& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Antonio Alfonzo,
University of Palermo, Italy

REVIEWED BY

Maghsoud Besharati,

University of Tabriz, Iran

Jin Zhong,

Chinese Academy of Sciences (CAS), China
Lin Mu,

Hunan Agricultural University, China

Zhijun Wang,

Inner Mongolia Agricultural University, China

*CORRESPONDENCE

Yan Jiang
Yjiang@neau.edu.cn

Shaodong Wang
wsdhlj@neau.edu.cn

These authors have contributed equally to
this work and share first authorship

RECEIVED 24 January 2025
ACCEPTED 30 April 2025
PUBLISHED 19 May 2025

CITATION

Meng H, Xu Y, Wang L, Wang J, Wang B,
Wu H, Hou D, Wang S, Tong X, Jiang Y and
Wang S (2025) Impact of Lactiplantibacillus
plantarum on the fermentation quality,
nutritional enhancement, and microbial
dynamics of whole plant soybean silage.
Front. Microbiol. 16:1565951.

doi: 10.3389/fmicb.2025.1565951

COPYRIGHT

© 2025 Meng, Xu, Wang, Wang, Wang, Wu,
Hou, Wang, Tong, Jiang and Wang. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 19 May 2025
pol 10.3389/fmicb.2025.1565951

Impact of Lactiplantibacillus
plantarum on the fermentation
quality, nutritional enhancement,
and microbial dynamics of whole
plant soybean silage

He Meng®?, Yuwen Xu®*!, Lin Wang?, Jianping Wang?,
Bing Wang?, Huimin Wu?, Donghui Hou?, Sui Wang*®,
Xiaohong Tong'?, Yan Jiang*?** and Shaodong Wang*#*

tAgricultural College, Northeast Agricultural University, Harbin, China, 2Key Laboratory of Soybean
Biology of Chinese Education Ministry, Northeast Agricultural University, Harbin, China, *Beidahuang
Group Heilongjiang Tangyuan Farm Co., Ltd., Jiamusi, China, *Heilongjiang Academy of Agricultural
Sciences, Institute of Agricultural Product Quality and Safety, Harbin, China, ®*National Key Laboratory
of Smart Farm Technologies and Systems, Harbin, China, ®Heilongjiang Academy of Green Food
Science/National Soybean Engineering Technology Research Center, Harbin, China

Soybean (Glycine max (L.) Merr.) is an important leguminous crop with rich nutrients
and wide uses, yet soybean straw is often treated as waste in many areas without
sufficient regard for its nutritional value. For the sustainable utilization of biomass
resources, this study assessed the fermentation quality, microbial communities, and
metabolites of whole plant soybean (WPS) silage with and without Lactiplantibacillus
plantarum (LP) over different fermentation periods of 7, 15, 30, 60, and 90 days.
With LP, there was a significant increase in dry matter (DM), crude protein (CP),
and water-soluble carbohydrate (WSC) content of silage (p < 0.01) and a significant
decrease in pH (p < 0.01). Incorporating LP into WPS silage significantly elevated
lactic acid (LA) concentration, thereby improving fermentation quality. 16S rRNA
gene sequencing revealed that LP inoculation significantly altered bacterial diversity
and composition, notably increasing the relative abundance of Lactobacillus and
promoting beneficial shifts in the microbial community during silage fermentation.
Notably, LP treatment significantly promoted lysine biosynthesis, a key essential
amino acid pathway, thereby contributing to the nutritional enhancement of
the silage. Results showed that adding LP to WPS at ensiling can improve silage
microbial community structure optimize metabolic processes, produce superior
metabolites, and enhance the silage’s fermentation quality and nutritional value,
after 60 days of fermentation. In summary, WPS silage with LP addition could
serve as a promising strategy for preserving high-protein forage silage.

KEYWORDS

soybean, silage, Lactiplantibacillus plantarum, bacterial community, metabolites

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1565951&domain=pdf&date_stamp=2025-05-19
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full
mailto:Yjiang@neau.edu.cn
mailto:wsdhlj@neau.edu.cn
https://doi.org/10.3389/fmicb.2025.1565951
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1565951

Meng et al.

10.3389/fmicb.2025.1565951

Fermentation Treatments of WPS

Cutting and

Dynamic Changes in Fermentation Qualityof WPS Silage

Chemical composition

Opening the bags

The addition of

i chopping of the and ftesting at 7,

—>! Lplantarum

i aboveground
: treatment

15, 30, 60, and 90 }

Soybean

P

LS-MS/MS

@i /

=+ L. plantarum

GRAPHICAL ABSTRACT

Introduction

With the rapid development of the economy in the developing
country, there has been a substantial surge in the demand for animal-
derived products, consequently exacerbating the inadequacy in the
supply of environmentally sustainable protein feed. Additionally, the
limited arable land in some developing countries hinders widespread
cultivation of some high protein forage grasses (Lin et al., 2017). To
solve this issue, it is imperative to diversify protein forage sources and
advance the development of high protein forage materials. Soybean
(Glycine max (L.) Merr.) is a rich protein legume species with
economic significance (Jahanzad et al., 2016). Forage soybeans are
widely grown in nations such as Turkey and the United States,
recognized for their high forage value (Chang et al., 2012) and
manageable resource at its maturity stage (Wang et al., 2021b). The
soybean straw with rich lignocellulosic is currently underutilized and
significantly wasted as a major agricultural residue. Therefore, the
whole soybean plant (WPS) silage can not only solve the shortage of
high protein feed, but also promote the effective utilization of soybean
straw resources. Moreover, even when cultivated in the arid and
saline-alkaline soils, the crude protein (CP) content of WPS silage is
sufficient to meet the daily nutritional requirements of ruminant
animals (Wang W. N. et al., 2022). WPS with low seed yield in some
barren soil and saline-alkali soil is effectively utilized as a new biomass
resource, which can alleviate land use pressure and mitigate the
shortage of high-protein feeds. Also, soybean as an emergency crop
was grown in the damaged soil under natural calamities, providing
livestock with incompletely mature WPS silage during the suitable
cutting harvest periods, thus maximizing reduction of economic
losses. Therefore, WPS is a promising and cost-effective forage
resource for cleaner production of high protein silage feed
without residues.

Ensiling, a microbial-driven anaerobic fermentation process, is a
well-established method for preserving moist forage. It relies on lactic
acid bacteria (LAB) to produce organic acids, lower pH levels, and
inhibit the growth of yeasts, fungi, and competing bacteria, ensuring
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a year-round availability of palatable forage for ruminants (Weinberg
and Muck, 1996). The advantage of soybean silage as animal feed lies
in its rich protein content, reducing reliance on market fluctuations in
protein prices. However, the natural ensiling of soybean is hindered
by its high buffering capacity, limited water soluble carbohydrate
(WSC) content, and insufficient epiphytic LAB count, resulting in
silage fermentation failure and high butyric acid (BA) content (Yang
et al,, 2016). Therefore, it is essential to continue developing reliable
methods to enhance the fermentation quality of soybean silage. Silage
additives can effectively enhance the fermentation quality of forage,
with LAB being extensively utilized in recent years, particularly in
alfalfa silage where similar improvements have been observed (Huo
et al,, 2021). LAB, which includes genera such as Lacticaseibacillus,
Lactiplantibacillus,
Pediococcus, and Streptococcus (Cichonska et al., 2022) are commonly

Levilactobacillus, Lactococcus, Leuconostoc,
used as additives to improve the quality of silage. As an additive
intended to improve the quality of silage, Lactiplantibacillus plantarum
was widely used (Si et al., 2023). A study demonstrated that using
Lactiplantibacillus plantarum as an additive in Italian ryegrass silage
improved its fermentation quality, leading to higher lactic acid (LA)
and lower BA production (Yan et al., 2019). Ni et al. (2017) reported
that the combined addition of Lactiplantibacillus plantarum and
Pediococcus pentosaceus as additives significantly improved the
fermentation quality of soybean silage by enhancing the presence of
beneficial Lactobacillus and reducing undesirable microorganisms.
To the best of our knowledge, no studies have specifically focused
on the impact of Lactiplantibacillus plantarum alone as a silage additive
on the fermentation characteristics and microbial community of WPS
silage. Silage quality is largely determined by the composition and
succession of the microbial community, and which further impacts
fermentation metabolites (Zhao et al., 2021). We hypothesized that the
inoculation with Lactiplantibacillus plantarum would improve
fermentation characteristics, promote beneficial microbial succession,
and reshape metabolite profiles of WPS silage. This study focused on
metabolites and microbial diversity of WPS silage, comparing samples
with and without Lactiplantibacillus plantarum by utilizing the Illumina
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NovaSeq 6000 for bacterial analysis and LC-MS/MS for metabolite
detection, to improve the high quality and efficiency utilization of WPS
forage as a new forage resource and clean production.

