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Introduction

Abstract

Aims: Under the background of carbon peaking and carbon
neutrality goals, co-composting kitchen and garden waste using mi-
crobial formulations allows the production of high-quality organic
fertilizer, which is important for resource recycling.

Methods: The sources of bacteria used in this study were well-
fermented chicken manure and garden soil. Enrichment cultures
of highly efficient degrading bacteria were carried out under high-
temperature conditions. The conditions for the cultivation of the
bacterial preparations were optimized.

Results: The activity and number of efficient degrading bacteria
increased significantly with increasing enrichment time. After the
addition of the bacterial agent, the time it took for the pile to reach
a high temperature was reduced from 8 days in the control group to
2 days. More importantly, the rest of the physical and chemical indi-
cators are in line with the relevant standards. The high-throughput
sequencing results showed that the number of high-temperature
bacteria was 162.5% higher in the high-temperature phase and
81.2% higher at the end of composting than in the control group.

Conclusions: This study addresses the problems of a lack of ef-
ficient decomposing bacteria and an insufficient number of high-
temperature bacteria in kitchen and garden waste, as well as in-
sufficient research on the preparation of efficient decomposing
bacteria through independent screening, and preliminary results
were obtained.

Keywords: Co-composting; Kitchen waste; Garden waste; Phys-
iochemical properties; Microbial community

Organic solid wastes are organic solid and semisolid wastes
generated by humans in production and construction, daily life
and other activities, which cannot be used at a certain time
and place and are discarded to pollute the environment. The
production of organic solid waste has increased substantially
in recent years due to the growing population and the rising
standard of living in our country. When such a large amount of
waste is disposed of using the landfill method, it not only en-
croaches on land resources; in the event of a leachate leak, the
remaining harmful toxins are not broken down naturally and
can also upset the balance of the soil ecosystem. This hinders
the growth and development of plant roots in the surrounding
area. If toxic substances accumulate in plants and enter the hu-
man body through the food chain, they can cause diseases such
as cancer, which can seriously affect the healthy development
of human beings.

Kitchen waste and garden waste are two common types of
typical organic waste. Kitchen waste refers to food that is con-
sidered fit for consumption but wasted or lost in family or res-
taurant routines, enriched with organic matter such as starch,
protein, fibre and fat [4,17]. The consumption and disposal of
kitchen waste has become a widely debated global issue in
the 21 century [5]. Based on this situation, many developed
countries have attached great importance to the treatment of
kitchen waste. They conducted early research on this issue to
develop comprehensive kitchen waste treatment systems [9].
In May 2019, the Ministry of Ecology and Environment of the
People's Republic of China launched the "Zero Waste City" cam-
paign to promote waste reduction, improve the resourceful use
of solid waste, and minimize the amount of solid waste going
to landfills.
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Kitchen waste is difficult to recycle because of its high-wa-
ter content, organic content and high nutrient content [32].
The high C/N content and loose structure of garden waste can
solve the problem of the sticky nature of kitchen waste and the
need for additional carbon sources in composting [30]. By mix-
ing kitchen waste with garden waste, the composted product
can be used as organic fertilizer for garden and agricultural pro-
duction [11]. However, there are currently few reports on the
combined composting of kitchen waste and garden plant waste
[3,15].

This is because at all stages of the composting process, the
microbial community has a strong influence on the composting
process [21,27]. Therefore, the aim of this study was to investi-
gate effective microbial formulations for the co-composting of
kitchen and garden waste and to determine the evolution of the
microbial composition during the composting process and the
physicochemical characteristics of the compost quality.

Materials and Methods
Material Source and Composting Operation

Fresh kitchen and garden waste was used as the input sub-
strate in this experiment. The kitchen waste was collected from
an aerobic composting plant in the district of the cotton stream
in Qingdao, China. Before composting trials were carried out,
garden waste was produced from yard trimmings, wood chips
and tree branches, which were then cut to the appropriate size.

