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1 | INTRODUCTION
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Abstract

The high salt content of food waste (FW) severely limits microbial physio-
logical activity and reduces its biodegradability. In this study, a salt-tolerant
thermophilic bacterial agent that consists of four different substrate degradation
functional strains was evaluated for efficient high salt and oily FW in solid-
state aerobic biodegradation disposers. The phy-chemical properties, enzyme
activities, microbial community structure, and function during the biodegra-
dation process were evaluated under high salt (5%) stress. The results showed
that the agent promoted the degradation rate, increased the matrix temperature,
decreased the moisture content (MC), and enhanced enzyme activities without
putrid smell. High-throughput sequencing indicated community structure suc-
cession between different groups and the positive contribution of the inoculated
functional strains. During the FW biodegradation process, the Bacillus sp. inoc-
ulated was the dominant genus in the agent group. Furthermore, CCA further
confirmed the positive effects of the four inoculated strains on high salt and
oily FW aerobic biodegradation. Functional prediction and metabolite results
both confirmed that the agent was more efficient in carbon, amino acid, and
lipid metabolism, which demonstrated that the synthetic microbial consortium
holds a potential advantage for efficiency and subsequent resource utilization for
organic fertilizer.
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is an essential part of MSWs. According to the data from
the National Bureau of Statistics, the Chinese urban per-

In recent years, the contradiction between the acceleration
of the urbanization process and the difficulty of disposal
of municipal solid wastes (MSWs) has become increas-
ingly coincidental [1], especially food waste (FW), which

Abbreviation: FW, food waste.

manent population was 848.43 million in 2019, and the
urbanization rate of permanent residents reached 60.6%
[2]. Compared with developed countries, the main rea-
son Chinese traditional FW biodegradation is its high salt
and oily characteristics and the lack of source reduction
and classification systems. The “garbage siege” has put
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tremendous hazardous impact on people and pressure on
the urban management work of many local governments.
Implementing source reduction and resource disposal of
FW will not only help reduce the volume of MSWs, to alle-
viate the waste of nowhere to landfill, it can also greatly
improve the composition of FW. This greatly reduces the
generation of landfill leachate and malodorous gas and
effectively reduces the hazardous risk of dioxins produced
by the incineration of domestic waste, which will play a
role in solving the problem of MSW disposal. Therefore,
it is imperative to reduce the quantity and resource dis-
posal of FW on the spot. The use of carbon dioxide, water,
ash, and a small amount of residues as organic fertilizers is
an important way to realize the elimination of FW, which
should be produced and eliminated [3]. The most promi-
nent problem is that a large amount of water content, high
salt [4], and oily FW enter the municipal domestic waste
collection and transportation system, which is an impor-
tant component of MSWs, including food residues and
kitchen waste [5]. Compared with other countries, espe-
cially traditional Chinese cooking and people’s lifestyles, it
has led to remarkable characteristics of high salt and oily
contents in the FW.

At present, in addition to FW anaerobic biodegradation,
the aerobic treatment of FW has been widely recognized
because it can significantly reduce large quantities of FW
to produce organic fertilizer raw materials. In addition,
the in situ disposal of FW has been widely promoted
since FW easily produces a severe odor in the process
of collection and transportation [6]. However, due to the
limitation of the treatment site area, method and tech-
nology, the pretreatment of this in situ treatment mode
is only a simple backlog of FW and then directly into the
bioenhanced processor. Therefore, the salt and oil contents
gradually accumulate with the increasing addition of FW,
which will lead to high salt and oil contents. High salt
and oil concentrations severely inhibit the physiological
activity of degrading microorganisms, so their ability to
degrade FW also decreases [4, 7]. The high concentration
of Nat in FW causes an increase in the osmotic pressure
of the aerobic degradation environment, which will affect
the activity of degradation microorganisms and interfere
with their metabolism [7]. The oil/fat concentration of
FW in China is approximately 1%, and a high content
of oil/fat will hinder the access of oxygen required for
microbial metabolism. Therefore, it affects the growth and
metabolism of microorganisms and negatively affects the
rate at which microorganisms decompose organic matter
and the quality [8].

Most of the research on application scenarios of salt-
tolerant bacteria focuses on sewage treatment [9], soil
remediation [10], plant growth promoting bacteria [11], etc.
In the research of FW biodegradation, most is about the

Practical Application

* The high salt content of food waste (FW)
severely limits microbial physiological activity
and reduces its biodegradability. In this study,
a salt-tolerant thermophilic bacterial agent that
consists of four different substrate degradation
functional strains was evaluated for efficient
high salt and oily FW in solid-state aerobic
biodegradation disposers. The research demon-
strated that the synthetic microbial consortium
holds a potential advantage for FW efficiency
and subsequent resource utilization for organic
fertilizer under high salt and oily stress.

fermentation of anaerobic bacteria and related metabolites
[1, 3]. To our knowledge, there are few studies on FW-
degrading microbial agents with wide salt-tolerant ability,
in particular, the in situ aerobic solid-state biodegrada-
tion process under conditions where high salt and oil/fat
exist. Previous studies on the related strains were about
the enhancement of their functions, but there were few
studies on their performance under the pressure of salt
and oil resistant environments. Therefore, in this research,
we constructed a bacterial agent composed of salt-tolerant
thermophilic degrading strains for starch, oil, protein, and
cellulose. In addition, the performance, microbial com-
munity structure evolution, and metabolites of the agent
in FW biodegradation were studied under high salt and
oil/fat stress. This research aims to provide a novel agent
for the aerobic process of high-salt and oily FW in situ
biodegradation.

