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Abstract

The efficient compounding of microbial agents for use in aerobic composting processes is a
pressing problem that needs to be addressed. This work focused on the lack of effective
oil-degrading microorganisms and the challenges in formulating microbial consortia during
the composting of food waste (FW). Following the isolation of three bacteria and three
fungi with high oil-degrading ability, a simplex-lattice mixture design methodology was
used to conduct compounding within and between groups of bacteria and fungi. Three
special cubic response models were successfully developed and validated by performing
an analysis of variance. From our analysis, it was demonstrated that the three models
had high R? values of 96.06%, 97.18%, and 96.27%. The global solution of the mixture
optimization predicted the optimal value for a blend comprising 11.83% Agrobacterium
tumefaciens, 8.10% Pseudomonas geniculata, 10.97% Luteibacter rhizovicinus, 20.9% Simplicillium
cylindrosporum, 22.3% Fusarium proliferatum, and 25.9% Simplicillium lanosoniveum. Thus,
these proportions were considered the optimal combination of strains for oil degradation
during FW composting. Composting verification in a 60 L fermenter revealed that the
composite microbial agent group had a 31.3% higher oil degradation efficiency than the
control group. This work provides valuable insights for the compounding of microbial
agents and the resource utilization of rural FW.

Keywords: compound microbial agents; simplex-lattice mixture design; high oil-degrading;
composting; rural food waste

1. Introduction

Food waste (FW), including food residues and kitchen waste, is considered a signifi-
cant component of municipal and rural solid waste [1]. Since the full-scale implementation
of waste classification policies in China, the total amount of untreated food waste has
notably risen [2]. It is projected that throughout the 14th Five-Year Plan period (2021-2025),
the daily production of FW in China will amount to approximately 2 x 10° tons [3]. Rural
areas in China generate nearly 294 million tons of domestic waste annually, among which
FW accounts for over 50% [4]. The high costs of centralized collection and treatment, in
combination with the transportation of FW in remote rural areas, lead to serious resource
waste. Therefore, the classification and collection of FW for local utilization has become
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more important than ever. Although various approaches exist for the valorization of FW,
composting remains the most cost-effective method, yielding stable and carbon-rich materi-
als that enhance soil quality [5]. Studies indicate that FW is characterized by significant
organic and lipid content, which varies between 17% and 42%, along with high salt concen-
trations and considerable moisture levels [6,7]. Excessive oil tends to form an oil film on the
pile, which inhibits oxygen from entering the FW surface. This decreases the maturation
and transformation efficiency of aerobic composting, which negatively impacts the compost
quality [8].

Exogenous microbial inoculants can regulate the microbial community, enhancing
the aerobic fermentation efficiency of FW and improving the compost quality [9]. Accord-
ing to literature reports, the addition of oil-degrading microorganisms can enhance oil
degradation efficiency and promote compost humification by optimizing the microbial
diversity [10]. For example, Zhang et al. [11] reported on a salt-tolerant and oil-degrading
Bacillus safensis YM1 strain, demonstrating that the application of 0.5% YM1 inoculum
in compost could significantly reduce the oil content and chloride ion concentration by
19.7% and 8.1%, respectively. Additionally, Wang et al. [12] found that the introduction
of Bacillus subtilis and Bacillus glycinifermentans into FW composting could significantly
boost microbial populations within the first three days, resulting in a 39.96% reduction in
oil content after five days. Studies have also found that, due to the complexity of the oil
degradation process, it may be difficult for a single bacterial agent to achieve full-chain
degradation of oil, and the application of mixed microbial agents may be more effective [13].
Jing et al. [14] and Li et al. [15] conducted orthogonal experiments for the compounding of
microbial agents. However, this method could only be carried out at a limited level and
obtaining the actual optimal ratio proved challenging.

Mixture design methods are valuable statistical tools used to obtain the maximum
desired effect using the minimum number of experiments [16]. Among these methods,
the one-factor-at-a-time (OFAT) approach is commonly used for optimizing microbial
inoculant formulations and ratio selection; however, it suffers from limitations such as low
efficiency and suboptimal accuracy [17]. Simplex-lattice mixture design is another mixture
design method. As a statistical tool, it can model the impact of various process factors on a
system response, both individually and through their cumulative interactions, providing an
indication of the optimal operating region [18,19]. One key benefit is its efficiency, enabling
the calculation of multiple parameters with a reduced number of experiments while still
delivering precise quantitative outcomes [20]. However, it is rarely used in the field of
microbial agent compounding at present.

