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Editorial on the Research Topic
 Exploring the role of microorganisms in silages: species, communities, interactions, and functional characteristics




Ensiling of herbages is popular throughout the world to supply quality feeds for ruminants. This process involves creating an anaerobic environment for lactic acid bacteria (LAB) to convert fermentable substrates to abundant organic acids, mainly lactic acid, resulting in an acidic environment in silo. During ensiling, the accumulation of lactic acid is mainly responsible for decreased pH (< 4.2), ensuring good conservation of herbages for a long period. Numerous studies have investigated the relationships between fermentation products and microbial community structure during ensiling through Next Generation Sequencing technology. Whereas, most of the studies only describe the microbial compositions and overlook their functionality during ensiling. To our knowledge, the microbial function usually plays a more critical role than their compositions in regulating silage fermentation products. Therefore, an investigation should be conducted to study the microbial role in silage. This topic explores the species, community compositions, interactions, and functional characteristics of microbial communities in silages. Our Research Topic comprises 34 original research articles contributed by more than 200 authors covering the application of different harvest frequencies on microbial community structure and metabolic properties of annual ryegrass silage (Fu et al.); in this Research Topic, Fu et al. assessed the impacts of various harvest frequencies on fermentative products, microbial community compositions and function, and their metabolites in ryegrass. They combined the single-molecule real-time (SMRT) sequencing method with the ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS/MS) technique to analyze the bacterial community and metabolomic characteristics.

Paper mulberry (Broussonetia papyrifera L.), a typical and widely distributed woody forage, is fast growing; rich in crude protein [211~246 g/kg dry matter (DM)], amino acids and flavonoids; and widely distributed in Asia. Cheng et al. isolated and identified LAB strains from different resources, and assessed their influences on the fermentation products, nutritive value, and microbial community structure of paper mulberry. Three of these LAB strains (Lactiplantibacillus plantarum, YC1; Levilactobacillus brevis, PC3; and Lactiplantibacillus plantarum, BP17) and one commercial inoculant were used, and found that PC3 and BP17 can improve the fermentation quality of paper mulberry silage and could be used as silage starter cultures.

Chen et al. investigated the improvement in the quality of Napier grass silage with pyroligneous acid. Pyroligneous acid (PA), a by-product of biochar production, is known to have strong antimicrobial and antioxidant activities. In this investigation, PA treatment reduced the levels of yeasts, molds, and coliform bacteria as well as the pH and ammonia nitrogen (NH3-N) content. The addition of PA decreased the relative abundance of Klebsiella and Kosakonia while increasing Lactobacillus. PA application could improve fermentation characteristics and aerobic stability, as well as alter the microbial communities of silage. According to a study by Du et al., LAB might directly alter the chemical contents and fermentation quality of native grass silage by modifying the bacterial community. To achieve high-quality silage, the complex LAB (Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus) showed the potential ability to reduce pH and increase the relative abundance of LAB through synergistic actions. These findings offered a theoretical foundation for the deployment of inoculants in native grass and suggested that the complex LAB might enhance the ensiling performance of native grass silage.

Sorghum grows as one of the top five cereal crops with an annual global planting area and yield. As the sorghum plant is low in the ratio of the crop to stalk (0.5–0.8), sorghum production would likely accompany by a large amount of sorghum stalk, which could be an important feedstock for industrial production or feedstuff for livestock husbandry if properly used. Indeed, it is used as a critical roughage for ruminants feeding, acting as an important energy source via microbial fermentation in the rumen. Zhang et al. described the fermentation products, chemical and bacterial compositions in sorghum stalk silages. They concluded that the succession of fermentation parameters, nutrient components and bacterial community indicated a successful dominant establishment of LAB and a fast advent of fermentation plateau, and the high-moisture sorghum stalk could be ensiled directly, but the pH of mature silage is a little high.

Sweet sorghum is an important crop in arid and semi-arid climatic regions, which can tolerate adverse environments such as limited rainfall, high temperature, and low soil fertility. Xu et al. studied the effects of LAB additives on fermentative parameters and loss, and bacterial compositions in sweet sorghum silages at various silo densities. They found that sweet sorghum silage showed satisfactory fermentation quality, with a density of no < 650 kg/m3, and inoculating LAB improved fermentation quality and reduced fermentation weight loss. Lactiplantibacillus and Lentilactobacillus presented as minor taxa in fresh sweet sorghum and dominated the bacterial community of all silages; inoculating LAB and increasing silo density can contribute to the decreasing Lactiplantibacillus abundance and increasing Lentilactobacillus abundance.

Ensiling is a complex biochemistry process determined by several factors, including temperature, moisture, raw materials nutritional compositions, harvest time, raw materials length, pack density, the microbiome in raw materials, and others. In particular, preserving silage from forages and grasses depends on the microbial ecological diversity and the epiphytic LAB play a determining role in high-quality silage conservation. Du et al. studied the bioaugmentation impacts of some LAB additives on fermentation characteristics and bacterial community structure and functions in native grass silage. They found that the complex LAB (Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus) could improve the ensiling performance of native grass silage, and lay a theoretical basis for inoculant application in native grass.

Alfalfa is a high-yielding and nutrient-rich forage legume and is widely used as a dietary component of ruminants. Using alfalfa in ruminant production can expand the protein source and thus reduce the dependency on expensive protein supplements. Bao et al. studied the impacts of bioaugmented silage with Pediococcus pentosaceus and laccase on ensiling performance, chemical compositions, enzymatic hydrolysis, and bacterial communities in alfalfa silage. They concluded that the bioaugmented ensiling with laccase and Pediococcus pentosaceus combination could be an effective and practical strategy to improve silage fermentation and nutrient preservation of alfalfa silage.

Purple perilla (Perilla frutescens L.), an annual short-day medicine food homology plant that belongs to the family Lamiaceae and the genus Perilla, is commonly available in many countries and has been cultivated in China for more than 2,000 years. With a large variety of functional ingredients such as essential oil, polyphenol, flavone and so on, purple perilla shows antimicrobial, antioxidants, and healthy functions. Li et al. assessed the impacts of Perilla frutescens, alone or combined with citric acid or Lactobacillus plantarum, on fermentation products, and fungal and bacterial compositions of forage oat during ensiling and air exposure. They found that Perilla frutescens, alone or in combination with citric acid, can improve the aerobic stability of forage oat silage by shifting bacterial and fungal community composition, and can be used as a new additive to prepare high-quality silage for animal production.

Bunker silos, round bales and silage bags are becoming common ways to store silage. However, a lack of scientific ensiling management usually results in poor chemical composition and excessive butyric acid contents. Xia et al. evaluated the impacts of silage bags, round bales, and bunker silos on the chemical compositions, ensiling characteristics, mycotoxin contents, aerobic stability, and microbial community structure of whole-crop maize silages. Considering the feed value and food safety of silage in the feeding process, silage bags are recommended for whole-crop maize silages according to the observed nutritional quality, fermentation index and mycotoxin content.

Alongside hay, native grass is regarded as an important resource for animal feed in the Mongolian Plateau, and a large quantity is produced annually in pastoral areas. Hou et al. characterized and identified the isolated LAB strains, and studied their effects on ensiling performance of native grass on the Inner Mongolian Plateau. This study revealed that native grass has abundant LAB species and can be well preserved through silage.

With the rapid development of ruminant husbandry, alfalfa (Medicago sativa L.) becomes an essential roughage for dairy ration. Ensiling is one of the effective methods to preserve alfalfa nutrients. Most true protein fractions in alfalfa are degraded into non-protein nitrogen during ensiling. In particular, the activity of harmful microorganisms, such as clostridia and enterobacteria, extensively reduces the amino acid content, leading to nutrient losses. Huo et al. investigated the influences of LAB inoculants on fermentation profile, carbohydrate and protein compositions, and bacterial communities in alfalfa silages. They concluded that fermentation quality and nutrient preservation of alfalfa silage were efficiently improved by inoculating with L. pentosus.

In summary, this Research Topic provided diverse knowledge on the microbial community in silage from species, community, interaction, and function aspects using multidisciplinary approaches combining multi-omics techniques. This Research Topic of manuscripts provided innovative results, and proved numerous unresolved problems that need further exploration in silage. Nevertheless, there is still a big study gap understanding the effect of microbes on fermentative products and animal response. Hence, future studies should focus on inhibiting undesirable products in silages and animal performance.
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To better understand the ensiling characteristics of sorghum stalk, the dynamic changes of fermentation parameters, nutrient components and bacterial community of sorghum stalk silage were analyzed by intermittently sampling on day 0, 1, 3, 7, 14, 28, and 56 of ensiling duration. The results showed that high-moisture sorghum stalk was well preserved during ensiling fermentation, with the DM loss of 4.10% and the little difference between the nutrients of sorghum stalk before and after ensiling. The pH value of silage declined to its lowest value of 4.32 by Day 7 of ensiling, and other fermentation parameters kept steady since Day 28 of ensiling. The amplicon sequencing analysis revealed that the alpha diversity parameters of silage bacterial community including Shannon index, observed features, Pielou evenness and Faith PD gradually declined (P < 0.01) with ensiling duration. Principal coordinate analysis (PCoA) revealed that bacterial profiles of raw material would experience a succession becoming a quite different community during ensiling fermentation. Taxonomic classification revealed a total of 10 and 173 bacterial taxa at the phylum and genus level, respectively, as being detected with relative abundances higher than 0.01% and in at least half samples. LEfSe analysis revealed that 26 bacterial taxa were affected by sampling timepoint (P < 0.05 and LDA score > 4). When focusing on the dynamic trend of silage bacterial taxa, lactic acid bacteria successfully dominated in the bacterial community on Day 1 of ensiling, and the bacterial community almost came to a plateau by Day 28 of ensiling, with Lactobacillus and Leuconostoc as the dominant genera. In a word, the succession of fermentation parameters, nutrient components and bacterial community indicate a successful dominance establishment of LAB and a fast advent of fermentation plateau, suggesting that high-moisture sorghum stalk can be ensiled directly, but the pH of mature silage is a little high.

KEYWORDS
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Introduction

Sorghum is one kind of gramineous annual herb C4 plant, characterized as great resistance of drought, waterlogging, soil salinity and acidity, infertility, and commonly distributed in tropical, subtropical and temperate regions (Ibeto et al., 2011; Joy et al., 2021). Nowadays, sorghum grows as one of top five cereal crops with an annually global planting area and yield of 40 million hectares and 59 million tons, and China is one of the main sorghum producers (∼3.6 million tons per year) and consumers with an annual consumption around 8.4 million tons in 2020 (FAOSTAT, 2022). As sorghum plant is low in the ratio of crop to stalk (0.5–0.8), sorghum production would likely accompany with a large amount of sorghum stalk, which could be an important feedstock for industrial production or feedstuff for livestock husbandry if properly used. Indeed, it is used as a critical roughage for ruminants feeding, acting as an important energy source via microbial fermentation in the rumen. As well, primarily consisting of cellulose, hemicellulose and lignin, sorghum stalk is also considered to be an ideal raw material for bioethanol production because of its high saccharification yield (Ibeto et al., 2011). In either way, the well utilization of sorghum stalk would make the waste transferred into an economical source of raw materials, avoiding the problems of land occupancy, burning pollution or fire hazards (Zhao et al., 2019; He et al., 2020a,b).

Generally, constant supply of raw materials is a critical factor dictating production efficiency for either factory production or animal feeding. Of the alternatives, ensiling is a common way to provide a year-round supply of seasonal high moisture materials (He et al., 2020c). Moreover, more than a preservation method, ensiling is also a processing method due to the combined effects of bacteria, enzymes and organic acids, which would likely contribute to the improved efficiency of biomass utilization (Ambye-Jensen et al., 2014; He et al., 2019). But of note, preserving in a high-moisture condition would likely bear a higher risk of spoilage and significant loss relative to drying processing. The microorganisms in silage play a critical role in the fermentation process. In essence, ensiling fermentation is a competition process of lactic acid bacteria and undesirable microorganisms, thus more attention is worthily paid to the succession of bacterial community that dictates silage quality (He et al., 2020d). Monitoring the changes in the bacterial community during fermentation gives an insight into understanding and improving the ensiling process. Gallagher et al. (2018) investigated the dynamic bacterial microbiome during sweet sorghum ensiling, results showed that sweet sorghum silage fermentation involves a shift in the lactic acid bacterial profile from Leuconostocaceae, Lactococcus, Fructobacillus, and Weissella to Lactobacillus. More recently, Wang et al. (2022) conducted a survey of bacterial community compositions during the ensiling of whole-plant sorghum and revealed the differences during the ensiling duration not only for the distinct bacterial community but also for specific functional metabolites. Moreover, it is recommended not to use until the silage fermentation reaches to its plateau, which could assure the constant components supply in raw materials. To the present, much research has evaluated the nutritional value of sorghum stalk and its silage as well as the effects of kinds of processing methods (Foster et al., 2019; Dos Santos et al., 2021; Puntillo et al., 2022), but little literature makes efforts to study the dynamic changes of sorghum stalk silage, especially bacterial community.

Thus, this study was conducted to investigate the dynamic changes of fermentation parameters, nutrient components and bacterial community of sorghum stalk silage by intermittently sampling on day 0, 1, 3, 7, 14, 28, and 56 of ensiling fermentation. Expecting a diverse epiphytic microbiome at packing and a rapidly changing silage environment, we explore for the first time the bacterial community successions of sorghum stalk silage. The results would throw light on the dynamic rule of sorghum stalk silage, thus providing guideline of silage improvement and utilization.



Materials and methods


Raw material preparation and experiment design

Fresh sorghum stalk (Jinnuo No.3) was manually harvested on the trial field of Sorghum Research Institute of Shanxi Agricultural University on October 17, 2021. Specifically, sorghum plant were randomly collected in 5 quadrats (2 m × 3 m) and then were cut into ∼2 cm length using a straw breaker (KJ-400, Kunjieyucheng Machinery Equipment Co., Beijing, China) after the ears removed. The prepared sorghum stalk deriving from each quadrat was separately packed and compacted (759.7 ± 10.1 kg/m3) into a laboratory silage bucket in seven duplicates, which were dedicated to the sequential sampling on day 0, 1, 3, 7, 14, 28, and 56 of ensiling duration. The buckets have a capacity of five liters and are fitted with threaded caps for post-compacted sealing. In total, 35 buckets of sorghum stalk silage (5 replicates × 7 sampling timepoints) were prepared and kept at ambient temperature (15–25°C), and then sampled for the analyses of nutrient composition, organic acids, plate count and bacterial community. The weight of each bucket was recorded both after and before being sealed and opened for calculating dry matter (DM) losses.



Fermentation parameter analysis

The buckets were opened in a clean bench, and a sample of 30 g silage was immersed in 270 ml distilled water and kept at 4°C refrigerator overnight, and then the slurry was filtered with qualitative filter paper. The filtrate was dedicated to the determination of pH value, lactate, formate, acetate, propionate and butyrate, in which pH value was recorded by digital pH meter (PHS-3C, INESA Scientific Instrument Co., Ltd., Shanghai, China), and organic acids were simultaneously analyzed using high performance liquid chromatography (HPLC, 1260 Infinity II, Agilent Technologies, Waldbronn, Germany) equipped with Hi-Plex H column (300 mm × 7.7 mm) and G7114A UV-detector under the running conditions of oven temperature 60°C, mobile phase 5 mmol/l H2SO4, flow rate 0.7 ml/min and injection volume 20 μl. The concentration of ammoniacal nitrogen in filtrate was determined with phenol-sodium hypochlorite colorimetry described by Broderick and Kang (1980).

For microbial plate count, another 30 g sample was extracted with 270 ml of sterile saline and then the supernatant was diluted in ten folds. The lactic acid bacteria (LAB) and coliform bacteria were incubated using Lactobacilli De Man Rogosa Sharpe (MRS) agar (G-CLONE Biotechnology Co., LTD, Beijing, China) and Violet Red Bile (VRB) agar (G-CLONE Biotechnology Co., LTD, Beijing, China) at 30°C and then the well diluted plate (30∼300 cfu) was counted after 2–3 days incubation. Yeast and molds were separately enumerated on Rose Bengal agar (G-CLONE Biotechnology Co., Ltd., Beijing, China) following a 3-day incubation at 28°C.



Nutrient composition analysis

The remaining silage was dried in a forced-air oven at 65°C for 48 h to determine dry matter content and then ground (1 mm screen) for chemical analysis. According to the procedures of Association of Official Agricultural Chemists (AOAC International, 2000), neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using an A220 Fiber Analyzer (ANKOM Technology, Macedon, NY, United States) without the use of heat-stable amylase, and the results were expressed inclusive of residual ash. Nitrogen content was measured using an automatic Kjeldahl apparatus (Kjeltec 8400, Foss Analytics, Hillerød, Denmark) and crude protein (CP) was calculated by Nitrogen (N) × 6.25. Ether extract (EE) was extracted by an extraction system (ANKOM XT10, ANKOM Technology, Macedon, NY, United States). Ash was measured by the 4-h combustion in a muffle furnace at 550°C following sufficient carbonization. Gross energy (GE) was determined using an oxygen bomb calorimeter (ZDHW-8, Automatic calorimeter, Hebi, China). Water soluble carbohydrates (WSC) contents of raw sorghum stalk were measured by the reducing sugar assay using a spectrophotometer (T2602, Yoke Instrument Co., Ltd., Shanghai, China).



Bacterial amplicon sequencing and data processing

Referring to the method of Yu and Morrison (2004), silage whole genomic DNA was extracted with E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) following the instructions. The purity and concentration of the extracted DNA were determined by NanoDrop 2000 (NanoDrop Technology, Wilmington, DE, United States), and then agarose gel electrophoresis was conducted to verify the integrity of the DNA. Subsequently, the verified DNA was amplified using the primer pairs (338F: ACTCCTACGGGAGGCAGCAG; 806R: GGACTACHVGGGTWTCTAAT) targeting at the V3-V4 regions of bacterial 16S rDNA gene, where the amplification conditions were as followings: pre-denaturation at 95°C for 3 min, followed by 27 temperature control cycles (denaturation at 95°C for 30 s, then annealing at 55°C for 30 s, and extension at 72°C for 45 s) and stable extension at 72°C for 10 min. Meanwhile, the PCR reaction system (20 μl) consisted of 5 × FastPfu Buffer 4 μl, 2.5 mM dNTPs 2 μl, FastPfu Polymerase 0.4 μl, BSA 0.2 μl, F/R primers (2.5 μmol/l) 0.8 μl, DNA template 10 ng and ddH2O. Each sample was amplified in triplicate and the three amplicons were mixed together for the following enrichment and purification. Amplicons concentration was quantitated by real-time qPCR (Quantus™,Promega Corporation, United States), and agarose gel electrophoresis was used to detect their molecular weight and integrity. Sequencing library was established by the use of NEXTflex™ rapid DNA sequencing kit (Bioo Scientific, United States) according to the merchandise instructions, and then was sequenced on Illumina MiSeq PE300 (Illumina Inc., San Diego, CA, United States) generating 300 bp length paired reads.

Off-line sequencing data were processed and analyzed using the platform of QIIME2 (version 2021.08) as described previously with modification (Bolyen et al., 2019; Zhang et al., 2020). Briefly, the barcode and primer sequences were removed from the raw paired reads by the trim-paired method integrated in the q2-cutadapt plugin (Martin, 2011). The generated paired reads were denoised, merged, dereplicated and chimera-filtered by the denoise-paired method integrated in the q2-dada2 plugin to obtain amplicon sequence variants (ASVs) and their frequency distribution tables (Callahan et al., 2016). This process was achieved by truncating forward and reverse reads at position 270 and 200 bases, respectively. Taxonomic classification was performed using the classify-sklearn command (Pedregosa et al., 2011) of the q2-feature-classifier plugin with a pretrained naïve Bayesian classifier. The classifier was pretrained on the sequences of targeted region of 16S rRNA gene and corresponding taxonomy extracted from Silva 138 SSU database (Robeson et al., 2021) using the fit-classifier-Naïve-Bayes method from the q2-feature-classifier plugin.

Next, to analyze phylogenetic diversity (PD), a phylogenetic tree was generated using the align-to-tree-mafft-fasttree pipeline integrated in the q2-phylogeny plugin. To assess if sample richness has been fully observed, alpha rarefaction plots were generated based on the Shannon index and Faith PD metrics using the alpha-rarefaction visualizer of the q2-diversity plugin. To comparably analyze the bacterial diversity among samples, the sequence count of all samples was standardized by rarefying them to the same number of sequences (the smallest sampling size, 37,960 in this study) using the rarefy command of the q2-feature-table plugin. The rarefied feature table and the phylogenetic tree were then used to compute alpha diversity indices, including the Shannon index, observed features, Faith PD, and Pielou evenness and beta diversity metrics, including unweighted and weighted UniFrac distance, using the core-metrics-phylogenetic pipeline integrated in the q2-diversity plugin.



Statistical analysis

The effects of sampling timepoints on fermentation parameters and nutrient components were evaluated using one-way analysis of variance in the GLM procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, United States) with a general linear model as follows:
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where Yi is the observation of sorghum stalk silage at the ith sampling timepoints; μ and ei represent the least square mean and random residual error, respectively; Ti is the fixed effect of ensiling duration at the ith sampling timepoint. Duncan’s test was used for multiple comparisons, with difference declared significant at P < 0.05. For microbial diversity analysis, the differences in alpha microbial diversity among different timepoint were evaluated by Kruskal–Wallis test through alpha-group-significance command from q2-diversity plugin. PCoA was applied to visualize silage bacterial communities based on the unweighted and weighted UniFrac distances at the ASVs level using the qiime2R (version 0.99.6) package in R (version 4.1.2). Permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2014) was used to test differences in beta diversity among sampling timepoints for significance using the beta-group-significance command of the q2-diversity plugin.

For microbial composition analysis, at each taxonomic level, we defined the taxa with relative abundance > 0.01% in at least one sample as identified, while those with relative abundance > 0.01% and presented in more than half samples as detected and used for downstream analysis. Bacterial composition profiles were summarized at phylum and genus levels, respectively. Relative abundance of bacterial taxa were arcsine square root transformed and then compared among different time-points using one-way analysis variance in the GLM procedure as described above. The more stringent linear discriminant analysis (LDA) effect size (LEfSe) was performed to further identify differentially abundant bacterial taxa, as described by Segata et al. (2011), and taxa with LDA score > 4 and P < 0.05 were considered to be significantly different.




Results and discussion


Dynamic changes of ensiling fermentation characteristics of sorghum stalk silage

The ensiling characteristics covering DM, DM loss, pH value, organic acids content and microbial counts of sorghum stalk silage are summarized in Table 1. As well known, ensiling is a common way to preserve high moisture forage via the help of LAB metabolism converting WSC into organic acids (mainly lactate), whereby decreasing the pH value and inhibiting the activity of undesirable microorganisms (e.g., clostridium, molds, and yeasts) (McDonald et al., 1991). Silage quality is largely affected by the characteristics of raw material such as moisture content, WSC content, buffering capacity and epiphytic microorganisms. In the present study, the DM content of fresh sorghum stalk was 23.53%, which was quite lower than the recommended DM content (30–35%) for good corn silage (Kung et al., 2018). Generally, higher moisture forage would bear higher risk of effluent loss and spoilage during ensiling process because clostridial organisms can thrive in wet conditions and convert lactic to butyric acid, which would hinder the decrease of pH value and resulting in remarkable nutrient loss (McDonald et al., 1991; Kung et al., 2018). The upside is that high moisture would be beneficial to the compaction at ensiling, especially for the tubular hollow materials like sorghum stalk or rice straw. The population of LAB, coliform bacteria, yeasts and molds were 6.97, 7.31, 5.72, 5.37 log cfu/g FM, respectively, indicating that the count of epiphytic organisms on raw sorghum stalk was quite high, which would contribute to vigorous silage fermentation. It is documented that greater than 5.0 log cfu/g FM LAB at ensiling is necessary for well-preserved silage (Lin et al., 1992), where the fast dominance establishment of acid-producing bacteria would cause a rapid pH decrease and eliminate undesirable fermentation (Pahlow et al., 2003). The weak acidity (pH 5.93) and low organic acid content (1.87, 0.63 g/kg FM lactate and formate) of raw sorghum stalk might also benefit the fermentation of these undesirable microorganisms at the early stage of ensiling fermentation. Moreover, the low WSC concentration (19.40 g/kg DM) might be an obstacle to a low enough pH decline of silage fermentation.


TABLE 1    Dynamic changes of dry matter, pH, organic acids, microbial counts and dry matter loss of sorghum stalk silage during ensiling process.
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In terms of the ensiling characteristics, DM content slightly decreased (P = 0.01) during ensiling process, and DM loss and ammoniacal nitrogen concentration increased (P < 0.01) in the prolonged silage. It should be primarily owed to the activities of plant enzymes and microorganisms burning nutrients, mainly carbohydrate and protein, and generating metabolizable water, carbon dioxide and ammonia (Bernardes et al., 2018; Wang et al., 2022). In detail, the relative high LAB population (P < 0.01) and sharp decrease of coliform bacteria, yeasts (P < 0.01) and molds counts during ensiling process suggested a successful dominance establishment of LAB fermentation. As a consequence, silage pH was sharply lowered (P < 0.01) down to pH 4.32 by Day 7 of ensiling fermentation due to the accumulation of organic acids [lactate (P < 0.01), acetate and formate]. However, due to the limitation of fermentation substrate, the final pH of sorghum stalk silage is slightly higher than the desirable threshold pH 4.20. In a whole, the dynamic changes of these ensiling characteristics indicates that the fermentation of sorghum stalk silage would come to a relative steady status after 28 days fermentation.



Dynamic changes of nutrient component of sorghum stalk silage

The dynamic concentrations of primary nutrients covering GE, CP, EE, NDF, ADF and ash in sorghum stalk silage are presented in Table 2. The GE of raw sorghum stalk was low with a value of 15.91 MJ/kg, likely due to its relatively high content of crude ash (9.61% DM). Meanwhile, the raw sorghum stalk had low values of CP (6.96% DM) and EE (1.96% DM), along with moderate levels of NDF (43.69% DM) and ADF (24.52% DM). As ensiling fermentation was extended, the concentrations of NDF, ADF and ash were remarkably increased (P < 0.01) to the values of 47.98, 32.27, and 10.24% DM by the end (day 56). Given that plant enzymes and microorganisms mainly use soluble proteins and WSC as substrates during the ensiling process, resulting in the DM loss in the way of metabolizable water, carbon dioxide, ammonia, and volatile fatty acids. On the contrary, the structural materials of plants, including fiber and minerals, would be retained to a greater extent. This DM concentration effect caused by disproportionate nutrient consumption might be the reason for the increase in concentrations of NDF, ADF, and ash as ensiling duration (He et al., 2019; Wang et al., 2022). Meanwhile, it is also suggested that the nutrient components of sorghum stalk are somewhat altered during ensiling process, which would likely exert an effect on its feeding value. In specific, the numerical values of nutrient components of sorghum stalk before and after ensiling fermentation only had a low difference in the present study, in line with the low level of dry matter loss (4.10% DM), indicating ensiling processing well preserved the nutrients of high moisture sorghum stalk.


TABLE 2    Dynamic changes of nutrient component of sorghum stalk silage during ensiling process.
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Alpha and beta diversity of bacterial community in sorghum stalk silage

In the present study, a total of 1,968,149 pair-end reads were generated in the amplicon sequencing, with an average of 56,232 ± 5,427 pair-end reads per sample. For further analysis, 1,625,303 valid amplicon sequences were selected in the sequential process of primer removal, denoising, sequence consolidation and chimera removal, with an average of 46,437 ± 4,338 effective sequences per sample. Furthermore, only 1,987 representative sequences (i.e., ASVs) with an average length of 419 ± 11 bases, were harvested after repetitive sequences removed. The sequencing index Good’s coverage of each sample was over 0.999, while the rarefaction curves based on Shannon index and Faith PD for each sample level out as the sampling depth outnumbered 20,000 (Supplementary Figure 1), indicating that the sequencing analysis was deep enough to cover the entire bacterial community, assuring the representativeness of the sequencing data.

As with the alpha diversity of bacterial community, the parameters Shannon index, observed features, Pielou evenness and Faith PD gradually declined (P < 0.01) as ensiling fermentation was extended (Table 3). It is suggested that the diversity of bacterial community in the sorghum stalk silage decrease during ensiling process. In the early stages of ensiling fermentation, facultative and obligate anaerobic microorganisms such as Enterobacteria, Clostridia, certain bacilli and yeasts can theoretically compete with the LAB flora for the nutrients (Pahlow et al., 2003). Ensiling is a competition process of lactic acid bacteria and undesirable bacteria in essence (He et al., 2020a), where the becoming anaerobic condition would inhibit the growth of aerobic bacteria (e.g., fungi and molds) and initiate the activity of facultative anaerobe such as Pediococcus pentosaceus, Enterococcus faecalis, and Lactobacillus plantarum, consequently generating low pH environment to cease the fermentation (Pahlow et al., 2003). Many species of the epiphytic microbes belong to the obligate aerobic bacteria, and their growth is inhibited soon after the silo is sealed. Thus, the higher diversity of bacterial community at the early stage of ensiling fermentation should be owed to the co-existence of aerobic bacteria and facultative anaerobic bacteria, and the dominance establishment of LAB would lead to the decrease of bacterial community diversity later. Furthermore, it is inferred that LAB successfully dominate in the sorghum stalk silage, coinciding with the indication of fermentation parameters like pH value and bacterial population.


TABLE 3    Variation in the alpha diversity of bacterial community in sorghum stalk silage during ensiling process.
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Principal coordinate analysis of bacterial community in the sorghum stalk silage based on either unweighted UniFrac or weighted UniFrac metrics are illustrated in Figure 1. The results showed that the samples on each sampling day were individually clustered within a narrow range, indicating well repeatability of the samples. The overlapping part of the clustered samples from contiguous sampling days gradually decreased as ensiling fermentation was prolonged, and the samples from non-neighboring sampling days were significantly different (PERMANOVA P < 0.05), suggesting that the bacterial community of raw material would experience a succession becoming a quite different community during ensiling fermentation. Such an alteration of bacterial community would be necessarily accompanied with the corresponding changes of metabolites whereby the parameters of fermentation quality varied. Additionally, not significant difference between the samples on Day 28 and Day 56 of ensiling might suggest that ensiling fermentation might have reached a steady status by Day 28.
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FIGURE 1
Dissimilarity of the bacterial profiles in sorghum stalk silage at different ensiling duration. Distance between samples based on similarity in ASVs composition was calculated using unweighted UniFrac (left) and weighted UniFrac distance (right), and visualized using PCoA plots. The impact of ensiling duration on the clustering pattern of bacterial communities was tested using PERMANOVA. The ovals in varied colors represent 95% confidence interval of silage bacterial profiles at different ensiling duration.




Relative abundance of bacterial community in sorghum stalk silage

To further investigate the profile of bacterial community of sorghum stalk silage, bacterial composition was analyzed on phylum level and genus level. Taxonomic profiling revealed a total of 19 bacterial taxa at the phylum level as being identified, 10 of which were classified as being detected (Figure 2) according to the cutoff defined in the section “Materials and methods.” As illustrated in Figure 2 and Supplementary Table 1, the relative abundance of detected bacterial phyla remarkably changed (P < 0.05) when ensiling duration extended, where Proteobacteria, Bacteroidota, and Actinobacteriota were the top three dominant phyla with a relative abundance of 82.76, 6.80, and 5.12% in the raw material (Day 0), respectively, which was gradually substituted by phylum Firmicutes (from 1.22 to 83.68%) during ensiling process, with the relative abundance decreased (P < 0.05) to 12.32, 0.39, and 1.89% by Day 56 of ensiling fermentation, respectively. Moreover, Firmicutes became the most abundant phylum of bacterial community in the sorghum stalk silage since Day 3 of ensiling. It is indicated that sorghum stalk silage fermentation involves a shift in the bacterial community from Proteobacteria to Firmicutes. Similarly, McGarvey et al. (2013) reported that the relative abundance of Proteobacteria in the bacterial population of alfalfa forage before and after ensiling reduced from 89.6 to 26.9%, whereas that of Firmicutes increased from 8.1 to 70.6% after 40 d of ensiling. Much research has revealed that the majority of the bacterial community involved in lactic acid fermentation in silage belong to the phylum Firmicutes (Pang et al., 2011; Ogunade et al., 2018).
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FIGURE 2
Dynamic changes of the bacterial composition at the phylum level in the sorghum stalk silage with ensiling duration. Taxa name with asterisk (*) denoted highly significant ensiling duration effect (P < 0.01).


Meanwhile, the individual relative abundance of Cyanobacteria, Deinococcota, Myxococcota, Patescibacteria, Bdellovibrionota, Verrucomicrobiota, and the others phyla all decreased (P < 0.05) in the extended silage. Generally, aerobic microorganisms consume oxygen during the early stage of ensiling and the activity of anaerobes like Lactobacillus leads to pH decline, inhibiting less acid-tolerant microorganisms like Clostridium and Enterobacter (Dunière et al., 2013). It is well known that the majority of the bacterial community involved in lactic acid fermentation in silage belong to the phylum Firmicutes (Pang et al., 2011; Ogunade et al., 2018), the dominance establishment of LAB would lead to their overwhelming abundance, and the inhibition of undesirable microorganisms should be blamed for the decreased abundance of other phyla. Additionally, it could be speculated that the fermentation of sorghum stalk silage almost came to a plateau by Day 28 of ensiling given that no difference was found on the relative abundance of bacterial community on phylum level relative to that on Day 56 (Figure 1).

At the genus level, a total of 276 bacterial taxa were identified, of which 173 were considered as detected. To identify differentially abundant taxa among the sampling timepoint, a more stringent LEfSe analysis was performed. Results revealed that 26 bacterial taxa were affected by sampling timepoint (P < 0.05 and LDA score > 4), with day 0 (raw material) exhibiting high abundance of Hymenobacter, Methylobacterium-Methylorubrum, Sphingomonas, Pantoea, Serratia, and Pseudomonas, day 1 exhibiting high abundance of Klebsiella, day 3 exhibiting high abundance of Leuconostoc, Weissella, and Lactococcus, day 7 exhibiting high abundance of Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium and Enterobacter, and day 56 exhibiting high abundance of Lactobacillus, at the genus level, respectively (Figure 3). Noticeably, all differentially abundant taxa identified by LEfSe analysis were categorized into Proteobacteria, Firmicutes, Bacteroidota, and Actinobacteriota.
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FIGURE 3
Differential silage bacterial taxa (P < 0.05, and LDA score > 4) among the different ensiling duration by LEfSe.


Thereafter, the dynamic changes of the top 20 abundant bacterial taxa at the genus level are clarified in Figure 4 and Supplementary Table 2. When focusing on the dynamic trend of each genus in a whole, the relative abundance of some genera like Leuconostoc, Enterobacter, Lactococcus, Weissella, and Klebsiella varied (P < 0.05) in a quadratic curve during ensiling process, while that of some genera like Lactobacillus, Pantoea, Chloroplast, Sphingomonas, Methylobacterium-Methylorubrum, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Delftia, Pseudomonas, Serratia, Aureimonas, and Brevundimonas experienced a linear change (P < 0.05). Pantoea and Enterobacter (including unclassified Enterobacteriaceae) were the two most abundant genera in the fresh sorghum stalk with the proportion of 30.49 and 15.56%, while there was a low abundance (0.60–4.68%) of Pantoea in the silage, even on Day 1 of ensiling. The genus Pantoea is a diverse group of non-encapsulated, non-spore-forming, yellow-pigmented, rod-shaped Gram-negative, facultative anaerobic bacteria in the Enterobacteriaceae family (Tambong, 2019). Many strains of Pantoea show striking environmental versatility and adaptability, and possess a variety of biosynthetic and biodegradative capabilities, thus epiphytic populations of Pantoea have been identified on many plants as well as on vegetables, fruits and grains (Walterson and Stavrinides, 2015). Ogunade et al. (2018) reported that the relative abundances of Pantoea, Pseudomonas, and Sphingomonas in alfalfa silage were negatively correlated with its ammonia-N concentration, which might be due to inhibition of other proteolytic bacteria like Clostridia. Enterobacteria are usually the second most numerous bacterial group of the epiphytic microflora active in the silo and thus the most important in their competition with the LAB flora, producing primarily acetic acid (Pahlow et al., 2003). Enterobacteria are also important in reducing NO3, resulting in the production of nitrites and nitrogen oxide gases. Therefore, the genera Enterobacter and unclassified Enterobacteriaceae are undesirable in silage in that they would compete with LAB for nutrients and produce gases, especially when WSC content is low in the raw materials.
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FIGURE 4
Dynamic changes of the top 20 abundant bacterial taxa at the genus level in the sorghum stalk silage with ensiling duration. Taxa name with asterisk (*) denoted highly significant ensiling duration effect (P < 0.01).


When the stalk was ensiled, Leuconostoc (20.77–42.26%) and Enterobacter (15.32–20.83%) were the top two genera during the first 7 days of ensiling process, and later Lactobacillus (32.47–68.28%) and Leuconostoc (13.71–25.17%) became the dominant genera, indicating that sorghum stalk silage involves a shift in the bacterial community from Pantoea to Leuconostoc and finally Lactobacillus. Their increased abundances would expectedly promote acid production and pH decline. In general, Enterococcus, Lactococcus, and Leuconostoc initiate silage fermentation and create a suitable environment for the development of lactobacilli, and then those cocci are replaced by more acid-tolerant Lactobacillus species like L. plantarum and L. brevis (Pahlow et al., 2003). Consistently, many studies reported that the majority of the bacterial community involved in lactic acid fermentation in silage belong to the genera Lactobacillus, Leuconostoc, Pediococcus, Lactococcus, and Weissella (Pang et al., 2011; Yang et al., 2019). In comparison, the relative abundances of Leuconostoc, Lactobacillus, Lactococcus, Weissella, and Delftia in the mature sorghum stalk silage on Day 56 of ensiling was higher (P < 0.01) and those of Pantoea, Chloroplast, Sphingomonas, Methylobacterium-Methylorubrum, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Pseudomonas, Serratia, Aureimonas, and Brevundimonas were lower (P < 0.05) relative to those in the raw material. Most species of Weissella are obligate heterofermentative bacteria that produce lactate and acetate as major end products of sugar metabolism (Graf et al., 2016). Weissella species are also considered early colonizers as they are outcompeted by acid-tolerant Lactobacillus species due to the pH drop as fermentation progresses (Graf et al., 2016; Ogunade et al., 2018). As well, the decrease of genera Sphingomonas, Methylobacterium-Methylorubrum, and Pseudomonas is desirable in the silage. Sphingomonas is a kind of Gram-negative aerobic Alpha-Proteobacteria with extraordinary ability of degrading wide range of xenobiotic compounds and could be animal pathogens (White et al., 1996). Methylobacterium-Methylorubrum are aerobic, neutrophilic and facultative methylotrophic bacteria commonly found in plants, whose abundance is positive correlation with silage pH (Doronina et al., 2002; Ogunade et al., 2018). Pseudomonas is one kind of the most common bacteria in soil and can survive in an anaerobic environment and their presence is undesirable in silage due to its potential production of biogenic amines (Dunière et al., 2013). Serratia is a genus of facultative anaerobic bacteria usually involved in the production of 2,3-butanediol. Moreover, some species of Serratia may produce prodigiosin with antifungal properties (John Jimtha et al., 2017). From the above, the succession of bacterial community on phylum and genus level both suggest that LAB dominance is successfully established at the beginning, resulting in an advent of fermentation plateau by Day 28 of ensiling.




Conclusion

The results of this study showed that high-moisture sorghum stalk could be well preserved during ensiling fermentation indicated by the low level of DM loss and the little difference in the nutrients of sorghum stalk before and after ensiling. As expected, bacterial succession analysis proved a successful dominance establishment of LAB and a fast advent (28 days of ensiling) of fermentation plateau. Noteworthily, although high-moisture sorghum can be ensiled, the pH of mature silage seemed a little high likely due to the lack of fermentation substrate. Dynamic changes in bacterial composition could provide some new insights into the improvement of the quality of sorghum stalk silage, for example, the development of compound lactic acid bacteria including Leuconostoc spp. as a specific inoculant of sorghum stalk silage.
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This study aimed to isolate, characterize, and identify lactic acid bacteria (LAB) strains from various sources and evaluate their effects on the nutritional quality, fermentation characteristics, and microbial compositions of paper mulberry (PM) after 60 days of ensiling. Forty-nine LAB strains were isolated from Phalaris arundinacea silage, pickle, and fresh PM leaves; three of these strains (Lactiplantibacillus plantarum, YC1; Levilactobacillus brevis, PC3; and Lactiplantibacillus plantarum, BP17) and one commercial inoculant Gaofuji (GFJ) were subsequently used. Compared with other treatments, PC3 and BP17 increased (P < 0.05) the LAB count and crude protein content and decreased (P < 0.05) the molds and coliform bacteria counts, pH, and ammonia-N content of PM silages. BP17 and PC3 increased the relative Lactiplantibacillus abundance and decreased that of Lelliottia and Cladosporium, improving PM silage quality. Therefore, PC3 and BP17 can improve the fermentation quality of PM silage and could be used as silage starter cultures.
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Introduction

With the rapid development of animal husbandry in China, traditional feeds such as fodder crops, grasses, and grain are insufficient to meet the demand for livestock. The development and utilization of new feed resources has proven to be a viable solution to the feed crisis. Recently, woody forage processing and feeding technology have been studied in China (Si et al., 2018; Zhang et al., 2019a). Paper mulberry (PM; Broussonetia papyrifera L.), a typical woody forage, is fast growing; rich in crude protein (211.50–245.92 g/kg of DM), amino acids and flavonoids; and widely distributed in Asia (Pang et al., 2014; Cheng et al., 2021a; Wang et al., 2021a). The PM is widelyx distributed, with annual production of about 2.25 × 108 t in temperate and tropical zones of China (Dong et al., 2020). As one of the country’s top 10 targeted poverty alleviation initiatives, China has planted more than 300,000 hectares of PM for use as an unconventional animal feed (Hao et al., 2021). There have been many studies on the nutritional value of PM and the effects of feeding PM on livestock. For example, some studies found that adding an appropriate amount of PM silage to the diets of cattle and goats could improve feed efficiency, growth performance, meat quality, and immune and antioxidant function (Hao et al., 2020; Hua et al., 2020; Tao et al., 2020; Tian et al., 2020). Another study revealed the use of PM as a new type of animal feed that could be a candidate protein feed resource in response to the feed crisis (Guo et al., 2021).

PM is harvested during the rainy season, resulting in a high moisture content, and ensiling has been indicated to be the best way to preserve PM (Zhang et al., 2019a). In the process of ensiling, epiphytic lactic acid bacteria (LAB) ferment soluble carbohydrates in fresh forage into organic acids, mainly lactic acid, thereby reducing pH and inhibiting harmful microorganisms (Dong et al., 2019). As a result, ensiling is a microbial-driven process, in which LAB play a key role. Our previous studies have shown that without treatment, PM is difficult to ensile well due to the considerably high buffering capacity and the low epiphytic LAB count [< 105 cfu/g of fresh matter (FM)] of fresh forage (Cheng et al., 2021a). Exogenous LABs are frequently used to speed up the process of ensiling, prevent the growth of harmful microorganisms, and improve the silage quality of PM (Du et al., 2021; Wang et al., 2021b). Because the adaptability, establishment, and development of LAB in forages during ensiling is unknown, the conditions used do not always result in successful regulation of silage fermentation with LAB inoculants (Kobayashi et al., 2010; Tohno et al., 2012). Wang et al. (2021b) found that adding LAB [Lactiplantibacillus plantarum (L. plantarum) or Lacticaseibacillus casei] isolated from Leymus chinensis silage did not significantly improve the fermentation quality of PM silage, which was mainly reflected in the high pH (> 6) value and ammonia nitrogen (NH3–N) content (>16% TN), indicating that these LAB strains were not the best choice for PM ensiling. Previous studies have shown that adding LAB (isolated from fresh PM leaves) can improve the fermentation quality of PM silage (Cheng et al., 2021a). According to previous research, the best isolates for boosting fermentation quality may originate from that specific forage (Zhang et al., 2015; Wang et al., 2018a). Therefore, it is necessary to explore LAB strains that are adaptable and can play a role in PM silage. However, to our knowledge, few studies have focused on the effects of epiphytic LAB isolated from various forage sources on the fermentation quality of PM silage.

It is widely established that bacterial community structure and abundance are key factors that affect the fermentation quality of silage. Previously published studies indicated that a high abundance of harmful bacteria (such as Enterobacter or Clostridium) and a low abundance of beneficial bacteria (such as Lactobacillus) in silage were the main challenges for proper PM ensiling (Cheng et al., 2021a; Du et al., 2021). However, the structure and abundance of fungal community members (such as Saccharomyces, Cladosporium or Issatchenkia) during the ensiling process also affected the fermentation quality of silage (Li et al., 2021). Therefore, the composition and shift in bacteria and fungi may affect the fermentation quality of PM silage. In recent years, 16S rRNA and ITS sequencing has changed our understanding of bacterial and fungal communities in fresh and ensiled forages, including alfalfa (Bai et al., 2020), sugarcane (Wang et al., 2020), and timothy (Li et al., 2021). To the best of our knowledge, there have been no reports on the diversity of the fungal community in fresh and ensiled PM. Hence, the objective of the present study was to compare the effects of specific LAB, including epiphytic, exogenous, and commercial LAB inoculants, on the nutritional quality, fermentation characteristics, and bacterial and fungal community compositions of PM silage. Our hypothesis was that LAB strains isolated from different sources could functionally improve the silage quality of PM.



Materials and methods


Isolation, screening, characterization, and identification of lactic acid bacteria isolated from different sources

A total of 49 LAB strains were isolated from Phalaris arundinacea (P. arundinacea) silage, pickle, and fresh PM leaves according to the method of Cai et al. (1998). Ten grams of sample from each material was put into a sterile glass bottle and blended with 90 mL of sterile water. Serial dilutions were used for the isolation of LAB using de Man, Rugose, Sharpe (MRS) agar (GCM188, Land Bridge Technology Co., Ltd., Beijing, China). The morphological characteristics, growth ability, and acid production capacity of all identified strains were measured on MRS agar medium. The physiological and biochemical features of three LAB strains (L. plantarum isolated from P. arundinacea silage, YC1; L. plantarum isolated from pickle, PC3; and Levilactobacillus brevis isolated from fresh PM leaves, BP17) with rapid growth ability and high acid production ability were investigated. In addition, the tested strains were genetically identified by 16S rRNA gene sequencing (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China) and preserved in China General Microbiological Culture Collection Center under accession numbers CGMCC NO. 17813 (YC1), CGMCC No. 17726 (PC3) and CGMCC No. 17814 (BP17), respectively.



Silage preparation

This study was conducted at the experimental base (Chengdu) of Sichuan Academy of Grassland Science (103°22′E, 33°33′N). Whole PM leaves were harvested as ensiling material on July 1, 2020 and chopped to a length of 2–3 cm. Silages were prepared on a small-scale system by packing 500 g of chopped PM leaves without or with LAB inoculants into polyethylene bags (25 cm × 30 cm) and then vacuum packed using a vacuum packing machine (SJ-400, Shanghai Precision Machinery Manufacturing Co., Ltd.). The treatments were as follows: (1) CK, control without additives, treated with 5 mL kg–1 FM 0.9% physiological saline; (2) YC1, applied at 1.0 × 106 cfu g–1 of FM; (3) PC3, applied at 1.0 × 106 cfu g–1 of FM; (4) BP17, applied at 1.0 × 106 cfu g–1 of FM (Cheng et al., 2021a); (5) Gaofuji (GFJ), a combination of L. plantarum and Lentilactobacillus buchneri, produced by Sichuan Gaofuji Biotechnology Co., Ltd., applied at 1.0 × 106 cfu g–1 of FM. Three polyethylene bags of silage with the same treatment were sampled for analysis after 60 d of ensiling in a dark room at room temperature (20–25°C). Samples from fresh and ensiled PM leaves were subjected to analyses of chemical composition, fermentation characteristics, microbial population, and bacterial and fungal community compositions.



Analysis of microbial population, chemical composition, and fermentation quality

The microbial populations on fresh material and silage samples were determined according to the method of Cai et al. (1999). Ten grams of each sample was suspended in 90 mL of sterilized water and serially diluted from 10–1 to 10–5. The number of LAB was measured by plate counting on MRS agar (GCM188, Land Bridge Technology Co., Ltd., Beijing, China) and kept in an anaerobic incubator for 48 h at 37°C. Molds and yeasts were incubated in a general incubator on malt extract agar (CM173, Land Bridge Technology Co., Ltd., Beijing, China) for 48 h at 30°C, and yeasts were distinguished from molds by colony appearance and cell morphology. Aerobic bacteria were counted on nutrient agar (Nissui) and incubated for 48 h at 30°C under aerobic conditions. Coliform bacteria were incubated on blue light broth agar (Nissur Ltd., Tokyo, Japan) for 48 h at 30°C. The microbial counts were expressed as log cfu/g of FM.

Oven drying at 65°C to constant weight was used to determine the dry matter (DM) content of fresh material and silage samples. All dried samples were milled to pass through a 0.20 mm screen for determination of the chemical compositions. The total nitrogen (TN) content was determined using a Kjeldahl nitrogen analyzer (Kjeltec 8400, FOSS, Sweden), and crude protein (CP) was calculated by multiplying TN by 6.25 (AOAC, 1990). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) levels were analyzed with a modified procedure using an ANKOM 2000 Fiber Analyzer (ANKOM Technology Corp., Fairport, NY, United States) (Van Soest et al., 1991). The water-soluble carbohydrate (WSC) was determined using the method of Mcdonald et al. (1991). The in vitro ruminal DM digestibility (IVDMD) of all silage samples was determined according to the method of Goto and Minson (1977) using the two-stage fermentation technique.

A silage sample of 10 g was mixed with 90 mL ultrapure water for 3 min in a stomacher blender. The pH value of the silage extract was determined by a pH meter (3-Star 310P-02, Thermo Electron, Boston, United States). The ammonia nitrogen (NH3–N) content was determined in the silages by the phenol-hypochlorite procedure (Kleinschmit et al., 2005). A filtrate of approximately 10 mL was subjected to centrifugation (12,000 × g, 10 min, 4°C), and the lactic acid (LA), acetic acid (AA), propionic acid (PA), and butyric acid (BA) contents in the supernatant were analyzed using high-performance liquid chromatography (HPLC) (LC-20A; Shimadzu, Tokyo, Japan) with a UV detector (210 nm) and a column (e2695, Waters Co., Ltd.) (Cheng et al., 2021b).



Sequencing-based microbial analyses

Microbial DNA was extracted from the fresh PM and silage according to the method described in Li et al. (2021). In brief, a Power Soil DNA Isolation Kit (MO BIO Laboratories) was used to extract microbial DNA following the manufacturer’s instructions. All microbial DNA samples were immediately sent to Novogene Company (Beijing, China) for PCR amplification and bioinformatic analysis. The primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were chosen to amplify the V3-V4 region of the 16S rRNA gene. The primers ITS1F (5′– CTTGGTCATTTAGAGGAAGTAA–3′) and ITS2-2043R (5′-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the ITS gene (Li et al., 2021). Novogene (Beijing, China) completed library construction and Illumina S5 sequencing according to the manufacturer’s instructions. The data were analyzed using the Novogene Magic Cloud Platform.1



Statistical analyses

Data on the microbial population, chemical composition and fermentation quality of fresh and ensiled paper mulberry were analyzed using one-way analysis of variance (ANOVA) to evaluate the effects of LAB inoculants. The differences between means were assessed using Duncan’s multiple range method. The effect was considered significant when P < 0.05. The analyses were conducted using IBM SPSS Statistics 26.0 (SPSS, Inc., Chicago, IL).




Results and discussion


Characteristics and identification of selected lactic acid bacteria strains

More than 200 strains were isolated from different sources, and Gram staining, colony morphology and catalase activity tests identified 49 of them as LAB strains. Three strains, YC1, PC3, and BP17, were selected for further study according to their growth ability and acid production ability. The morphological, physiological, and biochemical properties of the three LAB strains used in our study are shown in Table 1. Previous studies reported that 16S rDNA sequencing was a good method for identifying microorganisms by genus and species (Cai et al., 1998; Wang et al., 2019a). In our study, 16S rDNA sequence analysis was used to identify these three strains. Among them, YC1 isolated from P. arundinacea silage and BP17 isolated from fresh PM leaves were L. plantarum, and PC3 isolated from pickle was Levilactobacillus brevis. The YC1 and BP17 strains were rod shaped, homofermentative, Gram positive, catalase negative, and glucose negative. This result is consistent with the study of Guo et al. (2020), who reported that F1 and F50 isolated from feces were L. plantarum and could be used to improve the silage quality of alfalfa. The PC3 strain was rod shaped, heterofermentative, Gram positive, catalase negative, and glucose positive. Previous studies revealed that Levilactobacillus brevis isolated from pickle had antifungal, antioxidant, and probiotic properties, and it has been successfully used in silage (Grant et al., 1994; Arasu et al., 2015). The YC1 strain could grow normally at temperatures from 5 to 35°C, while the PC3 and BP17 strains could grow normally at 15–40°C. This indicates that the YC1 strain is more resistant to low temperature than the PC3 and BP17 strains. The raw material from which YC1 was isolated (P. arundinacea silage) came from the Qinghai-Tibetan Plateau, while the raw materials from which PC3 (pickle) and BP17 (fresh leaves of PM) were isolated came from Chengdu; therefore, this difference in optimal growth temperature could have arisen due to long-term evolution and natural selection on the different environmental temperatures (You et al., 2021). This unique characteristic of the YC1 strain suggests that it may be used as a low-temperature-tolerant LAB inoculant, consistent with the results of Chen et al. (2020a), who reported that L. plantarum isolated from naturally fermented silage on the Qinghai Tibetan Plateau could grow normally at 5–30°C. The YC1 and BP17 strains could grow normally at pH values ranging from 3.0 to 8.0, while the PC3 strain could grow normally at pH 4–8, and all isolated strains could grow normally with NaCl concentrations of 3% (w/v) and 6.8% (w/v). These findings indicated that the tolerance of PC3 to an acidic environment was weaker than that of YC1 and BP17. This is because the PC3 strain is Levilactobacillus brevis, a heterofermentative LAB that plays a role in the early period of ensiling and is less resistant to the acidic environment than L. plantarum (Zheng et al., 2017; Amaral et al., 2020). This finding is consistent with the results of Wang et al. (2018a), who reported that L. plantarum was highly tolerant to low pH. The ability to reduce the pH of the medium has long been one of the main principles for selecting LAB as inoculants (Liu et al., 2014). In this study, the strains were inoculated in MRS medium and cultured at 30°C for 24–72 h. The pH ranges of the MRS medium from YC1, PC3, and BP17 were 4.00–4.96, 3.83–3.96, and 3.85–3.93, respectively. All of the strains could produce acid from galactose, lactose, sucrose, maltose, cellobiose, and inulin, which indicated that the strains isolated in our study had a wide variety of fermentation substrates. The selected strains, YC1, PC3, and BP17, demonstrated a wide range of temperature, pH, and salt tolerances, as well as a high acid production and a wide variety of fermentation substrates. These unique properties of these three selected strains offer the potential for practical applications as inoculants.


TABLE 1    Morphological, physiological, and biochemical properties of lactic acid bacteria isolates.
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Microbial counts and chemical compositions of fresh and ensiled paper mulberry

The microbial populations of fresh and ensiled PM are presented in Table 2. A low count of LAB (102.75 cfu/g of FM) was detected in the fresh PM, and high counts of undesirable microorganisms, including molds, yeast, aerobic bacteria, and coliform bacteria, were detected (103.89–106.19 cfu/g FM). The number of epiphytic LAB on the fresh PM (102.48 cfu/g of FM) in our study was similar to the result reported by Cheng et al. (2021a). In our study, the low count of epiphytic LAB (< 105 cfu/g of FM) and high count of harmful microorganisms on fresh PM made it difficult to ensile well, and additional LAB must be added to improve silage quality. As expected, as fermentation progressed, the counts of LAB increased (> 105 cfu/g of FM), whereas the counts of undesirable microorganisms decreased (P < 0.05). Similarly, Cheng et al. (2021b) reported that the number of helpful microorganisms increased, and the number of harmful microorganisms decreased after ensiling. Moreover, compared with other treatments, the PC3 and BP17 treatments had a higher (P < 0.05) number of LAB and lower (P < 0.05) numbers of molds and coliform bacteria.


TABLE 2    The microbial population by plate culture of fresh and ensiled paper mulberry.
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The chemical compositions of fresh and ensiled PM are displayed in Table 3. Studies have found that the presence of a sufficient WSC content (6–8% DM) in the fresh material is essential to ensure the fermentation quality of silage (Wang et al., 2018a). In our study, the WSC concentration (7.58% DM) of fresh PM was enough to promote LAB fermentation. After 60 d of ensiling, the YC1, PC3, and BP17 treatment silages consistently showed lower (P < 0.05) WSC contents than the CK and GFJ treatment silages. This may be due to the conversion of WSC content into acid, ethanol, and carbon dioxide by LAB during fermentation (Muck et al., 2018). All LAB treatments showed a greater (P < 0.05) CP concentration than the CK treatment, which could be due to LAB limiting clostridia growth and proteolysis (Arriola et al., 2011). Among the LAB treatments, PC3 and BP17 showed the best inhibitory effect, mainly due to their significantly higher CP content. The NDF and ADF levels of fresh PM were 30.39% DM and 18.30% DM, respectively, which were lower than the results (50.28% DM and 34.89% DM, respectively) reported in Hao et al. (2021). This is because previous studies focused on the whole PM plant, while this study focused on the PM leaves. The PC3 and BP17 treatments resulted in significantly lower (P < 0.05) NDF and ADF levels than the GFJ and YCI treatments, which indicated that PC3 and BP17 were more capable of degrading fiber than other LAB additives. Feeding well-fermented silage helps to improve animal performance because of the high level of LA and the low level of AA and ammonia nitrogen in the silage (Wang et al., 2019b). LAB strains could improve rumen DM digestibility by interacting with rumen microorganisms (Wang et al., 2019b). Compared with the GFJ treatment, inoculation with YC1, PC3, and BP17 enhanced (P < 0.05) the IVDMD of PM silage. This is because PM silage inoculated with YC1, PC3, and BP17 had a lower pH, which inhibited the growth of other microorganisms, thus reducing dry matter loss during silage fermentation. However, the in vitro DM digestibility of PM silage with GFJ was lower than that of PM silage without LAB. Similar result from Weinberg et al. (2007), who reported that the in vitro DM digestibility of wheat silage with LAB was lower than that of wheat silage without LAB. Based on these results, LAB isolated from different sources could maintain the nutritional value of PM silage.


TABLE 3    The chemical compositions of fresh and ensiled paper mulberry.
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Fermentation quality of ensiled paper mulberry

The fermentation quality of PM silage is shown in Table 4. The LAB treatments had significant effects (P < 0.05) on the pH value and NH3-N, LA, and AA levels of PM silage. Compared with the CK and GFJ treatments, the BP17 and PC3 treatments had lower (P < 0.05) pH values and NH3-N contents. This is likely because the LAB could convert WSC into LA, resulting in a decrease in pH and an increase in the LA content (You et al., 2021). However, since LAB activity plays an important role in LA accumulation and pH reduction in the early stages of ensiling (Davies et al., 1998), LAB from different sources have different effects on the silage quality of PM. In addition, the BP17 treatment had the lowest pH (4.89) and the highest LA content (10.94% DM). This result was attributed to the high count (108.63 cfu/g FM) of LAB contained in the BP17 treatment. However, although the PC3 treatment contained a large number of LAB (108.92 cfu/g FM), the LA level of silage was lower than that of the BP17 and YC1 treatments. This is because PC3 is a heterofermentative LAB (Levilactobacillus brevis) that can convert LA to AA (Danner et al., 2003), so the PC3-treated silage had the highest (P < 0.05) AA content (1.83% DM) (Table 4). The NH3-N content of silage is an indication of the degree of proteolysis (Wang et al., 2018b). Previous studies have suggested that well-preserved silage should contain NH3-N < 10% TN (Umaña et al., 1991). However, the NH3-N content (6.11% TN-9.12% TN) of all silages in our study was below the recommended levels. In addition, the NH3-N content in all LAB-treated silages was lower (P < 0.05) than that in the CK silage. This result confirmed that LAB reduced the pH value of the silage environment, thereby inhibiting the development and proteolytic activity of other microorganisms (such as clostridia) (Heinritz et al., 2012). PA and BA are undesirable because they waste metabolic energy in their creation (Dong et al., 2020). No PA or BA was detected in any PM silage in our study, which is consistent with the results of Cheng et al. (2021a).


TABLE 4    The fermentation quality of paper mulberry silages.
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Alpha diversities of bacteria and fungi in fresh and ensiled paper mulberry

The sequencing information and bacterial diversity analysis of ensiled PM are shown in Table 5. The Good’s coverage of all samples was more than 0.99, suggesting that the sequencing results could reveal the bacterial diversity of PM silage. Inoculation with LAB had a significant (P < 0.05) effect on the number of OTUs and on the Shannon, Ace and Chao1 indexes of PM silage. During ensiling, a decrease in observed species was found in YC1-, PC3-, and BP17-treated silages compared with the CK and GFJ-treated silages (P < 0.05). This is likely because many microorganisms are replaced by anaerobic LAB during ensiling, and the LA produced by LAB also inhibits harmful microorganisms. The Shannon index of the PC3-treated silage was decreased compared with that of the CK and GFJ-treated silages (P < 0.05). Similar results were found by Wang et al. (2021a), who reported that the Shannon index decreased after inoculating PM silage with Lentilactobacillus buchneri in PM silage. However, the Shannon index of the BP17-treated silage was higher (P < 0.05) than that of the CK and GFJ-treated silages. This was in accordance with the results from Wang et al. (2021a), who reported that the Shannon index increased after inoculating PM silage with L. plantarum. The Ace and Chao1 indexes of the YC1-, PC3-, and BP17-treated silages were lower than those of the CK and GFJ-treated silages (P < 0.05). These results agree with the results of Du et al. (2021), who found that the Chao and Ace indexes of PM silage increased after inoculation with LAB compared with the CK. These results suggest that our screened LAB can quickly reduce the pH of PM silage and thus inhibit harmful microorganisms and reduce the alpha diversity of bacteria (Li et al., 2021).


TABLE 5    The alpha-diversity of bacterial community of fresh and ensiled paper mulberry.
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The sequencing information and fungal diversity of PM silage are shown in Table 6. The majority of research on fungi has focused on toxin-producing fungi (Duniere et al., 2017), but few studies have investigated the epiphytic fungal community in silage. In our study, the Good’s coverage of all samples was more than 0.99, indicating that the sequencing depth was sufficient for revealing the complete fungal diversity. During ensiling, a decrease in the OTUs, Ace and Chao1 indexes was found in LAB silages compared with the CK silage (P < 0.05). A consistent result was reported by Keshri et al. (2018), who found that the alpha index of fungi in LAB-treated corn silage was lower than that in CK silage. Therefore, LAB reduces the diversity and richness of the fungal community in PM silage.


TABLE 6    The alpha-diversity of fungal community of fresh and ensiled paper mulberry.
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Bacterial and fungal communities of fresh and ensiled paper mulberry

The relative abundance of bacterial communities in the PM silages is shown in Figure 1. The main phyla detected in fresh PM were Firmicutes, Cyanobacteria, and Proteobacteria (Figure 1A). This is in accordance with the results from He et al. (2021), who reported that these bacteria were present in fresh and ensiled PM. Firmicutes and Proteobacteria were the main phyla detected in the PM silages. Compared to the fresh PM, the PM silages showed decreased relative abundances of Cyanobacteria and increased relative abundances of Firmicutes. Similar results were obtained by He et al. (2021), who reported that the relative abundance of Cyanobacteria in PM silages was lower and the relative abundance of Firmicutes was higher than those in fresh PM. Compared with the CK silage, the YC1-, PC3-, and BP17-treated silages had lower relative abundances of Cyanobacteria and Proteobacteria and a higher relative abundance of Firmicutes. The results of our study agree with those of Liu et al. (2019), who found that LAB-treated silage exhibited greater Firmicutes abundance and lower Proteobacteria and Cyanobacteria abundances than the CK silage. However, the relative abundance of Cyanobacteria was decreased and the relative abundance of Proteobacteria was increased in the GFJ-treated silage compared with other silages. This result indicated that GFJ did not improve the fermentation quality of PM silage. Similar results were obtained by Wang et al. (2021a), who reported that inoculation with LAB derived from Leymus chinensis silage had no discernible effect on the fermentation quality of PM silage. As illustrated in Figure 1B, Cyanobacteria and Bacillus were the predominant genera in fresh PM; these genera are not conducive to silage fermentation, and LAB treatments need to be added to improve the fermentation quality of PM silage. In the present study, Lactiplantibacillus and Enterococcus were the predominant genera in the PM silages. This was consistent with the findings of Cheng et al. (2021b), who showed that the predominant bacteria in the PM silage inoculated with LAB were Enterococcus and Lactiplantibacillus. A variety of beneficial LAB, including Lactiplantibacillus, Weissella, Lactococcus, Leuconostoc, and Streptococcus, are essential for enhancing LA production and reducing pH (Dong et al., 2020). Compared with the CK and GFJ-treated silages, the PC3- and BP17-treated silages had increased relative abundances of Lactiplantibacillus and decreased relative abundances of Enterococcus. Since Lactiplantibacillus is strongly acid tolerant, it would remain unaffected at low pH values, while less acid-tolerant microorganisms such as Enterococcus would be inhibited (Li et al., 2021). In the present study, the relative abundance of Kosakonia in the GFJ-treated silage was higher than that in the other silages. Studies have found that Kosakonia, a bacterium similar to Enterobacter, can produce NH3-N, leading to silage spoilage (Kosako et al., 1996; Duniere et al., 2013). Compared with the CK and GFJ-treated silages, the PC3- and BP17-treated silages showed decreased relative abundances of Lelliottia. Lelliottia has been rarely reported to be distributed in silage. Lelliottia, an Enterobacteriaceae member (Yuk et al., 2018), can create NH3-N, resulting in poor silage quality.
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FIGURE 1
The relative abundance of bacteria at the phylum (A) and genus (B) levels in fresh paper mulberry and silages inoculated with saline (CK), with a commercial inoculant (GFJ, a combination of Lactiplantibacillus plantarum and Lentilactobacillus buchneri, 1.0 × 106 cfu/g of FM) or with one of the three selected strains (YC1, Lactiplantibacillus plantarum; PC3, Levilactobacillus brevis; BP17, Lactiplantibacillus plantarum) at 1.0 × 106 cfu/g of FM.


The fungal composition of PM silages is shown in Figure 2. Since well-fermented silages do not contain toxin-producing fungi, researchers rarely consider the fungal community in silage (Duniere et al., 2017). The main phyla detected in the fresh PM were Ascomycota and Basidiomycota (Figure 2A). A similar result was found in Zhang et al. (2019b), which reported that Ascomycota were highly abundant, followed by Basidiomycota, in silages. Compared to the PM silage, the fresh PM had a higher relative abundance of Ascomycota and a lower relative abundance of Basidiomycota. However, an opposite result was obtained by Bai et al. (2020), who found that Ascomycota abundance increased and Basidiomycota abundance decreased in alfalfa silage compared with fresh material. Hence, we attribute that LAB have different effects on the fungal communities of different forage species. The dominant fungal genus in fresh PM was Aureobasidium (Figure 2B), which has been reported to be the predominant genus on the skin of grapes (Gao et al., 2019). However, inconsistent results were reported by Chen et al. (2020b), who reported that the dominant fungal genera in fresh PM were Mortierella and Hannaella. Numerous factors, such as forage types and environmental factors, result in differences in the fungal community composition (Li et al., 2021). The dominant fungal genus in the PM silages was unclassified fungi (Figure 2B), which was similar to the results of Li et al. (2021), who found that unclassified fungi were the most abundant microorganisms in additive-treated timothy silage. Compared with the CK and GFJ-treated silages, the PC3- and YC1-treated silages had increased relative abundances of Strelitziana. However, this is the first study to report that Strelitziana is distributed in PM silage. Further study is needed to investigate the effect of Strelitziana on silage quality. Compared with the CK silage, the BP17- and PC3-treated silages had decreased relative abundances of Cladosporium. Cladosporium, which produces mycotoxins, is a mold commonly found in plants (Tabuc et al., 2011). The reduction in Cladosporium indicated that inoculation with BP17 and PC3 improved the quality of silage. The relative abundance of Gibberella was decreased in the BP17-treated silage compared with the CK silage, while it was decreased in the PC3-treated silage. Gibberella can produce mycotoxins such as zearalenone, a fungus commonly found in corn (Anderson et al., 2017). Thus, inoculation of PM silage with BP17 could inhibit mycotoxin. However, inoculation with PC3 showed a limited effect on the activity of Gibberella. In addition, the highest relative abundance of Isaria was observed in the PC3-treated silage. Several studies have shown that Isaria could be used for the biotransformation of flavonoids, glycosides, steroids, and other compounds (Dymarska et al., 2018; Kozłowska et al., 2018). There are few reports on Isaria in silage; therefore, additional research is needed to investigate the role of Isaria in silage.
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FIGURE 2
The relative abundance of fungi at the phylum (A) and genus (B) levels in fresh paper mulberry and silages treated inoculated with saline (CK), with a commercial inoculant (GFJ, a combination of Lactiplantibacillus plantarum and Lentilactobacillus buchneri, 1.0 × 106 cfu/g of FM) or with one of the three selected strains (YC1, Lactiplantibacillus plantarum; PC3, Levilactobacillus brevis; BP17, Lactiplantibacillus plantarum) at 1.0 × 106 cfu/g of FM.


These results suggested that inoculation with BP17 and PC3 increased the relative abundance of Lactiplantibacillus and decreased the relative abundance of Lelliottia and Cladosporium, resulting in improved PM silage quality.




Conclusion

This study evaluated the effect of LAB strains from various sources on the silage quality and the PM microbial community. Among the evaluated LAB strains, BP17 isolated from the fresh PM leaves and PC3 isolated from pickle could significantly improve the silage quality of PM, mainly in terms of high CP and LA contents and low pH and NH3-N contents. Inoculation with BP17 and PC3 increased the relative abundance of Lactiplantibacillus and decreased the relative abundances of Lelliottia and Cladosporium, thereby improving the silage quality of PM. This study showed that BP17 and PC3 could be used as silage additives.
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In this study, we analyzed the fermentation quality, microbial community, and metabolome characteristics of ryegrass silage from different harvests (first harvest-AK, second harvest-BK, and third harvest-CK) and analyzed the correlation between fermentative bacteria and metabolites. The bacterial community and metabolomic characteristics were analyzed by single-molecule real-time (SMRT) sequencing and ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS/MS), respectively. After 60 days of ensiling, the pH of BK was significantly lower than those of AK and CK, and its lactic acid content was significantly higher than those of AK and CK. Lactiplantibacillus and Enterococcus genera dominate the microbiota of silage obtained from ryegrass harvested at three different harvests. In addition, the BK group had the highest abundance of Lactiplantibacillus plantarum (58.66%), and the CK group had the highest abundance of Enterococcus faecalis (42.88%). The most annotated metabolites among the differential metabolites of different harvests were peptides, and eight amino acids were dominant in the composition of the identified peptides. In the ryegrass silage, arginine, alanine, aspartate, and glutamate biosynthesis had the highest enrichment ratio in the metabolic pathway of KEGG pathway enrichment analysis. Valyl-isoleucine and glutamylvaline were positively correlated with Lactiplantibacillus plantarum. D-Pipecolic acid and L-glutamic acid were positively correlated with Levilactobacillus brevis. L-phenylalanyl-L-proline, 3,4,5-trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid, and shikimic acid were negatively correlated with Levilactobacillus brevis. In conclusion, this study explains the effects of different harvest frequencies on the fermentation quality, microbial community, and metabolites of ryegrass, and improves our understanding of the ensiling mechanisms associated with different ryegrass harvesting frequencies.
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ryegrass silage, bacterial community, metabolomics profiles, SMRT, UHPLC-MS/MS


Introduction

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

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



Materials and methods


Experimental design and mini silos preparation

The study was carried out from May to August 2021 (May–August: monthly mean temperatures: 15.3°C, 21.0°C, 23.2°C, and 19.3°C; monthly total precipitation: 7.1, 55.6, 122.6, and 111.7 mm) at the forage experiment site of Inner Mongolia Agricultural University (111°43′E, 40°48′N, altitude 1,056 m above sea level, Hohhot, Inner Mongolia). Six plots (15 × 7 m2; each plot separated by 0.5 m) of ryegrass were planted on May 12 on chestnut caliche soil. Ryegrass was harvested three times in total. The first (A), second (B), and third (C) harvests were on July 7, July 27, and August 16, respectively. Three plots of fresh ryegrass were randomly chosen and selected for sample collection at the ryegrass booting period, and the collected samples were placed on clean plastic sheets and left to sun-dry. As they dried, we measured the moisture until dry matter content at about 35% was achieved, whereupon the ryegrass was cut into about 3 cm sections with a guillotine (Type: Mode-8,200; Minghong Business, Shandong, China). The chopped ryegrass from each plot was fully mixed and divided into three equal portions and used as replicates. Each portion (300 g) was collected in sterilized bags and placed in an icebox, and then immediately transported to the laboratory at the same time. We evenly divided each (300 g) sample into two equal parts (3 replicates*2 = 6 repeats), put 20 g of each sample into a liquid nitrogen tank, and immediately sent them to the laboratory for storage in a −80°C refrigerator. These samples were sent to Majorbio Bio-Pharm Technology (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China) to perform the metabolome analysis. The chemical composition and microbial population of fresh ryegrass were evaluated (Table 1). We then packed the rest of the prepared ryegrass (500 g) in polyethylene plastic bags (size: 300 mm × 400 mm; smooth food vacuum bag; Shenyang Huasheng Plastic Packaging Products Co., Ltd., China) and vacuum sealed them with a vacuum sealer (Type: DZ-500/2E; Hefei Hanjie Packaging Machinery Inkjet Co., Ltd., Hefei, China). In addition, no additives were added to these samples. All bags (3 treatments × 3 repeats) were then stored at ambient temperature (24–26°C) under sheltered conditions. Silage quality, microbial community, and metabolites were measured for the first (AK), second (BK), and third (CK) ryegrass harvests after 60 days of ensiling.


TABLE 1    Chemical and microbial compositions of fresh ryegrass.
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Sample collection and measurements

Three parallel determinations were performed for each sample of fresh and silage ryegrass, including chemical composition, fermentation characteristics, and microbial counts. Following the method of Zhang et al. (2016), the dry matter (DM) content was determined by oven drying at 65°C for 48 h. The crude protein content was determined using a Kjeldahl apparatus (Gerhart Vapodest 50 s, Germany) following Patrica (1997). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) were measured according to Van Soest procedures (Van et al., 1991), using an Ankom A2000i fiber analyzer (A2000i, Ankom Technology, Macedon, NY, United States). The water-soluble carbohydrate (WSC) content was determined according to the methods of Chen et al. (2015).

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

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



Sequencing and analysis of microbial diversity

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

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



Sequencing and analysis of metabolites

The metabolites were extracted from a 50 mg solid ensiled ryegrass sample in EP tubes using a 400 L methanol: water (4:1, v/v) solution, following the methods of Zhang et al. (2019). As part of the system conditioning and quality control process, a pooled quality control sample (QC) was prepared by mixing equal volumes of all samples. The QC samples were treated and tested in the same manner as the analytic samples (3 treatments × 6 repeats = 27). The QC samples were injected at regular intervals (every six samples) in order to monitor the stability of the analysis. Ultra-high-performance liquid chromatography-tandem Fourier transform mass spectrometry UHPLC-Q Exactive HF-X system from Thermo Fisher served as the apparatus platform for this LC-MS study. Ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS/MS) analyses were performed following Yang et al. (2022).



Multivariate statistical analysis of metabolites and identification of differential metabolites

The ropls (Version 1.6.2) R package was used to perform multivariate statistical analysis. To gain an overview of the metabolic data, an unsupervised approach of principle component analysis (PCA) was used to depict general clustering, trends, and outliers. Prior to the PCA, all of the metabolite variables were scaled to unit variances. A total of 375 differential metabolites in three groups were summarized using one-way analysis of variance (ANOVA) for multiple comparisons of silage samples from the three harvests by screening for differential metabolites with asymptotic statistical significance (p < 0.05) to create metabolic sets. Metabolic enrichment and pathway analyses were built up and connected to biochemical pathways using database searches (KEGG).1 These metabolites can be classified into categories based on the pathways they took or the functions they played. Enrichment analysis is frequently used to identify whether or not a group of metabolites in a function node appeared. The notion is that an investigation of a single metabolite would lead to an analysis of a group of metabolites. The scipy.stats (Python packages)2 was used to find statistically significantly enriched pathways using Fisher’s exact test.



Statistical analysis

The fermentation, nutritional characteristics, and microbial counts of fresh and silage ryegrass were analyzed using a one-way analysis of variance (ANOVA) based on the general linear model (GLM) procedure of SAS (version 9.3; SAS Institute Inc., Cary, NC, United States). One-way analysis of variance (ANOVA) and Duncan’s multiple range test were used to evaluate differences among treatments, and the effect was considered significant when p < 0.05. Microbiota and metabolome data were performed using an online platform of Majorbio I-Sanger Cloud Platform.3




Results


Chemical and microbial compositions of fresh ryegrass materials

The chemical composition and microbial populations of fresh ryegrass before ensiling are shown in Table 1. The DM content of fresh ryegrass ranged from 341.27to 354.02 g/kg. The CP content (172.50 g/kg) of the first harvest sample was significantly higher than at other harvests (p < 0.05). The NDF and ADF content of the first harvest sample was significantly lower than at other harvests, and its WSC was significantly higher (p < 0.05). There was no significant difference in LAB or coliform bacteria among harvests, but the yeast and mold content of the first harvest sample was significantly lower than at later harvests (p < 0.05).



Silage quality of different harvest ryegrass silage

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


TABLE 2    Silage quality of ryegrass silage in different harvests.
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Bacterial community and metabolomic profiles of ryegrass silage

As shown in Table 3, based on SMRT sequencing of the full-length 16S rRNA genes of fresh materials and ryegrass silage bacteria, all the samples had coverage values better than 99%, indicating that the sequencing depth was adequate for valid bacterial community characterization. After ensiling, the Sobs, Shannon, Ace, and Chao 1 values ranged from 39.00 to 59.00, 1.45 to 2.53, 68.62 to 98.50, and 51.06 to 82.00, respectively. It follows that the harvest number greatly affected the bacterial community of the resultant silage. Compared with fresh forage, the Sobs, Shannon, Ace, and Chao 1 values in each treated silage decreased. In addition, the highest Sobs, Shannon, and Ace values of bacterial diversity and community were observed in the third harvest of fresh materials.


TABLE 3    Alpha-diversity of the bacterial community in fresh materials and ryegrass silage.
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A β-diversity analysis utilizing principal coordinates analysis (PCoA) was used to confirm the differences in the bacterial communities of the fresh materials and ryegrass silage (Figure 1A). The PCoA was based on Bray-Curtis distances at the OTU level and an ANOSIM test with 999 permutations between different groups. As shown in Figure 1A, we observed that there was no significant separation between the bacterial communities of fresh ryegrass materials, but after ensiling, the bacterial communities of different harvests had clearly separated epiphytic microbial communities. For the metabolomic features, no significant separation was found in fresh ryegrass materials (A, B, C) according to the PCA plot (Figure 1B). However, separation was found between AK, CK, and BK silage treatments, although a good separation between AK and CK was not observed.
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FIGURE 1
The principal coordinate analysis (PCoA) plot showing variation in bacterial community structure of different harvests. (A) The principal component analysis (PCA) of metabolites showing variation among the different harvests of fresh and silage ryegrass. (B) Each point represents an individual. A, first harvest of fresh ryegrass; B, second harvest of fresh ryegrass; C, third harvest of fresh ryegrass; AK, First harvest of ryegrass silage; BK, second harvest of ryegrass silage; CK, third harvest of ryegrass silage.




Bacterial community changes in ryegrass silage

The dynamics of bacterial communities in different harvests of fresh ryegrass and ryegrass silage at the genus level revealed by SMRT is described in Figure 2A. Pantoea and unclassified bacteria were the main genera in the fresh materials. Enterococcus and Lactiplantibacillus were the most common bacteria in the AK, CK, and BK groups during the ensiling process. However, the community composition was influenced by harvest number. The highest abundance of Lactiplantibacillus (58.66%) was in BK, and the highest abundance of Enterococcus (40.88 and 67.36%) was in AK and CK. The relative abundance of fresh ryegrass and ryegrass silage bacteria at the species level by SMRT is shown in Figure 2B. Uncultured bacteria (A: 30.41%; C: 30.23%) and Pantoea vagans (C: 33.08%) were the main species in fresh ryegrass. Lactiplantibacillus plantarum was undetectable in fresh materials. After 60 days of the ensiling process, the uncultured Enterococcus sp., Lactiplantibacillus plantarum, and Enterococcus faecalis were the most dominant species in the AK, BK, and CK groups, respectively. Their abundances were 27.76, 58.66, and 42.88%, respectively.
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FIGURE 2
Bacterial community composition at genus (A) and species (B) levels in fresh ryegrass and ryegrass silage by SMRT. A, first harvest of fresh ryegrass; B, second harvest of fresh ryegrass; C, third harvest of fresh ryegrass; AK, first harvest of ryegrass silage; BK, second harvest of ryegrass silage; CK, third harvest of ryegrass silage.


The succession of bacterial community dynamics at the phylum level during the ensiling of ryegrass is shown in Figure 3. The dominant phyla in fresh ryegrass microbiota were Proteobacteria (A: 50.12%; B: 59.38%; and C: 41.70%) and unclassified bacteria (A: 30.43%; B: 19.89%; and C: 31.63%). However, during the ensiling of ryegrass, the AK microbiota was dominated by Firmicutes (95.20%) and Proteobacteria (3.83%); the BK microbiota was dominated by Firmicutes (98.08%) and unclassified bacteria (1.63%); and the CK microbiota was dominated by Firmicutes (97.02%) and Proteobacteria (1.70%) (Figure 3A). Figure 3B illustrates the dynamics of bacterial populations in fresh and silage ryegrass at the genus level. The main epiphytic genus of group A was unclassified bacteria and Agrobacterium, and the main epiphytic genus of group C was Microbacterium, which was very significantly higher than in the other groups (p < 0.001). Their abundance decreased greatly during the ensiling process. After ensiling ryegrass, significantly different dominant genera were Enterococcus, unclassified bacteria, and Klebsiella. In addition, the main genus was Enterococcus in the AK (40.88%) and CK (67.36%) groups, and their abundance was significantly higher than that of other genera (p < 0.001).
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FIGURE 3
Differences in the relative abundance of the microbial community at the phylum level shown by a Circos plot. The size of the bars from each phylum shows the relative abundance of that phylum in sample (A). One-way analysis of variance bar plots at the genus level (10 most abundant genera) among the fresh and silage ryegrass. *p < 0.05; **p < 0.01; ***p < 0.001 (B). A, first harvest of fresh ryegrass; B, second harvest of fresh ryegrass; C, third harvest of fresh ryegrass; AK, first harvest of ryegrass silage; BK, second harvest of ryegrass silage; CK, third harvest of ryegrass silage.


We used LEfSe to identify specific communities in the sample, and only statistical analyses from the kingdom to species level were performed in this study. Cladograms depicted several treatments, and LEfSe verified LDA values of 2 or greater (Figure 4). In AK, 13 groups of bacteria were significantly enriched, and Enterococcus hermanniensis (4.89) had the largest LDA scores. In BK, two groups of bacteria were significantly enriched, and Lactiplantibacillus plantarum (5.50) had the largest LDA scores. In CK, five groups of bacteria were significantly enriched, and Enterococcaceae (5.53) had the largest LDA scores. These results indicated that species abundance differs in specific communities at different harvests.
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FIGURE 4
Cladogram showing the phylogenetic distribution of bacteria after 60 days of silage at different harvests. (A) Indicator bacteria with an LDA score of 2 or more in the silage bacterial community under different treatments. (B) Areas of different colors represent different treatments (red, AK; blue, BK; green, CK). Circles indicate the phylogenetic level from the kingdom to the species level. Each node (small circle) represents a taxonomic unit. Yellow nodes indicate that the two groups of bacteria were not statistically or biologically different. The diameter of each circle is proportional to the abundance of the group.




Identification and analysis of metabolites

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


Furthermore, enrichment analysis (Figure 6) showed that metabolic pathways, such as arginine biosynthesis, alanine, aspartate, and glutamate metabolism, glyoxylate and dicarboxylate metabolism, purine metabolism, ABC transporters, and aminoacyl-tRNA biosynthesis, were significantly affected (p < 0.001) by different harvests. The highest enrichment rates were for arginine biosynthesis, alanine, aspartate, and glutamate metabolism. The ABC transporters are a pathway related to environmental information processing, and the alanine, aspartate, and glutamate metabolism are a pathway related to genetic information processing according to the KEGG Pathway database classification. In addition, metabolic pathways of fermenting bacteria, such as glycine, serine, and threonine metabolism, cysteine and methionine metabolism, and pyrimidine metabolism, were significantly affected (p < 0.01) by different harvests. Metabolic pathways, such as cyanoamino acid metabolism, tyrosine metabolism, vancomycin resistance, beta-alanine metabolism, and phenylalanine, tyrosine, and tryptophan biosynthesis, were significantly affected (p < 0.05) by different harvests, among which the vancomycin resistance is a pathway related to human diseases according to KEGG Pathway database classification.


[image: image]

FIGURE 6
Metabolite pathway enrichment analysis following positive and negative mode ionization. Overview of metabolites enriched in ryegrass after silage of different harvests. M, EIP, GIP, and HD are the class names of metabolic pathways in KEGG annotation. M, Metabolism; EIP, Environmental Information Processing; GIP, Genetic Information Processing; HD, Human Diseases. p-value-corrected < 0.05 and column chart showing p-values for the top 20 pathways; *p < 0.05; **p < 0.01; ***p < 0.001.




Correlations between the relative abundance of bacteria and metabolites

Spearman correlation between bacterial and differential metabolites at the level of species is shown in Figure 7, and bacteria in silage of different harvests that were co-occurring or highly enriched were classified and named. Correlation analysis indicated negative and positive correlations (p-values are shown as *p < 0.05, **p < 0.01, ***p < 0.001). After 60 days of ensiling, (R)-(+)-2-pyrrolidone-5-carboxylic acid and cyclohexane were positively correlated with Lactiplantibacillus plantarum, and negatively correlated with Enterococcus faecalis. Arabinonic acid was negatively correlated with Enterococcus faecalis. Glutamylvaline, 3,4-dihydroxyphenylpropanoate, valyl-isoleucine, and myrtenyl acetate were positively correlated with Lactiplantibacillus plantarum, and negatively correlated with Enterococcus faecalis. 9(S)-HOTrE was positively correlated with Levilactobacillus brevis. Isoleucyl aspartate was negatively correlated with Enterococcus hermanniensis and Enterococcus faecalis. Arabinofuranose, xanthine, uridine, corchorifatty acid F, and normetanephrine were negatively correlated with Enterococcus hermanniensis. The L-glutamic acid, tetranor 12-HETE, and D-pipecolic acid were positively correlated with Levilactobacillus brevis, and negatively correlated with Enterococcus hermanniensis. 1-(2-Amino-4-methylpentanoyl)pyrrolidine-2-carboxylic acid was negatively correlated with Levilactobacillus brevis. Chlorogenic acid and 1,3-dicaffeoylquinic acid were negatively correlated with Lactiplantibacillus plantarum, and positively correlated with Enterococcus faecalis. 3,4,5-Trihydroxy-6-(2-methoxybenzoyloxy)oxane-2-carboxylic acid and L-phenylalanyl-L-proline were negatively correlated with Levilactobacillus brevis, and positively correlated with Enterococcus hermanniensis. Monotropein was positively correlated with Enterococcus hermanniensis and Enterococcus faecalis. 7-Hydroxy-6-methoxy-3-(1,2,5-trihydroxy-4-oxocyclohexa-2,5-dien-1-yl)-4H-chromen and (3S,7E,9S)-9-hydroxy-4,7-megastigmadien-3-one 9-glucoside were positively correlated with Enterococcus hermanniensis. Methylmalonic acid, 3,5,7-trihydroxy-2-(1-hydroxy-3-methoxy-4-oxocyclohex-2-en-1-yl)-6-methoxy-4H-ch, and shikimic acid were negatively correlated with Levilactobacillus brevis, and positively correlated with Enterococcus hermanniensis.
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FIGURE 7
Correlation analysis of the high abundance of species-level bacteria and metabolites in silage from different harvests. *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.





Discussion

The amount of epiphytic LAB in raw materials is critical for the success of silage (Cai et al., 1999). According to Wang et al. (2017), the minimum number of LAB in the raw material should be greater than 5.0 log10 CFU per gram FM. The second harvest of fresh ryegrass had a higher number(6.09 log10 CFU per gram FM)of LAB to meet the fermentation requirements, while the first (4.73 log10 CFU per gram FM) and third (4.21 log10 CFU per gram FM) harvests had slightly lower numbers and higher concentrations of unfavorable microorganisms (> 6.41 log10 CFU per gram FM), including yeasts, aerobic bacteria, and coliform bacteria, which might contribute to unacceptable silage fermentation. Moreover, non-structural carbohydrates (NSC), which comprise soluble carbohydrates (e.g., sucrose and fructose) and starch, are the most essential sources of energy in the plant development and metabolic process (Wang et al., 2017). The amount of WSC in the raw material is important for lactic acid fermentation, and the ideal WSC concentration for silage fermentation is at least 50 g/kg DM (Li et al., 2019). The WSC content (86.30 g/kg, 66.53 g/kg, and 77.40 g/kg) of different harvests of fresh ryegrass met that threshold, showing that microorganisms had enough substrate.

Ensiling is a complicated bacterial fermentation process that results in the accumulation of organic acid and a decrease in pH (Ding et al., 2020). The acidity of silage is crucial for stability, and a pH below 5.0 favors the proliferation of desirable LAB and limits the growth of undesirable microorganisms (Keles et al., 2014). A pH of 4.2 or below indicates that the silage is well-fermented (Mcdonald et al., 1991). The pH of ryegrass without the addition of exogenous ferment was generally higher than 4.2 after natural fermentation (Table 2), as was also found by Wang S. et al. (2018). After ensiling, all the silages had consistently lower DM levels than the fresh material in the current study. The results of this study were in agreement with the reports that the DM content after ensiling was lower than that of the raw material before ensiling in all cases. This may be due to the fact that during the fermentation process, the easily degradable carbohydrates (WSC) of silage were transformed into silage acids, ethanol, and carbon dioxide by fermenting microorganisms (Wang S. et al., 2018). It is possible that the metabolism of soluble substances (e.g., WSC) by fermenting microorganisms may lead to a reduction in dry matter content (Oladosu et al., 2016). In the current study, direct ensiling of untreated ryegrass resulted in high pH and low lactic acid concentration after fermentation and produced more butyric acid, which is consistent with the report of Li et al. (2019). In the present study, the different metabolism processes of different microbial communities at different harvests resulted in differences in pH values and organic acid concentrations.

Ensiling without the use of an inoculant or starter is a spontaneous fermentative process in which fermentation mainly depends on the composition of epiphytic microorganisms and the natural occurrence of epiphytic LAB (Guo et al., 2018). Many studies have shown that by using the PacBio SMRT sequencing, microorganism composition and its dynamics in the ensiling process can be precisely revealed at the species level because it can generate long sequence reads, which provides valuable biological information regarding the complete bacterial community in the ensiling system (Bai et al., 2021; Du et al., 2022a,b). The bacteria in all samples of fresh and silage ryegrass in this study were sequenced by SMRT sequencing technology to accurately assess the microbial community and diversity (Table 3). The coverage values were greater than 0.99 in all samples, which indicated that the sequencing depth was sufficient to detect the maximum bacterial communities. The Sobs diversity index in ryegrass silage was lower than that of fresh ryegrass, which indicated that the bacterial diversity of ryegrass decreased after ensiling. Alpha-diversity reflects the microbial abundance and species diversity of a single sample. Shannon’s index is used to measure species diversity, and a larger Shannon index indicated higher species diversity in the sample. Ace and Chao 1 indices are used to measure species richness, and lower Ace and Chao 1 index values indicated lower species richness of the sample (Zhang et al., 2020). Moreover, the Shannon index, Ace index, and Chao 1 index showed trends similar to the trend of the Sobs. This indicated that the bacterial diversity and abundance of ryegrass decreased after ensiling. Aerobic and facultative anaerobic fermentative bacteria consume oxygen and create an anaerobic environment. In general, during anaerobic fermentation, the metabolic activity of many undesirable microorganisms in raw materials is suppressed and gradually replaced by the LAB that dominate the fermentation process (Ni et al., 2017). This is similar to the results of Yan et al. (2019) who studied high-moisture Italian ryegrass silages. This may be due to the inability of some microorganisms to survive in anaerobic and acidic silage environments. Our findings are consistent with those of Ren et al. (2020), who discovered that the Chao 1 and Ace indices of sugarcane top silages were lowest at the end of fermentation, implying that the diversity of the microbial community may have declined as LAB became dominant in the silage. The Sobs, Shannon, Ace, and Chao 1 indices were lowest for the second harvest silage, which indicated that there may have been a small number of acidifying bacterial species in the second harvest silage (Zhang et al., 2020). The variation in the microbial community was further elucidated by analyzing the β-diversity of the bacterial population. In the PCoA plot, the variance in bacterial diversity was readily visible. Fresh forage and ensiled samples, as well as silages from different harvests, were effectively separated. This meant that the bacterial populations had altered during the ensiling process. The change in the bacterial population might explain differences in fermentation quality (Ni et al., 2017). In addition, the changes in metabolism before and after ensiling, and after ensiling different harvests were clearly demonstrated in the PCA plots. Metabolic profiles of fresh forage samples were successfully separated, but the metabolic profiles of first and third harvest silages overlapped, indicating the existence of the same metabolic pathway for both treatments.

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

After fermentation, the main genera in silage were Lactiplantibacillus, Enterococcus, and a small amount of Levilactobacillus. During the fermentation process, Lactobacillus, Lactococcus, and Enterococcus species are desirable functional bacteria, and they have been routinely employed to improve silage quality (Chen et al., 2013; Yang et al., 2016). In addition, Enterococcus has been observed in high moisture environments, and it is generally held that in the fermentation process, Enterococci, Lactococci, Pediococci, and Leuconostocs commence silage fermentation, after which these bacteria are gradually replaced by more acid-tolerant Lactobacilli (e.g., Lactiplantibacillus plantarum) (Parvin et al., 2010). Lactobacillus was the most predominant microbe in all silage samples at any time point during the fermentation, according to Guan et al. (2018). At the same time, Levilactobacillus is hetero-fermentative lactate-producing bacteria found in various forage crops and silages. Their greater abundance is linked to increased lactic acid production, lower pH, and improved silage quality. This explains why in this study, the highest abundance of Lactiplantibacillus plantarum and Levilactobacillus brevis were found in the BK group, followed by the AK group, while the lowest abundance of Lactiplantibacillus plantarum and Levilactobacillus brevis was found in the CK group, noting that the order of treatments from low to high pH was BK, AK, and CK groups. Lactiplantibacillus plantarum plays an important role in inhibiting the growth of Clostridium, reducing ammonium nitrogen content, and improving fermentation quality (Du et al., 2022a). Lactobacillus was the most prevalent bacteria, accounting for 80–90% of the overall population in mixed silage of feed soybean and sorghum, according to Ni et al. (2018). Poor fermentation quality of alfalfa silage has been linked to a low relative abundance of Lactobacillus (11.7%) when unwanted bacteria predominate during ensiling (He et al., 2020). In general, desirable LAB, including Lactiplantibacillus plantarum and Levilactobacillus brevis, play a very important role in increasing lactic acid production and reducing pH value. Wang S. R. et al. (2020)) found that Enterococcus was frequently employed to improve fermentation characteristics. In the early stage of fermentation, Enterococcus might produce LA quickly and provide an acidic anaerobic environment to encourage LAB development, but Enterococcus is less resistant to acids, and when the acidic environment is too high, the growth of Enterococcus is inhibited (Cai et al., 1998; Nami et al., 2019). Similarly, in this study, compared with the BK group, the relative abundance of Enterococcus in CK and AK silages was higher, so the lactic acid content of CK and AK was lower than that of BK. Since Enterococcus are not acid-resistant genera and the pH value of BK was lower, there were few Enterococcus species in BK, and these were mostly Lactiplantibacillus plantarum, which were found to be more acid tolerant (Du et al., 2022b). In addition, more butyric acid and NH3-N accumulation in BK may have been due to higher protein content in the second ryegrass crop resulting in a higher protein degradation rate.

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

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

This study also analyzed the association between the bacteria with high enrichment and taxonomic nomenclature in silage at different harvests and identified them as the top 30 most abundant metabolites. The findings of the present study in terms of the metabolite types and compositions of ryegrass silage were very different from the results of previous studies on whole crop corn silage and alfalfa silage (Guo et al., 2018; Xu et al., 2019). This might be due to the presence of different microbial communities in different forage species that produce different fermentation processes. Guan et al. (2020) found that the metabolites herniarin, tetrahydrocurcumin, glycerol, and dopamine were positively associated with Lactobacillus, and reported that the metabolites linked with the decrease of Weissella and the growth of Acetobacter were primarily odor-related acids and amines. Guo et al. (2018) reported that samples treated with inoculants resulted in an up-accumulation of several free amino acids. Some metabolites with antimicrobial activity were detected, such as 4-hydroxycinnamic acid, 3,4-dihydroxycinnamic acid, and catechol, as reported by Xu et al. (2019). In this study, the most annotated metabolites associated with the metabolic pathways relating to the two main genera Lactiplantibacillus and Enterococcus were amino acids, peptides, and analogs, which include valyl-isoleucine, D-pipecolic acid, isoleucyl-aspartate, L-phenylalanyl-L-proline, L-glutamic acid, and glutamylvaline. Amino acids play a crucial role in the life activities of living organisms, participating in the regulation of substance metabolism and information transfer in the living body, and they are the basic units of protein and an important indicator of the nutritional value of forage grasses. Peptides are intermediate products of protein hydrolysis. In this study, the valyl-isoleucine and glutamylvaline content increased with the increasing abundance of Lactiplantibacillus plantarum. The D-pipecolic acid and L-glutamic acid content increased with the increasing abundance of Levilactobacillus brevis. The L-phenylalanyl-L-proline content increased with the increasing abundance of Enterococcus hermanniensis. However, the isoleucyl-aspartate content decreased with the increasing abundance of Enterococcus hermanniensis and Enterococcus faecalis. The L-phenylalanyl-L-proline content decreased with the increasing abundance of Levilactobacillus brevis. The L-glutamic acid content decreased with the increasing abundance of Enterococcus hermanniensis. The glutamylvaline content decreased with the increasing abundance of Enterococcus faecalis. By understanding the relationship between these metabolites and bacteria, it may be possible to regulate the degradation of proteins during ensiling and reduce protein loss. Furthermore, some metabolites with carbohydrates and carbohydrate conjugates were detected, such as arabinonic acid, arabinofuranose, and 3,4,5-trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid. 3,4,5-Trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid content increased with the increasing abundance of Enterococcus hermanniensis. However, the arabinonic acid content decreased with the increasing abundance of Enterococcus faecalis. Arabinofuranose content decreased with the increasing abundance of Enterococcus hermanniensis. 3,4,5-Trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid content decreased with increasing abundance of Levilactobacillus brevis. Understanding the relationship between metabolites and fermentation bacteria may improve the quality of silage by regulating the fermentation process. In addition, some metabolites with alcohols and polyols were detected in silage samples, such as chlorogenic acid, 1,3-dicaffeoylquinic acid, and shikimic acid. Chlorogenic acid content increased with the increasing abundance of Enterococcus faecalis, and the shikimic acid content increased with the increasing abundance of Enterococcus hermanniensis. However, the chlorogenic acid and 1,3-dicaffeoylquinic acid content decreased with the increasing abundance of Enterococcus faecalis. Shikimic acid content decreased with the increasing abundance of Levilactobacillus brevis. Lactiplantibacillus plantarum and Levilactobacillus brevis harbored a high abundance of genes encoding for ethanol dehydrogenase, which is involved in the production of aroma compounds (Tlais et al., 2022a). Ethanol content is one of the main bases for assessing silage fermentation (Wang et al., 2022c), and the perception of a sour taste can be affected by the presence of polyols, in addition to organic acids (Tlais et al., 2022b). Understanding the relationship between metabolites with alcohols and polyols and fermentation bacteria can provide better insight into the fermentation mechanism of silage.



Conclusion

The present study suggested that different harvests were associated with differences in the bacterial community and metabolomic profile of ryegrass silage, thus affecting fermentation quality. Silage of the second harvest had a lower pH and higher abundance of Lactiplantibacillus after ensiling. The dominant bacteria in naturally fermented ryegrass after silage were Lactiplantibacillus and Enterococcus, and the most annotated metabolites were peptides, and eight amino acids were dominant in the composition of the identified peptides. Different harvests mainly affected the metabolism of arginine biosynthesis and alanine, aspartate, and glutamate metabolism pathway. Valyl-isoleucine and glutamylvaline content increased with increasing abundance of Lactiplantibacillus plantarum. The content of D-pipecolic acid and L-glutamic acid increased with increasing abundance of Levilactobacillus brevis, and the L-phenylalanyl-L-proline, 3,4,5-trihydroxy-6-(2-methoxybenzoyloxy) oxane-2-carboxylic acid, and shikimic acid content decreased with increasing abundance of Levilactobacillus brevis. Therefore, the use of a combined analysis of silage microorganisms and metabolome provides a deeper understanding of the fermentation mechanism of silage. This provides new information for regulating ryegrass silage fermentation processes, which can contribute to improving silage quality and utilization.
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The present study was aimed to evaluate the improvement potential of tea polyphenols (TPP) on silage characteristics and bacterial community. Stylo ensiled with TPP (0, 0.2 or 0.4%, on a fresh basis) were analyzed for fermentation parameter, protein fraction, antioxidant activity and bacterial community after 7, 14, 30 and 60 days fermentation. The addition of TPP resulted in the decrease (P < 0.05) of pH values (5.09 vs. 4.91), dry matter loss (11.77 vs. 8.02% DM), butyric acid concentration (1.64 vs. 1.02% DM) and ammonia-N proportion (13.69 vs. 8.98% CP, on Day 30) of stylo silage as well as the increase (P < 0.01) of lactic acid bacteria population (6.17 vs. 7.54 cfu/g FM) and true protein content (6.03 vs. 7.44% DM), particularly at the first 30 days of ensiling. It somewhat enhanced the antioxidant capacity of style silage at the early stage, and altered the bacterial community of stylo silage, with Clostridium_sensu_stricto_1 and Lachnoclostridium_5 much decreased but Enterobacter and Clostridium still being the dominant genera. It is suggested that TPP could help improve fermentation quality and nutrient preservation of stylo silage, and delay proteolysis process and antioxidant decay.

KEYWORDS
 antioxidant activity, bacterial community, fermentation quality, protein preservation, tea polyphenol


Introduction

Tea is one of the most popular beverages worldwide, and proper drinking of tea (especially green tea) could provide diverse health benefits in diabetes, cardiovascular and neurological diseases (Juneja et al., 2013; Xing et al., 2019; Guo et al., 2021). Such benefits of tea consumption are generally owed to the presence of kinds of polyphenols, collectively termed as tea polyphenols (TPP), which could account for 24–36% in dry weight of green tea (Juneja et al., 2013; Xing et al., 2019). With the increasing awareness and fashion of drinking tea, various kinds of ready-made tea drinks are produced and meanwhile quantities of tea grounds are released as the main byproduct (Wang and Xu, 2014; Guo et al., 2021). Additionally, a large amount of green tea waste is also produced due to pruned tea branches and the discard of unqualified part during tea processing. Generally, tea plant is rich in tannins, saponins, proteins, amino acids, lipids, sugars, vitamins and minerals (Ramdani et al., 2013). Numerous studies suggest that dietary inclusion of tea grounds or tea waste would contribute to the improvement of nutrient utilization, growth performance, meat quality, immune response, methane emission (Xu et al., 2008; Nasehi et al., 2018; Alagawany et al., 2019), which are believed to correlate with its multiple functional components (e.g., polyphenols, theophylline) and abundant nutrients (Kondo et al., 2014; Xing et al., 2019). The use of such tea byproducts as a feedstuff in ruminant nutrition can be beneficial for both economical and environmental reasons (Nasehi et al., 2018; Guo et al., 2021).

Due to the potential activities of antioxidant, anti-inflammation, anti-microbial, anti-fungal, TPP has been well recognized in industries, especially as a natural source of food antioxidants (Alagawany et al., 2019; Khan and Mukhtar, 2019; Xing et al., 2019). Likewise, proper amount of tea bioactive extracts as dietary supplements can improve the growth performance, muscle and meat quality, antimutagenic and other characteristics of animals (Cimmino et al., 2018; Guo et al., 2021). The addition of green tea waste improves the lactic acid bacteria growth and fermentation during ensiling, especially when the mixture forage materials are not insufficient for lactic acid production (Kondo et al., 2006; Guo et al., 2021). Moreover, the study of Han and Zhou (2013) shows that TPP could also inhibit fatty acids oxidation in corn silage mainly by inhibiting lipoxygenases activity, and decrease ammonia-N concentration. Other than strong antioxidant activity, TPP also possess a great protein binding ability endowed by its polyhydroxyl structure, which might help prevent protein from hydrolyzing during ensiling. From the above, it is believed that TPP owes the potential to improve silage fermentation and quality as a novel additive. However, the results of Liu et al. (2016, 2018) indicate that TPP application is not effective enough in preventing fatty acids oxidation in high moisture alfalfa silage during ensiling and after exposure to air, neither effective in reducing alpha-tocopherol and beta-carotene loss in high moisture napier grass silage. Such discrepancies of TPP application might be due to the differences of silage material, inclusion level and storage condition. Further investigations are still needed to justify the effectiveness of TPP as a silage additive. To date, no research has been reported to investigate the effect of TPP on the succession of bacterial community during ensiling fermentation.

Thus, this study was to investigate the effectiveness of TPP application in improving silage fermentation, particularly paying attention to the dynamic changes of ensiling characteristics, nitrogen fractions, antioxidant capacity and bacterial community of stylo silage. The results would give us a whole evaluation of TPP as a novel additive in silage production, providing an instruction for TPP or tea residue utilization.



Materials and methods


Raw materials and silage preparation

Fresh stylo (CIAT 184) was mowed at early bloom stage using a sickle, with a 5 cm stubble left, and then manually chopped into 1–2 cm by cutter. Subsequently, the forage was ensiled without (Control) or with addition of 0.2% (TPP1) and 0.4% (TPP2) tea polyphenols (CAS 84650-60-2, powder reagent with a purity of 99%; Shanghai McLean Biochemical Technology Co., Ltd, China) on a fresh matter (FM) basis. As for the chemical composition of the TPP reagent, the merchandise instruction read as catechin accounting for 60–80%, mainly covering epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicatechin (EC) and epicatechin gallate (ECG). A given weight of TPP powder was resolved in distilled water and evenly dispensed using a mini sprayer. In total, 36 lab-level silage bags (20 cm by 30 cm in size, 200 g per bag) were individually prepared (3 treatments × 4 sampling points × 3 replicates) and sealed with a household vacuum sealer (Lvye DZ280; Dongguan Yijian Packaging Machinery Co. Ltd, China). After 7, 14, 30 and 60 days fermentation at natural temperature (25–30°C), 3 silo bags of each treatment were randomly unsealed to sample for the analyses of fermentation parameter, nitrogen fraction, antioxidant capacity and microbial community.



Determination of microbial population, fermentation parameter, nitrogen fraction and antioxidant capacity

According to the procedures detailed by He et al. (2019c), lactic acid bacteria (LAB), coliform bacteria, yeast and mold were cultivated with Man Rogosa Sharpe (MRS), Violet Red Bile and Rose Bengal agar, respectively. The pH value of silage extract liquid was measured by a glass electrode pH meter (PHS-3C, INESA Scientific Instrument Co. Ltd, Shanghai, China). Ammonia-N content was measured in colorimetry (Broderick and Kang, 1980). The concentrations of organic acids (lactic acid, acetic acid, propionic acid, butyric acid) were analyzed using high performance liquid chromatography (HPLC). Another silage sample was lyophilized to measure radical scavenging activity (DPPH and ABTS) and ferric reducing antioxidant power (FRAP) in colorimetrical methods. Finally, the remaining silage was oven-dried at 65°C for 48 h to determine dry matter (DM), then ground (1 mm sieve) for the analysis of nitrogen fractions (crude protein, true protein and nonprotein-N) using an automatic Kjeldahl apparatus (Kjeltec 8400, Foss Analytics, Hillerød, Denmark), where true protein was measured according to the method of Licitra et al. (1996), and nonprotein-N content was calculated by the difference of crude protein and true protein. The content of water soluble carbohydrate (WSC) in the raw material was also analyzed with 3, 5-dinitrosalicylic acid colorimetric method (The Ministry of Agriculture (MOA), 2015). Additionally, each bag was individually weighed at ensiling time and sampling time to monitor dry matter loss (DML).



Sequencing analysis of bacterial community

The DNA extraction and sequencing analysis were conducted on the platform of Gene Denovo Co. Ltd. (Guangzhou, China). In brief, DNA extraction was conducted using commercial DNA Kit (Omega Biotek, Norcross, GA, US) and PCR amplification was conducted with the primers (341F: CCTACGGGNGGCWGCAG; 806R: GGACTACHVGGGTATCTAAT) targeting at the V3-V4 region of 16S rDNA. Following purification and quantification, the amplicons were sequenced on Illumina Hiseq 2500. The sequencing data were processed with the procedures stated in Wang et al. (2019). In brief, paired-end clean reads were merged using FLSAH (version 1.2.11) and noisy sequences were filtered with QIIME (version 1.9.1), and then chimera checking was performed using UCHIME algorithm. Operational taxonomic unit (OTU) with 97% identities was generated using UPARSE pipeline, and taxonomy assignment was performed using Ribosome Database Project (RDP) classifier (Version 2.2). The alpha diversity indices containing Sobs, Shannon, Simpson, Chao and Ace were calculated in QIIME (version 2.15.3). The abundance statistics of each taxonomy was visualized using Krona (version 2.6). The stacked bar plot of the community composition was visualized in R project ggplot2 package (version 2.2.1), so did principal coordinates analysis (PCoA). The sequencing data reported in this study was archived in the Sequence Read Archive (SRA) with the accession number PRJNA 734171.



Statistical analysis

The effects of TPP dose, ensiling duration and their interaction were analyzed using general linear model (GLM) procedure of SAS 9.3 (SAS Institute Inc., Cary, NC, USA), and Duncan's multiple comparisons were performed with significance declared at the level of P < 0.05. The sequencing analysis was performed on OmicShare platform (http://www.omicshare.com/tools).




Results


General characteristics of fresh stylo

General characteristics covering the contents of dry matter, crude protein, true protein, nonprotein-N and WSC, the populations of LAB, yeast, mold and coliform bacteria, and the antioxidant activities of DPPH, ABTS and FRAP of fresh stylo used for silage production are summarized in Table 1. In the present study, fresh stylo had a DM content of 25.63% and a crude protein content of 12.68% DM, of which almost 70% was true protein (8.82% DM). The WSC content was low as 1.45% DM in the raw material. The populations of LAB, yeast, mold and coliform bacteria were 4.03, 4.12, 3.10, 4.89 log10 cfu/g FM, respectively.


Table 1. General characteristics of fresh stylo used for silage production.
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Fermentation quality of stylo silage ensiled with tea polyphenols addition

The dynamic changes of DM loss, organic acid content and microbial population of stylo silage are showed in Table 2. In the present study, DM content, pH value and microbial population of stylo silage decreased (P < 0.01) as ensiling fermentation was prolonged, while DM loss and acetic acid concentration increased (P < 0.01), along with lactic acid and butyric acid not detected by 30 days of ensiling. Moreover, the pH values of all stylo silages declined to around 5.0 after 60 days fermentation. As to the effect of treatment, TPP addition resulted in the increase (P < 0.01) of DM content and LAB population as well as the decrease (P < 0.05) of DM loss, butyric acid and pH value of stylo silage. Additionally, a relative high level of coliform bacteria count (> 5 log cfu/g FM) was found in the first 14 days of ensiling fermentation but all the silages had small populations of yeast and mold (<2 log cfu/g FM).


Table 2. Effect of tea polyphenols on the dynamic fermentation of stylo silage.
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Protein fraction content as well as its corresponding proportion are presented in Table 3. As silage fermentation went on, true protein content of stylo silage decreased (P < 0.01), and ammonia-N concentration and its proportion increased (P < 0.01). Referring to the treatments, TPP addition led to the increase (P < 0.01) of true protein concentration and the decrease (P < 0.01) of ammonia-N concentration and proportion in the first 30 days of ensiling fermentation.


Table 3. Effect of tea polyphenols on the dynamic protein fraction of stylo silage.
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The antioxidant activities of DPPH, ABTS and FRAP of stylo silage are showed in Table 4. In the present study, the activities of DPPH, ABTS and FRAP decreased (P < 0.05) as ensiling fermentation was extended. Relative to the control silage, TPP addition of 0.4% led to the increase (P < 0.01) of FRAP across the process, along with an increased ABTS in the first 14 days of ensiling fermentation.


Table 4. Effect of tea polyphenols on the dynamic antioxidant capacity of stylo silage.
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Bacterial community of stylo silage ensiled with tea polyphenols addition

Alpha diversity of bacterial community in stylo silage is listed in Table 5. Sequencing Goods_coverage values of raw material and stylo silages were all over 0.99, and the parameters of Sobs, Shannon, Simpson, Chao and Ace of bacteria in the stylo silages were numerically larger than those of raw material. In comparison, no significant effect (P > 0.05) was found on these parameters neither by ensiling duration nor TPP addition, where sobs value tended to decline as ensiling fermentation was extended and the addition of TPP showed an tendency to increase the Simpson value. Principal coordinates analysis (PCoA) by weighted uniFrac method clearly illustrated the succession changes of bacterial community as ensiling fermentation was prolonged, but the samples of different groups could not be individually clustered at each timepoint (Figure 1).


Table 5. Alpha diversity of bacterial community of stylo silage ensiled with addition of tea polyphenols.
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FIGURE 1.
 Principal coordinates analysis (PCoA, Weighted UniFrac) of bacterial community in the stylo silage ensiled with/without TPP addition (S: raw stylo; D7-CK: on day 7 of ensiling fermentation-blank control, silage ensiled without addition of tea polyphenols; TP1 and TP2: silage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis).


The relative abundance of bacterial community on phylum level is illustrated in Figure 2. Cyanobacteria dominated (relative abundance of 90.20%) in raw stylo while Proteobacteria (53.98–78.79%) and Firmicutes (11.79–43.62%) were the two dominant phyla in stylo silage. In comparison, ensiling duration exerted an effect (P < 0.05) on the relative abundance of phyla Proteobacteria, Firmicutes, Cyanobacteria, Planctomycetes, Verrucomicrobia and Armatimonadetes, of which the abundance of Firmicutes increased and those of the others declined as ensiling fermentation was extended. On the contrary, the abundance of Firmicutes was increased (P < 0.01) and those of Proteobacteria, Cyanobacteria, Verrucomicrobi were decreased (P < 0.05) by the addition of TPP, particularly TPP2.
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FIGURE 2.
 Relative abundance of bacterial community on phylum level of stylo silage ensiled with addition of tea polyphenols (S: raw stylo; D7-CK: on day 7 of ensiling fermentation-blank control, silage ensiled without addition of tea polyphenols; TP1 and TP2: silage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis).


As the abundance stacked bar on genus level showed in Figure 3, unclassified bacteria accounted for 91.60% of bacterial community in raw stylo, whereas only 11.81–26.61% of bacterial community was unclassified in stylo silage. In general, Enterobacter (33.53–50.88%) and Clostridium (2.09–25.31%) were the two dominant genera across the ensiling process, while common silage LAB like Lactobacillus (2.41–17.80%), Lactococcus (0.44–4.54%), Enterococcus (0.80–2.96%), Weissella (0.38–1.62%) had a low abundance. Regardless of TPP influence, the abundance of Clostridium_sensu_stricto_12 and Lactobacillus increased (P < 0.01) while those of Clostridium_sensu_stricto_1, Kosakonia, Lactococcus, Pantoea and Lachnoclostridium_5 decreased (P < 0.05) as ensiling fermentation went on. After a 60-day fermentation period, the top three genera in the stylo silage ranked as Enterobacter, Clostridium_sensu_stricto_12 and Lactobacillus. In comparison, TPP addition led to the decrease (P < 0.05) of the relative abundance of Lactobacillus, Clostridium_sensu_stricto_1 and Lachnoclostridium_5, along increased Pantoea abundance (P < 0.05). As the common LAB in silage, the total relative abundance of Lactobacillus, Lactococcus, Enterococcus and Weissella on day 30 or 60 of ensiling was much lower (P < 0.05) in TPP-treated silage (14.67, 14.62; 15.89, and 17.25%) relative to the control (20.10%; 20.96%).
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FIGURE 3.
 Relative abundance of bacterial community on genus level of stylo silage ensiled with addition of tea polyphenols (S: raw stylo; D7-CK: on day 7 of ensiling fermentation-blank control, silage ensiled without addition of tea polyphenols; TP1 and TP2: silage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis).





Discussion


General characteristics of fresh stylo

Moisture content of raw material is a critical factor determining silage fermentation quality. It is reported that the ideal DM content for ensiling is 30–35% given that a low DM level would lead to a high clostridial activity and a large effluence loss while a high DM would be not beneficial to silage compaction or microbial activity (Yitbarek and Tamir, 2014; Guyader et al., 2018). In the present study, fresh stylo had a low DM content, close to the reported values (He et al., 2019a,b), and a relatively low number of epiphytic LAB along with considerable population of undesirable microorganisms, which might be not beneficial to the dominance establishment of LAB and a rapid pH decline. As a leguminous plant, stylo is a quality forage with medium protein level for ruminants, particularly in tropical and subtropical regions. The preservation of protein during ensiling process would remarkably influence its nutritional value in that nonprotein-N is inferior in utilization efficiency in ruminant nutrition when compared to true protein (Mcdonald et al., 1991; He et al., 2019b). Other than nutrient supply, fresh forage might be also a source of antioxidant activity, which might promote animal health and production. However, a low level of antioxidant activity was found in the fresh stylo, which might be owed to its poor quality, with dry stem and rare leaves.



Fermentation quality of stylo silage ensiled with tea polyphenols addition

As a general rule of thumb, pH is a comprehensive indicator reflecting the quality of ensiling fermentation. Silage pH is mainly dictated by the generation of lactate and its intrinsic buffering capacity (Kung et al., 2018). In the present study, pH value of stylo silage experienced a slight decline during ensiling process and that of mature silage was around pH 5.0, which is apparently higher than that of typical pH (4.3-4.5) of quality legume silage (Kung et al., 2018). Such a high pH value and its limited decline were likely ascribed to the high buffering capacity and the low acid yield. Even though high LAB population (6.17–8.16 log10 cfu/g FM) existed, the concentration of lactic acid and acetic acid in the silage was very low, even undetected at the early stage of ensiling fermentation. Similarly, the study of Kondo et al. (2014) also shows that lactic acid concentration is low in tea grounds silage along with high LAB count (6.28 log10 cfu/g FM). Maybe the produced lactic acid was rapidly metabolized by some microorganisms (e.g., Acetobacter). The exact reason deserves further research. What's worse, it is undesired that a high level of butyric acid content was found in the mature silage by 60 days of ensiling fermentation. It is reported that butyric acid > 0.5% DM in ration would result in reduced feed intake and other metabolic diseases (Muck, 2010). Consequently, such poor fermentation quality came with a considerable DM loss (11.7% DM) during ensiling process, resulting in low nutritional value of the mature silage. Referring to the treatments, TPP addition led to the increase of LAB population as well as the decrease of pH value, butyric acid content and DM loss in stylo silage. It might be due to the antimicrobial activity of TPP, which would alter the competition between lactic acid bacteria and undesirable microorganisms. The inhibition of undesirable bacteria like Clostridium butyricum would likely promote the growth of LAB and nutrient preservation. However, the decline of pH value is not low enough mainly due to the low WSC content in the raw material as well as the low dose of TPP (the higher TPP level was slightly better).

Extensive protein was hydrolyzed in stylo silage during ensiling process, in line with many previous reported results (He et al., 2019a,b, 2021). With the addition of TPP, protein preservation of the silage was enhanced in that the increase of true protein content and the decrease of ammonia-N proportion, particularly at the early stage of ensiling fermentation. In other words, TPP addition resulted in the delay of true protein degradation. It might be interpreted as, TPP possess a great protein binding ability endowed by the polyhydroxyl structure, which would protect protein from enzymatic hydrolysis or inactivate enzymes by generating TPP-protein/enzymes complex, resulting in less protein degraded into nonprotein-N. Moreover, the lower pH value resulting from TPP addition would likely lower the activity of plant proteases, which is believed to initiate proteolysis in silage (Li et al., 2018). Meanwhile, the deamination activity of microorganisms like Clostridium and Enterobacter might be also inhibited by the lower pH and the antimicrobial activity of TPP. Similarly, kinds of tannins have been proved to help protein preservation in silages (He et al., 2019a; Jayanegara et al., 2019). However, the improvement effect of TPP addition on protein preservation almost disappeared in the mature silage (by Day 60). It might be due to that the low level of TPP in silage could only lower down but not inactivate the activities of enzymes and microbes, indicating that silage fermentation not reach a steady status.

Additionally, fresh forage usually contains kinds of active components and exhibits various biological activities, which might benefit animals' health and performance. However, stylo silage possessed a low antioxidant activity, which gradually decreased during ensiling process. The degradation of antioxidants like polyphenols, vitamins, amino acids or oligopeptides during ensiling would necessarily result in the decrease of antioxidant (Cohen-Zinder et al., 2017). In comparison, TPP addition slightly enhanced the antioxidant activity at the early stage of ensiling fermentation, inferring that TPP addition led to the delay of antioxidant recession. Moreover, such improvement effect was only found in the higher inclusion level of TPP. This might be ascribed to the intrinsic antioxidant and antimicrobial activities of TPP.



Bacterial community of stylo silage ensiled with tea polyphenols addition

In principle, the fermentation parameters and nutrient preservation of silage reflect the final result of microbial competition during ensiling process. Throwing light on the bacterial community would help to interpret the silage fermentation. Goods_coverage over 0.99 verified that the sequencing result had a good representation for the bacterial community. Relative to the raw material, alpha diversity of bacterial community apparently increased in the silage. Moreover, TPP addition tended to decrease Simpson values, indicating that the diversity of bacterial community was decreased, especially in the treatment of TPP2. It might be ascribed to the inhibition of bacterial activity by TPP. However, the samples of different groups could not be individually clustered at each timepoint in PCA analysis, even though the succession changes of bacterial community were clear in prolonged silage. It is indicated that bacterial community of stylo silage remarkably changes during ensiling fermentation, and is indeed altered by TPP addition but not remarkable enough.

On the phylum level, Cyanobacteria dominated raw stylo and then was substituted by Proteobacteria and Firmicutes after ensiling fermentation. As Cyanobacteria are photoautotrophic organisms capable of oxygenic photosynthesis and can convert inert atmospheric nitrogen into an organic form, such as nitrate or ammonia, their growth and physiology are affected by light and other factors like nutrients supply, temperature (Carr and Whitton, 1982). Thus, it might be the lack of light in silage inhibiting the bloom of Cyanobacteria. Similarly, Li et al. (2019) reported that Cyanobacteria is the main genus in king grass, paspalum, white popinac and stylo before ensiling but undergoes different changes in their silages. In the present study, the abundance of Firmicutes increased and those of phyla Proteobacteria, Cyanobacteria, Planctomycetes, Verrucomicrobia and Armatimonadetes declined as ensiling fermentation was extended. The study of Ogunade et al. (2018) showed that phylum Firmicutes accounted for ~74% of the bacterial community in alfalfa silage, followed by the phylum Proteobacteria but only with a low abundance (about 1%) of Cyanobacteria. Our another study showed that Cyanobacteria, Firmicutes and Proteobacteria were the top three phyla in Neolamarckia cadamba leaves silage (He et al., 2020). Such discrepancy among studies might be due to the differences of raw material feature and ensiling processing. As to the treatment, TPP addition led to the increase of Firmicutes abundance and the decrease of phyla Proteobacteria, Cyanobacteria, Verrucomicrobi. It is suggested that TPP addition makes a difference in the bacterial community of stylo silage on phylum level.

Further analysis of bacterial community on genus level illustrated that, the abundance of unclassified bacteria was much higher in fresh stylo than that in stylo silage. It might be due to the relatively poor development of Cyanobacterial taxonomy, where most of Cyanobacteria can't be cultured and characterized in the present knowledge (Palinska and Surosz, 2014). Regardless of TPP addition, Enterobacter and Clostridium were the dominant genera across the ensiling process. After a 60-day fermentation period, the top three genera in the stylo silage ranked as Enterobacter, Clostridium_sensu_stricto_12 and Lactobacillus. Enterobacter and Clostridium are undesirable bacteria in silage fermentation in that they would compete with LAB for nutrients and produce ammonia-N or butyric acid. Their principle fermentation product is not lactic acid but acetic acid or butyric acid, which is less efficient in pH decline and energy transition. Moreover, feeding animals with silage of substantial clostridial activity often leads to the decrease of feed intake, or causes ketosis (Muck, 2010). Even worse, the endotoxins of some species might affect animal performance and initiate food safety issue (Dunière et al., 2013). Accordingly, the dominance of these bacteria would mainly account for the poor fermentation quality of stylo silage. Meanwhile, the initiators of pH decline like Lactobacillus, Lactococcus, Enterococcus, Weissella had a relatively low abundance, inferring that LAB failed to establish the dominance in the stylo silage.

In comparison, TPP addition led to the decrease of the abundance of Lactobacillus, Clostridium_sensu_stricto_1 and Lachnoclostridium_5 as well as the total relative abundance of common LAB in silage, along increased Pantoea abundance. The most important species of Clostridium in silage are proteolytic clostridia, the Clostridium butyricum group and Clostridium tyrobutyricum, different in fermentation substrates (Muck, 2010). Lachnoclostridium, a newly proposed genus within the family Lachnospiraceae, a group of gram-positive, motile, obligately anaerobic spore-forming and rod-shape Clostridia, are able to ferment mono- and disaccharides mainly producing acetate (Yutin and Galperin, 2013). However, their roles in silage fermentation have been rarely reported so far. Based on their phyletic classification, they might function like Enterobacter or Clostridia but be somewhat different. Thus, their decreased abundance might partly explain the decrease of DM loss and ammonia-N in the treatment groups. Consistently, the increased abundance of Pantoea might contribute to the decrease of ammonia-N given that Ogunade et al. (2018) reported Pantoea abundance is negatively related to silage ammonia-N concentrations. The decreased relative abundance of common LAB was not consistent with the result of plate counting that TPP addition increased LAB population, inferring that TPP addition might boost the proliferation of silage microorganisms resulting in a larger biomass population. All these results suggest that LAB could not dominate the stylo silage during ensiling thus resulting in poor silage quality, and TPP addition exerts an effect on the bacterial community but not enough.




Conclusions

From the above, considerable DM loss and proteolysis occurred in stylo silage, which could be reduced by TPP addition, particularly at the early stage of ensiling fermentation. Moreover, TPP addition altered the bacterial community of stylo silage, but the silage was still dominated by Enterobacter and Clostridium, and the decrease of Clostridium_sensu_stricto_1 might primarily contribute to silage improvement. It is suggested that TPP application could help improve the fermentation quality and nutrient preservation of stylo silage, but the optimum dose still need further research.
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Some excellent legume forages are difficult to ensile naturally due to their high buffering capacity and low water-soluble carbohydrate content. This may cause serious problems like proteolysis. In the present study, strains of lactic acid bacteria with high acid productivity and high tannin tolerance were screened from different silages and combined with tannic acid (TA) as an addition to ensiling. The screened strains were identified as Lactobacillus plantarum (LP), with four of these strains then selected for their high tannin tolerance. Stylosanthes guianensis and whole-plant soybean (WPS) were ensiled with 1 and 2% (fresh matter basis) TA, four LP strains alone (6 log10 colony forming units per gram of fresh matter), or TA combined with LP strains. Fermentation parameters and in vitro rumen fermentation characteristics were analyzed after 30 days of fermentation. The results showed that TA + LP can be used to reduce pH values (P < 0.01), non-protein nitrogen (P < 0.01), and ammonia-nitrogen (P < 0.01). The in vitro crude protein digestibility of WPS silage was also decreased with the addition of TA + LP (P < 0.01). These results indicate that the addition of TA combined with tannin tolerance LP strains may improve the fermentation quality of legume silage, especially for reducing proteolysis.
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Introduction

With the increasing development of the livestock industry and consumer demand for meat and dairy products, the demand for feed has increased gradually. Silage, an important feed for ruminants, needs to be constantly optimized using relevant technologies in order to improve the quality of fermentation. Ensiling is a wet storage fermentation method used to achieve long-term storage of fresh forage materials under anaerobic conditions (Nagle et al., 2020). This method has the advantages of simple operation and low cost and can also solve the problem of seasonal feed shortages. However, proteolysis inevitably occurs during the fermentation process, resulting in true protein (TP) being broken down and converted into non-protein nitrogen (NPN) mainly ammonia-nitrogen (NH3-N), thereby decreasing nutrient content (Wang et al., 2021). Some excellent legume forages, such as Stylosanthes guianensis (stylo) and Glycine max (soybean) are used as protein supplements in ruminants because of their high protein content. However, those plants always have a low water-soluble carbohydrate (WSC) content, high buffering capacity, or low counts of epiphytic lactic acid bacteria (LAB), which can lead to proteolysis (He et al., 2021). Silage additives are used most commonly to improve silage quality.

Lactic acid bacteria are often added to forage to improve silage fermentation, especially Lactobacillus plantarum (LP). These bacteria are able to metabolize WSC to lactic acid (LA) and rapidly decrease the pH value. They also produce silage with a lower nitrogen content and better dry matter (DM) recovery (Muck et al., 2018). Experiments have demonstrated that the NH3-N content of LP-added silage could be reduced from 6.4 to 4.1% TN (Du et al., 2021).

In recent years, tannic acid (TA) has also been tried as an additive to silage as it can inhibit the growth of harmful bacteria and also has the ability to reduce proteolysis (Herremans et al., 2019). There is evidence that TA combines with macromolecules such as proteins, structural carbohydrates, and starch during ensiling and rumen fermentation (Oliveira et al., 2009). Previous experimental studies have suggested that the NPN content, CH4 production, ratio of acetate to propionate, and NH3-N of the TA-added silage was reduced (Yang et al., 2017; He et al., 2020b). However, TA has a wide range of antibacterial activity and therefore it may inhibit the growth of LAB (Dong et al., 2019; He et al., 2020a).

While there may be benefits from using a single addition during ensiling, the addition of mixtures of different additives may have superior effects to a single addition. The addition of a mixture of TA with LAB strains with tannin tolerance to silage may reduce proteolysis of legume silage during ensiling. The aim of the present study was to screen LAB strains with tannins tolerance and determine the effects of treatments of stylo and whole-plant soybean (WPS) with TA and LAB either alone or in combination on fermentation characteristics. The study provides a new concept for silage additives, which involve adding a TA combination with LAB to further improve the fermentation quality and digestive characteristics of silage.



Materials and methods


Screening for tannin tolerance lactic acid bacteria

Four better LAB strains were identified by Zhang et al. (2016). The specific methods used in the present study were as follows. Samples of 20 g taken from either grape pomace, banana leaves, Neolamarckia cadamba leaves, or mangosteen fruit pericarps silages were mixed thoroughly with 180 mL of sterile saline and diluted to 10–7, based on 10-fold gradient dilutions. A 1 mL aliquot of the bacterium solutions from different gradients were transferred to 15 mL of solid Man, Rogosa and Sharpe (MRS) medium and cultured for 2 days at 30°C. Individual colonies were then picked and purified by repeated smearing on MRS medium. Individual colonies of dedicated strains were inoculated into MRS broth medium and incubated at 30°C for 2 days to obtain purified LAB solutions. About 100 μL aliquots of the purified bacterium solutions were transferred to 5 mL MRS liquid medium and cultured for 24 h. The pH values were then measured to evaluate acid production by the LAB. A total of 29 strains with high acid production were screened and then sequenced by the Guangzhou Gene denovo Biotechnology Co (Guangzhou, China). The sequences were aligned using basic local alignment search tool (BLAST).

Tannin tolerance tests were then carried out at different concentrations (0, 1, 2, and 4%) of TA (CAS:1401-55-4, purity ≥97.5%; Shanghai-Macklin, China mainland). A 100 μL aliquot of the identified bacterial liquid was added to 5 mL of sterilized MRS broth medium and incubated for 2 days at 30°C. The bacterial solution was diluted, and five gradients were taken (10–7–10–11 cfu/mL). A 100 μL aliquot of the diluted bacterial liquid was applied to MRS solid medium and incubated for 24 h at 30°C for single colony counting. The above procedures were repeated to obtain bacterial liquid that was then incubated for 2 days at 30°C, followed by centrifugation for 10 min at 4,000 rpm and washing once with saline. The liquid was centrifuged again and the supernatant gently decanted. The sediment was added to 5 mL of sterilized saline, mixed with a vortex, and diluted with saline to prepare solutions (10–7–10–11 cfu/mL). About 100 μL of these suspensions were then added to 5 mL of culture medium containing tannins (1 mL 20.0 g/L sterilized glucose solution + 4 mL sterilized saline with different concentrations, filtered using a 0.22 μm filter membrane). The cultures were then incubated at 30°C for 24 h, diluted and smeared on MRS solid medium. Colony counts were carried out after 2 days of incubation at 30°C. Finally, four LP strains with better tannin tolerance were selected and named LP1, LP2, LP3, and LP4. Of these, LP4 selected from mangosteen fruit pericarps silage had the highest viable count in the 4% tannin tolerance test.



Raw materials and silage preparation

The stylo and soybean were planted in an experimental field at the South China Agricultural University (23°19′ N, 113°34′ E), Guangzhou, Guangdong Province, China, without the use of herbicides or fertilizer. WPS was collected at the drum stage, while stylo was collected by hand at the blooming stage. The plant materials were cut using a manual cutter (Model 9ZP-3.6, Kaiyue Machinery Company, China) into short sections of 2–3 cm length. After homogenization, the materials were divided into 16 groups. One of the groups was selected randomly and then divided into triplicates for determination of chemical composition and microbial populations of the raw material. The remaining 15 groups were treated for silage fermentation.

All the silage treatments were as follows: (1) with 1% (fresh matter basis) TA added; (2) with 2% TA added; (3) with LP added (6 log10 cfu/g fresh matter); (4) with LP and 1% TA added; (5) with LP and 2% TA added; and (6) without addition. Four selected LP strains (LP1, LP2, LP3, and LP4) were applied as silage additives.

The cut plant material and additives were mixed thoroughly to obtain approximately 100 g of silage material, packed into polyethylene bags (20 cm × 30 cm), and then sealed with a vacuum sealer (Lvye DZ280, Yijian Packaging Machinery Co., China). A total of 90 bags (2 species in 15 treatments with 3 replicates) were stored at room temperature (25–30°C) for 30 days. After 30 days of fermentation, the fermentation parameters and protein fractions of each treatment group were analyzed. In addition, because of its higher tannin tolerance, the treatment groups associated with LP4 were selected to measure in vitro gas production, dry matter digestibility, and crude protein digestibility.



Analyses of microbial population and organic acids

After the specified fermentation time, the silage bags were opened, followed by even mixing of the materials in the bag. Twenty gram samples were then removed randomly from each bag, added to sterile 0.9% saline and then shaken. After about 15 min the supernatants were collected and serial diluted from 10–1 to 10–6 on a clean bench. The LAB and coliform bacteria (CB) were then cultivated and their number measured after incubation on de Man–Rogosa–Sharpe agar and violet red bile agar at 30°C for 2 days. Another 20 g of the samples were removed from the silage bags and mixed with 180 mL of distilled water and then kept at 4°C for 18 h before filtering through four layers of cheesecloth and filter paper. The pH of the filtrate was then determined immediately using a glass-electrode pH meter. The organic acids [LA, acetic acid (AA), propionic acid (PA), and butyric acid (BA)] were measured using high performance liquid chromatography (HPLC) [column, Shodex RSpak KC-811S-DVB gel C (8.0 mm × 30 cm; Shimadzu, Tokyo, Japan); oven temperature, 50°C; mobile phase, 3 mmol/L HClO4; flowrate, 1.0 mL/min; injection volume, 5 μL; and detector, SPD-M10AVP] according to the conditions and technique published by Zhang et al. (2021).



Analysis of protein fractions and other chemical composition

The remaining silage samples were dried at 65°C for 48 h until a constant weight was achieved to measure the DM content. The determination of neutral detergent fiber (NDF) and acid detergent fiber (ADF) were based on the principle of the Van Soest fiber analysis (Van Soest et al., 1991). Colorimetry was used to determine the WSC content following a reaction with an anthrone reagent. Crude protein (CP) content was analyzed using the method described by the Association of Official Analytical Chemists. The TP and NPN contents were measured according to the method described by Licitra et al. (1996). The phenol-hypochlorite test was used to determine the NH3-N concentration.



In vitro rumen fermentation

In vitro gas production at 72 h and in vitro dry matter digestibility at 48 h were performed by the Beijing Zhengfang Xingda Technology Development Co (Beijing, China). Silage samples (220 mg of DM) were weighed into 120 mL glass bottles in advance, with each treatment carried out using six replicates. 30 mL of incubation fluid was then added to each bottle and the gas volumes recorded at hours 0, 2, 4, 6, 8, 10, 12, 16, 20, 24, 30, 36, 42, 48, 54, 60, and 72 of incubation. The same samples were incubated at 39°C for 48 h. The fermentation slurry was filtered from each bottle using a pre-weighed nylon bag to collect the residue, dried at 65°C to a constant weight to calculate in vitro dry matter digestibility and in vitro crude protein digestibility.



Statistical analysis

The statistical analyses were conducted using SPSS Statistics 21 software. The effects of the different treatments were evaluated using two-way ANOVA analysis of variance, with Duncan’s multiple range tests. A significance value of P < 0.05 was set.




Results


Screening results

A total of 264 strains were isolated and purified from silages of N. cadamba leaves ensiled for 29 days, grape pomace, banana leaves, mangosteen fruit pericarps, and N. cadamba leaves ensiled for 4 days. Supplementary Table 1 shows the pH value ranges of the strains isolated from the silages. Twenty-nine strains of high acid producing bacteria were selected from the five silages. Supplementary Table 2 shows the results of the 29 strains. After sequence alignment using the BLAST, all 29 strains screened were shown to be LP. The datasets presented in this study can be found in online repositories of the NCBI. Tannin tolerance tests were then carried out at different concentrations (0, 1, 2, and 4%) of TA. Supplementary Table 3 showed the results of these tannin tolerance tests. Finally, four LP strains with better tannin tolerance were selected and named LP1, LP2, LP3, and LP4. Of these, LP4 from mangosteen shells had the highest viable count in the 4% tannin tolerance test.



Characteristics of the silage materials

The chemical content and microbial population of the stylo and WPS before ensiling are listed in Table 1. The DM of stylo was 32.91%. The basic nutritional indicators such as CP, NDF, and ADF were 8.93% DM, 68.60% DM, and 52.90% DM, respectively. The WSC content of WPS was 1.23% DM. The number of bacteria such as LAB, CB, yeasts, and molds were 5.48 log10 colony forming units per gram, 6.44 log10 cfu/g, 4.29 log10 cfu/g, and 3.40 log10 cfu/g, respectively. The DM of WPS was 28.27% DM. The basic nutritional indicators such as CP, NDF, and ADF were 24.07% DM, 40.64% DM, and 23.40% DM, respectively. The WSC content of soybean was 2.39% DM. The number of bacteria such as LAB, CB, yeasts, and molds were 6 log10 cfu/g, 5.98 log10 cfu/g, 5 log10 cfu/g, and 3.72 log10 cfu/g, respectively.


TABLE 1    The chemical compositions and microbial population of stylo and whole-plant soybean (WPS) before ensiling (Mean ± SD, n = 3).
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Fermentation parameters of stylo silage

The effects of addition of LP and TA on fermentation parameters and microbial quantity of silage of stylo are shown in Table 2. Compared to the control group, the silage pH was reduced to varying degrees by the addition of LP strains or by the addition of higher concentrations of TA (P < 0.05). The pH of most of the 1% TA treatment groups was slightly higher compared to that of the corresponding 2% TA treatment groups (P > 0.05). The LP4 + 2% TA and LP3 + 1% TA groups had low pH levels. All the treatment groups had an increase to some extent in the number of LAB, compared to that of the control group, especially the groups with a mixture of 1% TA and LP added. In terms of LA, there was no significant difference between the treatment groups (P > 0.05), although the treatment groups without TA addition had a relatively higher level. However, in terms of BA, this was lower in all treatment groups compared to that measured in the control group. In this trial, BA was decreased in all treatment groups and was significantly (P < 0.05) lower in all LP except LP1, both alone or with the addition of the TA combination to the LP treatment groups.


TABLE 2    Effects of the addition of lactic acid bacteria (LAB) and tannic acid on the fermentation parameters and microbial quantity of silage of Stylosanthes.
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Fermentation parameters of whole-plant soybean silage

The effects of the addition of LP and TA on the fermentation parameters and microbial quantity of WPS silage are shown in Table 3. The pH levels of all the treatment groups were lower than that measured in the control group, with the TA-LP4 treatment groups having the lowest pH values. All treatment groups had significantly lower pH (P < 0.01) except for the 1% TA alone treatment group. However, the overall pH was higher, with a pH below 4.2 a value that was considered to be better. The LAB counts were better in the LP alone treatment groups, especially LP2 and LP3. The LAB counts were also higher in the LP treatment groups with the addition of 1% TA than in the groups with the addition of 2% TA in all the TA combinations (P < 0.01), although the differences in the TA combined with LP4 treatment groups were not significant. All treatment groups had higher CB counts except for the LP2 + 2% TA and LP4 + 2% TA groups. In short, the addition of TA combined with LP4 treatment groups, especially LP4 + 2% TA, were better than that measured in the other groups.