2 | MATERIALS AND METHODS
2.1 | Functional strain screening, salt
tolerance, and identification

The soil samples were taken from the FW trash bins
of Tianjin Institute of Industrial Biotechnology, Chinese
Academy of Sciences. Since the FW trash is often scat-
tered on the ground, the sampling depth is approximately
0-10 cm. Each of the samples was streaked on various
appropriate selective medium plates (Starch, protein, oil,
and cellulose degradation medium), and the degradation
ability was compared and then incubated at 50°C and
180 rpm for 24 h. After incubation, different morphological
colonies were isolated, purified, and stored in 25% glyc-
erin at —80°C for further studies. All the selected strains
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were inoculated into various corresponding selective lig-
uid media and cultured at 50°C and 180 rpm, and the
inoculation volume was 10%. At this time, the salinity of
the medium was adjusted to 1%, 5%, 10%, 15%, and 20%,
the initial pH was 7, and samples were taken on an ultr-
aclean bench 24 h after inoculation to test the change
in ODgq. All samples were analyzed in triplicate. Poten-
tial functional strain DNA was extracted using a QTAGEN
DNA extraction kit, and 16S rRNA gene sequences were
amplified and identified using the National Centre for
Biotechnology Information BLAST service (http://www.
ncbi.nlm.nih.gov/BLAST) for each isolate.

2.2 | Construction of microbial agent and
bulking carrier

FW is mainly composed of four components: starch,
protein, oil, and cellulose. Four different functional com-
plementary strains with the highest degradation efficiency
and the best resistance to salinity abilities were selected
and formed into a high-efficiency bacterial agent after the
plate confrontation test. The initial input rate at 1:1:1:1 was
tested as the agent group, and each strain was diluted to 10
CFU/ml. To avoid FW cohesive behavior, adjust the C/N
ratio and maintain ventilation, wheat bran and sawdust
were added to serve the purpose of the bulking agent. The
biodegradation agent was composed of wheat bran (1 kg),
sawdust pieces (0.5 kg, <2 cm), and 250 ml of mixed func-
tional agent. The control treatment was composed of wheat
bran (1 kg), sawdust (0.5 kg), and 250 ml of distilled water.

2.3 | FW disposer

The household in situ FW biodegradation equipment was
manufactured by Hainan GT Environmental Technology
Development Co., Ltd. (Hainan, China). The effective
capacity of the entire FW disposer is 10 L, and the length,
width, and height dimensions are 39 X 45 X 40 cm. After
the FW disposer lid was closed, the stirring mode was
10 min mixing and 20 min halting rotation. An aeration
air inlet was provided at the side of the FW biodegrada-
tion disposer. When the stirring shaft rotated, the air in
the reaction chamber was driven to circulate evenly. There
is a plastic thermal insulation jacket designed to keep the
process temperature (Figure 1).

2.4 | Experimental design

The FW was modified to be representative of high salt and
oil/fat based on 2016FAO (Food and Agriculture Organiza-
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FIGURE 1 Schematic diagram of food waste (FW) aerobic

digestion disposer

tion of the United Nations) dietary proportion structures.
Rice 564 g, fat meat 156 g, cabbage 388.5 g, spice pow-
der 0.54 g, salt 125 g, sugar 4.8 g, and oil 100 ml, add
up to a total of approximately 2500 g with distilled water.
Different ingredients were procured, cooked, ground, and
then added to the FW disposer [12]. The high salt and
oily FW experiment using functional agent was conducted
over 72 h, and a control without the agent was also con-
ducted under the same conditions. The residual matrix
from different layers inside the equipment was collected,
and each sample was formed every 8 h to determine
the physical-chemical properties, enzyme activities, and
microbial community and function.

2.5 | Total mass reduction (TMR) and dry
matter degradation (DMD) rate

C—(A-B)

TMR rate (%) = C

X 100%

DMD degradation rate (%) =

[C—(A—-B)]x(1—-MCT)
D
x100%

where A is the total weight of the initial degradation
system, including the agent and disposer, and the total
weight is directly weighed with a weighing balance. B: The
remaining weight of the residue matrix and disposer at
hours 0, 8, 16 ... and 72; the remaining weight is directly
weighed with a weighing balance. C: the initial total weight
of all materials added. D: The initial total dry weight total
weight of materials added. MCT: the moisture content
(MC) of the residue matrix at hours 0, 8,16 ... and 72. All
data were weighed in triplicate.
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2.6 | Physical-chemical and enzyme
activities analysis

The cabin matrix temperatures in the FW biodegrada-
tion equipment with agent and control groups, denoted
as Agent CT and Control CT, respectively, were measured
by a mercurial thermometer at hours 0, 8, 16 ..., and 72.
Room ambient temperature (Agent RT and Control RT)
was recorded at the same time. The temperature increase
(Agent AT and Control AT) at the same time as the agent
and control was the increase in the temperature of the
matrix, that is.

