were rod-shaped with round ends and Bacillus megaterium
arranged in single or short chains, 1.2-1.5x2.0-4.0 pm
DDX5 Gram’s stain was positive, and the bacteria were straight rod-shaped, blunt round at Bacillus megaterium AYYT-1
both ends, 1.2-1.5%2.0-4.0 pm
DDX6 Gram staining was positive, and the bacteria were coarse bacilli with square ends and  Bacillus cereus
arranged in short or long chains
DDX7 Gram staining was positive, and the bacteria were purple rod-shaped and arranged in  Bacillus thuringiensis
short or long chains
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DDX3, DDX4 DDX5 DDX6 DDX7

Fig.3 The results of bacterial Gram staining microscopy

Table 4 The functional verification of the 8 strains of bacteria (N=238)

Starch hydrolysis Cellulose degrada-  Protein hydrolysis
tion

Table 3 Types of 8 strains of bacteria screened for resistance to low
temperature and high temperature Control 0 0 0
Designation Name GX4 5.6 +2.41%* 6.03+1.07%* 0

GX7 476 £2.52* 6.1+0.31%* 0
GX4 Bacillus licheniformis P8-B2 DDX1 4.06+1.37* 6.54 +1.07%* 2.33 £0.54%%*
GX7 Streptococcus thermophilus DDX2 8.69+3.76%% 4.77+0.82%* 5.48 +1.32%*
DDX1 Bacillus licheniformis dSM 13 DDX4 4.26+1.62% 3.9+0.55%* 4.890+0.79%*
DDX2 Bacillus licheniformis MRP dSCV17203 DDX5 4.56+2.54% 3.96+2.36%* 4.34+40.37%*
DDX4 Bacillus megaterium DDX6 8.72+1.77%* 3.33+2.02%* 1.78 £0.27%*
DDX5 Bacillus megaterium AYYT-1 DDX7 16.42+1.44%%  7.00+1.17%* 2.63£0.23%%*
DDX6 Bacillus cereus
DDX7 Bacillus thuringiensis All data are presented as the mean +SD

“P<0.05 and **P <0.01 vs. the control group
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Determination of the growth curve of each
bacterium and the number of colonies per unit
volume

According to the growth curve of each bacterium, the time
of logarithmic growth phase, the time when the logarith-
mic phase reached 80%, and the OD value were obtained
(Table 5). The number of colonies in the unit volume of
microbial fluid was detected (Table 6).

Preparation of microbial compound agent

The inoculum amount of compost is generally 0.5-1%. In
this experiment, about 170 kg of cattle manure was com-
posted, and the volume of various microorganisms was
200 mL. A total of 1600 mL of bacterial solution was pre-
pared, and the inoculum amount was about 0.94%, including
400 mL of heat-resistant bacteria and 1200 mL of low-tem-
perature-resistant bacteria. After all the bacteria grew to the
optimal growth time, according to the preparation method,
the solid microbial agent was finally obtained. The agent
was dark yellow in color and was associated with a pungent
smell of microorganisms.

Effect of solid compound bacterial agent
on compost fermentation

Effects of solid compound bacterial agent
on physicochemical indexes during compost fermentation

The composting process took 22 days. The temperature of
C and group Ts increased first and then decreased. The pile
temperatures of groups T and C were 28.3 'C and 21.0C
on the first day, respectively. The temperature of group T
increased rapidly and reached the high-temperature stage
2 days earlier than that of group C. The temperature of group
T entered the high-temperature stage at 52.8 ‘C on the 4th
day and reached the maximum temperature of 59.7 °C on the
8th day. The high-temperature stage lasted for 9 days. The

temperature of group C was 51.7 “C on the 6th day, and the
maximum temperature of group C was 56.3 ‘C on the 9th
day. The high-temperature stage lasted for 6 days, which
met the requirements of Chinese “harmless manure hygiene
standard (GB7959-87)” for composting temperature. After
the high-temperature period, the temperature of each group
showed a downward trend, and the temperature was below
50 °C on the 13th day. These results indicated that the addi-
tion of microbial agent could rapidly start the initial tem-
perature of compost, increase the maximum temperature of
compost, and prolong the high-temperature time (Fig. 4a).

