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ABSTRACT

Silage, a traditional anaerobically fermented feed primarily used for ruminants, can be
enhanced by incorporating Lycium barbarum by-products (LBB) to improve its
functional properties. LBB is rich in bioactive compounds with notable medicinal and
nutritional benefits, positioning it as a promising alternative to conventional additives.
This study investigates the effects of LBB and its bioactive components—Lycium
barbarum polysaccharide (LBP), flavonoid (FLA), and betaine (BET) on fermentation
parameters, bacterial communities and metabolites in alfalfa silages. LBB, LBP, FLA,
and BET significantly increased lactic acid (LA) and water-soluble carbohydrates
(WSC) production (P < 0.05), with LBP contributing the highest increases in LA
(64.54%) and WSC (70.34%) compared to the control. Furthermore, LBB, LBP, FLA,
and BET significantly reduced dry matter loss (DM loss) and ammonia nitrogen (NH3-
N) (P < 0.05), with LBB achieving a 70.39% reduction in DM loss and a 35.18%
decrease in ammonia nitrogen. The application of these treatments also enhanced the
antioxidant properties of silage, as evidenced by increased total antioxidant capacity (T-
AOC) and glutathione peroxidase (GSH-Px) levels (P < 0.05). Notably, the relative
abundance of Lactiplantibacillus and Pediococcus was elevated in LBB and BET-
treated silages, respectively. The bioactive components of LBB demonstrated potent
antibacterial activity, with differential metabolites enriched in flavonoid and
isoflavonoid biosynthesis pathways. Correlation analysis further revealed relationships
between specific metabolites and microbiota. These findings highlight the potential of

LBB as a valuable strategy for enhancing silage quality.

Keywords: Silage; Plant extracts; Metabolic profile; Microbial community;

Fermentation quality
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Abbreviations: DM, dry matter; FW, fresh weight; LA, lactic acid; AA, acetic acid; PA,
Propionic acid; BA, butyric acid; WSC, water soluble carbohydrates; CP, crude protein;
NH3-N, ammonia N; NDF, neutral detergent fiber; ADF, acid detergent fiber; LAB,
lactic acid bacteria; cfu, colony-forming units; T-AOC, total antioxidant capacity;
GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; DPPH,
1,1-diphenyl-2-picrylhydrazy; PCA, principal component analysis; OPLS-DA,
orthogonal partial least squares discriminant analysis; VIP, variable importance in the
projection; LDA, Linear Discriminant Analysis; LEfSe, Linear Discriminant Analysis
Effect Size; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes;
CON, control group; LBP, silage with Lycium barbarum polysaccharide; LBB, silage
with Lycium barbarum by-products; FLA, silage with flavonoid; BET, silage with

betaine.

Background

Lycium barbarum a traditional herbal medicine originating from East Asia, is
renowned for its substantial medicinal and nutritional benefits (Skenderidis et al., 2019).
Its bioactive compounds, such as Lycium barbarum polysaccharides (LBPs), flavonoids,
betaine, polyphenols, vitamins, and trace elements (Lu et al., 2019), exhibit diverse
properties, including anti-tumor, anti-inflammatory, antioxidant, hypolipidemic, and
hypoglycemic effects (Azami and Sun, 2019; Tian et al., 2019; Zhang et al., 2020). As
modern medicine increasingly explores its pharmacological potential, the consumption
of Lycium barbarum has steadily risen due to growing awareness of its health benefits.
However, Lycium barbarum by-products (LBB), including fruit residues and stalks, are
often discarded despite their rich nutrient contents and bioactive compounds. This
inefficiency leads to resource wastage, environmental pollution, and considerable

economic loss. Therefore, improving resource recycling and promoting sustainability



75

76

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

by utilizing LBB more effectively is critical. Previous studies have highlighted LBB's
potential to enhance immune function, productivity, and product quality in livestock
(Chen et al., 2020; Menchetti et al., 2020). Fermented LBB feed has been shown to
improve feed intake and immunity in ruminants (Zhang et al., 2022). Furthermore, the
inclusion of 5% fermented LBB improved slaughter performance in Tan sheep,
enhancing meat quality by increasing total antioxidant capacity, color, tenderness, and
water-holding capacity while significantly reducing malondialdehyde content (Liao et
al., 2024).

Recently, plant-derived bioactive compounds have gained attention as viable
alternatives to antibiotic feed additives in livestock (Wang et al., 2019a). Bioactive
components extracted from LBB, such as LBPs, flavonoids, and betaine, have garnered
interest due to their various pharmacological effects. LBPs, the key bioactive ingredient
in LBB, promote the growth of beneficial gut bacteria, inhibit harmful pathogens, and
enhance immune function and antioxidant activity, ultimately improving animal growth
performance (Chen et al., 2020; Long et al., 2020). Betaine has been linked to enhanced
animal performance and carcass quality (Dong et al., 2020; Pardo et al., 2023).
Additionally, flavonoids exhibit antioxidant, anti-inflammatory, and anti-apoptotic
properties, which contribute to increased productivity in ruminant animals (Olagaray
and Bradford, 2019). Incorporating LBB and its extracts into livestock diets can
improve feed utilization, animal production, and health, making them beneficial
additives in livestock feed.

The rising demand for ruminant livestock products, driven by the growing global
population, is being constrained by the limited availability of high-quality forage,
hindering the advancement of grain-saving animal husbandry. Alfalfa silage, a high-

quality feed with notable protein and digestibility potential, plays a pivotal role in
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meeting this demand (Hartinger et al., 2019). As the need for silage grows, so do the
requirements for enhanced silage quality, functionality, safety, and utilization
efficiency. Chinese herbal medicines are increasingly being explored as potential
additives for fermented feed, improving fermentation quality and flavor, promoting
beneficial metabolites, and yielding positive effects on livestock (Lin et al., 2020), as
well as offering potential health benefits to human consumers. Given the characteristics
of LBB and their extracts, it is hypothesized that their inclusion in alfalfa silage could
help reduce the abundance of undesirable bacteria. Beyond their nutritional value, these
extracts may improve the overall functionality of the feed. However, further research is
necessary to comprehensively understand the impact of these extracts on silage

fermentation.