Materials and methods
Silage preparation

The soybean variety “Dongnong Si Dou 1” was sown on May 20,
2022, at the experimental field of the Northeast Agricultural
University, Harbin, China (126°3'30"E, 45°44'34"N, elevation
178 m), with a density of 250,000 plants/ha and a basal application of
compound fertilizer (N: P,Os: K,O = 45:75:75) at 225 kg/ha. The
whole plant soybean during the early grain filling stage was manually
harvested on August 17, 2022, leaving a 15 cm stubble. Following
harvest, the plants was wilted outdoors for 8 h on a clean sheet, then
chopped to 2-3 cm lengths by a forage chopper (YL100L-2, Weihai,
China), mixed thoroughly, and treated with Lactiplantibacillus
plantarum CGMCC1.557 (LP, 1 x 10° cfu/g fresh matter, Haibo
Biotechnology Co., Ltd., Qingdao), similar to the method described
by Xu et al. (2020). In contrast, the control group received a treatment
of sterile water. Each portion of the material was weighed 500 g and
was packed in polyethylene bags (25 cm x 30 cm, Wenzhou, China)
and sealed with a vacuum sealer (DZQ-420 C, Anshengke,
Quanzhou, China). A total of 30 bags (5 ensiling stages x 2 treatments
x 3 replicates) were stored at 20-25°C in the darkness. Samples were
collected from the 30 bags at 7, 15, 30, 60, and 90 days for the analysis
of fermentation characteristics, bacterial community, and metabolites.
The samples were organized into two main groups based on the
treatment: control (CK) and Lactiplantibacillus plantarum (LP).

Chemical composition and fermentation
characteristics analysis

Upon reaching the designated fermentation durations, bags were
opened for sampling. Each silage ensiling sample was weighed 100 g
and dried at 65°C for 48 h to ascertain the DM content, then ground
through a 1 mm sieve and stored at room temperature in a desiccator
before chemical analysis. The water soluble carbohydrates (WSC)
content were measured according to the thracenone-sulfuric acid
method, ether extract (EE) and CP contents were measured using the
Soxhlet extraction method and the Kjeldahl method, respectively
(AOAC, 1990). The acid detergent fiber (ADF) and neutral detergent
fiber (NDF) was analyzed using the method of Van Soest et al. (1991)
determined according to the methods by Broderick and Kang (1980).
A sample of 10 g was taken from each silage fermentation bag, mixed
with 100 g of distilled, sterilized water, and homogenized for 35 s. The
mixture was subsequently filtered through medical gauze, and the
We measured pH immediately afterward. The homogenate was
centrifuged at 8,000 x g for 10 min at 4°C. The aqueous extract was
analyzed for organic acids using high-performance liquid
chromatography (HPLC, Primaide, Hitachi, Tokyo, Japan) with a
0.22 m membrane, a UV detector at 210 nm wavelength, a column
temperature of 50°C, and a mobile phase of methanol and 0.01 mol/L
potassium dihydrogen phosphate (pH 3.5, 0.7 mL/min, 50°C). The
aerobic stability (AS) of the silage was assessed by recording the
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number of hours required for the silage temperature to rise 2°C above
the ambient temperature, with the test conducted at a room
temperature of 25°C (Wilkinson and Davies, 2013).

Microbial diversity analysis

According to the manufacturer’s guidelines, total bacterial
genomic DNA was extracted using Fast DNASPIN kits (MP
Biomedicals, Santa Ana, CA, United States) and preserved at —20°C
before additional analyses. PCR amplification of the V3-V4 region of
bacterial 16S rRNA genes was conducted using the primers 338F
(5"-ACTCCTACGGGAGGCAGCA) and 806R
(5-GGACTACHVGGGTWTCTAAT).  Standard  sequencing
protocols were employed on the Illumina NovaSeq platform with
pair-end 2 x 300 bp sequencing by Biomarker Technologies Co., Ltd.
The raw reads were deposited in the National Center for Biotechnology
Information (NCBI) database under accession number
PRJNA1085090. In this study, the DADA2 (Callahan et al., 2016)
method in QIIME2 2020.6 was employed for denoising paired-end
sequences, merging them, and removing chimeric sequences to
produce final non-chimeric reads, which were then assigned into
amplicon sequence variants (ASVs). Taxonomic classification at the
phylum and genus levels was performed based on the SILVA database.’

Metabolite analysis

Silage samples were ground post-freeze-drying and extracted
using 70% aqueous methanol at 4°C overnight. The extracts were then
centrifuged (12,000 rpm, 10 min) and filtered through a 0.22 pm
membrane before LC-MS/MS analysis (Wang et al, 2021a).
Metabolite analysis was performed using the MetWare database by
Wekemo Tech Group Co., Ltd., Shenzhen, with VIP > 1.0 and
FC>2.0 as the criteria for differential metabolite selection.
Metabolites were annotated using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) compound database and mapped to the KEGG
pathway database.”

Statistical analysis

Statistical analyses were performed using SPSS 26.0. Two-way
ANOVA was conducted treatments effect with Lactiplantibacillus
plantarum (T), ensiling days effect (D), and their interaction (T x D)
as fixed factors. When significant interactions were found (p < 0.05),
Tukeys HSD test was used for post-hoc comparisons. Data are
presented as mean + SEM, with significance set at p < 0.05. Sequence
data’s bioinformatics and statistical analyses were primarily conducted
with QIIME2 2023.5 and R (V4.2.3). The significant variations in the
abundance at the phylum and genus levels were discerned by
two-sided Student’s ¢-test. Principal Coordinates Analysis (PCoA) and
Variance partitioning analysis (VPA) were performed with the

1 https://www.arb-silva.de/
2 http://www.kegg.jp/kegg/pathway.html
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“Vegan” R package. In metabolomics, the “CMS” package facilitated
peak identification, filtration, and alignment. Linear Discriminant
Analysis Effect Size (LEfSe), Partial Least Squares Discriminant
Analysis (PLS-DA), Canonical Correspondence Analysis (CCA),
Short Time-series Expression Miner (STEM) analysis, Mantel test, as
well as the creation of Petals diagrams, Circos maps, stacked bar
charts, chord diagrams, and Volcano plots were conducted using
OmicShare tools, a complimentary online platform for data analysis.?

Results
Chemical composition of WPS

As shown in Table 1, the chopped WPS sample exhibits a DM
content of 36.26% and a CP content of 18.18%. The DM content is
about 4.59% higher than the value reported by Zeng et al. (2020),
while the CP content is approximately 3% higher. In comparison, the
ADF content is 1.93% higher, and the NDF content is 0.3% lower than
the values reported by Zeng et al. (2020).

Chemical composition and fermentation
characteristics of WPS silage

In Table 2, a significant two-way interaction between
Lactiplantibacillus plantarum (T) and ensiling duration (D) was
observed for all indices (p < 0.01), except for the concentrations of CP,
WSC, and ADE In CK and LP groups, the contents of DM, WSC, CP,
and pH decreased significantly (p < 0.01) as ensiling days increased.
Both the LP group and the CK group exhibited the highest DM
contents at 7 days of ensiling, 37.97 and 37.29%, respectively. The CK
group showed the highest WSC content of 2.11 at 7 days of ensiling,
whereas the lowest WSC content in the LP group was 1.13 at 90 days
of ensiling. At 7 days of ensiling, the CP content reached its peak at
17.29% in the CK group and 18.16% in the LP group. As ensiling
progressed, there was a statistically significant reduction (p < 0.01) in
the levels of ADF and NDF in both the CK and LP groups. The LP
group also exhibited a significant decrease in ADF and NDF content
compared to the CK group (p < 0.05). The highest ADF and NDF
contents in both groups were recorded at 7 days of ensiling. In the CK
group, the NDF content was lower at 60 days (44.11%), while the
lowest ADF content occurred at 60 days (30.41%). In the LP group,
the lowest ADF content was recorded at 60 days (32.16%) and at
90 days (31.47%). There was no notable change in NDF contents
across LP15d, LP30d, LP60d, and LP90d, all of which were lower than
those at 7 days.