A co-composting trial was carried out with a mixture of kitch-
en and garden waste. The kitchen waste was mixed with garden
waste, the moisture content was set at 60%, and the initial tem-
perature was set at 55 °C before composting began. The com-
posting process was repeated over a period of several days until
the Germination Index (GI) of the composted samples exceeded
60%. During the composting process, its physicochemical char-
acteristics were determined, and microbiological analysis was
carried out.

Physicochemical Analyses

Temperature was measured by inserting a thermometer 25
cm below the material and measuring the temperature of the
compost as well as the ambient temperature. The moisture
content was determined by taking a 5 g sample of compost in
a crucible and drying it in an oven at 105°C for 24 h. The mois-
ture content of the compost sample was calculated from the
difference in mass between the before and after samples. Total
Kjeldahl nitrogen (TKN) was determined by steam distillation of
a 0.5 g sample according to the AFNOR T90-1110 standard using
the classical Kjeldahl method.

Microbial Community Analyses

Following the description of the method in previous studies,
all compost samples were preprocessed [2]. The DNA samples
were stored at -20°C. The purity and concentration of the ex-
tracted DNA samples were determined using a NanoPhoto
metre with purity values between 1.8 and 2.0. In addition, the
primer sets= 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GGACTACHVGGGTWTCTAAT-3') was used to amplify the V3
and V4 regions of the bacteria.

Results

Enrichment of Bacteria from Co-composting of Kitchen and
Garden Waste

To obtain native microorganisms for the development of a
microbial agent for co-composting, samples from kitchen waste
and garden waste composting were used as a source of ben-
eficial bacteria [16]. In addition, enrichment cultures of high
temperature-degrading bacteria were carried out at a tempera-
ture of 50°C and 160 r/min, and the amount of organic matter
in the culture solution was measured every 24 hours. As shown
in Figure 1, the enrichment process lasted for 4 cycles, 34 days
in total. The CODCr content in the culture solution was approxi-
mately 18,000 mg/L at the start of the enrichment process and
stabilized at approximately 3,500 mg/L at the end of the degra-
dation process. As the enrichment time increased, the degrada-
tion rate of organic matter gradually increased. By the fourth
cycle, the highest degradation rate of organic matter was 6840
mg/L/d, indicating that the activity and number of microorgan-
isms efficiently degrading organic matter in the culture solution
increased significantly.

High-throughput sequencing of a mixture of the final enrich-
ment broth and the seven selected high-efficiency degraders
was carried out. As shown in Table 1, the dominant genera in
the agent included Aneurinibacillus_sp., uncultured_bacterium,
Paenibacillus_dendritiformis, Luteimonas compost and uncul-
tured_prokaryote. Of these, Aneurinibacillus_sp. was the genus
with the highest relative abundance at 22.0%. This was consis-
tent with the performance of the screened agents, indicating
that the experimentally screened strains can still show high ac-

tivity when mixed with the original enrichment solution.
Table 1: The relative abundance of dominant bacteria in microbial
preparation samples.

Genus Percentage
Aneurinibacillus_sp 22.0%
Paenibacillus_dendritiformis 12.8%
uncultured_bacterium 11.4%
Luteimonas compost 9.7%
uncultured_prokaryote 8.9%

Table 2: EC, Gl changes during co-composting of kitchen waste and
garden waste.

Days (d) EC (mS-cm?) Gl (%)

0 3.21 4.7
2 2.94 10.9
4 3.03 19.3
6 3.15 27.2
8 3.21 40.5
10 3.39 58.6
12 3.45 60.9
14 3.52 62.1
16 3.67 64.5
18 3.73 66.2
20 3.78 67.3
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Figure 1: Changes of organic matter in the cultured fluid.
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Figure 2: (a) Effect of different nitrogen sources on the rate of
organic matter degradation by microorganisms; (b) The effect of
different tryptone concentrations on bacterial concentrations
(tryptone (T1), peptone (T2), yeast powder (T3), maize pulp pow-
der (T4) and control group (T5)).
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Figure 3: (a) Effect of different carbon source to cell number; (b)
Effect of different glucose concentration to cell number.
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Figure 4: Temperature, moisture, pH changes during co-compost-
ing of kitchen waste and garden waste.

