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Abstract: Maize gluten feed is rich in micronutrients and serves as a good source of protein and
dietary fiber, but also contains anti-nutritional factors. In this study, fermentation conditions for the
degradation of phytic acid and water-unextractable arabinoxylans in maize gluten feed using Bacillus
subtilis were optimized. Key variables influencing the fermentation process were identified from
seven potential parameters using the Plackett–Burman design. Three statistically significant factors,
i.e., fermentation time, inoculum dose, and material-to-liquid ratio were further optimized through a
central composite design and the efficiency of fermentation conditions was predicted. The accuracy
of the predicted model was validated by subsequent experimentation. The optimum fermentation
conditions were determined to be a fermentation time of 84.5 h, inoculum dose of 17.1%, and material-
to-liquid ratio of 1:3.4. Under these conditions, 48% of phytic acid and 32% water-unextractable
arabinoxylans were degraded. Following fermentation, the activities of protease, xylanase, phytase,
and cellulase in maize gluten feed were significantly increased (p < 0.001), contributing to the
breakdown of phytic acid and water-unextractable arabinoxylans, which improved the protein
dispersibility index, in vitro protein digestibility, and mineral bioavailability. These findings suggest
that fermenting maize gluten feed with Bacillus subtilis is a practical and effective approach to reducing
anti-nutrients and enhancing its nutritional quality.

Keywords: maize gluten feed; phytic acid; water-unextractable arabinoxylans; Bacillus subtilis;
fermentation; in vitro protein digestibility; minerals

1. Introduction

Maize (Zea mays), a monocotyledon of the Gramineae family, is one of the major cereal
grains cultivated all over the world. Maize gluten feed (MGF), a by-product of the wet-
milling process used for starch (or ethanol) production, is primarily composed of germ meal,
bran, and dried steep liquor [1]. MGF contains 20–28% protein, and protein from maize
germ offers a favorable balance of the essential amino acids and high biological value [2,3].
In addition to its protein content, MGF is rich in dietary fiber, which has entered the
limelight as a potential high dietary fiber food ingredient. It also contains significant levels
of carotenoids, polyphenols, and other bioactive compounds [4,5]. However, the utilization
of MGF in food products is limited due to the existence of anti-nutrients, mycotoxins, and
its adverse effects on textures and flavors. Our present study is primarily focusing on
addressing the anti-nutritional substances in MGF.

Phytic acid (PA) and arabinoxylans are two of the primary anti-nutritional substances
in MGF. Normally, PA predominantly exists in cereal grains in form of phytate, where it
forms covalent bonds with mineral cations, such as calcium, iron, and zinc. This binding
reduces the bioavailability of these essential minerals and decreases the digestibility of
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protein and starch in the digestive tract [6,7]. Approximately 80% of the PA in maize
is concentrated in the germ [8], which is transferred into MGF during germ processing.
Previous studies had shown that MGF contains 11.4 ± 0.2 mg/g of phosphorus, significantly
higher than the 2.6 ± 0.2 mg/g found in maize, with most of the phosphorus present as
phytate [8,9]. In addition to PA, MGF is also rich in non-starch polysaccharides, particularly
arabinoxylans [1]. Studies on wheat by-products have demonstrated that arabinoxylans can
reduce nutrient digestibility [10]. Arabinoxylans contain a linear backbone of β-(1–4)-linked
D-xylopyranosyl and with α-L-arabinofuranose as the side chains [11]. The majority of
arabinoxylans in MGF are water-unextractable arabinoxylans (WU-AXs), which are more
resistant to digestion [12]. The anti-nutritional effects of WU-AXs are attributed to their
binding within cell walls by covalent or non-covalent interactions with other nutrients,
making them inaccessible to the digestive system [13,14].

Anti-nutritional substances in cereals and their co-products can be decreased through
various processing techniques, including physical, chemical, and biological proccessing
techniques [15]. Among these, fermentation, one of the oldest and most efficient tech-
niques, is widely used in food production to improve nutritional quality by leveraging
microbial activity. Bacillus subtilis, Gram-positive aerobic bacteria, is categorized as Gen-
erally Recognized as Safe (GRAS) by the FDA [16]. It commonly used in diverse Asian
traditional fermentation food owing to its ability to produce considerable amounts of
dissimilar enzymes such as proteases, phytase, and cellulase [17]. Previously studies have
shown that exogenous xylanases can break down long WU-AX backbones into smaller
fragments, enhancing nutrient absorption and generating arabinoxylooligosaccharides
with prebiotic effects [13]. Studies have also reported that Bacillus species could reduce
the level of anti-nutritional factors and enhance the nutritional value of soybean prod-
ucts [18]. While there has been considerable research into the use of exogenous enzymes to
reduce anti-nutritional factors, fewer studies have explored the full potential of microbial
fermentation, particularly using Bacillus subtilis, for this purpose in MGF. Our study is
novel in that it focuses on optimizing the fermentation process to simultaneously target the
degradation of both PA and WU-AX in MGF, offering a more integrated and sustainable
approach compared to chemical or enzyme-only treatments.

Aiming at decreasing anti-nutrients, the fermentation of MGF with Bacillus subtilis
was carried out to establish optimal fermentation parameters for the degradation of PA
and WU-AX simultaneously. In this study, Plackett–Burman design (PBD) and central
composite design (CCD) were employed to optimize the fermentation conditions. Plackett–
Burman design efficiently screens and identifies key factors, while central composite
design, a response-surface methodology (RSM), is one of the most effective tools for process
optimization. The combination of Plackett–Burman design and central composite design
has been reported in many process optimizations [19]. This work proposes a relatively
simple processing technology to decrease anti-nutrients in maize processing co-products
with potential applications in the food manufacturing industry.

2. Materials and Methods
2.1. Sample Preparation

Maize gluten feed (MGF) was obtained from Cargill Biochemical Co., Ltd. (Songyuan,
China), containing 27.13% protein (N × 6.25), 11% moisture, 9% ash, and 2% fat. The plant
material was milled using a universal high-speed crusher (150 T, Yongkang Boou Hardware
Products Co., Ltd., Jinhua, China) and passed through sieves with mesh sizes of 18, 40, 80,
140, and 200. As a result, MGF samples with mean particle sizes of 585, 189, 123, 30, and
14 µm, respectively, were obtained.

Bacillus subtilis (CICC 24602) was obtained from the China Center of Industrial Culture
Collection (CICC, Beijing, China). Bacillus subtilis (CICC 24602), isolated from Baijiu Daqu,
has been shown to secrete various enzymes, including saccharifying enzyme, protease,
amylase, cellulase, and phytase. The freeze-dried powder was cultured on a medium
(peptone 5.0 g, beef extract 3.0 g, NaCl 5.0 g, agar 15.0 g, distilled water 1.0 L, pH 7.0) for
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activation and propagation, following the method provided by the CICC. A seed culture
was prepared by inoculating a single loop of Bacillus subtilis into 50 mL of sterile medium
(peptone 5.0 g, beef extract 3.0 g, and NaCl 5.0 g, distilled water 1.0 L, pH 7.0) in a 250 mL
flask and incubating at 37 ◦C for 8 h with shaking at 150 rpm (shaker incubator THZ-98c,
Shanghai Bluepard Experimental Instrument Co., Ltd., Shanghai, China). The resulting
seed culture, containing approximately 108 cfu/mL, was used for MGF fermentation.

