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Abstract 

Background/Objectives: This study evaluated the effects of a compound probiotic fer-

mented feed (CPFF) containing Lactobacillus plantarum, Bacillus subtilis, yeast, and Asper-

gillus niger on rumen in vitro fermentation, in situ feed degradation, and growth perfor-

mance in beef cattle. Methods: We established a control group (CON) and experimental 

groups with 2%, 4%, and 8% CPFF supplementation for in vitro fermentation. Results: 

The results indicated that the NH3-N concentration in the 4% CPFF group was signifi-

cantly higher than in the other groups (p < 0.001). Similarly, microbial crude protein (MCP) 

production was significantly greater in the 4% CPFF group compared to the CON group 

(p = 0.016). The molar proportions of acetate, butyrate, isobutyrate, and valerate were sig-

nificantly higher in the 2% and 4% CPFF groups than in the control group (p < 0.001), while 

propionate levels were significantly lower (p < 0.001). After 48 h, gas production was high-

est in the 4% CPFF group. Based on improvements in gas production, MCP synthesis, and 

fermentation intensity, the 4% inclusion level was determined to be optimal for further 

studies. We conducted an in situ degradation trial using 4% CPFF. Results showed that at 

12 h, the neutral detergent fiber (NDF) degradation rate in the 4% CPFF group was signif-

icantly higher than in the CON group at 4, 8, 12, and 48 h (p < 0.05). At 48 h, the acid 

detergent fiber (ADF) degradation rate in the 4% CPFF group was also significantly higher 

than in the CON group (p < 0.001), and this group exhibited a significant increase in crude 

protein (CP) degradation (p = 0.030). We analyzed rumen fluid samples from both the 

CON and 4% CPFF groups after in vitro fermentation using 16S rRNA sequencing and 

untargeted metabolomics. Microbial community analysis revealed significantly increased 

abundances of functional bacterial groups such as Rikenellaceae_RC9_gut_group, Chris-

tensenellaceae_R-7_group, and UCG-002 in the 4% CPFF group (p < 0.05). Differential me-

tabolites were primarily involved in pathways related to tryptophan metabolism, and ty-

rosine metabolism signaling. A feeding trial was conducted by adding 4% CPFF to the 

diet of Angus growing cattle. The results indicated that average daily gain (ADG) (p = 

0.004) and average daily feed intake (ADFI) (p = 0.001) were significantly higher in the 

CPFF group than in the CON group. Conclusions: In conclusion, our results demonstrate 

that CPFF enhances rumen fermentation activity, optimizes the microbiota and metabolic 

profiles of rumen fluid, and improves the average daily gain of beef cattle. This research 

provides a valuable theoretical basis for applying CPFF in beef cattle breeding. 
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1. Introduction 

Compound probiotic fermented feed (CPFF) refers to a functional feed produced via 

the directional fermentation of plant-based feed ingredients or agricultural by-products 

using two or more beneficial microorganisms with complementary functions [1,2]. The 

fermentation process can pre-digest feed and eliminate anti-nutritional factors, thereby 

improving feed bioavailability [3,4]. Fermented feed provides probiotics and abundant 

bioactive metabolites, which help stabilize the gastrointestinal microecology of animals, 

thereby optimizing their production performance and health status [5,6]. 

Lactobacillus plantarum is among the most widely used strains in the fermented feed 

industry. These strains utilize feed nutrients as fermentation substrates, metabolizing 

them to produce significant amounts of lactic acid. Continuous lactic acid production in-

hibits the growth of harmful pathogens and spoilage microorganisms in the fermentation 

system, while improving feed storage stability [7]. Bacillus species have the function of 

producing large amounts of protease, phytase, and cellulase and have been widely used 

in various fermented foods [8]. Additionally, Bacillus subtilis consume oxygen in the gas-

trointestinal tract, forming an anaerobic microenvironment that facilitates the colonization 

and proliferation of beneficial anaerobic bacteria within the gut [9]. Additionally, Yeasts 

enhance the activity of fibrolytic microbial communities by modulating the anaerobic en-

vironment in the rumen, which improves roughage digestibility [10]. Furthermore, fila-

mentous fungi such as Aspergillus niger decompose tough cell wall structures of feed in-

gredients and release intracellular nutrients due to their exceptional ability to secrete var-

ious lignocellulolytic enzymes [11,12]. Research on individual strains has led to a shift in 

the development of fermented products toward multi-strain, synergistic fermentation. In 

fermented beverages, the co-fermentation of Lactobacillus plantarum and yeast exhibits a 

more pronounced effect compared to single-strain fermentation [13]. Similarly, in plant-

based milk fermentation, the mixed fermentation of two or more microorganisms (such 

as lactic acid bacteria, bacilli, and yeast) is expected to exert synergistic effects, thereby 

improving the quality of the final product [14]. Furthermore, in vitro fermentation studies 

have demonstrated that the combined supplementation of Lactobacillus and Yeast opti-

mizes rumen microbial populations and hydrolases while simultaneously reducing me-

thane production [15]. 

It is essential to conduct multi-level supplementation trials to determine the optimal 

inclusion level of fermented feed in diets for efficient conversion and practical application 

in ruminant production. In vitro fermentation and fistulated animal trials are important 

methods for assessing feed fermentation characteristics in ruminants [16], enhancing the 

efficiency and sustainability of production. The analysis of feed nutrient degradation effi-

ciency, in vitro gas production kinetics, and volatile fatty acid generation serves to evalu-

ate the effects of feed fermentation, while simultaneously offering valuable theoretical in-

sights for nutrient supply levels in feed formulation [17,18]. Although numerous studies 

show that fermented feed regulates the rumen microbial community structure in rumi-

nants, the specific coupling mechanism between the microbiome and metabolome re-

mains unclear [19]. The primary novelty lies in the systematic, multi-stage validation ap-

proach—integrating in vitro, in situ, and in vivo models—to elucidate the positive impacts 

of the composite probiotic fermented feed on rumen fermentation characteristics and beef 

cattle growth performance. This study is of significant theoretical importance for elucidat-
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ing the mechanisms by which CPFF affects rumen fermentation and feed utilization effi-

ciency in ruminants, while also providing a reference for the development of new CPFF. 

This study systematically investigated how a CPFF composed of Lactobacillus planta-

rum, Bacillus subtilis, Yeast, and Aspergillus niger affects rumen fermentation and beef cattle 

growth performance. A multi-stage experimental design was employed to evaluate these 

effects. First, in vitro fermentation trials tested various supplementation levels to deter-

mine the optimal CPFF dosage. Next, an in situ nylon bag experiment used a rumen-fis-

tulated model to assess how CPFF influences nutrient degradation kinetics. Finally, a 

feeding trial on growing cattle validated the actual impact of the optimal dosage on 

growth performance. Based on the synergistic potential of these four microbes, we hy-

pothesized that the optimal dosage of CPFF would shift rumen microbial fermentation 

toward a more efficient pattern and accelerate nutrient digestion, thereby leading to im-

proved feed efficiency and daily weight gain in beef cattle. 

2. Materials and Methods 

2.1. Preparation of CPFF 

The CPFF used in the experiment was obtained from a standard production line at 

Shaanxi Yangling Fushite Bio-Tech Co., Ltd (Yangling Demonstration Zone, Shaanxi, 

China).. The ingredients included in the formulation of CPFF are shown in Table 1. The 

inoculation ratios include 5% Lactobacillus plantarum, 5% Bacillus subtilis, 5% Aspergillus 

niger, and 1% Yeast. The process starts with an initial moisture content of 60%, followed 

by solid-state fermentation at room temperature for 72 h. The product is then air-dried at 

low temperatures to below 12% moisture, ground, and sieved through a 40-mesh screen. 

Quality standards require Bacillus subtilis ≥ 1 × 107 CFU/g, Yeast ≥ 1 × 108 CFU/g, crude 

protein ≥ 15.00%, NDF ≤ 18.50%, ADF ≤ 12.80%, mannan ≥ 1.0%, pH of 3.80–4.20, and no 

mycotoxin contamination. Although the product is manufactured under standardized 

processes that are expected to minimize batch-to-batch variability, the absence of varia-

tions was not empirically confirmed in this study. 

Table 1. Ingredient composition and nutrient levels of fermentation mixed raw materials and CPFF 

(DM Basis) %. 

Items Contents (%) — 

Corn bran 67.00 — 

Rice bran 17.40 — 

Cottonseed meal 15.00 — 

Urea 0.30 — 

Brown sugar 0.30 — 

Total 100.00 — 

Nutritional Levels (1) FRM CPFF 

DM 89.90 88.42 

CP 17.73 20.31 

ADF 18.03 12.63 

NDF 30.87 18.11 

EE 6.13 3.36 

Ash 5.79 8.42 

Ca 1.29 1.52 

DM = dry matter; CP = crude protein; ADF = acid detergent fiber; NDF = neutral detergent fiber; EE= 

ether extract; FRM = fermentation mixed raw materials; (1) Nutrient levels were measured values. 

2.2. Design of In Vitro Rumen Fermentation Experiment 
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The in vitro fermentation experiment was conducted using a single-factor gradient 

design experiment, focusing on the inclusion level of CPFF in the concentrate as the ex-

perimental factor. The treatments included a control group (CON) without CPFF supple-

mentation and three CPFF supplementation groups: 2% CPFF, 4% CPFF, and 8% CPFF, 

based on the dry matter of the concentrate. Each treatment was replicated eight times, and 

two blank bottles without substrate were included to correct gas production values. The 

experimental unit for the in vitro fermentation test is the fermentation bottle. For each 

fermentation bottle, 0.50 g of air-dried substrate was accurately weighed and incubated 

with 60 mL of artificial buffered saliva. The following basic stock solutions were prepared 

separately. Solution A (elemental nutrient solution) was composed of 13.2 g of CaCl2·2H2O, 

10.0 g of MnCl2·4H2O, 1.0 g of CoCl2·6H2O, and 8.0 g of FeCl3·6H2O, which were dissolved 

and diluted to a final volume of 1 L with distilled water. Solution B (buffer solution) con-

tained 4 g of NH4HCO3 and 35 g of NaHCO3, also made up to 1 L with distilled water. 