Figure 5: Strip composting diagram of a sanitation company in
Qingdao, with kitchen and garden waste co-composting on site.

Table 3: The a diversity index of bacteria of different compost
samples.

Sample number Shannon Simpson Ace Chaol
D1 3.20 0.09 210.52 223.46
D2 4.10 0.10 1101.26 1088.01
D3 5.32 0.01 1139.04 1124.33

Optimization of Culture Conditions for High-Efficiency Mi-
crobial Agents

The effect of nitrogen sources on microbial agent activity:
Composites have different uptake rates of different nitrogen

sources. The addition of all four organic nitrogen sources was
effective in increasing the number of cells in the culture me-
dium compared to the control group without a nitrogen source.
The experimental group in which tryptone was added had the
highest number of cells. This indicates that tryptone has the
strongest ability to promote an increase in cell numbers.

Moreover, the effect of different nitrogen sources on the
utilization of organic matter by microorganisms varied. Using
tryptone as the nitrogen source, the highest rates of organic
matter degradation were observed during incubation. Over
50% of the organic matter was degraded after 12 hours of in-
cubation compared to 15.3% for the control group. The organic
matter degradation rates of the four nitrogen sources (tryptone
(T1), peptone (T2), yeast powder (T3) and maize pulp powder
(T4)) after 48 h of incubation were 65.8%, 58.3%, 55.5% and
41.3%, respectively, as shown in Figure 2. Therefore, tryptone
was chosen as the best nitrogen source for the subsequent ex-
periments. Different concentrations of tryptone were set, and
the number of cells in the culture was measured after 48 h of
incubation to determine the optimum concentration of tryp-
tone. As shown in Figure 2, the number of cells in the culture
solution increased and then decreased as the concentration of
tryptone increased. The highest cell count was observed when
the tryptone concentration was 12 g/L. Therefore, the optimum
concentration of tryptone was 12 g/L.

The effect of carbon sources on microbial agent activity:
Carbon is one of the main components of the culture medium,
as it is the main component of the cells that make up the bac-
teria. It provides the energy needed for the microorganisms to
grow, which affects the number of microorganisms in the cul-
ture medium. Glucose, lactose, sucrose, maltose and starch are
all carbon sources that are readily available to microorganisms.
As shown in Figure 3, the experimental group with the addi-
tion of glucose had the best promotion of cell numbers, with a
5.9% increase over the highest value in the control group and
a 16.4% increase over the number of cells before optimization.
Therefore, glucose was chosen as the optimal carbon source for
the subsequent experiments.

Different concentrations of glucose were set, and the num-
ber of cells in the culture solution was measured after 48 hours
of incubation to determine the optimal glucose concentration.
As shown in Figure 3, as the glucose concentration increased,
the number of cells in the culture solution increased and then
decreased. When the glucose concentration was 1.5 g/L, the
number of cells in the culture solution increased by 12.3% com-
pared to the control group. Therefore, the optimal glucose con-
centration was 1.5 g/L.

Physicochemical Parameters of Materials in the Co-com-
posting Process

In the experimental group, the temperature inside the pile
was 14.3°C on Day 1 and reached 50°C on Day 6, which was
maintained until Day 14. After Day 14, the pile temperature
was below 35°C and close to room temperature, indicating
that the co-composting process was almost complete. In the
control group, the maximum fermentation temperature was
only 29.3°C throughout the co-composting process, which was
much lower than in the experimental group, and the tempera-
ture exceeded 25°C for only 5 days, which is shown in Figure 4.

The initial pH value was 6.8, which then decreased to 5.4 on
the 3rd day and subsequently gradually increased. Finally, the
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Table 4: Relative abundance of bacteria at species level in different
compost samples.