AT(°C) = CT — RT)

The electronic conductivity (EC) and pH were deter-
mined using a pH meter and an EC meter, respectively
(W/V = 1:10). The samples were oven-dried at 105°C end-
ing with a constant weight to determine the MC. The wet
bulk density (BD) in the matrix was determined follow-
ing previous methods [13]. All samples were analyzed in
triplicate.

Initial weight — Final weight

M = 1
c Initial weight x 100%
Mass
BD (kg/L) = Volume

The total carbon content (TOC) and total nitrogen con-
tent (TN) in the matrix were determined and analyzed
following standard methods [14]. Protease activity, amylase
activity, lipase activity, and cellulose activity were mea-
sured by using commercial chemical assay kits (Beijing
Solarbio Technology Co., Ltd.). All samples were analyzed
in triplicate.

2.7 | DNA extraction and 16S rRNA
sequencing

In this study, all FW degradation matrix samples were
extracted using a Power Max Soil DNA Isolation Kit (MO
Bio Laboratories, Solana Beach, CA). Samples (0.25 g) were
taken, and the subsequent steps were carried out according
to the instructions of the kit. The extracted genome was
identified by electrophoresis, and the content and quality
of the genome were determined by a Nanodrop 2000. The
V4 hypervariable region of 16S rRNA was detected by the
Illumina MiSeq sequencing platform. In the present study,
the bacterial universal primer sequences used were F515 5'-

GTG CCA GCM GCC GCG GTA A -3’ and R806 5'- GGA
CTA CHV GGG TWT CTA AT -3'.

2.8 | Detection of degradation
metabolites

The detection of degradation metabolites was analyzed fol-
lowing the methods described in a previous paper. Briefly,
the samples were freeze-dried by a vacuum freeze-dryer
(Scientz-100F). The freeze-dried sample was crushed using
a mixer mill (MM 400, Retsch) with a zirconia bead for
1.5 min at 30 Hz. Dissolve 100 mg of lyophilized powder
with 1.2 ml 70% methanol solution, vortex 30 s every 30
min six times in total and place the sample in a refrigerator
at 4°C overnight. Following centrifugation at 12,000 rpm
for 10 min, the extracts were filtered (SCAA-104, 0.22 um
pore size; ANPEL, Shanghai, China, http://www.anpel.
com.cn/) before UPLC-MS/MS analysis. Then, the sam-
ple extracts were analyzed using a UPLC-ESI-MS/MS
system (UPLC, SHIMADZU Nexera X2, www.shimadzu.
com.cn/; MS, Applied Biosystems 6500 Q TRAP, www.
appliedbiosystems.com.cn/). The effluent was alterna-
tively connected to an ESI-triple quadrupole-linear ion
trap (QTRAP)-MS.

2.9 | Bioinformatics and statistical
analysis

Each sample yielded at least 40,000 reads, and basic
data analysis was performed by QIIME 2 (version v.2019-
07) software, according to the relevant process. The
sequences were aligned against the Silva database (ver-
sion: http://www.arb-silva.de/). Denoise and cluster high-
quality sequences, divide ASVs (features), and obtain their
species classification according to the sequence compo-
sition of features. The alpha diversity, including Chao 1,
ACE, Simpson diversity, and Shannon diversity, was sub-
jected to statistical analysis using QIIME 2. Data were
analyzed using multivariate correlational and ordination
methods in the R statistical environment (R Core Team,
2019) using the R package vegan. PICRUSt2 was used
to analyze the functional characteristics of the microbial
community.

All data in this study were analyzed in triplicate and
expressed as the mean + standard deviation using Excel
13.0. One-way analysis of variance (ANOVA) with least-
significant difference (LSD) at a 95% confidence level was
used to test for statistically significant differences. The
16S rRNA gene sequences in this study were deposited in
the National Center for Biotechnology Information (NCBI)
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Sequence Read Archive (SRA) under accession number
PRINA739490.