2.2. Fermentation of Maize Gluten Feed

Weighed MGF samples were placed into 380 mL glass containers (7 × 7 × 8 cm3, with
a circular opening diameter of 6 cm), covered with breathable sealing film to allow air
exchange, and then autoclaved at 121 ◦C for 20 min (Panasonic MLS-3751L-PC, Kadoma,
Japan). After cooling to room temperature, the samples were inoculated with the seed
culture, supplemented with a specific volume of sterile water, and thoroughly mixed under
sterile conditions in an ultra-clean workbench. The containers were then incubated in a
biochemical incubator (LHS-HC-I, Shanghai Bluepard Experimental Instrument Co., Ltd.,
Shanghai, China). After a designated fermentation period, the fermented MGF was vacuum
freeze-dried, followed by milling and sieving through an 80-mesh screen.

2.3. Determination of Phytic Acid

The PA content was determined according to the method described by Buddrick
et al. [20]. Briefly, PA was extracted with 0.2 mol/L hydrochloric acid and precipitated
with a ferric chloride solution of known iron concentration. The decrease in iron in the
supernatant is taken as a measure of phytic acid content. Absorbance was recorded at
519 nm, and the method was calibrated using reference solutions prepared by diluting a
stock solution with 0.2 mol/L HCl, yielding PA concentrations ranging from 0.13 to 1.3
mg/mL.

2.4. Determination of Water-Unextractable Arabinoxylan

The determination of arabinoxylans was carried out following the methods described
by Douglas [21] and Rouau and Surget [22], with some modification. The concentration
of WU-AX was calculated by subtracting the water-extractable arabinoxylan (WE-AX)
content from the concentration of total AX. Briefly, WE-AX was extracted by dispersing
the sample in distilled water (10% w/v) and shaking at 4 ◦C (cold extraction). For total
AX extraction, the sample was treated with 1 mol/L sulfuric acid (10% w/v) and boiled
for 2.5 h. After cooling to room temperature, the sample was neutralized with 2 mol/L
sodium carbonate. The arabinoxylans content in both extracts was quantified using the
phloroglucinol colorimetric assay, following the method described by Hernán-dez-Espinosa
et al. [23], with some modification based on the original protocol proposed by Rouau and
Surget [22].

2.5. Optimization Experimental Design

Fermentation conditions were optimized using PA and WU-AX content as indicators.
The optimization process involved three steps: (1) a single-factor test to establish the
appropriate range for each factor, (2) the Plackett–Burman design to identify key factors
influencing the fermentation process, and (3) further optimization of key variables using a
central composite design.

2.5.1. Single-Factor Test

Seven factors were considered in the single-factor experiments, including fermentation
time, temperature, initial pH, inoculum dose, particle size, substrate filling rate, and
material-to-liquid ratio. In each test, one factor was varied while the other six factors were
kept constant at their baseline levels. The baseline conditions for the seven factors were
as follows: fermentation time of 72 h, temperature of 37 ◦C, initial pH of 6.5, inoculum
concentration of 10%, particle size of 123 µm, substrate filling rate of 3.43%, and a material-
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to-liquid ratio of 1:2. Six different fermentation durations were set at 24, 48, 72, 96, 120,
and 144 h. Six fermentation temperatures were tested at 25, 28, 31, 34, 37, and 40 ◦C. Seven
initial pH levels were adjusted to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0. Maize germ meal was
milled for different durations using a high-speed grinder and then passed through sieves
with mesh sizes of 18, 40, 80, 140, and 200, resulting in average particle sizes of 585, 189,
123, 30, and 14 µm, respectively. Six different substrate filling rates were set at 4, 7, 10,
13, 16, and 19 g, corresponding to 1.05%, 1.84%, 2.63%, 3.42%, 4.21%, and 5.00% of the
total volume of the fermentation vessel, respectively. Seven material-to-water ratios were
tested: 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:3.5, and 1:4. Additionally, six inoculation levels were used:
5%, 10%, 15%, 20%, 25%, and 30%. Each treatment in the single-factor experiments was
repeated three times, and the average value was reported as the experimental result.

2.5.2. Plackett–Burman Design

Plackett–Burman design was employed to assess the relative significance of the seven
factors on the content of PA (Y1) and WU-AX (Y2), thereby identifying the key independent
variables for further optimization. Based on the results of the single-factor tests (Supple-
mentary Table S1), the seven factors were evaluated at two levels: low (−1) and high (+1).
The design involved 12 experimental runs, each with a different combination of factor
levels, along with a 13th run under baseline conditions. All experiments were performed in
triplicate, and the mean PA and WU-AX contents in the fermented samples were recorded
as the dependent variables (responses). A first-order polynomial model was applied to
fit the Plackett–Burman design, assuming no interactions between variables, as shown in
Formula (1).

Y = β0 + ∑7
i=1 βiXi (1)

where Y represents the predicted response, β0 denotes the intercept, βi corresponds to the
linear regression coefficient, and Xi refers to the coded independent variable.

Factors with confidence levels exceeding 95% (p ≤ 0.05) were considered to have a
statistically significant effect on the degradation of PA and WU-AX and were selected for
further optimization.

2.5.3. Central Composite Design

In the central composite design, three factors—fermentation time (hour), inoculum
dose (%, v/w), and the material-to-liquid ratio—denoted as X1, X4, and X7 respectively,
were selected from the Plackett–Burman design for further factorial optimization. Each
variable was tested at five coded levels (−α, −1, 0, +1, +α, with α = 2), while the remaining
factors from the Plackett–Burman design were held at their optimal levels. A total of
19 experimental runs were designed, including 5 replicates at the central point, with all
runs performed in triplicate. The degradation of anti-nutritional substances was analyzed
using a second-order polynomial equation, and the data were fitted through a multiple
regression procedure. The mathematical relationship between the response variables Y1
(PA content) and Y2 (WU-AX content) and the significant independent variables X1, X4,
and X7 was expressed by the following quadratic polynomial equation (Formula (2)):

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj (2)

where Y is the response, the contents of PA (Y1) and the contents of WU-AX (Y2); β0 is
the constant coefficient, βi represents the linear coefficients, βii represents the quadratic
coefficients, βij represents the interaction coefficients, and Xi and Xj are the coded values of
the independent variables.

The fitted polynomial equation was expressed as a surface in order to visualize the
relationship between the response and experimental levels of each factor and to deduce
the optimum conditions. The analysis of the experimental design and calculation of pre-
dicted data were carried out using Design Expert software Version 8.0.6.1 (Stat-Ease, Inc.,
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Minneapolis, MN, USA) to estimate the response of the independent variables. Subse-
quently, three additional validation experiments were conducted to verify the validity of
the statistical experimental strategies.

