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Abstract: In this study, Candida utilis, Lactobacillus plantarum, and non-starch polysaccharide
enzymes (cellulase, laccase, 3-glucanase, xylanase, and mannanase) were employed to
examine the effects of various microorganism—-enzyme combinations on the nutritional
composition, fiber structure, and fermentation quality of corn stover and wheat straw.
Furthermore, the synergistic effects of these treatments were assessed through the use
of in vitro rumen fermentation. The results showed that the microorganism-enzyme
combinations significantly increased the crude protein content (p < 0.05), while reducing
the acid detergent fiber and neutral detergent fiber levels (p < 0.05) in both substrates. The
fermentation broth pH decreased (p = 0.06 for corn stover; p < 0.05 for wheat straw) as a
result of the treatments, with a significant increase in the lactate concentration (p < 0.05). The
reducing sugar levels varied across the treatments (p < 0.05). Mycotoxin analysis revealed
trace amounts of zearalenone, well below the Chinese feed hygiene standard. Scanning
electron microscopy showed structural modifications, including fiber breakage and surface
wrinkling, in the treated substrates. In vitro rumen fermentation demonstrated significant
changes in the NH3-N production and volatile fatty acid profiles (p < 0.05). In conclusion,
the addition of different microorganism—-enzyme combinations can effectively improve the
nutritional composition, fiber structure, and fermentation quality of corn stover and wheat
straw. Among the treatments, the T3 group (25% each of C. utilis, L. plantarum, cellulase,
and laccase, with a total addition ratio of 0.3% w/w) exhibited the most pronounced
improvement in nutritional value for both corn stover and wheat straw. These findings
suggest that microorganism-enzyme combinations effectively enhance the nutritional and
fermentative quality of agricultural residues.

Keywords: microorganism—enzyme synergy; roughages; nutritional composition; fiber
structure; fermentation products; mycotoxin; in vitro rumen fermentation

1. Introduction

Globally, approximately 3 billion tons of agricultural residues are produced annually,
with rice straw, corn stover, and wheat straw being the most abundant, accounting for
about 90% of the total [1]. Currently, cereal straw is primarily utilized in fertilizers, fuel,
and feed [2]. In the livestock industry, it is commonly used as roughage, providing energy
and fiber for animals [3]. However, the thick cell walls in straw, primarily composed of
cellulose, hemicellulose, and lignin [4], present significant challenges in regard to animal
digestion. The complex spatial structure formed by lignin and hemicellulose, tightly
encasing cellulose, is a major factor limiting the utilization of straw by animals [5]. Single
physical or chemical treatments encounter issues such as high energy consumption, limited
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effectiveness, and environmental hazards [6]. While combined physical and chemical
pretreatment methods offer better fiber degradation and nutritional improvement outcomes
compared to single approaches [7], they are hindered by high costs, complex processes,
and biological inhibition [8]. Microbial treatment has been the subject of extensive research
and applications due to its cost effectiveness and environmentally friendliness. However,
the inherent limitations of microorganisms, such as low efficiency and the need for long
incubation periods, restrict their effectiveness [9]. Although enzymatic treatment exhibits
high specificity and effectiveness, its low efficiency and high costs limit its development
and application [10]. Therefore, the development of more effective treatment methods to
enhance straw utilization efficiency, thereby providing higher quality roughage resources
for herbivorous livestock, is of considerable significance.

