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In this study, we analyzed the fermentation quality, microbial community,
and metabolome characteristics of ryegrass silage from different harvests
(first harvest-AK, second harvest-BK, and third harvest-CK) and analyzed the
correlation between fermentative bacteria and metabolites. The bacterial
community and metabolomic characteristics were analyzed by single-
molecule real-time (SMRT) sequencing and ultra-high-performance liquid
chromatography-mass spectrometry (UHPLC-MS/MS), respectively. After
60 days of ensiling, the pH of BK was significantly lower than those of AK
and CK, and its lactic acid content was significantly higher than those of AK
and CK. Lactiplantibacillus and Enterococcus genera dominate the microbiota
of silage obtained from ryegrass harvested at three different harvests. In
addition, the BK group had the highest abundance of Lactiplantibacillus
plantarum (58.66%), and the CK group had the highest abundance of
Enterococcus faecalis (42.88%). The most annotated metabolites among the
differential metabolites of different harvests were peptides, and eight amino
acids were dominant in the composition of the identified peptides. In the
ryegrass silage, arginine, alanine, aspartate, and glutamate biosynthesis had
the highest enrichment ratio in the metabolic pathway of KEGG pathway
enrichment analysis. Valyl-isoleucine and glutamylvaline were positively
correlated with Lactiplantibacillus plantarum. D-Pipecolic acid and L-glutamic
acid were positively correlated with Levilactobacillus brevis. L-phenylalany!l-L-
proline, 3,4,5-trinydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid,
and shikimic acid were negatively correlated with Levilactobacillus brevis. In
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conclusion, this study explains the effects of different harvest frequencies on
the fermentation quality, microbial community, and metabolites of ryegrass,
and improves our understanding of the ensiling mechanisms associated with
different ryegrass harvesting frequencies.

ryegrass silage, bacterial community, metabolomics profiles, SMRT, UHPLC-MS/MS

Introduction

Annual ryegrass (Lolium multiflorum Lam.) is a globally
significant forage crop. Because of its high nutritional value,
digestibility, and well ensiling characteristics, it is now widely
distributed throughout the temperate areas of Europe, America,
and Asia. It is commonly regarded as the popular feed source
for herbivorous animals during the winter season (Parvin
et al, 2010; Dong et al., 2020; Lv et al, 2021). Annual
ryegrass is one of the most important forages for dairy cows
in temperate regions (Smit et al., 2005), and is also widely
sown for grazing ruminants due to its high forage yield and
nutritive value, particularly high soluble and degradable N and
carbohydrates (Stergiadis et al., 2015). Ensiling is a traditional
and effective method of preserving feed for long periods of
time. Lactic acid bacteria (LAB) proliferate and produce organic
acids in an anaerobic environment, significantly lowering the
pH of the feed and suppressing the activities of dangerous
bacteria (Ren et al., 2020). It also helps to bridge the seasonal
imbalance between livestock feed demand and available high-
quality fodder by extending the stable storage duration of
forage (Wright et al., 2000). Ensiling is a fermentation process
involving microbial community succession in which multiple
types of fermenting microorganisms produce a variety of
metabolites that affect forage utilization and storage, as well
as animal production performance (Kung et al., 2018; Wang
et al,, 2022a). Several studies have used integrative 16S rRNA
sequencing and metabolomics to analyze silage microbiome
and metabolome conditions to better understand the biological
mechanisms underpinning silage production (Guo et al., 2018;
Xu et al, 2019). However, shorter genomes with relatively
low taxonomical resolution have limited the classification of
microorganisms in the community to the genus level (Amir
etal,, 2013). Long reads can be generated by Pacific Biosciences’
(PacBio) third-generation, single-molecule, real-time (SMRT)
sequencing technology, which improves classification sensitivity
and accuracy while allowing for relatively high taxonomic
resolution down to the species level (Hou et al., 2015; Schloss
et al, 2016). Metabolomics research tools help to reveal
the biochemical network mechanisms of the fermentation
process, and metabolomics techniques can be used to guide
the regulation and prediction of component changes in the
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fermentation process. A large number of metabolites, including
various amino acids, fatty acids, oligosaccharides, vitamins,
peptides, and aromatic substances, are produced during the
fermentation process. The study of the types, quantities, and
influencing factors of these metabolites is important for the
scientific evaluation and utilization in silage fermentation
involving LAB. The identification of differential and specific
biomarkers from a large number of metabolites has become a
research hotspot in metabolomics (Sun et al., 2012). Therefore,
the integrated analysis of the metabolome and microbiome
allows for better identification of unknown metabolites, new
functional LAB, and the corresponding metabolic processes
during ensiling.

To our knowledge, few studies have analyzed the effects of
different harvest frequencies on the quality of ryegrass silage
fermentation and fermentation mechanisms using multiomics
techniques, and no previous work used LC-MS to identify
the metabolome of ryegrass silage. We hypothesized that there
would be different ensiling mechanisms for different harvests
when ryegrass was harvested more than once during a growing
season. Therefore, the current study aimed to investigate the
effect of different harvests on silage quality by SMRT sequencing
and metabolomics, and to reveal the effect of different harvesting
frequencies on the fermentation mechanism of ryegrass silage
from the perspective of microbiology and metabolomics. In
addition, understanding the relationship between metabolites
and fermenting bacteria can provide a deeper understanding of
the fermentation mechanism of silage, thus providing new ideas
for the screening and utilization of LAB and a theoretical basis
for improving the quality of fermentation.