Solution C (macroelement nutrient solution) consisted of 5.7 g of anhydrous Na2HPO4, 6.2 

g of KH2PO4, and 0.6 g of MgSO4·7H2O, and was adjusted to 1 L with distilled water. So-

lution D (anaerobic indicator nutrient solution) was prepared by dissolving 1 g of crystal 

violet in distilled water and diluting to 1 L. Solution E (reducing agent nutrient solution) 

was prepared by dissolving 6.25 g of Na2S·9H2O in distilled water and diluting to a final 

volume of 250 mL. To prepare the working solution, 333.0 mL of solution A, 333.0 mL of 

solution B, and 166.5 mL of solution C were mixed thoroughly. The mixture was then 

diluted with water to a volume of 841 mL, after which a continuous stream of CO2 was 

bubbled through until the solution became completely colorless. Subsequently, 0.5 mL of 

solution D was added, followed by the gradual addition of a small amount of solution E 

until the system turned colorless. Finally, the mixture was brought to a final volume of 1 

L with distilled water to obtain the artificial buffer saliva working solution. The bottles 

were sealed and incubated anaerobically at 39 °C for 48 h. At the end of incubation, fer-

mentation was terminated by placing the bottles in an ice-water bath for 5 min. The ingre-

dient composition and nutrient levels of the concentrate substrate are presented in Table 

2. 

Table 2. Ingredient composition and nutritional levels of concentrate feed (DM basis) %. 

Ingredients Content Nutritional Level (2) Content (%) 

Corn 58.00 Dry matter 88.01 

Spray-Dried corn bran 11.77 Crude protein 20.77 

Corn germ meal 10.00 ADF 6.78 

Wheat bran 10.00 NDF 18.13 

Cottonseed meal 3.33 Starch 38.77 

Limestone 2.85 Crude fat 2.01 

Ammoniated corn stover 2.00 Ash 4.78 

Sodium chloride 0.80 Ca 0.87 

Sodium bicarbonate 0.60 P 0.57 

Premix (1) 0.60   

Mold inhibitor 0.05   

Total 100.00   

DM = dry matter; ADF = acid detergent fiber; NDF = neutral detergent fiber; EE = ether extract; (1) 

The premix provided the following per kg of the diet: VA 1000 IU, VD 210 IU, VE 25 IU, Cu 12 mg, 

Fe 80 mg, M n 25mg, Zn 70 mg, I 1.0 mg, Se 0.36 mg. (2) Nutrient levels were measured values. 

2.3. Donor Animals for Rumen Fluid Collection and Ethical Statement 

Rumen fluid was collected from three healthy Qinchuan beef cattle with similar body 

weights. The donor cattle were fed a total mixed ration (TMR) formulated to meet mainte-
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nance and production requirements; the dietary formulation and nutritional levels are de-

tailed in Table 3. The cows were fed twice daily at 07:00 and 17:00 with ad libitum access 

to water. Rumen fluid was sampled from fasting cows prior to the morning feeding. All 

animal experimental procedures were approved by the Animal Care and Use Committee 

of Northwest A&F University (Approval No. NWAFU-DK2024016). 

Table 3. Feed composition and nutrient composition (DM basis)%. 

Items Contents 

Ingredient composition  

Alfalfa hay 30.01 

Corn 39.90 

Steam-flaked corn 7.78 

Soybean meal 11.40 

Safflower seed meal 5.22 

Ammoniated corn stover 0.57 

Fatty acid calcium 2.28 

Stone powder 1.01 

CaHPO4 0.31 

Nacl 0.40 

Premix (1) 1.12 

Total 100 

Nutrient composition (2)  

CP 19.81 

NDF 25.99 

ADF 18.16 

Ca 0.98 

P 0.73 
(1) The premix provided the following per kg of the diet: VA 1000 IU, VD 210 IU, VE 25 IU, Cu 12 

mg, Fe 80 mg, Mn 25 mg, Zn 70 mg, I 1.0 mg, Se 0.36 mg. (2) All nutrient levels were measured values. 

2.4. In Vitro Fermentation Procedure and Gas Production Measurement 

Gas production was measured at 3, 6, 9, 12, 24, and 48 h of incubation using a petro-

leum jelly-lubricated 100 mL medical syringe. At each interval, the cumulative gas volume 

was recorded. The collected gas was then transferred into collection bags to determine 

methane proportion via gas chromatography (Fuli Instrument Co., Ltd., Wenling, 

Zhejiang, China). Using high-purity nitrogen or hydrocarbon-free air to dilute the high-

purity methane, the high-concentration cylinder reference gas was diluted online into a 

five-point standard series via a dynamic gas diluter (Qingdao Junray Intelligent Instru-

ment Co., Ltd., Qingdao, Shandong, China). The concentration range properly covered 

and appropriately extended beyond the expected range of the samples. Each sample was 

measured in triplicate. Finally, the total gas production volume was calculated according 

to the formula as described [20]. 

GP = B(1 − e−ct)  

In this formula, GP represents the cumulative gas production (mL) at time t, and B denotes 

the theoretical maximum gas production (mL). The term e is the mathematical constant (e 

≈ 2.71828), while c signifies the fractional rate constant of gas production (h−1) over the 

incubation time t (h). 
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2.5. Chemical Composition of Feed and Determination of Rumen Fermentation Parameters 

Feed samples were analyzed for crude protein (CP), ether extract (EE), and ash ac-

cording to GB/T standards 6432–2018, 6433–2006, and 6438–2007 [21–23], respectively. 

Neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents were determined 

using the method described by Van Soest et al. [24]. Following fermentation, the fluid was 

filtered through 40–60 μm pore-size nylon bags, and the pH was measured immediately. 

For volatile fatty acid (VFA) analysis, samples were stabilized with 25% metaphosphoric 

acid (v/v) and stored at −20 °C until analysis via gas chromatography (Agilent 7820A GC, 

Agilent Technologies, Inc., Santa Clara, CA, USA). Additionally, ammonia nitrogen (NH3-

N) concentration was determined using the phenol–hypochlorite colorimetric method [25]. 

Finally, microbial crude protein (MCP) (W041-1-1) and lactic acid concentrations (A019-

2-1) were quantified using commercial assay kits (Nanjing Jiancheng Bioengineering In-

stitute, Nanjing, Jiangsu, China). The determination of the standard curve and sample op-

tical density (OD) values strictly followed the manufacturer’s instructions. Each sample 

was measured in triplicate. Following instrument startup and preheating, the microplate 

reader was calibrated, and the OD values were determined using a standard 450 nm filter. 

2.6. In Situ Rumen Degradation Trial 

In situ rumen degradation of the concentrate was evaluated using the nylon bag tech-

nique as described by Oliveira [20]. Three healthy sheep, fitted with permanent rumen 

cannulas, were adapted to a standard diet for seven days prior to the experiment. The 

substrates consisted of the control concentrate and a concentrate supplemented with the 

optimal CPFF dosage. Before use, nylon bags (30 μm pore size; 60 mm × 80 mm) were 

dried at 65 °C to a constant weight and weighed to an accuracy of 0.0001 g. Approximately 

3.00 g of each sample was accurately weighed into the bags. All 72 bags (2 groups × 6 time 

points × 2 replicates × 3 fistulated sheep) were simultaneously placed into the rumen be-

fore morning feeding and secured to the cannula cap. The incubation periods were 2, 4, 8, 

12, 24, and 48 h. At each interval, the bags were removed and immediately immersed in 

ice water to stop fermentation. They were then rinsed with tap water until the effluent was 

clear and dried at 65 °C to a constant weight. Finally, degradability was calculated for dry 

matter (DM), crude protein (CP), NDF, ADF, and starch. Dry matter degradability (DMD) 

was determined using the following formula: 

DMD = 
[m1 - (m2 - m0)]

m1
 × 100%  

In this formula, m0 is the weight of the empty nylon bag, m1 is the weight of the bag plus 

substrate before incubation, and m2 is the weight of the bag plus residue after incubation. 

The degradation rates and effective degradability of feed nutrients were calculated 

using the rumen kinetics mathematical model as described [26]. 

Dp = a + b(1 − e − ct);  

ED = a + (b × c)/(k + c)  

In this formula, a represents the rapidly degradable fraction (%); b represents the slowly 

degradable fraction (%); c is the degradation rate constant of fraction b (h−1); Dp is the 

rumen degradation rate of a component after an incubation time t; ED is the effective ru-

minal degradability (%); k is the rumen outflow rate constant, set at 0.05 h−1. 

2.7. Feeding Trial with Growing Cattle 

Thirty healthy Angus cattle (age: 17 ± 1 months; weight: 378 ± 22.29 kg) were ran-

domly assigned to two groups, with 15 cattle in each group. The control group (CON) 
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received a basal Total Mixed Ration (TMR) diet. The experimental group (CPFF) was sup-

plemented with 150 g of CPFF per animal daily, representing a 4% inclusion rate in the 

concentrate. The study spanned 47 days, beginning with a 14-day adaptation phase fol-

lowed by a 33-day experimental period. Daily feed intake was recorded, and body weights 

were measured after a 12-h fast at both the start and end of the trial. These data were used 

to calculate average daily gain (ADG), average daily feed intake (ADFI), and the feed-to-

gain ratio (F/G). Details regarding the basal TMR diet’s ingredients and nutrient levels are 

provided in Table 4. 

Table 4. Composition and nutritional levels of TMR diet for growing cattle (DM basis) %. 