Sample stage Genus Percentage
unclassified_g_norank_f_A4 6.50%
nclassified_g_norank_f_norank_o_SBR1031 5.80%
unclassified_g_Prevotella 4.80%
uncultured_bacterium_g_Truepera 4.60%
Aneurinibacillus_sp 35.41%
Ureibacillus_thermosphaericus 11.20%
Paenibacillus_dendritiformis 5.60%
Trueperaradiovictrix 5.20%
Aneurinibacillus_sp 11.30%
Sam3 nclassified_g_norank_f_norank_o_SBR1031 6.30%
Ureibacillus_thermosphaericu 5.40%
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Figure 6: Relative abundance of bacteria at phylum level in
different compost samples.
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Figure 7: Correlation analysis between bacterial communities and
environmental factors during co-composting of kitchen waste and
garden waste.

pH was stable between 8.0 and 8.5, which is in line with the
standard for organic fertilizer pH.

Moisture is a carrier of soluble nutrients required for the
metabolic and physiological activities of microorganisms. The
initial moisture content of the co-composted material was ap-
proximately 65%. As the composting time increased, it gradually
decreased to 27.6%, which was the optimum moisture content
for microbial decomposition. Compared to the control group,
the moisture content of the composted material in the experi-
mental group decreased more.

As shown in Table 2, during this process, the EC increased
from 3.21 to 3.78 mS-cm?, both of which were less than 4.0
mS-cm-1, and the compost products all reached a basic level of

decomposition. During the co-composting process, the Gl value
gradually increased, eventually reaching 67.3%. This indicates
that the co-composting of kitchen and garden waste has finally
reached maturity.

Microbial Community Profile in Co-composting Systems

Fresh kitchen waste was first used as the raw material for
composting under optimized culture conditions. The developed
compound microbial agent was mixed with kitchen waste in a
fermentation reactor for a small-scale trial. The organoleptic
changes in the compost material were observed, and the tem-
perature, moisture and pH of the fermentation process were
measured. As shown in Figure 5, a pilot composting trial was
carried out at the aerobic composting plant in the district of
the cotton stream in Qingdao, China, where the compost was
mechanically turned and stacked. Compound bacterial agents
were added to the kitchen waste, and changes in temperature,
organic matter, total nutrient content and microbial indicators
during composting were measured. Based on the results of the
two experimental phases, the small and pilot tests, the micro-
bial agent prepared in this study can effectively promote the
aerobic composting process of kitchen waste.

The diversity of the bacterial communities was studied using
the Ace, Chaol, coverage, Shannon's and Simpson's diversity
indices to better understand the changes in the microbial com-
munities in the co-composting treatments. A total of 127698
sequences were obtained from the sequenced samples. The
results showed that the Chaol and Ace indices of the bacteria
increased from D1 to D3 (Table 3). The bacterial Shannon in-
dices increased gradually after the start of the co-composting,
and the change in Simpson diversity indices was small. Further-
more, the coverage index for all three compost samples exceed-
ed 0.99, indicating high community coverage in the samples.

The relative abundances of the bacterial phyla during the
co-composting processes are shown in Figure 6. The two major
phyla showing the greatest relative abundance were Firmicutes
and Proteobacteria, with relative abundances of 52.67% and
17.69%, respectively. Moreover, it was clear that Chloroflexi was
the most abundant bacterial genus in the D1 sample at the start
of co-composting, with a relative abundance of 24.13%. After
the start of co-composting, there was a significant change in
the bacterial composition. From D1 to D3 of co-composting, the
dominant group in the samples changed to Firmicutes.

Figure 8: Heatmap of genus-level bacterial communities during
co-composting of kitchen waste and garden waste.
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Figure 9: Composition and relative abundance at the bacterial
phylum level during co-composting of kitchen waste and garden
waste.
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Figure 10: Overlap of dominant bacteria in the samples during co-
composting of kitchen waste and garden waste.
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Figure 11: FAPROTAX function prediction of microorganisms in the
samples during co-composting of kitchen waste and garden waste.