Materials and methods

Experimental design and mini silos
preparation

The study was carried out from May to August 2021 (May-
August: monthly mean temperatures: 15.3°C, 21.0°C, 23.2°C,
and 19.3°C; monthly total precipitation: 7.1, 55.6, 122.6, and
111.7 mm) at the forage experiment site of Inner Mongolia
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Agricultural University (111°43'E, 40°48'N, altitude 1,056 m
above sea level, Hohhot, Inner Mongolia). Six plots (15 x 7 m?2;
each plot separated by 0.5 m) of ryegrass were planted on May
12 on chestnut caliche soil. Ryegrass was harvested three times
in total. The first (A), second (B), and third (C) harvests were
on July 7, July 27, and August 16, respectively. Three plots of
fresh ryegrass were randomly chosen and selected for sample
collection at the ryegrass booting period, and the collected
samples were placed on clean plastic sheets and left to sun-
dry. As they dried, we measured the moisture until dry matter
content at about 35% was achieved, whereupon the ryegrass was
cut into about 3 c¢m sections with a guillotine (Type: Mode-
8,200; Minghong Business, Shandong, China). The chopped
ryegrass from each plot was fully mixed and divided into three
equal portions and used as replicates. Each portion (300 g)
was collected in sterilized bags and placed in an icebox, and
then immediately transported to the laboratory at the same
time. We evenly divided each (300 g) sample into two equal
parts (3 replicates*2 = 6 repeats), put 20 g of each sample
into a liquid nitrogen tank, and immediately sent them to the
laboratory for storage in a —80°C refrigerator. These samples
were sent to Majorbio Bio-Pharm Technology (Majorbio Bio-
Pharm Technology Co., Ltd., Shanghai, China) to perform the
metabolome analysis. The chemical composition and microbial
population of fresh ryegrass were evaluated (Table 1). We then
packed the rest of the prepared ryegrass (500 g) in polyethylene
plastic bags (size: 300 mm x 400 mm; smooth food vacuum
bag; Shenyang Huasheng Plastic Packaging Products Co., Ltd.,
China) and vacuum sealed them with a vacuum sealer (Type:
DZ-500/2E; Hefei Hanjie Packaging Machinery Inkjet Co., Ltd.,
Hefei, China). In addition, no additives were added to these
samples. All bags (3 treatments x 3 repeats) were then stored
at ambient temperature (24-26°C) under sheltered conditions.
Silage quality, microbial community, and metabolites were
measured for the first (AK), second (BK), and third (CK)
ryegrass harvests after 60 days of ensiling.

Sample collection and measurements

Three parallel determinations were performed for each
sample of fresh and silage ryegrass, including chemical
composition, fermentation characteristics, and microbial
counts. Following the method of Zhang et al. (2016), the
dry matter (DM) content was determined by oven drying at
65°C for 48 h. The crude protein content was determined
using a Kjeldahl apparatus (Gerhart Vapodest 50 s, Germany)
following Patrica (1997). The neutral detergent fiber (NDF) and
acid detergent fiber (ADF) were measured according to Van
Soest procedures (Van et al., 1991), using an Ankom A2000i
fiber analyzer (A2000i, Ankom Technology, Macedon, NY,
United States). The water-soluble carbohydrate (WSC) content

was determined according to the methods of Chen et al. (2015).
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The fermentation products of silage were analyzed using
cold water extract. A sample (10 g) of silage was combined
with 90 g of deionized water and stored in a 4°C refrigerator
for 24 h as described by Cai (2004). Four layers of cheesecloth
and filtered paper were used to filter the liquid extract. The pH,
ammonia nitrogen (NH3-N), and organic acids were measured
in the produced filtrates. A glass electrode pH meter was used to
measure the pH (LEICI pH S-3C, Shanghai, China). Following
Cheng et al. (2021), the lactic acid (LA), acetic acid (AA),
propionic acid (PA), and butyric acid (BA) content of silage was
determined using high-performance liquid chromatography.
Broderick and Kang’s (1980) approach was used to determine
the nitrogen (NH3-N) concentration.

Referring to Sun et al. (2021), 10 g of fresh or silage
ryegrass was blended with 90 ml of sterilized water, and the
extract was serially diluted to quantify the bacterial group
in a sterile solution, and the numbers of LAB, coliform
bacteria, yeast, and molds were measured. Culture media
(Guangzhou Huankai Microbial Science and Technology Co.,
Ltd., Guangzhou, China) were used to isolate and enumerate
various microorganisms. The plates for enumerating LAB (De
Man Rogosa Sharpe agar culture media) were placed in an
anaerobic box (Anaerobic box; C-31, Mitsubishi Gas Chemical
Co., Tokyo, Japan) and incubated at 37°C for 48 h. The plates
for coliform bacteria (violet-red bile agar culture media) were
incubated at 37°C for 48 h, and yeast and molds (potato dextrose
agar culture media) were incubated at 30°C for 48 h in aerobic
conditions in a general incubator (GP-01, Huangshi Hengfeng
Medical Instrument Co., Ltd., Huangshi, China).

TABLE1 Chemical and microbial compositions of fresh ryegrass.

Items Harvest SEM  P-value
First  Second Third

DM, g/kg 354.02 350.46 341.27 15.85 0.713

CP, g/lkg DM 172.50a 145.23b 141.31b 1.52 0.002

NDF, g/kg DM 503.60b 532.40a 530.57a 1.05 0.018

ADE g/kg DM 304.70b 330.13a 324.30a 12.04 0.007

WSC, g/kg DM 86.30a 66.53¢ 77.40b 8.86 0.004

Lactic acid 4.73 6.09 4.21 1.31 0.627

bacteria (logio

cfu/g FM)

Coliform 5.89 7.19 5.69 0.92 0.221

bacteria (logio

cfu/g FM)

Yeast (logo 3.44b 6.85a 6.87a 0.09 < 0.001

cfu/g FM)

Molds (log1 4.05b 471a 47%  0.08 0.079

cfu/g FM)

FM, fresh matter; DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF,
acid detergent fiber; WSC, water-soluble carbohydrate; SEM, standard error of the mean;
cfu, colony-forming unit; Mean values with different letters in the same row (a—c) differ
significantly (P < 0.05).
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Sequencing and analysis of microbial
diversity

The genomic DNA of microbial community inhabiting fresh
and silage ryegrass samples was extracted using the FastDNA
SPIN for soil kit (MP Biomedicals, Solon, United States), and
a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher
Scientific, Wilmington, United States) was used to assess the
concentration and purity of the DNA. The primer pairs 27F
and 1,492 R, which span the full length of the bacterial 16 S
rRNA gene, were amplified using an ABI GeneAmp 9700 PCR
thermocycler (ABI, CA, United States). The PCR amplification
was performed following the methods of Li et al. (2022).