2.6. Enzymatic Activity Analysis
2.6.1. Phytase Activity Assay

Phytase activity was determined based on the ammonium vanadate-molybdate
method [24]. Phytase catalyzes the hydrolysis of phytate, generating orthophosphate
and inositol derivatives. The released orthophosphate reacts with ammonium vanadate-
molybdate under acidic conditions to form a yellow phosphomolybdic acid complex, which
is quantified colorimetrically at 415 nm. One unit of phytase activity (U) was defined as the
amount of enzyme required to released 1 µmol inorganic phosphorus per minute from a
5 mmol/L sodium phytate substrate under the specified assay conditions.

2.6.2. Xylanase Activity Assay

Xylanase activity was quantified using the 3,5-dintrosalicylic acid (DNS) assay for
reducing sugars, following the method outlined by Dhaver et al. [25]. Xylanase catalyzes
the degradation of xylan into reducing oligosaccharides and monosaccharides, which
subsequently react with DNS under boiling conditions. The resulting colorimetric reaction
produces an absorption peak at 540 nm. One unit of xylanase activity (U) was defined as
the amount of enzyme required to release 1 µmol of reducing sugars per minute from a
5 mg/mL xylan solution under the specified assay conditions.

2.6.3. Cellulase Activity Assay

Cellulase activity was measured by quantifying the reducing sugars released during
hydrolysis, using the DNS method [26]. Cellulase hydrolyzes filter paper strips (1 × 6 cm),
producing reducing sugars such as cellobiose and glucose. These sugars react with DNS
under alkaline conditions, forming a reddish-brown compound. One unit of cellulase
activity (U) was defined as the amount of enzyme required to release 1 µmol of glucose per
minute from the filter paper under the specified assay conditions.

2.6.4. Protease Activity Assay

Protease activity was determined using the Folin–Ciocalteu’s phenol reagent method
following the method described by Wang et al. [27]. Briefly, an appropriately diluted
enzyme sample was added to a casein solution, and the reaction was terminated by the
addition of 10% trichloroacetic acid. After centrifugation, the absorbance of the supernatant
was measured at 680 nm to quantify the amount of tyrosine released. A standard curve
was generated using tyrosine (5–50 µg/mL). One unit of protease activity (U) was defined
as the amount of enzyme required to release 1 µg of tyrosine per minute from casein under
the specified assay conditions.

2.7. Protein Nutritional Analysis

The protein dispersibility index (PDI) was determined following the method described
by Zhang et al. [28]. In this procedure, 0.5 g of the sample was dissolved in 20 mL of
deionized water and stirred at 500 r/min for 1 h. The mixture was then centrifuged at
10,000× g for 20 min, after which the total protein content in the supernatant and the
original sample was quantified using the Kjeldahl method. PDI was calculated using the
following formula (Formula (3)):

PDI =
The protein content in supernatant

Total protein content in sample
×100 (3)

The degree of hydrolysis (DH) is defined as the percentage of free amino groups
cleaved from protein and was calculated from ratio of free amino nitrogen of hydrolysate
amino nitrogen and total nitrogen [28]. DH was determined using the ninhydrin colorimet-
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ric method, as described by Pearce, Karahalios, and Friedman [29]. A standard curve was
generated using glycine as the amino acid standard, with absorbance readings at 570 nm.
DH was calculated using the following formula (Formula (4)):

DH =
Free amino nitrogen of sample

Total nitrogen in sample
×100 (4)

In vitro protein digestion (IVPD) was performed following Kamble et al. [30] with mod-
ifications. Briefly, a 1.0 g sample was incubated with 10 mL of pepsin solution (20 mg/mL,
pH 2.0) at 37 ◦C with shaking at 190 r/min for 3 h. Subsequently, 2.0 mL of 0.5 mol/L
NaOH and 30 mL of trypsin solution (5 mg/mL, pH 8.0) were added, and the mixture was
shaken at 37 ◦C for 2 h. After centrifugation, 10 mL of 10% trichloroacetic acid was added
to the supernatant, followed by a 1-h incubation and centrifugation. The protein content
was determined using the Kjeldahl method. The in vitro digestion rate of the protein was
calculated using the following formula (Formula (5)):

IVPD =
Nitrogenin sample − Nitrogen in residue

Nitrogenin sample
×100 (5)

2.8. In Vitro Minerals Digestion

The in vitro mineral digestion rate was evaluated following the method of Kumar
et al. [31], with modifications. A 5.0 g sample was mixed with 30 mL distilled water and
shaken at 150 rpm for 2 h at room temperature. After adding 2 mL of α-amylase solution
(6.25 g/L), the mixture was incubated at 37 ◦C for 30 min. The pH was then adjusted to
4.0 with 1 mol/L HCl, followed by the addition of 8 mL pepsin (0.125 g/L), and further
incubation at 37 ◦C for 1 h. The pH was adjusted to 6.0 with 1 mol/L NaHCO3, followed
by the addition of 10 mL pancreatin solution (20 g/L), and incubated at 37 ◦C for 30 min.
The mixture was centrifuged at 10,000 r/min for 10 min at 4 ◦C, and the supernatant was
filtered through a 0.45 µm filter. The mineral contents (Fe, Mn, Cu, Zn) in the filtrate and
samples were analyzed by ICP-OES. Mineral bioavailability was calculated using formula
(Formula (6)).

In vitro digestion of minerals′ bioavailability =
Minerals in digested supernatant

Minerals in sample
×100 (6)

2.9. Statistical Analysis

The data were expressed as the mean value ± standard deviation (SD), all experiments
were carried out at least in triplicate. Statistically significant differences were determined
using Duncan’s multiple range test, performed with SPSS software (version 20.0), at a
significance level of p ≤ 0.05. A one-sample t-test was conducted to compare predicted and
experimental responses under optimal conditions. Experimental design, regression analysis,
and surface plot generation were carried out using Design Expert software (version 8.0.6,
Stat-Ease, Inc., Minneapolis, MN, USA) and Minitab 19 (Minitab, LLC, State College, PA,
USA). A fitted model based on the experimental data was developed, and the statistical
significance of the model terms was assessed through regression analysis and analysis of
variance (ANOVA).

3. Results and Discussion
3.1. Effects of Independent Factors on PA and WU-AX

The individual effects of seven variables on the PA and WU-AX contents are shown in
Figure 1 and Supplementary Figure S1. These factors can be categorized into two behavioral
patterns. The first pattern shows a sharp initial decrease in anti-nutrient levels, followed
by stabilization (Figure 1a and Figure S1). Fermentation time and inoculum dose exhibit
this behavior. As fermentation time increased and inoculum dose was elevated, the PA and
WU-AX contents initially dropped significantly, from 12 to 9 mg/g and 109 to 90 mg/g,
respectively, before reaching stable levels of approximately 8.3 mg/g and 88.6 mg/g. The
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second pattern, observed in the effects of fermentation temperature, initial pH, substrate
particle size, substrate filling rate, and the material-to-liquid ratio, follows a broad “U”
shape. Anti-nutrient content changed slowly throughout the process, decreasing at lower
levels of the independent variables, remaining relatively stable at medium levels, and
increasing gradually at higher levels (Figure 1b and Figure S1). Further analysis suggests
that factors such as temperature, time, initial pH, inoculum dose, substrate filling rate,
particle size, and the material-to-liquid ratio play key roles in influencing the growth and
metabolic activity of Bacillus subtilis, thereby affecting the fermentation progression and
anti-nutrient degradation.