TABLE 3    Effects of the addition of lactic acid bacteria and tannic acid on the fermentation parameters and microbial quantity of silage of soybean.
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Protein composition of the silages

The effects of addition of LP and TA on the protein contents of the silage of stylo and WPS are shown in Table 4. In terms of CP content, only LP4 increased the CP content of stylo. For WPS, all four LP strains increased the CP content, but reduced the proportion of TP and NPN in total N for WPS. However, for stylo, adding each of the four LP strains increased both TP and NPN contents. The addition of TA alone increased TP content and decreased NPN and NH3-N contents, although the addition of TA with LP groups, particularly the LP4 + 2% TA treatment, achieved better results.


TABLE 4    Effects of the addition of lactic acid bacteria and tannic acid on the protein contents of silage of stylo and soybean.
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In vitro rumen fermentation characteristics of the silages

The addition of TA combination with LP strains was effective for increasing the total in vitro gas production compared to that measured in the control (Figure 1). Similarly, in vitro dry matter digestibility (Figure 2) and crude protein digestibility (Figure 3) of stylo were increased. The in vitro crude protein digestibility of the WPS treatments with combined addition of LP4 and TA were lower than in the control group.


[image: image]

FIGURE 1
In vitro gas production and dry matter digestibility of different treatments of Stylosanthes silage (A) and whole-plant soybean (WPS) silage (B) in 72 h.
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FIGURE 2
In vitro dry matter digestibility of Stylosanthes silage (A) and whole-plant soybean (WPS) silage (B) in 48 h. Different letters over the bars indicate significant differences (P < 0.05).
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FIGURE 3
In vitro crude protein digestibility of Stylosanthes silage (A) and whole-plant soybean (WPS) silage (B) in 48 h. Different letters over the bars indicate significant differences (P < 0.05).





Discussion


Characteristics of silage materials

Compared with other experiments, the DM and fiber contents of stylo in this experiment were higher, whereas the CP and WSC contents were at a lower level (Li et al., 2017; Wang C. et al., 2020; Pitiwittayakul et al., 2021). It was possible that the stylo was collected at blooming stage, resulting in less than excellent characteristics of the materials. Most of the value of chemical composition of fresh WPS in the present study were in the range for soybean reported by others (Zeng et al., 2020; Bolson et al., 2021; Silva et al., 2021; Gandra et al., 2022). In short, neither material had a high percentage of DM content, which was less than the ideal DM (40%) for good silage (Flythe and Russell, 2004). This may lead to marked effluent loss during ensiling (He et al., 2020d). Forages containing high levels of moisture also favor the fermentation of undesirable bacteria (He et al., 2020b). In addition, the WSC of both stylo and WPS were below the ideal WSC (5%) (Ni et al., 2017), with this potentially affecting the growth of LAB. However, the CP content of WPS in the present study was higher than that reported by previous studies. This might have been influenced by many factors, such as cultivar and harvest time. Compared with stylo, WPS had lower NDF and ADF content and higher WSC content, which facilitated the fermentation of the LAB. Moreover, the LAB counts of stylo and WPS met the standard for good silage feedstock as reported by Cai et al. (1998). However, the CB counts of stylo and WPS were also higher than 5 log10 cfu/g fresh matter, which may have affected silage quality. The appropriate addition of TA and LP might help to alleviate those problems.



Fermentation parameters of stylo and whole-plant soybean silage

One of the indicators of silage fermentation quality is the pH value. The pH of high-quality silages should be between 3.8 and 4.2 (Kung and Shaver, 2001). The final pH of silage is influenced by a variety of parameters, the most important of which are the concentration of LA and the buffering capability of the plants (Kung et al., 2018). It is often difficult to achieve a pH value of 4.5 or lower in legume silage, while the final pH of soybean silage is generally around 4.5 (Nkosi et al., 2016). In the present study, the pH of both WPS and stylo was above 4.5. The high buffering capacity of stylo and WPS has been reported to slow down the decline in pH decline, lengthen the fermentation process, and increase the consumption of WSC (Kizilsimsek et al., 2017). However, in our study the WSC content of the material was too low to well complete fermentation, resulting in a high pH, which reduced the inhibition of undesirable bacteria, particularly Clostridium. In addition, a high DM content may also affect the pH value. Kung and Shaver (2001) reported that a DM content of less than 30% promoted Clostridial fermentation, which led to a pH higher than 4.8. The high concentration of BA in the treatment groups of WPS in our trial may also have resulted in this outcome (Kung and Shaver, 2001). BA is a fermentation indicator for Clostridium perfringens, with levels above 5 g/kg DM (0.5% DM) providing evidence of significant activity of Clostridium in silage that prompts livestock to reduce their intake of forage (Muck, 2010).

The experiments in this study showed that adding LP or 2% TA alone significantly reduced the pH of silage, although the combination of LP and TA was better (P < 0.01), particularly LP4 + 2% TA. The addition of TA enhanced the LA and AA content of WPS to the same extent as LP alone, a result consistent with previous studies (Wang et al., 2021). However, the addition of TA combined with LP produced different results, possibly due to the influence of epiphytes.

Common bacterial communities in silage include LAB, CB, yeasts, and molds. In general, LAB are the principal microorganisms that influence silage fermentation by creating organic acids that have a preservative effect. The LAB count must be greater than 5 log10 cfu/g FM for excellent silage preservation (Yang et al., 2016). CB is a strong competitor of LAB and is responsible for lower amino acid concentration in silages, resulting in nutritional loss (Rauramaa et al., 1987). The control groups of stylo and WPS had a higher BA content and in addition WPS silage had a high CB count. CB can cause illness in animals and is also responsible, in part, for NH3-N formed from protein degradation and NO3 reduction in silage (Muck, 2010). Therefore, the quantity of CB should be minimized. This study showed that the combined addition of LP and TA inhibited CB to a greater extent than the addition of 2% TA or LP alone, and that the best results were obtained with LP2 + 2% TA and LP4 + 2% TA.

Lactic acid, acetic acid, propionic acid, and butyric acid are the main organic acids in silages (Kung and Shaver, 2001). Excellent quality silage has high levels of LA and PA, small amounts of AA, and no or very small amounts of BA (Li et al., 2012). The concentrations of LA in legume silages were reported to be 20–40 g/kg DM (2–4% DM) (Soundharrajan et al., 2019). However, all treatment groups of stylo and WPS in our experiment did not reach 2%. This may have been attributable to the effect of the raw material, because the stylo and WPS in the other experiments did not meet that criterion (He et al., 2021; Wang et al., 2021). The large quantities of AA, PA, and BA in the total organic acid indicated substantial heterofermentation, implying that the fermentation process needs to be improved (He et al., 2020d). The addition of LP alone could reduce the ratio of AA, PA, and BA in total organic acid, while the combined addition of LP and TA, especially LP4 + 2% TA, could further increase the ratio of LA in the total organic acid to twice or more than that measured in the control groups. The ratio of LA to AA is an indicator of the extent of homofermentation in relation to heterofermentation during ensiling (Wang et al., 2019). With the combined addition, the LA content of stylo was decreased while AA content was decreased even more, ultimately leading to an increased ratio. The LA to AA values of WPS were also upgraded from 1:2 to around 4:5. In addition, BA, an indicator of the influence of silage smell and intake, was also decreased significantly (P < 0.01). Those results indicated that the additives were effective.



Effects of additives on the protein composition of silage

Proteolysis is a common issue in ensiling high-protein forages like stylo and soybean. During silage, proteins are hydrolyzed by plant proteases into peptides and free amino acids, which are then further degraded to amides, amines, and ammonia by microbial activity (Kung et al., 2018). Therefore, NPN and NH3-N are the important indicators of hydrolysis. In addition, the NH3-N content indicates the activity of undesirable microorganisms like Clostridium. NPN has lower nitrogen use efficiency than TP, and therefore a high content of NPN in animal feed is undesirable (He et al., 2020c). Factors currently known to affect proteolysis are the species in the forage, the stage of maturity of the crop, the wilting level, and the rate of decline in silage pH (Tabacco et al., 2006). Epiphytic microorganisms or additives may also have an effect on hydrolysis.

The high proportion of NPN in the total nitrogen (47.3 and 62.3%) in the control groups of stylo and WPS in the current study indicates severe proteolysis in the stylo and WPS silages. The higher buffering capacity of the legumes slowed down the decrease in pH, which weakened the inhibitory effect on undesirable bacteria. In addition, the low DM content (<30% DM) and high moisture content of the raw material also promoted the growth and fermentation of Clostridium (Kung and Shaver, 2001). Under these two conditions, excessive protein decomposition occurs, producing higher levels of alkaline substances such as ammonia and nitrogen, leading to higher ammonia concentrations (12–15% of CP) and pH values, which explains the high pH of WPS silage (Wang et al., 2021).

There is evidence that TA can reduce proteolysis (He et al., 2020b; Wang et al., 2021). Inoculation with LP can also reduce the proportion of NH3-N leading to reduced proteolysis (Li et al., 2017). LP can facilitate a rapid reduction in pH for the purpose of inhibiting spoilage bacteria. The addition of LP alone had different effects on the two silages in terms of CP, TP, and NPN content. This variation might be useful for stylo silage and detrimental to WPS silage, because the inoculated LP competitively inhibited epiphytic LAB of WPS. This effectively inhibited the growth of CB, especially in the LP4 + 2% TA treatment group of WPS, as the experiment included inoculation of tannin tolerance LP, which could tolerate certain concentrations of TA. In the present study, the NH3-N and NPN contents were decreased according to the dose of TA in combination with LP rather than by TA and LP alone (P < 0.01).



Effect on in vitro gas production, dry matter digestibility, and crude protein digestibility

In vitro gas production, dry matter digestibility, and crude protein digestibility of the silages are shown in Figures 1–3. The rumen of a ruminant is a complex anaerobic fermentation system. During fermentation, the feed is degraded by microorganisms in the rumen, producing gases such as methane, carbon dioxide, and hydrogen (Getachew et al., 2004). Typically, the cumulative gas production is an indicator of the microbial activity (Ai et al., 2013), with production related to the level of nutrients in the rumen and the composition of the diet. The higher the content of fermentable nutrients in the diet, the higher the microbial activity and total production of fermented gas (Qiao et al., 2015; Sheng et al., 2019). This conclusion is consistent with the results of our experiment. The NDF of WPS was lower than the NDF of stylo, while the 24-h gas production of WPS was higher than that of stylo. This is in agreement with the experiments of Ai et al. (2013) who showed that lower fiber content, higher CP, and nitrogen-free extract (NFE) content can lead to higher in vitro fermentation. Feeds with a CP content of less than 10% lead to reduced microbial activity in the rumen, resulting in reduced gas production (Kilic and Garipoglu, 2009). This may account for the low gas production we observed in the stylo treatment groups. The addition of TA has been shown to reduce in vitro gas production of silage (Chen et al., 2022), which is consistent with the performance of the WPS-treated groups in our experiment. This might be because TA inhibits microbial activity in the rumen and reduces digestion and utilization of fermentation substrates, thereby reducing rumen gas production (Wang J. et al., 2020). However, the stylo treatment groups in our study showed different results, which might have been influenced by the epiphytic bacteria of stylo. The combined addition of LP4 and TA increased in vitro gas production of both stylo and WPS silage.

One of the most important factors determining forage intake is digestibility, which is determined mainly by the chemical composition (He et al., 2018). The in vitro dry matter digestibility of the stylo and WPS silages for 48 h are shown in Figure 2. In vitro dry matter digestibility is an important factor that influences the dry matter intake of ruminants, with higher DM digestibility indicating that the material is more easily digested and utilized by ruminants (Shengchen et al., 2017). The DM content and fiber content can affect in vitro dry matter digestibility, with the rumen of ruminants digesting fresh, juicy forage more than fibrous forage (Yao et al., 2021). We observed that there was a significant increase (P < 0.01) in the digestibility levels of stylo when LP and TA were added to the silage, although the digestibility of WPS was decreased. This might be because the CP content of WPS was higher, which can influence in vitro digestibility (Cherdthong and Wanapat, 2013).

Increasing the amount of available crude protein in the rumen (uCP) is an important basis for improving animal production performance. In the Cornell Net Carbohydrate and Protein System (CN), TP component can be divided depending on the rate of rumen degradation into PB1 (fast degradation), PB2 (medium degradation), and PB3 (slow degradation) (Guo et al., 2013). A portion of PB2 and most of PB3 pass through the rumen into the back part of the digestive tract. In addition, the tannin–protein complex, also known as PC (binding protein), reaches the abomasum and small intestine and releases protein because of a change in pH value. With the addition of LP4 and 2% TA, in vitro crude protein digestibility of WPS silage was reduced significantly by 18% (P < 0.01), while the increase in in vitro crude protein digestibility of stylo silage was also reduced. Taken collectively, the addition of 2% TA combined with LP was more effective.




Conclusion

The present study illustrated that ensiling stylo and WPS with the addition of TA together with LP, especially LP4 + 2% TA, decreased the number of undesirable microorganisms and contents of BA, non-protein nitrogen, and ammonia-nitrogen and effectively increased the TP content. This indicates that the addition of TA together with LP can effectively inhibit undesirable fermentation and protein degradation of high protein silage, enhance the quality of silage fermentation, and protein reservation rates. Furthermore, the addition of TA with LP was also effective for increasing the in vitro gas production of stylo and WPS silages and decreasing in vitro crude protein digestibility of WPS silage. The effects of this addition on digestion and absorption of the animals should be studied in greater detail in future research.
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To develop a new high-yielding and polysaccharide-containing forage resource for livestock, the effects of different cutting methods and additives on Saccharum arundinaceum silage were evaluated. The wilted S. arundinaceum were chopped and knead-wired. The silages from each cutting method were treated with Lactobacillus plantarum (LP), cellulase (CE) and the combination of LP and CE (LP + CE) for 3, 7, 15, 30, and 60 days. Compared with the CK treatment, CE treatment exhibited better effects in the degradation of neutral detergent fiber (NDF), LP exhibited a better performance in preserving the content of dry matter (DM), and adding LP + CE significantly enhanced (P < 0.05) the contents of lactic acid (LA), crude protein (CP) and DM and significantly reduced (P < 0.05) the pH and NDF content during ensiling. In addition, both additives exerted a remarkable effect on the silage bacterial community (P < 0.05), with a dramatic increase in the Lactobacillus abundance and a decrease in the abundance of Enterobacter. Lactic acid bacteria (LAB) became the most dominant bacteria that affected the fermentation quality of LP and LP + CE silages. Meanwhile, chopped silages showed better fermentation quality and nutrient preservation and a higher abundance of LAB. Our research indicated that the chopped S. arundinaceum ensiling with LP + CE could exert a positive effect on LA fermentation and preservation of nutrient substances by shifting the bacterial community. In conclusion, S. arundinaceum can serve as a new silage resource for feed utilization by the ensiling method of LP + CE-chopped.
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silage, Saccharum arundinaceum, Lactobacillus plantarum, cellulase, cutting methods, bacterial community


Introduction

Saccharum arundinaceum is a tall-growing, caespitose perennial herbaceous grass native to southern China, parts of South and Southeast Asia and other countries (Wang W. G. et al., 2019). S. arundinaceum is a C4 plant and produces large amounts of biomass, for which the dry matter yield is approximately 40–60 t⋅ha–1⋅year–1; lignocellulosic biomass includes a high content of cellulose and polysaccharides (Heaton et al., 2008; Hattori and Morita, 2010). Therefore, S. arundinaceum has received increasing attention as a potential biofuel feedstock (Kirupa et al., 2018; Muthuvelu et al., 2018; Zhang et al., 2020). The high biomass yield and high polysaccharide content indicate that S. arundinaceum can be a potential feed source (Muthuvelu et al., 2018). In addition, the feeding value of S. arundinaceum can be increased through certain processing methods (such as ensiling). However, to our knowledge, research on S. arundinaceum has been mainly focused on its ecological restoration and biomass energy (Muthuvelu et al., 2018; Zhao et al., 2020). Few studies have paid attention to its feeding value and improving its quality through ensiling.

Ensiling is a process of rapid anaerobic fermentation of plant material by either epiphytic or exogenously applied lactic acid bacteria (Cai et al., 1998; Ren et al., 2020). Silage is one of the most important ruminant feedstocks in China, particularly southern China, where local climactic conditions make traditional hay production impractical (Dunière et al., 2013; Du et al., 2021). However, low amounts of epiphytic LAB and water-soluble carbohydrate (WSC) limit the applicability of some forages for ensiling (Xu et al., 2020; Du et al., 2021). Therefore, biological additives, including Lactobacillus plantarum and cellulase, can be crucial for improving the fermentation and nutrients of silage (Xu et al., 2018; Cai et al., 2020; Guo et al., 2020). Previous studies showed that adding L. plantarum could decrease the DM loss, pH, ammonia-N (NH3-N) content and butyric acid (BA) concentration, increase the LA concentration and change the bacterial community composition of silage (Ren et al., 2020; Xu et al., 2020; Zhang et al., 2021). Moreover, ensiling with cellulase could degrade part of the cellulose, thus providing a large amount of WSCs for LAB utilization of S. arundinaceum silage (Feng et al., 2020; Xu et al., 2020). Therefore, it is inferred that S. arundinaceum could potentially be used as a feed source for animals if L. plantarum and cellulase were applied during ensiling.

Cutting is used to obtain the appropriate particle size of the raw material, which is a necessary step in silage processing technology and an important basis to ensure the quality of silage (Savoie et al., 1992; Thomson et al., 2017). Different raw materials may have different optimal particle sizes by different cutting methods, such as chopping and knead wiring, due to the physical characteristics of the crop stems (Savoie et al., 1992; Sun et al., 2020). In general, raw materials of conventional silage are chopped into 1∼3 cm lengths by a straw crusher (Dong et al., 2020; Ren et al., 2020; Wang et al., 2021). Knead wire uses a kneading machine to flatten, shred, beat, tear and crush the forage grass, which is then kneaded and cut into soft silks. However, to the best of our knowledge, the effect of chopping and knead-wiring on silage fermentation with a high content of lignocellulosic biomass is unclear. Moreover, we hypothesized that the two cutting methods would have different effects on S. arundinaceum silage fermentation and the microbial community.

Therefore, chopped and knead-wired S. arundinaceum were ensiled with different additives in our study. The silage quality and microbial community were explored to evaluate the optimal cutting methods and additives. This study lays a research foundation for the development of new forage resources for animal production.



Materials and methods


Silage material production

Both the tender stems and leaves of S. arundinaceum were harvested from Sichuan Province, China. The raw materials were allowed to wilt until they reached approximately 70% moisture and then cut using two different methods: (1) a straw crusher was used to chop material into lengths of 1∼2 cm; or (2) a kneading machine was used to knead-wire the material. Lactobacillus plantarum was previously isolated by our research team. Cellulase was obtained from Yakult (Yakult Pharmaceutical Industry Co., Tokyo, Japan). All additives were added to fresh S. arundinaceum material after cutting.

Our 2 × 4 × 5 experiment was performed with a completely randomized design: 2 cutting methods (chopping, knead-wiring) × 4 additive treatments [1.0 × 106 colony forming units (cfu)/g FM (Fresh matter, FM) LP, 50 U/g FM CE, 1 × 106 cfu/g FM LP + 50 U/g FM CE (LP + CE), and the control (CK)] × 5 fermentation periods (3, 7, 15, 30, and 60 day). Three polyethylene bags (300 mm × 230 mm) were loaded with 500 g of silage and vacuum sealed per treatment, for a total of 120 experimental bags. All bags were stored at room temperature (approximately 25°C). Three bags for each treatment were opened to examine fermentation quality and microbial population at days 3, 7, 15, 30, and 60 during ensiling. The chemical components were evaluated after 60 day of fermentation. The bacterial community was analyzed after 60 day of ensiling.



Chemical analyses

To measure fermentation indices, 10 g of each silage sample was blended with 90 mL of sterilized water and then filtered through qualitative filter paper. The silage pH and contents of NH3-N and organic acids were then determined using the resulting filtrate. The pH was immediately measured with a PHS-3C pH meter equipped with a glass electrode (INESA Scientific Instrument Co., Shanghai, China). Then, the filtrate was frozen in −20°C storage prior to determining the concentration of NH3-N and organic acids. The NH3-N concentration was quantified using the phenol-hypochlorite method proposed by Broderick and Kang (1980). The concentrations of various organic acids, including acetic acid (AA), BA, propionic acid (PA), and LA, were determined through high-performance liquid chromatography (HPLC) (LC-20A, Shimadzu, Tokyo, Japan) (Zhang et al., 2016).

To quantify the silage DM content, the samples were dried at 65°C in an air circulation oven for 48 h. Then, the samples were pulverized and passed through a 1 mm screen. The Van Soest et al. (1991) method was employed to determine both acid detergent fiber (ADF) and NDF. The Association of Official Agricultural Chemists [AOAC] (1995) method was employed to determine the content of CP. Murphy (1958) anthrone method was used to quantify the WSC content.



Investigation of microbial populations

The plate count method (Li P. et al., 2019) was employed to quantify the size of silage microbial populations. Briefly, each 10 g sample was mixed 1:9 (w/v) with sterilized water, followed by serial dilution from 10–1 to 10–6 using sterilized water. Yeast population densities were enumerated by plating on Rose Bengal agar (YM01435, Shyuanmu Biomart Biotech. Co., Shanghai, China) containing 1.5 mg/L tetracycline, and LAB population densities were enumerated by De Man, Rogosa and Sharpe (MRS) agar (GCM188, Beijing Land Bridge Technology Co., Beijing, China). Yeasts and LAB were incubated for 72 h at 30°C and for 48 h at 37°C, respectively. Each plate count was transformed into log10 cfu/g FM.



Analysis of bacterial community structure

Total bacterial DNA was extracted from 60-day silage samples according to the sodium dodecyl sulfate (SDS)/cetyltrimethylammonium bromide (CTAB) method. We used 1% agarose gels to assess DNA concentration and purity and extracted DNA diluted with sterilized water to a standardized concentration of 1 ng/μL. We amplified the bacterial 16S rRNA genes with the broad-range primers 27F (5-GAGAGTTTGATC CT GGCTCAG-3) and 1541R (5-AAGGAGGTG ATCC AGCCGCA-3) (Yan et al., 2019). TransStart® FastPfu DNA Polymerase (TransGen Biotech, Beijing, China) was used to carry out polymerase chain reactions (PCRs). The same volume of 1X loading buffer was mixed with PCR products, and electrophoresis was performed on a 2% agarose gel for detection. The QIAquick@ Gel Extraction Kit (Qiagen, Hilden, Germany) was used for PCR product purification. The SMRTbell™ Template Prep Kit (Pacific Biosciences, Menlo Park, CA, USA) was used to generate the SMRTbell library following the manufacturer’s standard instructions. The Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and a FEMTO Pulse system were used to ensure library quality.

Raw sequences were processed, and a sequencing library was created by Novogene Bio Technology Co. (Beijing, China) using the PacBio Sequel sequencer (Pacific Biosciences, Menlo Park, CA, USA). Taxonomic information was annotated in the Silva SSUrRNA Database.1 After determining the phylogenetic relationships, the Magic platform was employed to calculate alpha diversity (Chao 1, Shannon, and Ace) and coverage values and perform bacterial community functional prediction (Li et al., 2021).



Data processing and statistical analyses

SPSS ver. 23.0 for Windows (SPSS Inc. Chicago, IL, USA) was employed to carry out all statistical analyses. One- and two-way analyses of variance (ANOVA) were carried out using the fixed effects of additives, cutting methods, and ensiling days. To assess the separation of means under different fermentation additives, cutting methods, and fermentation times, Duncan’s multiple range test was performed. P < 0.05 was set as the threshold of statistical significance. Heatmaps based on Spearman correlation coefficients between the bacterial population and fermentation quality and function prediction were calculated with SPSS software. All data are reported as the mean with statistical significance indicated with letters. All figures were generated using OriginPro 2017.2




Results and discussion


Characteristics of fresh Saccharum arundinaceum before ensiling

The characteristics of the fresh material before ensiling are presented in Table 1. The content of DM in fresh S. arundinaceum was 284.2 g/kg. The CP content of S. arundinaceum was 104.13 g/kg on a DM basis, which was similar to that of oats (Zhao et al., 2018). However, the relatively high contents of NDF (672.51 g/kg DM) and ADF (302.32 g/kg DM) and the low content of WSCs (g/kg DM) are not conducive to the fermentation of LAB and animal utilization (Xu et al., 2020; Wan et al., 2021). The epiphytic yeasts (3.72 log cfu/g FM) on S. arundinaceum were higher than LAB (1.29 log cfu/g FM).


TABLE 1    Microbial and chemical characterization of unfermented Saccharum arundinaceum (mean ± SEM, n = 3).
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Chemical characteristics of Saccharum arundinaceum after ensiling

The effects of cutting methods and additives on the chemical characteristics (DM, CP, NDF, ADF, and WSC contents) of S. arundinaceum silage on day 60 are shown in Figure 1. As shown in Figure 1A, the contents of DM in the silages with two additives were well preserved and were significantly higher (P < 0.05) than those of the CK treatments (except for the CE-chopped silage). This result was consistent with previous studies showing that adding LP and CE could suppress the growth and/or activity of undesirable microorganisms by rapidly decreasing the pH (Li F. et al., 2019; Wang Y. et al., 2019). The DM content of the chopped treatments was higher than that of the knead-wired silages (P < 0.001), which could be attributed to the lower pH of the chopped treatments (Table 2), and more nutrient substances were preserved. Another reason may be that the knead wire could provide high levels of fermentable carbohydrates by its more complex processing method, and epiphytic microorganisms consume much more biomass during ensiling, especially undesirable bacteria (Kõiv et al., 2019). The variation in CP content in S. arundinaceum silages (Figure 1B) was similar to that of the DM content, and adding LP + CE also led to higher CP contents than that of the CK-treated silages with chopping method (P < 0.05). LP and CE inoculation provided abundant LAB and increased the fermentation material, respectively, which induced the accumulation of organic acids and a quick decrease in pH. The relatively low pH inhibited undesirable microorganism growth and activity and/or proteolytic enzyme activity (Ni et al., 2017; Wang C. et al., 2019); hence, more crude protein in the silages was preserved. The above reason also contributing to the higher CP contents in chopped silages compared to knead wired silages. Moreover, the interaction between additives and cutting methods had a statistically significant effect on the preservation of CP (P < 0.05). Therefore, LP + CE-chopped silages had a better effect on preserving the CP.
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FIGURE 1
Effects of cutting methods and fermentation additives on (A) DM, (B) CP, (C) NDF, (D) ADF, and (E) WSC of Saccharum arundinaceum after 60 day of ensiling. CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP + CE, L. plantarum plus cellulase. Significant differences (P < 0.05) between the same additive treatments are indicated by capital letters, and significant differences (P < 0.05) among different treatments are indicated by lowercase letters. DM, dry matter; FM, fresh matter; M, cutting methods; V, additive; V*M, the interaction between additive and cutting methods.



TABLE 2    Fermentative profile of Saccharum arundinaceum silage subjected to different cutting methods and additives during fermentation.
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As shown in Figures 1C,D, M (cutting methods) × V (additives) significantly influenced the content of NDF (P < 0.001) and V (additives) significantly influenced the ADF content (P < 0.05). The NDF contents in the CE- and LP + CE-treated S. arundinaceum silages were lower than those of the CK (P < 0.05), while there was no significant difference (P > 0.05) between CE and LP + CE. Cellulase can catalyze the hydrolysis of cellulose; therefore, the CE- and LP + CE-treated silages showed a large reduction in NDF content (Xu et al., 2020; Du et al., 2021). Moreover, the NDF contents of LP-chopped silages were also significantly decreased compared with those of CK-chopped silages, but LP-kneaded silages showed no difference from those of the CK. The above result was probably due to the pH lower than 5.0 of LP-chopped silages in most of the fermentation time (Table 2), while LP-kneaded silages had a higher pH than LP-chopped treatments. The relatively low pH led to acid hydrolysis, which reduced the lignocellulosic structure (Yang et al., 2019). For ADF contents, all the treatments had no significant difference from CK, except for the LP-chopped silages. Lignin and hemicellulose constitute lignin-carbohydrate complexes that act as a protective layer to prevent cellulose degradation (Yu et al., 2005), which may result in high levels of NDF degradation and low levels of ADF degradation in S. arundinaceum silages. Another reason for this observation may be that ADL (included in the ADF) is difficult to degrade, and S. arundinaceum has high levels of lignin; moreover, lignin is closely associated with hemicellulose by ester and hydrogen bonds (Li et al., 2018).

Water-soluble carbohydrates are the major fermentation substrates for LAB during ensiling and can be converted into organic acids and rapidly decrease the pH of silages by LAB (Ahmadi et al., 2019; Xu et al., 2020). The influence of different cutting methods and additives on the WSC contents of S. arundinaceum silage is shown in Figure 1E. The WSC content of CE-chopped silages following 60 day of ensiling was higher than that of other silages, but only significantly higher than LP + CE-chopped silages. These results indicate that the addition of CE improved lignocellulosic degradation and preserved more WSCs (Xu et al., 2020). The lower WSC contents of LP + CE silages than CE silages were probably because the addition of LP enhanced the abundance of LAB to consume more WSCs, corresponding to the result of bacterial community abundance, in which the relative abundance of Lactobacillus in CE and LP + CE silages was 0.27 and 80.38%, respectively (Figure 3). In general, the interaction of additives × cutting methods existed for the WSC contents (P < 0.01). Moreover, for LP and LP + CE, the knead-wired silages had higher WSC contents, had higher pH values and poorer fermentation quality than chopped silages (Table 2), which needs further study.


[image: image]

FIGURE 2
Taxonomic classification and relative abundances of the bacterial community of 60-day Saccharum arundinaceum silage. Bacteria were identified to the (A) phylum and (B) genus levels. CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP + CE, L. plantarum plus cellulase.
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FIGURE 3
Functional prediction of the bacterial community of 60-day Saccharum arundinaceum silage. CK, control; CE, cellulase; LP, Lactobacillus plantarum; LP + CE, combination of L. plantarum and cellulase. CK, control; LP, L. plantarum; CE, cellulase; LP + CE, L. plantarum plus cellulase.




Fermentation profile and microbial population of Saccharum arundinaceum silages

The effects of cutting methods and additives on the silage fermentation profile of S. arundinaceum are listed in Table 2. In our study, the interaction of V × M existed for pH (P < 0.001), concentrations of LA (P < 0.001), AA (P < 0.001), PA (P < 0.001), BA (P < 0.001), and NH3-N (P < 0.001), and LA/AA (P < 0.001).

Silage pH is an important indicator for ensiling (Larsen et al., 2019; He et al., 2020). During fermentation, the pH value of LP and LP + CE-chopped silages decreased to 4.94 and 4.85 in the first 3 day and continuously decreased to 4.87 and 4.51 on day 60, respectively, which were significantly lower (P < 0.05) than those of the other treatments on each ensiling day. Therefore, LP addition accelerated the pH decline. As expected, adding LP (LP and LP + CE treatments) to the chopped and knead-wired silages led to a lower pH than that of the CK groups (P < 0.05), as LP addition could improve fermentation by producing abundant lactic acid (Li F. et al., 2019; Guo et al., 2021). Moreover, compared with LP treatments, the pH value of LP + CE silages significantly decreased (except for the chopped silages on day 3), which might be because the addition of CE improved the efficiency of cellulose degradation, thereby increasing the substrate available for LAB fermentation (Xu et al., 2020). For the same additive treatment, kneaded wired silages had higher pH values than chopped silages, which was probably due to the lower concentration of lactic acid and the higher abundance of Weissella and lower abundance of Lactobacillus (Mu et al., 2020; Ren et al., 2020; Du et al., 2021).

In Table 2, the dynamics of the organic acid concentration of S. arundinaceum silages are shown. Inoculation with LP significantly (P < 0.05) increased the silage contents of LA subjected to both cutting methods (except for the chopped silages on day 60). L. plantarum is known to potentially improve fermentation quality and reduce silage pH (Ni et al., 2017), which could contribute to the lower pH values of both the LP and LP + CE treatments. In contrast to the silage pH value, knead-wired silages have a lower concentration of LA than chopped silages, especially at the initial fermentation. The AA concentration was higher in S. arundinaceum silages with knead wire (especially in the CE groups) vs. chopped silages (P < 0.001). The major reason for the higher AA concentration in knead wire-treated S. arundinaceum silages could be attributed to the enhancement of heterolactic acid fermentation (Li F. et al., 2019). The reason for this phenomenon may be that heterofermentative microorganisms are dominant in tropical forages of spontaneous fermentation form, as previously reported (Shao et al., 2003). The addition of CE to knead wire-treated silages may lead to a higher relative abundance of Weissella, which are obligatory heterofermentative LAB (Figure 2; Graf et al., 2016; Ren et al., 2020). As expected, inoculation with LP increased the ratios of LA/AA of the silages compared to those of the CK- and CE-treated silages (P < 0.001), which could be illustrated by the addition of homofermentative LAB (L. plantarum), increasing the homolactic fermentation and LA production of the silage (Lin et al., 2020).

For the concentration of PA and BA, adding LP resulted in lower concentrations of these two organic acids (except for PA in knead-wired silages) (P < 0.05). Generally, excess moisture can impair silage fermentation and secondary fermentation by Clostridia and Enterobacteria, which can convert LA into PA (Kung, 2008). Adding LP (LP and LP + CE) significantly reduced the NH3-N content compared with the CK and CE-treated silages (P < 0.05). The above phenomenon showed that LP silage inhibited the proteolytic action of plant enzymes and the growth and/or activity of Clostridia and Enterobacteria (Figure 3; Guan et al., 2018; Cai et al., 2020; Dong et al., 2020), which can be found in Figure 3. In contrast, a lower content of NH3-N was detected in knead-wired silages than in chopped silages (P < 0.001); further studies are required to explore this phenomenon.

The dynamics of the LAB and yeast populations of S. arundinaceum silages are listed in Table 3. The number of LAB increased at the initial stage and then decreased from day 7 (Treatment mean), as many LAB strains are relatively intolerant to lower pH values (Ohmomo et al., 2002). Although no significant difference (P > 0.05) was observed in LAB populations between chopped and knead-wired silages, additives had a strikingly significant (P < 0.001) impact on the LAB population in S. arundinaceum silage. Before 15 days of fermentation, adding LP resulted in lower numbers of yeast because of the decrease in pH. Yeast was not detected in any of the samples after 30 days, which was due to the anaerobic environment during the late period of silage fermentation (Zhang et al., 2021), indicating better fermentation performance.


TABLE 3    Microbial population of Saccharum arundinaceum subjected to different cutting methods and additives during fermentation.
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Bacterial community diversity of Saccharum arundinaceum silage

The observed species, Good’s coverage, alpha diversity including ACE, Chao1 estimation, and Shannon index of bacteria are summarized in Table 4. Alpha diversity reflects the bacterial abundance (ACE and Chao1) and species diversity (Shannon index) in a sample (Du et al., 2021). After ensiling, the LP- and CE-inoculated chopped silage produced lower observed species, ACE, Chao1 estimation, and Shannon index than the CK silages, possibly due to the lower pH in the additive treatments, which could inhibit the growth of some microorganisms (Méndez-García et al., 2015). In contrast, CE-treated knead-wired silages had greater species richness, abundance (ACE and Chao1), and diversity (Shannon index) than CE-chopped silages. Knead-wired silages tended to have an increased pH, likely conducive to the survival of many microbes, including heterofermentative LAB (Hu et al., 2009; Yang et al., 2019). Good’s coverage of all samples was above 0.99, the depth of sequencing results which can represent the real situation of the silage samples well and makes it feasible to analyze the microbial community (Yang et al., 2019).


TABLE 4    Bacterial species richness and diversity of Saccharum arundinaceum silage subjected to different cutting methods and fermentation additives.
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The bacterial community structure in the S. arundinaceum silage on day 60 was explored by high-throughput Illumina MiSeq sequencing. As shown in Figure 2, the phylum and genus levels of bacterial community compositions are visualized as stacked columns. Figure 2A shows that the silages were dominated by two main phyla (Firmicutes and Proteobacteria) at the end of ensiling, which can be commonly found in previous studies (Mu et al., 2020; Ren et al., 2020). Firmicutes, which is crucial to producing organic acids such as LA and AA at the later stage of fermentation (Zhao et al., 2017), became the most dominant bacterial phylum in all the samples, with a relatively high abundance of 82%∼99.8%, especially in the LP- and CE-chopped silages (99.8 and 98.62%, respectively). For knead-wired silages, the higher relative abundance of Proteobacteria, which can digest organic matter, was probably due to a variety of factors, including climate and silage material composition (Guan et al., 2018; Mu et al., 2020; Yuan et al., 2020). In our study, the reason may be the cutting methods.

In Figure 2B, the most predominant genera in the CK treatments of the chopped and knead-wired silages were Enterococcus (72.74 and 65.93%, 0.31%, respectively), Weissella (5.46 and 9.74%, respectively) and Klebsiella (2.46 and 5.06%, respectively), and in the CE treatments were Enterococcus (43.3 and 36.77%, respectively), Lactococcus (31.43 and 0.09%, respectively), unidentified_ Clostridiales (22.93 and 0.31%, respectively), Weissella (0.51 and 45.01%, respectively). The dominant genera in the LP and LP + CE treatments of the two cutting methods were Lactobacillus (74.37∼97.65%) and Klebsiella (0∼12.85%), while chop-treated silages had a relatively higher abundance of Lactobacillus and a relatively lower abundance of Klebsiella. The LAB genera Lactobacillus, Weissella, and Lactococcus are functional bacteria that can be used to improve silage quality (Yang et al., 2016). Moreover, Lactobacillus played a vital role in silage fermentation, as they could decrease the pH of silage rapidly to preserve the nutrient substance and could remain active and viable at low pH values (Dunière et al., 2013; Zhang et al., 2021). Therefore, adding LP significantly enhanced Lactobacillus abundance, which resulted in the lower silage pH of the LP and LP + CE treatments of the chopped and knead-wired silages compared with that of the CK and CE groups, which is in line with the findings of previous studies (Ren et al., 2020; Zhang et al., 2021). Relatively speaking, Enterobacter are considered undesirable bacteria in silage, as they may compete with LAB to utilize fermentation substrates and produce NH3-N. As a result, the high relative abundance of Enterobacter in the CK and CE treatments led to a slower decline in pH and an increase in protein degradation (Wang Y. et al., 2019), which is shown in Table 2 and Figure 1. Therefore, for LP and LP + CE, especially in chopped silages, undesirable growth of microorganisms of Enterobacter was inhibited, and the dominant Lactobacillus growth was increased, which resulted in a low pH value in the silage (Dunière et al., 2013). A higher Weissella abundance was found in the CK- and CE-knead wire-treated silages compared with that of other knead wired silages, which belong to the heterofermentative LAB and consume WSCs to produce both LA and AA, leading to an increasing concentration of AA (Table 2; Graf et al., 2016). Lactococcus were identified at the early stage of silage fermentation and exhibited a declining trend as fermentation proceeded, which decreased gradually due to the rapid drop in pH value and severe acidic conditions (Liu B. Y. et al., 2019). Bacteria from the genus Klebsiella can convert amino acids into ammonia and biogenic amines (Zhang et al., 2021), and the higher abundance of Klebsiella probably resulted in the lower CP content of knead wire-treated silages (Figure 1).



Function prediction and correlation analysis of the microbial community based on some silage parameters

Functional prediction of the bacterial community of S. arundinaceum silage fermentation on day 60 was visualized as a stacked column (Figure 3). Fermentation was the main function of the microorganism community, followed by chemoheterotrophy, nitrite respiration, nitrogen respiration and nitrite ammonification. The bacterial communities of chopped silages had a higher proportion of fermentation and chemoheterotrophy functions compared with knead-wired silages, indicating that carbon fixation was inhibited and energy was obtained through organic oxidation in these silages (Zhang et al., 2018). Therefore, chopped treatment could enhance ensiling fermentation, resulting in lower pH values (Table 2), which were favorable for silage preservation. The LP-treated chopped silages promoted the fermentation of the bacterial community, whereas LP + CE-treated chopped silages had no significant effect vs. the CK-chopped silages. The deceased rate and extent of fermentation of the treatment with LP + CE need further study. Moreover, the high levels of nitrite respiration, nitrogen respiration and nitrite ammonification of the bacterial community in knead-wired silages could lead to lower CP contents (Figure 1; Li et al., 2021).

As shown in Figure 4, the interactions between some silage parameters and bacterial community/function prediction of the bacterial community in the S. arundinaceum silages were presented by establishing their Spearman correlations and then visualized in heatmaps. Figure 4A shows the correlations between the metabolites and microbial diversity. In general, silage fermentation metabolites can be improved by the diversity of microorganisms, and the produced metabolites can affect the bacterial community and thus silage quality (Dong et al., 2020; Li et al., 2021). Therefore, many previous studies have investigated the correlations between microorganisms and silage fermentation parameters (Xu et al., 2018; Ren et al., 2020; Li et al., 2021). For example, Li et al. (2021) found that the bacteria in the genus Pediococcus were negatively correlated with pH value and positively correlated with the LA concentration in silage, which was consistent with our findings. In our study, the dominant genus Lactobacillus was positively correlated with the contents of CP (r = 0.494, P < 0.05) and LA (r = 0.494, P < 0.05) and negatively correlated with pH (r = −0.765, P < 0.001) in the S. arundinaceum silage. However, the relative abundance of Enterococcus was positively correlated with pH (r = 0.656, P < 0.001) and negatively correlated with CP content (r = −0.458, P < 0.05). These results indicated that inoculation with L. plantarum enhanced the concentration of LA, which decreased the pH and inhibited undesirable microorganisms during ensiling to preserve the silage nutrient substance (e.g., CP and DM) (Dong et al., 2020; Ren et al., 2020). Weissella can produce both LA and AA (Yan et al., 2019); therefore, pH (r = 0.453, P < 0.05) and AA concentration (r = 0.425, P < 0.05) were significantly positively correlated with Weissella abundance, probably slowing the pH decline and thus resulting in unfavorable silage fermentation. Therefore, the contents of CP (r = –0.431, P < 0.05), WSC (r = –0.503, P < 0.05), PA (r = –0.571, P < 0.05) and BA (r = –0.407, P < 0.05) were significantly negatively correlated with Weissella abundance. The relationships between the ensiling characteristics and functional prediction in the bacterial community are shown in Figure 4B. Silage pH was significantly positively correlated with fermentation and chemoheterotrophy (P < 0.01). The CP contents were highly positively correlated with nitrite respiration (r = 0.537, P < 0.01), nitrogen respiration (r = 0.537, P < 0.01) and nitrite ammonification (r = 0.532, P < 0.01) of the bacterial community, which could result in the lower CP content. This phenomenon can be found in Figure 1.
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FIGURE 4
Heatmap of Spearman correlations between bacterial community (A) predicted functions (B) and silage characteristics of 60-day Saccharum arundinaceum silage. Heatmap colors denote the Spearman correlation coefficient “r” (–1 to 1). r > 0 represents a positive correlation, and r < 0 represents a negative correlation. The asterisks *, **, and *** represent statistical significance levels of P < 0.05, < 0.01 and < 0.001, respectively.





Conclusion

The results showed that adding LP and CE efficiently increased the content of DM, CP, and LA and decreased the content of NDF and pH of S. arundinaceum silage, especially chop-treated silage. Moreover, the bacterial community structure underwent great changes with different cutting methods and additives, with increased abundance of Lactobacillus in the LP and CE-chopped treatment. In summary, the chopped S. arundinaceum silages treated with the LP + CE inoculant achieved better fermentation quality and preservation of nutrient substances. Therefore, S. arundinaceum can serve as a new silage resource for feed utilization by the ensiling method of LP + CE-chopped.
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Oat (Avena sativa L.) is one of the most widely cultivated crops used as forage. The aim of this study was to evaluate the effects of cellulase and Lactobacillus plantarum interactions with different moisture contents on oat ensiling. Oats with three moisture contents were treated with nothing (C), cellulase (CE), lactic acid bacteria (LP), or CE+LP and ensiled for 30 and 60 days. Compared with the control, LP and CE treatments increased crude protein and lactic acid concentrations and reduced the pH and ammonia nitrogen/total nitrogen (NH3-N/TN) ratios of silages. The addition of CE improved lignocellulosic degradation, compared with approximately 67% (LD) and 81% moisture content (HD) ensiling, CE (CE, CE+LP) ensiling in the approximately 75% moisture content (MD) group retained higher water-soluble carbohydrate, glucose, sucrose and fructose concents. The LP and CE inoculations significantly reduced the microbial community diversity, and lower values for the observed species, ACE, Chao1, and Shannon indices compared with CK-treated samples. Additives inhibited the growth of unfavorable bacteria (such as Clostridium) and increased the abundances of lactic acid bacteria (LAB); the maximum increases in the Lactiplantibacillus abundance were obtained in the LP- and CE+LP-treated samples, improving the microbial community structure in silage. In summary, adding LP and CE effectively improved the oat fermentation quality, and better performances in ensiling oat and lignocellulose degradation were obtained with LP and CE combinations, especially for the MD group of silages that were ensiled for 60 days. The addition of CE and LP at the appropriate moisture content might be helpful for producing high-quality oat silage, and also provide a simple and feasible method to enhance the effects of bacteria and enzymes.
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Introduction

As one of the most cultivated cereals worldwide (Luciano et al., 2022), oat (Avena sativa L.) has a high yield and wide adaptability. Oats have earned a global reputation for its high protein content (Zhang et al., 2021), and it has become an important forage for livestock, especially as a supplementary feed during winter (An et al., 2020). In recent years, oat has increased in popularity as important livestock feed (Jia et al., 2020). However, oat is a seasonal crop, the seasonal production of oat seriously hinders its sustainable application in forge rationing, and improperly preserving of oat can waste a large amount of resources. Therefore, developing proper methods to preserve oats is an urgent task.

Ensiling is clearly a practical method for preserving fresh oat and might extend the storage period and year-round supply of oat (Jia et al., 2020). However, as with most forage grasses, oat ensiling involves several factors, which may have individual or interactive effects (such as the moisture content of raw materials, type of microorganisms, and additives used in fermentation) (Zhang et al., 2018). Lactobacillus plantarum is considered one of the most versatile lactic acid bacteria (LAB) (McLeod et al., 2019). Many previously published studies have shown that appropriate supplementation with L. plantarum enhances fermentation and silage quality, effectively addressing the low numbers of epiphytic LAB in fresh samples (Guo et al., 2020; Mu et al., 2020). However, appropriate moisture is needed for the growth and reproduction of LAB (Troller and Stinson, 1981). In fact, for ensiling, a moisture content that is excessively high tends to promote the growth of Clostridium and is detrimental to the growth of LAB (Zheng et al., 2017). Moreover, a lower moisture content may suppress the diffusion of microorganisms, especially LAB, which diffuse more slowly in drier silage than in wet silage (Han et al., 2014). The above studies suggested that an unsuitable moisture content also has a detrimental effect on ensiling.

In addition, oat has a relatively high content of neutral detergent fiber (NDF) and acidic detergent fiber (ADF) (Wang et al., 2020) but is notoriously recalcitrant to degradation (Maruthamuthu et al., 2016). A higher cellulose content is unfavorable for the ensiling process and digestibility of ruminant feed (Ding et al., 2019). Therefore, ensiling with cellulase enzymes might degrade part of the cellulose and provide more water-soluble carbohydrates (WSCs) for the fermentation of LAB (Li M. et al., 2019). However, the interactions of enzymes and bacteria are erratic due to actions on cellulase substrates, which is considered affected by many factors (e.g., cellulase concentration and reaction temperature) (Tan et al., 2018). Li F. H. et al. (2019) found that the effect of the enzyme varies with different moisture contents in raw materials, and pre-treatment with ammonium cellulase exerted better effects on the degradation of lignocellulose in silage with a low dry matter content. All these findings imply that the moisture changes that occur before ensiling could also influence the effect of enzymes on oat ensilage. Therefore, we hypothesized that moisture changes might have different effects on oat ensiling with CE and LAB at different moisture contents.

Thus, our primary study aim was to identify the effects of cellulase and Lactobacillus on the quality, transformation of carbohydrates, and microbial community structure of oat silage with different moisture contents as an approach to explore the best treatment methods for oat ensiling.



Materials and methods


Raw materials and additives

Milk stage oat was harvested in Zunyi, Guizhou, China, on March 12, 2021, labeled, and returned to the laboratory. The samples were then manually cut into a length of 2–3 cm, divided into three aliquots and processed (by wilting different time and properly replenishing water) to regulate the moisture. During wilting, we use the microwave oven to quickly measure the moisture content of the oats to ensure that the moisture content was regulated as precisely as possible. Finally, we got three different moisture contents (LD: approximately 67%; MD: approximately 75%; HD: approximately 81%). Cellulase and Lactobacillus were purchased from Maclean Biological Company. The enzymatic activity of cellulase was 50 U/mg, and the bacterial activity of Lactobacillus was 5 × 1010 cfu/g.



Experimental design and preparation of silage

Our 3 × 4 × 2 experiment was performed with a completely randomized design: 3 moisture contents (LD: approximately 67%; MD: approximately 75%; HD: approximately 81%) × 4 additive treatments [no additive control (C); cellulase (CE); lactic acid bacteria (LP); and cellulase+lactic acid bacteria (CE+LP)] × 2 fermentation periods (30 and 60 days). Among them, the inoculation rate of CE was 50 U/g FM, and the inoculation rate of LP was 1 × 106 cfu/g FW. According to the instructions of the agent of LAB, we added the agent into warm water for 2 h to activate it. After ensuring that the lactic acid bacteria were completely activated, the LAB solution and cellulase solution were loaded into pre-prepared sterile and enzyme-free microsprayers, respectively, and then sprayed evenly into each sample to ensure thorough mixing. Three bags of each treatment were prepared. After vacuum sealing, a total of 72 experimental bags were ensiled in an air-conditioned room (25 ± 1°C). The bags were opened after 30 and 60 days of ensiling, then the silages were subsampled for analyses of the chemical composition, fermentation indices, and carbohydrate composition, and the sample at 60 days was also used to analyze the microbial community.



Sampling and analytical methods

First, to evaluate the fermentation characteristics of silage, 10 g of fresh silage samples from each bag were mixed with 90 ml of sterile superstock water and placed in a refrigerator at 4°C for 24 h. Then, the filtrate was measured immediately with a glass electrode pH meter after the filtrate was repeatedly passed through four layers of medical gauze (filter pore size 11 μm, Biocorp, Nanchang, China) three times. Next, the organic acid concentrations (including lactic, acetic, propionic, and butyric acids) in the silage samples were determined using high-performance liquid chromatography (HPLC) (LC-20A, Shimadzu, Tokyo, Japan) with the method described by Li F. et al. (2019), and the ammonia nitrogen (NH3-N) content was measured using a spectrophotometer and the phenol method (Broderick and Kang, 1980). Subsequently, the remaining silage materials were dried in an oven at 65°C for 48 h; then, each sample was immediately weighed to measure the dry matter (DM) content, and the dried samples were separately ground into powders and stored until further use. Finally, the crude protein content was measured using the Kjeldahl method (Association of Official Agricultural Chemists [AOAC], 1995), and the ADF, NDF, cellulose, hemicellulose, and acid detergent lignin (ADL) concents were analyzed using the method reported by Van Soest et al. (1991). Lastly, the WSC, glucose, fructose, and sucrose concents in the silage were quantified using a commercial kit (Beijing solarbio science & technology, Beijing, China).



Bacterial community analysis

High-throughput sequencing technology can determine millions of DNA molecular sequences at the same time, and the overall microbial community distribution in the silage environment can be comprehensively determined using sequencing (Ron and Liu, 2020). In this assay, DNA was extracted according to the standardized operation of the standard CTAB method. PCR amplifications were conducted with species-specific primers using Barcode, Phusion® High-Fidelity PCR Master Mix with GC Buffer from New England Biolabs, and high fidelity and efficiency enzymes to ensure amplification efficiency and accuracy. The region of amplification was 16Sv34, and the primer sequences were 515 F (CCTAYGGGRBGCAS CAG) and 806R (GGACTACNNGGGTATCTAAT). Finally, we performed several analyses, including species annotation, alpha diversity, beta diversity, and functional prediction, on the acquired valid datasets.



Data processing and statistical analysis

The data were processed, and statistical analyses were performed using multivariate analysis of variance (ANOVA) of variance with the SPSS program version 19.0 (SPSS Inc. Chicago, IL, USA). Tukey’s multiple comparisons were used to determine differences among means; namely, the effects of cellulase and LAB on fermentation parameters, silage quality, basic nutritional quality, structural carbohydrate contents and non-structural carbohydrate contents in oat silage with different moisture contents were evaluated. P < 0.05 was considered a statistically significant difference. All graphical figures and heat-map charts were made with OriginPro 2020.




Results and discussion


Characteristics of the fresh material before ensiling

The chemical properties and microbial populations of the fresh oat are shown in Table 1. The crude protein (CP) content of the fresh oat was 83.64 g/kg DM, which was greater than that reported by Wang et al. (2020). However, the WSC content (59.63 g/kg DM) of the fresh oat was lower than that determined by Jia et al. (2020), which may result in a slower growth of LAB due to the lower amount of fermentation substrate at the early stage of ensiling (Ni et al., 2017). In addition, a high content of structural carbohydrates was observed in the fresh oat. The higher fiber content was not conducive to ensiling fermentation and led to a lower feed intake and digestibility in animals (Ding et al., 2019) because microorganisms and enzymes are unable to easily degrade fiber due to its rigid structure (Maruthamuthu et al., 2016). The epibiotic microorganisms on the fresh oats are mainly Enterobacteriaceae and yeasts, and LAB may be unable to become the dominant bacteria due to the lower number of attached LAB (3.96 log cfu/g FM) (He et al., 2021).


TABLE 1    Chemical composition and microbial counts of the oats before ensiling.
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Effects of the enzyme preparation and bacteria on the fermentation characteristics and microbial counts of oat silage with different moisture contents

The fermentation characteristics of oat silage are shown in Table 2. In our study, the interaction of D × T × M existed for NH3-N/TN (P < 0.001), concentrations of LA (P < 0.001), BA (P < 0.001), and LA/AA (P < 0.001); the interaction of T × M existed for pH (P < 0.001), NH3-N/TN (P < 0.001), concentrations of LA (P < 0.001), AA (P < 0.001), and LA/AA (P < 0.001).


TABLE 2    The fermentation characteristics of oat silage at 30 and 60 days.
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The pH of silage is an important parameter to evaluate the quality of the ensiling effect (Ren et al., 2021), and the quality of silage can only be guaranteed when the pH is less than 4.2. In this study, the pH of the additive treatment samples was lower than that of the CK treatment samples. The addition of LAB and CE both significantly accelerated the decrease in pH (P < 0.01), and the lower pH effectively inhibited the growth and enzymatic activity of undesirable microorganisms (Kung et al., 2018). However, compared with the CE-treated samples, the LP-treated samples exhibited lower pH values (<4.2), which might be mainly due to the differences in the mechanisms of action between CE and LP; compared to CE additions, LP additions often lead to more rapid fermentations (Li et al., 2018). In fact, as seen from Table 2, the moisture content also caused significant effects on the pH (P < 0.01). Overall, the pH of the MD group was significantly lower than that of the LD and HD groupsat 30 days of fermentation, probably because LAB produced more organic acids in the MD group, as evidenced by the lactic acid content. The moisture content in the MD group might be more suitable for the metabolism of LAB, thus promoting increased production of lactic acid (Troller and Stinson, 1981).

In silage, higher NH3-N levels are indicative of excessive protein degradation (Mu et al., 2020), and in this study, the NH3-N/TN content was less than 10% in all groups. As expected, the NH3-N/TN was significantly higher in the control group than in the other groups. Similar to the effect of pH, the NH3-N/TN value of the LP-added treatment samples was significantly lower than that of the CE-added treatment samples (P < 0.05). The reason for the decreased NH3-N content was probably because inoculation with LAB reduced the growth of Clostridium and the trypsin activity of mycobacteria (Oliveira et al., 2017), as shown in Figure 3B; the relative abundance of Clostridium_sensu_stricto_12 in CK was higher than that in the other treatment groups. Moreover, for the same treatment with different moisture contents, the NH3-N/TN content in the MD group was lower than that in the HD and LD groups, especially in the CE+LP treatment samples, so more crude protein was preserved (Table 5).
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FIGURE 1
Effects of additives and the moisture content on the hemicellulose degradation rate (A) and cellulose degradation rate (B) in the oats at 60 days of silage. CK, control; LP, L. plantarum; CE, cellulase; LP+CE, combination of L. plantarum and cellulase. Different lowercase letters show significant differences among the same additive treatments in the different moisture contents (P < 0.05). Different capital letters indicate the same significant differences among moisture contents in the different additive-treated groups (P < 0.05). DM, dry matter; TN, total nitrogen; LD, the moisture content is approximately 67%; MD, the moisture content is approximately 75%; HD, the moisture content is approximately 81%; SEM, standard error of means; T, additive; M, moisture content; T × M, the interaction between the additive and moisture content.
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FIGURE 2
Principal coordinate analysis (PCoA) of oat silage on day 60. FRESH, fresh oat sample; LD, the moisture content is approximately 67%; MD, the moisture content is approximately 75%; HD, the moisture content is approximately 81%; CK, control, no additive; LP, L. plantarum; CE, cellulase; LP+CE, combination of L. plantarum and cellulase.
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FIGURE 3
The relative abundance of bacteria based on the taxonomic classification of the microbial community of oat silage on day 60 identified at (A) the phylum level and genus level (B). FRESH, fresh sample; LD, the moisture content is approximately 67%; MD, the moisture content is approximately 75%; HD, the moisture content is approximately 81%; CK, control, no additive; LP, L. plantarum; CE, cellulase; LP+CE, combination of L. plantarum and cellulase.



TABLE 3    The microbial counts of oat silage at 30 and 60 days.
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TABLE 4    Effects of additives and moisture content on structural carbohydrate concents.
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TABLE 5    Effects of the additives and moisture content on the basic nutritional quality and non-structural sugar composition of the oat silage.
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In addition, CE and LP supplementation exerted significant effects on the concentrations of lactic acid (LA), acetic acid (AA), propionic acid (PA), and butyric acid (BA) in oat silage (P < 0.05). The lactic acid is among the important substances that decreases the silage pH and improves the quality of fermentation (Ni et al., 2017). The LP treatment significantly increased the LA concentration for the three moisture levels of the silages, and this result could be attributed to the inoculation of homofermentative LAB (LP), which can efficiently transform WSC into LA (Mu et al., 2020). The LA content in the LP+CE treatment samples was significantly higher than that in the LP treatment samples, which confirmed a change in the silage pH. The LA concentration of additive-treated samples (CE, LP, CE+LP) in the HD group was higher than that in the LD and MD groups after ensiling for 60 days, and this phenomenon may be due to the lower DM content in the HD group of silage, and this phenomenon may be due to the lower DM content in the HD group of silage. However, for lactic acid/acetic acid (LA/AA) content, CE and LP additions both improved homofermentation, which was analogous to the findings of Su et al. (2019). Furthermore, previous studies found that PA and BA are undesirable for silage (Dong et al., 2020), since their production often leads to a significant amount of energy loss. In our study, propionic acid and butyric acid concentrations were low in all treatment groups. Butyric acid is generally produced by Clostridium (Wang et al., 2019); therefore, the decreased concentration of butyric acid may be due to weakened growth of Clostridium, which can also be found from the lower abundance of Clostridium in the additive treatment samples (Figure 3).

The microbial counts of oat silage are listed in Table 3. Interestingly, compared to the CK-treated samples (P < 0.05), the LP- and CE-treated samples exhibited fewer quantities of LAB; the reason for this phenomenon may be the lower pH at the late stage of ensiling, and many LAB strains are less tolerant to the lower pH value (Ohmomo et al., 2002). However, for the quantity of Enterobacteriaceae, the silage treatment was less than 1.00 log10 cfu⋅g–1 FM, while the yeast quantity was less detected at 30 days, and no molds were detected in any of the treatment samples at 30 and 60 days. The ANOVA results showed that moisture content treatment had an extremely significant effect on the number of LAB and yeast (P < 0.01), and additive treatment had an extremely significant effect on the LAB and Enterobacteriaceae quantities in the silages (P < 0.001).



Effects of additives and moisture on structural carbohydrate contents in the ensiling of oats

The impacts of additives and moisture on the structural carbohydrate composition of oat silage [mainly NDF, ADF, hemicellulose, cellulose, ADL, and acid insoluble ash (AIA)] are summarized in Table 4. The additives and moisture significantly influenced the NDF, ADF, hemicellulose and cellulose contents in all treated silages (T < 0.05, M < 0.05), but not the ADL and AIA contents (T > 0.05, M > 0.05), and the interaction of T × M existed for concerns of NDF (P < 0.001), ADF (P < 0.001), hemicellulose (P < 0.001), cellulose (P < 0.001).

Previous studies showed that ensiling fermentation with cellulase effectively decreases the NDF and ADF concents (Su et al., 2019). In our study, the CE addition hydrolyzed lignocellulose, resulting in significantly reduced NDF, ADF, hemicellulose and cellulose concents in the silages with the three moisture levels (P < 0.05). The low pH of LAB-treated silage and high LA concentration may have caused the decreased lignification of the structural carbohydrates, perhaps increasing the digestibility of the silage (Kaewpila et al., 2021).

Interestingly, for the CE addition alone, we found that the cellulose and hemicellulose degradation rate of the CE treatment samples in the MD groups was better than that in the HD group and LD (Figure 1), and the effect differed with moisture content, which may be attributable to the knowledge that cellulase degradation efficiency is often affected by numerous factors (e.g., the substrate concentration, enzyme concentration, and reaction conditions) (Zhou et al., 2018). Specifically, the enzymatic hydrolysis of plants mainly involves a process of transfer from the liquid medium (enzyme solution) to the surface of the solid substrate (plant cellulose), which is primarily governed by diffusion movements. Hence, the diffusion rate of the enzyme macromolecules determines the overall reaction rate of enzymatic hydrolysis (Yachmenev et al., 2009). In the current study, although the high moisture content increased the diffusion rate of enzyme molecules to some extent, the moisture content also caused the enzyme solution to be excessively diluted and decreased the enzyme activity. Conversely, a forage moisture content that is too low may decrease the transport medium in the system, thereby leading to a lower rate of diffusion and reducing the overall rate of hydrolysis. Thus, our research revealed that the appropriate water content of the MD group promoted enzymatic hydrolysis of oat silages, leading to a greater release of soluble sugars.

As expected, the combined addition of LP and CE resulted in better degradation of lignocellulose compared to that of the addition of CE alone, and lower NDF, ADF, hemicellulose and cellulose concents (P < 0.05) were detected in CE+LP-treated silages, which might be attributed to the synergistic effect with LAB and CE (Li F. H. et al., 2019). According to previous research, CE may effectively degrade cellulose into monosaccharides, which might increase the amount of fermentation substrate for LAB (So et al., 2022). Additionally, the intake of monosaccharides fosters enzymatic hydrolysis (Li F. H. et al., 2019). Moreover, treatment with CE+LP resulted in the lowest ADF, NDF, hemicellulose, and hemicellulose contents in the MD groups after ensiling for 60 days. This result may be because the moisture content of the MD group was suitable for cellulase; the pH is also among the important factors that affect the activity of enzymes (Tay et al., 2016). Regarding the metabolic reaction of LAB, the moisture content of MD might be more suitable in the current study (Troller and Stinson, 1981). The rapid growth of LAB in the MD group could quickly decrease the pH below 5.5, which might contribute to cellulase exhibiting the best enzymatic activity earlier (based on the manufacturer’s instructions, the optimum pH of the cellulase action environment is approximately 4–5.5). The above analysis shows that a suitable moisture content can further enhance the collaborative effect of enzymes and bacteria.

Moreover, for ADL and AIA, all the treatments had no significant difference compared with that of CK (T > 0.05, M > 0.05). The potential explanation is that lignin is a three-dimensional polymer molecule composed of three different phenyl propane precursor monomer units (Maurya et al., 2015), and ADL and AIA are the most non-biodegradable components in the plant cell wall. Therefore, further research is still needed.



Effects of enzyme and bacterial additives on the conversion of non-structural sugars in silage with different moisture contents in vitro

The effects of different additives and moisture contents on the DM, CP, WSC, sucrose, fructose and glucose concents in oat silage are shown in Table 5. In our study, the interaction of D × T × M existed for concents of glouse (P < 0.001). The DM was better preserved in all groups after ensiling for 30 and 60 days, and the DM in the samples treated with additives (LP, CE, LP+CE) in the three moisture groups was significantly higher than that in the CK-treated samples (P < 0.01). This result might be due to a decrease in pH caused by LAB and CE additions; the lower pH decreased the growth of most bacteria and thus preserved more DM (Dong et al., 2018). As shown in Table 5, the additives also exerted significant effects on CP contents (P < 0.01) and generated a higher CP content than that in the CK-treated samples, consistent with the findings reported by Mu et al. (2020). The above result may be due to the relatively low pH value, which could limit protease activity and microbial breakdown (Gong and Qi, 2020). Moreover, the effect of the moisture content on the CP content was significant (P < 0.01), as CP was better preserved in the MD-CE+LP group of silages (85.12 g/kg DM) than in the LD and HD groups. The best protein preservation was observed in the MD group, consistent with the NH3-N content. The result may be due to the large amount of unfavorable bacterial reproduction caused by wilting in the LD group, while the result obtained for the HD group could be due to poor fermentation.

We also measured the concents of non-structural carbohydrates (including WSC, glucose, fructose, and sucrose) in silages to better assess the effects of the additives and moisture content on the degradation of structural carbohydrates (Table 5). ANOVA showed that additives, moisture and their synergy had significant effects on WSC, glucose, and fructose (P < 0.01). Table 5 revealed that the non-structural carbohydrates in silage on day 60 were overall lower than those on day 30 and decreased with ensiling time. This is a common phenomenon due to the consumption of substrate by microorganisms during fermentation (Li F. H. et al., 2019). Compared with CK, the WSC concents were significantly increased in the additive-treated samples (CE, LP, CE+LP), especially in the CE+LP-treated samples. The increase in the WSC content in the CE-treated samples was mainly due to the degradation of fiber, whereas in the LP-treated samples, the increase may be influenced by the increased acidification due to the lower pH, which might preserve more WSC (Mu et al., 2020). The WSC content in the CE- and LP-treated samples was slightly lower than that of the CE+LP-treated samples, which further demonstrated the synergistic effect between LAB and CE. Moreover, our results showed that before and after ensiling, glucose was the most consumed carbohydrate over fructose and sucrose. Tao et al. (2003) showed that glucose is the preferred substrate for LAB, consistent with our findings. The glucose, fructose and sucrose concents were lower in the LP-treated samples than in the CE-treated samples from all moisture content groups after day 60, indicating that cellulase is more effective at increasing the production of non-structural sugars than LAB.

Unexpectedly, compared to the LD, MD and HD groups, the silage treated with CE (CE, LP+CE) contained different glucose concents, with the highest content detected in the MD group. Glucose is the final hydrolysis product of cellulose degradation by cellulase (Xu and Ding, 2007), which, to some extent, reflects the high efficiency of the enzymatic reaction. According to the classical enzyme-catalyzed reaction mode, the following relationship is obtained:

[image: image]

where E represents the enzyme; S is the substrate; ES is the enzyme-substrate complex; P is the product; k1 and k2 are the rate constants for adsorption and desorption, respectively; and k3 is the rate constant for product formation (Savageau, 1995). The changes in K1, K2, and K3 directly affect the efficiency of the enzyme-catalyzed reaction. In this mechanism, the rate of product generation determines the rate of the whole enzyme-catalyzed reaction. In the present study, a low moisture content easily resulted in a smaller K1, while a high moisture content increased K2, and the changes in K1 and K2 decreased K3. This caused the enzymes in the MD group to exhibit a higher catalytic efficiency than that in the LD and HD groups. Similar to glucose, for most silage samples, the WSC and fructose in the MD group were higher than those in the LD and HD groups (P < 0.05). Therefore, treatment of the MD group of silages with the additives exerted a better effect on preserving the non-structural carbohydrates.



Effects of enzyme and bacterial additives on the bacterial community in oat silage with different moisture contents

As displayed in Table 6, the alpha diversity indices of fresh samples and oat after 60 days of ensiling were determined using 16S RNA sequencing. The highest observed species, ACE, Chao1, and Shannon values in fresh samples were observed, and a significant decrease in bacterial diversity occurred in all silages after 60 days of fermentation. The values for the observed species, ACE, Chao1, and Shannon indices of the LP- and LP+CE-treated samples were lower than those for the CK-treated samples, consistent with a previous study by He et al. (2021). Meanwhile, the principal coordinate analysis (PCoA) of the bacterial community is shown in Figure 2. The CK-treated samples were mainly clustered in the third quadrants, whereas most of the CE inoculated silages were clustered together in the third and fourth quadrants. However, the samples treated with LP (the LP and LP+CE treatment groups) were basically clustered in the first quadrant. Based on these results, LP and CE inoculation significantly altered the bacterial community structure in silage.


TABLE 6    Diversity and richness of the bacterial microbiota of oat silage.
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The relative abundance of bacterial communities at the phylum level on fresh oat samples and after 60 days of silage are shown in Figure 3A. The most abundant phyla in the fresh oat samples were mainly Cyanobacteria, Proteobacteria, and Firmicutes. After 60 days of ensiling, the abundance of the Cyanobacteria phylum was greatly reduced, and the Firmicutes phylum increased to become the new dominant phylum. The addition of LAB and CE contributed to the increase in the abundance of the Firmicutes phylum in the CE+LP silage samples, consistent with the findings reported by Ren et al. (2020). The CE+LP-treated samples in the MD group exhibited a higher abundance of the Firmicutes phylum than the LD and HD groups, which might be because the addition of CE at the appropriate moisture content (MD) produced more fermentation substrates, improving the growth of LAB (Li F. H. et al., 2019). Bacteria in the phylum Firmicutes produce acid (Zhao et al., 2017) and rapidly decrease the pH of silage (Table 2), inhibiting the growth of undesirable microorganisms. The Proteobacteria phylum plays a pivotal role in fermentation, but the Proteobacteria phylum includes various pathogenic genera (Du et al., 2021). In our study, an overall trend toward a decrease in the relative abundance of the Proteobacteria phylum was observed at the end of ensiling (except for the LD-CK, LD-CE, and MD-CE treatment samples), especially for the LP- and LP+CE-treated samples in the MD groups. This result may be attributed to the observation that the acidic and anaerobic environment in the MD groups is more conducive to the proliferation of Firmicutes bacteria (Keshri et al., 2018).

Figure 3B shows the relative abundance of the major bacteria at the genus level before and after oat ensiling. The fresh samples contained a low abundance of Lactiplantibacillus, indicating that not many LAB were attached in the fresh materials, as seen in Table 1. Compared to the CK- and CE-treated samples, the maximum increases in the Lactiplantibacillus abundance were obtained with the LP- and CE+LP-treated samples, reaching more than 75% and becoming the most dominant genus. Lactobacilli are important in the accumulation of LA and decline in pH (Wang et al., 2020), and their higher abundance often results in a better quality of fermentation. In contrast, the CK- and CE-treated samples showed a small increase in Pediococcus abundance, and small quantities of Weissella were also detected. Weissella is a heterotypic fermentation LAB that can produce LA and AA (Graf et al., 2016) and is an important LAB that is present in high-quality silage (Ni et al., 2017). For the different moisture contents in the same treatment, the lowest abundance of LAB (mainly Lactiplantibacillus, Liquorilactobacillus, Lentilactobacillus, Pediococcus, and Weissella) was observed in the HD group with the LP treatment samples compared with the abundance of LAB in the LD and MD groups. In turn, a higher abundance of LAB in the CE and CE+LP treatment samples was detected in the MD group. These results further indicated that CE in the MD group degraded more cellulose and had a greater contribution to the growth of LAB. As expected, high levels of moisture encouraged the growth of Clostridium in silage, and the relative abundance of Clostridium_sensu_stricto_12 in the HD-CK treatment sample reached 36.3%. Clostridium is among the typical destructive microorganisms in silage, especially in silage with a high moisture content, and can produce large amounts of butyric acid (Wang et al., 2020), as seen in Table 2.

The heat map assembled based on Spearman’s correlation coefficients (Figure 4A) revealed associations between the microbial community and fermentation properties of oat silages. The pH was negatively correlated with the abundance of Lactiplantibacillus (P < 0.05), consistent with the research result reported by Mu et al. (2020), and was mainly attributed to the metabolites of LAB that could rapidly acidize the silage. It is well known that rapid acidification provides a critical effect in inhibiting unfavorable microbial activity and preserving nutrients (Lv et al., 2020). As expected, we found that Lactiplantibacillus in this study was negatively correlated with NH3-N concents and positively correlated with CP content, whereas the opposite was observed for Clostridium_sensu_stricto_12, which demonstrates the important role of LAB in inhibiting protein breakdown. Moreover, a weaker association between Lactiplantibacillus and hemicellulose or cellulose degradation was observed, suggesting that the degradation of fiber is largely contributed by CE. Similar to the CP content, the abundance of Lactiplantibacillus was positively correlated with the WSC concents, and Lactiplantibacillus showed a positive effect on WSC retention in this study. Compared to Lactobacillus, the other LAB (e.g., Weissella) may not be as acid-tolerant (Dong et al., 2020), which may explain why Weissella was negatively correlated with LA contents and positively correlated with pH, as shown in Figure 4A.
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FIGURE 4
Heatmap of the Spearman correlation coefficients between dominant bacterial species (A)/ predicted functions (B) and silage fermentation parameters on day 60. The correlations that are positive (closer to 1) have red squares, whereas those that are negative (closer to –1) have blue squares between the taxa and production parameters. Heatmap of the Spearman correlations between function prediction and silage fermentation parameters on day 60. Correlations that are positive (closer to 1) have red squares, whereas those that are negative (closer to –1) have blue squares between the taxa and production parameters. LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; DM, dry matter; WSC, water-soluble carbohydrates; HCD, hemicellulose degradation rate; CED, cellulose degradation rate; AN/TN, ammonia nitrogen/total nitrogen; CP, crude protein; “*,” “**,” and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively.


The relationships between the ensiling characteristics and functional predictions of the bacterial community are shown in Figure 4B. As expected, we found that the main organic acid content (LA, AA) in silage was negatively correlated with fermentation and chemical heterotrophic characteristics, while the pH was positively correlated. In addition, as determined in previously published studies (Li P. et al., 2022; Li Y. et al., 2022), AN/TN was negatively related for fermentation and chemoheterotrophy, whereas it was positively related for nitrogen respiration, nitrite respiration and nitrite ammonification, which indicates that protein degradation was inhibited and more proteins were retained. This can also be confirmed by the positive correlation of CP with nitrogen respiration, nitrite respiration and nitrite ammonification.




Conclusion

As shown in the present study, the inclusion of LAB and CE effectively increased the lactic acid and CP contents in oat silage. A higher degradation rate of lignocellulose and a higher non-structural carbohydrate content were observed after the CE and CE+LP treatment of the MD groups, and provided more fermentation substrates for microorganism. The addition of LP inhibited the growth of unfavorable bacteria, increased the relative abundances of Lactiplantibacillus, reduced the microbial diversity and improved the bacterial community structure and function. The combination of LP and CE is more effective in improving the chemical characteristics and fermentation profile than using LP and CE alone, especially for MD group. Taken together, the fermentation effect of ensiling at 60 days was better than that at 30 days. Based on our results, the incorporation of both CE and LP at the moisture content of MD groups ensiled for 60 days is recommended when oats are ensiled. Furthermore, the actions of bacteria and enzymes vary with the moisture content. Further in-depth research on the mechanism underlying the effect of the interaction between the moisture content and bacterial-enzyme actions should be explored, and the results might be helpful to better improve the efficiency of bacterial and enzyme actions in ensiling.
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Ensiling has long been as a mainstream technology of preserving forage for ruminant production. This study investigated the effects of bioaugmented ensiling with laccase and Pediococcus pentosaceus on the fermentation quality, nutritive value, enzymatic hydrolysis, and bacterial community of alfalfa. The application of laccase and Pediococcus pentosaceus combination was more potent in modulating the fermentation quality of silage than laccase and Pediococcus pentosaceus alone, as indicated by higher lactic acid contents and lactic acid to acetic acid ratios, and lower pH, dry matter losses, and ammonia nitrogen contents. Moreover, treatments with additive enhanced protein preservation and structural carbohydrate degradation, while increasing true protein and water-soluble carbohydrate contents. By promoting lignin degradation, treatments containing laccase further facilitated the release of sugars from cellulose compared with treatment with Pediococcus pentosaceus alone. The additive treatments reduced the bacterial diversity and optimized the bacterial community composition of silage, with an increase in the relative abundance of desirable Lactobacillus and a decrease in the relative abundance of undesirable Enterobacter and Klebsiella. PICRUSt functional prediction based on Kyoto Encyclopedia of Genes and Genomes (KEGG) databases revealed that PL and LPL treatments increased the metabolism of membrane transport, carbohydrate, and terpenoids and polyketides related to fermentation activities. It can be concluded that bioaugmented ensiling with laccase and Pediococcus pentosaceus combination can be an effective and practical strategy to improve silage fermentation and nutrient preservation of alfalfa silage.
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Introduction

Alfalfa is a high-yielding and nutrient-rich forage legume and is widely used as a dietary component of ruminants. The utilization of alfalfa in ruminant production can expand the protein source and thus reduce the dependency on expensive protein supplement (Tabacco et al., 2006). In many regions of the world, ensiling rather than haying is a more practical strategy for preserving forage, considering greater harvest speed and less weather damage in practice (Broderick et al., 2017). However, natural ensiling produces high-quality alfalfa silage is difficult due to the high buffering capacity and low water-soluble carbohydrate (WSC) content and attached lactic acid bacteria (LAB) number (McDonald et al., 1991). Therefore, silage additives, including chemicals (sugars and organic acid) and biologicals (LAB and enzymes), have been applied to alfalfa at ensiling to modulate the resultant silage quality. Compared with chemical additives, biological additives are more applicable in silage preparation because of cost-effective and eco-friendly properties.

Laccases, one group of multicopper-containing oxidases, are mainly present in fungi, bacteria, insects, and plants (Fillat et al., 2017). Laccases can catalyze the oxidation of both the lignin-related compounds and aromatic compounds, at the expense of molecular oxygen (Nazar et al., 2022). In the past decade, laccases have received extensive attention due to their high-efficiency applications in various industries (Debnath and Saha, 2020). Fungal laccases have been shown to effectively degrade lignin in grasses and crop residues (Rajak and Banerjee, 2018; Sherpa et al., 2018). Moreover, Chen et al. (2012) reported that fungal laccase enhanced the lignin degradation of corn stover silage compared with raw corn stover, leading to increased downstream cellulose hydrolysis. These authors ascribed the increased lignin degradation to the fact that ensiling provided access for laccase to enter the complex biomass for delignification by partially hydrolyzing cellulose and hemicellulose into soluble sugars. Therefore, it was hypothesized that the addition of fungal laccase at ensiling could degrade lignin in alfalfa and thus increase the conversion of fiber into soluble sugars for LAB growth. Besides, given that the reaction of laccase degrading lignin consumes oxygen, laccase addition may favorably create anaerobic conditions in silage and reduce the respiration losses. To our knowledge, there are little information about effects of fungal laccase on the fermentation quality and bacterial community of alfalfa silage. Furthermore, Pediococcus pentosaceus has been proven to be an efficient silage inoculant, because they can promote lactic acid fermentation in silage and improve nutrient preservation (Irawan et al., 2021). Accordingly, it is expected that alfalfa silage quality can be greatly improved by the addition of laccase and P. pentosaceus combination in consideration that they may act synergistically or additively on enhancing lactic acid fermentation and cell wall degradation.

Understanding the bacterial community composition of silage can provide deep insight into the relationship between key taxa and fermentation parameters in silage (Bai et al., 2022). Thus, extensive attempts to profile bacterial community related to silage fermentation are needed to reveal important taxa that are favorable to improving silage quality. Therefore, the objective of this study was to investigate the potential of laccase and P. pentosaceus bioaugmentation on modulating the performance of alfalfa silage, with special accent in the fermentation characteristics, nutrient composition, enzymatic hydrolysis, and bacterial community.



Materials and methods


Forage and silage preparation

Whole-plant alfalfa (cultivar SR4030) was mowed at the early flowering stage at the field of Shanxi Agricultural University. Alfalfa was field-wilted (26–31°C) for 4 h to 35% DM and chopped to about 2-cm in length using a forage harvester. The fresh forage was randomly divided into 12 piles (2 kg each pile), which were assigned to one the following treatments in triplicate: deionized water (Control), laccase (100,000 U/g, Xiasheng Industrial Group Co., Ltd., Beijing, China) at application rate of 0.04% of fresh forage (LA), P. pentosaceus 3XM4512 (GenBank accession number MF623192.1) to achieve 1 × 106 cfu/g of fresh forage (PL), and a combination laccase and Pediococcus pentosaceus (LPL), respectively. The strain of P. pentosaceus was inoculated in De Man, Rogosa, and Sharpe (MRS) broth (Huankai Biotechnology, Co., Ltd., Guangdong, China) at 37°C for 20 h, and then centrifuged at 3,000 g for 20 min to obtain the bacterial pellet. The pellet was washed three times with sterile NaCl (0.9%, w/v), and resuspended in sterile deionized water to be a concentration of 109 cfu/ml (measured by OD at 600 nm). All additives were diluted in sterile deionized water to obtain the target application rate and sprayed uniformly onto the forages at a rate of 10 ml/kg. Approximately 500 g of raw material was placed into a vacuum-packed bag silo (25 width × 36 cm height) and heat sealed with a vacuum packaging machine (YMX-958-6l, Yiminxin Co., Ltd., Quanzhou, China). The experimental silos were weighed and stored at room temperature (22–25°C) for 90 days. The bags were weighed again on opening to calculate DM losses (DML) of silage due to fermentation. Once silos were opened, subsamples were prepared for the determination of fermentation end-products, enzymatic hydrolysis, and bacterial community. Fresh alfalfa subsamples from the initial pile of chopped alfalfa were collected for chemical and microbial analyses.



Chemical and microbial analyses

The first subsamples (100 g) were oven-dried at 55°C for 72 h, and then ground passing through a 1-mm screen (Ke et al., 2017). The contents of DM (method 930.15), acid detergent fiber (ADF, method 973.18), and crude protein (CP, method 984.13) were analyzed according to the Association of Official Analytical Chemists (AOAC, 1990). The protein fractions including non-protein nitrogen (PA) and true protein (PB) were determined with the method of Licitra et al. (1996). For the neutral detergent fiber (NDF) and acid detergent lignin (ADL) analyses, ground materials were treated with heat-stable α-amylase and sodium sulfite as described by Van Soest et al. (1991). Hemicellulose (HC) and cellulose (CL) were estimated as the differences between NDF and ADF and the differences between ADF and ADL, respectively. The WSC was determined by anthrone sulfuric acid calorimetry method according to Zhao et al. (2021).

The second subsamples (20 g) were mixed with 60 ml of deionized water and left to stand at 4°C for 24 h to prepare water extracts (Chen et al., 2021). The water extracts were filtered through Whatman filter papers, and the filtrates were used to determine pH, ammonia nitrogen (NH3–N) and free amino acid nitrogen (AA–N), organic acids (lactic, acetic, propionic, and butyric acids) and ethanol. The pH was immediately measured using an electrode pH meter (P901, YOKE Instrument Co., Ltd., Shanghai, China). The NH3–N and AA–N were determined according to Broderick and Kang (1980). The organic acids and ethanol were analyzed using HPLC (1,260, Agilent Technologies, Inc., Waldbronn, Germany) coupled with a refractive index detector, on an Carbomix® H-NP5 column (Sepax Technologies, Inc., Newark, DE, United States), following the parameters: mobile phase, 2.5 mmol/l H2SO4; flow rate, 0.5 ml/min and oven temperature, 55°C. The third subsample (10 g) was blended with sterilized saline solution (NaCl, 9.0 g/kg) at a ratio of 1:9 w/v, homogenized for 20 min at 25°C in a table shaker (120 rpm/min). Ten-fold serial dilutions were prepared, and LAB and yeast numbers were analyzed with the pour plate method (Chen et al., 2021). In brief, the numbers of LAB were enumerated on de Man, Rogosa, Sharpe (MRS) agar (Huankai Biotechnology, Co., Ltd., Guangdong, China) incubated at 30°C for 48 h; and that of yeasts was enumerated on malt extract agar (Huankai Biotechnology, Co., Ltd., Guangdong, China) incubated at 32°C for 72 h.



Enzymatic hydrolysis of alfalfa silage

The hydrolysis of fresh forage and alfalfa silage was carried out in a 100 ml Erlenmeyer flask containing 10% w/w substrate and 0.1 M sodium citrate buffer (pH 4.8). The hydrolysis enzymes were added into the mixture at a dose of cellulase 10 FPU/g and β-glucosidase 10 CBU/g per gram of cellulose (Travaini et al., 2013). The cellulase and β-glucosidase were purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). For preventing microbial contamination, agent sodium azide (0.1% w/v) was applied to the reaction mixture of hydrolysis. Hydrolysis was performed at 50°C for 48 h in a shaking inoculator (150 rpm). Samples from hydrolysates were collected and centrifuged at 10, 000 × g for 10 min. The supernatants were analyzed for reducing sugar yield with the dinitrosalicylicacid method (Miller, 1959).



Bacterial community composition

Bacterial community analysis of silages in each treatment was performed using 16S rDNA sequencing technology at Lianchuan Biotechnology Co., Ltd. (Hangzhou, China). Genomic DNA of bacteria from silage samples was extracted using Tiangen DNA extraction kit (DP 705, Tiangen Bitech, Co., Ltd., Beijing, China). The V3–V4 regions of 16S rDNA gene was amplified using primers 341F: (5′-CCTACGGGNGGCWGCAG-3′) and 805R: (5′-GGACTACHVGGGTATCTAAT-3′), which were tagged with specific barcode at the 5′ ends of the primers (Logue et al., 2016). Each PCR amplification was run with a final 25 μl reaction mixture containing 12.5 μl PCR Premix, 2.5 μl of each primer, 25 ng of template DNA, and PCR-grade water to adjust the volume. The procedure of PCR amplification and gel electrophoresis for checking amplicons were described in Du et al. (2019). The amplicons were purified by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and quantified by Qubit (Invitrogen, United States). The purified amplicons were pooled in equimolar proportions, and then paired-end sequenced using the Illumina NovaSeq PE250 platform in by LC-Bio Technology Co., Ltd. (Zhejiang, China). Paired-end reads were assigned to samples according to the unique barcodes, trimmed by truncating the barcodes and primer sequences, and merged using FLASH. The feature table and feature sequence were obtained by screening and quality filtration with fqtrim (v0.94), chimera removal using Vsearch software (v2.3.4), and chimeric sequence dereplication and filtering using DADA2. Subsequently, the obtained sequences were assigned into amplicon sequence variants (ASVs), which were used for species annotation in the SILVA database at a confidence cut-off of 0.7. Alpha diversity and beta diversity were calculated by normalized to the same random sequences. Feature abundances were then normalized using the relative abundance of each sample according to the SILVA (release 132) classifier. Alpha diversity indices including Shannon, Simpson, Chao1, and Good’s coverage were applied in analyzing complexity of species diversity for samples. Beta diversity was calculated by principal coordinate analysis (PCoA) based on UniFrac metrics, and statistical comparisons amongst groups were conducted using ANOSIM. Alpha diversity and Beta diversity were all calculated by QIIME2 script. Functional gene prediction based on Kyoto Encyclopedia of Genes and Genomes (KEGG) databases was conducted using PICRUSt2 according to Langille et al. (2013). Other diagrams were implemented using the R packages. Sequence data were deposited in NCBI’s Sequence Read Archive under BioProject accession number PRJNA875211.



Statistical analysis

Data for microbial numbers were transformed by log10 and presented on a fresh matter (FM) basis. All statistical analyses were performed using the variance (ANOVA) by the GLM procedure of SAS 9.2 (SAS Institute Inc.; Cary, NC, USA). The model for data analysis was: Yi = μ + αi + εi; where Yi is the dependent variable, μ is the general mean, αi is the treatment effect, and εi is the experimental error. The treatment differences between least square means were determined using the Tukey’s test, and significance was declared at p < 0.05.




Results


Initial characteristics of fresh alfalfa

The chemical composition and microbial numbers of fresh alfalfa are shown in Table 1. The contents of DM and WSC in alfalfa were 357 g/kg FM and 49.2 g/kg DM, respectively. Alfalfa contained CP, NDF, ADF, and lignin of 225, 406, 329, and 66.7 g/kg DM, respectively. The LAB numbers of alfalfa silage were 4.56 log10 cfu/g FM.



TABLE 1 Chemical composition and microbial counts of fresh alfalfa.
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Fermentation characteristics of alfalfa silage

The fermentation parameters of alfalfa silages were different among treatments (Table 2). All additive treatments deceased (p < 0.05) the pH, acetic acid, butyric acid, ethanol, NH3–N, and AA–N contents, and DML relative to the CK treatment, while increased (p < 0.05) lactic acid contents and LAB numbers. The LPL treatments produced the largest decrease in pH, acetic acid, ethanol, NH3–N, and AA–N contents, and DML, and produced the largest increase in lactic acid content.



TABLE 2 Fermentation characteristics and losses of alfalfa silage treated without or with different additives.
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Nutrient composition and enzymatic hydrolysis of alfalfa silage

The addition of additives resulted in a higher (p < 0.05) DM content than the CK, but no differences in DM content were observed among the additive treatments (Table 3). Although silage CP was unaffected by the additive treatments, protein fraction (PA and PB) contents were clearly affected by the additive treatments. The additive-treated silages had a lower (p < 0.05) content of PA and a higher (p < 0.05) content of PB than the CK silage, and LPL silage had the lowest PA content and the highest PB content. In addition, LA, PL, and LPL silages had lower (p < 0.05) contents of NDF, ADF, hemicellulose, and cellulose than the CK silage, and these variables were lowest in LPL silage. The ADL was reduced (p < 0.05) by LA and LPL treatments. The WSC content was higher (p < 0.05) in silage treated with PL and LPL compared with the CK silage, but was even higher (p < 0.05) in silage treated with LA.



TABLE 3 The nutrient composition of alfalfa silage treated without or with different additives.
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The enzymatic reducing sugar yield of alfalfa silage was shown in Figure 1. The LA, PL and LPL treatments further enhanced (p < 0.05) the reducing sugar production compared with the CK treatment, and LPL treatment resulted in the highest reducing sugar yield.

[image: Figure 1]

FIGURE 1
 Reducing sugar yield of alfalfa silage treated with or without additives after enzymatic hydrolysis. CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus pentosaceus. Different letters (a–d) above the column were significant (p < 0.05).




Bacterial community of alfalfa silage

In total, 1,012,847 DNA sequences were detected in the 12 silage samples, and 869,281 clean DNA sequences were obtained by the quality-filtering and chimera-removal steps. Goods_coverage value in all silage samples was 1.00 (Figure 2A). Compared with the CK treatment, the additive treatments decreased Shannon and Simpson values and increased Chao1 values. The PCoA plot for sequence similarities using the unweighted UniFrac displayed a clear clustering of the bacterial community by different treatments (Figure 2B). Moreover, the ANOSIM test (R = 0.75, p = 0.001) revealed that the between-treatment variation outweighed the within-treatment variation.
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FIGURE 2
 Bacterial community diversities of alfalfa silage treated with or without additives. (A) Alpha-diversity of bacterial community (Shannon, Simpson, Chao1, and Goods_coverage). (B) Principal coordinates analysis plots with unweighted Unifrac dissimilarity of bacterial community. ANOSIM value, R-squared: 0.75, p = 0.001. CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus pentosaceus.


Generally, Lactobacillaceae, Enterobacteriaceae and Methylobacteriaceae were the main families in all silages (Figure 3A). Specifically, the relative abundance (RA) of Lactobacillaceae, Enterobacteriaceae and Methylobacteriaceae averaged 72.5, 6.14% and 5.90, respectively. The additive treatments increased the RA of Lactobacillaceae and decreased the RA of Methylobacteriaceae. The Lactobacillaceae abundance in the LPL silage was highest, followed by that of PL and LA silages. Moreover, the RA of Enterobacteriaceae was extensively lowered by LPL treatment compared with the other treatments. The CK silage had a high RA of Leuconostocaceae and Streptococcaceae. Figure 3B shows the most abundant genera using the taxonomic classification of the microbiota. Compared to the CK treatment, the additive treatments increased the RA of Lactobacillus and decreased the RA of Pediococcus, Weissella, and Lactococcus. The LA, PL, and LPL treatments decreased the RA of Methylobacterium and Klebsiella, while increased the RA of Rhizobium and Sphingomonas. Moreover, the RA of Enterobacter was reduced by PL and LPL treatments, but was increased by LA treatment compared with the CK treatment.
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FIGURE 3
 Relative abundance of bacterial community at family level (A) and at genus level (B) in alfalfa silage treated with or without additives. CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus pentosaceus.




Correlation analysis between bacterial community and fermentation parameters

The pH, individual organic acids, ethanol, NH3-N, and WSC contents, and DML were correlated with several bacterial taxa (Figure 4). Silage pH had positive correlation (p < 0.05) with the genera Weissella, Lactococcus, and Enterobacter, but negative correlation (p < 0.05) with Lactobacillus and Rhizobium. Lactic acid was positively correlated (p < 0.05) with the genera Lactobacilli and Rhizobium. However, it was negatively correlated (p < 0.05) with the general Weissella, Lactococcus, Enterobacter, Klebsiella, and Pantoea. Acetic acid was positively correlated (p < 0.05) with the genera Weissella, Lactococcus, Enterobacter and Klebsiella, and negatively correlated (p < 0.05) with Lactobacillus. In addition, butyric acid was positively correlated (p < 0.05) with the genera Weissella, Lactococcus, Enterobacter, Klebsiella, and Pantoea, but negatively correlated (p < 0.05) with the genera Lactobacillus and Rhizobium. Ethanol had a positive correlation (p < 0.05) with the general Weissella, Lactococcus, Enterobacter, and Pantoea, and a negative correlation (p < 0.05) with the genus Lactobacillus. The NH3-N was positively correlated (p < 0.05) with the general Weissella, Lactococcus, Enterobacter, and Klebsiella, and negatively correlated (p < 0.05) with Lactobacillus, Rhizobium, and Sphingomonas. The DML also revealed correlations with some taxa, including positive correlation (p < 0.05) with the genera Weissella, Lactococcus, and Enterobacter, but negative correlation (p < 0.05) with Lactobacillus and Rhizobium.
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FIGURE 4
 Heatmap of Spearman correlation analysis of bacterial community composition and fermentation parameters. CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus pentosaceus. *0.01 < p < 0.05; **p < 0.01. NH3–N, ammonia nitrogen; DML, dry matter losses; WSC, water-soluble carbohydrate.




16S rDNA gene-predicted functional profiles of alfalfa silage

The 16S rDNA gene-predicted functions of microbiota in the CK silage and additive-treated silage are shown in Figure 5. Compared with the CK, the addition of additives upregulated the metabolism of membrane transport, amino acid, lipid, and terpenoids and polyketides, biosynthesis of other secondary metabolites, and downregulated the metabolism of replication and repair, translation, nucleotide metabolism, transcription, genetic information processing, glycan biosynthesis, and infectious diseases. The LA and LPL treatments increased the metabolism of energy and xenobiotics biodegradation. The PL and LPL enriched carbohydrate metabolism.
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FIGURE 5
 Heatmap of 16S rDNA gene-predicted functional profiles using PICRUSt. CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus pentosaceus.





Discussion


Fermentation quality of alfalfa silage

In this study, the chemical composition of fresh alfalfa was comparable to the general values reported by Muck and Hintz (2003) and Contreras-Govea et al. (2013). The conditions for applying additives to enhance alfalfa silage fermentation were almost ideal: a slightly higher DM content (357 g DM/kg) would weaken normal fermentation, a limited WSC content, and epiphytic LAB numbers below 1 × 105 cfu/g FM (McDonald et al., 1991). It is generally accepted that silage pH is a quality indicator of silage, and pH 4.30 to 5.00 is considered as the pH range for well-preserved alfalfa silage (Kung et al., 2018). All additive treatments reduced the pH of alfalfa silage compared with the CK treatment, and the pH values for the additive treatments were within that range. Due to its low pKa (3.86), lactic acid is the most critical organic acid to rapidly lower silage pH (Kung et al., 2018). Thus, the decreased pH in the additive-treated silages was most likely due to the increased lactic acid formation by the additives. Together with decreased acetic acid content and increased lactic acid to acetic acid ratio in these silages, this indicated that the additive treatments shifted the fermentation pattern toward a more homolactic fermentation. In agreement with previous studies (Filya et al., 2007; Queiroz et al., 2018), inoculation with P. pentosaceus led to silages with an enhanced homolactic acid fermentation and lactic acid production. Importantly, the increased lactic acid content in LA silage confirmed the hypothesis that laccases have a positive effect on the extent of lactic acid fermentation. Delignification by laccase would expose readily hydrolysable fiber fractions in silage, which were hydrolyzed by organic acids to yield more sugars for lactic acid fermentation. Another reason could be that the accelerated oxygen consumption due to delignification by laccase inhibited plant and aerobic microorganism activities, and thus saved more fermentable sugars for lactic acid fermentation. These assumptions were partly supported by decreased hemicellulose and cellulose contents as well as increased WSC content in LA silage. The highest lactic acid content in LAL silage may be due to the synergistic effect of LA and PL treatments, with sugars being efficiently used by LAB to produce lactic acid. The formation of butyric acid and ethanol during ensiling accompanies carbon dioxide production, which can cause substantial DM and energy losses in the silage (Blajman et al., 2020). Thus, lower butyric acid and ethanol contents and DML in the additive-treated silages than the CK silage indicated a reduction in fermentation loss of alfalfa silage. The reduction in these variables was due to the enhanced lactic acid production and pH decline by the additive treatments, which inhibited the metabolic activities related to butyric acid and ethanol formation (Borreani et al., 2018).



Nutrient composition and enzymatic hydrolysis

Forage true proteins are firstly converted into peptides and free amino acids by plant enzymes, and these nitrogenous compounds are further hydrolyzed into amides, amines, and ammonia by the microbial deamination activities (Albrecht and Muck, 1991). Compared with NPN, true protein is more efficiently utilized by ruminants, thereby increasing forage protein available for digestion and absorption in the small intestines (He et al., 2021; Bachmann et al., 2022). In this study, the additive treatments decreased the NPN, NH3–N, and AA–N contents, and increased the true protein content relative to the CK treatment. The present results indicated that the addition of additives inhibited the proteolysis and improved the protein quality of alfalfa silage. It seemed to be a consequence of restricted plant and microbial proteolytic processes due to the accelerated pH decline by the additive treatments. Regarding to carbohydrate compositions, the LA, PL, and LPL treatments increased the degradation of hemicellulose and cellulose by 24.7 and 5.17%, 15.3 and 3.5%, and 21.7 and 6.09%, respectively, mainly accounting for the decreased NDF and ADF of silage. It should be noted that LA and LPL treatments were more effective in degrading fibers than PL treatment. This might because lignin degradation by laccase destroyed cellulose–hemicellose–lignin network structure and thus enhanced acid hydrolysis in cellulose and hemicellulose (Chen et al., 2012). Accordingly, the WSC content increased to varying degrees by the additive treatments. The higher residual WSC contents in additive-treated silages indicated not only an efficient fermentation, but also a more available fermentable substrate to ruminal microbes.

Enzymatic hydrolysis is a simple method to evaluate the carbohydrate digestion property of silage biomass in microbial fermentation (He et al., 2021). Compared with the CK treatment, a higher reducing sugar yields was observed for the additive treatments. The increased reducing sugar production was most likely due to the removal of lignin and hemicellulose as aforementioned. Sun et al. (2019) reported that the removal of hemicellulose and lignin increased the porosity in the silage biomass, thus making cellulose more accessible to cellulase and enhancing reducing sugar production. Overall, the addition of laccase and P. pentosaceus improved the fermentation quality and preserved more nutrients of alfalfa silage, and LA–PL combination had a beneficial synergistic effect.



Bacterial diversity and composition of alfalfa silage

According to the Goods_coverage values (> 0.99), the sequencing analysis revealed that coverage of bacterial diversity was sufficient to represent the bacterial community composition of silage. In this study, the bacterial diversity was reduced in the additive-treated silages, especially for PL and LPL silages, compared with the CK silage. The additive treatments increased the RA of predominant genus Lactobacillus, thus decreasing bacterial diversity. It was commonly accepted that the diverse of microbial community is negatively related to the abundance of predominant bacteria (Polley et al., 2007; Allen et al., 2009). In the present study, the decrease in the bacterial diversity may result from the pH decline as aforementioned, which inhibited the growth of the other bacteria (Zi et al., 2021). Furthermore, PCoA indicated that the additive treatments reshaped the structure of bacterial community of silage, and reflected the turnover of species from the CK to additive-treated silages.

The main bacterial species performing lactic acid fermentation in silage generally belong to the genera Lactobacillus, Pedicoccus, and Lactococcus of the family Lactobacillaceae and to the general Weissella, and Leuconostoc of the family Leuconostocaceae (Pang et al., 2011; Gharechahi et al., 2017). Our study revealed that 71.4% of the bacterial community in the CK silage belong to the families Lactobacillaceae and Leuconostocaceae, comprising by the genera Lactobacillus, Pediococcus, Lactococcus, and Weissella. This was consistent with the findings of Ogunade et al. (2018) and Su et al. (2019), who reported that majority of genera detected in alfalfa silage are Lactobacillus, Pediococcus, Lactococcus, and Weissella. The additive treatments reduced the RA of Pediococcus, Weissella, and Lactococcus of alfalfa silage, but increased that of Lactobacillus. This was most likely due to the fact that the additive treatments accelerated the pH decline during ensiling and lowered final pH of silage (Ogunade et al., 2018). Pediococcus, Weissella, and Lactococcus are known to function as the early initiators of lactic acid fermentation, but would be gradually outcompeted by acid-tolerant Lactobacillus species as fermentation progresses (Cai et al., 1999). Moreover, this may explain the negative relationship between Weissella and Lactococcus and lactic acid content, because these two genera are replaced by Lactobacillus at low pH resulted from lactic acid accumulation. Furthermore, most species of Weissella convert WSC into both lactic and acetic acids via the heterofermentative pathway (Graf et al., 2016). Therefore, the decreased Weissella abundance in the additive-treated silages partly contributed to lower acetic acid contents and lactate-to-acetate ratios in these silages.

Methylobacterium are strictly aerobic and neutrophilic bacteria, however, Methylobacterium dominated in the CK silage. Similarly, Methylobacterium has also been found in large quantities in Sorghum-Sudangrass Hybrid silages (Dong et al., 2022). Ogunade et al. (2018) reported Methylobacterium had a positive correlation with silage pH. Moreover, Guo et al. (2020) reported that Methylobacterium was positively correlated with NH3–N content and negatively correlated with lactic acid content. However, Spearman correlation analysis revealed no relationship between Methylobacterium and fermentation parameters in alfalfa silage in this study. The species of Enterobacteriaceae are considered as undesirable microorganisms in silage because they are associated with DML and proteolysis (Zhao et al., 2021). Previous studies have reported that members of the genus Enterobacter can ferment glucose and lactic acid into acetic acid and ethanol, and degrade protein into ammonia (Pahlow et al., 2003; Borreani et al., 2018). Compared with the CK silage, the decreased RA of Enterobacter in the PL and LPL silages may be partly responsible for their lower acetic acid, ethanol, and NH3-N content. Queiroz et al. (2018) have reported that enterobacteria are susceptible to low pH in silage, surprisingly, LA treatment increased the Enterobacter abundance despite lower pH in the LA silage compared with the CK silage. Considering that LAB inoculants can not only reduce the pH at silo opening, but also accelerate the initial acidification rate of silage. This indicates the initial acidification in LA silage is not fast enough, thus Enterobacter may remain active and in high numbers for a longer time. Moreover, a lower RA of Enterobacter was found in LPL silage than LA and PL silages, indicating a synergistic reduction on Enterobacter by LA and PL. Klebsiella belongs to the family Enterobacteriaceae and is a group of acid-intolerant facultative anaerobe (Xian et al., 2022). Some strains of Klebsiella consume glucose producing 2,3-butanediol as the major end-products (Grimont and Grimont, 2015). Moreover, Klebsiella is a spoilage-associated microorganism in silage, and can cause mastitis in animals. Thus, the inhibition on the growth of Klebsiella by the additive treatments would favor silage fermentation. Pantoea is a genus separated from the genus Enterobacter, which is inferred to compete with lactic acid bacteria for nutrients and to cause butyric acid accumulation in silage (Li et al., 2017). Supporting their assumption, we found that Pantoea was positively related to butyric acid content, and negatively related to lactic acid content. As a Gram-negative aerobic aerobe, Sphingomonas is commonly found in plants (White et al., 1996) and has ability to degrade various xenobiotic compounds such as herbicides and pesticides (He et al., 2017). Ogunade et al. (2018) found that the genus Sphingomonas was negatively correlated with ammonia-N content in alfalfa silage, and inferred this genus may be beneficial for protein preservation. In agreement with their reports, a negative correlation between Sphingomonas and NH3-N content was observed in this study. Rhizobium is usually distributed in the soil where legumes grow and is involved in N fixation by legumes (Zou et al., 2021).

Compared with the CK treatment, PL and LPL treatments upregulated the metabolism of membrane transport, carbohydrate, lipid, and terpenoids and polyketides. This might be due to the fact that the addition of LAB enhanced the utilization of available carbohydrates to produce lactic acid, acetic acid, and terpenoids and polyketides, which transported these fermentation substrates and end-products intracellular or extracellular for bacterial cell division (Kanehisa, 2019; Hisham et al., 2022). Herein, the relative abundance of amino acid metabolism was higher in the additive-treated silages than the CK silage, which was inconsistent with the finding of Bai et al. (2022), who reported that amino acid metabolism was predicted to be downregulated in well-preserved silages. This phenomenon is difficult to explain, but the upregulation of amino acid metabolism might be related to increased lactic acid content in the additive-treated silages, as lactic acid formation involves processes of amino acid decarboxylation and arginine deamination (Bai et al., 2021). The LA and LPL treatments upregulated the metabolism of membrane transport, amino acid, lipid, energy, and xenobiotics biodegradation and metabolism. It is inferred that the laccase inclusion could enhance the activity of bacterial biodegradation to remove xenobiotics, which might need to mobilize metabolism routes link to amino acid, lipid, and energy (He et al., 2021). The functions of replication and repair, translation, nucleotide metabolism, transcription, and genetic information processing were downregulated by the additive treatments. These decreased genetic functions in the additive-treated silages were probably due to lower pH inhibiting the undesirable microorganisms, and reflected a more stable bacterial community in these silages. Furthermore, the increased metabolism of terpenoids and polyketides in the additive-treated silages might indicate an increase in the synthesis of terpenoids and polyketides that are related to promotion of antimicrobial activities for inhibiting pathogen (Hisham et al., 2022). Promotion of antimicrobial activity against pathogens would be supported by downregulated infectious diseases metabolism with the additives compared with the CK. It is worth to note that caution should be given when interpreting functional profile from genomic sequence-prediction as they may differ from genetic constituent of microbial community. Therefore, a need exists for using more omics approaches, such as metabolomics and proteomics, to further investigate the functions of bacterial community in silage.




Conclusion

The bioaugmentation of LA and PL enhanced homolactic fermentation and reduced fermentation loss of alfalfa silage, and consequently improved silage fermentation quality and nutrient preservation. The contents of lactic acid, true protein, and WSC were increased, and the contents of acetic acid, NH3-N, and ethanol were decreased by LA and PL bioaugmentation. The addition of LA and PL reduced the bacterial diversity of alfalfa silage, increased RA of Lactobacillus, and decreased RA of Enterobacter and Klebsiella. Metabolic pathways in the silage associated with activities of actively reproducing bacteria fermenting available sugars into organic acids, terpenoids and polyketides were enriched with the addition of additives. The combination of LA and PL synergistically improved the fermentation quality and nutrients preservation, and bacterial community of alfalfa silage, and can be a promising strategy for improving alfalfa silage quality.
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Bioaugmentation of native grass ensiling with Lactobacillus plantarum or Lactobacillus buchneri or Pediococcus pentosaceus on the ensiling performance and bacterial community was investigated after 30 days of the fermentation process. The native grass was inoculated with distilled water, Lactobacillus plantarum, Lactobacillus plantarum, and Lactobacillus buchneri, and Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus as the CON treatment, T1 treatment, T2 treatment, and T3 treatment, respectively. The addition of lactic acid bacteria was added at a total of 1 × 106 colony-forming unit/g of fresh weight. As expected, the markedly (p < 0.05) lower water-soluble carbohydrate content was tested in the T2 and T3 treatments compared to the CON and T1 treatments. Compared to the CON and T1 treatment, significantly (p < 0.05) higher crude protein content, and lower acid detergent fiber and neutral detergent fiber contents were found in the T2 and T3 treatments. Compared to the CON treatment, the pH significantly (p < 0.05) decreased in the lactic acid bacteria (LAB) inoculated silage, and the lowest pH was measured in the T3 treatment. Similarly, significantly higher lactic acid and acetic acid contents were also found in the T3 treatment compared to those in other treatments. After 30 days of ensiling, the Shannon and Chao1 indexes in silages decreased compared to that in the fresh materials (FMs). The principal coordinate analysis indicated that both FM and silage were distinctly separated in each treatment with no interactions on the confidence ellipse (R = 0.8933, p = 0.001). At the phylum level, the dominant phylum was shifted from Proteobacteria to Firmicutes after the fermentation process. Interestingly, Weissella dominated the fermentation in the CON treatment and Lactobacillus dominated the fermentation in all inoculated LAB silages at the genus level. Results of functional prediction analyses showed that the metabolism of amino acid, cofactors, and vitamins, and membrane transport was reduced, while the metabolism of nucleotide and majority carbohydrates was increased after ensiling. The complex LAB (Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus) exhibited the potential possibility to decrease pH and enhance the relative abundance of LAB in response to obtaining high-quality silage by the synergistic effects. These results suggested that the complex LAB could improve the ensiling performance of native grass silage, and lay a theoretical basis for inoculant application in native grass.

KEYWORDS
 lactic acid bacteria, fermentation quality, bacterial community, silage, native grass


Introduction

The availability of feed in terms of quality, quantity, and continuity directly influences livestock productivity (Tahuk et al., 2021). Native grass provides feed for a large number of ruminants to meet the demand for meat and milk for consumers. Nevertheless, the quality and quantity of native grass are volatile because of seasonal changes (Tahuk et al., 2021; Du et al., 2022). The native grass production will increase during the summer, which leads to a positive effect on increasing biomass production, whereas, in the winter, low quality and feed deficiency constrained the continuous development of animal husbandry (Zhou et al., 2022).

Ensiling has received increased attention as a traditional, important, and reliable forages and grass preservation technique to provide a continuous supply for animal husbandry development throughout the year, particularly in developed countries (Zhou et al., 2019; Lin et al., 2021). Ensiling is a complex biochemistry process that was determined by several factors, including temperature, moisture, raw materials nutritional compositions, harvest time, raw materials length, pack density, the microbiome in raw materials, and others (Puntillo et al., 2022). In particular, the preservation of silage from forages and grasses depends on the microbial ecological diversity and the epiphytic lactic acid bacteria (LAB) play a determining role in the conservation of silage with high quality. The epiphytic LAB can be found ranging from 101 to 107 cfu/g−1 of raw material and the abundance may lead to undesirable fermentation when the epiphytic LAB was lower than 105 cfu/g−1 of raw material (Cai et al., 1999). Different additives have been used to improve ensiling performance and preserve the nutrients in silage, among which LAB is one of the most current alternatives because it could improve the fermentation quality and prolong the storage of raw materials (Puntillo et al., 2022). The LAB inoculants could rapidly dominate and overcome the complex microbiome in the raw materials and novel strains have been isolated and identified from various materials and silages as new silage inoculants (Carvalho et al., 2021). It is difficult to directly produce high-quality native grass silage because of the lower moisture and water-soluble carbohydrate (WSC) contents, and lower LAB population (You et al., 2021a). A previous study indicated that the LAB could improve the fermentation quality of native grass silage, especially Lactobacillus plantarum (You et al., 2021a). Previously reports also have indicated that the homofermentative LAB could accelerate the fermentation process by utilizing the glucose to produce lactic acid (LA) through the Embden–Meyerhof pathway, such as the certain strains Lactobacillus plantarum, Pediococcus acidilactici, and Pediococcus pentosaceus, whereas, the heterofermentative LAB were also widely used for producing a mixture of LA, acetic acid (AA), and ethanol via the phosphoketolase pathway by improving the aerobic stability, such as the certain strains Lactobacillus buchneri (Gallagher et al., 2018; Alhaag et al., 2019; Cao et al., 2021; Silva et al., 2022). However, due to the diversity of, not all LAB inoculants could significantly improve silage, making it impossible to create universal LAB-based products (Fijalkowska et al., 2020; Cao et al., 2021).

Previous reports also found that the synergistic effects determine the final community structure and functions when the first species arrive (Cheong et al., 2021; Debray et al., 2021). Additionally, within specific niches, microbe–microbe interactions can play a critical role in driving community structures and functional properties (Cheong et al., 2021). Nevertheless, there is less research on how priority effects influence bacterial community structure and functional profiles in native grass inoculated with various LAB inoculants. As a result, the present study aimed to determine the following: the bioaugmentation efficacy of various LAB additives on ensiling performance in terms of fermentation characteristics, fermentation characteristics, and bacterial community, the correlations between ensiling performance and bacterial community in native grass silage and the functional profiles.



Materials and methods


Substrate and silage preparation

The native grass was collected in the typical steppe flora of Bairin Left Banner, Inner Mongolian Plateau, China. Stipa gigantea L. and Leymus chinensis (Trin.) Tzvel. as the dominant species in this grassland. To get high-quality native grass and silage, the native grass was harvested at the 5 cm cutting height at the milk stage of the dominant species (You et al., 2021b). The native grass was inoculated with Lactobacillus plantarum (Chikuso-1, Snow Brand Seed Co., Ltd, Sapporo, Japan) at 1 × 106 colony-forming unit/g fresh matter as the T1 treatment; the native grass was inoculated with a mixture of Lactobacillus plantarum and Lactobacillus buchneri (Sci-plus Biotech. Co, Ltd, Inner Mongolia, China) at 1 × 106 colony-forming unit/g fresh matter as the T2 treatment and the native grass was inoculated with a mixture of Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus (Lactosan GmbH and Co, KG, Austria) at 1 × 106 colony-forming unit/g fresh matter as the T3 treatment, the native grass ensiling directly with the same volume deionized water as the control group (CON). The native grass was chopped into 30 mm size by a forage cuter (Fulida Tool Co., Ltd., Linyi, China) and then taken into the laboratory immediately. The native grass treated without or with LAB inoculants was transferred into vacuum-sealing polyethylene plastic bags (260 mm × 180 mm) and vacuum-sealed. Each group was ensiled with three replicates with about 250 g of forage per bag. The native grass silage bags were stored at room temperature (25~27°C) and sampled after 30 days of the fermentation period. The chemical compositions, fermentation quality, and bacterial community were analyzed after the silage bags ensiling for 30 days.



Fermentation characteristics and chemical compositions analyses

For chemical composition parameters, the fresh weight (FW) and native grass silage were blended uniformly before sampling and the samples were put into envelopes. The samples were measured for dry matter (DM) content in an oven for 72 h at 65°C and then passed a 1-mm screen (FW100, Taisite Instrument Co., Ltd., Tianjin, China) for subsequent analysis. The anthrone method was used to determine the WSC content (Thomas, 1977). The ash and crude protein (CP) contents were analyzed based on the methods of the Association of Official Analytical Chemists (methods: 2001.11; AOAC, 2005). The acid detergent (ADF) and neutral fiber (NDF) contents were tested with an ANKOM A200i Fiber Analyzer (ANKOM Technology, Macedon, NY, USA) and were described exclusively as residual ash (Van Soest et al., 1991; Li et al., 2020). Ten grams of silage samples were mixed with 90 ml of deionized water to derive extract at 4°C fridge for 24 h. Then, the extracts underwent filtration through a four-layer cheesecloth for analyzing fermentation characteristics. The pH value of the filtrate was tested by a glass-electrode pH meter. The ammonia nitrogen (NH3-N) content was analyzed with the previous report (Broderick and Kang, 1980). Organic acid contents of the filtrate were analyzed by high-performance liquid chromatography (HPLC) with a UV detector (210 nm) and 3 mmol/L of HClO4 was the mobile phase at a flow rate of 1.0 mL min−1 at 50°C (You et al., 2021b). The microbial population in the fresh materials (FMs) was counted by the plate count method and expressed on colony-forming units (cfu)/g of FW. The numbers of LAB and coliform bacteria were counted on de Man, Rogosa, Sharpe agar (Difco Laboratories, Detroit, MI, USA) and blue light broth agar (Nissui Ltd., Tokyo, Japan) incubated at 30°C for 48 h, the numbers of mold and yeast, and aerobic bacteria were counted on potato dextrose agar (Nissui Ltd., Tokyo, Japan) and nutrient agar Nissui Ltd., Tokyo, Japan) incubated at 30°C for 24 h, respectively (You et al., 2021b).



DNA extraction, PCR amplicon, and sequencing

Before analyzing the microbiome of the native grass silage, all samples were stored at −80°C before the extraction of DNA. The microbial DNA of FM and silage was extracted following the manufacturer's protocols with the HiPure Stool DNA Kits (Magen, Guangzhou, China). Amplicons spanning the V3–V4 hypervariable regions of the 16S rRNA gene were produced using primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) to determine the bacterial community (Logue et al., 2016). The sequences of these samples have been uploaded into the public database with the accession number PRJNA871931.



Microbial community analyses

The Flash (v1.2.8) was used to assign, truncate, and merge the paired-end reads (Tanja and Salzberg, 2011). Operational taxonomic units (OTUs) with a 97% similarity cutoff (Liu et al., 2019) were clustered by UPARSE (version 7.1, http://drive5.com/uparse/), and the high-quality sequences higher than 97% similarity were put into the same OTU (Rognes et al., 2016). The OTUs were classified using the Silva database (https://www.arbsilva.de/) with a confidence threshold of 70%, and the false discovery rate-adjusted Kruskal–Wallis multiple comparisons (q < 0.05) were used to detect bacterial community at the phylum and genus levels (Omontese et al., 2022), and permutational multivariate analysis of variance test was used to analyze the significant difference (Chambers and Hastie, 1992). The Venn diagram was constructed by R (v 1.6.2) according to the unique and common OTUs. The alpha diversity and Good's coverage were calculated in QIIME (version 1.9.1; Caporaso et al., 2010). The principal coordinates analysis (PCoA) was generated based on Bray–Curtis in the R package (2.5.3). The bacterial abundance and community composition were performed with Krona (version 2.6) and R package (version 2.2.1), respectively (Ondov et al., 2011; Wickham, 2011). The pheatmap package was used to display the heatmap of genus abundance (version 1.0.12; Kolde and Kolde, 2015). Spearman correlation analysis of species was calculated in the R package (version 1.8.4; Revelle and Revelle, 2015). The linear discriminant analysis (LDA) effect size (LEfSe) analyses were conducted via an online tool (https://www.omicstudio.cn/tool/60), and the LDA score > 4 and p < 0.05 were selected as the threshold.



Statistical analysis

The analyzed data of chemical compositions (DM, CP, WSC, ADF, and NDF contents) and fermentation characteristics (pH, LA, AA, PA, BA, and NH3-N parameters) were expressed on the mean ± standard error of means of three replicates. The effects of additives on the silage quality were evaluated with SAS 9.0 (SAS Institute, 2007 Cary, NC, USA). All the measured data were analyzed with the additive effect by the general linear models (GLMs): Yij = μ + αi + εij, where, μ is the overall mean, αi is the additive effect, and εij is the residual error (Ren et al., 2021).




Results


Chemical and microbial compositions of native grass

The chemical compositions and microbial population of the FM before ensiling are shown in Table 1. The DM content was 51.27% of the raw materials. The concentrations of WSC, CP, NDF, and ADF of native grass were 4.45, 11.29, 70.30, and 38.54% of DM, respectively. The native grass contained low desirable LAB (3.52 log cfu/g of FW) and high coliform bacteria (6.58 log cfu/g of FW) counts. The numbers of aerobic bacteria and yeasts were 6.29 and 6.33 log cfu/g of FW, respectively. Mold was not detected.


TABLE 1 Chemical and microbial compositions of substrates prior to ensiling.
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Ensiling performance of native grass without or with LAB inoculation

The fermentation quality and nutritional profiles of native grass ensiled with various LAB are shown in Table 2. As expected, the markedly (p < 0.05) lower WSC content was tested in the T2 and T3 treatments compared to the CON and T1 treatments, and no significant difference was found between the CON and T1 treatments. Interestingly, no significant difference was found in the DM content among these treatments. Additionally, compared to the CON and T1 treatments, significantly (p < 0.05) higher CP content, and lower ADF and NDF contents were found in the T2 and T3 treatments. After 30 days of ensiling, compared to the CON treatment, the pH was decreased in the LAB-inoculated silage, and the lowest pH was measured in the T3 treatment. Similarly, the highest LA and AA contents were also found in the T3 treatment compared to those in other treatments. No significant difference was analyzed in the propionic acid (PA) and butyric acid (BA) concentrations among these treatments.


TABLE 2 Fermentation characteristics of native grass ensiled with various lactic acid bacteria.
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Bacterial diversity of native grass inoculated without or with LAB

The diversity of bacteria in native grass silage is shown in Table 3. According to the 16S rRNA amplicon sequencing of native grass materials and silage bacteria, an average of 60, 847 sequence numbers was obtained from each sample (data are not shown) and no significant difference was found in sequence numbers among these samples. After 30 days of ensiling, the diversity (Shannon) and richness (Chao1) in silages were decreased compared to that in the FM. A Venn diagram was constructed to depict similar and overlapping OTUs among all raw materials and silage (Figure 1A). As displayed, 51 OTUs were shared by the FM, CON, T1, T2, and T3 treatments, and the unique OTUs among these treatments were 598, 16, 14, 8, and 26, respectively. As indicated in the PCoA plot (Figure 1B; R = 0.8933, p = 0.001), both fresh native grass and silage were separated in each treatment with no interactions on the confidence ellipse. Figure 1C shows the abundance of the phyla in the raw materials and silages after 30 days of ensiling. Proteobacteria dominated the community at the phylum level in the fresh native grass. After the fermentation process, Firmicutes dramatically increased and became the most abundant phylum in native grass silage. Figure 1C shows the community structures in the FM and silages after 30 days of ensiling at the genus level. In the FM, the most abundant genus was Pantoea, followed by Enterobacter and Curtobacterium. Interestingly, the bacterial community structures in native grass inoculated without or with LAB were diverse. The genus, Weissella plays the important role in the CON group, and the genus Lactobacillus dominated the fermentation in all LAB-inoculated silage. Differences of bacterial taxa in native grass silage with different treatments were performed by LEfSe analyses (Figure 1E). As described, the phylum Proteobacteria and genus Pantoea were significantly (p < 0.05) enriched in the FM compared to these in the silage, and the phylum Firmicutes was markedly (p < 0.05) enriched in the T3 treatment than that in the fresh native grass and other treatments. The genus Weissella was significantly (p < 0.05) concentrated in the CON and T1 treatments compared to that in the T2 and T3 treatments. Additionally, compared to the CON and T1 treatments, the genus Lactobacillus was dramatically (p < 0.05) enriched in the T2 and T3 treatments.


TABLE 3 Diversity indices of the bacterial community of materials or silage of native grass.
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FIGURE 1
 Bacterial community diversities and dissimilarities of native grass silage. FM, fresh material; CON, Samples without inoculants; T1, native grass inoculated with Lactobacillus plantarum; T2, native grass inoculated with Lactobacillus plantarum and Lactobacillus buchneri; T3, native grass inoculated with Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus. (A) Venn diagram representing the unique and common OTUs. (B) The bacterial community dissimilarities in different treatments were calculated by Bray–Curtis with coordinates calculated by principal coordinates analysis. (C,D) Relative abundances of native grass silage bacterial phylum and genus across different treatments. (E) Differences of bacterial taxa in native grass silage with different treatments.




Correlations between the bacterial community and ensiling performance in native grass inoculated without or with LAB

In the present study, the heatmap was used to evaluate the correlations between the bacterial genus (Top 10) and chemical constituents/fermentation profile based on the Spearman analysis in Figure 2. The BA, NDF, NH3-N and WSC contents, and pH were significantly associated with Lactobacillus (BA: rho = −0.631, p = 0.028; NDF: rho = −0.650, p = 0.022; NH3-N: rho = −0.713, p < 0.01; WSC: rho = −0.592, p = 0.04; pH: rho = −0.630; p = 0.03), whereas, the genus Pediococcus was positively associated with CP content (rho = 0.681; p = 0.02). The NDF, NH3-N, and WSC contents were also observed to have significantly positive connections with the genus Enterobacter (NDF: rho = 0.584, p = 0.05; NH3-N: rho = 0.674, p = 0.02; WSC: rho = 0.652, p = 0.02) and Weissella (NDF: rho = 0.625, p = 0.03; NH3-N: rho = 0.608, p = 0.04; WSC: rho = 0.627, p = 0.03).


[image: Figure 2]
FIGURE 2
 Correlation analysis between genera (top 10 significant genera) and ensiling performance of native grass silage inoculated without or with lactic acid bacteria. *Significant correlation at p < 0.05 level, **Significant correlation at p < 0.01 level. DM, dry matter; WSC, water-soluble carbohydrates; CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; NH3-N, ammonia nitrogen; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid.




Predicted functions and pathways of bacterial community in native grass silage

In the current study, the predicted function of bacterial communities was performed by the PICRUSt (Figure 3). As shown in Figure 3A, the abundance of “Metabolism” was more than 40% and was markedly higher than other pathways, followed by environmental information processing and genetic information processing. The top 20 with significant differences in metabolic function are shown in Figure 3B. The proportions of membrane transport, carbohydrate metabolism, and amino acid metabolism were much higher than the other pathways. The carbohydrate metabolism was significantly (p < 0.05) inhibited in LAB-inoculated silage, especially in the T3 treatment, whereas the proportions of amino acid metabolism were significantly (p < 0.05) increased in the T1 treatment compared to the other treatments. Interestingly, compared to the CON group, the proportion of membrane transport was markedly in the LAB-inoculated silage. As shown in Figure 3C, the metabolic functions of the bacterial community were diverse in FM and silage. Results of functional prediction analyses showed that the metabolism of amino acid, cofactors, vitamins, and membrane transport was reduced, while the metabolism of nucleotide and the majority of carbohydrates was increased after ensiling. The carbohydrate metabolism (TCA cycle, starch and sucrose metabolism, and fructose and mannose metabolism) and amino acid metabolism (cysteine and methionine metabolism) were enriched in the T3 treatment compared to that in the CON group.


[image: Figure 3]
FIGURE 3
 Dynamics of bacterial functional profiles in different treatments analyzed by PICRUSt (n = 3). (A) Level 1 metabolic pathway. (B) Level 2 KEGG ortholog functional predictions of the relative abundances with significant differences in the top 20 metabolic functions. (C) Level 3 KEGG ortholog functional predictions of the relative abundances of the top 30 metabolic functions. FM, fresh materials; CON, Samples without inoculants; FM, fresh material; T1, native grass inoculated with Lactobacillus plantarum; T2, native grass inoculated with Lactobacillus plantarum and Lactobacillus buchneri; T3, native grass inoculated with Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus.de. * Indicates significant at p < 0.05, ** indicates significant at p < 0.01 and *** indicates significant at p < 0.001.





Discussion

Ensiling is a useful method to prolong the supply of feed to ruminants. The LAB inoculants, including L. buchneri, L. plantarum, and P. pentosaceus are widely used worldwide in silages. On the one hand, the chemical compositions in the forages and grass can be effectively preserved by anaerobic fermentation; on the other hand, the microorganisms also produce organic acid (mainly LA and AA) that can improve the nutritional structure during the fermentation process (Lin et al., 2021). Unfortunately, the effective LAB inoculant is limited to improving the ensiling performance on native grass, and the complex LAB on native grass silage remains largely unknown. Here, the multiple fermentation characteristic analyses were combined with the16S rRNA sequencing to reveal the changes in native grass inoculated without or with various LAB inoculants during anaerobic fermentation. This is the first tentative model for the integrative analysis of the bacteria to respond to the anaerobic bioaugmentation of native grass ensiling with various LAB inoculants.


Chemical and microbial compositions of native grass

In the present study, the ADF and NDF contents were higher, and the CP content was lower compared to the previous report by You et al. (2021b), which could be contributed to the internal and external factors, including native grass community composition, harvest time and environment (Wang et al., 2020). The requirement of WSC content of good-quality silages is more than 5% DM (Amer et al., 2012), and the WSC content (4.45%) in the present study might meet the requirement. Moreover, the fermentation process was determined by the number of LAB, and the minimum requirement for the number of LAB in fresh materials should be higher than 5.0 log cfu/g FW (Cai et al., 1999). In the present study, the lower LAB (3.52 log cfu/g FW) counts and higher harmful microorganisms (more than 5.0 log cfu/g FW) were also found, which led to undesirable fermentation and end products. Therefore, it is necessary to add and reveal the role of LAB how to determine the silage fermentation and the shift of bacteria.



Ensiling performance of native grass silage

The LA content plays a determining role in dropping pH in silage and the desirable pH is ~3.8–4.2 for well-preserved silage. Nevertheless, the pH in all native grass silages was higher than 4.20 after 30 days of the fermentation process, which is in disagreement with the previous report that the pH (< 4.20) of native grass with 37.72% DM content ensiled with LAB additives after 30 days of fermentation. These differences could be explained by the DM content. Compared to the CON treatment, the LAB-inoculated silage decreased the pH value and the lowest pH was found in the T3 treatment, which could be contributed to the LAB additives improving the accumulation of LA and AA by Embden–Meyerhof pathway, phosphoketolase pathway, and pentose phosphate pathway for homofermentative LAB and pentose phosphate pathway for the homofermentative LAB by utilizing the WSC content (Ganzle, 2015; Muck et al., 2018; Valk et al., 2020; Lee et al., 2021). Moreover, the T3 treatment inoculated with three species of LAB could produce an acidic environment that was more beneficial for the LAB by the synergistic effects, and the WSC content was continuously utilized by the species of LAB (Cai et al., 1999; Svoboda et al., 2018). Therefore, lower DM and pH, and higher LA and AA contents were found in the T3 treatment, especially, the lowest WSC content was observed in the T3 treatment, followed by the T2 and T1 treatments. The PA and BA contents are undesirable fermentation end products in silages because the production pathway is an energy-waste metabolism (Dong et al., 2022). The little production of PA and BA contents indicated that extensive secondary fermentation did not occur throughout the whole fermentation process (Dong et al., 2022). The NH3-N content is negatively associated with the CP content. The plant and microbial enzymes degraded the protein into non-protein fractions throughout the fermentation process, including NH3, NH3-N, free amino acids, and peptides, by the proteolysis (Dong et al., 2022), reflecting the protein degradation throughout the ensiling period (Kung et al., 2018). Furthermore, the lower NH3-N and higher CP contents in the T3 treatment indicated that the forage protein was well-preserved after the fermentation process, which could have contributed to the lower pH, which could have inhibited the growth and metabolism of undesirable microorganisms, such as Clostridium (Kung et al., 2018; You et al., 2021b). At the same time, the digestible cell wall was broken down under hydrolytic activities, including microbial activities, enzymatic, and acidolysis when the silage is made (Zhao et al., 2018). Consequently, lower ADF and NDF contents were observed in the T3 treatment.



Bacterial diversity of native grass silage

The bacterial diversity and compositions in native grass silage were revealed by 16S rRNA sequencing. The variances of the bacterial community were performed by alpha diversity. The coverage in all samples was more than 0.99 (Table 3), suggesting that the depth of 16S rRNA sequencing had adequately reasonable to reflect the profile of the bacterial community (Ren et al., 2021). In the current study, the OTUs diversity and richness were decreased after ensiling compared to that in the FM (Table 3 and Figure 1A), which is in agreement with the previous reports that the decreased alpha diversity was observed because the undesirable microorganisms were inhibited by pH and gradually replaced by LAB (Xu et al., 2020; Ren et al., 2021). The PCoA plot clearly illustrates the variance of the bacterial community structures by the fermentation-additives-based separation of the treatments, suggesting that the additives had remarkable effects on the bacterial community structures of native grass silage. The predominant bacterial phylum, Proteobacteria, was found in FM, and the, most dominant bacterial phylum, Firmicutes, was found across all silage samples. In the current study, the dominant phylum was Proteobacteria and the primary genus was Pantoea, Pseudomonas, and Sphingomonas in FM, which is similar to the previous results that Pantoea, Pseudomonas, and Sphingomonas were the dominant genus in the raw materials (Ogunade et al., 2018; Romero et al., 2021; Long et al., 2022). Moreover, Firmicutes become the predominant phylum after the fermentation process (Yuan et al., 2020; Long et al., 2022). The shift from Proteobacteria to Firmicutes could be contributed to the microorganisms belonging to Firmicutes can thrive under low pH and anaerobic conditions (Wang et al., 2018; Dong et al., 2019). After ensiling, the abundance of Panotea markedly decreased in this study. The abundance of Panotea might be inhibited in an acidic environment (pH < 5.40) during anaerobic conditions (McGarvey et al., 2013; Sun et al., 2021). After the fermentation process, the bacterial community structures were diverse in native grass inoculated without or with LAB. The genus Weissella dominated the fermentation in the CON group, followed by Pediococcus and Leuconostoc; whereas, the abundance of Lactobacillus was increased and the abundance of Weissella was dropped with the increase of LAB species inoculated in the native grass. The previous report indicated that Lactococcus and Pediococcus initiated the fermentation at the early stage (Cai et al., 1998), and they were replaced by Lactobacillus with more acid-tolerant characteristics (Graf et al., 2016). Moreover, the increase of LAB species inoculated in the native grass produced a complex environment and enriched the bacterial diversity. As a consequence, a higher level of Lactobacillus was observed in the T3 treatment.



Correlation analysis of bacterial community and ensiling performance in native grass silage

The variations in fermentation characteristics could be characterized by the diversity of the microbial community (Ni et al., 2017). Moreover, the additives had significant effects on silage quality and microbial community (Wang et al., 2021). In the present study, Lactobacillus was negatively associated with pH and NH3-N, which is similar to the previous report (Fang et al., 2022). Nevertheless, Lactobacillus was also negatively associated with the WSC content, which is in disagreement with the previous study that the genus Lactobacillus was positively associated with the WSC content (Fang et al., 2022). In the whole-plant quinoa, the WSC content was higher than 30% of DM and the DM content in the present study was lower than the requirement of 5% of DM. The sufficient WSC content was beneficial for the growth of Lactobacillus and the abundance of Lactobacillus was inhibited, while the WSC content is limited. Therefore, the genus Lactobacillus was negatively associated with the WSC content. These results provide sufficient data to support that Lactobacillus has played a crucial role in improving the fermentation quality and preserving the native grass silage. Enterobacter was positively connected with pH and NH3-N. Additionally, the genus Enterococcus belongs to cocci LAB and could be inhibited in a low pH environment (McGarvey et al., 2013). Therefore, a lower abundance of Enterobacter and NH3-N content was observed in the T3 treatment.



Metabolic profile in native grass silage affected by LAB

The predicted functional profiles of the bacterial community were evaluated based on the Kyoto Encyclopedia of Genes and Genomes databases by PICRUSt to assess the metabolic pathways of native grass silage. The first-level directory and second-level directory indicated the first and second metabolic pathway levels, respectively (Wang et al., 2022). A previous report also indicated that multiple sub-directories were involved with various related signal pathways (Ogata et al., 1999). As shown in Figure 3A, metabolism was the primary metabolic pathway, indicating that the bacteria could convert fermentable substrates to various metabolites by the bacterial activities in metabolism pathways. The metabolic pathways with significant differences were including amino acid, carbohydrate, and nucleotide (Figure 3B), which is in accordance with the previous report (Bai et al., 2021). As shown in Figure 3C, carbohydrate metabolism mainly contained gluconeogenesis and glycolysis metabolism, TCA cycles, pentose phosphate pathway, and other pathways (Kanehisa and Goto, 2000). In this study, the carbohydrate metabolism pathway of native grass silage inoculated with LAB was stronger than that of the CON treatment, especially in the T3 treatment. These results indicated that the addition of LAB in native grass silage has a higher capacity to metabolize WSC than the epiphytic bacteria in the control treatment by the addition of LAB which could enhance the competitive strength through the synergistic effects (Svoboda et al., 2018). It was consistent with the previous results that higher LA and AA concentrations were found in the T3 treatment. Additionally, amino acid metabolism is necessary to promote primary metabolism and plant protein synthesis in plants (Wang et al., 2021). In the present study, some of the amino acid metabolism was suppressed after the fermentation process, which could be contributed to the diverse pH environment after ensiling and some undesirable microorganisms that directly influenced the amino acid metabolism were inhibited by the acidic environment (Flythe and Russell, 2004; Wang et al., 2021).




Conclusion

In conclusion, the present study shows the influences of various LAB on the ensiling performance of native grass by integrating the 16S rRNA gene sequences combined and multiple fermentation parameters. These results showed that LAB could directly affect chemical compositions and fermentation quality by modulating the bacterial community of native grass silage. The complex LAB (Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus) exhibited the potential possibility to decrease pH and enhance the relative abundance of LAB in response to obtaining high-quality silage by the synergistic effects. These results suggested that the complex LAB could improve the ensiling performance of native grass silage, and lay a theoretical basis for inoculant application in native grass.
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This study aims to investigate the effects of adding Lactobacillus buchneri (LB), Lactobacillus brevis (LBR) and Bacillus subtilis (BS) on the fermentation quality, nitrate degradation and bacterial community of sorghum-sudangrass silage. The results showed that the addition of LB significantly increased the pH and acetic acid content (p < 0.05), but high-quality silage was obtained. The addition of LBR and BS improved the fermentation quality of sorghum-sudangrass silage. The use of additives reduced the nitrate content in sorghum-sudangrass silage. The LB group increased the release of N2O at 3–7 days of ensiling (p < 0.05), and LBR and BS increased the release of N2O at 1–40 days of ensiling (p < 0.05). On the first day of ensiling, all silages were dominated by Weisslla, over 3 days of ensiling all silages were dominated by Lactobacillus. Acinetobacter, Serratia, Aquabacterium, and unclassified_f_enterobacteriaceae showed significant negative correlations with nitrate degradation during sorghum-sudangrass ensiling (p < 0.05). The BS and LBR groups increased the metabolic abundance of denitrification, dissimilatory nitrate reduction, and assimilatory nitrate reduction (p < 0.05). Overall, the additive ensures the fermentation quality of sorghum-sudangrass silage and promotes the degradation of nitrate by altering the bacterial community.
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 sorghum-sudangrass silage, fermentation quality, nitrate, Lactobacillus buchneri, Lactobacillus brevis, Bacillus subtilis


Introduction

With the development of the livestock industry and increasing consumer demand for meat and dairy products, there is a significant demand for the production of silage, and statistics show that China produces greater than 280 million tons of silage annually, especially in some arid areas where there is an increasing demand for high-yielding and water-saving fodder crops (Fijalkowska et al., 2020). Due to its excellent characteristics of high drought resistance, high water use efficiency, and high biological yield, sorghum-sudangrass (Sorghum bicolor×Sorghum sudanense) has become one of the high-quality modulated silage raw materials in arid areas (McCary et al., 2020). However, sorghum-sudangrass easily accumulates nitrate forage (Holman et al., 2019). Stress conditions such as drought and low temperature during its growth, and excessive use of nitrogen fertilizer in pursuit of high yield can affect the level of nitrate accumulation in sorghum-sudangrass (Crawford et al., 1961; Harada et al., 2000; Holman et al., 2019). Nitrate in silage can threaten animal health, the safety of milk, and other animal foods safety and even cause significant economic losses in severe cases (Vermunt and Visser, 2011; Schrenk et al., 2020). The high nitrate content in sorghum-sudangrass silage limits its use as animal feed. An urgent issue that needs to be resolved: is the reduction of nitrate content in sorghum-sudangrass silage.

Ensiling can reduce nitrate in sorghum-sudangrass to some extent content (Spoelstra, 1987; Bai C. et al., 2022). During the ensiling process, nitrate is degraded to produce the intermediate product nitrite, and the end products nitric oxide, ammonia, and nitrous oxide (Spoelstra, 1985). However, the nitrate content in silage may still threaten the health of ruminants by exceeding the safe limit of nitrate in forage (Spoelstra, 1983; Bai C. et al., 2022). In response, researchers have tried to use silage additives to regulate the nitrate content in silage. Takayoshi et al. (1980) used glucose as a silage additive to regulate the nitrate content in Italian ryegrass silage. Li et al. (1992) investigated the effect of ammonium hydroxide and calcium carbonate on the degradation of nitrate in corn silage. In the above studies, nitrates were degraded during ensiling after using chemical additives for silage preparation, but the quality of the silage was reduced. Today, producers often use microbial inoculants to regulate the silage fermentation process (Muck et al., 2018; Romero et al., 2018). Tian et al. (2021) demonstrated that Bacillus subtilis promoted fermentation quality and nutrient composition by altering bacterial communities and metabolic profiles. Xie et al. (2021) showed that the use of lactic acid bacteria to prepare sorghum silage improved fermentation quality. The ability of lactic acid bacteria and Bacillus subtilis to degrade nitrate has been demonstrated in studies on kimchi, whereas the use of those bacteria has rarely reported in research on silage fermentation (Sun et al., 2016; Zhang et al., 2022). Based on this, we hypothesized that inoculation lactic acid bacteria and Bacillus subtilis prior to sorghum-sudangrass silage would both enhance fermentation quality and promote nitrate degradation. However, experimental evidence is lacking to support this hypothesis.