Methods and materials
Raw materials and silage preparation

The first-cut alfalfa (Medicago sativa; WL 440) was harvested at the early bloom
stage from four random fields on a farm in Yinchuan, Ningxia, China. Immediately

after harvesting, the alfalfa was chopped into 1-2 cm pieces using a hay cutter and
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transported to the laboratory. The chopped alfalfa was then wilted to achieve a dry
matter (DM) content of approximately 350 g/kg fresh weight (FW) for silage production.
Fresh alfalfa from each field was frozen at —20°C for subsequent analysis, while the
remaining forage was randomly divided into five small piles, each assigned to one of
the following treatments: (1) no additives (control, CON); (2) Lycium barbarum by-
products (LBB, 6% FW); (3) Lycium barbarum polysaccharide (LBP, 0.63% FW); (4)
flavonoid (FLA, 0.24% FW); (5) betaine (BET, 0.08% FW). Based on previous studies
(Zhang et al., 2022), which indicated that the addition of 4-6% of LBB in feed yields
optimal effects on animal growth, a 6% of LBB concentration was used in this study.
LBB consists of crushed Lycium barbarum fruit residues and stalks. Three primary
bioactive components were extracted from LBB: LBP, FLA, and BET. The
concentrations of these components in LBB are 47.1 mg/g, 30.0 mg/g, and 10.0 mg/g,
respectively, with purities of 45.1%, 75.3%, and 80.4%. The amounts of bioactive
components added were based on their concentrations in LBB, and treatments were
adjusted with water and mixed evenly with solutions. The chemical composition of both
fresh alfalfa and LBB was determined (Table 1). Approximately 500 g of forage was
placed into polyethylene plastic bags (450 x 280 mm) and vacuum-sealed tightly using
a vacuum packaging machine (Zhucheng Yizhong Machinery Ltd., Shandong, China).
The ensiled 20 bags were then stored at ambient temperature (22-25°C) for 90 days.
Chemical composition, microbial population and silage quality analysis

After 90 days of fermentation, samples were collected to assess chemical
composition and fermentation quality. A 20 g sample of fresh silage was mixed with
180 mL distilled water and homogenized for 30 seconds in a juicer (BA-828,
Mannengda Plasthetics Co., Ltd., Guangdong, China) (Ke et al., 2018). A portion of the

filtrate was acidified with 50% H2SO4 and then filtered using a 0.22 um dialyzer. The
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resulting filtrate was analyzed for organic acids using high-performance liquid
chromatography (KC-811, column, Shodex, Shimadzu, Japan), as previously described
(Guo et al., 2019). Ammonia nitrogen (NH3-N) content was determined following the
method of Broderick and Kang (1980).

Lactic acid bacteria (LAB), yeast, and mold counts in wilted alfalfa and ensiled
forage were determined using the procedure described by Reich and Kung (2010).
Briefly, 10 g of sample was homogenized in 90 mL of sterile Ringer’s solution for 1
minute and serially diluted. Then, LAB was enumerated using Rogosa agar and
incubated at 30°C for 48-72 hours. Yeasts and molds were counted by pour plating with
serial 10-fold dilutions of water extracts on malt extract agar, followed by incubation
at 32°C for 48-72 hours under aerobic condition. Fresh alfalfa and silage samples were
dried at 65°C for 72 hours to measure DM content. Neutral detergent fiber (NDF) and
acid detergent fiber (ADF) were determined using an ANKOM fiber analyzer (A20004i,
ANKOM Technology, New York, USA) following the methods of Van Soest et al.
(1991) and Robertson and Van Soest (1981), respectively. Water-soluble carbohydrates
(WSC) were measured using the anthrone-concentrated sulfuric acid method (Murphy,
1958) and quantified using an ultraviolet spectrophotometer (UV-1800, Shanghai Ma
Pada Instrument Co., Ltd, Shanghai, China). Crude protein (CP) content was
determined using the Kjeldahl method (AOAC, 2000).

Antioxidant analysis of silage

The concentrations of total antioxidant capacity (T-AOC), glutathione peroxidase
(GSH-Px), superoxide dismutase (SOD), and catalase (CAT) were quantified using
commercially available assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s protocols. The free radical scavenging

capacity of 1,1-diphenyl-2-picrylhydrazyl (DPPH) was analyzed following the method
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of More and Makol (2020).
DNA extraction, metagenomic sequencing, annotation, and analysis

Genomic DNA was extracted from fresh and ensiled alfalfa samples using the
E.ZN.A.® Stool DNA Kit (Omega Bio-tek, Norcross, GA, U.S.), following the
manufacturer’s guidelines. DNA concentration and purity were assessed using the TBS-
380 and NanoDrop 2000, respectively. DNA quality was evaluated on a 1% agarose
gel. To prepare for paired-end library construction, DNA was fragmented to
approximately 400 bp via sonication using a Covaris M220 (Gene Company Limited,
China). A paired-end sequencing library was generated using the TruSeq™ DNA
Sample Prep Kit (Illumina, San Diego, CA, USA), with adapters containing sequencing
primer sites ligated to blunt-ended DNA fragments. Sequencing was performed on the
[Mlumina NovaSeq 6000 platform using a 150-bp paired-end strategy at Majorbio Bio-
Pharm Technology Co., Ltd (Shanghai, China). Metagenomic sequences were filtered
to remove low-quality sequences and adapters, producing clean data using Sickle
software (https://github.com/najoshi/sickle). Cleaned data was assembled using
MEGAHIT software (Li et al., 2015). Representative sequences from the non-
redundant gene catalog were aligned to the non-redundant (NR) database with an e-
value cutoff of 1le? using Diamond (Buchfink et al., 2014) software
(http://www.diamondsearch.org/index.php, version 0.8.35) for taxonomic annotations.
Cluster of orthologous groups (COG) annotations for representative sequences were
conducted against the eggNOG database, applying an e-value cutoff of 1e. The KEGG
annotations were performed against the Kyoto Encyclopedia of Genes and Genomes
database (http://www.genome.jp/keeg/) with the same e-value cutoff.
Metabolite extraction and LC-MS/MS analysis

A 50 mg solid sample was placed in a 2 mL centrifuge tube with a 6 mm grinding
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bead. To this, 400 pL of extraction solution (methanol:water = 4:1, v/v) containing 0.02
mg/mL of internal standard (L-2-chlorophenylalanine) was added. The samples were
ground for 6 minutes at —10°C using a Wonbio-96c, followed by 30 minutes of low-
temperature ultrasonic extraction at 5°C. After incubation at —20°C for 30 minutes, the
samples were centrifuged for 15 minutes at 4°C and 13,000 g. The supernatant was
transferred to an injection vial for LC-MS/MS analysis. A pooled quality control (QC)
sample was prepared by mixing equal volumes of all individual samples. The QC
samples were handled and analyzed in the same manner as the analytical samples and
were injected at regular intervals (every 5-15 samples) to monitor the stability of the
analysis.

