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Lactic acid bacteria additives
effectively regulate nitrogen
compounds and related bacterial
communities in silage infected
with leaf spot disease

Xiaolong Zhang*, Yuanyan Meng™ and Liuxing Xu***

!College of Agronomy and Life Sciences, Zhaotong University, Zhaotong, China, 2College of Animal
Science and Technology, Yunnan Agricultural University, Kunming, China

Leaf spot is a widespread disease that poses a severe challenge to the forage
industry. Lactic acid bacteria (LAB) additives inhibit the growth of harmful bacteria
through mechanisms such as competitive exclusion and the production of
antimicrobial substances, thereby improving the fermentation environment.
The aim of this study was to explore the effects of LAB on the regulation of
nitrogen compounds and related bacterial communities in silage infected with
leaf spot disease. The experiments included two forage types (ltalian ryegrass [IR]
and oat), three additives (deionized water [control, CK], Lactobacillus plantarum
YM3, and Lactobacillus rhamnosus HT1), and four ensiling periods (0, 15, 30, and
60 d). Ammonia-N concentration and LAB numbers increased with increasing
ensiling time. The ammonia-N concentration of IR was significantly lower than
that of oat (P < 0.05). The aminopeptidase activity of CK silage (10.5 units h™* g™
dry matter [DM]) was higher than that of YM3 (7.19 units h™ g™* DM) and HT1
silages (7.07 units h™* g™ DM) (P < 0.05). The YM3 silage (94.5 g kg™ DM) had a
higher lactic acid concentration than that of CK (69.5 g kg™ DM) and HT1 silages
(83.3 g kg™t DM) (P < 0.05). Among the 12 environmental factors analyzed, pH
(R® = 0.1171, P = 0.0113) and ammonia-N (R® = 0.076, P = 0.0436) had the
greatest influence on bacterial relative abundance. The normalized shuffle test
index demonstrated a significant impact on microbial stability, with differences
observed under varying treatment conditions (IR > oat, CK > HT1 > YM3, and ES60
> ES15 > ES30 (P < 0.05)). In conclusion, oat silage exhibited better fermentation
quality and bacterial stability than that of IR. Extending the ensiling time
significantly improved the overall fermentation quality of silage. Furthermore,
the application of LAB additives, particularly YM3, significantly enhanced the
fermentation quality and bacterial stability of silage from forage infected with leaf
spot disease.

lactic acid bacteria, leaf spot disease, microbial community, protein degradation, silage
fermentation quality
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Introduction

Leaf spot is a widespread disease that poses a substantial
challenge to the forage industry. It leads to a significant reduction
in forage yield and severely impairs the nutritional value and quality
of forage (Johnson et al., 2023; Lan et al., 2024; Qian et al., 2024).
Infections by Leptosphaeria avenaria and Parastagonospora
nodorum reduce forage quality, compromising its nutritional
value (Qian et al., 2024). Agronomic management measures such
as rational fertilization (Grewal and Williams, 2002) and scientific
pesticide application (Atri et al., 2022) have been implemented to
prevent and control leaf spot with some success. However, forage
producers still lack a deep understanding of how to further enhance
the utilization potential of these diseased forages, improve
production outcomes, and evaluate the practical effectiveness of
these improvement measures when they fail to promptly treat the
forages affected by leaf spot. Recent studies have highlighted the
pivotal role of lactic acid bacteria (LAB) additives in forage silage
(Wang et al, 2021; Zhou et al., 2024; Zong et al., 2023). These
additives inhibit the growth of harmful bacteria through
mechanisms such as competitive exclusion and the production of
antimicrobial substances, thereby improving the fermentation
environment, reducing protein degradation, and enhancing the
nutritional value of the silage (Zhang et al., 2023). For example,
LAB inhibit the quorum sensing signaling of Pseudomonas
aeruginosa, reducing the mRNA expression levels of the lasI and
rhil genes, thereby decreasing the synthesis of N-acyl homoserine
lactone and ultimately suppressing its virulence (Rana et al., 2020).
However, under conditions where forage plants are infected with
diseases like leaf spot, the specific mechanisms and effects of LAB
additives on silage quality remain poorly understood. Therefore,
exploring the potential application and effects of LAB additives in
the silage process of forage infected with leaf spot diseases is crucial
for ensuring feed safety and enhancing the efficiency of animal
husbandry production.

During silage fermentation, protein degradation is primarily
driven by plant and microbial proteases, resulting in the production
of a large amount of non-protein nitrogen compounds, including
peptide nitrogen, free amino acid nitrogen (FAA-N), and ammonia-
N (Huang et al, 2023; Xu et al, 2021, 2023). Excessive protein
degradation in silage reduces nitrogen utilization by animals,
resulting in economic losses. As the pH of silage decreases, some
peptidases are inactivated, and some microorganisms metabolize
and produce proteases that further promote protein degradation
(Fijalkowska et al., 2015). Factors like pH (Li et al, 2018) and
temperature (Liu et al., 2016) directly influence protein degradation
in silage, and microorganisms such as Pantoea (Jiang et al., 2023),
Weissella (Zhang et al., 2023), and Pseudomonas (Li et al., 2024)
have a substantial effect on silage pH (Der Bedrosian and Kung,

Abbreviations: AB, aerobic bacteria; CK, control; DM, dry matter; FM, fresh
matter; HT1, Lactobacillus rhamnosus HT1; IR, Italian ryegrass; LAB, lactic acid
bacteria; NST, normalized shuffle test; OUT, operational taxonomic units; PCR,
polymerase chain reaction; WSC, Water-soluble carbohydrate; YM3,
Lactobacillus plantarum YM3.
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2019). However, the impact of microbial metabolites on silage
protease activity remains unclear.