Ensiling is a complex microbial fermentation process in which microorganisms interact with each other and with their environment during fermentation (Xu et al., 2019; Ding et al., 2020). Previous experimental cultivation studies have shown that microorganisms, such as Enterobacteriaceae and Lactobacillus, are involved in nitrate degradation (Spoelstra, 1985). Cultivation experiments are commonly applied in ensiling experiments, but microbial communities often contain a large number of bacteria that cannot be cultivated under laboratory conditions (Eikmeyer et al., 2013). Therefore, the complex microbial communities, microbial interactions, and their functions during nitrate degradation in silages have not been thoroughly studied in the previous experiments. In recent years, changes in silage fermentation parameters and their bacterial community dynamics during silage have been gradually analysed, with the application of molecular techniques in the field of silage (Xu Z. et al., 2017; You et al., 2021; Bai J. et al., 2022). This methodology provides the possibility to deeply explain the nitrate degradation during silage. For example, Bai C. et al. (2022) used high-throughput sequencing to illustrate the effects of Panobacter spp., Pseudomonas spp., and Enterobacter spp. on the nitrate content of silage sorghum-sudangrass. However, there are few studies on the effects of the use of Lactobacillus and Bacillus subtilis as additives for sorghum-sudangrass on nitrate content, nitrate degradation, and the correlation between nitrate content and silage fermentation quality and microbial community changes. Therefore, in this study, Lactobacillus buchneri, Lactobacillus brevis, and Bacillus subtilis were used as additives with the aim of investigating their role in silage with respect to fermentation quality and nitrate degradation in sorghum-sudangrass.



Materials and methods


Silage preparation

Sorghum-sudangrass (Jicao No.6) was grown at the experimental farm of Shenyang Agricultural University (123° 25′ E, 41° 46′ N) and harvested at the heading stage, leaving a stubble height of 15–20 cm. After harvest, the sorghum-sudangrass was chopped into 1–2 cm lengths using a grass shredding machine (Donghong No. 1, Donghong Mechanical Equipment Co., Ltd., China). Silage were treated with the following: sterile water control (CK), 2.0 × 105 colony-forming units (CFU)/g of Lactobacillus buchneri (LB, Gansu Pro-Bicon Biotech Co., Ltd., China), 1.0 × 105 colony-forming units (CFU)/g of Lactobacillus brevis (LBR, Laboratory of China Agricultural University) and 2.0 × 106 colony-forming units (CFU)/g of Bacillus subtilis (BS, Laboratory of Shenyang Agricultural University). The additives were dissolved in 5 ml of sterile water, and then each 5 ml of bacterial solution was sprayed onto 1 kg of fresh matter (FM). An equal amount of sterile water was added to the control group. After thoroughly mixing, 230 g of treated material was placed in anaerobic jars (300 ml; Saipu Instrument Technology Co., Ltd., Zhenjiang, China). A total of 60 jars (four treatments × five ensiling durations × three replicates) were prepared and stored at room temperature (25–30°C). Each treated silage was sampled after storage for 1，3, 7, 15, and 40 days for determining the fermentation quality, nutrient composition, microbial counts, and microbial community. In addition, the fermentation gas was collected at each sampling time point in a 500 ml aluminum foil gas sampling bag (Dalian Delin Co., Ltd., China) for N2O determination.



Analyses of silage fermentation quality and nutrient composition

To determine the fermentation traits of forage, a sample (10 g) of silage was mixed with 90 g of deionized water and kept in a refrigerator at 4°C for 24 h. The liquid extract was filtered through four layers of cheesecloth and filtered paper. Then, the filtrates were used to measure pH, ammonia nitrogen (NH3-N), and organic acids. The pH value of the extracts was determined using a pH meter (PB-10, Sartorius Group, Göttingen, Germany). Organic acids and nitrates were determined by high-performance liquid chromatography (Bai C. et al., 2022). The concentrations of N2O in the gas samples were analysed by gas chromatograph (Agilent 7890A, Agilent Technologies Limited Co., United States) within a week (Xu T. W. et al., 2017). A representative silage sample of 10 g was obtained, added to 90 ml of distilled water, shaken at 180 rpm for 30 min, and then the solution was diluted in a gradient. Microbial counts were analysed using the plate count method on Man Rogosa Sharpe agar, Violet Red Bile agar, and Rose Bengal agar (Beijing Aoboxing Bio-tech Co. Ltd., Beijing, China) as reported by Cai et al. (1999).

The dry matter (DM) of the fresh sorghum-sudangrass and silage was determined by oven drying at 65°C for 48 h. Colorimetry after reaction with anthrone reagent was used to determine the water-soluble carbohydrate (WSC) content (Murphy, 1958). The crude protein (CP = total N × 6.25) was determined using a Kjeldahl apparatus (Kjeltec 8,400; FOSS Co. Ltd., Hillerød, Denmark), according to previously published work (AOAC, 1990). The neutral detergent fiber (using heat-stable α-amylase, NDF) and acid detergent fiber (ADF) were measured using an Ankom 2000 fiber analyser (Ankom, Macedon, NY, United States), according to Van Soest’s procedures (Van Soest et al., 1991).



Bacterial community analysis

A 10 g fresh sample was placed into 90 ml of sterile distilled water. The mixture was placed in a low-temperature oscillator (THZ-98C, Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China) at 4°C, 180 rpm/min for 30 min and then subject to filtration through 4 layers of sterile gauze. The filtrate was centrifuged in a cryogenic centrifuge (ST 16R, Thermo Fisher Scientific, Inc., Waltham, United States) at 8000 rpm/min at 4°C for 15 min to enrich the sediment. Sediments were used for high-throughput sequencing (Wang et al., 2018).

Bacterial community genomic DNA was extracted from silage samples using the FastDNA® SPIN Kit and the FastPrep® Instrument (MP Biomedicals, Santa Ana, CA) according to the manufacturer’s instructions. The hypervariable region V3-V4 of the bacterial 16S rRNA gene was amplified with the primer pairs 341F (5′- CCTAYGGGRBGCASCAG-3′) and 806R(5’-GGACTACNNGGGTATCTAAT-3′) using an ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States). The PCR product was extracted from a 2% agarose gel, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and quantified using a Quantus™ Fluorometer (Promega, United States). Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, United States) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 and merged by FLASH version 1.2.7 based on the following criteria. Operational taxonomic units (OTUs) with a 97% similarity cut-off were clustered using UPARSE version 7.1, and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analysed against the 16S rRNA database using a confidence threshold of 0.7 by RDP Classifier version 2.2. The microbial diversity within an individual sample was assessed using the following alpha diversity indices: Shannon diversity index, Simpson diversity index, Chao richness estimator, Ace richness estimator and Coverage. Beta diversity was analysed to assess the structural variation of the microbiota. Subsequently, principal component analysis (PCoA) was undertaken (Vazquez-Baeza et al., 2013). The heatmap function of R software2 and genus information for the silage were used to generate a heatmap. The data were analysed using the free online majorbio cloud platform. The raw sequence data have been uploaded to the sequence read archive (SRA) of the NCBI database (the accession number PRJNA882255).



Statistical analyses

Factorial analysis of variance was performed to investigate the effects of additives, ensiling duration, and their interactions on the fermentation quality, microbial counts, bacterial community indices, nitrate, and N2O content of silage in the General Line Model of SPSS (SPSS 22.0 program, SPSS Inc., Chicago, Illinois, United States). Significant differences were compared using Tukey multiple range tests, and p < 0.05 indicated statistical significance.




Results


Characteristics of fresh sorghum-sudangrass

The chemical parameters and microbial counts of fresh sorghum-sudangrass are shown in Table 1. The concentrations of WSC, CP, NDF, and ADF in sorghum-sudangrass were 233.00, 86.25, 481.93, and 232.62 g/kg DM, respectively. The nitrate content was 5520.55 mg/kg DM. The counts of undesirable microbes containing coliform bacteria, yeast, and mould were 5.29, 4.93, and 2.58 lg CFU/g FM, respectively, whereas the lactic acid bacteria count was 4.35 lg CFU/g FM.



TABLE 1 Chemical composition and microbial counts in sorghum-sudangrass.
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Fermentation quality and nutrient composition of silage

Additives significantly affected pH, lactic acid (LA), and acetic acid (AA) concentrations and lactic acid bacteria counts in sorghum-sudangrass silage (p < 0.05; Table 2). The pH of the LB group was significantly lower than that of CK at 3 days of ensiling; however, it was significantly higher than that of CK at 40 days of ensiling (p < 0.05). The AA content of the LB group increased rapidly during 15–40 days of ensiling and was significantly higher than that of CK at 40 days of ensiling (p < 0.05). The LBR group had a significantly lower pH than CK after 3 days of ensiling (p < 0.05). Compared to CK, the BS group had lower pH and higher LA content on days 3 and days 40 of ensiling (p < 0.05). The AA content of the LBR and BS group was significantly lower than that of CK at 40 days of ensiling (p < 0.05). Butyric acid was not detected during the fermentation process. After 40 days of ensiling, the NH3-N content of all silages was in the range of 4.88–5.31. The number of lactic acid bacteria reached the highest in all silages at 7 days (p < 0.05). At 40 days, the number of lactic acid bacteria in the LBR and BS groups was significantly lower than that of CK, and the number of lactic acid bacteria in the LB group was significantly higher than that in CK (p < 0.05). On the first day of ensiling, the numbers of coliform bacteria and yeast were significantly higher in the LBR and BS groups compared with CK (p < 0.05), and the number of coliform bacteria and yeast in the LB group was similar to that in CK (p > 0.05). However, as the number of ensiling days increased, coliform bacteria and yeast, which are harmful to silage, were not detected in all silages.



TABLE 2 Fermentation quality and microbial of sorghum-sudangrass silage.
[image: Table2]

The nutrient composition of sorghum-sudangrass at 40 days of silage is listed in Table 3. The CP content of the BS group was significantly higher than that of CK after 40 days of ensiling (p < 0.05). Different additives did not affect the DM, WSC, NDF, and ADF contents of sorghum-sudangrass silage.



TABLE 3 Nutrient composition of sorghum-sudangrass silage.
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Bacterial community in silage

The bacterial alpha diversity of sorghum-sudangrass silage is shown in Table 4. The Coverage values of all treatment groups were greater than 0.99. Days of ensiling significantly affected the Shannon, Simpson, Ace, and Chao indices (p < 0.05), and additives had significant effects on the Ace and Chao values of sorghum-sudan grass silage (p < 0.05). The addition of LB had no significant effect on α-diversity during the ensiling process. The Shannon index of the LBR and BS groups was higher than that of the CK group on the first day of fermentation (p < 0.05). No significant differences in the Shannon, Simpson, Ace, and Chao indices of silages with additives and the CK were noted after 3 days of ensiling. As shown in Figure 1, principal component 1 (PCoA 1) and component 2 (PCoA 2) could explain 52.77 and 37.09% of the total variance, respectively. A clear separation of bacterial communities of sorghum-sudangrass silage between day 1 of ensiling and day 40 of ensiling could be observed. At 40 days of ensiling, the LBR and BS groups were significantly separated from CK.



TABLE 4 Alpha diversity of bacterial diversity of sorghum-sudangrass silage.
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FIGURE 1
 Principal component analysis (PCoA) of bacterial communities in sorghum-sudangrass silage after ensiling for 1, 3, 7, 15, and 40 days (CK, control; LB, Lactobacillus buchneri; LBR, Lactobacillus brevis; BS, Bacillus subtilis).


At the phylum level, the bacterial community in fresh sorghum-sudangrass was dominated by Proteobacteria, Firmicutes, Bacteroidota, and Actinobacteriota (Figure 2A). The dominant phylum in the fresh sorghum-sudangrass was proteobacteria (70.31%). After fermentation, the dominant bacteria changed to Firmicutes (92.02%). At the genus level, the dominant genus in fresh sorghum-sudangrass was Pantoea and the relative abundance of Pantoea decreased sharply after fermentation (< 5%; Figure 2B). The abundance of Weissella in all silages increased rapidly (> 60%) on the first day of ensiling, and the abundance of Lactobacillus in all silages increased rapidly (> 70%) on the third day of ensiling and remained high after 3 days of ensiling. Acinetobacter abundance was increased in the LB group compared with CK during 3–7 days of ensiling, and Serratia abundance was significantly increased in the LB group compared with CK during 7–15 days of ensiling (p < 0.05; Supplementary Figure S1). The LBR group exhibited increased Klebsiella abundance compared with CK on the first day of ensiling, significantly increased Acinetobacter abundance compared with CK during 3–7 days of ensiling, and significantly increased Serratia abundance compared with CK during 7–15 of ensiling (p < 0.05; Supplementary Figure S1). The BS group exhibited increased klebsiella than CK on the first day of ensiling (p < 0.05), significantly increased Acinetobater compared with CK during 3–7 days of ensiling (p < 0.05), and increased Serratia abundance compared with CK at 15 days of ensiling. Aquabacterium, Pelomonas, Brevundimonas, and Ralstonia levels were significantly increased in both the LBR and BS groups compared with CK at 40 days of ensiling (p < 0.05; Supplementary Figure S1).
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FIGURE 2
 Relative abundance of bacterial communities at the phylum (A) and genus levels (B) in sorghum-sudangrass silage after ensiling for 1, 3, 7, 15, and 40 days (FM, fresh matter; CK, control; LB, Lactobacillus buchneri; LBR, Lactobacillus brevis; BS, Bacillus subtilis).


The linear discriminant analysis effect size (LefSe) was applied to explore the relative richness (p < 0.05, LDA > 3.0) of silages (Figure 3). On the first day of ensiling, Weissella and Leuconostoc represent differential bacteria in the LB group. In the LBR group, the differential bacteria included Roseomonas, Serratia, and Pseudomonas. In the BS group, the differential bacteria were included Lactococcus, Klebsiella, Eschcrichia-Shigella, Chryseobacterium, Sphingomonas, Stenotrophomonas, and Enterococcus. At 40 days of ensiling, the differential bacteria in the LB group was Lactobacillus; the differential bacteria in the LBR group were Acinetobacter, Bacillus, Brevundimonas, and Paenibacillus; and the differential bacteria in BS was Aquabacterium.
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FIGURE 3
 Comparison of microbial variations in sorghum-sudangrass after ensiling for 1, 3, 7, 15, and 40 days using the LEfSe online tool (CK, control; LB, Lactobacillus buchneri; LBR, Lactobacillus brevis; BS, Bacillus subtilis).


The relevance between fermentation quality and bacterial communities was assayed and is presented in Figure 4. The pH was positively associated with Weissella, Lactococcus, Kliebslella, Pediococcus, Chryseobacterium, Leuconostoc Aurelmonas, and Microbacterium (p < 0.05), and negatively related to Lactobacillus and Acinetobacter (p < 0.05). The LA content was positively correlated with Lactobacillus and Acinetobacter, and negatively correlated with Weissella Lactococcus, Kliebslella, Pediococcus, Chryseobacterium, Leuconostoc, Aurelmonas, and Microbacterium. The AA content was positively correlated with Lactobacillus (p < 0.05).
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FIGURE 4
 Correlation of the bacterial community and silage fermentation (LA, Lactic acid; AA, Acetic acid; NH3-N, ammonia nitrogen; LAB, Lactic acid bacteria; p-values are shown as *0.01 < P ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001).




Nitrate, N2O and microbial function prediction of silage

The content of nitrate in sorghum-sudangrass was significantly influenced by additives and ensiling days (p < 0.05; Figure 5A). At 40 days, the nitrate content in the silages with additives was significantly lower than that in the CK group (p < 0.05). Additives and days of ensiling had a significant effect on the N2O content in sorghum-sudangrass silage (p < 0.05; Figures 5B). The LBR and BS groups had significantly higher N2O content than CK during ensiling (p < 0.05). The LB group had a significantly higher N2O content than CK from day 3 to day 7 of ensiling; however, the N2O content was not significantly different from CK after 15 days of ensiling (p < 0.05). The Nitrate content was positively correlated with Pediococcus and norank_f_mltochondria (p < 0.05), and negatively correlated with Acinetobacter and unclassified_f_enterobacteriaceae (p < 0.05; Figure 6). The N2O content was positively correlated with Acinetobacter and unclassified_f_enterobacteriaceae (p < 0.05), and negatively correlated with Pediococcus and norank_f_mltochondria (p < 0.05; Figure 6).
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FIGURE 5
 The nitrate content (A) and N2O (B) content in sorghum-sudangrass after ensiling for 1, 3, 7, 15, and 40 days (CK, control; LB, Lactobacillus buchneri; LBR, Lactobacillus brevis; BS, Bacillus subtilis; different lowercase indicate differences between treatment groups at the same time at the 0.05 level; ns, mean no significant difference).


[image: Figure 6]

FIGURE 6
 Correlation of bacterial communities with nitrate and N2O content (p-values are shown as *0.01 < p ≤ 0.05, ***p ≤ 0.001).


The Figure 7 predicts the effect of additives on the nitrate degradation function of bacteria during ensiling. Compared to CK, the metabolic abundance of denitrification increased significantly on the first day of ensiling in the LBR group, and the metabolic abundance of dissimilatory nitrate reduction and assimilatory nitrate reduction increased significantly on day 7 of ensiling (p < 0.05). Compared to CK, the BS group showed a higher metabolic abundance of silage denitrification, dissimilatory nitrate reduction, and assimilatory nitrate reduction on the first day of ensiling (p < 0.05).
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FIGURE 7
 The denitrification (A), dissimilatory nitrate reduction (B), and assimilatory nitrate reduction (C) functional profiles of the microbial communities in sorghum-sudangrass after ensiling for 1, 3, 7, 15, and 40 days (CK, control; LB, Lactobacillus buchneri; LBR, Lactobacillus brevis; BS; Bacillus subtilis; different lowercase indicate differences between treatment groups at the same time at the 0.05 level).





Discussion


Characteristics of fresh sorghum-sudangrass

The WSC and epiphytic microorganisms in silage are key factors in determining the silage quality of the forage (Hu et al., 2009). The DM, WSC, and microbial counts of sorghum-sudangrass fulfill the theoretical requirements for well-fermented silage (Li et al., 2019). However, the nitrate content in the fresh sorghum-sudangrass in this experiment was as high as 5520.55 mg/kg DM, which can threaten the health of ruminants and pose a challenge to the safety of sorghum-sudangrass silage (Schrenk et al., 2020).



Fermentation quality and nutrient composition of silage

The pH of the sorghum-sudangrass silage decreased rapidly, and the LA content increased significantly during the initial 7 days of ensiling, indicating that extensive lactic acid fermentation occurred during the initial 7 days of ensiling. This phenomenon likely occurs because the forages are chopped into short parts to ensure the rapid release of plant juice, thus stimulating the growth of homofermentative lactic acid bacteria in the early period (Liu et al., 2019; Wang S. R. et al., 2022). Compared to CK, the LB group had a lower pH at 3 days of ensiling, whereas the pH was higher at 40 days of ensiling. The pH changes during ensiling were attributed to the accumulation of organic acids (Kung Jr. et al., 2018). In this study, the higher pH of the LB group at the end of ensiling was caused by the addition of LB to promote the accumulation of AA at the later stages of silage (Blajman et al., 2018). The pH was lower in the LBR group after 3 days of ensiling than in the CK. The LA content of the LBR group was significantly higher than that of CK on the third day of ensiling and during 15–40 days of ensiling. Therefore, the addition of LBR is more beneficial to obtain lower pH and higher LA content for sorghum-sudangrass silage. Similarly, lower pH and higher LA content were observed in silage with LBR in the study by Fijalkowska et al. (2020). Bai et al. (2020) reported that antimicrobial peptides produced by Bacillus subtilis could promote the fermentation of homozygous lactic acid bacteria. The BS group in our study had a higher LA concentration and lower pH at 40 days of fermentation. Butyric acid and NH3-N are both undesirable products in preserving forage (Kung Jr. et al., 2018; Li et al., 2018). In the present study, butyric acid was not detected throughout the sorghum-sudangrass silage, probably because the rapid decrease in pH during fermentation prevented Clostridium from fermenting soluble carbohydrates to butyric acid or converting lactic acid to butyric acid (Kung Jr. et al., 2018). The low NH3-N content in all groups in this study was due to the low number of undesirable microorganisms during the ensiling of sorghum-sudangrass (Wang et al., 2017). No butyric acid and lower content of NH3-N were detected which is beneficial for the quality of sorghum-sudangrass silage. Lactic acid bacteria can ferment a variety of substrates and rapidly produce large amounts of lactic acid for pH decline and microorganism inhibition. (Pang et al., 2012; Yang et al., 2021). The decrease in lactic acid bacteria numbers after 7 days of ensiling was related to insufficient silage substrate and the acidic fermentation environment of silage. At 40 days of ensiling, the higher pH in the LB group had a weaker inhibitory effect on lactic acid bacteria compared to the other group, so the LB group had a higher number of lactic acid bacteria. The number of yeast decreased rapidly after fermentation, which was due to the inhibition of their growth by AA produced after fermentation (Muck et al., 2018).

The nutrient composition of the sorghum-sudangrass silage after the addition of LB and LBR was similar to that of the CK, indicating that the addition of LB and LBR did not significantly alter the nutrient composition of sorghum-sudangrass. Similar findings were observed in the experiments performed by Alhaag et al. (2019) and Wang et al. (2020). Research has shown that the addition of BS inhibits the proteolysis in alfalfa silage and whole plant corn silage (Bai et al., 2020; Bai J. et al., 2022). In this study, the CP content of the BS group was significantly greater than that of the CK at 40 days of ensiling, indicating that the addition of BS to sorghum-sudangrass silage inhibited proteolysis.



Bacterial community in silage

The Coverage of all samples was 0.99, indicating that the depth of sequencing was sufficient to describe the dynamics of the bacterial community (He et al., 2020). The Shannon index was significantly lower in all treatment groups after 40 days of silage compared to the first day of silage and the Simpson index was significantly higher. As fermentation proceeded, the pH of the silage environment decreased, and the oxygen content gradually decreased to an anaerobic environment. This environment lead to a decrease in anaerobic microorganisms and acid-intolerant epiphytic microorganisms (Yan et al., 2019), resulting in a decrease in the diversity of the bacterial community of sorghum-sudangrass silage. In this study, the addition of LB did not affect α-diversity during the overall fermentation process. The Shannon index with LBR addition and the Shannon and Chao indices with BS addition were higher than those of the CK group on the first day of ensiling. The acidic environment had an inhibitory effect on the harmful microorganisms in silage fermentation (Ellis et al., 2016). On the first day of ensiling, the pH was slightly higher in the LBR and BS groups compared with CK, and both coliform bacteria and yeast counts were higher than in CK, which probably caused the differences in bacterial diversity between the LBR and BS groups and CK. In this study, there was no significant difference between the α-diversity of silages with additives and the CK during 3–40 days of ensiling. Although the dominant species changed for all silages with additives, the bacterial composition did not become simpler during the ensiling period from 3 to 40 days. (Wang et al., 2019; Xu et al., 2021). The plots of principal component analysis clearly reflected the changes of bacterial community during ensiling of sorghum-sudangrass. Storage time can affect the changes of bacterial communities in silage (Guo et al., 2021). The bacterial communities were significantly separated on day 1, days 3–15, and days 40, indicating that ensiling time affected the bacterial community of sorghum-sudangrass silage. Bacterial community changes during silage after the use of additives can indicate differences in the fermentation quality of silage (Ni et al., 2017a). In this study, the LBR and BS groups were significantly separated from the CK at 40 days of ensiling. We hypothesized that the addition of LBR and BS affected the quality of silage by changing the bacterial community structure at the end of ensiling.

In this study, Proteobacteria was the most abundant phylum in fresh sorghum-sudangrass, which is consistent with previous studies (Eikmeyer et al., 2013; Wang S. et al., 2022). At the beginning of ensiling (1 day), the bacterial community of all silages was dominated by the Firmicutes phylum because the anaerobic conditions and acidic environment formed during ensiling favoured the growth of the Firmicutes phylum (Keshri et al., 2018; Ali et al., 2020). Weissella is an important heterotypic lactic acid bacterium that initiates early fermentation and that the decrease in pH during silage inhibits its growth (Muck et al., 2018), after ensiling is performed by highly acid-tolerant homotypic fermenting lactic acid bacteria. In our study, Weissalla and Lactococcus were dominant in all silages on the first day of ensiling, and Lactobacillus was dominant in all silages after 3 days of ensiling. In addition, all silages had lower pH and higher lactic acid content, thus explaining the good fermentation quality of the silages (Guan et al., 2018). In the present study, the addition of LB increased the abundance of Serratia at 7–15 days of ensiling, and LBR significantly increased the abundance of Klebsiella at 1 day of ensiling and Serratia at 7–15 days of ensiling. Similarly, the addition of BS significantly increased the abundance of Klebsiella at 1 day of ensiling. Klebsiella and Serratia are usually considered as negative microorganisms for silage fermentation (Sun et al., 2021). However, in the present study, the LB, LBR, and BS were all dominated by Lactobacillus after 3 days of ensiling. In addition, the bacteria with the greatest contributions in the LB group included Weissella and Leuconostocaceae, and the bacteria with the greatest contributions in the BS group were Lactococcus and Streptococcaceae at 1 day of ensiling. Therefore, the addition of LBR and BS will not have a negative effect on the quality of sorghum-sudangrass silage.

Lactobacillus and Acinetbacter were significantly negatively correlated with the pH of the sorghum-sudangrass silage, while Lactococcus, Pediococcus, Leuconostoc, and Enterococcus were significantly positively correlated. The opposite trend was noted for fermentation acids, including LA and AA. Lactococcus starts lactic acid fermentation at the beginning of ensiling, but these species are sensitive to low pH and cannot survive in acidic environments (Ni et al., 2017b; Liu et al., 2019; Yang et al., 2019). Therefore, Lactobacillus plays a crucial role in lowering pH in the late silage stage.



Nitrate, N2O and microbial function prediction of silage

At the end of ensiling, the nitrate content in the additive group was significantly lower than that in CK, indicating that the addition of LB, LBR, and BS was beneficial for the degradation of nitrate in sorghum-sudangrass silage. Previous studies have shown that microorganisms, such as Enterobacteriaceae and Lactobacillus, in silage forage can degrade nitrate (Spoelstra, 1985). Bai C. et al. (2022) demonstrated that Panobacter spp., Pseudomonas spp., and Enterobacter spp. were negatively correlated with the nitrate content of silage sorghum-sudangrass. In addition, the Acinetobacter, Serratia, and Aquabacterium are also able to degrade nitrate in studies based on paddy soil and water process engineering (Zhang et al., 2016; Chen et al., 2021; Shelly et al., 2021). In the present study, nitrate content was negatively correlated with Acinetobacter, Serratia, Aquabacterium, and unclassified_f_enterobacteriaceae, indicating that they promoted the degradation of nitrate. In the LB group, Acinetobacter and Serratia were more abundant than in the CK group at 3–15 days of ensiling. The abundance of Klebsiella, Acinetobacter, Serratia, and Aquabacterium was greater in the LBR and BS groups compared with the CK group during ensiling. Moreover, Klebsiella was the differential bacteria in the LBR group, and Klebsiella and Aqubacterium were the differential bacteria in the BS group using LEfSe. This finding indicates that additives promoted nitrate degradation by affecting the bacterial community structure. N2O is one of the essential end products in the nitrate degradation process (Hill, 1999; Driehuis et al., 2018). The N2O content was significantly higher in the LBR and BS groups compared with CK at the end of silage, indicating that the addition of LBR, and BS contributed to the degradation of nitrate during ensiling of sorghum-sudangrass. This was also evidenced by the correlation between nitrate and N2O and the bacterial community of sorghum-sudangrass silage.

The silage process is mediated by microbial metabolic pathways to convert metabolites or degrade substrates (Xiang et al., 2022). We can estimate the impact of bacterial communities on changes in metabolic pathways during silage by predicting bacterial function. Therefore, this study used the KEGG pathway database PICRUSt2 to predict the function of bacterial communities in nitrate degradation in the silage of sorghum-sudangrass. Bacteria can degrade nitrate through denitrification, catabolism nitrate reduction, and assimilation nitrate reduction pathways (Shi et al., 2014). In this study, the addition of LB had a higher metabolic abundance of denitrification, dissimilatory nitrate reduction, and assimilatory nitrate reduction compared with CK, but no significant effects were noted at 3–15 days of ensiling. The addition of LBR significantly increased the metabolic abundance of denitrification on the first day of ensiling, and significantly increased the metabolic abundance of dissimilatory nitrate reduction and assimilatory nitrate reduction at 7 days of ensiling. The addition of BS significantly increased the metabolic abundance of denitrification, dissimilatory nitrate reduction, and assimilatory nitrate reduction on the first day of ensiling. This information explains why the addition of LBR and BS is more beneficial to the degradation of nitrate in sorghum-sudangrass silage.




Conclusion

The addition of LB increased the pH and acetic acid content, and the addition of LBR and BS increased the lactic acid content and decreased the pH. Sorghum-sudangrass silage has satisfactory fermentation quality. Additives had a significant effect on the bacterial community, increasing the abundance of microorganisms, such as Acinetobacter, Serratia, and Aquabacterium, but the fermentation process was still dominated by Lactobacillus. The addition of LB, LBR, and BS reduced the nitrate content in the silage of sorghum-sudangrass. Acinetobacter, Serratia, Aquabacterium, and unclassified_f_enterobacteriaceae were the main bacteria affecting nitrate degradation during sorghum-sudangrass ensiling. The LBR and BS could increase the metabolic abundance of denitrification, dissimilatory nitrate reduction, and assimilatory nitrate reduction. In conclusion, the use of LB, LBR, and BS additives in the silage of sorghum-sudangrass represents an effective strategy to degrade nitrate while guaranteeing its fermentation quality.
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Whole-crop wheat silage (WCWS) is an excellent feed material for ruminants. However, microbial fermentation during silage production consumes valuable nutrients, decreasing the quality of silage. The main objective of this study was to assess how the addition of increasing amounts of Artemisia argyi (AA) affected fermentation quality, microbial composition, and mycotoxin production in whole-crop wheat at dough stage (WCWD) silage during ensiling to aerobic exposure compared with Lactiplantibacillus buchneri (LB). The addition of 20% AA, resulted in a lower pH and higher lactic acid content, was found in silage treated with 20% AA, and an obvious increase in the relative abundance of Lactobacillus was detected in silages treated with LB and 20% AA, respectively. Meanwhile, inoculation with 20% AA decreased the abundance of harmful microorganisms, including Acinetobacter, Enterobacter, and Aspergillus. It also reduced the contents of mycotoxins, Aflatoxin B1 (AFB1), and deoxynivalenol (DON) during ensiling and aerobic exposure. These results confirmed that WCWD treated with 20% AA could improve the fermentation quality and enhance the aerobic stability of silage.
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Introduction

Due to the impact of COVID-19, climatic change, war, and other factors, the prices of bulk raw materials such as corn and soybean meal (SBM) have risen sharply, squeezing the profit margins of breeders. To control costs alternative forms of animal feed need to be urgently identified. Wheat (Triticum aestivum L.) is a versatile crop that is used for grain, pasture, or silage in worldwide (Shaani et al., 2017). It presents a high nutritive value, protein content, productivity, and digestibility and also contains good vitamins concentrations and fiber digestibility or even significantly higher than hay and corn (Crovetto et al., 1998). As a result, some herbivores absorb nutrients from wheat better than from high-quality alfalfa (Filya, 2003). An additional advantage of wheat is that it can be grown in the winter in semi-arid climates with yields approaching about 10 tons of dry matter (DM) per hectare (Ashbell et al., 1997). Ensiling is an important method for the preservation of fresh forage. It can reduce environmental risks and supply livestock with nutritious and palatable feedstuff throughout the year (Ren et al., 2021). Whole-crop wheat silage (WCWS) is a good feed material for ruminants, providing fiber and energy for ruminants. When the supply of whole-crop corn silage (WCCS) is insufficient, feeding WCWS can improve the milk yield of dairy cows (Bal and Bal, 2012); therefore, WCWS is widely used in dairy production in developed countries. However, during silage production microbial fermentation will consume a significant proportion of nutrients, reducing the quality of silage. Unfortunately, WCWS follows the same tendency (Ni et al., 2015). Moreover, due to the temperature and relative humidity rise under aerobic condition after silage opening, it is inevitable to proliferate yeast, mold, and other undesirable microorganisms. The aerobic deterioration results in a loss of nutrients up to 30% DM, and mycotoxins production (Borreani et al., 2018; Ferrero et al., 2019). Therefore, in order to improve the nutritional value of WCWS, additives are often used in the production process (Ni et al., 2015).

Both homo- and hetero-fermentative varieties of lactic acid bacteria (LAB) are often used as additives to improve fermentation quality and aerobic stability (Silva et al., 2021). The application of hetero-LAB is more common, especially Lactiplantibacillus (L.) buchneri. However, the effects of additives on the fermentation quality are inconsistent (Filya et al., 2004; Kleinschmit and Kung, 2006). Thus, it is important to develop new additives that can effectively control aerobic stability and inhibit secondary fermentation to ensure silage quality. Artemisia argyi H. Lev. & Vaniot (AA), a pure natural, green and edible wild herb, is widely distributed in China and east Asia, and has potential nutritional, medicinal, and commercial value (Song et al., 2019). It contains varieties active components, such as essential oils, polysaccharides, flavonoids, phenols, and terpenoids glycosides, which have certain inhibitory effects on mycotoxins Aflatoxin B1 (AFB1) and deoxynivalenol (DON). Additionally, AA is rich in crude protein (CP), polyunsaturated fatty acids, vitamin C, and essential amino acids (Khalaji et al., 2011). Recently, it also gained increasing use as a feed additive in animal husbandry for decreasing diarrhea rate and index and to regulate gastrointestinal tract function in animals (Kim et al., 2012). It is also used to increase serum antioxidant capacity (Zhang et al., 2020), improve fur color or quality and the breeding environment (Popović et al., 2017). In conclusion, the use of AA or its bioactive substance, as a feed additive not only improves animal yield but also reduces feed cost and effectively decreases the probability of secondary fermentation.

The nutritive value of wheat silage varies according to cultivar and stage of maturity at harvest (Ashbell et al., 1997). Wheat at dough stage had relatively low fermentation losses and was quite stable under aerobic exposure (Xia et al., 2018). Thus, the main objective of this work was to assess the effects of AA with different proportions addition on fermentation quality, microbial composition, mycotoxin production, and aerobic stability of whole-crop wheat at dough stage (WCWD) silage by compared with L. buchneri. It can provide a theoretical basis for further study on the effects of AA addition on aerobic stability of wheat silage at different stages.



Materials and methods


Materials collection and silage preparation

In June 2021, WCWD (cultivated variety, Qiule 18) and whole-crop AA (cultivated variety, Tangyin Beiai) were harvested in Zhengzhou (34.37° N, 113.28° E) and Anyang, Henan Province, China (35.92° N, 114.35° E), respectively. Both of them were chopped into approximately 1–2 cm length for use. L. buchneri was donated by China Agricultural University. Single colonies of L. buchneri was cultured in Man Rogosa Sharpe (MRS) medium at 37°C for 12 h, then, centrifuged the culture at 12,000 g for 10 min at 4°C and mixed precipitate with distilled water to make OD600 to 0.80.

Experimental treatments were designed as seven treatments based on the fresh weight including: (1) WCWD, no additive; (2) LB, WCWD with 2% L. buchneri [1.00 × 106 colony-forming unit per milliliter (cfu/mL)]; (3) 20% AA (WCWD with 20% AA, next same); (4) 40% AA; (5) 60% AA; (6) 80% AA; and (7) AA (only whole-crop AA). The moisture level of each group was all adjusted to approximately 65%. Forage mixtures (300 g) were placed into special fermentation plastic bag (25 cm × 35 cm) and sealed with a vacuum sealer (P-290, Shineye, Dongguan, China). Each treatment was prepared in quadruplicate and fermented for 1, 3, 7, 15, 30, and 60 days, then aerobic exposure for 2, 4, and 12 days under room temperature (16–35°C). After each opening, samples were taken for microbiological, fermentation quality, chemical composition, and toxin content analysis.



Fermentation quality, chemical composition, and microbial population analyses

A sample of 10 g was combined with 90 ml of distilled water and then filtered to determine pH value and ammonia nitrogen (NH3-N) and was measured using pH meter (Mettler Toledo Co., Ltd., Greifensee, Switzerland) and phenol–hypochloric acid colorimetric method provided by Broderick and Kang (1980), respectively. A high-performance liquid chromatography (HPLC) method was used to measure organic acids according to Wang et al. (2022a).

The sample was dried at 65°C for 48 h to determine DM level and ground through a 1.0-mm sieve to be used for determination of water soluble carbohydrates (WSC), neutral detergent fiber (NDF), acid detergent fiber (ADF), and CP. The WSC was done in accordance with anthrone colorimetry using spectrophotometer (UV mini-1240, Shimadzu, Tokyo, Japan) (Thomas, 1977), NDF and ADF contents were analyzed according to Van Soest et al. (1991), and CP was determined by the Kjeldahl apparatus (K9860, Hainon, Shandong, China) following the procedure of Association of Official Analytical Chemists (AOAC, 1990; method 984.13).

For microbial population analyses, 10 g silage sample was homogenized with 90 mL sterilized normal saline, and then serially diluted. According to the procedure described by Pang et al. (2011), the numbers of LAB were measured by plate count on de MRS agar incubated at 37°C for 48 h under an anaerobic incubator, Potato Dextrose Aga (PDA, containing 0.15% of tartaric acid) incubated at 37°C for 48 h to enumerate yeast, Nutrient Agar (NA) at 37°C for 48 h to enumerate bacillus and aerobic bacteria, respectively. For bacillus, the sample needed to be treated in 75°C water bath for 15 min first. The colonies were counted as the numbers of viable microorganisms in cfu/g of fresh matter (FM).

By comparing the differences in fermentation quality, chemical composition, and microbial population among groups in each period, AA treated group with the relatively best advantages would be selected for further analysis and comparison.



Toxin contents determination

Enzyme-linked immunosorbent assay (ELISA) kits provided by Lianshuo Biological Technology Co., Ltd (AMEKO, Shanghai, China) were used to analyze mycotoxins including Aflatoxin B1 (AFB1) and deoxynivalenol (DON).



Bacterial and fungi community analyses

A 10 g frozen sample was placed in 40-mL sterile water, and after homogenization, filtered with two layers of sterile medical gauze, then the gauze was rinsed with 40 mL sterile water three times to recover the residual microorganisms, which were recycled using a centrifuge of 12,000 g for 15 min at 4°C after the filtrate was combined. The DNA extraction and polymerase chain reaction amplification were operated according to the method described by Zhou et al. (2021). The DNA samples were paired-end sequenced through an Illumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China).

The sequencing data were analyzed on the Majorbio Bio-Pharm cloud platform.1 Community structure was analyzed at the phylum and genus levels using the Silva database with a confidence threshold of 90%. Meanwhile, alpha diversity on OTU level was applied in analyzing the complexity of species diversity for a sample through Chao and Shannon, and principal co-ordinates analysis was demonstrated for the variance of the bacterial and fungi community structure. Spearman’s correlation heatmap analysis was conducted to explore the relationships between microbial community and fermentation products.



Statistical analyses

The IBM Statistical Package for the Social Sciences statistical package 22.0 (SPSS 22.0. SPSS Inc., Chicago, IL, USA) was used to analyzed the data of fermentation quality, chemical composition, and microbial population, and Duncan tests were used to evaluate differences among treatments. Differences were considered significant when p < 0.05.




Results


Fermentation quality, chemical composition, and microbial population of fresh materials and silage

Table 1 showed the characteristics of fresh materials. The pH of WCWD and AA were both above 6.00. The contents of NDF and ADF in WCWD were 575.00 and 315.00 g/kg DM, while in AA were 490.00 and 350.00 g/kg DM, respectively. In addition, the counts of epiphytic microorganisms and mycotoxins contents were similar, LAB in two materials were both above 5.50 lg cfu/g FM, the AFB1 and DON levels were below 3.8 μg/kg and 0.15 mg/kg, respectively.


TABLE 1    Fermentation quality, chemical composition, and microbial population of fresh materials.
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According to Table 2, after 3 days ensiling, pH in LB and 20% AA were first lowered than 4.00, NH3-N were significantly lower than other groups and lactic acid contents were dramatically higher in these two groups. Lactic acid reached the highest level at 15 days of fermentation in all groups, among which WCWD was the lowest and kept until the end of fermentation. During the aerobic phase, all treated groups had lower pH values and higher lactic acid contents, in particular LB and 20% AA.


TABLE 2    Dynamics changes of DM and fermentation quality through silage ensiling.
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Chemical compositions of silage are shown in Table 3. The WSC and CP were relatively higher in all treated groups except LB on 3 days, and the contents increased as AA proportion was added. Moreover, NDF content in all AA groups was always lower than that in WCWD and LB. At 2 days of aerobic exposure, DM contents were increased in all groups. With the aerobic exposure time prolonged, AA group had the highest WSC content, and the second was the 20% AA group.


TABLE 3    Chemical composition through silage ensiling and aerobic exposure.
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With the extension of ensiling, the decrease rate of harmful microorganisms in AA-added groups was significantly higher than WCWD (p < 0.01) (Table 4). In LB, the number of LAB was relatively higher. On day 7, the number of LAB in 20% AA began to the highest with 9.96 lg cfu/g FM. During the whole aerobic exposure phase, 20% AA group was still the highest in each stage with above 8.00 lg cfu/g FM on 12 days.


TABLE 4    Microbial population through silage ensiling and aerobic exposure.
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Combining the above results, a 20% of AA-treated group had been selected for the following toxin contents and microbial communities analysis with LB group.



Toxin contents among silage

Figure 1 exhibited the changes of AFB1 and DON through the ensiling and aerobic exposure. After 60 days fermentation, AFB1 increased in all groups, while in 20% AA still below 5.9 μg/kg; the DON in WCWD was higher than other groups with about 0.30 mg/kg. During the whole aerobic exposure, AFB1 continued to increase, and lowest and highest contents were observed in 20% AA and WCWD in every phase, respectively. Similarly, the DON contents in all groups still increased with the prolongation of aerobic exposure as AFB1.
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FIGURE 1
Contents of AFB1 (A) and DON (B) after 60 days of ensiling and during the aerobic exposure; 60 d, ensiling for 60 days. AE, aerobic exposure; AE4 d and AE12 d, aerobic exposure for 4 and 12 days, respectively. WCWD, no additive; LB, WCWD with 2% Lactiplantibacillus buchneri; 20% AA, WCWD with 20% AA; AA, only whole-crop AA. Means with different letters in the same time (a–d) indicate a significant difference according to Duncan test (p < 0.05).




Dynamics changes of microbial community on fresh materials and silage


Alpha diversity indexes

As shown in Table 5, for bacterial, after 60 days of ensiling, Shannon and Chao1 indexes in all groups were lower than fresh materials. With the aerobic exposure time prolonged, Shannon indexes in WCWD increased, while LB and 20% AA decreased. Chao1 indexes in all groups decreased, especially in 20% AA group. For fungi, Chao1 indexes in all silages after 60 days ensiling were lower than fresh materials. After aerobic exposure of 4 days, Shannon index in WCWD increased; while Chao1 indexes in WCWD, LB and 20% AA decreased, especially in 20% AA.


TABLE 5    Alpha diversity of bacteria and fungi during ensiling and aerobic exposure.
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Principal coordinate

Microbial communities in all groups were significantly different from that in fresh materials after 60 days (Figure 2). At 12 days of aerobic exposure, bacterial communities of WCWD and AA were more similar, while in LB and 20% AA more analogous. For fungi community, the compositions of fungi in WCWD, LB, and 20% AA were becoming similar on 4 days of aerobic exposure. With the extension of aerobic exposure time, the differences between all groups were gradually obvious; meanwhile, 20% AA and AA were becoming similar.
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FIGURE 2
Principal co-ordinates analysis on OTU level of bacterial and fungi community during ensiling and aerobic exposure. (A,D) Bacterial and fungi communities after 60 days of ensiling; (B,C,E,F), bacterial and fungi communities after aerobic exposure for 4 and 12 days, respectively. WCWD, no additive; LB, WCWD with 2% Lactiplantibacillus buchneri; 20% AA, WCWD with 20% AA; AA, only whole-crop AA.




Microbial community abundance

As illustrated in Figure 3A, for phylum level, the abundances of Proteobacteria were the dominant community in both two fresh materials, while the predominantly bacterial community shifted from Proteobacteria to Firmicutes after 60 days ensiling. On 12 days aerobic exposure, Proteobacteria regained dominance in WCWD, LB, and 20% AA. As for genus level of bacterial community displayed in Figure 3B, Lactobacillus and Enterobacter increased and Pantoea decreased in WCWD, LB, 20% AA and AA after 60 days. Among aerobic exposure time, the bacterial community structure in all groups comparatively stayed stable, consisting mainly of Lactobacillus, Enterobacter, Bacillus, and Weissella. After 12 days aerobic exposure, Lactobacillus markedly decreased and Enterobacter significantly reduced in WCWD and AA. Meantime, Lactobacillus was highest at 16.61%, while Weissella (0.08%) and Acinetobacter (5.29%) were lowest at 20% AA.


[image: image]

FIGURE 3
Bacterial community compositions at the levels of phylum (A) and genus (B). 60, ensiling for 60 days. AE, aerobic exposure; AE4 and AE12, aerobic exposure for 4 and 12 days, respectively. WCWD, no additive; LB, WCWD with 2% Lactiplantibacillus buchneri; 20% AA, WCWD with 20% AA; AA, only whole-crop AA.


As can be seen in Figure 4A, the phylum level of fungi communities showed that Ascomycota increased in all silages after 60 days ensiling, among which WCWD had the highest abundance. With the prolongation of aerobic exposure, the abundance of Ascomycota increased, which was higher than Basidiomycota and occupied the dominant position among all groups on 4 and 12 days. For genus level in Figure 4B, Sporidiobolus (45.71%) took a dominant position in fresh WCWD and Filobasidium (55.34%) took a dominant position in fresh AA. After ensiling 60 days, Wickerhamomyces and Aspergillus abundances increased, while Sporidiobolus and Filobasidium decreased. During aerobic exposure, the fungal community composition relatively stayed stable, consisting mainly of Wickerhamomyces, Issatchenkia, and Candida. Compared with other groups, 20% AA had the most Issatchenkia abundance (66.69%) and the least Aspergillus abundance (1.01%) on day 4.


[image: image]

FIGURE 4
Fungi community compositions at the levels of phylum (A) and genus (B). 60, ensiling for 60 days; AE, aerobic exposure, AE4 and AE12, aerobic exposure for 4 and 12 days, respectively. WCWD, no additive; LB, WCWD with 2% Lactiplantibacillus buchneri; 20% AA, WCWD with 20% AA; AA, only whole-crop AA.





Correlation analyses of microbial community and fermentation products

Figure 5 illustrated the relationships between the top 15 most abundant bacteria or fungi and fermentation products at the genus level. During fermentation 60 days and aerobic exposure 4 and 12 days, pH was negative correlated with Lactobacillus (r = –0.82, p < 0.001), Issatchenkia (r = –0.74, p < 0.01), and Kazachstania (r = –0.76, p < 0.01); WSC was positive with Naumovozyma (r = 0.73, p < 0.01) and Issatchenkia (r = 0.61, p < 0.05); lactic acid was positive with Lactobacillus (r = 0.58, p < 0.01); AFB1 was negative with Pantoea (r = –0.69, p < 0.01), Sporidiobolus (r = –0.86, p < 0.05), and Filobasidium (r = –0.85, p < 0.001), and positive with Bacillus (r = 0.61, p < 0.05), Wickerhamomyces (r = 0.67, p < 0.01), and Aspergillus (r = 0.42, p < 0.01). The correlation analysis of DON was generally similar to AFB1.
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FIGURE 5
Spearman correlation heatmap of abundance of the top 15 enriched bacteria (A) and fungi (B) at the genus level with fermentation products during aerobic exposure.





Discussion

The characteristics of raw materials, especially the DM and WSC contents, are important factors in determining the quality of silage fermentation. It is generally accepted that the optimal DM of silage is between 25.00 and 35.00%, while the theoretical WSC requirement for maintaining successful silage is above 50.00 g/kg DM (Wang et al., 2018; Li et al., 2019). In the present study, fresh WCWD had a higher DM content at 44.48%, and a relatively low WSC concentration of 34.30 g/kg DM. This illustrates the difficulty of obtaining high-quality silage by ensiling WCWD alone. These two factors for fresh AA were quite the opposite to WCWD, mixing these two materials for silage may result in a good quality feed, which is one of the objectives to carry out this study. The number of epiphytic LAB on fresh materials was above 5.50 lg cfu/g FM, which was high enough to convert WSC into organic acids and decrease pH under anaerobic condition, guarantee the effective fermentation (Oliveira et al., 2017). Moreover, bacillus, aerobic bacteria, and yeast, which are undesirable for silage, were more than 4.36 lg cfu/g FM in both two raw materials, might be a challenge to ensile directly without exogenous additives.

The pH of silage is an important parameter to indicate the degree of fermentation. A lower pH ensures better anaerobic fermentation and further inhibits the growth of harmful or undesirable microorganisms (Kung et al., 2018). In this research, through anaerobic fermentation for 3 days, the pH firstly declined to approximately 4.00 in LB and 20% AA, indicating that the WCWD ensiling was facilitated by adding LAB and 20% AA. Furthermore, at 2 days of aerobic exposure next to 60 days ensiling, pH values were both below 4.00 in LB and 20% AA, and it increased with the increase of AA in AA-treated groups, but it was still lower than that in WCWD. With the extension of aerobic exposure, pH in all groups significantly increased, while in 20% AA was still the lowest. This might be because after the fermented feed was opened and came into contact with the air, carbohydrate, organic acid, protein, and amino acid were decomposed by aerobic microorganisms, heat was generated and the pH increased (Kung et al., 2003). However, 20% AA treated to WCWD might exert an antibacterial effect continuously, slow down the proliferation of aerobic bacteria, and thus, prevent the rapid increase in pH.

Lactic acid, produced by LAB, leads to the reduction of pH during the early stage of ensiling. During the silage process in this research, the highest lactic acid concentration was observed in LB. The content of lactic acid in 20% AA was slightly higher compared with other groups; however, other proportions of AA didn’t exhibit corresponding effects. This might be explained by that LB and 20% AA inoculations accelerated lactic acid fermentation during ensiling. Similar results were also detected in whole-plant corn silage (Sun et al., 2021) and sugarcane top silage (Wang et al., 2020). With the extension of aerobic exposure time, lactic acid all decreased, but in 20% AA was highest among all groups at 12 days aerobic exposure. As lactic acid content could reduce the pH value of silage, effectively inhibit the growth of harmful bacteria and prevent the silage from spoilage, it might be one of the reasons for fermentation quality was good in 20% AA (Guo et al., 2018). The contents of acetic acid began to decrease among all groups from 15 days, this might be because pH did not change much or increased after that, and the acidity decreased, part of the acetic acid is combined with the salt group to form acetate (Guan et al., 2021). Contents of acetic acid in all AA-treated groups were significantly higher after ensiling 60 days. For appropriate acetic acid concentration that could inhibit yeast and improve aerobic stability, AA groups could significantly inhibit fungi and improve aerobic stability of silage, which were also consistent with the findings of Ma et al. (2022) and Wang et al. (2022b).

The DM content in 60 and 80% AA from 7 day and LB and 20% AA from 15 days of ensiling was increased. This result may be because the initial DM of LB and 20% AA group was 44.01 and 39.86%, which were not within the optimal DM range compared with 60% AA group (33.86%) and 80% AA group (33.22%), but the humid environment might promote the growth and reproduction of various bacteria to a certain extent. With the prolongation of fermentation time, LB and 20% AA showed a better inhibition effect on unwanted bacteria, especially aerobic bacteria and yeast, which reduced the loss of DM caused by metabolism and decomposition. Respiration by bacteria consumes some of the organic material during the fermentation, while releasing CO2 and H2O. This reduces the total amount of nutrients and decreases CP content, resulting in a “concentration effect” of the protein. The loss of CP in 20% AA was the least, especially at aerobic exposure time. This is probably because products such as short-chain peptides, free amino acids, and non-protein nitrogen hydrolyzed by CP can be used by some microorganisms to synthesize microbial proteins (He et al., 2020), increasing the true protein content. Proteolysis is one of the most important processes during silage, which is often hydrolyzed into non-protein nitrogen as NH3-N and peptide by microbial activity and protease (Wang et al., 2018). The ratio of NH3-N to total nitrogen reflects the degree of protein and amino acid decomposition during silage production, with a higher ratio indicating more protein decomposition and poor silage quality. It is generally accepted that if the NH3-N is less than 1/10 of the total nitrogen content, it indicates successful fermentation (Hassanat et al., 2007; Kung et al., 2018). In this study, NH3-N showed an uptrend with the prolonging of fermentation and aerobic exposure, which might be due to the presence of various microorganisms. The lowest growth rate has detected in 20% AA might be because lower pH inhibited the growth protein-hydrolyzing microorganisms, while highest growth rate has detected in 80% AA and AA, which was consistent with the higher pH value during aerobic exposure. The difference in the quality of roughage is reflected in the levels of NDF and ADF. In this study, the NDF and ADF contents in all groups have been declined after ensiling, suggesting fermentation breaks down cellulose to form volatile fatty acids, which are the main source of energy for ruminants (Ogunade et al., 2018).

Ensiling is a dynamic enzymatic and microbial reaction involving microorganisms such as LAB, bacillus, and yeast (Pahlow et al., 2003). The addition of LAB can accelerate the accumulation of lactic acid, lower pH values, and inhibit undesirable bacteria growth (Ni et al., 2017). In this study, from the beginning of the fermentation, the number of LAB was higher and the growth of undesirable microorganisms was lower in LB. On the 3 days of fermentation, numbers of bacillus and aerobic bacteria in LB were markedly lower, which might be due to the fast acidification is key to controlling the growth of harmful bacteria (Pahlow et al., 2003). Meanwhile, AA had an obviously inhibitory effect on harmful bacteria and fungi including Aspergillus flavus, Escherichia coli, Colletotrichum fragariae, and so on (Guan et al., 2019). The highest LAB numbers were observed in 20% AA from 15 days until the end of the aerobic exposure phase. This coincided with the fewest harmful microorganisms, lowest pH, and highest lactic acid content in 20% AA. During ensiling, the growth of yeast can consume large quantities of nutrients, increase pH and lead to the deterioration of silage (Li et al., 2021). In this experiment, all AA-treated groups inhibited yeast growth, while LB treatment proved ineffective. However, during aerobic exposure yeast proliferated rapidly in all groups, although increasing amounts of AA were able to slow down this deterioration, while 20% AA had the least counts of yeast at the end of the entire observation period. This finding confirmed previous observations that some yeasts can grow well in acidic and anaerobic environments and that lactic acid alone is insufficient to inhibit the growth of these fungi (Santos et al., 2016).

Silage can become contaminated with a variety of mycotoxins before harvest, during fermentation, and after the completion of silage. Ingestion of mycotoxin by ruminants can adversely affect their health and performance and pose a threat to food safety and human health. Furthermore, mycotoxins are extremely heat stable and cannot be adequately eliminated by conventional feed processing methods (Juan et al., 2020). Fusarium head blight (FHB) is one of the most important diseases that occur during wheat cultivation. It is widespread and affects a large area, producing a variety of toxic metabolites, causing a reduction in wheat yield and quality (Abbas and Ylimattila, 2022). Agustina et al. (2017) identified several mycotoxins in wheat silage, with AFB1 and DON being the most commonly encountered and abundant. Currently, strategies aiming to degrade these contaminating toxins by the addition of microorganisms or Chinese herbal medicines are being explored. Converting mycotoxins into non-toxic metabolites by enzymes produced by living microorganisms or the direct addition of enzymes present in plants holds great promise due to the high efficiency, specificity, and environmentally friendly nature of these approaches (Gallo et al., 2021). The addition of heterofermentative LAB is able to shift silage fermentation toward heterolactic pathway and inhibits the growth of toxigenic fungi. As a consequence, it could delay the onset of aerobic deterioration after exposure to air of the silage, and stave off mycotoxin synthesis (Ferrero et al., 2019; Mugabe et al., 2019). In the present experiment, toxin contents significantly increased compared with fresh materials after 60 days ensiling; while AFB1 in 20% AA had the lowest content. This may be due to the fact that the aerobic mold–producing mycotoxins is still active during the early aerobic respiration stage (0–3 days) after fermentation; although pH further decreased, LAB became the dominant flora, and mold activity was limited and toxin production gradually decreased, it still continued to accumulate (Aragon et al., 2011; Cheli et al., 2013). According to the results, the addition of AA can effectively inhibit mycotoxin production. It presented the lowest AFB1 level in 20% AA during aerobic exposure. Meanwhile, DON contents in all groups still increased, but 20% AA had the lowest DON level throughout the aerobic exposure. Mycotoxins are closely related to the structural and quantitative changes of fungi community, and AA could control toxin contents by inhibiting fungal growth and reducing the abundance of fungi (Wang et al., 2022a), which is consistent with the results of this experiment.

Feed quality is drastically influenced by the species composition and abundance of dominant microorganisms during the fermentation process (Hassanat et al., 2007). After 60 days ensiling, the richness of bacteria and fungi in LB and 20% AA groups were lower compared with other groups, which may because of the relatively lower pH values (3.85 and 4.11). McAllister et al. (2018) also reported that inhibiting the reproduction of unfavorable microorganisms in silage would reduce the lower abundance of the microbial composition, thus improving the silage quality. During aerobic exposure, the microbial richness in WCWD decreased dramatically. Similar observations were also reported by Zhang et al. (2019) and Wang et al. (2022a). At 2 and 4 days, the number of microorganisms in LB, 20% AA and AA groups were relatively high, and the compositions of microbial community in LB and 20% AA were gradually similar. This might because microbialcommunities in silage treated with LAB and AA changed along with environment from anaerobic to aerobic (Wang et al., 2022b).

Changes in the main microorganisms during fermentation and aerobic exposure are closely related to the quality of the feed. In this study, after 60 days ensiling, the predominantly bacterial shifted from Proteobacteria to Firmicutes. Firmicutes is a vital acid hydrolytic microbes under anaerobic condition that including the majority of bacteria involved in lactic acid fermentation. It could influence metabolism and maintain the homeostasis of the internal environment through their specific flora structure, activity, and metabolites (Preston et al., 2005). This phenomenon that the dominance of Firmicutes after ensiling might be because of the anaerobic conditions, which were beneficial to the growth of Firmicutes. The relative abundance of Proteobacteria increased as the extension of aerobic exposure, and Firmicutes was gradually replaced by Proteobacteria, especially significantly in WCWD group. These results are in accordance with the report of Ali et al. (2020), it might be because an increased in pH and decreased in organic acids are not beneficial to the proliferation of Firmicutes. Dynamic changes in the bacterial community from Gram-negative to Gram-positive microbes during ensiling indicate that fermentation could inhibit the proliferation of pathogenic bacteria widely presented in raw materials, and AA played same and even better roles than LAB. Meanwhile, aerobic exposure made a comeback or even exacerbation of harmful bacteria, AA and LAB slowed down the aerobic deterioration of WCWD to a certain extent, but they cannot be fundamentally avoided. Therefore, it should be fed as soon as possible after opening.

Pantoea represents the most dominant genera in fresh materials (Ma et al., 2022), and the WCWD in this study was no exception. However, the relative abundance of Pantoea decreased during the ensiling and the following aerobic exposure, while it was higher at 20% AA, this is consistent with Wang et al. (2021). Pantoea has the ability to reduce NH3-N content and pH value of silage, this may be the reason for lower pH values and NH3-N contents in 20% AA. Moreover, the negative correlation between AFB1 and Pantoea was observed, which was in line with the aforementioned lower AFB1 content in 20% AA during fermentation and aerobic exposure. At the early stage of ensiling, Lactobacillus usually dominates and converts plant carbohydrate into organic acid to decrease pH of silage after some plant cell and aerobic microorganisms consume oxygen. It can inhibit the growth of Enterobacteria and other undesirable microorganisms such as yeast and mold (Sun et al., 2021). In the present study, after 60 days ensiling, Lactobacillus abundance increased in all groups, especially in 20% AA. Once the anaerobic environment is destroyed, Lactobacillus numbers decreased with extended periods of aerobic exposure, while their abundance was relatively better preserved in 20% AA. Lactobacillus was positively correlated with lactic acid and negatively with pH during ensiling and aerobic exposure in the study. Those abovementioned suggested that the satisfactory fermentation quality of silage in 20% AA might be higher abundance Lactobacillus dominating the fermentation process. Enterobacter is generally considered to be undesirable during fermentation because it can ferment WSC and lactic acid to ethanol, 2,3-butanediol or endotoxins, which may cause degradation of fermentation quality and feed contamination (McGarvey et al., 2013). This is also confirmed in the present study. Enterobacter was positively correlated with NH3-N and AFB1 during the whole experiment, and it was rarely detected in LB and 20% AA treated groups after aerobic exposure, this may also be one of the reasons for fermentation quality remained well in these 2 groups. With the extension of aerobic exposure, Acinetobacter increased, and the abundance in 20% AA was the lowest, while that in WCWD was the highest. Acinetobacter proliferates rapidly under aerobic conditions, causing the deterioration of silage, and posing a risk to animals and humans (Liu et al., 2019). Correlation analysis showed that Acinetobacter and AFB1 had a positive correlation also proved this point.

In the present study, fungi were represented by Basidiomycota and Ascomycota. Basidiomycota is a major lineage of fungi containing more than 40,000 species. Basidiomycota represents almost a third of all known fungal species including mushrooms, plant pathogenetic smut, rust, and industrially important forms of yeast. These play an essential role in the ecosystem and participate in the recycling of nutrients (He and Zhao, 2021). Ascomycota, comprised of approximately 11,000 species, is also a diverse and species-rich phylum in the kingdom of fungi. It contains a broad range of life modes including pathogenic, saprobic, and endophytic (Ali et al., 2020). Basidiomycota was the dominant phylum in fresh materials, and the abundance of Ascomycota significantly increased and occupied the dominant position among all groups through the ensiling process and aerobic exposure time. This result was in accordance with the findings of Liu et al. (2019) and Zhang et al. (2019). Interestingly, there were no notable differences in the abundance of Basidiomycota and Ascomycota between WCWD, LB, and 20% AA silages, suggesting that fungal composition at the phylum level was rarely affected by the presence of inoculants or additives during fermentation and aerobic exposure.

Members of Sporomiaceae occur as saprobes on a wide range of substrates, including herbivore dung, plant debris, wood, and soil (Phukhamsakda et al., 2016). They were found to be relatively abundant in fresh WCWD. In contrast, Filobasidium took a dominant position in AA, which is widely found in most traditional medicinal plants and is beneficial to their host plant (Chen et al., 2020). The amounts of AFB1 and DON showed a markedly negative correlation with Filobasidium, and lower levels of toxins in fresh AA might be attributed to this. Species of the genera Aspergillus, Fusarium, Penicillium, and Monascus have been frequently reported, many of them able to produce mycotoxins, which mainly are AFB1 and DON (Cheli et al., 2013). Untreated WCWD had the highest contents of Aspergillus and Monascus, while 20% AA had the least both during fermentation and aerobic exposure. This is consistent with the positive correlation between the abundance of Aspergillus and Monascus with AFB1 and DON contents, respectively. After a longer period of aerobic conditions, Wickerhamomyces became remarkably abundant and started to outnumber Aspergillus and Monascus in 20% AA and AA. Several studies demonstrated that Wickerhamomyces could inhibit the production of mycotoxins, while enhancing the richness and complexity of volatile aroma compounds (Liu et al., 2021; Raynaldo et al., 2021). In the present study, there was no significant correlation between AFB1 and Wickerhamomyces. Similar findings were reported by others, corroborating this observation (Deepa et al., 2019; Restuccia et al., 2020). These results clearly showed that AA can inhibit the growth of undesirable microorganisms, thereby improving the quality of fermented feed both during fermentation and following aerobic exposure. These findings provide further evidence that AA can used as useful additives in the production of fermented animal feed.



Conclusion

This study evaluated the fermentation quality, chemical composition, microbial population, and mycotoxin of silage ensiling (1, 3, 7, 15, 30, and 60 days) and aerobic exposure (2, 4, and 12 days) treated by LB and AA. Compared with treated by LB, throughout the ensiling and exposure, 20% AA could improve the quality of WCWD by higher contents of lactic acid, lower NH3-N, enhance Lactobacillus abundance. Meanwhile, 20% AA reduced Enterobacter, Acinetobacter, and Aspergillus, effectively degraded AFB1 and DON. To sum up, addition of 20% AA to WCWD could more effectively increase the abundance of LAB, reduce the production of harmful microorganism and mycotoxins, and improve the quality of silage, especially in aerobic exposure stage. The results of this research provide a preliminary reference toward establishing the possibility that AA might be used as efficient feed additive.
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Sweet sorghum is an important forage in arid and semi-arid climatic regions. This study aimed to reveal the fermentation weight loss (FWL), fermentation quality, and bacterial community of ensiling of sweet sorghum with lactic acid bacteria LAB; (Lactiplantibacillus plantarum and Lentilactobacillus buchneri) at different silo densities. For this study, sweet sorghum was harvested at the first spikelet of inflorescence stage and ensiled without or with LAB (CK or L) in polyethylene laboratory-scale silos (diameter, 20 cm; height, 30 cm) at densities of 650 (CK_650 and L_650), 700 (CK_700 and L_700), and 750 kg/m3 (CK_750 and L_750), respectively. The FWL, fermentation quality, microbial counts, and bacterial community of the silage were assessed after 100 days of ensiling. L_750 had a lower FWL than CK_650, _700, and _750 after 100 days of ensiling (P < 0.005), and the FWL was affected by silo density and inoculating LAB (P < 0.005). All silages had low pH (<4.0) and ammonia nitrogen content (<50 g/kg total nitrogen) and did not contain propionic and butyric acids; moreover, inoculating LAB increased lactic and acetic acids (P < 0.005). Bacterial communities in inoculated and uninoculated silages were clustered together, respectively, and clearly separated from each other. The total abundance of Lactiplantibacillus and Lentilactobacillus in fresh forage was <1%. Lactiplantibacillus had the highest abundance in all silages (from 71.39 to 93.27%), followed by Lentilactobacillus (from 3.59 to 27.63%). Inoculating LAB increased the abundance of Lentilactobacillus in each silo density (P < 0.005) and decreased Lactiplantibacillus in the silage in densities of 700 and 750 kg/m3 (P < 0.005); moreover, increasing silo density decreased Lactiplantibacillus abundance and increased Lentilactobacillus abundance in inoculated silages (P < 0.005). Overall, sweet sorghum silage showed satisfactory fermentation quality, with a density of no <650 kg/m3, and inoculating LAB improved fermentation quality and reduced FWL. Lactiplantibacillus and Lentilactobacillus presented as minor taxa in fresh sweet sorghum and dominated the bacterial community of all silages. Inoculating LAB was the main factor affecting the bacterial community of sweet sorghum silage. Moreover, inoculating LAB and increasing silo density can contribute to the decreasing Lactiplantibacillus abundance and increasing Lentilactobacillus abundance.

KEYWORDS
bacterial community, bacterial diversity, fermentation weight loss, microbial counts, nutritional compositions, organic acid, sweet sorghum silage


Introduction

Sweet sorghum is an important crop in arid and semi-arid climatic regions. It can tolerate adverse environments such as limited rainfall, high temperature, and low soil fertility (Amer et al., 2012). This tolerance can be attributed to their primary roots, which absorb water and nutrients from the soil, and the secondary roots, which penetrate very deep into the soil (Tudisco et al., 2021). In addition to its use as a bioenergy crop, sweet sorghum has the potential to be used as forage for livestock (Orrico et al., 2020). The presence of a high concentration of water-soluble carbohydrates (WSCs) in sweet sorghum improves its ensilability when inoculated with more lactic acid bacteria (LA) during the fermentation process (Adesogan et al., 2004; Orrico et al., 2020). Therefore, ensiling is a satisfactory method for preserving sweet sorghum to provide high-quality forage to livestock production all year round (Orrico et al., 2020). Previous studies showed that sweet sorghum silage can replace corn silage in the dairy cow TMR without any negative effect on milk production and quality (Colombini et al., 2012; Tudisco et al., 2021), and the production performance of sheep can be sustained by feeding sorghum silage in replacement of corn silage (Sabertanha et al., 2021).

In recent years, the interest in sweet sorghum silage had increased, with greater prominence in areas where water resources are in short supply (Fernandes et al., 2020). Most previous studies showed the satisfactory fermentation quality detected in sweet sorghum silage without any treatment (Li et al., 2017; Sifeeldein et al., 2018; Alhaag et al., 2019; Orrico et al., 2020; Diepersloot et al., 2021). Inoculating lactic acid bacteria (LAB) for ensiling of sweet sorghum improves fermentation quality by reducing pH and ammonia nitrogen (AN) and increasing LA of the silage (Li et al., 2017; Sifeeldein et al., 2018; Alhaag et al., 2019). However, some studies reported that microbial inoculants have no positive effect on the fermentation quality of sweet sorghum silage (Orrico et al., 2020; Diepersloot et al., 2021). Ren et al. (2021) showed that ensiling of sweet sorghum with rumen fluid improves the fermentation quality of terminal silage, and Lactobacillus is the predominant bacterial community used for ensiling. Moreover, Lentilactobacillus buchneri and Lentilactobacillus hilgardii are predominant bacterial genera used in co-ensiling of Sesbania cannabina and sweet sorghum with LAB inoculants (Xia et al., 2022). However, there is limited information about the effect of silo density on fermentation weight loss (FWL), fermentation quality, and bacterial community of sweet sorghum silage in the literature.

We hypothesized that ensiling of sweet sorghum with LAB inoculants at different silo densities can alter the FWL, fermentation quality, and bacterial community of the silage. Thus, the objectives of this study were to determine the dynamics of FWL during the fermentation process, as well as the fermentation quality and the bacterial community of the terminal silage.



Materials and methods


Preparing silages and sampling

For this study, sweet sorghum [Sorghum dochna (Forssk.) Snowden] was grown on an experimental farm of Inner Mongolia Academy of Agriculture and Animal Husbandry Science, Hohhot, China. It was harvested at the first spikelet of inflorescence stage from four different fields as replicates on 26 September 2021. The fresh forages from each field were separately chopped into 1- to 2-cm pieces, mixed thoroughly, and then divided into two batches: One batch (CK) was sprayed with 10.0 ml/kg fresh weight (FW) of distilled water, and the other batch (L) was sprayed with 10.0 ml/kg FW of distilled water and 5 g/t FW (recommended amount) of commercial LAB additives (Lactiplantibacillus plantarum 550 and 360 (≥1.3 × 1010 CFU/g) and Len. buchneri 225 (≥7.0 × 109 CFU/g); Zhuanglemei. Sichuan Gaofuji Biotechnology Co. Ltd, Chengdu, China). After thorough mixing, the CK batch from each field was divided into three sub-batches for the three silo densities, and the three sub-batches were packed into three polyethylene laboratory-scale silos (diameter, 20 cm; height, 30 cm) at densities of 650 (CK_650), 700 (CK_700), and 750 kg/m3 FW (CK_750), respectively. The L batch from each field was divided into three sub-batches for the three silo densities, and the three sub-batches were also packed into three polyethylene laboratory-scale silos (diameter, 20 cm; height, 30 cm) at densities of 650 (L_650), 700 (L_700), and 750 kg/m3 FW (L_750), respectively. The 24 silos (6 treatments * 4 replicates) were stored at ambient temperature (22–25°C) and sampled at 100 days of ensiling to determine the fermentation quality, microbial counts, bacterial community, and nutritional compositions.



Fermentation weight loss

The FWL was recorded for 24 silos following the method mentioned in Samarasinghe et al. (2019). The weights of the silage silos were measured at 0, 1, 3, 6, 15, 30, 50, and 100 days of ensiling, and the weights of silos before ensiling were also measured.
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x d = 1, 3, 6, 15, 30, 50, and 100 days of ensiling.



Fermentation quality

The fresh forages or silages were dried at 65°C for 48 h using a forced-air oven (BPG-9240A, Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China) to measure the dry matter (DM) content, and then were ground through a 1-mm screen using a mill (FS-6D; Fichi Machinery Equipment Co., Ltd., Shandong, China) for measuring buffering capacity (BC) and nutritional components.

The extract was prepared from fresh forage or silage (25 g) and homogenized with sterile water (225 ml) for 100 s by using a flap-type sterile homogenizer (JX-05, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China) and filtered through four layers of cheesecloth (Xu et al., 2021). The pH of fresh forage or silage was assessed using a pH meter (PB-10, Sartorius, Gottingen, Germany) to measure the extract. After filtrating through a filter membrane (0.22 μm), the concentrations of LA, acetic acid (AA), propionic acid, and butyric acid in silage were assessed by high-performance liquid chromatography (DAD, 210 nm, SPD-20A, Shimadzu Co., Ltd., Kyoto, Japan). The conditions were as follows: detector, SPD-20A diode array detector, 210 nm; column, Shodex RSpak KC-811, 50°C (Showa Denko K.K., Kawasaki, Japan); and mobile phase, 3 mM HClO4, 1.0 ml/min (Wang et al., 2021). The AN concentration in silage was assessed using a Kjeltec autoanalyzer (8400; Foss Co., Ltd., Hillerød, Denmark) according to the Kjeldahl method (AOAC International, 2005). The BC in fresh forage or silage was assessed using acid–base titration to measure the powder sample (Playne and McDonald, 1966).



Microbial counts and bacterial community

The microbial counts in fresh forage or silage were assessed as described in Cai (1999). Coliforms, aerobic bacteria, and yeasts were cultured on violet red bile agar, nutrient agar, and potato dextrose agar, respectively, in an incubator (LRH-70, Shanghai Yiheng Science Instruments Co., Ltd, Shanghai, China) at 30°C for 72 h. Moreover, LAB were cultured on Man, Rogosa, and Sharpe agar under anaerobic conditions in the same incubator at 30°C for 72 h.

The bacterial DNA in the fresh forage or silage was extracted by using an E.Z.N.A. ®Stool DNA Kit (D4015, Omega Bio-tek, Inc., GA, USA) in accordance with the manufacturer's instructions. The V3–V4 region of the bacterial rRNA gene was amplified using a polymerase chain reaction (PCR) with primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′). The amplifying condition was as follows: 98°C for 30 s, followed by 32 cycles of denaturation at 98°C for 10 s, annealing at 54°C for 30 s, and extension at 72°C for 45 s, followed by a final extension at 72°C for 10 min (Logue et al., 2016). The PCR products were purified by using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and then quantified by using a Qubit Fluorometer (Invitrogen, USA). The purified and quantified PCR products were sequenced by an Illumina NovaSeq PE250 platform in accordance with the manufacturer's recommendations, provided by LC-Bio (Hangzhou Lianchuan Biotechnology Co., Ltd, Hangzhou, China). The paired-end reads were merged by FLASH. Principal coordinates analysis (PCoA) and bacterial community differences between CK_650, _700, and _750; L_650, _700, and _750; CK_650 and L_650; CK_700 and L_700; and CK_750 and L_750 were analyzed using R 3.6.1. Sequencing data were submitted to the NCBI Sequence Read Archive database (accession number: PRJNA860017).



Nutrition compositions

The total nitrogen (TN) in fresh forage or silage was assessed by using a Kjeltec autoanalyzer (8400; Foss Co., Ltd., Hillerød, Denmark) with copper as the catalyst according to the Kjeldahl method, and the TN multiplied by 6.25 was the crude protein (CP) concentration in silage. The neutral detergent fiber (NDF) and acid detergent fiber (ADF) concentrations were assessed using an Ankom fiber analyzer (2000, Ankom, Macedon, NY, USA) without heat-stable amylase (Van Soest et al., 1991). The ash concentration in fresh forage or silage was assessed according to AOAC (2005).



Statistical analyses

The data regarding the FWL were as a 3 × 2 × 7 factorial treatment structure. The model included three silo densities (650, 700, and 750 kg/m3 FW), two inoculating LAB levels (0 and 2 g/t FW), seven ensiling times (1, 3, 6, 15, 30, 50, and 100 days of ensiling), and their interaction (silo density * inoculating LAB, silo density * ensiling time, inoculating LAB * ensiling time, and silo density * inoculating LAB * ensiling time). The differences among seven ensiling times for each treatment and among six treatments for each ensiling time were analyzed using the GLM procedure of SAS (SAS System for Windows, version 9.1.3; SAS Institute Inc., Cary, NC, USA). The data regarding the fermentation quality, microbial counts, sequencing data, alpha diversity, and nutrition compositions were analyzed as a 3 × 2 factorial treatment structure. The model included three silo densities (650, 700, and 750 kg/m3 FW), two inoculating LAB levels (0 and 2 g/t FW), and their interaction (silo density * inoculating LAB). The differences among six treatments were also analyzed using the GLM procedure of SAS. The correlation heatmap between main bacterial genera and fermentation quality was built by R 3.6.1.




Results


Characteristics of materials

The characteristics of sweet sorghum before ensiling are presented in Table 1.


TABLE 1 Characteristics of sweet sorghum before ensiling (n = 4).
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Fermentation weight loss of silages during fermentation

The FWL in all treatments increased during the fermentation process (P < 0.05) (Table 2). The L_750 had the lowest FWL among all treatments from 15 to 100 days of storage (except CK_750 at 15 days and L_650 and _700 at 100 days) (P < 0.05). Moreover, CK_750 had lower FWL than CK_650 and _700 at 30 days (P < 0.05), and CK_750 and L_700 had lower FWL than CK_700 and CK_650 at 50 days, with FWL of L_650 lower than that of CK_650 (P < 0.05). Silo density, inoculating LAB, and ensiling time had a significant effect on the FWL of silages, which were interacted by silo density and inoculating LAB, and inoculating LAB and ensiling time (P < 0.05).


TABLE 2 Fermentation weight loss (% based on fresh weight) of sweet sorghum silages during the fermentation process (n = 4).
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Fermentation quality of silages

The pH in L_650, CK_700, and L_750 was lower than that in CK_650 but higher than that in L_700 and CK_750 (P < 0.05) (Table 3). L_650, _700, and _750 had higher LA and AA concentrations and lower LA/AA than CK_650, _700, and _750 (P < 0.05). The AN in L_750 was higher than that in L_650 and CK_700 and _750, with AN in CK_750 lower than that in CK_650 (P < 0.05). CK_650, _700, and _750 had higher BC than L_650, _700, and _750, respectively, with BC in CK _700 higher than that in CK_650 and _750, and BC in L_700 higher than that in L_650 and _750 (P < 0.05). The pH was mainly affected by silo density and interacted by silo density and inoculating LAB (P < 0.05). The inoculating LAB had a significant effect on the LA and AA concentrations and LA/AA (P < 0.05). The AN was interacted by silo density and inoculating LAB (P < 0.05). The BC was mainly affected by silo density and inoculating LAB (P < 0.05).


TABLE 3 pH, organic acid concentrations [g/kg dry matter (DM)], ammonia nitrogen/total nitrogen (AN, g/kg), and buffering capacity (BC, mE/kg DM) in sweet sorghum silages (n = 4).
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Microbial counts of silages

L_650 had a higher LAB count than CK_650 and _750 (P < 0.05) and a higher yeast count than CK_650, 700, and 750 (P < 0.05) (Table 4). CK_750 had a lower yeast count than L_650, 700, and 750 (P < 0.05). Coliforms were not detected in all silages. Inoculating LAB mainly affected the LAB and yeast counts (P < 0.05).


TABLE 4 Microbial counts (log colony-forming units/g fresh weight) in sweet sorghum silages (n = 4).
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Bacterial community of silages

The fresh materials had higher observed OTUs and indexes of Shannon, Simpson, Chao1, and Pielou e than all silages (P < 0.05) (Table 5). L_650, _700, and _750 had a higher Simpson index than other treatments (P < 0.05), and L_700 and _750 had a higher Pielou e index than CK_750 (P < 0.05). Inoculating LAB mainly affected Shannon, Simpson, and Pielou e indexes (P < 0.05).


TABLE 5 Sequencing data and alpha diversity of bacteria in sweet sorghum silages (n = 4).

[image: Table 5]

The fresh materials had clearly separated bacterial community from all silages, and the bacterial communities in CK_650, _700, and _750, and in L_650, _700, and _750 were clustered together, respectively, and clearly separated from each other (Figure 1).


[image: Figure 1]
FIGURE 1
 Principal coordinates analysis (PCoA) of bacterial community in sweet sorghum silages (n = 4). CK, ensiling of sweet sorghum with 2.00 ml/kg fresh weight (FW) of distilled water at 650 (CK_650), 700 (CK_700), and 750 kg/m3 (CK_750) of density, respectively; L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 ml/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.


The main bacterial genera in fresh materials were Pantoea (38.75%), Acinetobacter (16.19%), Serratia (12.81%), Pseudomonas (11.00%), Klebsiella (8.45%), and unclassified Enterobacterales (5.83%) (Figure 2). However, those genera in silages had <1% of abundance. Lactiplantibacillus was the most dominant bacterial genus in all silages, with an abundance from 71.39 to 93.27 %, followed by Lentilactobacillus (from 3.59 to 27.63%). Their total abundance was more than 96% in silage but <0.1% in fresh materials.


[image: Figure 2]
FIGURE 2
 Relative abundance of bacterial community (genus level) in sweet sorghum silages (n = 4). CK, ensiling of sweet sorghum with 2.00 mL/kg fresh weight (FW) of distilled water at 650 (CK_650), 700 (CK_700), and 750 kg/m3 (CK_750) of density, respectively; L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 mL/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.


CK_650 had less Leuconostoc abundance than CK_700 and _750 (P < 0.05) (Figure 3). L_650 had higher Lactiplantibacillus abundance but less Lentilactobacillus abundance than L_700 and _750 (P < 0.05). CK_700 and _750 had higher Lactiplantibacillus abundance than L_700 and 750, respectively (P < 0.05); moreover, CK_650, _700, and _750 had less Lentilactobacillus and higher Klebsiella, Leuconostoc, and Lactococcus abundance than L_650, _700, and 750, respectively (P < 0.05).


[image: Figure 3]
FIGURE 3
 Difference in bacterial communities (genus level) in sweet sorghum silages (n = 4). CK, ensiling of sweet sorghum with 2.00 mL/kg fresh weight (FW) of distilled water at 650 (CK_650), 700 (CK_700), and 750 kg/m3 (CK_750) of density, respectively; L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 mL/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.




Nutrition compositions of silages

L_750 had the highest DM content among all treatments (P < 0.05) (Table 6). L_700 had the lowest WSC among all treatments (P < 0.05), and CK_700 had lower WSC than CK_650 (P < 0.05). CK_650, _700, and L_700 had a higher ash concentration than L_650 and _750 (P < 0.05), and L_750 had a lower ash concentration than other treatments (except L_650) (P < 0.05). The DM content was mainly affected by silo density and inoculating LAB (P < 0.05). Inoculating LAB had a significant effect on the LA, AA, and ash concentrations (P < 0.05).


TABLE 6 Dry matter content (DM, g/kg) and nutritional compositions concentration (g/kg DM) in sweet sorghum silages (n = 4).
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Correlation between main bacterial genera and fermentation quality

The LA and AA had a negative correlation with Lactiplantibacillus, Leuconostoc, Lactococcus, Levilactobacillus, Klebsiella, and Pantoea (P < 0.05), and a positive correlation with Lentilactobacillus and unclassified Enterobacterales (P < 0.05) (Figure 4). The LA/AA had an opposite relationship with aforementioned bacterial genera (P < 0.05). Moreover, the BC correlated positively with Serratia (P < 0.05).


[image: Figure 4]
FIGURE 4
 Correlation heatmap between main bacterial genera (top 10) and fermentation quality of sweet sorghum silages (n = 6). LA, lactic acid; AA, acetic acid; AN, ammonia nitrogen/total nitrogen; BC, buffering capacity. *p < 0.05 and **p < 0.01.





Discussion


Characteristics of fresh sweet sorghum

In this study, the fermentation coefficient (FC = DM (%) + 8 WSC/BC) of fresh sweet sorghum was 38.7, which indicated that sweet sorghum was easily preserved as silage, because it has an FC of more than 35 (Alhaag et al., 2019), whereas the sweet sorghum pre-ensiling had 227 (mE/kg DM) of BC in the study (Table 1). Furthermore, previous studies also reported a BC of more than 250 (mE/kg DM) detected in fresh sweet sorghum (Sifeeldein et al., 2018; Alhaag et al., 2019), suggesting that in general, fresh sweet sorghum before ensiling has a relative high BC. The fresh forage contained sufficient WSC (327 g/kg DM) as a fermentation substrate (Table 1) for rapid propagation and growth of LAB during the fermentation process to overcome the high BC, which were reflected by the satisfactory fermentation quality of sweet sorghum silages with low pH (<4.0) and AN (<50 g/kg TN), and higher LA (>50 g/kg) (Table 3).

The main bacterial genera in fresh sweet sorghum were Pantoea, Acinetobacter, Serratia, Pseudomonas, Klebsiella, unclassified Enterobacterales, and Kluyvera, with 97.02% of total abundance (Figure 2). However, only two LAB genera (Lactiplantibacillus and Lentilactobacillus) were detected in fresh forage with 0.0675 and 0.0059% of abundances, respectively (Figure 2). Previous studies showed Lactobacillus had <1% of abundance in whole-plant corn, alfalfa, sweet sorghum, wheat, barley, and corn grain before ensiling (Gharechahi et al., 2017; Keshri et al., 2019; Carvalho-Estrada et al., 2020; Ren et al., 2021; Sun et al., 2021a,b,c; Na et al., 2022; Xia et al., 2022), indicating that the LAB genera, in general, present as minor taxa in forage pre-ensiling. The most abundant bacterial genus was Pantoea (38.75%) present in fresh sweet sorghum (Figure 2); a similar result was detected (35.8%) by Ren et al. (2021). However, Xia et al. (2022) reported Bacillus absolutely dominated the bacterial community (91.35%) in fresh sweet sorghum. The difference might be due to the difference in the geographical location and mowing period (McGarvey et al., 2013; Guan et al., 2020).



Fermentation weight loss of silages

The losses of silage in bunker silo occurred commonly during filing, storage, and feed-out stages (Savoie and Jofriet, 2003), and anaerobic fermentation and releasing effluent strongly contribute to the losses during storage (Randby and Bakken, 2021). In this study, there were no visible effluents in silos; thus, the losses of sweet sorghum silage were caused mainly by anaerobic fermentation during storage. Fermentation-related losses in the silo are primarily from carbon dioxide production (gaseous losses) (Borreani et al., 2018). The FWL expressed in an FW basis can accurately estimate the gaseous losses of silage during fermentation because drying would result in the loss of fermentation products (organic acids and alcohols) (Samarasinghe et al., 2019).

The gaseous loss of silage during storage mostly resulted from the activities of heterofermentative LAB, enterobacteria, clostridia, and yeasts (Borreani et al., 2018). In this study, enterobacteria and yeast were present in the fresh material and silage, but clostridia were not detected (Tables 1, 4, Supplementary Figure S1), and Lentilactobacillus buchneri, as heterofermentative LAB, was one of two compositions of additives used in the study. Moreover, heterofermentative LAB dominates the initial fermentation process (the first 1 day) (Sun et al., 2021a), and Lentilactobacillus was the second largest bacterial group in silages, with abundance ranging from 3.59 to 27.63% (Figure 2). The activities of enterobacteria and yeast were inhibited by the pH <5.0 in silage (Samarasinghe et al., 2019), and the pH of sweet sorghum silage reduces to below 5.0 in the first 5 days of ensiling (Sifeeldein et al., 2018; Alhaag et al., 2019). Those indicated that in the study, the gaseous loss of sweet sorghum silage might be contributed by heterofermentative LAB, enterobacteria, and yeast growth during the initial fermentation process (the first 5 days) and caused by heterofermentative LAB activity during the rest of the fermentation period.

The intensity of initial fermentation in silage can be increased by inoculating LAB at ensiling (Sun et al., 2021a; Xu et al., 2021), which caused a rise in the initial FWL of silage (Samarasinghe et al., 2019). This explained that the FWL of inoculated silages was higher than that in uninoculated silages at 1 day after ensiling, respectively, although no difference was observed among all treatments (Table 2). The increasing intensity of initial fermentation caused less microbial activity during the late fermentation process (Samarasinghe et al., 2019; Sun et al., 2021a; Xu et al., 2021), resulting in the lower FWL of inoculated silages at 50 and 100 days of ensiling in the study (Table 2).



Fermentation quality of silages

In the study, all silages showed satisfactory fermentation quality, as reflected by the low pH (<4.0) and AN content (<50 g/kg TN), and high LA concentration (>50 g/kg DM), and no propionic and butyric acids were detected (Table 3). Similar results have been reported by previous studies (Sifeeldein et al., 2018; Diepersloot et al., 2021). In general, inoculating homofermentative LAB at ensiling can increase the LA concentration in final silage, and inoculating heterofermentative LAB increases the AA concentration and reduces LA/AA in silage (Muck and Kung, 1997; Kung et al., 2018). Lactiplantibacillus plantarum, as one of two compositions in additives used in the study, might play an active role during the early fermentation process (Sun et al., 2021a) and produced more LA in inoculated silages (Table 3). Lentilactobacillus buchneri, as another composition of the additives, might play an important role during the late fermentation process (Herrmann et al., 2011; Blajman et al., 2018) and produced higher LA and AA in inoculated silages with sufficient WSC (Tables 3, 6). Compared with uninoculated silages, inoculated silages showed a higher Lentilactobacillus abundance with a positive correlation with LA and AA (Figures 2–4), which also explained those aforementioned observations. In the study, LA/AA in uninoculated silages was more than 6.7, and previous studies also reported higher LA/AA (5.4 and 7.8) in uninoculated sweet sorghum silages (Sifeeldein et al., 2018; Diepersloot et al., 2021). This might have resulted from the Lactiplantibacillus dominating the bacterial community (Figure 2) and the sufficient WSC in silage (Tables 1, 5) during the fermentation process. AN is part of the non-protein in silage and indicates the degree of silage preservation during fermentation (Thomas et al., 1980; Ke et al., 2015; Sun et al., 2021c). In the study, all silages were well preserved during the fermentation process, owing to the low level of AN (<50 g/kg TN) in silage, as shown in Kung et al. (2018). The AN concentration in uninoculated silages decreased with increasing silo density (Table 3). Previous studies also showed the decreasing trend of AN in the uninoculated sorghum silage, whole-plant corn silage, and whole-crop barley silage with increasing silo density (Sucu et al., 2016; Sun et al., 2021b), which might be contributed by the rapid fermentation of LAB under less oxygen content conditions in the silage with a high silo density during the early fermentation process (Tian et al., 2019). Previous studies reported that some LABs can produce the hydrolytic enzyme during the fermentation process to degrade protein in soybean, milk, and wheat flour (Rizzello et al., 2007; Tzvetkova et al., 2007; Aguirre et al., 2008; Stefańska et al., 2016). In the study, the AN content and the abundance of Lentilactobacillus increased in inoculated silages with rising silo density (Table 3 and Figure 2), and Lentilactobacillus showed a positive correlation with AN, although there was no significant difference (Figure 4), which indicated that Lentilactobacillus in inoculated silage might have the function of protein degradation of silage during fermentation. However, the protein degradation function of LAB in silage needs further study.



Microbial counts and bacterial community

In this study, no difference in alpha diversity indexes was found among inoculated silages and among uninoculated silages, respectively, and the silo density did not mainly affect those indexes (Table 5). Similar results were also reported by previous studies in whole-crop barley silage and sorghum–sudangrass silage (Sun et al., 2021b; Bai et al., 2022), which suggested that increasing silo density does not alter the alpha diversity of the bacterial community in silage. Nevertheless, inoculating LAB at ensiling mainly affected and increased the Shannon, Simpson, Chao1, and Pielou e indexes of silage (Table 5), indicating that ensiling of sweet sorghum with LAB can improve the alpha diversity of the bacterial community in terminal silage. But previous studies reported the lower alpha diversity of the bacterial community in whole-plant corn silage and Leymus chinensis silage treated with LAB (Keshri et al., 2018; Xu et al., 2021). In the present study, inoculated silages and uninoculated silages had separated clustered bacterial communities in each group according to PCoA (Figure 1). Moreover, previous studies showed that with increasing silo density, bacterial communities were clustered together in whole-crop barley silage and sorghum–sudangrass silage (Sun et al., 2021b; Bai et al., 2022), which implied that the silage with different silo densities also has a similar bacterial community.

Lactiplantibacillus and Lentilactobacillus are named formerly as Lactobacillus (Zheng et al., 2020), and were dominant genera in the bacterial community of inoculated and uninoculated silages (total abundance of 98.89–99.11% and 97.73–98.06%, respectively) in the study (Figure 2). Similarly, previous studies reported that Lactobacillus had the most abundance in the bacterial community of uninoculated sorghum silage and sorghum–sudangrass silage (Forwood et al., 2019; Bai et al., 2022). However, other studies showed Lactobacillus presenting as a minor taxon in uninoculated sweet sorghum silage and sorghum silage (Ren et al., 2021; Forwood et al., 2022). These differences might be contributed by the different epiphytic microflora in the fresh forage (McGarvey et al., 2013; Guan et al., 2020). The inoculated silages had a higher LAB count and Lactobacillaceae than uninoculated silages for each silo density (Table 4 and Supplementary Figure S2), and inoculating LAB had a significant effect on the LAB count (Table 4), indicating that inoculating LAB at ensiling optimizes the bacterial community of sweet sorghum silage. The inoculated silages had higher Lentilactobacillus and lower Lactiplantibacillus than uninoculated silages for each silo density (Figures 2, 3), which might be related to the LAB additives used in the study and the characteristics of heterofermentative LAB. Lentilactobacillus buchneri, as heterofermentative LAB, was one of two compositions in the additives (Lac. plantarum and Len. buchneri). Moreover, Lentilactobacillus has strong adaptive to the niche of silage during the stable fermentation stage (Xia et al., 2022) and starts to activate in silage during the late fermentation process (Herrmann et al., 2011; Blajman et al., 2018). Ferrero et al. (2019) also showed a higher abundance of Lentilactobacillus in the stable fermentation phase than that in early fermentation stage. In the study, Lactiplantibacillus dominated the bacterial community (71.39–93.27%) in all silages at 100 days of ensiling (Figure 2); nevertheless, Xia et al. (2022) found Lentilactobacillus was the most abundant bacterial genus (>90%) in the mixture silage of Sesbania cannabina and sweet sorghum at 60 days of ensiling. The difference might have resulted from the different characteristics of the raw material. In the study, Leuconostoc in CK_650 had a lower abundance than that in CK_700 and _750 and presented as a minor taxon (<1%) in the bacterial community (Figures 2, 3). In the inoculated silages, with increasing silo density, Lactiplantibacillus had a decreasing abundance, but Lentilactobacillus had an increasing abundance, and the two genera had a total abundance of 96.58–99.08% (Figures 2, 3). Those showed that for sweet sorghum silage, increasing silo density has no effect on the bacterial community in uninoculated silage and affects the bacterial community in inoculated silage.




Conclusion

The sweet sorghum pre-ensiling contained enough WSC and high BC. Increasing silo density and inoculating LAB reduced the FWL of sweet sorghum silage. The silage showed a satisfactory fermentation quality, and inoculating LAB increased the LA and AA concentrations and decreased the LA/AA. Inoculating LAB was the main factor affecting the bacterial community of the silage. Lentilactobacillus and Lactiplantibacillus presented as minor taxa in fresh sweet sorghum and dominated the bacterial community of the silage. Increasing silo density reduced Lentilactobacillus and raised Lactiplantibacillus in the inoculated silage. For each silo density, inoculating LAB also reduced Lentilactobacillus and raised Lactiplantibacillus.
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Supplementary Figure S1
 The relative abundance of bacterial community (family level) in sweet sorghum silages (n = 4). CK, ensiling of sweet sorghum with 2.00 mL/kg fresh weight (FW) of distilled water at 650 kg/m3 (CK_650), 700 kg/m3 (CK_700), and 750 kg/m3 (CK_750) of density, respectively; L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 mL/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.

Supplementary Figure S2
 Difference in bacterial communities (family level) between inoculated and uninoculated silages for each silo density (n = 4). CK, ensiling of sweet sorghum with 2.00 ml/kg fresh weight (FW) of distilled water at 650 (CK_650), 700 (CK_700), and 750 kg/m3 (CK_750) of density, respectively; L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 ml/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.

Supplementary Table S1
 Difference in bacterial communities (family level) among inoculated silages (n = 4). L, ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 ml/kg FW of distilled water at 650 (L_650), 700 (L_700), and 750 kg/m3 (L_750) of density, respectively.
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The presence of undesirable microorganisms in silage always leads to poor fermentation quality and low aerobic stability. Pyroligneous acid (PA), a by-product of biochar production, is known to have strong antimicrobial and antioxidant activities. To investigate the effects of PA on fermentation characteristics, aerobic stability, and microbial communities, Napier grass was ensiled with or without 1 and 2% PA for 30 days and then aerobically stored for 5 days. The results showed that PA application decreased (P < 0.01) the pH value, ammonia nitrogen content, and number of undesirable microorganisms (coliform bacteria, yeasts, and molds) after 30 days of ensiling and 5 days of exposure to air. The temperature of the PA-treated group was stable during the 5-day aerobic test, which did not exceed room temperature more than 2°C. The addition of PA also enhanced the relative abundance of Lactobacillus and reduced that of Klebsiella and Kosakonia. The relative abundance of Candida was higher in PA-treated silage than in untreated silage. The addition of PA decreased the relative abundance of Kodamaea and increased that of Monascus after 5 days of exposure to air. The abundances of Cladosporium and Neurospora were relatively high in 2% PA-treated NG, while these genera were note observed in the control group. These results suggested that the addition of PA could improve fermentation characteristics and aerobic stability, and alter microbial communities of silage.

KEYWORDS
 pyroligneous acid, fermentation quality, microbial communities, aerobic stability, Napier grass


Introduction

Ensiling has become a universal method for preserving fresh forage and supplying moist feedstock all year round (Wang et al., 2021). With the increasing demand for livestock products, more attention has been paid to silage production, especially in developing countries. Napier grass (Pennisetum purpureum Schum) is an important source for manufacturing biofuel and animal feed. It is widely cultivated for ruminant feed in tropical and subtropical regions because of its short growth cycle, high biomass, and strong adaptability (Tao et al., 2021). In these regions, the main constraint restricting long-term feed supply is humidity and rain. Ensiling might be a better choice for preservation of forage to constantly provide highly palatable and nutritious feed for livestock. In general, fermentation of silage mainly depends on lactic acid bacteria (LAB), which produce organic acids (mainly lactic acid and acetic acid), for creating an acidic environment and suppress the microbial metabolism and reproduction, through which the original quality of fresh forage is preserved as much as possible (He et al., 2020a). However, the inadequate epiphytic LAB count and the low-water soluble carbohydrate (WSC) content of raw material would suppress the success of ensiling under natural fermentation conditions, thus failing to meet the daily nutritional demand of livestock (Wu et al., 2020). Consequently, Clostridia and Enterobacter would grow vigorously, causing abundant proteolysis and butyric acid accumulation. After exposure to air, aerobic spoilage of silage is also frequently observed. Yeast and Acetobacter would compete with LAB for substance, causing dry matter loss and spoilage (Kung et al., 2021). Undesirable microorganisms might also produce numerous secondary metabolites, including mycotoxins, which would affect the health and production of animals (Zong et al., 2022). Silage with potential safety hazards would also incur huge economic losses to farmers. Therefore, it is necessary to take some measures for improving fermentation quality and aerobic stability of silage.

Pyroligneous acid (PA), also called wood vinegar, is a brown liquid by-product of pyrolysis of biomass, which is transformed into biofuel and biochar (Zhang et al., 2019a). PA is a complex mixture of compounds and contains over 200 kinds of natural organic compounds, including organic acids, phenols, aldehydes, alcohols, esters, ketones, furan and pyran derivatives, hydrocarbons, and nitrogen compounds (Zhu et al., 2021). Due to the presence of these chemical ingredients, PA is considered organic wastewater and would impose an extreme burden on ecological environment stability (Cezary, 2015). Therefore, the effective application of PA is one of the methods of waste recycling and achieving green and sustainable development. Organic acids and phenolic compounds are the dominant compounds of PA, which have exhibited remarkable antimicrobial property. In general, organic acids account for around 30–70% of total organic compounds present in PA, 90% of which is acetic acid (Fan et al., 2022). PA with a high concentration of organic acids might inhibit the fermentation of microorganisms and reduce the nutrient loss of silage. Simultaneously, previous studies indicated that acetic acid can also improve the aerobic stability of silage. However, there are few studies on the effect of PA on fermentation quality and aerobic stability of silage.

Therefore, we hypothesized that the addition of PA could improve the fermentation quality and aerobic stability of Napier grass by inhibiting undesirable microorganisms. In the present study, Napier grass was harvested randomly and ensiled with or without 1 or 2% PA for 30-day fermentation and then aerobically stored for 5 days. Following that, the fermentation characteristics and aerobic stability were analyzed. Moreover, the change of microbial community is determined to help us comprehend the effect of PA on silage fermentation.



Materials and methods


Silage preparation

Dwarf Napier grass was collected from the experimental plot of South China Agricultural University, which was cultivated at a row width of 60 cm and an intrarow spacing of 40 cm for 90 days. Dwarf Napier grass was harvested in May 2021, which was immediately chopped to a length of around 2 cm using a grass cutter. After sufficient mixing, chemical compositions and microbial populations of the fresh material (FM) were determined, which were performed in triplicate. Different concentrations of PA were applied to the fresh Napier grass (approximately 200 g) and then assigned to one of the following treatments: (1) no additive (CK), (2) 1% pyroligneous acid (fresh matter basis, 1% PA), and (3) 2% pyroligneous acid (fresh matter basis, 2% PA). A total of 42 samples (3 treatments × 2 days × 7 replicates) were packed in polyethylene bags (20 × 30 cm; Dongguan Bojia Packaging; China). Subsequently, the samples were sealed in bags using a vacuum sealing machine (Lvye DZ280; Dongguan Yijian Packaging Machinery, Dongguan, China) to reach anaerobic conditions and were placed in a room with ambient temperature (25–30°C), After 30 days of ensiling, the bags were opened, and fermentation quality and microbial communities were measured on day 0 and day 5 of aerobic exposure.



Assessing aerobic stability

The determination methods were similar to those used in our earlier study (He et al., 2020b). After 30 days of fermentation, seven bags of each treatment groups were opened, thoroughly mixed, and separated into three repetitions. Following that, 400 g of silage from each treatment groups was placed loosely into 1,000-mL plastic buckets to estimate aerobic stability, with nine buckets in total. A layer of cheesecloth was covered around the barrel to reduce moisture volatilization and potential contamination but to permit air penetration. In addition, all the barrels were placed in cartons. A layer of polystyrene foam was laid between the barrels and cartons to prevent rapid thermal loss. A thermograph was used to measure room temperature and the temperature of silage at 10-min intervals during 5 days of aerobic exposure (SMOWO MDL-1048A, Shanghai Tianhe Automation Instrument Co., Ltd. (Shanghai, China). In general, if the silage temperature exceeds the room temperature above two degrees, it is considered that the silage had underwent aerobic deterioration.



Determination of fermentation characteristics and chemical compositions

According to Wang et al. (2021), fermentation characteristics and chemical compositions of the silage sample were determined on days 0 and 5 of aerobic exposure, respectively. A measure of 20 g of the sample was added to with 180 mL of normal sterile saline and mixed with shaking. The supernatant was gradient-diluted from 10−1 to 10−6. Serial dilutions of 1 mL were, respectively, inoculated in Man, Rogosa, and Sharpe (MRS) agar and Violet Red Bile agar to culture lactic acid bacteria (LAB) and coliform bacteria under a temperature of 30°C for 2 days (Chen et al., 2021). Meanwhile, 100 μL of the diluent was added to Rose Bengal agar and cultured for 3 days under 28°C to obtain yeasts and molds (Guo et al., 2021). Another 20 g of the sample was mixed with 180 mL distilled water and stored overnight at 4°C. Subsequently, it was filtered, pH value was measured, and organic acids and ammonia nitrogen (NH3-N) were analyzed. pH was determined using a glass electrode pH meter (PHS-3C, INESA Scientific Instrument, Shanghai, China). The NH3-N content was analyzed by using the phenol-hypochlorite colorimetric method (Broderick and Kang, 1980). Organic acids (mainly lactic acid, acetic acid, propionic acid, and butyric acid) were determined by high-performance liquid chromatography (HPLC) (column, Shodex RSpak KC-811S-DVB gel C (8.0 mm 930 cm; Shimadzu, Tokyo, Japan) under the following conditions: oven temperature: 50°C, mobile phase: 3 mmol/L HCLO4, flow rate: 1.0 mL/min, injection volume: 5 μL, and detector: SPD-M10AVP) (Bai et al., 2020). The remaining silage sample was dried at 65°C for 2 days to measure the content of dry matter and protein components [true protein (TP) and crude protein (CP)] (Ke et al., 2017). The CP content was measured using an automatic Kjeldahl apparatus (Kjeltec 2300 Auto Analyzer, FOSS Analytical AB, Hoganas, Sweden) according to the method of the Association of Official Analytical Chemists. At the same time, the contents of neutral detergent fiber (NDF), detergent fiber (ADF), and WSC in the fresh material samples were also determined as mentioned by Wang et al. (2019). The contents of NDF and ADF were measured using an A220 Fiber Analyzer (ANKOM Technology Corp., Macedon, NY, USA), while WSC concentration was analyzed by 3,5-dinitrosalicylic acid colorimetry.



Microbial diversity analysis

A DNA kit (Omega Biotek, Norcross, GA, U.S.) was used for total DNA extraction in accordance with the manufacturer's instructions. The primers of 341F (CCTACGGGNGGCWGCAG) and 806R (GGACTACHVGGGTATCTAAT) were used to amplify the V3-V4 region of 16S rDNA. For fungi, the ITS region was targeted using primers ITS3_KYO2F (GATGAAGAACGYAGYRAA) and ITS4R (TCCTCCGCTTATTGATATGC). The purified polymerase chain reaction (PCR) products were sequenced using the Illumina HiSeq 2500 system. In addition, the analysis of raw sequences was performed as described in Wang et al. (2019). Finally, microbial communities were analyzed by the free online platform (http://www.omicshare.com/tools), which included alpha diversity, β-diversity, and relative abundance.



Statistical analysis

In the present study, IBM SPSS20.0 software was used to evaluate the effects of PA and exposure time on fermentation characteristics with two-way analysis of variance (ANOVA). Duncan's test was used to compare the degree of difference between different treatments. If the P-value was lower than 0.05, it would be inferred to have a significant effect. The relevant figures of microbial communities were obtained by using the Omicsmart online platform, and the aerobic stability assessment diagrams were constructed by GraphPad prism 8 software. Furthermore, all of them were enhanced by Adobe Illustrator CS 6.0 software.




Results


Characteristics of the fresh Napier grass

The chemical compositions and microbial populations of Napier grass before silage are summarized in Table 1. The DM content was 210 g/kg FM, and the contents of CP, NDF, ADF, and WSC were 139 g/kg DM, 350 g/kg DM, 122 g/kg DM, and 57.1 g/kg DM, respectively. For microorganisms, the LAB count was 3.92 log10 CFU/g FM. Coliform bacteria and yeast counts were 5.15 log10 CFU/g FM and 3.78 log10 CFU/g FM, respectively. The count of molds was less than 2.00 log10 CFU/g FM.


TABLE 1 Characteristics of the fresh Napier grass before ensiling (±SD, n = 3).
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Aerobic stability of Napier grass silage

Aerobic stability, the maximum temperature attained within 5 days of aerobic exposure, and the time required are listed in Figure 1. The untreated Napier grass deteriorated after aerobic exposure of 58 h. PA-treated Napier grass showed higher aerobic stability than the untreated silage. The temperatures in PA treatments did not exceed the room temperature more than 2°C during the 5-day aerobic test and were lower than those of the control group (P < 0.05), which were below 29°C.


[image: Figure 1]
FIGURE 1
 (A) Aerobic stability of Napier grass silages with or without 1% and 2% pyroligneous acid during the 5-day aerobic test. (B) Maximum temperature attained within 5 days of aerobic exposure and (C) the time required.




Fermentation quality of Napier grass silage

Fermentation characteristics are shown in Table 2. PA markedly reduced the pH value (P < 0.01) when compared with the control group. On day 5 compared with day 0, the pH value of silage increased from 4.52 to 6.97 in the untreated silage, was unchanged in 1% PA-treated silage, and even prominently decreased in 2% PA-treated silage (P < 0.01). The addition of PA resulted in the increase in lactic acid and acetic acid contents (P > 0.01) on days 0 and 5, respectively. The numbers of yeasts and molds in all treatments were less than the detectable levels on day 0. The number of coliform bacteria was decreased by PA (P < 0.01), while it was relatively high in the control group. On day 5 of aerobic exposure, the numbers of yeasts and molds were significantly reduced in PA-treated silage, compared with the control group. Meanwhile the LAB count was significantly increased in the 2% PA-treated group (P < 0.05). The addition of PA reduced the NH3-N proportion (P < 0.01), when compared with the control group. The TP content increased from day 0 to day 5 in the untreated silage. In addition, on day 5, the TP content was higher in the control group than that in PA-treated silage.


TABLE 2 Chemical compositions and fermentation characteristics of Napier grass with or without PA treatment under aerobic exposure.
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Microbial diversity of Napier grass silage

Alpha diversity of microbial communities is shown in Table 3. Good's coverage values of all treatments were greater than 0.99. For bacterial communities, Sobs, Chao1, and Ace indices were higher in PA-treated silage than in the untreated silage, while the Simpson index was opposite. The different treatments resulted in the variation of fungal communities. The addition of PA led to the decrease in Chao1, Ace, and Simpson indices, compared with the control group. The Sobs index was also decreased by 2% PA treatment. Moreover, all indices of microbial communities reduced after 5 days of exposure to air. The β-diversity of microbial communities is shown in Figures 2, 3, respectively. For bacterial communities, distinct segregation was observed between PA-treated and untreated silage, as well as in the control group on different days of aerobic exposure. However, the PA-treated samples only had a little shift in the bacterial community. For fungal communities, 1% PA-treated samples were slightly separated from the untreated samples after 30 days of ensiling. However, 2% PA-treated and untreated silage were separated from each other. After 5 days of exposure to air, clear segregation was observed among all treatment groups.


TABLE 3 Alpha diversity of microbial communities of Napier grass silage during aerobic exposure.
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FIGURE 2
 Principal component analysis of bacterial communities for Napier grass silages treated without or with 1 and 2% pyroligneous acid after 30 days of ensiling and 5 days of exposure to air.
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FIGURE 3
 Principal component analysis of fungal communities for Napier grass silages treated without or with 1 and 2% pyroligneous acid after 30 days of ensiling and 5 days of exposure to air.




Microbial abundance of Napier grass silage

The relative abundance of microbial communities after 30 days of ensiling and 5 days of exposure to air is shown in Figures 4, 5, respectively. At the phylum level, the dominant bacteria were Cyanobacteria, Proteobacteria, and Firmicutes in the fresh Napier grass material, and the relative abundances of were 71.45, 24.80, and 3.04%, respectively. After ensiling, the relative abundance of Cyanobacteria decreased, while that of Firmicutes increased in all treatment groups. The addition of PA decreased the relative abundance of Proteobacteria, when compared with the control. After 30 days of ensiling, the relative abundances of Lactobacillus, Lactococcus, Kosakonia, and Klebsiella were 8.36, 18.11, 22.40, and 8.10%, respectively, in the untreated silage. The addition of PA increased the relative abundance of Lactobacillus and decreased that of Kosakonia and Klebsiella. After 5 days of exposure to air, PA-treated silage had greater relative abundances of Lactobacillus and Lactococcus and lower relative abundances of Lactobacillus, Klebsiella, Paenibacillus, and Bacillus than those in the untreated silage. For fungal communities, Ascomycota was the most predominant phylum, followed by Basidiomycota before ensiling (Figure 5). After exposure to air, the relative abundance of Ascomycota increased, while the relative abundance of Basidiomycota decreased in all treatment groups. The addition of PA lowered the abundance of Mortierellomycota. On the genus level, the relative abundance of Candida increased, while the relative abundance of Pseudozyma decreased after 30 days of ensiling, compared with the fresh material. PA application decreased the relative abundance of Mortierella. A higher abundance of Cladosporium was observed in 2% PA-treated silage than in the control group. After 5 days of exposure to air, the relative abundance of Kodamaea decreased, while that of Monascus increased with PA addition. Moreover, the high abundance of Neurospora was observed in 2% PA-treated silage.
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FIGURE 4
 Relative abundance of bacterial communities for Napier grass silages treated without or with 1 and 2% pyroligneous acid after 30 days of ensiling and 5 days of exposure to air. PP, fresh material.



[image: Figure 5]
FIGURE 5
 Relative abundance of fungal communities for Napier grass silages treated without or with 1 and 2% pyroligneous acid after 30 days of ensiling and 5 days of exposure to air. PP, fresh material.





Discussion


Characteristics of the fresh Napier grass

In the present study, the DM content was lower than the ideal value (30–35%) of ensiling (Guyader et al., 2018). As Wang et al. (2021) reported, the suitable DM content of the fresh material is necessary to inhibit the fermentation of undesirable microorganisms, mainly Clostridium, which would lead to the nutrient loss and the generation of high proportion of NH3-N during ensiling. The relatively high number of Clostridium might be due to the inadequate DM content. The CP content of Napier grass observed in this study was higher than that determined by Du et al. (2022). The difference might be due to the factors such as climate, location, varieties, harvest time, and plant conditions (Wang et al., 2020). The WSC content and LAB count of the fresh material are two decisive factors to obtain well-preserved silage. In general, 60–70 g/kg of the DM WSC content is required to provide the sufficient fermentation substance (Wang et al., 2019). As dominant bacteria, the LAB count should reach the theoretical requirement (>5.00 log10 CFU/g FM) (Wang et al., 2018). But both the WSC content and LAB count did not meet conditions of good fermentation. The numbers of undesirable microorganisms were also relatively high. Therefore, measures should be taken to improve the quality of Napier grass silage.



Aerobic stability of Napier grass silage

The changing temperature was recognized as a key indicator to estimate the aerobic stability of silage (Drouin et al., 2021). After exposure to air, aerobic fungi grow abundantly and release massive heat in the process of metabolizing and consuming nutrients. In particular, yeasts are regarded as the promoter of aerobic deterioration, the number of which can partly reflect the increased temperature of silage (He et al., 2020b). Therefore, the improvement in aerobic stability of PA-treated silage could be indirectly explained by a reduction in the number of yeasts. With the extension of aerobic exposure time, the temperature of silage could achieve a peak value during the period of the vigorous growth of aerobic fungi (Da Silva et al., 2018). The addition of PA markedly decreased the maximum temperature of silage, which indicates that PA has an important influence on inhibiting the activity and growth of aerobic fungi and improving aerobic stability of silage.



Fermentation quality of Napier grass silage

The pH value less than 4.2 is the standard for well-preserved silage, which was greatly affected by acid concentration and buffer capacity of the material (Kung et al., 2021). In the present study, the decreased pH value might be due to accumulated lactic acid and acetic acid in PA-treated silage, which effectively inhibited the growth of undesirable microorganisms (coliform bacteria, yeasts, and molds). In the process of fermentation, abundant enzymatic reactions and microbial activities occur (He et al., 2020a). Among these reactions, protein hydrolysis is one of the most important reactions, where TP is converted to non-protein nitrogen (such as small peptides and amino acids free nitrogen) and NH3-N (Wang et al., 2021). NH3-N, an alkaline substance, is produced by the respiration of plant cells and the metabolism of microorganisms (mainly the metabolism of microorganisms such as coliform bacteria). PA application significantly reduced the NH3-N content, indicating that it could effectively decrease proteolysis by direct acidification.



Microbial diversity of Napier grass silage

The next-generation sequencing technique has been extensively used to detect the composition and abundance of microbial communities in silage (Ni et al., 2017). In the present study, Good's coverage values indicated that most microorganisms were sufficiently captured by sequencing. In addition, the microbial α-diversity of each treatment was evaluated by OTUs (Sobs), richness (Chao1 and Ace indexes), and diversity (Simpson). The addition of PA resulted in the increase in Sobs, Chao1, and Ace values and a decrease in the Simpson value in Napier grass silage, indicating an increase in the richness of bacterial communities in Napier grass silage but a decrease in its diversity. This might show that the higher the abundance of dominant bacteria, the lower the diversity of the bacterial community (Ogunade et al., 2018). Moreover, PA application showed strong anti-fungal property, thus decreasing the richness and diversity of fungal communities of Napier grass, especially in 2% PA treatment. With the increase in the duration of aerobic exposure, the microbial α-diversity of each treatment reduced. Similarly, Zhang et al. (2019b) also found that the α-diversity of fungal communities decreased from day 0 to day 3 of aerobic exposure. However, the change in bacterial α-diversity found int his study was inconsistent with that of our research, and its diversity did not decrease.

The β-diversity of microbial communities was analyzed to compare the difference in the flora structure and species composition among the samples using PCA, a specific analysis tool. A clear separation between PA-treated and untreated silage showed that PA exerted an apparent effect on microbial communities. Moreover, the increase in the PA concentration might promote the variance of the fungal community, whereby resulting in clear segregation between 2% PA-treated and untreated silage. The extended duration of aerobic storage might also influence the β-diversity of fungal communities, which increased the discreteness of all samples.



Microbial abundance of Napier grass silage

In the process of aerobic storage, the relative abundance of microbial communities changed, which might cause the variation of the chemical composition (Zhang et al., 2021). Cyanobacteria, Firmicutes, and Proteobacteria were the most prevalent bacterial phyla in silage (Liu et al., 2019). Among these phyla, Firmicutes was the prominent bacterium in most grass silage samples, which has a positive effect on hydrolysis and acidogenesis (St-Pierre and Wright, 2014). In the present study, Cyanobacteria was the most abundant bacterium detected before ensiling. However, the relative abundance of Firmicutes increased after ensiling; especially, the dominant phylum shifted from Cyanobacteria to Firmicutes in PA-treated silage. Moreover, Proteobacteria might have low acid-tolerant ability, and its growth was affected by PA application. Ridwan et al. (2015) reported that Proteobacteria could use lactic acid and cause nutrient loss. Thus, PA application might be beneficial to preserve forage nutrition. Lactobacillus and Lactococcus are commonly used as silage additives, which are can quickly occupy the dominant position after competing with undesirable microorganisms at the early ensiling stage and produce organic acids to ensure good fermentation (Yang et al., 2016). Their high relative abundance might lead to a decreased pH value and improved silage fermentation quality in PA-treated silage. On the contrary, Bacillus and Paenibacillus are aerobic bacteria, which can rapidly consume organic acids and sugar, and increase the pH value (Graf et al., 2016). The low relative abundances of Bacillus and Paenibacillus would expectedly improve fermentation quality and aerobic stability in PA-treated silage after 5 days of exposure to air. Kosakonia, belonging to Enterobacteriaceae family, possesses the characteristics of promoting plant growth, such as nitrogen fixation (Quintas-Nunes et al., 2022), and can also decrease the conversion of molecular nitrogen to NH3 and mainly synthesize proteins (Gao et al., 2020). The growth of Kosakonia might explain the phenomenon that the untreated silage had a high TP content after 5 days of exposure to air. The content of true protein was higher in the control than in 1% PA- and 2% PA-treated silage. However, Kosakonia might have weak acid-resistant ability, and its abundance was reduced in PA-treated Napier grass silage. Klebsiella is a Gram-negative facultative anaerobe and is regarded as a harmful bacterium in silage, which can cause inflammation and aerobic spoilage of feed (Lin et al., 2021). The high relative abundance of Klebsiella may be one of the reasons for aerobic deterioration in the untreated Napier grass.

Fungi are considered as the main promoters of aerobic deterioration of silage. Understanding the dynamics of fungal composition and their relative abundances is conducive to analyzing the role of different fungal communities and the effects of PA. In the present study, Ascomycota and Basidiomycota were the most dominant phyla present in the silage samples. Similarly, Romero et al. (2017) found that Ascomycota was the predominant fungal phylum before and after ensiling. Mortierellomycota is often associated with the increase in the pH value of soil (Shi et al., 2020). It might also explain the higher pH value in the untreated silage after 30 days of ensiling. Candida was one of the colonizers in Napier grass, the relative abundance of which was increased after ensiling and aerobic exposure. Khunnamwong et al. (2020) previously reported that three Candida species played a major role in the inhibition of Aspergillus fumigatus growth due to the fungistatic effect. However, the relevant report also indicated that Candida was an undesirable microorganism and could assimilate lactic acid to accelerate the aerobic decay of silage (Liu et al., 2019). But in the present study, the high abundance of Candida in PA-treated silage did not accelerate the spoilage of Napier grass silage. Perhaps more research is needed to understand the effect of Candida during the aerobic exposure of silage. Cladosporium is a prevailing dominant endophytic genus in many plants, which can produce secondary metabolites with antioxidant, antimicrobial, and growth-promoting properties (Chen et al., 2022). Therefore, Cladosporium with a high abundance in 2% PA-treated silage might have a positive effect on improving fermentation quality and aerobic stability of silage. Mortierella is often detected in over-heated and rotting plant material with pH values of 8–9, which is hardly isolated from good-quality silage or hay (Austwick, 1976). In the present study, Mortierella was effectively inhibited by PA after 30 days of ensiling, the relative abundance of which was far below 0.15%. After 5 days of exposure to air, the addition of PA increased the relative abundance of Monascus. According to the report of Liu et al. (2022), Monascus can produce a variety of nutritional or functional molecules (including small molecular peptides, free amino acids, and ergosterol), which can inhibit other microorganisms. Therefore, Monascus might be a beneficial fungus for silage preservation. Kodamaea, belonging to the Ascomycota phylum, is reported to cause life-threatening infections in humans (Diallo et al., 2019). The high abundance of Kodamaea might be undesirable in silage. Neurospora can produce xylanase (Liu et al., 2020). The high abundance of Neurospora might degrade lignocellulose and provide sufficient fermentation substrate for LAB during ensiling. It might promote LAB fermentation and obtain a lower pH value in 2% PA-treated NG.




Conclusion

In the present study, PA application decreased the numbers of coliform bacteria, yeasts, and molds; pH value; and NH3-N content. PA-treated silage samples were stable during the 5-day aerobic test. The addition of PA increased the relative abundance of Lactobacillus and reduced that of Klebsiella, and Kosakonia. For fungal communities, it also increased the relative abundance of Candida. After 5 days of exposure to air, PA application decreased the relative abundance of Kodamaea and increased that of Monascus. The abundances of Cladosporium and Neurospora were relatively high in 2% PA-treated NG, while these genera were invisible in the control group. In sum, PA application could improve fermentation characteristics and aerobic stability, as well as alter microbial communities of silage. The addition of 2% PA showed a better effect.
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To better evaluate the effects of Acremonium cellulase (AC) and previously screened heat-resistant Lactobacillus plantarum 149 (LP149) on lignocellulose degradation, fermentation quality, and microbial community during ensiling in humid and hot areas, this study used a small-scale fermentation system to prepare hybrid elephant grass silage at 30 and 45°C, respectively. Compared to control and commercial inoculant Lactobacillus plantarum (LP), the addition of AC or strain LP149 decreased the contents of neutral detergent fiber, acid detergent fiber, and cellulose and increased the contents of glucose, fructose, and sucrose during fermentation. Furthermore, AC and LP149 treatments altered the microbial communities' structure during ensiling. AC treatment provided more substrate for microbial fermentation, resulting in an increase in bacterial alpha diversity. LP149 treatment increased the Lactobacillus abundance and optimized the bacterial community compositions. In addition, AC and LP149 treatments had higher (P < 0.05) lactic acid and acetic acid contents and lower (P < 0.05) pH, butyric acid, and NH3-N levels compared to the control. These results indicated that AC and strain LP149 are promising silage additives that can promote lignocellulose degradation and improve the fermentation quality of hybrid elephant grass in humid and hot areas.
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  Acremonium cellulase, heat-resistant lactic acid bacteria, hybrid elephant grass, silage, lignocellulose degradation, microbial community


Introduction

Energy is the material foundation for human survival and development. In recent years, the increasing global energy crisis and the ecological environmental issue caused by traditional energy have brought biomass energy to a higher status. Biomass energy is a renewable and clean energy source that not only effectively reduces carbon emissions but also improves agricultural yields and efficiency (Liu et al., 2021). Elephant grass is one of the most promising energy plants that is widely used as feed in humid and hot areas because of its high yield and powerful regeneration capacity, and it also has many biomass-related quality attributes (Strezov et al., 2008; Araújo et al., 2017). Furthermore, the stalks of elephant grass are rich in lignocellulose, which is the world's most abundant polymeric carbohydrate and an important raw material to produce fermentable sugars (Hosseini Koupaie et al., 2019). However, lignocellulose is a complex and stubborn substance that is difficult to break down into desirable products (Prasad et al., 2019). Anaerobic fermentation is an effective pretreatment method to convert lignocellulose to energy products (Hosseini Koupaie et al., 2019).

Ensiling is a promising technology that uses lactic acid bacteria (LAB) for anaerobic fermentation to extend the storage time of feeds through acidification (Guan et al., 2018). Ensilage preserves more than 90% of plant energy and is an important pretreatment method for producing energy products (Zhao et al., 2017; Li et al., 2019). However, conventional ensiling technology in humid and hot areas faces great challenges. The optimum temperature of LAB is 20–30°C. Too high or low temperatures are not suitable for the LAB to grow (Zhou et al., 2016). But in the initial stage of fermentation, the raw materials use the residual air in the silos for respiration and release heat, which can result in temperatures of up to 40°C or higher (Li et al., 2019), particularly in humid and hot areas, with high temperature and rainfall, which can easily lead to poor fermentation quality.

Exogenous addition is a key measure to promote lignocellulose degradation and improve fermentation quality. The additives commonly used are LAB and enzyme preparations. Studies reported that commercial inoculant LAB has no desirable effect in humid and hot areas, and strains isolated from local silage materials are effective in improving the silage quality (Santos et al., 2013; Pholsen et al., 2016). Heat-resistant LAB, screened from silage in humid and hot areas, has the potential to cope with global warming and improve the fermentation quality in this region (Guan et al., 2020). Yet, the effect of heat-resistant LAB on the silage quality of high-moisture hybrid elephant grass is not clear, and less information is available on lignocellulose degradation. Acremonium cellulase can directly convert part of lignocellulose into soluble sugar to provide substrate for microbial fermentation under normal conditions (Li et al., 2018a). But it needs to be further investigated whether Acremonium cellulase has a desirable effect in humid and hot areas, and its effectiveness in improving fermentation quality is controversial.

From the above, there is an importance for developing silage additives that can promote lignocellulose degradation and improve fermentation quality in humid and hot areas. The characteristics of Acremonium cellulase and heat-resistant LAB reflect their potential as silage additives for utilization in humid and hot areas. Therefore, this study was performed to evaluate the effects of Acremonium cellulase and heat-resistant LAB on lignocellulose degradation, fermentation quality, and microbial communities of hybrid elephant grass in humid and hot areas. The findings might provide useful information for the development of high-quality silage additives in humid and hot areas.



Materials and methods


Materials and silage additives

The hybrid elephant grass [(Pennisetum americanum × Pennisetum purpureum) × Pennisetum durpureum schum. cv. Guimu No. 1] was harvested from the Chongzhou experiment farm of Sichuan Agricultural University (N30°33′23.98″ E103°38′42.61″) on August 26, 2020, at which time the hybrid elephant grass was at nutritional growth period (1.8–2.0 m). These materials were chopped to 2–3 cm for the preparation of silage. The silage additives include heat-resistant Lactobacillus plantarum 149 (LP149), commercial inoculant Lactobacillus plantarum (LP, Sichuan Gaofuji Biotech Co., Ltd, Chengdu, China), and Acremonium cellulase (AC, Green Stone Swiss Co., Ltd., Shanghai, China). Strain LP149 was screened previously from silages in Southwest China as a humid and hot area, which has good growth characteristics that tolerate the low pH (3.5) and high temperature (45°C). The gene sequence of this strain has been uploaded to GenBank with the registration number MH 337263. LP and AC were supplied as lyophilized powders, where LP has a viable count of 50 billion colony-forming units (cfu)/g and AC has an enzymatic activity of over 1,000 U/g.



Ensiling of hybrid elephant grass

The chopped hybrid elephant grass was mixed thoroughly with three additives separately, packed into polyethylene plastic bags (200 × 300 mm, Shenzhen Sanfeng Plastic Packing Co., Ltd., Shenzhen, China, each bag weighed 300 ± 2 g) and sealed with vacuum sealer (DJVac, Wenzhou, China). AC was applied at a rate of 0.03% FW. LP and LP149 were inoculated at a rate of 5 × 106 cfu/g FW. The appropriate amounts of AC and LP lyophilized powder were filled into the sterilized small spray and diluted with 10 mL of sterile water. An equal volume of sterile water was added to the hybrid elephant grass as a control group. Strain LP149 requires activation in MRS (De Man, Rogosa, and Sharpe) broth medium before inoculation and detection of viable bacteria by plate count method (Xie et al., 2022). In this study, a total of 120 bags of silage samples were prepared (4 treatments × 2 ensiling temperatures × 5 ensiling times × 3 replicates). The plastic bag silos were stored in incubators at 30 or 40°C for 1, 3, 7, 14, and 60 days of ensiling.



Sampling and analytical method

The plastic bag silos were opened at the designed ensiling time to analyze the fermentation and chemical characteristics. A 20 g sample of hybrid elephant grass silage was placed in a juicer, then 180 mL of distilled water was added and blended at high speed for 45 s, and the residue was removed through 4 layers of gauze. The obtained filtrate was poured into a clean conical flask, and the pH value was measured immediately. A volume of 50 mL of the filtrate, preserved in a freezer at −20°C, was used for subsequent analysis. The ammonia nitrogen (NH3-N) content was analyzed by the phenol-hypochlorite method (Li et al., 2021). The organic acids were detected using a high-performance liquid chromatograph according to the procedure of Yan et al. (2019).

About 100 g of fresh hybrid elephant grass and silage samples were placed in a blast dryer at 65°C and dried for 3 days to determine the dry matter (DM) content. An appropriate amount of dried samples was crushed, sieved (1 mm), and stored in a desiccator for chemical composition analysis. The water-soluble carbohydrate (WSC) was detected using the anthrone-sulfuric acid method (AOAC, 1990). The nitrogen was analyzed by the Dumas combustion method (Rapid N exceed, Elementar, Germany), and a protein conversion coefficient (6.25) was used to calculate crude protein. The neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) were determined according to the method of Van Soest et al. (1991). Hemicellulose and cellulose contents were estimated from the differences between NDF and ADF, ADF and ADL contents, respectively (Li et al., 2019). The sucrose, glucose, and fructose contents were detected with a kit (Hexokinase method, G0545W, Suzhou Grace Biotechnology Co., Ltd, Suzhou, China).



Bacterial community analysis
 
High-throughput sequencing

The genomic DNA from the hybrid elephant grass silage was extracted using the bacterial DNA isolation kit (DE-05311, Foregene, Chengdu, China). DNA concentration and purity were detected by NanoDrop2000C, with the optical density set at 260/280 nm (Yan et al., 2019). Qualified DNA samples were used for subsequent analysis. The 16S rRNA genes of distinct regions (V3–V4) were amplified by PCR with the primers 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3'). Qualified PCR products were selected using agarose gel electrophoresis at 2% concentration, and then the target bands were recovered by the gel extraction kit (Qiagen, Germany). Finally, libraries were constructed, and qualified libraries were sequenced on the platform of Illumina NovaSeq6000.



Sequences analysis

The raw sequencing data were spliced and filtered to select high-quality tags and were compared with the database of species annotation to remove chimeric sequences, and hence effective tags were obtained (Haas et al., 2011). Based on 97% of identification, the sequences of these tags were clustered into OTUs according to the Uparse algorithm (version 7.0.1001). The representative sequences from the OTUs were selected for species annotation (Wang et al., 2007). The bacterial community compositions of all samples were analyzed. Then, the alpha diversity index of hybrid elephant grass silages was calculated using the Qiime software (version 1.9.1). The R software (version 4.1.3) was used for the principal coordinate analysis (PCoA) of bacterial communities at different ensiling days.




Statistical analyses

One-way ANOVA and multi-way ANOVA were performed using SPSS (version 24.0) for the additives, ensiling time, and temperature. Duncan's new multiple-range test was used to compare the mean values of different chemical compositions and fermentation characteristics. Plate count results of microorganisms need to be log-transformed before statistical analysis. Differences were regarded as statistically significant when P < 0.05.




Results and discussion


Chemical characteristics and microbial population of fresh hybrid elephant grass

The initial DM content of fresh hybrid elephant grass was 172.62 g/kg DM. It is difficult to reduce the moisture content of fresh grass by wilting in humid and hot areas. High-moisture grass easily leads to undesirable microbial fermentation, nutrient loss, and aerobic spoilage during ensiling. In addition, the WSC, CP, NDF, ADF, and ADL contents of fresh hybrid elephant grass were 76.51, 103.82, 584.16, 336.28, and 33.73 g/kg DM, respectively. The number of LAB, coliform bacteria, yeast, and mold was 2.03, 4.00, 2.49, and 1.75 log10 cfu/g FM, respectively. It is generally believed that the number of LAB ≥ 105 cfu/g FM is more preferable for the preservation of silage (Ni et al., 2017). Therefore, exogenous addition is a key measure to improve the fermentation quality of high-moisture hybrid elephant grass in humid and hot areas.



Fermentation characteristics of hybrid elephant grass silage

The fermentation characteristics of hybrid elephant grass silages treated with additives at different ensiling times and temperatures are presented in Table 1. Compared to the control, three additive groups had a lower pH and were ≤ 4.2 after 3 days of ensiling, which is the threshold value indicating that the silages were well preserved (Mu et al., 2020). In addition, the pH decline rate after 1 day of ensiling at two temperatures was LP > LP149 > AC. The pH decline rate is regarded as a more important indicator for reflecting fermentation dynamics than the final pH value (Mu et al., 2020). However, it does not mean that lower pH is better, as the growth of LAB is suppressed when the pH ≤ 3.8 (Muck, 2010). The pH of AC and LP treatments decreased below 3.8 after 7 days of ensiling at 30°C. The accumulation of organic acids is the main reason for the pH decrease during anaerobic fermentation (Wang et al., 2021). Thus, AC and LP treatments may have facilitated the production of organic acids. Interestingly, the pH of all silages slightly increased after 60 days of ensiling at 45°C. With the soluble sugars depleted in the late stage of high-temperature fermentation, some acid-tolerant undesirable microorganisms such as yeasts take organic acids as a carbon source to proliferate, leading to a rise in pH.


TABLE 1 Fermentation characteristics of hybrid elephant grass silages treated with additives at different ensiling times and temperatures.
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Lactic acid (LA) is the most powerful organic acid capable of rapidly decreasing pH (Ali et al., 2020). Compared to the control, the silages treated with additives increased the LA content. The LP treatment had a higher (P < 0.05) LA content than the other treatments in the first 14 days of ensiling, but it decreased to different degrees at two temperatures after 60 days of ensiling. It is reported that some undesirable microorganisms can use LA as a substrate for fermentation when the soluble carbohydrate is low in late fermentation (Oliveira et al., 2017). The AC and LP149 treatments had higher LA content than the control during the whole fermentation process and were higher (P < 0.05) than the LP treatments after 60 days of ensiling at 30°C. These suggest that the addition of AC or strain LP149 may be more preferable than LP for the long-term preservation of silage.

The appropriate amount of acetic acid (AA) can enhance the aerobic stability of the silage to a certain extent (Kleinschmit and Kung, 2006). Throughout the fermentation process, AC and LP149 treatments had a higher (P < 0.05) AA content than the control and LP treatments. AC treatment can lead to the hydrolysis of lignocellulose to pentose, thus promoting the production of AA (Li et al., 2018b). The strain LP149 may boost the production of metabolites with bacteriostatic activity during ensiling. The LA/AA value is usually considered a qualitative indicator of ensiling, with a good fermentation ratio of about 2.5–3.0 (Guan et al., 2020). After 60 days of ensiling, the LA/AA of LP149 treatment at two temperatures (5.33 and 2.52) was closest to the ideal ratio, followed by AC treatment (5.55 and 2.45), while the LP treatment had a higher ratio (8.57 and 4.99). This may indicate that AC and LP149 are more preferable than LP for enhancing aerobic stability of silage in humid and hot areas. Throughout the ensiling process, a slight amount of propionic acid and butyric acid was detected (< 3.5 g/kg DM). It was worth noting that butyric acid content was lower (P < 0.05) in AC and LP149 treatments than that in the control and LP treatments.

A high concentration of NH3-N is the result of excessive protein degradation. In this study, the NH3-N concentration in all silages (< 75 g/kg TN) was consistent with the criteria for good quality silage (< 100 g/kg TN) (Mu et al., 2020). After 14 days of ensiling, the three additive groups had lower (P < 0.05) NH3-N levels than the control. This might be because the additive treatments rapidly lowered the pH, which inhibits the undesirable bacteria from degrading the protein. Moreover, the silages stored at 45°C had higher NH3-N levels than those stored at 30°C. It was reported that high temperature usually leads to butyric acid fermentation and more protein breakdown during ensiling (Chen et al., 2013).



Variations in lignocellulose compositions during ensiling

The lignocellulose compositions (including NDF, ADF, ADL, cellulose, and hemicellulose) of hybrid elephant grass silages treated with additives at different ensiling times and temperatures are presented in Table 2. The AC treatment had lower (P < 0.05) contents of NDF, ADF, and cellulose than the other treatments after 7 days of ensiling. This reflected the powerful potential of AC to the degradation of lignocellulose during ensiling in humid and hot areas. Moreover, the LP149 treatment had lower (P < 0.05) contents of NDF, ADF, and cellulose than the LP treatment after 14 days of ensiling. This may prove that strain LP149 has better heat resistance and cellulolytic activity than LP.


TABLE 2 Lignocellulose compositions of hybrid elephant grass silages treated with additives at different ensiling times and temperatures.
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After 3 days of ensiling, the LP and LP149 silages stored at 45°C had a higher content of NDF, ADF, and cellulose than those stored at 30°C. Generally, high temperatures can result in the deposition of lignocellulose in silage (Wilson et al., 1991). The Maillard reaction is promoted when the ensiling temperature is higher than 35–40°C, and the polymer produced by this reaction increases the lignocellulose in silage (Muck et al., 2003). However, the control and AC silages stored at 45°C had a lower content of NDF, ADF, and cellulose than those stored at 30°C. This is probably due to the high temperature promoting the growth of epiphytic bacteria with cellulolytic activity, and the optimum temperature of AC is 50–60°C (Li et al., 2018a).



Variations in fermentable carbohydrates contents during ensiling

The variations in the contents of fermentable carbohydrates (WSC, glucose, fructose, and sucrose) of hybrid elephant grass silages treated with additives at different ensiling times and temperatures are shown in Figure 1. Compared to the control, the contents of fermentable carbohydrates in three additive groups were higher (except for the LP treatment at 45°C). Throughout the fermentation process, apart from the glucose content of the AC treatment that appeared an increasing trend in the first 7 days of ensiling, other fermentable carbohydrates decreased gradually with the extension of ensiling time, which decreased sharply in the first 7 or 14 days of ensiling and then decreased slowly. This is closely related to the anaerobic fermentation process, where a large amount of fermentable sugar is consumed during the aerobic respiration period and the intensive fermentation phase, but the demand for substrates decreases when fermentation enters a stable phase (Ávila and Carvalho, 2020). In addition, the increased glucose content of the AC treatment in the first 7 days of ensiling may be attributed to the accumulation of glucose as a result of AC promoting the degradation of lignocellulose to produce more glucose than that consumed by microbial fermentation (Li et al., 2019). All fermentable carbohydrates of LP149 treatment were higher than LP treatment after 7 days of ensiling (except for sucrose at 30°C). This may indicate that strain LP149 was more beneficial than LP in promoting the degradation of lignocellulose during ensiling of hybrid elephant grass.
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FIGURE 1
 Variations in the contents of water-soluble carbohydrates (WSC) (A,B), glucose (C,D), fructose (E,F), and sucrose (G,H) of hybrid elephant grass silages treated with additives at different ensiling times and temperatures. C, control; AC, Acremonium cellulase; LP, commercial inoculant Lactobacillus plantarum; LP149, Lactobacillus plantarum 149. Means with different small letters show the significant difference among treatments in the same ensiling days at P < 0.05 (n = 3, bars indicate standard error of means).


Correlation analysis of the compositions of lignocellulose and fermentable carbohydrates was performed to explore the linkage between them (Figure 2). Overall, lignocellulose was negatively correlated with fermentable carbohydrates where NDF, ADF, and cellulose were negatively (P < 0.01) correlated with WSC, glucose, and fructose. Taking into account the variation of their contents, this may demonstrate that lignocellulose is mainly degraded to WSC, glucose, and fructose during ensiling, whereas WSC mainly consists of glucose, fructose, and sucrose (Usman et al., 2022).
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FIGURE 2
 The Spearman's correlation analysis between lignocellulose (including NDF, ADF, ADL, hemicellulose, and cellulose) and fermentable carbohydrates (including WSC, glucose, fructose, and sucrose) of hybrid elephant grass ensiled at 60 days. NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; WSC, water-soluble carbohydrates.




Bacterial diversity during ensiling

The Goods coverage of all silages was >99%, providing a possibility of microbial communities analysis (Table 3). In conventional silage, LAB inoculation could reduce alpha diversity (Bai et al., 2021; Liu et al., 2022). But in this study, three additive groups did not have the desired effect to reduce alpha diversity, and even alpha diversity was higher than the control. This is probably due to that the humid and hot environments promoted the growth of undesirable microorganisms, and the additive treatments indirectly provided them with fermentation substrates (Zhao et al., 2019).


TABLE 3 Alpha diversity of hybrid elephant grass silages treated with additives at different ensiling times and temperatures.
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PCoA reflected the similarity or dissimilarity of bacterial community composition during ensiling (Figure 3). Based on PCoA at different ensiling times (Figures 3A–E), bacterial communities were clearly separated among control and treated groups after 1, 3, 7, 14, and 60 days of ensiling. Apart from the 60th day of ensiling, the bacterial communities were clearly separated among the treated groups, and the bacterial communities of LP149 treatment were clearly separated from the other groups. Moreover, bacterial communities were clearly separated in silages stored at 30°C and those stored at 45°C. These suggest that temperature and additives are important factors affecting the bacterial communities of silage. Compared to additives, the temperature had a more profound effect on the bacterial community (Guan et al., 2020).


[image: Figure 3]
FIGURE 3
 Principal coordinates analysis (PCoA) of the bacterial community of hybrid elephant grass during ensiling. (A–E) indicates PCoA analysis at ensiling day 1, 3, 7, 14, and 60, respectively. C, control; AC, Acremonium cellulase; LP, commercial inoculant Lactobacillus plantarum; LP149, Lactobacillus plantarum 149.




Bacterial community composition during ensiling

The number of LAB is a key factor to determine the quality of silage. LAB can inhibit undesirable fermentation by rapidly lowering the pH (Chen et al., 2021). In this study, the number of LAB in all silages increased sharply compared with fresh hybrid elephant grass after 1 day of ensiling (see Supplementary Table). The LP149 treatment had a higher (P < 0.05) number of LAB than the other treatments throughout the fermentation process at 30°C.