LC-MS/MS analysis was conducted on a Thermo UHPLC-Q Exactive HF-X
system, equipped with an ACQUITY HSS T3 column (100 mm x 2.1 mm i.d., 1.8 um;
Waters, USA), at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The
mobile phases used were solvent A: 0.1% formic acid in water: acetonitrile (95: 5, v/v)
and solvent B: 0.1% formic acid in acetonitrile: isopropanol: water (47.5: 47.5, v/v).
The flow rate was set to 0.40 mL/min, and the column temperature was maintained at
40°C. The injection volume was 3 pL. MS conditions included a Thermo UHPLC-Q
Exactive Mass Spectrometer with electrospray ionization (ESI) in both positive and
negative modes, with a source temperature of 400°C, sheath gas flow of 40 arb, and
auxiliary gas flow of 10 arb. The ion-spray voltage floating (ISVF) was set to -2800V
for negative mode and 3500V for positive mode. MS/MS collision energy was set to
20-40-60V, with a full MS resolution of 70,000 and an MS/MS resolution of 17,500.
Data acquisition was performed in Data Dependent Acquisition (DDA) mode, covering
a mass range of 70-1050 m/z.

Metabolomic data preprocessing and analysis
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LC/MS raw data were processed using Progenesis QI (Waters Corporation ,

Milford, USA) software to identify peaks, remove noise, and generate a data matrix
containing retention time, mass-to-charge ratio (m/z) values, and peak intensities.
Principal component analysis (PCA) and orthogonal partial least squares discriminant
analysis (OPLS-DA) were conducted using the R package (Version 1.6.2). Metabolites
with the variable importance in projection (VIP) > 1.0 and P-values from the Student's
t-test (P < 0.05) were considered significantly different. Differential metabolites were
mapped to biochemical pathways using the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database (http://www.genome.jp/kegg/) and further enriched using Python

packages (https://docs.scipy.org/doc/scipy/).
Statistical analysis

All data were analyzed using SPSS Statistics software (version 23.0, IBM,
Chicago, USA) to detect significant differences between treatments, where P < 0.05,
was considered statistically significant, and 0.05 < P < 0.10 was interpreted as showing

a trend. Correlation tests were conducted using Pearson's correlation coefficient.

Characteristics of raw material before ensiling

The chemical composition and microbial populations of dry LBB and fresh alfalfa
are presented in Table 1. Fresh alfalfa was wilted to a DM content of 375 g/kg. Both
alfalfa and LBB demonstrated considerable CP content, with values of 191 g/lkg DM
and 154 g/kg DM, respectively. The fiber contents were moderate, with alfalfa showing
419 g/kg DM for NDF and 275 g/kg DM for ADF, while LBB contained 138 g/kg DM
for NDF and 275 g/kg DM and 110 g/kg DM for ADF.

WSC contents were 61.10 g’/kg DM for LBB and 70.50 g/kg DM for alfalfa. The

epiphytic microbial populations of wilted alfalfa comprised yeasts and molds at counts
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of 5.64 and 4.20 logio cfu/g FW, respectively, while LAB were present at 5.48 logio
cfu/g FW. In LBB, the microbial counts of LAB, yeasts, and molds were 4.79, 4.79,
and 2.86 logio cfu/g FW, respectively.

Fermentation parameters, microbial population and chemical composition of
silages

The fermentation parameters, microbial populations, and chemical composition of
the silages after 90 days of ensiling are summarized in Table 2. The pH values differed
significantly among treatments (P < 0.01), with the CON having the highest pH (5.09),
and LBB and LBP treatments showing the lowest values (4.50 and 4.47, respectively).
LA content was significantly higher (P < 0.01) in treated silages, whereas acetic acid
(AA) content was lower (P < 0.01) in these silages compared to the CON. PA was not
detected in LBP, FLA, and BET treatments, with the CON exhibiting the highest PA
content. Butyric acid (BA) was undetected in all silages. NH3-N concentration was
significantly lower in the LBB and bioactive component-treated silages compared to
the CON (P < 0.01).

The DM content was highest in the LBB group, followed by the LBP, FLA, and
BET groups. DM loss was significantly lower in the LBB group compared to the other
treatments. The contents of NDF and ADF were slightly reduced in the LBB group
compared to the CON. The WSC content was significantly higher in the LBP group,
followed by FLA and LBB, with the CON having the lowest WSC content.
Antioxidant properties of silages

The activities of T-AOC, SOD, CAT, and GSH-Px after 90 days of ensiling were
shown in Table 3. LBB and its bioactive components significantly influenced T-AOC,
CAT, and GSH-Px activities (P < 0.05). T-AOC activity varied significantly across

treatments (P < 0.01), with the CON showing the lowest T-AOC value, and FLA having
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the highest, followed by the LBP and LBB. SOD activity did not differ significantly
across treatments. FLA exhibited the highest GSH-Px activity, followed by LBP and
LBB, with the CON showing the lowest GSH-Px activity. CAT activity was highest in
the CON, while LBB exhibited the lowest CAT activity, followed by LBP. Additionally,
the DPPH clearance rate was significantly higher in the FLA group compared to all
other treatments (P < 0.01). LBP, LBB, and BET also demonstrated high antioxidant
activity, though significantly lower than FLA (P < 0.01).

Microbial community analysis in alfalfa silages

Shannon and ACE indices were employed to assess the diversity and richness of
bacterial communities across all silage samples (Fig. 1A and B). A significant increase
in the Shannon index was observed in the CON group compared to other treatments (P
<0.05). PCoA based on Bray-Curtis distance indicated clear separation between treated
silages (LBB, BET) and the CON silage (Fig. 1C). Notably, LBP-treated silage was
more similar to FLA-treated silage.

In the fresh matter (FM), the dominant bacterial phyla included Proteobacteria
(46.73%), Streptophyta (31.35%), and Actinobacteria (15.95%). After ensiling,
Firmicutes (80%) became the predominant phylum across all treatments, leading to a
decline in Proteobacteria. LBB-treated silage showed the highest abundance of
Proteobacteria (18.05%), followed by BET (14.41%) (Fig. 1D). The dominant genera
in FM were Pantoea (26.13%), Medicago (27.20%), Pseudomonas (9.41%), and
Enterobacter (9.41%) (Fig. 1E). Post-ensiling, Lactiplantibacillus was increased in all
silages, with the highest abundance observed in LBB-treated silage (51.27%).
Pediococcus also increased across all silages, especially in LBP, FLA, and BET groups.
At the species level, unclassified Pantoea (32.63%) and Enterococcus faecalis (6.02%)

dominated FM, but after ensiling, these were replaced by Lactiplantibacillus plantarum,
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Pediococcus acidilactici, and other LAB species in treated silages. LBB and LBP
treatments enhanced the abundance of Lactiplantibacillus plantarum, while BET
increased Pediococcus acidilactici abundance.