The use of microorganism—enzyme synergistic treatment is an effective approach
for the development and utilization of unconventional roughage resources. This method
leverages the dual advantages of multi-product fermentation by probiotics and the high
specificity and efficiency of enzyme preparations. On one hand, probiotics can degrade
macromolecular nutrients into smaller molecules that are more easily digested and ab-
sorbed by animals, while simultaneously producing organic acids that lower the pH of the
substrate, thereby inhibiting the growth of undesirable microorganisms. On the other hand,
the supplementation of specific enzymes addresses the limitations of microbial enzymatic
degradation, such as poor efficiency and long processing times [11]. Cellulase is primarily
composed of three types of enzymes: endoglucanase, exoglucanase (or cellobiohydrolase),
and (3-glucosidase. Endoglucanase and exoglucanase act on the amorphous and crystalline
regions of cellulose chains, respectively, while -glucosidase catalyzes the final step of
hydrolysis, converting cellobiose into glucose [12]. Xylanase effectively degrades xylan, the
major component of hemicellulose [13]. Mannanase achieves degradation by breaking the
(3-1,4-glycosidic bonds in mannan, a component of hemicellulose [14]. Laccase catalyzes
the cleavage of bonds embedded within lignin, facilitating its degradation [15]. During
fermentation, the addition of lactic acid bacteria can convert water-soluble carbohydrates
into organic acids, lowering the pH and inhibiting the growth of harmful bacteria [16].
Yeast, which secretes cellulase, enhances the nutritional value of feed and improves rumen
fermentation [17]. The supplementation of xylanase and Lactobacillus plantarum resulted in
a higher glucose conversion rate, better fermentation quality, and improved fiber degra-
dation compared to treatments with xylanase or L. plantarum alone. Additionally, this
combination significantly lowered the pH and increased the lactate content [18]. Simi-
larly, rice straw fermented with a mixture of Bacillus subtilis, Enterococcus faecalis, cellulase,
and xylanase, showed higher volatile fatty acid (VFA) concentrations and a significant
increase in the population of carbohydrate-degrading and hydrogen-utilizing bacteria
in the rumen compared to the control group [19]. The nutritional value of corn stover
fermented with L. plantarum and cellulase was significantly enhanced, and its efficient
utilization was achieved by improving rumen fermentation in Hu sheep and regulating
the rumen microbiota [20]. Liu et al. [21] found that L. plantarum and cellulase similarly
improved the fermentation quality of the total mixed rations containing rape straw and
significantly enhanced its in vitro digestibility. They suggested the application of microbial
enzyme-coordinated fermentation technology in feed production. Although there has been
considerable research on the microorganism-enzyme synergistic treatment of roughage, the
composition and ratio of microorganisms and enzymes when using corn stover and wheat
straw as ruminant feed remain inconclusive. The fermentation effects of different microbial
and enzyme combinations and their proportions still require experimental verification.

Therefore, considering the structural characteristics of plant fibers and enzymatic
hydrolysis sites, this study selected yeast, lactic acid bacteria, and non-starch polysaccharide
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enzymes (cellulase, laccase, 3-glucanase, xylanase, and mannanase) to investigate the
effects of different microorganism—enzyme combinations on the nutritional composition,
fiber structure, fermentation quality, mycotoxin levels, and in vitro rumen fermentation
parameters of corn stover and wheat straw.

2. Materials and Methods
2.1. Substrates, Microorganisms, and Enzymes

Corn stover and wheat straw were collected from Sanping experimental farm, Xin-
jlang Agricultural University (China); the specific characteristics and nutritional value of
the crops are presented in Table 1. Candida utilis (Henneberg) Lodder et Kreger-van Rij
(3.0 x 10° colony-forming units (CFU)/g) was obtained from Cangzhou Huayu Biotechnol-
ogy Co., Ltd. (Cangzhou, China), and L. plantarum (3.0 x 10° CFU/g) was purchased from
Yiwukang Biotechnology (Linyi, China). The enzymatic preparations, including cellulase
(enzyme activity ~ 10,000 U/g, EC 3.2.1.4), laccase (enzyme activity ~ 10,000 U/L, EC
1.10.3.2), p-glucanase (enzyme activity = 50,000 U/g, EC 3.2.1.58), xylanase (enzyme activ-
ity ~ 30,000 U/g, EC 3.2.1.8), and mannanase (enzyme activity ~ 25,000 U/g, EC 3.2.1.25),
were supplied by Sunson Industry Group (Beijing, China). All the chemical reagents used
in this study were of analytical grade.

Table 1. The specific characteristics and nutritional value of the crops.