Fermentation 2024, 10, x FOR PEER REVIEW 7 of 18 
 

 

3. Results and Discussion 
3.1. Effects of Independent Factors on PA and WU-AX 

The individual effects of seven variables on the PA and WU-AX contents are shown 
in Figure 1 and Supplementary Figure S1. These factors can be categorized into two be-
havioral patterns. The first pattern shows a sharp initial decrease in anti-nutrient levels, 
followed by stabilization (Figures 1a and S1). Fermentation time and inoculum dose ex-
hibit this behavior. As fermentation time increased and inoculum dose was elevated, the 
PA and WU-AX contents initially dropped significantly, from 12 to 9 mg/g and 109 to 90 
mg/g, respectively, before reaching stable levels of approximately 8.3 mg/g and 88.6 mg/g. 
The second pattern, observed in the effects of fermentation temperature, initial pH, sub-
strate particle size, substrate filling rate, and the material-to-liquid ratio, follows a broad 
“U” shape. Anti-nutrient content changed slowly throughout the process, decreasing at 
lower levels of the independent variables, remaining relatively stable at medium levels, 
and increasing gradually at higher levels (Figures 1b and S1). Further analysis suggests 
that factors such as temperature, time, initial pH, inoculum dose, substrate filling rate, 
particle size, and the material-to-liquid ratio play key roles in influencing the growth and 
metabolic activity of Bacillus subtilis, thereby affecting the fermentation progression and 
anti-nutrient degradation. 

 
Figure 1. Effects of fermentation time (a) and initial pH (b) on the PA and WU-AX contents. PA, 
phytic acid; WU-AX, water-unextractable arabinoxylan. 

As shown in Figure 1a, the contents of PA and WU-AX decrease rapidly with increas-
ing fermentation time. However, after 72 h of fermentation, the rate of reduction for both 
PA and WU-AX slows down significantly. Therefore, considering the perspective of cost 
saving, 72 h was chosen as the central point for the subsequent optimization process. At 
the beginning of the fermentation stage, more nutrients were available in the MGF, which 
could meet the rapid growth needs of the strains. With the extension of the fermentation 
time, the nutrients in the fermentation material were consumed more, and the strains be-
gan to gradually age, and the amount of enzyme production was also reduced gradually. 
At the same time, as the fermentation proceeds, the substrate surface becomes sticky, the 
gap between MGF becomes narrow, and the effective diffusion coefficients of both oxygen 
and carbon dioxide are reduced, which is unfavorable to the enzyme production of Bacil-
lus subtilis. 

Bacillus subtilis exhibits social cell behavior, with its growth highly dependent on cell 
density [17]. An appropriate inoculum dose is positively correlated with the growth of 
Bacillus subtilis and production of metabolic components. Too little inoculum is detri-
mental to the growth of the microorganisms and will increase the microbial latency pe-
riod, while too much inoculum brings excessive metabolic by-products and accelerates 
the senescence of the microorganisms [32]. Since the reduction in anti-nutrients was the 
primary objective of this study, 15% was selected for further study. Although Bacillus sub-
tilis possesses heat resistance, high temperatures are not conducive to enzyme production. 
Additionally, temperature plays a key role in energy consumption during fermentation. 

Figure 1. Effects of fermentation time (a) and initial pH (b) on the PA and WU-AX contents. PA,
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As shown in Figure 1a, the contents of PA and WU-AX decrease rapidly with increasing
fermentation time. However, after 72 h of fermentation, the rate of reduction for both PA and
WU-AX slows down significantly. Therefore, considering the perspective of cost saving, 72 h
was chosen as the central point for the subsequent optimization process. At the beginning
of the fermentation stage, more nutrients were available in the MGF, which could meet the
rapid growth needs of the strains. With the extension of the fermentation time, the nutrients
in the fermentation material were consumed more, and the strains began to gradually age,
and the amount of enzyme production was also reduced gradually. At the same time, as the
fermentation proceeds, the substrate surface becomes sticky, the gap between MGF becomes
narrow, and the effective diffusion coefficients of both oxygen and carbon dioxide are reduced,
which is unfavorable to the enzyme production of Bacillus subtilis.

Bacillus subtilis exhibits social cell behavior, with its growth highly dependent on cell
density [17]. An appropriate inoculum dose is positively correlated with the growth of
Bacillus subtilis and production of metabolic components. Too little inoculum is detrimental
to the growth of the microorganisms and will increase the microbial latency period, while
too much inoculum brings excessive metabolic by-products and accelerates the senescence
of the microorganisms [32]. Since the reduction in anti-nutrients was the primary objective
of this study, 15% was selected for further study. Although Bacillus subtilis possesses
heat resistance, high temperatures are not conducive to enzyme production. Additionally,
temperature plays a key role in energy consumption during fermentation. A fermentation
temperature of 28–34 ◦C was found to be most effective for reducing PA and WU-AX levels.
The pH of the substrate influences both the cell membrane of the microorganism and the
intracellular enzymes. Our findings suggest that the optimal pH for the degradation of
PA and WU-AX is approximately 6.5. Additionally, pH levels were measured at the final
stages of fermentation, showing that under varying fermentation conditions, the final
pH was consistently around 8.3, with no significant differences between conditions. Our
findings align with previous studies [33], demonstrating that Bacillus subtilis fermentation
leads to an increase in the pH of the fermentation substrate. Being an aerobic bacterium,
Bacillus subtilis requires sufficient oxygen for growth [17]. The particle size of the substrate
(MGF) affects the growth of Bacillus subtilis; larger particles may inhibit nutrient utilization,
while smaller particles may hinder oxygen penetration. Therefore, a particle size range of
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30–189 µm was selected for further study. Similar analyses were conducted to determine
the optimal substrate filling rate and material-to-liquid ratio.

To achieve the greatest reduction in PA and WU-AX, the following factors and levels
were selected for further fermentation experiments with Bacillus subtilis: fermentation time
(48–96 h), temperature (28–34 ◦C), initial pH (6.0–7.0), inoculum dose (10–20%), particle
size (30–189 µm), substrate filling rate (1.84–3.42% in 380 mL glass), and material-to-liquid
ratio (1:2.5–1:3.5).

3.2. Screening of Significant Factors Using Plackett–Burman Design

The Plackett–Burman design was employed to assess the significance of independent
variables on the contents of PA and WU-AX during the fermentation process and to
identify the most critical factors for further optimization. The experimental design and
corresponding responses (Y1, content of PA; and Y2, content of WU-AX) are presented in
Table 1, with the ANOVA results shown in Table 2. Generally, variables with a p-value
less than 0.05 are considered significant parameters at the 95% confidence interval [19].
The findings revealed that the factors exhibited similar significance for both responses,
with X1 (fermentation time), X4 (inoculum dose), and X7 (material-to-liquid ratio) being
statistically significant (p ≤ 0.05). In contrast, X2 (fermentation temperature), X3 (initial
pH), X5 (particle size), and X6 (substrate filling rate) were determined to be non-significant.

As follows, the first-order model equations for PA and WU-AX content were developed
using the Plackett–Burman design.