A significant reduction (p < 0.01) in the levels of ADF and NDF
both the CK and LP groups (Table 2). The LP group also showed a
significant decrease in ADF and NDF content compared to the CK
group (p < 0.05). The highest ADF and NDF contents in the CK and
LP groups were at the 7 days of ensiling. In the CK group, the NDF
contents was lower at 60 days (44.11%), while the lowest ADF contents
occurred at 60 days (30.41%) of ensiling. In the LP group, the lowest

3 https://www.omicshare.com/tools
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ADF content was at 60 days (32.16%) and 90 days (31.47%). There was
no notable change in NDF contents at LP15d, LP30d, LP60d, and
LP90d, all of which were lower than that at 7 days. Previous studies
have shown that low levels of ADF and NDF concentrations are
associated with higher quality feeds and higher dry matter intake (Ni
etal,, 2014). Notably, the CK and LP groups showed the lower contents
of ADF and NDF at 60 days, indicating they have a higher feed value
compared to other fermentation periods. The decrease in crude fiber
content could be attributed to the enzymatic activity of
microorganisms, which break down the fiber during the fermentation
process (Chen et al., 2022). The EE content in the CK group showed a
significant increasing trend with the increase of silage days (p < 0.01),
with the highest content (3.49%) at 60d of silage fermentation content
was more than that in the CK group. This may be due to the microbial
community change and reduction of lipolytic bacteria with the
addition of LP.

The content of NH;-N increased significantly (p < 0.01) with the
increase of ensiling days. The NH;-N content in the silage showed a
significant (p < 0.01) reduction when treated with Lactiplantibacillus
plantarum. A high content of NH;-N in the silage indicates significant
protein degradation, which is attributed to slow acidification or
clostridial activity (Ogunade et al., 2017). In this study, the addition
of LP improved the fermentation process in the silage, as the NH;-N
content of all silage treatments (<5% TN) was consistent with good-
quality silage (<10% TN) (Mu et al., 2020). A characteristic of high-
quality silage feed is its high concentration of LA (Maneerat et al.,
2015). LA and AA are the primary organic acids contributing to the
pH reduction in silage. In both the CK and LP groups, the LA content
significantly increased (p < 0.01) as the ensiling period was extended.
The LP group had the highest LA concentration, reaching 5.09% at
60 days of ensiling, indicating an improvement in the fermentation
quality during the later stages of ensiling. At 90 days of ensiling, the
AA concentrations significantly increased in both the CK and LP
groups, indicating that the later stage of the silage process was
beneficial for heterofermentation pathways, leading to an increase in
AA levels.

Bacterial community of WPS silage

Alpha-diversities and beta-diversity of WPS silage

A total of 2,192,816 high-quality reads were identified after
denoising and filtering for chimeras in the V3-V4 region of the 16S
rDNA. The dilution curve change (Figure A1) and average coverage
exceeded 0.99 across all samples (Table A1), indicating the sufficient
sequencing data for detailed bacterial community analysis in this
study. Reads were classified into 445 ASVs. As shown in Figure 1A,
significant differences in biodiversity were observed during the silage
fermentation process. The Shannon Index was notably lower in the
LP group compared to CK30d and CK60d (p < 0.01), while the
Simpson Index was significantly higher in the CK group than in LP7d
and LP30d (p < 0.05). The ACE index was also higher in the CK
group compared to the LP30d (p < 0.01). In Figure 1B, the principal
coordinate analysis (PCoA) based on Bray-Curtis distances assessed
the beta diversity among silage samples, showing greater similarity.
PCoA1l and PCoA2 axes accounted for 29.83 and 15.87% of the
microbial composition variance in silage feed, respectively, totaling
45.7%. PERMANOVA analysis verified significant differences in beta
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TABLE 1 Chemical composition of the fresh WPS before ensiling. diversity among the groups (R* =0.589 p =0.001). The petals

Items WPS SEM diagram (Figure 1C) illustrated that the shared number of common

DM (%) 2626 016 ASVs between the CK and LP groups at different ensiling days was
' ! 53. The number of unique ASVs in the LP group was smaller than

CP (%DM) 18.18 0.17 that of the CK group at the same ensiling days, with the lowest

ADE (%DM) 3332 052 number at LP60d.

NDF (%DM . . . .

(6PN 768 o Taxonomic and abundance of bacterial
EE (%DM) 3.77 0.05 populations
WSC (%DM) 3.84 0.55 As shown in Figure 2A, at the phylum level, Firmicutes and

Proteobacteria were the dominant bacterial phyla during the different
WPS, whole plant soybean; DM, dry matter; CP, crude protein; ADE, acid detergent fiber;

NDE neutral detergent fiber; EE, ether extract; ND, not detected; WSC, water-soluble
carbohydrate; SEM, standard error of means. silage (Song et al., 2022). The bacteria within the Firmicutes phylum

ensiling times, playing significant roles in the fermentation process of

TABLE 2 Chemical composition, organic acid contents, pH, and aerobic stability of ensiled WPS.

Iltems Treatments Ensiling days Significant
30d D T*D

DM (%) CK 37.29° 36.87° 36.36" 36.01° 35.00° 0.14 ok ik L
LP 37.97° 37.19% 36.89" 36.86" 36.17°

CP (%DM) CK 17.29° 17.25° 16.62% 16.69% 16.17¢ 0.13 ok i ns
LP 18.16° 17.96° 17.88° 17.46° 17.01°

EE (%DM) CK 3.05¢ 3.15% 3,18 3.49° 3.48 0.07 ok e o
LP 3.61° 4.12° 4.15° 3.17¢ 3.38¢

NDF (%DM) = CK 47.72° 45.34% 46.75" 44.11° 43.77¢ 0.28 i ik L
LP 46.84° 44,65 43.83 44.16° 45.12°

ADF (%DM) = CK 34.89° 34.83 31.31° 30.41° 31.45° 0.41 i i ns
LP 36.53 35.62% 32.92% 32.16° 31.74°

WSC (%DM) | CK 2.11° 1.78° 1.60" 1.37<¢ 1.16¢ 0.57 Hk o ns
Lp 1.73 1.45% 1.53® 1.27% 1.13¢

NH;-N CK 2.53¢ 3.82° 3.52° 5.60° 517 0.21 ok i o

(%TN)
LP 2.52° 2.58° 2.49° 2.38° 3.46"

LA (%DM) CK 2.18% 2.09° 2.22% 2.36™ 2.50° 0.21 ok e o
LP 2.50° 2.81¢ 3.98 5.09" 4.98°

AA (%DM) CK 1.14° 1.13° 1.18° 1.17° 1.43° 0.35 ok i i
LP 1.34¢ 1.29¢ 1.44° 1.46 173

PA (%DM) CK 0.09° 0.09¢ 0.15° 0.11° 0.17° 0.13 ok ik L
LP 0.18" 0.11¢ 0.28 0.16" 0.29°

BA (%DM) CK ND ND ND 0.07° 0.15* 0.01 ok i L
LP ND ND ND ND ND

pH CK 5.95° 5.98" 5.89" 5.38 5.12° 0.10 ok e o
LP 5.87° 5.88° 4.30° 4.10° 4.12°

Aerobic CK 56.33¢ 61.00° 99.33 108.33* 111.67° 4.77 ok i ns

stability (h)
Lp 57.67¢ 67.33¢ 107.67° 118.67¢ 121.33*

DM, dry matter; CP, crude protein; ADF, acid detergent fiber; NDE, neutral detergent fiber; EE, ether extract; WSC, water-soluble carbohydrate; NH;-N, ammonium nitrogen; LA, lactic acid;
AA, acetic acid; PA, Propionic acid; BA, butyric acid; ND, not detected; SEM, standard error of means; CK, control with no inoculations; LP, silages inoculated with Lactiplantibacillus
plantarum; 7d, 7 days of ensiling; 15d, 15 days of ensiling; 30d, 30 days of ensiling; 60d, 60 days of ensiling; 90d, 90 days of ensiling; ns, not significant. Means with different superscript letters
in the same row (a—d) indicate significant differences (P < 0.05) based on Tukey’s HSD test. Asterisks in the “Significant” column represent statistical significance from the two-way ANOVA:
#P < 0.05, **P < 0.01, and ns (not significant), corresponding to treatment (T), ensiling day (D), and their interaction (T x D).