LEfSe analysis and LDA confirmed significant microbial shifts at various
taxonomic levels (Fig. 2). Treated silages (LBB, LBP, FLA, BET) exhibited higher
relative  abundances of  Lactiplantibacillus,  Lactococcus,  Pediococcus,
Lactiplantibacillus plantarum, and Pediococcus acidilactici (LDA > 5.0), while
Weissella and Levilactobacillus were more prevalent in the CON group (LDA > 4.0).
These shifts suggest that bioactive components in LBB and its extracts selectively
promoted beneficial LAB while inhibiting undesirable microorganisms.

The functional annotation and KEGG pathways

Functional annotation and gene abundance data from various databases were used
to categorize the pathways via the KEGG database (Fig. 3). Atlevel 3, several pathways
were identified, including metabolic pathways, biosynthesis of secondary metabolites,
microbial metabolism in diverse environments, ABC transporters, biosynthesis of
cofactors, biosynthesis of amino acids, carbon metabolism, purine metabolism, two-
component systems, and the phosphotransferase system (PTS) (Fig. 3A). The top three
pathways observed across the LBB, LBP, FLA, and BET groups were metabolic
pathways, biosynthesis of secondary metabolites, and microbial metabolism in diverse
environments. KEGG pathways differences among treatments are depicted in a
cladogram generated via LEfSe (Fig. 3B). A total of 7, 16, 7, 3, and 16 significantly
different KEGG pathways were identified for CON, LBB, LBP, FLA, and BET
treatments, respectively (P < 0.05). LBB-treated silage exhibited a greater influence on
the biosynthesis of amino acids, ABC transporters (LDA > 3.5), biosynthesis of

secondary metabolites, cysteine and methionine metabolism, lysine biosynthesis, and



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

phenylalanine, tyrosine, and tryptophan biosynthesis (LDA > 3.0). LBP treatment
primarily affected purine metabolism (LDA > 3.0), nucleotide metabolism, pyrimidine
metabolism, fatty acid biosynthesis and taurine and hypotaurine metabolism (LDA >
2.5). FLA-treated silage significantly impacted two-component systems and quorum
sensing (LDA > 3.0), while BET-treated silage influenced carbon metabolism, fatty
acid metabolism, and methane metabolism (LDA > 3.5). CON-treated silage primarily
affected ribosome biosynthesis, aminoacyl-tRNA biosynthesis, and nucleotide sugar
biosynthesis (LDA > 2.5).
Metabolome analysis of silage

To investigate the impact of LBB and its bioactive components on alfalfa silage,
metabolomics analysis was conducted using an untargeted LC-MS approach to assess
metabolites across twenty silage samples. An Upset plot was generated to visualize the
similarity and overlap of metabolite compositions across different groups (Fig. S1). The
results revealed that the LBP group contained the highest abundance of metabolites.
Each treatment group exhibited unique metabolites, indicating that different bioactive
components selectively enriched specific metabolites in silage. A total of 1434
metabolites were identified and quantified across the five groups (Fig. S2). These
metabolites included categories such as lipids and lipid-like molecules, organic acids
and derivatives, organoheterocyclic compounds, phenylpropanoids and polyketides,
benzenoids, organic oxygen compounds, and nucleosides, nucleotides, and analogues
(Table S1).

The PCA score plot displayed the overall differences and visualized the trends and
outliers among the metabolite data (Fig. S3), with sample distributions within the 95%
Hotelling’s T-squared ellipse. Samples from the LBB, bioactive components treatment

groups, and CON group were distributed in distinct regions, further supporting that the
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different treatments induced metabolomic variations in silages. OPLS-DA analysis was
also performed to examine the metabolic changes (Fig. S4). The corresponding R?
values for the OPLS-DA models (LBB vs. CON, LBP vs. CON, FLA vs. CON, BET
vs. CON) were all > 0.80, indicating stable and reliable models. Permutation tests
yielded negative Q? values, confirming that the models were not overfitted. These
results suggest that LBB and its bioactive components significantly altered the
secondary metabolic profiles of alfalfa silages.
Compared to CON-treated silage, LBB treatment resulted in 180 upregulated and

353 downregulated metabolites, while the LBP treatment led to 108 upregulated and 92
downregulated metabolites (Fig. 4A, B). FLA- and BET-treated silages showed 76 and
120 upregulated metabolites, respectively (Fig. 4C, D). The significantly altered
metabolites spanned various categories, including lipids and lipid-like molecules,
organoheterocyclic compounds, organic acids and derivatives, organic oxygen
compounds, phenylpropanoids and polyketides, benzenoids, hydrocarbon derivatives,
nucleosides, nucleotides, and analogues. The upset diagram highlighted the specific and
common shared differential metabolites across different comparison pairs, with LBB
exhibiting the highest number of unique metabolites (Fig. 4E). The LBB vs. CON
comparison identified 533 unique differential metabolites, followed by FLA vs. CON
(223 metabolites), LBP vs. CON (200 metabolites), and BET vs. CON (191 metabolites)
(Fig. 4E). Additionally, nine metabolites were common across various comparison pairs,
with eight showing the highest levels in the LBB group, four being elevated in both
LBB and bioactive components groups, and one displaying the highest level in the CON
group (Table S2). Notably, metabolites such as clavulanic acid, bisnoryangonin, and L-
asparagine were abundant in silages treated with LBB and bioactive components,

whereas zearalenone and zeranol were reduced in the LBB and LBP treatments.
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Metabolic pathway analysis of differential metabolites