3 | RESULTS AND DISCUSSION
3.1 | Strain screening, salt resistance
ability, and agent construction

There are 25,16, 6, and 11 isolations can grow on starch, pro-
tein, oil, and cellulose elective medium plates respectively.
Then, two strains with maximum degradation effects
(transparent circle diameter) on protein, starch oil, and cel-
lulose were selected to test salinity tolerance. Salinity is an
important environmental factor that affects the growth and
metabolism of microorganisms during FW degradation.
To compensate for the effects of microbial degradation
on high-salt FW and expand the application range of FW
biodegradation, the salt tolerance of strains was studied to
construct the bacterial consortium. From the perspective
of salinity tolerance, the starch-degrading strain Bacillus
subtilis D-7 has better salinity tolerance; when the salinity
is 150 grams per liter, there is still obvious sign of growth
with an ODg higher than 0.60. Protein-degrading strain
Bacillus sp. PT-4 showed a wider salinity tolerance ability
than PT-8. The oil-degrading strain Bacillus lichenifomis
Y-1 has better salinity tolerance than Y-4. The cellulose-
degrading strain Brevibacillus borstelensis CL-1 has better
salinity tolerance than CG-3 (Figure S1). Finally, the bac-
terial agent was constructed and constructed to evaluate
the stability and degradation capacity based on the proper
division of labor and functional compartmentalization
strategies, which contained four different substrate degra-
dation functional strains, that is, Bacillus subtilis D-7
and Bacillus pumilus PT-4, Bacillus lichenifomis Y-1, and
Brevibacillus borstelensis CL-1.

3.2 | The total mass reduction (TMR) and
dry matter degradation (DMD) rate
changes

During the high salt and oily FW biodegradation process,
the TMR is one of the most important indicators. There-
fore, the TMR was selected as the indicator to detect the
degradation rate of the newly constructed bacterial agent.
Figure 2A shows that the novel agent FW biodegradation
system had a relatively higher TMR than that with no
inoculated functional strains. At the initial 8 h, the TMR
difference between the two systems was slight, but from
8 to 72 h, the TMR difference between these two systems
became increasingly larger. In the end, the TMR of the
novel bacterial agent was 45.1%, while the TMR of the

in Life Sciences

blank control group was 36.2%. Figure 2B shows that the
DMD rate of the agent was approximately 81.8%, while that
of the control was only 54.6%. Most importantly, the con-
structed agent biodegradation systems ran steadily, while
the control group sustained release exuded an unpleasant
sour smell during the entire FW biodegradation process.
It is well known that the smell of distributed and on-
site FW biodegradation equipment, which is always close
to residential areas or workplaces, is the most worthy of
consideration in actual operation. Therefore, the novel
bacterial agent we constructed is particularly suitable for
application with this equipment and is easier to accept by
people living nearby.

3.3 | The phy-chemical properties
changes

Temperature is one of the most important factors affect-
ing FW aerobic biodegradation. Appropriate temperatures
can more effectively maintain the physiological activity
of microorganisms, thereby improving their degradation
effects [15]. Figure 2C shows that the room temperature
(RT) of the control group was always higher than that of the
agent group due to the seasonal ambient temperature. The
compartment matrix temperatures of the agent fluctuated
between approximately 28.3°C and 49.3°C, which were
higher than those of the control, which fluctuated between
approximately 27.3°C and 40.3°C, especially after 8 h of
the degradation experiment. The temperature in the agent
compartment matrix was maintained at approximately
49°C, started from 16 h and lasted until 48 h. In con-
trast, in the blank control group, the compartment matrix
temperature was maintained at approximately 38°C, last-
ing from 8-48 h. The cabin matrix temperature of the
blank control group could not continue to increase, and
the temperature also dropped sharply to 28.5°C in the later
descending process stage. In addition, the curve of agent
AT was higher than that of control AT in the matrixes.
In the entire degradation stage after 8 h of high-oily
and high-salt FW, the temperature of the agent treatment
group was significantly higher than that of the control
group (p < 0.01). Figure 2C shows that the novel agent
group temperature increase range was significantly higher
than that of the control, which suggested that more heat
was released by the novel thermophilic agent metabolic
activities. In addition, this also implies that the FW has
basically been degraded completely. When high salt and
oily FW are added, the microorganisms in the material can
undergo respiration and metabolism by virtue of suitable
environmental conditions and sufficient substrates in the
degradation equipment, releasing energy at the same time
to increase the material temperature and accelerate the
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FIGURE 2
between the agent and control groups

degradation process. In the process of FW biodegradation,
the content of easily degradable organic matter decreases
rapidly with increasing material temperature, which also
indicates that temperature changes can characterize the
degradation process of organic matter in materials to a
certain extent.