Frontiers in Microbiology 05 frontiersin.org


https://doi.org/10.3389/fmicb.2025.1565951
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Meng et al. 10.3389/fmicb.2025.1565951
PCoA
7d 15 30d 60d 90d
0 s o 0 s 0.5
6 | — [ — [ — ™
g
= ﬁ g CK7d
s = CK15d
PR B 2 f CK30d
H Z; ® CK60d
2 . ﬁ a0 UI ® CK90d
=2 LP7d
4 - . o
. S ® LP15d
. = ® LP30d
Q PERMANOVA ® LP60d
3 d R=0589 ® LP90d
D 0.51  poe
CK LP CK LP CK L CK LP CK LP
7d 15d 30d 60d 90d -0.5 0 0.5
— —— — — —= PCo01(29.83% variance)
0.9 gﬂ ﬁ . C
H i . Treatment
£ . @ CK
%, & LP CK15d
. W q
. e 8 4y
> 6
0.7
Y
CK LP CK L CK LP CK L CK Lp %
=3
O L o aTy .
| — | — | — | — | —

.
@ 150
<
<
.

100

CK Lp CK L CK Lp CK Lp CK LP
Ensiling Days

FIGURE 1

significant effect).

Comprehensive analysis of bacterial communities in WPS silage during ensiling. (A) The variations in bacterial community alpha-diversities (Shannon
index, Simpson and ACE); (B) Principal coordinate analysis (PCoA) of the bacterial communities in WPS silage at the different ensiling days; (C) Petals
diagram of WPS silage: Individual petals corresponded distinct groups, with the central figure indicating the shared ASVs across all conditions, and the
numbers within each petal denoting group-specific ASVs (CK, control with no inoculations; LP, silages inoculated with Lactiplantibacillus plantarum;
7d, 7 days of ensiling; 15d, 15 days of ensiling; 30d, 30 days of ensiling; 60d, 60 days of ensiling; 90d, 90 days of ensiling; *p < 0.05; **p < 0.01; ns, no

Ck 90q

LP15d

produce extracellular enzymes that facilitate the breakdown of
macromolecules such as proteins, polysaccharides, and lipids into
smaller molecules like monosaccharides, amino acids, and fatty acids
(Yan etal., 2019). It has also been reported that lactic acid fermentation
is primarily driven by bacteria from the Firmicutes phylum (Wang
W. et al.,, 2022). Concurrently, the Proteobacteria phylum, which
metabolizes organic matter as substrates, is often present in silage feed,
similar to the Actinobacteria phylum (Mu et al., 2020). The predominant
genera identified were Lactobacillus, Enterococcus, Sphingomonas, and
Weissella, with Lactobacillus, Enterococcus, and Weissella belonging to
the order Lactobacillales, commonly referred to as LAB. Sphingomonas
was the exception, not classified within this order (Figure 2B).
Firmicutes were more abundant in CK7d (Figure 2C). In the LP groups,
their relative abundance increased during the later fermentation stages,
likely due to Firmicutes' ability to thrive in acidic and anaerobic
environments (Kang et al., 2021). Except for 15 days of ensiling, the LP
groups had a higher relative abundance of Proteobacteria compared to
the CK groups at other ensiling days. With the addition of LP, the
bacterial community structure changed, and the relative abundance of
Lactobacillus became the dominant genus in the LP60d group (55.68%)
(Figure 2D; Table 2). On the genus level, the bacterial community
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showed significant correlations, with Lactobacillus displaying a negative
correlation with Enterococcus (p < 0.05) and a positive correlation with
both Pediococcus and Lentilactobacillus (p < 0.05), while Enterococcus
displayed a positive relationship with Pediococcus and Lentilactobacillus
(p <0.05) (Figure 2E).

Biomarkers analysis

The Linear Discriminant Analysis Effect Size (LEfSe) analysis
identified 55 bacterial phyla-to-species as biomarkers in both the CK
and LP groups at different ensiling days (Figure 3). At the phylum
level, Proteobacteria were enriched in the LP7d and Firmicutes were
enriched in the LP90d. Significant markers identified in the LP60d
group included Lactobacillales (order), Lactobacillaceae (family),
Lactobacillus (genus), and wunclassified_Lactobacillus_plantarum
(species), all of which are beneficial for silage fermentation.
Lentilactobacillus_buchneri (species) emerged as the most influential
microbial species in the LP90d samples, a bacterium known to
enhance the heterofermentation of AA and improve aerobic stability
in silage, consistent with the findings reported by Xiao et al. (2023).
This was also correlated with a significantly higher AA content in the
LP90d compared to other time points.
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Metabolites composition, time series analysis,
and differentially accumulated metabolites

As depicted in Figure 4A, a total of 1,321 chemicals were
identified in WPS silage, including 250 lipids and lipid-like molecules,
153 organoheterocyclic compounds, 142 organic acids and its
derivatives, and 115 phenylpropanoids and polyketides, among
others. Lipids, reported to be the most abundant in WPS silage,
potentially contribute to the increase of milk fat content in cows fed
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with WPS silage (Vargas-Bello-Pérez et al., 2008). Additionally,
numerous nutritional unsaturated fatty acids were present in WPS
silage, including Oleic acid, linoleic acid, Palmitoleic acid, and
Eicosapentaenoic acid. A variety of flavonoid metabolites such as
Robinin, Neodiosmin, Icariin, Trifolin, Pelargonidin, and Farrerol
were detected, with notable increases in the abundance of
Pelargonidin and Farrerol with LP addition compared to the CK
group (Figure A2). The study identified 17 a-amino acids and their
derivatives, including Lysine and Threonine. The addition of LP
significantly increased the abundance of Lysine and L-Threonine,
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enriching feed nutrition (Figure A2). In both CK and LP groups,
three profiles of metabolites exhibited consistent significant trends at
five different ensiling durations by time series expression analysis,
with the most abundant trends in both groups being continuous
upregulation, featuring 191 and 199 metabolites, respectively
(Figures 4B,C). The PLS-DA model was used to identify differential
metabolites between groups, showing all sample points within
Hotelling’s T-squared, indicating a sufficient generalization ability to
discriminate between CK and LP samples across various ensiling days
(Figure 4D). From 30 days of ensiling, the abundance of Lysine,
L-lysine, Spermine, and Spermidine in the LP groups exceeded that
in the CK groups, as demonstrated by a correlation heatmap of the
top 25 differential metabolites (Table A2; Figure 4E).

Differentially metabolites KEGG pathway
enrichment

The quantity of differentially accumulated metabolites (DAM:s)
varied between the CK and LP groups as ensiling duration increased,
initially rising to a peak at 30d, followed by stabilization from 60 to
90 days (Figure 5A). KEGG pathway enrichment analysis indicated
five amino acid metabolism pathways were significantly enriched,

» «

“Cyanoamino acid metabolism,” “Glycine, Serine, and Threonine
metabolism,” and “Lysine biosynthesis,” with the higher number of
enriched pathways at 60d and 90d (Figure 5B). Except for
L-Aspartate pathways, the relative concentrations of other amino
acids significantly increased with the addition of LP, L-Tyrosine,
L-Asparagine, L-Lysine, and L-Cysteine reached their maximum
expression at 60d. This suggested that addition of LP in WPS silage
significantly enhanced the metabolism of amino acids beneficial to

animals (Figure 5C).
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The relationships among bacterial community,
metabolites, and key fermentation quality
indicators