The pH in the compost first increased and then decreased.
The initial pH value was around 8.0. With the progress of
composting, the pH value of group T was significantly higher
than that of group C on the 5th day (P <0.05), and there was
no significant difference between group T and group C at
other time points. The pH value reached its maximum on
day 10 and then decreased continuously until it reached its
lowest value at the end of the study, which was maintained
between 8.0 and 8.5. The results showed that adding bacte-
rial agent could accelerate the pH change (Fig. 4b).

The initial moisture content of the compost was about
60%, and the moisture content of the two compost groups
showed a decreasing trend. At 0 days and 20 days, there
was no significant difference between group T and group
C, and at 5 days, 10 days, and 15 days, group T was signifi-
cantly lower than group C (P <0.05). At the end of compost-
ing, the water content of group C eventually decreased by
18.4%, and that of group T eventually decreased by 24%.
The results showed that adding bacteriotics in the compost-
ing process of cow manure promoted the decrease of water
content (Fig. 4c¢).

There was no significant difference in C/N between group
T and group C at 0 days, but the C/N in group T was sig-
nificantly lower than that in group C at 5 days (P <0.01),
and the C/N in group T was significantly lower than that in
group C at other time points (P <0.05). The C/N values of
group C and group T were 32.0 and 32.4 at the beginning of
this experiment and 16.4 and 15.1 at the end of composting,

Table 5 The representation of

. Growth characteristics
the growth curve of bacteria

Serial number

GX4 GX7 DDX1 DDX2 DDX4 DDX5 DDX6 DDX7

Log-phase time span (h)

1-12 2-8 2-8 2-16 8-18 2-10 2-16 2-12

Log phase 80% progression time point (h) 9.6 6.4 6.4 128 144 8.0 128 9.6

The time corresponds to the OD

131 077 1.05 121 139 099 141 1.05

Table 6 Total number of colony

. 1 GX4
growth per unit volume/cfu-g

Serial number GX7

DDX1 DDX2 DDX4 DDX5 DDX6 DDX7

Number 2.1x108

1.6x108

1.6x10% 1.9x10® 1.7x10® 14x10® 1.8x10%® 9.4x108
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respectively. The test showed that the C/N decreased faster
with the addition of bacterial agent (Fig. 4d).

The content of organic matter decreased slowly during
the composting process. There was no significant difference
between group T and group C at 0 and 20 days, but group
T was significantly lower than group C at 5 and 10 days
(P<0.01), and group T was significantly lower than group
C at 15 days (P <0.05). The initial contents of group C and
group T were 682.3 and 682.5 g-kg™!, respectively, and
the final contents were 567.7 and 559 g-kg™', respectively,
which decreased by 114.6 and 123.5 g-kg™!, respectively.
The results showed that the addition of bacterial agent could
promote the decomposition of organic matter (Fig. 4e).

GI increased during composting. There was no signifi-
cant difference between group T and group C at 0 day, but
group T was significantly higher than group C at 5, 10, 15,
and 20 days (P <0.01). The initial GI of group C and group
T was 26% and 26.3%, respectively, and the final GI was
88.2% and 92.7%, respectively. The two groups showed the
largest increase from O to 10 days, indicating that the high-
temperature period played a key role in GI. At the end of
composting, the GI of both groups had exceeded 80%, which
could be regarded as the cattle manure had no phytotoxic-
ity or had become mature. The results showed that the seed
germination index was accelerated by adding the compound
bacterial agent (Fig. 4f).
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Effects of microbial compound agents on microbial
diversity during compost fermentation

By calculating the alpha diversity index (Observed spe-
cies, Shannon, Chao I, and Coverage), the diversity data
showed that the measured data values increased and tended
to be stable with the composting process, indicating that
the sequencing data of this experiment was close to satu-
ration. The results showed that the sequencing quantity of
this experiment could reflect the diversity composition of
bovine fecal microbiota at different composting stages in
this experiment (Table 7).