Previous studies have primarily focused on the silage
fermentation characteristics of healthy forage, while this study
systematically reveals the fermentation dynamics and quality
changes of leaf spot disease-infected forage during the ensiling
process, filling the gap in research on diseased silage. Additionally,
this study provides an in-depth analysis of the regulatory
mechanisms of LAB additives on the microbial community
structure and stability of diseased silage, clarifying the impact of
key environmental factors on microbial metabolism and nitrogen
compound degradation. Therefore, the results of this study not only
contribute to improving the utilization efficiency of diseased forage
but also provide a theoretical basis for the optimization and
regulation of nitrogen compounds in diseased silage, deepen the
understanding of the dynamic succession mechanisms of microbial
communities, and offer scientific support for enhancing the quality
and sustainable use of diseased silage. In this study, we aimed to
investigate the regulatory mechanisms of LAB additives on nitrogen
compounds and related bacterial communities during the ensiling
process of oat (Avena sativa) and Italian ryegrass (Lolium
multiflorum, IR) infected with leaf spot disease. The specific
objectives include: 1) investigating the inhibitory effect of LAB
additives on nitrogen compounds and related bacterial
communities during ensiling; and 2) analyzing the impact of LAB
additives on the fermentation quality of silage, with a focus on
inhibiting protein degradation.

Materials and methods
Experimental site

The experimental site was set up at the experimental field of
Zhaotong University (Zhaoyang District, Zhaotong City, Yunnan
Province; 27°36'N, 103°74'E; 1985 m altitude). No herbicides have
been applied at the site. According to data from the Zhaotong
Meteorological Bureau, the average annual temperature over the
past 20 years was 12.3°C and the annual total rainfall was
682 mm. Every year, the locally grown forage in this area is
affected by various leaf diseases, with leaf spot disease being
particularly prevalent.

Raw materials and silage preparation

Forage with more than 30% leaf spot was selected for ensiling.
The forage was harvested during the late flowering and early milk
stages for IR and oat, respectively. Fresh matter (FM) was
transported to the laboratory, chopped into 20-30 mm lengths,
and thoroughly mixed. Subsequently, the materials were inoculated
with Lactobacillus plantarum YM3 and Lactobacillus rhamnosus
HT1 at a concentration of 1.0 x 10° cfu g’1 FM. The control (CK)
was sprayed with an equal amount of deionized water. Each
treatment (including raw materials) was prepared in triplicate. All
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samples were placed in bags (polyethylene bag, 300 by 400 by 0.2
mm, Mingkang Packing, Zhongshan, China), which were placed in
a laboratory cabinet (22°C, dark environment) for 0, 15, 30, and 60
days (ESOd, ES15d, ES30d, and ES60d groups, respectively). The
two LAB strains were isolated from the forage processing laboratory
of South China Agricultural University and have been previously
used in studies to improve the fermentation quality of silage (Liu
et al,, 2018b; Xie et al,, 2012). Next, 300 g of the treated materials
were placed into polyethylene bags (300 mm x 400 mm x 0.2 mm,
Mingkang Packing Co. Ltd., Zhongshan, China), which were
degassed and sealed using a vacuum sealing machine (Sinbo
Vacuum Sealer, Hong Tai Home Electrical Appliance Co., Ltd.,
Hong Kong, China).

Chemical and microbial analysis

The LAB, aerobic bacteria (AB), yeasts and molds were counted
on de Man, Rogosa, and Sharpe agar, nutrient agar and potato
dextrose agar, respectively (Tang et al., 2023). The LAB were
cultured under anaerobic conditions at 37°C for 2 d. AB, yeasts,
and molds were cultured under aerobic conditions at 37°C for 3 d.
The dry matter (DM) concentration was determined by drying
samples at 70°C for 48 h in an oven with forced air circulation,
followed by grinding the dried material to pass a 1.0 mm screen
using a knife mill (Blast drying oven 9003A, Shandong Jinan
Haineng Instrument Co., Ltd., China Co., Ltd). Crude ash
concentration was measured by incinerating samples in a muffle
furnace at 550°C for 5 h. Buffering capacity was assessed using acid-
base titration (Playne and McDonald, 1966). Water-soluble
carbohydrate (WSC) concentration was determined using the
sulfuric acid-anthrone method (use sucrose to make a standard
curve) (Murphy, 1958).

Furthermore, the ammonia-N concentration was measured
using phenol method after determining the pH of the silage
filtrate (Broderick and Kang, 1980). The pH of the filtrate (10 g
of FM added to 90 mL distilled water) was determined using a pH
meter (LE438 pH meter, Mettler Toledo, Shanghai, China). The
soluble protein concentration was determined using the Coomassie
brilliant blue method (Bradford, 1976). The supernatant was used to
determine the FAA-N concentration (Broderick and Kang, 1980).