Chemical changes in silage feed are intricately linked to bacterial
communities, as demonstrated by CCA analysis in WPS silage
(Figure 6A). Lactobacillus was found to be positively correlated with
Pediococcus and negatively with Enterococcus, consistent with
findings in Figure 2E. Additionally, Luteimonas exhibited a strong
positive correlation with Brevundimonas. Points from the LP60d
group clustered nearest to Lactobacillus, indicating a strong
association at 60 days of ensiling with LP. The proximity of a
multitude of metabolites to Lactobacillus suggested a significant
connection between the relative abundance of Lactobacillus and these
metabolites’ levels. Other bacteria such as Enterococcus and
Pediococcus also showed a dense clustering of metabolite points,
suggesting their potential impact on the metabolomic spectrum.
Furthermore, based on the results of the Mantel test (Figure 6B), no
significant correlations were observed between DM and CP
concentrations. A significant negative correlation was noted between
pH and the concentrations of LA and AA (p<0.01). NDF
concentration showed a highly significant positive correlation with
WSC concentration (p < 0.001) and pH (p < 0.01), but a significant
negative correlation with LA concentration (p <0.05). ADF
concentration was significantly positively correlated with AA
concentration (p <0.01) and negatively with pH and WSC
concentration (p < 0.01). The bacterial community showed positive
correlations with pH, LA concentration, and NDF (p < 0.01), and
with ADF concentration and WSC (p < 0.05). The metabolome did
not correlate with CP concentration but had strong correlations with
other indicators, particularly pH (p<0.01). A VPA analysis
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(Figures 6C,D) was performed to determine the effects of the addition
of Lactiplantibacillus plantarum, ensiling days, and fermentation
characteristics on the structures of the bacterial communities and
metabolite composition. This analysis indicated that the largest share
of the variation in bacterial community structure (47%) and
metabolite composition (25%) could be attributed to the interaction
between fermentation characteristics and ensiling days. The addition
of Lactiplantibacillus plantarum also had significant effects,
explaining 17% of the variation in metabolite composition and 7% in
bacterial community structure. These findings demonstrate the
complex interactions that drive the microbiological and chemical
dynamics of silage fermentation.
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Discussion

The nutritional quality of forage is influenced by several factors
including plant genotype, sowing density, harvesting season, and
water and fertilizer conditions. In this study, the relatively high levels
of CP and EE in the WPS may be attributed to the use of a soybean
variety specifically bred for feed purposes, along with optimal sowing
densities and fertilization during the cultivation phase. The WSC
content is a critical factor influencing silage fermentation, playing a
pivotal role in ensuring quality fermentation when its content exceeds
5%. In this study, the WSC content of WPS before ensiling was found
to be 3.84%, indicating that ensiling soybeans alone is difficult and
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challenging without the addition of additives. The consumption of
sugar by microorganisms during the fermentation process leads to
the production of lactic acid, which reduces the contents of DM and
WSC. With the addition of LP, there was a significant increase in the
DM, CP, and WSC content of the silage (p < 0.01) and a significant
decrease in pH (p < 0.01). The pH of silage is a traditional and critical
indicator for evaluating fermented feeds. McDonald et al. (1991)
identified a pH of 4.20 as critical for high-quality silage conservation,
while Ahmadi et al. (2019) noted that a pH range of 3.8 to 4.2 is
optimal. In the LP group, the pH was reduced to below 4.2 after
60 days of ensilage, indicating high-quality silage. Previous studies
have shown that low levels of ADF and NDF are associated with
higher quality feeds and higher dry matter intake (Ni et al., 2014).
Notably, the CK and LP groups showed lower contents of ADF and
NDEF at 60 days, indicating they have a higher feed value compared
to other fermentation periods. The decrease in crude fiber content
could be attributed to the enzymatic activity of microorganisms,
which break down the fiber during the fermentation process (Chen
et al., 2022). The EE content in the CK group showed a significant
increasing trend with the increase of ensiling days (p < 0.01), with the
highest content (3.49%) at 60 days of silage fermentation being more
than that in the CK group. This may be due to the microbial
community change and reduction of lipolytic bacteria with the
addition of LP. The addition of LP caused a significant increase in
propionic acid (PA) levels. PA is known to effectively inhibit the
growth of molds and yeasts, thereby reducing the occurrence of
secondary fermentation (Gheller et al., 2021). PA can also promote
the growth of LAB, modulating the ensiling process to minimize
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protein degradation. The undesirable BA was detected in the CK60d
and CK90d, while it was absent in the LP groups. As the ensiling time
increased, the aerobic stability of the silage progressively improved
(Kung et al., 2018). The addition of LP significantly enhanced the
aerobic stability and fermentation quality of WPS silage when
compared to the CK group. Similar effect of LP on fermentation
quality and microbial dynamics have been extensively reported in
alfalfa silage systems. For instance, studies have shown that LP
addition enhances lactic acid production, improves aerobic stability,
reduces BA levels, and lowers silage pH by promoting rapid
acidification, thereby suppresses undesirable microorganisms in
alfalfa-based silage formulations (Yang et al., 20205 Li et al., 2021;
Peng et al., 2024). These findings provide contextual support for the
efficacy of LP observed in WPS silage in the present study. Such
cross-species consistency highlights LP’s broad-spectrum utility as a
microbial inoculant in legume-based silage and reinforces the
of WPS as
appropriately inoculated.

The results highlight the substantial impact of Lactiplantibacillus
plantarum on microbial structures during fermentation, evident

potential a valuable forage resource when

from the distinct microbial community clustering between the CK
and LP groups at different ensiling days. The significant reduction in
bacterial diversity and species abundance with LP treatment, as
indicated by the Shannon, Simpson, and ACE indexes, suggests an
effective modulation of the bacterial community by LP. This could
be linked to the antibacterial action of LP, which may inhibit the
growth of harmful microorganisms, thereby improving the overall
fermentation process (Dinev et al., 2018; He et al., 2021). The marked
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difference in the unique ASVs numbers between the CK and LP
groups, especially at LP60d, underscores the potential of LP in
selectively suppressing undesirable bacteria while possibly promoting
beneficial ones. This selective antibacterial action could play a critical
role in enhancing the stability and quality of silage, making LP an
important factor in silage management and microbial ecology. The
fermentation level of silage is significantly determined by the
epiphytic microorganisms on the forage material used for ensiling
(Luetal., 2023). In addition to the direct impact of Lactiplantibacillus
plantarum, it is important to consider the potential interactions
between LP and native epiphytic microbes such as Weissella, which
may also contribute to early lactic acid production and pH decline.
Weissella genus are known to be active in the early stage of
fermentation due to their ability to grow in moderately acidic
environments, possibly supporting or even synergizing with LP’s
acidification process (Kong and Park, 2019). Thus, the observed
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reduction in pH might result from combined microbial activities
rather than solely LP’s dominance. Future studies incorporating
microbial interaction models or co-culture inoculation trials may
further clarify these relationships.

The significant increase in Lactobacillus abundance in the LP
group, as demonstrated by the t-test, highlights its crucial role in
the silage fermentation process. Enterococcus, Weissella, and
Pediococcus genera, known for their early production of LA in silage
feed, displayed high relative abundance in both CK and LP groups,
contributing beneficially to silage fermentation. The initial higher
pH levels likely favored the growth of Enterococcus, Pediococcus,
and Weissella, which have relatively low tolerance to lower pH
environments created by LA production. This environment
becomes more favorable for Lactobacillus growth as the
fermentation progresses. The relative abundance of Enterococcus in
the LP group declined from 15 to 30 days of ensiling, earlier than
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in the CK group, possibly due to the rapid decrease in pH facilitated
by increased lactic acid content with LP addition. Similar
suppression of Enterococcus has also been observed in alfalfa silage
treated with Lactiplantibacillus plantarum (Li et al., 2018; Zhang
et al., 2023). This suppression is primarily achieved by enhancing
the acidification environment of the silage (Na et al., 2022). This
consistency across forage types further supports LP ‘s role as a
broadly effective silage inoculant for modulating microbial
communities. This hastens the acidification process, improving the
microbial community and enhancing the quality of the silage.
Furthermore, the presence of Sphingomonas and Luteimonas,
related to the enhancement of cellulose decomposition, correlated
with the decrease in ADF and NDF contents as ensiling time
increased (Dumova and Kruglov, 2009). The detection of
Luteimonas in WPS silage appears novel, as no prior studies have
reported this genus in soybean silage fermentation. Additionally,
unclassified_Rhizobiaceae were also observed, possibly originating
from epiphytic bacteria on soybean plants, as Rhizobiaceae have
been noted in the silage of other legume forages (Huffman et al.,
2023). The microbial system of silage fermentation represents a
complex network (Sun et al, 2021), essentially a competitive
process between LAB and undesirable microbes. High-quality silage
is characterized by a simplified bacterial structure and the
proliferation of beneficial microbes (Bai et al., 2021). The WPS
silage in the LP60d exhibited the characteristics of high-quality
silage feed, demonstrating improved fermentation quality. This
suggests that targeted microbial interventions, such as the addition
of specific LAB strains, can effectively manipulate the microbial
ecosystem to favor beneficial processes, thereby enhancing the
overall quality and stability of the silage. This approach not only
improves the nutritional value but also potentially extends the
storage life of silage, making it a more viable feed option
for livestock.