The bacterial community at the phylum and genus levels is presented in Figure 4. The main phyla in hybrid elephant grass silage were Firmicutes and Proteobacteria, and they are the most common phyla in silage. The main dominant bacteria in hybrid elephant grass silage were Lactobacillus, Weissella, and Klebsiella. In addition, the main bacteria involved in LA fermentation during ensiling were Lactobacillus, Weissella, and Pediococcus. The abundance of Lactobacillus in LP and LP149 treatments was higher than that in the control and AC treatments after 7 days of ensiling. This indicated that the addition of strains LP149 and LP could enhance the dominance of Lactobacillus. It is noteworthy that the AC treatment had a lower abundance of Lactobacillus than the control after 3 days of ensiling. This might be because some undesirable microorganisms have a growth advantage over epiphytic LAB under humid and hot environments (Pahlow et al., 2003), and AC treatment provides more fermentation substrate for them by degrading part of the lignocellulose into soluble sugars. Weissella might be an important bacterium for promoting LA fermentation in AC treatment. Generally, Weisseria will gradually decrease as prolonged fermentation time while acid-tolerant bacteria will increase (Ogunade et al., 2018). Bacillus has good acid tolerance and is found often in the late fermentation (Bai et al., 2020). After 60 days of ensiling at 45°C, Bacillus became one of the dominant bacteria. Particularly in control silage, Bacillus was the main dominant bacterium. It has been reported that Bacillus has the potential to improve the quality of silage (Bai et al., 2022), but the fermentation quality of the control silage was not good. Therefore, the role of Bacillus in silage in humid and hot areas needs further investigation.
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FIGURE 4
 Relative abundance of bacterial community at phylum (A,B) and genus (C,D) level. C, control; AC, Acremonium cellulase; LP, commercial inoculant Lactobacillus plantarum; LP149, Lactobacillus plantarum 149. The number after the treatment zone represents the ensiling time: 1, 3, 7, 14, and 60 represent 1, 3, 7, 14, and 60 days of ensiling, respectively.


Klebsiella, Acinetobacter, and Raoultella are the main undesirable bacteria in silage. These bacteria are usually considered undesirable microorganisms that compete with LAB for fermentation substrates (Du et al., 2022). Furthermore, Klebsiella and Acinetobacter can lead to reduced aerobic stability of silage (Lin et al., 2021; Muraro et al., 2021), whereas it was reported that Klebsiella, Enterobacter, and Raoultella are tolerant to low pH and can inhibit the pathogen (Gheibipour et al., 2022). Thus, it is necessary to carry out the in-depth study of bacteria normally considered undesirable during ensiling.

Bacterial systems have received much attention in the degradation of lignocellulose because of their outstanding functional diversity and adaptability (Georgiadou et al., 2021). The relationship among dominant bacteria with lignocellulose and fermentable carbohydrates of silage in humid and hot areas was investigated by Spearman's correlation analysis (Figure 5). The compositions of lignocellulose and fermentable carbohydrates were negatively (P < 0.05) correlated with Bacillus, Anoxybacillus, and Curvibacter. This demonstrated that microorganisms capable of promoting lignocellulose degradation may consume more fermentable carbohydrates during their action. Ahmed et al. (2018) reported that many members of Bacillus have ligninolytic and/or cellulolytic activities. In addition, Acinetobacter was negatively (P < 0.01) correlated with NDF, ADF, and cellulose. This is owing to that many species of Acinetobacter can promote the efficiency of carbohydrate catabolism and metabolism (Hošková et al., 2015). It is notable that the compositions of lignocellulose and fermentable carbohydrates were positively (P < 0.05) correlated with Lactobacillus and Weissella. This might be due to that these two bacteria rapidly lower the pH by involving in LA fermentation, which inhibits the consumption of soluble sugars by undesirable bacteria. The potential of LP149 to degrade lignocellulose may be due to that it directly or indirectly promoted the growth of bacteria with cellulolytic activity or as a result of its synergistic interactions with other bacteria.
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FIGURE 5
 Heat map showing the correlations of dominant bacteria with lignocellulose and fermentable carbohydrates of hybrid elephant grass during ensiling. * and ** represent P < 0.05 and P < 0.01, respectively. NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; WSC, water-soluble carbohydrates.





Conclusion

The AC and strain LP149 promoted the degradation of lignocellulose during ensiling of hybrid elephant grass. The addition of AC or LP149 altered the microbial communities' structure during ensiling. AC treatment provided more substrate for microbial fermentation, resulting in an increase in bacterial alpha diversity. LP149 treatment increased the Lactobacillus abundance and optimized the bacterial community compositions. In addition, AC and LP149 treatments increased lactic acid and acetic acid contents and decreased pH and protein breakdown, thereby improving the fermentation quality of hybrid elephant grass silage. Overall, AC and LP149 are promising additives that can improve the fermentation quality of high-moisture grass in humid and hot areas. It is possible that the combination inoculant with AC and strain LP149 may have better fermentation quality and is worth further study.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA894830.



Author contributions

TZ, ZD, and YY designed the study. CC, YX, and HN performed the experiments. CC wrote the manuscript. XL, HG, YW, WY, YC, and YY revised the manuscript. All authors reviewed and approved the final manuscript.



Funding

This study was supported by the National Natural Science Foundation of China (grant number 32001401) and Sichuan Science and Technology Department Programs (grant number 2021YFH0155).



Conflict of interest

The 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.



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.2022.1066753/full#supplementary-material



References

 Ahmed, S., Rahman, M. S., Hasan, M. M., Paul, N., and Sajib, A. A. (2018). Microbial degradation of lignocellulosic biomass: discovery of novel natural lignocellulolytic bacteria. BioTechnologia. 99, 137–146. doi: 10.5114/bta.2018.75657


 Ali, N., Wang, S., Zhao, J., Dong, Z., Li, J., Nazar, M., et al. (2020). Microbial diversity and fermentation profile of red clover silage inoculated with reconstituted indigenous and exogenous epiphytic microbiota. Bioresour. Technol. 314, 123606. doi: 10.1016/j.biortech.2020.123606

 AOAC (1990). Official Methods of Analysis, 15th Edn. Arlington: Association of Official Analytical Chemists.


 Araújo, M., Daher, R., Menezes, B., Gravina, G., Silva, V., Amaral Júnior, A., et al. (2017). Stability of annual biomass energy production of elephant grass (Pennisetum purpureum Schum.) genotypes in the Northern region of the Rio de Janeiro State, Brazil. Genet. Mol. Res. 16, 1–11. doi: 10.4238/gmr16039041

 Ávila, C., and Carvalho, B. (2020). Silage fermentation—updates focusing on the performance of micro-organisms. J. Appl. Microbiol. 128, 966–984. doi: 10.1111/jam.14450

 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

 Bai, J., Franco, M., Ding, Z., Hao, L., Ke, W., Wang, M., et al. (2022). Effect of Bacillus amyloliquefaciens and Bacillus subtilis on fermentation, dynamics of bacterial community and their functional shifts of whole-plant corn silage. J. Anim. Sci. Biotechnol. 13, 1–14. doi: 10.1186/s40104-021-00649-0

 Bai, J., Xu, D., Xie, D., Wang, M., Li, Z., and Guo, X. (2020). Effects of antibacterial peptide-producing B. subtilis and Lactobacillus buchneri on fermentation, aerobic stability, and microbial community of alfalfa silage. Bioresour. Technol. 315, 123881. doi: 10.1016/j.biortech.2020.123881

 Chen, D., Zheng, M., Guo, X., Chen, X., and Zhang, Q. (2021). Altering bacterial community: a possible way of lactic acid bacteria inoculants reducing CO2 production and nutrient loss during fermentation. Bioresour. Technol. 329, 124915. doi: 10.1016/j.biortech.2021.124915

 Chen, M., Liu, Q., Xin, G., and Zhang, J. (2013). Characteristics of lactic acid bacteria isolates and their inoculating effects on the silage fermentation at high temperature. Lett. Appl. Microbiol. 56, 71–78. doi: 10.1111/lam.12018

 Du, Z., Lin, Y., Sun, L., Yang, F., and Cai, Y. (2022). Microbial community structure, co-occurrence network and fermentation characteristics of woody plant silage. J. Sci. Food Agric. 102, 1193–1204. doi: 10.1002/jsfa.11457

 Georgiadou, D. N., Avramidis, P., Ioannou, E., and Hatzinikolaou, D. G. (2021). Microbial bioprospecting for lignocellulose degradation at a unique Greek environment. Heliyon 7, e07122. doi: 10.1016/j.heliyon.2021.e07122

 Gheibipour, M., Ghiasi, S. E., Bashtani, M., Torbati, M. B. M., and Motamedi, H. (2022). The potential of tannin degrading bacteria isolated from rumen of Iranian Urial ram as silage additives. Bioresour. Technol. Rep. 18, 101024. doi: 10.1016/j.biteb.2022.101024


 Guan, H., Shuai, Y., Yan, Y., Ran, Q., Wang, X., Li, D., et al. (2020). Microbial community and fermentation dynamics of corn silage prepared with heat-resistant lactic acid bacteria in a hot environment. Microorganisms 8, 719. doi: 10.3390/microorganisms8050719

 Guan, H., Yan, Y., Li, X., Li, X., Shuai, Y., Feng, G., et al. (2018). Microbial communities and natural fermentation of corn silages prepared with farm bunker-silo in Southwest China. Bioresour. Technol. 265, 282–290. doi: 10.1016/j.biortech.2018.06.018

 Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., et al. (2011). Chimeric 16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons. Genome Res. 21, 494–504. doi: 10.1101/gr.112730.110

 Hošková, M., JeŽdík, R., Schreiberová, O., Chudoba, J., Šír, M., Cejková, A., et al. (2015). Structural and physiochemical characterization of rhamnolipids produced by Acinetobacter calcoaceticus, Enterobacter asburiae and Pseudomonas aeruginosa in single strain and mixed cultures. J. Biotechnol. 193, 45–51. doi: 10.1016/j.jbiotec.2014.11.014

 Hosseini Koupaie, E., Dahadha, S., Bazyar Lakeh, A. A., Azizi, A., and Elbeshbishy, E. (2019). Enzymatic pretreatment of lignocellulosic biomass for enhanced biomethane production: a review J. Environ. Manag. 233, 774–784. doi: 10.1016/j.jenvman.2018.09.106

 Kleinschmit, D., and Kung, L. (2006). A meta-analysis of the effects of L. buchneri on the fermentation and aerobic stability of corn and grass and small-grain silages. J. Dairy Sci. 89, 4005–4013. doi: 10.3168/jds.S0022-0302(06)72444-4

 Li, F., Ding, Z., Ke, W., Xu, D., Zhang, P., Bai, J., et al. (2019). Ferulic acid esterase-producing lactic acid bacteria and cellulase pretreatments of corn stalk silage at two different temperatures: ensiling characteristics, carbohydrates composition and enzymatic saccharification. Bioresour. Technol. 282, 211–221. doi: 10.1016/j.biortech.2019.03.022

 Li, J., Tang, X., Zhao, J., Chen, S., Wang, S., and Shao, T. (2021). Improvement of fermentation quality and cellulose convertibility of Napier grass silage by inoculation of cellulolytic bacteria from Tibetan yak (Bos grunniens). J. Appl. Microbiol. 130, 1857–1867. doi: 10.1111/jam.14917

 Li, J., Yuan, X., Desta, S. T., Dong, Z., Mugabe, W., and Shao, T. (2018a). Characterization of Enterococcus faecalis JF85 and Enterococcus faecium Y83 isolated from Tibetan yak (B. grunniens) for ensiling Pennisetum sinese. Bioresour. Technol. 257, 76–83. doi: 10.1016/j.biortech.2018.02.070

 Li, J., Yuan, X., Dong, Z., Mugabe, W., and Shao, T. (2018b). The effects of fibrolytic enzymes, cellulolytic fungi and bacteria on the fermentation characteristics, structural carbohydrates degradation, and enzymatic conversion yields of P. sinese silage. Bioresour. Technol. 264, 123–130. doi: 10.1016/j.biortech.2018.05.059

 Lin, H., Lin, S., Awasthi, M. K., Wang, Y., and Xu, P. (2021). Exploring the bacterial community and fermentation characteristics during silage fermentation of abandoned fresh tea leaves. Chemosphere 283, 131234. doi: 10.1016/j.chemosphere.2021.131234

 Liu, F., Bai, J., Huang, W., Li, F., Ke, W., Zhang, Y., et al. (2022). Characterization of a novel beta-cypermethrin-degrading strain of Lactobacillus pentosus 3–27 and its effects on bioremediation and the bacterial community of contaminated alfalfa silage. J. Hazard. Mater. 423, 127101. doi: 10.1016/j.jhazmat.2021.127101

 Liu, L., Wang, J., Wang, F., and Yang, X. (2021). The impact of the planting of forest biomass energy plants under the embedded internet of things technology on the biodiversity of the local environmental ecology. Environ. Technol. Innov. 24, 101894. doi: 10.1016/j.eti.2021.101894


 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

 Muck, R. E. (2010). Silage microbiology and its control through additives. Rev. Bras. Zootec. 39, 183–191. doi: 10.1590/S1516-35982010001300021


 Muck, R. E., Moser, L. E., and Pitt, R. E. (2003). Postharvest factors affecting ensiling. Silage Sci. Technol. 42, 251–304. doi: 10.2134/agronmonogr42.c6


 Muraro, G. B., De Almeida Carvalho-Estrada, P., De Oliveira Pasetti, M. H., Santos, M. C., and Nussio, L. G. (2021). Bacterial dynamics of sugarcane silage in the tropics. Environ. Microbiol. 23, 5979–5991. doi: 10.1111/1462-2920.15428

 Ni, K., Wang, F., 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, I., Jiang, Y., Cervantes, A. P., Kim, D., Oliveira, A., Vyas, D., et al. (2018). Bacterial diversity and composition of alfalfa silage as analyzed by Illumina MiSeq sequencing: effects of Escherichia coli O157: H7 and silage additives. J. Dairy Sci. 101, 2048–2059. doi: 10.3168/jds.2017-12876

 Oliveira, A. S., Weinberg, Z. G., Ogunade, I. M., Cervantes, A. A., Arriola, K. G., Jiang, Y., et al. (2017). Meta-analysis of effects of inoculation with homofermentative and facultative heterofermentative lactic acid bacteria on silage fermentation, aerobic stability, and the performance of dairy cows. J. Dairy Sci. 100, 4587–4603. doi: 10.3168/jds.2016-11815

 Pahlow, G., Muck, R. E., Driehuis, F., Elferink, S. J. O., and Spoelstra, S. F. (2003). Microbiology of ensiling. Silage Sci. Technol. 42, 31–93. doi: 10.2134/agronmonogr42.c2


 Pholsen, S., Khota, W., Pang, H., Higgs, D., and Cai, Y. (2016). Characterization and application of lactic acid bacteria for tropical silage preparation. Anim. Sci. J. 87, 1202–1211. doi: 10.1111/asj.12534

 Prasad, R. K., Chatterjee, S., Mazumder, P. B., Gupta, S. K., Sharma, S., Vairale, M. G., et al. (2019). Bioethanol production from waste lignocelluloses: a review on microbial degradation potential. Chemosphere 231, 588–606. doi: 10.1016/j.chemosphere.2019.05.142

 Santos, A. O., Ávila, C. L. S., and Schwan, R.F. (2013). Selection of tropical lactic acid bacteria for enhancing the quality of maize silage. J. Dairy Sci. 96, 7777–7789. doi: 10.3168/jds.2013-6782

 Strezov, V., Evans, T. J., and Hayman, C. (2008). Thermal conversion of elephant grass (P. purpureum Schum) to bio-gas, bio-oil and charcoal. Bioresour. Technol. 99, 8394–8399. doi: 10.1016/j.biortech.2008.02.039

 Usman, S., Li, F., An, D., Shou, N., Deng, J., Zhang, Y., et al. (2022). Lignocellulose degradation and enzymatic hydrolysis of soybean incorporated sorghum silage inoculated with feruloyl-esterase producing L. plantarum. Fermentation 8, 70. doi: 10.3390/fermentation8020070


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

 Wang, C., Zheng, M., Wu, S., Zou, X., Chen, X., Ge, L., et al. (2021). 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

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

 Wilson, J. R., Deinum, B., and Engels, F. M. (1991). Temperature effects on anatomy and digestibility of leaf and stem of tropical and temperate forage species. Neth. J. Agric. Sci. 1, 31–48. doi: 10.18174/njas.v39i1.16551


 Xie, Y., Sun, H., Zhang, C., Cheng, Q., Zheng, Y., Wang, C., et al. (2022). Ambient ultraviolet radiation: a new factor affecting anaerobic fermentation of oat and subsequent methane emissions. Bioresour. Technol. 355, 127243. doi: 10.1016/j.biortech.2022.127243

 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

 Zhao, J., Dong, Z., Li, J., Chen, L., Bai, Y., Jia, Y., et al. (2019). Effects of sugar sources and doses on fermentation dynamics, carbohydrates changes, in vitro digestibility and gas production of rice straw silage. Ital. J. Anim. Sci. 18, 1345–1355. doi: 10.1080/1828051X.2019.1659106


 Zhao, X., Liu, J., Liu, J., Yang, F., Zhu, W., Yuan, X., et al. (2017). Effect of ensiling and silage additives on biogas production and microbial community dynamics during anaerobic digestion of switchgrass. Bioresour. Technol. 241, 349–359. doi: 10.1016/j.biortech.2017.03.183

 Zhou, Y., Drouin, P., and Lafrenière, C. (2016). Effect of temperature (5–25°C) on epiphytic lactic acid bacteria populations and fermentation of whole-plant corn silage. J. Appl. Microbiol. 121, 657–671. doi: 10.1111/jam.13198











 


	
	
TYPE Original Research
PUBLISHED 28 November 2022
DOI 10.3389/fmicb.2022.1062515






Fermentation quality, bacterial community, and predicted functional profiles in silage prepared with alfalfa, perennial ryegrass and their mixture in the karst region

Xueying Fan1†, Zhiming Xie2†, Qiming Cheng1*, Maoya Li1, Jianhua Long3, Yao Lei1, Yushan Jia4, Yulian Chen1, Chao Chen1 and Zhijun Wang4*


1College of Animal Science, Guizhou University, Guiyang, China

2College of Life Sciences, Baicheng Normal University, Jilin, China

3Shibing County Agricultural and Rural Bureau, Shibing, China

4College of Grassland, Resources and Environment, Key Laboratory of Forage Cultivation, Processing and High Efficient Utilization of Ministry of Agriculture, and Key Laboratory of Grassland Resources, Inner Mongolia Agricultural University, Ministry of Education, Hohhot, China

[image: image2]

OPEN ACCESS

EDITED BY
 Siran Wang, Nanjing Agricultural University, China

REVIEWED BY
 Mao Li, Chinese Academy of Tropical Agricultural Sciences, China
 Jie Zhao, Nanjing Agricultural University, China

*CORRESPONDENCE
 Qiming Cheng, 429845801@qq.com; Zhijun Wang, zhijunwang321@126.com 

†These authors have contributed equally to this work

SPECIALTY SECTION
 This article was submitted to Microbiotechnology, a section of the journal Frontiers in Microbiology


RECEIVED 06 October 2022
 ACCEPTED 11 November 2022
 PUBLISHED 28 November 2022

CITATION
 Fan X, Xie Z, Cheng Q, Li M, Long J, Lei Y, Jia Y, Chen Y, Chen C and Wang Z (2022) Fermentation quality, bacterial community, and predicted functional profiles in silage prepared with alfalfa, perennial ryegrass and their mixture in the karst region. Front. Microbiol. 13:1062515. doi: 10.3389/fmicb.2022.1062515

COPYRIGHT
 © 2022 Fan, Xie, Cheng, Li, Long, Lei, Jia, Chen, Chen 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.
 

There is little information regarding the dynamics of fermentation products and the bacterial community in silage prepared with alfalfa (MS), perennial ryegrass (LP), and their mixture in the karst region. In this study, we explored the effects of combining MS with LP in different ratios (100% MS, 70% MS + 30% LP, 50% MS + 50% LP, 30% MS + 70% LP and 100% LP; fresh matter basis) on silage chemical composition, fermentation quality, bacterial communities and predicted functions during the ensiling process. Each treatment was prepared in triplicate and stored at room temperature (22–25°C) for 7, 15, and 45 days. The dry matter (DM) and water-soluble carbohydrate content of the silages increased as the LP proportion in the mixed silage increased; at 45 days, the 70% MS + 30% LP, 50% MS + 50% LP and 30% MS + 70% LP silages contained higher (p < 0.05) CP content than the 100% MS and 100% LP silages. The 30% MS + 70% LP and 100% LP silages exhibited lower (p < 0.05) pH and higher (p < 0.05) LA content than the other silages; at 45 days, none of the silages contained PA or BA. As fermentation proceeded, the abundance of harmful (Enterobacteriaceae and Sphingomonas) and beneficial (Lentilactobacillus, Lactiplantibacillus, Secundilactobacillus, and Levilactobacillus) microorganisms decreased and increased, respectively, as the LP proportion in the mixed silage increased. The predicted functional distribution of microbial communities and metabolic pathways revealed that the 30% MS + 70% LP and 100% LP silages had a stronger capacity for fermentation and a weaker capacity for nitrate reduction than the other silages. Moreover, as the fermentation proceeded, the 30% MS + 70% LP and 100% LP treatments enhanced the functions of “Metabolism,” “Genetic information processing” and “Organismal systems” at level 1, the functions of “Amino acid metabolism” and “Nucleotide metabolism” at level 2, and the functions of “Metabolic pathways,” “Biosynthesis of secondary metabolites,” “Biosynthesis of antibiotics” and “Purine metabolism” at level 3. Thus, adding LP could improve the fermentation quality of MS silage by changing the composition and metabolic function of microbes; furthermore, ensiling 30% alfalfa with 70% ryegrass can produce high-quality silage in the karst region.
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 alfalfa, perennial ryegrass, fermentation quality, bacterial community, predicted functional, karst region


Introduction

The region of Southwest China is a fragile area with grassland ecosystems and encompasses the most typical, complex, and impeccable development of karst worldwide (Ying et al., 2021). Due to the extreme environment, which involves rocky desertification, soil erosion, and soil depletion, herbivores often lack a food supply in winter and early spring; thus, the development of animal husbandry in this region is often restricted (Zhang et al., 2012; Yuan et al., 2021). Farmers have long stored forage as hay for supplementary feed in winter (Chen et al., 2017). However, dry matter (DM) and losses in nutritive value often occur during the haymaking stage. Furthermore, the karst area typically incurs high temperatures and precipitation at the same time, and compared to traditional hay, silage may be more suitable for the development of local animal husbandry (Zhang et al., 2015a).

Alfalfa (Medicago sativa L., MS), as a typical legume forage, is rich in crude protein and widely used as animal feed (Zhao et al., 2020). However, successfully ensiling MS is difficult due to its high buffering capacity, low water-soluble carbohydrate (WSC) content, and low epiphytic lactic acid bacteria (LAB) populations (Wang et al., 2020a). Ensiling MS in a mixture containing gramineous forage with high WSC content would be a good method of conservation (Wang et al., 2019). Numerous studies have shown that the fermentation quality of MS can be significantly improved by ensiling it in a mixture with gramineous forages (whole-plant corn or sweet sorghum; Zhang et al., 2015b; Wang et al., 2020a). Perennial ryegrass (Lolium perenn L., LP) is distributed widely in Asia, Europe, and northern Africa and exhibits several characteristics, including a long growing period, strong adaptability, and high forage yield (Su et al., 2021). LP can be preserved as ruminant feed through ensiling (Romero, 2010). However, the crude protein (CP) content in fresh LP and silage (96.1 g/kg; Dong et al., 2022) cannot meet the growth requirements of ruminants (NRC, 2007). Previous research demonstrated that to meet these requirements, legume forage with a high CP content can be mixed with low CP gramineous forages for ensiling (Zhang et al., 2015a). Therefore, ensiling MS with LP may be a good choice for improving the nutritional and fermentation quality of MS. However, few studies have investigated in detail the feasibility of mixing MS and LP for producing silage.

Ensiling is a fermentation process driven by microorganisms, especially LAB (Wang et al., 2022). In the fermentation process, lactic acid bacteria use WSC to produce lactic acid and other substances that lower the pH, thereby inhibiting other harmful microorganisms (such as Enterobacter and Escherichia coli; Zhao et al., 2020). Therefore, characterizing the microbial community is critical for further improving the quality of silage. To our knowledge, little information is available regarding the dynamics of fermentation products, bacterial communities and predicted functional profiles of silage prepared with MS, LP, and their mixture in the karst region. Therefore, this study was performed with the purpose of probing the effect of different ratios of MS and LP combinations on fermentation quality, bacterial communities and predicted functional profiles throughout the ensiling process. We hypothesized that (i) ensiling MS in a mixture with LP would enhance the nutritional and fermentation quality of silage, and (ii) increasing LP could improve the fermentation quality of MS silage by inhibiting harmful bacteria.



Materials and methods


Silage preparation

Alfalfa and perennial ryegrass were cultivated in Guanling County, Guiyang city, Guizhou Province. This region has a typical karst landscape, mainly with a humid mid-subtropical monsoon climate, with an average annual temperature of 16.2°C, an average annual precipitation of 1205.1–1656.8 mm, and an average altitude of 1,025 m. Fresh alfalfa (MS, Victoria varieties) was harvested at the early flowering stage, while perennial ryegrass (LP, Guicao NO.1 varieties) was harvested at the boot stage. Without wilting, each of the two forages was separately chopped to a length of 2–3 cm using a hand hay cutter. Approximately 300 g of chopped MS was mixed homogenously with LP, packed manually into polyethylene bags (25 cm × 30 cm), and then vacuum packed using a vacuum packing machine (SJ-400, Shanghai Precision Machinery Manufacturing Co. Ltd). The treatments were as follows: (1) 100% MS: 100% alfalfa+0% perennial ryegrass; (2) 70% MS + 30% LP: 70% alfalfa+30% perennial ryegrass; (3) 50% MS + 50% LP: 50% alfalfa+50% perennial ryegrass; (4) 30% MS + 70% LP: 30% alfalfa+70% perennial ryegrass; and (5) 100% LP: 0% alfalfa+100% perennial ryegrass. Three polyethylene bags of silage with the same treatment were stored at room temperature (22–25°C) and were opened in triplicate for each treatment after 7 and 45 days of ensiling to analyze microbial diversity, which was achieved by examining the chemical compositions and fermentation quality after 7, 15, and 45 days of ensiling.



Analysis of microbial populations, chemical compositions, and fermentation quality

As performed by Cai et al. (1999), the plate count method was used to determine the microbial populations of fresh materials. Briefly, 10 g of MS or LP was homogenized with 90 ml autoclaved 0.85% sodium chloride solution, shaken at 120 rpm and 37°C for 2 h, and serially diluted from 10−1 to 10−7. The LAB, yeasts and coliform bacteria were counted by culture-based methods using deMan, Rogosa, and Sharpe (MRS) agar plates (GCM188, Land Bridge Technology Co., Ltd., Beijing, China), malt extract agar (CM173, Land Bridge Technology Co., Ltd., Beijing, China) and blue light broth agar (Nissur Ltd., Tokyo, Japan), respectively. The microbial number was enumerated in colony-forming units (cfu), converted to logarithmic form, and expressed on a fresh material (FM) basis.

Each sample was dried at 65°C, crushed, and sieved through a 1 mm sieve to estimate the dry matter (DM) content. The content of water-soluble carbohydrate (WSC) was determined by the anthrone method (Owens et al., 1999). In brief, a dried sample of 0.2 g was ground with a mill (1 mm screen), mixed with 10 ml of sterile distilled water in a glass tube and incubated at 100°C for 30 min. The filtrate was transferred to a volumetric flask, and diluted with sterile distilled water to 100 ml. One microliter of the solution was mixed well with 5 ml of anthrone-sulfuric acid solution (0.4 g anthrone+100 ml 88% sulfuric acid) and incubated at 100°C for 10 min. The absorbance of the mixture was measured at 620 nm. Glucose was used as a reference substance, and the standard curve was as follows: y = 0.117x + 0.008, R2 = 0.9996, where x is the concentration of the filtrate (mg/mL) and y is the absorbance value at 620 nm. The minimum detection concentration was 1.0 mg/ml. When the absorbance value was >1.2 and <0.2, the filtrate was diluted to achieve highly accurate determination. Crude protein (CP) was analyzed using a Kjeldahl analyzer (Kjeldahl 2300 Automatic analyzer, FOSS Analysis AB, Hoganas, Sweden) according to the methods of the official Society of Analytical Chemists (AOAC, 1990). Both the neutral detergent fiber (NDF) and acid detergent fiber (ADF) levels were analyzed using the methods of Van Soest et al. (1991).

Each 10 g silage sample was mixed homogeneously with 90 ml of sterile water and stored at 4°C for 6 h, followed by filtration through four layers of cheesecloth. The filtrates were finally stored in 50 ml centrifuge tubes at −20°C for subsequent analyzes. The filtrate was tested for organic acids, ammoniacal nitrogen (AN) and pH. The pH was measured by a pH metre. The AN content was determined by the sodium hypochlorite-phenol method (Broderick and Kang, 1980). The filtrate was centrifuged at 10000 r at 4°C for 10 min and analyzed with a 0.22 μm dialyzer. Lactic acid (LA), acetic acid (AA), propionic acid (PA) and butyric acid (BA) levels were determined by high-pressure liquid chromatography (HPLC; KC-811 column, Shodex; Shimadzu Co. Ltd., Tokyo, Japan; oven temperature, 50°C; mobile phase, 3 mmol/L perchlorate solution; flow rate, 1.0 ml/min; flame photometric detection wavelength, 210 nm; and sample size 5.0 μl; Jia et al., 2019).



Bacterial community analysis

Microbial DNA was extracted from the silage sample according to the method described by Wang et al. (2020b). In brief, the preserved liquid for extracting DNA was centrifuged (rate, 12,000 × g; time, 10 min), and the pellet was collected and used to extract DNA by a Power Soil DNA Isolation Kit (MO BIO Laboratories) according to the manufacturer’s protocol. After purification, the DNA was diluted to 1 ng/ml using sterile water. All microbial DNA samples were immediately sent to Biomarker Technologies Corporation (Beijing, China) for PCR amplification and bioinformatic analysis. The 16S rDNA V3–V4 regions were amplified using a forward primer (50-ACTCCTACGGGAGGCAGCA-30) and reverse primer (50GGACTACHVGGGTWTCTAAT-30) combined with specific barcode sequences. FLASH software was applied to check the raw reads, and the high-quality sequences (scores >80) were saved based on the QIIME quality control process. The operational taxonomic units (OTUs) with 97% similarity were clustered by UPARSE pipeline software. Then, UCHIME software was used to identify and remove the chimeric sequences. The alpha diversity indices including the OTU, Ace, Chao, Shannon, Simpson and coverage indices, were determined using Mothur software. The metabolic potential of the bacterial community and the composition of functional genes were predicted by assigning 16S rRNA marker gene sequences to functional annotations of sequenced metagenomic sequences based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway Orthology (KO) classification, using Tax4Fun (version 0.3.1). The comparisons of the KEGG pathways were graphically presented via Graphpad Prism (version 8, IBM, Armonk, NY, United States).



Statistical analysis

Data for the chemical composition, fermentation quality and the bacterial community were analyzed via two-way analysis of variance to evaluate the effects of ratios (R), ensiling period (P), and their interaction (R × P). All statistical analyses were performed using the general linear model procedure with SPSS 26 software (IBM Crop., Armonk, NY, United States). The data on the relative abundances of the KEGG pathways were subjected to one-way ANOVA. Tukey’s multiple comparison test was applied to analyse the statistical differences. Differences were considered as significant at p < 0.05. All the figures were created using Graphpad Prism (version 8, IBM, Armonk, NY, United States).




Results and discussion


Characteristics of raw materials

The chemical parameters and microbial populations of fresh samples are shown in Table 1. The DM contents of fresh MS and LP were 23.48% DM and 30.6% DM, respectively. The CP content of MS was 23.3% DM, which was similar to the result (24.6% DM) of Luo et al. (2021). The NDF (47.43% DM) and ADF (24.22% DM) contents of LP in our study were comparable to those reported by Li et al. (2019), who reported that the NDF and ADF contents of annual ryegrass were 48.39% DM and 28.16% DM, respectively. The NDF (50.49% DM) and ADF (26.41% DM) contents of MS were higher than those reported by Yuan et al. (2020), who reported that the NDF and ADF contents of MS were 44.00% DM and 20.80% DM, respectively. This shows that environmental conditions and varieties are the main factors affecting the nutritional quality of the material (Li et al., 2019). Silage quality depends on many factors, including the WSC content and epiphytic LAB count of raw material (Cheng et al., 2021). During ensiling, LAB convert WSC to organic acids, mainly LA, under anaerobic conditions, thereby lowering the pH to protect forage from undesirable microorganisms (Li et al., 2019). Therefore, ensiling is a LAB-driven fermentation process and the minimum requirement for the LAB count in raw materials is >105 cfu/g FW (Wang et al., 2017). WSC acts as fermentation substrate, and the WSC content should be >50 g/kg of DM was shown to be crucial for ensuring acceptable fermentation quality (Seale et al., 1986). In our study, low numbers of attached LAB (< 105 cfu/g FM) and high numbers of yeasts (103.52 cfu/g FM) in fresh MS made it difficult to perform silage and necessitated the addition of LAB additives or high-sugar gram forages to improve silage quality (Zhang et al., 2017). Compared to MS, LP contained higher levels of LAB (104.97 cfu/g FM) and WSC (19.59% DM) and lower levels of yeasts (102.31 cfu/g FM). Therefore, we hypothesized that the addition of LP could promote the fermentation of MS silage.



TABLE 1 Chemical compositions and microbial numbers of alfalfa and perennial ryegrass prior to ensiling.
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Dynamic changes In nutrient composition during ensiling

The chemical compositions of silages are shown in Table 2. The ratios (p < 0.01) and ensiling period (p < 0.01) significantly influenced the DM, CP and WSC contents of silages. The DM content is an important indicator in silage, as LAB need moisture for growth and reproduction (Oladosu et al., 2016). As fermentation proceeded, the DM content of silages gradually decreased. This reduction could be attributed to the metabolism of soluble substrates (e.g., WSC) by fermentative microbes (Oladosu et al., 2016). The DM content of silages increased as the proportion of LP in the mixed silage increased because the content of DM was higher in fresh LP than in fresh MS. In our study, as fermentation proceeded, the CP and WSC contents of silages gradually decreased because the nutrients were consumed by microorganisms (Dong et al., 2020). The CP content of silages at 7 and 15 days decreased as the proportion of LP in the mixed silage increased because the content of CP was lower in fresh LP than in fresh MS. Interestingly, at 45 days of ensiling, the CP content of MS and LP mixed silages was higher (p < 0.05) than that of MS or LP silage alone, which indicated that ensiling MS with LP may reduce the loss of CP. This may be because adding LP increased the abundance of beneficial microorganisms (such as LAB) in alfalfa silage, thereby inhibiting the degradation of CP by harmful microorganisms.



TABLE 2 Dynamic changes in nutrients in mixed silage of perennial ryegrass and alfalfa.
[image: Table2]



Dynamic change in fermentation characteristics during ensiling

The fermentation characteristics of the silages are shown in Table 3. The ratios (p < 0.01), ensiling period (p < 0.05) and their interactions (p < 0.01) significantly influenced the pH, LA and PA contents of silages. The key to limiting the growth of harmful microorganisms (e.g., enterobacteria or clostridia) is achieving quick early acidification (Pahlow et al., 2003). In our study, during 7–45 days of ensiling, the pH value of alfalfa silage (100% MS) first decreased and then increased slowly, which was consistent with the trend observed by Wang et al. (2020a). At 45 days of ensiling, the pH value of alfalfa silage was 5.82, which was higher than the study result (4.69) obtained by Wang et al. (2020a). This may be because the LAB count (103.31 cfu/g FM) of fresh MS in our study was lower than that (106.69 cfu/g FM) of Wang et al. (2020a). As expected, the fermentation quality of alfalfa silage was very poor, mainly manifested in high pH (5.82) and AN (5.50% DM) values and low LA content (0.68% DM). The pH value of silages decreased as the proportion of LP in the mixed silage increased, which was consistent with the result of Zhang et al. (2015c), who found that adding sweet sorghum could reduce the pH of alfalfa silage. This is due to the high WSC content of fresh LP, which provides a fermentation substrate for LAB growth and helps to reduce pH and increase LA content during the ensiling process (McDonald et al., 2002). At the early and late stages of ensiling (7 and 45 days, respectively), the LA content of silages increased as the proportion of LP in the mixed silage increased, which was consistent with the result of Dong et al. (2020), who reported that more organic acids, especially LA, could be generated by LAB when high WSC content forages were added to the silage. It is noteworthy that in the mixed silages, the LA content (8.37% DM) of the 30% MS + 70% LP treatment was significantly higher (p < 0.05) than that of the other treatments, while the pH value (4.63) was significantly lower (p < 0.05). This indicated that 30% MS + 70% LP treatment could better promote the growth of beneficial bacteria (e.g., LAB) and inhibit the growth of harmful bacteria. This result was confirmed by our microbial results (Figure 1B), in which the abundance of LAB (Lentilactobacillus and Lactiplantibacillus) in the 30% MS + 70% LP treatment was higher than that in the other treatments, while the abundance of Enterobacteriaceae was lower than that in the other treatments. It is well known that the AA, PA and BA contents of silage are undesirable (McDonald et al., 1991). The majority of AA is produced when heterofermentative LAB, propionibacteria, and enterobacteria interact with carbohydrates (McDonald et al., 1991). Propionibacterial activity partially contributes to the synthesis of silage PA (Woolford, 1975). The hallmark of a clostridial fermentation is that a significant amount of BA is generated in the silage (Pahlow et al., 2003). In our study, at 45 days of ensiling, the AA content was low in all silages, and PA and BA were not detected. The CP content was easily degraded and caused AN to accumulate during ensiling. As fermentation proceeded, the AN content of mixed silage in the late ensiling stage was lower than that in the early ensiling stage. This may be due to the dominance of LAB in the late ensiling stage, which inhibited the growth of AN-producing bacteria (Li et al., 2021). The AN content of silages decreased as the proportion of LP in the mixed silage increased in our study. This indicates that adding LP with a high sugar content can reduce the CP hydrolysis of MS silage (Wang et al., 2020a). At 45 days of ensiling, the AN content (1.48% DM) of the 30% MS + 70% LP treatment was significantly lower (p < 0.05) than that of the other treatments. In general, adding LP could improve the fermentation quality of MS silage, among which the silage quality of 30% MS + 70% LP treatment was the best; this improvement was mainly observed in a low pH (4.63), low AN content (1.48% DM) and high LA content (8.37% DM), and no PA or BA were detected.



TABLE 3 Dynamic changes in the fermentation quality of perennial ryegrass and alfalfa mixed silage.
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FIGURE 1
 The relative abundance of bacterial communities at the genus level of alfalfa (MS) ensiled with perennial ryegrass (LP) silage for 7 (A) and 45 (B) days. 100% MS, 100% alfalfa; 70 MS + 30% LP, 70% alfalfa+30% perennial ryegrass; 50% MS + 50% LP, 50% alfalfa+50% perennial ryegrass; 30% MS + 70% LP, 30% alfalfa+70% perennial ryegrass; 100% LP, 100% perennial ryegrass.




Bacterial diversity and abundance during ensiling

The bacterial diversity of the silage mixtures is shown in Table 4. The inconsistent pattern of changes in alpha diversities (mainly the OTU, Ace, Chao, Shannon and Simpson indices) of silages with different percentages of LP added indicated that adding LP significantly affected the species and abundances of microbes in MS silage. The average good coverage for all samples was over 0.99, indicating that the sequencing process was adequate to characterize the dynamic change in the bacterial community (Cheng et al., 2022). In our study, the values of the OTU, Ace, Chao, Shannon and Simpson indices in 30% MS + 70% LP and 100% LP silages decreased sharply as the fermentation proceeded, which was in accordance with the results of Dong et al. (2020). This may be due to the presence of fresh material in an aerobic and neutral environment, which favors the reproduction of epiphytic aerobic microorganisms. In the early ensiling stage (7 days), the internal environment in silage had not yet reached a strictly anaerobic state. However, the acidic and anaerobic environments in silages were greatly developed after 45 days of ensiling, leading to a significant decrease in the bacterial diversity. This also suggests that the acidic and anaerobic environmental stresses had a significant effect on the reproduction and growth of microorganisms in silages, and this effect was more pronounced in the late ensiling stage.



TABLE 4 Diversity and richness of the bacterial microbiota of alfalfa ensiled with perennial ryegrass.
[image: Table4]

Changes in the bacterial community composition during the fermentation process in silage mixtures at the genus level are shown in Figure 1A (7 days) and Figure 1B (45 days). In the early ensiling stage (7 days, Figure 1A), Hafnia_Obesumbacterium (21.64–57.75%) was the predominant genus in all silages, and the abundance of Enterobacteriaceae (9.10–12.21%) was relatively high. The abundance of harmful bacteria (Hafnia_Obesumbacterium and Enterobacteriaceae) in the 30% MS + 70% LP and 100% LP treatments was lower than that in the other treatments. According to a prior study, the presence of Enterobacter in silage increases the pH, which encourages the growth of other aerobic microorganisms (Zhang et al., 2015c). This was the main reason why the pH of the 30% MS + 70% LP and 100% LP treatments (< 4.9) was significantly lower than that of the other treatments (>5.6; Table 3). In the early ensiling stage, the main LAB genus was Lactococcus (13.11–25.21%), while the abundance of Latilactobacillus and Lactiplantibacillus was low. This was consistent with the study by Cai et al. (1998), who believed that lactic acid-producing cocci initiate lactic fermentation at the early ensiling stage, while lactic acid-rod is critical for pH reduction at the late ensiling stage. This also confirmed that the predominant LAB genus in the late ensiling stage was lactic acid-rod (including Lentilactobacillus, Ligilactobacillus, Lactiplantibacillus, Secundilactobacillus, and Levilactobacillus), and by this time, the Lactococcus had disappeared completely (Figure 1B).

In the late ensiling stage (45 days, Figure 1B), Enterobacteriaceae (21.13–35.26%) was the predominant genus in the 100% MS, 70% MS + 30% LP and 50% MS + 50% LP silages, and Lentilactobacillus (21.13–35.26%), Lactiplantibacillus (12.98–13.185%) and Secundilactobacillus (7.54–19.66%) were the predominant genera in the 30% MS + 70% LP and 100% LP silages. We speculated that the high number of Enterobacteriaceae and low number of LAB genera in 100% MS, 70% MS + 30% LP and 50% MS + 50% LP silages were responsible for the poor fermentation quality (Table 3). It is noteworthy that the abundance of Ligilactobacillus (18.59%) in alfalfa silage alone was higher than in other treatments, but this did not improve its fermentation quality. This result indicates that ensiling is a microbial-driven process, and the synergistic effect of various microorganisms is the key to improving the fermentation quality of silage (Ni et al., 2018). In our study, the abundance of harmful microorganisms (including Enterobacteriaceae and Sphingomonas) decreased and the abundance of beneficial microorganisms (including Lentilactobacillus, Lactiplantibacillus, Secundilactobacillus, and Levilactobacillus) increased as the proportion of LP in the mixed silage increased. These results indicated that adding LP could improve the fermentation quality of alfalfa silage by changing the microbial composition, and the 30% MS + 70% LP and 100% LP treatments provided the best effect.

In the present study, a Spearman correlation between fermentation parameters and the top 15 genera during silage ensiling was established, as illustrated in Figure 2A (7 days) and 2b (45 days). Abundant microorganisms helped to enhance the fermentation quality of silage, and numerous metabolites impacted the microbial process (Li et al., 2022a). In our study, as fermentation proceeded, Levilactobacillus and Lactiplantibacillus were positively correlated with the LA concentration but negatively correlated with the pH value, which further confirmed that these two genera exhibited strong resistance to acids; in addition, these genera played a crucial role in the decreasing pH during the late stage of ensiling (Yuan et al., 2019). In the early ensiling stage (7 days), Leuconostoc was positively correlated with the AA concentration and disappeared at the late stage of ensiling. This is because Leuconostoc is a heteromorphic LAB that can produce AA, is less acid-resistant than other bacteria and is replaced by other LAB (e.g., Loigolactobacillus, Lentilactobacillus, Paucilactobacillus, Secundilactobacillus, Ligilactobacillus, and Lacticaseibacillus) as the silage pH continues to decrease (Cai et al., 1998). In our study, some harmful microorganisms (including Falsirhodobacter, Pseudomonas, Rhodopseudomonas, Serratia, and Terrimicrobium) were positively correlated with the PA concentration, suggesting that these genera might be mainly responsible for the high level of PA in silages at the early ensiling stage.
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FIGURE 2
 Spearman correlations between the silage fermentation parameters and the top 20 genera at 7 days (A) and 45 days (B). LA, lactic acid; AA, acetic acid; PA, propionic acid; AN, ammonia nitrogen; p values are shown as * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01; 100% MS, 100% alfalfa; 70% MS + 30% LP, 70% alfalfa+30% perennial ryegrass; 50% MS + 50% LP, 50% alfalfa+50% perennial ryegrass; 30% MS + 70% LP, 30% alfalfa+70% perennial ryegrass; 100% LP, 100% perennial ryegrass.




Predicted functions of the microbial community in silages

Predicting the function profiles and metabolic pathways of the microbial community contributes to evaluating the influence of microbes on silage quality (Wang et al., 2020b). The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a bioinformatics resource that is used to understand the function and utility of cells and organisms from a high level and genomic perspective (Wang et al., 2020b). Therefore, the effect of adding LP on the metabolic pathways of the microbial community in MS silage was determined using a Tax4Fun-based KEGG pathway. The results of functional prediction for the microbial community of silages during ensiling are shown in Figure 3. Chemoheterotrophy was the primary functional component of the microbial community in all silages, followed by fermentation, nitrate reduction, aerobic chemoheterotrophy and nitrogen respiration, which was similar to the results of Li et al. (2022b), who found that chemoheterotrophs were the primary functional components of the bacterial population in paper mulberry silage, followed by fermenters. In the early ensiling stage (7 days, Figure 3A), the functions of chemoheterotrophy (34.56–36.05%) and fermentation (27.57–35.02%) of all silages showed little change. Interestingly, 30% MS + 70% LP and 100% LP silages had a weaker capacity for nitrate reduction than other silages, and as the fermentation time proceeded, the nitrate reduction ability of the late ensiling stage (45 days) was weaker than that of the early ensiling stage (7 days). Previous studies have found that some bacteria reduce nitrate to nitrite, ammonia or nitrogen through the function of nitrate reduction, which was the main reason why the AN content of the 30% MS + 70% LP and 100% LP treatments was lower than that of the other treatments and the AN content gradually decreased as the fermentation time proceeded (Table 3; Xiang et al., 2022). In the late ensiling stage (7 days, Figure 3B), the 30% MS + 70% LP and 100% LP silages had a stronger capacity for fermentation than the other silages. This was because the 30% MS + 70% LP and 100% LP treatments showed increased abundances of LAB, such as Lentilactobacillus, Lactiplantibacillus, and Secundilactobacillus, and decreased abundances of Enterobacteriaceae (Figure 1B); the degree of fermentation was greater in silage (Li et al., 2022b). Furthermore, the 30% MS + 70% LP and 100% LP treatments had a weaker capacity for chloroplasts, animal parasites or symbionts and ureolysis than the other treatments. This may be because the abundance of beneficial microorganisms in the 30% MS + 70% LP and 100% LP treatments was higher than that in the other treatments, and the fermentation capacity was stronger, resulting in a low pH environment, which inhibited the activity of other harmful microorganisms (Ni et al., 2018).
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FIGURE 3
 Dynamics of predicted microbial functional profiles of the relative abundances of the top 10 functions in alfalfa (MS) ensiled with perennial ryegrass (LP) silage for 7 (A) and 45 (B) days analyzed by Tax4Fun. 100% MS, 100% alfalfa; 70% MS + 30% LP, 70% alfalfa+30% perennial ryegrass; 50% MS + 50% LP, 50% alfalfa+50% perennial ryegrass; 30% MS + 70% LP, 30% alfalfa+70% perennial ryegrass; 100% LP, 100% perennial ryegrass.


The results of the metabolic pathways of the microbial community of silages ensiling for 45 days are shown in Figure 4. As shown in Figure 4A, a total of six different metabolic pathways were observed in all the silages. The main predicted genes were assigned to metabolism, accounting for >76% in all the silages, followed by environmental information processing, genetic information processing and cellular processes, which is in accordance with a previous report (Hussain et al., 2021). After 7 days of ensiling, the 30% MS + 70% LP and 100% LP treatments had lower abundances of “Environmental information processing,” “Cellular processes” and “Human diseases” and higher abundances of “Metabolism,” “Genetic information processing” and “Organismal systems” than the other treatments. Based on the fermentation quality of the different treatments, the main reason for the better fermentation quality of the 30% MS + 70% LP and 100% LP treatments was the altered cellular characteristics, inhibition of the membrane transport and signal transduction of undesirable bacteria, and acceleration of the proliferation rate and metabolic level of beneficial bacteria (such as LAB strains; Wang et al., 2020b). After 60 days of ensiling, a low variation in metabolic pathways (except “Organismal systems”) at the first pathway level was found among the different treatments. This may be due to the fact that a stable internal environment had developed during the final stage of fermentation (Wang et al., 2020b). The carbohydrate metabolism mainly contained gluconeogenesis and glycolysis metabolism (Kanehisa and Goto, 2000). In our study (Figure 4B), as the fermentation proceeded, the changes in the abundance of “Carbohydrate metabolism” were not significantly different among all the treatments. This confirmed our results (Table 2), and there was little difference in WSC content among the treatments during fermentation. After 7 and 45 days of ensiling, the 30% MS + 70% LP and 100% LP treatments had lower abundances of “Membrane transport” and “Signal transduction” than the other treatments. This is consistent with the results of Keshri et al. (2018), who observed a higher abundance of transporters in the silage with poor fermentation quality, which may be related to the symbiotic relationship in the bacterial community. Furthermore, as the fermentation proceeded, the 30% MS + 70% LP and 100% LP treatments had higher abundances of “Nucleotide metabolism” and “Replication and repair” than the other treatments. According to Kilstrup et al. (2005), nucleotides may be used to synthesize and replicate RNA and DNA as well as serve as the primary source of energy for cellular processes. This demonstrated that LAB strains in the 30% MS + 70% LP and 100% LP silages multiplied rapidly during the early stage of the ensiling, which was in accordance with the highest abundances of LAB (including Lentilactobacillus, Lactiplantibacillus, Secundilactobacillus, and Levilactobacillus) in the 30% MS + 70% LP and 100% LP silages (Figure 1B). Amino acids, as essential substances in plants, are essential to promote primary metabolism and plant protein synthesis. In this study, as the fermentation proceeded, “amino acid metabolism” in the 30% MS + 70% LP and 100% LP treatments was promoted, while it was inhibited in the other treatments. Previous studies have found that the level of amino acid metabolism might reflect the ability of bacterial populations in silage to de novo synthesize amino acids (Keshri et al., 2018). Therefore, the observed dynamics of amino acid metabolism in silage may reflect the metabolism of the dominant populations throughout the ensiling process. The top 6 metabolic pathways at level 3 are shown in Figure 4C, and “Metabolic pathways” and “Biosynthesis of secondary metabolites” were the critical metabolic pathways at level 3. Interestingly, as the fermentation proceeded, the 30% MS + 70% LP and 100% LP treatments had higher abundances of “Metabolic pathways,” “Biosynthesis of secondary metabolites,” “Biosynthesis of antibiotics” and “Purine metabolism” and lower abundances of “ABC transporters” and “Two-component system” than the other treatments. This indicated that the 30% MS + 70% LP and 100% LP treatments could inhibit the transport of harmful bacteria in the membrane system by promoting the synthesis of metabolites in the silages for LAB strain propagation and reducing the pH of the silages (Wang et al., 2020b).
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FIGURE 4
 Bar graphs showing 16S rRNA gene-predicted functional profiles on the level 1 metabolic pathways (A), level 2 metabolic pathways (B) and level 3 metabolic pathways (C) of silages for 45 days obtained with Tax4Fun. 100% MS, 100% alfalfa; 70% MS + 30% LP, 70% alfalfa+30% perennial ryegrass; 50% MS + 50% LP, 50% alfalfa+50% perennial ryegrass; 30% MS + 70% LP, 30% alfalfa+70% perennial ryegrass; 100% LP, 100% perennial ryegrass. ∗, 0.01 < p < 0.05; ∗∗, 0.001 < p < 0.01.





Conclusion

In this study, we showed that the addition of perennial ryegrass with high WSC could affect the fermentation quality and microbial community of alfalfa silage by different metabolic pathways. Adding perennial ryegrass significantly improved the fermentation quality of alfalfa silage by increasing the abundance of beneficial microorganisms (e.g., Lentilactobacillus, Lactiplantibacillus, and Secundilactobacillus) and decreasing the abundance of harmful microorganisms (e.g., Enterobacteriaceae) in silages. By combining nutritional quality, fermentation quality and microbial community analyses, it was determined that ensiling 30% alfalfa with 70% ryegrass can result in high-quality silage in the karst region.
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Introduction: The objective of this study was to evaluate the effects of enrichment and reconstitution of the forage epiphytic microflora on the fermentation quality, chemical composition, and bacterial community composition of corn stalk and Pennisetum sinese silages.

Methods: The forage juice of fresh corn stalk and P. sinese were collected, diluted by gradient (10–1 to 10–5), and aerobically incubated to enrich and reconstitute the epiphytic microflora. Fresh corn stalk and P. sinese were ensiled for 3, 15, and 45 days after inoculation with either the original (D0) pre-incubated juices, or 10–1 (D1), 10–3 (D3), or 10–5 (D5) diluted and pre-incubated juices.

Results: The lowest pH was found in the D3 treatment of the corn stalk silage. In P. sinese silage, the hemicellulose content of D3 and D5 treatments was 9.50 and 11.81% lower than that of D0 treatment (P < 0.05). In corn stalk silage, the neutral detergent fiber content was significantly lower in the D3 treatment than in the other treatments (P < 0.05). Both corn stalk and P. sinese silages exhibited a high abundance of Enterobacter during ensiling, resulting in high levels of acetic acid.

Conclusion: Although the dilution and enrichment of the epiphytic microflora did not lead to full lactic acid fermentation, these pre-treatments were found to alter the microbial metabolites and chemical composition of the silage. These results provide a new perspective on the production of pre-fermented silage inoculant.
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Introduction

In China, corn stalk and Pennisetum sinese are the most high-yielding sources of forage material. Anaerobic fermentation of forage material, or ensiling, results in the conversion of soluble carbohydrates into a variety of end products, allowing the nutrition in the biomass to be preserved for later use as a livestock feed (Kung et al., 2018). In addition, ensiling increases microbial activity and produces an acidic environment through the production of organic acids, which disrupts the structure of lignocellulose and creates a more accessible area for microbial activity and enzymatic hydrolysis, thus improving the biodigestibility of lignocellulose (Sun et al., 2021). Ensiling is suitable for long-term preservation of high-moisture, perishable fresh crops or biomass. Compared with the fresh crop, the silage is a production with a high recovery of dry matter, energy, and highly digestible nutrients (Kung et al., 2018). Therefore, ensiling of corn stalk and P. sinese with high moisture and sugar content is not only a good way to preserve feed, but is also a feasible pretreatment technology to improve the biodigestibility of biomass for the production of bioenergy.

Lactic acid bacteria (LAB), which are typically used as inoculants in silage processing, utilize the soluble carbohydrates in the forage to produce lactic acid, resulting in acidification of the silage (Muck et al., 2018). The LAB isolated from different crops and environments can have diverse effects on silage fermentation, although studies have shown that the most effective inoculant may come from the crop itself (Weinberg and Muck, 1996; Yan et al., 2019). Therefore, to harness the power of naturally occurring epiphytic LAB, a liquid forage extract (“forage juice”) can be produced and subsequently aerobically fermented to enhance LAB abundance and produce an effective silage inoculant comparable to commercial inoculants. Inoculating low sugar, high buffering capacity legume forage with pre-fermented, LAB-enriched forage juice has been shown to improve aerobic stability fermentation quality and reduce protein degradation in the silage (Wang et al., 2009; Denek et al., 2011; Mu et al., 2022).

However, in a recent study, we used an ultraviolet reduction approach to enrich the epiphytic microflora, including both LAB and enterobacteria, of oat silage and observed improved fermentation quality and enhanced methane emissions (Xie et al., 2022). The enrichment of epiphytic microflora by using aerobically incubated forage juice as an inoculant has not been investigated. Based on previous results, it can be expected that the inoculation may also contribute positively to the subsequent anaerobic fermentation. In addition, research has shown that soil microbial diversity can be reconstituted by diluting microflora with a gradient and then re-enriching it (Philippot et al., 2013). The gradient dilution will also be applied in this study to reschedule the enriched microflora. It can be hypothesized the rescheduling of the epiphytic microbial diversity could further alter the initiation of anaerobic fermentation and thus exert an unknown influence on the ensiling process.

The fermentation process of silages is divided into different phases: initial aerobic phase, fermentation phase, and stable phase (Soundharrajan et al., 2021). Researchers generally analyze the bacterial community composition at key time points in the different phases of fermentation (e.g., 5, 15, and 45 days) with a view to explain the changes in the fermentation quality and chemical composition of silage (Mu et al., 2022). The objective of this study was to evaluate the effects of enrichment and reconstitution of epiphytic forage microflora on the chemical composition, dynamics of fermentation quality and bacterial community composition of corn stalk and P. sinese silages.



Materials and methods


Materials and preparation of pre-incubated forage juice

Both corn stalk (ear-removed, “Jinyu908”) and P. sinese were manually harvested from an experimental field at Guizhou University in Guanling County, Guizhou Province, China. The corn stalk was harvested at the dough stage, leaving a 30-cm stubble. The P. sinese was harvested at physiologic maturity stage, leaving a 15-cm stubble. The corn stalk demonstrated a dry matter (DM) content of 22.65% fresh matter, a water-soluble carbohydrate (WSC) content of 9.57% DM, a crude protein (CP) content of 9.42% DM, a neutral detergent fiber (NDF) content of 58.50% DM, an acid detergent fiber (ADF) content of 38.19% DM, and a hemicellulose content of 20.31% DM. The P. sinese demonstrated a DM content of 24.88% fresh matter, a WSC content of 5.36% DM, a CP content of 4.20% DM, a NDF content of 76.26% DM, an ADF content of 52.83% DM, and a hemicellulose content of 23.43% DM.

To make the forage juice, 150 g of fresh corn stalk or P. sinese was chopped, mixed with 150 mL of sterilized water, and homogenized in a laboratory juicer. A 12-mL subsample of the original (100, D0) forage juice was blended with 108 mL of sterilized water and serially diluted to 10–1 (D1), 10–3 (D3), and 10–5 (D5). To each 100-mL of diluted sample (including D0), 2 g of sucrose was added and mixed. The resulting solutions were transferred into 250-mL sterile triangular flasks, which were sealed with a breathable membrane. The triangular flasks were placed in a constant-temperature incubator and incubated at 37°C for 24 h. The pre-incubated forage juices were used to inoculate the forages prior to ensiling.



Silage preparation

Fresh corn stalk or P. sinese was chopped to approximately 2–3 cm and randomly divided into 36 individual 150-g samples per species. The 36 samples (per species) were randomly divided into four treatments and inoculated with either D0, D1, D3, or D5 pre-incubated forage juices at a rate of 7.5 mL per sample, respectively. Silage was prepared by vacuum sealing the inoculated plant material into polyethylene bags (25 × 30 cm). Additional 0-day samples were inoculated without sealing. The selection of time points for the determination of parameters was based on Mu et al. (2022). Specifically, we modified the time points to day 3, day 15, and day 45 due to the more rapid initiation of fermentation in grasses. After 3, 15, and 45 days of ensiling, three bags from each treatment were unpacked, sampled, and analyzed.



Physical and chemical analysis

After unpacking and thoroughly blending the contents of each bag, 20 g samples were collected, mixed with 180 mL of distilled water, and homogenized for 60 s in a laboratory juicer. Each sample was subsequently filtered through four layers of cheesecloth and centrifuged at 6,500 rpm at 4°C for 15 min. The supernatant was collected to analyze the pH, ammonia nitrogen (NH3-N), and organic acid content. The pH was measured using a pH meter. The NH3-N content was analyzed according to the sodium hypochlorite and phenol method (Broderick and Kang, 1980). The lactic, acetic, propionic, and butyric acid contents were determined by high-performance liquid chromatography (HPLC, Shimadzu, Japan) according to Xie et al. (2021). Approximately 100 g of each 45-day silage sample was dried in a forced-draft oven at 65°C for 48 h to determine the DM content. Each dried 60-day silage sample was ground through a 0.20-mm sieve and then used to determine the WSC, CP, NDF, and ADF contents. The WSC content was determined by the method of Arthur Thomas (1977). The CP content was determined by the method AOAC (1990). The NDF and ADF contents were determined according to the procedure of Van Soest et al. (1991). The hemicellulose contents were estimated as the NDF values minus the ADF values.



Bacterial community analysis

The bacterial community compositions of both forage and silage were profiled according to the method of Xie et al. (2022). Briefly, 10 g of either fresh forage or silage sample was blended with 40 mL of saline solution (NaCl, 8.5 g kg–1) and shaken for 120 min at 120 rpm. The homogenized liquor was filtered through two layers of cheesecloth and centrifuged at 10,000 rpm at 4°C for 15 min. The supernatant was discarded and the pellet was used to extract DNA. The primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) was used to amplify the 16S rRNA gene. The PCR products were purified using a Tiangen Gel Extraction Kit (Tiangen, Beijing, China). The purified DNA samples were sent to Magigene Company (Shenzhen, China) for 16S rRNA gene amplicon sequencing using paired-end (PE) sequencing with an Illumina HiSeq PE2500 platform. Based on the operational taxonomic unit (OTU) results, alpha diversity analyses were calculated using Mothur (version 1.30.1) (Schloss et al., 2011).



Statistical analyses

The data were subjected to one-way and two-way analyses of variance (ANOVA) with the fixed effects of dilution gradient and storage period using SPSS version 19.0 for Windows (SPSS Inc., Chicago, IL, USA). Duncan’s multiple range test was carried out to determine the statistically significant differences among the means across dilution gradients and storage periods. For all analyses, statistical significance was declared at P < 0.05.




Results


Fermentative characteristics of silages during ensiling

Alterations in fermentation characteristics during anaerobic fermentation are shown in Table 1. No significant interaction was observed between dilution gradients and storage periods in the fermentative characteristics of the silages. Because neither propionic nor butyric acid were detected in either the corn stalk or P. sinese silage, these acids were not included in the table. Of the corn stalk silage, the D3 treatment exhibited the lowest pH. Of the P. sinese silage, both the D3 and D5 treatments exhibited significantly lower pH than the D1 or D0 treatments (P < 0.05). The pH of each treatment decreased significantly after 15 days of fermentation (P < 0.05). Additionally, the lactic and acetic acid contents of the corn stalk silage on day 3 was significantly lower than at later time periods.


TABLE 1    Fermentative characteristics of corn stalk and Pennisetum sinese silages during ensiling.
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Chemical composition of silages after ensiling

The chemical compositions of silages after 45 days of ensiling are shown in Table 2. In both the corn stalk and P. sinese silages, the highest residual WSC was found in the D1 treatment (P < 0.05). In both the corn stalk and P. sinese silages, there were no significant differences in the DM, CP, or ADF content between the treatment (P > 0.05). In corn stalk silage, the NDF content of the D3 treatment decreased by 2.88% compared to the D0 treatment, which was significantly lower than the other three treatments (P < 0.05). Both the D3 and D5 treatments exhibited lower hemicellulose compared to the D1 and D0 treatments. Specifically, the hemicellulose content of the D3 and D5 treatments was 9.50 and 11.81% lower than that of D0 treatment, respectively, which was significantly lower than that of D1 and D0 treatments (P < 0.05).


TABLE 2    Chemical composition of corn stalk and Pennisetum sinese silages after 45 days of ensiling.
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Bacterial compositions of silages during ensiling

In the P. sinese silage, significant interactions between the dilution gradients and storage periods were observed for both the ACE and Chao1 indices (P < 0.05) (Table 3). Because the Goods-coverage of all samples was greater than 0.999, the Goods-coverage was not included in the table, although these results indicate that all samples had adequate coverage. In corn stalk silage, the ACE index was higher at day 15 than at day 45 (P < 0.05), implying that community richness declined over time. A similar trend was observed in the D0 and D3 treatments of P. sinese silage. In corn stalk silage, the Simpson index of the D0 treatment was significantly lower than that of the other treatments (P < 0.05), while the Shannon index was significantly higher than that of the other treatments (P < 0.05), implying that the D0 treatment had the highest bacterial community diversity (P < 0.05).


TABLE 3    Alpha diversity indices of corn stalk and Pennisetum sinese silages during ensiling.
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The principal coordinate analysis (PCoA) of the bacterial community after 45 days of ensiling is shown in Figure 1. In corn stalk silage, bacterial diversity was similar between the D3 and D5 treatments, although the bacterial diversity of D0 different significantly from those of the other treatments. In P. sinese silage, both the D3 and D0 treatments showed distinct clustering, while the D1 and D5 treatments exhibited some overlap. These results indicate that the dilution and enrichment of epiphytic microflora had an impact on the bacterial community of silage.
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FIGURE 1
Principal coordinate analysis (PCoA) of the bacterial community from corn stalk silage (A) and Pennisetum sinese silage (B) after 45 days of ensiling. D0, undiluted; D1, 10– 1 dilution; D3, 10– 3 dilution; D5, 10– 5 dilution.


The bacterial community composition and relative abundance, at the genus and phylum levels, of both forage and silage are shown in Figure 2. Proteobacteria was the most common phylum in both fresh corn stalk (98.50%) and fresh P. sinese (87.99%). In fresh corn stalk, the dominant genera were Enterobacter (18.60%), Rahnella (13.93%), Pseudomonas (8.29%), Pantoea (6.88%), and Serratia (6.36%). In fresh P. sinese, the dominant genera were Pantoea (58.18%), Enterobacter (10.68%), and Curtobacterium (6.69%), of which only Curtobacterium belongs to the phylum Actinobacteria. After enrichment of the epiphytic microflora of corn stalk, the D5 treatment exhibited a high abundance of Lactococcus (27.80%), and Gluconobacter was enriched in both the D3 (51.49%) and D5 (18.47%) treatments. After enrichment of the epiphytic microflora of P. sinese, the D0 treatment exhibited a high abundance of the phylum Firmicutes, primarily represented by the genus Weissella. In the D1, D3, and D5 treatments, the abundance of Pantoea decreased, while the abundances of Serratia, Acinetobacter, and Sphingobacterium increased. After the initiation of anaerobic fermentation, the abundance of Gluconobacter decreased in the D3 and D5 treatments in corn stalk silage, and the abundances of Pantoea, Curtobacterium, Acinetobacter, and Sphingobacterium decreased in P. sinese silage. In contrast, the abundance of Firmicutes increased substantially after ensiling. In corn stalk silage, this phylum was primarily represented by Lactobacillus, while in P. sinese silage, this phylum was represented by both Lactobacillus and Lactococcus. In addition, both corn stalk and P. sinese silages contained a high abundance of Enterobacter.
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FIGURE 2
Bacterial community structure and relative abundance, at the phylum [corn stalk, (A); Pennisetum sinese, (B)] and genus [corn stalk, (C); P. sinese, (D)] levels, of raw forage and silage. D0, undiluted; D1, 10– 1 dilution; D3, 10– 3 dilution; D5, 10– 5 dilution.


Changes in the relative abundances of dominant bacterial genera are shown in Figure 3. In corn stalk silage, the abundance of Lactobacillus decreased significantly with storage time, while the abundance of Enterobacter increased significantly (P < 0.05). In P. sinese silage, the abundance of Lactobacillus tended to increase in the later stages of anaerobic fermentation. The abundance of Lactococcus decreased significantly (P < 0.05) with time in both silages.
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FIGURE 3
Changes in the relative abundances of dominant bacterial genera, including Lactobacillus [corn stalk, (A); Pennisetum sinese, (B)], Lactococcus [corn stalk, (C); P. sinese, (D)], and Enterobacter [corn stalk, (E); P. sinese, (F)], during ensiling. D0, undiluted; D1, 10– 1 dilution; D3, 10– 3 dilution; D5, 10– 5 dilution. Means within the same storage period (a, b, c) or within the same dilution gradient (A, B) with different superscripts differ significantly from each other (p < 0.05). Error bars indicate standard error of means.





Discussion

The distribution of dominant genera has been found to be related to the type of forage (Li et al., 2019). As expected, we found that the microflora attached to corn stalk and P. sinese differed significantly. Additionally, the dilution and enrichment treatments did cause reconstitution of the epiphytic microflora of the forages. The abundance of LAB in the pre-incubated and microbially enriched forage juices did not increase as overwhelmingly as in the traditional pre-fermented forage juice during the enrichment process, and the dominant bacterial phylum remained Proteobacteria, which is likely related to the aerobic incubation environment. Similar to the general silage fermentation process, the abundance of undesirable microorganisms belonging to Proteobacteria greatly decreased after anaerobic fermentation. Proteobacteria and Firmicutes are frequently found to be the most dominant phyla in silage (Wu et al., 2020; Chen et al., 2021). The transition from Proteobacteria to Firmicutes is common during the switch from an aerobic to an anaerobic environment. Anaerobic and low pH conditions facilitate the growth of Firmicutes, which have acidogenic, acid hydrolytic, and enzymatic hydrolytic functions (Ali et al., 2020; Chen et al., 2020).

The relatively high abundance of a small number of dominant bacteria in the later stages of ensiling may have led to an overall decrease in bacterial community richness. Additionally, the dilution and enrichment treatments may have reduced the competitiveness and abundance of certain bacteria, leading to a decrease in bacterial diversity and alterations to the bacterial community structure. Similar results have been reported by others, notably in Philippot et al. (2013) soil study, in which the diversity metrics indicated a decrease in diversity in the 10–3 and 10–5 dilution treatments compared with the undiluted one.

The D3 treatment in corn stalk silage and the D3 and D5 treatments in P. sinese silage exhibited decreased levels of hemicellulose, indicating effective fiber degradation. Correspondingly, there was a tendency toward higher Lactobacillus abundance in all the above treatments at day 15, thus contributing to lower pH. Hemicellulose is less stable than cellulose, and is less resistant to acid and alkali hydrolysis, and organic acids generated during fermentation often lead to the partial hydrolysis of hemicellulose (Ning, 2016). Hemicellulose exhibits extensive decomposition at pH 4.0, and produces significantly more reducing sugars at pH 4.0 than at pH 5.0 or 6.0 (Dewar et al., 1963). These results confirm that the reconstitution of the epiphytic microflora caused by the dilution and enrichment pretreatments led to alterations in both the microbial metabolites and chemical composition of the silages.

Generally, enterobacteria are the second most abundant bacterial group found in silage. Enterobacteria proliferated rapidly at the beginning stages of fermentation, competing with LAB for substrate and primarily producing acetic acid. Silage with pH below 4.5 is effective at inhibiting the growth of enterobacteria (Rooke et al., 1990; Pahlow et al., 2003). Lactococcus often grow vigorously at the beginning of ensiling and initiate lactic acid fermentation, thus stimulating the subsequent dominance of Lactobacillus (Ni et al., 2018). The low abundance of Lactococcus may have been responsible for the decreased Lactobacillus abundance at later fermentation stages in corn stalk silage. Additionally, although there was an increase in the Lactobacillus abundance in P. sinese silage, it was not enough to inhibit Enterobacter. Previous studies have found that corn stalk silage with a high moisture content is susceptible to a high abundance of Enterobacter (Xu et al., 2018; He et al., 2020). Contrary to our expectations, pre-treatment with fermented forage juice did not result in LAB dominance in treated silages. This may have been due to the strong inhibition of LAB by aerobic bacteria during the enrichment process, thus affecting subsequent anaerobic fermentation. The LAB generally grow satisfactorily in the absence of oxygen, and in its presence some are inhibited partially or completely. Therefore, it is rather common to conclude that the normal growth metabolism of LAB is anaerobic and that metabolism in the presence of oxygen is somewhat aberrant (Condon, 1987). In contrast, aerobic microorganisms can proliferate better in the air. A similar phenomenon can be observed in the aerobic feed-out phase of silage, where aerobic microorganisms get rid of the inhibitory effect of anaerobic condition and proliferate rapidly after exposure to the air, weakening the dominance of LAB and causing spoilage of the silage (Wilkinson and Davies, 2013).

The presence of a high abundance of Enterobacter resulted in high levels of acetic acid in both corn stalk and P. sinese silages. High levels of acetic acid tend to reduce the intake of silage by livestock. However, an acetic acid content above 5% (DM) can increase the aerobic stability of silage by more than 100 h (Danner et al., 2003). Therefore, a high concentration of acetic acid is beneficial for corn stalk silage, which is extremely susceptible to aerobic spoilage (da Silva et al., 2018). In the present study, only the D3 treatment of corn stalk silage exhibited pH below 4.2, suggestive of high quality fermentation (McDonald et al., 1991). The D3 treatment also exhibited a relatively high content of acetic acid. Although the acetic acid was most likely not produced from heterofermentative LAB, its improvement of aerobic stability may be beneficial nonetheless.

From a bioenergy production standpoint, acetic acid can be used as a substrate for hydrogen production (Khanal, 2009a). Acetic acid and hydrogen are also the primary substrates for the production of methane (Khanal, 2009b). Although acetic acid can be further utilized, acetic acid fermentation-based silage still results in higher biomethane losses compared with lactic acid fermentation-based silage (Sun et al., 2021). Here, although we did not see butyric acid fermentation dominated by clostridia, which can result in the greatest biomethane losses, corn stalk silage did not exhibit superior potential as a bioenergy source compared to P. sinese silage, due to Enterobacter proliferation and acetic acid fermentation.



Conclusion

Both corn stalk and P. sinese silages exhibited a high abundance of Enterobacter during ensiling, resulting in high levels of acetic acid and potentially improved aerobic stability. The D3 treatment of corn stalk silage resulted in the highest fermentation quality. From a bioenergy standpoint, the treatments did not produce effective lactic acid fermentation, suggesting that dilution and enrichment of the epiphytic microflora of corn stalk or P. sinese is not an ideal strategy for minimizing biomethane loss. However, the reconstitution of the epiphytic bacterial communities on the forages was found to alter the microbial metabolites and chemical composition of the silage. These results provide a new perspective on the production of pre-fermented silage inoculant.



Data availability statement

The data presented in this study are deposited in the NCBI Sequence Read Archive (SRA) repository, accession number: PRJNA892779.



Author contributions

PL and CC designed the study. YX wrote and revised the manuscript. ED, YY, and WW carried out the data analysis. YY, WW, XH, HS, YZ, QC, and CW performed the experiments. All authors reviewed and approved the final manuscript.



Funding

This work was supported by the National Key Research and Development Program of China (Grant Number: 2021YFD1300300).



Acknowledgments

We thank the Magigene Company (Shenzhen, China) for providing technical support.



Conflict of interest

The 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.



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.



References

Ali, N., Wang, S., Zhao, J., Dong, Z., Li, J., Nazar, M., et al. (2020). Microbial diversity and fermentation profile of red clover silage inoculated with reconstituted indigenous and exogenous epiphytic microbiota. Bioresour. Technol. 314:123606. doi: 10.1016/j.biortech.2020.123606

AOAC (1990). Official methods of analysis. Arlington, TX: Association of Official Analytical Chemists.

Arthur Thomas, T. (1977). An automated procedure for the determination of soluble carbohydrates in herbage. J. Sci. Food Agric. 28, 639–642. doi: 10.1002/jsfa.2740280711

Broderick, G. A., and Kang, J. H. (1980). Automated simultaneous determination of ammonia and total amino acids in ruminal fluid and in vitro media. J. Dairy Sci. 63, 64–75. doi: 10.3168/jds.S0022-0302(80)82888-8

Chen, D., Zheng, M., Guo, X., Chen, X., and Zhang, Q. (2021). Altering bacterial community: A possible way of lactic acid bacteria inoculants reducing CO2 production and nutrient loss during fermentation. Bioresour. Technol. 329:124915. doi: 10.1016/j.biortech.2021.124915

Chen, L., Bai, S., You, M., Xiao, B., Li, P., and Cai, Y. (2020). Effect of a low temperature tolerant lactic acid bacteria inoculant on the fermentation quality and bacterial community of oat round bale silage. Anim. Feed Sci. Technol. 269:114669. doi: 10.1016/j.anifeedsci.2020.114669

Condon, S. (1987). Responses of lactic acid bacteria to oxygen. FEMS Microbiol. Lett. 46, 269–280. doi: 10.1016/0378-1097(87)90112-1

da Silva, N. C., Nascimento, C. F., Nascimento, F. A., de Resende, F. D., Daniel, J. L. P., and Siqueira, G. R. (2018). Fermentation and aerobic stability of rehydrated corn grain silage treated with different doses of Lactobacillus buchneri or a combination of Lactobacillus plantarum and Pediococcus acidilactici. J. Dairy Sci. 101, 4158–4167. doi: 10.3168/jds.2017-13797

Danner, H., Holzer, M., Mayrhuber, E., and Braun, R. (2003). Acetic acid increases stability of silage under aerobic conditions. Appl. Environ. Microbiol. 69, 562–567. doi: 10.1128/AEM.69.1.562-567.2003

Denek, N., Can, A., Avci, M., Aksu, T., and Durmaz, H. (2011). The effect of molasses-based pre-fermented juice on the fermentation quality of first-cut lucerne silage. Grass Forage Sci. 66, 243–250. doi: 10.1111/j.1365-2494.2011.00783.x

Dewar, W. A., McDonald, P., and Whittenbury, R. (1963). The hydrolysis of grass hemicelluloses during ensilage. J. Sci. Food Agric. 14, 411–417. doi: 10.1002/jsfa.2740140610

He, L., Wang, C., Xing, Y., Zhou, W., Pian, R., Chen, X., et al. (2020). Ensiling characteristics, proteolysis and bacterial community of high-moisture corn stalk and stylo silage prepared with Bauhinia variegate flower. Bioresour. Technol. 296:122336. doi: 10.1016/j.biortech.2019.122336

Khanal, S. K. (2009a). “Biohydrogen production: Fundamentals, challenges, and operation strategies for enhanced yield,” in Anaerobic biotechnology for bioenergy production: principles and applications, (New York, NY: John Wiley & Sons), 189–219. doi: 10.1002/9780813804545.ch9

Khanal, S. K. (2009b). “Microbiology and biochemistry of anaerobic biotechnology,” in Anaerobic biotechnology for bioenergy production: principles and applications, (Oxford: Wiley-Blackwell), 29–41. doi: 10.1002/9780813804545.ch2

Kung, L., Shaver, R. D., Grant, R. J., and Schmidt, R. J. (2018). Silage review: Interpretation of chemical, microbial, and organoleptic components of silages. J. Dairy Sci. 101, 4020–4033. doi: 10.3168/jds.2017-13909

Li, P., Zhang, Y., Gou, W., Cheng, Q., Bai, S., and Cai, Y. (2019). Silage fermentation and bacterial community of bur clover, annual ryegrass and their mixtures prepared with microbial inoculant and chemical additive. Anim. Feed Sci. Technol. 247, 285–293. doi: 10.1016/j.anifeedsci.2018.11.009

McDonald, P., Henderson, N., and Heron, S. (1991). The biochemistry of silage. Abersytwyth: Chalcombe publications.

Mu, L., Wang, Q., Cao, X., Li, H., and Zhang, Z. (2022). The Potential of pre-fermented juice or Lactobacillus inoculants to improve the fermentation quality of mixed silage of agro-residue and lucerne. Front. Microbiol. 13:858546. doi: 10.3389/fmicb.2022.858546

Muck, R. E., Nadeau, E. M. G., McAllister, T. A., Contreras-Govea, F. E., Santos, M. C., and Kung, L. (2018). Silage review: Recent advances and future uses of silage additives. J. Dairy Sci. 101, 3980–4000. doi: 10.3168/jds.2017-13839

Ni, K., Zhao, J., Zhu, B., Su, R., Pan, Y., Ma, J., et al. (2018). Assessing the fermentation quality and microbial community of the mixed silage of forage soybean with crop corn or sorghum. Bioresour. Technol. 265, 563–567. doi: 10.1016/j.biortech.2018.05.097

Ning, T. (2016). Mechanisms underlying starch and hemicellulose degradation by microbial enzymes in total mixed ration silage. [dissertation/doctor’s thesis]. Beijing: China Agricultural University.

Pahlow, G., Muck, R. E., Driehuis, F., Elferink, S. J. W. H. O., and Spoelstra, S. F. (2003). “Microbiology of ensiling,” in Silage science and technology, (Nebraska: USDA-ARS/UNL Faculty), 31–93. doi: 10.2134/agronmonogr42.c2

Philippot, L., Spor, A., Hénault, C., Bru, D., Bizouard, F., Jones, C. M., et al. (2013). Loss in microbial diversity affects nitrogen cycling in soil. ISME J. 7, 1609–1619. doi: 10.1038/ismej.2013.34

Rooke, J. A., Borman, A. J., and Armstrong, D. G. (1990). The effect of inoculation with Lactobacillus plantarum on fermentation in laboratory silos of herbage low in water-soluble carbohydrate. Grass Forage Sci. 45, 143–152. doi: 10.1111/j.1365-2494.1990.tb02195.x

Schloss, P. D., Gevers, D., and Westcott, S. L. (2011). Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies. PLoS One 6:e27310. doi: 10.1371/journal.pone.0027310

Soundharrajan, I., Park, H. S., Rengasamy, S., Sivanesan, R., and Choi, K. C. (2021). Application and future prospective of lactic acid bacteria as natural additives for silage production—A Review. Appl. Sci. 11:8127. doi: 10.3390/app11178127

Sun, H., Cui, X., Li, R., Guo, J., and Dong, R. (2021). Ensiling process for efficient biogas production from lignocellulosic substrates: Methods, mechanisms, and measures. Bioresour. Technol. 342:125928. doi: 10.1016/j.biortech.2021.125928

Van Soest, P. J., 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

Wang, J., Wang, J. Q., Zhou, H., and Feng, T. (2009). Effects of addition of previously fermented juice prepared from alfalfa on fermentation quality and protein degradation of alfalfa silage. Anim. Feed Sci. Technol. 151, 280–290. doi: 10.1016/j.anifeedsci.2009.03.001

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: 10.1016/0168-6445(96)00025-3

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/j.1365-2494.2012.00891.x

Wu, Z., Luo, Y., Bao, J., Luo, Y., and Yu, Z. (2020). Additives affect the distribution of metabolic profile, microbial communities and antibiotic resistance genes in high-moisture sweet corn kernel silage. Bioresour. Technol. 315:123821. doi: 10.1016/j.biortech.2020.123821

Xie, Y., Bao, J., Li, W., Sun, Z., Gao, R., Wu, Z., et al. (2021). Effects of applying lactic acid bacteria and molasses on the fermentation quality, protein fractions and in vitro digestibility of baled alfalfa silage. Agronomy 11:91. doi: 10.3390/agronomy11010091

Xie, Y., Sun, H., Zhang, C., Cheng, Q., Zheng, Y., Wang, C., et al. (2022). Ambient ultraviolet radiation: A new factor affecting anaerobic fermentation of oat and subsequent methane emissions. Bioresour. Technol. 355:127243. doi: 10.1016/j.biortech.2022.127243

Xu, Z., Zhang, S., Zhang, R., Li, S., and Kong, J. (2018). The changes in dominant lactic acid bacteria and their metabolites during corn stover ensiling. J. Appl. Microbiol. 125, 675–685. doi: 10.1111/jam.13914

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









 


	
	
TYPE Original Research
PUBLISHED 05 December 2022
DOI 10.3389/fmicb.2022.1070175






Effect of lactobacilli inoculation on protein and carbohydrate fractions, ensiling characteristics and bacterial community of alfalfa silage

Wenjie Huo, Yujuan Zhang, Luyao Zhang, Chen Shen, Lei Chen, Qiang Liu, Shuanlin Zhang, Cong Wang and Gang Guo*


Animal Sciences College, Shanxi Agricultural University, Taigu, Shanxi, China

[image: image2]

OPEN ACCESS

EDITED BY
 Siran Wang, Nanjing Agricultural University, China

REVIEWED BY
 Ping Li, Guizhou University, China
 Lin Sun, Inner Mongolia Academy of Agricultural and Animal Husbandry Sciences, China

*CORRESPONDENCE
 Gang Guo, gggg1984@163.com 

SPECIALTY SECTION
 This article was submitted to Food Microbiology, a section of the journal Frontiers in Microbiology

RECEIVED 14 October 2022
 ACCEPTED 21 November 2022
 PUBLISHED 05 December 2022

CITATION
 Huo W, Zhang Y, Zhang L, Shen C, Chen L, Liu Q, Zhang S, Wang C and Guo G (2022) Effect of lactobacilli inoculation on protein and carbohydrate fractions, ensiling characteristics and bacterial community of alfalfa silage. Front. Microbiol. 13:1070175. doi: 10.3389/fmicb.2022.1070175

COPYRIGHT
 © 2022 Huo, Zhang, Zhang, Shen, Chen, Liu, Zhang, Wang and Guo. 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.
 

Introduction: Alfalfa (Medicago sativa L.) silage is one of the major forages with high protein for ruminants.

Methods: The objective of this study was to investigate the effects of lactobacilli inoculants on protein and carbohydrate fractions, ensiling characteristics and bacterial community of alfalfa silage. Wilted alfalfa (35% dry matter) was inoculated without (control) or with Lactobacillus coryniformis, Lactobacillus casei, Lactobacillus plantarum, and Lactobacillus pentosus and ensiled for 7, 15, and 60 days.

Results and discussion: Silage inoculated with L. pentosus was superior to L. coryniformis, L. casei, L. plantarum in improving the fermentation quality of alfalfa silage, as indicated by the lowest ammonia nitrogen content and silage pH during ensiling. There was minor difference in water soluble carbohydrates content among all silages, but L. pentosus inoculants was more efficient at using xylose to produce lactic acid, with lower xylose content and higher lactic acid content than the other inoculants. Compared with the control, L. pentosus inoculants did not affect true protein content of silage, but increased the proportions of buffer soluble protein and acid detergent soluble protein. The L. pentosus inoculants reduced the bacterial diversity In alfalfa silage with lower Shannon, Chao1, and Ace indices, and promoted relative abundance of lactobacillus and decreased the relative abundance of Pediococcus compared with the control. As well as L. pentosus inoculants up-regulated amino acid, carbohydrate, energy, terpenoids, and polypeptides metabolism, and promoted lactic acid fermentation process. In summary, the fermentation quality and nutrient preservation of alfalfa silage were efficiently improved by inoculated with L. pentosus.
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 alfalfa silage, lactobacilli inoculants, ensiling characteristics, protein fractions, bacterial community


Introduction

With the rapid development of ruminant husbandry, alfalfa (Medicago sativa L.) becomes an essential roughage for dairy ration. Ensiling is one of the effective methods to preserve alfalfa nutrients (Ertekin and Kizilsimsek, 2020). During ensiling, most true protein (TP) fractions in alfalfa are degraded into non-protein nitrogen (NPN). In particular, the activity of harmful microorganisms, such as clostridia and enterobacteria, extensively reduce the amino acids content, leading to nutrient losses (Buxton et al., 2003). In the past few decades, numerous researchers have reduced proteolysis of alfalfa silage by inoculating with lactobacilli, which can rapidly reduce silage pH and future prevent activities of plant proteolytic enzymes and harmful microorganisms, and effectively reduce NPN, especially ammonia formation (Oliveira et al., 2017; Tian et al., 2017; Kung et al., 2018). Homofermentative lactobacilli rapidly reduce alfalfa silage pH is more effective than heterofermentative lactobacilli (Contreras-Govea et al., 2011), and Lactobacillus plantarum is commonly used. In fact, L. plantarum is a facultative heterofermentative lactic acid bacteria (LAB), which produce acetic acid and reduce the acidification efficiency of silage under the insufficient hexose, and alfalfa is usually low in hexose (Buxton et al., 2003). However, little attention has been paid to comparing the effects of different homofermentative lactobacilli species on nitrogen distribution of alfalfa silage.

The efficacy of LAB inoculants is influenced not only by its phenotypic characteristics, but also by chemical and microorganism characteristics of pre-ensiling material (Tohno et al., 2012). Similarly, changes in chemical composition of silage are also inextricably linked to changes in microbial communities during ensiling. Therefore, it is essential for thoroughly understand and improve the fermentation quality of silage to monitor the relationship between changes in chemical composition and microbial communities during ensiling process (Namihira et al., 2010; Wang et al., 2020). In addition, it is difficult to evaluate the nitrogen distribution of alfalfa silage based on the traditional feed nutrition assessment system, while the Cornell’s net carbohydrate and protein system could reflect the nutritional components of feed more comprehensively and objectively (Wang et al., 2009).

Thus, the purpose of current study was to investigate the effects of homofermentative lactobacilli (Lactobacillus coryniformis, Lactobacillus casei, and Lactobacillus pentosus) and facultative heterofermentative lactobacilli (L. plantarum) on the fermentation quality and nutrient preservation of alfalfa silage, based on ensiling characteristics, protein fractions, carbohydrate fractions and bacterial diversity and functional analysis.



Materials and methods


Silage preparation

Alfalfa (Medicago sativa L., cultivar SR 4030) planted for 2 years was harvested at budding stage on May 15, 2021, and wilted to about 35% dry matter (DM) in the experimental field (37°25′08″N, 112°35′25″E, elevation 783 m) of Shanxi Agricultural University (Taigu, China). The wilted alfalfa was chopped into approximately 20 mm and divided into 60 sub-samples (2.5 kg per sub-sample), which were assigned to the following ensiling treatments in four replicates: (1) Control (sprayed with equal distilled water, C); (2) L. coryniformis (LCO); (3) L. casei (LCA); (4) L. plantarum (LPL) and (5) L. pentosus (LPE). Each treatment was sprayed onto the forage with a mini-sprayer at a rate of 1.0 × 106 cfu/g fresh weight (FW). After thoroughly mixing, 500 g of the treated forage was packed into a laboratory sterile plastic bag with a release valve, vacuum-sealed and stored at room temperature for 7, 15, and 60 days.



Chemical composition and microbial amount analyses

Each silage sample was weighed (20 g) and diluted with twice the volume of distilled water for 24 h at 4°C, and then filtered through two layers of cheesecloth and a Whatman filter paper (Desta et al., 2016). The filtrate was used for determining pH, ammonia nitrogen (ammonia-N), lactic acid and volatile fatty acid (VFA, acetic, propionic and butyric acids) concentrations. Silage pH was measured by pH meter (pH FE28, Mettler-Toledo Instruments Co., Ltd., China). Ammonia-N and lactic acid were determined according to the method of Kleinschmit et al. (2005), and VFA concentrations were determined by gas chromatography with 30 m × 0.25 mm (df 0.25 μm) capillary column (Thermo T1300, United States; Guo et al., 2019).

DM content of raw material and silage were determined at 65°C for 48 h in an oven with forced-air circulation. Total nitrogen (TN) and ash contents were determined according to AOAC (2012). Organic matter (OM) content was estimated as DM minus ash, and CP content was calculated by multiplying TN by 6.25. Neutral detergent fiber (NDF), Acid detergent fiber (ADF), acid detergent lignin (ADL), neutral detergent insoluble protein (NDIP) and acid detergent insoluble protein (ADIP) contents were determined with the method of VanSoest et al., 1991. Water soluble carbohydrates (WSC) content was determined with the method of Kim and Adesogan (2006). Starch content was determined with an enzymatic method (Owens et al., 2002). Xylose content was determined with the method of Eberts et al. (1979). The TP and NPN contents were determined with the method of Licitra et al. (1996). The Cornell net carbohydrate and protein system was used to estimate the protein fractions of raw material and silage (Nadeau et al., 2012). Buffering capacity of raw material was analyzed by the method of Playne and McDonald (1966). Water activity was determined by water activity analyzer (HD-3A, Ester Instrument Co., Ltd., Xiamen, China).

Each sample (10 g) was mixed with 90 ml of sterilized saline solution (0.85% NaCl), and serially diluted with 10−1 and 10−8. The dilutions were used to analyze microbial counts with the pour plate method. The LAB were counted using the de Man, Rogosa and Sharpe agar plates (Basebio, Co., Ltd., Hangzhou, China) in an anaerobic box (TE-HER Hard Anaerobox, Hirosawa Ltd., Tokyo, Japan) at 35°C for 48 h. Total aerobic bacteria were counted on nutrient agar plates (Basebio, Hangzhou, China), and yeasts and molds were counted on rose bengal agar plates (Basebio, Hangzhou, China). The agar plates were maintained in an incubator at 30°C for 48 h (Cai et al., 1999).



Microbial community analysis

Each silage sample (20 g) was mixed with 180 ml of sterilized saline solution. Extracts were shaken at 4°C for 2 h (150 rpm/min), and filtered through two layers of cheesecloth. Then, pellets were obtained by centrifugation at 12000 rpm/min for 15 min at 4°C. Total DNA was extracted using TIANamp Bacteria DNA Kit (DP302-02, Tiangen, Beijing, China). The PCR was used to amplify the V3-V4 region of the bacterial 16S rRNA gene, with the forward primer 341F (CCTACGGGNGGC WGCAG) and the reverse primer 806R (GGACTACHVGGGTATCTAAT). PCR was performed using a PCR thermal cycler system (Mastercycler pro, Eppendorf, Germany). The reaction mixture (20 μL) contained 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM/l dNTPs, 0.4 μL of FastPfu-DNA-Polymerase, 0.8 μL of each primer and 20 ng of DNA template.

The PCR products were purified and quantified, and then sequenced at the Guangzhou Gene Denovo Company using Illumina platform (Hiseq2500 PE250). In order to quality-control, low quality sequences and chimera sequences were removed using QIIME software (version 1.9.1) and UCHIME algorithm, respectively. Then, the effective tags were clustered into Operational taxonomic units (OTUs) based on 97% similarity level by using UPARSE (version 7.0.1). Taxonomy classification of representative sequences at the phylum and genus were performed using Naïve Bayesian assignment algorithm of RDP (Version 2.2) by comparing with Silva database. Alpha diversity, including the Shannon index, Chao1 index, ACE index and Good’s coverage, and beta diversity, including the principal coordinate analysis (PCoA) was calculated using unweighted UniFrac distances. Functional prediction of microbial community was conducted using PICRUSt2. Sequence data were deposited in NCBI’s Sequence Read Archive under BioProject accession number PRJNA888371.



Statistical analysis

The data of microbial count were log10-transformed. Data on the fermentation parameters of silages were analyzed by two-way ANOVA with inoculants (C, LCO, LCA, LPL, and LPE), ensiling days (7, 15, and 60 days) and their interaction as the main effects. Data on the DM and OM contents, and carbohydrate and protein fractions of 60-days fermented silages were analyzed by one-way ANOVA with inoculants as the main effect. Multiple comparisons between the means were determined by Duncan’s test. All analyses were conducted using the SAS statistical program with the level of significance set at 5%.




Result and discussion


Characteristics of wilted alfalfa before ensiling

The DM level, WSC content, buffering capacity and epiphytic LAB population of forage are the main factors affecting the fermentation characteristics of silage (Buxton et al., 2003). In the range of 20 to 60% DM, alfalfa silage at about 35% DM had the lowest silage pH (Kung et al., 2018). As shown in Table 1, the DM content of wilted alfalfa was 343 g/kg FW, which was a suitable level. Besides, alfalfa normally needs additional WSC for high-quality silage production compared with other forages because of its high buffering capacity (Buxton et al., 2003). In the current study, the buffering capacity and WSC content in wilted alfalfa was 322 mEq/kg DM and 49.6 g/kg DM, respectively (Table 1). The WSC content did not meet the minimum requirements for sufficient fermentation according to Pitt (1990), who reported that the minimum initial WSC content is 140 g/kg DM for wilted alfalfa at 35% DM. The starch content in wilted alfalfa was 15.4 g/kg DM, which could be used as potential fermentation substrate for lactic acid bacteria (McDonald et al., 1991; Wang et al., 2020). The nitrogen in fresh alfalfa is typically 5 to 25% NPN, but it will increase 20 to 50% after wilting (Buxton et al., 2003). In the current study, the nitrogen in wilted alfalfa contained 31.2% NPN and 68.8% TP, and more than half of the TP were intermediately degradable protein (Table 1).



TABLE 1 Chemical composition, epiphytic microbial population, and buffering capacity of wilted alfalfa before ensiling.
[image: Table1]

The populations of epiphytic total aerobic bacteria, LAB, yeast and molds in wilted alfalfa were 5.75, 4.87, 3.72 and 3.94 log10 cfu/g FW, respectively (Table 1). The epiphytic LAB population was lower than 5 log10 cfu/g FW, which is the minimum amount to obtain well-preserved silage (Cai et al., 1999). The large number of aerobic bacteria in alfalfa, and the low population of epiphytic LAB do not ensure maximum fermentation during ensiling, this problem could be addressed by LAB inoculation.



Dynamics of fermentation characteristics of alfalfa silage inoculated with lactobacillus

The dynamics of pH, ammonia-N, lactic acid, acetic acid and propionic acid contents and the ratio of lactic acid to acetic acid in alfalfa silages are shown in Table 2. The contents of ammonia-N, lactic acid and propionic acid, as well as pH value were significantly (p < 0.05) affected by ensiling days, inoculation treatments and their interaction. The ensiling days and inoculation treatments significantly (p < 0.05) affected acetic acid content. In the initial stage of ensiling, rapid lactic acid fermentation inhibiting harmful microbiological and plant enzymatic activity is critical for silage preservation (Shao et al., 2005; Desta et al., 2016). Numerous studies reported that the inoculation of homofermentative lactobacillus could improve the quality of silage fermentation by rapid accumulation of lactic acid (Cai et al., 1999; Slavica et al., 2015; Ni et al., 2017; Li et al., 2018). However, only LPE treatment showed lower (p < 0.05) pH, ammonia-N and acetic acid contents, as well as higher (p < 0.05) lactic acid content and the ratio of lactic acid to acetic acid than C silage during ensiling. This is related to the utilization efficiency of fermentation substrate by inoculated lactobacillus species. L. pentosus can ferment xylose to produce lactic acid, but L. coryniformis, L. casei and L. plantarum can not sufficiently utilize xylose (Liu et al., 2012; Tohno et al., 2012; Ni et al., 2015). About 60% of xylose was used in LPE silage (Tables 1, 3). However, xylose content of the other three inoculated silages was comparable to that of C silage, and their xylose consumption was about 40%. Glucose and xylose are the main monosaccharides in alfalfa, the former commonly accounts for more than 60% of WSC (Canale et al., 1991). In this study, although the xylose content of WSC in alfalfa was only about 17%, its utilization by the LAB was important in the case of insufficient fermentable glucose. In addition, silage inoculated with L. plantarum showed excessive acetic acid during ensiling, because it is a facultative heterofermentative LAB and tends to heterofermentation under the insufficient hexose (Buxton et al., 2003).



TABLE 2 Dynamics of fermentation characteristics of alfalfa silage inoculated with lactobacillus.
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TABLE 3 Effect of lactobacillus on chemical composition and lactic acid bacteria populations of alfalfa silages after 60 days ensiling.
[image: Table3]

The contents of ammonia-N and butyric acid are the critical index to determine the fermentation quality of silage. These two variables should be less than threshold of 10% TN and 0.2% DM, respectively, in well-preserved silage (Catchpoole and Henzell, 1971). According to this criterion, all silages except LPE treatment did not obtain good fermentation quality. Although butyric acid was not detected, their ammonia-N content exceeded the threshold after 15 days ensiling. Butyric acid was absent in all silages after wilting, which was consistent with the report of Zhang et al. (2020). Accumulation of butyric acid is associated with clostridium activity during ensiling. Under neutral conditions, the optimum and the minimum water activity for clostridium growth were 0.995 and 0.971, respectively, and the minimum water activity increased with the pH declined. Moreover, clostridia are more susceptible to water activity than LAB, the latter are the most tolerant of low water activity, about 0.930 to 0.945 (Buxton et al., 2003). In this study, the water activity of wilted alfalfa was about 0.972. Clostridium growth may be completely suppressed after wilting, supported by the absence of butyric acid detection in all silages.



Effects of lactobacillus inoculation on carbohydrate and nitrogenous fractions of alfalfa silage

Lactobacilli inoculants had no significant effect on carbohydrate fractions, such as WSC, starch, NDF and ADF contents in alfalfa silage (Table 3). Oliveira et al. (2017) summarized 1747 literatures and pointed out that silage inoculated with homofermentative and facultative heterofermentative LAB could reduce WSC content and promote lactic acid production in silage, but did not affect NDF content. In this study, the residual WSC content did not show a significant difference (p > 0.05) among all silages. This might be due to insufficient WSC content of fresh forages, which were fully utilized by LAB during ensiling. However, LPE silage had the lowest xylose content (p < 0.001) among all silages, which was due to the fact that L. pentosus can ferment xylose to produce lactic acid. Most strains of LAB do not hydrolyze starch and cellulose (McDonald et al., 1991). Therefore, there were no differences (p > 0.05) in the starch, NDF and ADF contents among all silages. In addition, LPE silage had lower (p < 0.05) ADL content and higher (p < 0.05) DM content than that of C silage. The ADL is difficult to degrade during ensiling, and its content is negatively correlated with dry matter loss (Guo et al., 2014). Thus, this might be related to the good quality of LPE silage, since high quality silage usually has low dry matter loss (Buxton et al., 2003).

In contrast to carbohydrate fractions, ensiling did not affect the crude protein content of forage, but large amounts of TP are decomposed into NPN during ensiling. Proteolysis in silage can be inhibited by LAB inoculation (Tao et al., 2017; Guo et al., 2020). In the current study, silage inoculated with lactobacillus had no significant effect on the CP content and the proportion of NPN, but the proportion of ammonia-N in LPE silage decreased (p < 0.05) compared to C silage (Table 3). This is due to the rapid decrease in silage pH, which inhibits further decarboxylation or deamination of amino acids by harmful microorganisms (Buxton et al., 2003). Compared with C silage, lactobacilli inoculants tended to increase the proportion of buffer soluble protein and acid detergent soluble protein in TP. The research by Tao et al. (2017) showed similar changes in silage protein fractions after LAB inoculation.



Effects of lactobacillus inoculation on the bacterial community in alfalfa silage

The alpha-diversity index of alfalfa silage inoculated with or without lactobacillus are shown in Table 4. The Goods_coverage index of each group was over 0.99, indicating that the sequencing analysis could reflect the real bacterial community composition in silage samples. Alfalfa silage inoculated with L. pentosus had lower (p < 0.05) Shannon, Chao1 and ACE index than that of C treatment, indicating that the bacterial diversity was reduced. This was due to the fact that the decreased pH resulted from LAB inoculation inhibited the growth of acid-resistant bacteria and thus reduced the bacterial diversity in silage (Zhao et al., 2021).



TABLE 4 Alpha-diversity of bacterial community in alfalfa silage inoculated with lactobacillus.
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The PCoA of bacterial community in alfalfa silage inoculated with or without lactobacillus is shown in Figure 1. Samples from each treatment were individually clustered within a narrow range, indicating good sample repeatability. The distribution and composition of microbial communities were significantly separated and varied across treatments. The C and LCA group samples were mainly clustered in the upper left quadrants. However, the other three groups were completely separated from C and LCA group, with the LPE, LPL and LCO group samples locating in the upper right, lower right, and lower left quadrants, respectively. This result indicated that the L. coryneformis, L. plantarum and L. pentosus inoculants could significantly affected microbial composition compared L. casei. Similarly, Yang et al. (2019) found that of the L. plantarum inoculants could markedly affect the bacterial community composition of alfalfa silage.
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FIGURE 1
 Differences in microbial community diversity on genus level shown by PCoA. C, control; LCO, Lactobacillus coryneformis; LCA, Lactobacillus casei; LPL, Lactobacillus plantarum; LPE, Lactobacillus pentosus.


The relative abundance of bacterial community in alfalfa silage at the phylum level is shown in Figure 2A. In general, the dominant phylum was Firmicutes, followed by Proteobacteria in all silages. McGarvey et al. (2013) reported that the relative abundance of Firmicutes in alfalfa silage usually more than 95%. In the current study, the relative abundance of Firmicutes in alfalfa silage after 60 days ensiling was more than 99%, except LCO group (about 95%). Proteobacteria are usually the dominant phylum in fresh forage before ensiling, and the bacterial community shifts from Proteobacteria to Firmicutes during ensiling (Keshri et al., 2018). Ni et al. (2018) reported that the major genera related to silage fermentation were Lactobacillus, Pediococcus, Weissella, and Leuconostoc, all of which belonged to Firmicutes. As exhibited in Figure 2B, the prevalent genera in alfalfa silage were Lactobacillus and Pediococcus in this study. The relative abundance of Lactobacillus in alfalfa silage were 83.5, 77.8, 76.0, 65.9 and 38.1% in LPE, LCA, LPL, C and LCO group, respectively. The relative abundance of Pediococcus in alfalfa silage was in the following order: LCO (45.0%) > C (32.0%) > LPL (22.2%) > LCA (21.1%) > LPE (15.4%). Generally, Pediococcus usually grow vigorously and initiate lactic acid fermentation in the early stage of silage, while they will be gradually replaced by Lactobacillus as the pH decreases (Ni et al., 2017). In present study, the highest relative abundance of Lactobacillus and lowest relative abundance of Pediococcus in LPE silage corresponded to the lowest silage pH. However, higher relative abundance of Pediococcus in the LCO group may be relative to the postponed formation of acidic environment (Yang et al., 2019). The relative abundance of Weissella and Leuconostoc were extremely minor in all silages, which were in consistent with the finding of Ogunade et al. (2018), who concluded that silage inoculated with LAB could decrease the relative abundance of Weissella. It is interesting to note that the Lysinibacillus and Comamonas were only found in the LCO silage. However, researchers reported that the Lysinibacillus and Comamonas could not assimilate and ferment sugars (Ni et al., 2013).
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FIGURE 2
 Relative abundance of bacterial community by phylum (A) and genus (B) for alfalfa silage. C, control; LCO, Lactobacillus coryneformis; LCA, Lactobacillus casei; LPL, Lactobacillus plantarum; LPE, Lactobacillus pentosus.


The functional prediction of microbial community in alfalfa silage inoculated with or without lactobacilli based on 16S rDNA gene are shown in Figure 3. Compared with the C silage, the metabolism of carbohydrate, glycan, nucleotide, terpenoids and polyketides, amino acid and energy, and biosynthesis of other secondary metabolites were up-regulated by LCA, LPL, or LPE treatments, especially LPE treatment, which significantly up-regulated amino acid, carbohydrate, energy, terpenoids and polyketides metabolism. Previous studies have reported that the decrease in ammonia-N content is accompanied by the down-regulation of amino acid metabolism of microbial community in good silage (Bai et al., 2022). The results of the LPE treatment did not fit this theory, with the highest level of amino acid metabolism and the lowest ammonia-N content among all treatments. However, the LPE treatment also had high buffer soluble protein contents and low acid detergent insoluble protein. This might be due to the fact that the large degradation of amino acids and small peptides caused by harmful microorganisms, such as clostridium and enterobacter, did not occur during proteolysis (Yuan et al., 2020). In addition, the up-regulated energy, terpenoids and polyketides metabolism in LPE silage, which was consistent with the report of Xu et al. (2019), who found that the energy metabolism was up-regulated when silage inoculated with LAB. In present study, it was interesting to note that carbohydrate, glycan and nucleotide metabolism was down-regulated and lipid, xenobiotics biodegradation, cofactors and vitamins metabolism was up-regulated in the LCO treatment compared with the C treatment. Limited studies have found that L. coryniformis has an inhibitory effect on clostridium and yeast by producing bacteriocins (Tanaka et al., 2009; Slavica et al., 2015). These bacteriocins might inhibit microbial growth by reducing its carbohydrate, glycan and nucleotide metabolism. Meanwhile, the L. coryniformis inoculants might enhance its biodegradation activities by mobilizing the metabolism of lipid and cofactors and vitamins to remove the xenobiotics.
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FIGURE 3
 Metabolic functional analysis of microbial community using PICRUSt2. C, control; LCO, Lactobacillus coryneformis; LCA, Lactobacillus casei; LPL, Lactobacillus plantarum; LPE, Lactobacillus pentosus.





Conclusion

The L. pentosus inoculants enhanced lactic fermentation, which had the highest lactic acid content and lowest silage pH, acetic acid and ammonia-N contents, and thus improved fermentation quality of alfalfa silage. The residual WSC content was not different among all silages, L. pentosus inoculants was more efficient at using xylose to produce lactic acid, with lower xylose and acetic acid contents and higher lactic acid content in the silage than the other LAB inoculants. The L. coryniformis, L. casei and L. plantarum inoculants had limited effect on fermentation quality of alfalfa silage. Silage inoculated with lactobacillus tended to increase the proportion of buffer soluble protein and acid detergent soluble protein in TP. Compared with the control, L. pentosus inoculants reduced the bacterial diversity in alfalfa silage, with lower Shannon, Chao 1 and ACE indices, and promoted relative abundance of lactobacillus and decreased the relative abundance of Pediococcus. As well as L. pentosus inoculants up-regulated amino acid, carbohydrate, energy, terpenoids and polyketides metabolism, and promoted lactic acid fermentation process. In summary, L. pentosus used as an additive was superior to the other three lactobacillus species in improving fermentation quality of alfalfa silage.
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The aim of this study was to investigate the influence of Perilla frutescens, alone or in combination with Lactobacillus plantarum a214 or citric acid, on forage oat silage quality, bacterial and fungal microbiological profile during ensiling and aerobic exposure. With the exception of Perilla frutescens, all additives could improve silage quality of forage oat based on lower ammonia-nitrogen content and higher residual of water soluble carbohydrates during anaerobic fermentation compared to control silage, especially in Perilla frutescens combined with citric acid (CAPF). Lactobacillus was the dominant bacteria in all silages, while CAPF group increased the relative abundance of Lactobacillus lindneri and Lactobacillus brevis compared to control silage. The application of Perilla frutescens suppressed the relative abundance of yeasts such as Pichia fermentans and Wickerhamomyces anomalus in response to aerobic exposure, especially in CAPF treatment, leading to high acetic acids and lower dry matter loss, as well as good aerobic stability. Therefore, Perilla frutescens, alone or in combination with citric acid, has potential to improve aerobic stability of forage oat silage by shifting bacterial and fungal community composition, and can be used as new additive to prepare high-quality silage for animal production.

KEYWORDS
 Perilla frutescens, bacterial community, fungal community, fermentation quality, aerobic stability, forage oat


Introduction

Forage oat (Avena sativa L.) is an important ruminant feed worldwide because of its good nutritive value and highly digestible fiber (Gomes et al., 2019; Jia et al., 2021), and ensiling has been considered to be one of the most efficient ways to conserve forage oat. However, a high level of water-soluble carbohydrate might result in higher fermentation losses and susceptible to aerobic spoilage (Cantoia Júnior et al., 2020). In particular, when silage is exposed to air, some species of yeast that survive in the ensiling process cause large nutrient losses (Zhao et al., 2018), and often compromise the feeding value and hygienic quality of the silage (Pahlow et al., 2003). Therefore, it is critical to search for an effective way to improve silage quality of forage oat.

The silage quality of forage oat mainly depends on the microorganisms and their metabolites. In response to aerobic exposure, microbial inoculum and chemical additives have been developed to modulate the microbial community to improve the silage quality and safety (Muck et al., 2018). Lactobacillus plantarum was shown to promote lactic fermentation and reduce pH, thereby improving silage anaerobic fermentation (Muck et al., 2018). In addition, citric acid, a weak organic acid, could enhance fermentation quality by lowering pH and proteolysis (Tao et al., 2020). However, both of them were failed to improve aerobic stability of ensiling (Muck et al., 2018; Tao et al., 2020). In recent years, phenolic and flavonoid compounds have been reported to have inhibitory activity against undesirable microorganisms such as Enterobacter, Clostridium, fungi such as Candida, Aspergillus, and so on (Zacchino et al., 2017; Chan et al., 2018). Furthermore, medicinal plants or its secondary metabolites have been used as ideal, safe and novel additives for improving food security and animal production due to their highly inhibitory effects on bacteria and fungi (Kang et al., 2019; Falleh et al., 2020; Li et al., 2021b). However, little is known about the use of herbs and plants high in bioactive substances in the ensiling of forage oat.

Purple perilla (Perilla frutescens L.), an annual short-day medicine food homology plant that belongs to the family Lamiaceae and the genus Perilla, is commonly available in many countries and has been cultivated in China for more than 2,000 years. With a large variety of functional ingredients such as essential oil, polyphenol, flavone and so on, purple perilla shows antimicrobial, antioxidants and healthy functions (Lv et al., 2011). The stems and leaves of purple perilla contain 0.3%–0.7% essential oil, and the primary components are terpenoids including perilla ketone, perilla aldehyde, perilla alcohol, α-pinene, β-pinene (Lim and Shin, 2014; Ahmed and Al-Zubaidy, 2020), and exert potent antifungal properties. In particular, the stable low-acidic environment enhanced the antimicrobial activity of terpenes, phenols and so on (Reddy et al., 2020). Both Lactobacillus plantarum and citric acid, as preferred silage additives, could accelerate the acidification of the silage environment indirectly or directly (Muck et al., 2018; Mugabe et al., 2020). Furthermore, Lactobacillus-mediated fermentation could lead to the liberation or synthesis of bioactive compounds in herbal plants, and enhance their antimicrobial activity (Hussain et al., 2016). On the other hand, organic acids and essential oils work synergistically and produce greater effects. The essential oils could disrupt cell membrane integrity, thereby making microbes more vulnerable to the acidic environment caused by organic acids (Karatzas et al., 2001; Reddy et al., 2020). However, how purple perilla, especially in combination with L. plantarum or citric acid, influences the bacterial and fungal community of silage remains unclear.

Thus, the objective of this study was to evaluate the effects of P. frutescens and its combination with L. plantarum or citric acid on forage oat silage fermentation, bacterial and fungal microbiological profile during ensiling, and aerobic exposure. We hypothesized that P. frutescens combined with L. plantarum or citric acid would have a positive synergistic effect on improving silage fermentation as well as aerobic stability.



Materials and methods


Silage preparation

Whole forage oat (Avena sativa L., Magnum) was manually collected from the farm of China Agricultural University (Zhangye, Gansu, China) on 23 August 2020. The lactic acid bacteria inoculant, purple perilla, and citric acid were selected as additives in this study. The inoculant L. plantarum a214 used in this study could grow at low pH and produce higher-quality local grass silage (Li et al., 2018). The dried whole purple perilla was obtained from Beijing Tongrentang Co., Ltd., China, and milled through a 60-mesh screen by a multimill. Citric acid (CAS: 77-92-9, purity > 99%) was obtained from Aladdin Industrial Inc., Shanghai, China.

The fresh oat forage was harvested at approximately 5 cm above the ground, and then directly chopped into 2 cm pieces using a forage crusher (600 mm, Shandong Anke Hardware Tools Co., Ltd., Shandong, China). Six different treatments were conducted as follows: (1) control (no additive, CK), (2) L. plantarum a214 (LP), (3) 2% citric acid (CA), (4) 2.5% purple perilla (PF), (5) the combination of 2.5% purple perilla and L. plantarum a214 (LPPF), and (6) the combination of 2.5% purple perilla and 2% citric acid (CAPF). According to the manufacturers guidelines, L. plantarum a214 and citric acid were dissolved in sterile distilled water to an equivalent of 106 colony-forming unit (cfu)/g and 20 g/kg of fresh matter (FM), respectively. The application rate of purple perilla was 25 g/kg of FM. After mixing thoroughly, approximately 4 kg of the oat forage from each treatment was packed into a polyethylene plastic bag (45 cm × 75 cm, Suqian Xizhao Trading Co., Ltd., Jiangsu, China) in triplicate. The bags were vacuum-sealed via vacuum sealing machine (DZ-600/2S, Wenzhou Kaichi Packing Machinery Co. Ltd., Zhejiang, China) and then stored at room temperature (about 22°C–26°C). After 60 days of ensiling, the silage bag from each treatment was opened, and samples were collected immediately for measurement of microorganisms, fermentation parameters, and chemical composition. Two 20-g subsamples from each homogenized sample were quickly placed into 50 ml sterile centrifuge tubes and stored into −80°C freezers for analysis of bacteria and fungi community.



Aerobic stability

To evaluate aerobic stability, the whole forage oat silages ensiled for 60 days were quickly placed in sterile plastic buckets (2 l capacity, Hewanglan paper and plastic products factory, Beijing, China) with a density of approximately 350 kg/m3. All plastic buckets were covered with 2 layers of sterile cheesecloth and stored at an ambient temperature (22°C–26°C). A thermocouple wire was placed in the geometric center of each plastic buckets, and real-time temperatures were measured every 5 min using a data logger (MDL-1048A; Shanghai tianhe automation instrument Co., Ltd., Shanghai, China). After 3 days of aerobic exposure, silage of each plastic bucket was weighted, thoroughly mixed, and sampled to analyze fermentation quality and microbes. The aerobic stability was defined based on the time when the temperature of silage had increased by 2°C above the ambient temperature.



Fermentation, chemical composition, and microbial analyses

Twenty grams of silage sample was homogenized in a blender for 1 min with 180 ml of sterile saline water, and filtered by filter paper. The pH value of extract was measured immediately using a portable pH meter (PHS-3C, INESA Scientific Instrument, Shanghai, China). A portion of filtrate was centrifuged at 10,000 ×g for 10 min at 4°C (5810R; Eppendoff, Hamburg, Germany), and then filtrated through 0.22 μm membrane filters for organic acid analysis as described by Yan et al. (2019). The ammonia-nitrogen (NH3-N) content was determined through phenol-hypochlorite method. According to Li et al. (2021a), another 20 g samples were mixed with 180 ml sterilized saline and shaken in a thermostatic oscillation incubator at 160 r/min, 4°C for 30 min. Fungi (molds and yeasts) were cultivated aerobically using Rose Bengal agar at 28°C for 48 h. Lactic acid bacteria counts were measured via Man Rogosa Sharpe agar at 30°C for 48 h anaerobically. Coliform bacteria were cultivated via blue light agar (Nissui) for 48 h at 37°C.

Both fresh and silage samples were dried at 65°C for 3 days in a forced-air oven to determine dry matter (DM) content. Then, all samples were ground and passed through a 1-mm sieve for further chemical analysis. Crude protein (CP) content was determined by the Kjeldahl method (Hasan, 2015). Acid detergent fiber (ADF) and neutral detergent fiber (NDF) contents were analyzed using the ANKOM 200 system according to the manufacturer’s instructions. Water-soluble carbohydrate (WSC) was estimated according to the methodology of Thomas (1977). Dry matter loss was calculated according to weight differences between pre-and post-ensiling.



Microbial analysis

Total bacterial or fungal genomic DNA from silage samples was extracted via a DNA Kit (DP302-02, Tiangen, Beijing, China) according to the manufacturer’s guidance. The purity and concentration of the extracted DNA were determined as specifically described by Yan et al. (2019). The PCR amplification of the full-length 16S rRNA gene were using the specific primers 27F (5′-GAGAGTTTGATCCTGGCTCAG-3′) and the reverse primer 1492R (5′-TACCTTGTTACGACTT-3′). The PCR procedures were followed as previously described by (Li et al., 2021a). Fungal full-length ITS genes were amplified using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and the reverse primer ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). The PCR program for ITS was as follows: 95°C for 5 min; 8 cycles of 95°C for 1 min, 55°C for 30 s, and 72°C for 45 s; 24 cycles of 95°C for 1 min, 60°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for 7 min. The 16S rRNA and ITS libraries and amplicon sequencing were carried out with PacBio Template Prep Kit (Pacific Biosciences of California, Inc., California, America) and Sequel instrument (ABI GeneAmp® 9700), respectively.

Raw Circular Consensus Sequencing reads were demultiplexed, quality filtered, optimization, and analyzed using QIIME 1.9.1 and the Greengenes 13.8, UNITE fungal ITS reference database according to the report of Romero et al. (2018) and Drouin et al. (2021). Subsequently, bacterial and fungal OTUs were assigned using the Ribosomal Database Project classifier via the Amplicon Tagger 16S and ITS training sets, respectively (Drouin et al., 2021). Alpha diversity indices, including Chao1 and Shannon index were calculated using QIIME software. The principal component analysis (PCA) was calculated in QIIME to assess the structural variation of microbiota. LEfSe analysis were conducted using a free online platform.1



Statistical analysis

Analysis of variance (ANOVA) was conducted using general linear model in SPSS (version 19.0) to determine the significant difference among samples. The level of statistical significance was set to p < 0.05. The data from chemical composition, fermentation characteristics, microbial population, and alpha diversity of the silages were subjected to two-way ANOVA with a fully randomized design, with aerobic exposure days (days) and additives (Add) as the main variables. Mean values were compared using Tukey’s test.




Results


Chemical composition of raw materials

The chemical composition of raw materials is shown in Table 1. The DM content of forage oat was 302.10 g/kg of fresh matter, and its CP, NDF, WSC contents were 86.48, 582.60 and 115.25 g/kg on a DM basis, respectively. The DM, CP, NDF and WSC contents of dried purple perilla were 932.00, 226.55, 300.97, and 138.29 g/kg DM, respectively.



TABLE 1 Chemical composition of raw materials.
[image: Table1]



Fermentation characteristics and microbial numbers of silages

The fermentation end products and microbial numbers of oat silage after 60 days of ensiling and after exposure to air are shown in Table 2. There was an interaction (p < 0.01) between the effects of fermentation day and additive for pH because it was higher after 3 days of aerobic exposure than 60 days of ensiling for LP, CA, and LPPF treatments, but it was similar for CK, PF, and CAPF in both days. We also found an interaction (p < 0.01) between the application of additive and fermentation day for lactic acid because the contents of lactic acid in CK, CA, LP, and LPPF groups sharply decreased after exposure to air compared with 60 days of ensiling. In addition, treatments with CA and CAPF resulted in lower concentration of lactic acid compared with CK after 60 days of fermentation. The application of PF and CAPF caused a higher (p < 0.01) acetic acid concentration when compared with other treatment, and 60 days of ensiling was higher (p < 0.01) in acetic acid than exposure to air. The concentration of propionic acid was not affected by fermentation days (p = 0.742), but the application of purple peril (PF, LPPF, and CAPF) had a higher (p < 0.01) concentration of propionic acid than other treatments.



TABLE 2 Fermentation characteristics and microbial counts of forage oat silages during aerobic exposure.
[image: Table2]

The high levels of lactic acid bacteria (>5 log10 cfu/g FM) were observed in all silages during both ensiling and aerobic exposure. An interaction (p < 0.01) was found between fermentation day and additive for the numbers of molds and yeasts. Molds were not detected in all silage after 60 days of ensiling (<2 log10 cfu/g FM), but its number increased markedly (p < 0.01) in CK, LP, and LPPF when exposed to air. Number of yeast in CK, LP, CA, and LPPF (3.60~7.46 log10 cfu/g FM) were higher (p < 0.01) in 3 days of exposure compared to 60 days of ensiling, but no yeast was detected in PF and CAPF for both days (<2 log10 cfu/g FM). As presented in Figure 1, the PF, PF + CA, and CK treatments had a good aerobic stability, and the aerobic stability exceeded 144 h The application of CA, PF + LP, and LP accelerated the aerobic spoilage of oat silage and remained stable only for 29, 29.5, and 48.5 h, respectively.

[image: Figure 1]

FIGURE 1
 Temperature after aerobic exposure of forage oat silages treated additives. CK, control; LP, Lactobacillus plantarum a214; CA, citric acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid; RT, room temperature.


Table 3 shows the DM loss and chemical composition of forage oat silage. There was an interaction (p < 0.01) between fermentation day and additive for DM loss because it was significantly higher in 3 days of aerobic exposure than 60 days of ensiling for CK, LP, CA, and LPPF treatments, but CAPF had the lowest (p < 0.01) DM loss (average 17.41 g/kg DM) than other treatment in both days. The application of purple peril (PF, LPPF and CAPF) caused a higher (p < 0.01) DM content than other treatments in both days. We also found an interaction (p < 0.01) between the application of additive and fermentation day for NH3-N/TN because all additives resulted in lower (p < 0.01) NH3-N/TN compared with CK, except for the PF treatment. The content of CP and NDF were unaffected by fermentation days, but PF and LPPF resulted in higher (p < 0.01) concentration of CP compared with other treatments. There were minor differences in the concentration of ADF among additives except with LP treatment. In addition, an interaction (p < 0.01) was found between fermentation day and additive for WSC. On 60 days of ensiling, LP and CAPF remained significantly highest levels of WSC residues (>70.00 g/kg DM) compared to others, but the difference among treatments were small in 3 days of aerobic exposure.



TABLE 3 Chemical compositions of forage oat silages during aerobic exposure.
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Microbial silage diversity

The microbial diversity of forage oat silages is shown in Table 4. The coverage value of all samples were approximately 0.99. For bacteria, the application of CA showed higher (p < 0.01) value of OTUs and Chao 1 when compared to CK. Besides, there was a trend for Shannon index to be higher in 3 days of exposure than in 60 days of ensiling, especially in LPPF and CAPF. For fungi, there was an interaction (p < 0.01) between fermentation day and additive for OTUs and Shannon index because they were lower (p < 0.01) after 3 days of aerobic exposure than 60 days of ensiling for CK, LP and CA treatments. On 3 days of aerobic exposure, PF and CAPF resulted in higher (p < 0.01) value of OTUs and Shannon index compare with other treatment. Treatment with LPPF resulted in lower (p < 0.01) Chao 1 compared to CK, while treatment with CAPF resulted in higher (p < 0.01) Chao 1. As showed in PCA analysis (Figure 2), bacteria community of forage oat silages were more influenced by additives than ensiling time. The bacterial communities in all citric acid treated groups and L. plantarum a214 treated groups were clearly separated from other groups, except for LPPF. After 3 days of aerobic exposure, the fungal communities of the PF and CAPF groups, LP and LPPF groups, CA group, and CK group were clearly distinguished.



TABLE 4 The microbial diversity of forage oat silages during aerobic exposure.
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FIGURE 2
 Principal component analysis of the bacterial (A), and fungal community (B), of forage oat silages. CK, control; LP, Lactobacillus plantarum a214; CA, citric acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid; 0d, 60-day of ensiling; 3 d, 3 days of aerobic exposure.




Dynamic changes of bacteria communities

Relative abundances of forage oat silage bacterial composition during ensiling and aerobic exposure are shown in Figures 3, 4. Overall, Lactobacillus was the most abundant genus in all samples following 60 days of ensiling, with an abundance of more than 80% (Figures 3A, 4A). The application of L. plantarum a214 and citric acid significantly increased the abundance of Lactobacillus (94.12%~98.80%) compared with CK. Once exposed to aerobic exposure, Lactobacillus remained the predominant bacteria, while its abundance decreased dramatically in CK, CA, and LPPF groups compared with 60 days of ensiling. Instead, an increase in the proportion of Hafnia and Bacillus occurred in CK and LPPF groups, respectively.
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FIGURE 3
 Relative abundances of the silage bacterial and fungal composition. Bacteria at genus level (A), and species levels (B); fungal at genus level (C), and species levels (D); CK, control; LP, Lactobacillus plantarum a214; CA, citric acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid.


[image: Figure 4]

FIGURE 4
 One-way analysis of variance bar plots of top 10 species of bacterial and fungal in forage oat silages. Bacteria species level on 60-day of ensiling (A), and 3 days of aerobic exposure (B); fungal species level on 60-day of ensiling (C), and 3 days of aerobic exposure (D). * and ** represent p < 0.05 and p < 0.01, respectively. CK, control; LP, Lactobacillus plantarum a214; CA, citric acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid.


At species levels (Figures 3B, 4B), L. plantarum was the most abundant bacteria in CK, LP, PF, and LPPF groups after 60 days of ensiling. Especially, L. plantarum was also identified as the most representative bacterium in all L. plantarum a214 treated silages (Figure 5A), its abundance exceeded 96.42%. Whereas the predominant bacteria in CA groups were Lactobacillus brevis (60.33%) and L. plantarum (33.67%). It is noteworthy that three Lactobacillus species with similar relative abundance were found in CAPF groups, including L. plantarum (35.22%), L. brevis (25.82%), Lactobacillus lindneri (26.73%). Compared with 60 days of fermentation, there were no significant bacteria changes in LP and PF groups, while the abundance of L. plantarum dramatically decreased in CK, CA, LPPF and CAPF after 3 days of aerobic exposure. A high abundance of Hafnia alvei (24.19%) occurred in CK groups, and it could be used as a biomarker in CK by LEfSe algorithm (Figures 5A,B). Besides, CAPF groups showed a higher abundance of L. brevis (45.07%) and Lactobacillus coryniformis (7.51%) compared with CK.
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FIGURE 5
 LEfSe analysis of bacterial and fungal variations in forage oat silages. Bacteria species level on 60-day of ensiling (A), and 3 days of aerobic exposure (B); fungal species level on 60-day of ensiling (C), and 3 days of aerobic exposure (D). CK, control; LP, Lactobacillus plantarum a214; CA, citric acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid.




Dynamic changes of fungal communities

Relative abundances of forage oat silage fungal composition during ensiling and aerobic exposure are shown in Figures 3, 4. During 60 days of ensiling, Pichia, Wickerhamomyces, Filobasidium, Vishniacozyma, and Hannaella were the predominant fungal genus among CK, LP, PF, and CAPF groups (Figures 3C, 4C). Pichia was the most predominant fungi in CA group accounting for 64.52%, whereas Wickerhamomyces (90.74%) dominated the LPPF group. Upon exposure to air, the abundance of Pichia increased dramatically in all silages (except for CAPF groups), especially in CK and CA groups, accounting for 92.48% and 88.43%, respectively. Wickerhamomyces and Pichia were the main genus in all L. plantarum a214 treated silages at 3 days of exposure. Interestingly, Trechispora replaced other genus as the dominant population fungi in CAPF group compared to 60 days of ensiling.

At species levels (Figures 3D, 4D), during 60 days of ensiling, Wickerhamomyces anomalus, Filobasidium magnum, Vishniacozyma victoriae, Pichia kudriavzevii and Hannaella zeae were the main fungal species among CK, LP, PF, CAPF groups. The application of LPPF and CA increased the abundance of W. anomalus and Pichia fermentans, respectively (Figure 5C). Once aerobic exposure, P. kudriavzevii was the most significantly discriminating in CK group (Figure 5D), its abundance increased from 7.37 to 90.81%, while P. fermentans gradually dominated the fungi in CA group, accounting for 88.39%. LP treated silages showed the highest abundance of W. anomalus compared to other silages. In particular, the application of CAPF significantly reduce the abundance of yeast with the exception of Trechispora sp., which was most abundant in CAPF group and contributed to the differences compared to other silages (Figure 4D).




Discussion


Silage quality and aerobic stability

As the essential component of diet for animal fabrication, silage nutrition and hygienic quality are the major problem for farmers. Medicine food plant rich bioactive substances becomes in an interesting strategy to retard microbial contamination and deterioration via against a wide range of microorganisms, especially in the face of heavier restrictions on antibiotic use (Lv et al., 2011). In the present study, all additives with the exception of PF improved the silage quality of forage oat based on the lower NH3-N contents and greater residual of WSC in the term of 60 days of ensiling. It is worth noting that the application of citric acid inhibited the overall fermentation. Similar findings were reported by Lv et al. (2020) where high dose of citric acid (2%) inhibited the production of lactic acid and the growth of Enterobacter. Thus, from the perspective of anaerobic fermentation quality, L. plantarum a214, citric acid, alone or in combination with purple perilla were suitable additives.

Controlling the aerobic stability of forage silage is crucial for minimizing agricultural economic losses. With the opening of the silage, aerobic microorganisms began to grow and consume substances. Yeasts are generally the initiators of aerobic deterioration of silage, including fermentation acids and sugars assimilating species (Pahlow et al., 2003), resulting large of nutrition loss. Applying purple perilla in this study resulted in an increase in acetic acid and propionic acid content, a reduction in the yeast count and an improvement in aerobic stability. These effects were more evident in CAPF treated silages, thus highlighting a positive synergistic effect between citric acid and purple perilla in response to aerobic exposure. According to previous studies, purple perilla contains phenolic compounds, flavonoids, and terpenoids, such as perilla aldehyde, perilla alcohol, α-pinene, etc., which exhibit strongly inhibitory effects on a wide variety of fungi (Lim and Shin, 2014; Ahmed and Al-Zubaidy, 2020). In addition, the low-acidic environment enhanced the antimicrobial activity of phenols or terpenes (Reddy et al., 2020). It is interesting that even though the application of purple perilla combined with L. plantarum a214 or citric acid made a low-acidic environment, only CAPF group reduced the loss of nutrition of forage oat silage. This opposite results between LPPF and CAPF groups might be attributed to the component and concertation of fermentation acids (Muck et al., 2018). According to Pahlow et al. (2003), lactate-utilizing yeasts are the primary microorganisms responsible for initiating aerobic deterioration in most silages. The higher lactic acid content combined with high residues of WSC in LPPF group might counteracted the antimicrobial ability of purple perilla. However, the undissociated short-chain fatty acids more prevalent at low pH such as propionic and acetic acids are clearly more inhibitory to yeasts than the dissociated acids (Eklund, 1983). The higher content of these undissociated molecules in CAPF group could diffuse into the cell and lower the intracellular pH by releasing H+ ions, and rapidly kill the yeast cell. Similarly, citric acid, as undissociated acids, could also pass through the cell membrane easily and acidify the cytoplasm (Wemmenhove et al., 2016).

Higher concentrations of lactic acid and WSC residues in CK, LP, and LPPF groups, with a concomitant lower content of acetic acid, resulted in markedly increasing counts of yeast after 3 days of aerobic exposure. As a result, these silages had a higher rate of nutrition loss. Furthermore, yeast flora surviving the storage phase are highly related to the flora initiating aerobic deterioration (Pahlow et al., 2003), the higher counts of yeast in LP, LPPF, and CA groups during 60 days of ensiling might be one of the factors for lower aerobic stability.

The fermentation acids usually decreased as substrate by some aerobic microorganisms in response to aerobic exposure (Cantoia Júnior et al., 2020; Guan et al., 2020). Indeed, in the present study, the concentration of lactic and acetic acids sharply decreased in CK, LP, CA, and LPPF groups as the prolonged of aerobic exposure. It is noteworthy that there are no significant changes in PF and CAPF treatments within 3 days of aerobic exposure. The different response to aerobic exposure by the treatments may be due to the synthetic activities of acid assimilative microbes and facultative anaerobic or aerobic lactic acid bacteria (Jiang et al., 2020b). To confirm this hypothesis, we analyzed the bacterial and fungal communities in all silages, as well as their relative abundances at the genus and species levels.



Microbial diversity of silage

In response to aerobic exposure, the OTUs, Chao1 and Shannon indices of bacteria increased in all silages. This indicated that the aerobic environment enhanced the growth of facultative anaerobes or aerobic bacteria, and increased the diversity of the bacterial community. This was similar to the observation of Guan et al. (2020) for Napier grass silage. In contrast to the results of bacterial diversity, the OTUs and Chao 1 indices of fungi decreased following aerobic exposure, which could be a consequence of some species dominating the fungi community in an aerobic environment. Noteworthily, no difference was observed in fungi diversity in purple perilla treated silages between 60-day ensiling and 3 days of aerobic exposure, indicating purple perilla could inhibit fungal growth. In addition, the beta diversity analysis revealed that L. plantarum a214 and citric acid were the factors that shaped the differences in bacteria and fungi in forage oat silages in the present study.



Dynamic changes of bacterial communities

In general, successful fermentation of forage silages requires a fast growth of lactic acid bacteria to increase substantially in numbers and exert their effects. In the present study, Lactobacillus was the primary genus in all silages following 60-days ensiling, especially in L. plantarum a214, citric acid, or in combination with purple perilla groups. Lactobacillus species play a predominant role in lactic acid fermentation in silages. According to Lv et al. (2020) and Wang et al. (2019), Lactobacillus species and citric acid could decrease pH as starter at the early stage of silage, and the rapid acidification environment might increase the chance that the lactic acid bacteria outgrow undesirable species such as Enterobacter and Clostridium. However, the dominant species in treated silages underwent a change completely in this study. L. plantarum replaced other species as the primary population bacteria in L. plantarum a214 and LPPF treated silages. This finding was in agreement with the results of Yan et al. (2019), who reported Lactobacillus inoculum could increase substantially and dominated in silages. Differently, citric acid, alone or in combination with purple perilla, increased heterofermentative Lactobacillus species, which supported their higher acetic acid and lower lactic acid concentrations. It is worth noting that CAPF increased the relative abundance of L. lindneri. As an obligate heterofermentative species, L. lindneri could ferment sugars and produce large content of lactic acid, acetic acid, and diacetyl which had strongly anti-bacteria activity (Lanciotti et al., 2003; Liu et al., 2017). Especially, the substrate combined with citric acid could enhance its growth and metabolic capacity (Gobbetti and Corsetti, 1996). Therefore, the highest acetic acid concentration in CAPF silage during the ensiling might be due to the high relative abundance of L. lindneri.

Furthermore, the relative abundances of Hafnia and Enterococcus were also higher in CK and PF groups except Lactobacillus species compared with other treatments, respectively. Hafnia is a gram-negative genus of the family Enterobacteriaceae, which able to grow under anaerobic conditions as well as low pH environments (Wang et al., 2021). As undesirable bacteria, they compete with lactic acid bacteria for nutrients in both anaerobic and aerobic fermentation, resulting in large nutritional loss (Yang et al., 2021). In addition, some species of Hafnia such as Hafnia alvei could transform nitrogen from protein in silages into NH3 (Yang et al., 2021). Hence, the higher relative abundance of Hafnia alvei in CK groups, especially in aerobic exposure, could explain their higher DM loss and NH3-N.

After aerobic exposure, the compositions of the dominant bacteria in all silages were similar but with certain degrees of differences, except for the LPPF group, in which most of the L. plantarum were replaced by Bacillus circulans. According to Kung et al. (2018), Bacilli are one of the first groups of microorganisms to develop in silages after the aerobic spoilage process is initiated by yeasts. Even though they seem to be unable to initiate aerobic deterioration of silage, they can play a role in the later stages of aerobic deterioration after initial silage deterioration by yeast (Pahlow et al., 2003). The high abundance of Bacillus in LPPF group at 3 days of aerobic exposure might reveal its rapid aerobic deterioration.



Dynamic changes of fungal communities

Yeasts are considered to be the most important group of microorganisms in aerobic deteriorated silage (Jiang et al., 2020b). In terms of 60 days ensiling, the yeast counts were similar in all silages, as most of them demonstrated low association to nutrition loss and fermentation characteristics (Supplementary Figure S1). Thus, we infer yeasts might not be the main factors affecting silage quality during the anaerobic phase.

In response to aerobic exposure, the relative abundance of Pichia species increased intensively in all silages except for the CAPF group, because of their highly lactate-assimilating abilities and strong affinities for sugars (Pahlow et al., 2003). Pichia is highly related to aerobic stability of silages. It is noteworthy that the dominated Pichia species of silages is different in silages, and P. kudriavzevii and P. fermentans were the predominant fungi in CK and CA silages, respectively. All of them were often detected in aerobic spoilage silages (Li and Nishino, 2011; Jiang et al., 2020a). According to Wang et al. (2018), P. kudriavzevii showed high tolerance to lactic and acetic acids. The high relative abundance of P. kudriavzevii made aerobic deterioration easier (Jiang et al., 2020a). Thus, inhibition of P. kudriavzevii might be an effective strategy for alleviating aerobic corruption in some instance. However, some non-Saccharomyces such as P. fermentans could utilize citric acid as an energy resource (Zhong et al., 2020). Especially, citric acid would accelerate the growth of P. fermentans in a sufficient oxygen environment (Zhong et al., 2021). Therefore, applying citric acid might be one of the factors that contribute to the higher abundance of P. fermentans and the less aerobically stable in CA group. A higher relative abundance of W. anomalus was detected in all L. plantarum a214 treated silages, which was in accordance with the report by Jiang et al. (2020a) that inoculation of L. plantarum could accelerate the growth of W. anomalus.

It is worth noting that there were no significantly changed of fungal composition in PF group between 60-day ensiling and 3 days of aerobic exposure, indicating purple perilla could alleviate the proliferation and metabolism of fungi during the aerobic exposure period. This could be a consequence of the antifungal ability of secondary metabolite in purple perilla, such as terpene, α-Farnesene, perilla ketone and so on (Lim and Shin, 2014; Ahmed and Al-Zubaidy, 2020). In particular, the application of purple perilla combined with citric acid decreased most of these fungi, except Trechispora sp. One possible reason is that there was a synergism of purple perilla and citric acid against these bacteria (Falleh et al., 2020; Reddy et al., 2020). The bioactive substance of purple perilla might disrupt cell membrane disruption, making fungal more vulnerable to the low pH environment generated by fermentation acids. On the other hand, the low pH environment in the CAPF group might enhance the hydrophobicity of bioactive substances, making it easier for them to dissolve in lipids in microbial cell membranes, and inhibiting the growth of microbial (Karatzas et al., 2001; Reddy et al., 2020).




Conclusion

Perilla frutescens combined with citric acid (CAPF) could improve the silage quality of forage oat based on the lower dry matter loss, ammonia nitrogen and pH, and the higher residual of water-soluble carbohydrate in both ensiling and aerobic exposure. The application of CAPF clearly modulated the bacterial and fungal communities of forage oat silage and shifted the dominant bacteria species to heterofermentative Lactobacillus species, such as L. lindneri and L. brevis. In addition, P. frutescens has potential effects on forage oat silage spoilage by suppressing the growth of Pichia and Wickerhamomyces species, especially when combined with citric acid. Further attention should be paid to kinds of bioactive substances and the mechanisms of their effect on microbial and fungal communities in low-acidified environments.
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Objective: The objective of this study was to determine the effect of Lactobacillus plantarum (L. plantarum) and propionic acid (PA) on the microbial community and fermentation performance of high-moisture amaranth silage.