Moreover, acid protease, aminopeptidase, and carboxypeptidase
activities were analyzed according to the method recommended by
Guo et al. (2007). After bags were opened, 20 g subsample of each silo
was homogenized with 100 mL of 0.1 M sodium phosphate buffer (pre-
cooling, pH 6.0 with 5 mM hyposulfite) for 1 min. The homogenates
were filtered through 4 layers of cheesecloth and centrifuged at 8,000 x
g for 10 min at 4°C. The supernatant samples were stored at —80°C for
analysis of protease activities. Acid proteinase activity was measured by
the methods of Peterson and Huffaker (1975). Aminopeptidase and
carboxypeptidase activities were determined according to the method
of Feller et al. (1977). The concentrations of organic acids (lactic acid,
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acetic acid, propionic acid, and butyric acid) were determined by high-
performance liquid chromatography using a Sodex RS Pak KC-811
column (Showa Denko K K., Kawasaki, Japan), a diode array detector
set at 210 nm (serial presence detect-20A, Shimadzu Co., Ltd, Kyoto,
Japan), and an eluent of 3 mmol L' HClO, (flow rate: 1.0 mL min’}
temperature: 60°C).

Bacterial community analysis

Total microbial community DNA was extracted using an
EZNAPlant DNA kit (Omega Bio-tek, Norcross, GA, USA)
according to the manufacturer’s instructions. DNA was extracted
using 1% agarose gel electrophoresis, and DNA concentration and
purity were determined using a NanoDrop 2000 spectrophotometer.
To address the common issue of sequence similarity between plant
endophytic bacteria and chloroplast or mitochondrial rRNA coding
sequences, a nested polymerase chain reaction (PCR) assay was used
(Guo et al,, 2017). The V5-V7 regions of the 16S rRNA genes of the
strains were amplified with primers 779F (5’AACMGGATT
AGATACCCKG-3") and 1193R (5-ACGTCATCCCCACCTTCC-
3’) using the thermocycler PCR system (GeneAmp 9700, ABI, USA).
PCR products from each same sample were mixed and resolved on a
2% agarose gel. The recovered DNA fragments were purified using an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA) according to the manufacturer’s instructions, and their
concentrations were quantified using a Quantus Fluorometer
(Axygen Biosciences, Union City, CA, USA). Library construction
of the purified PCR products was performed using a NEXTFLEX
Rapid DNA-Sequencing Kit. Sequencing was performed using
Mumina’s PE300 platform. Quality control and sequence assembly
were performed using Fastp software (OriginPro®2021b, OriginLab
Corp., WA, USA).

Statistical analysis

Analysis of variance was used to assess the effects of ensiling time,
crop type, and additives on fermentation quality, microbial
community, and protein degradation. The mean values of ensiling
time, crop type, and additives were calculated for fermentation
quality, microbial community, and protein degradation, respectively
using SPSS software (version 17.0 for Windows; SPSS Inc., Chicago,
IL, USA). The statistical model used was (Li et al., 2018): Y= + T; +
&, where Y represents the response variable, U is the overall mean, T;
represents the effect of treatment, and €ij is the residual error.

Analyses of fermentation quality, microbial community, and
protein degradation across different ensiling times, crop types, and
additives were performed using the principal component analysis
(PCA) function (OriginPro®2021b software, OriginLab Corp., WA,
USA). A normalized shuffle test (NST) index was used to evaluate
the stability of microbial communities.
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Results
Characteristics of raw materials

The chemical composition and microbial population of the FM
before ensiling are listed in Table 1. The DM concentration was 321

TABLE 1 Chemical compositions, buffering capacity, epiphytic microbes
and protease activities of Italian ryegrass and oat.

Italian

Items Oat P
ryegrass
Dry matter
1 321 £ 8.19a 293 + 3.54b 0.037
(g kg™, FM)
Crude protein
1 165 + 4.09a 10.1 + 4.09b 0.042
(gkg” DM)
Neutral detergent fiber
1 557 + 12.9b 648 + 13.7a 0.047
(gkg” DM)
Acid detergent fiber
o 296 + 6.74b 382 £ 7.73a 0.033
(gkg” DM)
Crude ash
rude as 174 £ 0.73 1.69 £ 0.09 0.956
(gkg” DM)
Ether extract
1 5.32 £ 0.07 5.18 + 031 0.684
(gkg” DM)
Water-soluble
carbohydrates 70.8 +7.82 90.4 + 13.9 0.285
(gkg" DM)
Bufferi it
Liering capacity 296 + 1.84a 200 + 2.26b 0.030
(mE kg™ DM)
pH 7.23 £0.05 6.68 + 0.20 0.055
Aerobic bacteria
1 7.08 £ 0.05b 7.74 + 0.10a 0.005
(Ig cfu g FM)
Lactic acid bacteria
1 5.14 + 0.06a 4.82 £ 0.01b 0.006
(Ig cfu g FM)
Molds 2.96 + 0.14 2.96 + 0.14 1.000
(Ig cfu g' FM) R e ’
Yeast
st 2.90 £ 0.10 2,96 +0.14 0.745
(g cfu g FM)
Solubl tei
olub'e protetn 200 £ 5.73 19.2 = 4.86 0.917
(mgg™)
Free amino acid
1 0.13 £ 0.02 0.11 + 0.03 0.612
(mgg™)
Free amino acid nitrogen
1 127 £ 0.17 1.09 + 0.30 0.630
(mgg™)
Ammonia N 581+035 5.18 + 0.81 0512
(gkg" TN) R T '
Acid protease
Lo a1 70.6 £ 1.29 64.2 + 3.10 0.130
(units h™ g~ DM)
Carboxypeptidase
26.4 + 5.40 10.2 + 2.20b 0.049
(units h' g™ DM) @
Aminopeptidase 124 + 0.63b 19.1 + 1.63a 0.018
(units h™' g DM) o o ’

Different lowercase letters in the same row represent significant difference between crop type
(P < 0.05).