Flavonoids, as principal phenolic substances of plant secondary
metabolites, play a beneficial role in health due to their antioxidant,
anti-inflammatory, antimicrobial, antimutagenic, and anticancer
properties (Proestos et al., 2006). Xu et al. (2020) identified several
flavonoids in red clover silage as differential metabolites between
control and inoculant treatments, suggesting a regulatory effect of the
inoculant LP on flavonoid content during ensiling. This indicates that
LP addition may enhance the anti-inflammatory and antioxidant
capabilities of silage, potentially benefiting animal health. Lysine is
an essential amino acid for animal growth and maintenance,
enhancing protein absorption and utilization (Khwatenge et al,
2020), while Threonine plays an important role in immunity in
animal feed production (Liu et al., 2022). This enhanced
understanding of how LP affects the metabolic profile of silage can
help improve the nutritional quality and health benefits of silage. The
results from the VPA revealed that when considered individually,
fermentation characteristics explained the highest percentage of
variation observed in the bacterial communities and metabolite
composition, accounting for 6 and 25%, respectively. However,
interactions between fermentation characteristics and ensiling days
(10 and 47%), as well as between fermentation characteristics and the
addition of Lactiplantibacillus plantarum (7 and 17%), were identified.
Notably, the interaction between fermentation characteristics and
ensiling days emerged as a more significant driver of bacterial
communities and metabolites composition in silage. This analysis fills
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the informational gap between microbial communities and
metabolites in leguminous forages, particularly soybean, and is
essential for selecting beneficial inoculants. The interplay of bacterial
dynamics and metabolic profiles underscores the complexity of the
silage fermentation process and highlights the potential for targeted
microbial interventions to enhance silage quality and
nutritional value.

This study was conducted under controlled laboratory conditions,
which may not entirely represent the complexity of field-scale silage
fermentation. As such, further investigations under practical on-farm

settings are warranted to validate the applicability of our findings.

Conclusion

In summary, the addition of LP to WPS significantly increased the
DM, CP, WSC, and LA content of silage, and significantly decreased
pH, significant increase of LA concentration of WPS silage enhanced
the relative abundance of beneficial bacteria like Lactobacillus,
inhibited undesirable microbes, and improved bacterial community
and fermentation quality. Two hundred and fifty types of lipids and
lipid molecules with beneficial effects on milk fat content increase,
various nutritional unsaturated fatty acids such as oleic acid and
linoleic acid, as well as beneficial secondary metabolites such as
flavonoids were detected in WPS with addition of LP through
metabolomics analysis. Notably, Lysine metabolism was influenced by
the addition of Lactiplantibacillus plantarum, which significantly
boosted the abundance of this essential amino acid, improving the
nutritional value of the silage. At the late stage of fermentation for
60 days, the fermentation quality, beneficial microorganisms, and
advantageous metabolites of silage have significant advantages in WPS
silage with addition of LP, the findings would provide technical
support for a high-quality silage soybean forage resource.

Data availability statement

The raw reads were deposited in the National Center for
Biotechnology Information (NCBI) database under accession
number PRJNA1085090.

Author contributions

HM: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Writing — original draft, Writing - review
& editing. YX: Formal analysis, Investigation, Methodology,
Software, Writing - original draft. LW: Conceptualization, Data
curation, Investigation, Methodology, Software, Writing - original
draft. JW: Conceptualization, Investigation, Methodology, Project
administration, Validation, Writing - original draft. BW:
Investigation, Methodology, Supervision, Writing - original draft.
HW: Investigation, Methodology, Software, Writing - original draft.
DH: Investigation, Methodology, Software, Writing — original draft.
SuW: Investigation, Software, Writing - original draft. XT:
Investigation, Software, Writing - original draft. YJ: Funding
acquisition, Methodology, Resources, Supervision, Validation,
Visualization, Writing - review & editing. ShW: Funding

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1565951
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Meng et al.

acquisition, Methodology, Resources, Supervision, Visualization,
Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was financially
supported by the National Key Research and Development Program
(2021YFD1201103-01-04), the Heilongjiang Provincial Key Research
and Development Plan Project (2024ZX02B12), and National Modern
Soybean Industry Technology System Construction Project
(CARS-04-PS06).

Conflict of interest

YX is employed by Beidahuang Group Heilongjiang Tangyuan
Farm Co., Ltd., Jiamusi, China.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Ahmadi, E, Lee, Y. H., Lee, W. H., Oh, Y.-K,, Park, K., and Kwak, W. S. (2019). Long-
term anaerobic conservation of fruit and vegetable discards without or with moisture
adjustment after aerobic preservation with sodium metabisulfite. Waste Manag. 87,
258-267. doi: 10.1016/j.wasman.2019.02.010

AOAC (1990). Official methods of analysis of the association of official analytical
chemists. Arlington, VA: AOAC.

Bai, J., Ding, Z., Ke, W,, Xu, D., Wang, M., Huang, W,, et al. (2021). Different lactic acid
bacteria and their combinations regulated the fermentation process of ensiled alfalfa:
ensiling characteristics, dynamics of bacterial community and their functional shifts.
Microb. Biotechnol. 14, 1171-1182. doi: 10.1111/1751-7915.13785

Broderick, G. A., and Kang, J. H. (1980). Automated simultaneous determination of
ammonia and total amino acids in ruminal fluid and in vitro Medial. J. Dairy Sci. 63,
64-75. doi: 10.3168/jds.50022-0302(80)82888-8

Callahan, B. J., McMurdie, P. ., Rosen, M. J., Han, A. W,, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from illumina amplicon
data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Chang, S. R, Lu, C. H,, Lur, H. S., and Hsu, E H. (2012). Forage yield, chemical contents,
and silage quality of manure soybean. Agron. J. 104, 130-136. doi: 10.2134/agronj2011.0015

Chen, X, Ma, Y., Khan, M. Z,, Xiao, J., Alugongo, G. M., Li, S., et al. (2022). A combination
of lactic acid bacteria and molasses improves fermentation quality, chemical composition,
physicochemical structure, in vitro degradability and rumen microbiota colonization of rice
straw. Front. Vet. Sci. 9:900764. doi: 10.3389/fvets.2022.900764

Cichoniska, P, Ziebicka, A., and Ziarno, M. (2022). Properties of rice-based beverages
fermented with lactic acid bacteria and propionibacterium. Molecules 27:2558. doi:
10.3390/molecules27082558

Dinev, T, Beev, G., Tzanova, M., Deney, S., Dermendzhieva, D., and Stoyanova, A. (2018).
Antimicrobial activity of lactobacillus plantarum against pathogenic and food spoilage
microorganisms: a review. Bulg. J. Vet. Med. 21, 253-268. doi: 10.15547/bjvm.1084

Dumova, V. A,, and Kruglov, Y. V. (2009). A cellulose-decomposing bacterial
association. Microbiology 78, 234-239. doi: 10.1134/50026261709020155

Gheller, L. S., Ghizzi, L. G., Takiya, C. S., Grigoletto, N. T. S,, Silva, T. B. P,
Marques, J. A., et al. (2021). Different organic acid preparations on fermentation and
microbiological profile, chemical composition, and aerobic stability of whole-plant corn
silage. Anim. Feed Sci. Technol. 281:115083. doi: 10.1016/j.anifeedsci.2021.115083

He, Q,, Zhou, W, Chen, X., and Zhang, Q. (2021). Chemical and bacterial composition
of broussonetia papyrifera leaves ensiled at two ensiling densities with or without
lactobacillus plantarum. J. Clean. Prod. 329:129792. doi: 10.1016/j.jclepro.2021.129792