Crop . Harvesting . DM ADF NDF cp Reducing
Stalks VoY pape  MaturityStage o) o) (%) (%)  Sugars (mg/g)
corn XFs06 202309  Latecollection g 030 3144 540 8.04
stover period
Wheat  yMisoy 202308 Latecollectiongeon 6115 3491 545 434
straw period
2.2. Treatment with Microorganisms and Enzymes
The experiment comprised of seven groups, with the control group (C) receiving no
microbial or enzymatic additives, while the treatment groups (T1-T6) were supplemented
with different microorganism—enzyme combinations, as detailed in Table 2. Prior to fer-
mentation, the corn stover and wheat straw were chopped into 2-3 cm lengths. For each
fermentation unit, 100 g of chopped sample was mixed with the microorganism—-enzyme
combinations equivalent to 0.3% (w/w, air-dried basis) of its weight, supplemented with
3.0 g of molasses and 1.0 g of urea. Distilled water was sprayed on the sample to adjust the
moisture content to approximately 65%. The mixtures were thoroughly mixed, packed into
polyethylene bags (30 x 40 cm), and the air was removed using a portable vacuum pump
(14891, Deli, Ningbo, China). The bags were then sealed and subjected to fermentation at
room temperature (25 & 2 °C) for 30 days. Each treatment was replicated three times to
ensure statistical reliability.
Table 2. Microorganism—-enzyme combinations used in this study.
Microorganisms Groups
and Enzymes C T1 T2 T3 T4 T5 T6
C. utilis (%) - 5.0 15.0 25.0 5.0 15.0 25.0
L. plantarum (%) - 5.0 15.0 25.0 5.0 15.0 25.0
Cellulase (%) - 45.0 35.0 25.0 - - -
Laccase (%) - 45.0 35.0 25.0 225 17.5 12.5




Fermentation 2025, 11, 210 40f13
Table 2. Cont.
Microorganisms Groups
and Enzymes C T1 T2 T3 T4 T5 T6
-glucanase (%) - - - - 22.5 17.5 12.5
Xylanase (%) - - - - 225 17.5 12.5
Mannanase (%) - - - - 225 17.5 12.5

2.3. Determination of Nutritional Components and Fermentation Products

After 30 days of fermentation, the bags were opened, and the samples were dried at
65 °C for 48 h to determine the dry matter (DM) content. The samples were then ground
through an 80-mesh sieve for subsequent analysis. The crude ash content was determined
according to the AOAC [22], and the organic matter (OM) was calculated. The crude
protein (CP) was measured using an automatic Kjeldahl analyzer (K1100, Hanon, Jinan,
China). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed
using an automatic fiber analyzer (F2000, Hanon, Jinan, China) and the filter bag method.

The pH value was determined according to the method described in a previous
report [23]. Briefly, 30 g of the fermented sample was mixed with 270 mL of distilled water
and homogenized in a blender for 1 min. The homogenate was filtered through four layers
of medical gauze, and the pH of the filtrate was measured using a pH meter (FE20-FiveEasy,
Mettler Toledo, Shanghai, China). The reducing sugar content was quantified using the
3,5-dinitrosalicylic acid (DNS) method, as outlined in a previous report [24]. The filtrate
was appropriately diluted, incubated in a water bath at 50 °C for 20 min, and centrifuged
at 4000x g for 15 min. A 0.5 mL aliquot of the supernatant was mixed with 0.5 mL of DNS
solution, heated in a boiling water bath for 5 min, and immediately cooled using tap water.
After adding 4 mL of distilled water, the absorbance was measured at 540 nm, and the
reducing sugar content was calculated using a standard curve.

The ammoniacal nitrogen (NH3-N) concentration in the filtrate was determined using
the phenol-sodium hypochlorite colorimetric method with a plate reader (Infinite M200,
Tecan, Mannedorf, Switzerland), as described in reference [25]. Lactate was measured using
a lactate analyzer (LM5, Anolox Instruments, Stourbridge, UK). The concentrations of VFA,
including acetate and propionate, were analyzed using a gas chromatograph (GC-2010,
Shimadzu, Kyoto, Japan) [26].

For the mycotoxin analysis, the concentrations of aflatoxin B; (AFB,), zearalenone
(ZON), and deoxynivalenol (DON) in the fermented and ground straw samples were quan-
tified using a quantitative rapid mycotoxin fluorescence detector (FD-600, Femdetection
Bio-Tech, Shanghai, China), according to the manufacturer’s instructions.