Y1 = 8.8583 − 0.3950X1 − 0.0567X2 + 0.0283X3 − 0.2133X4 + 0.0350X5 − 0.0867X6 − 0.2633X7 (7)

Y2 = 91.8450 − 2.4283X1 − 0.0733X2 + 0.2683X3 − 1.5533X4 + 0.3383X5 − 0.3233X6 − 1.4833X7 (8)

where Y1 represents the phytic acid (PA) content, Y2 denotes the water-unextractable
arabinoxylan (WU-AX) content, and X1, X2, X3, X4, X5, X6, and X7 correspond to the
coded variables of fermentation time, fermentation temperature, initial pH, inoculum dose,
particle size, substrate filling rate, and the material-to-liquid ratio, respectively.

Table 1. Experimental design and response values of Plackett–Burman design.

Factors Responses

Run X1 X2 X3 X4 X5 X6 X7 Y1 Y2

1 96 (+) 28 (−) 7 (+) 20 (+) 189 (−) 3.42 (+) 1:2.5 (−) 8.6 ± 0.54 88.9 ± 0.94
2 96 (+) 28 (−) 6 (−) 10 (−) 30 (+) 3.42 (+) 1:3.5 (+) 8.3 ± 0.26 90.0 ± 1.88
3 48 (−) 34 (+) 6 (−) 10 (−) 189 (−) 3.42 (+) 1:3.5 (+) 9.1 ± 0.20 92.3 ± 1.01
4 48 (−) 28 (−) 6 (−) 10 (−) 189 (−) 1.84 (−) 1:2.5 (−) 9.9 ± 0.36 97.9 ± 1.40
5 72 (0) 31 (0) 6.5 (0) 15 (0) 123 (0) 2.63 (0) 1:3 (0) 8.3 ± 0.30 87.8 ± 1.24
6 48 (−) 34 (+) 7 (+) 10 (−) 30 (+) 1.84 (−) 1:2.5 (−) 10.0 ± 0.38 98.3 ± 0.84
7 96 (+) 34 (+) 6 (−) 20 (+) 30 (+) 1.84 (−) 1:3.5 (+) 8.2 ± 0.33 86.9 ± 0.96
8 48 (−) 28 (−) 7 (+) 20 (+) 30 (+) 1.84 (−) 1:3.5 (+) 8.7 ± 0.31 91.8 ± 0.91
9 96 (+) 28 (−) 7 (+) 10 (−) 189 (−) 1.84 (−) 1:3.5 (+) 8.4 ± 0.07 89.3 ± 0.57
10 96 (+) 34 (+) 6 (−) 20 (+) 189 (−) 1.84 (−) 1:2.5 (−) 8.5 ± 0.31 88.8 ± 1.08
11 96 (+) 34 (+) 7 (+) 10 (−) 30 (+) 3.42 (+) 1:2.5 (−) 8.8 ± 0.74 92.5 ± 0.59
12 48 (−) 34 (+) 7 (+) 20 (+) 189 (−) 3.42 (+) 1:3.5 (+) 8.9 ± 0.40 91.8 ± 0.43
13 48 (−) 28 (−) 6 (−) 20 (+) 30 (+) 3.42 (+) 1:2.5 (−) 9.0 ± 0.43 93.6 ± 0.92

Note: X1, fermentation time, hour; X2, fermentation temperature, ◦C; X3, initial pH; X4, inoculum dose, %; X5,
particle size, µm; X6, substrate filling rate, %; X7, material-to-liquid ratio; Y1, the content of phytic acid (PA),
mg/g; Y2, the content of water-unextractable arabinoxylan (WU-AX), mg/g. Values of Y1 and Y2 are given as
means ± standard deviation (n = 3).
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Table 2. ANOVA of fractional factorial design data for prediction of the PA and WU-AX contents.

PA (Phytic Acid)

Source Sum of
Squares

Degree of
Freedom

Mean
Square F-Value p-Value Significance

Model 3.4036 7 0.4862 10.4564 0.0194 *
X1 1.8723 1 1.8723 40.2645 0.0032 **
X2 0.0385 1 0.0385 0.8287 0.4142
X3 0.0096 1 0.0096 0.2072 0.6726
X4 0.5461 1 0.5461 11.7448 0.0266 *
X5 0.0147 1 0.0147 0.3161 0.6040
X6 0.0901 1 0.0901 1.9384 0.2363
X7 0.8321 1 0.8321 17.8953 0.0134 *

WU-AX (Water-Unextractable Arabinoxylan)

Source Sum of
Squares

Degree of
Freedom

Mean
Square F-Value p-Value Significance

Model 129.6758 7 18.5251 17.4466 0.0075 **
X1 70.7616 1 70.7616 66.6420 0.0012 **
X2 0.0645 1 0.0645 0.0608 0.8174
X3 0.8640 1 0.8640 0.8137 0.4180
X4 28.9541 1 28.9541 27.2685 0.0064 **
X5 1.3736 1 1.3736 1.2937 0.3189
X6 1.2545 1 1.2545 1.1815 0.3382
X7 26.4033 1 26.4033 24.8662 0.0076 **

Note: X1, fermentation time, hour; X2, fermentation temperature, ◦C; X3, initial pH; X4, inoculum dose, %; X5, particle
size, µm; X6, substrate filling rate, %; X7, material-to-liquid ratio; statistical significance: * p < 0.05, ** p < 0.01.

Based on the ANOVA, the factors influencing response Y1 (PA content) in decreasing
order of significance were as follows: X1 (fermentation time) > X7 (material-to-liquid ratio)
> X4 (inoculum dose) > X6 (substrate filling rate) > X2 (fermentation temperature) > X5
(particle size) > X3 (initial pH). For response Y2 (WU-AX content), the ranking was X1 > X4 >
X7 > X5 > X6 > X3 > X2. A Pareto chart can present the effect of factors on responses and check
the statistical significance; thus, it was employed here to identify the significant factors [34].
The relative size of the effect degree of each parameter on the PA and WU-AX contents was
evaluated by comparing the t-value of the effect. The resulting Pareto chart plotted by the
t-value of the effect versus each parameter is shown in Figure 2. A parameter with a t-value
higher than the t-value limit line indicated that it had a confidence level greater than 95%
and could be considered as significant [35]. In addition, a Bonferroni limit line (5.74) and
t-value limit line (2.77) were applied to determine the extremely significant (the t-value
was above the Bonferroni limit line), significant (t-value was between the Bonferroni limit
line and the t-value limit line), and insignificant (below the t-value limit line) coefficients
of different factors [35]. The t-value of the fermentation time, material-to-liquid ratio, and
inoculum dose on both responses were above the t-value limit line, which indicated that
the three factors were considered as significant factors. Consequently, the fermentation
time (X1), inoculum dose (X4), and material-to-liquid ratio (X7) were selected for the further
optimization of fermentation conditions. Both fermentation time and inoculum dose have
been identified as critical parameters in other fermentation processes as well. In light
of the Plackett–Burman design results, and considering fermentation efficiency and cost
considerations, the non-significant variables—fermentation temperature, initial pH, particle
size, and substrate filling rate—were fixed at 31 ◦C, pH 6.5, 189 µm, and 2.63%, respectively.
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Figure 2. Pareto chart illustrating the effects of seven variables on the responses of Y1 (a) and Y2 (b).
Variables with t-values exceeding the critical value of 2.77 are considered statistically significant. X1,
fermentation time, hour; X2, fermentation temperature, ◦C; X3, initial pH; X4, inoculum dose, %; X5,
particle size, µm; X6, substrate filling rate, %; X7, material-to-liquid ratio; Y1, the content of phytic
acid (PA), mg/g; Y2, the content of water-unextractable arabinoxylan (WU-AX), mg/g.