Based on these approaches, this study systematically investigated efficient oil-
degrading microbial agents for composting FW in rural areas. Based on the previous
screening of six oil-degrading strains in our laboratory, a combination experiment of micro-
bial agents was performed. A self-designed small-scale fermentation system was used to
simulate the composting process. The experimental plan was formulated using the simplex-
lattice mixture design methodology. First, the optimal ratios of three bacterial strains and
three fungal strains were explored. On this basis, compounding between the bacterial and
fungal groups was performed. The aim was to (1) improve the compounding efficiency
of microbial agents, (2) develop a method for compound microbial agent formulation,
(3) determine the optimal ratio of compounded microbial agents, and (4) provide new meth-
ods and ideas for the efficient development of microbially enhanced composting technology.
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2. Materials and Methods
2.1. Raw Materials and Equipment

Due to the large scale of natural composting piles, research on microbial agent formu-
lation requires substantial amounts of inocula, leading to high costs and low formulation
efficiency. Therefore, following the experimental approach of Wu et al. [21], a self-designed
small-scale fermentation simulation system for composting and microbial formulation tests
was employed (Figure 1). The system included an automatic programmable temperature-
controlled chamber, an air and water supply system, and a mini-fermenter. Typically,
temperature is regarded as a crucial parameter that is closely linked to composting effi-
ciency and microbial activity [22]. The temperature-controlled chamber could be set to
multiple temperature stages based on actual composting conditions and maintained each
temperature for a specific duration, simulating natural temperature variations during com-
posting. Detailed temperature settings are presented in the Supplemental Materials. Two
rounds of composting simulation experiments were conducted. The first was intra-group

formulation, that is, separate ratio optimization among the three bacteria or the three fungi.
The second was inter-group formulation, that is, ratio optimization between bacteria and
fungi based on the best intra-group combinations.

Figure 1. Diagram of the small-scale fermentation simulation device: (A) Main view of the physical
object; (B) internal structure of the physical object; and (C) schematic diagram of the small-scale
fermentation tank, showing (a) tank body, (b) upper cover, (c) sealing ring clamp, (d) support plate,
and (e) fixed gasket.

The air and water supply system consisted of an air compressor, rotameter, bubbler-
type humidifier, and time relay. The air compressor was controlled by the time relay,
enabling intermittent supply of oxygen and moisture into the fermenter. The mini-fermenter
comprised a tank, supporting plate, sampling port, air inlet, and leachate outlet (as shown
in Figure 1C). The mixed feedstock was placed on the supporting plate, with air supplied
upward from the bottom and leachate draining from the top to the bottom. The inner
diameter of the fermenter was 86 mm, the packing zone height was 125 mm, and the
maximum packing volume was 725 mL.

The FW was taken from the canteen of the Planning and Design Institute of the
Ministry of Agriculture and Rural Affairs. Corn stalks were purchased and cut into lengths
of 1-2 cm. The specific parameters of the materials used in the two processes are presented
in Table 1. The material filling volume of each fermentation tank was approximately 600 mL.
During the fermentation process, the ventilation rate was maintained at 0.2 L/(min-kg) dry
mass, and the ventilation system was ventilated on a schedule of 30 min on and 30 min off.
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Table 1. Initial material parameters of the two simulated composting experiments.
Microbial Agent Electrical . .
Compounding Material pH Conductivity Cl(\)/f::leslﬂlfs/ ) Tota(lo/C)aarbon Total lo\htgogen C/N?
Experiment (mS/cm) ° °
. . Food waste 6.14 + 0.04 2.64 £ 0.02 70.55 £ 0.38 46.30 £ 0.23 2.00 £ 0.06 23.17 £ 0.63
First experiment
Cornstalk 7.15 £ 0.03 3.30 + 0.04 6.90 +0.14 38.94 £ 0.10 0.97 + 0.03 39.11 £1.12
. Food waste 6.71 £ 0.05 3.10 £ 0.01 72.57 £ 0.01 4531 £ 0.04 1.86 & 0.08 2436 £1.10
Second experiment
Cornstalk 7.33 +0.02 3.21 £0.00 6.44 + 0.01 39.56 £ 0.51 1.02 £ 0.04 38.78 £0.97

@ Based on dry weight.