The PCR result was extracted from 2% agarose gel, and
the PCR products were purified using the AMPure® PB
beads (Pacifc Biosciences, CA, United States) and quantified
with Quantus Fluorometer (Promega, WI, United States).
Purified products were pooled in equimolar amounts, and a
DNA library was constructed using the SMRTbell® Express
Template Prep Kit 2.0 (Pacifc Biosciences, CA, United States)
according to the manufacturer’s instructions. Purified SMRTbell
libraries were sequenced on the Pacbio Sequel II System (Pacifc
Biosciences, CA, United States) and using single-molecule
real-time (SMRT) sequencing technology (Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China). FLASH was used to
assemble the raw 16S rRNA gene sequencing data (Magoc
and Salzberg, 2011). UPARSE was used to cluster operational
taxonomic units (OTUs) using a 97% similarity criterion.
RDP classifier (Version 2.2) (Wang et al, 2007) was used
to assess the taxonomy of each OTU representative sequence
against the database (nt_v20210917), using a confidence
threshold of 0.7.

Sequencing and analysis of metabolites

The metabolites were extracted from a 50 mg solid
ensiled ryegrass sample in EP tubes using a 400 L methanol:
water (4:1, v/v) solution, following the methods of Zhang
et al. (2019). As part of the system conditioning and
quality control process, a pooled quality control sample
of all
samples. The QC samples were treated and tested in the

(QC) was prepared by mixing equal volumes

same manner as the analytic samples (3 treatments x 6
repeats =
intervals (every six samples) in order to monitor the

27). The QC samples were injected at regular
stability of the analysis. Ultra-high-performance liquid
chromatography-tandem Fourier transform mass spectrometry
UHPLC-Q Exactive HF-X system from Thermo Fisher
served as the apparatus platform for this LC-MS study.
Ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS/MS) analyses were performed

following Yang et al. (2022).
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Multivariate statistical analysis of
metabolites and identification of
differential metabolites

The ropls (Version 1.6.2) R package was used to perform
multivariate statistical analysis. To gain an overview of
the metabolic data, an unsupervised approach of principle
component analysis (PCA) was used to depict general clustering,
trends, and outliers. Prior to the PCA, all of the metabolite
variables were scaled to unit variances. A total of 375 differential
metabolites in three groups were summarized using one-
way analysis of variance (ANOVA) for multiple comparisons
of silage samples from the three harvests by screening for
differential metabolites with asymptotic statistical significance
(p < 0.05) to create metabolic sets. Metabolic enrichment and
pathway analyses were built up and connected to biochemical
pathways using database searches (KEGG).! These metabolites
can be classified into categories based on the pathways
they took or the functions they played. Enrichment analysis
is frequently used to identify whether or not a group of
metabolites in a function node appeared. The notion is that an
investigation of a single metabolite would lead to an analysis of
a group of metabolites. The scipy.stats (Python packages)? was
used to find statistically significantly enriched pathways using
Fisher’s exact test.

Statistical analysis

The fermentation, nutritional characteristics, and microbial
counts of fresh and silage ryegrass were analyzed using a
one-way analysis of variance (ANOVA) based on the general
linear model (GLM) procedure of SAS (version 9.3; SAS
Institute Inc., Cary, NC, United States). One-way analysis of
variance (ANOVA) and Duncan’s multiple range test were
used to evaluate differences among treatments, and the effect
was considered significant when p < 0.05. Microbiota and
metabolome data were performed using an online platform of
Majorbio I-Sanger Cloud Platform.’

Results

Chemical and microbial compositions
of fresh ryegrass materials

The chemical composition and microbial populations of
fresh ryegrass before ensiling are shown in Table 1. The DM

1 http://www.genome.jp/kegg/
2 https://docs.scipy.org/doc/scipy/

3 www.majorbio.com
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content of fresh ryegrass ranged from 341.27to 354.02 g/kg.
The CP content (172.50 g/kg) of the first harvest sample was
significantly higher than at other harvests (p < 0.05). The NDF
and ADF content of the first harvest sample was significantly
lower than at other harvests, and its WSC was significantly
higher (p < 0.05). There was no significant difference in LAB
or coliform bacteria among harvests, but the yeast and mold
content of the first harvest sample was significantly lower than
at later harvests (p < 0.05).

Silage quality of different harvest
ryegrass silage

Silage quality after 60 days of different harvests of ryegrass
is presented in Table 2. After 60 days of ensiling, there were
significant effects of harvest on silage AN/TN, acetic acid, and
propionic acid (p < 0.05). The pH of the silages ranged from 4.43
to 5.44, and the second harvest silage achieved a significantly
lower pH value (4.43) compared to the others (p < 0.05).
The WSC content (65.63 g/kg) of the third harvest silage was
significantly higher than the others (p < 0.05). In addition,
across the three harvests, the pH and acetic acid concentration
first decreased and then increased, but the lactic acid, propionic
acid, and butyric acid concentrations showed the opposite trend.

Bacterial community and metabolomic
profiles of ryegrass silage

As shown in Table 3, based on SMRT sequencing of the full-
length 16S rRNA genes of fresh materials and ryegrass silage

bacteria, all the samples had coverage values better than 99%,

TABLE 2 Silage quality of ryegrass silage in different harvests.

Items Harvest SEM  P-value
First Second Third

pH 4.85b 4.43c 5.44a 0.05 < 0.001

AN/TN,% 3.13 5.50 1.87 2.08 0.243

Lactic acid, g/kg 84.98b 130.68a 54.01c 33.81 0.006

DM

Acetic acid, g/kg 11.74 11.06 12.44 3.86 0.899

DM

Propionic acid, 19.56 29.23 18.60 6.71 0.213

g/kg DM

Butyric acid, 10.04ab 12.23a 6.36b 3.17 0.156

g/kg DM

DM, g/kg FM 335.10a 322.43b 336.73a 4.44 0.143

WSC, g/kg DM 55.63b 43.27¢c 65.63a 2.73 0.002

FM, fresh matter; DM, dry matter; AN/TN, ammonia nitrogen/total nitrogen; WSC,
water-soluble carbohydrate; SEM, standard error of the mean; Mean values with different
letters in the same row (a—c) differ significantly (P < 0.05).
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indicating that the sequencing depth was adequate for valid
bacterial community characterization. After ensiling, the Sobs,
Shannon, Ace, and Chao 1 values ranged from 39.00 to 59.00,
1.45 to 2.53, 68.62 to 98.50, and 51.06 to 82.00, respectively. It
follows that the harvest number greatly affected the bacterial
community of the resultant silage. Compared with fresh forage,
the Sobs, Shannon, Ace, and Chao 1 values in each treated
silage decreased. In addition, the highest Sobs, Shannon, and
Ace values of bacterial diversity and community were observed
in the third harvest of fresh materials.