3.3. Statistical Analysis of Central Composite Design

The factors and levels of variables in the response-surface central composite design
arrangement and experimental responses of PA content (Y1) and WU-AX content (Y2) are
presented in Table 3. Multiple regression analysis was carried out on the experimental
data, and the second-order polynomial stepwise equations were obtained, as shown in
Equations (9) and (10).

Y1 = 8.41 − 0.40X1 − 0.24X4 − 0.25X7 + 0.19X1X4 − 0.001X1X7 − 0.042X4X7 + 0.27X2
1+0.30X2

4+0.17X2
7 (9)

Y2 = 85.56 − 3.65X1 − 2.80X4 − 1.57X7 − 0.20X1X4 + 1.76X1X7 − 0.53X4X7 + 3.11X2
1+2.38X2

4+0.92X2
7 (10)

where Y1 represents the phytic acid (PA) content, Y2 denotes the water-unextractable
arabinoxylan (WU-AX) content, and X1, X4, and X7 are the coding variables of fermentation
time, inoculum dose, and the material-to-liquid ratio, respectively.

Table 3. Central composite design with experimental responses for the PA and WU-AX contents in
MGF under different fermentation conditions.

Factors Responses

Run X1 X4 X7 Y1 Y2

5 48 (−1) 10 (−1) 1:3.5 (1) 9.7 ± 0.27 94.8 ± 0.70
1 48 (−1) 10 (−1) 1:2.5 (−1) 10.2 ± 0.46 102.2 ± 1.59
12 72 (0) 25 (2) 1:3 (0) 8.9 ± 0.32 89.5 ± 1.25
13 72 (0) 15 (0) 1:2 (−2) 9.4 ± 0.13 90.9 ± 1.13
4 96 (1) 20 (1) 1:2.5 (−1) 9.3 ± 0.17 87.1 ± 0.32

16 (C) 72 (0) 15 (0) 1:3 (0) 8.3 ± 0.30 83.5 ± 1.46
10 120 (2) 15 (0) 1:3 (0) 8.4 ± 0.30 89.7 ± 0.80
8 96 (1) 20 (1) 1:3.5 (1) 8.6 ± 0.25 84.6 ± 0.65
3 48 (−1) 20 (1) 1:2.5 (−1) 9.2 ± 0.70 97.0 ± 0.73
2 96 (1) 10 (−1) 1:2.5 (−1) 9.2 ± 0.07 91.7 ± 0.97
7 48 (−1) 20 (1) 1:3.5 (1) 9.0 ± 0.36 88.9 ± 0.99
6 96 (1) 10 (−1) 1:3.5 (1) 8.7 ± 0.31 92.8 ± 1.05

19 (C) 72 (0) 15 (0) 1:3 (0) 8.3 ± 0.29 87.9 ± 0.56
17 (C) 72 (0) 15 (0) 1:3 (0) 8.2 ± 0.46 84.5 ± 0.72

14 72 (0) 15 (0) 1:4 (2) 8.6 ± 0.25 86.8 ± 0.91
9 24 (−2) 15 (0) 1:3 (0) 10.4 ± 0.44 105.5 ± 0.78
11 72 (0) 5 (−2) 1:3 (0) 10.1 ± 0.19 99.9 ± 1.08

18 (C) 72 (0) 15 (0) 1:3 (0) 8.4 ± 0.28 85.8 ± 1.24
15 (C) 72 (0) 15 (0) 1:3 (0) 8.6 ± 0.61 85.3 ± 0.51

Note: X1, fermentation time, h; X4, inoculum dose, %; X7, material-to-liquid ratio; Y1, phytic acid (PA) con-
tent, mg/g; Y2, water-unextractable arabinoxylan (WU-AX) content, mg/g. Values of Y1 and Y2 are given as
means ± standard deviation (n = 3).
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These equations demonstrate the quantitative impact of the factors (X1, X4, and X7) and
their interactions on the response variables. ANOVA was performed to assess the significance
of the central composite design model and validate the accuracy of the fitting curve [36].
The model coefficients were evaluated using F-values and p-values, with a higher F-value
and smaller p-value (p ≤ 0.05) indicating greater model significance [19,34,36]. The ANOVA
results, along with goodness-of-fit and model adequacy, are presented in Table 4. The
model coefficients were validated based on F-values and p-values. As shown, the F-values
and corresponding low p-values for both the PA and WU-AX responses confirmed the high
significance of the models. The lack of fit for both response models was insignificant (p >
0.05), with values of 0.2272 and 0.6234 for PA and WU-AX, respectively. This suggests that
no outliers were present in the data, and higher-order terms were unnecessary, confirming
the appropriateness of the selected models. The high coefficient of determination (R2),
0.9469 for PA and 0.9712 for WU-AX, indicates that the factor terms explain 94.69% and
97.12% of the variance in the models for PA and WU-AX, respectively, implying the models
are reliable. Furthermore, the R2 values were close to their respective adjusted R2 values,
further demonstrating the high explanatory power of the regression models used in this
study [19]. The coefficient of variation (CV) values, which reflect the degree of variability
in the mean response, were 2.45% for PA and 1.67% for WU-AX, indicating low variability
between the predicted and experimental responses. Therefore, the mathematical models
established in this study have been proven reliable and can be utilized for subsequent
prediction and optimization steps.

Table 4. ANOVA of central composite design for the PA and WU-AX contents in MGF under different
fermentation conditions.

Source

PA WU-AX

Sum of
Squares F-Value p-Value Sum of

Squares F-Value p-Value

Model 7.8627 17.8433 0.0001 696.2109 33.6951 <0.0001
X1 2.5440 51.9596 <0.0001 213.1600 92.4500 <0.0001
X4 0.9312 19.0195 0.0018 125.3280 54.3563 <0.0001
X7 0.9702 19.8160 0.0016 39.4384 17.1049 0.0025

X1 × X4 0.2813 5.7443 0.0401 0.3200 0.1388 0.7181
X1 × X7 0.0008 0.0163 0.9011 24.7808 10.7477 0.0096
X4 × X7 0.0145 0.2951 0.6001 2.2261 0.9655 0.3515

X1
2 1.7536 35.8157 0.0002 229.7474 99.6442 <0.0001

X4
2 2.0730 42.3401 0.0001 134.6781 58.4115 <0.0001

X7
2 0.7016 14.3295 0.0043 20.0899 8.7132 0.0162

Residual 0.4407 20.7511
Lack of Fit 0.3247 2.2411 0.2272 10.0901 0.7572 0.6234

C.V.% 2.45 1.67
Pure Error 0.1159 10.6610
Cor Total 8.3034 719.9620

R2 0.9469 0.9712
R2-

adjusted
0.8939 0.9424

Note: X1, X4, and X7 represent the linear effects of fermentation time (h), inoculum dose (%), and the material-to-
liquid ratio, respectively. X1

2, X4
2, and X7

2 denote the quadratic effects, while X1 × X4, X1 × X7, and X4 × X7
represent the interaction effects.