At the species level, the bacterial relative abundance in the
samples contained significantly more efficient bacteria in the
high-temperature phase than in the precomposting phase. As
shown in Table 4, in the high-temperature phase, Aneurinibacil-
lus_sp., Ureibacillus_thermosphaericus, Paenibacillus_dendriti-
formis and Trueperaradiovictrix were abundant in both groups,
accounting for 35.41%, 11.2%, 5.6% and 5.2% of the total gen-
era, respectively, all of which were efficient degrading bacteria
screened in this experiment. The proportion of species with a
relative abundance less than 1% in the high-temperature phase

was 12.5%, indicating that the proportion of dominant bac-
teria in the associated material could be effectively increased
by inoculation with exogenous microorganisms. At the end of
co-composting, the dominant bacterial groups of D3 were thor-
oughly different from those of D1.

Discussion

Enrichment of Bacteria from Co-composting of Kitchen and
Garden Waste

Due to insufficient numbers of efficient degrading bacteria
in kitchen waste, traditional aerobic composting is slow to heat
up, and the composting effect is poor. The addition of microbial
agents to composting material can effectively increase the pro-
portion of efficient degrading bacteria in the composting ma-
terial, thus shortening the composting time and improving the
quality of the composted product.

High-temperature bacteria are microorganisms that can
grow under high-temperature conditions, and their suitable
growth temperature is 40-60°C. The high-temperature bacte-
ria can grow well in the temperature range of 50-65°C, which
is higher than the majority of strains studied by Lopez MJ et
al. that grew well at 40-50°C [14] Therefore, the inoculation of
high-temperature bacteria in compost can increase the reac-
tion rate, promote the degradation of organic matter, extend
the high-temperature phase of compost and promote the de-
composition of materials.

Aneurinibacillus_sp. is a gram-positive microbial agent
among the highly efficient degrading bacteria obtained from
this experimental enrichment. This is consistent with Aneu-
rinibacillus sp. isolated and screened by Pernicova | et al. from
soil samples collected from urban composting sites, the same
thermophilic bacterium [18]. It showed a high degrading capac-
ity during the passaging process, indicating that the microbial
agent has a good degrading effect on organic matter. Salt toler-
ance and the ability to degrade high concentrations of oil and
grease show that the microbial agent has the potential to be
used in the aerobic composting of kitchen waste. In addition,
Luteimonas compost degrades proteins and belongs to the
same genus of thermophilic bacteria as Luteimonas spp. iso-
lated from food waste by Young et al [29]. Phylogenetic analy-
sis using 16S rRNA gene sequences showed that the microbial
agent is able to use organic acids to synthesize substances for its
own use. Paenibacillus_dendritiformis is a cellulose-degrading
strain, consistent with Bacillus arbuscularis isolated from man-
grove soil samples by Sandrasekaran et al [23]. Its optimum
cellulose hydrolysis temperature is 55 °C, and Mg?* and Ca*" in-
crease cellulase activity.

The enzymatic activity and degradation of organic matter of
most of the composite flora was better than that of any single
strain of the composite flora. The inoculated piles had the fast-
est heating rate and the highest temperature during the high
temperature period. The microorganisms in the composite
were also found to be more synergistic and better adapted to
the complex environment of kitchen waste.

Optimization of Culture Conditions for High-Efficiency Mi-
crobial Agents

It is common knowledge that microorganisms are the key
drivers in the composting process. Therefore, it is of practical
importance to optimize the culture conditions of the combined
bacterial agent, improve the activity of functional bacteria and
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their ability to resist environmental changes, and fully utilize
functional bacteria for their beneficial effects in the composting
process.