Frontiers in Animal Science

10.3389/fanim.2025.1577383

g kg'1 (IR) and 293 g kg'1 (oat) (P < 0.05). However, the neutral
detergent fiber and acid detergent fiber concentrations of oat were
higher than those of IR (P < 0.05). The carboxypeptidase activity in
IR (26.4 units h™! g'1 DM) was lower than that of oat (10.2 units h™!
g' DM) (P < 0.05), while the aminopeptidase activity was higher
(12.4 vs. 19.1 units h™! g DM) (P < 0.05).

Fermentation quality, nitrogen compounds,
and protease activities of silage

As shown in Table 2, WSC and ammonia-N concentrations
were affected by two sources of interactive variation: ensiling time x
crop type and ensiling time x additives. Ammonia-N concentration
and LAB numbers generally increased with increasing ensiling time.
The soluble protein (7.25 mg g') and ammonia-N (6.28 g kg™* TN)
concentrations in IR were lower than those in oat (8.73 mg g and
5.34 gkg' TN, respectively) (P < 0.05). The YM3 silage had a higher
FAA-N concentration (4.48 mg kg™') than the CK (1.96 mg kg™")
and HT1 (2.41 mg kg'l) silages (P < 0.05, Table 2).

As shown in Table 3, The activities of aminopeptidase (47.5 units
h' g' DM) and carboxypeptidase (11.4 units h ' g”' DM) in the
ES15d group were significantly higher than those in the ES0d group
(20.5 and 6.77 units h™ g DM, respectively) (P < 0.05). The pH
decreased over time (P < 0.05), indicating progressive acidification.
Carboxypeptidase and aminopeptidase activity were higher in IR
(41.7 and 9.89 h™ g DM) than in oat (30.7 and 6.92h™" g™ DM, P <
0.05), suggesting greater protein degradation in Italian ryegrass. The
aminopeptidase activity of CK silage (10.5 units h™ g DM) was
higher than that of YM3 (7.19 units h™* g DM) and HT1 silages
(7.07 units k™' g DM) (P < 0.05). The YM3 (94.5 g kg DM) and
HT1 (83.3 g kg'' DM) silages had a higher lactic acid concentration
than that of CK (69.5 g kg’1 DM) and HT1 silages (P < 0.05). Ensiling
time, crop type, additives, and their interaction had no significant
effects on the propionic and butyric acids concentrations of the silage
(P > 0.05, Table 3).

Bacterial community and influencing
factors of silage

At the genus level, the relative abundances of Lactobacillus and
Pseudomonas were predominant and remained consistent across
different crop types and additives (Figure 1). During ensiling, the
overlap of operational taxonomic units (OTUs) in different crop
types and additives was high. A total of 36, 43, and 85 OTUs were
found in the ES15d, ES30d, and ES60d silage sample groups,
respectively. Furthermore, 73, 82, and 76 OTUs were found in the
CK, YM3, and HT1 silages, respectively (Supplementary Figure S1).
To explore the variation in bacterial community composition, a
scatter plot was generated and subjected to PCA, revealing that the
relative abundance of bacteria varied with ensiling duration, crop
type, and additives (Figure 2). The first two principal components
(PC1 and PC2) accounted for a cumulative variance of 73.8%.

Notably, the IR silage samples did not differentiate from oat silage
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TABLE 2 Epiphytic microbes and nitrogen compounds of different additives, crop type and ensiling time treatments.

Ensiling time

Epiphytic microbes (lg cfu g™* FM)