Moreover, MC, EC, pH, and wet BD are other significant
indicators that affect the FW biodegradation efficiency.
Figure 2D indicates that the matrix MC after the high
salt and oily FW was added in both treatments showed
downward trends, from 55% at the beginning of the exper-
iment to approximately 22%-32% at the end. The matrix
MC of the control was approximately 10% higher than that
of the agent group at the end. Generally, an environment

64 72

The degradation and dynamics of the physicochemical properties changed during the FW aerobic biodegradation process

with neutral pH can better maintain the physiological and
biochemical activities of microorganisms [16]. Figure 2E
shows that the pH variations of the FW between different
groups were significantly different within 72 h. The pH of
the agent group was maintained at approximately 6.5-7.0
during the high salt and oily FW biodegradation process,
whereas the pH of the control group sharply dropped to
approximately 3.5 within 32 h, which might be because of
acidophilic microorganism activity and the large amount
of organic acids produced. This reflected that there was an
acidification process of FW without an inoculation agent
specifically under conditions where high salt and oil/fat
existed. The EC of the two treatment groups gradually
increased along with the degradation process of FW, which
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is consistent with previous research results (Figure 2F).
BD showed a gradual decreasing trend during FW degra-
dation except for the initial thermophilic phase because
of the water generated when the FW rapidly degraded
(Figure 2G). This trend might be attributed to the FW vol-
ume reduction and MC loss. Although the BD in agent and
control had almost the same consistent downtrend, the BD
in agent was significantly lower than control due to the
higher MC in control.

As shown in Figure 2H, the TOCs of the agent and con-
trol groups were significantly reduced from 49.80% and
49.90% to 44.34% and 45.30%, respectively (p < 0.05). The
TOC reduction rate is small, which might be due to the
bran and sawdust carrier of the novel constructed agent
and shorter degradation time. The carrier has a complex
structure and lignocellulose, which makes it difficult for
microorganisms to degrade in a short period of time [17].
Nevertheless, this study still proved that the novel bacte-
rial agent had an excellent degradation effect, whereas the
control group had a significantly lower TOC reduction rate
(p < 0.05) [12]. Moreover, the TN of the agent group was
significantly increased after FW biodegradation (p < 0.05),
while the TN change of the control group was not obvi-
ous (Figure 2I). This might be because a large amount of
nitrogenous organic matter (protein) is mineralized and
degraded by microorganisms, which leads to a decrease
in dry matter and a gradual increase in TN during the
FW biodegradation process [18]. Considering the changes
in the community structure, previous studies proved that
most Bacillus are nitrogen-fixing bacteria that are more
abundant in the agent group [19]. In addition, C/N is
another important indicator of FW biodegradation matu-
rity (Figure 2J). After FW biodegradation, the C/N ratios
of the agent and control groups changed from 33.31 and
31.17 to 34.06 and 21.96, respectively. The postbiodegrada-
tion C/N ratio of the agent group confirmed the indicator
for FW biodegradation maturity with a significant decrease
(p < 0.05), relevant studies have found that the C/N ratio
generally decreases from approximately 35 to below 25 dur-
ing the FW composting process [17]. However, the C/N
ratio of the control group increased, but it was not statis-
tically significant, which may be due to the lower TN and
organic matter degradation rate.

3.4 | The enzyme activities changes

Most organic substances in nature can be degraded by
microorganisms if the degradation time is not considered.
Microbial extracellular enzymes can depolymerize high
molecular weight organic matter [16, 20]. Extracellular
enzyme activities play very important roles during the FW
aerobic biodegradation process. Therefore, to understand

in Life Sciences

the main different FW organic substance degradation
precedences, protease, amylase, lipase, and cellulase activ-
ities were examined during the FW aerobic biodegradation
process between the agent and control groups (Figure 3).

Starch, as an important part of FW, is a valuable raw
organic material for the production of high-value end prod-
ucts, such as organic fertilizer [14]. Amylase is a general
term for enzymes that hydrolyze starch and glycogen,
which can hydrolyze starch into reducing sugars such as
glucose. Figure 3A illustrates that from the beginning of
the FW added to 40 h, the amylase activity of the agent
group was always maintained at a high state, reaching the
maximum value of 1690 U at 8 h. During the FW aero-
bic degradation process, foods with high starch content,
such as rice, generally easily and first decomposed and
consumed by microorganisms that can secrete amylase so
that they can secrete a large amount of amylase. However,
the amylase activity of the control group was significantly
lower than that of the agent group (p < 0.01) throughout
the biodegradation process of FW, which might be because
high salt and oily are known to inhibit normal microor-
ganism growth and reproduction, eventually affecting the
activities of the enzyme [21].

Because chickens, ducks, fish, eggs, and other foods
contain high protein, the protein content in FW is rela-
tively high. Studying the changes in protease activity will
help to understand the protein conversion in the entire
FW biodegradation process. Overall, the protease activity
of the agent and control groups first increased and then
decreased, and both reached maximum activity at 16 h, 719
and 940 U, respectively, as shown in Figure 3B. During
the initial stage of the FW degradation process, the protein
organic matter content is very sufficient, so microorgan-
isms can proliferate in large numbers, and a large amount
of proteases are produced, which also leads to a gradual
increase in the temperature of the system at the same time.
The protease activity of the agent group was significantly
higher than that of the control group (p < 0.01), which
may be because the salt and oily contents affected micro-
bial protease function or secretion. Moreover, the protease
activity of the two treatment groups significantly decreased
to a relatively low activity plateau, which may indicate that
the protein content in the system was basically completely
degraded after 32 h.