2.2. Strain and Mixture Design

To avoid antagonism between strains, all microbial species were isolated from the same
initial microbial source. A total of six oil-degrading strains were obtained, including three
bacteria, Agrobacterium tumefaciens (B1), Pseudomonas geniculata (B2), and Luteibacter rhi-
zovicinus (B3), and three fungi, Simplicillium cylindrosporum (F1), Fusarium proliferatum (F2),
and Simplicillium lanosoniveum (E3). The isolation and identification process, as well as the
oil-degradation capabilities of these strains are detailed in previous studies. The mixed
design of the experiment was determined using Design-Expert 13 software, which involved
calculating a three-dimensional (3D) response surface and performing an analysis of vari-
ance. The specific designs of the two experiments are shown in Figure 2. A CK group
without microbial inoculation was included in each experiment. Based on the substrate
volume, the inoculation level for both experiments was approximately 1% (w/w), equiva-
lent to a total inoculum volume of 6 mL. The viable cell count in each microbial suspension
was determined using the gradient dilution method. The suspensions were serially diluted
with physiological saline, and a fixed volume of each dilution was evenly spread onto agar
plates. Each dilution was performed in triplicate and incubated in a constant-temperature
incubator at 30 °C. After a specific period, the number of individual colonies on each plate
was recorded. The viable cell concentration was then calculated based on the average
colony count and the corresponding dilution factor and recorded as CFU/mL. To improve
the homogeneity of fungal suspension, mycelial clumps were dispersed by vortexing with
glass beads prior to viability determination. The composition of the culture medium was
as follows: beef extract (5.0 g), peptone (10.0 g) and NaCl (5.0 g). The cell concentration of
all six strains was adjusted to 1.0 x 10'® CFU/mL according to the viable cell count. The
addition levels of each component ranged from 0 to 6 mL.

Mixing ratio
The firstexperiment  The second experiment
Run  Bacteria/mL Fungi/mL Bacteria-Fungi/mL

Bl B2 B3 Fl1 F2 F3 Bacteria Fungi

1 6 0 0 6 0 0 4.5 1.5
A 2 0 6 0 0 6 0 0 6
3 0 0 6 0 0 6 1.5 4.5
4 3 3 0 3 3 0 3 3
5 3 0 3 3 0 3 3 3
6 0 3 3 0 3 3 6 0
ﬁ 7 4 1 1 4 1 1 6 0
8 1 4 1 1 4 1 0 6
A 9 1 1 4 1 1 4
o 2 2 2 2 2 2
@ 1m 6 0 0 6 0 0
12 0 6 0 0 6 O
The first experimental design 130 0 6 0 0 6
14 3 3 0 3 3 0

Figure 2. Experimental design: three-and two-component systems with schematic diagram (The
numbers in the schematic diagram have the same meaning as the Run column (entries 1 to 10) in the
three-component experimental of the table).
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2.3. Sample Collection

Oil degradation mostly occurs during the thermophilic and cooling phases of com-
posting, and changes in oil composition are no longer pronounced in the maturity phase
of composting [23]. By day 27, the composting process had progressed to the maturity
phase, with oil degradation showing minimal further changes. Therefore, to shorten the
experimental duration, the oil degradation efficiency was assessed based on samples col-
lected on day 27. Well-mixed compost samples (50 g) were taken on days 0, 3,7, 20, and
27 during the composting process. Three replicates were measured for each group. The
physicochemical analysis samples were stored at 4 °C and analyzed using the methods
described in the Supplementary Materials, as reported by Liu et al. [6].

2.4. Composting Validation Test

The wet weight ratio of FW to cornstalk was 4:1, with a moisture content of approxi-
mately 55~65%, a carbon-to-nitrogen ratio (C/N) of 20-30, and a pH of 4~7. The experiment
was conducted in a 60 L self-developed fermenter (400 mm diameter and 450 mm height).
For the convenience of pile-turning, the material filling rate was approximately 80%, re-
sulting in an actual material volume of approximately 48 L. The group without added
microbial agents was the blank control (CK). The other three groups were treated based on
the simplex-lattice mixture design fitting results, and bacterial, fungal, and bacterial-fungal
mixed microbial solutions were prepared as inoculants. The microbial solution activity was
2 x 10'2 CFU/mL, and the inoculation volume for each group was 5% (w/w). During the
fermentation process, the ventilation rate was maintained at 0.2 L/(min-kg) dry mass, and
the ventilation system was controlled by a time relay, which ventilated on a schedule of
30 min on and 30 min off. Homogeneous composting samples (200 g) were collected from
the top, middle, and bottom of the fermentation tank at 0, 3, 7, 14, 21, 28, 35, and 42 days of
composting to determine the efficiency of oil degradation.