Water-soluble carbohydrates

Soluble protein

Free amino acid nitrogen

Ammonia-N (g

and treatment _ _ (g kg™ DM) (mg g™ (mg g™ kg™ TN)
Aerobic Lactic Molds Yeasts
bacteria acid bacteria
Ensiling ES0d 7.80 + 0.03a 542 +0.19¢ 3.12 3.06 56.7 + 4.56 - 1.30 + 0.12b 4.63 + 0.26b
time +0.08 +0.13b
ES15d 7.25 + 0.09a 5.76 + 0.10b 3.18 3.77 42.8 +3.81 8.52 + 0.56 3.90 + 0.73a 5.03 + 0.49b
+0.09 +0.11a
ES30d 6.63 = 0.03b 6.54 + 0.08a 3.12 4.04 51.5 + 3.95 7.06 + 0.45 3.78 + 0.59a 6.66 + 0.41a
+0.07 +0.06a
ES60d 6.56 + 0.08b 6.63 + 0.05a 2.98 3.26 545 + 1.96 8.64 + 0.72 2.83 +0.37a 6.71 + 0.51a
+0.06 +0.08b
Crop type  Italian 6.88 + 0.10b 6.15 + 0.11 3.05 3.63 50.5 + 3.02 7.25 + 0.43b 3.32 +0.49 6.28 + 0.38a
ryegrass +0.05 +0.10
Oat 7.21 + 0.09a 6.04 +0.12 3.14 3.47 52.1 + 2.48 8.73 + 0.50a 2.66 + 0.31 5.34 + 0.29b
+0.05 +0.09
Additives | CK 7.04 +0.15 576 + 0.12b 3.05 3.61 55.8 + 4.37a 7.45 + 043 1.96 + 0.28b 583 + 0.51
+0.07 +0.09
YM3 7.01 +0.10 6.53 + 0.09a 3.20 3.49 43.4 +2.58b 8.57 + 0.69 448 + 0.55a 579 +0.39
+0.06 +0.14
HT1 7.14 +0.11 597 + 0.17b 3.06 3.51 55.0 + 2.01a 8.20 + 0.66 241 + 0.41b 5.64 +0.33
+0.06 +0.12
P value Time (T)  0.000 0.000 0.263 0.000 0.051 0.119 0.002 0.001
Crop 0.014 0.548 0.255 0.259 0.674 0.034 0.236 0.048
type (CT)
Additives  0.723 0.000 0.213 0.734 0.011 0.421 0.000 0.940
(A)
T x CT 0.000 0.086 0.005 0.151 0.016 0.463 0.019 0.056
TxA 0.215 0.000 0.571 0.134 0.000 0.273 0.001 0.104
CT x A 0.388 0.997 0.931 0.265 0.195 0.886 0.242 0.429
T x CT 0.000 0.000 0.174 0.000 0.275 0.682 0.448 0.685
X A

‘le 1@ bueyz

[SSIRVFETM ST

Different lowercase letters in the same column represent significant difference among ensiling time, crop types or additives (P <.05). EM, fresh matter; DM, dry matter. ESO, ensiled 0 d; ES15, ensiled 15 d; ES30, ensiled 30 d; ES60, ensiled 60 d; CK, no additive; YM3, lactic
acid bacteria YM3; HT1, lactic acid bacteria HT1.
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TABLE 3 Protease activities and organic acids of different additives, crop type and ensiling time treatments.

Ensiling time and treatment

Protease activities (units h™ g™ DM)

Organic acids (g kg™ DM)

Acid protease = Carboxypeptidase =~ Aminopeptidase Lactic acid Acetic acid Propionic acid  Butyric acid

Ensiling time ES0d 47.6 +3.30 20.5 + 3.74b 6.77 + 1.30b 6.64 + 0.06a - - - -

ES15d 42,0 £2.70 47.5£5.79% 114+ 1.62a 417 £3.82b  81.6 % 447 343 £0.32 0.74 £ 0.15 268 £ 0.18

ES30d 39.8 + 1.97 33.8 + 4.49ab 8.09 + 0.91b 3.82£0.03  79.8 £561 3.16 + 0.41 051 = 0.14 2.85 £ 0.56

ES60d 425321 406 £ 5.77a 6.72 £ 0.93b 371003 860 +429 3.58 £ 0.37 043 £ 0.12 3.86 + 0.54
Crop type Italian ryegrass 39.8 +2.27b 417 + 4.92a 9.89 + 1.00a 456 023 | 855397 3.99 + 0.28a 0.73 £ 0.15 3.10 £ 0.26

Oat 45.6 + 1.75a 30.7 £ 2.75b 6.92 + 0.60b 461019 | 80.1+3.82 2.90 = 0.28b 043 = 0.08 3.15 £ 045
Additives CK 45.0 £ 191 36.3 £ 551 105 + 1.25a 476 £026  69.5 % 4.33b 4.13 £ 04la 0.65 £ 0.17 259 £0.22

YM3 392 +2091 36.1 + 5.44 7.19 £ 0.83b 452£025 945 479% 3.19 £ 0.33ab 0.46 = 0.08 340 £0.55

HT1 44.8 +2.43 34.4 +298 7.07 £ 0.71b 448024  833£330a 2.84 £ 0.30b 0.57 £ 0.16 3.41 £ 0.56
P value Time (T) 0274 0.003 0.010 0.000 0.649 0.719 264.000 0.156

Crop type (CT) 0.045 0.043 0.010 0.875 0335 0.008 0.061 0.936

Additives (A) 0.166 0.956 0.023 0713 0.000 0.033 0.616 0.376

T x CT 0.529 0.985 0.476 0.000 0.003 0.419 0.106 0.454

TxA 0.020 0.000 0.006 0.109 0.613 0.621 0328 0.578

CT x A 0.602 0.931 0221 0.955 0.990 0.003 0478 0.506

TxCIxA 0.001 0.000 0.030 0.553 0.746 0.005 0.056 0.494

Different lowercase letters in the same column represent significant difference among ensiling time, crop types or additives (P <.05). DM, dry matter; ESO, ensiled 0 d; ES15, ensiled 15 d; ES30, ensiled 30 d; ES60, ensiled 60 d; CK, no additive; YM3, lactic acid bacteria YM3;