2.4. In Vitro Rumen Fermentation and Determination of Fermentation Parameters

The culture medium was prepared according to the formulation described by
Zhou et al. [27], with the addition of 0.7 g/L sodium isoascorbate for oxygen removal [28].
A total of 0.400 g of the fermented sample was weighed, ground, and placed into fiber anal-
ysis filter bags (FB2000, Hanon, Jinan, China), which were then sealed and labeled. Each
treatment group included six replicates and three blank fiber bags without samples. Four
7-month-old male small-tailed Han sheep, fitted with permanent ruminal fistulas and main-
tained with a daily feed intake of 1.5 kg, were selected as donors of ruminal microorganisms.
Fresh rumen fluid was collected, filtered through eight layers of gauze, and immediately
transferred into a pre-warmed thermos flask. The filtrate was mixed with a pre-warmed
culture medium at a ratio of 1:2 to prepare the mixed artificial rumen culture. Subsequently,
60 mL of the mixture was dispensed into 100 mL glass syringes, with 1 mL graduations.
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The syringes were sealed and incubated horizontally in a constant-temperature shaker at
39 °C for 72 h, with the medium mixed every 2 h.

After fermentation, the pH value and NH3-N concentration were immediately mea-
sured. The VFAs, including acetate, propionate, butyrate, isobutyrate, isovalerate, and
valerate, were quantified, and the total VFA (TVFAs) concentration and acetate/propionate
(A/P) ratio were calculated. The fiber analysis filter bags were rinsed with tap water
until they were colorless, dried at 65 °C to a constant weight, and used to calculate the
DM degradation rate (DMD). For the protozoa counting, 0.5 mL of filtered rumen fluid
was mixed with 1 mL of methyl green formaldehyde solution (MFS), gently shaken, and
allowed to stain for 10 min. The stained sample was then observed, and the protozoa
number was counted under a microscope at 400 x magnification, using a counting chamber
(1.0 x 1.0 x 0.5 mm) [29].

2.5. Fiber Structure Analysis

Dried samples were coated with a conductive layer using a carbon evaporation coater
and observed under a scanning electron microscope (Quanta FEG250, FEI, La Vergne, TN,
USA) at 500x magnification to capture images of the fiber structure.

2.6. Data Analysis

The experimental data were analyzed using IBM SPSS software (v. 23.0). A one-way
analysis of variance (one-way ANOVA) was performed, followed by Duncan’s multiple
range test to determine any significant differences. The model is as follows:

Yi = 4 + &; + €, where y; is an observation; u is the overall mean; « is the effect of the
additives (j = 1, 7); and ¢; is the residual error.

The normality of the data was assessed using the Shapiro-Wilk test, the independence
of the data was verified using the Durbin-Watson test, and the homogeneity of the variances
across the groups was confirmed using Levene’s test. Statistical significance was set at
p < 0.05; the experimental results are presented as mean values and the standard error of
the mean (SEM).

3. Results
3.1. Nutritional Composition

As shown in Table 3, for corn stover, compared to the control group, the OM content
in groups T3-T6 was significantly reduced (p < 0.05), while the CP content was significantly
increased (p < 0.05). The NDF content in all six microorganism-enzyme-treated groups
was significantly decreased (p < 0.05). Except for groups T2 and T6, the ADF content in the
other microorganism-enzyme-treated groups was also significantly reduced (p < 0.05).

For wheat straw, all six treatment groups demonstrated significantly higher CP content
(p < 0.05) compared to the control group. Conversely, the NDF and ADF contents were
significantly reduced (p < 0.05) in all the treatment groups.

Table 3. Effects of synergistic microorganism—-enzyme treatment on the nutritional composition of
corn stover and wheat straw (dry matter basis).

Roughage Items C T1 T2 T3 T4 T5 Té SEM p-Value
OM (%) 90262 89923  g993ab  ggp4be  8822°¢ 88.79 88.69 © 0.183 <0.001

Corn CP (%) 7.37¢ 7.75 be 7.85 be 8.24 b 8.09 ab 8.27ab 8.482 0.087 <0.001
stover NDF (%) 64392  5500bc  57.44b 51.9¢ 53.73 ¢ 54.02 ¢ 52.56 ¢ 0.917 <0.001

ADF (%)