Huffman, J., Drouin, P, Renaud, J. B., Duniére, L., and LaPointe, G. (2023). Farm
management practices and season dependent factors affect the microbial community

and chemical profile of corn and grass-legume silages of farms in Ontario, Québec, and
Northern New York. Front. Microbiol. 14:1214915. doi: 10.3389/fmicb.2023.1214915

Frontiers in Microbiology

13

10.3389/fmicb.2025.1565951

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/
full#supplementary-material

Huo, W, Wang, X., Wei, Z., Zhang, H.-W,, Liu, Q,, Zhang, S., et al. (2021). Effect of lactic
acid bacteria on the ensiling characteristics and in vitro ruminal fermentation parameters
of alfalfa silage. Ital. J. Anim. Sci. 20, 623-631. doi: 10.1080/1828051X.2021.1906167

Jahanzad, E., Sadeghpour, A., Hashemi, M., Keshavarz Afshar, R., Hosseini, M. B., and
Barker, A. V. (2016). Silage fermentation profile, chemical composition and economic
evaluation of millet and soya bean grown in monocultures and as intercrops. Grass
Forage Sci. 71, 584-594. doi: 10.1111/gfs.12216

Kang, J., Tang, S., Zhong, R., Tan, Z., and Wu, D. (2021). Alfalfa silage treated with
sucrose has an improved feed quality and more beneficial bacterial communities. Front.
Microbiol. 12:670165. doi: 10.3389/fmicb.2021.670165

Khwatenge, C. N., Kimathi, B. M., Taylor-Bowden, T., and Nahashon, S. N. (2020).
Expression of lysine-mediated neuropeptide hormones controlling satiety and appetite
in broiler chickens. Poult. Sci. 99, 1409-1420. doi: 10.1016/j.psj.2019.10.053

Kong, S., and Park, J.-H. (2019). Acid tolerance and morphological characteristics of
five weissella cibaria bacteriophages isolated from kimchi. Food Sci. Biotechnol. 29,
873-878. doi: 10.1007/s10068-019-00723-4

Kung, L., Smith, M. L., Benjamim da Silva, E., Windle, M. C,, da Silva, T. C., and
Polukis, S. A. (2018). An evaluation of the effectiveness of a chemical additive based on
sodium benzoate, potassium sorbate, and sodium nitrite on the fermentation and
aerobic stability of corn silage. J. Dairy Sci. 101, 5949-5960. doi: 10.3168/jds.2017-14006

Li, E H., Ding, Z., Chen, X. Z., Zhang, Y. X., Ke, W, Zhang, X., et al. (2021). The effects
of lactobacillus plantarum with feruloyl esterase-producing ability or high antioxidant
activity on the fermentation, chemical composition, and antioxidant status of alfalfa
silage. Anim. Feed Sci. Technol. 273:114835. doi: 10.1016/].ANIFEEDSCI.2021.114835

Li, D,, Yanping, W., Zhang, Y.-C,, Lin, Y., and Yang, E. (2018). Evaluation of lactic acid
bacteria isolated from alfalfa for silage fermentation. Grassl Sci. 64, 190-198. doi:
10.1111/GRS.12198

Lin, H. L., Zhang, J. R., Zhou, Z. Y., and Gao, Y. L. (2017). “Production potential
analysis for alfalfa production in China” in Proceedings of the 3rd annual international
conference on management, economics and social development (ICMESD 17)
(Guangzhou: Atlantis Press), 123-129.

Liu, Y., Wei, D., and Chen, W. (2022). Oleaginous microalga coccomyxa subellipsoidea
as a highly effective cell factory for CO2 fixation and high-protein biomass production
by optimal supply of inorganic carbon and nitrogen. Front. Bioeng. Biotechnol.
10:921024. doi: 10.3389/fbioe.2022.921024

Lu, G., Huang, X,, Li, L., Chen, C,, and Li, P. (2023). Effects of ambient temperature
and available sugar on bacterial community of pennisetum sinese leaf: an in vitro study.
Front. Microbiol. 13:1072666. doi: 10.3389/fmicb.2022.1072666

Maneerat, W., Prasanpanich, S., Tumwasorn, S., Laudadio, V., and Tufarelli, V. (2015).
Evaluating agro-industrial by-products as dietary roughage source on growth performance
of fattening steers. Saudi J. Biol. Sci. 22, 580-584. doi: 10.1016/j.sjbs.2015.01.015

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1565951
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1565951/full#supplementary-material
https://doi.org/10.1016/j.wasman.2019.02.010
https://doi.org/10.1111/1751-7915.13785
https://doi.org/10.3168/jds.S0022-0302(80)82888-8
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.2134/agronj2011.0015
https://doi.org/10.3389/fvets.2022.900764
https://doi.org/10.3390/molecules27082558
https://doi.org/10.15547/bjvm.1084
https://doi.org/10.1134/S0026261709020155
https://doi.org/10.1016/j.anifeedsci.2021.115083
https://doi.org/10.1016/j.jclepro.2021.129792
https://doi.org/10.3389/fmicb.2023.1214915
https://doi.org/10.1080/1828051X.2021.1906167
https://doi.org/10.1111/gfs.12216
https://doi.org/10.3389/fmicb.2021.670165
https://doi.org/10.1016/j.psj.2019.10.053
https://doi.org/10.1007/s10068-019-00723-4
https://doi.org/10.3168/jds.2017-14006
https://doi.org/10.1016/J.ANIFEEDSCI.2021.114835
https://doi.org/10.1111/GRS.12198
https://doi.org/10.3389/fbioe.2022.921024
https://doi.org/10.3389/fmicb.2022.1072666
https://doi.org/10.1016/j.sjbs.2015.01.015

Meng et al.

McDonald, P,, Henderson, A. R., and Heron, S.J. E. (1991). The biochemistry of silage.
2nd Edn. Marlow: Chalcombe Publications.

Mu, L., Xie, Z., Hu, L., Chen, G., and Zhang, Z. (2020). Cellulase interacts with
lactobacillus plantarum to affect chemical composition, bacterial communities, and
aerobic stability in mixed silage of high-moisture amaranth and rice straw. Bioresour.
Technol. 315:123772. doi: 10.1016/j.biortech.2020.123772

Na, N,, Qili, M., Wu, N,, Sun, L., Xu, H., Zhao, Y,, et al. (2022). Bacterial community
and fermentation quality of ensiling alfalfa with commercial lactic acid bacterial
additives. Front. Microbiol. 13:836899. doi: 10.3389/fmicb.2022.836899

Ni, K., Wang, Y., Pang, H., and Cai, Y. (2014). Effect of cellulase and lactic acid bacteria
on fermentation quality and chemical composition of wheat straw silage. Am. J. Plant
Sci. 5, 1877-1884. doi: 10.4236/ajps.2014.513201

Ni, K., Wang, E, Zhu, B,, Yang, J., Zhou, G., Pan, Y,, et al. (2017). Effects of lactic acid
bacteria and molasses additives on the microbial community and fermentation quality
of soybean silage. Bioresour. Technol. 238, 706-715. doi: 10.1016/j.biortech.2017.04.055

Ogunade, 1. M., Jiang, Y., Kim, D. H., Cervantes, A. A. P, Arriola, K. G., Vyas, D, et al.
(2017). Fate of escherichia coli O157:H7 and bacterial diversity in corn silage
contaminated with the pathogen and treated with chemical or microbial additives. J.
Dairy Sci. 100, 1780-1794. doi: 10.3168/jds.2016-11745

Peng, W., Zhang, L., Wei, M., Wu, B., Xiao, M., Zhang, R., et al. (2024). Effects of
lactobacillus plantarum (L) and molasses (M) on nutrient composition, aerobic stability,
and microflora of alfalfa silage in sandy grasslands. Front. Microbiol. 15:1358085. doi:
10.3389/fmicb.2024.1358085

Proestos, C., Boziaris, I. S., Nychas, G.-J. E., and Komaitis, M. (2006). Analysis of flavonoids
and phenolic acids in greek aromatic plants: investigation of their antioxidant capacity and
antimicrobial activity. Food Chem. 95, 664-671. doi: 10.1016/j.foodchem.2005.01.049