HT1, lactic acid bacteria HT1.
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ES30d, ensiled 30 d; ES60d, ensiled 60 d; CK, no additive; YM3, lactic acid bacteria YM3; HT1, lactic acid bacteria HT1; IR, Italian ryegrass.
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Principal coordinate analysis plot of silage microbial composition at different ensiling time (A), crop type (B) or additives (C). Note: The first axis accounts
for 59.97% of the total variance and the second for 13.87%. The original attributes, with their vectors intersecting at (O, 0), are also inserted. The length of
each attribute vector is proportional to its contribution to the principal component axis. The ellipse indicates 95% confidence. ES15d, ensiled 15 d;
ES30d, ensiled 30 d; ES60d, ensiled 60 d; CK, no additive; YM3, lactic acid bacteria YM3; HT1, lactic acid bacteria HT1; IR, Italian ryegrass.
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FIGURE 3

Relationship between chemical properties and bacterial communities of silage. Note: The X-and Y-axes are environmental factors and species,
respectively, and correlation R and P values are obtained by calculation. R values are presented in different colors in the figure, P values are marked
with * if P < 0.05, and the legend on the right side shows the color intervals of different R values; asterisks indicate significant differences at P < 0.05
(*), P < 0.01 (**), and P < 0.01 (***), respectively. WSC, water-soluble carbohydrate; SP, soluble protein; FAA, free amino acid; FAA-N, free amino acid
nitrogen; AP, acid protease; CA, carboxypeptidase; AM, aminopeptidase; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid.
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samples, and the CK samples did not distinctly differentiate from
YM3 and HTI silages. However, a significant differentiation was
observed within the 95% confidence intervals between ES60 and
both ES30 and ES15 samples (Figure 2).

Environmental factors, such as pH and acid protease,
carboxypeptidase, and aminopeptidase activities, significantly
influenced the microbial communities in the silage (Figure 3).
Butyric acid concentration was positively correlated with the
relative abundances of Myroides, Alcaligenes, Pseudochrobactrum,
Leucobacter, and Providencia (P < 0.01). Additionally, the relative
abundance of Weissella was positively correlated with pH and
carboxypeptidase and aminopeptidase activities, as well as acetic

Frontiers in Animal Science

and propionic acid concentrations (P < 0.05). Acid protease activity
was positively associated with the relative abundances of
Paenalcaligenes, Pseudochrobactrum, Leucobacter, and Bacillus (P
<0.05).

Upon examining the influence of bacterial diversity on
environmental factors under various treatments, IR was positively
correlated with most environmental factors (Figure 4A), while CK
was negatively correlated with most factors (Figure 4B). Among the
12 environmental factors analyzed, pH (R*> = 0.1171, P = 0.0113)
and ammonia-N (R* = 0.076, P = 0.0436) had the greatest influence
on bacterial relative abundance, while other factors had minimal
impact (R* < 0.07, P > 0.05) (Table 4). Moreover, the NST index
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Mantel test heatmap of the effect of among crop type (A), additives (B), and ensiling time (C) or environmental factors on bacteria relative
abundance. (A-C) the lines represent the correlation among bacterial communities and environmental factors, while the heatmap represents the
correlation among environmental factors. In the heatmap, different colors represent positive or negative correlations, and color depth represents the
magnitude of positive or negative correlations. * P<0.05, ** P<0.01, *** P <0.001.

demonstrated a significant impact on microbial stability, revealing
under different treatment conditions that: IR > oat, CK > HT1 >
YM3, and ES60 > ES15 > ES30 (P < 0.001) (Figure 5).

TABLE 4 Effects of environmental factors on the relative abundance

of bacteria.

ltems Linear regression R2 P

Water-soluble carbohydrate y=-65.674x+3258.514 0.0032 | 0.6856
pH y=22486.995x-87720.1 0.1171 | 0.0113
Soluble protein y=-668.715x+5396.903 0.0098 | 0.4770
Free amino acid nitrogen y=107.833x-3776.467 0.0235 | 0.2689
Ammonia-N y=-2267.997x+13905.764 = 0.0760 = 0.0436
Acid protease y=66.623x-2762.408 0.0019 | 0.7573
Carboxypeptidase y=-192.994x+7836.555 0.0662 | 0.0603
Aminopeptidase y=454.846x-3972.916 0.0148 | 0.3809
Lactic acid y=-34.867x+2875.537 0.0017 | 0.7699
Acetic acid y=-1114.251x+3773.185 0.0099 | 0.4746
Propionic acid y=-1275.878x+713.783 0.0019 | 0.7549
Butyric acid y=-1474.580x+4616.801 0.0288 | 0.2203
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Discussion

Effects of ensiling time, crop type, and
additives on the fermentation quality,
nitrogen compounds, and protease
activities of silage