Methods: Amaranth silages were rown without addition (AhGCK) as a control and with L. plantarum JYLP-002 (AhGLP) or propionic acid (AhGPA) and then were opened after 60 days of ensiling to determine the microbial community and fermentation quality.

Results: Crude protein (CP) content, lactic acid (LA) content, and lactic acid bacteria (LAB) counts were significantly higher in AhGLP and AhGPA compared with those in AhGCK (p < 0.05). In contrast, pH, acetic acid (AA) content, and yeast and aerobic bacteria counts were significantly lower in AhGLP and AhGPA compared with those in AhGCK (p < 0.05). In addition, propionic acid (PA) levels were markedly higher in AhGPA (p < 0.05). In terms of microbial communities, the silage in the additive groups showed an increased relative abundance of Lactiplantibacillus plantarum and Lentilactobacillus buchneri and a reduced relative abundance of Enterobacter cloacae and Clostridium tyrobutyricum. The abundance of Xanthomonas oryzae was significantly increased in AhGPA, but completely inhibited in the silage supplemented with L. plantarum. Spearman’s correlation analysis revealed that Lentilactobacillus buchneri and Levilactobacillus brevis were positively associated with LA and negatively associated with pH. Conversely, Clostridium tyrobutyricum and Enterobacter cloacae were negatively associated with LA, but positively associated with pH and AA content. AA content was inversely correlated with Lentilactobacillus buchneri. Functional prediction analysis showed that LAB dominated the three groups of silage and the silages containing additives had improved carbohydrate and amino acid metabolism compared with the control silage; in particular, the AhGLP group had more heterotypic fermentation processes and a richer metabolic pathway. Furthermore, the epiphytic Lactiplantibacillus plantarum and Lentilactobacillus buchneri could inhibit the reproductive activity of undesirable microorganisms to a certain extent, thus slowing the spoilage process of the silage.

Conclusion: In conclusion, L. plantarum can improve fermentation characteristics by modulating the microbial community attached to high-moisture amaranth silage and will prove useful for preserving high-moisture silage.

KEYWORDS
amaranth, fermentation quality, Lactobacillus plantarum, microbial community, propionic acid, silage


Introduction

Modern livestock systems have an enormous impact on the environment. Designing sustainable and intensive livestock production systems is a promising way to effectively reduce feed costs and achieve local access to local feed resources (Herrero et al., 2015). Silage storage technology is widely used to increase the productivity of animals and improve the efficiency of the livestock system when forage supplies are insufficient to maintain the productive performance of ruminants (Wilkinson et al., 2020). The main principle of silage fermentation is the production of lactic acid (LA) by fresh crop-attached lactic acid bacteria (LAB) under anaerobic conditions using water-soluble carbohydrates (WSC) as a fermentation substrate, which in turn creates an acidic environment and inhibits spoilage microorganisms (Dong et al., 2019). In China, the predominant limiting factor for livestock production is the shortage of fodder, which primarily occurs during the dry season. Consequently, Consequently, it is crucial that new, readily available, feed resources are developed to deal with such feed shortages (Du et al., 2021). Amaranth (Amaranthus hypochondriaus), an annual herb that has been cultivated for 8,000 years, may be a potential protein-feed resource. In recent years, some amaranth species have been used as forage crops owing their strong environmental adaptability (Rezaei et al., 2014; Peiretti, 2018). A. hypochondriaus is a C4 plant capable of producing 16.7 t/ha of dry matter (DM). In addition, it is one of the preferred feeds for sheep and beef and dairy cattle (Rahjerdi et al., 2015). Fresh grass yields of 86.4 t/ha and hay yields of 13.2 t/ha has been reported for amaranth (Abbasi et al., 2018). In addition, amaranth had a higher CP content (285 g/kg DM) and lower lignin content (40 g/kg DM) and lower nitrate and oxalate acid contents compared with those of maize (Rezaei et al., 2009; Rahjerdi et al., 2015). However, the high moisture and protein content of amaranth make it prone to spoilage. Exploring effective ways of preserving high-moisture amaranth is therefore crucial to develop this plant for use as forage in the livestock industry.

Silage quality can be directly improved by the administration of organic acids. Previous studies have compared the effects of formic acid (FA) and propionic acid (PA) on maize silage, with PA additives retaining more nutrients in maize silage and being able to be sprayed onto the forage, thus proving more beneficial than FA (Gheller et al., 2021). The PA additive inhibits yeasts and molds and can improve the aerobic stability of silage without additives (Kung et al., 2003; Coblentz and Akins, 2021). Lactobacillus inoculants have also been widely used in the silage fermentation process to produce high-quality silage. The inoculants were classified as homogeneous and heterogeneous fermenters based on their fermentation characteristics (Muck et al., 2018). Homogeneous LAB, represented by L. plantarum, grow and multiply rapidly. In the early stages of fermentation, they quickly produce LA, which lowers the pH of the system. This swift formation of an acidic environment in the fermentation system inhibits the growth and reproduction of harmful micro-organisms and effectively maintains feed nutrition (Ranjit and Kung, 2000). Researchers have inoculated L. plantarum in whole crop corn silage and Moringa oleifera leaf silage (Wang Y. et al., 2018), and sugarcane silage (Rabelo et al., 2019) and found that sugarcane and Moringa oleifera leaves exhibited better fermentation was achieved without the addition of L. plantarum. However, L. plantarum was highly effective as an inoculant for a high moisture amaranth and straw mixed silage. Compared with mixed silage without additives, L. plantarum increased the relative abundance of Lactobacillus, decreased the relative abundance of Weissella, Pediococcus and Lactococcus, decreased pH, and acetic acid (AA) and NH3-N concentrations, and increased concentration of LA (Mu et al., 2020). All types of microbial communities and biochemical reactions are involved in the ensiling process with fermentation quality predominantly dependent on the microbial community and its dynamic succession and fermentation metabolites (Yang et al., 2019). Consequently, obtaining detailed knowledge of the microbial community in silage is crucial to improve the quality of silage, especially in conditions of high moisture. In recent years, methods have been developed that allow the analysis of microbial communities in a culture-independent manner to circumvent the limitations of traditional culture methods (Ercolini, 2004). Next-generation sequencing (NGS) technology was employed to explore silage bacterial communities in the current study.

We hypothesized that inoculation of L. plantarum and PA additives during silage preparation might alter the bacterial community and succession patterns and affect fermentation performance in high-moisture seed amaranth silage. The effect of L. plantarum and PA on silage was investigated in terms of chemical composition, fermentation characteristics and bacterial community in conjunction with NGS techniques.



Materials and methods


Experimental design and silage preparation

The test material was red-fruited amaranth (Amaranthus hypochondriaus), which was planted on June 9, 2021 at the forage trial site of Inner Mongolia Agricultural University (111°430 E, 40°480 N, altitude 1,056 m above sea level) Hohhot, Inner Mongolia. Three 1-m2 plots were selected for harvesting (mature stage) on August 10. The collected red fruit amaranth was placed on a clean plastic sheet and was cut into lengths of approximately 3 cm using a hand-held guillotine (Mode-8,200; Minghong Business, Shandong, China).

For inoculant preparation, Lactobacillus plantarum (L. plantarum) JYLP-002 was supplied by Shandong Zhongke Jiayi Biological Engineering Company (Shandong, China). PA was manufactured by Shanghai McLean Biochemical Technology Company (Shanghai, China). Three treatment groups were established with the prepared amaranth: (1) no additive control (AhGCK); (2) L. plantarum JYLP-002 (AhGLP), applied into the fresh forage at a rate of 1 × 109 cfu L. plantarum/g fresh matter (FM); (3) PA (AhGPA), added at 4 g/kg. The two additives were dissolved in deionized water, and 10 mL of solution per kg of amaranth forage was applied using a manual sprayer. The control silage was sprayed with an equivalent volume of deionized water. The amaranth (500 g) were packed in polyethylene plastic bags (size: 300 mm × 400 mm; Shenyang Huasheng Plastic Packaging Products Co., Ltd., Shenyang, China), which were then vacuum sealed (DZ400/2D vacuum sealer; Wenzhou Dafeng Machinery Co., Ltd., Wenzhou, China) and ensiled at ambient temperature (24–30°C) for 60 days. Chemical and fermentation characteristics, microbial populations, and microbial community of the control (AhGCK), L. plantarum (AhGLP), and PA (AhGPA) silages were then measured.



Chemical and fermentation characteristics analysis

Each sample of fresh amaranth silage was replicated. Dry matter (DM) content was measured following the method of Zhang et al. (2016). The crude protein (CP) content was measured according to the method of Patrica (1997), utilizing on a Kjeldahl nitrogen tester (Gehart Vapodest 50 s, Germany). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) content were measured using an Ankom A2000i fiber analyzer (Ankom Technology, Macedon, NY, USA) and the method of Van Soest (Van Soest et al., 1991). The WSC content was measured following the method of Chen et al. (2015).

A sample of silage (10 g) was mixed with 90 g deionized water following the description of Cai (2004) and stored in a refrigerator at 4°C for 24 h. The leachate was filtered through four layers of gauze and filter paper and the pH, ammonia nitrogen (NH3-N), and organic acids of the leachate were measured. pH was measured using a glass electrode pH meter (Leici pH S-3C, Shanghai, China). LA, AA, PA, and butyric acid (BA) contents of the silage were determined by high-performance liquid chromatography (HPLC; Model: Waters e2695, Milford, CT, USA) according to the method of Cheng et al. (2021). The method of Broderick and Kang (1980) was used to determine ammoniacal nitrogen (NH3-N) concentrations. Microbial populations (LAB, yeasts, mold, anerobic bacteria, and coliform bacteria) in the FM were assessed as described in a previous report (You et al., 2021).



Microbial community analysis

The bacterial community compositions of ensiled high-moisture amaranth fermented for 60 days were analyzed by using 16S rRNA gene sequencing. Total DNA was extracted from the amaranth silage samples according to Liu et al. (2019). The procedures of metagenomic DNA extraction and PCR amplification of the bacterial 16S ribosomal RNA gene were performed according to Guo et al. (2021). Briefly, DNA was amplified with primers 27F (5′-AGRGTTTGATYNTGGCTCAG-3′) and 1492R (5′-TASGGHTACCTTGTTASGACTT-3′). PCR conditions were an initial denaturation at 98°C for 2 min, 30 cycles of denaturation at 98°C for 30 s, annealing at 50°C for 30 s, and elongation at 72°C for 60 s, followed by a final extension at 72°C for 5 min. The PCR products were purified for sequencing and analysis. Each treatment was performed in triplicate. DNA was amplified with primers 27F (5′-AGRGTTTGATYNTGGCTCAG-3′) and 1492R (5′-TASGGHTACCTTGTTASGACTT-3′). PCR conditions were an initial denaturation at 98°C for 2 min, 30 cycles of denaturation at 98°C for 30 s, annealing at 50°C for 30 s, and elongation at 72°C for 60 s, followed by a final extension at 72°C for 5 min. The PCR products were purified for sequencing and analysis. Each treatment was performed in triplicate.

Next-generation sequencing (NGS) sequencing was performed by Biomarker Technologies (Beijing, China) on a Pacbio_SMRT platform (Pacbio Sequel II, CA, USA). Coverage of alpha-diversity indicators Chao1 and Good was calculated using QIIME v1.9.1 (Caporaso et al., 2010). Principal coordinate analysis (PCoA) was performed using the R program (version 3.2.5) on the basis of beta-diversity unweighted or weighted unifrac distances. Operational taxonomic units (OTUs) were classified using Ribosome Database Project (RDP) Classifier (version 2.2) against the SILVA (Release 128) 16S rRNA database with a minimum confidence cutoff of 0.7, and were then denominated at the phylum, genus, and species levels. Mothur (version v.1.30) software was used to evaluate the alpha-diversity indices (ACE, Chao 1, Simpson, and Shannon) of the samples. A heat map of correlation analyses was produced using a R-based statistics tool. LEfSe [Linear Discriminant Analysis (LDA) effect size] was able to find biomarkers that are statistically different between groups (Segata et al., 2011). It was performed using a free online platform.1 Phylogenetic Investigation of Communities by Reconstruction of Unobserved States II (PICRUSt2) software was used to predict microbial functions from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The PICRUSt2 software was used to analyze functional differences between different samples or subgroups by annotating the characteristic sequences to be predicted with the species in the phylogenetic tree available in the software and using the IMG microbial genomic data to output functional information and thus extrapolate the functional gene composition of the samples (Ward et al., 2017).



Statistical analysis

One-way analyses of variance (ANOVA) based on SAS’ General Linear Model (GLM) program (version 9.3; SAS Institute Inc., Cary, NC, United States) were conducted on fermentation and nutritional characteristics and microbial counts of fresh and silage amaranth. Effects were considered significant when p < 0.05. The graphs of microbial community data were created using the BMK Cloud online platform and GraphPad prism 8.




Results and discussion


Chemical and microbial composition of pre-ensiled amaranth

The chemical composition and microbial counts of the raw material are presented in Table 1. The raw material had a low DM content (21.00%) and a CP content of 6.94% DM, which was lower than that reported by Mu et al. (2020), where the CP content of fresh amaranth was 91.9 g/kg at 136 g/kg DM. The low DM content might affect silage production, as high moisture content previously led to nutrient losses and markedly increased clostridial fermentation (He et al., 2020b). The NDF and ADF contents of the feedstock were 46.37% DM and 33.22% DM, respectively. The WSC content was only 1.18% DM. This might be due to the fact that amaranth is a thermophilic plant and the amaranth variety in this study was grown in a different environment with a large diurnal temperature difference, which affected its growth and nutrient accumulation. The WSC content and epiphytic LAB count of the material are another two determinants of fermentation quality (Dong et al., 2020). Cai et al. (1999) indicated that a minimum of 105 cfu/g of LAB was required for the storage of well-preserved silage. Zhang et al. (2016) suggested that the minimum WSC level for successful fermentation is 60 g/kg DM. The amount of LAB in the fresh material was 3.84 log10 cfu/g FM in the current study. Based on the criterion, fresh amaranth failed to meet the requirement. However, the high number of coliforms (2.73 log10 cfu/g FM), yeasts (4.55 log10 cfu/g FM), and molds (2.00 log10 cfu/g FM) in the fresh material were lower than the bacterial counts of harmful microorganisms attached to rice straw, Leymus chinensis, and paper mulberry ingredients by previous studies (He et al., 2020a; Wu B. et al., 2022; Wu C. et al., 2022). Thus, silage additives like LAB were subsequently found to be indispensable in the preparation of silage.


TABLE 1    Chemical and microbial composition of pre-ensiled amaranth.
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Chemical and fermentation characteristics and microbial populations after 60 days of ensiling

The chemical and fermentation characteristics and microbial populations of the silage at 60 days are shown in Table 2. A significantly higher CP content was found in AhGPA compared with that in AhGLP and AhGCK (p < 0.05). The addition of PA reduced the degradation of CP in silage and avoided nutrient losses during ensiling. The additive groups had lower levels of NDF and ADF compared with the AhGCK group (p > 0.05). The growth of objectionable microorganisms and the accumulation of NH3-N illustrated by Dong et al. (2020) were predominantly manifested by the low CP content and high NH3-N content of AhGCK, while the additive groups performed well. This was coincident with low pH inhibiting the growth and activity of undesirable microorganisms (Arriola et al., 2011; Heinritz et al., 2012).


TABLE 2    Chemical compositions, fermentation characteristics, and microbial populations on 60 days of ensiling.
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Compared with the control silage, the inoculated silage had a lower WSC content, which was congruent with the findings of Kleinschmit and Kung (2006). During the fermentation process, in response to LAB fermentation, WSC is converted to organic acids, ethanol, and carbon dioxide (Muck et al., 2018; Wang S. et al., 2018). A high moisture content was previously reported to be detrimental to natural fermentation and led to a decrease in organic acid concentration and an increase in pH, which adversely affected the fermentation process of alfalfa silage (Cai et al., 1998; Zheng et al., 2017). Both AhGLP and AhGPA had a significantly lower pH compared with AhGCK (p < 0.05); in particular, the pH of AhGLP was lower than 4.20. These results were congruent with the conclusions of Wang et al. (2019), who considered that LAB accelerated the accumulation of LA and lowered the pH of silage. Yang et al. (2019) also concluded that the growth of harmful bacteria was effectively inhibited when the pH was below 4.20, ensuring quality fermentation, and that the addition of LAB accelerated the LA fermentation process of alfalfa silage. In contrast, the pH of AhGCK in our study was as high as 5.09. This can potentially be attributed to the high metabolism of LA and other nutrients consumed by yeasts, molds, and other aerobic microorganisms, which results in a rise in pH (Woolford, 1990). Escherichia coli and molds were undetectable after 60 days of fermentation in high-moisture amaranth silages, congruent with the report of Dong et al. (2020). This was due to the low pH suppressing the activities of adverse microorganisms (Lima et al., 2010; Reich and Kung, 2010).

Lactobacillus plantarum JYLP-002 (AhGLP) had significantly higher LA content compared with AhGCK and AhGPA, but AhGPA had significantly lower and higher AA and PA contents, respectively, compared with AhGLP and AhGCK (p < 0.05). PA and BA are indicators of silage quality and consume some of the metabolic energy during production. It was previously reported that conversion of LA to BA resulted in the loss of more than half of the DM content and some total energy (Muck, 2010), and this impacted the feed intake of livestock (Dong et al., 2020). The BA content of the different silages in the present study was 0.00. Some microorganisms that were detrimental to silage fermentation (for example, yeast, molds, Clostridium, and Enterobacter) often attached to silage or poor quality silage at different times of fermentation (Driehuis et al., 2018; Zhang et al., 2019; Guo et al., 2020). As fermentation proceeds, these microorganisms were gradually inactivated or disappear. In silage, Bacillus, Clostridium, and Enterobacter and yeasts are the microorganisms that play a central role in BA formation by excreting amino acid decarboxylases to produce BA (Jia et al., 2021). The low abundance of these harmful microorganisms in this study may also be one of the reasons why BA was not detected. AhGPA had a higher PA content compared with AhGLP and AhGCK, and this might be attributed to the increase in exogenously added PA and silage fermentation products. Fermentation characteristics were positively affected by inoculation with L. plantarum; this LAB not only decreased the pH but also promoted the accumulation of LA.



Bacterial community of high-moisture amaranth silages

The third-generation Pacific Biosciences (PacBio) SMRT has proved outstanding in its ability to boost the sensitivity and accuracy of microbial community classification in ensiling (Xu et al., 2019). Consequently, the bacterial communities of high-moisture amaranth silage in the current study were further investigated by sequencing using SMRT.

Table 3 shows the bacterial alpha diversity of the amaranth silages. Ensiling is a bacteria-driven process, and the type of bacteria and their abundance in the fermentation process can directly affect the quality of the fermentation (Guan et al., 2018; He et al., 2020a). Sequencing coverage values for all samples were greater than 99%, indicating that the sequencing depth was sufficient for effective bacterial community characterization. Alpha diversity reflects bacterial diversity and species richness in individual samples. Shannon and Simpson indices indicate species diversity, while Chao1 and ACE indices represent species richness. The Simpson index of AhGCK was higher compared with those of AhGLP and AhGPA, but not by a significant margin (p > 0.05). The two additive groups of silage had higher OTU, ACE, Chao1, and Shannon indices compared with those of AhGCK. Among them, the ACE and Chao1 indices were higher in AhGLP compared with those in AhGCK. These results were in accordance with the findings of Du et al. (2021) who detected an increase in Chao1 and Ace indices in paper mulberry silage after inoculation with LAB compared with the control group. This suggests that the anaerobic and acidic environment displaces a large number of aerobic microorganisms in the silage by beneficial microorganisms (e.g., LAB), which in turn affects the overall micro-ecological environment. Collectively, the above results indicate that the screened LAB in the current study can rapidly reduce the pH of amaranth silage, thereby inhibiting harmful microorganisms and diminishing the alpha diversity of bacteria (Li et al., 2021). Once LAB became the prevailing species, bacterial diversity decreased, which was similar to the observations of Ni et al. (2017). Fermentation with exogenous L. plantarum and PA positively impacted the production of LA. The results of current study further demonstrated that exogenous L. plantarum exhibits a strong competitive advantage during the fermentation of high-moisture amaranth silage. Therefore, there is a need to study the dominant species of bacterial communities in amaranth silage.


TABLE 3    Alpha-diversity of bacterial diversity of amaranth silages.
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Principal coordinate analysis (PCoA) clearly reflected the variations within the microbial community (Figure 1). There was a marked division of bacterial communities in the control and additive groups. The addition of additives highlighted the variability of bacterial communities in the silage samples of the different treatments, indicating that the composition and structure of the bacterial communities were significantly altered in AhGLP and AhGPA.
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FIGURE 1
Bacterial β-diversity of high-moisture amaranth silage with Lactobacillus plantarum and propionic acid additives. AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid.


Of the numerous elements that influence the silage fermentation process, the predominant microbial species often determine the quality of the silage (Ennahar et al., 2003; Ni et al., 2017). Therefore, it is essential to analyze changes in fermentation characteristics and microbial composition during silage to facilitate understanding of the silage process and enhance fermentation quality (Namihira et al., 2010). The relative abundance of bacteria in amaranth forage is shown in Figure 2, with the bacterial community at the phylum level presented in Figure 2A. Firmicutes, Proteobacteria, and Bacteroidota were the dominant phyla in all three groups after 60 days of ensiling. There was a significant increase and decrease in the relative abundance of Firmicutes and Proteobacteria, respectively, in AhGLP and AhGPA compared with AhGCK. The relative abundance of Firmicutes was more than 60% in AhGLP and AhGPA, while the relative abundance of Proteobacteria was lower in these two groups compared with that in AhGCK. Firmicutes were the main clade in the silage in the present study, which was consistent with the findings of Bao et al. (2016). This might be due to the low pH or anaerobic conditions favoring the growth of members of the phylum Firmicutes during silage (Keshri et al., 2018). Figure 2B shows the significant differences among groups at the phylum level. It indicated that there were significant differences in Actinobacteriota between three groups (p < 0.05).
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FIGURE 2
Relative abundance of bacteria at the phylum (A), genus (C), and species (E) levels in high-moisture amaranth silage with Lactobacillus plantarum and propionic acid additives. The extended error bar plot displaying the significant differences among groups at the phylum (B), genus (D), and species (F) levels. AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid.


Relative abundances of bacteria at the genus level are presented in Figure 2C. The dominant genus in AhGCK was Enterobacter, and the subdominant genera were Lactiplantibacillus and Xanthomonas. The dominant genus in AhGLP and AhGPA was Lactiplantibacillus, while the subdominant genera in AhGLP were Enterobacter, Lentilactobacillus, and Escherichia Shigella, and those in AhGPA were Enterobacter and Xanthomonas. The relative abundances of Lactobacillus and Enterobacter in the additive groups were significantly higher and lower, respectively, compared with those in AhGCK, which could explain the high LAB populations in the additive groups. In a previous study, competition between Enterobacter and LAB for available WSC in silage led to the production of more AA, succinic acid, 2,3-butanediol, some endotoxins, and ammonia nitrogen and reduced nutritional value and palatability (Muck, 2010). Therefore, Enterobacter are an undesirable genus in silage. The dominant genus in AhGCK was Enterobacter, and this was confirmed by its poor silage quality. In AhGLP and AhGPA, Enterobacter was the second dominant genus after Lactiplantibacillus, but the addition of L. plantarum and PA reduced the abundance of Enterobacter. Clostridium sensu stricto 12 and Enterobacter had significant and highly significant differences among three groups (p < 0.01 and p < 0.05) (Figure 2D). We concluded that the intervention of additives in the silage fermentation process plays an important role in the fermentation of silage.

Figure 2E illustrates the relative abundance of the top 10 bacterial species in amaranth silage. LAB play an essential role in fermentation during the ensiling process. In this study, Lactiplantibacillus plantarum, Enterobacter cloacae, and Xanthomonas oryzae were the dominant species in AhGCK and AhGPA. PA is often used to improve the aerobic stability of silage. In the present study, the addition of PA enhanced the relative abundance of Lactiplantibacillus plantarum and Lentibacillus buchneri. Exogenous addition of PA lowers the pH owing to the acidity of the PA itself, thereby inhibiting acid-intolerant bacteria, creating a favorable anaerobic environment, encouraging acid-tolerant LAB fermentation (e.g., Lactiplantibacillus plantarum and Lentibacillus buchneri), and reducing undesirable fermentation and protein hydrolysis. Papendick and Singh-Verma (1972) and Jia et al. (2021) also produced similar results. The dominant species of AhGLP in the current study were Lactiplantibacillus plantarum, Enterobacter cloacae, and Lentilactobacillus buchneri, among which, L. plantarum is known to play a key role in silage fermentation. Enterobacter cloacae and Clostridium tyrobutyricum exhibited significant and highly significant differences among three groups (p < 0.01 and p < 0.05), and were the common harmful microorganisms found in high-moisture silage (Figure 2F). Enterobacter cloacae, Clostridium tyrobutyricum, and some yeasts produce biogenic amines (an endogenous metabolic component of cells in plants) by excreting amino acid decarboxylases (Halász et al., 1994). X. oryzae was the third-ranked dominant species in the silage of AhGCK and AhGPA. Members of the genus Xanthomonas are pathogenic for more than 300 plant species (Boch and Bonas, 2010; Büttner and Bonas, 2010). X. oryzae is obligatorily aerobic, does not form spores, grows optimally between 25 and 30°C, is peroxidase-positive, cannot reduce nitrate, and is a weak producer of acid from carbohydrates (Bradbury, 1984). Xanthomonas differs from non-pathogenic bacteria in that it relies on a variety of potent substances secreted through different kinds of protein secretion systems, predominantly the type III secretion system, to suppress host immunity and to obtain nutrients from plants. Amaranth was considered a promising crop in Argentina (Noelting et al., 2019), but was found to be a host of Xanthomonas euvesicatoria (Santos et al., 2020), Curtobacterium flaccumfaciens pv. flaccumfaciens (Nascimento et al., 2020), and Xanthomonas citri subsp. citri (Ebrahimi et al., 2020). It also demonstrates that X. oryzae accounts for a large proportion of amaranth silage. Our results show that L. plantarum might inhibit the growth and multiplication of pathogens. As a fermentation inhibitor, PA inhibited aerobic bacteria, mold, and Bacillus bacteria, but X. oryzae exhibited the opposite trend in the amaranth silage with PA (i.e., X. oryzae increased in abundance) compared with the amaranth silage with L. plantarum added (i.e., X. oryzae decreased in abundance). In addition, X. oryzae could not produce LA and AA with soluble sugar as the fermentation substrate, which also explains the poor fermentation quality in AhGPA compared with AhGLP. Thus, L. plantarum can affect the bacterial diversity and community structure of high moisture amaranth silage by inhibiting the colonization of undesirable microorganisms, such as Enterobacter cloacae and Clostridium tyrobutyricum.

The LEfSe method was used to evaluate differences in microbial communities between the three groups of silage and to explore specific bacterial species in each group [linear discriminant analysis (LDA) score, > 4.0]. L. plantarum markedly affected the microbial community in the silage (Figure 3). In AhGCK, a group of 8 bacteria were significantly enriched, with Enterobacter cloacae (LDA score, 5.60) having the highest LDA score. In AhGLP, a group of 11 bacteria were significantly enriched, with Lentilactobacillus buchneri (LDA score, 5.12) having the highest LDA score. In AhGPA, three subgroups of bacteria were significantly enriched, with Levilactobacillus brevis (LDA score, 4.42) having the highest LDA score. These results suggested that there was some variation in species abundance in specific communities of high-moisture amaranth silage with different additives. The reason of why the Lactiplantibacillus plantarum has no difference in the LEfSe after the addition of Lactobacillus plantarum may be due to the fact that Lactiplantibacillus plantarum was not the most dominant strain in all groups.
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FIGURE 3
Comparison of microbial variations using the LEfSe online tool for high-moisture amaranth silage with Lactobacillus plantarum and propionic acid additives. AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid. (A) Cladogram for taxonomic representation of significantly differences. (B) Indicator bacteria with an linear discriminant analysis (LDA) score of 4 or more in the silage bacterial community under different treatments.




Relationships between fermentation parameters and bacterial community

Spearman correlation clustering was used to explore correlation between microbial communities and fermentation characteristics (species level; Figure 4). Lentilactobacillus buchneri and Levilactobacillus brevis were positively associated with LA (R2 = 0.590 and R2 = 0.577, respectively; p < 0.05 for both), which suggested that the generation of LA was largely attributable to these two species. In addition, these two species were negatively associated with pH (R2 = –0.662 and R2 = –0.602 for Lentilactobacillus buchneri and Levilactobacillus brevis, respectively; p < 0.01 for both). Clostridium tyrobutyricum and Enterobacter cloacae were negatively associated with LA (R2 = –0.585, p < 0.05; R2 = –0.672, p < 0.01), but positively correlated with pH (R2 = 0.668 and R2 = 0.678, respectively; p < 0.05 for both) and AA (R2 = 0.589 and R2 = 0.485, respectively; p < 0.05 for both). AA was also inversely correlated with Lentilactobacillus buchneri (R2 = –0.654, p < 0.01).
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FIGURE 4
Spearman correlation heatmap of abundance of microbial community and fermentation properties in high-moisture amaranth silage with Lactobacillus plantarum and propionic acid additives. AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid; AA, acetic acid; DM, dry matter; LA, lactic acid; PA, propionic acid; WSC, water soluble carbohydrate. *p < 0.05; **p < 0.01.


Lentilactobacillus buchneri and Levilactobacillus brevis were previously found to be major producers of LA and were instrumental in lowering pH during ensiling (Cai et al., 1998; Wang et al., 2020; Yang et al., 2021). The low AA content indicated that heterofermentative LAB produce PA and AA through fermentation to enhance aerobic stability (Naiara et al., 2019). Fermentation products are the result of the joint action of the resident microorganisms, and eventually, more PA and a small amount of AA were produced during fermentation because ofthe different metabolic pathways of the microorganisms (Xu et al., 2019). Consequently, Lentilactobacillus buchneri may produce more products other than AA when fermenting through the HMP pathway (Muck et al., 2018). Clostridium tyrobutyricum and Enterobacter cloacae were the predominant contributors to the reduction in pH and increase in AA production and thus have a negative impact on the production of an acidic environment during the silage process. This may be the main reason for the growth and multiplication of undesirable bacteria attached to the silage and consequently increases nutrient losses.

In summary, this analysis demonstrated that L. plantarum and PA enhanced the fermentation characteristics of high-moisture amaranth by enhancing the relative abundance of Lactiplantibacillus plantarum and Lentilactobacillus buchneri and decreasing the relative abundance of Enterobacter cloacae.



KEGG gene function predictions

Kyoto encyclopedia of genes and genomes (KEGG) is a bioinformatics tool for understanding the capacities and utilities of cells and living beings at both high-level and genomic points of view. The prediction of useful shifts in bacterial communities facilitates the assessment of the impact of organisms on energy changes in silage quality. KEGG pathway analysis was therefore used to predict the function of the microbial community of high-moisture amaranth silage. A total of 364 predicted functions were generated, some of which were significantly different between the three silage groups (Figure 5). The main predicted functional genes at level 1 during fermentation were distributed among the functions of metabolism, environmental information processing, genetic information processing, and cellular processes (Figure 5A). Compared with the control (AhGCK), metabolism and genetic information processing were significantly increased in AhGLP and AhGPA, while the functions of environmental information processing and cellular processes were significantly reduced. This may be because the growth of LAB in silage without additives is much lower compared with that in the additive silage, thus the growth and metabolic activity of other microorganisms is inhibited, along with the biosynthesis of secondary metabolites and antibiotics. KEGG pathway levels 2 and 3 of bacterial gene function are shown in Figures 5B, C. In the metabolism function, there were significant differences or highly significant differences between the control and additive-treated silage (p < 0.05 or p < 0.01) in the KEGG pathway terms of biosynthesis of secondary metabolites; biosynthesis of antibiotics; biosynthesis of amino acids, carbon metabolism, purine metabolism, pentose phosphate pathway; alanine, aspartate, and glutamate metabolism; methane metabolism; carbon fixation pathways in prokaryotes; and sulfur metabolism. In contrast, aminoacyl-tRNA biosynthesis and ribosome in the genetic information processing function showed significant or highly significant differences (p < 0.05 or p < 0.01) between the control and additive-treated silage. Sulfur metabolism, methane metabolism, and carbon metabolism were lower in the additive groups compared with the control group. All KEGG pathways at level 3 were enriched in the silage containing additives compared with the control. The specific fermentation characteristics of the different silage groups showed that the exogenous microbiota of amaranth improved the quality of the fermentation by altering the cellular characteristics, inhibiting membrane transport and signal transduction of undesirable bacteria, and accelerating the rate of multiplication and metabolic levels of beneficial bacteria such as LAB species.
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FIGURE 5
Functional predictions for silage microbiota with significantly different Kyoto encyclopedia of genes and genomes (KEGG) pathways (p < 0.05) among the three groups of silage (AhGCK, AhGLP, and AhGPA). KEGG pathways at level 1 (A), level 2 (B), and level 3 (C) are represented. AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid. *p < 0.05; **p < 0.01.


The fermentation process of silage comprises microbial activity to degrade substrates or convert metabolites through complex metabolic pathways. The additives facilitated the metabolic pathways of carbohydrates in silage in this study, which was in line with the metabolic pathways associated with silage fermentation that were identified by Xu et al. (2021)—namely, the metabolism of carbohydrates, amino acids, energy and cofactors, and vitamins. This indicates that silage microorganisms (Lactiplantibacillus plantarum and Lentilactobacillus buchneri) complemented with L. plantarum and PA had a greater ability to metabolize WSC. The expression of carbohydrate metabolic pathways was correlated with the relative abundance of total LAB in the bacterial community. A relatively high abundance of total LAB and a poor relative abundance of carbohydrate metabolism in the bacterial community was observed in AhGLP. According to Pessione et al. (2010), the three main energy metabolism pathways in Lactobacillus were amino acid decarboxylation, malate decarboxylation, and arginine IX decarboxylation, and these pathways contributed to the accumulation of LA during fermentation. This differed from our study, possibly due to the low carbohydrate content of amaranth and its high consumption as a fermentation substrate during the silage process. Homofermentative LAB have been classified as obligate homofermentative and facultative heterofermentative (Orla-Jensen, 1919; Kandler, 1983; Axelsson, 2004). Obligate homofermentative LAB mainly metabolize hexose through the glycolytic pathway and then convert it all to pyruvate, which is reduced to lactic acid by lactate dehydrogenase. Facultative heterofermentative LAB metabolize pentose via the pentose phosphate pathway to produce LA and AA. Interestingly, obligate homofermentative LAB do not metabolize pentose or gluconate. The carbohydrate metabolism pathway of level 3 suggested that the L. plantarum added to our study may belong to the facultative heterofermentative. Silages with different additives showed variability in the pentose phosphate pathway, with some heterogeneously fermented LAB producing AA via this pathway. This indirectly explains the higher relative abundance of Lactilantibacillus and Lentilactobacillus in AhGLP. At the same time, this suggests that AhGLP has more heterotypic fermentation processes and a richer metabolic pathway than AhGCK and AhGPA. Furthermore, the epiphytic Lactiplantibacillus plantarum and Lentilactobacillus buchneri could inhibit the reproductive activity of undesirable microorganisms to a certain extent, thus slowing the spoilage process of the silage.

Amino acids are the basic building blocks of proteins. While the highest CP content was found in silage inoculated with PA, the highest metabolic abundance of alanine, aspartate, and glutamate metabolism was found in silage inoculated with L. plantarum. This was consistent with the lowest pH and NH3-N detected in silage inoculated with L. plantarum. The relative abundance of X. oryzae was higher in AhGPA compared with that in AhGCK and AhGLP, which may explain why AhGPA had the highest CP content but differed from the silage supplemented with L. plantarum in terms of metabolic rate and silage quality. The low metabolism might reflect the capacity of the initial microbial populations, in the silage, to synthesize amino acid de novo. In contrast, as LAB do not synthesize all their essential amino acid, they rely on proteolytic systems to provide essential amino acids for their growth (Novik and Savic, 2020). Therefore, the dynamics of amino acid metabolism observed in AhGCK and additive-treated silages may reflect the metabolism of the dominant populations throughout the ensiling process. Above all, the low pH of silage inoculated with L. plantarum inhibited amino acid metabolism induced by the undesirable microorganisms of the silage such as Enterobacter cloacae and X. oryzae (Flythe and Russell, 2004; Yuan et al., 2020). Despite these observations, the reliability of KEGG gene function predictions is limited, and we will therefore combine the KEGG analysis with metabolomics for multi-omics validation in future work.




Conclusion

Inoculation of the epiphytic microbiota with L. plantarum and PA significantly altered the fermentation products and bacterial community composition and predicted metabolic pathways of high-moisture amaranth silage. The dominant bacterial species of AhGLP were Lactiplantibacillus plantarum, Enterobacter cloacae, and Lentilactobacillus buchneri. The predominant bacterial species of AhGLP were Lactiplantibacillus plantarum, Enterobacter cloacae, and X. oryzae. LAB dominated both additive silages. Furthermore, L. plantarum markedly inhibited the reproductive activity of X. oryzae and reduced the depletion of nutrients despite amaranth being a known host of phytopathogenic X. oryzae. However, the effect of exogenous PA on the bacterial community of the silage was limited. In summary, our results confirm the feasibility of regulating high-moisture amaranth silage by inoculation with L. plantarum.
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Information about the relationships between preservation characteristics and main bacterial communities of fermented feeds can guide decision making during feed preservation and silage additive development. The objective was to evaluate fermentation quality, aerobic stability, microbial quality and bacterial profile of crimped barley grains ensiled under three moisture contents (MC): 228 (low MC), 287 (medium MC) and 345 (high MC) g/kg fresh matter; and using four additive treatments: 1. Control (CONT), 2. Formic and propionic acid-based additive (FPA), 3. Inoculation with homofermentative and heterofermentative strains of lactic acid bacteria (LAB), and 4. Salt-based additive (SALT). There was a quadratic effect (p < 0.05) of incremental MC on pH where greater decline happened from low (5.81) to medium (4.83) MC than from medium to high (4.28) MC, while lactic acid concentration and aerobic stability increased in a linear manner (p < 0.05). Ammonia-N and acetic acid concentrations increased quadratically (p < 0.05) with increasing levels of MC. The effects of additives depended on MC so that improvements in preservation characteristics in response to LAB and SALT were observed at medium and high MC, while FPA was effective at all MC levels. A minor shift was observed in bacterial ecology from raw material towards low MC samples, with Erwiniaceae sp., Enterobacterales spp. and Pseudomonas dominating the fermentation. A major change occurred in medium and high MC materials, where Fructilactobacillus dominated the fermentation in CONT, FPA and SALT silages. LAB-treated silages at medium and high MC resulted in a distinguished pattern with dominance of Lentilactobacillus followed by Lactiplantibacillus. Most abundant communities in the samples, such as Fructilactobacillus, Erwiniaceae sp., Enterobacterales spp. and Pseudomonas, were correlated with several fermentation characteristics. Our results showed that crimped barley grains could be successfully ensiled under various MC and additive treatments. Low MC feeds had higher risk to be aerobically unstable while high MC resulted in more extensive fermentation, with potentially poor fermentation quality. The suitable additive depends on the raw material characteristics as LAB and SALT require relatively high MC to be effective, while FPA showed consistent improvements over all MC levels used in the current study. Awareness of the MC of grain prior to ensiling allows to identify the risks to preservation quality and provides information for choosing an effective additive.
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Introduction

Cereal grains harvested under humid Northern European conditions are commonly artificially dried to secure a proper preservation during storage. However, it adds extra costs and energy requirement to the feed production system. Crimping and ensiling the moist grains offers farmers an additional advantage of harvesting cereals with less dependence on weather conditions, and at wider range of ripening stage than when conventionally harvested for drying. This may be increasingly valuable under the changing climate with more unpredictable weather condition during harvesting. Crimping has resulted in equal milk production as using dried grains in dairy cow feeding (Rinne et al., 2022). The growth performance of growing bulls was even increased, when high moisture instead of dry barley was used (Huuskonen et al., 2020). Hydrolysis of fibre during the fermentation may increase the grain digestibility in monogastric farm animals (Perttilä et al., 2001) and anti-nutritional compounds of grain legume seeds may be degraded during the in-silo fermentation (Rinne et al., 2020) providing additional benefits to this type of grain preservation.

The preservation of crimped ensiled grain is based on the same mechanism as with grass silage, i.e., lactic acid fermentation under anaerobic conditions (McDonald et al., 1991). The crimping process breaks and flattens the grain, which exposes the kernel’s endosperm to the microbes and contributes to greater compaction, creating a more anaerobic environment inside the silo. The moisture content (MC) of the raw material of crimped grain affects the microbial activity, and the drier the grain, the less fermentation occurs. Another important factor modulating the fermentation is the use of various additives such as biological products (lactic acid bacteria inoculants and enzymes) and chemicals (organic acids and salts) (McDonald et al., 1991; Muck et al., 2018).

Previously, knowledge of the microbiome of fermented feeds such as ensiled forages or crimped grains was obtained primarily through culture-dependent methods that underestimated the bacterial diversity. However, great efforts from the scientific community have been made in recent years to develop state-of-the-art next-generation sequencing technologies to characterize bacterial communities in silages (Romero et al., 2018). A detailed understanding of the bacterial community composition can provide insight into the relationship between fermentation quality parameters in silage and key bacterial communities (McAllister et al., 2018; Bai et al., 2022), which can guide decision making during silage production and development of novel more efficient silage additives. Therefore, several attempts to profile the bacterial communities have been performed focusing on lucerne silage (McGarvey et al., 2013; Guo et al., 2018; Wang et al., 2020; Li et al., 2022), timothy grass silage (Franco et al., 2022), sugarcane silage (Zheng et al., 2022), intercropped maize and soybean silage (Zeng et al., 2020), whole-plant maize silage (Gharechahi et al., 2017; Xu et al., 2021a), and barley whole crop silage (Liu et al., 2019). According to Franco et al. (2022), specific bacterial communities may modulate the nutritional composition, hygienic quality and the overall ensiling process of the feed as well as influence the silage losses.

The bacterial communities that are present in crimped barley grain raw material and in final feeds after fermentation are not yet characterized in depth but understanding them is of fundamental importance to explain the characteristics of the fermentation process, cause-and-effect relationships between bacterial communities and fermentation parameters, and consequently strategies to improve feed production systems. To our knowledge, no information can be found in literature about the effect of MC and silage additives on the links between fermentation quality and bacterial ecology of crimped barley grain. Therefore, the objective of the current study was to evaluate the bacterial profile, fermentation quality, aerobic stability and microbial quality of crimped barley grain ensiled under different management conditions, such as MC levels and application of different types of additives.



Materials and methods


Raw material for silage making

This experiment was conducted at the experimental facilities of the Natural Resources Institute Finland (Luke) in Jokioinen, Finland (60°48’N, 23°29′E). Barley (Hordeum vulgare) grain was combine harvested at Luke Jokioinen on 28th of August 2019. A representative raw material sample was immediately taken for the MC analysis in order to make a decision regarding the manipulation of the different MC levels. The MC of grains immediately after harvesting was 199 g/kg. Barley grain was crimped without additives using a farm scale crimper (MD 700 HD, Murska Ltd., Ylivieska, Finland). After crimping, a representative raw material sample was immediately taken for the analyses of chemical composition, microbial quality (enterobacteria, moulds and yeasts) and bacterial communities.



Treatment and experimental procedures

The experiment was conducted according to a 3 × 4 factorial design, with three MC and four additive treatments. The crimped barley was divided into three batches and tap water was added at three levels to achieve the following MC: 228 (low MC), 287 (medium MC) and 345 (high MC) g/kg fresh matter.

The following silage additive treatments were used for each MC following the commercially recommended levels of application:

1. Control (CONT), distilled water

2. Formic and propionic acid-based additive (FPA) at 5 l/t of fresh matter (formic acid, propionic acid, sodium formate, and potassium sorbate; AIV Ässä Na, Eastman, Oulu, Finland)

3. Inoculation with homofermentative and heterofermentative strains of lactic acid bacteria (LAB) at 2.0 × 105 cfu/g of fresh matter (Lactobacillus plantarum DSM 3676 and DSM 3677, and Lactobacillus buchneri DSM 13573; Kofasil Duo, Addcon, Bitterfeld-Wolfen, Germany)

4. Salt-based additive (SALT) at 4 l/t of fresh matter (sodium nitrite, sodium benzoate and potassium sorbate; Safesil Challenge, Salinity AB, Gothenburg, Sweden).

The additives were diluted in distilled water to have an even application (25 ml/3 kg crimped barley grain) and the total amount of liquid was the same for every treatment. The liquids were sprayed onto the crimped grain uniformly and mixed thoroughly by hand. For the control treatment, same amount of distilled water was applied. Each treatment was ensiled in triplicate and preserved in glass jars of 1.5 litre volume. To have enough material, two jars as sub-replicates were prepared per replicate. The glass jars were filled manually and pressed as full as possible to minimize the volume of air in the headspace resulting in densities of 545, 540 and 532 kg dry matter (DM)/m3 for low, medium and high MC, respectively. The top of the jar was covered with plastic film, closed airtight, weighed and stored at room temperature (20°C) in the dark for 81 days.

Jars were weighed before opening. The two sub-replicates were combined into one sample and mixed thoroughly. After that samples were taken for chemical analyses, microbial quality (enterobacteria, moulds and yeasts), bacterial communities and aerobic stability.



Chemical composition, fermentation quality, microbial quality, and aerobic stability analyses

Chemical analyses were carried out at the Luke Laboratory in Jokioinen. The laboratory has a quality system which follows the SFS-EN ISO/IEC 17025:2005 standards and is accredited by FINAS (the Finnish Accreditation Service) with number T024. Samples for chemical composition and fermentation quality were stored in -20°C prior to analysis according to standard laboratory methods. The DM concentration was determined by drying at 105°C for 16 h and in case of fermented feeds, corrected for volatile losses (Huida et al., 1986). The MC was calculated as 1,000 – DM (g/kg). Ash (method 942.05) and crude protein (CP; Dumas method; method 968.06 using Leco FP 428 nitrogen analyser - Leco Corp., St Joseph, MI, United States and the correction factor 6.25 × N) were determined according to AOAC (1990). Concentration of ash-free neutral detergent fibre on organic matter basis (aNDFom) was determined in an ANKOM 220 Fiber Analyzer (ANKOM Technology, Macedon, NY, United States) according to Van Soest et al. (1991) using sodium-sulphite and α-amylase. Starch was determined according to Salo and Salmi (1968). Volatile fatty acids were determined according to Huhtanen et al. (1998) and the concentration of propionic acid was corrected for the amount added in the FPA using an 80% recovery rate. Lactic acid was determined according to Haacker et al. (1983), water soluble carbohydrates (WSC) according to Somogyi (1945) and ammonia-N according to McCullough (1967). The N content of the raw material before ensiling was used to express ammonia-N proportions in total N after fermentation. Ethanol was measured using an enzymatic kit (cat no.981680, KONE Instruments Corporation, Espoo, Finland) and the selective clinical chemistry analyser Pro 981,489 (KONE Instruments Corporation, Espoo, Finland) according to application instructions given by KONE. Buffering capacity of the raw material before ensiling was analysed according to Weissbach et al. (1974).

Samples for microbial quality were immediately analysed. The samples were mixed and 25 g was weighed in stomacher bags and mixed with 225 ml of ¼-strength Ringer solution (Merck 1.15525.0001, Merck KGaA, Darmstadt, Germany). The samples were homogenized with stomacher (Stomacher® 400 Circulator, Seward Ltd., Worthing, United Kingdom) for 2 min at 230 rpm. Serial decimal dilutions were prepared by mixing 1 ml of sample with 9 ml of Ringer solution. Yeasts and moulds were determined on Dichloran Rose Bengal Chloramphenicol Agar medium (LAB217, Lab M Ltd., Lancashire, United Kingdom) which was supplemented with 50 μg/ml of oxytetracycline hydrochloride (AppliChem BioChemica A5257, Darmstadt, Germany). The Petri dishes were incubated at 25°C. The colonies were counted after 3 and 5 d. Enterobacteria were determined on Violet Red Bile Glucose Agar medium (LAB088, Lab M Ltd., Lancashire, United Kingdom). The petri dishes were incubated at 37°C and the colonies were counted after 24 h.

Aerobic stability testing was carried out immediately after silo opening with approximately 700 g of silage samples in polystyrene boxes that allow air ingress. Thermocouple wires were inserted in the middle of the sample in the polystyrene boxes, which were connected to a data logger and temperature was automatically recorded at 10-min intervals. Aerobic stability was defined as the time taken to increase the temperature of the sample 2°C above the ambient temperature.

Silos were weighed immediately after filling and before opening for calculation of ensiling losses according to Knicky and Spörndly (2015) by assuming the weight loss to be CO2 leaving the silo during fermentation. It was supposed that for every mole of CO2 generated and released into the environment, 1 mol of H2O was produced. This means that for every gram of weight reduction due to CO2 loss, 0.44 g of DM in the silo was converted into water, which represents loss even though it remains inside the silo. Thus, DM loss was considered as the reduction in weight of the silo multiplied by a factor of 1.44, expressed in g/kg initial DM.



DNA extraction, sequencing, and analysis of bacterial diversity

Samples for DNA extraction and sequencing were kept in -80°C prior to analyses. The DNA extraction was performed from 0.2 g of freeze dried and ground raw material and fermented grain samples following the protocol by Yu and Morrison (2004). Bacterial community composition was determined using universal primers 515F and 806R (Caporaso et al., 2011) for 16S rRNA gene V4 region amplicon sequencing. Sequencing library was prepared and sequenced in Finnish Functional Genomics Centre (Turku, Finland) on Illumina MiSeq platform by using 2 × 250 bp chemistry. Demultiplexing of sequences, adapter removal and sorting sequences by barcode were performed by the sequencing data provider. Sequencing data was further processed using QIIME 2 v 2022.8 (Bolyen et al., 2019). Briefly, quality control, filtering of chimeric reads, and clustering of bacterial sequences into amplicon sequence variants (ASV) were performed using DADA2 (Callahan et al., 2016). ASVs with the total abundance of less than 10 were removed. Bacterial ASV taxonomy was assigned using the Silva 138.1 database (Quast et al., 2012) by utilizing 515f-806r-uniform-classifier.qza (Bokulich et al., 2018) downloaded from https://zenodo.org/record/6395539. ASVs affiliated with mitochondria, chloroplast and Cyanobacteria were removed before further analysis.



Data processing and statistical analyses

Data was analysed using a MIXED procedure of SAS (SAS Inc. 2002–2012, Release 9.4; SAS Inst. Inc., Cary, NC, United States) with MC, additive and their interaction as fixed effects, while replicate was used as a random effect. The Univariate procedure was used to test the normal distribution of data through Shapiro–Wilk test. Least squares means and standard errors of the means were reported per treatment and differences among treatment means were declared significant at 5% of probability. The linear and quadratic effects of MC were conducted using contrasts. In addition, pairwise comparisons among all treatment means were performed using Tukey’s test at a probability level of p < 0.05.

Silage bacterial community alpha diversity was evaluated using Shannon and Simpson diversity indexes as well as observed number of ASVs. To evaluate treatment effect on the changes in silage bacterial community structure, between sample diversity was calculated as Bray-Curtis dissimilarities following Hellinger transformation and visualized using principal co-ordinate analysis (PCoA) as implemented in MicrobiotaProcess R package (Xu and Yu, 2021). The significance of groups was evaluated by distance-based permutational multivariate analysis of variance (adonis) and defined at p < 0.05 level after 999 permutations, as implemented in vegan R package (Oksanen et al., 2019). To determine which bacterial taxa were affected by the crimped barley grain silage preservation and management methods, a linear discriminant analysis was performed as implemented in MicrobiotaProcess. Significance was defined at p < 0.05 with false discovery rate correction (q < 0.05).

To explore the magnitude of associations between bacterial communities and silage fermentation characteristics, the variables were ordered based on an analysis of a Spearman correlation plot (CORR procedure of SAS) and a heat map originated from two-dimensional display was created to characterize the effects of bacteria species on fermentation characteristics. Correlation data was filtered so that all genera below 0.1% in up to 50% of the samples were left out. This filtering reduced the number of genera from 60 to 24.




Results and discussion


Raw material characteristics

The chemical composition and microbial quality of the crimped barley grain before MC manipulation is shown in Table 1. The MC of the cereal grains varies greatly depending on the stage of ripening and the prevailing weather conditions. Under Finnish climatic conditions, the grains need to be artificially dried to achieve the MC of 140 g/kg used as a default for dry grains, while the practical recommendation for effective grain preservation by fermentation is above 300 g/kg. Olstorpe et al. (2010) reported MC of seven crimped grain farm samples in Sweden to range from 150 to 300 g/kg, but noted that the weather conditions had been exceptionally dry and MC of most samples below the optimum in that data set. As an example, the MC of faba bean seeds under moist weather conditions was as high as 443 g/kg when combine harvested in October under Finnish conditions (Rinne et al., 2020). By adding water into a single batch of grains, we could mimic the effects of moisture content on the microbial activity, when all other factors were kept constant, but in real life, the decreasing moisture content and increasing ripening as well as changes in epiphytic microbiota happen concomitantly, although in a way that can be sometimes arbitrarily modified by the environmental conditions. The CP, starch, ash and aNDFom concentrations of the barley grains were typical (Luke, 2022). According to Kristensen et al. (2010), yeast and mould contamination must be below 106 for the raw material to be considered of adequate microbiological quality, which in the case of this experiment was achieved. Additionally, according to Wilkinson and Davies (2013), the low counts of yeasts and moulds of the raw material during harvest are key factors to increase the aerobic stability of silage when it is exposed to aerobic conditions during the feedout period.



TABLE 1 Composition and microbial quality of crimped barley grain before ensiling.
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Preservation characteristics of the experimental silages

Higher moisture content of the feed promotes microbial activity (Kung, 2010), which resulted in a linearly (p < 0.05) increasing lactic acid concentration of the current materials with increasing MC. The subsequent effect on pH was quadratic (p < 0.05) as a greater decline happened from low (5.81) to medium (4.83) MC than from medium to high (4.28) MC (Table 2). Also acetic and butyric acids as well as ethanol concentrations increased with increasing MC, and the amounts of total fermentation acids increased in a quadratic manner (p < 0.05) with greater increase from medium to high MC. Ammonia-N concentration increased quadratically (p < 0.05) with increasing levels of MC, with greater intensity from medium MC to high MC than from low to medium MC. Ammonia-N is generated during proteolysis that occurs through the action of plant and microbial proteases, inevitably linked with silage fermentation (Hassanat et al., 2007), and the lower the better. These responses to MC are typical for crimped grains (Olstorpe et al., 2010; Rinne et al., 2020) as well as for grass silages (Guo et al., 2020).



TABLE 2 Chemical composition, fermentation quality, ensiling losses and microbial quality of crimped barley grain ensiled under different moisture content (MC) levels and treated with additives.
[image: Table2]

Using additives was effective in reducing pH (p < 0.05) of crimped ensiled grain and also in reducing (p < 0.05) the concentrations of ammonia-N and ethanol (Table 2). Although all additives were efficient in reducing the concentrations of ammonia-N and ethanol, FPA resulted in the most significant reductions in both parameters. All additives were effective in decreasing (p < 0.05) the butyric acid concentration of the samples at high MC when compared to CONT. The effects of additives depended on MC so that improvements in preservation characteristics in response to LAB and SALT were observed at medium and high MC, while FPA was effective at all MC levels. The efficacy of formic acid-based additives to restrict fermentation and improve the preservation quality has been observed in several earlier studies preserving high-moisture grains (Franco et al., 2019; Huuskonen et al., 2020; Rinne et al., 2020). The effects of additives on the extent of fermentation were rather typical for ensiled grains, in a way that LAB boosted the fermentation, while FPA restricted it, and SALT had a minor effect on it as also observed by Rinne et al. (2020) using simultaneously all these types of additives on crimped ensiled faba bean seeds.

Aerobic stability linearly improved (p < 0.05) being 107 h at low MC, 169 h at medium MC and 267 h on high MC, which can be explained by increased concentrations of fermentation end products with antimicrobial activities in the moister materials. According to McDonald et al. (1991), the absence of lactic acid in low MC raises the pH of the crimped grain to a level that allows the growth of opportunistic bacteria, and subsequently reduces the quality of the silage. In addition, the air ingress in the drier feed material may facilitate the growth of aerobic bacteria in-silo.

The average aerobic stabilities for the additives CONT, FPA, LAB, and SALT were 103, 298, 131 and 190 h, respectively. The production of lactic acid is largely responsible for the desired drop in pH, but this acid has poor anti-fungal activity, unlike acetic and propionic acids. For this reason, compared to the CONT, LAB increased lactic acid fermentation, but no improvement was observed in the aerobic stability (Table 2). When silage is exposed to air during the feeding phase, lactic acid begins to be oxidized by lactate assimilating yeasts (Pahlow et al., 2003). This results in an increase in pH providing improving conditions for various aerobic microbes. Therefore, silages with a high amount of lactic acid in relation to acetic acid are prone to a short aerobic stability when exposed to aerobic conditions. In our experiment, FPA was the only additive that was effective in improving aerobic stability also at the lowest MC level, probably through the antimicrobial effect of the propionic acid included in the additive.

As stated by Wilkinson and Davies (2013), the aerobic stability of feeds is the main factor to secure that the feed is properly preserved and harmless in terms of least possible presence of moulds before offering it to ruminants. Rinne et al. (2022) indicated that total mixed rations prepared with ensiled crimped barley grains silage could potentially decrease the aerobic stability when compared with the use of dry barley. This finding reinforces the need for proper preservation strategies to overcome future shortcomings during the feeding phase.

The weight losses during the fermentation phase linearly increased (p < 0.05) with increasing MC level of the crimped barley grain, which can be directly linked with the more intensive fermentation of them. Generally, the DM portion lost during fermentation is of high nutritional quality, as it is the most digestible part of the feed. The ensiling losses could however be controlled with the use of additives (p < 0.05) when compared to CONT. FPA was the most efficient in reducing losses, while LAB and SALT showed intermediate results. Consistent with the present experiment, Franco et al. (2019) found that the use of organic acids in the preservation of ensiled crimped wheat grains was efficient in reducing the extent of fermentation and subsequent ensiling losses. According to Rocha et al. (2014), an additional major problem to the ensiling losses is the need to discard feed and especially the potential mycotoxins production, which pose serious risks to animals, their production and potentially even humans.

Proper management factors at the time of silage making are more important and efficient in controlling the development of microorganisms than later during the preparation of the total mixed ration or at the feed bunk (Kung, 2010). Enterobacteria numbers were lower in all treatments and MC levels in relation to the raw material prior ensiling so that effective feed fermentation can serve as a means to control the microbial counts. Yeasts of FPA at low MC were similar to the raw material, but lower for all other treatments. The yeast count to avoid reductions in the aerobic stability of the feed has been established at 105 cfu/g (Borreani and Tabacco, 2010). Considering this threshold, most treatments remained below this level, except for FPA at low MC. However, this did not negatively impact the aerobic stability of the FPA crimped barley grain silage at low MC probably due to the protective effect of propionic acid included in it. The mould counts were higher than in the raw material for the CONT and LAB treatments in the low MC and also CONT in the medium MC, while these counts were lower than the raw material for all other treatments.



Bacterial communities in the experimental silages

After quality filtering and removal of chimeric reads there were 654,711 sequencing reads in total with on average 15,225 reads per sample. One sample treated with FPA at the low MC was excluded from alpha diversity analysis because it had only 1800 reads.

The alpha diversity estimates of the raw material and the ensiled samples are presented in Table 3. The grain raw material showed greater alpha diversity than most of the ensiled samples for all indexes evaluated, which is in line with Fu et al. (2022), who investigated bacterial ecology in ryegrass raw material and silages. Additionally, there was a decreasing linear effect in alpha diversity with increasing barley grain MC in all additive treatments except CONT. Clear differences were observed between additive treatments, as LAB showed the highest diversity of bacterial communities, followed by SALT and CONT, while FPA showed the lowest alpha diversity. Partially in agreement with our experiment, Liu et al. (2019) reported that the diversity of bacterial communities also decreased for both CONT and LAB inoculated barley whole-crop silages, but unlike our experiment, the decrease had greater magnitude in LAB-treated silages. FPA treated samples in the highest MC level presented the lowest diversity of bacterial communities for all indexes evaluated. High MC level reduced the richness of bacterial communities in all additive treatments except CONT, and the greatest decrease happened for SALT (p = 0.027) with concomitant increase of the MC. LAB treatment at the low MC tended to have richer bacterial community diversity as compared to medium or high MC levels (p = 0.061), while CONT and FPA were not affected (p = 0.240 and p = 0.098, respectively) by the MC level when investigating the Observed ASV estimate. At the medium MC a similar effect on bacterial richness measured by the Observed ASV of all additives were detected (p = 0.340), while low and high MC levels affected the additives in different ways (p = 0.046 and p = 0.020, respectively). For instance, SALT had numerically lower richness at high MC and higher at low MC, while CONT behaved in an opposite direction.



TABLE 3 Alpha diversity estimates of crimped barley grain ensiled under different moisture content (MC) levels and treated with additives.
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The bacterial community structure in the crimped barley grain raw material prior to ensiling and in samples after preservation are shown in Figure 1. The MC level significantly affected the bacterial community structures of the crimped ensiled grains (adonis test p < 0.001; R2 = 0.78). The combined evaluation of both axes in the ordination plot discriminated samples produced under low MC separated from the other MC levels, but together with the raw material before ensiling. In other studies using grass silages (Franco et al., 2022; Fu et al., 2022), the raw material was identified separately from the samples after fermentation, forming a cluster of its own, which differs from our result, since here the raw material was grouped together with low MC silages. This indicates that the bacterial community structures of raw material and low MC silages were very similar, with a minor difference for LAB treated silages at low MC, which clustered a little apart, but still close to the raw material and other low MC silages. This can be explained by the limited microbial activity in low MC crimped grains. Interestingly, ensiled grain samples under medium and high MC levels were grouped together, but still divided in two points of the ordination plot. While most additives were grouped based on MC level, LAB samples remained separate from the rest in all MC groups, which suggests that the bacterial community structure of samples treated with this additive was different compared to the rest.
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FIGURE 1
 Principal coordinate analysis (PCoA) of the beta diversity analysis of crimped barley grain ensiled under different moisture content levels and treated with additives. CONT: control, FPA: formic and propionic acid-based additive, LAB: inoculation with homolactic and heterolactic acid bacteria strains, SALT: salt-based additive, Low: low moisture content, Medium: medium moisture content, High: high moisture content, RAW: raw material prior to ensiling.


The relative abundance of bacterial communities in crimped ensiled grains was affected by the MC, but not necessarily by the additive treatments (Figure 2). Relative abundance of bacterial communities in raw material and preserved samples were dominated by Firmicutes, Proteobacteria, Actinobacteriota and Bacteroidota phyla (Figure 2A). Overall, at any ensiling management condition, Firmicutes and Proteobacteria were the most abundant phyla. The relative abundance of bacterial communities in the raw material was mostly dominated by Proteobacteria and equal portions of Firmicutes and Actinobacteriota, and remarkably this composition remained the same for all preserved samples produced with low MC, regardless of the additive. Apparently, this means that the composition of samples produced at low MC did not significantly alter their communities, thus remaining relatively similar to the raw material before ensiling. On the other hand, the samples produced with medium and high MC showed a pattern of relative abundance of bacterial communities different from the raw material and low MC, but even so additives did not exert significant effects, as these samples were mostly dominated by Firmicutes, followed by Actinobacteriota. Thus, the ensiling process caused a clear compositional change in the relative abundance of bacterial communities only for the samples produced under medium and high MC when compared to the epiphytic communities in the fresh raw material before ensiling. Environmental conditions developed during the ensiling of medium and high MC crimped barley grains contributed to the growth of the Firmicutes phylum. The transition between Firmicutes and Proteobacteria from raw material to the fermented feeds in this study seems to be quite consistent with several other studies (McGarvey et al., 2013; Keshri et al., 2018; Franco et al., 2022; Fu et al., 2022; Wang et al., 2022). The relative abundance of Actinobacteriota was significantly lower in samples produced under medium and high MC, than in samples produced with low MC. There were no significant differences regarding the application of different additives.
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FIGURE 2
 Relative abundance of bacterial communities at phylum (A), family (B) and genus (C) taxonomic levels of crimped barley grain ensiled under different moisture content levels and treated with additives. CONT: control, FPA: formic and propionic acid-based additive, LAB: inoculation with homolactic and heterolactic acid bacteria strains, SALT: salt-based additive, L: low moisture content, M: medium moisture content, H: high moisture content, RAW: raw material prior to ensiling.


The crimped grain raw material showed a great variation in the relative abundance of families (Figure 2B), with Erwiniaceae dominating the composition, followed by Enterobacterales spp. and Pseudomonadaceae, and also lower abundance of Microbacteriaceae, Xanthomonadaceae and Paenibacillaceae. In the ensiled samples, relative abundance of families produced under low MC level resulted in similar proportions to the raw material, except for LAB treated samples, as these also presented a significant abundance of Lactobacillaceae. Although Lactobacillaceae was not found in the raw material, for crimped barley samples produced with medium and high MC grains, this community dominated the fermentation, regardless of the additive used. In these samples, the Lactobacillaceae community was followed in smaller proportions by Erwiniaceae, Enterobacterales spp. and Pseudomonadaceae. In concordance with the results of Von Gastrow et al. (2022), Lactobacillaceae was also not found in recently harvested wheat grain, but it was widely present in other stages of the production chain. The different additives had the same pattern regarding the relative abundance of communities within each MC level and no noticeable difference was observed between additives.

The Fructilactobacillus genus was not identified in the raw material (Figure 2C), nonetheless it mostly dominated the fermentation of grains produced with medium and high MC in CONT, FPA and SALT silages. Considering that Fructilactobacillus was formerly classified as Lactobacillus makes our results in line with Carvalho-Estrada et al. (2020), who found that Lactobacillus was the main bacterial genera in ensiled high-moisture maize grains. Fermentation of LAB-treated silages at the medium and high MC was dominated by Lentilactobacillus followed by Lactiplantibacillus, while for low MC, it resulted in more diversified populations with greater dominance of Erwiniaceae sp. Lactic acid bacteria genera were found in negligible amounts in the raw material, which suggests the need for inoculation or application of any other silage additive to boost or modulate the appropriate fermentation process. Low MC led to much more diverse populations than medium and high MC crimped barley samples. Raw material and low MC ensiled grains in all additives, in addition to Erwiniaceae sp. and Enterobacterales spp., also showed a significant amount of Pseudomonas. On the other hand, Pseudomonas was found in negligible quantity in samples produced with medium and high MC. Von Gastrow et al. (2022), similarly to our study, found that wheat grains shortly after harvest also had ample relative abundance of Pseudomonas, Erwinia, Massilia, Paenibacillus and Sphingomonas. Again, the different additives, except LAB at medium and high MC, had the same pattern regarding the relative abundance of genera communities within each MC level and no distinguished differences were observed between additives.



Correlations between relative abundance of bacterial communities and silage fermentation characteristics

The ensiling process is characterized by its complexity and interactions between parameters related to fermentation quality and bacterial communities. A Spearman’s correlation was performed to identify the relationships between the bacterial communities at the genus level and the parameters related to the silage fermentation characteristics (Figure 3). Although Rhizobiaceae sp. and Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium were present at abundance above filtering threshold, they were not correlated with the silage fermentation characteristics, and therefore not included in Figure 3.
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FIGURE 3
 Spearman correlations between bacterial communities and preservation characteristics of crimped barley grain ensiled under different moisture content levels and treated with additives. VFA: volatile fatty acids, TFA: total fermentation acids, TFP: total fermentation products. From green (strong and positive correlation) to red colour (strong and negative correlation), while empty cells indicate a non-significant correlation.


The pH of the ensiled grains showed a strong and positive correlation with most communities (Figure 3), such as Rhodococcus, Microbacteriaceae sp., Curtobacterium, Plantibacter, Sanguibacter-Flavimobilis, Chryseobacterium, Pedobacter, Paenibacillus, Sphingomonas, Massilia, Enterobacterales spp., Enterobacteriaceae sp., Erwiniaceae sp., Yersiniaceae sp., Pseudomonas and Stenotrophomonas. However, only one community showed a negative correlation with the pH, which was Fructilactobacillus. Franco et al. (2022) emphasized that the correlation between bacterial communities and fermentative characteristics of silage may imply that bacteria boost or restrict the amount of fermentation product, or vice versa. This can be beneficial or detrimental to the silage fermentation process considering the direction of effect on specific parameters as for instance, most of the communities positively correlated with pH were concomitantly negatively correlated with ammonia-N production. The first factor is detrimental since these communities being abundant in the silage might imply that the resulting silages have a higher pH. However, the second factor is positive, since these communities may be associated with low proteolysis of the crude protein and thus results in less formation of ammonia-N. The pattern that these communities exerted on ammonia-N was the same as on the production of lactic acid, acetic acid, total volatile fatty acids, total fermentation acids, total fermentation products and aerobic stability. It is possible to hypothesise that these communities, when present in large abundance in silages, may be associated with beneficial factors such as less production of ammonia-N, acetic acid and many unfavourable fermentation products. However, the drawback refers to the lower production of lactic acid that would be beneficial for obtaining low pH and shorter aerobic stability when the silage is air exposed. The longer the aerobic stability of a fermented feed, the better, as it means that the silage remains cool and microbiologically stable to be fed to animals. Nonetheless, most of the bacterial communities were negatively correlated with aerobic stability, which suggests shorter aerobic stability when these genera are abundant in crimped ensiled barley grains.

Among the above-mentioned genera, Ogunade et al. (2018) indicated that Sphingomonas could potentially be further studied at species level and their roles in the fermentation quality of silages. In their study, Sphingomonas acted in a beneficial way, as it was negatively correlated with silage pH and ammonia-N, possibly contributing to true protein preservation in lucerne silages. This argument partly agrees with our results, as in the current study, Sphingomonas also had a negative correlation with ammonia-N, but positive with pH. A similar positive correlation was found between Sphingomonas and pH by Franco et al. (2022).

Sphingobacterium was a genus positively correlated with only two fermentation quality parameters (Figure 3), ammonia-N and ethanol, as well as Enterocuccus, also positively correlated with ethanol and ensiling losses. These factors allow us to suppose that these communities in large presence in the silage are detrimental to the production system, as they imply greater proteolysis of the crude protein, greater formation of ethanol and greater losses during ensiling. Franco et al. (2022) studying bacterial ecology in timothy grass silages also found a positive correlation between the abundance of Enterococcus and ethanol concentration. Additionally, the genera Leuconostoc and Lactococcus were strongly and positively correlated with concentrations of ammonia-N, ethanol, lactic, acetic and butyric acids, total volatile fatty acids, total fermentation acids, total fermentation products and ensiling losses. Therefore, these communities might be harmful to all fermentation characteristics evaluated, since the less of most of them, the better, except for lactic acid.

The genus Hafnia-Obesumbacterium is clearly undesirable in the silage fermentation process (Figure 3), as it is correlated with greater production of ethanol, propionic and butyric acids, which are undesirable, as well as greater ensiling losses. In addition to all these negative features for the genus Hafnia-Obesumbacterium, it may also be associated with shorter periods of aerobic stability. Zhao et al. (2021) also identified that when Hafnia-Obesumbacterium was among the dominant genera in the fermentation process of lucerne silages with high MC, the silages tended to have a poor fermentative quality.

Butyric acid is an undesirable product during the fermentation process of silages (Vissers et al., 2007) and the communities that are negatively correlated with this product are beneficial. The beneficial communities that were negatively correlated to the production of butyric acid were Rhodococcus, Curtobacterium, Paenibacillus, Sphingomonas and Pseudomonas (Figure 3). The pattern was quite different from a grass silage study (Franco et al., 2022), where the only correlation, and in that case positive, with the butyric acid concentration in the silages was the Weissella community, but this was not even identified in the current study.

Fructilactobacillus was negatively correlated only with pH (Figure 3) and, on the other hand, positively correlated with ammonia-N, lactic and acetic acids, total volatile fatty acids, total fermentation acids, total fermentation products and aerobic stability. Among these factors, the desirable correlations were mainly noticeable in the parameters of lower pH, higher lactic acid production and extended aerobic stability. It is worth mentioning that Fructilactobacillus was previously classified as Lactobacillus and for these and other reasons, species of the Lactobacillus genus are commonly used in ensiling experiments as silage additives (Merry et al., 2000; Filya, 2003; Eikmeyer et al., 2013; Oliveira et al., 2017; Guo et al., 2018; Keshri et al., 2018; Bai et al., 2020; Franco et al., 2022). Xu et al. (2021b) also indicated that, as expected, Lactobacillus (reclassified into many other genera including Fructilactobacillus) showed a negative correlation with pH and concomitant positive correlation with lactic and acetic acids, when studying ryegrass silages. Franco et al. (2022) identified a strong and positive correlation of Lactobacillus with acetic acid and aerobic stability, and speculated that there is a predisposition of this genus to improve the aerobic stability of silages by increasing the production of acetic acid in a controlled manner.




Conclusion

Our results showed that crimped barley grains could be successfully ensiled under various MC and additive treatments. Low MC feeds have higher risk to be aerobically unstable while high MC results in more extensive fermentation, with potentially poor fermentation quality. The suitable additive depends on the raw material characteristics as LAB and SALT require relatively high MC to be effective, while FPA showed consistent improvements over all MC levels used in the current study. The MC assessment helps to identify the risks to the fermentative quality of the crimped ensiled grain, which allows for early preparation and use of an effective additive according to the prevailing conditions.

The bacterial growth in low MC was limited by low water activity, and thus only minor shifts in bacterial ecology were observed at low MC when compared to raw material with Erwiniaceae sp., Enterobacterales spp. and Pseudomonas dominating in both cases. However, a major change occurred from raw material towards medium and high MC silages, where Fructilactobacillus dominated the fermentation in CONT, FPA and SALT silages. LAB-treated silages at medium and high MC resulted in a distinguished pattern with dominance of Lentilactobacillus followed by Lactiplantibacillus. Both negative and positive correlations were identified between the bacterial communities and the fermentative characteristics of the silage.

Proper knowledge of bacterial populations and their interactions with silage characteristics is of great importance in designing the ensiling process and choosing the best management conditions to improve the efficiency of the production system and feed utilization. Additionally, the use of state-of-the-art technology such as next-generation sequencing to investigate the bacterial ecology of raw materials and silages can improve the development of additives for each environmental and management condition. These additives in turn can act synergistically with defined bacterial populations to improve the quality of silages in general.
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The present in vitro study investigated the effects of temperature and available sugar on the bacterial community of Pennisetum sinese leaf during fermentation. P. sinese leaves were cultured in MRS broth containing 0.4 and 1.6 g sugar and incubated at 25°C and 45°C for 9, 18, and 36 h. The results showed that the dominant phyla during sugar fermentation were Firmicutes, followed by Proteobacteria and Bacteroidetes. Compared to a low incubation temperature (25°C), a high incubation temperature (45°C) decreased the relative abundances of Exiguobacterium and Acinetobacter and increased those of Bacillus and Paenibacillus. Leaf samples incubated at 25°C showed higher bacterial alpha diversity indices than those incubated at 45°C. Principal coordinate analysis revealed that the bacterial community structure was altered by the high incubation temperature. Sugar concentration of 1.6 g/50 ml increased the relative abundances of Bacillus and Klebsiella but decreased those of Paenibacillus and Serratia as compared to sugar concentration of 0.4 g/50 ml. pH was the primary factor that influenced the succession of bacterial communities during sugar fermentation in P. sinese leaves. In conclusion, ambient temperatures (25°C and 45°C) and high sugar concentration restructured the bacterial communities on P. sinese leaves by facilitating the dominance of Bacillus and Paenibacillus. This study provided insights into the mechanisms by which bacterial communities on P. sinese leaves are enriched.
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1. Introduction

Silage is a high-moisture (65–75%) feed obtained by chopping and fermenting green fodder under anaerobic conditions by using lactic acid bacteria (LAB) to inhibit the growth of various undesirable bacteria. Silage has good palatability and is rich in nutrients, and it is an excellent source of feed for the long-term preservation of livestock.

Silage is ensiled through anaerobic fermentation with epiphytic or inoculated LAB that convert water-soluble carbohydrates (WSC) into organic acids, mainly lactic acid (LA), and thus decrease the pH of silage and inhibits the growth of undesirable microorganisms. The degree of fermentation of silage highly depends on the epiphytic microflora of the ensiled forage material (Eikmeyer et al., 2013; Muck, 2013).

The natural microflora of forage crops participates in silage fermentation. Ohshima et al. (1997) found that adding the fermented juice of epiphytic LAB (FJLB) to silage effectively improved its fermentative quality. Gulfam et al. (2017) reported that the commercially available LAB additive (Lactiplantibacillus plantarum MTD-1) did not improve silage quality at 50°C; however, at this high temperature, the natural strains of epiphytic LAB (Pediococcus acidilactici GG13 and Lacticaseibacillus rhamnosus GG26) improved silage quality by increasing LA content and reducing silage pH and content of butyric acid and ammonia nitrogen (ammonia-N). Nazar et al. (2022) showed that the native and exogenous epiphytic microbiota exhibited strong adaptability and effectively improved the fermentation quality and microbial succession of red clover silage. According to Chavira (2016), silage is produced by preserving plant/crop resources through anaerobic fermentation usually by epiphytic bacteria that convert soluble carbohydrates mainly to LA and small amounts of volatile fatty acids. This definition implies that silage quality may depend on the types of microorganisms present on the leaf surface. Therefore, it is crucial to study the microorganisms that adhere to the leaf surface to enhance silage quality.

Previous studies have revealed the composition of microbial communities attached to the leaf periphery through individual cultures. Ruschmann and Meyer (1934) reported that the acidification rate during silage fermentation depends on epiphytic bacteria growing on forages. Pahlow et al. (2003) showed that the microbial populations of standing or freshly harvested feed crops differ extensively from those found in the silage fermentation process or the final product. Most previous results were obtained under different environmental conditions; however, it remains unclear how temperature and sugar concentration affect the microbial communities attached to the leaf periphery and eventually influence the fermentation quality of silage.

Silage production is a complex process involving diverse microbial flora such as LAB, spoilage-causing bacteria, yeasts, molds, and Bacillus (Kung et al., 1987). Both temperature and soluble sugar concentration can affect the composition of microbial communities, which can directly affect silage quality (Zhang et al., 2021) and further affect the rumen microbiota of ruminants (Rajabi et al., 2017). Temperature largely affects the enrichment of bacterial communities on leaves during fermentation. In the fermentation process, maintaining the appropriate temperature is essential to facilitate efficient bacterial growth and metabolite production. Seale et al. (1986) showed that soluble sugar is a limiting factor for obtaining high-quality fermentation products; this implies that soluble sugar is another key factor that influences fermentation quality.

Understanding the epiphytic and inherent microorganisms of forage leaves during in vitro fermentation is an interesting and critical issue for producing high-quality silage. Therefore, the present study investigated the bacterial communities present on the surface of Pennisetum sinese (king grass) leaves under different incubation temperatures and soluble sugar concentrations. We hypothesized that sugar concentration and temperature might affect the abundance of bacterial communities on the leaf surface of P. sinese.



2. Materials and methods


2.1. Experimental materials

The experimental material P. sinese was cut from Guanling County, Anshun City, Guizhou Province (25.94° N, 105.61° E) on July 28, 2021. A bacterial culture medium was used for culturing the bacterial species from P. sinese leaves, and the temperature gradient and incubation temperature were controlled by a constant temperature incubator.



2.2. Experimental method

The harvested P. sinese leaves were brought to the laboratory under aseptic conditions at a low temperature. The samples were prepared on an ultra-clean bench and the relevant materials and instruments required for the experiments were sterilized. The collected P. sinese leaves were cut into 135 square pieces of size 1 × 1 cm. The bacterial culture medium was prepared as follows: nutrient broth CM 124 powder (18.0 g) was added to 1 l distilled water, and the mixture was heated and boiled until the powder completely dissolved. The prepared broth was then distributed in separate flasks and autoclaved at 121°C for 15 min. Five square leaflets were taken and cultured in the prepared liquid medium with the following soluble sugar concentration: S1: 0.4 g/50 ml and S2: 1.6 g/50 ml. Three biological replicates were used for each concentration gradient. The cultures were subjected to shaking conditions at 25°C and 45°C for 9, 18, and 36 h. Sample aliquots were taken from the culture medium at the three time points to determine pH, concentrations of ammonia-N and soluble sugar, abundance of microbial communities, and other indicators. Three replicates were used for each treatment.



2.3. Chemical index determination

The pH of the fermented medium was measured using a pH meter. Broderick and Kang (1980) method was used to determine ammonia-N in the medium. WSC content was determined by the method of McDonald et al. (1991).



2.4. Microbial community analysis

The DNA was extracted with the TGuide S96 Magnetic Soil /Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd.) according to manufacturer instructions. The DNA concentration of the samples was measured with the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). The total of PCR amplicons was purified with Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) and quantified using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). After the individual quantification step, amplicons were pooled in equal amounts. For the constructed library, use Illumina novaseq 6,000 (Illumina, Santiago CA, United States) for sequencing. The original sequence was processed by BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China) and was used as a marker for SSU rRNA classification with the SILVA database. The phylogenetic relationship among the bacterial communities was analyzed, and the determination of bacterial alpha diversity, construction of principal coordinate analysis (PCoA) map, and functional prediction of the bacterial communities were then performed using the QIIME2.1



2.5. Statistical analysis

SAS program version 9.1 (SAS Institute, Cary, NC) was used to compare the changes in chemical composition, microbial population, and bacterial community index during incubation by the Duncan test. Differences were considered statistically significant at p < 0.05. We also analyzed Spearman’s correlation between the bacterial community composition and functional prediction and silage parameters at the genus level.




3. Results and discussion


3.1. Alpha diversity of bacterial community

Table 1 shows the alpha diversity of bacterial communities detected on P. sinese leaves. The read values of the samples ranged from 637 to 951, and the Good’s coverage index of most samples was >0.998, thus indicating that most bacteria were detected by high-throughput sequencing technology. At the same soluble sugar concentration, the Chao1 index, abundance-based coverage estimator (ACE) index, Shannon index, and Simpson index of the samples incubated at 25°C were higher than those of the samples incubated at 45°C. This implies that the bacterial community richness and diversity were generally higher at 25°C than at 45°C. This finding can be attributed to bacterial growth inhibition at high temperatures. Previous studies have also reported that high temperatures inhibit bacterial growth. Weinberg et al. (2001) demonstrated that moderate temperatures of 20°C to 30°C are generally preferred for silage fermentation. Zhang et al. (2018) showed that the relative abundance of bacteria in alfalfa silage decreased with the increasing ambient temperature from 20°C to 40°C. In the present study, at the same temperature, the alpha diversity of the bacterial community increased with the increasing sugar concentration (Chao1, ACE, Shannon, and Simpson indices were higher at 1.6-g sugar concentration than at 0.4-g sugar concentration). Similar to the findings of Zi et al. (2022), soluble sugar treatment was found to improve microbial diversity. Soluble sugars can serve as a nutrient for microbial growth. Zi et al. (2022) showed that soluble sugars provided more nutrients for the growth of LAB and promoted LA fermentation to obtain well-preserved silage. In the present study, the increase in alpha diversity was associated with high sugar content. In conclusion, temperature and sugar content altered the alpha diversity of bacterial communities on P. sinese leaves.



TABLE 1 Alpha diversity of bacterial communities around leaves.
[image: Table1]



3.2. Bacterial community composition

Figure 1A shows the relative abundances of bacterial communities in P. sinese silage at the phylum level. In this study, Firmicutes and Proteobacteria were the dominant phyla in the fermentation broth of P. sinese; this result was consistent with the findings of Zhang et al. (2021) and Kung et al. (1987) who reported that the bacterial species in the fermentation broth mainly belonged to Firmicutes and Proteobacteria. Long et al. showed similar results for P. sinese silage. At the culture temperature T1 (25°C) and soluble sugar content S1 (0.4 g) and S2 (1.6 g), each incubation time period (9 h, 18 h, 36 h) the main bacterial phyla in the fermentation broth were Firmicutes and Proteobacteria. With the increase in culture time, the relative abundance of Firmicutes gradually decreased, reduced by 22.33%, and that of Proteobacteria gradually increased, increasing by 24.13%. At culture temperature T2 (45°C) and soluble sugar content S1 (0.4 g) and S2 (1.6 g), the dominant phylum in the fermentation broth was Firmicutes. At the fermentation temperature of 45°C, the sugar content of 0.4 g, and cultivation time of 9 h, the relative abundance of Firmicutes reached the maximum value of 98.48%. This finding indicated that the culture temperature of 45°C was favorable for the growth of Firmicutes. The high temperature increased the relative abundance of Firmicutes and reduced the proportion of Proteobacteria in the fermentation broth. This finding was similar to the results of another study wherein Firmicutes and Proteobacteria were found to be the most abundant phyla in silage used for hydrolysis and acidification, and their abundance increased by >90% after fermentation (Wang et al., 2019a,b,c). According to Madigan et al. (2017), Proteobacteria are gram-negative bacteria and include pathogenic bacteria such as Escherichia coli and Salmonella, which compete with LAB to utilize WSCs, thereby decreasing CP content and increasing ammonia-N content. Therefore, the presence of a large number of Firmicutes bacteria may inhibit the growth of LAB.
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FIGURE. 1
 Relative abundances of species Pennisetum sinese at the phylum level (A) and at the genus level (B) after fermentation of at different temperatures and sugar concentrations. T1, 25°C; T2, 45°C; S1, 0.4 g; S2, 1.6 g; D9, 9 h; D18, 18 h; D36, 36 h.


As shown in Figure 1B, at the incubation temperature T1 (25°C) and soluble sugar content S1 (0.4 g), the dominant bacteria at the genus level were Serratia, Bacillus, Acinetobacter, and Exiguobacterium with the relative abundances of 47.58, 21.46, 14.11, and 8.03%, respectively. At the soluble sugar content S2 (1.6 g), the dominant bacterial genus was Exiguobacterium with the relative abundance of 41%. Compared to the soluble sugar content of 0.4 g, the relative abundance of Bacillus decreased significantly by 19.69% and that of Serratia decreased by 4.94% at the soluble sugar content of 1.6 g; this might be due to the inhibition of growth of these bacterial species by the addition of other bacterial species. Cai et al. (1998) reported that LAB inhibit the proliferation of these bacterial species; this occurs mainly because LA fermentation reduces the pH of the medium and inhibits the growth of other bacterial species. Notably, after the temperature was controlled, the abundance of LAB increased when the sugar concentration was increased. This is due to the increase in sugar concentration provided more nutrients, leading to increased microbial proliferation, including that of LAB. Chen and Sun (2011), however, showed that when the proportion of bacteria such as Serratia and Bacillus is large, the additive effect is not achieved. This finding also explains why previously fermented juice (PFJ) cannot be promoted as a silage additive; this is because the use of PFJ is nonbeneficial mainly due to the low proportion of LAB related to silage and more abundance of other bacteria in PFJ.

At the soluble sugar content of 0.4 g, the relative abundances of Bacillus and Paenibacillus in the fermentation broth increased by 38.77 and 35.50%, respectively, with the increase of culture temperature; Exiguobacterium, Acinetobacter, Serratia, and Klebsiella, the relative abundances of bacteria decreased by 6.13, 13.70, 40.05, and 5.22%, respectively. At the soluble sugar content of 1.6 g, the relative abundances of Bacillus and Paenibacillus in the fermentation broth increased with the increase of culture temperature (63.16 and 41.96%, respectively), while the relative abundances of Exiguobacterium, Acinetobacter, Klebsiella, Lactobacillus, and Weissella decreased by 19.05, 30.06, 13.92, 6.64, and 4.01%, respectively. This finding suggests that when the sugar content is constant, elevated temperature increases the abundance of prophase Bacillus, which is gradually replaced by Paenibacillus; this might be because of intolerance of Bacillus to heat (Murphy et al., 1987). Temperature influences the proliferation of Lactobacillus. In the present study, the relative abundance of Lactobacillus and Weissella decreased with the increase of temperature. Zhang et al. (2018) reported similar findings wherein the relative abundance of LAB in alfalfa silage decreased with the increase of ambient temperature from 20°C to 40°C. The optimal growth temperature of bacteria is approximately 20–30°C, and usually, no bacterial growth occurs at or above 45°C; consequently, bacterial growth is inhibited at high temperatures. This may be because temperature drives enzymatic processes that directly affect bacterial communities such as Lactobacillus (Briere et al., 1999). This result also suggests that very high or very low temperature can affect the growth of microbial communities.

The present study also found that increasing the culture temperature and sugar concentration in the green juice fermentation broth did not increase the relative abundance of LAB and did not promote the growth of LAB, but significantly increased the relative abundance of Bacillus and Paenibacillus. However, in Chen and Sun (2011) the researchers showed that when the proportion of these bacteria such as Serratia, Bacillus, etc. is large, the addition effect is unstable. In the present study, both ambient temperature and foliar sugar affected the composition of leaf microorganisms, and the microbial composition varied throughout the fermentation process. This explains why the PFJ solution cannot be promoted as a silage additive because its use is unsuitable as it mainly contains a low percentage of LAB associated with silage and a high percentage of other pathogenic bacterial species.



3.3. Bacterial community structure

The PCoA map shows the bacterial community structure of the fermentation broth samples incubated at 25°C and 45°C (Figure 2A). The x-axis and y-axis explained 72.39 and 9.40% of the variance in the bacterial community structure, respectively. Both temperature and sugar concentration promoted changes in bacterial communities, with temperature contributing to the effect of sugar concentration on bacterial growth. According to the functional prediction (Figure 2B), the main functions of bacterial communities in the fermentation broths treated with temperatures T1 and T2 were metabolism, followed by environmental information processing and genetic information processing. This result showed that different temperatures did not influence the metabolic functions of bacteria, thus indicating that bacteria were metabolically active at both temperatures.

[image: Figure 2]

FIGURE 2
 PCoA analysis (A) and Functional gene prediction (B).




3.4. Key environmental factors and functional prediction of bacterial community

The abundance of specific microorganisms such as LAB in silage can promote its fermentation. Several studies have investigated the correlation between microorganisms and silage fermentation parameters (Li et al., 2019; Ren et al., 2019; Lin et al., 2021). As shown in Figure 3A, Bacillus, Paenibacillus, Exiguobacterium, Pantoea, and Klebsiella were positively correlated with pH. Xiao and Zhang (2015) reported that soil pH increased with increasing numbers of bacteriophages, and both were approximately highly significant. It is likely that Bacillus has a wide pH range for growth and reproduction, with a general optimum pH of 6.0–9.5, and that Bacillus has limited tolerance to low pH environments: growth is inhibited at pH <4.0. Among these species, Pantobacillus showed the strongest correlation value of 0.389. Serratia, Lactococcus, Acinetobacter, Weissella, and Unculture were negatively correlated with pH, and Serratia showed the weakest correlation value of −0.424. The ammonia-N content was positively correlated with Bacillus, Lactococcus, Serratia, Weissella, and Unculture. Weissella showed the strongest correlation value of 0.525, while Exiguobacterium, Paenibacillus, Klebsiella, Pantoea, and Acinetobacter showed a negative correlation, and the correlation was the weakest (−0.263).
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FIGURE 3
 Spearman correlation between WSC, pH and AN in the fermentation broth and the relative abundance of the top 10 bacterial genera (A) and functional predictions of bacteria (B); trends in pH (C); and WSC content (D) of the fermentation broth with increasing incubation time.


The soluble sugar concentration showed a positive correlation with Paenibacillus, Bacillus, Exiguobacterium, Klebsiella, and Pantoea, and Pantoea showed the strongest correlation value of 0.389. Soluble sugar concentration was negatively correlated with Serratia, Acinetobacter, Lactococcus, Weissella, and Unculture, and Serratia showed the weakest correlation value of −0.424. The relative abundance of Serratia was negatively correlated with WSC in the fermentation broth, while Pantoea showed a positive correlation with WSC in the fermentation broth. The relative abundances of Weissella and Exiguobacterium were positively and negatively correlated with ammonia-N in the fermentation broth, respectively. Lactococcus was negatively correlated with the pH of the fermentation broth, indicating that lower pH values led to higher relative abundances of Lactococcus; this may be due to LA produced by Lactococcus, which reduces the pH value of the broth. The pH of the fermentation broth was positively correlated with the relative abundances of Pantoea and Exiguobacterium.

As shown in Figure 3B, environmental information processing, cellular processes, human diseases, and organic systems showed a positive correlation with pH, and among these, cell transformation showed the strongest correlation value of 0.288. pH was negatively correlated with metabolism and genetic information processing, and the correlation with metabolism was the weakest at −0.251.

Ammonia-N showed a positive correlation with environmental information processing, cellular processes, and human diseases, and the correlation of ammonia-N with human diseases was the strongest (0.050). Metabolism, genetic information processing, and organic systems were negatively correlated with ammonia-N, and metabolism showed the weakest correlation value of −0.206.

Soluble sugar concentration showed a positive correlation with environmental information processing, cellular processes, and genetic information processing, among which cell transformation showed the strongest correlation value of 0.252. Soluble sugar concentration was negatively correlated with metabolism, organic systems, and human diseases, and the correlation with human diseases was the weakest at −0.335. The main function of the bacterial community in the fermentation broth was metabolism, with a relative abundance of 79.98%, followed by environmental information processing and genetic information processing, with a relative abundance of 9.3 and 6.75%, respectively. Metabolism was negatively correlated with WSC, indicating that the higher the bacterial activity, the lower the WSC content.

Silage pH is an important indicator of fermentation quality, and silage with a pH of 4.2 or lower is considered to be well fermented. During the silage production process, beneficial bacteria such as LAB play a decisive role in pH changes; moreover, the temperature will affect the quality of silage by affecting the reproductive and metabolic activities of LAB (Hou et al., 2015). Too low or too high temperature is not conducive to the growth of LAB (Xu et al., 2006). In the present study, pH gradually decreased with the increase of incubation time and temperature (Figure 3C). In general, the pH of the fermentation broth at 45°C was lower than that at 25°C, while the pH at the soluble sugar concentration of 1.6 g was lower than that at 0.4 g, probably due to the promotion of LA production by high sugar concentration, which lowered the pH of the broth. Alli et al. (1984) reported that green fodder with molasses had lower pH, higher acid and acetic acid and soluble sugar content, lower ammoniacal nitrogen content, and better silage quality compared to the control group. Oneil (1986) added 2% of sucrose to alfalfa silage sucrose, pH and ammoniacal nitrogen levels were lower than the control during 2 to 40 days of silage, and soluble sugars in the silage increased. These findings reveal that at a temperature of 45°C and a sugar concentration of 1.6 g, it is easier to reduce the pH value to below 4.2, which is more conducive to silage production and more likely to produce LA. LA in silage is the main product of fermentation and an important indicator to evaluate silage quality. The addition of soluble sugars promotes the reproduction and growth of LAB, resulting in an increased LA content, which decreases pH (Li et al., 2014; Ni et al., 2017; Wang et al., 2019a,b,c).

The WSC content is the limiting factor for silage fermentation, as the minimum WSC content to successfully preserve fresh feed is approximately 3% dry matter (Guyader et al., 2018). As the main effective nutrient for LAB growth, WSC concentration showed an increasing trend with both incubation temperature and sugar concentration; it first decreased and then increased with the increase of incubation time (Figure 3D). Oneil (1986) added 2% of alfalfa silage of sucrose, and the soluble sugars in the silage increased. This is due to LAB used sugar as the substrate during their growth in the early stage, while the growth of LAB was inhibited in the later stage. The presence of a large number of Proteobacteria also inhibits the growth of LAB. Madigan et al. (2017) reported that Proteobacteria are gram-negative bacteria that include pathogenic bacterial species such as E. coli and Salmonella, which compete with LAB to utilize WSC and thus decrease CP content and increase ammonia-N content. In conclusion, both temperature and sugar content affect pH and WSC. As temperature and sugar content increase, pH decreases and WSC first decreases and then increases, which affects the composition and succession of microorganisms.




4. Conclusion

Ambient temperature and available sugar concentration affected the bacterial composition of P. sinese leaves. The best fermentation quality was achieved by adding 1.6 g of soluble sugar at 25°C, which increased the relative abundance of LAB and Weissella. However, the proportion of Bacillus and Paenibacillus in the fermentation broth was also found to be relatively large. The use of PFJ may be unsuitable, because it contains a low percentage of LAB associated with silage and a high percentage of other pathogenic anaerobic bacteria. These discoveries suggest that green juice fermentation broth is not suitable as a silage additive.
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Introduction: To prepare high-quality silage, we studied the chemical composition, silage fermentation, characterization, and identification of lactic acid bacteria (LAB) associated with the silage fermentation of native grass on the Inner Mongolian Plateau.

Methods: LAB were isolated from fresh native grass and their silage, and silages were prepared using a small-scale fermentation system with 2–3 cm length in plastic bags.

Results: The dominant species of native grasses used were Stipa baicalensis, Leymus chinensis, Cleistogenes squarrosa, Melissilus ruthenicus and Pulsatilla turczaninovii, which contained 47.83–59.43 % moisture, 55.12–67.74 % neutral detergent fiber (NDF), and 8.72–14.55 crude protein (CP), and these nutrients did not change greatly during ensiling. Good preservation with a relatively low pH (below 4.44) and high (p < 0.05) lactic acid content (>0.58) was obtained after ensiling. Based on the morphological and biochemical characteristics, these isolates were divided into 12 groups (A-L). All isolate strains were gram-positive and catalase-negative bacteria that produce lactic acid from glucose. Group A-K were cocci, while group L was rod-shaped. Group A-E formed D-lactic acid, but group H-K formed L-lactic acid, and other groups formed DL-lactic acid. Group A-E were heterofermentative, and Group F-L were homofermentative types of LAB. According to the 16S rRNA gene sequences analysis, strains were identified as genus Leuconostoc (A, B, and C), Weissellla (D, E), Pediococcus (F, G), Enterococcus (H, I, J and K), and Lactiplantibacillus (L). Enterococcus (E.) faecium (29.17%, percentage of total isolates) and Pediococcus (P.) acidilactici (18.75%) were the most frequently occurring dominant species.

Discussion: This study suggests that the native grasses contained abundant LAB species, and they can be used as good-quality silages in animal husbandry. In addition, the strains P. acidilactici and E. faecium were the most frequently isolated from native grass silages as dominant species which can be a potentially excellent inoculant for native grass silage.

KEYWORDS
 16S rRNA gene, native grass, lactic acid bacteria, silage fermentation, isolation and identification


1. Introduction

Alongside hay, native grass is regarded as an important resource for animal feed in the Mongolian Plateau, and a large quantity is produced annually in pastoral areas (Hou et al., 2017; Ge et al., 2018; You et al., 2021b). Grazing in native grasslands during summer/autumn and feeding hay during winter/early spring are traditional methods of animal rearing in this region, and these native grasses support the local livestock by providing roughage supplement throughout the year (Bu et al., 2021; Du et al., 2022). However, the harvest is always carried out in early autumn, and since weather is unpredictable, silage production has become a better way to preserve native grass than hay-making, which also allows for long-term storage of fresh grass, making it available throughout the year (Bu et al., 2021; Li Y. et al., 2022). Microorganisms including Lactobacilli, Bacilli, Clostridia, acetic acid bacteria, molds, and yeasts in preservation forages influence silage quality during ensiling. Studies have been conducted on microbe population and silage fermentation for ensiled corn, king grass, Italian ryegrass, and alfalfa (Pang et al., 2011; Shah et al., 2017; Yan et al., 2019; Wang et al., 2022). These showed that selected isolates from natural lactic acid bacteria (LAB) have the potential to improve silage quality and fermentation while inhibiting the growth of undesirable microbes under anaerobic conditions. Silage fermentation and their associated microbe communities have been studied using various microbiological techniques, such as 16S rRNA gene, DNA-DNA hybridization, and third-generation Pacific Biosciences (PacBio) single molecule real-time sequencing technology (SMRT), which generates long reads (Ennahar et al., 2003; Lee et al., 2018; Du et al., 2021). The phylogenetic relationships of LAB have been explored extensively in 16S rRNA sequence ribotyping and experiments, resulting in some new species, such as Lactiplantibacillus nasuensis sp. nov., Lactococcus uvarum sp. nov., Lactiplantibacillus terrae sp. nov., Lactiplantibacillus xiangfangensis sp. nov. isolated from silage, kimchi, milk, oil, and pickle being included in the microbe community.

High-quality silage from native grasses is generally difficult due to low water-soluble carbohydrate (WSC) content and higher buffering capacity (Hou et al., 2017). Certain natural LABs from native grasses play a vital role in fermentation (Ge et al., 2018). Further, the Mongolian Plateau might have special microorganisms regardless of water availability due to its frigid weather and dry climate (Zhang et al., 2015). Thus, collecting, screening, and identifying the LAB biochemically from native grass is important. In addition, some of the selected LAB might be potential well-sourced silage additions for forages.



2. Materials and methods


2.1. Silage preparation

Samples of native grass [Baical needlegrass (Stipa baicalensis), China leymus (Leymus chinensis), Scabrous hide seed grass (Cleistogenes squarrosa), Ruthenia medic (Melissilus ruthenicus), and Slenderleaf pulsatilla (Pulsatilla turczaninovii)] were collected from the meadow steppe of Hulunbuir (48.27°N, 119.44°E; Inner Mongolia, China) on 25 July 2019 (full-bloom stage). Before ensiling, the moisture of native grasses ranged from 48.34 to 59.43% FM. The grasses were cut into 3–5 cm lengths by using a chopper machine (DD-ZCD, Dedong Co., Ltd., Weifang, China), and the grass silages were prepared in the form of mini silos (polyethylene, 1L, Yijia, Beijing, China) without witling (density, 450–500 kg/m3). The silos were kept at ambient temperature (20–26°C). Five silos were used per treatment. After 30 days, the microbial community, chemical composition, and fermentation quality were analyzed.



2.2. Microbial population, chemical composition, and silage fermentation

Referring to Cai (1999), 10 g of each sample was blended with 90 ml saline solution (0.85% NaCl) and serially diluted from 10−1 to 10−6. The microbial community of the native grass was analyzed via plate cultivation. The numbers of LAB were measured using de Man, Rogosa, Sharp (MRS) agar after serial dilutions and incubated at 37°C for 48 h in an anaerobic box (Oxoid AnaeroJar, AG0025A, Thermo Fisher Scientific Inc., Waltham, MA, United States). Aerobic bacteria were counted on Blue Light Broth agar (Nissui-Seiyaku Ltd., Tokyo, Japan). Yeast and mold were counted on Potato Dextrose Agar (Oxoid, CM0139B, Thermo Fisher Scientific Inc., Waltham, MA, United States) and incubated at 37°C for 48 h. Yeasts were distinguished from mold and bacteria by colony appearance and observation of cell morphology. The coliform bacteria were counted on Blue Light Broth Agar (Nissui, Tokyo, Japan) at 37°C for 48 h. All microbial data were counted as viable numbers in colony-forming units (CFU) per gram on a fresh matter (FM) basis. For LAB isolation, 20 colonies of each sample were picked, 48 strains were collected and considered as LAB. The individual colonies were isolated and purified twice by steaking on MRS broth and Agar (Oxoid, CM1175/CM0003B, Thermo Fisher Scientific Inc., Waltham, MA, United States). Pure cultures were grown on MRS agar at 37°C for 24 h, resuspended in a solution of nutrient broth (Oxoid) containing 10% dimethyl sulfoxide, and stored at-80°C for further examination.

The dry matter (DM), organic matter (OM), crude protein (CP), and ether extract (EE) contents were measured according to the Association of Official Analytical Chemists (AOAC) methods (2005). The neutral (NDF) and acid (ADF) detergent fibers were obtained using the ANKOM A200i fiber analyzer (ANKOM Technology, Macedon, NY, United States) by Van Soest et al. (1991). The water-soluble carbohydrate (WSC) was determined by DNS colorimetric method (Sucrose/D-Glucose/D-Fructose UV-method, Roche Diagnostics, Tokyo, Japan) by Thomas (1997).

For silage fermentation analysis, another set of wet silage (10 g) samples was mixed with 90 ml of deionized water. The extracts were filtered through four layers of cheesecloth and filter paper (pore size 9 cm; Beimu, Hangzhou, China) and homogenized for 3 min. The pH was measured using a glass electrode pH meter (PHS-3E; LEICI, Shanghai, China). The NH3-N content was determined by the method of Broderick and Kang (1980) using steam distillation of the filtrates. The organic acid content was analyzed using the high-performance liquid chromatography (HPLC; GC-8A, Shimadzu, Kyoto, Japan) method (column: KC811, Shimadzu, Kyoto, Japan; detector: SPDM10AVP, Shimadzu, Kyoto, Japan; eluent: 3 mmol L−1 HCLO4, 1 ml min−1; temperature: 50°C) by Ennahar and Cai (2004).



2.3. Morphological, physiological, and biochemical tests

The Gram staining and observation of morphological characteristics of LAB were determined by MRS agar incubated at 37°C for 48 h (Zanoni et al., 1987). Catalase activity and glucose gas production were determined by the methods of Cai et al. (1999). Growth at different temperatures (5°C, 10°C, 45°C, and 50°C), different pH (2.5, 3.0, 3.5, 4.0, 7.0, and 9.0), and different salt solutions (3.0, 6.5% (w/v) NaCl) were determined on MRS agar at 30°C for 120 h. Carbohydrate fermentation of 49 different compounds was tested by Analytical Professorile Index (API 50 CH) strips (bioMerieux, Craponne, France) at 30°C for 24 h and verified for 48 h (Nomura et al., 1999).



2.4. Extraction of LAB genomic DNA and 16S rRNA gene sequence

Each strain was cultivated overnight in 5 ml MRS medium at 30°C, centrifuged at 9391 g for 5 min, washed twice with buffer (10 mmol L−1 Tris-HCl, 0.1 mmol L−1 EDTA, pH 8.0) in a clean 1.5 ml microcentrifuge tube, and recentrifuged. Genomic DNA was extracted through Plant Genomic DNA Kit (TIANGEN Biotech Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The genomic DNA concentration of each strain was determined at 260 nm using a UV-VIS spectrophotometer (Shanghai Metash Instruments Co., Ltd., Shanghai, China; Zhang et al., 2016b). The extracted genomic DNA of each strain was stored at −20°C for future use.

For DNA extraction and purification, cells were grown at 37°C for 8 h (Akane et al., 1994), and the 16S ribosomal RNA (rRNA) gene sequences were amplified in a PCR Thermal Cycler (A48141, Thermo Fisher Scientific Inc., Waltham, MA, United States) by using the PCR and reagents from a Takara Taq PCR Kit (TIANGEN Biotech Co., Beijing, China). The sequences were determined directly with a sequencing kit (NOVA-5144, Bio Scientific Co., Ltd., Austin, United States) using the prokaryotic 16S rRNA universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) in combination with Applied Biosystems model 3500 (Applied Biosystems, Thermo Fisher Scientific Inc., Waltham, MA, United States) automated sequencing system (Cai, 1999). Sequence similarity searches were performed at the GenBank data library using the BLAST (Basic Local Alignment Search Tool) program.



2.5. Statistical analyses

The 16S rRNA sequences were constructed by the neighbor-joining method using Molecular Evolutionary Genetic Analysis (MEGA) 6.0 software (Saitou and Nei, 1987). Data on chemical composition and fermentation quality after 30 days were analyzed by one-way analysis of variance using the general linear model procedure of SAS version 9.3 (SAS Institute Inc., 2015). The differences between means were assessed using Turkey’s multiple comparison tests and were considered statistically significant at p < 0.05.




3. Results


3.1. Microbial parameters of native grass silages

The counts of microorganisms of native grasses are shown in Table 1. Overall, 105 (cfu/g of FM) LAB, 107 (cfu/g of FM) aerobic bacteria, 104–105 (cfu/g of FM) coliform bacteria, 103–105 (cfu/g of FM) yeast, and 104–105 (cfu/g of FM) molds were found, and there was no big difference among the counts of bacteria from all silage samples. After 30 days of ensiling, 106–107 (cfu/g of FM) LAB, 103 (cfu/g of FM) aerobic bacteria, 102–104 (cfu/g of FM) yeasts were found in the native grasses. No coliform bacteria or mold was detected in any silage.



TABLE 1 Microbial population (cfu/g FM) of native grasses.
[image: Table1]



3.2. Chemical composition and fermentation quality of native grass silages

The chemical composition and fermentation quality of native grass silages are shown in Tables 2, 3. All silages had low moisture with DM contents of native grasses ranging from 40.57 to 52.17% on an FM basis. The DM contents of CL (50.36% DM) and SP (39.45% DM) silages were lower than those of other treatments (p < 0.05) after ensiling. The CP content of RM (fresh 13.51% DM, silage 14.55% DM) was higher than other treatments (p < 0.05). The NDF and ADF contents of the native grasses after ensiling were similar, and SP had the lowest NDF (53.26% DM) and ADF (36.05% DM) among the samples. Total WSC content of CL (1.46% DM), SP (1.40% DM) and BN (1.37% DM) silages were higher than RM (1.30% DM) and SH (1.27% DM; p < 0.05).



TABLE 2 Fermentation quality of native grasses.
[image: Table2]



TABLE 3 Chemical composition of native grasses.
[image: Table3]

Native grasses significantly affected the pH, lactic acid, and NH3-N content (p < 0.05). The lowest pH (4.15), NH3-N (0.51% FM), and the highest lactic acid (0.95% FM) were observed in CL silage. No butyric acid or propionic acid was detected in any silage, indicating a good fermentation quality. Correlation coefficients (r) for the relationship between native grass chemical composition and silage fermentation are shown in Table 4. For pH, a significant negative relationship was observed with WSC content. The lactic acid content was significantly positive with WSC content. The NH3-N content was significantly negative with WSC and DM content (p < 0.05).



TABLE 4 Correlation coefficients (r) for relationships between chemical composition and fermentation silages after 60 days of ensiling.
[image: Table4]



3.3. Morphological, physiological, and biochemical

The morphological, physiological, and biochemical are shown in Table 5. A total of 54 isolates were collected, of which 48 were considered as LAB by Gram staining and catalase activity. According to the results of physiological and biochemical tests, these isolates were divided into 12 (A-L) groups, and 12 representative strains were used for phylogenetic analysis. Strains in groups A-K were cocci, while group L had rod-shaped bacteria. All isolates were gram-positive and catalase-negative bacteria, growing at temperatures of 5.0 and 10.0, at 3.0 and 6.5% (w/v) NaCl, and at pH 3.5 to 9.0, the 16S rRNA similarity of all isolates was higher than 98%.



TABLE 5 Characteristics of representative strains isolated from natural grasses.
[image: Table5]

The carbohydrate fermentation patterns of LAB strains are shown in Table 6. All strains did not produce acid from Glycerol, Erythritol, D-Arabinose, Inositol, Fucose, and L-Arabitol. Group A-E were heterofermentative cocci that formed D (−) lactic acid, producing acid from D-Glucose, D-Fructose, and D-Mannose. Group F and G were homofermentative cocci that formed DL-lactic acid from D-Xylose, Galactose, D-Glucose, D-Fructose, D-Mannose, and Cellobiose. Group H-K were homofermentative cocci that formed L-lactic acid from L-Arabinose, Ribose, D-Xylose, D-Glucose, Esculin, and Cellobiose. Group L were homofermentative rods that formed DL lactic acid from Ribose, D-Xylose, D-Glucose, and Cellobiose.



TABLE 6 API 50 CH (bioMerieux, Tokyo, Japan) characteristics of representative strains isolated from natural grasses.
[image: Table6]



3.4. Phylogenetic trees of 16S rRNA gene sequence

The phylogenetic trees of 16S rRNA gene sequences are shown in Figures 1–3. Strains in Groups A-C were placed in the cluster of genera Leuconostoc (Le.), since they were grouped on the tree together with Le. mesenteroides-subsp.-dextra, Le. Pseudomesenteroides, and Le. citreum. Sktrains in Groups D-G were identified as Weissellla and Pediococcus. Strains in Group D and E were newly described as the newly species Weissellla cibaria and Weissellla kimchii with similarity exceeding 99.0%. Strains in Group F and G were assigned to Pediococcus pentosaceus and Pediococcus acidilactici. Strains in H to K were clearly identified as Enterococcus faecium, Enterococcus durans, Enterococcus saccharolyticus, and Enterococcus faecalis, Strains in Group L were placed in the cluster of genus Lactiplantibacillus on the phylogenetic tree and clearly identified as Lactiplantibacillus plantarum by their sequence similarity at 100%, which was only presented in BN and CL silages.

[image: Figure 1]

FIGURE 1
 Phylogenetic tree showing the relative position of Leuconostoc, Weissella, Lactococcus, and Pediococcus species and representative strains isolated from natural grasses as inferred by the neighbor-joining method of complete 16S rDNA sequences with 1,000 replicates. Reference sequences of type strains from GenBank are used for comparison, Bacillus subtilis is used as the outgroup. The width is proportional to terminal branch lengths (1% sequence divergence, shown as a scale bar at lower right). Le., Leuconostoc; W., Weissella; L., Lactococcus; P., Pediococcus. Knuc, nucleotide substitution rates.


[image: Figure 2]

FIGURE 2
 Phylogenetic tree showing the relative position of Enterococcus species and representative strains isolated from natural grasses as inferred by the neighbor-joining method of complete 16S rDNA sequences with 1,000 replicates. Reference sequences of type strains from GenBank are used for comparison, Bacillus subtilis is used as the outgroup. The width is proportional to terminal branch lengths (1% sequence divergence, shown as a scale bar at lower right). E., Enterococcus. Knuc, nucleotide substitution rates.
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FIGURE 3
 Phylogenetic tree showing the relative position of Lactiplantibacillus species and representative strains isolated from natural grasses as inferred by the neighbor-joining method of complete 16S rDNA sequences with 1,000 replicates. Reference sequences of type strains from GenBank are used for comparison, Bacillus subtilis is used as the outgroup. The width is proportional to terminal branch lengths (1% sequence divergence, shown as a scale bar at lower right). L., Lactiplantibacillus. Knuc, nucleotide substitution rates.




3.5. Microbial community of native grass silages

The LAB community of native grass and their silages are shown in Table 7 and Figure 4. The microbial diversity of LAB consisted of 12 species: Le. mesenteroides-subsp.-dextra (2.08%), Le. pseudomesenteroides (8.33%), Le. citreum (2.08%), W. cibaria (4.17%), W. kimchii (6.25%), P. pentosaceus (6.25%), P. acidilactici (18.75%), E. faecium (29.17%), E. durans (2.08%), E. saccharolyticu (2.08%), E. faecalis (14.58%), and L. plantarum (4.17%). Furthermore, most species were homofermentative and accounted for 76.92% of total fermentation. Pediococcus acidilactici, E. faecium, and E. faecalis were the predominant species in native grass. After 30 days of fermentation, the dominant LAB species were E. faecium (37.50 to 44.44%) in BN and CL silages, E. faecalis (28.57%) in RM silage, and W. kimchii (28.57%) in SH silage. The dominance of particular microbes was not detected in other silages.



TABLE 7 The strains and source of LAB isolated from native grasses.
[image: Table7]
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FIGURE 4
 Community of lactic acid bacteria of native grass. BN, Baical Needgrass; CL, China Leymus; SH, Scabrous Hideseedgrass; RM, Ruthenia Medic; SP, Slenderleaf Pulsatilla.


A spearman correlation heatmap of the lactic acid bacteria and fermentation products at the species level was created to better understand the relationship between fermentation and the microbial community (Figure 4). pH and NH3-N were negatively correlated with L. plantarum, E. faecium, and Le. mesenteroides-subsp.-dextra., while lactic acid showed the opposite patterns. During ensiling, E. faecium used the WSC as a substrate to produce lactic acid and preserve forages, while WSC was significantly positively correlated with E. faecium.




4. Discussion

The importance of native grass as a feed resource in animal husbandry across China has been increasing. Since the weather has become unpredictable, silage production has become a better method of preservation than hay-making in the Inner Mongolian Plateau for ensuring high quality and long-term storage of these resources (Bu et al., 2021; Li Y. et al., 2022). Therefore, studies on chemical composition, fermentation quality, microbial community, characterization, and identification of lactic acid bacteria related to silage fermentation of native grasses in the Mongolian Plateau are necessary to help create good quality silage and for long-term storage.

DM content is one of the key factors in achieving fermentation quality. In this study, the DM contents of all silages were lower than the fresh native grasses, which is consistent with other studies (Fu et al., 2022). The hydrolysis of organic acid during ensiling also reduced the DM content (Zhao et al., 2018). In this study, during the ensiling, WSC was transformed into organic acid, ethanol, and carbon dioxide by microorganisms, resulting in high DM content that inhibited the growth of Clostridium spp., which often produces butyric acid and ammonia nitrogen in silage material (McEniry et al., 2011; Muck et al., 2018; Wang et al., 2018). Overall, the lower CP and WSC and higher NDF and ADF agreed with our previous study in meadow steppes (Hou et al., 2017; Du et al., 2020; You et al., 2021a).

The epiphytic LAB used WSC to produce sufficient lactic acid to reduce pH and inhibit the growth of harmful bacteria (He et al., 2021). The LAB of all native grasses presented more than 105 cfu/g of FM, conforming with our previous study on native grasses (Hou et al., 2017; Ge et al., 2018; You et al., 2021a). The lower LAB in silages may have caused the acid-tolerant aerobic bacteria, assisted in some cases by yeasts, to use some lactic acid and nutrients, which is in agreement with the results of Ge et al. (2018). Coliform bacteria were not detected in all silages because acidification might have inhibited the growth of undesirable bacteria. Zhang et al. (2015, 2016a) reported that the activity of LAB caused rapid acidification by the increased lactic acid content and decreasing pH value, which might explain the suppression of the activity of some microorganisms like coliform bacteria on the L. chinensis silage.

Ensiling is a process of complex microbial fermentation, resulting in organic acid accumulation. In this study, the native grass silages were well preserved with lactic acid produced, exceeding 0.58% FM (Ding et al., 2020). pH below 4.20 could result in good fermentation quality and inhibit harmful bacteria (Wang, Y. et al., 2019). In our study, the pH in native grass after 30 days of fermentation was 4.15–4.44, similar to the results by You et al. (2021a). After 30 days of ensiling, the CP content of native grass was decreased, which might have been caused by the degradation of proteins by microorganisms (Du et al., 2022). The change of CP and NH3-N contents in SP was the highest out of all silages, showing that there was some undesirable microorganism and accumulation of NH3-N during the ensiling of SP, which is consistent with the findings of Ni et al. (2017) that the harmful bacteria Sphingomonas elevated NH3-N and protein breakdown. Liu et al. (2022) reported that Fungi such as Aspergillus and Monascus had significant positive correlations with CP and resulted in the decrease of nutrients in meadow steppe.

Fresh native grass had lactic acid bacteria, aerobic bacteria, coliform bacteria, yeasts, and molds, whereas silages contained no coliform bacteria or molds, and lactic acid bacteria was the most abundant microorganism. According to certain studies, prevalent LAB were the main microbial community in forage and grass silages [corn, paddy rice, oat, and Italian grass (Ennahar et al., 2003; Cai et al., 2020; Fu et al., 2022; Li H. et al., 2022)]. Cai (1999) found that epiphytic microbial flora isolated from forages and grasses were species of Lactiplantibacillus and Streptococci, Enterococci, Lactococci, Leuconostocs, Pediococci, and Weissella with the predominant LAB being homofermentative L (+) lactic acid-producing cocci. In the present study, a total of 54 isolates were screened and purified. According to the gram-stain and catalase tests, 48 isolates were considered as LAB. All strains were characterized by sugar fermentative assays and were divided into 12 groups, representing five genera. It is difficult to identify the isolates by adopting the phenotypic technique for classifying species (Ni et al., 2015). Hence, based on the 16S rRNA gene sequence, strains were identified as Lactiplantibacillus (4.17%), Weissella (10.42%), Leuconostoc (12.5%), Pediococcus (25%), and Enterococcus (47.92%).

Generally, the homofermentative LAB L. plantarum, Enterococcus faecium, and Pediococcus acidilactici are used as commercial inoculants (Ennahar et al., 2003). The epiphytic LAB cocci grew vigorously in the early stages of ensiling and created an aerobic environment, but lactobacilli played a more important role in long-term fermentation (Cai et al., 1998). It was previously reported that Lactiplantibacillus promoted silage quality, with L. plantarum being the most prevalent species (Kung et al., 2003; Chen et al., 2014; Da Silva et al., 2014; Xu et al., 2021). However, Lactiplantibacillus only accounted for 4.17% of the total LAB microflora in the native grass silages of our study. Zhang and Yu (2017), reported that the LAB species of L. chinensis also included Lactiplantibacillus brevis and L. casei, but we did not observe them. Lactiplantibacillus plantarum (IAH14) was only found in Stipa baicalensis and L. chinensis with lower pH and higher lactic acid than in other native grass silages. This could be because the L. chinensis in our study was native, but that in Zhang’s study was cultivated (Zhang et al., 2016a).

Group L was identified as L. plantarum or L. pentoses. Hammes et al. (2005) reported that these two species are genotypically closely related and show highly similar phenotypes in the same 16S rRNA phylogenetic group with only a 2 bp difference. Nevertheless, the only way to distinguish this was through phylogenetic analysis of sequences of the 16S-23S rRNA intergenic spacer region (ISR) or recA gene sequence comparison (Tannock et al., 1999; Torriani et al., 2001). In this study, all strains were tested for their sugar fermentation profiles and were unambiguously identified as L. plantarum by carbohydrate utilization pattern, as it produces acid from melezitose, D-raffinose, and α-methyl-D-mannoside (Spano et al., 2002; Cao et al., 2010), which was different from L. pentoses. L. pentoses can be distinguished from L. plantarum by growing D-xylose and glycerol (Zanoni et al., 1987). Hence, Group I (IAH14 and IAH19) were similar to L. plantarum. As expected, Group I could regularly grow at pH 3.5 and weakly at pH 3.0, which showed tolerance to acidic environments. Enterococcus faecium and Pediococcus acidilactici were dominant species in native grass silages, which is supported by a study where the Enterococcus and Pediococcus were the most frequently found on the surface of forage crops and food products (Cai, 1999; Fugaban et al., 2021). In fact, numerous studies found that Enterococcus and Pediococcus are active when pH > 5.0 and dominant in the early stages of ensiling, producing greater lactate concentration for further fermentation. In our study, the Pediococcus (Group F and G) and Enterococcus (Group H-K) could not grow in a low pH (<4.0) condition, which is in agreement with our previous study (Cai, 1999). The final pH of all silages was >4.0 after 30 days of ensiling, thus, some butyric acid fermentation might have occurred, but did not promote silage fermentation.

In Figure 5, we found L. plantarum was positively correlated with LA and negatively correlated with pH value, which is in accordance with Fang et al. (2022). The LA and the AA contents were negatively correlated with E. faecalis, in agreement with a previous study that illustrated the same (Fang et al., 2022). In addition, it was reported that W. paramesenteroides was the most abundant species of Weissela in forage silage (Libonatti et al., 2019; Wang, S. et al., 2019). However, Chen et al. (2010) found that W. cibara was the most abundant species in mulberry farms. This study did not find any W. paramesenteroides in native grass. Ennahar and Cai (2004) reported that W. cibaria and W. kimchii displayed very similar sugar-fermentation patterns and produced the D-form of lactic acid, which indicated that W. kimchii was a later heterotypic synonym for W. cibaria. Therefore, the strains IAH 43 and IAH 46 from our study, should belong to W. cibaria. In a previous study on fresh fruits and vegetables, W. cibara strain TM128 decreased infection levels of fungi by 50% (Ennahar and Cai, 2004). Similar work done on durum wheat showed that W. cibara strain C21-4 had the strongest antifungal activity, therefore, it is speculated that W. cibara may protect the native grass from fungi. This study is the first report of Weissella strain in native grass from the Mongolian Plateau. Further studies are necessary to test the effect of W. cibara as an additive to maintain native grass silage quality. Additionally, Weissella was another dominant genus found in silages throughout fermentation (Guan et al., 2018).

[image: Figure 5]

FIGURE 5
 Spearman correlation heatmap of the lactic acid bacteria and fermentation products at species level. NH3-N, ammonia nitrogen; DM, dry matter; WSC, water-soluble carbohydrate; LA, lactic acid; AA, acetic acid. E., Enterococcus; L., Lactiplantibacillus. Le., Leuconostoc; W., Weissella; L., Lactococcus; P., Pediococcus. *p < 0.05, **p < 0.01, ***p < 0.001.


In Inner Mongolia, the studies on native grass silages have been increasing rapidly over the past 5 years (Hou et al., 2017; Ge et al., 2018; Du et al., 2020; You et al., 2021a; Li H. et al., 2022). The present study focused on L. plantarum and the silage fermentation of native grass. Future research must take into account this forage’s digestibility for sheep and cows, and how it affects the quality of mutton produced.



5. Conclusion

This study revealed that native grass has abundant LAB species and can be well preserved through silage. The strains P. acidilactici and E. faecium were the most frequently isolated from native grass silages as dominant species. Further studies about the LAB isolated from native grass and their use as additives in silage are needed for developing the potential inoculants for forge silages. Based on the chemical composition and silage fermentation, the Inner Mongolian meadow steppe produced good silage, which can help alleviate the burden of feed shortage in animal husbandry in China.
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The European Climate Law recently codified the goal for European climate neutrality by 2050, highlighting the need for sustainable farming practices within a robust and transparent carbon dioxide equivalent (CO2e) accounting system. In the present study, a series of equations were proposed for the estimation of CO2e emissions from corn silage fermentation. Systematic review of previous meta-analyses of corn silage fermentation identified the mean and standard deviation statistics for key model inputs of acetic acid, ethanol, lactic acid, ammonia, and volatile-corrected dry matter loss. Estimates of CO2e emissions were determined for a mock dataset comprising 1,000 iterations of randomly-generated values for each metric in accordance with mean and variance statistics of the source data. Estimates for CO2e emissions of corn silage based on meta-analysis review of laboratory experiments were 1.9 ± 5.6% (GWP20) and 0.2 ± 5.5% (GWP100) of silage dry matter. Furthermore, model results demonstrated a precedent for CO2 recycling by silage microorganisms, which was supported by genome annotation of strains belonging to common silage species. Linear model equations for GWP20 and GWP100 with inputs and outputs in mg kg−1 silage dry matter were developed, where inputs are acetic acid (A), ethanol (E), lactic acid (L), and volatile corrected dry matter loss (DV). Linear equations are (for GWP20; Eq. 11):
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and for GWP100; Eq. 12:
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1. Introduction

Recent passage of European Climate Law EU 2021/1119 (European Parliament and the Council of the European Union, 2021) codified the goal for European climate neutrality by 2050 and targeted a 55% reduction in net greenhouse gas emissions from 1990 levels by 2030. Accordingly, national emissions inventories are submitted by participating EU member nations, as well as the United States, to the United Nations Framework Convention on Climate Change. A major focus of such inventories is the emission of carbon dioxide equivalent (CO2e) greenhouse gases. As defined in the U.S. 40 CFR Part 98, Equation A-1, CO2e is the number of metric tons of CO2 emissions with the same global warming potential (GWP) as one metric ton of another greenhouse gas. Pursuant to the European Climate Law and the IPCC Guidelines for National Greenhouse Gas Inventories (Buendia et al., 2019), the agriculture, forestry, and land use sector is noted for its important contribution of CO2 sinks that are essential to the transition to climate neutrality. COM(2020)381 (2020) referred to as the EU Farm to Fork Strategy, describes the incentivization of sustainable farming practices within this important sector, especially those which abide within a robust and transparent carbon accounting system. Undoubtedly, land use and conservation are and will remain under pressure to maximize food and feed yields with tandem adoption of sustainable farming practices.

Methods of silage preservation have not yet been considered for their potential impact on sustainability. Optimal silage preservation improves efficiency of land use, conservation of natural resources by preserving nutrient yields, and farmer profitability, but dry matter losses during ensiling can readily exceed 7% of dry matter mass (Rota et al., 2012). As will be demonstrated in this review, optimal silage preservation further decreases direct CO2 and CO2e emissions to the environment. However, silage preservation is poorly represented in policy-based discussion of sustainable farming practices in deference to pesticide and fertilizer use and efficiency of animal production (COM(2020)381, 2020).

Where international policy encourages farmers to seek out and adopt sustainable farming practices, emissions originating from silage preservation do not have sufficient documentation in the European Union or United States emissions inventories to encourage adoption of good silage preservation practices. In fact, emissions from stored silage are excluded from the European inventory, (European Environment Agency, 2019) whereas many of the factors relating to silage production are inventoried in non-agricultural sectors. For example, although fertilizer use is inventoried with agricultural emissions in the “managed soils” category, agricultural fuel use is inventoried with the energy sector, and cropland is inventoried with the land use, land use change, and forestry (LULUCF) sector. Moreover, the Farm to Fork Strategy (COM(2020)381, 2020) highlighted agricultural emissions as 10.3% of European emissions, but named only improved animal production efficiency, decreased pesticide use, and decreased fertilizer use as key opportunities for ensuring sustainable food production, completely overlooking sustainable silage preservation practices as a viable means to reduce CO2e emissions.

Although the present work is focused solely on emissions from silage fermentation, the outcomes are relevant to broader carbon footprint analysis efforts at the level of animal production and farm operations. Quantitative sustainability and CO2e footprint efforts have been advancing for well over a decade in dairy (Del Prado et al., 2011; Adom et al., 2012; Henriksson et al., 2014) and beef production (Rotz et al., 2013). Holistic farm carbon footprint assessments have not been limited to feedstuffs, but have also considered the roles of feeds, nutrients, and additives on enteric methane emissions (Little et al., 2017; Meller et al., 2019; Bannink et al., 2020). Furthermore, life cycle and carbon footprint assessments of food products consider not only the mass of product produced, but the nutritional value that is produced (Lee et al., 2021).

Recently, the Global Feed LCA Institute (GFLI) developed a leading database of animal feed life-cycle assessments (Martin et al., 2017). The GFLI database adheres to globally accepted FAO and EU standards, especially FAO LEAP guidelines (FAO, 2016; FAO, 2020) and Feed PEFCR (European Commission, 2018). Although the scope of this work comprises neither a life cycle assessment of silage nor a holistic approach to farm carbon footprint modelling, results are anticipated to quantify CO2e emissions from silage that have not been considered previously and that will be made transparent for inclusion in CO2e accounting efforts. In this light, the documentation of silage emissions will enable the testing, validation, and adoption of emissions technologies, thereby creating new value to farmers and the food supply chain.

This study does not aim to quantify the effects of silage preservation methods on emissions, but rather, through systematic review and extension of previous meta-analyses, aims to define a standard by which silage emissions can be estimated. This aim specifically encompasses the derivation of an emissions model from what is known about silage fermentation and sets a precedent for inorganic carbon recycling in well-preserved silage. With such a standard in place, it is expected that methods resulting in more efficient silage preservation, lower direct emissions to the environment, and greater farmer profitability can be further recognized as robust and transparent CO2e emissions reducing technologies. The emissions model described in following sections considers that dry matter loss from silage is the most direct estimate of total emissions by mass, but not all emissions are comprised of CO2. Rather, dry matter loss is considered to encompass three critical fractions: (1) direct CO2 emissions from fermentation metabolism, (2) evaporation of non-CO2 volatile organic compounds (VOC), and (3) CO2 and metabolic water from aerobic respiration. These are equated to CO2e emissions in terms CM, CO, and CR in further sections.



2. Materials and methods


2.1. Statistical analysis

All statistical procedures were carried out using Statistix 10 (Analytical Software, Tallahasse, FL). Linear model terms and differences among means were significant where p < 0.05.



2.2. Estimating CO2e emissions from silage

A series of equations is proposed to account for CO2e emissions from silage preservation. In the equations that follow, all terms are scaled to units of mg kg−1 (ppm) values. Terms include concentration of lactic acid, acetic acid, ethanol, ammonia, dry matter loss, volatile-corrected dry matter loss, and the concentration of all minor VOC. Through systematic review and extension of data, the three fractions of dry matter loss stated above are equated to CO2e emissions. Methods stated in this section include minimal discussion of assumptions, with these concepts elaborated thoroughly in Discussion.


2.2.1. Direct CO2 emissions from fermentation

The first fraction of dry matter loss to be equated to CO2e emissions is direct CO2 emissions from fermentation metabolisms (CM). Direct CO2 emissions from fermentation specifically comprise CO2 produced from the decarboxylation of pyruvate in fermentation pathways. Fermentation products in silage are known to include lactic acid, acetic acid, ethanol, and numerous other VOC. A previous meta-analysis (Hafner et al., 2013) documented the mean concentration of 32 VOC in silage. This mean reported concentration (MRC) is re-iterated in Table 1. Also stated in Table 1 is the molar CO2 equivalent (MCE), which is the stoichiometric ratio of mol CO2 produced per mol of each fermentation product from a hexose sugar. Direct metabolic production of CO2 (calculated direct metabolic production of CO2 in mg kg−1; CDMP) for each VOC is calculated through Eq. 1:
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where variables MRC (mg kg−1), molar mass, and MCE for each compound are presented in Table 1, and constant 44.01 is the molar mass of CO2. Therefore, CDMP (Table 1) is the mass of CO2 released during the metabolism of a hexose sugar to each respective VOC.



TABLE 1 Volatile organic compounds in silage and molar equivalent CO2 release for metabolite production.
[image: Table1]

In equations that follow, hexoses comprise 65% of fermentable sugars and pentoses comprise the remaining 35%. The basis for this assumption is an ad hoc analysis of sugars in fresh, green chop corn silage samples (n = 6) conducted by Analab (Agri-King, Inc., Fulton, IL 61252) according to AOAC method 2018.16. Pentose sugars comprised 35.0 ± 9.6% (mean ± SD) of available sugars by mass.

Eq. 2 estimates total metabolic production of CO2 from the fermentation of sugars to acetic acid, ethanol, and minor VOC. Acetic acid and ethanol are common measures in silage, whereas other minor VOC are not. Therefore, concentration of acetic acid and ethanol are included as variables, whereas concentration of minor VOC is a constant. Table 1 documents that the minor VOC account for approximately 1.6 × 103 mg CO2 kg−1 silage dry matter. Where acetic acid and ethanol are quantified per kg silage dry matter and minor VOC are estimated at MRC, direct CO2 emission from metabolite production (CM) is calculated by:
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where CM is mg CO2, A is mg acetic acid, E is mg ethanol, MA is the molar mass of acetic acid (60.05 g mol−1), ME is the molar mass of ethanol (46.07 g mol−1), MC is the molar mass of carbon dioxide (44.01 g mol−1), constant 1.6 × 103 is the contribution from minor VOC at MRC, and constant 0.65 represents the portion of hexoses among total sugars from which acetate, ethanol, and minor VOC are derived.



2.2.2. Evaporation of non-CO2 volatile organic compounds

Estimates for CO2e emissions of non-CO2 VOC from silage dry matter comprise the evaporation of acetic acid, ethanol, and the minor VOC coupled with propensity to form low atmospheric (tropospheric) O3. These estimates are scaled as global warming potential (GWP) in CO2e equivalents on a mg kg−1 basis in silage dry matter on 20 year and 100 year horizons and are termed CO-20 and CO-100 (Terms named GWP20 and GWP100 are reserved for cumulative estimates of CO2e emissions).

Evaporation of VOC occurs at ambient temperature over a duration of many hours as silage faces are exposed and silage is further defaced, mixed into feed, and delivered into the feedbunk (Hafner et al., 2013; Robinson et al., 2016). Volatility coefficients of 0.554 and 0.991 (Porter and Murray, 2001) are applied to the concentrations of acetic acid and ethanol, which are variable in Eqs 3 and 4 below. Concentration of minor VOC is assumed constant at MRC, which was reported by Hafner et al. (2013). Estimated O3 formation from emitted VOC is listed as equal benefit incremental reactivity (EBIR) in Table 1 and also is adapted from Hafner et al. (2013). These data are extended in Table 1 to provide weighted mean EBIR for the minor VOC of 0.49.

The CO2e of O3 is stated as 2.04 on a 20 year horizon and 0.41 on a 100 year horizon. These values are derived as an extension of data reported by Ramaswamy et al. (2001), from an estimate of relative normalized radiative forcing (681.0; Table 2) amortized to the atmospheric lifetime of O3. This estimate is elaborated in Discussion. Constants in Eq. 3 and Eq. 4 of 6.2 × 103 and 1.3 × 103, respectively, describe the CO2e of the minor VOC based on concentration, EBIR, and GWP of O3. These constants are stated in Table 1. Therefore, the CO2e emissions of VOC through O3 formation are represented on 20 and 100 year horizons as CO20 and CO100 in Eq. 3 and Eq. 4, respectively.
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TABLE 2 Radiative forcing normalized to abundance of atmospheric compounds.
[image: Table2]



2.2.3. CO2 from respiration

Respired CO2 is estimated from empirically measured dry matter loss after subtracting mass lost through glycolysis and the evaporation of VOC. Respired mass is converted to mass of CO2 through molar ratios.

Eq. 5 determines mass lost to the production of pyruvate through glycolysis. Eq. 5 sums the molar concentration of pyruvate required for the manufacture of lactic acid (L), acetic acid (A), ethanol (E), and minor VOC (constant at 99.2 mmol kg−1). In Eq. 5, L, A, and E are in units of mg kg−1 and ML, MA, and ME the respective molecular weights for each compound. Mass losses from glycolysis to pyruvate are 3 g mol−1 and hexose sugars comprise 65% of fermentable sugars.
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Eq. 6 determines the mass of volatiles lost during determination of dry matter loss. Volatility coefficients are from Porter and Murray (2001) for drying at 60°C. In addition to variables A, E, and L stated for Eq. 5, ammonia in mg kg−1 is input as variable N.
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Eq. 7 further determines respired CO2 as term CR by subtracting terms P (from Eq. 5), CM (from Eq. 2), and V (from Eq. 6) from dry matter loss determined by oven dry matter. This estimate of respired mass is converted through molar ratios where 1 mol glucose is respired to 6 mol CO2, constant 44.01 is the molar mass of CO2 and constant 180.156 is the molar mass of glucose.
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Where volatile corrected dry matter loss (vcDML) is considered in later review and discussion, adapted equations include DV to denote vcDML as a substitute for oven dry matter loss (term D).



2.2.4. Modified equation for utilizing vcDML as input

Where vcDML is utilized in lieu of oven dry matter loss in Eq. 7, the equation term V (calculated in Eq. 6) should be equal to 6.2 × 103, to reflect only the evaporation of minor VOC that is assumed to be constant. This is the result of accounting for the evaporation of A, E, L, and N in the determination of vcDML, rather than in Eq. 6. With this modification in practice, vcDML as term DV is substituted for D in Eq. 7. It should again be noted that all equations are scaled to mg kg−1 values. This substituted equation is shown as Eq. 8:
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2.2.5. Sum of CO2e emissions

Where oven dry matter loss, lactic acid, acetic acid, ethanol, and ammonia are measured empirically in silage per kg dry matter, and minor VOC are present at MRC, total CO2e emissions are determined by the following equation:
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where CM is direct CO2 emissions from the fermentation of sugars to total VOC, CR is direct CO2 emissions from respiration, and COT is either CO20 or CO100 for O3 originating from emitted VOC.



2.2.6. Systematic review of silage fermentation metrics for estimation of GWP

Measures A, E, L, N, and D, which are inputs to Eqs 2 through 8, are known to be variable in fermented silage. Existing meta-analyses were reviewed to define mean and variance estimates for these measures to enable further estimation of mean and variance for GWP of corn silage fermentation.

Five meta-analysis studies were identified in which fermentation outcomes were characterized for untreated whole crop corn (maize) silages. Of these five studies, one analysis (Kasmaei et al., 2013) reviewed observations specifically from the Swedish University of Agricultural Sciences and did not specify observations from studies published in the literature. Three others reviewed the effects of a silage additive. Specifically, Kleinschmit and Kung (2006) reviewed the effects of Lentilactobacillus buchneri (formerly Lactobacillus buchneri; Zheng et al., 2020) compared with control and this analysis was updated and made more comprehensive by Arriola et al. (2021), whereas Da Silva and Kung (2022) reviewed the effects of a chemical additive compared with control. Lastly, Blajman et al. (2018) reviewed 104 published studies that included a control and were reported between calendar years 1980 and 2017.

Of the meta-analysis studies named, those by Arriola et al. (2021) and Blajman et al. (2018) are noted as the most comprehensive. The report by Blajman et al. (2018) failed to specifically cite each of the 104 works included in the analysis, whereas the meta-analysis by Arriola et al. (2021) provided complete citation of studies (Supplementary Table S1; Arriola et al., 2021). This provision of references enabled further examination of data and methods, which was necessary since this report summarized fermentation outcomes from multiple ensiled forage types (62 studies of corn silage out of 158 studies in the meta-analysis). Because of the comprehensive scope and transparency of data, the values and uncertainties reported by Arriola et al. (2021) were considered to be the best available meta-data to describe the fermentation outcomes of corn silage.

Mean and standard deviation for A, E, L, N, and D were summarized for treatment means of control corn silage samples in the meta-analysis by Arriola et al. (2021). Since not all studies reported each metric, the number of studies and the number of treatment means reported were also summarized.

Data summarized by Arriola et al. (2021) were further extended to estimate vcDML. Studies reviewed by Arriola et al. (2021) were examined to determine if dry matter loss was reported directly as vcDML or as oven dry matter loss, as shown in Table 3. Of the 35 studies that reported a dry matter loss value, 4 studies reported vcDML directly, and another 30 studies reported oven dry matter loss with additional data on the concentration of fermentation products such as lactic acid, acetic acid, ethanol, and ammonia. With the aim of summarizing vcDML from these studies in the meta-analysis, a vcDML value was calculated for each treatment mean using coefficients described by Porter and Murray (2001). Namely, where oven dry matter was determined by drying at 60°C, volatility coefficients for lactic acid, acetic acid, ethanol, and ammonia were 0.090, 0.554, 0.991, and 1.003, respectively. Where oven dry matter was determined by drying at 100°C, the same respective coefficients were 0.375, 0.892, 0.975, and 0.987.



TABLE 3 Evaluation of dry matter loss in studies summarized by Arriola et al. (2021).
[image: Table3]

Of the 30 studies and 61 treatment means for which a vcDML value was obtained, approximately half (15 studies, 30 treatment means) provided incomplete data on the concentration of fermentation products. Each of these studies did report lactic and acetic acids, each study omitted ammonia as a % of dry matter, and 8 studies omitted ethanol. Where either ammonia, ethanol, or both values were omitted, calculations for vcDML were populated with the mean ethanol or ammonia value reported in Table 4.