2.5. Analytical Methods

To verify the feasibility of the temperature control system in the fermentation sim-
ulation setup, the temperature inside the small fermenter was measured daily using a
thermometer. To assess the system’s effectiveness in simulating real-world composting
conditions, key physicochemical parameters of the composting material, including pH,
moisture content, carbon-to-nitrogen ratio, electrical conductivity (EC), and germination
index (GI), were monitored throughout the process. The temperature was measured using
a thermometer (TP101, Hengshui, China). The fermented wet sample was mixed with
deionized water at a 1/10 (m/v) ratio. The sample mixture was shaken at 160 rpm at 25 °C
for 1 h and then centrifuged at 4500 rpm for 10 min. After filtering, the supernatant was
collected to determine pH and seed germination index (GI). The pH was measured using a
portable pH meter (PHBJ-260, Leici, Shanghai, China). The fresh samples (m1) were dried
in an electric thermostatic oven (DHG-9030 A, Hengtaifengke, Beijng, China) at 105 °C,
cooled in a dryer, and weighed (m2). The moisture content of the materials was recorded
as [(m1 — m2)/m1]. Total carbon and total nitrogen contents were measured using an
elemental analyzer (Flash 2000, Thermo Fisher Scientific, Waltham, MA, USA). Detailed
results are provided in the Supplementary Material.

Since the purpose of this experiment was to obtain microbial agents with a better oil
degradation effect, the oil degradation efficiency was taken as the output response value of
the mixture design to fit the compounding results of the microbial agents. The oil content
was determined by Soxhlet extraction (GB/T 5009.6-2016, Chinese Standard) [24]. The total
nitrogen (TN) concentration of FW compost was quantified using Kjeldahl’s method (NY/T
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525-2021) [25], and the total phosphorus (TP) and total potassium (TK) concentrations were
quantified using inductively coupled plasma spectroscopy (NY/T525-2021).

The first stage of the statistical analysis involved ANOVA, and the results obtained
were analyzed using linear, quadratic, and special cubic models. The p-value and the
coefficient of determination adjusted R? (Adj. R?) were used as the acceptance criteria for
the model.

2.6. Data Analysis

The mixture design data were calculated using Design-Expert 13.0.1.0 software, and
the accuracy of the model was verified through 3D response surface and variance analysis.
All data were analyzed and plotted using WPS Office, Origin 8.5.

3. Results
3.1. Oil Degradation Efficiency in Three Groups of Experiments

After 27 days of composting, the oil degradation efficiency of each experimental
group was determined (Table 2). The higher oil degradation in groups inoculated with
higher-efficiency oil-degrading strains compared to the CK groups (5.61% and 4.85%)
indicated that inoculation with oil-degrading strains improved oil degradation during
composting. Overall, the oil degradation efficiency of the fungal group was better than that
of the bacterial group, indicating that several fungal strains were more effective during
the composting process. Among the three groups, the bacterial-fungal complex group
was the worst. This may have been due to differences in the basic physical and chemical
properties of the materials in the two experiments. The oil content of the initial materials in
the first composting was 11.93%, and that in the second composting was 27.87%. However,
the average oil degradation amounts in the bacterial, fungal and bacterial-fungal groups
were 2.27%, 3.14% and 3.67%, respectively, with the bacterial-fungal group exhibiting the
highest oil degradation amount.

Table 2. Oil removal efficiency of the two experiments.