A B-diversity analysis utilizing principal coordinates analysis
(PCoA) was used to confirm the differences in the bacterial
communities of the fresh materials and ryegrass silage
(Figure 1A). The PCoA was based on Bray-Curtis distances at
the OTU level and an ANOSIM test with 999 permutations
between different groups. As shown in Figure 1A, we observed
that there was no significant separation between the bacterial
communities of fresh ryegrass materials, but after ensiling, the
bacterial communities of different harvests had clearly separated
epiphytic microbial communities. For the metabolomic features,
no significant separation was found in fresh ryegrass materials
(A, B, C) according to the PCA plot (Figure 1B). However,
separation was found between AK, CK, and BK silage
treatments, although a good separation between AK and CK
was not observed.

Bacterial community changes in
ryegrass silage

The dynamics of bacterial communities in different harvests
of fresh ryegrass and ryegrass silage at the genus level
revealed by SMRT is described in Figure 2A. Pantoea and
unclassified bacteria were the main genera in the fresh materials.
Enterococcus and Lactiplantibacillus were the most common
bacteria in the AK, CK, and BK groups during the ensiling
process. However, the community composition was influenced
by harvest number. The highest abundance of Lactiplantibacillus

TABLE 3 Alpha-diversity of the bacterial community in fresh materials
and ryegrass silage.

Treatment Sobs Shannon Ace Chaol Coverage
First

0 day 140.67 3.88 153.34  155.00 0.996

60 day 59.00 2.53 86.36 80.25 0.997
Second

0 day 129.00 3.40 139.01  136.95 0.996

60 day 39.00 1.45 68.62 51.06 0.998
Third

0 day 141.33 4.05 153.79 15411 0.996

60 day 57.00 2.34 98.50 82.00 0.996
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The principal coordinate analysis (PCoA) plot showing variation in bacterial community structure of different harvests. (A) The principal
component analysis (PCA) of metabolites showing variation among the different harvests of fresh and silage ryegrass. (B) Each point represents
an individual. A, first harvest of fresh ryegrass; B, second harvest of fresh ryegrass; C, third harvest of fresh ryegrass; AK, First harvest of ryegrass
silage; BK, second harvest of ryegrass silage; CK, third harvest of ryegrass silage.

(58.66%) was in BK, and the highest abundance of Enterococcus
(40.88 and 67.36%) was in AK and CK. The relative abundance
of fresh ryegrass and ryegrass silage bacteria at the species
level by SMRT is shown in Figure 2B. Uncultured bacteria (A:
30.41%; C: 30.23%) and Pantoea vagans (C: 33.08%) were the
main species in fresh ryegrass. Lactiplantibacillus plantarum was
undetectable in fresh materials. After 60 days of the ensiling
process, the uncultured Enterococcus sp., Lactiplantibacillus
plantarum, and Enterococcus faecalis were the most dominant
species in the AK, BK, and CK groups, respectively. Their
abundances were 27.76, 58.66, and 42.88%, respectively.

The succession of bacterial community dynamics at the
phylum level during the ensiling of ryegrass is shown in
Figure 3. The dominant phyla in fresh ryegrass microbiota
were Proteobacteria (A: 50.12%; B: 59.38%; and C: 41.70%) and
unclassified bacteria (A: 30.43%; B: 19.89%; and C: 31.63%).
However, during the ensiling of ryegrass, the AK microbiota was
dominated by Firmicutes (95.20%) and Proteobacteria (3.83%);
the BK microbiota was dominated by Firmicutes (98.08%)
and unclassified bacteria (1.63%); and the CK microbiota was
dominated by Firmicutes (97.02%) and Proteobacteria (1.70%)
(Figure 3A). Figure 3B illustrates the dynamics of bacterial
populations in fresh and silage ryegrass at the genus level.
The main epiphytic genus of group A was unclassified bacteria
and Agrobacterium, and the main epiphytic genus of group C
was Microbacterium, which was very significantly higher than
in the other groups (p < 0.001). Their abundance decreased
greatly during the ensiling process. After ensiling ryegrass,
significantly different dominant genera were Enterococcus,
unclassified bacteria, and Klebsiella. In addition, the main genus
was Enterococcus in the AK (40.88%) and CK (67.36%) groups,
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and their abundance was significantly higher than that of other
genera (p < 0.001).

We used LEfSe to identify specific communities in the
sample, and only statistical analyses from the kingdom to species
level were performed in this study. Cladograms depicted several
treatments, and LEfSe verified LDA values of 2 or greater
(Figure 4). In AK, 13 groups of bacteria were significantly
enriched, and Enterococcus hermanniensis (4.89) had the largest
LDA scores. In BK, two groups of bacteria were significantly
enriched, and Lactiplantibacillus plantarum (5.50) had the
largest LDA scores. In CK, five groups of bacteria were
significantly enriched, and Enterococcaceae (5.53) had the largest
LDA scores. These results indicated that species abundance
differs in specific communities at different harvests.