TABLE 4 Mean fermentation values and uncertainties in corn silage based on meta-analysis by Arriola et al. (2021).
[image: Table4]




2.3. Estimation of GWP20 and GWP100 with randomly generated data

With the aim of providing mean and variance estimates for GWP20 and GWP100 of corn silage fermentation, the mean and standard deviation of A, E, L, N, and DV from Tables 3, 4 guided the generation of random data as a mock dataset with 1,000 iterations of each metric. The mean and SD for each metric determined by Arriola et al. (2021) were used as boundaries in the data generation step and are reiterated in Table 5. Term D was dropped from the analysis in favor of utilizing DV as input for estimates.



TABLE 5 Parameters for generation of random data.
[image: Table5]

All source data for each of the metrics in Table 5 were found to be distributed non-normally by Shapiro–Wilk normality test. Since random generation of data with a normal distribution would therefore be incompatible with the source data, values were transformed using a Box-Cox transformation for all metrics except lactic acid, for which a square root transformation was optimal. Box-Cox optimal λ value for each metric was determined by inputting indexed source data into an online tool.1 In order to accomplish the Box-Cox transformation for DV, data were first adjusted by +10 to render all values positive. The Box-Cox transformation function for DV was:
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Table 5 further documents the mean and SD of the transformed values. For each metric of A, E, L, N, and DV, transformed mean and standard deviation were used as input values for population mean and variance for the generation of random data (1,000 iterations) with normal distribution via an online tool.2 Randomly generated data were then back-transformed and assembled into a dataset of 1,000 mock silage samples. Then, GWP20 and GWP100 were calculated for each mock sample according to Eqs 2 through 6 and Eqs. 8 and 9. Therefore, each GWP20 and GWP100 estimate was produced from data that abided by the population statistics of the original non-normal source data summarized by Arriola et al. (2021). Values for GWP20, GWP100 and model terms CM, CO20, CO100, and CR were summarized as mean, SD, and SEM for the dataset of 1,000 mock samples (Table 6).



TABLE 6 Estimates of GWP20 and GWP100 and associated model terms from randomly generated population data.
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2.4. Derivation and validation of linear models for GWP20 and GWP100

The authors assert that Eq. 1 through Eq. 9 are cumbersome and prohibitive to the practical application of GWP estimates for silage fermentation. To simplify the set of equations for practical use, the mock dataset was subject to linear regression to derive coefficients for the direct estimation of GWP20 and GWP100 from empirical measurements A, E, L, N, and D, using each as an unforced, independent starting variable. It should be again noted that vcDML as term DV was substituted for D in the mock data, such that term V (calculated in Eq. 6 and input in Eq. 7) was constant at 6.2 × 103 mg kg−1. Because N is only considered in Eq. 2 through Eq. 7 with regard to dry matter loss, and term DV was inputted to the regression, N was already accounted for by term DV. Therefore N was not anticipated to be a significant model term, although its determination in silage is essential for calculating DV.

Whereas linear model equations were derived from the mock dataset, the model was validated against the original source data. Values for GWP20 and GWP100 were calculated by using Eqs. 2 through 9 and by using respective linear model equations. Identical values between the two methods revealed, as expected, that the linear model accurately condensed Eqs 2 through 9 and was therefore valid.



2.5. Genome annotation of silage microorganisms

As will be presented in further sections, model outcomes indicated a strong likelihood for inorganic carbon recycling during corn silage fermentation. To augment review that is presented below, the authors queried publicly available genomes of four common silage organisms to evaluate the presence of 10 known genes, including aquaporin GlpF, carbonic anhydrase, and several carboxylase enzymes known to incorporate bicarbonate ion into organic biomolecules. Query strains were Lactiplantibacillus plantarum SK151, Levilactobacillus brevis NPSQW145, Lentilactobacillus buchneri ATCC4005 (all formerly classified as Lactobacillus, Zheng et al., 2020), and Lactococcus lactis LAC640. Open reading frames from each genome were predicted using Prokka v1.14.6 (Seemann, 2014) and annotated using eggNOG-mapper v2 (Cantalapiedra et al., 2021). Gene matches identified in the annotations were confirmed by BLAST search.



2.6. Data availability

All silage fermentation profile data used to define model constants were generated or adopted from published sources as cited. All genomes of common silage inoculant bacteria are freely available through the National Center for Biotechnology Information GenBank database. GenBank accession numbers for each genome are provided in Supplementary Table S1.




3. Results

Principal findings of the present work comprise estimates of mean and variance statistics for corn silage fermentation outcomes and estimates of GWP20 and GWP100 based on extension of these primary data.


3.1. Corn silage fermentation outcomes

Review and extension of the data reported by Arriola et al. (2021) resulted in mean and variance estimates for measures A, E, L, N, D, (Table 3) and DV (Table 4). These estimates guided the generation of random data for a mock dataset to inform estimates of GWP20 and GWP100. Specifically, term DV was estimated at 1.1 ± 3.8% of silage dry matter, whereas oven dry matter was reported at 3.6 ± 3.4%. Analysis shown in Table 4 further summarizes this term. Importantly, vcDML for samples dried at 60°C was 1.2 ± 3.9%, but was−1.9 ± 3.3% for samples dried at 100°C. This notable difference was observed despite applying two different sets of volatility coefficients as prescribed by Porter and Murray (2001). The validity and implications of DV < 0 are elaborated in Discussion.



3.2. Estimation of GWP20 and GWP100 with randomly generated data

Estimates for GWP20, GWP100 and associated model terms CM, CO-20, CO-100, and CR are recorded in Table 6. Notably, Eqs. 1 through 7 operate in units of mg kg−1, but outcomes were converted to percentage units for display in Table 6. The GWP20 of corn silage fermentation (mean ± SD) was estimated at 1.9 ± 5.6% of silage dry matter, whereas GWP100 was estimated at 0.2 ± 5.5%. Respective mean ± SEM values are 1.9 ± 0.2 for GWP20 and 0.2 ± 0.2 for GWP100. Therefore, GWP20 was significantly greater than zero (analyzed by one-sample t-test), whereas GWP100 was not significantly different from zero (p = 0.267).

Model term CR was estimated at-1.8 ± 5.5% of dry matter (mean ± SD). This value again is significantly differently from zero (mean ± SEM of-1.8 ± 0.2; p < 0.001). The validity and implications of DV < 0 and CR < 0 are elaborated in Discussion.



3.3. Derivation of linear models for GWP20 and GWP100

Linear regression procedures produced a simplified linear model equations for GWP20 and GWP100 to substitute for cumbersome Eqs. 2 through 9. The linear model established by regression for GWP20 was:

[image: image]

where variables A, E, L, and DV are the concentration of acetic acid, ethanol, lactic acid, and volatile corrected dry matter loss on a dry matter basis, respectively, and all values are expressed in mg kg−1. The linear model established by regression for GWP100 was:

[image: image]

where variables and model constraints are as described for Eq. 11. Because the linear equations were derived from a set of mathematical equations (Eq. 2 through Eq. 9), model R2 = 1 and coefficient standard error values were 0.



3.4. Genome annotation of silage microorganisms

Genes of interest for their roles in inorganic carbon assimilation are described in Table 7 and their gene copy number within query genomes is shown in Figure 1. As shown in Figure 1, each of the 10 genes of interest for their roles in inorganic carbon assimilation were identified in one or more of the evaluated strains. At least one copy of both aquaporin glpF was present in all of the strains. Carbonic anhydrase (cah) was present in the Lactobacillus and Lactiplantibacillus genomes, but not in Lactococcus lactis. Lactiplantibacillus plantarum was found to harbor all genes of interest and carried a greater number of genes than the other strains. Sequences from query-matched open reading frames are documented in Supplementary Table S2. The results from related BLAST searches are documented in Supplementary Table S3.



TABLE 7 Genes queried in analysis for inorganic carbon assimilation functions in common silage organisms.
[image: Table7]
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FIGURE 1
 Prevalence of carbonic anhydrase and carboxylase genes, and the aquaglyceroporin glpF identified in common silage species.





4. Discussion


4.1. Key model terms

Text provided in Materials and Methods was limited to information that was immediately pertinent to CO2e model equations. That information provided sufficient background and logic in most cases, but elaboration on a few critical points is provided here.


4.1.1. GWP of O3

The GWP20 and GWP100 for O3 have not been reported previously, so the estimates utilized in model equations comprise a novel extension of data reported by Ramaswamy et al. (2001). Additionally, GWP as CO2e is undefined for the VOC produced in silage. As stated previously, the propensity of each VOC for O3 formation in the low-atmosphere (troposphere) has been described by measure of equal benefit incremental reactivity (EBIR), which is used for estimation of GWP based on the radiative forcing equivalent of tropospheric O3.

Most reports discussing tropospheric O3 do not directly acknowledge a CO2e GWP value and instead document a relative change in atmospheric radiative forcing (Iglesias-Suarez et al., 2018). However, a comparison of reported values for increased atmospheric abundance and radiative forcing for CO2, CH4, and O3 (Table 2), amortized for the atmospheric lifetime of O3, allows for an estimation of GWP. Ramaswamy et al. (2001) reported atmospheric abundance and radiative forcing for CO2 and CH4 in the modern era compared with pre-industrial levels. Where the increase in radiative forcing from the respective compounds is normalized to increased atmospheric abundance, CH4 is found to contribute to radiative forcing at approximately 27.4 times the magnitude of CO2, which agrees with the GWP100 value for methane of 25 that is utilized in the United States greenhouse gas inventory (EPA, 2022). Applying the same calculation to estimates of tropospheric abundance and radiative forcing of O3, tropospheric O3 is found to contribute to radiative forcing at a magnitude of approximately 681.0 times that of CO2. For approximate GWP estimation, this relative radiative forcing equivalent for tropospheric O3 is amortized to the estimated atmospheric lifetime of the compound, where O3 is short-lived with estimated atmospheric lifetime of 22 days (Brasseur et al., 2001; Goldberg et al., 2015). Therefore, estimates for GWP20 (20 year horizon) and GWP100 (100 year horizon) for tropospheric O3 are approximately 2.05 and 0.41 CO2e, respectively. These are the constants that are used in Eqs 3 and 4to estimate the GWP of VOC that result in O3 formation.



4.1.2. Volatile corrected dry matter loss and respired CO2

A complete understanding of the estimates in literature for vcDML (also term DV) is further critical for comparing the stoichiometric estimates of CO2 production within silage, which are terms CM and CR (Eqs 2 and 8, respectively). Results of model equations demonstrate that vcDML measurements do not agree with stoichiometric projections for CO2 production, as evidenced by the mean negative value for model term CR. Term CR is fundamentally derived from the difference between empirically measured dry matter loss and estimates of other volatilized mass based on fermentation outcomes. Where respiration occurs to a substantial degree, term CR should be a positive value. Where this term is negative, however, less dry matter loss is observed than should be observed if all projected CO2 is emitted from silage, even during the drying process of laboratory analysis. Since term CR is significantly negative, it is hypothesized that the meta-data of Arriola et al. (2021) demonstrate CO2 recycling within silage with microbial metabolism within silage facilitating this CO2 recycling event.




4.2. CO2 recycling by silage microorganisms

In the estimation of GWP20 and GWP100 for silage fermentation, Eq. 2 through Eq. 9 have established three model terms CM, CO (as CO-20 or CO-100), and CR. As stated previously, term CM estimates true CO2 that is requisitely produced by the decarboxylation of pyruvate to acetyl-CoA during the fermentation of sugars to lactic acid, acetic acid, and minor VOC. This estimation of true carbon dioxide production is compared with an estimate of dry matter loss (or volatile-corrected dry matter loss by substitution of Eq. 6 with a constant) to derive term CR, which is an estimate of CO2 from respiration. Results in Table 6 document a mean negative value (−1.8 ± 5.5; mean ± SD) for term CR, which indicates that less carbon dioxide is produced than the amount estimated by term CM.

There is ample evidence in the literature of respiration during the first phase of ensiling, and this paradigm is not disputed here. As reviewed by McDonald (1981), oxygen in an air-tight silo is depleted by respiring plant material within 30 min of ensiling, long before most microorganisms are known to escape the fermentation lag phase. As further reviewed by Ruxton and McDonald (1973), oxygen infiltration to the silo has long been known to promote the growth of aerobic (respiring) microorganisms and to result in higher silage pH, lower lactic acid concentration, temperature rise, and greater dry matter loss (Ruxton and McDonald, 1973). Oxygen-induced respiration in silage has been further modeled to predict dry matter loss (Pitt, 1986), whereas application of oxygen barrier film covering has been proven effective for decreasing dry matter loss in silage in more recent years (Wilkinson and Fenlon, 2014; Wilkinson and Rinne, 2018). Therefore, the authors assert that the negative value for term CR noted above does not describe an absence of respiration, but rather that the amount of CO2 estimated to be emitted from silage is less than the amount of CO2 that should be derived from the fermentation of sugars to organic acids. This estimation is the mathematical basis for proposed CO2 recycling in silage by silage microorganisms.

The above examples further highlight that observations of silage at commercial scale have driven much of the interest in laboratory scale silage research, where differences between these two scales of work are evident. This primary difference is the magnitude of dry matter loss, which is driven by total oxygen exposure. The results of the present work document that at laboratory scale, vcDML was 1.2 ± 3.9% of dry matter. Laboratory scale conditions are typified by small silos constructed of PVC or air-tight plastic material that is tightly sealed and regarded as impermeable to oxygen. No such presumption of absolute impermeability exists at commercial scale, where bunker silos are generally regarded as oxygen-permeable (Pitt, 1986). Reports of commercial-scale dry matter loss are infrequent in the literature, especially compared with laboratory-scale data, but Rota et al. (2012) noted that dry matter loss at commercial scale readily exceeds 7% of dry matter, whereas Pitt (1986) estimated that typical losses can be approximately 1–3% per month of storage. Bolsen et al. (1993) documented dry matter loss in the top 25 cm of silage stored in bunker silos and demonstrated that even polyethylene-covered silage can succumb to dry matter loss approaching 20% of dry matter, which is nearly triple the magnitude of loss for silage at a depth of 75–100 cm from the bunker surface. These data by Bolsen et al. (1993) do support that silage deep in a bunker is much less permeable to gas diffusion than silage near the bunker surface, which applies both to atmospheric oxygen and also to silage gases such as CO2, which are produced in the silage.

Although this key difference between laboratory and commercial-scale study systems exists, there is no basis for the fundamental nature of metabolic processes to be different between systems. Certainly, the magnitude of respiration is greater at commercial scale than at laboratory scale, just as has been discussed, but pathways for respiration to CO2, or fermentation to organic compounds, abide by the same metabolic course. This fundamental nature of metabolism is captured by Eqs. 2 through 9, which further serve as the basis for linear model Eq. 11 and 12. Therefore, although the metrics of fermentation outcomes and dry matter loss are likely to differ between laboratory and commercial scales, the present model is robust to these differences by means of its basis in the metabolic pathways of fermentation and respiration.

The CO2e emissions footprint of silage fermentation, documented in Table 6, was produced from source data entirely from laboratory-scale experiments. Application of the present model for silage fermentation at commercial scale will be dependent on empirical measurements of commercial silage. The authors propose especially that experiments are needed in commercial bunker silos and bag silos to determine vcDML and other model inputs for the sound estimation of GWP20 and GWP100, as well as for determining the effects of ensiling practices such as packing, covering, use of oxygen barrier film, and application of inoculant.

Just as the physiological basis of fermentation and respiration validate laboratory-scale silage research, term CR in the present modeling effort indicates a mathematical basis for CO2 recycling in silage. Such a mechanism is not without precedent. Over 80 years ago, Krebs (1941) reviewed CO2 assimilation in heterotrophic bacteria. In the preceding decade, carbonic anhydrase, responsible for catalyzing the reversible hydration of CO2 to H2CO3 (and the further dissociated bicarbonate ion) had been discovered by two independent teams, but not evaluated in bacteria (Meldrum and Roughton, 1933; Stadie and O’Brien, 1933). Much later, carbonic anhydrase was isolated and purified from bacterial species and its properties described (Veitch and Blankenship, 1963; Adler et al., 1972; Brundell et al., 1972). Smith and Ferry (2000) reviewed these and further advancements in prokaryotic carbonic anhydrases, including the discovery of two additional classes (β and γ) of the enzyme that were found to be widespread and dominant in bacteria, compared with the well-described α class of eukaryotic cells (Alber and Ferry, 1994; Smith et al., 1999; Smith and Ferry, 1999). Of note, Smith et al. (1999) demonstrated that although α class carbonic anhydrase enzymes were rare throughout archaeal and bacterial domains, the other classes of the enzyme were widespread, especially in chemolithoautotrophs for which CO2 fixation may depend on bicarbonate ion generated from carbonic anhydrase.

Later, Arsène-Ploetze and Bringel (2004) noted that many lactic acid bacteria, including Lactiplantibacillus (formerly Lactobacillus) plantarum, Enterococcus faecalis, and Enterococcus faecium, are stimulated by inorganic carbon and are properly described as capnophillic, encoding not only carbonic anhydrase of the prevalent γ class, but also of the rare α class. Each of these organisms are prevalent among native lactic acid bacteria in silages (Langston and Bouma, 1960; Callieri and Malacalza, 1974; Mcdonald, 1981), with L. plantarum and E. faecium (formerly Streptococcus faecium) also used commonly as silage additives.

Yet other researchers have described the mechanisms of CO2 transport across microbial cell membranes. Michenkova et al. (2021) recently reviewed several factors that contribute to transmembrane CO2 diffusion and permeability. Citing the work of Gutknecht et al. (1977) and Musa-Aziz et al. (2014) alongside new experiments, they demonstrated that intracellular carbonic anhydrase activity could increase the cellular influx of CO2. As CO2 was converted to carbonic acid within the cell, intracellular CO2 decreased. In turn, this increased the CO2 gradient between extracellular and intracellular spaces and increased CO2 permeability.

Additionally, Michenkova et al. (2021) described cell membrane modifications such as aquaporins that could allow for CO2 permeability. Aquaporins are a family of pore proteins that facilitate the selective flux of small molecules across the cell membrane. In Nakhoul et al. (1998) demonstrated that human aquaporin AQP1 acted as a CO2 channel. This was the first demonstration of gas movement through a membrane pore. The bacterial glycerol facilitator uptake protein (glpF) is an aquaglyceroroporin, which is an aquaporin subfamily. Protein glpF is known to export lactic acid from the cytosol and is commonly encoded for in lactic acid bacterial genomes. As with other aquaporins, glpF is known not only to transport CO2, but is less selective and more permeable to CO2 than human AQP1 (Hub and de Groot, 2008). Although these concepts of pure cell physiology have been reviewed extensively in the past (Boron et al., 2011; Endeward et al., 2014; Michenkova et al., 2021), their application to CO2 fixation in silage has never been documented.

The results of genome annotation review by these authors mostly agree with Arsène-Ploetze and Bringel (2004), including the absence of carbonic anhydrase in L. lactis. However, in the present review, no more than one carbonic anhydrase gene was detected in each of the genomes. Notably, L. plantarum was found to have greater carboxylase gene redundancy than the other strains in the analysis.

Higher gene redundancy does not directly translate to higher expression of these genes, but the differences detected in gene presence may indicate the potential for inherent metabolic distinctions between species (Hahn, 2009; Bratlie et al., 2010). Metabolic differences among species of LABs are evident, with L. plantarum and L. lactis classified as homofermenters of carbohydrates to lactic acid and L. buchneri and L. brevis classified as heterofermenters of carbohydrates to lactic acid and acetic acid or ethanol (Gänzle, 2015; Wang et al., 2021). Heterofermentation of glucose produces CO2 into the silage system, which potentially affects the activity of carbonic anhydrase and the expression of carboxylase genes. However, inoculation of corn silage with heterofermentative bacteria has been shown to result in greater dry matter loss than inoculation with homofermentative LABs, suggesting the released CO2 is not entirely recaptured (Tabacco et al., 2011). The observation of carboxylase pathway redundancy in Lactiplantibacillus plantarum, a homofermenter, is therefore striking from both aspects of potentially lower CO2 production from fermentation (CM) and potential CO2 recycling (CR). Both homo-and heterofementing LAB species have been studied as silage inoculants and these metabolic differences have been extensively covered in other literature (Muck et al., 2018).

Only a small subset of silage-relevant LAB species were analyzed in this study, so whether these pathways are widely distributed among species, either inoculated or native to silage, remains to be determined. As there are currently no transcriptomic studies describing bacterial gene expression during the ensiling process, the prevalence and timing of carbonic anhydrase and carboxylase gene expression also is unknown. Future experiments utilizing quantitative gene expression of carbonic anhydrase and carboxylase enzymes, may help to elucidate the prevalence of this mechanism within the silage environment.

Aside from genomic potential, silage conditions are indeed favorable for CO2 recycling pathways. Arsène-Ploetze and Bringel (2004) specifically noted that fermentation environments, especially where association with respiring organisms is prevalent, are rich in inorganic carbon as a substrate for numerous carboxylation reactions in lactic acid bacteria. A possible precedent for a CO2 recycling event has been recorded by Li et al. (2017), who documented negative change in silo headspace pressure and respiratory quotient (RQ) < 1 during the first 5 h of ensiling, albeit net positive change in CO2 concentration in the silo. Li et al. (2017) attributed these results to the dissolution of CO2 in silage water, whereby the greater solubility of CO2 compared with O2 was purported to account for the loss of gaseous mass from the headspace.

In essence, this observation identified that less CO2 was produced in the headspace than what should have been produced if RQ = 1. The outcomes of the present modeling effort also support this notion, but the primary result of the present findings is that model term CR is consistently negative, and this outcome is tied to empirical findings of dry matter loss, which should account for dissolved CO2 in silage water by virtue of the drying process. It is important to note that Li et al. (2017) proposed CO2 dissolution kinetics by means of carbonic acid formation and further dissociation to bicarbonate ion, but there is ample precedent for simple diffusion or channel-mediated transfer of gaseous CO2 in the biological systems, as described above. The purpose of discussing these diffusion kinetics is to further extend that gaseous CO2, if dissolved into silage water, should be accounted for in our estimation of term CR. Therefore, we extend that this discrepancy is not solely accounted for by dissolution kinetics, but rather that it is highly likely for CO2 to be recycled, especially by means of intracellular carbonic anhydrase and carboxylase activities.

In addition to farm-scale work and transcriptomic studies already proposed, future work must aim to quantify the proportion of available CO2 in a silage environment that is recycled by such pathways in silage microorganisms. A likely means for such a study is the use of isotopically-labelled CO2 or substrates in a silage experiment. Theoretically, the value of term CR can be justified by measuring the proportion of CO2 recycled by cells as a proportion of respired CO2 if both respiration and CO2 assimilation can be accounted for. Experiments utilizing isotopic carbon are likely to be fruitful in this regard.

For silage microorganisms with membranes permeable to CO2, the influx of CO2 to the cytosol pushes equilibrium to favor the formation of carbonic acid and the further dissociated bicarbonate ion. As a charged ion, bicarbonate is less permeable to the cell membrane than dissolved CO2. Equilibrium favoring dissociated bicarbonate ion is especially favored in the near-neutral cytosol as the pKa of carbonic acid has been empirically determined at 3.49 ± 0.05 (Pines et al., 2016), a value revised from previous calculations (Tossell, 2005). In fermenting microorganisms, the CO2-rich environment of silage similarly favors CO2 diffusion across the cell membrane to the cytosol, where equilibrium again favors formation of carbonic acid and bicarbonate ion, especially in microorganisms utilizing carboxylase pathways. This proposed mechanism fully agrees with the high prevalence of capnophillic lactic acid bacteria that are commonly observed in silages. Therefore, where GWP estimates of silage fermentation are considered, the documentation of negative values in the statistical uncertainties does not disagree with precedent in the literature for CO2 recycling by silage microorganisms. Manipulation of silage bacteria and the use of optimal ensiling procedures holds great promise for decreasing silage CO2e emissions and perhaps even the sequestration of inorganic carbon.



4.3. Implications of silage for national emissions inventories

It was previously noted that silage fermentation is excluded from national emissions inventories that are reported to the UNFCC. The USDA reported 130.3 Mt. of corn silage harvested from United States cropland in 2021 (NASS, USDA, 2022). Arriola et al. (2021) reported mean dry matter of 32.0% (data not shown), for an estimated 41.6 Mt. of corn silage dry matter. With GWP20 of 1.9 ± 5.6% of silage dry matter calculated in the present work, corn silage fermentation is projected to account for 791 kt of CO2e on a 20 year horizon. On a 100 year horizon (GWP100 of 0.2 ± 5.5%), CO2e emissions total approximately 83 kt, although the 95% confidence interval demonstrates that this value is not significantly different from 0. For additional perspective, the CO2e footprint of corn silage production has been estimated at approximately 200 g CO2e per kg dry matter, or approximately 20% by mass (Adom et al., 2012).

The low 95% confidence limit extends the possibility of GWP100 from corn silage fermentation to -10.8% of silage dry matter. In practice, this value does not seem sensible or achievable, considering that respired losses from silage have long been considered inevitable. However, as discussed, silage studied at the laboratory scale clearly demonstrates the possibility for negative vcDML and inorganic carbon recycling. Rather than quantify the value of U.S. corn silage as a potential emissions sink at the extreme low value of the 95% confidence interval, it shall suffice to simply project the value of incrementally improved silage preservation. In Eq. 12 above, a decrease in vcDML of 1 percentage point (i.e., from 2 to 1% vcDML) equates to a 1 percentage point decrease in GWP100 if other fermentation metrics such as organic acids and ethanol remain constant. This magnitude of change is within the bounds of current silage preservation techniques such as packing, covering, and inoculating silage (Goeser et al., 2015; Borreani et al., 2018). At the scale of U.S. corn silage production, one such increment would amount to a reduction of 416 kt CO2e.

In the 2020 U.S. national emissions inventory (EPA, 2022), the agricultural sector accounted for 594.7 Mt. of CO2e emissions. The estimate for GWP100 from corn silage fermentation at national scale (83 kt and not statistically different from zero) is far below any other itemized source and is therefore not a meaningful CO2e source. Optimal silage preservation practices that sink inorganic carbon in silage could be meaningful to the national inventory if a net reduction in CO2e emissions of approximately 1 to 2 Mt., which is the approximate threshold for itemization, can be achieved.



4.4. Conclusion

The key conclusions drawn from this work encompass logical consideration of silage fermentation emissions, mean and variance estimates for silage fermentation outcomes, estimates and uncertainties for CO2e emissions from silage, a linear equation for estimating emissions from singular silage samples, and an established precedent for CO2 recycling by silage microorganisms. CO2e emissions from silage are the sum of CO2 produced as the metabolic outcome of pyruvate decarboxylation, O3 resulting from the evaporation of VOC, and respiration. The review by these authors of previously published meta-analyses indicates that mean and variance (SD) estimates for silage fermentation outcomes (% of dry matter) are lactic acid concentration of 5.4 ± 2.2%, acetic acid concentration of 1.6 ± 0.8%, ammonia concentration of 0.2 ± 0.3%, ethanol concentration of 1.0 ± 0.8%, and volatile corrected dry matter loss of 1.1 ± 3.8%. Estimates for CO2e emissions produced from mock data were (for GWP20) 1.9 ± 5.6% (mean ± SD) with 95% confidence limits of-9.2 to 13.1% of dry matter. Similarly, GWP100 was estimated at 0.2 ± 5.5% of dry matter with 95% confidence limits of-10.8 to 11.2% of dry matter. The linear equations for estimating CO2e emissions from silage, where all inputs and outputs are expressed in mg kg−1, were (for GWP20; Eq. 11):

[image: image]

and for GWP100; Eq. 12:

[image: image]

where A is acetic acid, E is ethanol, L is lactic acid, and D is volatile corrected dry matter loss. Finally, where silage microorganisms are capable of recycling CO2, fermented silage as animal feed has significant potential for decreased emissions, even so far as a carbon sink, by the application and manipulation of silage bacteria.
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Introduction: Ensiling whole-crop oat (Avena sativa L.) has attracted a growing interest in the Qinghai-Tibet Plateau. The study aimed to investigate the microbial community and chemical composition of fresh and ensiling oat harvested from six different elevations of the Qinghai-Tibet Plateau.

Method: The oat (A. sativa L. cv. Qingyin No. 1) was planted in six different sites across Qinghai-Tibet Plateau (BM, Bomi County; BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County), where the elevations were in the range of 2,800–4,500 m above sea level (a. s. l.). Oat was harvested at the milk stage and ensiled for 90 days.

Results: The highest crude protein (CP) and lowest water-soluble carbohydrate (WSC) were observed in fresh oat of SN and BM, respectively, however, no distinct gradient trend in WSC and CP concentrations along the elevation gradient. The lowest LAB counts in fresh oat from the highest elevational regions of SN. After 90 days of ensiling, the pH in all oat silages was lower than 4.2, and silages from SC and SN showed a lower pH and butyric acid concentration, and higher lactic acid (LA) concentration than silages of other regions. The oat silage from BR showed the lowest LA concentration and the highest pH. The bimodal distributions of fungal and bacterial richness in fresh oat along the elevation gradient were observed, while the elevation gradients did not affect the fungal Shannon index in fresh oat. Dioszegia, Cladosporium, and Vishniacozyma were the prevalent fungal genus in fresh oat, while Wickerhamomyces, Candida, and Saccharomyces dominated the fungal communities of silages. Wickerhamomyces and Candida were the dominant genera in oat silages from BM and SC, respectively. Erwinia, Paenibacillus, Pseudomonas, Leuconostoc, and Exiguobacterium dominated the bacterial community of fresh oat, while Lactobacillus and Kosakonia were the dominant bacterial genus in oat silages. Pantoea was the most dominant bacterial genus in fresh oat from low-elevational regions (BM, BY, and DZ). Oat from SN exhibited the best fermentation quality although fresh oat of SN hosted the lowest LAB counts, indicating that high-efficient LAB might be present in fresh oat sampled from high altitudes.

KEYWORDS
 elevational gradients, fermentation quality, microbial community, oat, Tibetan Plateau


Introduction

The Qinghai-Tibet Plateau is the largest and highest plateau with a unique and fragile ecosystem because of high ultraviolet radiation, low precipitation, and low temperatures, which restrained crop growth (Wu et al., 2022). Tibetan living on the Qinghai-Tibetan Plateau rely for survival on the yaks (Bos grunniens) since ancient times (Guo et al., 2014), which is a unique bovine well adapted to the harsh alpine environmental conditions and extensive grazing management all year round. However, the dramatic climate change and intensive grazing activities in past decades have caused gradual rangeland degradation, reducing the availability of herbage (Ding et al., 2014). The reallocation and transporting of forage became an effective management practice to prevent grassland degradation and ensure the sustainability of the livestock industry. Cultivation and ensiling forage crops in arable regions of the Qinghai-Tibet Plateau would provide the available forage resources for the spatiotemporal allocation of forages.

Oat (Avena sativa L.) is a common forage crop cultivated on the Qinghai-Tibet Plateau because of its strong drought resistance, short growth cycle, high forage yield, good palatability, and high nutritional value. Ensiling whole-crop oat has attracted a growing interest in the Qinghai-Tibet Plateau, and oat silage became an important relief and emergency fodder to alleviate the forage shortage of cattle and sheep during the cold season. Ensiling fermentation is a traditional technique to preserve the original composition of nutrients based on LA fermentation under anaerobic conditions. The harsh natural environment and unique climates might contribute to the difference in the epiphytic microbial community and chemical composition of forages between the Qinghai-Tibet Plateau and other regions worldwide (Ding et al., 2020). Moreover, the large elevation gradient across the Qinghai-Tibet Plateau enlarged the discrepancy in microbial and chemical composition in crops cultivated at different elevations. Previous studies revealed the altitudinal distribution patterns of phyllosphere microbial communities and silage fermentation of the wild grass of Kobresia pygmaea and Elymus nutans along the elevation gradient on the Qinghai-Tibet Plateau (Ding et al., 2020; Yang X. et al., 2022). However, there are limited studies on the altitudinal distribution patterns of phyllosphere microbial communities and chemical composition in cultivated grass, which might be different from that of wild grass because more human activities were involved in the cultivation during the crop growth.

The study aimed to investigate the microbial community and chemical composition of fresh and ensiling oat harvested from six different elevations of the Qinghai-Tibet Plateau. It was hypothesized that the microbial community and chemical composition were different among elevations, which contributed to the discrepancy in the fermentation quality of oat silage harvested from six regions of the Qinghai-Tibetan Plateau.



Materials and methods


Sampling area and silage preparation

The oat was grown at six different sites across arable regions of Qinghai-Tibet Plateau (BM, Bomi County; BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County), where the elevation was in the range of 2,800–4,500 m above sea level (a. s. l.). The geographic location and climate characteristics of these sites are shown in Supplementary Table S1. The oat variety of Avena sativa L. cv. Qingyin No. 1 was planted in six sites and underwent similar field management measures. Oat was harvested at the milk stage from 20 August to 5 September 2021. Three plots (100 m × 50 m block) were set for each site, and the oat from each plot was chopped in 1–2 cm lengths and packed into polyethylene plastic bags (dimensions 270 mm × 300 mm) followed by vacuum-sealing. The three plots served as replications for each elevation. The bags were taken to Lhasa and stored for 90 days at an ambient temperature (10–24°C). The fresh forages from each plot were sampled for chemical analyses, microbial counting, and DNA extraction.



Laboratory analyses

The silage bags were opened on d 90 of ensiling, and all silages of each bag were put into an ethanol-sterilized plastic container and mixed thoroughly. Then all silages were divided into 4 sub-samples. The first sub-sample was dried at 65°C in a forced-air oven for 48 h to determine DM contents, the dried samples were ground through a 1-mm sieve by a laboratory knife grinder. The ground samples were preserved for chemical analyses. Total nitrogen (TN) content was analyzed with a Kjeltec 8,400-Analyzer (FOSS Analytical AB, Höganäs, Sweden), and the crude protein (CP) was calculated by TN × 6.25 (Krishnamoorthy et al., 1982). The water-soluble carbohydrate (WSC) content was quantified according to the method of Thomas (1977). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) were quantified according to the Van Soest procedures (Van Soest et al., 1991).

The second sub-sample (20 g wet basis) was extracted with 60 ml distilled water at 4°C for 24 h. The solution was filtered through four layers of medical gauze and Whatman filter paper (Hangzhou Xinhua Co., LTD., China), followed by measuring pH immediately using a pH electrode (Hanna Instruments Italia Srl, Padua, Italy). Then silage extract (5 ml) was centrifuged at 12000× g for 10 min at 4°C, and the supernatant was filtered through a 0.45 μm membrane for organic acid and ethanol analyses according to Yang X. et al. (2022). Ammonia N of silage extract was measured by the phenol-hypochlorite method according to Broderick and Kang (1980).

The third sub-sample (10 g) was homogenized with 90 ml of sterile sodium chloride solution (0.85%) for 1 min, followed by filtering through four layers of cheesecloth. Then the filtrate was 10-fold serially diluted for microbial counting, and another solution was used for microbial DNA extraction. The LAB was counted on deMan, Rogosa, and Sharp agar after 48 h of anaerobic incubation at 37°C. The number of yeasts and molds was determined on Potato Dextrose Agar (PDA) medium after 48–72 h of aerobic incubation at 28°C. Enterobacteriaceae were counted on purple-red bile glucose agar after 24 h of incubation at 37°C under aerobic conditions. Aerobic bacteria were counted on the nutrient agar medium (Qingdao Haibo Biotechnology Co., Ltd) after aerobic incubation for 48 h at 37°C. All of the microbial data were transformed to log10 for presentation and statistical analysis.



Microbial community analyses

Microbial DNA was extracted using the Fast DNA SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA). The bacterial 16S rRNA V3–V4 and fungal ITS regions were amplified with primers 338F-806R and ITS1F-ITS2aR, respectively. After purification, the purified PCR amplicons were paired-end sequenced using the Illumina MiSeq PE300 platform (Illumina Inc., San Diego, CA, USA). All raw reads were checked to discard low-quality sequences (quality scores <20) using FLASH (Version 1.2.11) and QIIME (Version 1.7.0). Operation taxonomic units (OTUs) were clustered based on a 97% sequence similarity cutoff using UPARSE (Version 7.1).1 Then the chimeric sequences were identified and removed using UCHIME. Bacterial and fungal compositions were analyzed at genus levels using the Silva and Unite database with a confidence threshold of 70%, respectively. Alpha-diversity estimates (Chao1, and Shannon) and beta-diversity evaluation, based on principal coordinate analysis (PCoA), were performed using the Phyloseq and Vegan packages on R. All DNA sequences have been deposited in the NCBI Short Read Archive database under BioProject PRJNA910079.



Statistical analysis

The experiment was a completely randomized design, all data from chemical composition, microbial populations, microbial diversity, and fermentation were analyzed by one-way analysis of variance (ANOVA) using the GLM procedure of SAS (version 9.3; SAS Institute Inc., Cary, NC). A polynomial contrast was used to test the linear or quadratic effects of elevation gradient on the parameters measured. The differences between means were assessed by Tukey’s multiple comparisons (p < 0.05).




Results


Chemical composition and microbial populations in fresh oat before ensiling

The chemical composition and microbial populations of fresh oat harvested from different sites of the Qinghai-Tibet Plateau are listed in Table 1. The DM contents of fresh oat ranged from 232 to 310 g kg−1 of fresh weight (FW), and the elevation gradient exhibited a linear effect on DM content (p < 0.001). Among all fresh forages, both NDF (p = 0.008) and ADF (p = 0.003) in fresh oat harvested from BR were the highest. The CP content was affected by elevation gradient with a linear and quadratic effect (p < 0.001). The elevation gradient exhibited a quadratic effect on WSC content (p < 0.001). The elevation gradient significantly affected the numbers of LAB with linear and quadratic effects (p < 0.001). The numbers of yeast and aerobic bacteria were significantly affected by the elevation gradient (p < 0.01).



TABLE 1 The chemical composition (g/kg DM basis unless stated otherwise) and microbial populations (log10 cfu/g FW) of fresh oat (Avena sativa L.).
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Fermentation characteristics of oat silages after 90 days of ensiling

The fermentation quality, microbial population, and chemical composition of oat silage are listed in Table 2. There was a quadratic effect (p < 0.01) of elevation gradient on the DM and WSC contents. The DZ and SC silages had the lowest DM content, while the BR silage had the highest WSC content among all silages. The ammonia N concentration exhibited a quadratic (p < 0.01) response to the elevation gradient with the lowest value in BR silage. The amounts of LAB (p = 0.01) and aerobic bacteria exhibited a quadratic response to the elevation gradient (p < 0.01).



TABLE 2 The chemical composition, fermentation quality (g/kg DM basis unless stated otherwise), and microbial populations (log 10 cfu/g FW) of ensiled oat (Avena sativa L.).
[image: Table2]

The silage pH decreased in linear (p < 0.01) and quadratic (p = 0.047) manners along the elevation gradient. The LA concentration was affected by elevation gradient (p < 0.01) with the highest LA values in SC. The AA concentration exhibited a quadratic (p < 0.01) response to the elevation gradient with the highest AA concentration in DZ. The elevation gradient quadratically affected (p < 0.01) the butyric acid concentration. The ethanol concentration exhibited a quadratic (p = 0.017) response to the elevation gradient with the highest value in BY.



Bacterial and fungal community of fresh and ensiling oat

We obtained 2,662,561 and 2,876,965 reads by amplicon sequencing of bacterial 16S rRNA V3-V4 and fungal ITS regions, respectively. The greater coverage (>99%) and plateaued rarefaction curves for all samples indicated that the sequencing depth was adequate for reliable analysis of the bacterial and fungal community. The α-diversity indexes of the bacterial and fungal communities are shown in Figure 1; Supplementary Table S2. The bacterial Shannon index in fresh oat of BR was the lowest among all fresh materials while the bacterial Shannon index in oat silage of SN was the lowest among all silages. The bacterial Chao1 index decreased after 90 days of ensiling. Both fresh and ensiled oat from BR showed the lowest bacterial Chao1 index. The fungal Shannon was similar (p > 0.05) among all fresh materials while that in BM and SC silages was lower than in other silages. Fresh oat from BY and BR showed the highest and lowest Chao 1 index among all fresh materials while the elevation gradient did not affect (p > 0.05) the fungal Chao 1 index of silages.

[image: Figure 1]

FIGURE 1
 Alpha diversity of fungal (A,B) and bacterial (C,D) community diversities of fresh and ensiled oat along the elevation gradient on the Tibetan Plateau. BM, Bomi County; BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County.


The PCoA plot on the unweighted UniFrac showed the separation of bacterial and fungal communities of fresh and ensiling oat (Figure 2). Two principal components accounted for 54.07% of the variation in taxonomic composition among samples, the PC1 and PC2 axis explained 35.18 and 18.89% of the total variation of the bacterial community, respectively (Figure 2B). The fresh oat and 90-days silages were separated in the plot. Among fresh oat, oat harvested from SN was separated from oat of other regions. The silages of SN and SC were clustered together and separated from oat silages from other regions. Two principal components (PC1 and PC2) accounted for 37.42% of the variation in taxonomic composition among samples (22.21 and 15.21%, respectively) for the fungal community (Figure 2A). The fresh forages were clustered in the second and third quadrants, while all silages were dispersed in the first and fourth quadrants.

[image: Figure 2]

FIGURE 2
 The unweighted Principal coordinate analysis (PCoA) of fungal (A) and bacterial (B) communities of fresh and ensiled oat along the elevation gradient on the Tibetan Plateau. BM, Bomi County; BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County.


The bacterial community composition in fresh and ensiled oat at the genus level are shown in Figure 3. Erwinia, Paenibacillus, Pseudomonas, Leuconostoc, and Exiguobacterium dominated the bacterial community of fresh oat, while Lactobacillus and Kosakonia were the dominant bacterial genus in oat silages (Figure 3B). Pantoea was the most dominant bacterial genus in fresh oat harvested from low elevational regions (BM, BY, and DZ), and its relative abundances (RA) decreased to 4.9, 17.7, and 3.1% in BR, SC, and SN, respectively. After 90 days of ensiling, the RA of Pantoea marked declined except for the oat silage of BR. The RA of Lactobacillus in fresh oat was lower than 5%, it markedly increased and became the most dominant genus in oat silages of SC (71.2%) and SN (83.6%) after 90 days of ensiling. Serratia was the prevalent bacterial genus in fresh oat, and its RA significantly increased in oat silages of low-elevational regions (BM, BY, DZ, and BR) after 90 days of ensiling. Erwinia was present in all fresh oat, and its RA decreased after 90 days of ensiling. Paenibacillus, Pseudomonas, and Exiguobacterium were detectable in all fresh oat and disappeared in all silages. Leuconostoc was the most dominant genus in fresh oat from BR, while it was undetectable in fresh oat from other elevations.
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FIGURE 3
 Bacterial community composition of fresh and ensiled oat along the elevation gradient on the Tibetan Plateau. (A) The bar plots of bacterial community composition of fresh and ensiled oat at the genus level. (B) Extended error bar plot showing the most abundant Bacterial genus that had significant differences between fresh and ensiled oat. Positive differences in mean relative abundance indicate the Bacterial genus overrepresented in fresh oat, while negative differences indicate greater abundance in oat silages. (C) Relative abundances of bacterial genera showed significant differences among fresh oat. A one-way ANOVA was used to evaluate the significance of differences between the indicated groups. *p < 0.05,**p < 0.01,***p < 0.001. (D) Relative abundances of bacterial genera showed significant differences among oat silages. A one-way ANOVA was used to evaluate the significance of differences between the indicated groups. *p < 0.05,**p < 0.01,***p < 0.001.


The fungal community composition at the genus level in fresh and ensiled oat are shown in Figure 4. Dioszegia, Cladosporium, and Vishniacozyma were the prevalent fungal genus in fresh oat with different RA among elevation gradients. The RA of Dioszegia was increased from 2.6% in fresh oat of BM to 44.9% in fresh oat of SC. Cladosporium was the most dominant fungal genus in BY and decreased along the elevation gradient. Vishniacozyma was the most dominant fungal genus in BM, accounting for RA of 23.1%. After 90 days of ensiling, all 3 of Dioszegia, Cladosporium, and Vishniacozyma were still detectable in silages, however, the dominant role was replaced by other fungal genera. Wickerhamomyces, Candida, and Saccharomyces dominated the fungal communities of silages although they present in very low abundance in fresh oat (Figure 4B). Wickerhamomyces and Candida were the dominant genera in ensiling oat from BM and SC, respectively.
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FIGURE 4
 Fungal community composition of fresh and ensiled oat along the elevation gradient on the Tibetan Plateau. (A) The bar plots of fungal community composition of fresh and ensiled oat at the genus level. (B) Extended error bar plot showing the most abundant Fungal genus that had significant differences between fresh and ensiled oat. Positive differences in mean relative abundance indicate the Fungal genus overrepresented in fresh oat, while negative differences indicate greater abundance in oat silages. (C) Relative abundances of fungal genera showed significant differences among fresh oat. A one-way ANOVA was used to evaluate the significance of differences between the indicated groups. *p < 0.05,**p < 0.01,***p < 0.001. (D) Relative abundances of fungal genera showed significant differences among oat silages. A one-way ANOVA was used to evaluate the significance of differences between the indicated groups. *p < 0.05,**p < 0.01,***p < 0.001.





Discussion


Chemical characteristics of fresh oat along the elevation gradient

The elevation is a complicated, indirect gradient along which several environmental variables shift, resulting in a basic diversity gradient trend in plant biogeography (Afzal et al., 2021). The low temperature at high elevational regions restrains plant respiration and results in the accumulation of carbohydrates, proteins, and ether extract in the cell protoplasm, which will be beneficial to decrease its freezing point and enhance its adaptive resistance to cold (Li et al., 2014). Plants growing at higher elevations require relatively more energy to respond to serious environmental stress (Marini et al., 2009). Ding et al. (2020) observed an increase in WSC and CP in fresh E. nutans along the increasing elevation. The highest CP and lowest WSC were observed in fresh oat of SN and BM, respectively, however, we did not find a distinct gradient trend in WSC and CP concentrations along the elevation gradient. In the present study, oat is a cultivated forage crop for livestock in the Qinghai-Tibetan plateau, its chemical compositions are not only affected by climate induced by elevation gradients but also influenced by the human activities. Fu et al. (2022) studied the effects of climate change and human activities on forage nutritional quality, they found that the effects of climate change and human activities on nutritional quality of forage were indistinguishable across the whole Tibet, however, human activities altered the sensitivities of forage nutritional quality to climate change.

Sufficient WSC and LAB are the crucial factors for silage fermentation, the WSC in all fresh oat except for BM was above 100 g/kg, which is higher than the recommended level of WSC for well silage fermentation (Woolford, 1984). The LAB counts in fresh oat were higher than 4.8 log10 cfu/g FW, which is close to the recommended counts of LAB (105 cfu/g FM) for well-fermented silages (You et al., 2021).

The lowest LAB counts in fresh oat from the highest elevational regions of SN might be related to the harsh environment because microbes must overcome the stress induced by the extreme climate of high-altitude regions. Some microorganisms still could adapt to these extreme conditions including low temperatures, high levels of solar radiation, periodic freeze–thaw cycles, and nutrient limitations. Liu et al. (2022) reported that nearly 1,000 microbe species were discovered in ‘extreme’ Tibetan glaciers, and 82% of the genomes were novel species.



The fermentation characteristics of oat silages after 90 days of ensiling

After 90 days of ensiling, the pH in all oat silages was lower than 4.2, indicating all oat silage exhibited well fermentation quality. Of six oat silages, silages from SC and SN showed the lowest pH and butyric acid concentration, and higher LA concentration. Oat from SN exhibited the best fermentation quality although the fresh oat of SN hosted the lowest LAB counts, indicating that high-efficient LAB might be present in fresh oat sampled from high altitudes. Ding et al. (2020) also observed a higher LA concentration in E. nutans silages sampled from Naqu (altitude of 4,752 m) than in other low altitudes (<4,228 m), and they attributed the high LA concentration to the greater LA-fermentation efficiency of LAB on this region. The oat silage from BR showed the lowest LA concentration and the highest pH, which were in line with its highest residual WSC concentration after 90 days of ensiling, indicating the complex epiphytic microbial composition might retard the LA fermentation.

In the present study, butyric acid was observed in all silages, indicating all oat silages had undergone a clostridial fermentation. The production of butyric acid usually results in high losses of dry matter and digestible energy (Vissers et al., 2007). High butyric acid sometimes could induce ketosis in lactating cows. Silage with a high butyric acid is also less palatable and can also promote the onset of ketosis in lactating cows. The oat silage from DZ showed the highest butyric acid concentrations, which was related to its lowest DM content. Buxton and Muck (2003) reported that moist silage (>70% moisture) usually is associated with poor fermentation dominated by undesirable butyric acid-forming bacteria. The highest ethanol content in oat silage of BY might be related to the high WSC in fresh oat. de Oliveira et al. (2016) reported that in some cases, the higher WSC content of forage could cause acid silage and increase ethanol contents due to yeast activity, however, excess ethanol negatively affected the silage quality because it resulted in a decrease in DM intake.



The altitudinal distribution of microbial community in fresh and ensiled oat

The elevational patterns for plant and animal diversity generally follow a certain pattern, however, microbes do not follow similar and clear elevational diversity patterns with plants and animals (Fierer et al., 2011). The inconsistency of phyllosphere microbial diversity patterns across elevations could be attributed to changing environmental factors induced by elevational variables (Yang N. et al., 2022). Yang X. et al. (2022) found that the phyllosphere bacterial and fungal richness showed a unimodal distribution, phyllosphere fungal diversity decreased while the phyllosphere bacterial diversity increased along the elevational gradient. We observed the bimodal distribution of fungal and bacterial richness in fresh oat along the elevation gradient (2852–4447 m a.s.l). Vacher et al. (2016) demonstrated that the higher dispersal ability of bacteria and higher sensitivity of fungi to temperature variations might account for the bigger response of phyllosphere fungal communities to elevation gradient than bacterial communities. In the present study, the elevation gradients did not affect the fungal Shannon index in fresh oat (p > 0.05), which was consistent with the reports by Yang X. et al. (2022), who also detected similar soil fungal Shannon index across elevation gradients.

In the study, Pantoea dominated (>41%) the fresh oat of lower elevations (BM, BY, and DZ). This is in line with the reports of Ding et al. (2020), who reported that Pseudomonas and Pantoea were the dominant bacterial genera in fresh E. nutans of Tianzhu (2,965 a.s.l.). Cheng et al. (2022) also found that Pantoea was the main microorganisms of fresh oat harvested from Hongyuan on the Qinghai-Tibetan Plateau, where the altitude is 3,500 m a.s.l. Keshri et al. (2019) reported that Pantoea (34.7%) was the dominant genera in freshly chopped wheat plants, the RA of Pantoea increased to 46.3% after 6 h of ensiling, but then decreased continuously during silage maturation and they represented only 0.02% of the overall population at the terminal stage of 90 days. After 90 days of ensiling, Pantoea in oat silages from BM, BY, and DZ decreased to the second dominant bacterial genus. Pantoea species are gram-negative bacteria from the Enterobacteriaceae family, generally associated with plants, and are recognized as undesirable bacteria of silages because they can compete for nutrients with LAB (Li et al., 2018). In the study, Pantoea were not suppressed and remained at the high RA in BM, BY, DZ, and BR, however, it decreased to 1.4 and 0.4% in SC and SN, respectively. This was related to the flourishing of Lactobacillus, which confirmed the previous assumption that high-efficient LAB might be present in fresh oat sampled from high altitudes.

Lactobacillus was the minor genus in all fresh oat before ensiling, but its RA increased to 71.2 and 83.6% in oat silages of SC and SN, respectively. This was in line with the high acid concentration and low pH in oat silages of SC and SN. Previous studies also reported that Lactobacillus dominated the terminal silages (Guan et al., 2018; Hisham et al., 2022).

Serratia was the prevalent bacterial genus while Kosakonia was the minor bacterial genus in fresh oat, however, their RA increased during 90 days of ensiling. Little is known about the role of Serratia during ensiling, Li H. Z. et al. (2022) reported that Serratia could grow and survive under anaerobic conditions, and observed the increment of Serratia after ensiling. Duan et al. (2020) reported that Serratia spoiled chicken breasts were effectively inhibited by an antimicrobial substance produced by Lactobacillus. In the present study, the lower RA of Serratis in silage of SC and SN might be related to the dominant bacteria of Lactobacillus. Li H. Z. et al. (2022) also reported that silages with a higher RA of Lactobacillus showed a lower RA of Serratia and they proclaimed that Serratia was acid intolerant. Kosakonia is a genus of the Enterobacteriaceae family and has been observed by many researchers (Xiong et al., 2022). Kosakonia has been proven to have the ability to reduce ammonia nitrogen and volatile chemicals in silage (Zhang et al., 2021). In the present study, the lower ammonia N in oat silages of BY, DZ, and BR might be attributed to the higher RA of Kosakonia than other silages.

Erwinia was present in all fresh oat, however, certain species of Erwinia do not grow below pH 5.0 (Ogunade et al., 2018), supporting the decline of Erwinia after 90 days of ensiling in the present study. Enterobacteria, including Erwinia herbicola and Rahnella aquitilis, often were observed as dominant bacteria in fresh crops, however, they would be superseded by other genera during ensiling such as Escherichia coli, Hafnia alvei, and Serratia fonticola (Driehuis and Elferink, 2000).

Paenibacillus, Pseudomonas, and Exiguobacterium were detectable in all fresh oat, however, they disappeared in all silages. The genera of Paenibacillus, Pseudomonas, and Exiguobacterium were found in cold habitats (Rawat et al., 2020), they usually were inhibited during ensiling because of their intolerance to low pH (Borreani et al., 2013). Keshri et al. (2019) reported that Pantoea, Weissella, Pseudomonas, Exiguobacterium, and Paenibacillus dominated the bacterial community of fresh whole-crop wheat, however, they were replaced by Lactobacillus in the terminal silage.

Leuconostoc was the most dominant genus in fresh oat of BR, however, it was undetectable in fresh oat of other elevations. Cai et al. (1998) reported Leuconostocs were the most numerous and widely distributed on forage crops and silage. Leuconostoc could grow vigorously during the early stage of ensiling to initiate the silage fermentation, creating an aerobic and acidic environment for the proliferation of Lactobacilli. In the present study, it is not clear why Leuconostoc was the most dominant genus in fresh oat from BR rather than other elevations.

The study revealed the change in the fungal community between fresh and ensiled oat, the RA of Dioszegia in fresh oat increased with the elevation gradient and peaked at fresh oat from SC. This might be attributed to their cold-adapted properties. Trochine et al. (2017) isolated several species of the Dioszegia genus from glacier surface snow and found these yeasts showed strong cold-adapted capacity. After 90 days of ensiling, the RA of Dioszegia decreased, indicating they are unadaptable to the ensiling environment. Duniere et al. (2017) reported that the potential mycotoxigenic fungi of Cladosporium were the core microbiome in fresh small grains, but their RA markedly declined during ensiling. In the present study, the RA of Cladosporium spp. decreased during 90 days of ensiling. Vishniacozyma (also known as Cryptococcus) has been isolated from soil and wheat, but there are limited reports regarding this genus in silage. It is reported that Vishniacozyma could assimilate lactic acid and D-lactose (Tian et al., 2022; Li X. et al., 2022). Vishniacozyma was observed in both fresh and ensiled oat in the study, indicating the fresh oat might be subjected to soil contamination before ensiling. Filobasidium was detected in all fresh oat with the highest RA in fresh oat of DZ and BR, however, it markedly decreased after 90 days of ensiling. This is in agreement with the reports of Xu et al. (2019), who found that Filobasidium was an abundant genus in fresh corn and declined with the ensiling progress. Because of its psychrophilic abilities, Cystofilobasidium was detected in fresh oat harvested from the highest elevations with the lowest average annual temperature (Nakagawa et al., 2005). Wickerhamomyces, Candida, Saccharomyces, and Rhodotorula were the minor genus in fresh oat before ensiling, however, they became the major fungal community after 90 days of ensiling. Yang X. et al., (2022) studied the phyllosphere microbial communities and silage fermentation of K. pygmaea on the Tibetan Plateau and found that the fungal composition markedly changed: Schizophyllum, Phodotorula, Rhodotorula, Candida, and Issatchenkia became the most dominant fungal genera after 60 days of ensiling. Duniere et al. (2017) reported that members of the Saccharomycetales including Candida, Wickerhamomyces, or Saccharomyces were the predominant fungi in terminal silage. Wickerhamomyces are present in diverse habitats and frequently associated with the processing of food and grain products. Agarussi et al. (2022) reported that the predominance of fungi of Wickerhamomyces during the fermentation of sorghum grains was due to their tolerance to extreme environmental conditions. Saccharomycetales spp. dominated the fungal community after 90 days of ensiling of small grain (Duniere et al., 2017). Yang X. et al. (2022) also reported that Rhodotorula became the dominant fungal genus in K. pygmaea 60-days silages harvested from 5,000 m a. s. l. This might be related to their cold-adaptability, Hu et al. (2015) isolated cold-tolerant yeast of Rhodotorula mucilaginosa from soil samples collected on the Qinghai-Tibet Plateau.




Conclusion

The highest crude protein (CP) and lowest water-soluble carbohydrate (WSC) were observed in fresh oat from SN and BM, respectively, however, no distinct gradient trend in WSC and CP concentrations along the elevation gradient. The bimodal distributions of fungal and bacterial richness in fresh oat along the elevation gradient were observed, while the elevation gradients did not affect the fungal Shannon index in fresh oat. Oat from SN exhibited the best fermentation quality although the fresh oat of SN hosted the lowest LAB counts, indicating that high-efficient LAB might be present in fresh oat sampled from high altitudes. The high-efficient LAB can be further isolated from the Qinghai-Tibet Plateau, especially the higher elevational regions where the microorganisms hold a strong tolerance to the extreme environment.
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Introduction: Six species of alfalfa commonly found in northern China were collected in the present study.

Methods: The chemical composition and epiphytic microbial communities during the ensiling were analyzed; and their effects on fermentation quality and silage bacterial communities were assessed. The effects of physicochemical characteristics of alfalfa on the bacterial community were also investigated in terms of nutritional sources of microbial growth and reproduction.

Results and discussion: The results showed that the chemical composition was significantly different in various alfalfa varieties, yet, the dominant genera attached to each variety of alfalfa was similar, except for pantoea (p<0.05). After ensiling, both the fermentation quality and microbial community changed obviously (p<0.05). Specifically, ZM2 had lower pH and ammonia nitrogen (NH3-N) content but higher LA content than other varieties of alfalfa silage. Beneficial bacteria such as Lentilactobacillus and Lactiplantibacillus were predominant in ZM2, which accounted for the higher fermentation quality. Significant correlations between the chemical composition of silage, fermentation quality and bacterial communities composition were observed. Moreover, variations in bacteria community structure during the fermentation of alfalfa were mainly influenced by water-soluble carbohydrates (36.79%) and dry matter (21.77%).

Conclusion: In conclusion, this study revealed the influence of chemical composition on microbial community and fermentation quality, laying the groundwork for future studies on high-quality silage.

KEYWORDS
 alfalfa, silage, chemical composition, fermentation quality, bacterial community


Introduction

Alfalfa (Medicago sativa L.) is a leguminous forage with high crude protein (CP) content and high feed value (Krakowska et al., 2017), which is widely grown worldwide for forage. In northern China or other countries and regions restricted by growing seasons, forage must be effectively preserved to feed animals. Therefore, feed maintenance has become an important aspect of ruminant feed. However, alfalfa hay processing is subject to many limitations, including substantial dry matter (DM) loss and microbial respiration even during rainfall (You et al., 2022). Silage is the process of lactic acid bacteria (LAB) fermentation of fresh forage feed under anaerobic conditions (Driehuis and Oude, 2000). In this respect, LAB can reportedly utilize the water-soluble carbohydrates (WSC) for growth and produce organic acids to lower the pH value and inhibit the growth of harmful microorganisms such as Clostridium, Enterobacter and mold, resulting in the reduction in CP and DM loss (Yang et al., 2020). Additionally, the organic acid produced during silage fermentation increases the appetite of animals, promotes animal feed intake, and increases their production performance (Na et al., 2022). Therefore, ensiling has become an effective method to preserve the nutritional value of alfalfa and improve animal performance.

Techniques used to enhance the quality of alfalfa fermentation include wilting treatments and the supplementation of LAB additives. The wilting treatment can inhibit the reproduction of harmful microorganisms and avoid the limitation of pH reduction and silage fermentation by higher buffer energy values, resulting in better silage fermentation quality (Zheng et al., 2018). The supplementation of LAB inoculant ensures that sufficient LAB is available to initiate fermentation in the pre-fermentation period, thus preventing undesirable microorganisms such as Clostridium from taking over. It is worth noting that wilting treatments and inoculation with general LAB inoculants do not improve the silage quality of alfalfa in some cases (Wu and Nishino, 2016; Zhao et al., 2020), which may be related to the epiphytic microorganisms of forages such as alfalfa and the WSC content and buffer energy value of forage varieties (Zhang et al., 2018; Zheng et al., 2018; Zhang et al., 2021). It is well-established that the fermentation quality of different varieties of forages can differ due to the heterogeneity in the physicochemical characteristics and epiphytic microbial communities of different forages. Therefore, it is necessary to study the chemical composition and epiphytic microbial communities of alfalfa to reveal the fermentation characteristics and bacterial community composition characteristics of different alfalfa varieties. The bacterial communities involved in silage fermentation warrant extensive investigation to reveal important taxa that could help improve the quality of alfalfa silage.

Herein, we collected six species of alfalfa commonly found in northern regions at the same time, place and growing period. The chemical composition and bacterial microbial community composition of these alfalfa species were analyzed. After ensiling, the fermentation quality and microbial community were studied. Overall, this study aimed to compare the effects of chemical composition and epiphytic microbial composition of different alfalfa varieties on silage fermentation quality and microbial composition to reveal the main factors affecting silage fermentation quality.



Materials and methods


Silage preparation

Different alfalfa varieties, including Zhongcao No. 3 (ZC), Zhongmu No. 1 (ZM1), Zhongmu No. 2 (ZM2), Gongnong No. 1 (GN), WL168 (WL) and Xinjiangdaye (XJD) were planted in the Agriculture and Animal Husbandry Interlaced Area Test Base of Institute of grassland research of caas in Shaerqin, Inner Mongolia Autonomous Region (111°45′E、40°34′N), China. Six varieties of squaring stage alfalfa were harvested on June 4, 2021, and wilted in the field for 12 h. The wilted forages from the field were chopped to 10–20 mm lengths using a hay cutter. The silage raw materials were mixed and packed into special vacuum packaging bags (food grade，250 mm × 350 mm, MAGIC SEAL, Guangdong, China) for silage; each bag was about 200 g, which was quickly vacuum sealed by a vacuum packaging machine (DZ-300; Qingye, Beijing, China). Every treatment was repeated three times, and all samples were stored for 60 days at room temperature (20–30°C).



Fermentation quality and chemical composition

The chemical composition and fermentation quality of fresh and ensiled alfalfa were analyzed. DM content was determined by oven drying at 65°C for 48 h, according to Guo et al. (2018). The CP content was determined using a Kjeldahl nitrogen analyzer (Kjeflex K-360, BUCHI, Switzerland) (Patrica, 1997). The WSC content was determined by colorimetric after-reaction with anthrone reagent (Thomas, 1977). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents were assessed using an Ankom A2000i fiber analyzer (A2000i, Ankom Technology, Macedon, NY, United States), according to the method described by Van Soest et al. (1991). Water extracts of silage were obtained by 10-fold dilution with distilled water, homogenizing through a sterile homogenizer (JX-05, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China), and filtering through four layers of cheesecloth (Sun et al., 2021). The pH value of silage material and silage was recorded using a pH benchtop meter (METTLER TOLEDO; SevenExcellence, Switzerland). The lactic acid (LA), acetic acid (AA), propionic acid (PA) and butyric acid (BA) concentration was determined using HPLC (DAD, 210 nm, SPD-20A, Shimadzu Co., Ltd., Kyoto, Japan). NH3-N was determined using the phenol-hypochlorite reaction method, according to the method described by Broderick and Kang (1980).



Bacterial diversity sequencing

The DNA extraction was performed according to the kit instructions (D4015, Omega Inc., Norcross, GA, United States), and the quality of the extracted DNA was detected by 1% agarose gel electrophoresis. The 16S rRNA gene (V3-V4 region) was amplified using the specific primers 799F (5′-AACMGGATTAGATACCCKG-3′) and 1193R (5′- ACGTCATCCCCACCTTCC-3′) with sample-specific barcodes. The bacterial 16S rDNA gene fragment was amplified by PCR (GeneAmp®9700; ABI, America). Each sample was replicated 3 times. The PCR products of the same sample were mixed and detected by 2% agarose gel electrophoresis. The AxyPrep DNA gel recovery kit (AXYGEN Company) was used to cut the gel to recover the PCR products, and Tris HCl was used for elution. Next, the PCR products were detected and quantified by QuantiFluor™-ST blue fluorescence quantitative system (Promega Company) and then mixed in the corresponding proportion according to the requirement of sequencing quantity of each sample. Finally, the PCR products were denatured with sodium hydroxide to generate single-stranded DNA fragments sequenced on the Illumina platform 250PE.



Sequence data analysis

Trimmomatic software was used to filter the quality of reads and filter out reads below 50 bp. FLASH software was used to merge the paired reads into one sequence, and the minimum overlap length is 10 bp. Chimera removal was conducted using Usearch software and the Gold database. All sequences were divided into OTUs using Usearch software (Version 10) according to the similarity level of different sequences, and bioinformatics statistical analysis was usually performed on OTUs at the 97% similarity level. The species abundance index was calculated by Mothur software (Version 1.30.1) for sequences with an OTU similarity level of more than 97% (Schloss et al., 2011). PCA analysis at the bacterial genus level and species composition analysis at the bacterial phylum and genus levels were conducted using R (Version 3.2.1).



Statistical analysis

The raw data were sorted by Excel 2010 software and statistically analyzed by SPSS 20.0 software. Data from different experimental groups were analyzed using one-way ANOVA and differences were compared using the least significant difference test. A value of p < 0.05 was statistically significant, and a value of p < 0.01 was highly statistically significant.




Results


Chemical composition of fresh alfalfa

The chemical composition of different varieties of alfalfa is shown in Table 1. Significant differences were found in the chemical composition of different alfalfa varieties (p < 0.05). The highest DM content was found in XJD and the lowest DM in ZC. The CP content of WL and the WSC content of XJD were significantly higher than the others (p < 0.05). The NDF content of alfalfa ranged from 364 to 419 g/kg DM, with ZM2 and WL having the highest and lowest NDF content, respectively. The ADF content of alfalfa ranged from 257 to 345 g/kg DM, with ZC and GN having the highest and lowest ADF content, respectively.



TABLE 1 Chemical composition of fresh alfalfa.
[image: Table1]



Fermentation quality and chemical composition of alfalfa silage

The chemical composition of different alfalfa varieties after fermentation is shown in Table 2; Supplementary Table S1. One-way ANOVA showed that alfalfa silage fermentation significantly decreased the WSC content (p < 0.001). After 60 days of ensiling, the DM content of the silage ranged from 481 g/kg FM to 556 g/kg FM, with WL (556.15 g/kg FM) and XJD (545.02 g/kg FM) significantly higher than other alfalfa varieties (p < 0.05). The CP content of WL (204.23 g/kg DM) was significantly higher than the others (p < 0.05). Moreover, XJD exhibited the highest content of WSC, while ZC had the lowest WSC content. Finally, the NDF and ADF contents of XJD were significantly lower.



TABLE 2 Chemical composition of alfalfa silage after 60 days of ensiling.
[image: Table2]

The fermentation quality of different varieties of alfalfa silage was described as shown in Table 3; Supplementary Table S1. One-way ANOVA showed that silage fermentation significantly affected the pH value and the content of NH3-N, LA, and AA. After 60 days of fermentation, the pH values of each type of alfalfa after ensiling ranged between 4.49 and 5.36, and the pH values of each variety of alfalfa after fermentation were significantly lower before fermentation (p < 0.05). There was a higher NH3-N content in WL and XJD, LA content in ZC, and AA content in XJD compared with other varieties of alfalfa silage (p < 0.05). The LA/AA values of ZC and ZM2 were significantly higher (p < 0.05). Furthermore, no PA or BA was detected in alfalfa silage from either species.



TABLE 3 Fermentation quality of alfalfa silage after 60 days of ensiling.
[image: Table3]



Bacterial community of alfalfa silage

High-throughput sequencing of the V3-V4 variable region of 16S rDNA of fresh alfalfa and alfalfa silage epiphytes was performed, and most bacteria were detected in all samples yielding a Good’s Coverage Index of approximately 1. The alpha diversity of bacterial communities was calculated and evaluated (Table 4). In this study, the Chao1, Shannon and ACE indices of epiphytic bacteria of different alfalfa varieties before ensiling were comparable (p = 0.268, p = 0.106, p = 0.223), indicating that each variety of alfalfa had the same bacterial composition before ensiling. After ensiling, the Chao1, Shannon, and ACE indices of alfalfa silage of each variety significantly decreased (p < 0.001, p < 0.001, p < 0.001), which indicated that the composition of alfalfa epiphytic bacterial community was influenced by fermentation during ensiling.



TABLE 4 Alpha diversity of the bacterial community in fresh materials and alfalfa silage.
[image: Table4]

PCA demonstrated the distribution of bacterial communities in each group of samples (Figure 1). The epiphytic bacterial communities of fresh alfalfa and alfalfa silage were clearly separated. The bacterial communities attached to fresh alfalfa showed clustering. After ensiling, samples GN and ZM1 were clustered, while WL and XJD were aggregated.

[image: Figure 1]

FIGURE 1
 Principal component analysis (PCA) of the bacterial communities in silage and fresh materials. ZC, Zhongcao No. 3; ZM1, Zhongmu No. 1; ZM2, Zhongmu No. 2; GN, Gongnong No. 1; WL, WL168; XJD, xinjiangdaye; 0, 0 day of ensiling; 60, 60 days of ensiling.


The epiphytic bacterial community composition (phylum level) of fresh alfalfa and alfalfa silage is shown in Figure 2. Before ensiling, Proteobacteria and Actinobacteriota dominated at the phylum level for each alfalfa species. After ensiling, the dominant phylum of epiphytic bacteria changed to Firmicutes, and the abundance of Proteobacteria and Actinobacteriota decreased in all varieties of alfalfa.

[image: Figure 2]

FIGURE 2
 Circos plot showing the differences in bacterial species composition across samples at the phylum level. ZC, Zhongcao No. 3; ZM1, Zhongmu No. 1; ZM2, Zhongmu No. 2; GN, Gongnong No. 1; WL, WL168; XJD, xinjiangdaye; 0, 0 day of ensiling; 60, 60 days of ensiling.


A stacked bar chart was generated to visualize the bacterial species composition at the silage genus level for each alfalfa species (Figure 3). Before ensiling, Bradyrhizobium was the dominant genus for ZC (38.98%), ZM1 (32.95%), ZM2 (36%), GN (36.42%), WL (32.68%) and XJD (47.09%). The abundance of Bradyrhizobium was significantly reduced in all alfalfa species after ensiling. The dominant genera in the ZC group were Fructilactobacillus (47.62%), Lentilactobacillus (31.92%), and Lactiplantibacillus (12.24%). The dominant genera in the ZM1 group were Lactiplantibacillus (85.48%) and Fructilactobacillus (11.60%). The dominant genera in the ZM2 group were Lentilactobacillus (67.10%) and Lactiplantibacillus (31.50%). The dominant genus in the GN group was Lactiplantibacillus (82.25%). Moreover, Enterococcus (43.11%), Pediococcus (23.83%) and Bradyrhizobium (13.67%) were the predominant genera in the WL group. The dominant genera in the XJD group were Fructilactobacillus (37.58%), Enterococcus (31.90%) and Bradyrhizobium (11.81%).

[image: Figure 3]

FIGURE 3
 Bacterial community composition of fresh alfalfa and alfalfa silage at the genus level. ZC, Zhongcao No. 3; ZM1, Zhongmu No.1; ZM2, Zhongmu No. 2; GN, Gongnong No. 1; WL,WL168; XJD, xinjiangdaye; 0,0 day of ensiling; 60, 60 days of ensiling.


The variation in bacterial communities of each sample is depicted in Figure 4 (at the genus level). Before ensiling, except for Pantoea, there was no significant difference in the abundance of dominant epiphytic bacteria in various alfalfa varieties. The abundance of WL epiphytic Pantoea was significantly higher than the others. During the ensiling process, the abundance of alfalfa epiphytic dominant bacteria of all varieties decreased sharply. Accordingly, after ensiling, the dominant genera were Lactiplantibacillus, Lentilactobacillus, Enterococcus, Bradyrhizobium, and Pediococcus.

[image: Figure 4]

FIGURE 4
 Comparison of microbial variations using the Kruskal-Wallis H test for alfalfa raw material and silage. ZC, Zhongcao No. 3; ZM1, Zhongmu No. 1; ZM2, Zhongmu No. 2; GN, Gongnong No. 1; WL, WL168; XJD, xinjiangdaye; 0, 0 day of ensiling; 60, 60 days of ensiling.


Pearson correlation analysis was conducted between bacteria and fermentation parameters at the genus level (Figure 5). The silage pH was positively correlated with the abundance of Bradyrhizobium, Mesorhizobium, Methylovirgula and Mycobacterium and negatively correlated with the abundance of Lentilactobacillus (p < 0.01). The silage DM was significantly correlated with the abundance of Asinibacterium, Bradyrhizobium, Mesorhizobium, Methylovirgula, Mitochondria_norank and Mycobacterium (p < 0.001) and negatively correlated with Lactiplantibacillus (p < 0.05). The silage CP was significantly positively correlated with the abundance of Pediococcus (p < 0.001), Mitochondria_norank (p < 0.01) and Asinibacterium (p < 0.05). The silage WSC showed a significant positive correlation with the abundance of Mitochondria_norank and a negative correlation with Lentilactobacillus. The silage NH3-N was highly significantly positively correlated with the abundance of Asinibacterium, Bradyrhizobium, Enterococcus, Methylovirgula and Mycobacterium (p < 0.001) and negatively correlated with the abundance of Lactiplantibacillus (p < 0.01). The silage NDF was negatively correlated (p < 0.001) with the abundance of Bradyrhizobium, Mesorhizobium, Methylovirgula and Mycobacterium. Moreover, the silage ADF was negatively correlated with the abundance of Mesorhizobium, Methylovirgula and Mycobacterium (p < 0.01). Finally, the silage LA and AA were negatively correlated with Lactiplantibacillus (p < 0.01, p < 0.05).

[image: Figure 5]

FIGURE 5
 Correlation analysis of the high abundance of genus-level bacteria and fermentation quality in silage from different alfalfa varieties. *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.


Aggregated boosted tree analysis was conducted to assess the relationship between the chemical composition of silage ingredients and the bacterial community of silage (Figure 6). The results showed that WSC was the most important factor affecting the bacterial community structure in alfalfa silage (36.79%), followed by DM (21.77%).

[image: Figure 6]

FIGURE 6
 Aggregated boosted tree (ABT) analysis assessed the relative importance of fermentation quality and nutritional quality on bacterial community composition.





Discussion


Chemical composition of alfalfa before and after ensiling

It is well-established that the chemical composition of alfalfa can vary significantly depending on the variety, harvesting period and storage method (Shangli et al., 2017; Zheng et al., 2018). In this study, six alfalfa varieties were planted in the same experimental field and harvested during the same period. Our findings suggest that the alfalfa variety is the main factor accounting for the heterogeneity in the chemical composition of alfalfa.

It has been shown that the fermentation of Clostridium can be inhibited when the DM content exceeds 300 g/kg FM (Leibensperger and Pitt, 1987). In alfalfa silage, higher DM content can inhibit the growth of AA and BA producing microorganisms (Whiter and Kung Jr., 2001). In this study, the DM content of the six varieties of fresh alfalfa ranged from 463 g/kg FM to 513 g/kg FM, which met the optimal criteria for alfalfa silage fermentation. After ensiling, there was no significant change in DM content in all groups, except for the WL and XJD groups, where DM content was elevated. This finding indicates that the silage fermentation process greatly preserved the nutritional quality of alfalfa. Accordingly, the CP content is an important indicator for assessing the nutritional value of feed, and the higher the CP content, the higher the nutritional value of the feed. In this study, the CP content of each alfalfa variety before ensiling ranged from 166 g/kg DM to 222 g/kg DM. There was no significant difference in the CP content of the three groups ZC, ZM2, GN and WL after ensiling, indicating that the silage process preserved the nutritional value of these four alfalfa species to a large extent. The CP content of ZM1 was significantly increased after ensiling (p < 0.05), which may be attributed to significant protein degradation into soluble proteins under the action of proteolytic enzymes during the ensiling process, which led to decreased non-degradable protein content and significantly increased content of soluble crude protein and non-protein nitrogen (Papadopoulos and McKersie, 1982; Rooke and Armstrong, 1989). However, the CP content of the XJD group was reduced, which may be due to plant respiration and protein hydrolysis in the pre-silage period (Li et al., 2020). Initial WSC content ranged from 60 to 70 g/kg DM was deemed as the optimal requirement to achieve well-preserved fermentation (Zheng et al., 2018). During silage fermentation, LAB can use WSC on crops to produce organic acids and reduce the pH value of silage (Yang et al., 2020). Consistent with the literature, we found that the WSC content was reduced after ensiling (Bernardes et al., 2018; Ogunade et al., 2018). Interestingly, both WL and XJD with higher WSC content produced less LA than ZC and ZM2. This might be inhibited by the higher DM. Previous studies have shown that when the DM content exceeds 500 g/kg FM, all microorganisms, including LAB, are inhibited (Muck, 1990).



Fermentation quality of silage

During the silage fermentation process, the pH value, NH3-N, and organic acids are important indicators for assessing silage fermentation quality. Generally, the pH value of legume silage ranges from 4.3 to 5.0 (Kung et al., 2018). In this study, the pH values of the six varieties of alfalfa silage ranged from 4.5 to 5.3, slightly higher than previously reported. The variation in PH values could be due to the heterogeneous chemical composition of different alfalfa varieties or differences in silage microbial communities, consistent with previous reports by Tremblay et al. (2001). NH3-N reflects the degradation of proteins in silage, a process mainly mediated by plant and microbial proteases (Ohshima and McDonald, 1978). Interestingly, the type and activity of proteases may also vary during the ensiling process, depending on the alfalfa species and microbial community. There is an increasing consensus that for forages of good silage quality, NH3-N should be less than 100 g/kg TN (Yuan et al., 2012; Kung et al., 2018). In the present study, the relatively low NH3-N/TN content of the ZC, ZM1, ZM2, and GN groups indicated that protein loss after ensiling was relatively low. However, the content of NH3-N/TN in both WL and XJD groups was higher than 100 g/kg TN, indicating that protein loss was more significant after ensiling in these two varieties of alfalfa. In general, the higher protein loss may be due to the activity of Clostridium, which in turn produces higher amounts of BA (Pahlow et al., 2003). However, in the present study, BA was not detected in the silages in both WL and XJD groups. This suggested the involvement of other bacteria in protein degradation, such as Mycobacterium, Enterococcus and Weissella (Lu et al., 2021; Bao et al., 2022).

Organic acids are products of lactic acid bacteria metabolism during silage fermentation that can lower the pH in the feed, thereby inhibiting the activity of microorganisms associated with protein hydrolysis. Among them, LA was the largest contributor to lowering pH and usually accounts for most silage (Fan et al., 2021). Therefore, the high LA content and low pH of the ZC group were attributed to the rapid production of LA by LAB and the reduction of pH in a short period. In general, AA is the second highest acid in silage; studies have shown that AA has strong antifungal properties, and an appropriate amount of AA content can increase the aerobic stability of silage (Kung et al., 2000; Bai et al., 2020). In the present study, there were significant differences in LA and AA concentrations of alfalfa forages among varieties after ensiling, which may be due to differences in the chemical properties of different alfalfa and microbial communities during the fermentation process. Current evidence suggests that propionic acid bacteria can produce PA in large quantities during silage fermentation, and their role is mainly to improve the aerobic stability of silage. However, high concentrations of PA and BA are usually found in Clostridium fermented silage and indicate poor fermentation (Kung et al., 2018). In this study, BA and PA were not detected in all groups of silages, which may be due to the killing of Clostridium spores during the wilting process in fresh alfalfa (Zheng et al., 2018).



Bacterial community of silage

In this study, the Good’s coverage index of all samples reached approximately 1, indicating that most bacteria were detected. Alpha diversity analysis was conducted to assess the microbial abundance and species richness contained in the sample. The ACE and Chao1 index reflect the richness of microbial species, and the Shannon index reflects the richness and evenness of species (Fu et al., 2022). Consistent with the literature (Zhang et al., 2022), we found that the microbial community composition of alfalfa epiphytes grown in the same season and region was less influenced by species. The abundance and species richness of the six alfalfa epiphytic bacterial communities were similar. The PCA plots further demonstrated that the six alfalfa epiphytic microbial communities were similar before ensiling. Similar to the work of Blajman et al. (2020) and Lu et al. (2021), the abundance and diversity of the bacterial community decreased after ensiling. During the ensiling process, aerobic bacteria and partly aerobic bacteria rapidly consume oxygen in the environment and create an anaerobic environment, causing inhibited metabolic activities of many microorganisms in the raw material and eventually replaced by anaerobic or facultative anaerobic bacteria such as lactic acid bacteria (Muck et al., 2018). In the present study, the abundance of Bradyrhizobium, Methylovirgula, Mycobacterium and Sphingomonas declined or even disappeared, leading to a decrease in bacterial diversity. Eventually, Lactiplantibacillus, Fructilactobacillus and Lentilactobacillus became the dominant genera for silage.

In the present study, the dominant genera before ensiling were Proteobacteria and Actinobacteriota and shifted to Firmicutes after ensiling. Nazar et al. (2020) similarly reported a shift in the bacterial community from the Proteobacteria to the Firmicutes and advocated that anaerobic and acidic environments contribute to the growth of Firmicutes. Microbial community structure and diversity during ensiling are important factors affecting fermentation (Figure 3). Bradyrhizobium and Mycobacterium were the main epiphytic genera of fresh alfalfa before ensiling. Bradyrhizobium is a common genus of rhizobia in legumes, named for its slow growth and symbiotic relationship during alfalfa growth (Fred et al., 1932). The gram-positive bacterium Mycobacterium is a genus in the family Mycobacterium. Some Mycobacterium species, such as Mycobacterium Bovis, are pathogenic and can reportedly cause tuberculosis in humans and animals (Grooms et al., 2019).

After ensiling, the main genera in alfalfa silage were Lactiplantibacillus, Lentilactobacillus, Fructilactobacillus, Pediococcus and Enterococcus (Figure 3). In this respect, it has been shown that Fructilactobacillus can use fructose to produce organic acids such as LA and AA, often present in yeast cultures or sourdough (Martau et al., 2021), but were rarely seen during silage fermentation. In the present study, the ZC and XJD groups had a higher abundance of Fructilactobacillus, attributed to the fermentation process promoting the breakdown of fructose in both alfalfa species, which led to an increased abundance of Fructilactobacillus. Studies have shown that Lactiplantibacillus and Lentilactobacillus were ideal functional bacteria after ensiling and can be used to improve silage quality (Fu et al., 2022; Li et al., 2022). During the fermentation process, Lactiplantibacillus can inhibit the growth of Clostridium, thereby reducing the content of ammonium nitrogen in the feed, resulting in a higher fermentation quality of the silage (Du et al., 2022). Consistently, in the present study, Lactiplantibacillus showed a negative correlation with NH3-N/TN. It is generally believed that during the pre-ensiling stage, Enterococcus and Pediococcus can rapidly produce LA and promote the formation of an anaerobic environment to facilitate LAB growth. However, it should be borne in mind that Enterococcus and Pediococcus are less acid-tolerant and are thus replaced by the more acid-tolerant Lactiplantibacillus and Fructilactobacillus during the late ensiling stage (Parvin et al., 2010), accounting for the positive correlation between pH and Enterococcus (p < 0.05). Besides, in this study, the LA/AA values of all alfalfa forages except ZM2 were less than 2, which indicated that the remaining five alfalfa silages were mainly based on acetic acid fermentation. Anisotropic fermenting LAB can convert LA to AA, resulting in lower LA/AA values (Nair et al., 2020).

In the present study, the chemical composition of the six alfalfa feedstocks differed significantly by species, but the epiphytic bacterial communities were similar at the genus level. Correlation analysis showed that the differences in the chemical composition of different alfalfa varieties significantly affected the fermentation quality and bacterial community composition of silage; WSC and DM were the main drivers of bacterial community changes during alfalfa during alfalfa ensiling. Higher WSC could provide more carbon sources for microbial activities, thus favoring the sugar-fermenting microorganisms (Hisham et al., 2022). Silage materials with lower DM content have more water than those with higher DM content. Microorganisms can harness this water better for metabolism, which leads to a faster decrease in silage pH for low DM content than for high DM content (Kung et al., 2018). Thus WSC and DM can significantly influence the changes in the bacterial flora during alfalfa ensiling.




Conclusion

This study investigated the chemical composition, fermentation quality and microbial composition of six alfalfa species harvested at the same time, region and fertility period. After ensiling, ZM2 exhibited a lower pH and NH3-N content and a higher LA content compared to other varieties of alfalfa silage. Moreover, beneficial bacteria such as Lentilactobacillus and Lactiplantibacillus were predominant, accounting for the high fermentation quality of ZM2. The chemical composition of different alfalfa varieties before ensiling was different, while the epiphytic microbial communities were similar. After ensiling, there were significant differences in the fermentation quality and microbial community composition of different alfalfa varieties. In a nutshell, the chemical composition of silage materials determined the bacterial community composition of silage, among which WSC and DM content were important determining factors.
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Introduction: Italian ryegrass is less studied in northern China due to high-quality forage grass has not been fully utilized. Full utilization of high-quality forage grass helps to alleviate the shortage of forage grass in winter and spring season and guarantee stable development of livestock production. Consequently, this study was aimed to evaluate the effects of different regions in northern China on the fermentative products, bacterial community compositions, and metabolic pathways and metabolites of Italian ryegrass silage.

Methods: The Italian ryegrass was harvested from three regions (Ordos-WK; Hohhot-AK; Ulanqab-SYK) and ensiled for 60 days. Single molecule real-time (SMRT) sequencing and ultra-high performance liquid chromatography-mass spectrometry (UHPLC–MS/MS) were used to analyze bacterial communities and metabolites, respectively.

Results: After 60 d of fermentation, the SYK group had the lowest pH (4.67), the highest lactic acid contents (95.02 g/kg DM) and largest lactic acid bacteria populations (6.66 log10 cfu/g FM) among the treatment groups. In addition, the SYK group had the highest abundance of Lactiplantibacillus plantarum (63.98%). In SYK group, isoquinoline alkaloid biosynthesis was the significantly enriched (p < 0.05) and high-impact value (0.0225) metabolic pathway. In AK group, tryptophan metabolism the was the significantly enriched (p < 0.001) and high-impact value (0.1387) metabolic pathway. In WK group, citrate cycle (TCA cycle) was the significantly enriched (p < 0.001) and high-impact value (0.1174) metabolic pathway. Further, Lactiplantibacillus plantarum was positively correlated with cinnamic acid, tetranor 12-HETE, D-Mannitol, (2S)-2-amino-4-methylpentanoic acid L-Leucine, guanine, isoleucyl-aspartate and 3,4-Dihydroxyphenyl propanoate, but negatively correlated with isocitrate and D-mannose.

Discussion: In conclusion, this study can improve our understanding of the ensiling microbiology and metabolomics in different regions to further regulate the fermentation products and promote livestock production.

KEYWORDS
 Italian ryegrass, bacterial community, metabolomic profiles, fermentation, different regions


Introduction

Ensiling has become a common and effective method for long-term conservation of livestock forages. At present, ensiling of forages is widely carried out around the world to continuously provide feeds for ruminants (Wang et al., 2022a). Silage quality largely depends on the characteristics of forage at harvest (Boever et al., 2013), because during the ensiling process, anaerobic microorganisms mainly composed of LAB ferment the available chemical component of the forage and use WSC to produce LA, reduce pH, acidize silage, and inhibit harmful microorganisms to ensure long-term preservation of the silage (Na et al., 2022). The chemical composition of forage is important for silage fermentation (Yin et al., 2022), but the chemical components of forage varies with the environment in which it is grown (Johnson et al., 1999). In addition to the chemical composition, the epiphytic microbiota of the aboveground parts also change with the change of the growing environment (Handley, 2019). However, with the interaction between forage and climate, epiphytic microorganisms gradually become the specific microorganisms of their hosts (Yin et al., 2022). Epiphytic microbial communities are important in ensiling forage during fermentation; composed of a variety of microorganisms, they create a variety of metabolites (Kung et al., 2018).

Italian ryegrass (Lolium multiflorum Lam.) is a globally significant fodder crop. It is currently extensively dispersed throughout temperate parts of the world, and cultivated in Europe, America, and Asia (Parvin et al., 2010). Italian ryegrass is one of the most significant and frequent forages for dairy cows in temperate climates (Lv et al., 2021). As the common forage for grazing ruminants, it is characterized by high forage production, nutritional value, digestibility, and good ensiling qualities—it has especially high levels of soluble and degradable nitrogen and carbohydrates (Stergiadis et al., 2015). Making silage from Italian ryegrass can help with bridging the gap between year-round livestock output and the seasonal imbalance of available feed (Wright et al., 2000). However, at present, as a high-quality forage with good ensiling qualities providing high-quality feed for ruminants, Italian ryegrass has been understudied for Italian ryegrass silage in northern China because it is difficult to overwinter in northern areas. Moreover, studies on microbial fermentation and metabolic mechanisms of Italian ryegrass silage have not yet been reported. Therefore, we selected Ordos City, Hohhot City, Ulanqab City, the three representative forage producing areas and milk source gold belt to test the cultivation of high-quality Italian ryegrass to promote the development of high-quality forage industry and dairy industry.

In recent years, SMRT technology has been used to track changing communities of microbial composition and to determine the dominant species in silage, as well as the correlation of dominant species with fermentation products (Bai et al., 2021; Du et al., 2022a). Previous studies have integrated using 16S rRNA sequencing and metabolomics to investigate silage microbiomes and metabolome patterns in order to better understand the biological mechanisms underpinning silage (Guo et al., 2018; Xu et al., 2019). Moreover, many hitherto unknown compounds can be identified by metabolomics (Guo et al., 2018; Xu et al., 2019). Metabolomic research tools help to reveal the biochemical network mechanisms of the fermentation process and can also be used to guide the regulation and prediction of component changes in the fermentation process. During the fermentation process, a significant variety of metabolites are formed, including diverse amino acids, fatty acids, oligosaccharides, vitamins, peptides, and aromatic compounds, and the kinds of these metabolites are researched (Wang et al., 2021). It is important to study the types, quantities, and influencing factors of these metabolites for the exploitation and scientific evaluation of lactic acid bacteria fermentation (Wang et al., 2021). In addition, the use of correlation-based analysis of coupled microbiome-metabolome data sets is becoming increasingly common in research, with the goal of identifying microbial drivers of metabolic variance (Noecker et al., 2019).

To the best of our knowledge, few studies have used multi-omics methods to analyze differences in Italian ryegrass silage fermentation quality, microbial community and metabolome characteristics in different regional settings, and few previous studies have used LC–MS to identify the metabolome of Italian ryegrass silage. We hypothesized that Italian ryegrass grown in different regional environments has different microbial community changes and metabolomics characteristics during fermentation due to differences in chemical composition and microbial composition, resulting in different fermentation quality. Therefore, this study aimed to use SMRT sequencing and metabolomics techniques to study the effects of regions on silage quality from a microbiological and metabolomics perspective. Further, we sought to investigate the microbial community structure and metabolomics characteristics of Italian ryegrass silage fermentation in different regions, so as to better use the regulation of microbial community structure and metabolomics to regulate the fermentation quality to produce high-quality silage. In addition, understanding the relationship between metabolites and fermentation bacteria provides new ideas for the screening and utilization of functional lactic acid bacteria, and provides a theoretical basis for improving fermentation quality.



Materials and methods


Experimental design and silage preparation

The planting time, sampling time, and the basic general situation of Italian ryegrass are shown in Table 1. The cultivation and management measures in the three regions are consistent, including irrigation and fertilization. Italian ryegrasses were harvested at booting stages from three plots randomly selected from three regions (WK, AK, SYK) as three replicates, and the collected samples were placed on clean plastic sheets and left to sun-dry. Sun-drying continued until dry matter content was about 35%, whereupon the Italian ryegrass was chopped into 2-cm-long segments with a forage cutter (Mode-8200, Minghong Business, Shandong, China). From each repetition, 300-g samples were collected in sterilized bags (75% alcohol for sterilization) and plated in an ice-boxes, and then immediately sent to the laboratory for determination of microbial community and chemical characteristics (Table 2). The rest of the prepared ryegrass (500 g) was packed into polyethylene plastic bags (size: 300 mm × 400 mm; Embossed Food Saver Bag Co., Ltd., Chengdu, China) and vacuum sealed with a vacuum sealer (DZ-400, Shandong Zhucheng Yizhong Machinery Co., Ltd., Zhucheng, China). There were three replicates for each treatment, and all samples (three treatments × three replicates) were stored at ambient temperature (24–26°C) under sheltered conditions. After 60 days of ensiling, the fermentation quality, microbial community and metabolites of samples from three regions were determined.



TABLE 1 Sampling time and the basic general situation of sample plots.
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TABLE 2 Chemical and microbial compositions of fresh materials.
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Chemical analysis of raw materials and Italian ryegrass silages

Measurement of each key variable (i.e., chemical composition, fermentation characteristics, and microbial counts) of each sample of raw materials and silage was repeated with three replicates. The determination of metabolomics was performed with six replicates. After ensiling, each sample was divided into two equal parts (three replicates × 2 = six replicates). From each sample, 20 g was taken and placed in a sterilized cryopreservation tube. The cryopreservation tube was immediately placed in liquid nitrogen for quick freezing for 15 min, and then stored at −80°C. These samples (three treatments × 6 replicates = 27) were sent to Majorbio Bio-Pharm Technology (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai, China) for metabolomics determination.

Following the method detailed by Du et al. (2021a), the raw materials and Italian ryegrass silages were dried in an oven for 48 h at 65°C until a constant mass was attained, and then ground to pass a 1-mm screen (FM100, Taisite Instrument Co. Ltd., Tianjin, China) for chemical analysis. TN was determined using a Kjeldahl apparatus (Vapodest 50 s, Gerhart, Bonn, Germany) following Patrica (1997), CP content was determined as the TN × 6.25. NDF and ADF were measured according to the method described by Van Soest et al. (1991), using an Ankom A2000i fiber analyzer (A2000i, Ankom Technology, Macedon, NY, United States). The WSC content was analyzed by referring to the anthrone reagent colorimetry Thomas (1977).

In order to analyze the fermentation characteristics of forage, 10 g samples of silage were combined with 90 g of deionized water and kept in a 4°C fridge for 24 h (Du et al., 2021a). The liquid extract was filtered using four layers of gauze and filter paper and used for the following analysis. The pH of the sample was measured with a glass electrode pH meter (pH S-3C, LEICI, Shanghai, China). The organic acid, including LA, AA, PA, and BA content of silage was determined using high performance liquid chromatography (Model: e2695, Waters Corporation, Massachusetts, United States) as described by Cheng et al. (2021). The AN was determined by the phenol-hypochlorite reaction (Broderick and Kang, 1980).

Following Li et al. (2014), 10 g of fresh materials or Italian ryegrass silage was sampled and blended with 90 ml of sterilized water and serially diluted in sterilized distilled water from 10−1 to 10−5, the numbers of LAB, coliform bacteria, yeast, and molds were then measured. The colonies of LAB were anaerobically cultured on De Man Rogosa Sharpe agar medium at 37°C for 48 h, and the colonies were counted. Coliform bacteria were aerobically incubated at 37°C for 48 h on violet-red bile agar culture media. Yeasts and molds were aerobically incubated at 30°C for 48 h on potato dextrose agar culture media. All culture media were from the same manufacturer (Guangzhou Huankai Microbial Science and Technology Co. Ltd., Guangzhou, China).



Microbial diversity analysis

The Fast DNA SPIN for Soil kit (MP Biomedicals, Solon, OH, United States) was used to extract genomic DNA from the microbial communities of the fresh and silage ryegrass samples. The concentration and purity of the DNA were evaluated using a Nanodrop 2000 UV–Vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States). The primer pairs 27F and 1492R across the full-length bacterial 16S rRNA gene were amplified using an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, United States).

The PCR amplification procedure was performed following the methods of Li et al. (2022). The resultant PCR amplicons were extracted from a 2% (w/v) agarose geland further purified using AMPure® PB beads (Pacifc Biosciences, CA, United States). The purified product was mixed in equal molars and a DNA library was constructed using SMRTbell® Express Template Prep Kit 2.0 (Pacifc Biosciences, CA, United States) according to the manufacturer’s instructions. The purified SMRTbell library was sequenced using SMRT sequencing technology on the Pacbio Sequel II System (Pacifc Biosciences, CA, United States). The original 16S rRNA gene sequencing data were spliced using FLASH. UPARSE was used to cluster OTUs with a similarity cutoff of 97%. Each OTU representative sequence was analyzed using the RDP Classifier (Version 2.2) classifier algorithm and database (nt_v20210917), and the confidence threshold was 70%.

Bioinformatic analysis of the silage microbial diversity was carried out using the Majorbio Cloud platform.1 Following the methods detailed by Schloss et al. (2009), alpha diversity indices including observed OTUs, Chao1 richness, Shannon index, and Good’s coverage were calculated with Mothur (Version 1.30.1) based on the OTUs information. Following OTU clustering, the Venn diagram package (Version 1.2) in R statistical tools was used to draw a Venn diagram (Du et al., 2021b). The similarity among the microbial communities in different samples was determined by PCoA based on Bray–Curtis dissimilarity using Vegan package (Version 2.5–3). The heat map hierarchical cluster analysis and analysis of similarities (ANOSIM) were shown by R statistical pvclust (Version 3.0.2) (Du et al., 2021b). The distance-based redundancy analysis by Vegan package (Version 2.5–3) was used to examine the relationship between environmental factors and nutrient composition, microbial community structure of the raw materials in three regions (Yang X. et al., 2022).



Sequencing and analysis of metabolites

As described by Zhang et al. (2019), 50 mg of solid silage ryegrass samples were put in an EP tube and the metabolites were extracted with 400 μl methanol: water (4: 1, v/v) solution. According to the method described by Fu et al. (2022), a mixed quality control sample (QC) was prepared. The processing and testing of QC samples were the same as those of analytical samples. The instrument platform of this LC–MS study used a Thermo Fisher ultra-high performance liquid chromatography tandem Fourier transform mass spectrometry UHPLC-quadrupole-electrostatic field orbital trap high resolution mass spectrometer HF-X system. UHPLC–MS/MS analysis were performed according to the method described by Yang Z. et al. (2022).



Multivariate statistical analysis of metabolites and identification of differential metabolites

The ropls R package (Version1.6.2) from Bioconductor on Majorbio Cloud Platform (see Footnote 1) was used to perform multivariate statistical analysis, including PCA, PLSDA, and OPLS-DA. The differential metabolites were detected based on OPLS-DA analysis to obtain the first principal component (VIP) of variable importance in the projection. Combined with Student t test, the screening conditions for the main differential metabolites were: p < 0.05 and VIP > 1. Using one-way analysis of variance (ANOVA) (p < 0.05 for significant difference) and Tukey–Kramer’s test method yielded 471 differential metabolites to create metabolic sets for silage samples from three regions.

Metabolic enrichment and pathway analyses were built up and connected to biochemical pathways using database searches (KEGG).2 The KEGG is a knowledge base for systematic analysis of gene function, linking genomic information and functional information. Using the KEGG database, the metabolites in the metabolic concentration can be classified according to the pathways they participate in or the functions they perform. Enrichment analysis is frequently used to analyze a group of metabolites in a function node whether it appears or not. The principle was that the annotation analysis of a single metabolite develops into an annotation analysis of a group of metabolites. KEGG topology analysis was used as the method for relative-betweenness centrality. Scipy.stats (Python packages)3 was used to identify statistically significantly enriched pathways using a Fisher’s exact test.



Statistical analysis

The variance analysis (ANOVA) of fermentation, nutritional characteristics and microbial populations of fresh materials and silage samples were performed using the general linear model program (GLM) to test the differences between samples in SAS software (ver. 9.3; SAS Institute Inc., Cary, NC, United States). One-way analysis of variance (ANOVA) and a Tukey’s honest significant difference (HSD) test were used to examine differences among samples, and the effect was considered significance when p < 0.05. Microbiota and metabolome data analysis were performed using the Majorbio I-Sanger Cloud Platform.4




Results


Chemical composition and microbial population of raw materials

The chemical composition and microbial populations of fresh materials before ensiling are shown in Table 2. The different growth regions had a significant effect (p < 0.05) on contents of DM, CP, NDF, ADF, and WSC, as well as coliform bacteria, yeasts and molds numbers. The DM content of fresh materials ranged from 33.4 to 35.47%, and the CP content ranged from 14.65% DM to 23.54% DM. The CP content (23.54% DM) of SYK was significantly higher than the others (p < 0.05). The WSC content (9.23% DM) of SYK was the highest and significantly higher than that of WK (p < 0.05). There were no significant differences with LAB among the regions, but the LAB numbers of AK were the highest. The counts of undesirable microorganism (e.g., yeast and molds) in WK were the lowest among three groups.

To analyze the effect of environmental factors on nutrient composition, microbial community structure of raw materials, redundancy analysis was performed for the microbial communities of fresh materials. Mean relative humidity, WSC, CP, altitude, mean temperature, and mean sunshine duration had a significant effect on the variability of epiphytic bacterial communities. Among them, mean temperature, altitude and mean relative humidity were positively correlated with CP and WSC, and explained up to 84.55% (57.99 and 26.56% on RDA axes 1 and 2, respectively) of total variance of bacterial community (Figure 1).
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FIGURE 1
 Redundancy analysis the relationship between environmental factors and nutrient composition, microbial community structure of raw materials. The axes are labeled with the percentage of total variance explained (%). Red arrow lengths indicate the variance explained by environmental factors and nutrient composition, and the blue arrow lengths indicate the variance explained with the microbial community structure. Different graphics represent raw material samples of three regions. MT, mean temperature; A, altitude; MRH, mean relative humidity; MSD, mean sunshine duration; CP, crude protein; WSC, water-soluble carbohydrate; NDF, neutral detergent fiber; ADF, acid detergent fiber; WK, China, Inner Mongolia, Ordos-wushenqi; AK, China, Inner Mongolia, Hohhot; SYK, China, Inner Mongolia, Ulanqab-siziwangqi.




Fermentation quality of Italian ryegrass silage in different regions

As shown in Table 3, the regions had a significant effect (p < 0.05) on the AN/TN, and the contents of LA, AA, PA, and BA. But we found that there were no significant differences between the numbers of LAB and WSC content after ensiling. The pH of the silages ranged from 4.67 to 5.11, and the SYK achieved lower pH (4.67) as compared to others. Moreover, SYK also had the highest LA content (95.02 g/kg DM). The WK had the highest pH (5.11), while it had the lowest LA content (21.27 g/kg DM) and was significantly lower than the other groups (p < 0.05). The SYK had the highest AA (7.77 g/kg DM) and PA (13.35 g/kg DM) content and was significantly higher than the other groups (p < 0.05). The LAB population of all three groups increased (4.84 vs. 6.50; 5.06 vs. 5.76; 3.67 vs. 6.66) after 60 days of ensiling, whereas the WSC contents (7.50 vs. 5.25% DM; 9.01 vs. 5.63% DM; 9.23 vs. 5.12% DM) decreased.



TABLE 3 Fermentation quality of ryegrass silage in different regions.
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Microbial community of raw materials and Italian ryegrass silages

The diversity and richness indices of bacterial communities in raw materials and Italian ryegrass silages are illustrated in Table 4. All of the samples had coverage values above 0.99. The Sobs, Shannon, Ace, and Chao 1 indices in all silage samples were lower than that of all fresh materials. After ensiling, the Sobs, Shannon, Ace, and Chao 1 indices ranged from 31.33 to 47.00, 1.83 to 2.53, 46.01 to 121.75, 44.75 to 85.44, respectively. In addition, the highest values for these indices of bacterial diversity and community were observed in fresh materials of group AK.



TABLE 4 Alpha diversity of the bacterial community in fresh materials and ryegrass silage.
[image: Table4]

A Venn diagram of the OTUs in raw materials and Italian ryegrass silages is shown in Figure 2. The dominant microbiome of the W, A, and SY (Figure 2A) contained 99 shared OTUs, as well as 7, 16, and 6 unique OTUs, respectively. After ensiling, the WK, AK and SYK silages shared 28 OTUs (Figure 2B), as well as 8, 26, and 13 unique OTUs, respectively. Compared to raw materials, the dominant microbiome of Italian ryegrass silages shared OTUs decreased, and this trend was the same as the Sobs, Shannon, Ace, and Chao 1 indices, indicating that the microbial diversity was decreased after ensiling, while the different regions significantly affected microbial diversity.
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FIGURE 2
 Venn analysis of shared and unique microbial OTUs of raw materials and ryegrass silages. (A) Raw materials; (B) Ryegrass silages. W, Raw materials of Ordos-wushenqi; A, Raw materials of Hohhot; SY, Raw materials of Ulanqab-siziwangqi; WK, Ryegrass silages of Ordos-wushenqi; AK, Ryegrass silages of Hohhot; SYK, Ryegrass silages of Ulanqab-siziwangqi.


We used β-diversity analysis utilizing PCoA to confirm differences in the bacterial communities of the fresh materials and Italian ryegrass silage (Figure 3). The PCoA was based on Bray–Curtis distances at the OTU level and an ANOSIM test with 999 permutations between the different groups. As shown in Figure 3, we found that there was no significant separation between bacterial communities of raw materials, but after ensiling we observed a clearly separation among the bacterial communities in different regions, showing that different regions significantly affected the β diversity of microbial communities.
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FIGURE 3
 The principal coordinate analysis (PCoA) plot showing variation in bacterial community structure of three regions. W, Raw materials of Ordos-wushenqi; A, Raw materials of Hohhot; SY, Raw materials of Ulanqab-siziwangqi; WK, Ryegrass silages of Ordos-wushenqi; AK, Ryegrass silages of Hohhot; SYK, Ryegrass silages of Ulanqab-siziwangqi.


Relative bacterial abundances at the phylum (Figure 4A), genus (Figure 4B) and species (Figure 4C) level in raw materials and Italian ryegrass silages are shown in Figure 4. Proteobacteria was the main phylum in the fresh materials, while Firmicutes were the main phylum in Italian ryegrass silages. The relative abundance of Proteobacteria in W, A and SY were 44.57, 50.8, and 46.96%, respectively. After ensiling, the abundance of Proteobacteria decreased while Firmicutes abundance increased. The relative abundance of Firmicutes in WK, AK, and SYK were 73.42, 95.91, and 93.44%, respectively. Unclassified bacteria, Pantoea, Microbacterium, and Paracoccus were the main genera in raw materials. After fermentation, Enterococcus, Lactiplantibacillus, and Levilactobacillus were the most abundant bacteria. The Enterococcus relative abundance of WK, AK, and SYK were 43.17, 40.88, and 11.24%, respectively. The Lactiplantibacillus relative abundance of WK, AK, and SYK were 4.17, 26.24, and 63.98%, respectively. The Levilactobacillus relative abundance of WK, AK, and SYK were 19.28, 6%, and 14.28%, respectively. The highest abundance of Lactiplantibacillus occurred in SYK (63.98%) while and the highest abundance of Enterococcus occurred in WK and AK (43.17 and 40.88%, respectively). After ensiling, uncultured Enterococcus sp. (34.37%) and uncultured bacterium (23.68%) were the predominant species in WK, while the relative abundance of Lactiplantibacillus plantarum was only 4.17%. The relative abundance of Lactiplantibacillus plantarum and uncultured Enterococcus sp. in AK were 26.23 and 27.76%, respectively. The relative abundance of Lactiplantibacillus plantarum and uncultured Enterococcus sp. in SYK were 63.98 and 10.52%, respectively.
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FIGURE 4
 Bacterial community composition on phylum (A), genus (B), and species (C) level in fresh ryegrass and ryegrass silage by SMRT. W, Raw materials of Ordos-wushenqi; A, Raw materials of Hohhot; SY, Raw materials of Ulanqab-siziwangqi; WK, Ryegrass silages of Ordos-wushenqi; AK, Ryegrass silages of Hohhot; SYK, Ryegrass silages of Ulanqab-siziwangqi.




Correlation analysis of fermentation products and microbial community

As shown in Figure 5, the pH was negatively correlated with Lactiplantibacillus plantarum, Latilactobacillus sakei, and Weissella paramesenteroides, but positively correlated with Enterococcus faecalis and uncultured Enterococcus sp. The AN/TN was positively correlated with Lactiplantibacillus plantarum, Latilactobacillus sakei, and Weissella paramesenteroides, but negatively correlated with Enterococcus faecalis, Paracoccus sp., and Loigolactobacillus coryniformis. LA, AA and PA were positively correlated with Lactiplantibacillus plantarum, Latilactobacillus sakei, and Weissella paramesenteroides, but negatively correlated with uncultured Enterococcus sp., Enterococcus faecalis, and Paracoccus sp. BA was positively correlated with Lactococcus sp., Weissella minor, and Fructilactobacillus lindneri, but negatively correlated with uncultured bacterium. LAB was negatively correlated with Agrobacterium rubi, Alkalihalobacillus gibsonii, Fructilactobacillus lindneri, and Enterococcus hermanniensis.
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FIGURE 5
 Correlation analyses between bacterial community and terminal fermentation products at species level. Fermentation characteristics are displayed horizontally and the bacterial community information is displayed vertically. The corresponding value of the middle heat map is the Spearman correlation coefficient r, which ranges between −1 and 1; r < 0 indicates a negative correlation (orange), r > 0 indicates a positive correction (green), and “*,” “**,” and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively. AN/TN, ammonia nitrogen/total nitrogen; LAB, lactic acid bacteria; WSC, water-soluble carbohydrate.




KEGG enrichment analysis and topology analysis of metabolite pathway identified in Italian ryegrass silage

KEGG enrichment analysis of differential metabolites after ensiling from three regions in Figure 6. The ordinate in the figure represents the pathway name, and the abscissa represents the enrichment rate, which indicates the ratio of the numbers of enriched metabolites in the pathway to the background number annotated to the pathway. The larger the value, the greater the degree of enrichment. In SYK group, only isoquinoline alkaloid biosynthesis metabolic pathway was significantly enriched (p < 0.05), and the enrichment rate was 0.0164. In AK group, there were 4 significantly enriched pathways. They were betalain biosynthesis, tryptophan metabolism, tyrosine metabolism and isoquinoline alkaloid biosynthesis, among which tyrosine metabolism were significantly enriched (p < 0.001), and betalain biosynthesis had the highest enrichment rate (0.0417). In WK group, there were 7 significantly enriched pathways. There were nitrogen metabolism, amino sugar and nucleotide sugar metabolism, pyrimidine metabolism, ABC transporters, alanine, aspartate and glutamate metabolism, citrate cycle (TCA cycle) and glyoxylate and dicarboxylate metabolism, among which citrate cycle (TCA cycle) were significantly enriched (p < 0.001), and it had the highest enrichment rate (0.1). According to the classification of KEGG pathway database, except for ABC transporters, which are related to environmental information processing, the remaining metabolites belong to the metabolic class.
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FIGURE 6
 KEGG pathway enrichment analysis of the main differential metabolites of ryegrass silage from three different regions in positive and negative ion modes (WK, Ordos; AK, Hohhot; SYK, Ulanqab). M, and EIP are the class names of metabolic pathways in KEGG annotation. M, metabolism; EIP, environmental information processing. Value of p-uncorrected <0.05 and column chart showing value of p values for the top 20 pathways; *p < 0.05; **p < 0.01, ***p < 0.001.


Topology analysis of differential metabolites after ensiling from three regions as shown in Figures 7A–C, and KEGG topology statistics table was shown in Supplementary Table 1. Each bubble in the figure represents a KEGG pathway; the horizontal axis represents the relative importance of the metabolites in the pathway, the size of impact value; the vertical axis represents the enrichment significance of metabolites involved in the pathway-log10 (p-value); the size of the bubble represents the impact value; the larger the bubble, the greater the importance of the pathway. Bubbles labeled with the letter A in the figure represent significantly enriched (p < 0.05) and high-impact value metabolic pathways. In SYK group (Figure 7A), the significantly enriched and high-impact value (0.0225) metabolic pathway was isoquinoline alkaloid biosynthesis. In AK group (Figure 7B), the significantly enriched and high-impact value (0.1387) metabolic pathway was tryptophan metabolism. In WK group (Figure 7C), the significantly enriched and high-impact value (0.1174) metabolic pathway was citrate cycle (TCA cycle). This was consistent with the results of KEGG enrichment analysis.
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FIGURE 7
 (A) SYK, Ryegrass silages of Ulanqab-siziwangqi, (B) AK, Ryegrass silages of Hohhot and (C) WK, Ryegrass silages of Ordos-wushenqi; Bubbles labeled with the letter A in the figure represent significantly enriched (p < 0.05) and high-impact value metabolic pathways.




Correlation analysis of high abundance bacteria and fermentation metabolites

Spearman correlation between bacteria and differential fermentation metabolites at the level of species is shown in Figure 8, and those bacteria had the highly relative abundance in three region silages. Lactiplantibacillus plantarum was positively correlated with cinnamic acid, tetranor 12-HETE, D-Mannitol, (2S)-2-amino-4-methylpentanoic acid L-Leucine, guanine, isoleucyl-aspartate and 3,4-Dihydroxyphenyl propanoate, but negatively correlated with isocitrate and D-mannose. Levilactobacillus brevis was negatively correlated with L-phenylalanyl-L-proline. The Enterococcus hermanniensis was positively correlated with chlorogenic acid, 2-hydroxycinnamic acid, ganoderic acid F, methylmalonic acid, and isorhamnetin 3-glucoside.
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FIGURE 8
 Correlation analysis of high abundance of species-level bacteria and metabolites in silage from three regions. Bacterial community information is displayed horizontally and the fermentation metabolites are displayed vertically. The corresponding value of the middle heat map is the Spearman correlation coefficient r, which ranges between −1 and 1; r < 0 indicates a negative correlation (orange), r > 0 indicates a positive correction (green), and “*,” “**,” and “***” represent p < 0.05, p < 0.01, and p < 0.001, respectively.





Discussion

Ensiling involves complex interactions between microorganisms and chemical components of raw materials in an anaerobic environment (Wang et al., 2022b). Therefore, the involved species of microorganisms attached to the surface of the raw materials and chemical components of the raw materials are important factors affecting silage quality (Yin et al., 2022). To investigate the contribution of microorganisms and chemical components attached to the raw materials of Italian ryegrass to the fermentation products of Italian ryegrass silage in three different regions, the microbial community characteristics, metabolic pathways and metabolites of Italian ryegrass silages after 60 days ensiling were analyzed.


Chemical composition and microbial population of raw materials

As a high-quality forage, Italian ryegrass has a good nutritional profile, including high levels of CP and WSC (Yan et al., 2019). In this study, the CP content was higher than 14% DM in all regions, where the CP content of the group SYK was the highest, which was higher than that of perennial ryegrass (10.46% DM, Dong et al., 2020), alfalfa (18.3% DM, Wang et al., 2019), and dried corn stover (6.08% DM, Yan et al., 2019). Guan et al. (2018) reported that differences in temperature, precipitation, and soil environment may influence the CP content. The WSC substance of raw materials is basic for lactic acid fermentation, and the ideal WSC substance ought to surpass 5% DM for a satisfactory silage fermentation (Li et al., 2019). The WSC substance (7.5% DM, 9.01% DM, and 9.23% DM) of fresh Italian ryegrass in the three different regions was higher than 5% DM, thereby demonstrating that adequate substrate may be given for microorganisms. Among these, the CP content (23.54% DM) and WSC content (9.23% DM) in the SYK group were the highest, which may because the SYK region had the highest altitude of the studied regions (Ding et al., 2020; Yang X. et al., 2022). Ding et al. (2020) reported that with an increase in altitude, WSC and CP content also increased in fresh grass. This may because low temperatures at the high altitudes restrain plant respiration, which is conducive to the accumulation of WSC and CP in the cell protoplasm. Wang et al. (2017) suggested that the minimum requirement for LAB number on raw material should be more than 5.00 log10 cfu/g FM. In our study, the low number of LAB attached to the raw material may lead to poor silage fermentation.



Fermentation quality of Italian ryegrass silage in different regions

After 60 days of ensiling, the LAB population of all three groups increased, whereas the WSC contents decreased, suggesting that fermentation of LAB consumes WSC during ensiling. According to Muck et al. (2018), LAB used the WSC as a substrate during fermentation to produced LA and preserve forage during silage. Therefore, the WSC content in each treatment group decreased after ensiling, but all were higher than 5% DM. According to Wang et al. (2022b), higher WSC content in silage may be more beneficial for ruminant nutrition, which also proves that Italian ryegrass silage is a high-quality feed source for ruminants. According to a previous study, a pH of 4.2 or less indicates well-fermented silage (Xiong et al., 2022). In this study, among all treatment groups, the SYK group had the lowest pH at 4.67, which is higher than 4.2. According to previous study (Yan et al., 2019), the pH value of natural fermented Italian ryegrass silage without additives is higher than 4.2, which agrees with our findings. The final pH of silage is affected by several factors (e.g., very high protein and ash content) which may account for silages that present with higher than the normal pH values (Kung et al., 2018). In the SYK group, the CP content of the raw material and the AN/TN ratio after ensiling were higher than others, which indicated that the CP was degraded more during the fermentation process, and the amino acid decarboxylation produced basic amines, resulting in a higher pH value (Pessione et al., 2010). After 60 days of ensiling, the SYK group had the highest LA content, which was possibility due to the relatively high abundance of Lactiplantibacillus plantarum (63.98%) and some Levilactobacillus brevis (14.28%) in the SYK group. It is reported that homofermentative LAB (e.g., Lactiplantibacillus plantarum) produce LA to reduce pH during fermentation, while heterofermentative LAB (e.g., Levilactobacillus brevis) produce LA and AA during fermentation to improve aerobic stability (Xu et al., 2021). Silage samples containing heterofermentative LAB had a higher pH and AA concentrations (Xu et al., 2019). However, there was no significant difference in the numbers of LAB in the three different regions, indicating that the fermentation efficiency of LAB in the SYK silage samples may be greater in later fermentation stage (Ding et al., 2020). In our future studies, we can further study the acid-producing ability by screening and purifying the dominant LAB in samples from SYK region. We found that AA and PA content in the SYK group was the highest compared to the other groups, which may be related to the presence of more bacteria producing AA and PA in these raw materials (Guan et al., 2018). Propionibacteria that convert glucose and LA into PA and AA may also exist in SYK silage samples (Kung et al., 2018). The WK group had the highest pH and the lowest LA content, which was due to the lowest relative abundance of Lactiplantibacillus plantarum (4.17%) in the WK group (Xu et al., 2021). In addition, compared with the WSC content of the raw materials, the SYK group consumed the most WSC (9.23% DM vs. 5.32% DM) during the fermentation process, and the WK group (7.50% DM vs. 5.25% DM) consumed the least, indicating that the growth and reproduction of Lactiplantibacillus plantarum consumed more WSC content (Muck et al., 2018). The ammonia nitrogen ratio is an important indicator of silage fermentation quality; the greater the ratio, the more amino acids and proteins are decomposed (Denek et al., 2016). In the present study, the ammonia nitrogen ratios in all treatments were less than 10%, indicating that the protein degradation of silage was acceptable in all regions (He et al., 2022).



Microbial community of raw materials and Italian ryegrass silages

Since the ensiling process depends on the interactions of multiple bacteria, the bacterial community structure directly affects the silage quality (Ni et al., 2017). In the present study, the bacteria in all samples were sequenced by SMRT sequencing technology to accurately assess the microbial community and diversity (Table 4). The coverage values were greater than 0.99 in all samples, indicating that the reliability of species detection was very high and the sequencing depth was sufficient to detect the maximum bacterial communities. The alpha diversity indices (ACE, Chao1, and Shannon) were used to reflect the microbial richness and species diversity of samples (Du et al., 2021b). Shannon’s index is used to measure species diversity with a higher value indicating increased species diversity. Ace and Chao 1 indices are used to measure species richness with lower values indicating lower species richness. In our study, the alpha diversity indices (ACE, Chao1, and Shannon) of the fresh material was higher than that of the Italian ryegrass silage samples, and these indices showed trends similar to the Sobs index. This suggests that the microbial richness and species diversity of Italian ryegrass decreased after silage (Cai et al., 2020). This may be because fresh material exists in an aerobic and neutral environment that suits the proliferation of epiphytic aerobic microorganisms (Xu et al., 2021). However, after 60 days of silage, an acidic anaerobic environment was formed in the silage samples, resulting in a decrease in bacterial diversity, which was also confirmed by the lowest pH values and the Shannon index in SYK. This also suggested that the acidic and anaerobic environment affect the succession of microorganisms in the silage (Wang et al., 2022a). Du et al. (2021b) also made the same observations and found that the lowest alpha diversity was observed in high-quality silage due to the large proportion of beneficial microorganisms. Therefore, the alpha diversity index can be used as a reference for evaluating high-quality silage.

Venn diagrams (Figure 2) showed common microbes in different environments for all samples, and the number of unique and shared microbes in different samples based on OTU taxa (Guan et al., 2018). Therefore, the amount of raw material OTUs were different in the three studied regions (Figure 2A). After 60 day of fermentation, the OTUs shared by regions of silage decreased from 99 to 28, and this was due to the formation of an acidic environment by microbial fermentation, which had been the shared OTU of the dominant microbiota, leading to a decrease in the microbial community (Du et al., 2021b).

The PCoA map clearly illustrated the changes of the microbial community before and after ensiling. The microbial community of the raw materials from the three regions was not clearly separated. The distance of SY and A was closer than W, likely because of the similar geographic location and altitude between group AK and SYK, while the geographic location and altitude of the WK group and these two groups were further apart, indicating that the geographic environment, altitude, and climate differences in three different regions affected the microbial composition (Yang X. et al., 2022). The ensiling samples were significantly separated from the raw material samples, indicating that the microbial community was changed during the silage process, which affected the silage fermentation products and metabolic differences (Ni et al., 2017).

The microbial community composition, structure, and function are key to the process of ensiling fermentation (Cai et al., 2020; Du et al., 2022a). In our study, Proteobacteria was the main phyla in Italian ryegrass raw materials in three regions, and this result was same as Wang et al. (2022b). Proteobacteria play an important role in degrading organic matter and accelerating carbon and nitrogen cycles (Ma et al., 2018). After 60 day of fermentation, the relative abundance of Proteobacteria decreased, while Firmicutes increased to become the most dominant phylum. This may be due to the fact that the acidic and anaerobic environment during silage fermentation inhibited the growth and reproduction of Proteobacteria, but promoted the growth and reproduction of Firmicutes (Keshri et al., 2018). According to Wang et al. (2020), the acid hydrolysis function of Firmicutes plays an important role in anaerobic environment, it can produce a variety of enzymes (e.g., proteases).

In the raw material, in addition to unidentified bacteria, we also found several bacteria, such as Agrobacterium, Pantoea, and Paracoccus. According to Gao et al. (2021), imidacloprid biodegradation in soils was aided by Paracoccus bacteria and it was positively correlated with high degradation activity. According to Walterson and Stavrinides (2015), Pantoea was isolated from Enterobacter genus and fermented lactose while forming slime colonies, and some Pantoea sp. are pathogenic to vegetables (Du et al., 2022a). However, little research has been done on the role of these bacteria in silage. Ogunade et al. (2018) reported Pantoea had an ability to reduce ammonia-nitrogen concentrations in silage, but more studies are required to elucidate their role during ensiling. Based on previous study (Gao et al., 2021), we speculate that these bacteria may originate from the soil in which the Italian ryegrass raw material lives and are carried from the soil during the growth or harvest, but the role of these bacteria in silage fermentation needs further study.

After 60 day of ensiling, Lactiplantibacillus and Enterococcus were the most dominant genera, but their relative abundances varied among treatments. Previous study (Wang et al., 2019) have found that Lactiplantibacillus was the most common bacteria after successful fermentation of silage, because Lactiplantibacillus inhibits the growth of harmful microorganisms by producing LA and lowering the pH of the silage under anaerobic conditions (Cai et al., 2020). In the current study, the SYK group had the highest relative abundance of Lactiplantibacillus plantarum, followed by the AK group, and WK had the lowest relative abundance of Lactiplantibacillus plantarum. The SYK group had the lowest abundance of uncultured Enterococcus sp., and the WK group had the highest relative abundance of uncultured Enterococcus sp. and uncultured bacterium, which indicated that during the fermentation process of SYK, the attached microorganisms that were conducive to fermentation interacted with the chemical components in the raw materials to promote fermentation, thereby increasing the abundance of LAB. However, LAB in the WK group were not fully fermented, resulting in a lower abundance of Lactiplantibacillus plantarum and a higher abundance of uncultured Enterococcus sp. and uncultured bacterium (Du et al., 2021c). Moreover, the WK group had the highest pH value, followed by the AK group, and the SYK group had the lowest pH value. This was because Lactiplantibacillus plantarum is a facultatively homofermentative LAB that grows well in acidic environments and promotes LA fermentation during silage (Li and Nishino, 2013). Santos et al. (2016) reported that most Enterococcus sp. detected in silage were non-pathogenic bacteria that competed with LAB for nutrients to utilize the WSC as a substrate to survive at low pH environment, resulting in nutrient loss.



Correlation analysis of fermentation products and microbial community

Microorganisms influence silage fermentation through a series of metabolites, and these metabolites also affect the community structure of microorganisms. They interact during the fermentation process to jointly regulate the process of silage fermentation and affect silage quality (Du et al., 2022b). In the current study, we performed correlation analyses between the bacterial community and terminal fermentation products at the species level (Figure 5) by using SMRT. After 60 day of ensiling, Lactiplantibacillus plantarum, Latilactobacillus sakei, and Weissella paramesenteroides were negatively correlated with pH, but positively correlated with AN/TN, LA, AA, and PA. Enterococcus faecalis and uncultured Enterococcus sp. was positively correlated with pH, but negatively correlated with LA, AA, and PA. The results are similar to those of Du et al. (2022b), indicating that acid tolerance of Lactiplantibacillus plantarum, Latilactobacillus sakei, and Weissella paramesenteroides, and their critical importance for LA production during fermentation. Lactiplantibacillus plantarum rapidly acidifies silage to inhibit the growth of harmful microorganisms in the late stage of ensiling (Du et al., 2021b). Latilactobacillus sakei was able to use glucose, fructose and different hexose sugars as primary energy sources to produce LA through the glycolytic pathway (Belleggia et al., 2022). In addition, Latilactobacillus sakei was degraded by proteases and aminopeptidases, using free amino acids and nucleotides as energy sources (Belleggia et al., 2020). Du et al. (2021b) reported that Lactiplantibacillus plantarum can reduce the pH of the silage and limit the loss of protein and carbohydrates, thereby reducing the NH3-N concentration and the fermentation loss in the silages. Generally, LAB fermentation can effectively inhibit protein decomposition, whereas the presence of LAB had the opposite effect in this study. This may be because the initial acidification caused by lactic acid fermentation fails to effectively prevent the proliferation and fermentation of Clostridia in silage, resulting in poor quality silage due to the production of propionic acid and butyric acid or the accumulation of ammonia and amine (Li et al., 2020). Tsigkrimani et al. (2022) reported that Enterococcus faecalis, Weissella paramesenteroides, and Enterococcus sp. were resistant to antibiotics (vancomycin). These microorganisms affect animal health by affecting silage quality, which would be an interesting research topic.



KEGG metabolomic pathways and properties of Italian ryegrass silage

Metabolomics technology can accurately identify metabolites in silage. In recent years, many studies (Guo et al., 2018; Xu et al., 2019, 2021) have applied metabolomics technology to identify metabolites during silage fermentation and the correlation between fermenting bacteria and metabolites. At the same time, the KEGG database was used to analyze the biological function and utility of metabolites from a high-level and genomic perspective (Wang et al., 2022a). This can be achieved by displaying the metabolites in the metabolic concentration on the KEGG pathway map, and using KEGG enrichment analysis to explore the most relevant pathways and underlying mechanisms (Yang Z. et al., 2022).

The ensiling process is mediated by microbial metabolic pathways, which have transformed metabolites or degraded substrates (Bai et al., 2022). In this study, we constructed a metabolic set of the identified differential metabolites, and used KEGG enrichment analysis to clarify that interaction between the microorganisms on the surface of Italian ryegrass and the chemical components of Italian ryegrass in three regions had extremely significant effects on biosynthesis of other secondary metabolites (isoquinoline alkaloid biosynthesis, betalain biosynthesis), amino acid metabolism (alanine, aspartate and glutamate metabolism, tyrosine metabolism, tryptophan metabolism), carbohydrate metabolism (glyoxylate and dicarboxylate metabolism, citrate cycle, amino sugar and nucleotide sugar metabolism), membrane transport (ABC transporters), nucleotide metabolism (pyrimidine metabolism) and energy metabolism (nitrogen metabolism). In addition, the biosynthesis of other secondary metabolites (isoquinoline alkaloid biosynthesis), amino acid metabolism (tyrosine metabolism) and carbohydrate metabolism (citrate cycle) were the most significant and important metabolic pathways in the SYK, AK, and WK groups, respectively.

Du et al. (2022a) reported that glycolysis, protein hydrolysis, carbohydrate metabolism, and amino acid metabolism are the main microbial metabolic pathways affecting the flavor and quality of silage. Amino acids are essential substances for forage grasses and its metabolism can be oxidized to carbon dioxide and water through the tricarboxylic acid cycle, releasing energy, and playing an important role in protein synthesis and primary metabolism of forage grasses (Du et al., 2021b, 2022b). Amino acid metabolism plays a crucial role in the formation of metabolites, most of which are essential metabolites required by LAB for growth and protein synthesis during fermentation (Zhou et al., 2022). Phenylalanine is an essential and aromatic amino acid that is oxidized to tyrosine in the body phenylalanine hydroxylase and is involved in sugar metabolism (Pan et al., 2020). In the citric acid cycle, a condensation reaction between oxaloacetic acid and the acetyl group of acetyl-CoA produces citric acid, which is often used as a flavoring agent in foods, and Citric acid-mediated pH adjustment can improve oxidant performance and enzyme activity, thus extending food shelf life (Ke et al., 2017). Understanding the metabolic pathways and biological functions of metabolites can help us regulate the fermentation process to obtain high-quality silage or silage with certain biological functions.



Correlation analysis of high abundance bacteria and fermentation metabolites

Previous research (Guo et al., 2018; Xu et al., 2019; Guan et al., 2020) found that metabolomics technology can more accurately mirror the metabolites composition of the environment, and that it can also be used in silage. Those studies also highlighted links between amino acid metabolism, coenzyme factors and vitamin metabolism, lipid metabolism, carbohydrate metabolism, and terpenoid and ketone compound metabolism in Napier grass silage inoculated by screened LAB. The above studies have greatly enriched our understanding of metabolites in silage. In this study, we also used SMRT sequencing and metabolomics technology to analyze the correlation of differential metabolites in each treatment group with bacteria with higher relative abundance. The contents of cinnamic acid, tetranor 12-HETE, D-Mannitol, (2S)-2-amino-4-methylpentanoic acid L-Leucine, guanine, isoleucyl-aspartate and 3,4-Dihydroxyphenyl propanoate were positively correlated with the abundance of Lactiplantibacillus plantarum, while the contents of isocitrate and D-mannose were negatively correlated with the abundance of Lactiplantibacillus plantarum. Xu et al. (2021) reported that Lactiplantibacillus plantarum was positively correlated with 3-hydroxy fatty acids and could be considered as a species for screening inoculants with potential antifungal activity. Cinnamic acid and its derivatives are widely found in plants, grains, and vegetables, and in recent years, they have attracted much attention due to the positive health effects of various derivatives of cinnamic acid (such as caffeic acid, ferulic acid), including antioxidant, antibacterial and hepatoprotective effects (Yamaga et al., 2022). Ferulic acid, also a hydroxycinnamic acid, has antioxidant activity and is negatively correlated with Lactiplantibacillus plantarum (Xu et al., 2021). The content of L-phenylalanyl-L-proline was negatively correlated with the abundance of Levilactobacillus brevis. L-phenylalanyl-L-proline is a derivative of L-proline, a major amino acid that maintains cell structure and function, as well as a key regulator of cell metabolism and physiology (Liu et al., 2019). The contents of chlorogenic acid, 2-hydroxycinnamic acid, ganoderic acid F, methylmalonic acid and isorhamnetin 3-glucoside were positively correlated with the abundance of Enterococcus hermanniensis. Chlorogenic acid is a phenylpropionic acid compound with antioxidant, anticancer, antibacterial, antihistamine and other health promoting properties (Zhou et al., 2022). Given that Enterococcus hermanniensis was positively correlated with chlorogenic acid, we may consider using it as a candidate strain to produce LAB with antibacterial properties in future study. An in-depth understanding of the relationship between metabolites and fermenting bacteria will help us to understand the fermentation mechanism of silage from the perspective of bioinformatics, so as to provide a theoretical basis for screening functional lactic acid bacteria and producing functional compound lactic acid bacteria silage additives.




Conclusion

The different regional environments can change the microbial community attached to the surface of Italian ryegrass and the chemical composition of Italian ryegrass, thereby altering the fermentation quality and metabolomic characteristics of silage by affecting the interaction between microorganisms and chemical components. After silage, the SYK samples had the lowest pH value and best fermentation quality. The biosynthesis of other secondary metabolites (isoquinoline alkaloid biosynthesis), amino acid metabolism (tyrosine metabolism) and carbohydrate metabolism (citrate cycle) were the most significant and important metabolic pathways in the SYK, AK, and WK groups, respectively. Cinnamic acid content, which has a positive effect on health, increased with the abundance of Lactiplantibacillus plantarum, and chlorogenic acid and 2-hydroxycinnamic acid, which have antibacterial and antioxidant properties, increased with the abundance of Enterococcus hermanniensis. Therefore, using SMRT and metabolomics technology to conduct multi-omics combined analysis of silage will help us to deeply understand the fermentation mechanism of silage. Furthermore, our findings provide new ideas and information for the screening of functional lactic acid bacteria strains and the production of functional compound additives and high-quality functional silage.
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Tibetan Plateau is facing serious shortage of forage in winter and spring season due to its special geographical location. Utilization of forages is useful to alleviate the forage shortage in winter and spring season. Consequently, the current study was aimed to evaluate the influence of storage time on the silage quality and microbial community of the maize (Zea mays L.) and faba bean (Vicia faba L.) mixed silage at Qinghai-Tibet Plateau. Maize and faba bean were ensiled with a fresh weight ratio of 7:3, followed by 30, 60, 90, and 120 days of ensiling. The results showed the pH value of mixed silage was below 4.2 at all fermentation days. The LA (lactic acid) content slightly fluctuated with the extension of fermentation time, with 33.76 g/kg DM at 90 days of ensiling. The AA (acetic acid) and NH3-N/TN (ammonium nitrogen/total nitrogen) contents increased with the extension of fermentation time and no significantly different between 90 and 120 days. The CP (crude protein) and WSC (water soluble carbohydrate) contents of mixed silage decreased significantly (P < 0.05) with ensiling time, but the WSC content remained stable at 90 days. The Proteobacteria was the predominant phyla in fresh maize and faba bean, and Pseudomonas and Sphingomonas were the predominant genera. After ensiling, Lactobacillus was the prevalent genus at all ensiling days. The relative abundance of Lactococcus increased rapidly at 90 days of ensiling until 120 days of fermentation. Overall, the storage time significant influenced the silage fermentation quality, nutrient content, and microbial environment, and it remained stable for 90 days of ensiling at Qinghai-Tibet Plateau. Therefore, the recommended storage time of forage is 90 days in Qinghai-Tibet Plateau and other cool areas.
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mixed silage, microbial community, Qinghai-Tibet Plateau, maize, faba bean


1. Introduction

The Qinghai-Tibet Plateau is an important area of animal husbandry production in China, and yak is the foundation of generations of survival for farmers and herdsmen (Long, 2007; Wang et al., 2018). Due to the extreme climatic environment of high altitude, intense radiation, drought and cold on the Tibetan Plateau, the forage growth period is short and slow, and the total forage supply can hardly meet the annual feed demand of livestock (Yuan et al., 2013; Zhou et al., 2018). Maize (Zea mays L.) and faba bean (Vicia faba L.) can grow normally in the area, providing a high biological yield, and they can be preserved for yak winter and spring feeding. The traditional storage methods of baling, sun-curing and air-drying of forage grass are susceptible to climatic and environment, thereby, reducing the crude protein (CP) content, palatability and digestibility (Qin et al., 2013). Ensiling is a simple, easy and low cost storage method of forage (Chen et al., 2020), which can effectively preserve the nutritional value of forage (Wilkinson and Rinne, 2018; Li et al., 2022a), and alleviate the shortage of forage for livestock in spring and winter season in plateau areas.

Whole-plant maize silage has the characteristics of high yield and good palatability (Qu et al., 2013), and has become the main feed for dairy cows worldwide (Ferraretto et al., 2018). Moreover, particularly in comparison with other forages, whole-plant maize silage can provide high energy (mainly from starch in the kernel fraction) along with physically effective neutral detergent fiber (NDF, provided by the stover fraction) concurrently (Ferraretto et al., 2018; Li et al., 2022b). However, maize silage has low protein content and cannot meet protein requirements for livestock (Contreras-Govea et al., 2008). Faba bean is a cool-season, annual protein-rich cereal legume, which is an important source for both humans and livestock’s (Gu et al., 2020). A combination of legume with cereal silage has been proven successful because high protein content of legume enhances the nutritional value, while the abundant carbohydrates provided by cereal offer an enough substrate for lactic acid bacteria (LAB) to multiply, ensuring quality fermentation of mixed silages (Zhu et al., 2011; Zeng et al., 2020, 2022; Gülümser et al., 2021). However, little is known about maize and faba bean mixed silage in Qinghai-Tibet Plateau, which need further study to help livestock survive winter and spring seasons in this region.

Silage is a very complex process which involves microbial activity and biochemical changes (Xin et al., 2021). Generally, ensiling of forages is determined by many factors, such as forage species, storage environment, and moisture content. With the silage fermentation, the microbial community and forage nutrient content also will change. Generally, the appropriate temperature for silage fermentation ranged from 20 to 30°C (Zhou et al., 2016). Low temperatures can not only inhibit fermentation by reducing microbial growth rate and enzymatic activity, but also alter the composition of lactic acid bacteria (LAB) microbiota in different ecosystems by selecting specific species that can adapt to low growth temperatures (Zhou et al., 2016). In the actual production practice, under low temperature environment, the silage produces less acid (Kung, 2010), pH decreases slowly (Ali et al., 2015), and the number of bad microorganisms such as yeast is higher, which adversely affect the silage quality. The Qinghai-Tibet Plateau has higher altitude and low temperatures, which will have an important impact on fermentation process and the microbial community structure of silage. Moreover, under the special climate conditions of the Qinghai-Tibet Plateau, less information is available on the effect of fermentation time on the microbial and nutrient characteristics of mixed silage, and the optimal silage time is unclear.

Therefore, the current study was aimed to evaluate the response of chemical composition, fermentation quality, and microbial community of mixed maize and faba bean silage to different storage periods. The results could provide a theoretical support for future mixed silage production in the Qinghai-Tibet Plateau.



2. Materials and methods


2.1. Study site and sample collection

The experimental site was located in Daofu County, Kangding City, Sichuan Province, located on the southeastern edge of the Qinghai-Tibet Plateau (101°7′30″E, 30°58′46″N, altitude 3,450 m). This region has a plateau frigid-temperate climate, with sufficient sunshine, concentrated rainfall, large daily temperature difference and short frost-free period and other characteristics. The variety of silage maize (M) and faba bean (B) was Demeiya No.1 (growing period 110 days) and Italy Qimi (growing period 162 days), respectively. M and B were harvested with a 15 and 5 cm stubble height on 14 October 2020, respectively. At that time M was in milk stage and B was in pod stage. The materials were cut into 1–2 cm theoretical lengths. The M and B were evenly mixed with a 7:3 fresh weight (FM) ratio. The 300 g sample was immediately vacuum-sealed in polyethylene plastic bags (30 cm × 40 cm, China) for a total of 12 bags (4 storage times × 3 replicates) and kept at local outdoor environment. The 3 bags were opened on 30, 60, 90, and 120 days after ensiling, respectively. Chemical composition, fermentation quality, and bacterial community analysis were determined when bags were opened by treated fermentation days.



2.2. Chemical and fermentation compositions analysis

Fresh samples and ensiled materials were deenzymed at 105°C, then were dried at 65°C to constant weight to determine the dry matter (DM) content. The dried materials were stored after grinding and filtering with 1.0 mm sieve for subsequent analysis. The water-soluble carbohydrate (WSC) content was analyzed by anthrone-sulfuric acid colorimetric method (Owens et al., 1999). The CP and total nitrogen (TN) contens were detected using Dumas combustion method (Hwang et al., 2020). The NDF and acid detergent fiber (ADF) were determined according to the method of Van Soest et al. (1991). According to Yan et al. (2019), 20 g samples were evenly mixed in 180 mL reverse osmosis water, filtered with 4 layers of gauze, and the filtrate pH was determined using a glass electrode pH meter. The ammonia nitrogen (NH3-N) content was analyzed by the phenol-hypochlorite method (Li et al., 2021). Part of the filtrate from samples was centrifuged at 12,000 rpm for 10 min and passed 0.22 μm filter before lactic acid (LA), acetic acid (AA), propionic acid (PA) and butyric acid (BA) were analyzed by high phase liquid chromatography (HPLC, KC-811, Shimadzu Co., Kyoto, Japan). The setting parameters were as follows: The wavelength was set to 210 nm. The mobile phase was 3 mmol/L perchloric acid, with a column temperature of 50°C, and a flow rate of 0.5 mL/min.