The response-surface three-dimensional graphs were generated based on the second-
order polynomial equation to analyze the interaction and quadratic effects of the variables.
The changes in model parameters were examined by varying two factors while holding
the remaining factors constant at their central levels. The three-dimensional representa-
tions of the interaction and quadratic effects on PA and WU-AX contents are shown in
Figures 3 and 4, respectively. These response-surface plots all tended to flatten out towards
the fermentation time side, and the PA and WU-AX contents decreased significantly and
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stabilized at the later stages of fermentation, which was consistent with the results of the
one-way experiments (Figure 1a). The coefficients of the linear terms (X1, X4, and X7)
and the quadratic terms (X1

2, X4
2, and X7

2) were statistically significant for both PA and
WU-AX responses (p ≤ 0.05). The two-factor interaction term X1X4 had a significant effect
(p ≤ 0.05) on PA, while the interaction term X1X7 showed a significant influence (p ≤ 0.05)
on WU-AX. Notably, X1 had the most significant effect, followed by X7 and X4 for the
PA response. In contrast, for the WU-AX response, the order of variable influence was
X1 > X4 > X7 (Table 4). These significant effects of X1, X4, and X7 are consistent with
the results of the significance analysis in the Plackett–Burman design. The values of the
interaction terms further indicated strong interactions between the independent variables,
particularly X1X4 for the PA response and X1X7 for the WU-AX response.

Fermentation 2024, 10, x FOR PEER REVIEW 12 of 18 
 

 

Pure Error 0.1159   10.6610   
Cor Total 8.3034   719.9620   

R2 0.9469   0.9712   
R2-adjusted 0.8939   0.9424   

Note: X1, X4, and X7 represent the linear effects of fermentation time (h), inoculum dose (%), and 
the material-to-liquid ratio, respectively. X12, X42, and X72 denote the quadratic effects, while X1 × 
X4, X1 × X7, and X4 × X7 represent the interaction effects. 

The response-surface three-dimensional graphs were generated based on the second-
order polynomial equation to analyze the interaction and quadratic effects of the varia-
bles. The changes in model parameters were examined by varying two factors while hold-
ing the remaining factors constant at their central levels. The three-dimensional represen-
tations of the interaction and quadratic effects on PA and WU-AX contents are shown in 
Figures 3 and 4, respectively. These response-surface plots all tended to flatten out to-
wards the fermentation time side, and the PA and WU-AX contents decreased signifi-
cantly and stabilized at the later stages of fermentation, which was consistent with the 
results of the one-way experiments (Figure 1a). The coefficients of the linear terms (X1, X4, 
and X7) and the quadratic terms (X12, X42, and X72) were statistically significant for both PA 
and WU-AX responses (p ≤ 0.05). The two-factor interaction term X1X4 had a significant 
effect (p ≤ 0.05) on PA, while the interaction term X1X7 showed a significant influence (p ≤ 
0.05) on WU-AX. Notably, X1 had the most significant effect, followed by X7 and X4 for the 
PA response. In contrast, for the WU-AX response, the order of variable influence was X1 
> X4 > X7 (Table 4). These significant effects of X1, X4, and X7 are consistent with the results 
of the significance analysis in the Plackett–Burman design. The values of the interaction 
terms further indicated strong interactions between the independent variables, particu-
larly X1X4 for the PA response and X1X7 for the WU-AX response. 

 
Figure 3. Response-surface plots illustrating the effects on PA content and the interactions between
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3.4. Optimum Conditions and Authenticity of Predictive Model

Further analysis of the model optimization revealed that the theoretical optimal fer-
mentation parameters for MGF were 84.48 h, a 17.09% inoculum dose, and a material-to-
liquid ratio of 1:3.35. To enhance operational feasibility, the optimal fermentation conditions
were adjusted as follows: raw materials were ground to pass through an 80-mesh sieve,
with a material-to-liquid ratio of 1:3.4, an initial pH of 6.5, and a fermentation vessel filling
rate of 2.6%. An inoculum dose of 17.1% was used, with fermentation conducted for 84.5 h
at 31 ◦C. Under these optimal conditions, the predicted PA and WU-AX contents were
8.16 mg/g and 83.55 mg/g, respectively. To verify the accuracy of the model, triplicate
validation experiments were performed under the optimal conditions, and the experimental
results were compared to the predicted values. The observed PA and WU-AX contents were
8.2 ± 0.78 mg/g and 83.1 ± 1.09 mg/g, respectively, which were in close agreement with
the predicted values. This strong correlation confirmed the model’s adequacy in predicting
the optimization outcomes. When comparing the PA and WU-AX contents of untreated
MGF samples, which were 16.0 mg/g and 122.1 mg/g, respectively, fermentation under
the optimized conditions reduced their levels by 48% and 32%, respectively.

3.5. Changes in Enzymatic Activity Before and After Fermentation

The product obtained from MGF through the optimized fermentation process is
referred to as FMGF (fermented maize gluten feed, FMGF). The enzymatic activities of



Fermentation 2024, 10, 555 14 of 18

phytase, xylanase, cellulase, and protease were compared between MGF and FMGF. As
shown in Figure 5, the activities of all four enzymes—phytase, xylanase, cellulase, and
protease—significantly increased after fermentation with Bacillus subtilis (p < 0.001). Under
optimal fermentation conditions, FMGF exhibited a phytase activity of 8.2 ± 0.24 U/g,
xylanase activity of 126.3 ± 6.24 U/g, cellulase activity of 19.3 ± 0.87 U/g, and protease
activity of 1182 ± 87 U/g, respectively.
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PA, also known as myo-inositol hexaphosphate, is considered an anti-nutrient be-
cause it can form complexes with minerals, starch, and proteins, thereby limiting their
bioavailability [37]. Phytase, secreted by Bacillus subtilis during fermentation, degrades
myo-inositol hexaphosphate into inositol and free phosphates. AX predominantly exists in
the form of WU-AX, which diminishes nutrient absorption through sequestration within
cell walls via covalent or non-covalent interactions [10,12]. Xylanase, a complex enzyme
system capable of hydrolyzing both the main and side chains of xylan, breaks down WU-
AX into smaller fragments, disrupting the fiber structure and releasing nutrients [38,39].
Some researchers have suggested that xylanase and phytase work synergistically, with
xylanase degrading non-starch polysaccharides to facilitate phytase-mediated PA degra-
dation, thereby releasing additional nutrients [38]. Cellulase, a multi-component enzyme
composed of endoglucanase, cellobiohydrolase, and β-glucosidase, is responsible for con-
verting cellulose into soluble saccharides, providing energy for Bacillus subtilis growth [40].
Neutral protease, an extracellular protease produced by Bacillus subtilis, has an optimal pH
range between 6.0 and 7.5 and hydrolyzes proteins into small peptides and amino acids.
These proteases are produced after the exponential growth phase and are believed to play
a role in spore formation, cell wall turnover, and enzyme clearance [28]. A previous study
has demonstrated that Bacillus subtilis possesses the capacity to secrete a diverse array of
enzymes during fermentation processing, including protease, phytase, and cellulase [17].
The combined action of cellulase, xylanase, phytase, and protease disrupts the surface
integrity of MGF cell walls, leading to the disruption of the fibrous network structure of
cellulose, thereby facilitating the release of bound nutritional components. Furthermore,
the combination of microbial fermentation with enzyme activity results in a multi-enzyme
approach, producing not only phytase but also xylanase, cellulase, and protease, which
together act synergistically to break down the complex structures of anti-nutritional factors.
This multi-faceted enzymatic action makes fermentation with Bacillus subtilis a more holistic
and effective treatment method compared to the single-enzyme supplementation strategies
commonly used in the industry.