Traditional Chinese food has a high oil/fat content after
being processed by frying, roasting, etc., indicating that
it has a great influence on lipase activity during FW
biodegradation. After adding the high salt and oily FW, the
lipase activity of the agent group continued to increase. At
24 h, the lipase activity reached a maximum of 625.4 U,
whereas the lipase activity of the control group reached
its maximum value of 266.3 U at 36 h, and then gradually
decreased. Similarly, the lipase activity of the control group
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was still significantly lower than that of the agent group
(Figure 3C).

Cellulase is a complex enzyme system composed of the
Cl enzyme, Cx enzyme and $-glucosidase, bacteria, fungi,
animals, etc., can produce cellulase. Figure 3D illustrates
the cellulase activity changes during high salt and oily
FW biodegradation. The cellulase activity of the agent
group was also low in the initial state, reaching the high-
est value of 172.4 U at 48 h. Obviously, compared with
the other three enzyme activities, the cellulase activity
remained low throughout the entire FW biodegradation
process, especially in the control group. This is because cel-
lulase is easily denatured and inactivated under strong acid
conditions. In addition, the degradation process of cellu-
lose is much more complicated than that of other organic
substances (such as sugar and protein).
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The enzyme activities changed during the FW aerobic biodegradation process between the agent and control groups

Overall, during the whole FW biodegradation process,
the activity of various enzymes in the agent group was
higher than that of the control group, which may be
because the characteristics of high salt and high oily
inhibited the indigenous microbial activity and processing
ability. In the initial stage of FW degradation, sufficient
water and nutrient content (i.e., substrates) provided mate-
rial energy for the vigorous mass growth and metabolism
of thermophilic microorganisms. Similarly, microorgan-
isms secrete a large number of hydrolyzable enzymes,
which can effectively degrade the complex macromolecu-
lar organic matter in FW. With the continuous degradation
of the substrate, the microorganisms are subject to vari-
ous constraints within the system’s internal environmental
factors, their metabolic activity begins to slow down, and
the enzyme activity begins to decrease, indicating that the
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entire degradation has stabilized and ended. Most notably,
through our research, we found that the maximum activi-
ties of amylase, protease, lipase, and cellulase occurred at
8, 16, 24, and 48 h, respectively. These results confirm the
selectivity of the novel constructed FW biodegrading ther-
mophilic agent for the utilization of different substrates,
and degradation is carried out in sequence according to the
degree of difficulty of substrate degradation.

3.5 | Microbial community
characteristics
3.51 | Community structure compositions

A total of 2,024,723 pairs of reads were obtained by
sequencing 20 samples. After quality control and splic-
ing of double-ended reads, a total of 1,929,602 clean reads
were generated. Overall, these reads were assigned to 14
phyla, 25 classes, 59 orders, 91 families, 162 genera, and 231
species.

Figure 4A illustrates the relative abundance of dominant
bacteria changes during the FW biodegradation process
between different treatment groups at the phylum level.
Overall, the dominant bacteria in the high salt and oily
FW aerobic biodegradation process were mainly Firmi-
cutes, Proteobacteria, and Cyanobacteria, accounting for
more than 95%. In the initial stage of FW aerobic degra-
dation (0-8 h), the dominant bacteria were Proteobacteria
and Cyanobacteria. However, Firmicutes became the dom-
inant bacteria followed by Proteobacteria in the agent
group, while Proteobacteria became the dominant bacte-
ria followed by Firmicutes in the control group at 16 h. The
relative abundance of Firmicutes in the agent group was
higher than 90% from 24 to 72 h. In contrast, Proteobacte-
ria was the dominant bacteria in the control group from 0
to 40 h, and then the relative abundance of Proteobacteria
and Firmicutes became almost the same.

Figure 4B shows the top twenty bacterial species-level
distributions of these two groups. The dominant species
were uncultured_bacterium_f Mitochondria and uncul-
tured_bacterium_o_Chloroplast at 0 h. Then, the dominant
genera in the agent group were Bacillus subtilis and
Oceanobacillus caeni from 16 to 72 h, and their total relative
abundance accounted for more than 90%. The dominant
genus Bacillus in the agent group was the thermophilic
bacterium we added. Previous studies have shown that
Bacillus has environmental stress resistance ability and can
effectively promote organic matter degradation [22]). It is
worth noting that the relative abundance of Oceanobacil-
lus caeni, which was not added to the degradation process,
also gradually increased. Some related studies proved that
Oceanobacillus can survive in a high-salt environment and

in Life Sciences

play an important role in carbon and nitrogen metabolism
[23]. In contrast, the dominant species of the control
group were uncultured_bacterium_g Klebsiella, Pediococ-
cus acidilactici, Pantoea ananatis, and Lactobacillus crispa-
tus. Pediococcus acidilactici was one of the most abundant
species, and the relative abundance gradually increased.
Shipeng Zhou et al. also found that Pediococcus is one of
the donminat genera during FW biodegradation and is an
indigenous microbial consortium in FW [24]. Lactobacillus
often exists during the FW natural corruption process [25].
The most worthy of attention is the presence of Escherichia
coli during the degradation of FW in the control group.
Some types of E. coli can cause symptoms such as diarrhea
and hemorrhagic colitis. Overall, there were significant
differences in the microbial community structure change
trends between the agent and control groups (Figure S2).