Ingredients Content Nutrient Levels (2) Content 

Alfalfa 22.20 Dry matter 58.15 

Wheat straw 22.20 Crude protein 14.06 

Oat hay 11.16 Acid detergent fiber 32.31 

Corn 24.44 Neutral detergent fiber 41.41 

Wheat Bran 4.44 Starch 17.01 

Soybean hulls 0.89 Crude fat 2.69 

Soybean meal 6.67 Ash 10.16 

Beet pulp pellets 0.89 Ca 1.38 

Rice bran 4.44 P 0.32 

Ammoniated corn straw 0.44   

Dicalcium phosphate 0.44   

Limestone 0.89   

Premix (1) 0.89   

Total 100   

(1) The premix provided the following per kg of the diet: VA 1000 IU, VD 210 IU, VE 25 IU, Cu 12 

mg, Fe 80 mg, M n 25 mg, Zn 70 mg, I 1.0 mg, Se 0.36 mg. (2) All nutrient levels were measured values. 

2.8. 16S rRNA Gene Sequencing 

Total genomic DNA was extracted using the E.Z.N.A. Bacterial DNA Kit (Omega 

Bio-tek, Norcross, GA, USA) following the manufacturer’s protocol. The V3–V4 region of 

the 16S rRNA gene was then amplified with universal primers 338F (5’-ACT CCT ACG 

GGA GGC AGC AG-3’) and 806R (5’-GGA CTA CHV GGG TWT CTA AT-3’). Subse-

quently, sequencing libraries were prepared and processed on the Illumina MiSeq plat-

form (San Diego, CA, USA) by Shanghai Majorbio Bio-Pharm Technology Co., Ltd. 

(China). The sequencing depth per sample averaged 50,000 clean reads, with a minimum 

of 40,000 clean reads. Bioinformatics analysis, including quality control, denoising, and 

taxonomic assignment, was performed using QIIME 2 (version 2022.2) via the DADA2 

plugin. The raw data after quality filtering was compared to the Greengene 13 database 

for further analysis. This pipeline followed the workflow established in previous research 

[27]. 

2.9. Rumen Untargeted Metabolomics 

Prior to metabolite extraction, a stable isotope-labeled internal standard mixture, 

which included L-2-chlorophenylalanine (at a final concentration of 20 μg/mL), was 

added to all samples. 100 μL of rumen fluid was mixed with 400 μL of extraction solution 

in a centrifuge tube and vortexed for 30 s. The mixture was incubated at −20 °C for 30 min, 

then centrifuged at 13,000× g for 15 minutes at 4 °C. The resulting supernatant was col-

lected and evaporated to dryness under nitrogen. The sample was reconstituted in 100 μL 

of reconstitution solution (acetonitrile–water = 1:1, v/v), followed by low-temperature ul-

trasonic extraction for 5 min (5 °C, 40 kHz). After centrifugation at 13,000× g and 4 °C for 
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10 min, the supernatant was transferred to an autosampler vial with an insert for subse-

quent analysis. Subsequently, metabolite information was acquired using a Thermo 

UHPLC-Q Exactive HF-X system （Thermo Fisher Scientific, Waltham, MA, USA） 

equipped with an ACQUITY HSS T3 column in both positive (ESI+) and negative (ESI−) 

electrospray ionization modes. The mass spectrometry scan range was set to m/z 20–1200, 

with an acquisition speed of 4 Hz. During the analysis process, pooled quality control (QC) 

samples composed of equal amounts of all research samples were injected to monitor the 

stability of the system. The aforementioned isotope-labeled internal standard mixture was 

utilized to correct for ion suppression effects and batch-to-batch variability. Prior to each 

analytical batch, system suitability was verified using a standard mixture to assess chro-

matographic separation and mass spectrometer response. Data normalization was per-

formed using MetaboAnalyst 5.0. This was achieved by dividing the peak area of each 

feature by that of the internal standard with the closest elution time within the same sam-

ple. Following normalization, features with missing values exceeding 50% across all sam-

ples were excluded from subsequent analyses. 

2.10. Statistical Analysis 

All experimental data were analyzed using SPSS software (version 26). In the exper-

iment, data analysis between two treatment groups was evaluated using the independent 

samples t-test, while comparisons among more than two groups were analyzed using one-

way ANOVA. A two-way repeated measures ANOVA and Tukey’s post hoc test were 

used for multiple comparisons of gas production and in situ degradation data obtained at 

different time points. Results are expressed as means ± standard error of the mean (SEM). 

Statistical significance was declared at p < 0.05. 

Microbial α-diversity indices and relative abundances were analyzed using the Wil-

coxon rank-sum test. Microbial community structure was assessed by principal coordi-

nates analysis (PCoA) based on Bray–Curtis distances. The Wilcoxon rank sum test, as a 

non-parametric test method suitable for comparing two sets of non-normal distributed 

microbial group data, was used to determine the significance of the microbial genera in 

the two groups. Correlations between rumen microorganisms, fermentation parameters, 

and metabolites were evaluated using Spearman’s correlation analysis. 

Metabolomics data analysis utilized partial least squares-discriminant analysis (PLS-

DA) via the R package ropls (v1.6.2). Differential metabolites were defined by a variable 

importance in projection (VIP) > 1 and a false discovery rate (FDR) < 0.05. Finally, meta-

bolic pathways were annotated and enriched using the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database (https://www.kegg.jp/kegg/pathway.html, accessed on 21 

July 2025). The Spearman correlation analysis was used to evaluate the correlations be-

tween the differential rumen microorganisms and fermentation parameters, as well as 

metabolites. 

3. Results 

3.1. The In Vitro Rumen Fermentation Characteristics of CPFF 

The effects of varying CPFF concentrations on in vitro rumen fermentation parame-

ters are summarized in Table 5. While CPFF supplementation did not influence pH (p > 

0.05), it significantly altered several key fermentation indicators. Methane production var-

ied across treatments (p < 0.001), with the 2% and 4% CPFF groups exhibiting higher levels 

than the control and 8% groups. Additionally, the 4% CPFF group showed the highest 

ammonia nitrogen (NH3-N) concentration among all treatments (p < 0.001). Microbial 

crude protein (MCP) production was also significantly elevated in the 4% CPFF group 

compared to the control (p = 0.016). 
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Regarding volatile fatty acids (VFAs), 4% CPFF supplementation significantly in-

creased the acetate-to-propionate ratio (A/P) compared to the control (p < 0.001). Con-

versely, the 8% CPFF treatment significantly reduced the concentrations of propionate 

and isovalerate (p < 0.05). In the 2% and 4% CPFF groups, the molar proportions of acetate, 

butyrate, isobutyrate, and valerate were significantly higher than in the control group, 

whereas the proportion of propionate was significantly lower (p < 0.001). 

Table 5. Effects of different doses of CPFF added to feed on rumen fermentation parameters. 

Items CON 2% CPFF 4% CPFF 8% CPFF SEM p-Value 

DMD (% DM) 84.82 85.00 82.93 83.32 0.40 0.125 

CH4 (%) 8.94 b 11.22 a 11.78 a 8.78 b 0.27 <0.001 

pH 6.24 6.27 6.23 6.23 0.01 0.120 

NH3-N (mg/dL) 11.25 bc 12.54 b 14.93 a 9.79 c 0.45 <0.001 

MCP (ug/mL) 2258.00 b 3115.00 ab 3458.00 a 2624.00 ab 150.90 0.016 

GP (mL/g) 90.05 c 108.40 ab 113.10 a 100.90 b 1.99 <0.001 

Lactic acid (mmol/L) 0.56 0.58 0.53 0.43 0.03 0.214 

Acetate (mmol/L) 81.00 84.41 94.93 75.08 3.39 0.215 

Propionate (mmol/L) 37.06 30.00 31.41 37.52 1.55 0.077 

Isobutyric (mmol/L) 1.78 1.85 1.96 1.66 0.08 0.624 

Butyric acid (mmol/L) 10.06 a 11.18 a 12.68 a 8.27 b 0.48 0.009 

Isovalerate (mmol/L) 2.25 ab 3.00 ab 3.30 a 2.23 b 0.13 0.015 

Valerate (mmol/L) 1.84 2.05 2.25 1.65 0.09 0.089 

TVFA (mmol/L) 131.40 132.50 149.30 132.60 5.42 0.559 

A/P 2.27 b 2.82 ac 2.85 a 2.15 c 0.06 <0.001 

Acetate (%) 61.61 b 63.75 a 63.64 a 60.85 c 0.25 <0.001 

Propionate (%) 27.18 a 22.60 b 22.34 b 28.28 a 0.50 <0.001 

Isobutyrate (%) 1.23 b 1.40 a 1.39 a 1.25 a 0.02 0.010 

Butyric acid (%) 6.96 b 8.45 a 8.64 a 6.69 b 0.17 <0.001 

Isobutyric (%) 1.75 b 2.26 a 2.38 a 1.68 b 0.06 <0.001 

Valerate (%) 1.27 b 1.55 a 1.61 a 1.25 b 0.03 <0.001 

MCP = microbial protein; GP = gas production; A/P = acetate to propionate ratio; SEM = standard 

error of the mean. Within the same row, values sharing a common superscript or lacking one indi-

cate no significant difference (p > 0.05). Conversely, different lowercase superscripts (a, b, c) denote 

significant differences among treatments within the same incubation time (p < 0.05). These conven-

tions apply to all subsequent tables. 

3.2. Gas Production Kinetics 

Gas production kinetics over 48 h are detailed in Table 6. At all recorded time points 

(6, 9, 12, 24, and 48 h), cumulative gas production was significantly higher in the 2% and 

4% CPFF groups than in the control and 8% CPFF groups (p < 0.001). Specifically, the 4% 

CPFF group reached the maximum gas volume of 141.13 mL/g at 48 h. The theoretical 

maximum gas production (B) followed this trend, peaking in the 4% CPFF group at 148.92 

mL/g (p < 0.001). Additionally, the gas production rate constant (c) was significantly 

higher in the 4% CPFF group (0.088%/h) compared to the CON and 8% CPFF groups (p = 

0.002). Consequently, due to the overall improvements in gas production, MCP synthesis, 

and fermentation intensity, the 4% inclusion level was selected as the optimal dosage for 

subsequent studies. 