The WSC concentration and epiphytic LAB numbers in the forage
are crucial factors influencing silage fermentation quality. Optimal
silage production requires a WSC concentration of 60-70 g kg™ DM
and LAB numbers of at least 10° lo cfu g’1 FM (Liu et al., 2018b;
Wilkinson, 2003). Despite the widespread occurrence of leaf spot
disease in IR and oat used in this study, the higher WSC
concentration and abundant LAB significantly improved the
fermentation quality of silage (Tables 1 and 3). The reason was that
WSC and free amino acids provided nutrients for the proliferation of
LAB, and as time passed, the proportion of LAB increased accordingly.
This effect was particularly evident during the silage process,
maintaining the same trend despite the influence of different crop
types and additives. This study highlights that even under disease
pressure, the overall quality of silage can still be effectively improved by
regulating key biochemical factors. Moreover, the LAB additives were
particularly effective in improving silage quality and inhibiting protease
activity, with the most pronounced effect observed after 60 days of
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ensiling (Table 3). In general, with the prolongation of ensiling time,
LAB metabolize and produce large amounts of lactic acid, which
gradually inhibited the growth of other microorganisms (especially
not acid-intolerant microorganisms) (Liu et al., 2023). In this study,
ES60d silage had the highest LAB numbers and lactic acid
concentrations (Table 2 and 3). Lactobacillus spp. were the dominant
microorganisms (Figure 1), consistent with findings from previous
studies (Wang et al., 2019; Zhang et al., 2023). The proteolytic activity
in silage involves plant proteases hydrolyzing true proteins into peptide
nitrogen and FAA-N, which are further broken down into ammonia-
N. This process contributed to the increased ammonia-N
concentration observed in ES60d silage. In general, non-protein
nitrogen in plants mainly consists of ammonia-N, amines, amides,
and free amino acids (Fijalkowska et al., 2015). LAB, which require
high levels of free amino acids and peptides, rely on the hydrolysis of
proteins into amino acids to thrive and acidify the silage (Kim et al,
2021). This need for amino acids can intensify protein degradation,
leading to higher ammonia-N concentrations.

Typically, peptides and free amino acids, which are the hydrolysis
products of true proteins, can be deaminated by microbial activity to
produce ammonia-N; however, plant proteases also contribute to
ammonia-N production. Therefore, both were able to respond to the
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relative activity of protein hydrolysis and deamidation (Yuan et al,
2017). In this study, ammonia-N concentrations were generally lower
than FAA-N concentrations across all treatments and treatment
conditions, along with reduced butyric acid concentrations. This
suggests that plant proteases were the primary source of ammonia-
N. The buffering capacity of IR silage, which was higher than that of
oat, resulted in a slower rate of pH decline during ensiling. This slower
decline allowed plant proteases to hydrolyze true proteins into FAA-N.
Thus, deamination was more active during the pre-silage period. This
conclusion was supported by the changes in aminopeptidase activity at
different ensiling times (Table 3). Previous studies have shown that
protease activity is closely related to pH, with aminopeptidase activity
being higher at pH 6.6-7.1 during ensiling, while decreasing as pH
decreases (Li et al., 2018; Xu et al,, 2023). Moreover, acid protease
activity (with azocasein as substrate) was higher at pH 4.5 (Hashmi
et al, 2022; Shan et al., 2022). Therefore, acidic protease activity was
lower than aminopeptidase activity in the present study (Table 3).
Many studies have shown that a rapid decrease in pH not only
promotes lactic acid production but also inhibits protein
degradation (Li et al., 2018; Zong et al,, 2023). In this study, CK
silage showed higher aminopeptidase activity and lower lactic acid
concentration than those of YM3 and HTI silages. In generally,
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Microbiological differential analysis of different crop type (A), additives (B) ensiling time (C). The vertical axis on the left half of the graph shows
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abundance between groups, and the color of the dots indicates the group with higher abundance. The error bars of the dots indicate fluctuations in
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(i.e., the magnitude of the pvalue).
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lactic acid is produced in large quantities as LAB colonize the silage,
leading to a gradual decrease in pH (Zhao et al., 2024a). However, a
low pH can also inhibit microbial activity, including LAB number
and protease activity, in the later stages of ensiling (Zhou et al,
2024). Thus, there were no differences in protease activity, organic
acid, or nitrogenous compound concentrations between ES30d and
ES60d silage. Conversely, the growth of most molds is inhibited
under anaerobic and low pH conditions, whereas some yeasts can
thrive in these environments (Liu et al., 2018a). In this study, yeast
numbers initially increased and then decreased as ensiling time
increased, which might be related to strain-specific characteristics;
unfortunately, this study did not analyze the fungal species
and diversity.

Effects of ensiling time, crop type, and
additives on the bacterial community of
silage