33.942 30.89 b 32.67 b 30.76 P 29.99 b 31.01b 34.17 2 0.442 0.021
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Table 3. Cont.
Roughage Items C T1 T2 T3 T4 T5 Té SEM p-Value
OM (%) 85.65 85.60 84.65 85.39 85.20 85.09 84.29 0.216 0.658
Wheat CP (%) 3.61° 6.62° 6.67 2 6.742 6.52% 6.61° 6.51° 0.242 <0.001
straw NDF (%)  70.002 66.75 be 65.92 ¢ 66.05 € 67.00° 66462 621649 0.483 <0.001
ADF (%) 41432 37.78¢ 37144 36269  3754¢  3893P  3248¢ 0573  <0.001
Within the same row, values without superscript letters or with the same superscript letters are not significantly
different (p > 0.05), whereas values with different superscript letters are significantly different (p < 0.05). OM,
organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; SEM, standard error of
the mean.
3.2. Fermentation Products
As shown in Table 4, the pH values of corn stover in all six treatment groups exhibited
a decreasing trend (p = 0.060) compared to the control group. Significant increases (p < 0.05)
were observed in regard to the lactate and NH3-N contents across all the treatment groups.
Notably, the reducing sugar content in the T1 group was significantly higher (p < 0.05) than
that of the other treatment groups.
For wheat straw, the pH values in all six treatment groups were significantly lower
(p < 0.05) than that of the control group. The reducing sugar content in the T1 group showed
a significantly higher value (p < 0.05) compared to the other treatment groups. Furthermore,
the lactate contents in the T1-T3 groups were significantly elevated (p < 0.05) relative to
both the T5-T6 groups and the control group.
Table 4. Effects of synergistic microorganism—enzyme treatment on fermentation products of corn
stover and wheat straw.
Roughage Items C T1 T2 T3 T4 T5 T6 SEM p-Value
pH 4.89 4.50 4.42 4.58 4.73 4.68 4.29 0.057 0.060
Reducingsugars 1,506 p703a 13350 1271b¢ 12425  938°  950¢ 1408  <0.001
Corn (mg/g)
stover Lactate (mM) 414> 7467  618% 8592 739°  7.18%  7.33% 038  0.041
Acetate (mM) 8.64 8.42 7.70 8.55 7.63 7.64 8.10 0.342 0.977
Propionate (mM) ND ND ND ND ND ND ND - -
NH;-N (mM) 261¢  7029b 522b 9.282 5.93b 636P 5850 0484 0.002
pH 4862 4274 435¢ 4.36¢ 461° 407¢ 4224 0.056 <0.001
Reducing sugars 5 e7ea 11332 g50°  775% 563 g26b 5229 0502 <0.001
Wheat (mg/g)
Straw Lactate (mM) 528 8233  7gpab 9.322 7.02bc  525¢d 4854 0401  <0.001
Acetate (mM) 6.87 9.82 6.41 6.94 6.17 471 6.65 0.467 0.136
Propionate (uM) 91.70 21.20 11.30 12.00 4.80 20.30 41.50 0.012 0.604
NH;3-N (mM) 1.68 2.82 2.36 2.65 2.48 3.07 1.17 0.257 0.488

Within the same row, values without superscript letters or with the same superscript letters are not significantly
different (p > 0.05), whereas values with different superscript letters are significantly different (p < 0.05). ND, not
detected; SEM, standard error of the mean.

3.3. Mycotoxins

As shown in Table 5, for corn stover, the ZON content in the T6 group was significantly
elevated compared to that of the other groups (p < 0.05). For wheat straw, the ZON content
in the T1, T4, and T6 groups was significantly lower than that of the control group (p < 0.05).
Furthermore, the levels of AFB;, ZON, and DON in both corn stover and wheat straw were
within the safety limits specified by the Chinese feed hygiene standard (GB 13078-2017 [30],
AFB; <30 ng/kg, ZON < 1000 pg/kg, and DON < 5000 nug/kg).
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Table 5. Effects of synergistic microorganism—enzyme treatment on mycotoxin levels in corn stover
and wheat straw.