R Bacterial Group Fungal Group Bacterial-Fungal Group

. Oil Removal Efficiency/%

1 17.47 18.89 10.98
2 10.38 18.10 12.06
3 20.26 28.14 18.99
4 15.92 23.00 17.84
5 22.68 26.80 19.25
6 12.46 29.00 8.80
7 24.99 31.32 6.84
8 18.61 31.91 10.62
9 25.31 36.34

10 32.17 45.05

11 19.52 16.37

12 5.67 20.00

13 23.18 23.25

14 17.70 20.53
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Additionally, the trends in basic physicochemical parameters of the fermentation
materials in each tank, such as temperature, pH, moisture content, C/N ratio, and GI
confirmed that the small-scale simulation fermenter could ensure the smooth progression
of the fermentation process (see Supplementary Materials). Therefore, this simulation
system was suitable as a fermentation device for testing microbial agent formulations.

3.2. Analysis of Variance and Model Calibration

A higher Adj. R? value, approaching 1, indicates a better model fit [26]. The summary
of the fitting of different models indicated that special cubic models were applicable to
bacterial, fungal, and bacterial-fungal groups (Table 3). The p-values of the bacterial, fungal
and bacterial-fungal special cubic models were all < 0.05, indicating that these models
were statistically valid for predicting the response variables. Additional details can be
found in Supplementary Materials. The model F-values for the bacterial, fungal, and
bacterial-fungal groups were 28.45, 40.25, and 34.39, respectively, demonstrating that all
three models were highly significant at the 95% confidence level or above. Additionally,
there was only a 0.01%, <0.01%, and 0.26% chance that the large F-values for the bacterial,
fungal, and bacterial-fungal groups, respectively, could occur due to noise. The R? values
for the bacterial, fungal, and bacterial-fungal models were 96.06%, 97.18%, and 96.27%,
respectively, indicating that all three models fit the experimental data well. However, it is
important to note that adding more variables to a model can artificially inflate the R? value,
even if the additional variables are not statistically significant. To prevent overestimation,
the Adj. R? was used as a more reliable statistical measure. The Adj. R? and predicted
R? (Pred. R?) values were 92.68% and 82.58% for the bacterial model, 94.77% and 87.56%
for the fungal model, and 93.47% and 82.03% for the bacterial-fungal model, respectively,
indicating that all fitted models exhibited a high level of statistical significance.

Table 3. Fitting summary of model types.

Source 3?‘%11$1rétial ;fl\c,l;lﬁg Fit Adjusted R?  Predicted R> Estimate
Linear 0.0329 0.0256 0.3648 0.2130

Bacteria Quadratic 0.1394 0.0366 0.5438 —0.5138
Special Cubic  0.0003 0.8278 0.9268 0.8258 Suggested
Linear 0.3940 0.0061 0.0023 —0.2922

Fungi Quadratic 0.0289 0.0195 0.5300 -0.6110
Special Cubic  <0.0001 0.8703 0.9477 0.8756 Suggested
Linear 0.3181 0.0082 0.0258 —0.4730

Bacteria—Fungi Quadratic 0.0044 0.0690 0.7999 0.6930
Special Cubic  0.0282 0.2884 0.9347 0.8203 Suggested

Adequate precision (Adeq. precision) is a metric that evaluates the signal-to-noise ratio
by comparing the range of predicted values at the design points to the average prediction
error. A ratio greater than 4 is desirable, and the ratio of all three models indicates an
adequate signal. These models can be used to navigate the design space.
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3.3. Model Adequacy Test

The practical applicability of the mixed-strain model (Table 4) in composting systems
was assessed by both graphical and numerical approaches [27]. Graphical methods were
used to examine the residuals of the model, which represent the differences between the
observed and predicted values, while numerical approaches focused on determining the
R? and Adj. R? values. In most cases, it is essential to validate the fitted model to ensure
that it accurately reflects the real-world scenario. To assess the normality of residuals, a
normal probability plot was used, as shown in Figure 3a,c,e, under the assumption that
the residuals followed a typical distribution. As the data points were closely aligned with
the straight reference line, no response transformation was necessary, and there were no
apparent violations of the normality assumption in the regression model equations.

Table 4. Polynomial equations for the compounding experiments for the three groups of microbial agents.