Lactobacillus, Lactococcus, and Enterococcus spp. are ideal
functional bacteria for silage fermentation and have been widely
used to improve silage quality (Okoye et al., 2023; Zhao et al,
2024b). In this study, the community relative abundance of
Lactobacillus was higher during ensiling (Figure 4), which aligns
with previous findings (Wang et al, 2019; Yan et al, 2019).
Lactococcus in silage was gradually replaced by the more acid-
tolerant Lactobacillus as the ensiling time increased and lactic acid
accumulated because suitable DM and WSC concentrations and
LAB population of the raw material promotes the rapid
fermentation of lactic acid. Therefore, during ensiling (Figure 6),
Lactobacillus (relative abundance of 90.9%, 92.5%, and 34.4% in the
ES15d, ES30d, and ES60d treatments, respectively; P < 0.001),
Pseudomonas (0.37%, 0.86%, and 45.1% in the ES15d, ES30d, and
ES60d treatments, respectively; P < 0.001), Enterococcus (1.33%,
1.18%, and 2.87% in the ES15d, ES30d, and ES60d treatments,
respectively; P < 0.001), and Lactococcus (2.22%, 2.37%, and 0.56%
in the ES15d, ES30d, and ES60d treatments, respectively; P < 0.001)
were the four most differentially abundant genera. Pseudomonas
produces biogenic amines, not favored in silage (Duniere et al,
20135 Jiang et al., 2020). Pseudomonas abundance was negatively
correlated with pH and aminopeptidase activity in silage (Figure 2),
indicating its minimal involvement in protein degradation in this
study. The LAB Weissella grows well in mildly acidic environments
and can metabolize WSC to produce a mixture of lactic and acetic
acids, with the end product being mostly lactate (Graf et al., 2016).
Notably, Weissella had a higher relative abundance in treatments
related to ensiling time and crop type. Moreover, Weissella
abundance was positively correlated with pH, carboxypeptidase
and aminopeptidase activities, and propionic and acetic acid
concentrations. The gradual decrease in the relative abundance of
Weissella with prolonged ensiling time suggests its role in protein
degradation during the pre-silage period, which is consistent
previous findings (Cai et al., 1998; Jiang et al.,, 2023). Therefore,
acid protease, carboxypeptidase, and aminopeptidase activities were
affected by two sources of interactive variation: ensiling time x

Frontiers in Animal Science

12

10.3389/fanim.2025.1577383

additives and ensiling time x crop type x additives. It was worth
noting that despite the impact of leaf spot disease on the forage,
after 60 d of silage, beneficial bacteria, represented by lactic acid
bacteria, still effectively inhibited a large number of pathogens and
microorganisms prone to participating in protein degradation in
this study.

Silage quality mainly depends on the competition between LAB
and spoilage microorganisms, and variations in microbial
communities partly explain the differences in silage quality (Ni
etal, 2018; Zhang et al., 2023). In this study, the relative abundance
of Enterococcus (67.6% and 77.7% in the IR and oat treatments,
respectively; P < 0.001), Enterobacteriaceae (0.06% and 2.93% in the
IR and oat treatments, respectively; P < 0.001), Hafnia-
Obesumbacterium (0.50% and 0.85% in the IR and oat treatments,
respectively; P < 0.001), and Serratia (0.25% and 0.87% in the IR
and oat treatments, respectively; P < 0.01) (Figure 6) varied greatly
between the two crops. However, the relative abundance of
Lactococcus was lower in all treatments, which was related to the
characteristics of the raw material and the weaker acid tolerance of
Lactococcus (He et al., 2020). LAB act as key microorganism to
improve silage fermentation quality, and the number of LAB in IR
was significantly higher than that in oat before fermentation, which
provided conditions for the rapid accumulation of lactic acid and
the growth of acid-tolerant microorganisms. This was reflected in
the relative abundance of Bacillus, which typically increases during
the aerobic spoilage phase of silage (Li et al., 2021; Okoye et al,
2023). Bacillus secretes acid proteases that promote protein
degradation, contributing to the poor nutritional quality of the
silage (Figure 3). Notably, LAB additives had less of an effect on the
numbers and species of silage microbes than the CK, which was
inconsistent with most studies (Ma et al., 2022; Zhang et al., 2023).
This discrepancy may be attributed to the high fermentation
potential of the raw material used in this study, even in the
presence of severe leaf spot disease. However, Lactobacillus was
more abundant in the HT1 and YM3 treatment groups than in the
CK group (Figure 6). This indicates that the LAB additives further
improved the silage fermentation quality of forage with leaf spot
disease, which was mainly due to the rapid decline in pH (Table 4).
Although the OTU level was higher in oat, the NST index of oat was
lower than that of IR (P < 0.001). This suggests a more intense
competition among bacteria and a greater environmental
complexity in IR. In contrast, the impact of oat on environmental
factors was generally negative, which enhanced the stability of the
bacterial network structure (Fan et al., 2018). Similarly, CK also
increased the instability and complexity of the silage environment,
which was confirmed by its highest NST index. This indicates that
despite the improvement in microbial stability of silage with leaf
spot disease by adding LAB, the silage environment with leaf spot
disease remained more complex and unstable (Figure 5).

Conclusion

In this study, we comprehensively investigated the effects of
different treatments, including ensiling time and LAB additives, on
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the fermentation quality, nitrogen compound content, and protease
activity of forage infected with leaf spot disease. We elucidated the
mechanisms by which LAB additives regulate harmful bacteria and
nitrogen compound conversion during ensiling. Additionally, we
found that oat silage exhibited better fermentation quality and
bacterial stability than that of IR. The extension of ensiling time
significantly improved the overall fermentation quality of silage.
Furthermore, the application of LAB additives, particularly YM3,
significantly enhanced the fermentation quality and bacterial stability
of silage from forage infected with leaf spot disease. In conclusion,
these findings fill the knowledge gap in the field and provides a solid
theoretical foundation and practical guidance for the scientific
application of LAB additives in animal husbandry. By continuously
optimizing the ensiling process and selecting appropriate LAB
additives, the negative impact of leaf spot disease on silage quality
can be effectively mitigated, leading to reduced production costs and
significant economic benefits in the livestock industry.
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