Carbon sources are both essential structural materials for
cells and metabolites and are also the raw material for the en-
ergy required to sustain the growth and metabolism of bacteria
[14]. The best source of carbon for this experiment was glucose,
whose optimum concentration is 1.5 g/L. This differs from the
findings of Lai W H et al. on Lignosusrhinocerus and Hamedi A
et al. on Agaricusblazei [8,12]. This is due to the varying physi-
ological characteristics of the different bacteria involved in the
composting process. Therefore, the type and concentration of
carbon required are not identical.

Nitrogen sources are the basis for proteins, nucleic acids and
other nitrogen-containing compounds in organisms. Nitrogen
sources are the basis for proteins, nucleic acids and other nitro-
gen-containing compounds in organisms and play a vital role in
the production of target products by microorganisms. Nitrogen
sources can be divided into organic and inorganic nitrogen. The
microbial agent produced in this study used organic nitrogen
relatively well compared to inorganic nitrogen. This was consis-
tent with the results of Ramesh et al. for strain RO06 and Lee et
al. for Paecilomyces japonica [13,24]. This may be because or-
ganic nitrogen is nutrient rich and complex and contains other
growth factors in addition to nitrogen. In this experiment, the
best nitrogen source was tryptone, which was most effective in
promoting composting at a concentration of 12 g/L.

After optimization of the culture conditions, the number of
cells in the culture solution was 34.1% higher and the organic
matter degradation rate was 16.9% higher at 48 h compared
to the control group. This is because glucose is a monosaccha-
ride, tryptone is high in protein and total N, and its organic mat-
ter is more readily utilized by the microorganisms in the broth.
The optimal carbon to nitrogen ratio for this experiment was
lower than that of Yang and Petric et al. Higher C/N ratios re-
sult in slower composting rates and have a tendency to develop
odours [19,28].

PH has a substantial effect on the growth of microorganisms
because most of the enzymatic reactions that occur in micro-
organisms during growth require an appropriate pH range. The
rate of enzymatic reactions is maximized only within the cor-
rect pH range, below or above which the growth of microorgan-
isms is inhibited. pH affects the permeability of the cytoplasmic
membrane through the permeability of the cytoplasmic mem-
brane, the stability of the membrane structure, the solubility of
substances and the redox potential of the surface charge, which
affects the uptake of nutrients and the growth rate of organ-
isms. The final optimized pH was found to be 5.5-7.5. This was
consistent with the results of Zhang and Sun et al [31]. Com-
pared to the preoptimization period, the optimized bacterial
agent increased the number of cells in the culture solution by
34.1% and the organic matter degradation rate by 16.9% after
48 hours of incubation.

Therefore, optimizing the microbial medium and culture
conditions for different bacteriological agents and their differ-
ent applications is important to improve the concentration and
activity of efficient bacteria in bacteriological agents and to pro-
mote the application and promotion of bacteriological agents.

Physicochemical Parameters of Materials in the Co-com-
posting Process

To characterize the aerobic co-composting process, physico-
chemical indicators such as temperature, pH, moisture, EC and
Gl are commonly used.

Temperature is a key parameter in the control of the various
biochemical processes that take place during composting. In
terms of killing pathogens, raising the composting temperature
to the thermophilic range is considered satisfactory [20]. In this
study, the control group had a much lower maximum fermenta-
tion temperature and a much lower duration of fermentation
throughout the co-composting process than the experimental
group. The highly efficient compound bacterial agent prepared
in this experiment can effectively improve the rate of aerobic
composting of kitchen waste and extend the duration of high
temperature in the composting stage, which is beneficial to the
aerobic composting of kitchen waste.

During the composting process, the pH of the pile first
dropped and then rose. This was probably because at the be-
ginning of the temperature increase, a large amount of organic
matter in the material was degraded into small molecule organ-
ic acids, resulting in a significant drop in the pH of the material.
Then, as the co-composting temperature increased, the small
molecule organic matter was further degraded, and ammonia
was produced, causing the pH of the material to rise gradually.