As depicted in Fig. 5A, the KEGG functional pathways of metabolites after
ensiling primarily involved three categories: metabolism, genetic information
processing, and environmental information processing, with a major focus on
metabolism. Among these pathways, the biosynthesis of other secondary metabolites
exhibited the highest metabolite abundances, followed by amino acid metabolism, lipid
metabolism, carbohydrate metabolism and the metabolism of cofactors and vitamins.
Differential metabolites were predominantly enriched in the following metabolic
pathways: flavonoid biosynthesis, isoflavonoid biosynthesis, plant hormone signal
transduction, alpha-linolenic acid metabolism, and flavone and flavonol biosynthesis
(Fig. 5). The comparison between LBB and CON groups showed the strongest
association with tryptophan metabolism and lysine degradation (Fig. 5C). For LBP
versus CON, arginine and proline metabolism and alpha-linolenic acid metabolism
were significantly enriched compared LBP to CON (Fig. 5D). BET-treated silages
exhibited differential metabolites related to arginine biosynthesis and biotin metabolism.
Flavonoids, such as quercetin, hesperetin, luteolin and phlorizin were significantly
upregulated in silages treated with LBB and bioactive components.
Correlation analysis of the microbiome and metabolites

To explore the relationship between metabolites and bacterial communities during
ensiling. Spearman correlation analysis was conducted at the genus level (Fig. 6). The
abundances of the top 15 genera and the top 30 metabolites were analyzed. After
fermentation, Lactiplantibacillus abundance was positively correlated with metabolites
such as 4-hydroxysphinganine, methylmalonic acid, and styrene, while these
metabolites exhibited a negative correlation with Levilactobacillus, Weissella, and

Pediococcus. Additionally, Corchorifatty acid F and Hexadecanoic acid exhibited a
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positive correlation with Levilactobacillus, Weissella and Pediococcus.

Discussion
Chemical compositions, microbial population, and fermentation quality of alfalfa
silage with different treatments

The pH value is a critical indicator of fermentation quality, with a range of 4.20 to
5.00 considered acceptable for legume silages (Kung et al., 2018). In this study, lower
pH values in silages treated with LBB and LBP enhanced the efficiency of LAB in
converting WSC into organic acids. The decrease in pH was mainly due to the
accumulation of organic acids, particularly LA (Kung et al., 2018). The significantly
higher LA content and lower AA content in treated silages reflect improved
fermentation, as LA is the primary organic acid produced during proper fermentation.
Notably, the LA content in LBB-treated silages was similar to that in LBP-treated
silages, despite the lower pH in LBB-treated silages. This may be due to LBP providing
additional substrates for acid production, while other bioactive components in LBB
contribute directly to pH reduction. It is well-established that PA content in silage is
undesirable (McDonald et al., 1991). Therefore, the absence of PA content suggested
that LBP, FLA and BET effectively suppressed propionic acid-producing bacteria,
which are typically associated with undesirable fermentation.

NH3-N is a key indicator of proteolysis in silage (Pahlow et al., 2003), and its
reduction in treated silages supports the hypothesis that LBB and its bioactive
components inhibit proteolysis by preventing the growth of proteolytic bacteria and

reducing proteolytic enzymes activity. Undesirable bacteria such as Clostridia,
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Enterobacter, and Enterococcus, along with the activity of proteolytic enzymes in
plants, are often linked to relatively high NHs-N levels (Kung et al., 2018; Yang et al.,
2022). Both Clostridial bacteria and plant proteolytic enzymes are most active in the
pH range of 5.0 to 6.0 (Wang et al., 2019b). The inhibition of these microorganisms,
such as Clostridium, by LBB and its bioactive components aligns with the reduced PA
levels, as previously discussed. These results are consistent with findings by Tan et al
(2019), who reported that LBB and LBP could inhibit proteolytic enzyme activity.
Additionally, the absence of mold growth in FLA and BET-treated silages suggest that
these treatments help prevent spoilage by inhibiting mold growth. The LAB populations
in CON silages were relatively lower than those in treated silages, possibly due to the
availability of substrates that promote LLAB proliferation.

In this study, DM decreased after 90 days of ensiling in all samples, except for
those treated with LBB. As expected, the inclusion of dry LBB increased the DM
content of the silages, which could help inhibit microbial activity and reduce DM loss.
Furthermore, the lower NDF and ADF contents in LBB and LBP-treated silages suggest
that these treatments may promote fiber degradation, potentially through the action of
fibrinolytic enzymes produced during fermentation. WSC is an important factor in
fermentation, with 60—70 g/kg DM WSC typically required for well-preserved silage
(Smith, 1962). The higher WSC content in LBB, LBP, and FLA-treated silages may be
attributed to the nutritional composition of these additives, providing additional
substrates for fermentation.

Antioxidant properties of alfalfa silages with different treatments
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The addition of LBB and its bioactive components significantly enhanced the
antioxidant properties of silages, as evidenced by increased T-AOC and GSH-Px
activities. T-AOC is a key indicator of the overall antioxidant status, reflecting the
combined effects of antioxidant enzymes and substances within an organism (Cui et al.,
2023). The elevated T-AOC in treated silages demonstrates the effectiveness of LBB
and its components in enhancing the silage's antioxidant capacity. SOD, GSH-Px, and
CAT act as primary antioxidants in cells, scavenging superoxide anion free radicals
(O2) and converting hydrogen peroxide (H>O-) into water and oxygen, respectively

(Ighodaro and Akinloye, 2018). Among the bioactive components,

(Ismail et al., 2012). The
reduction in CAT activity in LBP-treated silages may be attributed to the lower pH
during the anaerobic fermentation process, which is known to inhibit catalase activity

(Garcia-Molina et al., 2005).

DPPH is commonly used to
assess the free radical scavenging ability of hydrogen-donating antioxidants (Zhu et al.,
2017), providing a measure of the antioxidant capacity of silages. The improvement in

DPPH clearance rates further highlights the enhanced free radical-scavenging ability of
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the treated silages, with FLA demonstrating the most pronounced effect. The biological
function of LBB is closely linked to its components, including LBP, FLA, and BET, all
of which contribute to the observed T-AOC and GSH-Px activities. Given that oxidative
stress negatively impacts animal production and product quality (Miller et al., 1993),
enhancing the antioxidant capacity of silage is crucial for improving ruminant health.
Changes in microbial Community in alfalfa Silages with different treatments

The reduction in bacterial diversity and richness observed in the treated silages
suggests that LBB and its extracts exhibit selective antimicrobial effects, likely due to
their antioxidative and antibacterial properties (Gao et al., 2017; Pires et al., 2018).
These bioactive components, including LBP, FLA, and BET, likely inhibit the growth
of harmful bacteria, such as Enterobacter and Salmonella, which are known to hinder
fermentation quality (Chen et al., 2020). The decreased diversity may also reflect a shift
toward the dominance of beneficial microbes, such as Lactiplantibacillus and
Pediococcus, which are essential for promoting efficient fermentation. PCoA analysis
further highlights the influence of these treatments on the microbial community.
Interestingly, LBB-treated silage exhibited greater separation from BET-treated silage,
while being relatively closer to LBP and FLA-treated silages. This suggests that
different bioactive components may have distinct effects on the microbial ecosystem.