Identification and analysis of
metabolites

To further understand the compounds produced by
silage metabolism, we used KEGG compound classification
to analyze the classification of metabolites under different
harvests (Figure 5). According to their biological roles,
metabolites were divided into lipids, carbohydrates, nucleic
acids, peptides, vitamins and cofactors, steroids, hormones and
transmitters, and organic acids. After 60 days of ensiling, the
most annotated metabolites were peptides, and eight amino
acids were dominant in the composition of the identified
peptides. In addition, two nucleosides and two bases were
annotated, which were nucleic acids. Four neurotransmitters
were annotated and they were hormones and transmitters. One
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silage; CK, third harvest of ryegrass silage.
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FIGURE 2

Bacterial community composition at genus (A) and species (B) levels in fresh ryegrass and ryegrass silage by SMRT. A, first harvest of fresh
ryegrass; B, second harvest of fresh ryegrass; C, third harvest of fresh ryegrass; AK, first harvest of ryegrass silage; BK, second harvest of ryegrass

oligosaccharide and monosaccharide were annotated, which
were carbohydrates.

Furthermore, enrichment analysis (Figure 6) showed
that metabolic pathways, such as arginine biosynthesis,
alanine, aspartate, and glutamate metabolism, glyoxylate
and dicarboxylate metabolism, purine metabolism, ABC
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transporters, and aminoacyl-tRNA  biosynthesis,
significantly affected (p < 0.001) by different harvests. The

highest enrichment rates were for arginine biosynthesis, alanine,

were

aspartate, and glutamate metabolism. The ABC transporters are
a pathway related to environmental information processing,
and the alanine,

aspartate, and glutamate metabolism
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FIGURE 4
Cladogram showing the phylogenetic distribution of bacteria after 60 days of silage at different harvests. (A) Indicator bacteria with an LDA
score of 2 or more in the silage bacterial community under different treatments. (B) Areas of different colors represent different treatments (red,
AK; blue, BK; green, CK). Circles indicate the phylogenetic level from the kingdom to the species level. Each node (small circle) represents a
taxonomic unit. Yellow nodes indicate that the two groups of bacteria were not statistically or biologically different. The diameter of each circle
is proportional to the abundance of the group.

are a pathway related to genetic information processing
according to the KEGG Pathway database classification. In
addition, metabolic pathways of fermenting bacteria, such
as glycine, serine, and threonine metabolism, cysteine and
methionine metabolism, and pyrimidine metabolism, were
significantly affected (p < 0.01) by different harvests. Metabolic
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pathways, such as cyanoamino acid metabolism, tyrosine
metabolism, vancomycin resistance, beta-alanine metabolism,
and phenylalanine, tyrosine, and tryptophan biosynthesis, were
significantly affected (p < 0.05) by different harvests, among
which the vancomycin resistance is a pathway related to human
diseases according to KEGG Pathway database classification.
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Number of compounds
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Correlations between the relative
abundance of bacteria and metabolites

Spearman correlation between bacterial and differential
metabolites at the level of species is shown in Figure 7, and
bacteria in silage of different harvests that were co-occurring
or highly enriched were classified and named. Correlation
analysis indicated negative and positive correlations (p-values
are shown as *p < 0.05, **p < 0.01, ***p < 0.001). After 60 days
of ensiling, (R)-(+)-2-pyrrolidone-5-carboxylic acid and
cyclohexane were positively correlated with Lactiplantibacillus
plantarum, and negatively correlated with Enterococcus faecalis.
Arabinonic acid was negatively correlated with Enterococcus
faecalis. Glutamylvaline, 3,4-dihydroxyphenylpropanoate, valyl-
isoleucine, and myrtenyl acetate were positively correlated with
Lactiplantibacillus ~ plantarum,

with  Enterococcus  faecalis.

and negatively correlated
9(S)-HOTrE was
correlated with Levilactobacillus brevis. Isoleucyl aspartate

positively

was negatively correlated with Enterococcus hermanniensis

and  Enterococcus  faecalis. ~ Arabinofuranose, xanthine,
uridine, corchorifatty acid F and normetanephrine were
negatively correlated with Enterococcus hermanniensis. The
L-glutamic acid, tetranor 12-HETE, and D-pipecolic acid
were positively correlated with Levilactobacillus  brevis,
and negatively correlated with Enterococcus hermanniensis.

1-(2-Amino-4-methylpentanoyl)pyrrolidine-2-carboxylic
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acid was negatively correlated with Levilactobacillus brevis.

Chlorogenic acid and 1,3-dicaffeoylquinic acid were
negatively correlated with Lactiplantibacillus ~ plantarum,
and positively correlated with Enterococcus faecalis. 3,4,5-
Trihydroxy-6-(2-methoxybenzoyloxy)oxane-2-carboxylic acid

and L-phenylalanyl-L-proline were negatively correlated

with  Levilactobacillus  brevis, and positively correlated
with  Enterococcus  hermanniensis. ~ Monotropein  was
positively  correlated with  Enterococcus  hermanniensis

and Enterococcus faecalis. 7-Hydroxy-6-methoxy-3-(1,2,5-
trihydroxy-4-oxocyclohexa-2,5-dien-1-yl)-4H-chromen

(3S,7E,95)-9-hydroxy-4,7-megastigmadien-3-one

and
9-glucoside
were positively correlated with Enterococcus hermanniensis.
3,5,7-trihydroxy-2-(1-hydroxy-3-
methoxy-4-oxocyclohex-2-en-1-yl)-6-methoxy-4H-ch,
shikimic
Levilactobacillus

Methylmalonic acid,

and acid were negatively correlated with

brevis, and positively correlated with

Enterococcus hermanniensis.

Discussion

The amount of epiphytic LAB in raw materials is critical for
the success of silage (Cai et al., 1999). According to Wang et al.
(2017), the minimum number of LAB in the raw material should
be greater than 5.0 log;o CFU per gram FM. The second harvest
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of fresh ryegrass had a higher number(6.09 log;y CFU per
gram FM)of LAB to meet the fermentation requirements, while
the first (4.73 logip CFU per gram FM) and third (4.21 logjo
CFU per gram FM) harvests had slightly lower numbers and
higher concentrations of unfavorable microorganisms (> 6.41
logio CFU per gram FM), including yeasts, aerobic bacteria,
and coliform bacteria, which might contribute to unacceptable
silage fermentation. Moreover, non-structural carbohydrates
(NSC), which comprise soluble carbohydrates (e.g., sucrose and
fructose) and starch, are the most essential sources of energy
in the plant development and metabolic process (Wang et al.,
2017). The amount of WSC in the raw material is important
for lactic acid fermentation, and the ideal WSC concentration
for silage fermentation is at least 50 g/kg DM (Li et al., 2019).
The WSC content (86.30 g/kg, 66.53 g/kg, and 77.40 g/kg) of
different harvests of fresh ryegrass met that threshold, showing
that microorganisms had enough substrate.