In the experiment, the moisture content of the composting
material was greatly reduced in the experimental group com-
pared to the control group. This may be closely related to the
temperature changes in the composting material. During the
turning process, the high temperatures caused a large amount
of water to evaporate from the material, and the moisture con-
tent of the experimental group decreased rapidly.

The EC value reflects the soluble salt content of the compost
and gives some indication of the inhibitory and toxic effects on
plant growth when applied to soil. The EC values also illustrate
the quality of plant-growing compost [10]. In all treatments, EC
and pH showed an inverse relationship. In this experiment, the
increase in the EC may be due to the relatively high concentra-
tion of soluble salts in the raw material and the associated loss
of moisture. The final EC of the samples was in accordance with
the composting standards of Hong Kong and Australia. The Gl is
a widely used indicator of compost maturity, as it provides an
immediate measure of the plant toxicity of compost products
on the germination and growth of seeds [26]. As a key param-
eter for assessing compost maturity, Gl thresholds are clearly
defined in relevant standards, such as the Quality Standards for
Compost and Soil Amendments. In this study, the final Gl value
was 67.3%. In general, a Gl value above 65% indicates a high
level of phytotoxicity and maturity of the compost. Taking into
account the characteristics discussed above, the chosen matu-
rity parameters indicated that the co-composting of kitchen and
garden waste finally reached maturity.

And the correlation heat map was plotted by calculating
the correlation coefficients (Spearman's rank correlation co-
efficients) between the environmental factors and the top 50
representative species, and the results are shown in Figure 7.
In descending order of number of phyla affected, pH, moisture,
C/N, temperature. The main environmental factors affecting
the structural genus level composition of bacterial communi-
ties were pH, moisture and C/N. Microbial communities had
the same correlation with pH and C/N and the opposite cor-
relation with moisture. The pH and C/N were significantly posi-
tively correlated with 17 bacterial genera and was significantly
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negatively correlated with 7 bacterial genera. Moisture was
significantly positively correlated with 7 bacterial genera and
was significantly negatively correlated with 17 bacterial gen-
era. Acinetobacter, Flavobacterium, Comamonas, Symbiobacte-
rium and unclassified_f_Bacillaceae were negatively correlated
with temperature and were cryophilic. Norank_f A4b, norank_f
norank_o_SBR1031 and unclassified_f_Blastocatellaceae, etc.
were positively correlated with temperature and were thermo-
philic.

Microbial Community in Co-composting Systems

Clustering is based on the distribution of species relative
abundance and community similarity between samples, allow-
ing high- and low- relative abundance species to be clustered
separately. In addition to displaying species composition and
relative abundance, the similarity and variability of community
composition can be directly visualized through colour changes.
The top 50 most abundant genera in the three samples (D1, D2
and D3) were selected for the heatmap, as shown in Figure 8.
The dominant genera in the different periods of composting
were Ureibacillus, norank-f-norank-o-SBR1031, and Lactobacil-
lus.

A highly diverse community of bacteria was detected in the
samples after the start of co-composting. The dominant bacte-
rial phyla in all treatment groups were Firmicutes (the ratios of
D1, D2, and D3 in Firmicutes were 88%, 1.1%, and 27%) and
Proteobacteria (6.6%, 14%, and 33%), followed by Chlorofiexi
(0.0023%, 47%, and 0.38%) (Figure 9). These results are consis-
tent with the data proposed by Wang et al. [25] who also found
that Proteobacteria and Firmicutes were the predominant flora
in the stages of sludge co-composting. The presence of this phy-
lum reflects their capability to metabolize different substrates
during composting, including lipids, sugars, cellulose, proteins,
lignin and amino acids, as Firmicutes can produce various extra-
cellular enzymes [1]. The genus is ubiquitous in lignocellulose-
based composting, contributing to waste degradation due to its
heat resistance [6]. Firmicutes dominance during the thermo-
philic phase may be due to their ability to survive thermophilic
conditions [7].