Comg:olilr;)ding Polynomial Models R?2 Adj. R? Pred. R?
Bacteria 1830 X P T X B ATO K Cr 582 0.9606 0.9268 0.8258
17.6 x A +18.93 x B+25.66 x C +13.38
Fungi x AB +20.11 x AC + 25.56 X BC + 0.9718 0.9477 0.8756
44844 x ABC

Bacteria—Fungi

772 x A+11.24 x B+33.79 x AB —

33.33 x AB (A — B) 0.9627 0.9347 0.8203

Figure 3b—f shows that the data points in the plots were closely aligned with a straight
line, indicating a strong correlation. The R? values between the predicted and the actual
response values were 96.06%, 97.18%, and 96.27% for the bacterial, fungal, and bacterial-
fungal models, demonstrating that the regression models could effectively capture the
trends in the experimental data. Additionally, the developed models illustrated that the
difference between Adj. R? and Pred. R? was less than 20%, indicating that the developed
models were suitable for predicting oil removal efficiency in the different mixed-strain
inoculum compost.

3.4. Effects of Different Strains in the Bacterial, Fungal, and Bacterial-Fungal Groups

The influence of the impact factor on the fitting model was evaluated using a method
that combines numerical and graphical approaches. According to the model fitting results,
a negative partial regression coefficient in the non-linear term indicates an antagonistic
interaction among components in a binary or ternary mixture, whereas a positive coefficient
suggests a synergistic effect between the components [28].

Figure 4 and Table 4 show that for the bacterial model, the presence of the three bacteria
positively affected oil degradation. However, there was an antagonistic effect between
bacteria B and C. Compared with B, A and C had more beneficial effects on improving
the oil removal efficiency. All fungi had a positive effect on oil degradation, and the effect
among the three fungi was synergistic. This indicated that the fungi had a better overall
oil-degrading efficiency compared to the bacteria. As shown in Figure 4c, the peak was
closer to the direction of the fungi, indicating that the fungal group had better oil-degrading
performance than the bacterial group. This was also reflected in the negative coefficient of
the last term of the polynomial. Compared with A and B, C had a better promoting effect
on improving the oil-degrading efficiency. Bacteria and fungi also had a synergistic effect.
This result indicated that the combination of the six strains for the preparing the microbial
agent was reasonable.
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Figure 3. Diagrams showing the relationship between predicted and experimental values for the
(a) bacterial group, (c) fungal group, and (e) bacterial-fungal group. Normal probability plots of
the residual errors for the (b) bacterial group (d), fungal group, and (f) bacterial-fungal group (the
square represented experimental values).
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Figure 4. Oil removal efficiency contours under varying proportions of the (a) bacterial group,
(b) fungal group, and (c) bacterial-fungal group (the squares represented the boundary value).



Microorganisms 2025, 13, 2066

11 of 16

3.5. Optimization of Mixture Proportions

In this study, the expected value of 1 was used to define the best mixture proportions.
The optimization was extra-interactive and considered the interactions among the different
independent factors and the response. The developed optimization objective was the oil
removal efficiency. Equal weight values were allocated to all the optimized items.

As shown in Figure 5, the global solution for the mixture optimization in the bacte-
rial group predicted a maximum oil removal efficiency of 31.47% for a blend of 2.30 mL
A. tumefaciens, 1.57 mL P. geniculata, and 2.13 mL L. rhizovicinus, with a composite desir-
ability of 0.751. In the fungal group, the mixture optimization predicted a maximum oil
removal efficiency of 44.13% for a blend of 1.82 mL S. cylindrosporum, 1.93 mL F. prolif-
eratum, and 2.25 mL S. lanosoniveum, with a composite desirability of 0.826. The second
experiment was performed by preparing mixed solutions of bacteria and fungi based on
the optimized results of the bacterial and fungal groups. In the bacterial-fungal group, the
mixture optimization predicted a maximum oil removal efficiency of 20.08% for a blend of
1.85 mL bacterial mixture solution and 4.15 mL fungal mixture solution, with a composite
desirability of 0.572. This was identified as the best combination of strains. After perform-
ing the calculations, the mixture optimization of the six strains predicted the optimal value
for a blend comprising 11.83% A. tumefaciens, 8.10% P. geniculata, 10.97% L. rhizovicinus,
20.9% S. cylindrosporum, 22.3% F. proliferatum, and 25.9% S. lanosoniveum.
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Notably, due to differences in the initial material conditions, the optimal value fitted
by the model was lower than those of the bacterial and fungal groups. However, this did
not affect the fact that the oil-degrading ability of the mixed bacterial-fungal group was
superior to that of the individual bacterial and fungal groups. Furthermore, for this model,
the magnitude of the desirability value depended on the target value of the oil removal
efficiency set; therefore, it can only be used as a reference.