Ensiling is a complicated bacterial fermentation process that
results in the accumulation of organic acid and a decrease in pH
(Ding et al.,, 2020). The acidity of silage is crucial for stability,
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and a pH below 5.0 favors the proliferation of desirable LAB
and limits the growth of undesirable microorganisms (Keles
et al,, 2014). A pH of 4.2 or below indicates that the silage
is well-fermented (Mcdonald et al., 1991). The pH of ryegrass
without the addition of exogenous ferment was generally higher
than 4.2 after natural fermentation (Table 2), as was also found
by Wang S. et al. (2018). After ensiling, all the silages had
consistently lower DM levels than the fresh material in the
current study. The results of this study were in agreement with
the reports that the DM content after ensiling was lower than
that of the raw material before ensiling in all cases. This may be
due to the fact that during the fermentation process, the easily
degradable carbohydrates (WSC) of silage were transformed
into silage acids, ethanol, and carbon dioxide by fermenting
microorganisms (Wang S. et al.,, 2018). It is possible that the
metabolism of soluble substances (e.g., WSC) by fermenting
microorganisms may lead to a reduction in dry matter content
(Oladosu et al,, 2016). In the current study, direct ensiling
of untreated ryegrass resulted in high pH and low lactic acid
concentration after fermentation and produced more butyric
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acid, which is consistent with the report of Li et al. (2019).
In the present study, the different metabolism processes of
different microbial communities at different harvests resulted in
differences in pH values and organic acid concentrations.
Ensiling without the use of an inoculant or starter is a
spontaneous fermentative process in which fermentation mainly
depends on the composition of epiphytic microorganisms and
the natural occurrence of epiphytic LAB (Guo et al.,, 2018).
Many studies have shown that by using the PacBio SMRT
sequencing, microorganism composition and its dynamics in
the ensiling process can be precisely revealed at the species level
because it can generate long sequence reads, which provides
valuable biological information regarding the complete bacterial
community in the ensiling system (Bai et al., 2021; Du et al,
2022a,b). The bacteria in all samples of fresh and silage ryegrass
in this study were sequenced by SMRT sequencing technology
to accurately assess the microbial community and diversity
(Table 3). The coverage values were greater than 0.99 in
all samples, which indicated that the sequencing depth was
sufficient to detect the maximum bacterial communities. The
Sobs diversity index in ryegrass silage was lower than that of
fresh ryegrass, which indicated that the bacterial diversity of
ryegrass decreased after ensiling. Alpha-diversity reflects the
microbial abundance and species diversity of a single sample.

Frontiers in Microbiology

12

Shannon’s index is used to measure species diversity, and
a larger Shannon index indicated higher species diversity in
the sample. Ace and Chao 1 indices are used to measure
species richness, and lower Ace and Chao 1 index values
indicated lower species richness of the sample (Zhang et al,
2020). Moreover, the Shannon index, Ace index, and Chao 1
index showed trends similar to the trend of the Sobs. This
indicated that the bacterial diversity and abundance of ryegrass
decreased after ensiling. Aerobic and facultative anaerobic
fermentative bacteria consume oxygen and create an anaerobic
environment. In general, during anaerobic fermentation, the
metabolic activity of many undesirable microorganisms in raw
materials is suppressed and gradually replaced by the LAB that
dominate the fermentation process (Ni et al., 2017). This is
similar to the results of Yan et al. (2019) who studied high-
moisture Italian ryegrass silages. This may be due to the inability
of some microorganisms to survive in anaerobic and acidic
silage environments. Our findings are consistent with those
of Ren et al. (2020), who discovered that the Chao 1 and
Ace indices of sugarcane top silages were lowest at the end
of fermentation, implying that the diversity of the microbial
community may have declined as LAB became dominant in
the silage. The Sobs, Shannon, Ace, and Chao 1 indices were
lowest for the second harvest silage, which indicated that
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there may have been a small number of acidifying bacterial
species in the second harvest silage (Zhang et al., 2020). The
variation in the microbial community was further elucidated
by analyzing the B-diversity of the bacterial population. In
the PCoA plot, the variance in bacterial diversity was readily
visible. Fresh forage and ensiled samples, as well as silages
from different harvests, were effectively separated. This meant
that the bacterial populations had altered during the ensiling
process. The change in the bacterial population might explain
differences in fermentation quality (Ni et al., 2017). In addition,
the changes in metabolism before and after ensiling, and after
ensiling different harvests were clearly demonstrated in the
PCA plots. Metabolic profiles of fresh forage samples were
successfully separated, but the metabolic profiles of first and
third harvest silages overlapped, indicating the existence of the
same metabolic pathway for both treatments.

The microbial community structure and species diversity are
important factors affecting silage fermentation (Du et al., 2022a).
As shown in Figure 2A, the Gram-negative bacteria Pantoea and
unclassified bacteria were the main genera in the fresh materials,
and Pantoea vagans were the main species. Pantoea is a genus
of the Erwiniaceae family that was recently separated from the
genus Enterobacter. Pantoea has a yellow pigment, ferments
lactose, and forms mucoid colonies (Walterson and Stavrinides,
2015), and some Pantoea species are pathogenic to vegetables.