Table 6. Gas production parameters of in vitro fermentation (mL). 

Items CON 2% CPFF 4% CPFF 8% CPFF SEM p-Value 

6 h 4.15 b 18.25 a 19.76 a 5.75 b 1.30 <0.001 
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9 h 23.45 b 44.65 a 44.95 a 25.10 b 2.50 <0.001 

12 h 46.18 b 65.28 a 66.70 a 49.54 b 2.89 <0.001 

24 h 85.70 b 104.60 a 107.60 a 91.16 b 4.40 <0.001 

48 h 118.10 b 136.42 a 141.13 a 122.48 b 2.35 <0.001 

B (mL/g) 126.83 b 140.57 ab 148.92 a 123.65 b 3.12 <0.001 

c (%/h) 0.067 b 0.080 ab 0.088 a 0.064 b 0.004 0.002 

B represents potential gas production; c represents fractional rate of gas production. Data are mean 

± SEM (n = 8 per group). Two-way repeated-measures ANOVA revealed significant main effects of 

treatment (F (5,12) = 282.8, p < 0.0001) and time (F (1,12) = 64.38, p < 0.0001). No significant treatment 

× time interaction was observed (F (5,12) = 0.3558, p = 0.8688). Tukey’s post hoc test: values at the 

same time point with different superscript letters differ significantly (p < 0.05). 

3.3. In Situ Nutrient Degradability 

Table 7 presents the in situ degradation kinetics comparing the 4% CPFF supple-

mented group to the CON group. While the effective degradability (ED) of dry matter 

(DM) did not differ significantly between groups (p = 0.311), the 4% CPFF group showed 

a significantly higher DM degradation rate at 12 h (p = 0.004). As for starch, the ED value 

of the 4% CPFF group was lower than that of the CON group (p = 0.034). Conversely, 

CPFF supplementation markedly enhanced fiber degradation. NDF degradation rates at 

4, 8, 12, and 48 h were significantly higher in the 4% CPFF group (p < 0.05), raising the 

NDF ED from 29.87% to 35.67% (p = 0.003). Similarly, the ED value of ADF in the 4% CPFF 

group was higher (p = 0.017). Finally, although 4% CPFF significantly increased the crude 

protein (CP) degradation rate at 8 h (p = 0.008), the overall ED of CP remained statistically 

similar between the two groups (p = 0.643). 

Table 7. Nutrient degradation rates of feed raw materials and the 4% CPFF (%). 

Items Times CON 4% CPFF SEM p-Adjust 

DM degradation rate 

2 55.69 55.58 0.35 >0.9999 

4 57.89 55.50 0.75 0.613  

8 65.01 62.11 1.00 0.398  

12 69.63 75.79 1.57 0.004  

24 80.19 76.67 0.77 0.199  

48 84.72 89.00 1.14 0.072  

a 49.47 49.65 0.74 0.907 

b 38.08 42.70 1.89 0.249 

c 0.0758 0.0556 0.0071 0.184 

ED 70.94 71.46 0.24 0.311 

Starch degradation rate 

2 73.08 61.78 5.10 0.028  

4 76.44 67.32 3.79 0.062  

8 82.30 74.43 3.23 0.008  

12 89.06 89.81 1.91 0.701  

24 93.88 92.92 0.69 >0.999 

48 97.09 98.65 0.48 0.910  

a 49.75 45.00 3.09 0.485 

b 45.42 53.42 3.06 0.262 

c 0.2049 0.1194 0.0085 0.007 

ED 86.26 82.62 0.58 0.034 

NDF degradation rate 

2 14.71 18.30 1.14 0.132  

4 16.59 21.76 1.22 0.025  

8 17.96 23.98 1.40 0.014  

12 20.08 28.74 1.99 0.050  
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24 26.45 28.99 0.74 0.132  

48 35.25 66.73 7.09 0.012  

a 10.75 16.14 0.53 0.007 

b 89.25 83.86 0.53 0.007 

c 0.0137 0.0152 0.0007 0.358 

ED 29.87 35.67 0.44 0.003 

ADF degradation rate 

2 17.40 13.50 1.24 0.028  

4 21.77 14.19 1.79 0.062  

8 22.33 16.96 1.53 0.008  

12 24.12 22.75 0.86 0.701  

24 29.57 28.99 2.46 >0.999 

48 36.13 59.47 5.26 0.910  

a 18.74 11.32 1.00 0.021 

b 51.63 88.68 8.38 0.092 

c 0.0150 0.0157 0.0022 0.884 

ED 29.38 32.52 0.40 0.017 

CP degradation rate 

2 71.88 63.22 2.43 0.028  

4 73.22 71.07 0.84 0.062  

8 77.51 76.26 0.59 0.008  

12 82.01 85.61 1.49 0.701  

24 88.52 89.61 0.84 >0.999 

48 91.88 95.08 0.84 0.910  

a 68.41 56.70 2.48 0.077 

b 25.01 38.05 1.96 0.029 

c 0.0630 0.1017 0.0114 0.165 

ED 82.35 82.03 0.31 0.643 

a represents rapidly degradable fraction; b represents slowly degradable fraction; c represents rate 

of degradation of fraction b; ED = effective degradability; DM = dry matter; NDF = neutral detergent 

fiber; ADF = acid detergent fiber; CP = crude protein. Data are presented as mean ± SEM (n = 6 per 

group). Two-way repeated-measures ANOVA was performed for each nutrient indicator. Signifi-

cant main effects of treatment (p < 0.001) were observed for all parameters. The main effect of time 

was significant for starch (p = 0.0009) but not for NDF, ADF, CP, or DM (p > 0.05). A significant 

treatment × time interaction (p < 0.05) was found for all indicators except NDF (p = 0.869).  

3.4. Rumen Microorganisms 

Table 8 presents the alpha diversity indices for rumen microorganisms in beef cattle. 

Compared to the CON group, the 4% CPFF group exhibited significantly higher Shannon, 

Chao1, Sobs, and ACE indices (p < 0.05), alongside a significantly lower Simpson index (p 

= 0.015). These results indicate that CPFF supplementation increased microbial richness 

and diversity. Furthermore, Principal Coordinate Analysis (PCoA) based on Bray–Curtis 

distances (Figure 1) showed a distinct separation between the bacterial communities of 

the two groups, confirming that CPFF reshaped the rumen microbiota structure. At the 

taxonomic level, Bacteroidota, Firmicutes, and Proteobacteria dominated the microbial 

communities at the phylum level, while Ruminobacter, Rikenellaceae_RC9, and 

Prevotella were the predominant genera (Figure 2A,B). 

Table 8. Alpha diversity indices of rumen microorganisms (n = 6 per group). 

Items CON 4% CPFF SEM p-Adjust 

Shannon 5.83 6.62 0.26 0.015 

Chao 2674.00 3188.56 63.54 0.016 

https://doi.org/10.3390/metabo16070457


Metabolites 2026, 16, 457 12 of 22 
 

https://doi.org/10.3390/metabo16070457 

Sobs 2663.50 3156.33 65.94 0.016 

ACE 2705.18 3251.81 66.38 0.016 

Coverage 0.99 0.99 0.0016 0.045 

Simpson 0.05 0.01 0.0022 0.015 

 

Figure 1. PCoA plot of microbiota. 

 

Figure 2. Analysis of rumen microbial community composition in the CON and 4% CPFF groups. 

(A) Relative abundance of rumen bacteria at the phylum level; (B) Relative abundance of rumen 

bacteria at the genus level; (C) Wilcoxon rank-sum test bar plot identifying significant genus-level 

differences between the two groups; (D) Spearman correlation heatmap between rumen microor-
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ganisms and fermentation parameters. * p < 0.05, ** p < 0.01, *** p < 0.001; blank cells indicate no 

significant correlation (p ≥ 0.05). 

At the genus level, the relative abundances of Ruminobacter (p = 0.013), Succinivibri-

onaceae_UCG-002 (p = 0.008), Succinivibrio (p = 0.005), and Anaerovibrio (p = 0.005) were 

significantly higher in the CON group (Figure 2C). In contrast, the 4% CPFF group 

showed significant increases in Rikenellaceae_RC9_gut_group (p = 0.008), Christensenel-

laceae_R-7_group (p = 0.031), UCG-002 (p = 0.005), Ruminococcus (p = 0.020), and Prevotel-

laceae_UCG-001 (p = 0.031). Correlation analysis (Figure 2D) revealed that the genera en-

riched by 4% CPFF, specifically Rikenellaceae_RC9_gut_group and UCG-002, were posi-

tively correlated with acetate, butyrate, and gas production, but negatively correlated 

with propionate. Similarly, Christensenellaceae_R-7_group showed positive correlations 

with acetate and gas production, and a negative correlation with propionate. Conversely, 

genera that decreased in the 4% CPFF group such as Succinivibrionaceae_UCG-002, Suc-

cinivibrio, and Anaerovibrio were negatively correlated with acetate, butyrate, and gas 

production. 

3.5. Rumen Metabolomics 

The PLS-DA plot demonstrates distinct metabolic profiles between the CON and 4% 

CPFF groups (Figure 3A). Volcano plot analysis identified 95 differential metabolites, con-

sisting of 60 upregulated and 35 downregulated compounds (Figure 3B). According to the 

HMDB compound classification, these metabolites were primarily distributed among su-

perclasses such as organic acids and derivatives, benzenoids, lipids and lipid-like mole-

cules, and organoheterocyclic compounds (Figure 3C). Furthermore, these differential me-

tabolites exhibited significant clustering (Figure 3D). KEGG pathway enrichment analysis 

revealed that the metabolites were mainly involved in the estrogen signaling pathway and 

various amino acid metabolic pathways, including tryptophan, tyrosine, and alanine, as-

partate, and glutamate metabolism (Figure 3E). Correlation analysis (Figure 3F) further 

showed that leucodopachrome and rosmarinate were significantly positively correlated with 

Rikenellaceae_RC9_gut_group and UCG-002, respectively. Additionally, formylanthranilic acid 

and indoxyl both displayed significant positive correlations with the genus UCG-002. 
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Figure 3. Metabolomic analysis of rumen fluid in the CON and 4% CPFF groups. (A) PLS-DA score 

plot of rumen metabolites; (B) Volcano plot showing differential metabolites (4% CPFF vs. CON); 

(C) Classification of metabolites by HMDB compound classes; (D) Cluster analysis heatmap of dif-

ferential metabolites; (E) KEGG pathway enrichment analysis; (F) Spearman correlation analysis 

between metabolites and microbial genera. * p < 0.05, ** p < 0.01, *** p < 0.001; blank cells indicate no 

significant correlation (p ≥ 0.05). 