The dominance of Firmicutes and Proteobacteria in the silage samples aligns with
previous research (Wang et al., 2019¢), as Firmicutes are well-adapted to thrive in
anaerobic conditions and are known for their role in organic matter degradation (Wang

et al., 2022b). The increased abundance of Firmicutes across all silages may be linked
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to the reduced pH and anaerobic conditions during fermentation, which favor the
growth of these bacteria (Wang et al., 2018). The shift from Proteobacteria to
Firmicutes, particularly in LBP-treated silage, suggests that LBP may promote the
growth of Firmicutes by increasing WSC content, thus supporting the fermentation
process (Ma et al., 2018). These changes indicate that LBP not only affects bacterial
diversity but also enhances silage quality by fostering microorganisms that produce

lactic acid.

The increased abundance of Lactiplantibacillus in the LBB, LBP, and FLA-treated
silages further underscores its critical role in silage fermentation. Lactiplantibacillus
promotes lactic acid accumulation and reduces pH, creating an environment that
suppresses the growth of spoilage microorganisms. This aligns with the findings that
Lactiplantibacillus plays a key role in inhibiting harmful bacteria like Clostridium and
improving fermentation quality (Du et al., 2022). The increase in Pediococcus
abundance, particularly in the LBP, FLA, and BET treatments, also highlights the
beneficial effects of these bioactive components on fermentation. Pediococcus is
known for producing pediocin, an effective antilisterial bacteriocin (Porto et al., 2017),
and its increased presence in LBP, FLA, and BET-treated silages suggests that these
treatments not only promote desirable LAB but also improve the overall fermentation
quality. The decrease in Enterococcus and Enterobacter abundance in LBP-treated
silages further confirms the success of these treatments in improving fermentation
conditions. Enterobacter is a gram-negative bacterium that competes with LAB for
nutrients and can produce NH3-N, which hinders acidification and degrades silage
quality (Silva et al., 2016). Both Enterococcus and Enterobacter are known to be

sensitive to low pH (Du et al., 2021; Ni et al., 2017). Enterobacter is more sensitive to
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herbal plant extracts than LAB (Takahashi et al., 2021). The reduction in Enterobacter
in LBP-treated silages suggests that LBP effectively creates an acidic environment that
favors LAB growth while inhibiting undesirable microorganisms.

At the species level, a shift was observed from Pantoea and Enterococcus faecalis
to LAB species such as unclassified Lactiplantibacillus, Lactiplantibacillus plantarum,
and Pediococcus acidilactici in all silages. Lactiplantibacillus plantarum, in particular,
is well-known for its ability to ferment sugars and produce lactic acid, which helps
lower the pH and suppress the growth of harmful microorganisms (Cai et al., 2020).
The increased abundance of Lactiplantibacillus plantarum in LBB and LBP-treated
silages supports the idea that LBP can enhance the relative abundance of beneficial
bacteria such as Bifidobacterium, Lactobacillus, and Firmicutes (Feng et al., 2022).

The significant changes in microbial composition, revealed through LEfSe and
LDA analyses, further confirm that LBP, FLA, and BET stimulate the growth of
beneficial LAB while inhibiting the growth of undesirable microorganisms. These
results suggest that bioactive components such as polysaccharides, flavonoids, and
alkaloids may function as prebiotic agents, modulating microbial community structure
and enhancing silage fermentation (Cueva et al., 2020).

Functional annotation and KEGG pathway analysis revealed distinct differences
in metabolic pathways across the treatments, reflecting the unique microbial
communities present under each treatment. These results highlight the substantial
influence of LBB and its extracts on microbial metabolism in silage, as reflected in the
observed pathways. LBB-treated silage exhibited significant effects on the biosynthesis
of amino acids, ABC transporters, and secondary metabolites. Rich in carbohydrates,
LBB likely provided essential nutrients that supported LAB growth, thereby

influencing amino acid synthesis (Park et al., 2022; Wang et al., 2022a). LBP-treated
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silage primarily affected purine metabolism, nucleotide metabolism, and fatty acid
biosynthesis. Purine and pyrimidine nucleotides, which are crucial for energy transfer
in cellular processes, are also vital for activating precursors in polysaccharide synthesis
(Kilstrup et al., 2005). These findings suggest that LBP stimulates nucleotide
metabolism, which may enhance polysaccharide utilization during fermentation, further
improving silage quality. Overall, these findings suggest that LBB, LBP, FLA, and BET
each influence distinct metabolic pathways in silage fermentation, leading to the
production of unique metabolic compounds. The differences in these pathways
underscore the role of bioactive components in shaping the microbial communities and
metabolic activities during silage fermentation, potentially improving fermentation
efficiency and silage quality.
Metabolome and metabolic pathway analysis of alfalfa Silages

The metabolomic analysis revealed that LBB and its bioactive components
significantly altered the metabolic profile of alfalfa silage, enriching it with unique
metabolites. These changes indicate that bioactive compounds such as LBP, FLA, and
BET influence both the metabolite composition and functional characteristics of silage.
Notably, treated silages exhibited the highest number of unique metabolites, including
antimicrobial compounds like clavulanic acid, bisnoryangonin, and L-asparagine. The
presence of clavulanic acid in treated silage suggests its role as a potent inhibitor of -
lactamase enzymes, which prevent the growth of pathogenic bacteria resistant to -
lactam antibiotics (Santos et al., 2009). This compound has proven effective against
pathogenic bacteria, regardless of B-lactamase production, and may be used in the
treatment of inflammation (Finlay et al., 2003). L-asparagine is a vital amino acid
involved in regulating cellular functions in nerve and brain tissues, as well as serving