3.5.2 | Community alpha diversity

The rarefaction curve indicated variation in ASV (ampli-
con sequence variants/features) density within all the
samples, while the sequence coverage sufficiently captured
the bacterial community diversity (Table 1). To study the
bacterial community alpha diversity during the high salt
and oily FW biodegradation process between the agent
and control groups, the alpha diversity analysis indices
of different samples (ACE, Chaol, Shannon, and Simp-
son) were calculated. The ACE and Chao 1 indices can
reflect community richness, and the Simpson and Shan-
non indices can reflect community evenness and diversity
in the samples.

From Table 1, the Chaol and ACE indices decreased dur-
ing the initial 0-16 h and then increased afterwards in the
control group, while they decreased during the initial 0-
24 h and then increased intensely in the agent group. At
the end stage of the degradation of FW, the Chaol and
ACE index of the agent group was significantly higher than
that of the control group, demonstrating that the novel
agent may have higher resistance to higher salt and oil/fat
than the FW indigenous microorganisms. According to the
Shannon and Simpson indices, there was a slight drop and
then little fluctuation trend in the control group. In the
agent group, the Shannon and Simpson index decreased
from O to 16 h and then increased sharply at 16-24 h.
However, the Shannon and Simpson index decreased again
from 48-56 h with a slight increase at the end stage. Over-
all, the Shannon and Simpson indices of the control group
were visibly higher than those of the agent group during
the FW biodegradation process. Generally, only bacte-
ria that have a strong tolerance can survive under high
salt and oil/fat conditions in the study. Additionally, the
inoculation of the novel constructed thermophilic agent
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TABLE 1 The change trends of microbial community alpha diversity indices at different times between the agent and control groups
Sample ID ACE Chaol Simpson Shannon Coverage
A0 127.00 127.0 0.722 2.565 1
A8 127.00 127.0 0.654 2.354 1
Al6 115.00 115.0 0.591 2.374 1
A24 53.00 53.0 0.676 2.188 1
A32 154.00 154.0 0.734 3.017 1
A40 147.00 147.0 0.708 2.850 1
A48 149.00 149.0 0.779 3.066 1
A56 147.00 147.0 0.535 2.197 1
A64 150.00 150.0 0.662 2.778 1
AT72 152.00 152.0 0.654 2.702 1
Cco 171.22 171.0 0.836 4.009 1
C8 145.18 145.0 0.825 3.550 1
C16 95.00 95.0 0.786 3.310 1
C24 101.00 101.0 0.802 3.292 1
C32 104.45 104.5 0.805 3.263 1
C40 108.15 108.0 0.806 3.316 1
C48 97.28 97.0 0.802 3.308 1
C56 88.19 88.0 0.780 3.024 1
Co4 92.24 92.0 0.793 3.138 1
C72 96.00 96.0 0.779 3.154 1

Note: A: Agent group, C: Control group, 0, 8, 16, 24...: 0, 8, 16, 24.. . hours.

(Bacillus) also resulted in a simpler community structure.
These results are consistent with previous research find-
ings showing that the proliferation of Bacillus will inhibit
other bacterial growth, but the specific functional vital-
ity of the entire microbial community structure is more
powerful [26].

3.5.3 | Function prediction

Microbial community function was predicted by PICRUSt
based on the KEGG pathway (Figure 4C). The KEGG
pathway results illustrated that the pathways were mainly
involved in metabolism, human diseases, environmental
information processing, organismal systems, cellular pro-
cesses, and genetic information processing. Specifically,
the agent group metabolism was significantly higher than
that of the control group (p < 0.05). A total of 27 metabolic
functions were predicted in all samples with the most
enrichment in global and overview maps, amino acid
metabolism, membrane transport, nucleotide metabolism,
replication and repair, and lipid metabolism. In the agent
group, the abundance of amino acid metabolism and
lipid metabolism were significantly higher than those
in the control group (p < 0.05). Lopez-Gonzilez et al.
[14] proved that amino acid metabolism can be used
as an important indicator of compost maturity because