Roughage  Mycotoxins C T1 T2 T3 T4 T5 T6 SEM b
Value
c AFB; (ug/kg) <1 <1 <1 <1 <1 <1 3.45 - -
St;f:r ZON (ug/kg)  47.37P  3653P 32.62P 4329%  3963P  3507P  151.842 9159  <0.001
DON (ug/kg) <100 <100 <100 <100 <100 <100 <100 - -
Wheat AFB; (ug/kg) <1 <1 <1 <1 <1 <1 <1 - -
tr;; ZON (ug/kg) 39482 20.10°4  28803bcd 33662 17534  3p812bc  2194bcd 2043  0.011
s DON (ug/kg) <100 <100 <100 <100 <100 <100 <100 - -
In the same row, values with no superscript letters or the same superscript letters mean no significant difference
(p > 0.05), while values with different superscript letters mean that there is a significant difference (p < 0.05). AFB;,
aflatoxin By; ZON, zearalenone; DON, deoxynivalenol; SEM, standard error of the mean.
3.4. In Vitro Rumen Fermentation Parameters
As presented in Table 6, for corn stover, the NH3-N levels in the T3 and T5 groups
were significantly higher than that of the T2, T4, and T6 groups (p < 0.05). Moreover, the
concentrations of individual VFAs and TVFAs in the T3 and T5 groups were significantly
higher than that of the control and the T6 group (p < 0.05).
Table 6. Effects of synergistic microorganism-enzyme treatment on in vitro rumen fermentation.
Roughage Parameters C T1 T2 T3 T4 T5 T6 SEM p-Value
pH 6.43 6.62 6.51 6.48 6.46 6.45 6.51 0.022 0.265
DMD (%) 76.76 73.07 72.95 71.72 72.61 72.01 74.15 0.557 0.227
NH;3-N (mM) 22.08 ab 21.79 @b 19.22 be 24462 20.45b 25.242 16.43 ¢ 0.586 <0.001
Protozoa (Ig 5.96 574 5.89 6.02 5.9 5.98 576 0.042 0.447
counts/mL)
Acetate (mM) 35.93¢d 42174 39 7pbe 48.69 2 36.70 < 50.08 2 29.09 4 1.471 <0.001
Corn Propionate (mM) 9.81¢d 11.34 be 10.75¢ 13.44 2 10.10 <@ 13.79 2 8.054 0.375 <0.001
stover Isobutyrate (mM) 0.80 be 0.932b 0.83 be 1.102 0.81 be 1.092 0.65¢ 0.031 <0.001
Butyrate (mM) 5.47 <d 6.49 be 5.94 cd 7.533b 5.72¢d 7.892 4764 0.207 <0.001
Isovalerate (mM) 1.61be 1.892b 1.71be 2272 1.67 be 2302 1.34¢ 0.067 <0.001
Valerate (mM) 0.69 be 0.80° 0.74 be 0.992 0.72 be 1.012 0.58¢ 0.030 <0.001
TVFAs (mM) 54.30 be 63.63 2P 59.69 b 74.012 55.71 be 76.16 2 4447 ¢ 2.174 <0.001
A/P 3.65 3.70 3.70 3.62 3.57 3.62 3.60 0.020 0.540
pH 6.57 be 6.58 abe 6.612b 6.56 € 6.58 be 6.622 6.622 0.005 0.002
DMD (%) 76.91 75.13 76.48 75.85 75.35 75.55 77.52 0.375 0.602
NH;-N (mM) 9.47 cd 11.76 2 10.23b¢  10.883ab¢ 11582  10.95 abe 8.794d 0.20126  <0.001
Protozoa (Ig 5.70 5.82 5.86 5.86 5.70 5.83 576 0.025 0.332
counts/mL)
Acetate (mM) 2437 b 24.892 20.54 be 25.272 26.182 23.86 b 17.37¢ 0.561 <0.001
Wheat Propionate (mM) 6.54 2b 6.992 5.65 be 7172 7.272 6.64 2P 484° 0.162 <0.001
straw Isobutyrate (mM) 0.40 0.41 2 0.35b 0.41 b 0.432 0.39 b 0.28¢ 0.009 <0.001
Butyrate (mM) 24620 0.732 2.21be 259 ab 2.602b 2.462b 1.97°¢ 0.053 <0.001
Isovalerate (mM) 0.552 0.582 0.492 0.562 0.59 2 0.532 039 0.014 <0.001
Valerate (mM) 0.172 0202 0.152ab 0.192 0.192 0.182 0.11° 0.006 <0.001
TVFAs (mM) 34.49 ab 35.812 29.39 be 36.192 37.263 34.05 b 24.95 ¢ 0.800 <0.001
A/P 3.74 3.57 3.63 3.56 3.60 3.61 3.62 0.018 0.118

In the same row, the values with no superscript letters or the same superscript letters mean there was no significant
difference (p > 0.05), while values with different superscript letters mean that there was a significant difference
(p < 0.05). DMD, dry matter degradation rate; TVFAs, total volatile fatty acids; A /P, ratio of acetate to propionate;
SEM, standard error of the mean.