The structural composition of the bacterial community in
the compost samples showed significant differences at differ-
ent composting stages. The number of effective bacteria can
influence the heating rate of the compost material and the du-
ration of the high-temperature phase. In this study, the number
of high-temperature bacteria in the material of the experimen-
tal group was higher than that of the control group at the end
of the high-temperature phase and composting. This indicates
that the dominant bacteria in the developed microbial agent
could further increase the number of high-temperature bacte-
ria in the composting material and promote the aerobic com-
posting process of kitchen waste. The Venn diagram provides a
visual indication of the similarities and differences in microbial
community composition between the samples. As shown in Fig-
ure 10, there is a large overlap between the dominant bacteria
in the developed bacterial agents (T1), in the high-temperature
phase of co-composting (T2) and in the material at the end of
co-composting (T3). The number of OTUs shared by the three
samples was 15, representing 15.96% of the total number of
OTUs. This shows that the prepared microbial agent can play a
role in the composting process and that the microbial agent can
increase the dominance of efficient bacteria in the community
structure.

FAPROTAX function prediction is based on a database that
contains a classification of functional information of prokaryotic
species to predict the function of bacterial data, and FAPROTAX
functions include carbon, nitrogen, hydrogen and sulfur cycles,
etc. To further explore the functional changes of the bacterial
community in the endocyclic aquaculture system under differ-
ent operating conditions, FAPROTAX function prediction of the
bacterial community was carried out and the results are shown
in Figure 11. The results showed that the bacteria had a total of
57 functions. And that the bacterial community was dominated
by chemoenergetic heterotrophs with percentages of 28.7%,
30.6% and 30.2% respectively. This is due to the fact that the
organic matter in the pile is the main source of energy for the
biofilm bacterial community, leading to the proliferation of che-
moenergetic heterotrophic bacteria as the dominant colony.
Secondly, bacteria associated with the nitrogen cycle. This could
be due to the predominance of Firmicutes and Proteobacteria
in the microbial community, with both genera actively involved
in N removal processes [22].

Conclusions

In this study, we investigated an efficient microbial prepara-
tion for co-composting kitchen and garden waste to support the
application of liquid complex microbial agents in composting. In
this study, the activity and number of highly efficient degrad-
ing bacteria increased significantly with the enrichment time,
and the enrichment process lasted for a total of 34 days over 4
cycles. By optimizing the carbon and nitrogen sources and con-
centrations of the medium, the optimal medium components
were determined to be tryptone 12 g/L and glucose 1.5 g/L.
Compared with the preoptimized medium, the number of cells
in the culture medium increased by 34.1%, and the organic mat-
ter degradation rate increased by 16.9% at 48 h. The developed
high-efficiency microbial agent can shorten the heating time of
the composting material and extend the duration of the high-
temperature phase. In the small-scale experiment, the material
temperature of the experimental group exceeded 50°C on the
6th day of fermentation, and the duration of the high tempera-
ture stage was 6 d. In the medium-scale experiment, the mate-
rial temperature of the experimental group exceeded 50°C after
2 d of composting, which was 4 d earlier than in the small-scale
experiment and 6 d earlier than in the control group. In addi-
tion, the total nutrient and organic matter contents of the com-
post from all treatments in this experiment were higher than
the values specified in the national standard for organic fertil-
izers, and the components in the control group did not meet the
requirements for organic fertilizers. The main dominant strains
at the high-temperature stage and at the end of composting
were Aneurinibacillus_sp., Ureibacillus_thermosphaericus, Pae-
nibacillus_dendritiformis, and Trueperar adiovictrix. The per-
centages at the high-temperature stage were 35.4%, 11.2%,
5.6% and 5.2%, respectively, and 11.3%, 5.4%, 4.6% and 4.5% at
the end of the composting period, which reflected the efficient
degrading bacteria screened in this experiment. The highly ef-
ficient microbial agent prepared in this experiment promotes
the aerobic composting process of kitchen waste.
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