Table 9 lists the key differential metabolites identified within the affected metabolic 

pathways. In the 4% CPFF group, leucodopachrome and rosmarinate both associated with 

tyrosine metabolism were significantly upregulated. Similarly, the tryptophan metabo-

lism pathway showed an upregulation of indoleacetic acid, formylanthranilic acid, and 

indoxyl. Conversely, tyrosol, 3,4-dihydroxyphenylacetic acid, and indole-3-acetic acid 

were downregulated in the 4% CPFF group. 

Table 9. Amino acid metabolic pathways and differential metabolites. 

Metabolic Pathway Metabolite VIP p-Adjust Regulate 

Tyrosine metabolism 

Leucodopachrome 3.59 1.380 up 

Tyrosol 2.75 0.894 down 

3,4-dihydroxyphenylacetic 

Acid 
1.53 0.954 down 

Rosmarinate 1.29 1.028 up 

Tryptophan metabolism 

Indoleacetic acid 1.73 1.058 up 

Formylanthranilic acid 1.72 1.052 up 

Indole-3-acetic Acid 1.67 0.935 down 
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Indoxyl 1.59 1.046 up 

4-(2-Amino-3-hydroxy-

phenyl)-2,4-dioxobutanoic 

acid 

2.04 1.063 up 

3.6. Growth Performance 

Table 10 summarizes the effects of CPFF on the growth performance of growing cattle. 

Although no significant differences were observed in initial or final body weight between 

the two groups (p > 0.05), the 4% CPFF group exhibited a significantly higher average 

daily gain (ADG) compared to the CON group (p = 0.004). CPFF supplementation also 

significantly increased average daily feed intake (ADFI) (p = 0.001). As evidenced by a 

reduction in the feed conversion ratio (FCR) from 25.25 in the CON group to 18.13 in the 

CPFF group (p = 0.003). 

Table 10. Effects of feeding CPFF on growth performance of growing cattle. 

Items CON CPFF SEM p-Value 

Initial weight (kg) 397.30 372.80 6.80 0.072 

Final weight (kg) 420.60 407.40 6.63 0.333 

ADG (kg/d) 0.49 0.72 0.04 0.004 

ADFI (kg) 11.59 11.84 0.05 0.001 

FCR (1) 25.25 18.13 1.27 0.003 

ADG = average daily gain; ADFI = average daily feed intake; (1) Feed Conversion Ratio (FCR): The 

ratio of dry matter intake (kg) to average daily gain (kg). 

4. Discussion 

This study demonstrates that the regulatory effects of CPFF on rumen fermentation 

in beef cattle are dose-dependent, with 4% supplementation identified as the optimal level. 

In the in vitro fermentation experiment, the 4% CPFF group achieved the highest 48-h gas 

production. These results, coupled with a significant increase in MCP, suggest that this 

dosage is most conducive to the rumen fermentation process. While appropriate doses of 

composite microecological preparations typically improve the rumen environment 

through the synergistic effects of lactic acid bacteria, lactate-utilizing bacteria, yeasts, and 

fungi, their efficacy does not necessarily increase linearly with the dosage. Instead, the 

outcome depends on the specific combination of microbial strains, substrate characteris-

tics, and diet composition. This observation aligns with previous reviews on direct-fed 

microbials in ruminants [28]. Supporting this, studies on fermented total mixed rations 

have shown that fermentation significantly alters carbohydrate composition and gas pro-

duction kinetics, often yielding non-linear responses [29]. Similarly, while active dry yeast 

supplementation can improve feed intake and rumen microbiota, not all dosages consist-

ently enhance fermentation [30]. Consequently, the 4% CPFF group outperformed both 

the 2% and 8% groups in this study, suggesting that the benefits of CPFF rely on the sup-

plementation dose. It should be noted that the microbial counts and product composition 

of CPFF were provided by the manufacturer and were not independently verified by our 

laboratory, which represents a limitation of the present study. 

Regarding fermentation parameters, 4% CPFF significantly increased the concentra-

tions of acetate, butyrate, and microbial crude protein (MCP), as well as the acetate-to-

propionate ratio. However, the rumen pH remained stable. This indicates that the primary 

effect of CPFF is not to intensify acidifying fermentation but rather associated with micro-

bial protein synthesis. Acetate is typically associated with the enhanced degradation of 

structural carbohydrates [31], while butyrate is essential for rumen epithelial energy sup-
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ply and functional maintenance [32]. Furthermore, the rise in MCP suggests an improved 

efficiency in converting ammonia nitrogen into microbial protein, which directly enhances 

ruminal nitrogen utilization [33]. Similar shifts in fermentation and metabolic profiles 

were reported in Holstein steers supplemented with yeast fermentation products, where 

effects were attributed to coordinated microbial metabolism [34]. Changes in the concen-

trations and proportions of acetate and propionate in the rumen fluid indicated a shift in 

the fermentation pattern toward a fibrolytic profile. In this study, CPFF utilizes by-prod-

ucts like wheat bran and cottonseed meal as primary substrates. Moreover, the composite 

microbial inoculum includes fungi and Bacillus species, both of which theoretically favor 

cell wall degradation and acetate production. Therefore, the “increased acetate and rela-

tively decreased propionate” pattern observed here aligns with the specific substrate 

background of this study. These results contrast with some studies reporting increased 

propionate and a decreased acetate-to-propionate ratio. Such discrepancies likely stem 

from differences in fermentation substrate composition and product properties [26]. Fur-

thermore, no methane inhibition was observed in the 4% CPFF group. This could be at-

tributed to the abundant fermentable substrates in CPFF, such as soluble carbohydrates 

and lactic acid derived from fermentation, which are rapidly degraded in the rumen to 

release hydrogen, thereby providing sufficient substrates for methanogens and promoting 

methanogenesis. This result is consistent with recent reviews regarding the relationship 

between rumen microbiota and methane emissions [35]. 

The in situ degradation results revealed that CPFF promoted fiber degradation while 

slowing down starch decomposition. Supplementation with 4% CPFF significantly in-

creased the degradation rates and effective degradability (ED) of NDF and ADF at multi-

ple time points. Conversely, the ED of starch significantly decreased. These findings indi-

cate that CPFF does not simply accelerate the fermentation of all substrates. Instead, it 

optimizes the release rhythm of different nutrients, enhancing structural carbohydrate 

utilization while mitigating the metabolic fluctuations typically caused by rapid starch 

fermentation. Previous studies on beef heifers demonstrate that yeast culture supplemen-

tation can alter in situ degradation and fermentation responses, confirming that microe-

cological regulation directly affects substrate kinetics [36,37]. Similarly, adding multi-fun-

gal extracts to beef cattle diets improves fiber digestibility, which is recognized as a key 

mechanism for enhancing feed utilization [38]. The importance of optimizing local feed 

resources to enhance fiber utilization and overall productivity has been emphasized in 

recent studies [39]. Research on fermented palm kernel meal also indicates that substrates 

co-fermented with fungi and enzymes improve nutrient degradation and microbial adapt-

ability [40]. The distinctive feature of the current study is the simultaneous observation of 

enhanced fiber degradation and a decreased starch degradation rate, alongside an in-

creased acetate-to-propionate (A/P) ratio. This suggests that CPFF functions by optimiz-

ing the synchrony of energy release rather than merely accelerating overall fermentation. 

Research shows that for growing cattle fed a total mixed ration (TMR), this “sustained 

fiber fermentation + slow-release starch” profile is highly beneficial. It reduces rumen pH 

fluctuations and the risk of subacute rumen acidosis (SARA) caused by rapid starch fer-

mentation, while improving the synergistic utilization of energy and nitrogen by rumen 

microorganisms [41,42]. Meanwhile, the addition of feeds with different starch degrada-

tion rates (e.g., bitter vetch and sorghum grain) affects the growth performance, carcass 

characteristics, fatty acid profile, and meat quality of male goats [43]. 

The microbiota sequencing results were highly consistent with the observed changes 

in degradation kinetics. In the 4% CPFF group, the dominance of specific taxa decreased, 

leading to a more even community distribution. This group was significantly enriched 

with Rikenellaceae_RC9_gut_group, Christensenellaceae_R-7_group, and UCG-002. Chris-

tensenellaceae_R-7_group and UCG-002 are key bacteria responsible for fiber degradation 
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in the rumen; therefore, their increase typically indicates an enhanced capacity to hydro-

lyze fibrous polysaccharides [44]. Similarly, Rikenellaceae_RC9_gut_group coexists with 

beneficial rumen bacteria to produce various short-chain fatty acids (SCFAs), which in-

hibits the proliferation of harmful microbes and helps maintain fermentation homeostasis 

[45]. These findings align with previous research. For instance, feeding fermented palm 

kernel meal to beef cattle increased Fibrobacteres levels, corresponding to an improved 

ability to utilize dietary protein, carbohydrates, and fiber [46]. Additionally, supplement-

ing Brahman cattle diets with 20% yeast-fermented cassava roots has been shown to in-

crease both total bacterial counts and neutral detergent fiber (NDF) digestibility [47]. 