For wheat straw, compared to the control group, the T3 group exhibited a significant
reduction in pH (p < 0.05), while the concentrations of acetate, propionate, and TVFAs in
the T3 group were significantly higher than that of the T2 group (p < 0.05). Furthermore,
concentrations of individual VFAs and TVFAs were significantly decreased in the T6 group
(p <0.05).
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3.5. Scanning Electron Microscopy

As shown in Figure 1a,c, the surfaces of untreated corn stover and wheat straw were
smooth and intact, with well-organized fiber structures and clearly defined cell arrange-
ments, without any signs of damage. In contrast, as depicted in Figure 1b,d, the surfaces
of corn stover and wheat straw treated with the microorganism—enzyme combinations
exhibited significant structural alterations. The fiber structures were disrupted, showing
signs of breakage and delamination, while the cell structures were partially damaged and
dissolved.

OkV 254 pum 94 mm 500 x D 41 PM ETD SE 5.00kvV 254 uym 109 mm 500

Figure 1. Scanning electron microscopy images of corn stover and wheat straw treated with microor-
ganisms and enzymes: (a) corn stover (control); (b) corn stover (T3); (c) wheat straw (control); and
(d) wheat straw (T6). Images were obtained at an accelerating voltage of 5.00 kV and a magnification
of 500 .

4. Discussion

4.1. Effects of Microorganisms and Enzymes on the Nutritional Composition of Corn Stover and
Wheat Straw

Corn stover and wheat straw, abundant agricultural by-products globally, are lim-
ited in terms of feed utilization due to their high fiber content, low protein levels, and
poor digestibility [31]. Numerous studies have demonstrated that microorganism—-enzyme
treatments effectively enhance the CP content, while reducing NDF and ADF levels in
forages [32,33]. This phenomenon may be attributed to the hydrolysis of structural carbo-
hydrates into soluble carbohydrates by microorganisms and enzymes during fermentation,
thereby improving nutrient bioavailability for animals [34]. Concurrently, lignin—cellulose
degradation releases additional plant proteins and facilitates the synthesis of microbial
protein through the probiotic utilization of fermentation substrates [35]. Consistent with



Fermentation 2025, 11, 210

90f13

previous studies [32,33], our findings demonstrated that all treatment groups exhibited
increased CP content and reduced NDF and ADF levels compared to the control group.
Among all the experimental groups, the T3 group in terms of corn stover demonstrated the
highest reduction in NDF and ADF content, whereas the T6 group in terms of wheat stover
showed the most pronounced decrease in NDF and ADF levels. These results collectively
indicate that the synergistic microorganism-enzyme treatment improves the nutritional
value of different types of roughage.

4.2. Effects of Microorganisms and Enzymes on Fermentation Products of Corn Stover and
Wheat Straw

The pH and organic acid content are critical indicators of feed fermentation quality.
Lactobacillus sp. can utilize reducing sugars to produce substantial amounts of organic
acids, such as lactate, acetate, and propionate, which promote a decrease in pH and
inhibit the activity of spoilage microorganisms and proteolysis [36]. Additionally, high
concentrations of lactate can suppress the growth of harmful bacteria and reduce the
production of butyrate, thereby improving fermentation quality. Acetate is produced by
heterofermentative Lactobacillus sp. during fermentation and can also be formed through
the hydrolysis of acetyl groups in hemicellulose [31]. The addition of Lactobacillus sp. and
cellulase significantly reduced the pH, propionate content, and mold count in mixed silage
made of amaranth and corn stover, while increasing the levels of lactate and acetate [37].
The results of this experiment indicated that the pH of the wheat straw treatment group
was significantly lower than that of the control group, whereas no significant change was
observed in the pH of the corn stover treatment group, which may be attributed to the
buffering capacity of corn stover [38].

The negative correlation between cellulose content and reducing sugar levels [39]
stems from the conversion of degraded cellulose and other non-starch polysaccharides
into soluble sugars. Reducing sugars serve as carbon sources and energy substrates for
microbial proliferation, thereby enhancing fermentation efficiency [40]. Notably, no signifi-
cant correlation was observed between the reducing sugar content and NDF/ADF levels
in this study, which may be attributed to the dual roles of reducing sugar generation and
consumption during microbial fermentation. For instance, while the T1 group initially
improved the reducing sugar content in wheat straw, incremental additions of C. utilis
and L. plantarum progressively decreased the reducing sugar levels, indicating that net
consumption exceeded production.