After fermentation, the main genera in silage were

Lactiplantibacillus, Enterococcus, and a small amount
of Levilactobacillus. During the fermentation process,
Lactobacillus, Lactococcus, and Enterococcus species are

desirable functional bacteria, and they have been routinely
employed to improve silage quality (Chen et al.,, 2013; Yang
et al, 2016). In addition, Enterococcus has been observed
in high moisture environments, and it is generally held
that in the fermentation process, Enterococci, Lactococci,
Pediococci, and Leuconostocs commence silage fermentation,
after which these bacteria are gradually replaced by more
acid-tolerant Lactobacilli (e.g., Lactiplantibacillus plantarum)
(Parvin et al., 2010). Lactobacillus was the most predominant
microbe in all silage samples at any time point during the
fermentation, according to Guan et al. (2018). At the same
time, Levilactobacillus is hetero-fermentative lactate-producing
bacteria found in various forage crops and silages. Their greater
abundance is linked to increased lactic acid production, lower
pH, and improved silage quality. This explains why in this study,
the highest abundance of Lactiplantibacillus plantarum and
Levilactobacillus brevis were found in the BK group, followed by
the AK group, while the lowest abundance of Lactiplantibacillus
plantarum and Levilactobacillus brevis was found in the CK
group, noting that the order of treatments from low to high
pH was BK, AK, and CK groups. Lactiplantibacillus plantarum
plays an important role in inhibiting the growth of Clostridium,
reducing ammonium nitrogen and

content, improving

fermentation quality (Du et al., 2022a). Lactobacillus was the
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most prevalent bacteria, accounting for 80-90% of the overall
population in mixed silage of feed soybean and sorghum,
according to Ni et al. (2018). Poor fermentation quality of
alfalfa silage has been linked to a low relative abundance of
Lactobacillus (11.7%) when unwanted bacteria predominate
during ensiling (He et al., 2020). In general, desirable LAB,
including Lactiplantibacillus plantarum and Levilactobacillus
brevis, play a very important role in increasing lactic acid
production and reducing pH value. Wang S. R. et al. (2020))
found that Enterococcus was frequently employed to improve
fermentation characteristics. In the early stage of fermentation,
Enterococcus might produce LA quickly and provide an acidic
anaerobic environment to encourage LAB development, but
Enterococcus is less resistant to acids, and when the acidic
environment is too high, the growth of Enterococcus is inhibited
(Cai et al,, 1998; Nami et al., 2019). Similarly, in this study,
compared with the BK group, the relative abundance of
Enterococcus in CK and AK silages was higher, so the lactic
acid content of CK and AK was lower than that of BK. Since
Enterococcus are not acid-resistant genera and the pH value of
BK was lower, there were few Enterococcus species in BK, and
these were mostly Lactiplantibacillus plantarum, which were
found to be more acid tolerant (Du et al.,, 2022b). In addition,
more butyric acid and NH3-N accumulation in BK may have
been due to higher protein content in the second ryegrass crop
resulting in a higher protein degradation rate.

Proteobacteria was the dominant phylum in fresh ryegrass,
which differs from that reported by Wang S. et al. (2020).
This variation might be caused by the material’s chemical
composition, as well as climate features (Guan et al., 2018).
After ensiling, the relative abundance of Proteobacteria
was obviously decreased, while the relative abundance
of Firmicutes was obviously increased; at the same time,
Proteobacteria, which is the most dominant phylum on
fresh ryegrass, was quickly substituted by Firmicutes. Wang
et al. (2022b) have shown similar results in Sudangrass silage.
Firmicutes microorganisms are crucial acid-hydrolytic microbes
under anaerobic circumstances containing anaerobic rumen
and reactors, and cellulases, lipases, proteases, and other
extracellular enzymes can be secreted by them (Wang S. et al,,
2020; Wang et al., 2022¢). Firmicutes quickly displaced the
Proteobacteria phylum in the AK, BK, and CK groups after
ensiling began. This was because the lower pH and anaerobic
environment during ensiling favored the growth of Firmicutes
species, which also explains the shift in the bacterial population
from Proteobacteria to Firmicutes throughout the fermentation
process in this study (Keshri et al., 2018). It is obvious that the
BK group had the lowest pH value and the highest percentage
of Firmicutes phylum, which supports this observation.

To assess the fermentation quality, many volatile organic
acids can be analyzed in the silage, including lactic acid,
acetic acid, propionic acid, and butyric acid (Weinberga and
Muckb, 1996). However, more complex compounds can be
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produced by diverse microbial populations in natural or LAB-
inoculated silages. Clearly, the restricted detection of numerous
organic acids in silage cannot fully represent changes in their
metabolites. The metabolomics technique can more accurately
represent the composition of metabolites in the environment,
and it has also been used for silage assessment (Guo et al,
2018; Xu et al,, 2019). The current study is the first to reveal
the metabolome of ryegrass silage using LC-MS metabolomics,
which can detect the large molecular weight metabolites, and
some metabolites of alfalfa silage have also been examined using
this technique (Wang B. et al., 2020). In the present study, we
used LEfSe to identify specific communities in the samples and
found a significant enrichment of Enterococcus hermanniensis in
AK, Lactiplantibacillus plantarum in BK, and Enterococcaceae
in CK. Different harvests of ryegrass had different bacterial
species, so different bacterial metabolic pathways lead to
different metabolites produced during ensiling. After 60 days
of ensiling, the most annotated metabolites were peptides,
and eight amino acids were dominant in the composition of
the identified peptides. The next most frequently annotated
were carbohydrates, hormones, and transmitter metabolites.
This suggests that the most important metabolic pathway of
microorganisms during fermentation is amino acid metabolism,
followed by carbohydrates and hormones and transmitter
metabolisms. The raw material of the first harvest had a higher
CP content (172.50 g/kg), and microorganisms in silage are
prone to proteolysis and increased amino acid metabolism,
suggesting that the amino acid metabolic pathways observed
in silage may reflect the metabolic dynamics of the dominant
microbial population in silage (Du et al, 2022a). Therefore,
amino acid metabolism and carbohydrate metabolism are
the main microbial metabolic pathways affecting the flavor
and quality of silage due to protein hydrolysis and sugar
degradation during fermentation (Du et al.,, 2021). Du et al.
(2022a) reported that pyruvate metabolism, glycolysis, and
butyrate metabolism dominated the carbohydrate metabolism
pathways, which not only improved the fermentation quality
of the silage but also the taste and palatability in animals.
Moreover, our study showed that metabolic pathways, such
as arginine biosynthesis; alanine, aspartate, and glutamate
metabolism; glyoxylate and dicarboxylate metabolism; and
purine metabolism were significantly affected by different
harvests. Arginine, alanine, aspartic acid, and glutamic acid are
all amino acids, which is consistent with the results of the highest
number of amino acids among the compounds annotated by
KEGG in Figure 5. Using this method not only greatly enriches
the knowledge of metabolites in silage, but also helps to identify
several metabolites that may be beneficial (Kamboh et al., 2015),
and helps to mechanistically understand the effects of different
treatments on metabolic pathways, thereby contributing to our
understanding of the silage process.