Species composition in compost samples of cattle
manure from group C and T at phylum level. A total of 31
phyla were detected, and only the top 10 with the highest
abundance are shown in this figure. It can be seen that the
changes of various bacterial flora in group C and group T
were consistent, but the abundance of bacterial flora was
different. Firstly, Proteobacteria was the dominant micro-
organism with the highest abundance in each stage of each
group, especially in the early stage of compost and the
warming stage. Secondly, the abundance of Bacteroidetes
gradually increased with the progress of compost in each
group, from about 11% at the beginning to 32.5% in C3 and
35.5% in T3 in the high-temperature stage, and the propor-
tion decreased with the fall of temperature. Thirdly, Firmi-
cutes accounted for 18% and 24% of the initial abundance
of group C and group T, respectively, but decreased to 1%
and 3% as the final abundance decreased. Fourthly, actino-
mycetes did not change much during the whole composting
process, accounting for about 8%. Chloroflexi was almost
not present in the early composting stage (C1, T1) in groups
C and T, but appeared in the high-temperature stage (C3,
T3), cooling stage (C4, T4), and ripening stage (C5, T5)
with the composting process. The abundance of Chloro-
flexi increased from 1 to 13% in group C, and Chloroflexi
appeared in the cooling stage and ripening stage in group T.

Table 7 Statistical table of a diversity of bacterial communities in
sample

Group Chao I Shannon Observed species Coverage
Cl 2350.5 7.81 2071.2 0.98
(67 2771.5 8.39 2312.6 0.98
C3 3387.3 9.02 2782.7 0.98
C4 3326.8 9.19 2822.1 0.98
(63) 3500.4 9.32 2948.6 0.98
T1 2336.9 791 2156.4 0.98
T2 2547.1 8.36 2267.8 0.98
T3 3059.4 9.10 2540.5 0.98
T4 3479.9 9.13 2824.8 0.98
T5 3569.5 9.39 2953.8 0.98

@ Springer

When the temperature increased from 1 to 20%, the suitable
survival temperature of the strain was 37 ‘C. Adding the
compound bacterial agent increased the temperature during
the high-temperature period and maintained it for a long
time, which was not conducive to the growth of the strain.
Thermi began to appear after the temperature dropped. The
proportion of Tenericutes in group C was about 2%, and
that in group T was about 3%, which did not change sig-
nificantly, but there was still a difference. The proportion
of Tenericutes in C1, C2, C3, T1, T2, and T3 was not large,
and there was almost no late composting.

Similarly, species composition in compost samples
of cattle manure in groups C and T at the genus level. A
total of 41 genera were detected, and only the top 10 with
the highest abundance are shown in this figure. It can be
seen that the changes of various bacterial flora in group
C and group T were consistent, but the abundance of
bacterial flora was different. From C1 and T1 to C2 and
T2, the proportion of Pseudomonas in abundance gradu-
ally increased from 17 and 8% to 23% and 24% with the
increase of composting temperature, and the increase of
the proportion in group T was higher than that in group
C. From C2 and T2, the abundance gradually decreased
to 1%, and the decrease of the proportion in group T was
higher than that in group C, which indicated that Pseu-
domonas was the dominant microorganism in the warming
period. Second, Acinetobacter was present in C1, C2, T1,
and T2, and its abundance decreased with the increase of
composting temperature, from 10% and 23.4% in C1 and
T1, respectively, to 5% and 10% in C2 and T2, and finally
to 0%, which was the dominant microorganism in the initial
stage of composting. Third, with the increase of compost-
ing temperature, the abundance of Psychrobacter decreased
continuously. In group C, the proportion of C1 decreased
from 17 to 6% in C2, and no mesophilic bacteria were pre-
sent in C3—CS5. In group T, the proportion of Psychrobacter
in T1 decreased from 15 to 8% in T2, 1% in T3, and no
mesophilic bacteria were present in T4 and T5. With the
increase of temperature, the proportion of Ruminofilibacter
in C3 increased from 1 to 3.7% in C5, and the proportion
of abundance in T3 increased from 7 to 10% in T5. The
proportion of Ruminofilibacter in group T was higher, and
the increase range was higher, which was the dominant
microorganism in the high-temperature stage and the late
stage of compost. The proportion of Cellvibrio in C1 and
C2 was very small. The proportion of C3 increased to 6%
in the high-temperature period and decreased slightly after
the high-temperature period. The proportion of T1 and T2
was very small, and the proportion of T3 increased to 5%
in the high-temperature period, but remained unchanged
after the high-temperature period. The proportion of Lute-
imonas and B-42 was small in each stage of each group,
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but it could still be seen as the dominant microorganisms
in the high-temperature period and cooling period (Fig. 5).