amino acids are important carbon sources and energy
sources for microbial reproduction and metabolism [27].
Importantly, the prediction functions related to human
diseases, such as infectious diseases: bacterial, immune
disease, etc., were at higher levels in the control group
than in the agent group. The addition of thermophilic
bacteria can effectively inhibit the growth and reproduc-
tion of pathogens by significantly increasing the substrate
temperature, which is conducive to minimizing human
health risks in FW biodegradation. The level 3 KEGG
ortholog function prediction results showed that the rel-
ative abundance of biosynthesis of secondary metabo-
lites, biosynthesis of antibiotics, biosynthesis of amino
acids, carbon metabolism, fatty acid metabolism, carbon
fixation pathways in prokaryotes, glyoxylate and dicar-
boxylate metabolism, pyruvate metabolism, propanoate
metabolism, glycolysis/glucocorticosis, glycine, serine and
threonine metabolism, and alanine, aspartate and gluta-
mate metabolism transport and catabolism in the agent
group were significantly higher than those in the con-
trol group. Notably, the sequences related to fatty acid
and carbon metabolism were significantly higher, indicat-
ing that the agent group had an excellent effect on the
lipid and carbon degradation of high salt and oily FW.
In addition, secondary metabolite biosynthesis, transport,
and catabolism were proven during the FW biodegrada-
tion process [28]. With easily degradable substances (such
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as starch and protein), the inoculation of bacterial agents
does not significantly improve their degradation function
or effectiveness. However, the more complex substances
that are difficult to degrade (such as oil/fat and cellu-
lose), the bacterial agents can significantly improve the
degradation effect.

3.5.4 | Correlation analysis

CCA is typically used to reflect the relationship among
the total mass reduction rate (TMR), dry matter degrada-
tion rate (DMD), physicochemical factors, enzyme activity,
and community structure of different groups at the species
level. CCA1 and CCA2 explained 35.14% and 25.61% of
the total variation, respectively (Figure 5). First, the CCA
results showed that there was a significant correlation
between the TMR, DMD, temperature increase (TR), MC,
pH, EC, BD, total organic carbon (TOC), total nitrogen
(TN), C/N, lipase activity (Li), cellulose activity (Ce), pro-
tease activity (Pr), amylase activity (Am) and microbial
community distribution. MC was negatively correlated
with TMR, DMD, EC, and TR. Such results were con-
sistent with a previous study [29]. Generally, there were
positive correlations between TMR, DMD, EC, TR, pH,
enzyme activities, and most bacterial community distri-
butions in the agent group, indicating that agent group
microbial communities had higher degradation efficiency,
enzyme activity, and temperature increasing ability under
high salt and oil/fat FW stress. Notably, amylase activ-

FIGURE 5 CCA analysis of the
relationship among degradation, related
phy-chemical factors, enzyme activity, and
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ity, protease activity, lipase activity, and cellulase activity
were positively correlated with Bacillus subtilis, Bacil-
lus pumilus, Bacillus lichenifomis, and Bacillus coagulans.
Finally, CCA proved that the microbial community struc-
ture and function of the two treatment groups were
different. The above correlation analysis results indi-
cated that the environmental indicators, enzyme activity
and the microbial community are closely related to each
other and can be used to indirectly characterize micro-
bial metabolism, thereby revealing the mechanism of
biodegradation.

3.6 | Biodegradation metabolites

Operating in positive and negative ion mode and con-
trolled by Analyst 1.6.3 software (AB Sciex), a total
of 3256 metabolites were obtained by analyzing these
two groups of postbiodegradation samples herein.
Through reliability model orthogonal projections to latent
structures-discriminant analysis (OPLS-DA), we can filter
out metabolites that are not related to categorical variables
and analyze nonorthogonal variables and orthogonal
variables separately to obtain more reliable metabolite
differences. Therefore, 2402 differential metabolites were
obtained between the agent and control groups, of which
1078 were upregulated and 1324 were downregulated when
adding the novel agent, especially the higher production
of various amino acids in the agent group. The complex
metabolic reactions and their regulation in organisms
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FIGURE 6 The control versus agent metabolite KEGG pathway enrichment network diagram

do not proceed independently. Different genes and pro-
teins often mutually influence and regulate, eventually
leading to systemic changes in metabolites. A total of
244 differential metabolites could be annotated using the
KEGG database (Figure 6). ABC transporters, biosynthesis
of phenylpropanoids, biosynthesis of alkaloids derived
from the shikimate pathway, biosynthesis of amino acids,
biosynthesis of plant secondary metabolites, and biosyn-
thesis of plant hormones were the top five metabolic
pathways with the greatest differences. It should be noted
that amino acids [30], plant secondary metabolites [31],
and plant hormones [32] play pivotal roles in the growth
of crops. In addition, ABC transporters are involved in
the transport of plant secondary metabolites [33]. The
biodegradation metabolites were consistent with the
changes in the novel agent group community structure
and function. These metabolites indicated their advan-
tages as raw materials for subsequent organic fertilizer
production.

4 | CONCLUSIONS

In this study, the salt-tolerant thermophilic bacterial agent
showed higher biodegradation efficiency and enzyme
activities for dealing with high salt and oily FW. During

the FW biodegradation process, the microbial community
structure was found to be significantly different between
the agent and control groups, and Bacillus sp. inoculated
was the dominant genus in the agent group. In particular,
we also conducted comparative studies on the degradation
metabolites postdegradation in different treatment groups.
Taken together, this research provides a novel microbial
agent and process strategy that is conducive to achieving
more efficient high salt and oily FW biodegradation and
resource utilization in the future.
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