4. Discussion
4.1. Experimental Result Accuracy

The oil degradation performance of the six strains was reported in our previous study.
In shake-flask experiments, all strains achieved oil removal efficiencies above 87% after
6 days of cultivation. The oil degradation efficiency of fungi was slightly higher than that
of bacteria, which was consistent with the results from the small-scale fermentation trials in
this study. This consistency further validated the feasibility of using bench-scale fermenters
for the formulation of microbial consortia.

A higher oil content increases the difficulty of degradation [6]. The higher oil removal
achieved in the second experiment indicated that the combination of bacteria and fungi
could enhance the oil degradation ability of the microorganisms, which was consistent with
the conclusion of some scholars that a combination of microbes has a better effect [29]. The
coefficient of variation (C.V.%) was also used to assess the ratio of the estimated standard
deviation to the mean of the observed response, serving as an indicator of the model’s
reproducibility and repeatability [30]. The calculated C.V.% values were 9.58%, 3.48%, and
9.40% for the bacterial, fungal, and bacterial-fungal models, respectively. Thus, all models
exhibited acceptable reproducibility, as these values were below 10% (Supplementary
Materials). These results further confirmed the effectiveness of combining multiple oil-
degrading strains in the formulation.

The composting verification test showed that, under the same initial conditions, with
an oil content of 20%, the oil removal efficiencies of the CK group, bacterial group, fungal
group, and bacterial-fungal group were 44.35, 56.8%, 66.5%, and 75.6%, respectively.
Thus, the performance of the bacterial-fungal group was superior, with an increase in
oil degradation efficiency of 31.3%. Thus, it could be argued that it is feasible to design
experiments using the simplex-lattice mixture design methodology and perform strain
compounding experiments in small-scale simulated fermenters. This method was suitable
for the compounding of microbial agents.

4.2. Assessment of Experimental Design Completeness

For the past 50 years, microorganisms have proven to be effective in environmental
protection, agricultural biotechnology, and the improved treatment of agricultural and
municipal waste [31]. Current research includes commercially available microbial agents
that are self-screened and purchased, while products developed from self-cultivated mi-
crobial agents are relatively limited [10,23]. Composting is performed on large piles of
organic waste, so studying the formulation of microbial agents at the pile level not only
demands a substantial amount of agents but also involves multiple experimental setups for
single-factor and orthogonal experiments [13]. This consumes considerable human and
material resources, with results that are often limited to specific experimental levels [17].
To address this issue, the size of the compost pile needs to be optimized, and faster, more
accurate experimental design methods must be designed. Some studies have utilized
incubators and modified culture bottles to construct composting systems for investigating
the humification process, with the results demonstrating the feasibility of this approach,
thereby simplifying experimental procedures [21]. The small-scale simulated fermentation
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device used in this study was specifically designed for composting experiments. The results
showed that this device could effectively simulate the reaction conditions of a compost pile,
promoting normal composting processes in small piles and creating favorable conditions
for the formulation of microbial agent mixtures.

The simplex-lattice mixture design technique allows the analysis of interactions among
multiple variables across varying ranges through three-dimensional visualization. It has
been widely applied, including in optimizing the proportions of food manufacturers [32],
extractants [33], proppants [34], and enzymatic preparations [35], as well as in the field
of analytical chemistry [36]. The results of this study demonstrate that the simplex-lattice
mixture design method can be effectively applied to the formulation of microbial agents.
Additionally, a more accurate formulation ratio of microbial agents was achieved in this
work, in contrast to the previously reported composting inoculants that were typically
optimized and applied at fixed proportions, such as 1:1 or 1:1:1 [17,37]. These results
break through the limitations of microbial agent configurations at specific levels, holding
significant implications for the future mass production and application of microbial agents
across various fields. Additionally, this method is not only suitable for exploring the optimal
ratios of binary or ternary components but can also be extended to the formulation of four-
component or even more complex mixtures, yielding highly accurate results. However, it
should be noted that while scientific research results were precise, achieving such precision
(e.g., to two decimal places) in the formulation of microbial inoculants was difficult in
practice. Therefore, the approach and methodology provided in this study were feasible
for calculating inoculant ratios, but in practical applications, preparing formulations near
the calculated ratio will achieve similar effects, as the response surface in Figure 5 showed
a peak over a certain range.