3.6. Comparison of the Nutritional Values of MGF and FMGF

As shown in Table 5, the fermentation of MGF resulted in an increase in crude protein
from 27.1 ± 0.13% to 28.6 ± 0.08%, PDI from 37.9 ± 1.02% to 46.7 ± 0.58%, DH from
2.3 ± 0.11% to 3.3 ± 0.12%, and IVPD from 44.3 ± 1.07% to 58.5 ± 0.78%, respectively. The
increase in protein was primarily attributed to a relative loss of dry matter due to microbial
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hydrolysis and the metabolism of carbohydrates and lipids as an energy source [28]. Our
results demonstrated that Bacillus subtilis produced proteases, which hydrolyzed proteins
into soluble peptides or amino acids, resulting in significant increases in PDI, DH, and
IVPD (p < 0.001). PDI reflects the proportion of protein dispersed in water under controlled
extraction conditions and serves as an indicator of protein solubility. Fermentation signifi-
cantly improved the water solubility of MGF proteins. DH represents the percentage of
free amino nitrogen relative to the total nitrogen content; the proteolytic activity during fer-
mentation exposed more amino groups, resulting in an increased DH. The DH calculation
method used in this study follows Zhang et al. [28], differing from many other methods in
the literature [41], as it does not subtract the original free amino nitrogen in MGF, allowing
for a more accurate comparison between FMGF and raw MGF.

Table 5. Protein nutritional analysis results and in vitro minerals digestion of MGF and FMGF.

Items MGF FMGF p-Value Change (%)

Protein (%) 27.1 ± 0.13 28.63 ± 0.08 <0.001 5.57
PDI (%) 37.9 ± 1.02 46.67 ± 0.58 <0.001 23.17
DH (%) 2.3 ± 0.11 3.26 ± 0.12 <0.001 43.61

IVPD (%) 44.3 ± 1.07 58.48 ± 0.78 <0.001 31.92
Minerals’ bioavailability

Fe (%) 22.8 ± 1.51 33.68 ± 2.15 <0.001 47.72
Mn (%) 38.3 ± 1.53 53.23 ± 1.38 <0.001 39.05
Cu (%) 46.0 ± 1.04 57.54 ± 1.06 <0.001 25.20
Zn (%) 12.6 ± 1.23 16.67 ± 0.95 <0.001 31.88

Note: Cu, copper; DH, degree of hydrolysis; Fe, iron; FMGF, fermented maize gluten feed; IVPD, in vitro protein
digestion; MGF, maize gluten feed; Mn, manganese; PDI, protein dispersibility index; Zn, zinc.

Compared to MGF, FMGF exhibited a significant 31.92% increase in IVPD. The IVPD
assessment method employed in this study is a classical two-step pepsin–trypsin digestion
model, which closely correlates with the in vivo protein digestibility results obtained from
rat feeding trials [42]. The increased of IVPD of FMGF can be attributed to three primary
factors: the proteases produced during fermentation partially break down proteins into smaller
peptides or amino acids; the structural alterations in proteins following fermentation increase
their susceptibility to protease activity, making them easier to hydrolyze; and the degradation
of anti-nutritional factors like PA and WU-AX further enhances protein digestibility.

Additionally, the bioavailability of essential minerals (Fe, Mn, Cu, and Zn) in MGF
increased following fermentation, with Fe increasing from 22.8 ± 1.51% to 33.7 ± 2.15%,
Mn from 38.3 ± 1.5% to 53.2 ± 1.38%, Cu from 46.0 ± 1.04% to 57.5 ± 1.06%, and Zn from
12.6 ± 1.23% to 16.7 ± 0.95%. These findings suggest that fermentation with Bacillus subtilis
significantly enhances the bioavailability of essential minerals in MGF, thereby improving
its overall nutritional value. PA forms covalent bonds with minerals, rendering them
resistant to digestion in the mammalian gastrointestinal system and impairing mineral
absorption. Additionally, WU-AX binds minerals through both covalent and non-covalent
interactions. Our results indicate that Bacillus subtilis fermentation effectively degrades PA
and WU-AX in MGF, releasing bound minerals and thus increasing their bioavailability.

4. Conclusions

Fermentation with Bacillus subtilis presents a promising technology for the degradation
of anti-nutrients, phytic acid, and water-unextractable arabinoxylans, in maize gluten feed.
Among the seven parameters studied, the fermentation time, inoculum dose, and material-
to-liquid ratio were identified as the most influential factors. Notably, the interactions
between fermentation time and inoculum dose, as well as between fermentation time
and the material-to-liquid ratio, significantly impacted the degradation of anti-nutritional
factors. The optimal fermentation conditions were determined as follows: raw materials
ground to pass through an 80-mesh sieve, a material-to-liquid ratio of 1:3.4, an initial
pH of 6.5, and a fermentation vessel filling rate of 2.6%. An inoculum dose of 17.1%
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was applied, followed by fermentation for 84.5 h at 31 ◦C. Under these conditions, the
post-fermentation contents of phytic acid and water-unextractable arabinoxylans were
8.2 ± 0.78 mg/g and 83.2 ± 1.09 mg/g, respectively—representing reductions of 48% and
32% compared to the raw materials. The fermented maize gluten feed exhibited enhanced
protease, xylanase, phytase, and cellulase activity, which facilitated the breakdown of phytic
acid and water-unextractable arabinoxylans. Additionally, fermented maize gluten feed
showed significant increases in the protein dispersibility index, in vitro protein digestibility,
and mineral bioavailability compared with unfermented maize gluten feed. While the
current experimental results are promising, they have been obtained on a laboratory scale,
and further validation is necessary for industrial applications. We have also identified
potential avenues for future research, including investigating the effects of fermentation on
the functional and structural properties of maize gluten feed (MGF), comparing the efficacy
of fermentation treatment with that of commercial enzyme treatments, and assessing the
impact on animal growth performance. In conclusion, this fermentation process offers an
efficient method for reducing anti-nutritional factors in maize gluten feed, with substantial
potential for producing nutritionally improved food ingredients.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/fermentation10110555/s1, Figure S1: Effects of fermentation conditions on
PA and WU-AX contents. The univariate tests were of the fermentation temperature (a), inoculum
dose (b), particle size (c), substrate filling rate (d), and material-to-liquid ratio (e). PA, phytic
acid; WU-AX, water-unextractable arabinoxylans; Table S1: Factors and levels of Plackett–Burman
experimental design.
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