Previous research has demonstrated that fermented feed mixtures, such as cotton 

stalk and apple pomace, can significantly alter the rumen microbiota and metabolome 

without disrupting microbial homeostasis [48]. Consistent with the present study, using 

microbial consortia in finishing cattle diets can influence feed intake, digestibility, and 

rumen dynamics. However, these microbial effects are heavily contingent upon the die-

tary forage-to-concentrate ratio [49,50]. A notable finding in this study is that increased 

microbiota diversity occurred concurrently with improved growth performance. While 

rumen microbiota patterns related to feed efficiency are highly influenced by diet compo-

sition, research suggests there is no universal “efficient microbiota template” applicable 

across all dietary conditions [51,52]. Consequently, CPFF likely enhanced the adaptability 

of the rumen ecosystem to complex substrates by increasing microbial diversity, which in 

turn strengthened fiber degradation capacity and supported overall performance. 

The metabolomics results further support the microbiological findings at a functional 

level. CPFF supplementation caused a distinct separation in the rumen metabolic profile, 

with 95 differential metabolites identified. These metabolites were primarily enriched in 

the amino acid metabolism pathway, specifically tryptophan and tyrosine metabolism. 

The results of the correlation analysis indicate that formylanthranilic acid and indoxyl 

were upregulated and showed positive correlations with the genus UCG-002. Tryptophan 

metabolites, particularly indole compounds, are recognized as key molecules in host–mi-

crobe signaling, local immune regulation, and epithelial barrier homeostasis [53]. Similar 

plasma metabolome shifts were observed in steers fed high-concentrate diets supple-

mented with yeast fermentation products, suggesting that the influence of microecologi-

cal preparations extends beyond rumen fermentation to affect the host’s overall metabolic 

status [34]. A review of host–rumen microbiota interactions highlights that the impact of 

the microbiota on production performance and environmental phenotypes is driven by 

the dual effects of structural community shifts and metabolic network reprogramming 

[54]. In the current study, the enrichment of fiber-degrading bacteria, the remodeling of 

amino acid metabolic pathways, and improved growth performance occurred simultane-

ously. This indicates that CPFF likely exerts its effects through a sequential process: im-

proving substrate structure, enhancing fiber degradation, increasing beneficial metabolite 

production, and ultimately optimizing the internal rumen environment. Additionally, it 

should be noted that the intra-ruminal degradation kinetics in this study were evaluated 

using a sheep model. Although small ruminants serve as excellent and operationally fea-

sible physiological models for preliminary ruminal assessments, directly extrapolating 

absolute degradation values to beef cattle carries inherent limitations. Consequently, cau-

tion should be exercised when applying our findings to beef cattle, and future validation 

studies specifically targeting the target species are warranted. 

In terms of growth performance, 4% CPFF significantly increased average daily gain 

(ADG) and average daily feed intake (ADFI) while reducing the feed conversion ratio 

(FCR). Notably, the simultaneous changes in ADFI and FCR suggest that CPFF does not 

merely stimulate appetite; more critically, it enhances the efficiency of nutrient utilization. 

These findings are supported by various studies on microecological interventions. For in-

https://doi.org/10.3390/metabo16070457


Metabolites 2026, 16, 457 18 of 22 
 

https://doi.org/10.3390/metabo16070457 

stance, yeast culture supplementation has been shown to increase the total tract digesti-

bility of dry matter, organic matter, and fiber, while tending to improve ADG [55]. Simi-

larly, Bacillus-based probiotics can enhance fiber digestibility and production perfor-

mance in cattle fed high-fiber diets [56]. While some interventions, such as multi-fungal 

extracts or fermented concentrates, improve fiber utilization or alter fermentation patterns 

without significantly impacting weight gain [38,57], others show broader benefits. For ex-

ample, microbially fermented rice bran significantly improved rumen fermentation, in-

creased Prevotella abundance, and boosted both nutrient efficiency and milk yield in 

dairy cows [58]. Collectively, these results demonstrate that using fermented feed to opti-

mize cattle health and performance through beneficial bacteria and functional metabolites 

is a highly feasible feeding strategy. 

In summary, under the conditions of this experiment, CPFF improves the growth 

performance of beef cattle through a multi-stage mechanism. First, an appropriate dose of 

the complex fermentation product enhances substrate structure and nutrient accessibility 

via exogenous pre-fermentation. Upon entering the rumen, it promotes the enrichment of 

functional microbial taxa—such as Rikenellaceae_RC9_gut_group, Christensenellaceae_R-

7_group, and UCG-002—which enhances fiber degradation and maintains fermentation 

homeostasis. Furthermore, correlation analysis revealed that CPFF enhanced the interac-

tion efficiency between microbes and metabolites by reshaping the tryptophan metabo-

lism network, which may account for the improvements in FCR. However, this study has 

several limitations. However, several inherent limitations of this feeding trial should be 

acknowledged. First, a formal sample-size power analysis was not conducted prior to the 

study, which may limit the statistical power to detect subtle or small effect sizes between 

treatment groups. Second, although the 33-day feeding period was sufficient to evaluate 

short-term responses, it may not fully reflect the impacts on long-term growth perfor-

mance. An extended feeding trial would be beneficial to evaluate the temporal sustaina-

bility of the observed responses. Additionally, while 16S sequencing and untargeted 

metabolomics reveal significant correlations, they cannot fully establish causal relation-

ships between specific microbiota and metabolites. Future research utilizing multi-omics 

integration and stable isotope technology is necessary to validate these functional links. 

5. Conclusions 

In conclusion, CPFF demonstrates feeding advantages for regulating rumen fermen-

tation in beef cattle, with 4% supplementation yielding the most effective results. Specifi-

cally, it promotes acetate- and butyrate-type fermentation, improves the ED of NDF and 

ADF, and moderates the rapid degradation of starch. Furthermore, CPFF significantly in-

creases rumen microbiota diversity and remodels metabolic pathways. These physiologi-

cal shifts ultimately translate into improved ADG and enhanced FCR. However, the study 

has limitations, and the mechanistic link between the in vitro/in situ results and in vivo 

growth performance needs to be further confirmed by directly measuring rumen fermen-

tation parameters and digestibility. 

Author Contributions: Conceptualization: H.H., L.W., and Y.C (Yangchun Cao).; Methodology: Y.C. 

(Yuwa Cao), and M.T.; Software: H.L. and Z.L.; Validation: H.H., M.T., and T.M.P.; Formal Analysis: 

H.H., H.L., and H.M.; Investigation: Y.C. (Yuwa Cao)., and Z.L.; Resources: H.M., S.F., T.M.P., and 

D.W.; Data Curation: H.L., M.T., and D.W.; Writing, Original Draft Preparation: H.H., and Y.C. 

(Yuwa Cao); Writing, Review and Editing: H.H., R.Z., Y.C (Yuwa Cao)., and L.W.; Visualization: 

H.L. and S.F.; Supervision: Y.C (Yangchun Cao). and L.W.; Project Administration: Y.C  (Yangchun 

Cao). and L.W.; Funding Acquisition: Y.C (Yangchun Cao). and L.W. All authors have read and 

agreed to the published version of the manuscript. 

https://doi.org/10.3390/metabo16070457


Metabolites 2026, 16, 457 19 of 22 
 

https://doi.org/10.3390/metabo16070457 

Funding: This research was funded by the National Key Research and Development Program of 

China (2024YFD1300201), the Young Top-Notch Talent Program of the National High-Level Talent 

Special Support Plan (F1010125001), the National Natural Science Foundation of China (32273085 

and 31972592), the Ningxia Key Project of Research and Development Plan (2025BBF01003), and the 

Shaanxi Provincial Science Fund for Distinguished Young Scholars (2024-JC-JCQN-25). 

Institutional Review Board Statement: The experimental protocols describing the management 

and care of the animals were reviewed and approved by the Animal Care and Use Committee of 

Northwest A & F University (Yangling, China). Approval number is NWAFU-DK2024016 (Ap-

proval date: March 10, 2024) 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The authors confirm that all data underlying the findings are fully 

available without restriction. 

Acknowledgments: We thank all participants for their advice and support in this study. And all of 

them have agreed to the publication of this research. 

Conflicts of Interest: The authors declare that they have no competing interests. 

References 

1. Missotten, J.A.M.; Michiels, J.; Goris, J.; Herman, L.; Heyndrickx, M.; De Smet, S.; Dierick, N.A. Screening of two probiotic 

products for use in fermented liquid feed. Livest. Sci. 2007, 108, 232–235. https://doi.org/10.1016/j.livsci.2007.01.078. 

2. Kumar, H.; Bhardwaj, I.; Nepovimova, E.; Dhanjal, D.S.; Shaikh, S.S.; Knop, R.; Atuahene, D.; Shaikh, A.M.; Béla, K. 

Revolutionising broiler nutrition: The role of probiotics, fermented products, and paraprobiotics in functional feeds. J. Agric. 

Food Res. 2025, 21, 101859. https://doi.org/10.1016/j.jafr.2025.101859. 

3. Tao, A.; Wang, J.; Luo, B.; Liu, B.; Wang, Z.; Chen, X.; Zou, T.; Chen, J.; You, J. Research progress on cottonseed meal as a protein 

source in pig nutrition: An updated review. Anim. Nutr. 2024, 18, 220–233. https://doi.org/10.1016/j.aninu.2024.03.020. 

4. Al Rharad, A.; El Aayadi, S.; Avril, C.; Souradjou, A.; Sow, F.; Camara, Y.; Hornick, J.L.; Boukrouh, S. Meta-Analysis of Dietary 

Tannins in Small Ruminant Diets: Effects on Growth Performance, Serum Metabolites, Antioxidant Status, Ruminal 

Fermentation, Meat Quality, and Fatty Acid Profile. Animals 2025, 15, 596. https://doi.org/10.3390/ani15040596. 

5. Kiarie, E.; Romero, L.F.; Nyachoti, C.M. The role of added feed enzymes in promoting gut health in swine and poultry. Nutr. 