The histogram of LDA value distribution of significantly
different species is used to show the significantly enriched
species and their importance degree in each group. There
are 94 microorganisms with different classification levels
with LDA value greater than 2. In the early stage of com-
post, there were significant differences in the composition
of Pseudomonas in C1, BDZ-13 in C2, Alteromonas in C3,
a-Proteobacteria in C4, Tenoxanthomonas in C5, Morax-
ellaceae in T1, Pseudomonas in T2, Minotrichiura in T3,
Agrobacterium in T4, and Chloroflexida in TS5 (P <0.05)
(Fig. 6).

M Pseudomonadaceae_Pseudomonas
M Acinetobacter

W Psychrobacter
W Ruminofilibacter
M celivibrio

W Aequorivita

I Luteimonas

M Corynebacterium
MW B-42

M Acholeplasma

M others

T5

T3 T4

Discussion

Cattle manure is considered a valuable source of fertilizer
because it is rich in nutrients (nitrogen, phosphorus, and
potassium) (Moreira et al. 2023). Reducing the negative
impact of cattle manure and improving resource utilization
rate have become important problems to be solved urgently
in the development of animal husbandry (Alwaneen 2016).
However, if not handled properly, it can also cause health
hazards, unpleasant odor, and groundwater contamina-
tion due to contaminant leaching (Zhou et al. 2023b; Zhu
et al. 2023). So far, aerobic composting has been widely
adopted as an efficient and environmentally friendly method
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Fig.6 The distribution histo-
gram of LDA value
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to convert organic waste into agrologic fertilizer under the
influence of a series of microbial activities (Huhe et al.
2017). The technology involves complex biodegradation
of solid substrate mixtures by microbial communities com-
posed of various populations under aerobic conditions, and
the quality of composting efficiency depends on the control
of aerobic composting process parameters. There are many
factors affecting aerobic compost, mainly including tem-
perature, moisture content, pH value, C/N ratio, seed ger-
mination index, organic matter, and other nutrients (Bernal
et al. 2009; Huang et al. 2003; Said-Pullicino et al. 2007).
Optimizing these factors can ensure the smooth progress and
improvement of fecal waste fermentation and is an effective
way to improve composting efficiency.

Temperature is the most direct and sensitive indicator for
successful composting (Huo et al. 2023). If the tempera-
ture is too low, the compost will take longer to decompose,
resulting in a decrease in production efficiency (Sun et al.
2022). During the composting process, for 22 days, the
temperature of the control group (group C) and the experi-
mental group (group T) increased first and then decreased.
However, the temperature of group T increased faster and
reached the high-temperature stage 2 days earlier than that
of group C, indicating that the experimental group may
have more effective functional microorganisms, resulting
in more organic waste being metabolized and more energy
released. Appropriate high temperature and prolonged high
temperature time can not only kill pathogens and weed seeds
but also improve the safety of compost products (Wu et al.
2020). The pH value is one of the important factors affect-
ing microorganisms (Wang et al. 2023). In this experiment,
pH showed a trend of first rising and then decreasing, and
the initial rise was caused by the release of ammonia gas.
The reason for the decrease in pH during composting may
be due to the rapid decomposition of large amounts of labile
organic matter by microorganisms, resulting in the produc-
tion of organic acids and the concomitant consumption of
some nitrate nitrogen. In this study, it was found that the
pH value increased significantly with the composting pro-
cess. On the 5th day, the pH value of group T increased
slightly faster, reached the maximum on the 10th day, and
then the pH value continued to decrease, indicating that the
addition of bacterial agent could accelerate the pH change.
Changes in carbon and nitrogen are one of the basic char-
acteristics of compost, and C/N is an important indicator
of compost maturity, which plays an important role in the
growth and metabolism of microorganisms (Xie et al. 2022).
In this study, it was found that C/N decreased during the
composting process, and group T decreased faster and more
than group C, indicating that the addition of bacterial agent
was beneficial to the reduction of C/N. The organic matter

content in the composting process showed a slow decreas-
ing trend. The results of this study showed that the addi-
tion of microbial inoculum had a good effect on improving
the degradation rate of organic matter and accelerating the
progress of compost maturation (Zhang et al. 2023b). The
seed germination index has been used to quickly and effec-
tively assess compost maturity and has been widely accepted
by researchers (Kong et al. 2022). The GI was low in the
early stages of composting and increased as the compost-
ing process progressed, when GI>80% compost is basi-
cally non-toxic to plants. The 85% means the compost is
finished and the manure is fully decomposed. In this study,
we found that GI increased during the composting process,
and high-temperature period played a key role in GI. Moreo-
ver, adding compound microbial agent could accelerate seed
germination index. In conclusion, the combined microbial
agent in this study could promote the decline rate of water
content, C/N, and organic matter, significantly improve seed
germination index, shorten composting time, and improve
composting efficiency.