4.3. Application Prospects of Food Waste Composting

FW is considered a valuable source for agricultural applications, providing organic
matter and nutrients to arable soils [38]. The analysis of compost characteristics from FW in
this study indicated that after 42 days of composting, the groups inoculated with microor-
ganisms had an organic matter content exceeding 80%, a C/N ratio above 12, and total N,
P, and K contents of 30.23 £ 0.85 mg/g, 7.26 + 0.07 mg/g, and 7.11 &+ 0.41 mg/g, respec-
tively. The electrical conductivity (EC) was less than 4, and the pH was approximately 7.5.
Compared to literature values, this compost had higher organic matter, total N, and total P
contents [39]. Zhang et al. [38] applied FW compost as a fertilizer in tobacco cultivation,
demonstrating that it exerted beneficial effects by regulating soil bacterial communities,
primarily through modifications in soil chemistry, which in turn indirectly enhanced soil
enzyme activity and increased tobacco yield. Biochemical pathway analysis of microbial
oil utilization during composting indicates that oils degraded by microorganisms became a
source of energy or supplied precursors for humus. Additionally, microorganisms can syn-
ergistically degrade both oils and lignocellulose, generating more precursors and promoting
the formation of humus and humic acid [6]. Through these mechanisms, oil-degrading
strains not only enhance oil degradation but also promote the humification of food waste,
which has positive implications for improving compost quality and, consequently, soil
properties. Therefore, given China’s substantial generation of FW and extensive arable
land, the application of FW compost has significant potential and economic value [40].
However, further research is needed to explore the effects of compost derived from exoge-
nous microbial-treated FW on crops and soil, addressing issues and solutions related to its
application. While the microbial degradation process of oils has been well-documented,
understanding how the microbial consortia obtained in this study synergistically degrade
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oils and which specific stages are critical remains to be elucidated. Additionally, the risks
associated with practical applications must be further assessed.

In summary, this study provides a comprehensive design methodology and conceptual
framework for the development and utilization of composting microbial agents. It provides
a valuable reference for addressing challenges in microbial agent formulation and holds
significance for advancing formulation technologies. Furthermore, the developed microbial
agent products can help address the issue of high oil content in rural FW.

5. Conclusions

Based on the oil removal efficiency of FW compost, a mixture design was used to opti-
mize the compounding of microbial agents, including bacteria, fungi, and bacteria—fungi.
After 14 sets for 2 and 8 sets for 1 experimental comparisons and model estimations,
the optimal proportions were determined to be A. tumefaciens:P. geniculata:L. rhizovicinus:
S. cylindrosporum:F. proliferatum:S. lanosoniveum = 11.83:8.10:10.97:20.9:22.3:25.9. A vali-
dation test in a 60 L composting fermenter demonstrated a 31.3% improvement in oil
degradation efficiency for the group treated with the composite microbial agent compared
to the untreated control group, confirming it as the optimal strain combination for oil
degradation during FW composting. The approach in this study enhanced the efficiency of
microbial agent compounding and provides a new avenue for optimizing the compounding
of microbial agents. Additionally, this study helps solve the problem of high oil content
in FW composting in rural areas of China. Furthermore, as part of the body of research
exploring the potential of FW compost as a soil amendment, the microbial consortium
developed in this study demonstrates significant economic value in oil degradation and
soil fertility restoration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms13092066/s1. Table S1: Programmed temperature
rise settings. Figure S1: Effects of mixture bacteria on GI (a), pH (b), moisture content (c), C/N (d)
during composting of food waste with cornstalk in the small-scale simulation fermenter. Figure S2:
Effects of mixture fungi on GI (a), pH (b), moisture content (c), C/N (d) during composting of food
waste with cornstalk in the small-scale simulation fermenter. Figure S3: Effects of mixture bacteria
and fungi on GI (a), pH (b), moisture content (c), C/N (d) during composting of food waste with
cornstalk in the small-scale simulation fermenter. Figure S4: The temperature changes during the
two simulation experiments of the small-scale simulation fermenter (a) the first experiment, and
(b) the second experiment. Table S2: Analysis of variance (ANOVA) for the bacterial, fungal and
bacterial-fungal group.
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