Ammonia formation reflects partial protein hydrolysis during fermentation. The
presence of undesirable microorganisms, such as Clostridium perfringens can inhibit Lacto-
bacillus sp. growth, promote butyrate production, and catalyze protein degradation into
NH;3-N, leading to feed nutrient loss [41]. In this experiment, the NH3-N concentrations in
all the treatment groups involving corn stover were significantly higher than that of the
control group, which contrasts with the findings by Ma et al. [37]. This discrepancy may be
attributed to differences in microbial metabolism and the degradation of enzymes.

4.3. Effects of Microorganisms and Enzymes on Mycotoxin Production in Corn Stover and
Wheat Straw

Mycotoxins are toxic secondary metabolites produced by fungi, primarily including
aflatoxin By, fumonisin Bj, zearalenone, and deoxynivalenol (vomitoxin), which pose
significant threats to animals and even human health [42]. The effect of L. buchneri, L. plan-
tarum, and a combination of L. buchneri and L. plantarum could effectively reduce the levels
of aflatoxin By, fumonisin Bj, zearalenone, and deoxynivalenol, thereby mitigating the
adverse effects of fungal infection on the quality of corn silage [43]. These findings align
with the results in the present study, suggesting that the addition of L. plantarum can reduce
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mycotoxin production during fermentation. This effect may be attributed to the antifungal
properties of bioactive substances produced by Lactobacillus sp. [44].

4.4. In Vitro Rumen Fermentation of Straw Treated with Microorganism—Enzyme Combinations

The production of VFAs in the rumen is closely associated with the digestion rate
of NDEF. Straw subjected to microorganism-enzyme synergistic fermentation exhibits en-
hanced fiber digestibility, which accelerates the fermentation rate, while reducing ammonia
production and increasing the concentration of VFAs [45]. In this experiment, variations
in the concentrations of NH3-N and TVFAs were observed. The type of feed significantly
influences the TVFA concentration and its proportion in the rumen [46]. In this study, corn
stover subjected to microorganism-enzyme treatment demonstrated significantly higher
VFA production during in vitro rumen fermentation compared to the untreated controls. In
contrast, wheat straw showed no significant change in VFA production following a similar
treatment. These findings suggest that microorganism-enzyme treatment enhances the
ruminal degradability of corn stover.

4.5. Effects of Microorganisms and Enzymes on the Fiber Structure of Corn Stover and
Wheat Straw

The fiber-degrading activity of rumen microorganisms is dependent on their attach-
ment to the fiber surface [47]. Consequently, the pretreatment of roughage to disrupt
the cell wall structure and expose the cell contents can effectively enhance lignocellulose
degradation. Previous research has demonstrated that both lactic acid bacteria alone and in
combination with molasses induce structural damage to the surface of rice straw fibers [48].
In this study, scanning electron microscopy was employed to analyze the fiber structure
degradation in roughage before and after microorganism—enzyme synergistic treatment.
The results revealed that microorganism—enzyme combinations altered the surface mor-
phology of roughage fibers, resulting in structural modifications, including fracturing and
delamination. These findings indicate that the treated samples provided more colonization
sites for rumen microorganisms, thereby facilitating cellulose degradation.

5. Conclusions

The synergistic application of C. utilis, L. plantarum, and non-starch polysaccharide
enzymes modifies the fiber architecture of roughage, thereby enhancing fermentation
efficiency and nutritional quality. In this study, the T3 treatment, comprising 25% each
of C. utilis, L. plantarum, cellulase, and laccase, with a total addition ratio of 0.3% (w/w),
demonstrated optimal efficacy in regard to both corn stover and wheat straw fermenta-
tion. The findings in this study provide important technical insights and practical support
for improving the development and utilization of unconventional roughage resources.
Specifically, the results highlight the potential of bacterial-enzymatic synergistic treatment
to enhance the nutritional value and fermentability of straw-based roughage. To further
advance this field, future research should focus on optimizing key fermentation parameters,
including time, temperature, and the composition of the microbes and enzymes. Addi-
tionally, it is essential to elucidate the mechanistic basis of microbial-enzymatic synergism
and its subsequent impact on animal physiology and performance. These investigations
will not only refine the fermentation process, but also facilitate the broader application of
this technology in animal production systems, ultimately contributing to the sustainable
intensification of livestock production.
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