2.3. Microbial population counting

Microbial population counts were the same as the previous report (Zeng et al., 2020). In brief, each 20 g sample was mixed to 180 mL sterile saline (0.85% NaCl). Serial dilutions were performed from 10–1 to 10–7. Enterobacter were cultivated on Violet Red Bile Agar (Difco, Hopebil, Qingdao, China) and counted after 24 h of aerobic growth at 37°C. LAB were cultivated on De Man, Rogosa, and Sharpe agar (Difco, Hopebil, Qingdao, China) and counted after 48 h of anaerobic growth at 37°C. Molds and Yeasts were determined by Potato Dextrose Agar (Difco, Hopebil, Qingdao, China) and counted after 72 h of aerobic growth at 28°C. Yeasts and molds were discriminated using colony appearance and cell morphology observations.



2.4. Bacterial community analysis

Microbial DNA was extracted by the M5 Plant Genomic DNA kit 200T (MF070-04, Mei5bio, Beijing, China) with the manufacturer’s protocol. The DNA purification was checked by a Nanorop microspectrophotometer (NanoDrop 2000, Thermo Fisher, USA), and DNA integrity was determined using 2% agarose gels electrophoresis, and the eligible samples were used for further analysis.

The DNA samples sequencing was performed at the Guangzhou Genedenovo Biotechnology Co., Ltd. After the genomic DNA was extracted, the 16S rDNA V5 + V7 region was amplified with specific primers with barcode. The primer sequence was: 799F (AACMGGATTAGATACCCKG) and 1193R (ACGTCATCCCCACCTTCC). The purified amplified product (amplicon) was connected to the sequencing connector to construct the sequencing library, and it was equimolar and paired-end sequenced (PE250) by Illumina platform. After raw data was obtained by sequencing, a large amount of low-quality data or no-biologically meaningful data is generated due to PCR and sequencing errors (such as chimeras). Therefore, we performed the following operations to ensure statistical reliability and biological effectiveness of the subsequent analysis. First, we filtered the low-quality reads by the FASTP software, and then performed the assembly. The two-end reads were spliced into tag by the FLASH software, and then the tag was filtered, and the resulting data was Clean tag. Next, the clustering was performed based on Clean tag through the UPARSE algorithm of the USEARCH software. Chimera tag was removed by the UCHIME algorithm of USEARCH software and the resulting data were Effective tag. After obtaining the OTU, the OTU abundance statistics were performed based on the Effective tag.

The indexes of Chao, Shannon, Simpson, and Goods coverage were analyzed in QIIME (version 1.9.1). The primary coordinates analysis (PCoA) was generated and plotted by the R project. The Venn analysis was performed by the R software VennDiagram package (version 1.6.16). Abundances statistics for every taxonomy were visualized through Krona (version 2.6). Microbial stacked bar plots were performed by the R project ggplot2 package (version 2.2.1). Species circular layout representations abundances were plotted through circos (version 0.69-3). The impact of environmental factors on community composition was performed by the R project Vegan software package (version 2.5.3). Heatmaps were generated using the dynamic real-time interactive online data analysis platform.1



2.5. Statistical analyses

Data collation and mapping were performed by using Excel 2019. Before statistical analysis, microbial population counting of samples were calculated in log10 cfu/g of FM. The data collected were subjected to the independent sample T test for fresh materials and one-way ANOVA for ensiling samples by SPSS 27.0 software. Significant differences existed if the probability level was below 0.05.




3. Results


3.1. Characteristics of fresh materials

Chemical composition and microbial population of the fresh maize and faba bean before ensiling are presented in Table 1. The DM content of M was 238.80 g/kg, higher than that of B (225.11 g/kg; P < 0.05). The WSC content of M reached 222.86 g/kg DM, and much higher than that of B (P < 0.05), while CP content was lower than that of B (P < 0.05), which is 83.97 g/kg DM. ADF and NDF contents of M were 241.90 and 491.98 g/kg DM, and those of B were 262.06 and 450.20 g/kg DM, respectively. Furthermore, LAB, yeasts, and Enterobacter population of M were higher than B (P < 0.05). No molds were detected in the M, and the population of molds was 5.15 log10 cfu/g FM in B.


TABLE 1    Chemical composition and microbial population before ensiling.
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3.2. Fermentation quality and chemical composition of ensiling maize and faba bean

The fermentation quality and microbial population of different ensiling days are shown in Table 2. The pH values of silage for four fermentation days were below 4.2, but the significant lowest pH value was observed at 30 days (3.97, P < 0.05). The NH3-N/TN content increased during fermentation, while that of silages were no significant different on the 90 and 120 days (P < 0.05). The LA content slightly fluctuated with the extension of fermentation time and was highest at 30 days of ensiling (35.21 g/kg DM), and was lowest at 60 days of ensiling (26.86 g/kg DM). The AA content increased with the extension of fermentation time but there was no significant difference on 90 days (16.42 g/kg DM) and 120 days (17.04 g/kg DM) of ensiling. The PA content of 90 days was significantly lower than silage of other fermentation days (2.07 g/kg DM; P < 0.05). The BA content of silage for all fermentation days was relatively stable levels and less than 1% DM. The LAB population significantly decreased with prolonged fermentation time and was lowest on 120 days (6.85 log10 cfu/g of FM). Yeasts were only detected in silage for 60 days. Molds and Enterobacter were not detected in silage for all storage days.


TABLE 2    Fermentation characteristics and microbial population after ensiling.
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DM of all silages varied from 221.13 to 230.37 g/kg (Table 3), and was lowest at 60 days (221.13 g/kg, P < 0.05). CP content decreased significantly with prolonged silage (P < 0.05). WSC content decreased markedly for all ensiling days with no differences in 90 and 120 days of fermentation (P < 0.05). ADF and NDF content in different ensiling times were significantly different (P < 0.05), and variation rang was 254.54 to 265.00 and 385.70 to 453.10 g/kg DM, respectively.


TABLE 3    Chemical composition after ensiling.
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3.3. Microbial community of fresh and ensiled samples

A total of 733,561 effective tags were generated using the high-throughput sequencing of the 16S rRNA gene for 8 fresh samples and 16 ensiled materials. The alpha-diversity of bacterial communities of the samples is listed in Table 4. The goods coverage were above 99% at all ensiling days. Silage decreased the Shannon, Simpson indexes, and Chao values relative to the fresh materials. Compared with the B, the higher Shannon, Simpson indexes, Chao values was observed in M. The result of principal coordinates analysis (PCoA; Figure 1) showed principal coordinates 1 (PCo1) and 2 (PCo2) explain 78.42 and 17.84% in the total variance for samples, respectively. There were clustered between M and B, MB30 and MB60, MB90 and MB120, and bacterial community was overlaps respectively. According to Venn analysis, the bacterial diversity of M was higher than that of B, and in addition, 277 overlapping bacterial OTUs in the M and B (Figure 2A). There were 164 overlapping bacterial OTUs in silage for all storage days (Figure 2B). A total 173 overlapping bacterial OTUs were detected at 30 and 60 days of ensiling. Furthermore, there were similar bacterial OTUs at 90 and 120 days of ensiling, and more bacterial OTUs were shared.


TABLE 4    Alpha-diversity of bacterial communities in fresh materials and after ensiling.
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FIGURE 1
Principal coordinates analysis (PCoA) of bacterial communities for fresh materials and silage. M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba bean; MB120, 120 days of mixed silage of maize and faba bean.
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FIGURE 2
(A) Diagram of bacterial OTUs of fresh materials. (B) Venn diagram of bacterial OTUs of silage. M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba bean; MB120, 120 days of mixed silage of maize and faba bean.


The bacterial communities of fresh materials and ensiling at the phylum and genus levels are shown in Figure 3 (Circos map) and Figure 4 (accumulation map). Firmicutes and Proteobacteria were the top two phylas of all treatments. Lactobacillus, Sphingomonas, Pseudomonas, and Lactococcus were the top four genera in all treatments. The dominant phyla of fresh materials in M and B were Proteobacteria, with relative abundances of 84.95 and 82.44%, respectively. The abundances of Firmicutes was the most abundant phylum after ensiling, exceeding 74% for all fermentation days while those of Proteobacteria, Bacteroidetes and Actinobacteria decreased significantly after ensiling (P < 0.05). At the genus level, a high abundances of both Sphingomonas and Pseudomonas were found in the M and B, with relative abundances exceeding 28%. In addition, Variovorax and Chryseobacterium were also existence in fresh materials. Sphingomonas and Pseudomonas relative abundances significantly reduced after ensiling, and Lactobacillus was the predominant genus after ensiling for all silages (P < 0.05). However, the relative abundance of Lactobacillus decreased with the extension of fermentation time, and was lowest at 120 days of ensiling (43.81%). The most abundant Acetobacter was observed at 60 days of ensiling (16.51%). Sphingomona existed in the whole silage period. The Pseudomonas abundances decreased to below 2% during ensiling. The Lactococcus abundances was lower within 90 days of ensiling, and then rapidly increased with increasing fermentation time until the 120 days of fermentation. Moreover, the Sphingomona, Pseudomonas, Variovorax, Chryseobacterium, Flavobacterium, Yersinia, and Massilia were the minor in the mixed silage after ensiling.
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FIGURE 3
Circos map of bacterial communities at the phylum (A) and genus levels (B) for fresh materials and ensiling. M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba bean; MB120, 120 days of mixed silage of maize and faba bean.
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FIGURE 4
Relative abundance of bacterial communities at the phylum (A) and genus levels (B) for fresh materials and ensiling. M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba bean; MB120, 120 days of mixed silage of maize and faba bean.




3.4. Association analysis of fermentation characteristics with bacterial community

The spearman correlation analysis between fermentation products and bacterial abundance is listed in Figure 5. Specifically, Yersinia was negatively correlated (P < 0.01) with pH, while positively correlated with LA and PA contents (P < 0.05). The AA content was negatively correlated with Acetobacter (P < 0.01) and Lactobacillus (P < 0.05), and positively correlated with Lactococcus, Flavobacterium (P < 0.01) and Pseudomonas (P < 0.05). Negative correlation between Acetobacter and BA content was observed (P < 0.05). In contrast, most bacteria were related positively with BA content. Such as Chryseobacterium and Flavobacterium (P < 0.01). NH3-N content was negatively correlated with Lactobacillus (P < 0.01) and Acetobacter (P < 0.05).
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FIGURE 5
Spearman association analysis between bacterial abundance and fermentation products at the genus level. Red indicated a positive correlation, and blue indicated a negative correlation. LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; NH3-N/TN, ammonium nitrogen/total nitrogen. *P < 0.05; **P < 0.01.





4. Discussion


4.1. Effect of mixed silage on fermentation characteristics

The pH value is a key indicator to estimate the success of fermentation, and that is also always considered as a pivotal index to reflect microbial activity during ensiling (Kung et al., 2018; Li et al., 2022c). In the study, the pH value was below 4.2 at all stages of ensiling. Similarly, the same result was also observed in the mixed whole maize and soybean (Wen et al., 2022). This indicates that the northwest Sichuan plateau region provided a good fermentation environment for mixed silage of maize and legume. Moreover, low pH levels also restricted the growth of undesirable microorganisms such as Enterobacteria, which reduced the risk of azotate production. The NH3-N generally indicates the silage proteolysis during ensiling which is driven by plant enzymes protein degradation and microbial decomposition using proteins and amino acids, and is associated with Clostridial activity (Wang et al., 2019a). Briefly, fermentation resulted in an increase in NH3-N/TN of silage. A similar result was obtained by Naeini et al. (2014), who shown that sweet sorghum NH3-N content increased steadily for 30 days to 120 days of storage time. Newbold et al. (2006) reported increasing amount of NH3-N of the whole maize silage during 10 months. The mixed silage had a good and stable internal environment, which may be the reason for no significant in NH3-N/TN content after 90 days. The decrease in the LA content during ensiling might be due to decreased WSC content in the silage, resulting in slow fermentation of LAB (Zeng et al., 2020). Moreover, some anaerobic microorganisms could be present and decompose LA and produce AA or PA, leading to reduction in LA content (Shao et al., 2002). The high abundance of yeasts degraded LA to ethanol (Woolford, 1990), resulting lowest LA content in silage for 60 days and reduced nutritional. The AA can effectively inhibit yeast growth, improving the stability during ensiling and feeding processes, minimizing the silage nutrient loss during long-term storage (Li and Nishino, 2013). The AA content of mixed silage increased during fermentatiom indicating the activity of some hetero-fermentative LAB (Wang et al., 2021). The presence of PA is unpopular as they reflect the nutrient loss in the silage (Wang et al., 2021). Moreover, the growth of yeasts and molds can be inhibited effectively by PA (Oladosu et al., 2016). The BA content beyond 5 g/kg DM could affect the feed palatability and reduce feed intake in livestock (Muck, 2010). In this study, BA was detected in silage within reasonable range, indicting good fermentation quality of mixed maize and faba bean silage in cold regions.



4.2. Effect of mixed silage on microbial population

The LAB is known to produce large amounts of organic acids, lowering pH, inhibiting the growth of undesirable microbes, ultimately leading to quality silage (Ni et al., 2015). There were a large number of undesirable microorganisms such as yeast and Enterobacter in fresh maize and faba bean, which may lead to poor fermentation quality if both these crops ensiled alone. However, the epiphytic LAB count for fresh maize was higher 105 cfu/g FM, which was sufficient to initiate LA fermentation in anaerobic conditions after mixing silage with faba bean. In the current study, the LAB population significantly decreased with prolonged fermentation time and was lowest on 120 days, which might be related to the insufficient substrates such as WSC (Wang et al., 2021). Moreover, it was quite fascination to found that a large number of yeasts existed in mixed silage after 60 days of ensiling. Yeasts is an aerobic microorganisms which competed with LAB for WSC, causing rise in pH and substantial DM loss of silage (Spoelstra et al., 1988; Lv et al., 2020). However, the molds and Enterobacter were not detected after ensiling in this study which might be related to the enough acid or lower pH of silage to inhibit the growth of these microbes.



4.3. Effect of mixed silage on chemical composition

The DM content is considered as crucial index of nutritional preservation of forages (Hu et al., 2009). The DM content of fresh maize (238.80 g/kg DM) was relatively low, and DM content of faba bean (225.11 g/kg DM) was similar reported of Li et al. (2022a), while was greater than report of Palmio et al. (2023). This might be attributed to the agronomic practices, difference in varieties, and growing environment of forages. Moreover, due to the lower temperature and early frost season on the Qinghai-Tibet Plateau, the DM content unable to increase by delayed harvest. The DM content of mixed silage at all ensiling days was ranged from 221 to 231 g/kg after ensiling, which was lower than the ideal level of 300–350 g/kg (Guyader et al., 2018). High moisture content can easily lead to large growth of Clostridium, resulting unsuccessful silage (Li et al., 2014). In this study, rapid acidification caused by the production of organic acid and along with lower temperature of plateau region limited growth of Clostridium. In addition, the higher nutritive value is expected when forage crops are grown under the cool conditions encountered at higher latitudes as reported by Buxton (1996). In this study, the WSC content of fresh maize and faba bean beyond the 6% which was sufficient to initiate the silage fermentation of mixed silage (Guo et al., 2021). The high CP content of faba bean can achieve a better fermentation quality of mixed silage. Microbial depletion and degradation lead to reduced WSC after ensiling (Sariçiçek et al., 2016). At 60 days of silage, mixed silage WSC decreased was due to the fact undesired bacterial proliferation increased nutrient loss. The higher NDF content shortened the degradation time of feed in the rumen and accelerated the flow rate of feed in the gastrointestinal tract, thus reducing the whole intestinal digestibility of DM, CP, etc. (Shi et al., 2015). The CP content of silage decreased from 120.55 g/kg for 30 days to 52.96 g/kg for 120 days. Sariçiçek et al. (2016) reported that CP content of maize silage decreased from 89.5 g/kg for 90 days to 65.40 g/kg for 202 days during fermentation, which was in accordance with our consequence. This decrease might be associated with the degradation of some nutrients by microorganisms in anaerobic conditions (Sariçiçek et al., 2016). But our results showed more protein degradation. The differences in studies might be related to the addition of faba bean and silage conditions.



4.4. Effect of mixed silage on microbial community

The alpha-diversity is adopted to estimate the richness, diversity, and evenness of species in bacterial communities (Chi et al., 2022). The goods coverage was above 99% in all treatments, indicating the sequencing adequately represented the real situation for the bacterial community. Compared to the epiphytic microorganisms on fresh faba bean, fresh maize existed more bacterial diversity and richness. After ensiling, the mixed silages had lower Shannon and Simpson indexes relative to the fresh materials which indicated that bacterial diversity decreased after ensiling. Similarly, Polley et al. (2007) reported that when the advantageous bacteria were abundant, the diversity of microbial communities was reduced. The bacterial diversity was also reduced after ensiling of wheat and Italian ryegrass (Keshri et al., 2019; Yan et al., 2019). The beneficial microorganisms such as Lactobacillus begin to grow well under anaerobic conditions, which reduce the pH by producing sufficient LA and inhibit the growth of undesirable microorganisms leading to a significant reduction in microbial diversity of silage during fermentation. The PCoA and venn analysis indicated that the bacterial population was overlapped between M and B, MB30 and MB60, MB90 and MB120, respectively. This highlights that ensiling time had significant effects on the bacterial community succession. A stable fermentation environment enhanced antimicrobial activity and then changed the bacterial activity of silage with prolonged ensiling time (Ravi Kanth Reddy et al., 2020). Therefore, succession in microbial communities would significantly affect the silage quality during fermentation.

Natural fermentation is dependent on epiphytic microbial communities, which vital role during the whole fermentation process (Xu et al., 2018). Therefore, understanding the composition of plant epiphytic microbial communities is of great importance, and could be better explore the silage fermentation process. In the present study, Proteobacteria was the dominant phyla in fresh materials, with relative abundances higher than 82%. Sphingomonas and Pseudomonas dominated the microbial composition in fresh maize and faba bean before ensiling. Many harmful microorganisms attached to the fresh materials could easy to compete with LAB and caused nutrient loss in the silage. Similary, Xu et al. (2018) reported that Agrobacterium, Microbacterium, Sphingobacterium, and Chryseobacterium were the dominant bacteria before ensiling of the whole crop corn. The dominant bacteria in fresh faba bean were Sphingomonas, Lactobacillus, unidentified_Chloroplats, and Pseudomonas (Li et al., 2022a). The differences in these studies indicted that the bacterial colonization of the plant surfaces depended on many factors, including plant species, climatic characteristics, solar radiation intensity, etc (Cai et al., 1999; McGarvey et al., 2013). Although the microorganisms attached in fresh materials would be affected by the external environment, but the undesirable microorganisms were still more abundant. There were similar microbial community structure and 277 overlapping bacterial OTUs in the maize and faba bean, confirming that the environment significantly affected plant epiphytic microorganisms. After ensiling, most undesired microorganisms were inhibited under anaerobic conditions. This was well confirmed in this study as Lactobacillus was predominant genus in mixed silage after ensiling. In addition, antibacterial substances such as LA and AA inhibited harmful microorganisms during ensiling, and the relative abundances of Sphingomonas and Pseudomonas genera were decreased.

An insight into the bacterial species and relative abundances during fermentation is helpful to evaluate the fermentation quality and to improve the preservation of silage (Guan et al., 2018). This study showed that the abundance of genus Firmicutes increased significantly after ensiling. At the genus level, Lactobacillus became the dominant genus in mixed silage after ensiling. This might be because of the anaerobic conditions that facilitated the growth of LAB strains, which could produce LA to enhance their competitiveness by inhibiting other background bacteria (Wang et al., 2019b; Zhang et al., 2019). However, it was quite fascinating to found that, the Lactobacillus relative abundance decreased significantly after 60 days of ensiling, while the relative abundance of Lactococcus increased significantly in later phase of fermentation. This might be the Acetobacter remarkably effected silage fermentation by reconstructing the microbial community. Acetobacter is an obligate aerobic bacterium with the ability to partially oxidize alcohol or sugar into organic acids such as AA or gluconicacid (Xian et al., 2022). Therefore, it may be useful to inhibit the propagation of fungi and to prolong the aerobic stability of silage. Gao et al. (2018) detected A. lovaniensis in whey-based kefir beverages after Bod ljong cheese-making from the Qinghai-Tibet Plateau, and the study demonstrated the important role of Acetobacter in the flavor transformation process of whey beverages. In this study, A. lovaniensis was also detected in silage (see Supplementary Figure 1), perhaps the cold environment on the Tibetan Plateau is the reason for proliferation of Acetobacter in the later phase of fermentation. However, the prevalence of Acetobacter seemed to be very controversial in the silage. Because the Acetobacter acted simultaneously with yeasts and might cause the poor quality of maize silage, but the cause had not bean fully understood (Spoelstra et al., 1988). In view of the high relative abundance of Acetobacter in later phase of silage of this area, attention should be paid to further research. Lactococcus belongs to facultative anaerobes, which tended to dominate in early storage of silage, and their growth and reproduction were inhibited in anaerobic environment of silage (Wang et al., 2019c; Zeng et al., 2020). However, the Lactococcus abundances was rapidly increased and remained stable at 120 days of ensiling. It may be that the proliferation of Acetobacter promoted the growth of Lactococcus at 90 and 120 days, thus reducing the abundance of genus Lactobacillus, which was consistent with the changes of pH and LA, suggesting that Lactococcus is more competitive than Lactobacillus after changed silage environment. Meanwhile, it also caused the proliferation of Sphingomonas. As members of Proteobacteria, Pseudomonas, Variovorax, Chryseobacteriumm, Flavobacterium, and Massilia had lower relative abundances during ensiling. This is likely that the lower pH levels throughout the fermentation and anaerobic environment inhibited their growth (Bolsen et al., 1996), thus reducing their adverse effect on the silage quality.



4.5. Correlation analysis of bacterial community and fermentation products

To explore the correlations between fermentation products and microorganisms, the spearman association analysis was performed. The results indicated a significant correlation existed between microbial community structure and silage fermentation. As an important and key dominant bacteria in silage fermentation, Lactobacillus could effectively inhibit NH3-N production, thus preserving the nutrients of silage, consistent with previous results (Li et al., 2022a). Lactobacillus was negatively correlated with AA content, mainly due to the decreased relative abundance of genus Lactobacillus in late silage storage. The AA content increased with prolonged silage fermentation, and the rapid proliferation of Lactococcus at 60 and 120 days of ensiling contributed to the reduction of pH levels, which significantly inhibited the growth of spoilage bacteria such as yeast. Furthermore, positive correlations between NH3-N and the Pseudomonas was found. Pseudomona is inhibited at pH 4.5, using ammonium ions or nitrate as nitrogen source (Palleroni, 2015). Zeng et al. (2020) detected high abundance of genus Acetobacter upon the aerobic exposure phase. This study was mainly detected at 60 days of silage. Acetobacter activity consumed a certain amount of WSC (Xian et al., 2022), which led to the increase of the silage pH, and reduced the silage nutritional value. Chryseobacterium, Flavobacterium, and Yersinia were associated with aerobic spoilage in silage. Chryseobacterium had a certain ability to decompose protein and fat, and had the ability to cause rot on raw milk (Mwanza et al., 2022). Flavobacterium was widely found in water environments and was the main pathogenic bacteria of a variety of species of fish, with few reports in silage. Yersinia belongs to the family Enterobacteriaceae, which can ferment glucose and other carbohydrates to produce acids, most of which can reduce nitrate to nitrite (Shao et al., 2009), and grow and reproduce rapidly at low temperatures. However, the relative abundance of these bacteria was relatively lower in mixed silage. The correlation analysis suggested that there might be synergistic or antagonistic effects between metabolites and the growth and reproduction of different microorganisms, which was the similar to Xu et al. (2018).




5. Conclusion

The study confirmed that the benefits of mixing maize with faba bean on Tibetan Plateau. The prolonged storage time caused changes of the chemical composition fermentation characteristics of the silage. The mixed silage on 90 days of ensiling had the higher LA and AA contents, and the pH values, NH3-N, WSC, NDF, and ADF contents remained stable compared to 120 days of ensiling. Although the bacterial community varied with silage fermentation, Lactobacillus was the dominant bacterium and remained stable after 90 days of ensiling. Overall, mixed maize and faba bean silage had better fermentation quality and stable silage environment after 90 days of ensiling. Therefore, the recommended storage time of forage is 90 days in Qinghai-Tibet Plateau and other cool areas.
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SUPPLEMENTARY FIGURE 1
Relative abundance of bacterial communities at the species levels for fresh materials and ensiling. M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba bean; and MB120, 120 days of mixed silage of maize and faba bean.
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Oat (Avena sativa L.) is one of the important forage crops in the world. However, oat grown in Southwest China has higher moisture content and their preservation face significant challenges. In addition, existing commercial lactic acid bacteria (LAB) have poor fermentation effects in hot and humid regions. Consequently, the current study investigated the response of oat fermentation quality and microbial community to self-selected LAB inoculation. The treatments were: CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; and LPLR, LP694 combined with LR753, followed by 1, 3, 7, 14, and 60 days (d) of fermentation. The results showed that LAB inoculation significantly raised the lactic acid content, and decreased the level of pH value, acetic acid, and ammonia-N in oat silage. The LR753 group had a significantly higher (p < 0.05) lactic acid content (60.95 g kg–1 DM), and lower pH value (3.95) and ammonia-N content (10.1 g kg–1 DM) followed by the LPLR group. The LR753 showed lower NDF (54.60% DM) and ADF (39.73% DM) contents than other groups. The Lactobacillus was a prevalent genus in LAB-treated groups, and its relative abundance reached maximum in LP694 (69%) on day 3, while in the LR753 group (72%) on 60 days. The Lactobacillus rhamnosus, Lactobacillus plantarum, and Lactobacillus fermentum became the dominant species in LAB-treated groups with fermentation time. The Lactobacillus genus was positively correlated with WSC (R = 0.6, p < 0.05), while negatively correlated with pH (R = −0.5, p < 0.05), and BA (R = −0.5, p < 0.01). Overall, the LR753 group had better fermentation quality and preservation of nutritional components providing theoretical support and guidance for future oat silage production in Southwest China.
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GRAPHICAL ABSTRACT



1. Introduction

Oat (Avena sativa L.) is one of the most important forage and food crops worldwide which is characterized by greater tolerance to the saline-alkaline environment, drought, cold, and nutrient-deficiency stresses (Reynolds and Suttie, 2004; Andrzejewska et al., 2019). Recently, oat forage has emerged as one of the major crops in China due to its greater biomass production and feeding value, is widely cultivated in Northern, Northwestern, and Southwestern China (Diao, 2017). Utilization of oat forage as silage is an effective method to guarantee year-round access to good-quality silage for ruminants (Cheng et al., 2022). However, the oat that grows in Southwest China has a higher moisture content, making its preservation significantly challenging due to the hot and humid conditions.

Ensiling is a traditional fresh forage preservation practice to overcome the variance between livestock production and the seasonal unavailability of forages (Yang et al., 2022). Ensiling plays a vital role to help livestock survive winters and dry seasons in many countries around the world by conservation of fresh forage (Xia et al., 2022). During the ensiling process, lactic acid bacteria (LAB) cause rapid acidification under anaerobic conditions by converting water-soluble carbohydrates (WSC) into organic acids, mainly lactic acid (LA) by which the growth of spoilage microorganisms is restrained (Zi et al., 2021). However, oat ensiling involves several factors, which may have individual or interactive effects (such as the moisture content of raw materials, type of microorganisms, and additives used in fermentation) on the silage quality (Zhang et al., 2018). High-moisture silages often bear a high risk of effluent production leading to dry matter (DM) loss (Gebrehanna et al., 2014). Xu et al. (2023) reported that the appropriate moisture content might help produce high-quality oat silage and provide a simple and feasible method to enhance the effects of bacteria and enzymes. However, in this study, the oat was wilted first, adjusted to proper moisture content, and then ensiled with different additives. Hence, it is important to ensile oat forage directly after harvesting rather than wilting first to understand its fermentation mechanism which could save time, labor, and money.

The LAB additives are often used to improve the fermentation quality of silages (Wang T. et al., 2020; Xia et al., 2022). LAB inoculants isolated from different crops or regions have different fermentation patterns, and their impacts are usually substrate and environment-dependent (Zhang et al., 2015). Therefore, the selection and application of LAB to produce different types of silages are more critical. Our previous studies reported that Lactobacillus plantarum 694 (LP694) isolated from high-moisture corn silage in Southern China could change the microbial diversity and influence the fermentation quality of high-moisture Italian ryegrass (Yan et al., 2019), and Lactobacillus rhamnosus 753 (LR753) isolated from corn silage in the subtropical region could prolong the aerobic stability of corn silage in the tropical and subtropical areas (Guan et al., 2020). Since oat is mainly grown in winter and spring seasons, how the LAB strains screened in hot and humid regions influence the fermentation pattern of oat forage remains unclear. Moreover, the microorganisms in silage play a critical role in the fermentation process. Monitoring the changes in the bacterial community during fermentation gives an insight into understanding and improving the ensiling process (He et al., 2020). In essence, ensiling fermentation is a competitive process between LAB and undesirable microorganisms, and more attention is valuable for the succession of the bacterial community that dictates silage quality.

Consequently, the current study aimed to investigate the response of fermentation quality and microbial community succession of oat to self-selected native LAB inoculations. The results of this study may provide theoretical support and guidance for future oat silage production in Southwest China with the help of suitable LAB inoculants, supporting the current shifts toward sustainable and high-efficiency agricultural production systems.



2. Materials and methods


2.1. Materials and silage preparation

The oat forage (cultivar Menglong) was harvested at the late heading stage from Modern Agriculture Research and Development Base of Sichuan Agricultural University, Chongzhou, China (103°07′ E, 30°30′ N) on 10 May 2021. The two self-selected LAB strains–LR753 and LP694–which were used as additives for silage preparation were isolated in our laboratory. LR753 and LP694 have been accessioned at the China General Microbiological Culture Collection Center under CGMCC Nos. 18233 and 15073, respectively. The harvested forage was chopped into 2.0 cm by a crop chopper (ZS-2, Zhongsheng agricultural machinery company, Tangshan, China). The LAB treatments included LP694, LR753, and LP694 in combination with LR753 (LPLR, 1:1). Each LAB strain was incubated by using De Man, Rogosa, Sharpe agar (MRS) broth (CM 188, Land Bridge, Beijing, China) and dissolved in sterile distilled water to an equivalent of 106 colony-forming units (cfu)/g of fresh matter (FM). An equal amount of sterilized water was prepared to set a control group (CK). The prepared LAB inoculants and sterilized water was sprayed on the fresh chopped oat. About 300 g of prepared forages were packed into vacuum-sealed polyethylene plastic bags (dimensions 225 mm × 350 mm, Aodeju, Sichuan, China) and vacuum-sealed with a vacuum machine (DZ-AS, 2500KW, ANSEN, Fujian, China). A total of 60 bags (4 treatments ×5 ensiling days ×3 replicates) were conserved at room temperature. The silage samples were obtained at 1, 3, 7, 14, and 60 days (d) of ensiling to evaluate the chemical composition, fermentation quality, and microbial community.



2.2. Chemical and fermentation profile analysis

The chemical and fermentation characteristics analysis was performed according to the previously described method by Zeng et al. (2020). Briefly, the pre- and post-ensiling samples (200 g) were oven dried at 65°C till constant weight for DM content determination and then ground to pass a 1 mm screen for chemical component analysis. The WSC concentration was determined by the thracenone-sulphuric acid method, while that of crude protein (CP) concentration was measured by the Kjeldahl method (Association of Official Analytical Chemists [AOAC], 1990). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents were determined by the methods described by Van Soest et al. (1991).

About 20 g of silage sample and 180 ml sterilized water were blended for 24 h at 4°C and then passed through four layers of gauze to analyze the pH values, ammonia-N, and the organic acids, including LA, acetic acid (AA), propionic acid (PA), and butyric acid (BA). The pH value of the resulting extract was instantly analyzed using a portable pH meter (PHSJ-5; LEICI, Shanghai, China). Part of the water extract was centrifuged for 10 min at 12,000 × g at 4°C for organic acids measurement and passed through 0.22 μm membrane via high-performance liquid chromatography (HPLC, KC-811, Shimadzu Co., Ltd., Kyoto, Japan). The HPLC was equipped with a UV detector setting a detection wavelength of 210 nm. About 3 mmol/L perchloric acid (0.5 mL/min) was used as the mobile phase at 55°C. The ammonia-N (AN) content was determined using the ninhydrin colorimetric and phenol-hypochlorite method (Broderick and Kang, 1980).



2.3. Cultured-based microbial analysis

The plate count method was used for microbial analysis (Zeng et al., 2020). Undried pre- and post-ensiling samples (20 g) were homogenized with 180 ml of the sterilized saline (0.85% w/v NaCl) by blending thoroughly. The homogenized solution was diluted continuously from 100 to 10–5 after filtration with a single-layer sterilized gauze. In a sterilized environment, the filtrate was inoculated on MRS (Land Bridge, Beijing, China), Violet Red Bole Agar (VRBA, Land Bridge, Beijing, China), and Potato Dextrose Agar (PDA, Land Bridge, Beijing, China) to count the number of LAB, coliform bacteria, and yeasts/molds, respectively (Zeng et al., 2020). The LAB plates were incubated under anaerobic envrionment at 37°C for 48 h, the VRBA plates were incubated under aerobic conditions at 37°C for 24 h, and the PDA plates were aerobically incubated at 25°C for 4 d. All microbial populations were measured as cfu/g of FM and were then log-transformed.



2.4. Bacterial community analysis

The method of DNA extraction was referred from Guan et al. (2018)—the samples (20 g) were shaken in 180 ml of sterile saline (0.85% NaCl) for 30 min at 4°C, filtered through two-layer medical gauze, and then centrifuged at 10,000 × g for 15 min at 4°C. The supernatant was discarded, and the pellet was used for DNA extraction. The TIANamp bacterial DNA extraction kit (DP302-02, Tiangen, Beijing, China) was used for total DNA extraction. The quality and purity of the extracted DNA were analyzed by 1% agarose gel electrophoresis and spectrophotometry (260/280 nm). The DNA concentration for all samples was adjusted to 1 ng μl–1. The qualified DNA samples were stored at −20°C until subsequent analysis.

The V4 region of bacterial 16S rDNA gene was amplified using specific primers, 515F (5′-GTTTCGGTGCCA GCMGCCGCGGTAA-3′) and 806R (5′-GCCAATGGACTACHV GGGTWTCTAAT-3′). The PCR products were analyzed by electrophoresis using 2% agarose gel, and the qualified PCR products were further purified by magnetic beads and quantified by enzyme labeling. The purified samples were mixed thoroughly at an equal amount (determined based on the concentration of PCR products) before loading onto 2% agarose gel. The PCR product was detected by glycogen electrophoresis, and the target band was recovered using a gel recovery kit.

The TruSeq® DNA PCR-Free Sample Preparation Kit was used for library construction. The constructed library was quantified by Qubit and q-PCR. After the library was quantified, it was then subjected to on-machine sequencing using a NovaSeq6000 sequencer. The data were analyzed using the Novogene Magic Platform. The low-quality reads were removed using Cutadapt (V1.9.1),1 following a previous study (Martin, 2011). Sample data were split from obtained reads according to the barcode, then the barcode and primer sequences were cut off according to the reads from the barcode to obtain fresh reads, and the chimera sequence was removed to get the valid data. All clean reads of all samples were clustered by using Uparse software (uparse v7.0.1001) following a previous study (Rognes et al., 2016).2 The operational taxonomic units (OTUs) were defined with a similarity cutoff of 97%. The OTUs sequence was annotated, and the species annotation was analyzed with the Mothur method and the SSUrRNA database (Edgar, 2013) of silva132 (Haas et al., 2011)3 to obtain the taxonomic information. The Shannon, Simpson, Chao 1, ACE, and Goods coverage indexes were calculated by QIIME software (version 1.7.0).



2.5. Statistical analysis

All the reported results are the mean of three replicates, and the data were analyzed using the SPSS software (Version 28.0: IBM Corp., Armonk, NY). The chemical composition, fermentation quality, and alpha diversity were analyzed using a two-way analysis of variance with Duncan’s multiple-range test. The relationships between the bacterial taxonomic profile and silage quality variables were determined by calculating the spearman correlation coefficients and were plotted by using the “pheatmap” libraries in R. The significance was employed at a 0.05 probability level to compare the means.




3. Results


3.1. Characteristics of fresh materials

The chemical composition and microbial population of fresh oat before ensiling are listed in Table 1. The DM content of the fresh oat was 22.29% FM. The chemical components including CP, WSC, NDF, and ADF were 7.80, 8.84, 59.80, and 39.62% DM, respectively. Moreover, the epiphytic LAB count of fresh oat in this study was 5.40 log10 cfu/g FM, and the counts for coliform bacteria, yeasts, and molds were 3.39, 4.13, and 5.32 log10 cfu/g FM, respectively.


TABLE 1    Chemical characteristics and microbial counts of fresh oat before fermentation.
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3.2. Fermentation characteristics of oat silage

As shown in Table 2, during the fermentation, the pH of all groups gradually decreased (from pH 4.38 to 4.22 for the CK group, from pH 4.15 to 4.01 for the LP694 group, from pH 4.07 to 3.95 for the LR753 group, and from pH 4.17 to 4.02 for the LPLR group) and on day 60, the LR753 group had a significantly lower (p < 0.05) pH, followed by LP694, LPLR, and CK groups. The AN gradually increased with time until day 14 of ensiling in all treatments. On day 60, the LR735 group had a significantly lower (p < 0.05) AN content (10.1 g kg–1 DM) followed by the LPLR (14.0 g kg–1 DM), LP694 (14.4 g kg–1 DM), and CK (15.3 g kg–1 DM) groups. There was no significant difference between the CK, LP694, and LPLR groups on day 60. During the whole fermentation process, the LA content of the four groups increased rapidly, and that of the LR753 group (60.95 g kg–1 DM) was significantly higher (p < 0.05) than that of the LPLR (54.61 g kg–1 DM), LP694 (48.27 g kg–1 DM), and CK (30.37 g kg–1 DM) groups on day 60. Meanwhile, the LA content of LR753, LP694, and LPLR on day 60 was numerically lower than that on day 14, while that of the CK was higher. The AA content of the four groups increased gradually with time. On day 60, the LAB-treated groups had a significantly higher (p < 0.05) AA content (LR753, 36.03 g kg–1 DM; LP694 33.73 g kg–1 DM; LPLR, 33.13 g kg–1 DM) than that of the CK group (19.83 g kg–1 DM). The AA content between the LAB-treated groups on day 60 was not significantly different. The PA content of the four groups gradually increased in time, and on day 60, the LR753 group had a significantly lower (p < 0.05) PA content (9.57 g kg–1 DM) than that of the LP694 (16.57 g kg–1 DM), LPLR (17.14 g kg–1 DM), and CK (18.03 g kg–1 DM) groups. The BA content first increased and then decreased in time in the LR753 and CK groups. On day 60, the LR753 group had a significantly lower (p < 0.05) BA content (1.33 g kg–1 DM), followed by the LPLR (1.98 g kg–1 DM), LP694 (2.67 g kg–1 DM), and CK (2.68 g kg–1 DM) groups.


TABLE 2    Fermentation characteristics of oat silages treated with and without lactic acid bacteria.
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3.3. Chemical composition and microbial counts of oat silage

As shown in Table 3, there was no significant difference in DM content between the groups throughout the fermentation, and on day 60, it ranged from 24.75 to 26.86%. During the fermentation, the WSC content of the four groups gradually decreased, and on day 60, the CK group had a significantly higher (p < 0.05) WSC content (5.33% DM) than that of the LAB-treated groups (LP694, 4.59% DM; LPLR 3.59% DM; and LR753, 3.15% DM). Meanwhile, there was no significant difference between the LAB-treated groups on 60 days. The NDF and ADF showed an irregular trend with fermentation time. On day 60, the LR753 group had a significantly lower (p < 0.05) NDF content (54.60% DM) compared to the LP674 (55.93% DM), LPLR (57.53% DM), and CK (56.33% DM) groups, while that of ADF content had no significant difference between groups. Meanwhile, the NDF (on day 3) and ADF (on 3 and day 14) contents of the CK group were comparable to the LAB-treated groups. All groups showed a significantly lower (p < 0.05) LAB count on day 60 compared to day 1. On day 60, the LR753 group had a substantially higher (p < 0.05) LAB count (6.31 log10 cfu/g FM) followed by the LP694 (5.26 log10 cfu/g FM), LPLR (5 log10 cfu/g FM), and CK (3.60 log10 cfu/g FM) groups. Other microbes (such as coliform bacteria, yeasts, and molds) were not detected in any group with prolonged fermentation time.


TABLE 3    Chemical characteristics and microbial counts of oat silages treated with or without lactic acid bacteria.

[image: Table 3]



3.4. Bacterial community diversity in oat silage

The alpha diversity analysis of the bacterial community in fresh and ensiled samples is presented in Table 4. The good coverage value for all groups was above 0.99. The LR group had significantly (p < 0.05) lower Shannon and Simpson indexes than that of other groups throughout the fermentation. On day 60, except for the LP694 group, the LAB-treated groups showed lower Chao 1 and Ace indexes than the CK group. The exclusive OTUs of each group ranged from 10 to 531 throughout the fermentation (Supplementary Figure 1). The diversity of the bacterial central microbiota (consisting of 136 common OTUs) decreased after day 7 of fermentation and reached 110 on day 60. All groups except the LP694 group represented fewer OTUs while comparing day 1 to day 60 of fermentation. Principal coordinates analysis (PCoA) which was UniFrac-based showed a distinct clustering of the microbiota compositions for each group (Supplementary Figure 2). Principle coordinates 1 and 2 accounted for 78.11 and 6.01% of the total variance, respectively. The bacterial community in fresh material was clearly distinct from the ensiled oat.


TABLE 4    Influence of lactic acid bacteria inoculation on bacterial alpha diversity of oat silages.
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The microbial community composition of oat silages was represented by two major phyla: Proteobacteria and Firmicutes (Figure 1). Proteobacteria was the dominant phyla in fresh oat accounting for a total relative abundance of 97%. After ensiling, Firmicutes became the dominant phyla on day 3 of fermentation (CK, 64%; LP694, 72%; LR753, 71%; and LPLR, 62%). However, Proteobacteria dominated again in all groups (CK, 65%; LP694, 63%; and LPLR, 54%) except for the LR753 group (Firmicutes, 72%) on day 60. The Rosenbergiella (19%) and Pantoea (9%) were the dominant genera in the fresh oat followed by Acinetobacter (6%) (Figure 2). Notably, the relative abundance of the genus Lactobacillus was less than 1% in the fresh oat, but it gradually became the most prevalent genus in all groups with fermentation time. The relative abundance of Lactobacillus increased in the CK group (from 6% on day 1 to 32% on day 7) and then slightly decreased with further fermentation time (24% on day 60). The relative abundance of Lactobacillus increased rapidly on day 3 in the LAB-treated groups (LP694, 69%; LR753, 70%; and LPLR, 60%). However, its relative abundance decreased significantly in LP694 (35%) and LPLR (46%) groups on day 60, while that of the LR753 group showed a higher relative abundance of 72%. The relative abundance of Weissella decreased significantly in the CK group (from 62% on day 1 to 11% on day 60), while its relative abundance continuously decreased in the LAB-treated groups from 27% on day 1 to 0.03% on day 60. Moreover, Pantoea, Rosenbergiella, Erwinia, Stenotrophomonas, and Acinetobacter were the minor genera in all groups accounting for less than 10% of the total genera throughout the fermentation period.
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FIGURE 1
Relative abundance of bacteria at phylum level for oat silages at different days of fermentation with and without lactic acid bacterial inoculation. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; d, ensiling days; OAT.F, fresh oat.
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FIGURE 2
Relative abundance of bacteria at the genus level for oat silages at different days of ensiling with and without lactic acid bacterial inoculation. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; d, ensiling days; OAT.F, fresh oat.


The dynamic changes in the bacterial community composition and succession at the species level in oat silages are shown in Figure 3. The Acinetobacter guillouiae (3%) and Hafnia alvei (1.4%) were the most prevalent species in the fresh oat. The Weissella cibaria was the abundant specie in the CK group during the early phase of fermentation (62% on day 1 and 40% on day 3), however, Lactobacillus plantarum became the prevalent specie in the later phase of fermentation (16% on day 7 and 11% on day 14). As expected, the Lactobacillus species such as Lactobacillus rhamnosus, Lactobacillus plantarum, and Lactobacillus fermentum became the prevalent species in the LAB-treated groups with fermentation time. The Lactobacillus plantarum (48% on day 1) and Lactobacillus fermentum (58% on day 3) were abundant species in the LP694 group during the early phase of fermentation, and on day 60 Lactobacillus rhamnosus (11%), Lactobacillus buchneri (13%), and Lactobacillus plantarum (10%) became the dominant species. The LR753 had a significantly greater relative abundance of Lactobacillus rhamnosus throughout the fermentation (35% on day 1, 49% on day 7, and 58% on day 60). The Lactobacillus fermentum (34% on day 3), Lactobacillus rhamnosus (18% on day 3), and Lactobacillus plantarum (12% on day 7) species were dominated during the initial phase of fermentation in the LPLR silage; however, Lactobacillus rhamnosus (28%) and Lactobacillus buchneri (14%) species were the abundant species on day 60. These results suggest that the microbial inoculants have a significant influence on the bacterial community of the dynamically ensiled oat.
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FIGURE 3
Relative abundance of bacteria at the species level for oat silages at different days of ensiling with and without lactic acid bacterial inoculation. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; d, ensiling days; OAT.F, fresh oat.




3.5. Correlation analysis

The correlation analysis between microbiota at the genus level and fermentation products was conducted to investigate the effects of the microbial community on the fermentation quality (Figure 4). The Lactobacillus was positively correlated (R = 0.6, p < 0.05) with WSC, while negatively correlated with pH (R = −0.5, p < 0.05), and BA (R = −0.5, p < 0.01). The Weissella showed a positive correlation with WSC (R = 0.8, p < 0.01) and pH (R = 0.7, p < 0.01), while had a negative correlation with LA (R = −0.7, p < 0.05) and AA (R = −0.7, p < 0.05). The Rosenbergiella was positively correlated with PA (R = 0.7, p < 0.01), AA (P = 0.6, p < 0.05), and NDF (R = 0.5, p < 0.05), while Stenotrophomonas was positively correlated with PA (R = 0.6, p < 0.05) and AA (R = 0.6, p < 0.05). The Serratia had a positive correlation (R = 0.6, p < 0.05) with pH, while Romboutsia showed negative correlations with LA (R = −0.5, p < 0.05), AA (R = −0.5, p < 0.05), PA (R = −0.6, p < 0.05), and ammonia-N (R = −0.6, p < 0.05).
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FIGURE 4
Correlation analysis between the bacterial community at genus level and fermentation products. WSC, water-soluble carbohydrates; NDF, neutral detergent fiber; ADF, acid detergent fiber; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid. The corresponding value of heatmap is the Spearman correlation coefficient r (−1 to 1), a value above 0 indicates a positive correlation (red), a value below 0 shows a negative correlation (red), *p < 0.05 and **p < 0.01.





4. Discussion


4.1. Silage quality of oat with or without lactic acid bacteria inoculation

The silage quality is greatly dependent on the substrates present in fresh material and is mainly driven by microbial activity (Ni et al., 2017). The pH of silage is an important indicator for silage fermentation (Muck et al., 2018). In the current study, the pH of all groups decreased with fermentation time; however, rapid acidification was seen in the LAB-treated groups. This might be related to the beneficial effects of the exogenous application of LAB which utilize WSC to produce more LA leading to a reduction in pH (Yan et al., 2019). The pH of the LAB-treated groups was below 4.2, and the LR753 group had the lowest pH of 3.95 on day 60 among all groups. It is acknowledged that a pH of 4.2 is a benchmark for well-preserved silage (Ni et al., 2018). Contrarily, the CK group had a higher pH compared to the LAB-treated groups which might be attributed to its lower LA content. The AA is a major end product of the heterofermentative LAB and a crucial substance for aerobic stability (McDonald et al., 1991). The AA concentration increased with fermentation time, and the LAB-treated groups had greater AA concentrations compared to the CK group on day 60. The increase of AA concentrations during fermentation may be related to yeast and some LAB (Lactobacillus hilgardii and Lactobacillus buchneri), as they can metabolize LA into AA under certain conditions (Guan et al., 2018; Bai et al., 2022). The PA concentration of 1–10 g kg–1 DM is considered a standard in silage (Agarussi et al., 2019). Meanwhile, only the LR753 group met the PA general standard in the current study highlighting that the LR753 strain can restrict the growth of PA-producing microflora. The BA is usually produced by undesirable bacteria which decompose the CP resulting in nutrient loss (Kung et al., 2018). The BA concentrations in all groups were significantly higher in the early phase of fermentation compared to the later phase of fermentation which might be related to the greater relative abundance of pathogenic or spoilage microorganisms during early ensiling. However, the LR753 group had a lower BA concentration than that of other groups which might be related to its greater acidification environment in which the growths of pathogenic or spoilage microorganisms such as Stenotrophomonas rhizophila were restricted.

The LAB count was higher in the inoculated groups after day 1 of ensiling than in the CK silage, which was in line with the results of decreased pH values in inoculated silages which inhibited the growth of undesirable microbes such as coliform, yeasts, and molds. Meanwhile, the LAB count decreased with prolonged ensiling time in all groups which might be attributed to a decrease in the substrate such as WSC concentrations. However, the other microbes such as coliform, yeasts, and molds were not detected after day 60 of ensiling, which might be attributed to the acidic environment. The DM content is an important index of the nutritional preservation of forages (Hu et al., 2009). The DM content was marginally influenced by the fermentation or LAB inoculation in the present study and consistent with the work of Liu et al. (2019). Perhaps, it could have occurred because the low pH in all the silages was acidic enough to inhibit nutrient degradation during ensiling. Meanwhile, a previous study reported that Lactobacillus plantarum, or a combination of LAB inoculation, increased DM concentration in the alfalfa and other legumes, and temperate and tropical grasses (Oliveira et al., 2017). The level of AN is an indicator of CP degradation in the silage (Wang et al., 2019). It is worth noting that the AN was significantly lower in the LAB-treated groups than the CK group, highlighting that undesirable proteolytic bacteria were inhibited effectively in the LAB-treated silages. This could be attributed to the sharp pH decline in such silages which restricted the growth of undesirable microorganisms (Guan et al., 2018). The ADF and NDF concentrations were decreased in the LR753 group than that of other groups on day 60. This could be exemplified by the more digestible cell wall fractions hydrolyzed by enzymes and acids during silage fermentation (Yan et al., 2019). The WSC contents were decreased in all groups after fermentation suggesting that it was utilized and broken down into organic acids by LAB during fermentation (Xia et al., 2022). The decreasing trend of WSC contents of all groups was consistent with the pH value.



4.2. Microbial community of oat silage with or without lactic acid bacteria inoculation

The microbial DNA sample coverage in this study was nearly one, suggesting that most of the bacteria in the samples were represented by 16S rDNA sequences. The alpha diversity was significantly affected by fermentation time. The different Shannon and Chao1 indices among groups on day 1 and day 60 highlighted that the richness and evenness of the bacterial communities were not stable at the initial and terminal stages of fermentation when LAB was inoculated. The OUTs and PCoA analysis suggested that LAB inoculation affected the microbial composition, and all groups had different bacterial populations after fermentation in agreement with previous reports (Guan et al., 2021; Zi et al., 2021). This could be attributed to the changes in the level of some taxonomic groups that were offset by opposite changes in other groups (Hartmann and Widmer, 2006). The samples treated with LAB were separated suggesting that exogenous microbiota could change the microbial community succession in oat silage. Moreover, the samples on different fermentation times were evidently separated highlighting that microbial community changed with fermentation time within the groups. However, it was quite fascinating to know that the microbiota of the LR753 group on day 3 and day 60 were clustered together suggesting that LR753 strain inoculation could promote a homo-fermentative process and the resultant silage thus remained stable in an acidic environment.

The bacterial community is correlated with the fermentation quality because the fermentation process is highly dependent on the interactions of multiple bacteria (Ni et al., 2017). The Proteobacteria and Firmicutes were the dominant phyla in all groups after fermentation consistent with previous work (Liu et al., 2019). This might be attributed to the acidification and anaerobic conditions which were conducive to the growth of these two phyla. The Firmicutes are vital acid hydrolytic microbes under anaerobic conditions, which could produce numerous extracellular enzymes (Wang S. et al., 2020). The LR753 group had a substantially greater relative abundance of Firmicutes and a lesser relative abundance of Proteobacteria compared to other LAB-treated groups on day 60 highlighting that microbial composition structure changed significantly when the LR753 strain was inoculated. The possible reason for this could be the rapid and more acidification (pH < 4) in the LR753 group which was conducive to the growth of Firmicutes compared to Proteobacteria (Keshri et al., 2018). The Rosenbergiella and Pantoea were the most prevalent genera in the fresh oat. Generally, the Rosenbergiella and Pantoea compete with LAB for sugars, and their presence in silage is considered undesirable (Jiang et al., 2020). However, the growths of Rosenbergiella and Pantoea were inhibited significantly after fermentation which might be related to the reduction of pH in all groups. The succession of bacteria is a dynamic process that varies in the different phases of fermentation. It has been reported that the Lactobacillus genus dominates the fermentation process under anaerobic conditions and could grow vigorously during the fermentation stage due to its stronger acid resistance (Li et al., 2022). The Lactobacillus was the dominant genus in the LAB-treated groups throughout the fermentation consistent with previous research (Liu et al., 2019). This might be because of the anaerobic conditions that facilitate the growth of LAB strains, which could produce LA to enhance their competitiveness by inhibiting other background bacteria (Muck et al., 2018). Meanwhile, Weissella was the dominant genus during the early phase of fermentation in the CK group. The Weissella is usually regarded as an early colonizer (Dellaglio and Torriani, 1986), and surpassed by acid-resistant Lactobacillus because of pH decline as fermentation starts (Graf et al., 2016). Similarly, in the current study, the relative abundance of Weissella in the CK group decreased significantly in the later phase of fermentation. The possible reason for this outcome might be the acidic environment (lower pH), which was not suitable for the growth of Weissella.

The Acinetobacter guillouiae and Hafnia alvei were the most dominant species in fresh oat. The Weissella cibaria was abundant specie in the CK group during the early phase of fermentation but it was replaced by Lactobacillus plantarum specie in the later phase of fermentation. This might be due to the greater pH value during the early phase of fermentation which was conducive to the growth of Weissella cibaria, while the lower pH value at the later phase of fermentation was favorable for the growth of Lactobacillus plantarum as its growth depends on the pH. Therefore, the lower relative abundance of Lactobacillus species in the CK group may explain its poor fermentation quality exemplified by the greater pH value, lower LA content, and greater AN concentration. As expected, the LAB-treated groups had greater relative abundances of Lactobacillus species throughout the fermentation, and the major species were Lactobacillus rhamnosus, Lactobacillus plantarum, and Lactobacillus buchneri. Similarly, studies have established the inoculation of LAB increased the relative abundances of Lactobacillus species in the silages (Yan et al., 2019; Xia et al., 2022). The LR753 group had a greater relative abundance of Lactobacillus rhamnosus on day 60 than that of other groups which may explain its higher LA concentration and lower pH value and AN content. It was quite fascinating to know that the relative abundance of Lactobacillus plantarum was significantly lower than that of Lactobacillus rhamnosus in the LPLR group on day 60. This might be attributed to the greater acidic tolerance and the substrates competitive abilities of Lactobacillus rhamnosus compared to Lactobacillus plantarum. Moreover, previous studies have reported that the relative abundance of homofermentative LAB decreased, while the relative abundance of heterofermentative LAB increased in the later or stable phase of fermentation (Zhou et al., 2016; He et al., 2019). In the current study, the substantial relative abundances of Lactobacillus buchneri were found in LAB-treated groups on day 60 but failed to dominate in these groups. It has been well established that heterofermentative LAB produces the AA by utilizing WSC as a substrate which is a key substance for silage aerobic stability (Muck et al., 2018). Therefore, the presence of heterofermentative Lactobacillus buchneri highlights that it could promote the aerobic stability of silage by producing more AA contents.



4.3. Correlation between fermentation products and microbial community

The silage process is largely related to microbial communities and biochemical reactions, and the fermentation of silage is largely dependent on the microbial community and a series of end products (Zhao et al., 2021; Li et al., 2022). The present study showed a significant correlation between the fermentation products and the bacterial community which was similar to the results of McAllister et al. (2018). The genus Lactobacillus had a positive correlation with WSC and LA and a negative correlation with pH and AN. Similar interactions were found by Xia et al. (2022), who reported that Lactobacillus promotes the accumulation of LA, and inhibits the production of AN by decreasing pH leading to quality fermentation. The Rosenbergiella was positively correlated with PA, AA, and NDF, highlighting that it is involved in the degradation of the plant cell wall and can increase NDF contents. Recently, Rosenbergiella has been described as a new genus of Enterobacteria, which are Gram-negative rods, facultative anaerobes, and can ferment lactose to acids (Lenaerts et al., 2014). However, the role of Rosenbergiella in silage fermentation is not well studied yet. Moreover, Romboutsia was negatively correlated with organic acids and AN suggesting that it obstructs the production of organic acids and proteolysis (Li et al., 2020). The Weissella and Serratia were positively correlated with pH, suggesting that these are involved with silage corruption. Overall, the bacterial community substantially influenced the silage quality by affecting the pH, organic acids, and AN concentrations, and their effects were bidirectional.




5. Conclusion

The LAB addition could improve the silage quality of oat to different extents, but the oat silage treated with LR753 had better fermentation quality than that of other groups. The inoculation of LR753 could enhance the relative abundance of desirable Latobacillus, thereby increasing the LA content, and decreasing the pH value, AN, NDF, and ADF contents to improve the fermentation quality of oat silage. Overall, LR753 can effectively preserve nutrients in silage and improve fermentation quality which provides the theoretical support and guidance for future oat silage production in Southwest China that may further assist the current shifts toward sustainable and high-efficiency agricultural production systems.
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SUPPLEMENTARY FIGURE 1
Venn diagram depicting the common or unique bacterial OTU of oat silages at different days of fermentation: (A) 1 day; (B) 3 days; (C) 7 days; (D) 14 days; and (E) 60 days. CK, sterilized water; LP, Lactobacillus plantarum 694; LR, Lactobacillus rhamnosus 753; LPLR, 50% LP + 50% LR; d, ensiling days.

SUPPLEMENTARY FIGURE 2
Principal component analysis of bacterial community during ensiling at different days of fermentation with and without lactic acid bacterial inoculation. CK, sterilized water; LP, Lactobacillus plantarum 694; LR, Lactobacillus rhamnosus 753; LPLR, 50% LP + 50% LR; d, ensiling days; OAT.F, fresh oat.



Footnotes

1     http://cutadapt.readthedocs.io/en/stable/

2     http://www.drive5.com/uparse/

3     http://www.arb-silva.de/
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Mixing grass with legumes before ensiling is beneficial for improving dry matter and crude protein yield, but additional information is needed to balance nutrient content and fermentation quality. In this study, the microbial community, fermentation characteristics, and nutrient content of Napier grass mixed with alfalfa at different proportions were assessed. Tested proportions included: 100:0 (M0), 70:30 (M3), 50:50 (M5), 30:70 (M7), and 0:100 (MF). Treatments included: (CK) sterilized deionized water; (IN) selected lactic acid bacteria: Lactobacillus plantarum CGMCC 23166 and Lacticaseibacillus rhamnosus CGMCC 18233 (1.5 × 105 cfu/g of fresh weight for each inoculant); and (CO) commercial lactic acid bacteria: L. plantarum (1 × 105 cfu/g of fresh weight). All mixtures were ensiled for 60 days. Data analysis was used as a completely randomized design with a 5-by-3 factorial arrangement of treatments. The results showed that with increasing alfalfa mixing ratio, dry matter, and crude protein increased, while neutral detergent fiber and acid detergent fiber decreased both before and after ensiling (p < 0.05), which was not influenced by fermentation. Inoculation with IN and CO decreased pH and increased the lactic acid content compared to CK (p < 0.05), especially in silages M7 and MF. The highest Shannon index (6.24) and Simpson index (0.93) were observed in the MF silage CK treatment (p < 0.05). The relative abundance of Lactiplantibacillus decreased with increasing alfalfa mixing ratio, while the abundance of Lactiplantibacillus was significantly higher in the IN-treated group than in other treatment groups (p < 0.05). A higher alfalfa mixing ratio improved the nutrient value, but also made fermentation more difficult. Inoculants improved the fermentation quality by increasing the abundance of Lactiplantibacillus. In conclusion, the groups M3 and M5 achieved the optimal balance of nutrients and fermentation. If a higher proportion of alfalfa needs to be used, it is recommended to use inoculants to ensure sufficient fermentation.
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Introduction

The increased demand for dairy products in many tropical and subtropical regions has highlighted the importance of the production and preservation of herbage (Namihira et al., 2010). As a perennial forage, Napier grass (Pennisetum purpureum Schum.) has been widely cultivated as ruminant feed in tropical and subtropical areas (Halim et al., 2013) because of its high yield as well as simple cultivation and management requirements. Alfalfa (Medicago sativa L.) is a high-quality forage legume with high protein content, which is generally not suitable for growing in humid and hot subtropical areas. However, with improved varieties and cultivation measures, it is being increasingly cultivated in subtropical areas.

When these herbages are produced for hay, during harvest season, the climate in subtropical areas is usually too rainy and humid for drying so that dry matter (DM) is often lost. Therefore, in such areas, ensiling is a more suitable and efficient strategy to conserve nutrients in herbage. However, Napier grass commonly has high moisture and fiber but low crude protein contents, which can easily lead to butyric acid fermentation and also offers little nutritional value for silage production (Halim et al., 2013; Guan et al., 2020). It is also difficult to produce high-quality silage using alfalfa because of its low water-soluble carbohydrate content and high buffer energy (Muck et al., 2007). Mixing grasses and legumes is a common type of mixed silage, as it can lessen disadvantages and utilize advantages of each component by complementing the characteristics of components themselves, thus improving the quality of silage overall.

In most studies on mixed silage, the grass component is either corn (Contreras-Govea et al., 2009, 2013; Zeng et al., 2020), sorghum (Lima et al., 2010; Lima-Orozco et al., 2014; Zhang et al., 2015), or oat (Chen et al., 2017), and the leguminous component is either alfalfa (Zhang et al., 2015; Chen et al., 2017) or soybean (Lima et al., 2010; Zeng et al., 2020). Mixing legume silage with grass silage should theoretically increase the crude protein (CP) concentration, but it would also increase other compounds, such as neutral detergent fiber (NDF), lactic acid, and the concentration of total acids, potentially decreasing digestibility (Contreras-Govea et al., 2011). Therefore, it is important to determine the proper legume and grass mixture ratio that will result in optimal nutritive value and fermentation. However, little research has been conducted on using Napier grass for silage mixed with a legume.

The objective of this study was to assess the effects of different legume and grass proportions and inoculants on nutritive value, fermentation characteristics, and microbial diversity of Napier grass and alfalfa mixed silage. The main hypothesis is that application of lactic acid bacteria (LAB) inoculants would result in higher silage quality than un-inoculated silage of Napier grass mixed with alfalfa at different ratios.



Materials and methods


Ensiling process

Napier grass [(Pennisetum americanum × P. purpureum) × P. purpureum Schum. cv. Guimu No. 1] and alfalfa (M. sativa L. cv. 6010) were grown on four plots within different blocks of an irrigated field at the National Grass Variety Regional Test Station, Xinjin, Chengdu, China (N30°76′, E103°76′). Napier grass was harvested when it reached the elongation stage at a height of 1.5–2 m, leaving a residual of 20–30 cm. Alfalfa were harvested by hand at full bloom in the third cutting, using a sickle and leaving a 5 cm stubble. After chopping to approximately 1–2 cm with a forage cutter (Lingong Machinery, Shandong, China), Napier grass and alfalfa were mixed at fresh weight ratios of 100:0, 70:30, 50:50, 30:70, and 0:100 (groups M0, M3, M5, M7, and MF, respectively). Groups of M0, M3, M5, M7, and MF were considered experimental units and treatments, which were applied in quadruplicate, were (1) sterilized deionized water (CK); (2) selected LAB: Lactobacillus plantarum CGMCC 23166 and Lacticaseibacillus rhamnosus CGMCC 18233 (1.5 × 105 cfu/g of fresh weight of each inoculant) (IN); and (3) commercial LAB: L. plantarum (1 × 105 cfu/g of fresh weight, purchased from Yaxin company) (CO). To ensure the viability of inoculants and appropriate inoculation rates, lactic acid bacteria (LAB) were plated as described below, counted before inoculation of forages, and then stored as recommended to retain viability and prevent multiplication. Forage from each experimental unit was ensiled (1 kg of forage) in two vacuum-heat sealed nylon-polyethylene standard barrier bags (0.09-mm thickness, 35 × 40 cm; Aodeju, China). Bags were stored in a temperature-controlled room (25–30°C) for 60 days, so that four replicate bags per treatment per ensiling duration were obtained. Air was withdrawn from silos immediately before they were sealed with an external clamp vacuum pump (OX600P, OUXIN Vacuum Pump Equipment Manufacturing Co., Ltd., China).



Chemical, fermentation, and microbial analyses

Extracts of silage samples from d 60 were obtained by mixing 20 g of silage with 180 ml of 0.1% peptone water in a stomacher (Lab-blender 400; Tekmor company) for 1 min. The solution was filtered through two layers of sterilized cheesecloth, and one aliquot was immediately used for measuring total LAB, yeast, mold, and Enterobacter counts. Briefly, the amount of LAB was quantified by MRS Agar (CM 188, Land Bridge, Beijing, China). Molds and yeasts were cultured on potato dextrose agar (CM 123, Land Bridge, Beijing, China), and Enterobacter bacteria were quantified using violet red bole agar (CM 115, Land Bridge, Beijing, China). Another silage extracted aliquot was used for measuring pH (PHSJ-5; LEICI, Shanghai, China). After pH measurement, 40 ml of silage extracted aliquots was acidified with 1% of 50% sulfuric acid, and centrifuged at 7,000 ×g for 15 min at 4°C. One part of the supernatant was retained for ammonia-N analysis (Kozloski et al., 2006) and another part was filtered through 0.22-μm filters and transferred to vials for organic acids analysis. Organic acids (i.e., lactic acid, acetic acid, propionic acid, and butyric acid) of 45 silage samples were then analyzed by high-performance liquid chromatography with a UV detector (210 nm) and a column (KC-811, Shimadzu Co., Ltd., Kyoto, Japan) according to Guan et al. (2018).

Samples from 0 and 60 d were dried at 60°C for 48 h in a forced-air oven, ground by a grinder (CT293 Cyclotec™, FOSS Analytical A/S, Hillerød, Denmark), and passed through a 1-mm mesh sieve. Then, samples were analyzed for DM, ash (method 942.05; AOAC International, 2012), NDF, and Acid detergent fiber (ADF) without correction for residual ash [Ankom 200 Fiber Analyzer, Ankom Technology; methods 2002.04, AOAC International (2012) for NDF and 973.18, AOAC International (2006) for ADF], CP (Kjeldahl method, method 990.03, AOAC International, 2006), and water-soluble carbohydrates (WSC). The content of WSC in the sample was detected by Micro Plant Soluble Sugar Content Assay Kit (BC0035, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China).



Microbiome analysis

The method of DNA extraction was described in (Guan et al., 2018). A total of 50 g frozen sample was passed through a 4 mm sieve after freeze-drying and smashing. A subsample (5 g) was ball milled for 1 min at room temperature and total DNA was extracted via the TIANamp Bacteria DNA isolation kit (DP302-02, Tiangen, Beijing, China). All samples were purified via purification and recovery of the DNA kit column (DP214-02, Tiangen, Beijing, China) and purified samples were then eluted in nuclease free water. NanoDrop 2000 was used to measure the purity and concentration of DNA. Qualifying DNA samples were stored at-20°C for future analysis.

16S rRNA genes of distinct regions (16S V4) were amplified using the specific primers 515 F (5’-GTTTCGGTGCCAGCMGCCGCGGTAA-3′) and 806R (5’-GCCAA TGGACTACHVGGGTWTCTAAT-3′). Samples including a bright main strip between 400 and 450 bp were chosen for further experiments. Sequencing libraries were generated and sequenced as described by Guan et al. (2018). Illumina S5 sequencing was performed by Novogene (Beijing, China) according to the manufacturer’s recommendations.



Sequence analyses

NGS reads were assembled using FLASH (version 1.2.7; Magoč and Salzberg, 2011). Low-quality reads were excluded according to the QIIME quality control process (version 1.7.0; Caporaso et al., 2010). Chimeric sequences were removed by using the UCHIME algorithm to obtain final effective tags (Edgar, 2013). Uparse software (version 7.0.1001) was used for sequence analyses (Edgar, 2013). Operational taxonomic units were defined by a 97% similarity cutoff. To annotate taxonomic information, the Silva Database1 (Quast et al., 2012) was used based on the Mothur algorithm. Alpha diversity metrics (Observed-species, Chao1, Shannon, Simpson, ACE, and Good-coverage) and beta diversity metrics (weighted UniFrac and unweighted UniFrac) were calculated with QIIME software (version 1.7.0). Principal coordinate analysis was conducted with R software (version 2.15.3). The sequence data reported in this study have been submitted to the NCBI database (PRJNA884491).



Statistical analyses

Microbe populations were estimated as cfu/g and values were log transformed prior to statistical evaluation. All analyses were conducted using the general linear model procedure in SPSS 22. Data related to different proportions of alfalfa and Napier grass prior to ensiling, fermentation indexes, chemical composition, microbial population, and alpha diversity indexes of silage were subjected to two-way ANOVA with the following model:

[image: image]

where Yij is the dependent variable, μ is the overall mean, αi is the fixed effect of proportion, βj is the effect of inoculants, (α × β)ij is the interaction between proportion and inoculants, and eij is the residual error. Differences among treatment means were separated by using Tukey’s honest significant difference test, and significance was declared at p < 0.05.




Results


Chemical compositions of Napier grass, alfalfa, and their mixture before ensiling

The nutrient compositions of mixes of alfalfa and Napier grass at different proportions prior to ensiling are shown in Table 1. The mixing proportion had extremely significant impacts on DM, CP, ash, NDF, and ADF (p < 0.01). The DM content of Napier grass was only 19.33%, while that of alfalfa was 32.53%. With increasing alfalfa proportion in the mixture, the DM content increased significantly (p < 0.01). The lowest CP was found in M0, and CP increased significantly with increasing alfalfa proportion (p < 0.01). The contents of WSC, ash, NDF and ADF followed a significant downward trend with increasing alfalfa proportion (p < 0.01).



TABLE 1 Nutrient composition of different proportion of Napier grass and alfalfa prior to ensiling.
[image: Table1]



Fermentation parameters and microbial counts of mixed alfalfa and Napier grass silage

As shown in Table 2, proportions, inoculants, and their interactions had extremely significant effects on pH and NH3-N [% total nitrogen (TN)]. The pH and NH3-N (%TN) increased with increasing proportion of alfalfa. The pH of the CK silage was significantly higher than pH levels of IN- and CO-treated silage except for Group M0 (p < 0.05). In Group M0, there was no significant difference among treatments (p > 0.05). The highest pH of 4.69 was observed in MF without treatment (CK). A similar tendency was found in NH3-N (%TN), where MF without treatment (CK) had the highest NH3-N (%TN), which exceeded 10% (12.37%). M0 silage treated with IN and CO significantly decrease NH3-N (%TN) compared to CK. Proportions (p = 0.017) and inoculants (p = 0.023) had significant effects on the concentration of lactic acid (LA), while the interaction had an extremely significant effect on LA concentration (p = 0.002). IN-treated silages had higher concentrations of LA than CK-and CO-treated silages in every proportion expect Group M0. The lowest concentration of LA was observed in MF silage without treatment (CK). Proportion and inoculants had an extremely significant effect on concentration of acetic acid (AA, p < 0.01), while no significant effect was found in their interaction (p > 0.05). The acetic acid content of all treatments did not exceed 20 g/mg DM. Propionic acid was not detected in any of the silages. A small amount of butyric acid was detected in individual silages, but this was observed in all silages of the MF group (Table 2).



TABLE 2 Effects of mixed proportion and inoculants on fermentation indexes of alfalfa and Napier grass mixed silage.
[image: Table2]

As shown in Table 3, yeast, mold, and Enterobacter could not be detected in the silage after 60 days of anaerobic fermentation, except for CK. Totals of 2.95 Log cfu/g FM of mold and 2.32 Log cfu/g FM of Enterobacter were detected in CK. Proportion, inoculants, and their interaction had extremely significant effects on LAB counts. Silage inoculated with IN had a significantly higher number of LAB than CK and CO in Groups M0, M3, M7, and MF (p < 0.05).



TABLE 3 Effects of mixed proportion and inoculants on chemical composition of alfalfa and Napier grass mixed silage.
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Chemical composition of mixed alfalfa and Napier grass silage

Table 4 shows the effects of mixing proportion and inoculants on chemical composition of mixed alfalfa and Napier grass silage. Proportion had extremely significant effects on DM, DM loss, CP, ash, NDF, and ADF (p < 0.01). Interaction with inoculants had extremely significant effects on DM and ash (p < 0.01), while inoculants had no significant effect on DM, CP, ash, NDF, and ADF (p > 0.05). DM, CP, ash, NDF, and ADF in silages showed similar trends with forage at different proportions. DM and CP increased with increasing alfalfa proportion, while NDF and ADF decreased. WSC decreased after ensiling, and inoculants had an extremely significant effect on WSC (p < 0.01), but proportion and their interaction had no significant effects (p > 0.05).



TABLE 4 Effects of mixed proportion and inoculants on microbial quantity of alfalfa and Napier grass mixed silage.
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Microbial silage diversity

As shown in Table 5, Shannon and Simpson indexes were extremely significantly different between proportion and inoculants (p < 0.01), and the Simpson index of their interaction was extremely significantly different (p < 0.01). The highest Shannon index (6.24) was observed in MF silage without inoculants (p < 0.05). Inoculants and their interaction with proportion showed no significant difference in Chao1 (p > 0.05). Chao1 and Ace indexes were significantly different for proportion (p < 0.05).



TABLE 5 Effects of mixed proportion and inoculants on microbial alpha diversity index of alfalfa and Napier grass mixed silage.
[image: Table5]

The microbial relative abundances of mixed Napier grass and alfalfa silage at different mixing proportions under the same treatment are shown in Figure 1. Lactiplantibacillus, Weissella, and Companilactobacillus were the most dominate bacterial genera across different proportions of mixed silage without inoculants (Figure 1A). The relative abundance of Lactiplantibacillus in all silages did not exceed 50%. The lowest Lactiplantibacillus and the highest Weissella abundances were observed in MF silages without inoculants (p < 0.05). The three genera with the highest relative abundances were Lactiplantibacillus, Lacticaseibacillus, and Levilactobacillus in silages treated with IN (Figure 1B). The relative abundance of Lactiplantibacillus exceeded 50% in M0, M3, and M5 silages treated with IO. Lactiplantibacillus, Stenotrophomonas, and Acinetobacter were dominant bacteria in silages treated with CO (Figure 1C). The relative abundance of Lactiplantibacillus did not exceed 50% except for M0 silage treated with CO. M5 silages treated with CO had lowest relative abundance of Lactiplantibacillus, which did not exceed 25%.

[image: Figure 1]

FIGURE 1
 The bacterial relative abundances of mixed Napier grass and alfalfa silage at different mixing proportions under the same treatment (at genus level). (A) Bacterial relative abundances of mixed silage at different proportions without inoculation. (B) Bacterial relative abundances of mixed silage at different proportions with IN. (C) Bacterial relative abundances of mixed silage at different proportions with CO.


The relative microbial abundance of mixed Napier grass and alfalfa silage with different treatments but under the same proportion is shown in Figure 2. The relative abundance of Lactiplantibacillus increased in M0 silages both with IN and M0 inoculation, both exceeding 50% (Figure 2A). The highest abundance of Levilactobacillus was found in M0 treated with IN. The relative abundance of Lactiplantibacillus showed a similar trend in M3 silages treated with IN and M0 (Figure 2B). The highest relative abundance of Lactiplantibacillus was found in M3 and M5 silages with IN (Figures 2B,C), which exceeded 50%. The relative abundance of Lactiplantibacillus decreased increasing proportion of alfalfa, which did not exceed 50% in all M7 and MF silages. The highest relative abundance of Lactiplantibacillus was found in M7 and MF silages treated with IN, while M7 and MF silages without inoculants had the highest relative abundance of Weissella.

[image: Figure 2]

FIGURE 2
 The relative microbial abundance of mixed Napier grass and alfalfa silage with different treatments but under the same proportion (at genus level). (A) Bacterial relative abundances of mixed silage with different treatments at M0. (B) Bacterial relative abundances of mixed silage with different treatments at M3. (C) Bacterial relative abundances of mixed silage with different treatments at M5. (D) Bacterial relative abundances of mixed silage with different treatments at M7. (E) Bacterial relative abundances of mixed silage with different treatments at MF.


The results of principal coordinate analysis of mixed Napier grass and alfalfa silage with different mixing proportions under the same treatment are shown in Figure 3. Bacterial communities were clearly separated between different proportions of silages with or without CO (Figures 3A,C). As shown in Figure 3B, although M0, M3, and M5 silages treated with IN can be pooled, these three groups cannot be easily separated from each other. However, they can easily be separated from M7 and MF silages treated with IN, and maintain a certain distance.

[image: Figure 3]

FIGURE 3
 Principal coordinate analysis (PCoA)of mixed Napier grass and alfalfa silage with different mixing proportions under the same treatment. (A) PCoA of mixed silage at different proportions without inoculation. (B) PCoA of mixed silage at different proportions with IN. (C) PCoA of mixed silage at different proportions with CO.


Figure 4 shows the differences in bacterial communities between different treatments under the same mixing proportion using LDA effect size (LEfSe) analysis (LDA > 3, p < 0.05). The genera Levilactobacillus and Lactiplantibacillus were significantly different (biomarker) in M0 silages treated with IN, while Lactiplantibacillus was the biomarker in M0 silages treated with CO (Figure 4A). Levilactobacillus and Lactiplantibacillus were still biomarkers in M3 silages treated with IN (Figure 1B), while Alphaproteobacteria and Pasteurellaceae were biomarkers in M3 silages with and without CO inoculation, respectively. Lactiplantibacillus was still the biomarker in M5 silages treated with IN (Figure 4C), while Bacillales and Aliihoeflea were biomarkers in M5 silages with or without CO inoculation, respectively. Lacticaseibacillus and Levilactobacillus were biomarkers in M7 silages treated with IN (Figure 4D), while Propionibacteriales was the biomarker in M7 silages treated with CO. Lacticaseibacillus was still the biomarker in MF silages treated with IN (Figure 4E), while Bacteroidota and Bacillales were biomarkers in MF silages with or without CO inoculation, respectively.
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FIGURE 4
 The differences in bacterial communities between different treatments under the same mixing proportion using LDA effect size (LEfSe) analysis (LDA > 3, p < 0.05). (A) LEfSe analysis of mixed silage with different treatments at M0. (B) LEfSe analysis of mixed silage with different treatments at M3. (C) LEfSe analysis of mixed silage with different treatments at M5. (D) LEfSe analysis of mixed silage with different treatments at M7. (E) LEfSe analysis of mixed silage with different treatments at MF.





Discussion


Nutritive value before ensiling

The DM content at the time of ensiling was at the appropriate level for alfalfa (M0) but was below 20% for Napier grass. This result is consistent with the research of Guan et al. (2020) and Widiyastuti et al. (2014), where the moisture content of Napier grass often exceeded 80% at harvest. With increasing proportion of alfalfa, the DM content of mixed forage increased significantly. However, although the proportion of alfalfa and Napier reached 70:30 (MF), their DM content was lower than that recommended (30%) for ensiling (Mcdonald et al., 1991). The CP content increased with increasing proportion of alfalfa in the mixture. This response agrees with previous research (Dawo et al., 2007; Contreras-Govea et al., 2009, 2011). Napier grass is by nature low in CP. Therefore, it can be expected that adding a legume such as alfalfa (which is high in CP) would increase CP in the mixture. NDF, ADF, and WSC followed a downward trend with increasing alfalfa mix proportion, which is due to the lower NDF, ADF, and WSC contents of alfalfa compared with Napier grass.



Nutritive value after ensiling

While the CP content among mixtures was similar between pre-ensiled and ensiled mixtures, this was not the case for the NDF content. The NDF content was higher in pre-ensiled than in ensiled mixtures, which agrees with the results of Contreras-Govea et al. (2011) and Chen et al. (2017). However, Contreras-Govea et al. (2009) reported greater NDF contents in fermented than in pre-ensiled treatments when mixing corn with various climbing beans. Generally, it is assumed that cell wall structural carbohydrates are not affected during fermentation and LAB are consuming the pool of WCS. WSC depletion during fermentation would increase the NDF content after fermentation. To assess the effect fermentation had on cell wall structure, Jones et al. (1992) ensiled alfalfa under two DM contents (29 and 40.1%), with and without inoculants. They reported that low DM content and low pH predispose to hydrolysis of cell wall structural carbohydrates. They also found that arabinose and galactose decreased under both DM contents, while rhamnose only decreased under the lower DM content. All these carbohydrates were part of the hemicellulose fraction, which is included in the NDF content. Even though Jones et al. (1992) did not find hydrolysis of cellulose, they reported that a previous study observed hydrolysis of the cellulosic fraction in alfalfa (Morrison, 1989), which is part of the ADF fraction. Rooke and Hatfield (2003) reported that ensiling conditions impact carbohydrate pools. They also suggested that most of the changes that occurred in the pectic and hemicellulosic fraction may be related to the arabinosylic fraction, which is linked to xylose and galactose. These structural carbohydrates are susceptible to acid hydrolysis even under weakly acidic conditions (Rooke and Hatfield, 2003). In the present study, silage conditions were adequate for cell wall hydrolysis as reported by Jones et al. (1992). Therefore, it is likely that acidic conditions were conducive to cell wall hydrolysis, which decreased NDF content and, to some degree, also ADF content after ensiling. The WSC of all silage decreased after fermentation because of consumption by microorganisms, and it was therefore no longer affected by the mixing ratio.



Fermentation characteristics

It has been well documented that legume silages such as alfalfa, fava bean, soybean, pea, red clover (Trifolium pratense L.), and kura clover have pH levels that range from 4.0 to 4.8 and are high in NH3-N (Owens et al., 1999; Mustafa and Seguin, 2003) as a result of high buffering capacity and extended fermentation. In the current study, pH increased with increasing alfalfa proportion in mixed silage. These results agree with previously reported findings (Contreras-Govea et al., 2009; Lima et al., 2010). Inoculation with LAB can increase the lactic acid content and reduce the pH (Muck et al., 2018), which is consistent with the results of M5, M7, and MF silages inoculated with IN and CO. Warm-season grasses often have a higher moisture content at harvest than cereal crops, which more easily results in lower pH levels (Bernardes et al., 2018). This is why the pH levels of M0 and M3 silages were not significantly different with or without inoculants in the current study. It has been suggested that a 2.5–3:1 lactic acid:acetic acid ratio is a good indicator of homolactic fermentation (Mcdonald et al., 1991). It is commonly assumed that a lower lactic acid:acetic acid ratio indicates that the fermentation is more heterolactic. In the present study, the lactic acid-to-acetic acid ratio decreased with increasing alfalfa content in the mixture. This could have both positive and negative impacts. The positive impact is that adding alfalfa increases the acetic acid concentration, which could result in better aerobic stability of Napier grass-alfalfa mixtures. The negative impact is that epiphytic LAB of alfalfa are normally heterofermentative LAB, which produce high acetic acid concentrations (Lin et al., 1992). Adding alfalfa to Napier grass therefore potentially increases the acetic acid concentration to a level (>40 g kg−1 DM) that could reduce the degree of pH decline, and affect both palatability of the silage and DM intake (Kung et al., 2018). Silages (especially legume silages) treated with a homolactic acid inoculant have a slightly higher lactic acid to acetic acid ratio (Kung et al., 2018) because homofermentative LAB produce lactic acid only. This is inconsistent with the data of the present study for MF silage treated with IN and CO. NH3-N increased with increasing proportion of alfalfa in mixed silages. These results were expected because legumes commonly have a high CP concentration, which is more conducive to proteolysis than the CP concentration of Napier grass. In addition, legumes have a better buffering capacity than grasses (Buxton and O'Kiely, 2003). As a consequence, higher NH3-N formation should be expected in the mixture as the proportion of legumes increases (Mcdonald et al., 1991). NH3-N of total N in most silages is below 10%, but alfalfa silage with high moisture content generally has 10–15% NH3-N, which is consistent with MF silage without treatment (Kung et al., 2018).



Microbial populations

Generally, following anaerobic fermentation, the complex microbial communities of raw materials are gradually replaced by LAB, which is one of the criteria for successful silage (Mcdonald et al., 1991). Therefore, the microbial diversity will decrease sharply after successful fermentation. In the current study, MF silage without inoculant had the highest Shannon index, which is consistent with the data for the poorest fermentation quality of MF silage without inoculant. Different from the fermentation process of corn or grass silage, Lactobacillus can quickly occupy the absolutely dominant position, thus reducing silage microbial diversity (Guan et al., 2018). Legume forages are not easy to ensile, as undesirable microorganisms like Clostridia, Bacillus, and Enterobacter always cause butyric acid accumulation and proteolysis during ensiling (Silva et al., 2016). This can explain why the Shannon index of alfalfa and the proportion of mixed alfalfa and Napier grass silage were higher in other treatment groups. Clostridium fermentation is often found in alfalfa silage, resulting in higher butyric acid contents (Zheng et al., 2017; Li et al., 2020). In contrast, in the current study, Clostridium fermentation was not detected in MF silage neither with nor without inoculants. The lowest Lactiplantibacillus and the highest Weissella levels were observed in MF silages without inoculants. This was consistent with the results of Wang et al. (2020), where Lactobacillus, Weissella, and Pediococcus were dominant bacterial genera in alfalfa, and their mixed silages with corn. This process is quite variable, reflecting differences in environmental factors, such as crop species, climate, geographical location, and type of fertilizer applied (Gibson, 1965). Generally, both Clostridium-dominated fermentation and Weissella-dominated fermentation resulted in lower lactic acid content and higher pH in alfalfa silage and higher-ratio alfalfa silages with Napier grass.

In April 2020, the published genome data of Lactobacillus was analyzed, thus completing the research on important taxonomic changes of Lactobacillus. In the resulting new taxonomy, the genus Lactobacillus was re-divided into 25 genera (including 23 new genera and a revision of Paralactobacillus), and bacterial species with changing taxonomic statuses were described (Zheng et al., 2020). In the current study, Lactobacillus was mainly divided into Lactiplantibacillus, Lacticaseibacillus, Companilactobacillus, and Levilactobacillus. The type species of Lactiplantibacillus is Lactiplantibacillus plantarum comb. nov. Lactiplantibacillus was previously referred to as the L. plantarum group, with the type species Lacticaseibacillus casei comb. nov., and Lacticaseibacillus was previously referred to as the L. casei group (Zheng et al., 2020). For Companilactobacillus, the type species is Companilactobacillus alimentarius comb. nov. and Companilactobacillus was previously referred to as the L. alimentarius group. The type species of the Levilactobacillus genus is Levilactobacillus brevis comb. nov., and Levilactobacillus was previously referred to as the L. brevis group (Zheng et al., 2020). Through these classifications, a more detailed classification of Lactobacillus can be achieved, which can deepen the understanding of their role in silage fermentation, compared with the collective referral of LAB with different metabolic pathways and fermentation efficiencies as Lactobacillus. In the current study, Lactiplantibacillus was the most dominant bacterial genus in all silages, the abundance of which directly reflects the lactic acid content and pH in the silage. The abundance of Lactiplantibacillus increased significantly in silages treated with IN compared with CK (Figures 1A,B). The top three genera were Lactiplantibacillus, Lacticaseibacillus, and Levilactobacillus. This shows that Lactobacillus spp. in silages treated with IN has an absolute advantage. As a homofermentative LAB, Lactiplantibacillus has a high acid production efficiency, can effectively reduce the pH of silage, and even plays a positive role in alfalfa silage and high proportion alfalfa mixed silage. This result is consistent with Yang et al. (2018). Interestingly, inoculants responded differently to mixed silage at different mixing proportions (Figure 2). In Napier grass silage and mixed silage with a high proportion of Napier grass (M0 and M3), IN and CO inoculation treatments showed absolute dominance of Lactobacillus spp., including Lactiplantibacillus, Companilactobacillus, and Levilactobacillus, especially the silage inoculated with IN, where Lactobacillus spp. had an abundance of 75%. With increasing proportion of alfalfa in mixed silage, the abundance of Lactobacillus spp. decreased gradually, and the abundance of Weissella increased (Figures 2C–E). Surprisingly, the abundances of Lactiplantibacillus and Lacticaseibacillus in silages inoculated with IN remained at a relatively high level compared with CK and CO-treated silage. In addition to the fact that a higher proportion of alfalfa may result in higher buffer energy, making it difficult for silage to ferment, another reason may be related to the different DM contents resulting from different mixing proportions. Benjamim da Silva et al. (2022) found that whole-plant corn, harvested at low DM, showed a more modest proliferation of culturable LAB, which led to greater concentrations of lactic and acetic acids in silage. Kung et al. (2018) also reported that the concentrations of acetic and lactic acids are negatively correlated with DM content. These results showed that the DM content of mixed silage increased with increasing alfalfa proportion, making it more difficult for silage to produce lactic acid and acetic acid. Also, among IN and CO silages, the abundance of Lactobacillus spp. in M5, M7, and MF became inconsistent. These findings suggest that it was more difficult for the inoculant to compete if the DM content in the forage was high. A possible reason for the relatively inferior development of the inoculant in higher DM silage is the greater competitive pressure, especially because of competition with Weissella.

Although M0, M3, and M5 silages treated with IN can be pooled, these three groups cannot be easily separated from each other (Figure 3B). The possible explanation is that the effect of inoculants on silage treated with IN was more consistent at higher Napier grass ratios, but the effect of inoculants differs with increasing alfalfa ratio. LEfSe analysis showed that more biomarkers were Lactobacillus spp. in IN and CO treated silages. Especially in M5, M7, and MF silages, Lactiplantibacillus, Levilactobacillus, and Lacticaseibacillus were biomarkers in silages treated with IN. These results also showed that IN inoculation played a positive role in mixed silage with higher alfalfa proportion.




Conclusion

A higher alfalfa mixing ratio improved the nutrient value of mixed silage with Napier grass, but also increased fermentation difficulty. With increasing alfalfa proportion, the abundance of Weissella increased rapidly. Inoculation with selected LAB improved the fermentation quality of mixed silage by increasing the abundance of Lactiplantibacillus. In conclusion, considering the balance of nutrients and fermentation, mixing Napier grass with alfalfa at ratios of 7:3 and 5:5 is optimal. If a higher proportion of alfalfa must be used, the use of LAB-inoculants is recommended to ensure sufficient fermentation.
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Silage fermentation is naturally carried out by lactic acid bacteria (LAB) to mainly produce lactic acid (LA) and other organic acids as preservatives. Along with fermentation time, the growth of LAB will replace and suppress undesirable microorganisms. This meta-analysis study aimed to explore silage microbiome differentiated by LAB inoculants and type of raw materials. A total of 37 articles with 185 studies and 475 datasets were used for building up the meta-database. Data were subjected to the mixed model methodology. The parameters observed were silage quality and silage microbiome post-ensiling process. Results revealed that four bacterial genera along with Weissella dominated the post-ensiling process. The addition of lactic acid inoculants in the silage has increased the abundance of Lactobacillus spp. and decreased the Shannon index significantly. Moreover, the abundance of both L. plantarum and L. buchneri increased, and subsequently, Weissella, Pseudomonas, Proteobacteria, pH value, ammoniacal nitrogen (NH3-N), coliforms, and the yeasts were decreased significantly due to the addition of LAB inoculants in silage (p < 0.05). Environmental factors such as temperature affected the existence of Pseudomonas, Exiguobacterium, and Acinetobacter. However, the dry matter, LA, acetic acid (AA), the ratio of LA to AA, and the LAB population were enhanced significantly (p < 0.05). Among the LAB types, the lowest abundance of Pseudomonas was due to the LAB group, while the lowest abundance of Weissella and Proteobacteria was due to the addition of the combined LAB group. In conclusion, the addition of LAB is effectively enhancing the silage microbiome and silage quality by altering bacterial diversity and the metabolic products of the silage materials for safe preservation.

KEYWORDS
silage, meta-analysis, microbiome, bacterial diversity, lactic acid bacteria


1. Introduction

Silage represents one of the promising feed products for ruminants in the world. The practice of making silage started a long time ago; however, ensiling remains the main method for forage preservation to provide a palatable and available feed source that is less affected by various weather conditions (Zhang et al., 2021). Moreover, silage is used to seek efficiency in milk production on farms using silage in the diet of livestock throughout the year (Bernardes and Rêgo, 2014). Efforts on providing good quality feed all year round, such as silage, is necessary to guarantee the good welfare of farm animals (Keeling et al., 2019).

Ensiling is a complex process involving the role of microorganisms, which can be referred to as the microbiome, that largely determine the quality of silage produced. Starter cultures such as silage inoculum are important additives to ensure the perfect ensiling process. It is believed that lactic acid bacterial (LAB) strains are good candidates for advancing the fermentation process of their fast growth rate, high resistance to low pH conditions, and quick production of desirable substrates such as lactic acid (LA) over a wide range of temperature changes. Inoculation of low-temperature tolerant LAB at ensiling could stimulate favorable fermentation and reconstruct the bacterial community for better preservation of highly moist oat silage nutrients (Chen et al., 2020). Jaipolsaen et al. (2022) reported the importance of identifying suitable starter cultures, understanding the natural flora of epiphytic LAB on plants, and applying them together to optimize cost-effective silage production. Among the most used starter cultures of LAB is Lactobacillus plantarum (Keshri et al., 2018; Mu et al., 2020). Completely different microbial flora and their successions during ensiling were observed using a recent methodology that provides information regarding the microbial processes underlying silage formation to achieve high-quality silage production (Guo et al., 2018).

Microorganisms in silage are important indicators of silage quality; however, their presence is strongly influenced by the available metabolite derived from the type of material used for the manufacture of silage. There are various kinds of forage materials, with various metabolite contents, used to make silage. Inoculation of different starter cultures altered the microbial composition and fermentative metabolites in ensiled whole-crop corn silage in very different ways. The correlations between metabolites and bacterial species can provide important scientific information on screening targeted LAB for the modulation of silage fermentation. Profiling of silage microbiome and metabolome can improve our current understanding of the biological process of silage formation (Xu et al., 2019) and can be used to evaluate ensiled forages not only in terms of fermentation quality but also based on nutritional and functional metabolites that are beneficial to animal health and welfare (Guo et al., 2018). We hypothesized that several LAB inoculants could have various effects on the silage microbiome and silage quality based on the raw materials used in silage making. Therefore, the present meta-analysis study aimed to explore silage microbiome differentiated by LAB inoculants and types of raw material used in silage making.



2. Materials and methods


2.1. Structuring the database

In this study, the database was built by collecting the datasets from previously published articles. In detail, literature was obtained through a number of steps, i.e., identification and screening, and then valid articles were inserted into an excel spreadsheet. During the identification process, the search engines, namely Google, Scopus, and Google Scholar, were used for searching the datasets of the previously published articles. The keywords used were lactic acid bacteria, silage quality, bacterial diversity, and fermentation.

The identification process was carried out based on the titles of the collected articles. In this stage, we put general criteria in the article that would be involved in the database. These criteria are as follows: (1) Article must be written in the English language; (2) Only published articles; (3) Collected article must contain a control treatment with at least one experiment of LAB addition among their treatments; and (4) The collected articles must contain at least one parameter on silage microbiome or at least one parameter on silage quality. Here, in this stage, we obtained 181 articles.

The process was continued by scanning the entire abstract of each of the collected articles to ensure that the article is valid to be used in this stage. At this stage, 54 articles were obtained. The screening process was done by reading carefully the entire content of each collected article to determine which one of the collected articles is valid to be inserted into the database. The literature obtained at this stage was 37 articles with 185 studies and 485 datasets. All valid articles were inserted into an excel spreadsheet. Information about articles used in the database is presented in Table 1.


TABLE 1 Studies used in the meta-analysis database.

[image: Table 1]

While creating the excel spreadsheet, datasets were divided into main categories which are main and branched cells. In the main cells, we included information on authors, year of publication, treatments, studies, doses, and substrates used as raw materials of the experience. Information on observed parameters was inserted in the branched cells of the created excel spreadsheet. The observed parameters include the chemical composition of silage material (DM, dry matter content; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; WSC, water-soluble carbohydrates; EE, ether extract; ASH, the ash content in the fresh material; DM recovery, cellulose and hemicellulose; and ADL, acid detergent lignin), silage quality (pH value; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; AS, aerobic stability; LAB, lactic acid bacteria; AB, aerobic bacteria; yeasts, yeasts and molds, molds, and the starch content), silage microbiome, and information on sequencing. All the data of the targeted parameters were inserted into the created excel sheet to be ready for evaluation.



2.2. Statistical analysis

The articles were selected following the protocol of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Moher et al., 2009; Mikolajewicz and Komarova, 2019), and data analysis were carried out using mixed model methodology as described by Abdelbagi et al. (2021) and Irawan et al. (2021). In this methodology, doses and LAB types included in the experiments were treated as a fixed factor, while the studies were treated as a random factor. Different values and means were accepted to be significant if the p-value is <0.05. As shown in Table 1, there were many types of substrates used for ensiling. In this study, to investigate the influence of the substrate, we calculated the interaction effects between the substrate and LAB types as well as doses of LAB, as presented in Tables 2, 3. The dataset presentation in figures was carried out using Microsoft excel 2013. Data of the silage microbiome were extracted from the figures using GetData digitizer version 2.26.0.20 software (http://getdata-graph-digitizer.com/). Before analyzing the relationships among response parameters and treatments, silage quality and silage microbiome were transformed into relative changes in treatment and control. The relationships between parameters and treatments were analyzed using hierarchical cluster analysis and were visualized using the heatmap.2 function from the gplots package in the R Console Version 4.2.1 (R Core Team, 2022).


TABLE 2 Interaction effects of lactic acid bacteria dose, types, and silage substrates on chemical composition and silage quality.
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TABLE 3 Interaction effects of the lactic acid dose, microbe type, and substrate on the bacterial diversity of the silage.

[image: Table 3]




3. Results

The studies used for structuring the meta-analysis database are shown in Table 1. Descriptive statistic of the chemical composition of raw materials before the ensiling process is presented in Table 4. Effects of LAB dose on silage microbiome and silage quality are presented in Tables 2, 5, respectively. Effects of LAB types on silage microbiome and silage quality are shown in Tables 6, 7, respectively. Interaction effects among LAB doses, LAB types, and the raw material on silage microbiome and silage quality are given in Tables 2, 3, respectively. The differences in substrates in the silage affected the chemical composition and quality of silages (Table 2) as well as the value of Shannon, Simpson, OTUs, and some bacteria (Table 3).


TABLE 4 Descriptive statistics of the substrate prior to the ensiling process.
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TABLE 5 Effects of lactic acid bacteria on chemical composition and fermentation characteristics post-ensiling process.
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TABLE 6 Effects of lactic acid bacterial types on the chemical composition and silage quality.
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TABLE 7 Effects of lactic acid bacterial addition on the relative abundance and bacterial communities' post-ensiling process (%).
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The patterns of the relationship between the characteristics of inoculum and the physicochemical properties of silage are visualized in Figure 1. The treatments showed to impact significantly on silage microbiome and silage quality. However, phylum Firmicutes and the genera of Pediococcus, Proteobacteria, Pseudomonas, and Weissella dominated the post-ensiling process. Either LAB or combined LAB group in the silage increased the abundance of LAB, especially Lactobacillus; however, Proteobacteria and non-lactic acid-producing bacteria become lower than those in control (Figure 1). Domination of LAB in inoculated silage implied diversity index decreased (Table 8). Moreover, both L. plantarum and L. buchneri were increased, and subsequently, Weissella, Pseudomonas, Proteobacteria, the pH, and the ammonia nitrogen decreased significantly due to the addition of LAB in the silage (p < 0.05) (Table 8). However, LA, AA, the ratio of LA to AA, and LAB counts enhanced significantly due to the inclusion of LAB inoculants (p < 0.05) (Table 6).
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FIGURE 1
 Comparison structure of silage microbiome at genera level between control and inoculant addition.



TABLE 8 Effects of lactic acid bacterial types on the relative abundance bacterial communities of silage post-ensiling process (%).
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Among LAB types, the lowest abundance of Pseudomonas was scored when treated with the LAB group, while the lowest abundance of Weissella and Proteobacteria was due to the addition of the combined LAB group. There was no significant effect of treatments on WSC, hemicellulose, and aerobic stability. Treatment with the combined LAB group (COM) has resulted in the lowest pH value, the highest concentration of LA, the highest ratio of LA to AA, and the highest LAB count in silage materials as compared with the LAB treatment. In contrast, the lowest concentration of NH3-N and the highest concentration of LAB in silage materials were obtained due to the inclusion of the LAB group.

Patterns of the relative change in silage quality and microbiome parameters for each treatment are visualized in Figure 2. The increased organic acid (LA and AA) and the decreased acetic acid in the treated silage were categorized in the contrast cluster (Figure 2A), while dynamic changes in non-lactic acid bacteria in the treated silage were categorized in the same cluster (Figure 2B).
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FIGURE 2
 Dendro-heatmap visualized the relationship patterns between inoculum types addition with silage quality (A) and between inoculum types addition with silage microbiome (B). Colors key indicates the treatment effect from declining (red) to increasing (green) compared to the control. CTRL, control treatment without lactic acid bacterial inoculant; LAB, lactic acid bacteria addition; COM, the addition combining different lactic acid bacterial types. DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, ether extract; WSC, water-soluble carbohydrates; ADL, acid detergent lignin; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; LA/AA, ratio of lactic to acetic acid; AB, aerobic bacteria; ACE, abundance-based coverage estimator; OTUs, operational taxonomic units.




4. Discussion

The chemical composition of raw materials before the ensiling process is shown in Table 4. The mean values of DM, CP, and WSC were 303.4, 136, and 64 g/kg FW, respectively, which were in the same range as that in the previous report of Wang X. et al. (2022). It is stated that several factors could influence forage content, including fertilization, the season of harvesting, irrigation, and sowing density (Mu et al., 2020).

Based on the results of this study, it can be seen that the addition of LAB has decreased significantly the richness of the Shannon index and influenced the microbiome of silage materials (p<0.05). As shown in Tables 7, 8, Firmicutes, Pediococcus, Proteobacteria, Pseudomonas, and Weissella are the greatest composer of silage microbiome of both control and LAB treatments post-ensiling process. When LAB inoculants were added, the relative abundances of Pseudomonas, Proteobacteria, and Weissella were reduced by ~50, 38, and 20%, respectively. The reduction of the Shannon index is associated with the rapid decline of pH value, resulting in inhibiting undesirable microorganisms. The result was in line with Ridwan et al. (2015) and Mu et al. (2022), who reported a significant decrease in the Shannon index due to the addition of LAB inoculants in the silage. In contrast, the reduction of Weissella spp. is attributed due to the lack of compatibility between additives and raw materials (Mu et al., 2022).

It is reported that Weissella spp. commonly present in the fresh forage or silage, initiating lactate fermentation in silage and creating an appropriate environment for developing the Lactobacilli (Mu et al., 2022). Similarly, Weissella, Pediococcus, and Lactococcus are the predominant bacteria; thereafter these bacteria would be shifted gradually by Lactobacilli due to the greater decline of pH value (Mu et al., 2020). In contrast, the abundance of Firmicutes mass was increased by 7% and 33% in LAB treatment and the combination of different types of LAB treatment. This is perhaps because Firmicutes is a great acid-producing hydrolytic phylum that can grow quickly at low pH conditions (Chen et al., 2020). The same result was observed by Zi et al. (2021).

Moreover, LAB inoculants have decreased the relative abundance of Enterococcus. The result was consistent with Zhang et al. (2021). Compared with LAB treatments, the relative abundance of Cyanobacteria, Acinetobacter, and Enterobacter in the control silage was approximately about 4.1, 4.2, and 6.8, respectively. The dominance of Cyanobacteria in the control silage indicates the worth condition of the silage (He et al., 2020). Therefore, the addition of combined species of LAB could be used in the future as an effective method for improving silage conditions, resulting in improving silage environments and improving bacterial dynamics. Cyanobacteria are known as a photosynthesizing phylum of bacteria found in diverse environments with prolific growth and a wide variety of generated products. Furthermore, the addition of LAB inoculants has numerically reduced the abundance of Enterobacter, while the lowest abundance was scored due to the addition of the combination of different LAB species. Therefore, this indicates that LAB inoculants could prevent silage from spoilage. It is reported that Enterobacter converts LA to AA and other organic acids (Zi et al., 2021). Acetobacter spp. contribute to producing anaerobic conditions. The genus Enterobacter is known to cause silage spoilage (Jaipolsaen et al., 2022).

As shown in Tables 5, 7, the addition of LAB is effective in improving silage preservation by increasing the abundance of Lactobacillus, L. buchneri, and L. plantarum. It is known that some Lactobacillus is a homofermentative LA-producing bacteria, with a key role in inhibiting microbial activity by rapid acidification in ensiling proses (Mu et al., 2020). Therefore, we observe a numerical reduction of Clostridium spp., coliform, and yeasts due to the addition of LAB inoculants in the silage (Table 8). The addition of LAB has been proven to improve silage quality significantly by increasing LA, AA, the ratio of LA to AA, and the LAB count in the silage and decreasing pH value, NH3-N, and cellulose. The reduction of pH value is associated with inhibiting the undesirable microorganisms, including coliform, and the yeasts and some LAB, such as streptococci, in silage due to their low tolerance to the lower pH condition (He et al., 2019). The result was in line with Guo et al. (2020).

Indeed, the decrease of NH3-N is due to the effects of Pseudomonas and Proteobacteria. Pseudomonas plays a crucial role in degrading organic materials, while Proteobacteria are essential in degrading the CP, resulting in lower NH3-N (Mu et al., 2022). Enterobacter spp. can ferment amino acids and produce NH3-N. So, all these species function to reduce the concentration of the NH3-N of silage materials. In contrast, the high concentration of NH3-N in silage is a good indicator of the excessive breakdown of protein in silage. The NH3-N mass which is above 40 g/kg indicates a good quality of silage materials (Mu et al., 2020). Moreover, Li P. et al. (2018) and Guan et al. (2020a) reported a significant decrease in the number of both the coliform and the yeasts as affected by the addition of the LAB.

In contrast, we did not observe significant effects of LAB addition on WSC. WSC is considered a limiting factor for LA production. It is known that LAB can metabolize the WSC into various organic acids, leading to produce more LA which significantly improves the conditions for the ensiling process (Chen et al., 2021). In addition, this response might also be due to the differences in substrates used in the silage. In this meta-analysis study, the substrates affected the WSC concentration. However, the present study is concerned with the influence of LAB and its mixtures on silage quality and bacterial diversity. Therefore, further studies are needed to diverge certain substrates used in the silage.

It is suggested that many factors could influence the microbial diversity of silage, including raw materials, environmental temperature, and type of inoculant. For example, raw materials were found to significantly influence bacterial abundance at the genus and phylum level in different ways (Du et al., 2021). In addition, Pantoea agglomerans, Pseudomonas spp., Pseudomonas koreensis, Serratia liquefaciens, and Pseudomonas coleopterorum were suggested to be the most dominant species of silage made from corn (Du et al., 2021), while Acinetobacter spp., P. agglomerans, Enterobacter spp., Streptomyces alboniger, and L. plantarum were the most undetectable species of silage material post-ensiling process. The addition of L. plantarum in Sainfoin silage has been shown to promote the growth rate of L. acetotolerans, L. buchneri, L. plantarum, L. pentosus, and Clostridium tyrobutiricum (Xu et al., 2020). Furthermore, Lactobacillus spp. and Bacillus sp. were the most common spoilage organisms in silage of welted rice straw that is treated by L. plantarum (Wang et al., 2016).

The addition of L. plantarum also has been shown to reduce microbial diversity as indicated by the reduction of the Shannon index. Previous research conducted a study on the effects of different regions or different LAB types on the whole-plant maize silage. The authors found that Weissella was the dominant epiphytic bacteria of raw materials Ziyun and Weinning, while Lactobacillus was prevalent in Guanling (Huang et al., 2021). In contrast, the effects of environmental temperature on bacterial diversity and the fermentation process were previously studied by Wang et al. (2019). The study concluded that Pseudomonas, Exiguobacterium, and Acinetobacter were more abundant in silages stored at 30°C than 15°C. In addition, Zhang (2018) observed that the inclusion of LAB improved the fermentation quality of alfalfa silage stored at 20°C and 30°C, while ensiling of alfalfa at 40°C is difficult because of Garciella. Since both Pseudomonades and Exiguobacterium are undesirable strains, the relatively lower temperature is an effective method for preserving silage materials. This means that the low temperature, i.e., between 15°C and 30°C, is another technology that could be used effectively to inhibit the undesirable microbes in silage. Therefore, this indicates that many factors could influence the bacterial communities of silage after the ensiling process, including raw material, LAB inoculants, and environmental temperature. The addition of LAB inoculants has been shown to increase the abundance of Lactobacillus and increase the abundance of L. plantarum and L. buchneri (Figures 1, 2B). This has resulted in enhancing silage quality by increasing LAB count and subsequently LA, AA, and the ratio of LA to AA. The increase of LAB has resulted in a significant reduction of Coliform, yeasts, and NH3-N concentration of silage materials. This was consistent with Mu et al. (2020), Mu et al. (2022), and Xiong et al. (2022).

According to Mu et al. (2022), the addition of LAB has resulted in a positive correlation with W. cibaria, Erwinia sp., Ewingella americana, Paenibacillus sp., and L. acetotolerans. On the contrary, L. buchneri, L. plantarum, L. paralimentarius, L. buchneri, and L. nodensis were negatively correlated with Erwinia sp., Ewingella americana, and L. acetotolerans that can survive under lower pH conditions, while Enterobacteriaceae can survive and compete with LAB to utilize the WSC as a primary energy source (Pereira et al., 2007). It is reported that Enterobacteriaceae degrade LA into acetate, succinate, and some endotoxins (Zhao S. et al., 2021; Wang W. et al., 2022). Wang et al. (2022) found a positive correlation between Enterobacteriaceae, pH, and NH3-N, while LA and WSC were negatively correlated. Enterobacter and LAB compete with each other for energy sources of WSC, but which factor causes the dominance of LAB is still unknown yet. It is probably due to the facultative anaerobic nature of Enterobacteriaceae. Anaerobic conditions provoke Enterobacteriaceae to use WSC as a fermentative substrate, while oxygen exposure conditions of the respiratory process become dominant (Sarkar and Mohan, 2020). Molecular approaches such as NGS are one of the tools that have provided many insights into investigating microbiome diversity in silage fermentation. Indicators of the alpha diversity index, including Chao1 and Shannon, were used to determine the relative abundance and diversity indices of bacterial communities in the silages (Wang X. et al., 2022). Due to the lack of information on the correlation between bacterial communities of silage and the physiochemical properties of silage, this study has limitations.



5. Conclusion

The LAB inoculants are effective means of altering the bacterial community of silage, i.e., enhancing the dominance of Lactobacillus spp. and decreasing the diversity index of silage microbes. Phylum Firmicutes and genera Pediococcus, Proteobacteria, Pseudomonas, and Weissella are the most dominant bacteria of silage materials. Moreover, LAB inoculants are an effective method in elevating silage fermentation quality by increasing the relative abundance of L. plantarum and L. buchneri, LA, AA, the ratio of LA to AA, and LAB counts, and decreasing the pH and NH3-N values of silage materials. Therefore, our results suggest that LAB inoculants are the best recommendation for improving sustainable feed preservation and silage quality by altering the bacterial communities and enhancing favorable fermentation products during ensiling.
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Alfalfa is harvested two or three times a year in central and western Inner Mongolia, China. However, the variations in bacterial communities as affected by wilting and ensiling, and the ensiling characteristics of alfalfa among the different cuttings, are not fully understood. To enable a more complete evaluation, alfalfa was harvested three times a year. At each time of cutting, alfalfa was harvested at early bloom, wilted for 6 h, and then ensiled in polyethylene bags for 60 days. The bacterial communities and nutritional components of fresh alfalfa(F), wilted alfalfa(W) and ensiled alfalfa(S), and the fermentation quality and functional profile of bacterial communities of the three cuttings alfalfa silage, were then analyzed. Functional characteristics of silage bacterial communities were evaluated according to the Kyoto Encyclopedia of Genes and Genomes. The results showed that all nutritional components, fermentation quality, bacterial communities, carbohydrate, amino acid metabolism and key enzymes of bacterial communities were influenced by cutting time. The species richness of F increased from the first cutting to the third cutting; it was not changed by wilting, but was decreased by ensiling. At phylum level, Proteobacteria were more predominant than other bacteria, followed by Firmicutes (0.063–21.39%) in F and W in the first and second cuttings. Firmicutes (96.66–99.79%) were more predominant than other bacteria, followed by Proteobacteria (0.13–3.19%) in S in the first and second cuttings. Proteobacteria, however, predominated over all other bacteria in F, W, or S in the third cutting. The third-cutting silage showed the highest levels of dry matter, pH and butyric acid (p < 0.05). Higher levels of pH and butyric acid were positively correlated with the most predominant genus in silage, and with Rosenbergiella and Pantoea. The third-cutting silage had the lowest fermentation quality as Proteobacteria were more predominant. This suggested that, compared with the first and second cutting, the third cutting is more likely to result in poorly preserved silage in the region studied.

KEYWORDS
 Medicago sativa L., bacterial community, cutting time, functional profile, natural fermentation quality


Introduction

Alfalfa (Medicago sativa L.) is a major legume forage source in the diets of ruminants in Inner Mongolia, China (Tao et al., 2018), owing to its high protein content, nutritional value, digestibility, and productivity (Agarussi et al., 2019a). In the central and western parts of Inner Mongolia it can be harvested two or three times a year. The weather conditions in this region sometimes do not permit three cuttings for hay production, so alfalfa may be ensiled. High moisture content is an unfavorable factor influencing alfalfa silage quality (Wang et al., 2009). It has been suggested that fresh alfalfa (F) needs to be wilted until dry matter (DM) values are higher than 300 g/kg fresh matter (FM) to inhibit the growth of some undesirable microorganisms (Luchini et al., 1997) and to prevent effluent production (Duniere et al., 2013). Alfalfa silage may experience Clostridia fermentation when the moisture content of the alfalfa plant exceeds 700 g/kg FM (Yang et al., 2020). During the wilting period the plant material is exposed to atmospheric oxygen and the plant cells continue to respire. The enzymes produced by plant respiration can break down proteins, sugars and hemicellulose, decreasing the nutritional value of the silage (Pitt et al., 1985; Mcgarvey et al., 2013).

High-throughput sequencing has been widely used in recent years to illustrate the microbial community structure in the alfalfa ensiling process (Guo et al., 2018; Yang et al., 2020, 2022), and research in this area has primarily focused on the microbial communities in alfalfa silage. Microbial communities are influenced by many factors such as additives (Yang et al., 2020), moisture content (Yang et al., 2022), and silage density (Sun et al., 2021). The dominant genera changed with the different inoculated lactic acid bacteria (LAB) additives (Ogunade et al., 2018; Fan et al., 2021). Only limited research has focused on the microbial communities of wilted alfalfa (W). Previous studies have indicated that wilting may affect the abundance of epiphytic microbes (Agarussi et al., 2019a), and that wilting inhibited the growth of spoilage microorganisms in the early stage of ensiling, which resulting in good fermentation quality (Yang et al., 2022).

Epiphytic microflora, the microorganisms naturally existing on forage crops, play an important role in silage fermentation quality and also influence the effectiveness of bacterial inoculation (Lin et al., 1992). Wilting affects the epiphytic microbial structure (Agarussi et al., 2019a), so epiphytic microbes of wilting plant will be the microorganisms that initiate the silage fermentation process. Changes in microbial communities of alfalfa before and after silage, and silage inoculated with LAB, have been studied in recent years (Stevenson et al., 2006; Bao et al., 2016). Bacterial populations vary according to geographic area, climate or growing stage (Duniere et al., 2013). Previous studies have reported that wilting of fresh alfalfa before ensiling may improve the fermentation quality of the silage (Agarussi et al., 2019a; Yang et al., 2022). All of these studies, however, used only one cutting of alfalfa, for example the first cutting (Li F. et al., 2020; Wang B. et al., 2020), the second cutting (Wang et al., 2021) or the fourth cutting (Li R. et al., 2020). Many research publications did not mention which alfalfa cutting was used in the experiment (Yang et al., 2019, 2020; Wang et al., 2022). We hypothesized that the bacterial communities differed among the annual three cuttings because the climate conditions were different. The effects of wilting on the bacterial community of W, however, remain unclear.

Recently, the studies have focused not only on changes in bacterial community, but also on bacterial interaction and functional prediction on alfalfa (Bai et al., 2021; Wang et al., 2022).The objective of this study was to compare the changes in bacterial communities from F, W, and S alfalfa among three cuttings in 1 year, and to determine the predicted functional profiles and fermentation characteristics of ensiled alfalfa. The results may provide a theoretical basis for techniques regulating the production of quality alfalfa silage from different cuttings, and also improve our understanding of bacterial communities in natural fermentation conditions with no additives to the silage. Our hypothesis was that the cutting time would influence the microbial communities, and that the difference in fermentation quality would be associated with differences in the bacterial communities.



Materials and methods


Material and silage preparation

A third-year stand of alfalfa cultivar Medicago sativa L. cv. “Zhongcao NO.3” was examined at the 10% bloom stage of maturity in the first, second and third cuttings from 2 June 2017 to 1 September 2017. The plants were grown on the experimental base of the Institute of Grassland Research of the Chinese Academy of Agricultural Sciences in Hohhot district (111°45′ E, 40°36′ N) on the Tumochuan plain, China. F was harvested 8 cm above ground level. It was mowed and swathed at 10:00 a.m. and then wilted in the windrow for 6 h prior to precision chopping. W was chopped into 1- to 2-cm lengths and mixed well, then packed into polyethylene bags and vacuum sealed. The samples were stored at room temperature for 60 days.



Chemical composition, fermentation quality, and microbial enumeration analyses

F, W, and S specimens were dried at 65°C for 48 h and then weighed to determine DM content. The dried samples were then ground and passed through a 1-mm screen using a laboratory knife mill (QE-500, Yili Instruments, Zhejiang, China) for later analysis. Neutral detergent fiber (NDF) (Van Soest et al., 1991) and acid detergent fiber (ADF) (Robertson and Van Soest, 1981) were measured using an ANKOM fiber analyzer (ANKOM2000; Macedon, NY, United States). Crude ash (ash) content was determined by burning samples in a muffle furnace at 500°C for 5 h and then weighing the residue. Total nitrogen (TN) content was determined by the Kjeldahl procedure (Krishnamoorthy et al., 1982) and crude protein (CP) was determined by multiplying the total N by 6.25.

The fermentation quality of the silage was determined using distilled water extracts. We placed 20-g samples of S in separate containers of 180 mL double distilled sterile water and stored them in a refrigerator at 4°C for 24 h before filtering them through four layers of cheesecloth. After the sample extracts had been prepared they were used immediately for pH analysis, then passed through a 0.22-μm filter and stored at −20°C for organic acid and NH3-N analysis. The pH was measured with a glass electrode pH meter. The concentrations of lactic acid (LA), acetic acid (AA), propionic acid (PA) and butyric acid (BA) were analyzed with a high-performance liquid chromatography (HPLC) system with a Shodex Rspark KC-811 column (Showa Denko K.K., Kawasaki, Japan), eluted using 3 mmol/l HClO4 at flow rate of 1 mL/min at 50°C and detected at 210 nm using Waters E2695 (Waters Co. Ltd., Milford, United States).

Wet sample (20 g) of F, W and S was diluted using 180 mL sterilized distilled water and serially diluted from 10−1 to 10−6 in the sterilized water before microbial enumeration. The populations of LAB, coliform bacteria (CB), yeast and aerobic bacteria (AB) using the plate count method (Cai et al., 1999). The following culture media (Guangzhou Huankai Microbial Science and Technology Co. Ltd., Guangzhou, China) were used to isolate various microorganisms: De Man Rogosa Sharpe agar, violet-red bile agar, potato dextrose agar and nutrient agar for LAB, CB, yeast and AB, respectively. The plates for enumerating LAB were placed in an anaerobic box (C-31, Mistubishi Gas Chemical Co. Inc., Tokyo, Japan) and incubated at 37°C for 48 h in a general incubator. The plates for CB and AB were incubated at 37°C for 48 h in aerobic conditions in the same general incubator. The plate for yeasts were cultivated at 32°C for 48 h in aerobic conditions in another general incubator. Microorganism population numbers were expressed as colony forming units (cfu) per gram of FM (Xu et al., 2019).



Microbial community analysis

The specimens of F, W, and S were stored at −80°C immediately and were used for the molecular analysis of the microbiota. The bacterial total genomic DNA was extracted using the E.Z.N.A.®Stool DNA Kit (D4015, Omega, Inc., United States) according to manufacturer’s guidelines.

The V3–V4 region of the prokaryotic (bacterial and archaeal) small subunit (16S)rRNA gene was amplified with primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) (Logue et al., 2016). PCR amplification was performed in a total volume of 25 μL reaction mixture containing 25 ng of template DNA, 12.5 μL PCR Premix, 2.5 μL of each primer and PCR-grade water to adjust the volume. The PCR conditions to amplify the prokaryotic 16S fragments consisted of an initial denaturation at 98°C for 30 s; 32 cycles of denaturation at 98°C for 10 s, annealing at 54°C for 30 s and extension at 72°C for 45 s; and then final extension at 72°C for 10 min. The PCR products were confirmed with 2% agarose gel electrophoresis. The PCR products were purified by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and quantified by Qubit (Invitrogen, USA). The amplicon pools were prepared for sequencing and the size and quantity of the amplicon library were assessed in an Agilent 2100 Bioanalyzer (Agilent, USA) and with the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. The libraries were sequenced on the NovaSeq PE250 platform (Sun et al., 2022). Microbial functions were proof checked from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)(Bai et al., 2021).The sequence data reported in this study were deposited in the NCBI Sequence Read Archive database (accession number: PRJNA827667).



Statistical analyses

The data on the fermentation quality and microbial counts were analyzed as a 3 × 3 factorial design. The model comprised three cuttings, three sampling stages (include F, W, and S) and their interaction. The differences among the three cutting and three sampling stages were analyzed with the Generalized Linear Model(GLM) procedure of SAS (SAS System for Windows, version 8.0; SAS Institute Inc., Cary, NC, United States). The interaction between cutting and sampling stage was analyzed using the Pairwise Difference(PDIFF) procedure of SAS. Correlation analysis of the top ten genera, with fermentation quality and DM, was analyzed using R version 3.6.3.




Results


Sequencing results and bacterial diversity

Sequencing of the V3–V4 region of the bacterial 16S rRNA gene of the 27 samples yielded 905,918 reads with an average of 33,553 ± 1,651 reads per sample after quality filtering. Rarefaction curves plateaued in all samples sequenced (shown as Chao1 index in Figure 1), indicating that the number of reads was sufficient for identifying operational taxonomic units (OTU). The average Good’s coverage for all samples was greater than 99%, indicating that the depth of sequencing was adequate for reliable analysis of the bacterial community (Supplementary Table S1). Figure 2 shows the alpha diversity of F, W and S bacterial communities. Compared with F and W, analysis revealed that S had lower (p < 0.05), Chao1 index and observed_species (Figures 2A,B); these measure the richness of the bacterial communities obtained for clustering at 97% similarity level. The Shannon index and Simpson index were unaffected by cuttings and by wilting and ensiling (Figures 2C,D). The unweighted PCoA UniFrace plot revealed compositional differences in the bacterial community of the 27 samples (Figure 3). The F and W samples appeared to cluster apart from S, and the F and W samples from the first cutting appeared to cluster apart from that of second and third cuttings.
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FIGURE 1
 Chao1 rarefaction curve of samples for pre-ensiled crop fresh alfalfa (F), wilted alfalfa (W) and ensiled alfalfa (S) at the first cutting (F_1, W_1, and S_1), the second cutting (F_2, W_2, and S_2), or the third cutting (F_3, W_3, and S_3).
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FIGURE 2
 Observed bacterial community richness and diversity indexes (mean ± SE, n = 3) of fresh alfalfa (F), wilted alfalfa (W), and ensiled alfalfa (S). (A) Estimate of Richness Chao1 index. (B) Estimate of Richness Observed_species. (C) Estimate of diversity Shannon index. (D) Estimate of diversity Simpson index. The black filled bar indicate the first cutting alfalfa, the gray filled bar indicted the second cutting alfalfa, and the non-filled bar indicate the third cutting alfalfa. Bar with different capital letters differ among F, W, and S in the same cutting; Bar with different lowercase letters differ among different cuttings.
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FIGURE 3
 Unweighted unifrac principal coordinate analysis (PCoA) plot of individual samples in fresh alfalfa (F), wilted alfalfa (W), and ensiled alfalfa (S) at three cuttings. The PCoA plot indicates the phylogenetic distance (variation) between samples using 2 principal coordinates (PC1 and PC2). The percentage variation explained by each PC is indicated on each axis.




Comparisons at the phylum, the class, and the family level

The bacterial community structure of F, W, and S were represented by five phyla (Table 1). Proteobacteria (78.2–99.7%) were predominant, followed by Firmicutes (0.063–21.39%) in F and W in the first and second cuttings. Firmicutes (96.66–99.79%) were predominant in S in the first and second cuttings, followed by Proteobacteria (0.13–3.19%). However, Proteobacteria were predominant in F, W and S in the third cutting. There were decreased Proteobacteria in alfalfa silage in both first and second cuttings, but not in the third cutting. Both Proteobacteria and Firmicutes were interactionally affected (p < 0.05) by cutting and sampling stages. The relative abundances of Actinobacteria, Cyanobacteria and Bacteroidetes were similar for all cutting and sampling stages (p > 0.10).



TABLE 1 Relative abundance (%) of the bacterial community at phylum level of fresh, Wilted and ensiled alfalfa at three cuttings.
[image: Table1]

Gammaproteobacteria predominated in F and W of the three cuttings at class level; however, Bacilli were the most predominant bacteria in the alfalfa silage in the first and second cuttings, but not in the third cutting. Gammaproteobacteria and Alphaproteobacteria predominated in the alfalfa silage the third cutting. Wilting did not affect the relative abundance of bacteria at the class level compared with F; however, ensiling significantly decreased the relative abundance of Gammaproteobacteria and increased Bacilli in the first and second cuttings (Figure 4).

[image: Figure 4]

FIGURE 4
 Relative abundance (% of individual taxonomic group) of dominant bacteria classes (mean ± SE, n = 3) in microbial communities following fresh alfalfa (F), wilted alfalfa (W) and ensiled alfalfa (S) at different cuttings. The black filled bar indicate the first cutting alfalfa, the gray filled bar indicted the second cutting alfalfa, and the non-filled bar indicate the third cutting alfalfa. Bar with different capital letters differ among F, W, and S in the same cutting; Bar with different lowercase letters differ among different cuttings p = 0.05.


The effect of cutting time and sampling stage on relative abundance of bacteria at family level are shown in Figure 5. Enterobacteriaceae predominated in all cuttings of F and W, and comprised the most bacteria in alfalfa silage in the third cutting. Leuconostocaceae and Lactobacillaceae were the two predominant families in alfalfa silage in the first and second cuttings (Figure 5).
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FIGURE 5
 Relative abundance (% of individual taxonomic group) of dominant bacteria family (mean ± SE, n = 3) in microbial communities following fresh alfalfa (F), wilted alfalfa (W) and ensiled alfalfa (S) at different cuttings. The black filled bar indicate the first cutting alfalfa, the gray filled bar indicted the second cutting alfalfa, and the non-filled bar indicate the third cutting alfalfa. Bar with different capital letters differ among F, W, and S in the same cutting; Bar with different lowercase letters differ among different cuttings p = 0.05.




Comparisons at the genus level

The Bray–Curtis similarity index was used to identify the differences in alfalfa bacterial community composition across three cuttings and three sampling stages (Figure 6A). At genus level, bacterial community in the first cutting in F (F_1) and in the first cutting in W (W_1), in the second cutting in F (F_2) and in the second cutting in W (W_2), and in the third cutting in F (F_3) and in the third cutting in W (W_3) clustered closely together, indicating that bacterial community composition was similar between F and W. F_2, W_2, F_3 and W_3 clustered closely together, and were distinct from F_1 and W_1, indicating that the bacterial community composition was similar between the second cutting and the third cutting, and dissimilar to the first cutting. The bacterial community composition of all F and W was distinct from S, the first cutting in S(S_1), the second cutting in S(S_2) and the third cutting in S (S_3) were distinct from each other.

[image: Figure 6]

FIGURE 6
 Clustering of samples (A) and relative abundance of bacterial communities in alfalfa at genera level (B). F, fresh alfalfa; W, wilted alfalfa; S, ensiled alfalfa; 1, the first cutting; 2, the second cutting; 3, the third cutting. Bray–Curtis similarity index was calculated using the relative abundance of 20 most predominant bacterial communities at genera level, and hierarchical clustering was calculate using distance matrix using Qiime.


Cutting time and sampling stage effects on the percentage distribution of the 20 most predominant genera are shown in Figure 6B. Enterobacteriaceae_unclassified, Pantoea, Pseudomonas, and Rosenbergiella were found in F in all three cuttings. Pantoea (49.19%) and Enterobacteriaceae_unclassified (43.29%) predominated in F_1; Enterobacteriaceae_unclassified (42.69%), Acinetobacter (15.59%), Pseudomonas (14.65%) and Pantoea (6.12%) predominated in F_2; and Enterobacteriaceae_unclassified (32.61%), Pseudomonas (23.63%) and Pantoea (13.11%) predominated in F_3. Wilt treatment increased the relative abundance of Enterobacteriaceae_unclassified in the first and second cuttings; increased Enterobacter in all cuttings; decreased the relative abundance of Pantoea in the first and second cuttings; and decreased Paenibacillus in the second and third cuttings. The relative abundance of Enterobacteriaceae_unclassified in W_1 (45.22% vs. 43.29%) and W_2 (63.12% vs. 42.69%) was higher than in F_1 and F_2, respectively, but in W_3 was lower than in F_3 (22.89% vs. 32.16%). The relative abundance of Pantoea in W_1 (20.02% vs. 49.19%) and W_2 (5.86% vs. 6.12%) was lower than in F_1 and F_2, respectively, but Pantoea in W_3 was higher than in F_3 (16.27% vs. 13.11%).

The bacterial community of ensiled alfalfa was significantly affected by cutting times. Weissella (43.64–51.29%), Lactobacillus (28.31–40.85%), Pediococcus (10.58–15.59%) and Enterococcus (1.39–4.09%) predominated in alfalfa silage in the first and second cuttings. However, Pantoea (39.75%), Rosenbergiella (12.46%), Sphingomonas (10.30%) and Enterobacteriaceae_unclassified (6.64%) predominated in the third cutting.



Chemical composition and microbial population of fresh, wilted, and ensiled alfalfa

Table 2 shows the chemical composition and microbial populations of F, W and S in all three cuttings. The DM of alfalfa was significantly influenced by both cutting time and wilting. Wilting increased alfalfa DM; however, ensiling did not change the DM of alfalfa, except in the first cutting. The DM of F was similar between the second and the third cutting, but the DM of W in the third cutting was higher than in the second cutting. The DM of S differed significantly among the three cuttings, and the order from high to low was: third cutting > second cutting > first cutting. CP did not change among F, W and S, but was influenced by cuttings: the CP of the third cutting was significantly higher than in the first cutting. The WSC content of alfalfa was significantly influenced by both cuttings and wilting; wilting increased WSC content by 54.9, 47.6 and 53.0%, respectively, compared with F in the three cuttings, and ensiling decreased the WSC content by 54.3, 54.4 and 52.0%, respectively, compared with W in the three cuttings. The WSC content of the third cutting was higher than in the other two cuttings. The NDF was changed not by wilting, but by ensiling. Compared with W, the NDF decreased by 20.5, 42.2 and 29.7%, respectively, in S in the three cuttings. The NDF in the first and second cuttings was higher than in the third cutting. A similar tendency was found in ADF compared with NDF. Wilting increased the number of LAB, but not significantly compared with F; the number of LAB in S was higher than in W; and the number of LAB in F, W, or S in the second cutting was highest of all three cuttings. Wilting increased the number of yeast and the greatest numbers were found in the third cutting. Wilting significantly decreased the number of CB in the third cutting, but not in the first and the second cuttings. The numbers of CB in S were significantly lower than those of F and W.



TABLE 2 Characteristics of chemical and microbial counts of fresh, wilted, and ensiled alfalfa at three cuttings.
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Fermentation quality of ensiled alfalfa in three different cuttings

The fermentation properties of alfalfa silage produced by cutting at different times are shown in Table 3. There were significant differences in the pH levels, as well as in LA, AA, PA and BA, depending on the cutting time. The pH of the silage ranged from 5.59 to 5.72, with the silage produced by the first cutting and the third cutting having the lowest and highest pH levels, respectively. The LA content of all alfalfa silage ranged from 11.39 to 28.78 g/kg DM with the second cutting having the highest LA content and the third cutting the lowest. The AA content of the alfalfa silage ranged from 1.14 to 8.18 g/kg DM, with the silage samples produced by the first cutting and the second cutting having the highest and lowest levels, respectively. The PA content of natural fermentation alfalfa silage samples ranged from 4.16 to 8.19 g/kg DM; the highest PA content was found in the first cutting, and the lowest in the third cutting. The BA content of all alfalfa silage samples ranged from 0 to 19.13 g/kg DM; the silage from the third cutting sample had the highest BA content and the first cutting sample had the lowest. The ammonia-N content level among the three cuttings showed no significant differences.



TABLE 3 Fermentation quality of alfalfa 60d after ensiling at three cuttings.
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Correlations between relative abundance of bacteria, fermentation quality indices, and DM

Spearman’s correlation analyses of fermentation properties with abundance of the 10 most abundant phyla and genera in the three cuttings of alfalfa silage are shown in Figure 7. Lactobacillus (r = 0.75) and Enterococcus (r = 0.77) were positively associated with number of LAB; Sohingomomas (r = −0.73), Pantoea (r = −0.69) and Rosenbergiella (r = −0.68) were negatively associated with PA; and Pantoea (r = 0.78) and Rosenbergiella (r = 0.77) were positively associated with pH and NH3-N. Rhodobacter (r = 0.96 and r = 0.97), Sphingomomas (r = 0.87 and r = 0.93), Paracoccus (r = 0.90 and r = 0.97), Enterobacteriaceae_unclassified (r = 0.77 and r = 0.73), Pantoea (r = 0.50 and r = 0.53) and Rosenbergiella (r = 0.87 and r = 0.90) were positively associated with BA and DM. Proteobacteria were positively associated with NH3-N (r = 0.73), pH (r = 0.76), BA (r = 090), and DM (r = 0.93) (Figure 7A). NH3-N and pH had a positive correlation with Enterobacteriaceae_unclassified (r = 0.69 and r = 0.66), Paracoccus (r = 0.77 and r = 0.73), Rosenbergiella (r = 0.72 and r = 0.78), Sphingomonas (r = 0.56 and r = 0.55), Rhodobacter (r = 0.65 and r = 0.66) and Pantoea (r = 0.79 and r = 0.76), but a negative correlation with Lactobacillus, Enterococcus, Pediococcus, and Weissella (Figure 7B).
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FIGURE 7
 (A) Spearman correlation heatmap of the top tenth bacterial phylum, genus, and fermentation properties. (B) Correlation network among main bacterial genera top tenth and fermentation properties. The values presented by colors in the heat map correspond to the Spearman correlation coefficient r, which ranged between −1 and 1, where r < 0 indicates a negative correlation(blue), r > 0 indicates a positive correlation (red), “*” represents p < 0.05, “**” represents p < 0.01, “***” represents p < 0.001. In(b), absolute value of correlation coefficient > 0.5 and p < 0.05. LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; DM, dry matter; CB, number of coliform bacteria; LAB, number of lactic acid bacterial; Yeast, number of yeast; AB, number of Aerobic bacteria.




Functional of bacterial communities in ensiled alfalfa in three cuttings

The 16S rRNA gene-predicted functional profiles on the first (Figure 8A) and second (Figure 8B) pathway levels, amino acid(Figure 8C), and carbohydrate (Figure 8D) metabolism are described in Figure 8. As shown in Figure 8A, the relative abundance of “Metabolism” was obviously higher than other pathway. As shown in Figure 8B, the relative abundances of amino acid and carbohydrate metabolism were much higher than other pathway. The amino acid metabolism in S_3 was higher than in S_1 and S_2. As seen in Figure 8C, the amino acid metabolism including valine, leucine and isoleucine biosynthesis and degradation, phenylalanine, tyrosine and tryptophan biosynthesis, Lysine biosynthesis, glycine, serine, and threonine metabolism, arginine and proline metabolism, amino acid related enzymes, alanine, aspartate and glutamate metabolism were the highest in the S_1 and lowest in S_3.Tyrosine, tryptohan, phenylalanine metabolism were highest in S_3 and lowest in S_1. As illustrated in Figure 8D, the carbohydrate metabolism including pyruvate, propanoate, glycolysisi/gluconeogenesis, cirtrate cycle(TCA cycle) were highest in S_1, and lowest in S_3. Starch and sucrose, pentose phosphate, pentose, and glucuronate interconversion, inositol phosphate, galactose, fructose and mannose metabolism were highest in S_3 and lowest in S_1.
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FIGURE 8
 Bar graphs showing 16S rRNA gene-predicted functional profiles on the first (A), second (B) pathway level, amino acid metabolism, (C) and carbohydrate metabolism (D) of the third pathway level obtained with Tax4Fun. S_1, ensiled alfalfa in the first cutting, S_2, ensiled alfalfa in the second cutting, S_3, ensiled alfalfa in the third cutting. The green filled bar indicate S_1, the orange filled bar indicate S_2, the blue filled bar indicate S_3.


Key enzymes involved in the glycolytic pathway (Figures 9A–D) and lactate dehydrogenase (Figures 9E,F) in alfalfa silage are shown in Figure 9. Except pyruvate kinase, the relative abundances of fructokinase, hexokinase, 1-phosphofructokinas, L-lactate dehydrogenase, and D-lactate dehydrogenase were highest in S_3 and lowest in S_1. Key enzymes involved in pentaose phosphatepathway (Figures 10A–C) and acetyl-CoA synthetase (ACS) (Figure 10D) in ensiled alfalfa are found in Figure 10. Glucose-6-phosphate dehydrogenase was lowest in S_1, however, L-ribulose-5-phoshate3-epimerase and acetyl-CoA synthetase were highest in S_3.
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FIGURE 9
 Key enzymes involved in glycolytic pathway (A–D) and lactate dehydrogenase (E,F) in the three cutting alfalfa silage. S_1, ensiled alfalfa in the first cutting, S_2, ensiled alfalfa in the second cutting, S_3, ensiled alfalfa in the third cutting. The green non-filled bar indicate S_1, the orange non-filled bar indicate S_2, the blue non-filled bar indicate S_3. EC, reference metabolic pathway highlighting numbers; means within the same column with different letters differ significantly from each other (p < 0.05).
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FIGURE 10
 Key enzymes involved in pentose phosphate pathway (A–C) and acetyl-CoA synthetase (D) in the three cutting alfalfa silage. S_1, ensiled alfalfa in the first cutting, S_2, ensiled alfalfa in the second cutting, S_3, ensiled alfalfa in the third cutting. The green non-filled bar indicate S_1, the orange non-filled bar indicate S_2, the blue non-filled bar indicate S_3. EC, reference metabolic pathway highlighting numbers; means within the same column with different letters differ significantly from each other (p < 0.05).





Discussion

This experiment was conducted as part of a broader study aimed at understanding the microbial community and nutritional changes among F, W and S in three cuttings per year.


Chemical composition and microbial populations of fresh, wilted, and ensiled alfalfa among three cuttings

The moisture content of alfalfa plays an important role in the fermentation process. It has been reported that the optimal DM content of W to prevent effluent production is 300–400 g/kg FW (Duniere et al., 2013). The increase in DM content after wilting in our study was similar to that observed in previous studies (Thi Minh et al., 2018; Agarussi et al., 2019a). The DM of W, however, was significantly different among the three cuttings, and especially in the third cutting (Table 2). The harvest time and drying time were same in all three cuttings, but the DM of W in the third cutting was far higher than in the first and second cuttings, mainly because of the different weather characteristics. During the third-cutting harvest, the stronger wind removed a considerable amount of moisture, leading to a higher DM content.

Water-soluble carbohydrates (WSC) are an important fermentation substrate for LAB. Generally, 60–70 g/kg DM WSC is necessary for well-preserved alfalfa ensilage (Smith, 1962). In our study, the WSC content of F in all three cuttings was below 60 g/kg DM. Apart from the second cutting, the WSC content of W in the first and the third cuttings was higher than 60 g/kg DM, suggesting that wilting can increase alfalfa WSC content. A similar result was found in other plant research (Gao et al., 2021); however, some previous research has shown a reduction in WSC concentration after wilting (Tao et al., 2017; Agarussi et al., 2019a; Yang et al., 2022). As we expected, there was an increase in WSC after wilting in all three cuttings, at levels of approximately 54.9, 47.6 and 53.0%, respectively, compared with F. Generally, the WSC content in the parent forage should be >2.5% on a fresh forage basis, for good silage fermentation (Kaiser et al., 2004). The WSC contents on a fresh forage basis in F_1, F_2 and F_3 were 0.95, 0.91, and 1.20%, respectively. The WSC contents on a fresh forage basis in W_1, W_2, and W_3 were 2.74, 2.34, and 4.65%, respectively, indicating that wilting is essential for alfalfa silage to increase WSC content. This finding was not, however, consistent with previous studies that found a reduction of approximately 7% in WSC after the wilting process (Rangrab et al., 2000; Agarussi et al., 2019a). In all three cuttings the NDF was decreased not by wilting, but by ensiling, as described in a previous study (Sun et al., 2021), and a similar tendency was found in ADF.

The epiphytic LAB of fresh material is also a crucial factor: more than 5 lg cfu/g FM is required to obtain good fermentation (Cai et al., 1998). The LAB number of F was far below the value in all three cuttings, and the LAB number of F in the second cutting was the highest; we found that wilting increased the LAB number. In the first cutting neither LAB number nor undesirable microorganism numbers were relatively low, they were but relatively high in both second and third cuttings. Our results suggested that wilting increased the number of LAB and decreased the number of undesirable microorganisms. The wilting process increased the forage LAB population from 5.28 lg cfu/g to 6.22 lg cfu/g, similar to the result reported by Agarussi et al. (2019a). A previous study has shown that wilting for 6 h led to LAB, yeast, mold and CB values of 6.54, 5.19, 5.16, and 6.37, respectively (Agarussi et al., 2019b). The fermentation process increased the number of LAB and decreased the number of CB, but did not inhibit yeast. The higher populations of yeast in alfalfa silage at the end of fermentation was probably because some yeasts can grow in anaerobic and acidic environments (Santos et al., 2015).