as a nitrogen storage source for many plants (Jeyapappa and Selvarajan, 2023).
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Bisnoryangonin has demonstrated broad-spectrum antibacterial activity, particularly
against Gram-positive bacteria, making it an effective inhibitor of Enterococcus
faecalis and Staphylococcus aureus (Go et al., 2015). The bioactive components of LBP,
FLA, and BET also contributed to the antimicrobial and antifungal properties of treated
silages, with chrysophanein standing out as particularly noteworthy. Chrysophanein is
known for its potent antibacterial and antifungal activity, likely playing a key role in
inhibiting the growth of undesirable microorganisms in silage (Abd-Alla et al., 2009).
The combination of these compounds enhances both antioxidant and antimicrobial
activities, leading to synergistic effects. These findings underscore the potent
antimicrobial and anti-inflammatory properties of LBP, FLLA, and BET in silages. It has
been demonstrated that the antimicrobial and anti-inflammatory status of ruminants can
be improved by dietary supplementation of LBB-treated silage. Additionally, the
significant reduction of zearalenone and zeranol in LBB and LBP-treated silages is a
crucial finding. Zearalenone, a toxic metabolite produced by fungi, poses significant
risks to animal health and reproduction. Zeranol, a metabolite of the mycotoxin
zearalenone, has been banned in livestock farming within the European Union since
1981 (Thevis et al., 2011). The metabolomic analysis reinforces the potential of LBB
and LBP as effective additives for enhancing silage quality, emphasizing their role in
improving both the nutritional and safety profiles of silage for ruminants.

KEGG pathway analysis revealed that LBB and its bioactive components
modulated various metabolic pathways in silage, with a predominant focus on
metabolism. The highest abundance of metabolites was observed in the biosynthesis of
secondary metabolites, amino acid metabolism, lipid metabolism, and carbohydrate
metabolism, aligning with previous findings (Xu et al., 2019). Among these, amino acid

and carbohydrate metabolism were most significantly affected, likely due to protein
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hydrolysis and sugar degradation during silage fermentation. These results support the
role of amino acids and carbohydrates in microbial metabolism, influencing both the
flavor and nutritional quality of silage (Du et al., 2021). Flavonoids, as a major class of
plant secondary metabolites, are known for their potent antioxidant and anti-
inflammatory properties and are effective in treating various diseases (Williamson et
al., 2018). Compounds such as quercetin, which were elevated in these treatments, may
provide additional health benefits for ruminants (Cheng et al., 2021). The presence of
alpha-linolenic acid, an important omega-3 fatty acid, further suggests that the bioactive
components in these treatments may contribute to animal health by enhancing
metabolic pathways essential for cellular function. Indole acetic acid, a microbial
tryptophan metabolite, has been shown to improve intestinal permeability and host
immunity and exhibit higher concentrations in the LBB group (Chen et al., 2022).
Additionally, the increased levels of biocytin in BET-treated silages highlight the role
of BET in supporting metabolic processes critical for gluconeogenesis, lipid
metabolism, and amino acid catabolism (Perry and Butterick, 2024).
Relationship between bacterial composition and metabolites

Spearman correlation analysis revealed significant interactions between bacterial
communities and metabolites during silage fermentation, particularly when LBB and
its extracts were included. Lactiplantibacillus, a dominant LAB in the silage, exhibited
positive correlations with specific metabolites such as 4-hydroxysphinganine,
methylmalonic acid, and styrene. These metabolites, in turn, were negatively correlated
with other bacterial species, including Levilactobacillus, Weissella, and Pediococcus,
suggesting a competitive relationship among these species. This indicates that microbial
community dynamics in silage are influenced by metabolic products, resulting in either

competitive or synergistic interactions. The positive correlations between Corchorifatty
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acid F and Hexadecanoic acid with Levilactobacillus, Weissella, and Pediococcus are
particularly noteworthy. Corchorifatty acid F, a phenolic acid, exhibits antibacterial and
antioxidant activities, while Hexadecanoic acid has demonstrated potential as an
antibacterial agent against bacteria and fungi, particularly in mustard rot (Idris, 2022).
Additionally, Eriodictyol, known for its antioxidant and anti-inflammatory properties
(Deng et al., 2020), showed positive correlations with multiple bacterial species. The
growing interest in plant-derived bioactive compounds as potential alternatives to
conventional antibiotics in livestock for enhancing growth and antibacterial properties
underscores the relevance of our findings. This study emphasizes the role of LBB in
producing antimicrobial silage for livestock, highlighting its potential in fostering

functional LAB strains that produce beneficial biological substances during ensiling.

Conclusions

In conclusion, this study demonstrates the potential of incorporating LBB, LBP,
FLA, and BET to enhance the fermentation quality of alfalfa silage. The addition of
these bioactive components promoted LA production, preserved WSC, and increased
T-AOC and GSH-Px activities. Moreover, LBB and its bioactive components positively
influenced the microbial community, notably increasing the abundance of beneficial
bacteria such as Lactiplantibacillus, Pediococcus, Levilactobacillus and Weissella.
Metabolomic analysis revealed that these bioactive components enriched pathways
related to flavonoid and isoflavonoid biosynthesis, suggesting their contribution to the
functional properties of silage.

This innovative approach not only transforms agricultural waste into high-value
resources but also promotes resource conservation, improves feed quality, and supports
environmental sustainability. However, animal trials are essential to evaluate the

practical impact of LBB-treated silage on animal health and performance. Future
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research should validate these findings in practical farming environments to assess the
scalability and economic feasibility of using LBB as a silage additive.
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Table 1. Chemical composition and microbial population of wilted alfalfa and Lycium

barbarum by-products (+ SD, n = 3).

Items alfalfa Lycium barbarum by-products
Chemical composition

DM, g/kg FW 375+1.14 928+9.50
CP, g/lkg DM 191+£1.00 154+6.24
aNDF, g/kg DM 419+9.07 138+2.65
ADF, g/kg DM 275+1.06 110+£1.56
WSC, g/lkg DM 61.1+£2.50 70.5+£2.40
Microbial population

LAB, logio cfu/g FW 5.48+0.10 4.79+0.10
Yeasts, logio cfu/g FW 5.64+0.03 4.79+0.19
Molds, logio cfu/g FW 4.20£0.17 2.86+0.10

FW, fresh weight; DM, dry matter; CP, crude protein; aNDF, neutral detergent fiber;

ADF, acid detergent fiber; WSC, water-soluble carbohydrates; LAB, lactic acid

bacteria; cfu, colony-forming unit.
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Table 2. Fermentation parameters, microbial population and chemical composition of

alfalfa silage ensiled for 90 d.