Res. Rev. 2013, 26, 71–88. https://doi.org/10.1017/S0954422413000048. 

6. Siddik, M.A.B.; Julien, B.B.; Islam, S.M.M.; Francis, D.S. Fermentation in aquafeed processing: Achieving sustainability in feeds 

for global aquaculture production. Rev. Aquacult. 2024, 16, 1244–1265. https://doi.org/10.1111/raq.12894. 

7. Kaveh, S.; Hashemi, S.M.B.; Abedi, E.; Amiri, M.J.; Conte, F.L. Bio-Preservation of Meat and Fermented Meat Products by Lactic 

Acid Bacteria Strains and Their Antibacterial Metabolites. Sustainability 2023, 15, 10154. https://doi.org/10.3390/su151310154. 

8. Iqbal, S.; Begum, F.; Rabaan, A.A.; Aljeldah, M.; Al Shammari, B.R.; Alawfi, A.; Alshengeti, A.; Sulaiman, T.; Khan, A. 

Classification and Multifaceted Potential of Secondary Metabolites Produced by Bacillus subtilis Group: A Comprehensive 

Review. Molecules 2023, 28, 927. https://doi.org/10.3390/molecules28030927. 

9. Ji, M.; Rong, X.; Wu, Y.; Li, H.; Zhao, X.; Zhao, Y.; Guo, X.; Cao, G.; Yang, Y.; Li, B. Effects of Fermented Liquid Feed with 

Compound Probiotics on Growth Performance, Meat Quality, and Fecal Microbiota of Growing Pigs. Animals 2025, 15, 733. 

https://doi.org/10.3390/ani15050733. 

10. Ogunade, I.; Schweickart, H.; McCoun, M.; Cannon, K.; McManus, C. Integrating 16S rRNA Sequencing and LC(-)MS-Based 

Metabolomics to Evaluate the Effects of Live Yeast on Rumen Function in Beef Cattle. Animals 2019, 9, 28. 

https://doi.org/10.3390/ani9010028. 

11. Jos, E.G.G.; Talita, C.E.d.S.N.; Alana, E.S.d.F.Q.; Jos, I.d.S.S.J.; Cristina, M.d.S.-M.; Erika, V.d.M.; Keila, A.M. Production, 

characterization and evaluation of in vitro digestion of phytases, xylanases and cellulases for feed industry. Afr. J. Microbiol. Res. 

2014, 8, 551–558. https://doi.org/10.5897/ajmr2013.6299. 

12. Filipe, D.; Vieira, L.; Ferreira, M.; Oliva-Teles, A.; Salgado, J.; Belo, I.; Peres, H. Enrichment of a Plant Feedstuff Mixture’s 

Nutritional Value through Solid-State Fermentation. Animals 2023, 13, 2883. https://doi.org/10.3390/ani13182883. 

https://doi.org/10.3390/metabo16070457


Metabolites 2026, 16, 457 20 of 22 
 

https://doi.org/10.3390/metabo16070457 

13. Zhou, Y.; Chao, Y.; Huang, C.; Li, X.; Yi, Z.; Zhu, Z.; Yan, L.; Ding, Y.; Peng, Y.; Xie, C. Influence of Lactiplantibacillus plantarum 

and Saccharomyces cerevisiae Individual and Collaborative Inoculation on Flavor Characteristics of Rose Fermented Beverage. 

Foods 2025, 14, 1868. https://doi.org/10.3390/foods14111868. 

14. Tangyu, M.Z.; Muller, J.; Bolten, C.J.; Wittmann, C. Fermentation of plant-based milk alternatives for improved flavour and 

nutritional value. Appl. Microbiol. Biotechnol. 2019, 103, 9263–9275. https://doi.org/10.1007/s00253-019-10175-9. 

15. Ashkvari, A.; Rezaei, J.; Fazaeli, H.; Dehghan, S.A. Effect of new multistrain Bacilli, Lactobacilli, yeast, or their mixtures on 

ruminal microbial populations, hydrolytic enzymes, and fermentation variables of sheep. Anim. Feed Sci. Technol. 2026, 332, 

116612. https://doi.org/10.1016/j.anifeedsci.2025.116612. 

16. Foster, J.L.; Smith, W.B.; Rouquette, F.M.; Tedeschi, L.O. Forages and pastures symposium: An update on in vitro and in situ 

experimental techniques for approximation of ruminal fiber degradation. J. Anim. Sci. 2023, 101, skad097. 

https://doi.org/10.1093/jas/skad097. 

17. Murillo, M.; Herrera, E.; Carretel, F.O.; Ruiz, O.; Serrato, J.S. Chemical Composition, In vitro Gas Production, Ruminal 

Fermentation and Degradation Patterns of Diets by Grazing Steers in Native Range of North Mexico. Asian Austral. J. Anim. 2012, 

25, 1395–1403. https://doi.org/10.5713/ajas.2012.12281. 

18. Keim, J.P.; Cabanilla, J.; Balocchi, O.A.; Pulido, R.G.; Bertrand, A. In vitro fermentation and in situ rumen degradation kinetics 

of summer forage brassica plants. Anim. Prod. Sci. 2019, 59, 1271–1280. https://doi.org/10.1071/An17534. 

19. Son, A.R.; Kim, S.H.; Valencia, R.A.; Jeong, C.D.; Islam, M.; Yang, C.J.; Lee, S.S. Kimchi cabbage (Brassica rapa L.) by-products 

treated with calcium oxide and alkaline hydrogen peroxide as feed ingredient for Holstein steers. J. Anim. Sci. Technol. 2021, 63, 

841–853. https://doi.org/10.5187/jast.2021.e75. 

20. Menke, K.H.; Raab, L.; Salewski, A.; Steingass, H.; Fritz, D.; Schneider, W. The estimation of the digestibility and metabolizable 

energy content of ruminant feedingstuffs from the gas production when they are incubated with rumen liquor in vitro. J. Agric. 

Sci. 2009, 93, 217–222. https://doi.org/10.1017/s0021859600086305. 

21. GB/T 6432-2018. Determination of crude protein in feeds—Kjeldahl method. State Administration for Market Regulation, 

Standardization Administration of China: Beijing, China, 2018. 

22. GB/T 6433-2006. Determination of crude fat in feeds. General Administration of Quality Supervision, Inspection and Quarantine 

of the People's Republic of China, Standardization Administration of China: Beijing, China, 2006. 

23. GB/T 6438-2007. Animal feeding stuffs—Determination of crude ash. General Administration of Quality Supervision, Inspection 

and Quarantine of the People's Republic of China, Standardization Administration of China: Beijing, China, 2007. 

24. Broderick, G.A.; Kang, J.H. Automated Simultaneous Determination of Ammoniaand Total Amino Acids in Ruminal Fluidand 

in vitro Media. J. Dairy Sci. 1980, 63, 64–75. https://doi.org/10.3168/jds.S0022-0302(80)82888-8. 

25. Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. Methods for Dietary Fiber, Neutral Detergent Fiber, and NonstarchPolysaccharides 

in Relation to Animal Nutrition. J. Dairy Sci. 1991, 74, 3583–3597. https://doi.org/10.3168/jds.S0022-0302(91)78551-2. 

26. Ørskov, E.R.; McDonald, I. The estimation of protein degradability in the rumen from incubation measurements weighted 

according to rate of passage. J. Agric. Sci. 1979, 92, 499–503. https://doi.org/10.1017/s0021859600063048. 

27. Barberán, A.; Bates, S.T.; Casamayor, E.O.; Fierer, N. Using network analysis to explore co-occurrence patterns in soil microbial 

communities. ISME J. 2012, 6, 343–351. https://doi.org/10.1038/ismej.2011.119. 

28. Ban, Y.; Guan, L. Implication and challenges of direct-fed microbial supplementation to improve ruminant production and 

health. J. Anim. Sci. Biotechnol. 2021, 12, 109. https://doi.org/10.1186/s40104-021-00630-x. 

29. Li, Y.; Lv, J.; Wang, J.; Zhou, S.; Zhang, G.; Wei, B.; Sun, Y.; Lan, Y.; Dou, X.; Zhang, Y. Changes in Carbohydrate Composition 

in Fermented Total Mixed Ration and Its Effects on In Vitro Methane Production and Microbiome. Front. Microbiol. 2021, 12, 

738334. https://doi.org/10.3389/fmicb.2021.738334. 

30. Liu, S.; Shah, A.M.; Yuan, M.; Kang, K.; Wang, Z.; Wang, L.; Xue, B.; Zou, H.; Zhang, X.; Yu, P.; et al. Effects of dry yeast 

supplementation on growth performance, rumen fermentation characteristics, slaughter performance and microbial 

communities in beef cattle. Anim. Biotechnol. 2022, 33, 1150–1160. https://doi.org/10.1080/10495398.2021.1878204. 

31. Sutton, J.D.; Dhanoa, M.S.; Morant, S.V.; France, J.; Napper, D.J.; Schuller, E. Rates of production of acetate, propionate, and 

butyrate in the rumen of lactating dairy cows given normal and low-roughage diets. J. Dairy Sci. 2003, 86, 3620–3633. 

https://doi.org/10.3168/jds.S0022-0302(03)73968-X. 

32. Liu, L.; Sun, D.; Mao, S.; Zhu, W.; Liu, J. Infusion of sodium butyrate promotes rumen papillae growth and enhances expression 

of genes related to rumen epithelial VFA uptake and metabolism in neonatal twin lambs. J. Anim. Sci. 2019, 97, 909–921. 

https://doi.org/10.1093/jas/sky459. 

https://doi.org/10.3390/metabo16070457
https://doi.org/10.1017/s0021859600086305


Metabolites 2026, 16, 457 21 of 22 
 

https://doi.org/10.3390/metabo16070457 

33. Kand, D.; Raharjo, I.B.; Castro-Montoya, J.; Dickhoefer, U. The effects of rumen nitrogen balance on in vitro rumen fermentation 

and microbial protein synthesis vary with dietary carbohydrate and nitrogen sources. Anim. Feed Sci. Technol. 2018, 241, 184–

197. https://doi.org/10.1016/j.anifeedsci.2018.05.005. 