This study also analyzed the association between the
bacteria with high enrichment and taxonomic nomenclature
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in silage at different harvests and identified them as the top 30
most abundant metabolites. The findings of the present study
in terms of the metabolite types and compositions of ryegrass
silage were very different from the results of previous studies
on whole crop corn silage and alfalfa silage (Guo et al., 2018;
Xu et al., 2019). This might be due to the presence of different
microbial communities in different forage species that produce
different fermentation processes. Guan et al. (2020) found
that the metabolites herniarin, tetrahydrocurcumin, glycerol,
and dopamine were positively associated with Lactobacillus,
and reported that the metabolites linked with the decrease
of Weissella and the growth of Acetobacter were primarily
odor-related acids and amines. Guo et al. (2018) reported that
samples treated with inoculants resulted in an up-accumulation
of several free amino acids. Some metabolites with antimicrobial
activity were detected, such as 4-hydroxycinnamic acid, 3,4-
dihydroxycinnamic acid, and catechol, as reported by Xu
et al. (2019). In this study, the most annotated metabolites
associated with the metabolic pathways relating to the two
main genera Lactiplantibacillus and Enterococcus were amino
acids, peptides, and analogs, which include valyl-isoleucine,
D-pipecolic acid, isoleucyl-aspartate, L-phenylalanyl-L-proline,
L-glutamic acid, and glutamylvaline. Amino acids play a crucial
role in the life activities of living organisms, participating in the
regulation of substance metabolism and information transfer in
the living body, and they are the basic units of protein and an
important indicator of the nutritional value of forage grasses.
Peptides are intermediate products of protein hydrolysis. In
this study, the valyl-isoleucine and glutamylvaline content
increased with the increasing abundance of Lactiplantibacillus
plantarum. The D-pipecolic acid and L-glutamic acid content
increased with the increasing abundance of Levilactobacillus
brevis. The L-phenylalanyl-L-proline content increased with
the increasing abundance of Enterococcus hermanniensis.
However, the isoleucyl-aspartate content decreased with the
increasing abundance of Enterococcus hermanniensis and
Enterococcus faecalis. The L-phenylalanyl-L-proline content
decreased with the increasing abundance of Levilactobacillus
brevis. The L-glutamic acid content decreased with the
increasing abundance of Enterococcus hermanniensis. The
the
abundance of Enterococcus faecalis. By understanding the

glutamylvaline content decreased with increasing

relationship between these metabolites and bacteria, it
may be possible to regulate the degradation of proteins
during ensiling and reduce protein loss. Furthermore, some
metabolites with carbohydrates and carbohydrate conjugates
were detected, such as arabinonic acid, arabinofuranose,
and  3,4,5-trihydroxy-6-(2-methoxybenzoyloxy)  oxane-2-
carboxylic acid. 3,4,5-Trihydroxy-6-(2-methoxybenzoyloxy)
oxane-2-carboxylic acid content increased with the increasing
the

increasing

abundance of Enterococcus hermanniensis. However,
arabinonic acid content decreased with the

abundance of Enterococcus faecalis. Arabinofuranose content
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decreased with the increasing abundance of Enterococcus
hermanniensis. ~ 3,4,5-Trihydroxy-6-(2-methoxybenzoyloxy)
oxane-2-carboxylic acid content decreased with increasing
abundance of Levilactobacillus brevis. Understanding the
relationship between metabolites and fermentation bacteria may
improve the quality of silage by regulating the fermentation
process. In addition, some metabolites with alcohols and
polyols were detected in silage samples, such as chlorogenic
acid, 1,3-dicaffeoylquinic acid, and shikimic acid. Chlorogenic
acid content increased with the increasing abundance of
Enterococcus faecalis, and the shikimic acid content increased
with the increasing abundance of Enterococcus hermanniensis.
However, the chlorogenic acid and 1,3-dicaffeoylquinic
acid content decreased with the increasing abundance
of Enterococcus faecalis. Shikimic acid content decreased
with the increasing abundance of Levilactobacillus brevis.
Lactiplantibacillus  plantarum and Levilactobacillus brevis
harbored a high abundance of genes encoding for ethanol
dehydrogenase, which is involved in the production of aroma
compounds (Tlais et al., 2022a). Ethanol content is one of
the main bases for assessing silage fermentation (Wang et al,
2022c), and the perception of a sour taste can be affected by the
presence of polyols, in addition to organic acids (Tlais et al.,
2022b). Understanding the relationship between metabolites
with alcohols and polyols and fermentation bacteria can provide
better insight into the fermentation mechanism of silage.

Conclusion

The present study suggested that different harvests
were associated with differences in the bacterial community
and metabolomic profile of ryegrass silage, thus affecting
fermentation quality. Silage of the second harvest had a
lower pH and higher abundance of Lactiplantibacillus after
ensiling. The dominant bacteria in naturally fermented ryegrass
after silage were Lactiplantibacillus and Enterococcus, and
the most annotated metabolites were peptides, and eight
amino acids were dominant in the composition of the
identified peptides. Different harvests mainly affected the
metabolism of arginine biosynthesis and alanine, aspartate,
and glutamate metabolism pathway. Valyl-isoleucine and
glutamylvaline content increased with increasing abundance of
Lactiplantibacillus plantarum. The content of D-pipecolic acid
and L-glutamic acid increased with increasing abundance of
Levilactobacillus brevis, and the L-phenylalanyl-L-proline, 3,4,5-
trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid,
and shikimic acid content decreased with increasing abundance
of Levilactobacillus brevis. Therefore, the use of a combined
analysis of silage microorganisms and metabolome provides a
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deeper understanding of the fermentation mechanism of silage.
This provides new information for regulating ryegrass silage
fermentation processes, which can contribute to improving
silage quality and utilization.
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