Compost fermentation mainly consists of four stages:
warming period, high-temperature period, cooling period,
and putrefied period. Microorganisms play an important role
in each stage. It is because of these different microorganisms
that a variety of complex changes occur in each period. Inoc-
ulating microorganisms is a promising strategy for effective
composting, but it often encounters barriers such as long
processing times and competition between microbial spe-
cies (He et al. 2022). To address these challenges, complex
microorganisms can be introduced at different stages of the
composting process (Mi et al. 2023). Our results showed that
bacterial diversity increased first and then decreased during
the composting process, with a turning point at 95S. The
diversity of fungi showed the same trend. The bacterial and
fungal diversity of the other 96GWS was clearly different
from the other three samples. This study showed that the
diversity of bacteria and fungi changed with the change of
temperature at different stages of cattle manure compost,
and dominant microorganisms that were conducive to the
rapid fermentation of cattle manure appeared at each stage.
The Bacillus is the main dominant bacterium in the high-
temperature stage of the original compost, which may be
related to the growth characteristics of Bacillus with high-
temperature and low-temperature resistance, and it can also
grow well in a warm environment. Meanwhile, the dominant
microorganism in the high-temperature stage was Bacteroi-
detes by high-throughput sequencing, which was basically
consistent with the bacteria screened in this study. It can
prolong the high-temperature composting time, which is
of great significance to guide the application of microbial
agents in composting and further improve the efficiency
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of composting. Streptococcus thermophilus is a fermenta-
tion strain with high yield of exopolysaccharides, which is
often used as one of the fermentation agents of yogurt and is
widely used in the processing of fermented dairy products,
while there are few studies in industrial fermentation. This
experiment screened this bacterium during the fermentation
period of cow manure at high temperature and found that it
has a certain degradation effect on cellulose in manure, so it
can continue to study the role of this bacterium in compost.

The addition of microbial inoculants did not significantly
affect the abundance of actinomycetes, but Bacteroides were
affected. Firmicutes and Bacteroides were more abundant
in group T than in group C. Previous findings suggest that
these are important bacteria for anaerobic fermentation,
breaking down organic matter to hydrogen or acetic acid,
which is also similar to findings on cellulose and organic
matter degradation during composting (Meng et al. 2019;
Song et al. 2021). Pseudomonas was present in all stages
of C and group Ts, and the proportion of abundance gradu-
ally increased with the increase of composting temperature.
The increase amplitude of group T was higher than that of
group C, and the decrease amplitude of group T was higher
than that of group C in the late composting stage, which was
the dominant microorganism in the warming stage. In addi-
tion, the abundance of Ruminofilibacter increased with the
increase of temperature, with a higher proportion in group
T and a higher increase range, which was the dominant
microorganism in the high-temperature stage and the late
stage of compost. In summary, the addition of microbial
agents changed the growth and reproduction of bacteria, had
no significant effect on species composition, significantly
changed species abundance, and improved the richness of
the composting ecosystem and the key composting microbial
functional populations.

Conclusion

In this study, through the establishment of common cattle
manure compost, we screened out thermoresistant bacteria
Streptococcus thermophilus and Bacillus licheniformis,
which can efficiently degrade starch, cellulose, and protein,
and low-temperature-resistant bacteria Bacillus licheni-
formis, Bacillus megaterium, Bacillus cereus, and Bacillus
thuringiensis. The prepared high-temperature and low-tem-
perature-resistant compost fermentation solid bacterial agent
can make the compost temperature increase quickly. When
high temperature lasted for a long time, water content, C/N,
and organic matter decreased rapidly, which significantly
increased seed germination index and shortened composting
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time. High-temperature and low-temperature-resistant solid
microbial agent could accelerate the composting process in
winter, significantly change the diversity and structure of
microbial community, and improve the efficiency and quality
of composting. This study provided a new method to solve
the problem of slow fermentation of cattle manure in winter
in large-scale cattle farms, which was of great significance
for the resource reuse of cattle manure.
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