Experimental treatments

Items P-
CON LBB LBP FLA BET SEM

value
Fermentation parameters
pH 509t 450 4.47°  4.67° 467° 005 <0.001
LA, g/lkg DM 45.4°  71.3%  74.7°  65.0° 634 264 <0.001
AA, g/lkg DM 248 143° 18.8° 17.8® 19.5° 081 <0.001
PA, g/kg DM 9.60* 2.02° 0.00° 0.00° 0.00° 088 <0.001
LA/AA 1.84° 5.02¢ 398> 3.67° 3.25° 025 <0.001
NH3-N, g/kg TN 1378 88.8° 86.9° 94.6° 96.3° 424 <0.001
Microbial population
LAB, logio cfu/g FW 7414 7912 7.72° 745 754  0.04 <0.001
Yeasts, logio cfu/g FW ~ 2.62*  0.38°  1.48  143* 221* 031 0.178
Molds, logio cfu/g FW 1.08 0.50° 050 0.00° 0.00° 0.19 0.385
Chemical composition
DM, g/kg 350 403*  367° 364>  366° 420 <0.001
DM loss, % 102%  3.02° 4.02° 576> 6.42° 0.06 <0.001
CP, g/lkg DM 187 197*°  196*  190*  188*  1.40 0.024
WSC, g/lkg DM 49.9° 63.1° 85.0° 69.1°> 533 0.60 <0.001
aNDF, g/Kg DM 385 376® 370> 376 384  1.67 0.006
ADF, g/Kg DM 290* 276 279 279  288®  1.52 0.004

CON, control silage; LBB, Lycium barbarum by-products; LBP, Lycium barbarum

polysaccharide; FLA, flavonoid; BET, betaine; DM, dry matter; LA, lactic acid; AA,
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acetic acid; PA, propionic acid; ND, not detected; LAB, lactic acid bacteria; cfu,
colony-forming unit; FW, fresh weight; CP, crude protein; NH3-N, ammonia nitrogen;
TN, total nitrogen; aNDF, neutral detergent fiber; ADF, acid detergent fiber; WSC,
water-soluble carbohydrates. SEM, standard error of means. Different lowercase

letters indicate significant differences between different treatments at 0.05 level.



914  Table 3. The antioxidant properties of alfalfa silage ensiled for 90 d.

Experimental treatments

Items SEM P-
CON LBB LBP FLA BET
value
T-AOC (U/g) 198.759 268.25° 278.25° 311.25% 231.25¢ 9.06 <0.001
SOD (U/g) 413.25% 419.75* 423.50* 427.00* 417.10* 1.82 0.118

GSH-Px (U/g) 419.00 555.00° 571.25° 661.25% 523.25¢ 18.03  <0.001
CAT (U/g) 30.93*  15.62°  13.109  20.00° 21.78° 1.42 <0.001
DPPH

52.00° 70.23>  70.45*  74.03* 69.50" 179  <0.001
(% inhibition)

915  CON, control silage; LBB, Lycium barbarum by-products; LBP, Lycium barbarum
916  polysaccharide; FLA, flavonoid; BET, betaine; T-AOC, total antioxidant capacity;
917  SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; DPPH,
918  Diphenyl bitter acyl radical. SEM, standard error of means. Different lowercase letters
919 indicate significant differences between different treatments at 0.05 level.
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Figure captions

Fig. 1. Microbial community analysis in alfalfa silage. (A) Shannon index of Alpha
diversity analysis; (B) Ace index of Alpha diversity analysis; (C) principal coordinates
analysis (PCoA) based on Bray-Curtis distance; (D) Relative abundances of bacteria at
phylum level; (E) Relative abundances of bacteria at genus levels; (F) Relative
abundances of bacteria at species levels. CON, control group. LBB, Lycium barbarum
by-products group. LBP, Lycium barbarum polysaccharide group. FLA, flavonoid

group. BET, betaine group. The significant difference is indicated by P < 0.05.

Fig. 2. Linear discriminant analysis effect size (LEfse) analysis of differential
microorganisms among all the silages. (A) Cladogram displayed the significantly
different bacteria from phylum to species level. (B) The linear discriminant analysis
(LDA) bar displayed the effect of the abundance of each species whose LDA score was
greater than the set value 4 among all the groups. CON, control group. LBB, Lycium
barbarum by-products group. LBP, Lycium barbarum polysaccharide group. FLA,

flavonoid group. BET, betaine group.

Fig. 3. The relative abundances of functionally annotated classified based on the KEGG
database 1in silages. (A) Circos plot of function and corresponding microbes at level 3
with different treatments. (B) The linear discriminant analysis (LDA) bar showing the
KEGG pathways at level 3 had significant differences among all the groups. CON,
control group. LBB, Lycium barbarum by-products group. LBP, Lycium barbarum
polysaccharide group. FLA, flavonoid group. BET, betaine group. The significant

difference is indicated by P < 0.05. LDA > 2.5.
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Fig. 4. Identification of differential metabolites. (A) The volcano plot of differential
metabolites between LBB and CON. (B) between LBP and CON. (C) between FLA
and CON. (D) between BET and CON; (E) The upset diagram indicated the specific
and common shared differential metabolites in different comparison pairs. CON,
control group. LBB, Lycium barbarum by-products group. LBP, Lycium barbarum
polysaccharide group. FLA, flavonoid group. BET, betaine group. The upregulated and
downregulated metabolites were shown in red and blue, respectively, whereas gray dots

represented the metabolites without significance in each group.

Fig. 5. Metabolomics pathway analysis of silage. (A) KEGG functional pathways of
metabolites after ensiling. (B) Differential metabolites KEGG pathway enrichment
analysis of all samples. (C) KEGG pathway enrichment analysis between CON and
LBB. (D) KEGG pathway enrichment analysis between CON and LBP. (E) KEGG
pathway enrichment analysis between CON and FLA. (F) KEGG pathway enrichment
analysis between CON and BET. (G) Major metabolic pathways involving differential
metabolites. LBB, Lycium barbarum by-products group. LBP, Lycium barbarum
polysaccharide group. FLA, flavonoid group. BET, betaine group. The y axis indicates
the name and classification of the pathway; the x axis represents the rich factor, the
higher the value, the greater the degree of enrichment. Color is used to distinguish the
enrichment significance (P value). The darker the color, the more significantly the
metabolic pathway is enriched. The color gradient on the right represents the value of

P. Differential metabolites and P values are labeled around each dot.
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Fig. 6. Correlation analysis of high abundance genus-level bacteria and top 30
metabolites in silage. The corresponding values in the heat map are the Spearman
correlation coefficients, r, which range between —1 and 1; r <0 indicates a negative
correlation (blue), r>0 indicates a positive correction (red), and “*’, “**” and “***’

represent P <0.05, P<0.01, and P <0.001, respectively.
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Figure 3
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991 Figure 6
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