Si, Q., Wang, Z., Liu, W,, Liu, M., Ge, G,, Jia, Y., et al. (2023). Influence of cellulase or
lactiplantibacillus plantarum on the ensiling performance and bacterial community in
mixed silage of alfalfa and leymus chinensis. Microorganisms 11:426. doi:
10.3390/microorganisms11020426

Song, C., Li, J., Xing, J., Wang, C., Li, J., and Shan, A. (2022). Effects of molasses
interacting with formic acid on the fermentation characteristics, proteolysis and
microbial community of seed-used pumpkin leaves silage. J. Clean. Prod. 380:135186.
doi: 10.1016/j.jclepro.2022.135186

Sun, L., Bai, C,, Xu, H., Na, N,, Jiang, Y., Yin, G,, et al. (2021). Succession of bacterial
community during the initial aerobic, intense fermentation, and stable phases of whole-
plant corn silages treated with lactic acid bacteria suspensions prepared from other
silages. Front. Microbiol. 12:655095. doi: 10.3389/fmicb.2021.655095

Van Soest, P. ., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber,
neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J.
Dairy Sci. 74, 3583-3597. doi: 10.3168/jds.S0022-0302(91)78551-2

Vargas-Bello-Pérez, E., Mustafa, A. F,, and Seguin, P. (2008). Effects of feeding forage
soybean silage on milk production, nutrient digestion, and ruminal fermentation of
lactating dairy cows. J. Dairy Sci. 91, 229-235. doi: 10.3168/jds.2007-0484

Wang, W. N,, Ge, J. Z., Yang, H. C,, Yin, E. T, Huang, T. L., Kuai, J., et al. (2022).
Adaptation of feed crops to saline-alkali soil stress and effect of improving saline-

Frontiers in Microbiology

14

10.3389/fmicb.2025.1565951

alkali soil. Acta Agron. Sin. 48, 1451-1462. doi: 10.3724/SP.J.1006.2022.14051 (in
Chinese)

Wang, C., Pian, R., Chen, X, and Zhang, Q. (2021a). Effects of polyphenol oxidases
on proteolysis and lipolysis during ensiling of moringa oleifera leaves with or without
pyrocatechol. Anim. Feed Sci. Technol. 275:114870. doi: 10.1016/j.anifeedsci.2021.114870

Wang, W, Tan, Z., Gu, L., Ma, H., Wang, Z., Wang, L., et al. (2022). Variation of
microbial community and fermentation quality in corn silage treated with lactic acid
bacteria and artemisia argyi during aerobic exposure. Toxins 14:349. doi:
10.3390/toxins14050349

Wang, C., Zheng, M., Wu, S., Zou, X., Chen, X., Ge, L., et al. (2021b). Effects of gallic
acid on fermentation parameters, protein fraction, and bacterial community of whole
plant soybean silage. Front. Microbiol. 12:662966. doi: 10.3389/fmicb.2021.662966

Weinberg, Z. G., and Muck, R. E. (1996). New trends and opportunities in the
development and use of inoculants for silage. FEMS Microbiol. Rev. 19, 53-68. doi:
10.1111/j.1574-6976.1996.tb00253.x

Wilkinson, J. M., and Davies, D. R. (2013). The aerobic stability of silage: key findings
and recent developments. Grass Forage Sci. 68,1-19. doi: 10.1111/.1365-2494.2012.00891.x

Xiao, Y., Lin, S., Xin, X., Xu, L., and Du, S. (2023). Physicochemical characteristics and
microbial community succession during oat silage prepared without or with
Lactiplantibacillus plantarum or Lentilactobacillus buchneri. Microbiol. Spectr.
11:€0222823. doi: 10.1128/spectrum.02228-23

Xu, D, Ding, Z., Wang, M., Bai, J., Ke, W,, Zhang, Y., et al. (2020). Characterization of
the microbial community, metabolome and biotransformation of phenolic compounds
of sainfoin (onobrychis viciifolia) silage ensiled with or without inoculation of lactobacillus
plantarum. Bioresour. Technol. 316:123910. doi: 10.1016/j.biortech.2020.123910

Yan, Y, Li, X., Guan, H., Huang, L., Ma, X, Peng, Y., et al. (2019). Microbial community
and fermentation characteristic of italian ryegrass silage prepared with corn Stover and
lactic acid bacteria. Bioresour. Technol. 279, 166-173. doi: 10.1016/j.biortech.2019.01.107

Yang, J., Tan, H., and Cai, Y. (2016). Characteristics of lactic acid bacteria isolates and
their effect on silage fermentation of fruit residues. J. Dairy Sci. 99, 5325-5334. doi:
10.3168/jds.2016-10952

Yang, E, Wang, Y., Zhao, S., and Wang, Y. (2020). Lactobacillus plantarum inoculants
delay spoilage of high moisture alfalfa silages by regulating bacterial community
composition. Front. Microbiol. 11:1989. doi: 10.3389/fmicb.2020.01989

Zeng, T., Li, X., Guan, H., Yang, W,, Liu, W,, Liu, J., et al. (2020). Dynamic
microbial diversity and fermentation quality of the mixed silage of corn and
soybean grown in strip intercropping system. Bioresour. Technol. 313:123655. doi:
10.1016/j.biortech.2020.123655

Zhang, X., Zhao, S., Wang, Y., Yang, F, Wang, Y, Fan, X,, et al. (2023). The effect of
Lactiplantibacillus plantarum ZZU203, cellulase-producing bacillus methylotrophicus,
and their combinations on alfalfa silage quality and bacterial community. Fermentation
9:287. doi: 10.3390/fermentation9030287

Zhao, S., Yang, F, Wang, Y., Fan, X., Feng, C., and Wang, Y. (2021). Dynamics of
fermentation parameters and bacterial community in high-moisture alfalfa silage with
or without lactic acid bacteria. Microorganisms 9:1225. doi: 10.3390/
microorganisms9061225

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1565951
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biortech.2020.123772
https://doi.org/10.3389/fmicb.2022.836899
https://doi.org/10.4236/ajps.2014.513201
https://doi.org/10.1016/j.biortech.2017.04.055
https://doi.org/10.3168/jds.2016-11745
https://doi.org/10.3389/fmicb.2024.1358085
https://doi.org/10.1016/j.foodchem.2005.01.049
https://doi.org/10.3390/microorganisms11020426
https://doi.org/10.1016/j.jclepro.2022.135186
https://doi.org/10.3389/fmicb.2021.655095
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.2007-0484
https://doi.org/10.3724/SP.J.1006.2022.14051
https://doi.org/10.1016/j.anifeedsci.2021.114870
https://doi.org/10.3390/toxins14050349
https://doi.org/10.3389/fmicb.2021.662966
https://doi.org/10.1111/j.1574-6976.1996.tb00253.x
https://doi.org/10.1111/j.1365-2494.2012.00891.x
https://doi.org/10.1128/spectrum.02228-23
https://doi.org/10.1016/j.biortech.2020.123910
https://doi.org/10.1016/j.biortech.2019.01.107
https://doi.org/10.3168/jds.2016-10952
https://doi.org/10.3389/fmicb.2020.01989
https://doi.org/10.1016/j.biortech.2020.123655
https://doi.org/10.3390/fermentation9030287
https://doi.org/10.3390/microorganisms9061225
https://doi.org/10.3390/microorganisms9061225

	Impact of Lactiplantibacillus plantarum on the fermentation quality, nutritional enhancement, and microbial dynamics of whole plant soybean silage
	Introduction
	Materials and methods
	Silage preparation
	Chemical composition and fermentation characteristics analysis
	Microbial diversity analysis
	Metabolite analysis
	Statistical analysis

	Results
	Chemical composition of WPS
	Chemical composition and fermentation characteristics of WPS silage
	Bacterial community of WPS silage
	Alpha-diversities and beta-diversity of WPS silage
	Taxonomic and abundance of bacterial populations
	Biomarkers analysis
	Metabolites
	Metabolites composition, time series analysis, and differentially accumulated metabolites
	Differentially metabolites KEGG pathway enrichment
	The relationships among bacterial community, metabolites, and key fermentation quality indicators

	Discussion
	Conclusion

	References