34. Jiang, Y.; Dhungana, A.; Odunfa, O.A.; McCoun, M.; McGill, J.; Yoon, I.; Ogunade, I. Effects of Saccharomyces cerevisiae 

fermentation product on ruminal fermentation, total tract digestibility, blood proinflammatory cytokines, and plasma 

metabolome of Holstein steers fed a high-grain diet. Transl. Anim. Sci. 2025, 9, txaf058. https://doi.org/10.1093/tas/txaf058. 

35. Badhan, A.; Wang, Y.; Terry, S.; Gruninger, R.; Guan, L.L.; McAllister, T.A. Invited review: Interplay of rumen microbiome and 

the cattle host in modulating feed efficiency and methane emissions. J. Dairy Sci. 2025, 108, 5489–5501. 

https://doi.org/10.3168/jds.2024-26063. 

36. Moya, D.; Calsamiglia, S.; Ferret, A.; Blanch, M.; Fandiño, J.I.; Castillejos, L.; Yoon, I. Effects of dietary changes and yeast culture 

(Saccharomyces cerevisiae) on rumen microbial fermentation of Holstein heifers. J. Anim. Sci. 2009, 87, 2874–2881. 

https://doi.org/10.2527/jas.2008-1446. 

37. Pickett, A.T.; Cooke, R.F.; de Souza, I.S.; de Souza, W.A.; Monteiro, G.A.; do Prado, M.B.; Gouvea, V.N.; Araujo, R.C.; Mackey, 

S.J. Supplementing yeast culture to beef heifers consuming a forage-based diet. Transl. Anim. Sci. 2025, 9, txaf103. 

https://doi.org/10.1093/tas/txaf103. 

38. Pittaluga, A.M.; Miccoli, F.E.; Guerrero, L.D.; Relling, A.E. Effect of multispecies fungal extract supplementation on growth 

performance, nutrient digestibility, ruminal fermentation, and the rumen microbiome composition of beef cattle fed forage-

based diets. J. Anim. Sci. 2025, 103, skae387. https://doi.org/10.1093/jas/skae387. 

39. Boukrouh, S.; Noutfia, A.; Moula, N.; Avril, C.; Louvieaux, J.; Hornick, J.L.; Cabaraux, J.F.; Chentouf, M. Ecological, morpho-

agronomical, and bromatological assessment of sorghum ecotypes in Northern Morocco. Sci. Rep. 2023, 13, 15548. 

https://doi.org/10.1038/s41598-023-41565-9. 

40. Mi, H.; Wang, Z.; Xiao, H.; Zhu, J.; Hou, P.; Zhou, C.; Xiao, D. Fermented palm kernel cake improves the nutrient degradation 

of beef cattle by modulating the rumen microbiota. Front. Microbiol. 2025, 16, 1712275. 

https://doi.org/10.3389/fmicb.2025.1712275. 

41. Ortiz-Chura, A.; Corral-Jara, K.F.; Tournayre, J.; Cantalapiedra-Hijar, G.; Popova, M.; Morgavi, D.P. Rumen microbiota 

associated with feed efficiency in beef cattle are highly influenced by diet composition. Anim. Nutr. 2025, 21, 378–389. 

https://doi.org/10.1016/j.aninu.2024.11.027. 

42. Silva, K.G.S.; Sarturi, J.O.; Johnson, B.J.; Woerner, D.R.; Lopez, A.M.; Rodrigues, B.M.; Nardi, K.T.; Rush, C.J. Effects of bacterial 

direct-fed microbial mixtures offered to beef cattle consuming finishing diets on intake, nutrient digestibility, feeding behavior, 

and ruminal kinetics/fermentation profile. J. Anim. Sci. 2024, 102, skae003. https://doi.org/10.1093/jas/skae003. 

43. Boukrouh, S.; Noutfia, A.; Moula, N.; Avril, C.; Louvieaux, J.; Hornick, J.L.; Cabaraux, J.F.; Chentouf, M. Growth performance, 

carcass characteristics, fatty acid profile, and meat quality of male goat kids supplemented by alternative feed resources: Bitter 

vetch and sorghum grains. Arch. Anim. Breed. 2024, 67, 481–492. https://doi.org/10.5194/aab-67-481-2024. 

44. Zhao, Y.; Zhang, Y.; Khas, E.; Ao, C.; Bai, C. Effects of Allium mongolicum Regel ethanol extract on three flavor-related rumen 

branched-chain fatty acids, rumen fermentation and rumen bacteria in lambs. Front. Microbiol. 2022, 13, 978057. 

https://doi.org/10.3389/fmicb.2022.978057. 

45. Zhou, Q.; Zhou, Y.; Li, L.; Fu, K.; Liu, S.; Li, P.; Gu, Q. ZJ316 synergizes with tryptophan diet to modulate gut microbiota and 

metabolite profiles in mice. Food Biosci. 2026, 79, 108605. https://doi.org/10.1016/j.fbio.2026.108605. 

46. Jiang, W.; Zhang, Y.; Cheng, H.; Hu, X.; You, W.; Song, E.; Hu, Z.; Jiang, F. Fermented Palm Kernel Cake Improves the Rumen 

Microbiota and Metabolome of Beef Cattle. Animals 2024, 14, 3088. https://doi.org/10.3390/ani14213088. 

47. Promkot, C.; Nitipot, P.; Piamphon, N.; Abdullah, N.; Promkot, A. Cassava root fermented with yeast improved feed 

digestibility in Brahman beef cattle. Anim. Prod. Sci. 2017, 57, 1613–1617. https://doi.org/10.1071/An15685. 

48. Liu, Q.; Li, R.; Wang, B.; Mi, S.; Wang, C.; Zhang, N.; Chen, X.; Zhou, S.; Wang, T.; Wang, X.; et al. Effects of a fermented cotton 

straw-apple pomace mixture on growth performance, rumen microbial community, and metabolome in beef cattle. Front. 

Microbiol. 2026, 16, 1747833. https://doi.org/10.3389/fmicb.2025.1747833. 

49. Wang, L.; Li, M.; Liu, C.; Li, X.; Wang, P.; Chang, J.; Jin, S.; Yin, Q.; Zhu, Q.; Dang, X.; et al. Effects of Fungal Probiotics on Rumen 

Fermentation and Microbiota in Angus Cattle. Animals 2025, 15, 2746. https://doi.org/10.3390/ani15182746. 

50. Pang, K.; Chai, S.; Yang, Y.; Wang, X.; Liu, S.; Wang, S. Dietary forage to concentrate ratios impact on yak ruminal microbiota 

and metabolites. Front. Microbiol. 2022, 13, 964564. https://doi.org/10.3389/fmicb.2022.964564. 

51. Parra, M.C.; Costa, D.F.; Meale, S.J.; Silva, L.F.P. Rumen bacteria and feed efficiency of beef cattle fed diets with different protein 

content. Anim. Prod. Sci. 2022, 62, 1029–1039. https://doi.org/10.1071/An21508. 

https://doi.org/10.3390/metabo16070457


Metabolites 2026, 16, 457 22 of 22 
 

https://doi.org/10.3390/metabo16070457 

52. Song, Y.; Hou, S.; Xiang, Y.; Zou, D.; Gu, S.; Pu, X.; Liu, Q.; Chu, M. Dietary energy levels modulate rumen metabolites and 

function in sheep by regulating the rumen microbiome. BMC Microbiol. 2025, 26, 40. https://doi.org/10.1186/s12866-025-04636-7. 

53. Puccetti, M.; Paolicelli, G.; Oikonomou, V.; De Luca, A.; Renga, G.; Borghi, M.; Pariano, M.; Stincardini, C.; Scaringi, L.; 

Giovagnoli, S.; et al. Towards Targeting the Aryl Hydrocarbon Receptor in Cystic Fibrosis. Mediat. Inflamm. 2018, 2018, 1601486. 

https://doi.org/10.1155/2018/1601486. 

54. Ye, X.; Sahana, G.; Lund, M.S.; Cai, Z. The crosstalk between host and rumen microbiome in cattle: Insights from multi-omics 

approaches and genome-wide association studies. World J. Microbiol. Biotechnol. 2025, 41, 267. https://doi.org/10.1007/s11274-

025-04504-6. 

55. Yi, S.; Tian, X.; Qin, X.; Zhang, Y.; Guan, S.; Chen, Z.; Cai, D.; Wu, D.; Wang, R.; Ma, Z.; et al. Effects of Yeast Cultures on Growth 

Performance, Fiber Digestibility, Ruminal Dissolved Gases, Antioxidant Capacity and Immune Activity of Beef Cattle. Animals 

2025, 15, 1452. https://doi.org/10.3390/ani15101452. 

56. Pan, L.; Eyre, K.; Harper, K.; Silva, L.P.E. Using Specific Bacillus Strains to Improve Digestibility and Performance of Growing 

Steers. J. Anim. Sci. 2023, 101, 275. https://doi.org/10.1093/jas/skad281.329. 

57. Lee, S.L.; Ryu, C.H.; Back, Y.C.; Lee, S.D.; Kim, H. Effect of Fermented Concentrate on Ruminal Fermentation, Ruminal and 

Fecal Microbiome, and Growth Performance of Beef Cattle. Animals 2023, 13, 3622. https://doi.org/10.3390/ani13233622. 

58. Zhang, Z.; Cai, W.; Wei, X.; He, B.; Liu, Y.; Zhang, X.; Yang, J.; Li, F.; Li, Z.; Wang, C. Dietary supplementation with microbially 

fermented rice bran promotes lactation performance in dairy cows by increasing rumen fermentation performance and nutrient 

digestibility. Front. Vet. Sci. 2026, 12, 1713279. https://doi.org/10.3389/fvets.2025.1713279. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 

https://doi.org/10.3390/metabo16070457