Fermentation quality of alfalfa among three cuttings

The pH level provides a basic value for evaluating silage fermentation. To obtain silage of an excellent quality, a large enough LA-producing bacterial population is required, to induce a rapid drop in pH (Kerstin et al., 2017). Well-fermented silage should have a pH of 4.2 or lower (Edwards and McDonald, 1978). In the present study no LAB additives were used, and the results showed that all cuttings of silage had a pH of higher than 4.2, suggesting a lower quality of natural fermentation in all three cuttings. The higher pH in alfalfa silage in this study, not only due to the high buffer capacity and low WSC content, but also maybe the wilting, the increased silage pH by wilting agree with previous studies (Gordon et al., 1999; Hashemzadeh-Cigari et al., 2011). pH values in all three cuttings were considerably above the ideal level (< 4.20), suggesting that natural alfalfa LA fermentation with no LAB addition was insufficient to stabilize the ensiled mass. The insufficient LA fermentation might have been due to insufficient levels of LAB and the high buffer capacity (BC) of the W. Similar results were found in a previous study (Yang et al., 2020). The AA concentrations differed significantly among the three cuttings, being highest in the first cutting and lowest in the second. AA is a promoter of aerobic stability during the ensiling process (Schmidt and Kung, 2010) and an effective inhibitor of fungi (Le Lay et al., 2016). The enhancement in AA accumulation may help in reducing high levels of microbes in S (Yang et al., 2020): our study showed a higher AA content and a lower microbial richness in the first cutting of alfalfa silage. The PA contents (8.19, 4.16, and 4.46 for the three cuttings, respectively) at the end of the fermentation period were within the acceptable range for this acid which, according to Mahanna (1993), should range from 1 to 10 g/kg DM in good-quality silage; similar results were found in an alfalfa silage study (Agarussi et al., 2019a). A good fermentation requires BA levels of less than 5 g/kg DM (Kung et al., 2018), alfalfa harvest at the third cutting was typical clostidial fermentation of ensiling, as evidenced by the decreased in lactic acid content and increased in butyric acid content, the results aggree with previous study of alfalfa silage with no-additive (Li R. et al., 2020).

The NH3-N concentrations in all three cuttings alfalfa of silage ranged from 198.5 to 225.9 g/kg TN. Less than 150 g/kg TN are considered to be acceptable for good fermentation in legume silage (Mahanna and Chase, 2003). The increased NH3-N concentrations in all three cuttings of alfalfa silage resulted from intense proteolysis during fermentation when sufficiently acidic conditions did not occur. Most plant proteolytic enzymes in alfalfa silage show greater activities at pH 5.0–6.0 (Tao et al., 2012), suggesting that the natural fermentation quality with no LAB in the study area were unacceptable. The results differed from a previous study which showed that W silage had low NH3-N concentrations (134.7 k/kg TN), perhaps as a result of different climatic conditions leading to low levels of BC arising during fermentation when sufficiently acidic conditions occurred (Agarussi et al., 2019a). The effects of Clostridia and plant proteolytic enzymes may be typical causes of NH3-N accumulation (Kung and Shaver, 2001).



Bacterial diversity and composition of fresh, wilted, and ensiled alfalfa among three cuttings

Next-generation sequencing has been widely used in forage silage (Ogunade et al., 2018; Wang et al., 2022) to detect bacterial community composition and abundance, or to monitor the change in a bacterial community during the process of silage fermentation. This study revealed the relative abundance and diversity of bacteria in alfalfa at the fresh, wilting and silage stages in three different cuttings. The Chao1 index and observed_species (Figures 2A,B) were similar between F and W, and higher than S. PCoA and the Bray–Curtis similarity index were used to analyze beta diversity, and to identify the differences in alfalfa bacterial community composition across different stages of different cuttings. At the OTU level, both analyses showed that F and W of the second and the third cuttings clustered closely together, indicating that their bacterial community compositions were similar. The F and W of the first cutting clustered together, and were distinct from F and W of the second and third cuttings. This indicated that the bacterial community composition of F and W of the first cutting differed from that of the second and the third cuttings. When there was no clear separation between the bacterial communities in F and W, this indicated there was no change after wilting in all three cuttings. The clear separation between bacterial communities of the alfalfa silage and W (and F) indicated a shift after ensiling, consistent with previous studies (Ni et al., 2017a,b; Yang et al., 2019). Values in the S of the three cuttings were distinct from each other, showing that their bacterial communities differed from each other. The bacterial community structure of W_2 and W_3 were similar to each other, but bacterial community composition were separated after fermentation, perhaps because of the different storage temperatures between the second and the third alfalfa in the fermentation process. A previous study proved that storage temperature is the main environmental factor that influences the fermentation quality and microbial community of silage (Bai et al., 2022). The higher indices of Chao1 index and OTUs in F and W than in S in all three cuttings indicated that a more abundant bacterial community existed in the epiphytic bacteria in F and W compared with S. This is because, when a silo is sealed, the internal environment shifts from aerobic to anaerobic conditions and anaerobic microorganisms adapt and grow well, leading to a noticeable decrease in bacterial diversity and numbers during fermentation. Similar results were found in a previous study (Wang et al., 2022). In this study, the highest indices of OTUs, Shannon and Chao1 index in the third cutting, and the lowest in the first cutting, indicated that the most abundant bacterial community was present in the third cutting and the bacterial community with the lowest abundance was present in the first cutting, showing that microbial abundance differed among the three cuttings.

The bacterial species that are predominant is an important factor which can influence the silage fermentation process. Hence, analyzing the changes in bacterial composition during wilting and fermentation contributes to understand the ensiling process and promoting fermentation quality. The majority of the 16S rNDA sequences obtained from the F were associated with the phylum Proteobacteria (99.6%), and with the genera Pantoea (49.19%), Enterobacteriaceae_unclassified (43.29%), Rosenbergiella (5.66%), and Pseudomonas (1.43%) in the first cutting. In the second cutting the F were associated with the phylum Proteobacteria (94.93%) and Firmicutes (4.29%), and with the genera Enterobacteriaceae_unclassified (42.69%), Acinetobacter (15.59%), Pseudomonas (14.65%), Enterobacter (7.53%) and Pantoea (6.13%). In the third cutting they were associated with the phyla Proteobacteria (87.62%) and Firmicutes (11.85%), and with the genera Enterobacteriaceae_unclassified (32.61%), Pseudomonas (23.63%), Pantoea (13.11%), Paenibacillus (8.74%) and Enterobacter (8.31%). These results suggest that the structure of the bacterial population changed in the different cuttings. It is likely that the colonization of plant surfaces by bacteria is a complex process that is dependent on climate in different seasons. The most dominant phylum in F was Proteobacteria in the first or second cutting, and Firmicutes in the third cutting. This indicated that the epiphytic bacterial community on raw material is affected by cutting times, differing from the findings of Guo et al. (2018) and Wang et al. (2022), although in both of these studies the cutting times were not supplied. It may be that the epiphytic bacterial community on raw material is affected by climate and geographical location (Wang et al., 2020b).

Most studies show that the majority of the microbial communities related to LA fermentation in silage belong to the phylum Firmicutes and to the genera Lactobacillus, Pedicoccus, Lactococcus, Weissella and Leuconostoc (Pang et al., 2011). Our study revealed that approximately 99.8% of the bacterial community in first cutting of alfalfa silage and 96.7% in the second cutting belonged to the phylum Firmicutes, consisting mainly of class Bacilli, families Leuconostocaceae and Lactobacillaceae and genera Weissella, Lactobacillus and Pediococcus. Weissella remained in relatively higher abundance in the first and the second cuttings of alfalfa silage. This was consistent with the report of Wang et al. (2022) and inconsistent with that of Graf et al. (2016), who reported that Weissella was considered to be an early colonizer which was then replaced by acid-resistant Lactobacilli as fermentation progressed. In our study, Weissella domination in the first and second cuttings may have been because pH was high and Weissella was not replaced by acid-resistant LAB. Ogunade et al. (2018) assessed the bacterial community of alfalfa silage via the Illumina MiSeq platform and reported that the majority of genera detected were similar to our results in alfalfa silage in the first and second cuttings (Ogunade et al., 2018). Bao et al. (2016), however, assessed the bacterial community of alfalfa silage via single molecule real-time sequencing technology and found that the majority of genera detected were Lactobacillus, Weissella, Pediococcus, and Pantoea. NH3-N contents were higher in all three cuttings. An earlier study has proved that the existence of Enterobacteriaceae is undesirable during ensiling because members of this family complete with LAB for nutrients and production of NH3-N (Duniere et al., 2013). However, there were no Enterobacteriaceae in the first and the second cuttings, and lower relative abundance of Enterobacteriaceae in the third cutting was observed. It is possible that NH3-N was promoted in the initial fermentation stage, because of the higher relative abundance of Enterobacteriaceae in F and W in all three cuttings.



Linkages between fermentation properties and microbial characteristics

Silage fermentation is an intricate biological process which involves various microorganisms, leading to large metabolite values that influence the fermentation quality (Zi et al., 2021). Recent studies have clarified an interaction between the bacterial community and silage fermentation properties (Mcallister et al., 2018). Mantel tests revealed a close correlation between pH, NH3-N, DM, PA, BA, and the numbers of LAB, AB and yeasts with bacterial community composition, in contrast to Yang et al. (2020). The present study showed a significant correlation between DM and microorganism abundance in alfalfa silage, although Yang et al. (2019) did not find the same correlation. To better reveal the relationships between fermentation properties and microbial kinetics during the ensiling of alfalfa, we used a Spearman correlation heatmap at the phylum and genus level (Figure 7). Spearman’s correlation analysis showed that some potential spoilage by phyla and genera in alfalfa silage was positively correlated with NH3-N and pH. The potential spoilage genera in our study were Pantoea and Rosenbergiella, members of the Enterobacteriaceae family (Walterson and Stavrinides, 2015; Yang et al., 2020). They are also members of the Proteobacteria phylum, and potential promoters of NH3-N formation during ensiling. Some members of the Pantoea genus are facultative anaerobes and can survive a period of fermentation.



Functional of bacterial communities of ensiled alfalfa among three cuttings

Recently, KEGG pathway database with PICRUSt and orthology (KO) classification were used to predict the metabolic pathways of silages (Bai et al., 2021; Xu et al., 2021; Wang et al., 2022). ‘Metabolism’ was the predominant metabolic on the level 1 pathway (Figure 8A), which suggested that the fermentation process in silage is mediated by microbial activities through complicated metabolic pathways to degrade substrates or transform metabolites. Wang et al. (2022) reported that carbohydrates metabolism and amino acid metabolism were predominant metabolic pathways on the level 2 related to alfalfa silage fermentation. The same result were found in our study, therefore, the amino and carbohydrate metabolism were further investgated on the third pathway level (Figures 8C,D). Amino acid metabolism might relfect the capacity of the bacterial populations in the siliange to sythesize amino acid de novo (Keshri et al., 2019), amino metabolism in S_1 were highest, maybe due to the high relative abundance of LAB, since LAB do not synthesize all their essential amino acid, LAB relay on proteolytic systems to provide essential amino acid for their growth (Balamurugan and Udayakumar, 2019). Previous study showed carbohydrate metabolism were positively with relative abundances of total LAB (Bai et al., 2021), however, in present study, carbohydrate metabolism in the level_2 pathway were not differ among three cutting, while the relative abundance of LAB in first and second cutting were higher than in the third cutting. Because some undesirable microorganism competitive use of carbohydrates with LAB, like clostridium and Enterobacter. Carbohydrate metabolism in the level_3 pathway were differ among three cutting. Propanoate metabolism is one of important carbohydrate metabolism pathway, which product propionic acid (Halarnkar and Blomquist, 1989), in the present study, higher propanoate metabolism compared with higher PA content in the first cutting silage.

The key enzymes plays important roles in various metabolic pathways. Fructokinase, Hexokinase, 1-phosphofructokinase, pyrucate kinase, lactate hehydrogenase are enzymes in glycolysis (Van Schaftingen, 2021), Under anaerobic conditions, pyruvate is reduced to lactate in a reaction catalyzed by lactate dehydrogenase (Blanco and Blanco, 2017). L-lactate dehydrogenase and D-lactate hehydrogenase in S_3 were higher but the LA were lower and BA were higher in S_3 which maybe induced by Acetyl-CoA. Acetyl-CoA was higher in S_3, it is known that Acetyl-CoA derived from glucose is the sole precursor for a variety compounds such as butyric acid, fatty acid, acetone, hexanoic acid (Zhu et al., 2022). In the metabolism of homofermentative LAB, glucose is metabolized to lactic acid via the Embden-Meyerhof pathway (EMP), and the heterofermentative LAB possesses the pentose phosphate pathway (PPP) (Abdel-Rahman et al., 2011). Glucose-6-phosphate dehydrogenase, phosphogluconate dehydrogenas, and L-ribulose-5-phosphate3-epimerase were mainly involved in the PPP pathway (Chesworth et al., 1998), it was speculated that the promotion of glucose-6-phosphate dehydrogenase and L-ribulose-5-phosphate3-epimerase of bacterial community in S_3 indicated that the higher relative abundance heterofermentative LAB in S_3.




Conclusion

This study highlighted the variations in bacterial communities in F, W and ensiled alfalfa from three cuttings in 1 year in Inner Mongolia. Our results showed that, compared with F, wilting did not change but ensiling considerably decreased bacterial abundance and diversity. Bacterial community and fermentation quality were influenced by cutting times. Carbohydrate, amino acid metabolism and key enzymes of ensiled alfalfa bacterial communities were differ amnog three cuttings. Proteobacteria were more predominant in the third cutting, and the alterations in bacterial communities were driven by the DM of W, which potentially affected the pH, NH3-N, BA content and fermentation quality of S. The third cutting had the lowest fermentation quality. So, compared with the first and second cuttings, alfalfa from the third cutting was more likely to result in poorly preserved silage in central and western Inner Mongolia, China.
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Introduction: Poor quality silage can derive from the presence of deleterious microorganisms such as clostridia. Their dissemination along the food chain, especially in milk, causes issues such as the cheese late-blowing defect, particularly triggered by Clostridium tyrobutyricum. The scope of our study was to determine the C. tyrobutyricum occurrence in three different farms across four time periods in relation to the animal diets, specifically the Total Mixed Ration (TMR), by using real-time PCR.

Methods: For this purpose, molecular-derived data were exploited to optimize a predictive model that simulated the farm conditions favoring the growth of butyric acid bacteria such as C. tyrobutyricum.

Results: Our results showed that the originally utilized predictive model strongly underestimated the growth of C. tyrobutyricum in comparison to the molecular data. At the same time, our findings uncovered an additional source of contamination in the TMR related to silage and dietary residues that represent a reservoir of microbial contamination during successive TMR preparation. Based on these findings, the optimization of the model parameters such as growth rate range and the inclusion of the residues in the model, allowed a more accurate prediction of the contamination levels. Therefore, this study revealed that proper hygiene practices such as the removal of silage and TMR residues within the farm environment is essential to control the contamination by C. tyrobutyricum and avoid food waste and economic losses.

KEYWORDS
 Clostridium tyrobutyricum
, late-blowing defect, predictive modeling, silage, real-time PCR, farm residues, dairy cows


1. Introduction

Clostridium tyrobutyricum is considered the main responsible of the late-blowing defect, namely off-flavors and excessive gas formation in hard cheese (Nishihara et al., 2014; Bassi et al., 2015; Storari et al., 2015). This bacterial species belongs to the butyric acid bacteria (BAB), a group of microorganisms that can convert lactic acid into butyric acid, hydrogen, and carbon dioxide, at low pH (Vissers et al., 2007a). It has been stated that the occurrence of BAB spores in milk derives from the farm environment, as they are naturally present in soil and animal feces (Vissers et al., 2006; Murphy et al., 2016). To avoid late-blowing defects, previous works reported different strategies: (i) reduction of the contamination level of milk directly at the farm, (ii) the use of nitrates and lysozyme during the process of cheese production, and (iii) the use of bactofugation to remove spores up to 99% during cheese production. In addition, feed quality, cattle-house hygiene, and milking practices, are also key factors in the milk contamination by BAB (Zucali et al., 2015; Calamari et al., 2018). To identify the main factors related to the presence of BAB in milk at the farm level, Vissers et al. (2006) proposed a simulation model. The model assessed that BAB presence was mainly due to the microbial contamination of silages, in which BAB can be present in high counts due to the physico-chemical conditions that are optimal for their growth and development (Gallo et al., 2016a). Ensiling is a preservation method used for moist crops and is based on naturally occurring lactic acid bacteria (LAB) fermentation under anaerobic conditions, where the reduced pH inhibits the growth of deleterious microorganisms (Zheng et al., 2017). However, previous studies reported that incorrect ensiling practices could favor the penetration of air into the ensiled mass, thus negatively affecting the quality of the ensiled products (Driehuis et al., 2001; Gallo et al., 2016b), and enhancing the development of spore-formers like clostridia (Vissers et al., 2007b; Zucali et al., 2015). Considering the silage mass, the apical and lateral areas are those which are most affected by these negative phenomena as the practice of sealing and pressing the bunker in these areas is more difficult (Vissers, 2009; Borreani and Tabacco, 2010; Gallo et al., 2016c).

In Italy, since many years, it is a common practice to feed large dairy herds with a total mixed ration (TMR) that is obtained by mixing forages (silage and hay), by-products, concentrates, minerals, vitamins, and additives in a unique solution. From the TMR, animals can obtain a uniform and nutritionally complete diet (Bueno et al., 2020). It is worth highlighting that each farm has its own typical TMR composition, which, particularly in terms of silage composition, can determine a specific level of BAB, particularly C. tyrobutyricum, contamination that cannot be compared among farms; it is the quantity and quality of raw materials included in the TMR that determine the level of microbial load (Driehuis, 2013). To simulate microbial growth in TMR, a previous study used a predictive tool based on the Baranyi growth model (Baranyi and Roberts, 1994), that included a maximum attainable contamination level (C∞), which could be relevant for the microbial growth estimation (Vissers et al., 2006). Moreover, Vissers and colleagues estimated the growth rate using the gamma concept of Zwietering et al. (1996), as the effects of temperature and pH can be separated.

The aim of our study was to determine the major sources of C. tyrobutyricum contamination at the farm level in relation to the silages and animal diets, by using a recent validated real-time PCR (Bassi et al., 2013; Arnaboldi et al., 2021) and exploit molecular detection data to optimize a predictive model that simulated the farm conditions favoring the growth of C. tyrobutyricum in feeds and diet. Particularly, we choose to apply and optimize the Vissers’ model to predict C. tyrobutyricum contamination within the TMR in three different farms, to collect preliminary data useful for subsequent model validation.



2. Materials and methods


2.1. Sampling procedure

For this study, silages (corn silage, small grain silage, legume silage, wrapped bales), high moisture corn (HMC), hays (alfalfa hay, grass hay, polyphytic hay), wet co-products (tomato peelings, brewers), TMR, TMR and silage residues were collected and analyzed to evaluate the contamination of C. tyrobutyricum,as detailed below.

Samples were taken considering four different periods (January 2020, July 2020, March 2021, and December 2021), in three different farms (respectively Farm 1, Farm 2, and Farm 3) located in the Po Valley (Italy). In January 2020, July 2020, and March 2021, samples were taken in three different days for each matrix, to create a final sample pool. The silage and TMR residues were not collected during these samplings, as the model proposed by Vissers et al. (2006) did not incorporate them. However, as part of the model optimization process, we included the silage residues that remained in the bunker base and the TMR residues that remained in the mixing wagon and manger, which were sampled in December 2021. Regarding the sampling of silage, the outermost layer of the bunker front was removed, due to oxygen exposure. All the samples were promptly frozen at −20°C after withdrawal.

The parameters measured for each sample matrix were: TMR composition, time (t, time that had passed from the preparation of TMR until sampling), TMR temperature, quantification of residues (remains in the bunker base, mixing wagon, and cattle feeder), pH, and C. tyrobutyricum cells and spores contamination. The pH was measured with a pH meter (Crison Micro-pH, Barcelona, Spain) on an aqueous extract, which was obtained by diluting the fresh material in distilled water (1:3 ratio) and homogenized with a Stomacher blender (Seward Ltd., West Sussex, UK) for 3 min; the blend was then filtered through a medical non-woven gauze.



2.2. Total DNA extraction and real-time PCR for Clostridium tyrobutyricum quantification

Total DNA extraction was performed using Dneasy PowerLyzer PowerSoil kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Sample preparation for DNA purification of silages, HMC, hays, wet co-products, TMR, TMR residues, and silage residues was done as follows: 10 grams of each sample were added to 90 ml of physiological solution and processed (2 × 30 s at maximum speed) in a Stomacher apparatus (Biochek, Foster City, CA, United States) using filter bags. Of these homogenates, 1.0 ml was collected and centrifuged (13,000 × g, 10 min) and DNA extracted from the resulting pellets The first mechanical lysis was carried out using the FastPrep homogenizer (MP Biomedicals™, California, United States) for 45 s at 4.5 m/s. The extracted DNA was quantified using the Qubit® Quantitation Platform and then stored at −20°C to be used for C. tyrobutyricum detection using real-time PCR assays.

TaqMan real-time PCR was performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems Japan, Tokyo, Japan). Standard curve and thermal profiles were carried out according to the protocol developed by Bassi et al. (2013). C. tyrobutyricum UC7086 (Università Cattolica culture collection) was used to construct a five point-based standard calibration curve using triplicates set of 10-fold dilutions of genomic DNA extracted from a 3×109 GE/mL, Genome Equivalent C. tyrobutyricum UC7086 pure culture (DNA concentrated 1.2 ng); calculation was made taking in consideration the mean C. tyrobutyricum ATCC25755T genome length of 3,053 Mb. The five points used for the curve ranged from 3.6 × 105 to 3.6 × 101 CFU/ml. The real-time reaction was set using a total volume of 20 μl, containing 10 μl of TaqMan reaction mix (Promega), 0.4 μM of each primer, 0.1 μM of pta probe and 5 μl of DNA. All the unknown samples were processed in triplicate. In each run, negative and positive controls were included.

Real-time results were analyzed using the Second Derivative Maximum Method and Microsoft® Excel (Microsoft Italia, Milano, Italy) was used to perform the statistical data analyses. Means and standard deviations of Log-based C. tyrobutyricum concentrations were calculated for each feed sample.



2.3. Modeling of Clostridium tyrobutyricum contamination

The C. tyrobutyricum contamination was estimated by using the model proposed by Vissers et al. (2006). In this model, Vissers reported the sources of contamination corresponding to raw materials consisting of three stocks, being soil, silage, and other feeds. For microbial growth, this model considers Baranyi growth model (Baranyi and Roberts, 1994), whereas the growth rate was estimated using the gamma concept of Zwietering et al. (1996). Regarding the seven-unit operations in the proposed model, only the first two were analyzed in the present study to determinate C. tyrobutyricum contamination in TMR. Soil, presented as a source of contamination, was in the fourth-unit operation and thus it was not considered in this study.

The parameters required by the model to predict the C. tyrobutyricum contamination of the TMR at time t are divided into two classes: measured parameters, which are associated with variability due to possible errors, and constant parameters, retrieved from the relevant literature. The time t, as defined by Vissers et al. (2006), refers to the storage time that goes from the creation of the TMR until its ingestion by the animals. During this time, BAB growth is dependent on temperature, pH, and nutrient availability. In our case, time t represents the time interval between the preparation of the TMR and its sampling.

The measured parameters include the concentration of C. tyrobutyricum in each analyzed matrix (CFU/g) with the respective percentage of inclusion in the TMR, the time between TMR preparation and sample collection, the lag time (λ) representing the initial stasis phase preceding microbial growth; the temperature of the ration (°C); and the pH of the ration (dmnl). The constant parameters are represented by the growth characteristics of BAB and the maximum achievable concentration (Log CFU/g) of BAB. Briefly, in the Vissers model (here called Original Vissers Model or OVm) all food matrices used in TMR are included considering the relative percentage of each component within the diet to calculate the theoretical TMR concentration at time 0 according to the following equation (Eq. 1):

[image: image]

Eq. 1: Theoretical TMR concentration of C. tyrobutyricum at time 0.

Where CTMR(0) is the contamination of ration at time 0 (CFU/g); Fsilage1 is the percentage of silage 1 within the ration (%); Csilage1 is the contamination of silage 1 (CFU/g); Fsilage2 is the percentage of silage 2 within the ration (%); Csilage2 is the contamination of silage 2 (CFU/g), and Cotherfeed is the contamination of the other feeds in the ration (CFU/g).

In OVm, the formula for estimating the concentration at time t is also given, as indicated in the equation below (Eq. 2):

[image: image]

Eq. 2: Theoretical TMR concentration of C. tyrobutyricum at time t.

Where CTMR (t) is the ration concentration at time t (CFU/g), μ is the growth rate (h−1), AN(t) is the multiplication during time (h), t is the time from the preparation of the ration to the moment it is ingested-sampled, and C∞ is the maximum attainable contamination level (CFU/g).

The purpose of the model was to predict C. tyrobutyricum contamination values of the TMR close to those measured by real-time PCR.

Considering the possible errors in the measurement of the data, along with the range in which these could vary, a second model was developed, the so-called Expanded Vissers model (EVm). In EVm, the microbial growth rate was modified including a wide range of values, from 0.12 h−1 (Vissers et al., 2006) to 0.43 h−1 (Ruusunen et al., 2012). In the EVm, the optimization of the parameters into the fixed range was performed using the Excel Optimizer Solver (Microsoft Office Professional Plus 2010®, Microsoft Corporation, WA, United States). The conditions under which the optimizer operated were: linear SIMPLEX resolution method, convergence 0.000001, and mutilation rate 0.075. The measured parameters entered the model were optimized according to the set range (±10%). The optimizer allowed to determine the optimal solution of a linear programming problem.

The silage and TMR residues were not considered in the previous models, therefore a third model, the expanded Vissers model with residues (EVmR), was integrated and tested for its ability to properly predict final C. tyrobutyricum contamination of diet. In particular, the residues concentration of C. tyrobutyricum at time t was predicted by adopting the approach already showed in equation 2, by opportunely substituting the specific terms. These residues (i.e., silage and TMR) were then added to summative eq. 1.

It is important to specify that among TMR residues, leftovers from the cattle feeder were not considered within the model, since the correct management practices in the farm suggest their removal before carrying out the new administration of the animal feed. Therefore, no TMR residues in the cattle feeder should be found in a well-operating farm (Amaral-Phillips, 2001).




3. Results


3.1. Molecular-based detection of Clostridium tyrobutyricum in feed and farm samples

The molecular method based on real-time PCR was used to determine the occurrence of C. tyrobutyricum in the matrix components of the three different farms object of the study (Table 1).



TABLE 1 Real-time PCR values of Clostridium tyrobutyricum contamination (CFU/mL) within the different matrices and in the TMR, across the three farms and the four different periods.
[image: Table1]

Briefly, in all three farms, samples of TMR and related components were taken in four different periods, whereas residue samples (TMR and silage residues) were taken only during one period (December 2021). Average C. tyrobutyricum contamination levels of the feed constituting the TMR and the TMR and silage residues, are shown in Tables 1, 2.



TABLE 2 Real-time PCR values of Clostridium tyrobutyricum contamination (CFU/mL) in residues, across the three farms sampled in December 2021.
[image: Table2]

Regarding Farm 1, for the category corn silage, values below the LOD were detected in all four periods. For the category other silage, contamination of 4.8 Log CFU/mL was detected in March and December 2021, whereas in Januaryand July 2020, contamination below the LOD was determined. The analysis of alfalfa hay was possible in the winter period only, due to farm availability of this matrix: in January 2020 it showed a mean value of 2 Log CFU/mL. Considering TMR, an average of 6.7 Log CFU/mL was detected along the four periods.

In Farm 2, with regards to corn silage, an increase of 4.8 Log was found compared to farm 1. For other silage, a concentration of 2.5 Log CFU/mL was estimated in July 2020 only. As in the case of Farm 1, alfalfa hay was sampled in the winter period only with values below the LOD. An additional category was sampled in Farm 2, namely other hay, where values below the LOD were presented. TMR showed instead an average value of 5.8 Log CFU/mL throughout all considered periods.

In the case of Farm 3, contaminations across the four periods were highly variable for two categories: corn silage and other silage (Table 1). Specifically, when considering March and December 2021, an approximately 6 Log decrease was observed (from 5.9 Log CFU/mL to values below the LOD) for corn silage. Regarding other silage, the same trend was evidenced from July 2020 to December 2021. Categories other hay and wet co-products were sampled in March 2021 with values below the LOD and 6.6 Log CFU/mL, respectively. For TMR, an average value of 6.4 Log CFU/mL was determined, with highest counts in March 2021.

In December 2021, additional samples were collected from the residues of silage (both corn and small grain silage) and TMR (both from the mixing wagon and the manger leftovers). On all farms, these residues amounted to approximately 100 kg at each sampling point and had contamination values in the range of 3.7–6.6 Log CFU/mL (Table 2).

The comparison between C. tyrobutyricum contamination values within the silage and its residues after 24 h from de-ensiling, showed a higher contamination within the residues than the silages not yet de-ensiled. As a further confirmation of this finding, the sampling of the TMR residues that remain in the mixer wagon and in the manger for 24 h, showed a similar trend, with higher level of contamination within the residues than fresh TMR.



3.2. Modeling prediction of Clostridium tyrobutyricum using three different prediction models

A comparison between the contamination levels of C. tyrobutyricum detected in TMR by molecular approach and the prediction-based values from the applied models, are shown in Figure 1.
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FIGURE 1
 Comparison of Clostridium tyrobutyricum contamination levels (Log CFU/mL) observed experimentally (Ov) in the TMR, across the four time periods, for farm 1 (solid blue), farm 2 (solid green), and farm 3 (solid orange), and those predicted (Pv) in farm 1 (striped blue), farm 2 (striped green), and farm 3 (striped orange), by using the 3 models: (A) original Vissers model (OVm) and expanded Vissers model (EVm), and (B) expanded Vissers model with residues (EVmR).


Taking a closer look at the predicted values in Farm 1, Ovm strongly underestimated observed values for all periods, whereas Evm reached values closer to the real-time PCR concentrations for March and December 2021 (i.e., differences below 1 Log CFU/mL). The same prediction was achieved by the EvmR.

The Ovm derived predictions in Farm 2 strongly differed from observed values in all periods. The Evm showed similar underestimations except for July 2020, where the difference with the observed value was below 1 Log. The EvmR was able to predict 4.59 Log CFU/mL in comparison to the observed value of 5.36 Log CFU/mL.

In contrast, in Farm 3 the Ovm successfully estimated contamination values in March 2021 and Evm was able to estimate accurately in July 2020 and March 2021. The predictions computed for December 2021 using Ovm and Evm were underestimated by almost 4.5 Log; instead, EvmR improved the prediction with a difference between observed and predicted value of 1.2 Log.

A comparison between the contamination levels of C. tyrobutyricum detected in TMR by molecular approach and the prediction-based values from the applied models, are shown in Figure 1.

Taking a closer look at the predicted values in Farm 1, OVm strongly underestimated observed values for all periods, whereas EVm reached values closer to the real-time PCR concentrations for March and December 2021 (i.e., differences below 1 Log CFU/mL). The same prediction was achieved by the EVmR.

The OVm derived predictions in Farm 2 strongly differed from observed values in all periods. The EVm showed similar underestimations except for July 2020, where the difference with the observed value was below 1 Log. The EVmR was able to predict 4.59 Log CFU/mL in comparison to the observed value of 5.36 Log CFU/mL.

In contrast, in Farm 3 the OVm successfully estimated contamination values in March 2021 and EVm was able to estimate accurately in July 2020 and March 2021. The predictions computed for December 2021 using OVm and EVm were underestimated by almost 4.5 Log; instead, EVmR improved the prediction with a difference between observed and predicted value of 1.2 Log.




4. Discussion

Poor quality silage is defined by the presence of butyric acid and ammonia nitrogen, highly related to clostridial activity and low concentrations of LAB (Zheng et al., 2017). Certainly, the presence of clostridia in raw materials implies their persistence throughout the food chain, especially in dairy products. In fact, C. tyrobutyricum is considered the main cause of late-blowing defect in hard cheeses (Vissers, 2009; Borreani and Tabacco, 2010; Gallo et al., 2016c).

The study focused on comparing, within each individual farm, the TMR contamination by C. tyrobutyricum measured experimentally by molecular methods, with the TMR contamination estimated by the application of predictive models. The C. tyrobutyricum quantification obtained from the molecular-based approach by real-time PCR, were used to validate the original model (OVm) presented by Vissers et al. (2006), based on the detection of BAB (e.g., C. tyrobutyricum) in milk at farm level. Next, based on these results, we developed further modeling approaches to fit observed data. In particular, OVm explained that the presence of BAB was mainly due to the microbial contamination of silage, in which BAB found optimal physico-chemical conditions for their growth and development (Gallo et al., 2016a). However, in this case, the quantification of the contamination of this microorganism was performed with culture-based techniques (MPN method and plate counts) that have generally lower sensitivity toward the determination of CFU/mL in a sample and that determine the total amount of clostridia spores. Differently, in this study, the use of molecular techniques such as real-time PCR ensured a highly sensitive detection of C. tyrobutyricum, increasing the detection and resolution capacity in complex matrices such as silage. Our results showed a sensitive limit of detection (1.5 Log CFU/mL), in line with a previous study, in which a multiplex real-time PCR was developed to detect Clostridium species in cheese with a detection limit of ̴ 1 Log CFU/mL (Şahiner et al., 2022). In addition, data obtained in our validation study (Arnaboldi et al., 2021) showed that MPN results sometimes overestimated or underestimated the real clostridia amount in the samples and that the difference between MPN and real-time PCR was related to the specificity of the molecular method only quantifying C. tyrobutyricum DNA. The high sensitivity of the molecular-based method is further appreciated when compared to the predicted values of OVm, which overall underestimated the contamination values in all farms (Figure 1). Following this, we optimized the OVm by changing the growth rate parameter to a range of values used in previous studies (Vissers et al., 2006; Ruusunen et al., 2012), obtaining a model here called Extended Vissers model, EVm. Considering EVm, the growth rate variation intervals of ±10% allowed the model to identify the most accurate values, facilitating the recognition of possible detection errors. Indeed, the EVm increased the prediction accuracy in 50% of the considered periods in all the three farms.

Generally, TMR had higher measured contamination levels than the ones found in each of the TMR constituents (differences of 1 to 5 Log CFU/mL). Thus, we assumed that an additional source of contamination could be investigated extensively in the farm environment. We hypothesized that a possible source of microbial inoculum could be represented by the TMR residues remaining after 24 h in the mixer wagon and silage residues remaining at the base of the bunker following de-ensiling and collected during the subsequent preparation of the TMR.

It has been highlighted that an increased concentration of BAB spores is related with the aerobic instability of silages (Vissers et al., 2007a; Driehuis, 2013; Gallo et al., 2016a). Specifically, high concentrations of BAB spores were reported to be present in samples with high signs of aerobic spoilage, generally located in the upper layer of the bunker (̴ 50 cm depth) and in portions of the bunker with low density, which can therefore be easily infiltrated by oxygen (Vissers et al., 2007a). De-ensiled material and TMR residues that remain at the base of the bunker and inside the mixing wagon for 24 h, putatively underwent microbial aerobic metabolism that might have induced oxygen depletion and short-chain fatty acids production, creating the proper conditions for C. tyrobutyricum growth. Moreover, in the same study, it was stated that the presence of corn and other silages in TMR could carry higher concentrations of BAB. In fact, inside the corn silage bunker, the contamination levels vary widely based on the portion considered. Despite the highly contaminated portions represented a low percentage incidence in the bunker (from 1 to 10%; Vissers et al., 2007b), they were an important source of BAB in the TMR. This could explain the importance of silage and TMR residues within the C. tyrobutyricum contamination cycle, which, although low in percentage incidence in the TMR composition, represents a non-negligible source of contamination (Vissers et al., 2007b), they were an important source of BAB in the TMR. This could explain the importance of silage and TMR residues within the C. tyrobutyricum contamination cycle, which, although low in percentage incidence in the TMR composition, represents a non-negligible source of contamination.

Since molecular-based analysis showed that residues reported a higher contamination level than TMR after 24 h, both silage and TMR residues were included in the EVm as additional TMR component, thus obtaining what has been defined EVmR. The use of this model, compared to the previous ones, allowed a more accurate prediction of C. tyrobutyricum contamination in the TMR, getting closer to the molecular measurements. Despite the consideration of only one sampling point, as an exploratory investigation, this implemented model was able to predict the importance of silage and TMR residues that act as an additional source of microbial inoculum during subsequent TMR preparation. Therefore, in addition to the correct management of the bunker with the removal of the de-ensiled material, a suitable cleaning of the mixing wagon appears to be an important factor to decrease C. tyrobutyricum contamination at farm and milk levels. This study may be preliminary to other research both regarding the environmental transmission of C. tyrobutyricum and considering seven-unit operations presented in the model proposed by Vissers et al. (2006).

Focusing on the microbiological perspective only, the high contamination level of C. tyrobutyricum found in the TMR and silage residues could be putatively related to a low presence of LAB in the silage, which are known to induce a rapid carbohydrates fermentation and thus a pH decrease by accumulating lactic acid. Acidification has indeed an important role in avoiding undesirable secondary fermentation by clostridial populations. Additionally, even if autochthonous LAB of forages are present, the low initial counts may not be sufficient to reduce the pH rapidly enough to counteract clostridial growth (Zheng et al., 2017). Moreover, the longer residence time of the residues in the mixer wagon and at the base of the bunker, cause a decrease of the available water-soluble-carbohydrates necessary for LAB maintenance, allowing secondary deleterious fermentation processes like butyric acid fermentation to occur (Rossi and Dellaglio, 2007).



5. Conclusion

This study implemented a prediction model able to estimate the contamination levels of C. tyrobutyricum in silage and TMR, through data obtained from the highly sensitive molecular-based approach by real-time PCR on a single microbial species that is the most responsible of the late-blowing defect in hard cheese.

The introduction of a growth rate interval for C. tyrobutyricum, along with the first time evaluation of the TMR and silage residues (even if analyzed in one farm only), allowed us to optimize the model with an additional index for a more reliable prediction of C. tyrobutyricum contamination in cattle feed. Our implemented model indicates that farm residues represent an additional reservoir of C. tyrobutyricum contamination during successive TMR preparation.

Therefore, a correct management of the bunker with the removal of the de-ensiled material, along with a suitable cleaning of the mixing wagon, appear to be important factors to limit C. tyrobutyricum contamination. However, these statements deserve future investigations, on a large number of dairy farms, to be validated and to define proper management practices to counteract the risk of contamination from silage and TMR residues.
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Silage can be contaminated with mycotoxins and accidental fungi after aerobic exposure. The study assessed the effects of bunker silos (BS), round bales (RB), and silage bags (SB) on the nutritional characteristics, fermentation quality, aerobic stability, mycotoxin levels and microbial communities of whole-plant corn silage (WPCS). After 90 days of fermentation, silages were opened and sampled at 0, 1, 3, 5, 7, and 9 days of exposure. SB group conserved higher lactic acid and dry matter contents and a lower pH value than other groups after 9 days of exposure (p < 0.05). The SB group showed the longest aerobic stability (202 h) among all silages (p < 0.05). The concentrations of aflatoxin B1, trichothecenes and fumonisin B1 were significantly lower in SB after 9 days of exposure (p < 0.05). Acetobacter became the dominant bacteria in BS and RB groups after 5 days of exposure. However, Lactobacillus still dominated the bacterial community in SB group. Acetobacter was positively correlated with pH, acetic acid content, and ammonia-N content (p < 0.05). Lactobacillus was positively correlated with Kazachstania and Candida abundances (p < 0.01) but negatively correlated with Fusarium abundance (p < 0.05). Considering the feed value and food safety of silage in the feeding process, silage bags are recommended for WPCS according to the observed nutritional quality, fermentation index and mycotoxin content.
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1. Introduction

Food safety has received increasing international attention in public regulation, private supply chain coordination, and international trade in recent years (Unnevehr, 2015). The World Health Organization (WHO) estimated that there are approximately 600 million illnesses and 420,000 deaths worldwide caused by 31 foodborne hazards annually (World Health Organization, 2015). Livestock products such as meat, milk, and eggs represent a considerable source of animal protein for human food (Cai et al., 2021). However, these products are easily spoiled by many factors, such as zoonotic diseases, mycotoxins and undesired microorganisms. To prevent the negative effects associated with livestock products, it is suggested that feed safety should be considered a prerequisite in developing a farm-to-fork food safety program for animal source foods (FAO, 2019). Silage plays an important role in the global agricultural and agri-food industries, ensuring a constantly nutritious supply for ruminants, especially whole-plant corn silage (WPCS), which is used in ruminant feeding as an important source of a high energy content and digestible fiber (Khan et al., 2015; Gheller et al., 2021). However, silage can be contaminated with biological and chemical hazards from inherent mycotoxins and accidental fungi when there is a lack of standardized manufacturing and processing, storage or transport (Ghilardelli et al., 2022). This contamination is worse during the aerobic exposure period than during other stages. Da Silva et al. (2015) reported that increases in temperature and pH could lead to silage decay significantly after silage was exposed to air. Several studies have shown that ensiled forage, particularly the superficial silage in bunker silos (BS), usually accumulates mycotoxins such as aflatoxin B1 (AFB1), trichothecenes (T-2), fumonisin B1 (FB1), zearalenone (ZEN), deoxynivalenol (DON), and many other fungal secondary metabolites under aerobic exposure conditions (Ogunade et al., 2018). It was also found that intake of mycotoxins destroys the structure and function of the animal intestinal tract, damages the immune and antioxidant systems, causes disorders of intestinal metabolism, and eventually impairs the health of ruminants (Chen et al., 2022). Furthermore, there is a potential possibility that mycotoxins would accumulate in livestock products such as meat, milk, eggs, and blood products. Intake of livestock products with mycotoxins causes destructive effects on humans including altered genome expression and kidney diseases, diminished reproductive system activity, the intestinal tract disruption, and the development of cancer-causing cells in the body (Luo et al., 2018).

Bunker silos (BS), round bales (RB) and silage bags (SB) are becoming common ways to store silage. A lack of scientific ensiling management usually results in poor chemical composition and excessive butyric acid contents (Liu et al., 2019). Feeding WPCS from BS has the advantage of being more efficient than feeding WPCS from RB and SB. The plastic consumption per gram of crop in BS was calculated to be more than 5 times lower than that in SB (Randby et al., 2020). However, there have been opposite conclusions considering the nutritional quality and feeding value of silages. Muck et al. (2015) found that silage quality was worse in BS than in SB and tower silo. Randby and Bakken (2021) also reported a similar phenomenon in which the sum of dry matter (DM) lost by crop respiration, effluent runoff, anaerobic fermentation, aerobic deterioration and gaseous losses was significantly higher in BS than in RB.

However, most previous studies have focused on comparing different ensiling methods on the commercial value of WPCS during fermentation, ignoring its quality and safety to livestock in the process of utilization with air exposure. Hence, the objectives of this study were to investigate the effect of BS, RB and SB on the chemical characteristics, fermentation quality, aerobic stability, microbial community, and mycotoxin contents of WPCS during an aerobic exposure period (0, 1, 3, 5, 7, and 9 days). Furthermore, the results will be helpful to determine an optimal ensiling method to limit silage degradation and to reduce the impact of poor silage quality on ruminants and human health.



2. Materials and methods


2.1. Silage preparation

Row whole-plant corn (Qingfeng 4) was obtained from a commercial plant base located in Liupanshui City, Guizhou Province (104.83 °E, 26.60 °N) on September 30, 2020 during the dough stage. The plant material was chopped to a theoretical cut length of 1–2 cm by a precision chopper. After mixing thoroughly, the chopped whole-plant corn was divided into three parts for: (i) ensiling in BS (7 m × 24 m with three 3.2 m high walls, and a capacity of 280 tones fresh crop weight), (ii) ensiling in RB (bales were immediately wrapped with 8 layers of 0.75 m wide and 0.025 mm thick black plastic film, dimensions: 0.8 m diameter × 0.6 m length, with a maximal capacity of 190 kg fresh crop weight), and (iii) ensiling in SB (dimensions: 0.5 m wide × 0.6 m height × 1.0 m length, and with a maximal capacity of 200 kg fresh crop weight). After 90 days of fermentation, silages were opened for 9 days of aerobic exposure. The density of the BS ranged from 496 to 504 kg/m3, while that of the RB and SB groups ranged from 592 to 604 kg/m3 and 644 to 655 kg/m3, respectively. The ambient temperature ranged from 0 to 7.5°C. Samples (about 1 kg each) from the middle of silages were taken at the same six time points (0, 1, 3, 5, 7, and 9 days of aerobic exposure) during the unloading of the BS, RB and SB, respectively. For BS, samples were collected from 3 silos as three replicates at 6 different sampling times. For RB and SB, totally 36 silos were taken for ensiling, all silos were opened and samples were collected from 3 silos of each treatment at one sampling time. In total, the study comprised 3 BS, 18 RB, and 18 SB. The samples (3 treatments × 6 time points × 3 replicates) were used to determine the chemical composition, fermentation quality, aerobic stability, microbial community and mycotoxin contents. One part of silage was sampled in 50 mL cryogenic vials and stored in a −80°C freezer for microbial community analysis, and another part was stored in a −20°C freezer for chemical composition, fermentation quality, and mycotoxin content analysis.



2.2. Chemical, fermentation and aerobic stability analyses

20 g of silage samples were combined with 180 mL of distilled water and stored in a 4°C refrigerator for 1 day, then four layers of cheese cloth were used to filter the silage, for the determination of the fermentation profile. The pH was measured using a pH meter (PHSJ-3F, CANY, Shanghai, China). Concentrations of lactic acid, acetic acid, propionic acid and butyric acid were determined by high-performance liquid chromatography, according to the methods described by Wu et al. (2022). The ammonia-N content was measured using phenol-hypochlorite colorimetry (Broderick and Kang, 1980).

WPCS was dried at 65°C for 48 h in a dry oven to measure the dry matter (DM) content. Then grounded into powder for total nitrogen, crude protein (CP), water-soluble carbohydrate (WSC), neutral detergent fiber (NDF) and acid detergent fiber (ADF) analyses. The CP content was calculated via the total nitrogen content multiplied by 6.25, and the total nitrogen was analyzed by a Kjeldahl nitrogen analyzer (Kjeltec 8400 Analyzer; Foss, Sweden). According to the methods described by Turula et al. (2010), WSC was determined by colorimetric after-reaction with anthrone reagent. The NDF and ADF were measured based on Van Soest procedures, a heat stable alpha amylase was used in the NDF procedure, the results were expressed on a DM basis including residual ash. Aerobic stability was measured after 90 days of ensiling. About 3 kg of silages from each silo were taken and mixed thoroughly, then put into separate new plastic silos (capacity 10 L) without compaction and uncovered. The geometric-center of the silage masses and the ambient temperature were recorded with sensors every 2 h. The aerobic stability was determined based on the time when the temperature of silage exposed to air exceeded the ambient temperature by 2°C (Ranjit and Kung, 2000).



2.3. Analyses of the microbial community

WPCS (20 g) was homogenized with distilled water (180 mL), and subsequently filtered through two layers of medical gauze and centrifuged for 5 min at 8,000 g/min to collect microorganism cells. The total genomic DNA was extracted via the HiPure Soil Kit (QIAGEN, Inc., Venlo, Netherlands), then the purity, concentration, and integrity of the isolated DNA samples were determined by agarose gel electrophoresis. Thereafter, the 16S rRNA V5–V7 regions of genomic DNA was amplified via Pyrobest DNA Polymerase (TaKaRa, DR500A) with the universal primers of 799F (AACMGGATTAGATACCCKG) and 1193R (ACGTCATCCCCACCTTCC). ITS genes of regions (ITS1_other) were amplified using the specific primers ITS1-F (CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) with Barcode. AMPure XP Beads (Beckman Coulter, Indianapolis, IN, United States) was adopted for the purification of the polymerase chain reaction (PCR) products, and the ABI StepOnePlus Real-Time PCR System (Life Technologies, United States) was used for quantification (Toju et al., 2012). Following the generate sequencing libraries according to the manufacturer’s instructions, the library quality was performed on the Illumina HiSeq 2500 platform by Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China). After high-throughput sequencing and the filtration of chimera and low-quality sequences, the bioinformatics analyses of the microbial community were mainly performed using the QIIME (Version 2.15.3) and R software (Version 4.0.0).



2.4. Mycotoxin analyses

Mycotoxins were extracted simultaneously from 2 g of a dried silage sample using a 40 mL centrifuge tube with 20 mL of an acetonitrile: water solution (80:20 v/v). After the samples were horizontally shaken for 40 min, 1.0 g of NaCl and 2.0 g of anhydrous magnesium sulfate was added to obtain phase separation. After shaking for another 1 min and centrifugation at 6,000 g/min for 5 min, the upper acetonitrile phase was recovered. The mixture was evaporated to dryness under a nitrogen steam at 40°C and re-dissolved in methanol: formate in water solution (10:90, v/v), then the final extract was filtered through a filter (Millipore Corporation, Bedford, United States; HV 0.45 μm). A 20 μL sample was injected into the HPLC with MS/MS system according to the methods described by Gallo et al. (2010).



2.5. Statistical analysis

Results are reported as the mean and the standard error of the mean (SEM). The data related to fermentation quality, chemical composition, mycotoxin levels and alpha diversity were subjected to two-way analysis of variance. Aerobic stability of WPCS after ensiling were subjected to one-way analysis of variance. When there were significant differences (p < 0.05), the group means were further compared with Duncan’s multiple range tests. The statistical analyses were performed using SPSS 26.0 (SPSS, Chicago, IL, United States). Alpha diversity metrics (Chao1, Shannon and Good’s coverage) were calculated with QIIME software (Version 2.15.3). Sample ordination based on the beta diversity was examined using the principal coordinate’s analysis (PCoA). The relative abundances of microbial communities at the phylum and genus levels were also analyzed. The resultant correlation matrix was analyzed by “corrplot” in R language (method = Spearman).




3. Results


3.1. Silage characteristics and aerobic stability of WPCS during aerobic exposure

The chemical composition of the WPCS was shown in Table 1. The content of DM first increased and then decreased significantly over time (p < 0.05), and the highest DM content was observed at 3–5 days. The content of DM in each group was in the order of SB > RB > BS at any stage of aerobic exposure. The WSC content decreased after 9 days of aerobic exposure (p < 0.05), and the WSC content in the RB and BS groups was lower than that in the SB group. The CP content of the three groups showed a similar decreasing trend with increasing aerobic exposure duration. Compared to the RB and BS groups, the SB group retained the highest CP content after 9 days of aerobic exposure. There were significant increases in NDF and ADF contents during the exposure period in all groups (p < 0.05). The BS group had higher NDF and ADF contents than the other groups after 5 days of aerobic exposure. It was also found that the aerobic exposure days, ensiling methods, and their interaction significantly affected the contents of DM, CP, NDF, and ADF in the WPCS (p < 0.001).



TABLE 1 Effect of different ensiling methods on chemical compositions of WPCS during aerobic exposure.
[image: Table1]

As shown in Table 2, the pH of the WPCS was significantly affected by the prolonged aerobic exposure duration (p < 0.001). The pH value of SB group ranged from 3.78 to 4.01 from d 0 to d 9, while BS and RB group had increased over 4.20 at d 3 and d 5, respectively. Although the contents of LA decreased with prolonged aerobic exposure times, the SB group had a higher concentration than the other groups. Lower PA and AA contents were also found in the SB group (p < 0.05), and PA was not detected until day 7. Furthermore, BA was not detected in the RB and SB groups. The content of ammonia-N in all groups were increased after 9 days of aerobic exposure (p < 0.05). The lowest ammonia-N content was found in the SB group on all days of aerobic exposure.



TABLE 2 Effect of different ensiling methods on fermentation quality of WPCS during aerobic exposure.
[image: Table2]

The different ensiling methods significantly (p < 0.001) influenced the aerobic stability of the WPCS (Figure 1). The BS group spoiled within 174 h, RB group was stable for 182 h, which was (p > 0.05) longer than BS group (8 h). The SB group showed the strongest aerobic stability (202 h) among all silage.

[image: Figure 1]

FIGURE 1
 Effect of different ensiling methods on the aerobic stability (h) of WPCS after 90 days of ensiling (SEM = 1.247, p < 0.001). Vertical bars are the standard errors of the means, bars with different letters differ (p < 0.05). Treatment: BS, Bunker silo; RB, Round bale; SB, Silage bag.




3.2. Mycotoxin levels in WPCS during aerobic exposure

The results of the mycotoxin levels are summarized in Table 3. The AFB1, ZEN, T-2, DON and FB1 concentrations showed a significant interaction between ensiling methods and aerobic exposure days (p < 0.001). Overall, the concentrations of mycotoxins continually increased with increasing aerobic exposure (p < 0.05), and the BS group had higher concentrations than the RB and SB groups after 9 days of exposure (p < 0.05). AFB1, T-2 and FB1 concentrations were significantly lower in the SB group than in the other groups (p < 0.05), while the contamination levels of ZEN and DON did not show significant differences between the RB and SB groups after 9 days of oxygen exposure (p > 0.05).



TABLE 3 Effect of different ensiling methods on mycotoxins concentration of WPCS during aerobic exposure.
[image: Table3]



3.3. Microbial community diversity in the WPCS during aerobic exposure

The Good’s coverage values were greater than 99%, indicating that the sampling depth adequately captured most of the bacterial and fungal communities. The alpha diversities of the WPCS were evaluated through Shannon and Chao1 indexes (Table 4). The ensiling methods significantly affected the alpha diversities of the microbial community (p < 0.001). The RB group had lower Shannon and Chao1 indexes than the BS and SB groups in the bacterial community (p < 0.05). However, the SB groups maintained lower Shannon and Chao1 indexes in the fungal community (p < 0.05).



TABLE 4 Alpha diversity of microbial community during aerobic exposure.
[image: Table4]

To analyze the distribution and structure of bacterial and fungal communities in WPCS samples at different aerobic times, principal coordinates analysis (PCoA) based on Bray–Curtis distance at the OTU level was conducted (Figure 2). Good separation and differences in microbial communities were observed between different ensiling methods, and the microbial community of SB group showed less variation during aerobic exposure stages.

[image: Figure 2]

FIGURE 2
 (A, B) Principal Coordinate Analysis (PCoA) of the bacterial and fungal community of the WPCS during different aerobic period. BS, Bunker silo; RB, Round bale; SB, silage bag. 0, 1, 3, 5, 7, 9: 0, 1, 3, 5, 7, 9 days of aerobic exposure, respectively.




3.4. Bacterial community dynamics in the WPCS during aerobic exposure

Alterations in the bacterial community at the phylum level after aerobic exposure are presented in Figure 3A. Overall, Proteobacteria and Firmicutes were the dominant phyla in all of the samples, covering more than 80% of the total sequences observed. The abundance of Proteobacteria increased dramatically in the BS and RB groups within 1 day of aerobic exposure, and Proteobacteria then became the most abundant phylum with prolonged exposure days. However, Firmicutes remained the most abundant phylum in the SB group despite exposure to the air.

[image: Figure 3]

FIGURE 3
 The dynamic bacterial community of the WPCS during aerobic exposure. The bacterial communities were shown at the phylum level (A) and the genus level (B). BS, Bunker silo; RB, Round bale; SB, silage bag. 0, 1, 3, 5, 7, 9: 0, 1, 3, 5, 7, 9 days of aerobic exposure, respectively.


As shown in Figure 3B, the relative abundances of the bacterial community were further analyzed at the genus level. Lactobacillus and Acetobacter were the most dominant genera in all treatments. The abundance of the genus Lactobacillus in the BS group decreased significantly with increasing exposure time, while the relative abundance of Acetobacter increased. The relative abundance of Acetobacter in the RB group increased to 60.41%, which was significantly higher than that in the other groups after 9 days of aerobic exposure. Furthermore, the abundance of Lactobacillus decreased dramatically on the first day of aerobic exposure, and then kept a stable relative abundance in the RB group. However, Lactobacillus was still the most abundant bacteria in the SB group during aerobic exposure, and its relative abundance remained above 53.93%. Conspicuous changes were observed that the relative abundance of Weissella in the BS group was lower than that in the other groups, while the relative abundance of Bacillus in the SB group increased after 9 days of exposure, and was significantly higher than that in the other groups.



3.5. Fungal community dynamics in WPCS during aerobic exposure

Changes in the fungal community at the phylum level during aerobic exposure are shown in Figure 4A. The phyla Ascomycota, Basidiomycota, Anthophyta, Mortierellomycota, and Mucoromycota were identified in the WPCS. Overall, the predominant ITS detected sequence belonged to the Ascomycota phylum and was followed by lower Basidiomycota, together covering more than 88% of the total sequences observed. Ascomycota was the most abundant phylum in all groups and was also the dominant phylum in the WPCS during the aerobic exposure process.
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FIGURE 4
 The dynamic fungal community of the WPCS during aerobic exposure. The fungal communities were shown at the phylum level (A) and the genus level (B). BS, Bunker silo; RB, Round bale; SB, silage bag. 0, 1, 3, 5, 7, 9: 0, 1, 3, 5, 7, 9 days of aerobic exposure, respectively.


As shown in Figure 4B, at the genus level, Kazachstania and Pichia were the dominant genera in the RB group. The abundance of Kazachstania in the RB group increased dramatically after 1 day of exposure and then continuously decreased until 9 days. Conversely, the abundance of Pichia first decreased within 1 day of aerobic exposure, and then continuously increased until day 9. Pichia became the dominant fungus instead of Kazachstania after 7 days of exposure. However, neither Kazachstania nor Pichia showed a remarkable dominance in fungal communities in the BS group from days 1–7. Fusarium increased significantly, ranging from 0.64 to 16.72%, from days 5–9 in the BS group. In addition to BS and RB groups, Kazachstania was the most abundant fungus in the SB group, followed by Candida, Pichia and Fusarium during the whole aerobic exposure. Moreover, the relative abundance of Kazachstania was significantly higher in the SB group than in the other groups from days 7–9. The relative abundance of Pichia was observed to be lower in the SB group than in the other groups after aerobic exposure.



3.6. Correlation of the bacterial community with fermentation characteristics and the fungal community

Spearman’s correlation between the bacterial community and fermentation is shown in Figure 5A. Specifically, the pH value was negatively correlated with the relative abundances of Lactobacillus and Weissella (p < 0.001) and positively correlated with the Acetobacter abundance (p < 0.01). The LA concentration was significantly positively associated with the abundances of Lactobacillus and Weissella (p < 0.001). The AA content was positively correlated with Acetobacter and Exiguobacterium abundances (p < 0.05) but negatively correlated with Bacillus and Ureibacillus abundances (p < 0.001). The contents of PA and BA were both negatively associated with Lactobacillus, Weissella and Franconibater abundances (p < 0.001) and positively correlated with Bacteroides, Thermoactinomyces and Dysgonomonas abundances (p < 0.001). Finally, the ammonia-N concentration was negatively correlated with Lactobacillus abundances (p < 0.001) but positively correlated with Acetobacter abundances (p < 0.01).
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FIGURE 5
 Correlation analysis of the bacterial genus with fermentation characteristic and the top 6 fungi genus. (A) X and Y axis are fermentation factors and bacterial genus, respectively; (B) X and Y axis are genera of fungi and bacteria, respectively. Red squares represent positive correlation (0 < r < 1), whereas blue squares represent negative correlation (−1 < r < 0). The value of p < 0.05 is marked with “*,” p < 0.01 is marked with “**,” p < 0.001 is marked with “***.”


Correlation analysis was performed to illustrate the relationship between bacteria and fungi at the genus level (Figure 5B). Lactobacillus and Weissella were positively correlated with Kazachstania (p < 0.01) but negatively correlated with Fusarium (p < 0.05). Candida was positively associated with Lactobacillus (p < 0.01) but negatively associated with genus Acetobacter (p < 0.001). Pichia was positively correlated with the genera Acetobacter (p < 0.001) but negatively correlated with Lactobacillus (p < 0.01).




4. Discussion


4.1. Effect of different ensiling methods on the fermentation quality, chemical composition and aerobic stability of WPCS after aerobic exposure

Aerobic deterioration is a process that causes nutrient degradation (De Melo et al., 2023). The DM content increased first after aerobic exposure. This was caused by the water and volatile organic compounds in silage volatilized after exposed to the external environment (Merkevičiūte-Venslovė et al., 2023). As expect, the contents of DM, WSC and CP decreased after 9 days of aerobic exposure in this study. DM loss was achieved through the activity of yeasts and molds consuming residual WSC and LA during aerobic exposure (Muck et al., 1991). The higher contents of DM, WSC and LA in the SB group indicated the nutrients were well stored. Limited air exposure due to strong compaction, may illustrate the phenomenon of reduced nutrient degradation in the SB group. Conversely, the contents of ADF and NDF increased during aerobic exposure, which was indirectly caused by the loss of WSC in the WPCS (Randby et al., 2020).

Fermentation characteristics illustrate the fermentation quality of silages (Hao et al., 2022). The pH value of silage is a basic indicator to evaluate microbial activity, and well-fermented WPCS should not exceed a pH of 4.2 (Kung et al., 2018). During 1 days of aerobic exposure, silage was in an unstable state due to the fierce competition between LAB and yeasts. The previous study demonstrated that various organic acids were produced to compete with yeasts and improve the aerobic stability during aerobic exposure (Hu et al., 2020). Hence, the pH value was decreased at 1 day of aerobic exposure. After exposed to the air, the environment changed to aerobic conditions, and oxygen activated the lactate-assimilating yeasts in the WPCS. These yeasts consumed the LA concentration and increased pH value during aerobic exposure (Kung et al., 2003). However, the SB group did not exceed the pH value of 4.2 after 9 days of exposure. This result could be due to the higher LA content and relative abundance of lactic acid bacteria (LAB) observed in SB group than in BS and RB groups (Figure 3B). The higher density of SB may also reduce the entry of oxygen (Tian et al., 2020). Moreover, BA was not observed in the RB and SB groups. The presence of BA may be caused by the metabolic activity of harmful microorganisms, accompanied by substantial DM losses in silages. The contents of ammonia-N in all groups increased with prolonged aerobic exposure. This result is probably due to protein hydrolysis, which is typically caused by extensive protease (Wang et al., 2022). Higher contents of ammonia-N and lower CP were observed in the BS group than in the other groups, illustrating that amino acid deamination was relatively active in BS silages. Overall, with higher contents of LA and lower pH value and PA and ammonia-N contents, the SB group was considered to have lower fermentation degradation after aerobic exposure than the RB and BS groups. In the study, the better aerobic stability of SB group (202 h) was consistent with its lower pH value and higher silage density among all groups. The greater silage density can enhance the aerobic stability of corn silage (Gallo et al., 2018), and the low pH can also improve the aerobic stability to inhibit spoilage microorganisms (Ranjit and Kung, 2000).



4.2. Effect of different ensiling methods on mycotoxins levels in WPSC after aerobic exposure

Aflatoxins (AFs) are produced by several species of Aspergillus section Flavi (Sweeney and Dobson, 1998). AFB1 is considered the most toxic and carcinogenic AF, since it is highly toxic and causes carcinogenic and mutagenic effects in mammals. In the present study, the contents of AFB1 increased with prolonged exposure times, which was similar to the phenomenon reported by Ferrero et al. (2019). Moreover, lower AFB1 contamination was observed in SB than in RB and BS groups. Proper silage management and well-preserved WPCS are essential to inhibit massive concentrations of AFB1. In addition, a higher abundance of LAB (Figure 3B) may also be considered to play a crucial role to limit the accumulation of mycotoxins in SB (Lahtinen et al., 2004).

Fusarium toxins are known to be frequently found in corn and animal feed globally (Vaičiulienė et al., 2022). T-2, DON, FB1 and ZEN are secondary metabolites primarily produced by several members of Fusarium (Ogunade et al., 2018). The accumulation of oxygen contents allows for spoilage and toxigenic microorganisms to grow continually with prolonged aerobic exposure (Driehuis et al., 2018). Therefore, the concentrations of mycotoxins produced by undesirable microorganisms increased significantly in all groups. Higher Fusarium toxin contamination was observed in the BS group than the other groups after 9 days of exposure. This may be caused by the higher relative abundance of Fusarium observed in the BS group (Figure 3B). Furthermore, the bunker was prepared on bare ground and thus was highly exposed to the environment (Alonso et al., 2013). A larger exposed area from the ground may cause aerobic microorganism survival and increase the content of mycotoxins in BS silage. Niderkorn et al. (2006) reported that LAB could detoxify Fusarium mycotoxins. Thus, the higher abundance of Lactobacillus in the SB group than in the other groups may result in reduced accumulation of Fusarium mycotoxins. Overall, the contents of AFB1 T-2, ZEN, FB1 and DON in all groups did not exceed the guidance level of adult ruminants after 9 days of exposure (Commission of the European Community, 2006). The silages were opened for exposure from Dec. to Jan., and ambient temperature was detected from 0 to 7.5°C. High temperatures are known to promote aggressive fungal growth (Ogunade et al., 2018). Hence, the lower temperature in the current study may have limited the synthesis of mycotoxins.



4.3. Dynamic changes in microbial communities during aerobic exposure

The quality of natural silage depends on the complex composition of the microflora, and the composition of the bacterial community in silage is different at various stages (Yang et al., 2019; Ran et al., 2022). The dominant bacteria at the phylum level were Firmicutes and Proteobacteria in the WPCS during aerobic exposure (Hu et al., 2018), which was supported by the present study. Proteobacteria became the dominant phylum instead of Firmicutes in the BS and RB groups after 1 day of exposure. This result indicated that the WPCS involved a notable shift in the bacterial community from Firmicutes to Proteobacteria after the environment changed from anaerobic to aerobic (Liu et al., 2019). At the genus level, Acetobacter showed a predominance of the BS and RB groups during oxygen exposure. Acetobacter are often regarded as an initiation of aerobic deterioration, which causes silage deterioration and further limits Lactobacillus proliferation (Guan et al., 2018). A high abundance of Acetobacter is usually found in bunker silages (Wang et al., 2014), which was observed in the current study. However, Lactobacillus still dominated the structure of the bacterial community in the SB group, although the abundance of Lactobacillus decreased after 9 days of oxygen exposure. Lactobacillus is well known as a LAB in maize silages and has been reported by many studies (Guan et al., 2018; Hu et al., 2018; Huang et al., 2021). Lactobacillus could inhibit fungal growth, and prevent them from becoming dominant microorganisms in the early stage of aerobic exposure (Guan et al., 2020). In addition, Lactobacillus has an excellent ability to remove mycotoxins (Hathout and Aly, 2014). A higher relative abundance of Bacillus was also detected in the SB group during aerobic exposure. Some Bacillus species can produce bacteriocin to inhibit the growth of some undesirable microbes (Lara et al., 2016). Moreover, these bacteria have also been found to be effective in the removal of mycotoxins from liquid medium (Hathout and Aly, 2014). Therefore, the lower mycotoxin level and undesirable microbes in the SB group than in the other groups may be caused by the higher relative abundances of Bacillus and Lactobacillus.

Due to the response to oxygen exposure, various fungi began to compete with the dominance of the microbial community in silages. The majority of fungi in corn silage belonged to Ascomycota, followed by Basidiomycota (May et al., 2001). At the genus level, Kazachstania, Pichia and Candida were the top 3 most abundant fungi in the WPCS (Xu et al., 2019). Kazachstania, Pichia, and Candida belong to the Saccharomycetes, regarded as yeasts frequently through culture-based methods (Wang et al., 2020). It is well known that Pichia species are often considered the major initiators of silage aerobic deterioration. The predominant fungal genus shifted to Pichia in the RB group after aerobic exposure, illustrating that the composition of the fungal community was significantly changed during oxygen exposure. Kazachstania is usually observed as the dominate genus in WPCS after aerobic exposure and is associated with the deterioration of silage (Dolci et al., 2011; Xu et al., 2019). Candida can assimilate LA and promote WPCS deterioration (Pahlow et al., 2003). To respond to oxygen exposure, yeasts became active and utilized various organic acids, resulting in a continual increase in pH value. Thus, the proliferation of massive spoilage microorganisms in silages was promoted, leading to silage deterioration and mycotoxin accumulation (McAllister et al., 1995). It is also worth noting that Fusarium appeared in silages during aerobic exposure. This result may also cause mycotoxin accumulation, as shown in Table 3.



4.4. Correlation analysis of the bacterial community with fermentation characteristics and the fungal community

Silage quality was influenced by the bacterial community through a series of metabolites. The Lactobacillus abundance had a positive correlation with the concentration of LA (Huang et al., 2021), and Weissella and Lactobacillus abundance showed a negative correlation with the pH value (Yang et al., 2019). The results of these studies were supported by the current research. Acetobacter can consume ethanol to produce AA after exposure to air (Nanda et al., 2001). This can be proven by the content of AA being positively correlated with Acetobacter, and higher contents of AA were found in the RB group. The positive correlation between Acetobacter and ammonia-N contents illustrated that the existence of Acetobacter probably caused the degradation of protein in this study.

It is also important to explore the relationship between bacteria and fungi to understand the decomposition of WPCS. Yeasts play a vital role in facilitating the symbiosis of various microorganisms (Alvarez-Martin et al., 2008). After aerobic exposure, there was a synergistic effect between yeasts and LAB (Roostita and Fleet, 1996). Kazachstania and Candida can metabolize organic acids, and metabolites associated with nutrients help LAB grow. In addition, LAB could also promote a suitable environment for Kazachstania and Candida to multiply after aerobic exposure (Wang et al., 2020). The accumulation of Fusarium-derived mycotoxins is caused by the metabolic activity of toxigenic strains of Fusarium genus, and AFB 1 is mainly produced by toxigenic Aspergillus species (Kalúzová et al., 2022). However, the direct relationship between the Aspergillus and AFB 1 in WPCS was not found. Similarly, the previous study also reported that no correlations were observed between fungal DNA and mycotoxin contents (Vandicke et al., 2021). A negative correlation of Fusarium with Lactobacillus and Weissella was found in this study. It is known that Fusarium cannot tolerate a low pH environment (Cheli et al., 2013). Therefore, the higher relative abundance of Lactobacillus and lower pH in the SB group than in the other groups may have inhibited the proliferation of Fusarium and further limited the accumulation of Fusarium mycotoxins.




5. Conclusion

This study analyzed the effects of different ensiling methods on nutritional characteristics, fermentation quality, aerobic stability, mycotoxin levels and microbial communities in whole-plant corn silage after aerobic exposure. The WPCS in SB group deteriorated later than other groups, and the losses of DM, CP and WSC contents in SB silage were also less serious. A considerably lower proportion of mycotoxins was observed in SB than in BS groups after 9 days of aerobic exposure, indicating the higher safety of SB to ruminants. The fungal community was affected by different ensiling methods. After 9 days of aerobic exposure, Pichia was the predominant fungal genus in the RB group, while Kazachstania was the most abundant fungus in the SB group. Although exposed to air, Lactobacillus still dominated the bacterial community of SB and reduced fermentation degradation, as shown by a higher level of LA and a lower level of BA, ammonia-N and pH value. Therefore, with a lower pH value and the dominance of Lactobacillus in SB, the proliferation of toxic microorganisms was limited.
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This study aimed to isolate and identify a ligninolytic bacterium from the rumen of buffalo (Bubalus bubalis) and investigate its effects as a silage additive for whole-plant rape. Three lignin-degradation strains were isolated from the buffalo rumen, with AH7-7 being chosen for further experiments. Strain AH7-7, with acid tolerance and a 51.4% survival rate at pH 4, was identified as Bacillus cereus. It exhibited a lignin-degradation rate of 20.5% after being inoculated in a lignin-degrading medium for 8 days. We divided the rape into four groups according to the various additive compositions to examine the fermentation quality, nutritional value, and bacterial community after ensiling: Bc group (inoculated with B. cereus AH7-7 3.0 × 106 CFU g FW−1), Blac group (inoculated with B. cereus AH7-7 1.0 × 106 CFU g FW−1, L. plantarum 1.0 × 106 CFU g FW−1, and L. buchneri 1.0 × 106 CFU g FW−1), Lac group (inoculated with L. plantarum 1.5 × 106 CFU g FW−1 and L. buchneri 1.5 × 106 CFU g FW−1), and Ctrl group (no additives). After 60 days of fermentation, the application of B. cereus AH7-7 was potent in modulating the fermentation quality of silage, especially when combined with L. plantarum and L. buchneri, as indicated by lower dry matter loss and higher contents of crude protein, water-soluble carbohydrate, and lactic acid. Furthermore, treatments with the B. cereus AH7-7 additive decreased the contents of acid detergent lignin, cellulose, and hemicellulose. The B. cereus AH7-7 additive treatments reduced the bacterial diversity and optimized the bacterial community compositions of silage, with an increase in the relative abundance of beneficial Lactobacillus and a decrease in the relative abundance of undesirable Pantoea and Erwinia. Functional prediction revealed that inoculation with B. cereus AH7-7 could increase the cofactors and vitamins metabolism, amino acid metabolism, translation, replication and repair, and nucleotide metabolism, while decreasing the carbohydrate metabolism, membrane transport, and energy metabolism. In brief, B. cereus AH7-7 improved the microbial community, fermentation activity, and ultimately the quality of silage. The ensiling with B. cereus AH7-7, L. plantarum, and L. buchneri combination is an effective and practical strategy to improve the fermentation and nutrition preservation of rape silage.

KEYWORDS
Bacillus cereus, lignin-degrading, rape silage, buffalo rumen, microbial community


1. Introduction

The demand for animal products is rising in many developing nations, but the scarcity of forage is the major obstacle to the prosperity of animal husbandry (Sifeeldein et al., 2018). Due to the rising demand, it is crucial to create high-quality feed resources and effective preservation techniques. Rape silage is a kind of roughage with great development prospects that has a high metabolizable energy level (2.8–3.0 Mcal/kg DM) and a high crude protein level (160–200 g/kg DM) (Kaur et al., 2011; Barry, 2013). When the corn silage was partially replaced by rape silage, the apparent total-tract digestibility increased by 10.99% in dairy buffalo (Zhou et al., 2021).

Various types of additives have been used in silage to ensure appropriate fermentation and improve silage quality (Muck et al., 2018). These additives are chemical or microbiological, with microbiological additives being more prevalent (Muck et al., 2018). Chemical additives are inferior to microbiological additives because microbiological additives are naturally occurring, do not cause environmental harm, and do not corrode machinery (Filya, 2003). Lactic acid bacteria are the main bacterial group as inoculants in silage and have been shown to produce lactic acid that is beneficial for silage preservation (Muck et al., 2018; Fabiszewska et al., 2019). L. plantarum, L. acidophilus, Enterococcus faecium, P. pentosaceus, and Pediococcus acidilactici are the principal species used in silage to rapidly increase lactic acid and decrease pH (Muck et al., 2018; Fabiszewska et al., 2019). Due to the antifungal effects of acetic and propionic acid, L. buchneri is the main species used as an inoculant to improve aerobic stability (Krooneman et al., 2002; da Silva et al., 2018). In the form of one or more species of microorganisms, the inoculants have varying effects on the silage (Carvalho et al., 2021). The use of these inoculants in silage reduces DM loss, increases the yield of microbial metabolites of interest, inhibits undesirable microorganisms, and improves microbial and nutrient quality (Oliveira et al., 2017; Muck et al., 2018). Correct selection and application of inoculants are essential for obtaining high-quality silage. Many unknown microorganisms that can play an important role in silage are worth exploring.

Lignin, an important component of roughage that is embedded between cellulose and hemicellulose in plants, affects the nutritional value and utilization rate of roughage and hinders the digestion ability of ordinary animals (Zakzeski et al., 2010). Buffaloes live in the arid tropics, which are different from other ruminants. Buffaloes were found to have higher digestibilities of DM, crude protein, and organic matter in rice straw than cattle (Terramoccia et al., 2000; Chanthakhoun et al., 2012). Interestingly, buffalo was the first mammal to be verified to have the ability of lignin degradation (Xu et al., 2021). According to a prior study, strains with lignin degradation ability were isolated from buffalo rumen, and the degradation rate of sodium lignosulfonate could reach 11.1% (Wang et al., 2021). This suggests that rumen microbes play an important role in the buffalo's ability to exhibit lignin degradation. Rumen microorganisms were frequently used in silage research to investigate their effects on silage. To accelerate silage fermentation, anaerobic fungi from goat rumen were introduced into the rice straw silage (Lee et al., 2015). To improve the quality of the silage, the fibrolytic cellulolytic fungi and bacteria from yak rumen were applied to Pennisetum sinese silage (Li et al., 2018). The uniqueness of buffalo rumen microorganisms leads to their potential application in silage.

The rape production area is the main distribution area of the buffalo population. However, there is no research on inoculating lignin-degrading bacteria from buffalo rumen in rape silage to improve the quality. Therefore, research into the association between the buffalo ruminal microbiota and rape silage quality is of great scientific and commercial value. The present study aimed to explore the potential of B. cereus AH7-7 as an additive in silage. We hypothesized that the B. cereus AH7-7 inoculum inoculated in rape silage could regulate fermentation quality, nutrient composition, and the bacterial community of rape silage. Our findings might shed light on the use of bacteria from the buffalo rumen to improve the fermentation quality of rape silage.



2. Materials and methods


2.1. Isolation of lignin-degrading bacteria

The ruminal fluid collection was approved by the Animal Experimental Ethical Inspection of Laboratory Animal Center, Huazhong Agriculture University (HZAUCA-2018-003). This experiment is in line with the national regulations regarding animal welfare ethics.

As inoculum material, the rumen content of three fistula buffalo rumens (Mediterranean Nili-Ravi, 7 years old, 572 ± 24 kg) was mixed. These animals were fed at Jinniu Animal Husbandry Co., Ltd (Hubei, China). To avoid forage disturbance, all animals fasted for 24 h before collection. The inoculum was inoculated into the enrichment medium for 3 days before being carefully transferred to the lignin-degrading screening medium; both of these operations were performed at 39°C under anaerobic conditions. We performed three consecutive transfer screens over 10 days using screening media, and then the final screening cultures were diluted with a normal saline gradient and scribed on Luria broth agar to obtain different kinds of colonies. The lignin-degradation experiment was performed in a 250 ml flask with 100 ml of sodium ligninsulfonate in a mineral salt medium with a pH of 6.5 (Raj et al., 2007; Wang et al., 2013). The concentration of sodium ligninsulfonate in the degradation medium was 1.0 mg/L. The bacterial culture medium with a concentration of 106 CFU/ml was inoculated into three duplicate flasks, each of which was inoculated with 1 ml. The control medium was uninoculated sodium ligninsulfonate containing mineral salt. The flasks were cultured on a rotary shaker at 39°C, 90×g under aerobic conditions for 8 days. We extracted samples from the flask regularly once a day and determined the content of sodium ligninsulfonate. After centrifugation at 6,000×g for 10 min, the supernatant fluids of the treatment and control groups were both acidified to pH 1–2 using 12 M HCl to get the precipitate. Then the precipitate was gathered after centrifugation at 9,500 × g for 10 mins. Residual sodium ligninsulfonate was obtained after the precipitate was washed with deionized water and dried at 65°C for 2 days to constant weight.

The compositions of the culture medium were as follows:

Buffer A (phosphate-buffered mineral salts medium A, per liter): [0.4 g CaCl2·2H2O; 3.0 g (NH4)2SO4; 0.6 g MgSO4·7H2O; 3.0 g KH2PO4; 6.0 g NaCl]. Buffer B (phosphate-buffered mineral salts medium B, per liter): [4.0 g K2HPO4·3H2O]. Rumen fluid: removed solid rumen contents by filtration with four layers of repeated gauze, centrifuged at 6,500 × g under 4°C for 10 min, and then the supernatant fluid of three buffalo was mixed in the same proportion to gain rumen fluid.

The enrichment medium (per liter): 170 ml of rumen fluid, 165 ml of phosphate-buffered mineral salts medium A, 165 ml of phosphate-buffered mineral salts medium B, 0.5 mg of copper sulfate, 1.0 g of tryptone, and 1.0 g of yeast extract. The screening medium (per liter): 165 ml of phosphate-buffered mineral salts medium A, 165 ml of phosphate-buffered mineral salts medium B, and 5.0 g of sodium lignosulfonate.

Three different strains with lignin degradation ability were isolated from the rumen of buffalo, namely, AH5-5, AH7-7, and BH7-3. The results of lignin degradation by three strains showed that AH7-7 had the strongest lignin degradation ability (Figure 1). We selected the strain AH7-7 for subsequent silage experiments.
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FIGURE 1
 Sodium ligninsulfonate reduction by three strains.




2.2. Identification of strain AH7-7

The purified strain AH7-7 was successively diluted with sterile saline, streaked onto the Luria Broth agar, and incubated at 39°C for 24 h, after which the characteristics of colonies were observed. The isolated strain AH7-7 was observed by Gram staining. The acid resistance of the strain AH7-7 was measured according to the previous method (Wu et al., 2014). Classical physiological and biochemical characteristics of the strain AH7-7 were tentatively identified according to the Taxonomic Outline of the Prokaryotes Bergey's Manual of Systematic Bacteriology (Garrity et al., 2004).

Bacterial 16S rRNA gene sequencing and gyrB gene sequencing based on Sanger sequencing were applied for molecular identification (Zhong et al., 2022). For amplification in 16S rRNA gene sequencing, the forward primer was 27F (5′-AGAGTTTGATCCTGGCTCAG-3′), and the reverse primer was 1492R (5′-GGTTACCTTGTTACGACTT-3′). In gyrB gene sequencing, the forward primer was gyrbF (5′-ATTGGTGACACCGATCAAACA-3′), and the reverse primer was gyrbR (5′-TCATACGTATGGATGTTATTC-3′). The total reaction volume was 30 μl, which contained 10.5 μl of nuclease-free water, 1.5 μl of genomic DNA, 1.5 μl of each primer, and 15 μl of Master Mix (KOD ONE MM, TOYOBO). The PCR setting was as follows: initial denaturation at 95°C for 2 min, followed by 25 cycles (denaturation at 98°C for 10 s, annealing at 55°C for 30 s, extension at 72°C for 90 s), and the final extension at 72°C for 2 min. The figure of the phylogenetic tree was drawn by MEGA7 software using the maximum likelihood statistical method. Then the phylogeny was tested by the bootstrap method; the number of bootstrap replications was 1,000.



2.3. Preparation of rape silage

In this experiment, the whole rape (Brassica napus), harvested from the rape experimental base of the Xianning Academy of Agricultural Sciences in Hubei Province, was used as the substrate for silage production. A total of 18,100 m2 plots of rape were cultivated in the experimental field of the Xianning Academy of Agricultural Sciences (N 29°50′, E 114°19′). This area has a subtropical continental monsoon climate with an average temperature of 16.8°C, an average elevation of 189.6 m, and a mean annual precipitation of 1,523.3 mm. To eliminate unnecessary experimental errors, we randomly selected six rapeseed plots, which produced enough rape biomass to be required for this experiment. The whole rape was sown at a 0.35 kg/mu seed rate. Rape was harvested at the peak blooming stage, wilted in the field, tedded every 2.0 h for 6 h (the DM content was 329.20 g kg−1 after wilting), and carried to the laboratory. The chemical and microbial compositions of fresh wilted rape are shown in Table 1.


TABLE 1 Chemical composition and microbial population before ensiling.
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The wilted rape was cut into 1–3 cm long pieces with a cutter, mixed thoroughly with additives, and packed into a sterile plastic bag (25 × 30 cm). The bags were compacted and vacuum-sealed by a vacuum sealer machine. Depending on the additives, silage was divided into four treatment groups: Bc group (inoculated with B. cereus AH7-7 3.0 × 106 CFU g FW−1), Blac group (inoculated with B. cereus AH7-7 1.0 × 106 CFU g FW−1, L. plantarum 1.0 × 106 CFU g FW−1, and L. buchneri 1.0 × 106 CFU g FW−1), Lac group (inoculated with L. plantarum 1.5 × 106 CFU g FW−1 and L. buchneri 1.5 × 106 CFU g FW−1), and Ctrl group (no additives). In addition to the buffalo rumen strain AH7-7, the additives used in rape silage fermentation were L. plantarum (strain model: Lp90) and L. buchneri (strain model: LBu01), which were purchased from Jiangsu Weikang Biotechnology Co., Ltd. All groups of silage were conserved at ambient temperature (25–30°C), and ensiling was performed in quadruple repetitions. The bags were opened after 10, 30, and 60 days of ensiling for the analysis of the fermentation parameters and bacterial community.



2.4. Determination of chemical compositions and fermentation characteristics of rape silage

At the end of 60 days of ensiling, the whole contents of each group were mixed uniformly in a clean plastic container (Wagner, 2015). Three duplicate samples from each group were collected to determine the chemical composition and fermentation characteristics of rape silage. In total, 3 g of rape silage material was extracted with 27 ml of neutral distilled water for 12 h, and the pH value of the rape silage was determined by a pH meter. A total of 10 g of silage was soaked in deionized water at 4°C for 12 h to determine the contents of NH3-N and lactic acid. The content of NH3-N was measured by phenol-sodium hypochlorite colorimetry (Weatherburn, 1967). In total, 1.0 ml of silage's filtrate, 2.5 ml of phenol solution, and 2.0 ml of alkaline sodium hypochlorite solution were mixed, kept in a water bath at 37°C for 10 min, and the NH3-N content was measured at λ = 650 nm. The content of lactic acid in the silage was determined by p-hydroxybiphenyl colorimetry (Taylor, 1996). After mixing 0.5 ml of silage's filtrate with 0.05 ml of 4% copper sulfate pentahydrate, 6 ml of 98% H2SO4 was added and kept in boiling water for 5 min, and 2 ml of p-hydroxybenzene was added after cooling. The above solutions were mixed evenly, kept in the water bath at 30°C for 0.5 h, taken out, kept in boiling water for 90 s, and the lactic acid content was measured at λ = 560 nm after cooling. The samples of silage's filtrate from each group were centrifuged at 12,000 rpm for 10 min and then passed through a 0.22 μm filter. Then, acetic acid, propionic acid, and butyric acid were analyzed by high-phase liquid chromatography (U3000, Thermo Fisher Scientific, USA). The wavelength was 210 nm. The mobile phase was 3 mmol/L of perchloric acid, with a column temperature of 50°C, and the flow rate was 0.5 ml/min.

A total of 100 g samples were dried at 65°C for at least 48 h to a constant weight to determine the dry matter (DM) content and then ground by a 1.00 mm sieve for the following analysis (Udén et al., 2005). The crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) of rape silage and whole-plant rape were measured by the methods formulated by the Association of Official Analytical Chemists (AOAC) (Udén et al., 2005). The total nitrogen (TN) content was determined by the Kjeldahl procedure (Krishnamoorthy et al., 1982). The content of water-soluble carbohydrates (WSC) was determined by anthrone colorimetry (Leng et al., 2016). The chemical compositions of fresh rape material were also performed as the abovementioned methods.



2.5. DNA extraction and sequencing of microbial diversity

At the end of 60 days of ensiling, five duplicate samples from each group were collected for microbial sequencing. The samples were centrifuged at 10,000 g for 15 min to produce particles for subsequent DNA extraction. The microbial DNA in silage was extracted according to the PowerSoil® DNA Isolation Kit (Mobio, San Diego, CA, USA) (Zhao et al., 2022). The bacterial 16S rDNA genes were amplified by PCR, using the 27F (5′-AGRGTTTGATYNTGGCTCAG-3′) as the forward primer and the 1492R (5′-TASGGHTACCTTGTTASGACTT-3′) as the reverse primer. PCR amplification was performed in a total reaction volume of 30 μl, which contained 15 μl of KOD OneTM PCR Master Mix (TOYOBO, China), 1.5 μl of each primer with a barcode, 1.5 μl of genomic DNA, and 10.5 μl of nuclease-free water. The PCR setup was as follows: initial denaturation at 95°C for 5 min, followed by 30 cycles (denaturation at 95°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 1 min), and final extension at 72°C for 7 min. The PCR products were purified (MagicPure® Size Selection DNA Beads), quantified, and homogenized to obtain the SMRTbell sequence library. The library was sequenced on the PacBio platform after passing the quality inspection, using a single-molecule real-time sequencing method. Biomarker Technologies Corporation (Beijing, China) completed all the procedures mentioned above.

After completing PacBio platform sequencing, the data were exported to circular consensus sequencing (CCS) file, and then the CCS was identified by lima v1.7.0 software through barcode to obtain raw-CCS. The primer sequences of raw-CCS data were identified and removed by cutadapt 1.9.1 software. Raw-CCS was filtered to obtain clean-CCS data according to the sequence length. After identifying and removing the chimeric sequence of clean-CCS using UCHIME v.8.1 software, the effective-CCS was obtained (Edgar et al., 2011). The USEARCH v.10.0 software was adopted to divide the effective-CCS into different clusters of operational taxonomic units (OTUs) according to 97% similarity (Edgar, 2013). After that, the OTU sequences were annotated in SILVA bacterial 16S rRNA database (Release132, http://www.arb-silva.de) (Quast et al., 2013). The detected microbial communities were identified and annotated at various taxonomic levels. All the sample species were normalized (absolute abundance of species in the sample/total number of sequences sequenced in the sample).



2.6. Microbial population counting at 10, 30, and 60 days after ensiling

After 10, 30, and 60 days of ensiling, the equal contents of each group were taken out and mixed uniformly in a clean plastic container. Three duplicate samples from each group were collected to count the microbial population. The microbial population was counted as previously reported (Zhao et al., 2022). In total, 10 g of samples were mixed with 90 ml of sterile saline (0.85% NaCl). The mixture solutions were serially diluted from 10−1 to 10−7. The diluted solutions were coated on the surface of the medium plates. De Man, Rogosa, and Sharpe agar (Qingdao Hope Bio-Technology Co., Ltd.) were used to identify and count the lactic acid bacteria after anaerobic growth at 37°C for 48 h. Potato dextrose agar (Difco, Hopebil, Qingdao, China) were used to detect yeasts and molds and counted after aerobic growth at 28°C for 72 h. The microbial population counting of fresh rape material is also performed using the abovementioned methods.



2.7. Health observation and measurement

Blood samples from buffaloes were collected from the jugular vein using an EDTA blood collector (produced by Winner Medical Co, Ltd) for routine blood analysis before feeding. Blood was stored at 4°C and measured by the automatic blood cell analyzer (SF-3000, Sysmex-Toa Medical Electronics, Kobe, Japan). Body conditions were scored according to the previous standard (Hut et al., 2021). The DM feed intake of the buffaloes was calculated 1 month before the separation of strains in the rumen.



2.8. Statistical analysis

Data on nutritional components and basic characteristics of rape silage were calculated and statistically analyzed by the SPSS software version 19.0 (SPSS, Inc., Chicago, IL, United States). The data were normally distributed and homoscedastic. The yeast level after 10 days of ensiling was analyzed by an unpaired t-test. The lactic acid bacteria level after 10, 30, and 60 days of ensiling was analyzed using a statistical mixed model (repeated measures). Fixed effects include treatment groups, measurement times, and the interaction between treatment groups and measurement time. Random effects include covariance between repeated measures in samples. The rest data on nutritional components of rape silage were analyzed by one-way ANOVA. In the case of significant differences, the Duncan method was used for pairwise comparison. All data were expressed as means and standard errors of means (SEM).

Alpha diversity analysis, beta diversity analysis, and line discriminant analysis (LDA) effect size analysis were applied to analyze the microbial diversity. The alpha diversity index of the silage samples was evaluated by using the software mothur (version v.1.30). GraphPad Prism 7 was used for the box plots, and after testing the normality and homogeneity, all data were analyzed by one-way ANOVA. Microbial community structure was examined using principal component analysis (PCA), and groups were compared using an unweighted UniFrac distance matrix. The LDA threshold was set to >4.0, and the classification level is from phylum to species. Functional gene prediction based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases was conducted using PICRUSt2 according to a previous report (Langille et al., 2013). The function level was level 2, and the P < 0.05 was considered a significant difference, and P < 0.01 was considered an extremely significant difference.




3. Results


3.1. Identification of the strain AH7-7

The result showed that the strain AH7-7 had a higher reduction of sodium ligninsulfonate content than strains AH5-5 and BH7-3 (Figure 1). The reduction in sodium ligninsulfonate content (20.5%) was observed after 8 days of incubation in AH7-7.

The colonies of the strain AH7-7 were large, waxy, round, translucent, and grayish white, with a rough surface and irregular edges (Supplementary Figure 1). The strain was identified as gram-positive according to Gram staining observed using the microscope (Supplementary Figure 1). The results of the acid tolerance test showed that the survival rates of the strain AH7-7 at pH = 2, 3, 4, and 5 were 13.0%, 32.9%, 51.4%, and 86.1%, respectively (Supplementary Figure 2). The analysis of the similarity of the 16S rRNA and gyrB nucleotide sequences demonstrated that the strain AH7-7 was the closest to B. cereus (Figure 2). The results of the physiological and biochemical characteristics of the strain AH7-7 are shown in Supplementary Tables 1, 2. According to colony observation, Gram staining, 16S rRNA gene sequencing, gyrB gene sequencing, and physiological and biochemical data, the strain AH7-7 was identified as B. cereus. These results are referenced from the literature: “Whole-Genome Sequencing Reveals Lignin-Degrading Capacity of a Ligninolytic Bacterium (B. cereus) from Buffalo (Bubalus bubalis) Rumen” (Zhong et al., 2022).
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FIGURE 2
 Phylogenetic tree of strain AH7-7. (A) 16S rRNA and (B) gyrB.




3.2. Effects of B. cereus AH7-7 on buffalo

The results of the blood routine, dry matter (DM) feed intake, and body condition scores are shown in Supplementary Table 3. All the tests of the blood routine were within the normal range. The buffaloes had a healthy body condition, and their feed intake was normal.



3.3. Initial characteristics of fresh rape

The chemical composition and microbial population of fresh rape are shown in Table 1. The contents of DM and WSC in rape were 329.2 g/kg FM and 72.43 g/kg DM, respectively. Rape contained crude protein, neutral detergent fiber, acid detergent fiber, acid detergent lignin, cellulose, and hemicellulose at 122.97, 543.49, 376.19, 63.65, 323.18, and 70.45 g/kg DM, respectively. The lactic acid bacteria (LAB), yeasts, and Enterobacter numbers of rape were 5.26, 4.37, and 3.56 log10 CFU/g FM.



3.4. The microbial population of rape silage on days 10, 30, and 60 ensiling

The microbial population at 10, 30, and 60 ensiling days is shown in Table 2. The LAB population increased with the fermentation time and was the highest on day 60 (P < 0.01). Compared to the Ctrl which had no additive, the number of LAB in the Bc group, which was inoculated with B. cereus AH7-7 alone, and the Blac group, which was applied the combination of B. cereus AH7-7, L. plantarum, and L. buchneri, was significantly higher (P < 0.01). No molds or Enterobacter were detected in silage for all fermentation days. The yeasts were detected on day 10 after the ensiling of the Lac group which was inoculated with the combination of L. plantarum and L. buchneri and the Ctrl group, while they disappeared after 30 and 60 days of silage, respectively.


TABLE 2 Microbial population after 10, 30, and 60 days ensiling.
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3.5. Fermentation characteristics of rape silage after 60 days of ensiling

The fermentation parameters of rape silages were different among all treatments (Table 3). Compared to the Ctrl group, all additive treatments (Bc, Blac, and Lac) decreased the pH values and increased the lactic acid, acetic acid, and propionic acid contents (P < 0.01). The lactic acid content was highest in the Blac group. Acetic acid content and propionic acid content were higher in the groups (Bc and Blac) with B. cereus AH7-7 additive. All additive treatments (Bc, Blac, and Lac) decreased NH3-N and butyric acid contents compared with the Ctrl group (P < 0.01).


TABLE 3 Fermentation characteristics of rape silage after 60 days ensiling.
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3.6. Chemical composition of rape silage after 60 days of ensiling

As shown in Table 4, the DM of all groups ranged from 321.32 to 339.29 g/kg, with the Ctrl group having the lowest (321.32 g/kg, P < 0.01). Compared with the Lac and Ctrl groups, the contents of CP and WSC were affected by the B. cereus AH7-7 additive. The contents of CP and WSC were higher in the Bc and Blac groups (P < 0.01). The WSC content was highest in the Blac group (P < 0.01). Compared with the groups without the B. cereus AH7-7 additive (Ctrl and Lac), the contents of acid detergent lignin, cellulose, and hemicellulose in the Bc and Blac groups were significantly lower (P < 0.01).


TABLE 4 Chemical composition of rape silage after 60 days ensiling.
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3.7. Microbial community of rape silage after 60 days of ensiling

The results demonstrated a total of 47 OTUs in all samples, of which 34 were common to all the samples (Figure 3). There was one OTU shared between the Bc group and the Ctrl group; one OTU shared among the Bc, Blac, and Ctrl groups; four OTUs shared among the Ctrl, Blac, and Lac groups; and seven OTUs shared among the Bc, Lac, and Ctrl groups.


[image: Figure 3]
FIGURE 3
 Operational taxonomic unit (OTU) Venn diagram of silage microorganism.


The Chao1 and ACE indices can reveal the richness of the bacterial communities, which are positively correlated with richness. The Shannon and Simpson indices can reveal the diversity of the bacterial communities, which are positively correlated with diversity. As shown in Figure 4, the ACE index of Bc group was significantly lower than that of the Ctrl group with no additive (P < 0.05). The Chao1 indices of the Bc group and the Blac group were significantly lower than those of the Ctrl group (P < 0.01). The Chao1 index of the Bc group was significantly lower than that of the Lac group (P < 0.01). The bacterial community richness of the Ctrl and Lac groups was significantly higher than the Bc and Blac groups. The Shannon and Simpson indices of Ctrl and Lac groups were significantly higher than those of the Bc and Blac groups (P < 0.01). The present result reflected a lower bacterial community diversity in the groups inoculated with B. cereus AH7-7.
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FIGURE 4
 Alpha diversity indices [(A) Shannon index, (B) Ace index, (C) Chao1 index, and (D) Simpson index]; Bc, added with strain B. cereus AH7-7; Blac, added with strain B. cereus AH7-7, Lactobacillus plantarum and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives. *means significant difference (P < 0.05); **means extremely significant difference (P < 0.01).


As shown in Figure 5, the results revealed that Firmicutes and Proteobacteria were the main phyla of each group. Furthermore, the dominant species was L. buchneri. The relative abundance of L. buchneri in the Bc group was 95.67%, the Blac group was 94.76%, the Ctrl group was 59.64%, and the Lac group was 80.75%. The result of the analysis of variance indicated that the relative abundance of Lactobacillus in the groups inoculated with B. cereus AH7-7 (Bc and Blac) was higher (P < 0.01) (Figure 6A). The relative abundances of Erwinia aphidicola were 1.76%, 1.95%, 14.41%, and 6.63% in the Bc, Blac, Ctrl, and Lac groups, respectively, and the relative abundance of Erwinia was significantly higher in the Ctrl group (P < 0.01) (Figure 6B).
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FIGURE 5
 Distribution of microorganisms at the phylum level (A) and the species level (B); Bc, added with strain B. cereus AH7-7; Blac, added with strain B. cereus AH7-7, Lactobacillus plantarum and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives.
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FIGURE 6
 Histogram of analysis of variance among groups at Lactobacillus level (A) and Erwinia level (B); *means significant difference (P < 0.05); **means extremely significant difference (P < 0.01); Bc, added with strain B. cereus AH7-7; Blac, added with strain B. cereus AH7-7, Lactobacillus plantarum and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives.


Under the LDA effect size analysis, there was no biomarker with a statistical difference between the Blac group and the Lac group, so the two groups are not shown in Figure 7. The cladogram (Figure 7A) shows that the level of Lactobacillus in the Bc group was dramatically higher than that in the Ctrl group. The levels of Erwinia and Pantora were enriched in the Ctrl group, whose abundances were higher than in the Bc group. The distribution histogram of an LDA value (Figure 7B) indicated that there were 21 kinds of biomarkers with a statistical difference in the Bc and Ctrl groups. Among them, 15 kinds of biomarkers were in the Ctrl group, and six were in the Bc group. The principal component analysis (PCA) result is shown in Figure 8, where principal components 1 (PC1), 2 (PC2), and 3 (PC3) explained 94.66%, 2.92%, and 1.87% of the total variance for the samples, respectively.
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FIGURE 7
 Line discriminant analysis (LDA) effect size. (A) Cladogram displays significantly enriched bacterial taxa (from the phylum to the species level). (B) Bar chart displays the LDA scores of the treatments. Significant differences are defined as P < 0.05 and LDA score >4.0. The classification level is from phylum to species. Bc, added with strain B. cereus AH7-7; Ctrl, no additives.
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FIGURE 8
 Principal component analysis (PCA); Bc, added with strain B. cereus AH7-7; Blac, added with strain B. cereus AH7-7, Lactobacillus plantarum, and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives.




3.8. 16S rDNA gene-predicted functional profiles of rape silage after 60 days of ensiling

The 16S rDNA gene-predicted functions of microbiota are shown in Figure 9. The main functions of each group were carbohydrate metabolism, amino acid metabolism, nucleotide metabolism, membrane transport, metabolism of cofactors and vitamins, translation, energy metabolism, replication and repair, and lipid metabolism. Compared with Ctrl group, the Bc and Blac groups, which inoculated with the B. cereus AH7-7 upregulated the metabolism of cofactors and vitamins, amino acid metabolism, translation, replication and repair, and nucleotide metabolism, and downregulated the carbohydrate metabolism, membrane transport, and energy metabolism. The Bc group increased lipid metabolism.
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FIGURE 9
 Histogram of function prediction results (A) and analysis of differences in metabolic pathways between Bc group and Ctrl group (B), Blac group and Ctrl group (C); Bc, added with strain B. cereus AH7-7; Blac, added with strain B. cereus AH7-7, Lactobacillus plantarum, and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives.





4. Discussion


4.1. Fermentation quality of rape silage

The pH value is an important indicator to assess the success of silage fermentation and to reflect microbial activity during ensiling (Kung et al., 2018). The pH values of the four study groups were lower than those of the previously described rape straw silage, regardless of whether B. cereus AH7-7 was added as a supplement (Li L. et al., 2019). The pH of Bc, Blac and Lac groups was in the range of good silage pH, while the pH of Ctrl group belonged to general silage pH (Abdelrahman et al., 2022). Lactic acid (LA) is the most important organic acid to rapidly lower silage pH (Kung et al., 2018). The lower pH level in the silage groups inoculated with B. cereus AH7-7 could be attributed to the increased LA formation by the additives. We speculated that the addition of B. cereus AH7-7 provided a beneficial fermentation environment for rape silage. Moreover, the low pH level may limit the growth of undesirable microorganisms because, on days 10, 30, and 60, no live Enterobacteria were detected in the silage.

The NH3-N level of silage is another direct index of silage quality (Hashemzadeh-Cigari et al., 2014). NH3-N represents the degree of proteolysis in the ensiling process, which is mainly from the plant enzymes that degrade proteins and the process of decomposition of proteins and amino acids by microorganisms (Wang et al., 2019). In the study, the groups that inoculated the exogenous strains as additives had lower NH3-N values. It demonstrated that the addition of exogenous strains can inhibit the activity of proteolytic bacteria, such as Clostridial (Wang et al., 2019). LA is the most important organic acid in the silage, which prevents the growth of spoilage microbes to minimize the loss of nutrients from the silage (Borreani et al., 2018). The water-soluble carbohydrate (WSC) content in fresh material affects the LA content during ensiling by promoting the fermentation of lactic acid bacteria (LAB) (Zeng et al., 2022). The ideal silage material should have a WSC content >50 g/kg dry matter (DM) (Li P. et al., 2019), and the rape material used in this research met this requirement with a WSC content of 72.43 g/kg DM. The result showed that the content of LA was increased when the B. cereus AH7-7 was added as the silage additive, especially in Blac group, indicating that the synergy of B. cereus AH7-7, L. plantarum, and L. buchneri produced greater effects on silage. The above results might be related to the higher WSC content in the group (Bc and Blac) inoculated with B. cereus AH7-7.

However, some anaerobic microorganisms may be present and decompose LA to produce acetic acid (AA) and propionic acid (PA), leading to a reduction in LA content (Shao et al., 2002). The AA in silage can effectively inhibit yeast growth, improving the stability of the ensiling process and reducing silage nutrient loss (Li and Nishino, 2013). L. buchneri is the main species to produce AA and PA in the silage (Krooneman et al., 2002; da Silva et al., 2018). The AA and PA contents were higher in the Bc and Blac groups, indicating the activity of L. buchneri during ensiling, which was supported by sequencing results indicating that the relative abundance of L. buchneri was higher in the groups inoculated with B. cereus AH7-7. The PA content at the end of the fermentation period of the groups (Bc and Blac) added with B. cereus AH7-7 was within the range of the high-quality silage (1–10 g/kg DM) (Wang et al., 2022a). Butyric acid (BA) reflects the nutrient loss in silage, and the better the fermentation, the less the BA (Wang et al., 2022b). Thus, compared to the Ctrl group, the groups with exogenous strain additives had a lower BA content, demonstrating that the addition of B. cereus AH7-7 could inhibit metabolic activity associated with the formation of BA.



4.2. Chemical composition of rape silage

The dry matter content and forage nutritional preservation are closely linked (Hu et al., 2009). The DM contents of the rape silage in this study ranged from 330.88 to 335.96 g/kg, which was higher than the DM contents of the rape straw silage studied by Li L. et al. (2019). Compared with the Ctrl group, the addition of B. cereus AH7-7 alone (Bc) could reduce the DM loss, and the effect was the same as that of the combination of B. cereus AH7-7, L. plantarum, and L. buchneri (Blac). Based on the results of pH values, we speculated that B. cereus AH7-7 could effectively promote pH reduction and reduce the consumption of DM by other microbes after its addition. Some reports on ruminal microorganisms applied to silage to reveal the effects of nutritional composition have been published (Lee et al., 2015; Li et al., 2018). Different from previous studies, B. cereus AH7-7 showed a unique characteristic in lignin-degradation ability. The degradation of structural carbohydrates during the ensiling to produce corresponding sugars could be attributed to acidolysis, enzymatic action, and microbial activity (Dewar et al., 1963). Lignin fills in the gap between cellulose and hemicellulose to limit the utilization of cellulose and hemicellulose (Zakzeski et al., 2010; Zhong et al., 2021). B. cereus AH7-7 could degrade lignin and expose readily hydrolyzable fiber fractions in silage, which were hydrolyzed by organic acids to yield more sugars. That might be the reason why the contents of WSC were higher in the groups that were inoculated with B. cereus AH7-7. Notably, the Blac group, which was inoculated with B. cereus AH7-7, L. plantarum, and L. buchneri additives, had the highest WSC level. This demonstrated that the synergy among bacteria might promote the production of WSC. Another reason might be that the lignin degradation reaction accelerated oxygen consumption, thereby inhibiting the activity of aerobic microorganisms and saving more fermentable sugars. The reduction of cellulose and hemicellulose contents and the increase of WSC contents in the Bc and Blac groups supported the above partially held view. The results showed that the addition of exogenous strains inhibited the protein hydrolysis of rape silage and improved the crude protein content of rape silage, especially in the Bc and Blac groups. This seems to be due to the fact that treatments with additives accelerated the decline of pH values and limited the hydrolysis processes of plant and microbial proteins. B. cereus AH7-7 has been proven to have the encoded gene for laccase (Zhong et al., 2022). The result was consistent with the previous report that laccase could improve the true protein content in silage (Bao et al., 2022). As expected, B. cereus AH7-7 degraded lignin in silage, resulting in a significant reduction in acid detergent lignin (ADL) content in groups supplemented with B. cereus AH7-7. Adding laccase before ensiling could reduce ADL content (Bao et al., 2022), and we speculated that the laccase produced by B. cereus AH7-7 promoted the degradation.



4.3. The microbial population of rape silage

The microbial population is closely related to the quality and microbial community of silage. Many LAB have been reported to improve the ensiling process, such as L. buchneri (Kung and Ranjit, 2001), L. plantarum (Xu et al., 2019), and Weissella (Ammor and Mayo, 2007), which produce quantities of LA in a short time, lower the pH, reduce the nutrition loss, and inhibit the growth of undesirable microorganisms, ultimately leading to high-quality silage (Weinberg and Ashbell, 2003; Ni et al., 2015). Previous studies indicated that the number of LAB on fresh materials should not be <5.00 log10 CFU/g FW (Wang et al., 2017). The number of LAB on fresh materials in this experiment met this requirement, which was 5.26 log10 CFU/g FW LAB in rape. During the ensiling period, the number of LAB in each group increased with time and was the highest at the end of fermentation (60 days). If a large number of undesirable microorganisms (>6.54 log10 CFU/g FW), such as yeasts and Enterobacter, are present in fresh rape, this might lead to poor fermentation quality. Yeast is an aerobic microbial species that competes with LAB for WSC (Spoelstra et al., 1988; Lv et al., 2020). In this study, the yeasts were found in the groups without B. cereus AH7-7 additives (Ctrl and Lac) after 10 days of ensiling, which might be one of the reasons affecting the fermentation quality and chemical compositions of silage at the end of fermentation. In silage, AA and PA have an antifungal effect. L. buchneri is the main species that produces AA and PA. The presence of yeasts in the Lac and Ctrl groups after 10 days of ensiling might be associated with low L. buchneri abundance and low levels of AA and PA. Additionally, the molds and Enterobacter were not detected after 10, 30, or 60 days of ensiling in this study. The low pH of rape silage might inhibit the growth of these microbes.



4.4. Bacterial diversity and composition of rape silage

The alpha diversity is used to estimate the richness, diversity, and evenness of species in bacterial communities (Chi et al., 2022). According to the Good's coverage values (> 99%) in all groups, the sequencing analysis sufficiently represented the real situation for the bacterial community of rape silage. In this study, the bacterial diversity was reduced in the B. cereus AH7-7 additive-treated silage groups compared with the no B. cereus AH7-7 additive groups. An established view is that microbial diversity is sharply reduced after ensilage, and the LAB occupy a dominant position. Ren indicated that the high quality of silage usually correlates with a lower microbial diversity (Ren et al., 2019). The decrease of bacterial diversity in the Bc and Blac groups may be due to the addition of B. cereus AH7-7, which accelerated the decline of pH values and inhibited the growth of other undesirable microorganisms. Furthermore, the PCA analysis also indicated that B. cereus AH7-7 could limit the growth of other microbes. The results showed that the B. cereus AH7-7 additive treatments reshaped the structure of the bacterial community of rape silage. The samples in the groups without adding B. cereus AH7-7 have greater differences. On the contrary, the microbial composition of the groups with B. cereus AH7-7 additive was more similar.

It has been proven that microbial additives can affect the quality of silage by changing the bacterial composition (Ni et al., 2017; Liu et al., 2019). In this experiment, the bacterial compositions of different silage groups at the phylum level were relatively similar, involving mainly Firmicutes. The results were consistent with previous studies on successful grass ensiling (Eikmeyer et al., 2013; Jiang et al., 2020). Ren also concluded that high-quality silage usually has fewer shared and unique bacterial OTUs (Ren et al., 2019). In this study, there were only 47 OTUs in total in the four groups. Compared with the treatments without B. cereus AH7-7, there were fewer OTUs in the groups Bc and Blac, which were added with B. cereus AH7-7. The addition of B. cereus AH7-7 might reduce OTUs and simplify the microbial composition of silage by inhibiting other microorganisms. LAB are common additives applied as stimulants to promote silage fermentation (Muck et al., 2018), which can improve livestock performance by inhibiting detrimental microbes and interacting with rumen microbes (Weinberg and Ashbell, 2003; Ellis et al., 2016). LAB promote the effective preservation of silage by producing LA (Blajman et al., 2018). After successful silage, the abundance of LAB expands, and LAB occupy the whole biota and become the dominant group (Guan et al., 2020), which is a key factor in evaluating the silage. Unexpectedly, the group inoculated with B. cereus AH7-7 alone and the group that applied the combination of B. cereus AH7-7, L. plantarum, and L. buchneri additives exhibited a dramatic Lactobacillus richness, probably because B. cereus AH7-7 inhibited the undesired bacteria, creating optimal conditions for the rapid growth of LAB. This observation was also confirmed by the alpha diversity analysis; the group with B. cereus AH7-7 additive alone and the group with the combination of B. cereus AH7-7, L. plantarum, and L. buchneri had the lowest microbial diversity. In addition to Lactobacilli, Weissella, Pediococcus, and Leuconostoc were also identified as LA production strains, which are known to function as the early initiators of silage LA fermentation but would be gradually outcompeted by Lactobacillus species as fermentation progressed (Cai et al., 1999). The abundance of the above strains was lower in the Bc and Blac groups, also showing that the B. cereus AH7-7 additive improved the advantage of Lactobacillus. Conversely, undesirable strains, such as Pantoea, which is a genus separated from the genus Enterobacter, compete with LAB for nutrients and increase BA content in silage (Lianhua et al., 2017). Erwinia has been reported to be a plant parasite that causes putrefaction (Pérombelon, 2002; Toaza et al., 2021), which can deteriorate the silage quality and affect the production of livestock (Flythe and Russell, 2004). Interestingly, according to the sequencing result, we found that the abundance of Erwinia and Pantoea in the group with no additive was higher than in the groups added with B. cereus AH7-7. Consequently, B. cereus AH7-7 efficiently reduces the pernicious strains in the silage process.



4.5. Functional profiles of rape silage

Predicting the functional profiles of the bacterial community contributes to evaluating the quality of silage. The main functions of each group were carbohydrate metabolism, amino acid metabolism, nucleotide metabolism, membrane transport, and metabolism of cofactors and vitamins, which were consistent with past reports (Wang et al., 2022a). As essential substances for plants, amino acids are essential for promoting primary metabolism and plant protein synthesis. Herein, the relative abundance of amino acid metabolism was higher in the B. cereus AH7-7 treated groups than the Ctrl group, the same as in the previous report that the silage with laccase additive (Bai et al., 2021). This phenomenon might be related to the increased LA content in the groups added with B. cereus AH7-7, as LA formation involves amino acid decarboxylation and arginine deamination (Bai et al., 2021).

Carbohydrate metabolism mainly contained gluconeogenesis and glycolysis metabolism (Kanehisa and Goto, 2000). In this study, the groups inoculated with B. cereus AH7-7 showed lower levels of carbohydrate metabolism, possibly due to lower bacterial diversity, which contributed to the carbohydrate metabolism process being mainly concentrated in LAB using WSC fermentation to produce LA, reducing the sugar fermentation process of other undesirable microorganisms. Higher LA content and LAB levels in the BC and Blac groups confirmed this result. The present research showed that the pathways of nucleotide metabolism, translation, and replication and repair were increased in the groups inoculated with B. cereus AH7-7. These increased genetic functions in the B. cereus AH7-7 treated silages were probably due to the existence of high-activity LAB. Previous studies found that the use of LAB additives can improve the yield of vitamins in silage (Zhang et al., 2020; Bai et al., 2021). B. cereus AH7-7 might play a similar role in silage, increasing the metabolism of cofactors and vitamins. In addition, compared with the Ctrl group, the relative abundance of energy metabolism and membrane transport was decreased in the groups inoculated with B. cereus AH7-7. The group added B. cereus AH7-7 alone, which increased lipid metabolism. B. cereus AH7-7 has the ability to degrade lignin, but we do not know the specific mechanism of its action in silage, which might mobilize metabolism routes linking to amino acids, lipids, and energy (He et al., 2021). Many phenomena still cannot be explained accurately. Hence, it is necessary to use some omics methods, such as transcriptome, metabolome, and proteomics, to further investigate the function of bacterial communities during ensiling.




5. Conclusion

A strain of B. cereus AH7-7 with lignin degradation ability and acid tolerance was screened and identified from buffalo rumen. The B. cereus AH7-7 enhanced fermentation quality and decreased fermentation loss of silage when inoculated in rape before ensiling. The contents of lactic acid, protein, and water-soluble carbohydrates were increased, and the contents of NH3-N, butyric acid, and acid detergent lignin were decreased in groups inoculated with B. cereus AH7-7. Meanwhile, the bacterial diversity of rape silage decreased, the relative abundance of Lactobacillus increased, and that of Pantoea and Erwinia decreased. The bacterial metabolic pathways in silage were mainly related to cofactors and vitamin metabolism, amino acid metabolism, and nucleotide metabolism. B. cereus AH7-7 inoculant could improve the fermentation quality, nutrient preservation, and bacterial community of rape silage, especially with the combination and synergy of B. cereus AH7-7, L. plantarum, and L. buchneri. The B. cereus AH7-7 additive can be a promising strategy for improving silage quality.
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Dry matter (%)

Water-soluble carbohydrates (% DM)

Crude protein (% DM)

Neutral detergent fiber (% DM)
Acid detergent fiber (% DM)

LAB (logy cfu/g FW)

Aerobic bacteria (logio cfu/g FW)
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denary logarithm of the numbers; cfu, colony-
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Item CON Ti1 T2 T3 SEM p-value

pH 594" 511° 507 4.68° 004 <0.0001
NH;-N (g/lkg DM) ~ 7.49* 4.28" 3.62° 2.50° 057 <0.0001
LA (g/kg DM) 2320°  3280°  3348°  3851° 160 <0.0001
AA (g/kg DM) 6432°  6670° 7623 8720 322 0.02
PA (g/kg DM) 144 152 177 189 0.09 0.28
BA (g/kg DM) 080 073 063 066 003 017
DM (%) 47.29 46.18 46.60 46.32 0.46 0.53
WSC(gkgDM) 344 334 3070 2865 007 <0001
CP (g/kg DM) 1018 10590 1034b¢ 1124 013 <0.0001
ADEF (g/kg DM) 35.66" 3534 3367%  3330° 038 0.03

NDF (g/kg DM) 67.49° 6669 64.42° 6438 053 0.04

DM, dry matter; WSC, water-soluble carbohydrates; CP, crude protein; ADE, acid
detergent fiber, NDF, neutral detergent fiber; NH;-N, ammonia nitrogen; LA, lactic aci
AA, acetic acid; PA, propionic acid; BA, butyric acid. CON, Samples without inoculant
T1, native grass inoculated with Lactobacillus plantarums
with Lactobacillus plantarum and Lactobacillus buchneri; T3, native grs
with Lactobacillus plantarum, Lactobacillus buchneri, and Pediococcus pentosaceus.
abe \tp < 0.05 level.

2, native grass inoculated
inoculated
M,

standard error of mean.
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Item FM CON T1 T2 T3 SEM p-value

No.of Sequence 58191 56301 55838 66705 67203 2706 054

Shannonindex  061° 035 023 004 025% 007 0.08
Chaol value 17000 9.11"  825° 1000 7.83% 123 0.08
Coverage 099 099 099 099 099 <0001 035

CON, Samples without inoculants; FM, fresh material
with Lactobacillus plantarum; T2, native grass
and Lactobacillus buchneri; T3, nat
Lactobacillus buchneri, and Pediococcus pentosaceus. SEM, standard error of n
b gignificant differences at p < 0.05 level.

T1, native grass inoculated
oculated with Lactobacillus plantarum

grass inoculated with Lactobacillus plantarum,
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Lactic acid
bacteria

Aerobic bacteria  Coliform bacteria Yeasts

Material 1.63x10° 3.07x107 534x10° 1.63x10° 121x10°
Silage 100%10° 263x10° 1.10x10°

Material 1.74x10° 1.83x 107 2.79x10° 1.35x10 9.89x10"
Silage 100%10° 363%10° 1.28x10°

Material 1.52x10° 534x 107 242x10" 1.28x10" 134x10"
Silage 6.17x107 240%10° 1.38x10°

Material 137%10° 534%10° 3.09%10° 3.82x10° 231x10°
Silage 5.01x10° 1.07x 10 1.38x10°

Material 124x10° 234x10° 807x10° 160x10' 492x10°
Silage 107x10° 118x 10 ND L17x10° ND

BN, Baical Needgrass; CL, China Leymus; SH, Scabrous Hideseedgrass; RM, Ruthenia Medic; SP, Slenderleaf Pulsatil,
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Groups number Coverage olindex  Aceindex hannon index = Simpson index
TISIDY 951 0.999 412,68 383.35 324 078
TISIDIS 938 0999 398.02 400.48 247 069
TISID36 640 0.999 28237 373.98 242 068
TIS2D9 737 0.998 30449 3117 251 072
TIS2DIS 708 0.998 32044 32319 247 069
TIS2D36 671 0.999 33003 360.57 272 077
T2S1D9 717 0.999 29952 298.52 091 024
T2SIDI8 785 0.998 359.05 345.59 171 054
T251D36 809 0.999 3635 366.13 196 055
T252D9 724 0.998 32032 32391 127 041
T252D18 637 0.999 29418 20872 164 054
T252D36 816 0.998 369.75 367.77 187 05

Incubation temperature T1:25°C; T2: 45°C respectively; Soluble sugar concentration S1:0.4 g: $2:

6g Incubation time D9:9h; D18:18h: D36: 36h
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Item Content

DM (g/kg FM) 217084177
WSC (g/kg DM) 2330041230
CP (g/kg DM) 862540.60
NDF(g/kg DM) 481932281
ADF(g/kg DM) 23262390
Nitrate (mg/kg DM) 55205543675
Lactic acid bacteria (Ig CFU/g FM) 4355009
Coliform bacteria (Ig CFU/g FM) 5294007
Yeast (Ig CFU/g FM) 4935054
Mould (Ig CFU/g FM) 8049

DM, dry matter; EM, fresh matter; WSC, Water soluble carbohydrate; CP. crude protein;

NDE, neutral detergent fiber; ADF, acid detergent fiber; CFU, colony-forming units.
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ltem Ensiling days Treatment SEM Significance

CK LB LBR BS I D TxD
pH 1 414 414 419 419 0,003 <0.001 <0001 <0.001
3 397Ab 3.908b 376Ch 378Ch
7 362A¢ 3644 359Bc 363Ac
15 354ABd 3.56Ad 3510d 352BCd
0 351Bd 353Ad 345Ce 347Ce
LA (g/kg DM) 1 36.63¢ 39.26d 38.29¢ 35.19¢ 0499 <0.001 <0001 0030
3 46.59Bb 52.13Bc 64.224b 61.16Ab
7 8247 80.43b 86.68 83.98
15 78.67Ba 8253ABab  §7.28Aa 84.22ABa
a0 8273Ba 8483Ba 926140 89.79A0
AA (g/kg DM) 1 981b 1041d 10.17b 8.6 0.024 <0.001 <0.001 <0.001
3 12.09ABab 13.10Acd 10.838b 10.37Bed
7 13.03ab 1401be 1230ab 12.683b
15 14682 16.34b 1134b 11.57be
I 17838 27230 13.73Ca 1451Ca
BA (g/kg DM) 1 ND ND ND ND - - - -
3 ND ND ND ND
7 ND ND ND ND
15 ND ND ND ND
I ND ND ND ND
NH,N %TN 1 099 1.78b L69%c 1asd 0.087 0915 <0001 0372
3 1.98bc 183 207¢ 204cd
7 268b 222 3.06b 274be
15 461a 3908 323 332b
0 5002 488 531 525
Lactic acid 1 849Ab 849Ab 832Bc 837Bc 0,029 <0.001 <0001 <0.001
bacteria
(Ig CFU/g EM) 3 8.28Bc 8.52ABb 871Ab 8.67Ab
7 903 899 9.08 9.14a
15 8.49Ab 8.64Ab 804Bd 8.05Bd
0 7.86Bd 7.95A¢ 635De 6.0Ce
Coliform 1 4.70C 5.18BC 532AB 5847 - - - -
bacteria
(Ig CFU/g FM) 326 <200 <200 <200
7 <200 <200 <200 <200
15 <200 <200 <200 <200
I <200 <200 <200 <200
Yeast 1 557 5508 5984 596A - - - -
(Ig CFU/g FM) 3 <200 <200 <200 <2.00
7 <200 <200 <200 <200
15 <200 <200 <200 <200
0 <200 <200 <200 <200
Mould 1 <200 <200 <200 <200 - - - -
(Ig CFU/g FM) 3 <200 <200 <200 <200
7 <200 <200 <200 <200
15 <200 <200 <200
0 <200 <200 <200

LA, Lactic acid; AA, Acetic acid; BA, Butyric acid; NH,-N, ammonia nitrogen; DM, dry matter; EM, fresh matter; TN, total N; CFU, colony-forming units; CK, control; LB, Lactobacillus
buchneri; LB, Lactobacillus brevis; BS, Bacillus sublilis. Different capital letters indicate differences between treatment groups at the same time, different lowercase leters indicate
different slage times for the same treatment at the 0.05 level: no letter mean no significant difference. SEM, Standard error of the mean; T, treatment; D, Ensiling days: Tx D, The
interaction between treatment and ensiling days; ND, Not detected.
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Item Treatment SEM P-value

CK LB LBR BS
DM 214.34 215.53 219.54 217.27 1.290 0.606
(g/kg FM)
WSsC 2566 2095 2569 2064 1501 0605
(g/kg DM)
cp 90.22BC 93.90AB 89.67C 97.04A 1079 0.004
(g/kg DM)
NDF 463.32 467.86 486.28 476.20 3.594 0.089
(g/kg DM)
ADF 226.68 214.25 22530 219.18 3.165 0.541
(g/kg DM)

DM, dry matte; FM, fresh mater; WSC, Water soluble carbohydrate; CB crude protein; NDF; neutral detergent fiber; ADF, acid detergent fiber; CK, control LB, Lactobacillus buchneri; LBR,
Lactobacillus brevis; BS, Bacillus subtilis. Different capital letters indicate differences between treatment groups; no letter mean no significant difference. SEM, Standard error of the mean.
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Item Ensiling days Treatment SEM Significance

CK LB LBR BS T D TxD
Shannon 1 1.23Ba 1.19Ba 1.36Aa 141Aa 0.032 0.050 <0.001 0436
3 0.95ab 0.85b 0.84ab 0.85b
7 0.45b 0.60b 091ab 0.54b
15 0.55b 03lc 1.01ab 0.59b
0 0.62b 0.58b 0.65b 053b
1 045¢ 0.48¢ 0.40b. 036b 0.013 0.092 <0.001 0271
3 0.55bc 0.67b 0.68a 0.68a
7 0.84a 0.79ab 0652 0.80a
15 0.80a 0.90a 0.66a 08la
40 0.75ab 0.79ab 0772 0.82a
Ace 1 91.54ab 70.27 88.43b 110.05ab 4.899 0.008 <0.001 0.177
3 96.19ab. 85.80 89.90b 75.80b
7 59.23b 80.38 90.58b 144.65ab
15 164.91a 10165 180.38a 174.79ab
40 154.64ABa 107.33B, 95.70Bb 192.08Aa
Chao 1 63.70C 82.99Bb 106.37A 4460 0.005 <0.001 0.291
3 . 16b 75.65 80.38b 65.37
7 51.90b 7253 73.83b 130.74
15 113.13ABa 89.54B 175.37Aa 172.52AB
40 119.10ABa 92.228 97.31Bb 145.28A
Coverage 1 0.9995ABa 0.9996Aa 0.9995ABa 0.9993Bab 0.000 0.036 <0.001 0454
3 0.9994a 0.9995a 0.9994a 0.9996a
7 0.9996a 0.9995a 0.9995a 0.9992ab
15 0.9991b 0.9992b 0.9989b 0.9987b
40 0.9990ABb 0.9992ABb 0.9993Aa 0.9989Bab

CK. control; LB, Lactobacillus buchneri; LBR. Lactobacillus brevis; BS, Bacillus subtils. Different capitalletters indicate differences between treatment groups at the same time. Different
lowercase letters indicate different silage times for the same treatment at the 0.05 level no letter mean no significant difference. SEM, Standard error of the mean; T treatment; D, Ensiling days;
T D, The interaction between treatment and ensiling days.
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Sample name Observed species ACE Chaol Shannon Goods coverage

Fresh 360% 418.04% 387.95% 4.15% 0.9994
LD-CK 78 94.23F 87.23F 3.63P 0.9994
MD-CK 214C 287.49% 268.48 2236 0.9994
HD-CK 54H 87.43G 82.63G 3.49F 0.9994
LD-CE 64F 78.51H 77.45H 3.76C 0.9994
MD-CE 204P 250.02P 246.09P 4,048 0.9994
HD-CE 63F 87.346 82.036 2.73F 0.998%
LD-LP 40 168.11 153.24) 0.85K 0.9994
MD-LP 46" 78.62H 162.25! 25! 0.998%
HD-LP 33K 4557 40.96" 2,151 0.9994
LD-CE+LP 57G 214.73F 97.62F 0.96) 0.9994
MD-CE+LP 2298 267.86C 251.72¢ 211 0.9994
HD-CE+LP 241 56.22) 45.88K 0.95 0.9984
SEM 0.66 0.27 0.44 0.01 0.00

P-value <0.001 <0.001 <0.001 <0.001 0.648

CK, control; LP, L. plantarum; CE, cellulase; LP+CE, combination of L. plantarum and cellulase. Fresh, fresh oat sample; LD, the moisture content is approximately 67%; MD, the moisture
content is approximately 75%; LD, the moisture content is approximately 81%. SEM, standard error of means. Significant differences (P < 0.05) among the different treatments are

indicated by capital letters.
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Items

pH

NH;-N
(g/kg TN)

Lactic acid

(g/kg DM)

Acetic acid
(g/kg DM)

Lactic
acid/acetic

acid

Propionic
acid (g/kg
DM)

Butyric acid
(g/kg DM)

CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP+CE, combination of Lactobacillus plantarum and ce’

Moisture

LD
MD
HD
LD

MD
MD
LD

MD
HD
LD

MD
HD
LD

MD
HD
LD

MD
HD
LD

MD
HD

30 Days 60 Days

CK CE Lp LP+CE CK CE LP LP+CE
523 4565 400 3914 5034 44982 3.83¢ 3.69¢
43980 43650 3.88DB0  379DEb 4754 4119 374PE 3.64F
44450 3.96Pb 400 3.79P® 4.96* 3.79P® 3870 3.59F
842047 61.648% 3476 28.01P2 68298 59.15¢  29.48P%  30.16"2
39,0950 33.63% 14.84EF> 3.08% 46534 30.19P¢ 16.78%  16.69%
42.53Bb 34,96 23.78D¢ 5.85E0 542540 3858BCb  3330Ca g agba
2.44Fb 5.91C¢ 9.3gAab 9.434b 2.00E 3.44D¢ 8.0980 9.454b
5.89% 7.07% 102952 3114 145 545%™ 79800 9260
5.49D2 11.08% 929 2.9542 090%  10.84B  951% 3514
1.334 1.025¢ 10848 0.928%  074D2 58D g3BCD 0 g5BCD
0.580 0.898 1162 .184a 0.26Pb 0.40Pb 0.888 0.838
0.46P> 0.85¢ 1.09AB 1340 0.43Pb 0.69CPa  .96ABC 164
84CP 5.915¢ 8.72AB 0.274 2.74Cb 6.1350 9.834 2.064
0.648Ca  7.9CDb 8915C 1.114B 5.8CP2 13.694% 9.11B¢ 1.684B
2.008C2 137948 g54C 1.648¢ 2,090 16.24%2 10.978¢ 1.678¢
1748 1.17AB 1.23AB 2648 1.2ABa 0.9380 14343 434
074 1.104 1154 104 0.2980 0.508¢ 1.044b 074
.11BC 1.17ABC 1.18ABC .12BC 0.96°2 1.314Ba 1.4744 .30AB
0.118b 0.088b 0.288 0.228b 1.794b 1714 0.208 0.188
0.798Cab o g7BCa 0.26 0.3442 3.084 1.64P 0.174 0.154
1.11Ba 0.56520 0.16° 0.2782b 3.624 0.608 0.268 0.258

SEM

0.016

0.381

0.042

0.017

0.217

0.021

0.055

Effect (P-value)

0.036

0.014

<0.001

<0.001

0.886

0.086

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.01

<0.001

<0.001

0.048

DxT DxM

<0.001

0.045

<0.001

0.095

<0.001

<0.001

<0.01

0.105

<0.001

<0.001

<0.01

0.098

<0.001

0.873

TxM

<0.001

<0.001

<0.001

<0.001

<0.001

0.103

<0.01

DxTxM

<0.01

<0.001

<0.001

0.250

<0.001

0.244

<0.001

lulase. Different lowercase letters show significant differences among the same additive treatments in the different moisture contents (P < 0.05);

different capital letters show the same significant differences among moisture contents in the different additions (P < 0.05). DM, dry matter; NH3-N, ammonia nitrogen; TN, total nitrogen; LD, the moisture content is approximately 67%; MD, the moisture

content is approximately 75%; LD, the moisture content is approximately 81%; SEM, standard error of means; D, ensiling days; T, additive; M, moisture content; D X T, the interaction between the additive and ensiling days; D x M, the interaction between

ensiling days and the moisture content; T x M, the interaction between the additive and moisture content; and D x T x M, the interaction between ensiling days, the additive and moisture content.
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Items Moisture
Lactic acid LD
bacteria log
cfu/g FM
MD
HD
Enterobacteriaceae LD
log cfu/g FM
MD
HD
Yeasts log cfu/g LD
FM
MD
HD
Molds log cfu/g LD
FM
MD
HD

30 Days 60 Days
CK CE LP LP+CE CK CE LP LP+CE
6.90AB 7.184B  6.15BCb 6.59AB 7.674 6.87ABa  508BC 5.560
7.19AB 72228 69082 6.898 7.80% 7.09482  713AB 6.76%
6.961B 7.234 6.804BCa 6.42CD 6.44BCD 6 08Db  §90ABC 5 ggDab
0.8374 0.008 0.008 0.008 0.008 0.008> 0.241® 0.256"
0.00 0.00 0.00 0.00 0.00 0.285%  0.30 0.55
0.008 0.008 0.008 0.038 0.278 0.7842 0.008 0.008
3.9244* 0,008 0.00* 3.35B 0.908 0.008 0.008 1.30®
1.133> 0.00 0.00 2.06 1.13 3.03 1.96 3.48
0.008b 0.00B 0.00B 1.2048 1.184B 3.394 0.008 2.84P
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SEM

Effect (P-value)

0.055 0.081 <0.001

0.028 0.037 <0.001

0.205 0.131 <0.01

ND ND ND

<0.001

<0.001

0.550

ND

DxT DxM

0.014

<0.001

0.134

ND

0.063

<0.001

0.008

ND

TxM

0.027

<0.001

0.293

ND

DxTxM

0.151

<0.001

0.815

ND

CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP+CE, combination of Lactobacillus plantarum and cellulase. Different lowercase letters show significant differences among the same additive treatments in the different moisture contents (P < 0.05);

different capital letters show the same significant differences among moisture contents in the different additions (P < 0.05). DM, dry matter; NH3-N, ammonia nitrogen; TN, total nitrogen; ND, none Detected; LD, the moisture content is approximately

67%; MD, the moisture content is approximately 75%; LD, the moisture content is approximately 81%; SEM, standard error of means; D, ensiling days; T, additive; M, moisture content; D x T, the interaction between the additive and ensiling days; D x M,

the interaction between ensiling days and the moisture content; T x M, the interaction between the additive and moisture content; D x T x M, the interaction between ensiling days, the additive and moisture content.
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Items

NDF g/kg DM

ADF g/kg DM

Hemicellulose
g/kg DM

Cellulose g/kg
DM

ADL g/kg DM

AIA g/kg DM

CK, control; LP, Lactobacillus plantarum; CE, cellulase;
different capital letters show the same significant differences among moisture contents in the different additions (P < 0.05). DM, dry matter; TN, total nitrogen; LD, the moisture content is approximately 67%; MD, the moisture content is approximately
75%; LD, the moisture content is approximately 81%; NDEF, neutral detergent fiber; ADE, acid detergent fiber; ADL, acid detergent lignin; AIA, acid-insoluble ash; SEM, standard error of the mean; D, ensiling days; T, additive; M, moisture content; D x T,
the interaction between the additive and ensiling days; D x M, the interaction between ensiling days and the moisture content; T x M, the interaction between the additive and moisture content;and D x T x M, the interaction between ensiling days, the

Moisture

LD
MD
HD
LD
MD
HD
LD

MD
HD
LD

MD
HD
LD

MD
HD
LD

MD
HD

additive and moisture content.

CK

491.6Ab
498.75Ab
510.40Aa
287.62A
288.63A
280.40A
203.98Cb

210.12Cb
230ABa
256.03A

253.77A
253.81A
26.25
28.73
23.14
535
6.13
3.45

30 Days

CE LP
461.08%*  486.84P
428.74™  486.14P
461.03% 497514
270.558 282464
241.58% 285774
241.34°  280.29%
190.53Pb  204.35¢
187.16%  200.33P
219.694B  217.21BC
242.0582 254.084
213.11% 252544
213.67°P> 254244
25.31 22.86
24.07 29.66
24.43 23.54
3.19 5522
4.41 3,573
3.25 2.51°

LP+CE

42930
404.88F
433.09P2
247.62¢
228.018¢
235.72€P
181.68%

176.87%
197.36
217.79¢

201.265¢
209.32P
24.72
22.15
24.35
5.11
4.59

2.05

CK

490.0340
474.45C¢
506.56
242,980
233.558Ch
262.482
247.054

240.914
244.16%
216.41C

206.125¢0
233.7982
24.11
24.39
24.17
2.46

3.04

4.44

60 Days
CE LP
476.42%  481.674B
447.34P° 4621170
471.428% 494 5642
238.21%  239.54C2b
216.33CP> 222, 63BCDb
233.74P2  253.21BC
2382148 2421348
231.014B 239474
237.68AB 242354
209.89%2  212.49Cb
188.99€P  195,6BCP
206.06P*  227.62B%
2372 24.13
2470 24.06
2378 20.51
4.60 2.93
2.64 2.97
3.90 4.09

SEM

LP+CE

442.82P2 072
420.38
4495702
205.53PP 092
204.91PP
233.11P2
237.2882 .187

215470
216.46%¢

183.17P°>  0.940

173.38P0
205.72P2
20.37
29.02
25.14
1.99 0.235
250

0.528

2.25

0.239

<0.001

<0.001

<0.001

0.384

0.051

<0.00

<0.00

<0.00

<0.001

0.909

0.474

<0.00

<0.00

<0.00

<0.001

0.188

0.506

Effect (P-value)

DxT DxM TxM DxTxM

<0.001

<0.001

0.552

<0.001

0.646

0.467

0.208

<0.001

<0.001

<0.001

0.873

0.033

<0.001

<0.001

0.552

<0.001

0.649

0.467

0.253

0.204

0.837

0.546

0.296

0.652

LP+CE, combination of Lactobacillus plantarum and cellulase. Different lowercase letters show significant differences among the same additive treatments in the different moisture contents (P < 0.05),
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Items Moisture 30 Days 60 Days SEM Eftect (P-value)

CK CE LP LP+CE CK CE LP LP+CE D T M DxT DxM TxM DxTxM
DM g/kg FM LD 255.77¢ 260.10° 258.16° 264.68°  252.80°  254.21 257.05° 260.59° 1354 <0001 <0.001 <0001 <0.001  <0.001 0.037 0.131
MD 199.02°  204.728Cb  213.634B> 221,004 19754 201.57C  211.67AB>  245,054B0
HD 184.52B%  188.04ABCc  187.07ABCc  194.99Ac  181.80°*  185.21BC  183.59BCc  191.414B¢
CP g/kg DM LD 73.12> 76.00° 76.40 78183 7593 78.62 79.512 78.86 0.782 0495  <0.01 <0.001  0.618 0.018 5543 0.711
MD 83.4382 84.58B2 83.958 94.134 76,030 80.56%¢  80.12BC2  85.12P
HD 71.35" 74.36" 76.10 82.63" 77.32 79.10 70.76" 81.98
WSC g/kg DM LD 21.59€Pb 25478 25.125€ 30.814 21.07°  21.83P® 227650 2467BCPd 0163  <0.001 <0.001  <0.01  0.180 0.692 0.661 0.145
MD 23.94% 26.858 25.128¢ 30.074 20630 24.10%  2337¢ 27.7752
HD 22,560 2628 24.336P 28.114 20.56% 22810 227D 25.56D2b
Glucose g/kg DM LD 2.39CDe 3.8280 2.98¢ 4.6840 1850 576D 9 46CPb 4 46AB 0.047 <0001 <0.001 <0001  <0.01 <0.001  <0.001 <0.001
MD 3.80CDa 5.9242 3.09P 6.1742 2.21F 4.665 3.26P2 4.308¢
HD 3.07¢P 4.13% 2.39P 3.64BP 2.10P2 4,118 2.11Pb 4,745
Fructose g/kg DM LD 8.73BCab 11,9348 12.44AB2 13.804 5.96C0 9.158¢ 8.388C 11.694B 0365  0.029  <0.001  0.003 0.922 0.112 0.762 0.799
MD 12,6548 14.70AB 13.054B2 17.644 9.8652 12.9948  10.28P 14.59
HD 5.915b 13.56% 7.35480 14.074 8.184B2 119348 10.574B 12.43A8
Sucrose g/kg DM LD 5.05¢ 8.984 5.44P 9.50A% 2.62° 5.07¢ 6.78" 7.218 0.202  <0.001 <0.001 0596  0.528 0.223 0.037 <0.01
MD 4.99P 5.15P 9.4342 54850 4600 6,058C  4.20P° 6.85°
HD 5.754B 8.04AB 6.65480 9.4842 3.748 5.648 2.658¢ 7.621B

CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP+CE, combination of Lactobacillus plantarum and cellulase. Different lowercase letters show significant differences among the same additive treatments in the difference in moisture content
(P < 0.05). Different capital letters show the same significant differences among moisture contents in the difference additive (P < 0.05). DM, dry matter; FW, fresh weight; LD, the moisture content is approximately 67%; MD, the moisture content is
approximately 75%; LD, the moisture content is approximately 81%; CP, crude protein; WSC, water-soluble carbohydrate; SEM, standard error of the mean; D, ensiling days; T, additive; M, moisture contents; D x T, the interaction between the additive
and ensiling days; D x M, the interaction between ensiling days and the moisture content; T x M, the interaction between the additive and moisture content; D x T x M, the interaction between ensiling days, the additive and moisture content.
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Items

pH
Dry ma

ter (g/kg FM)

Crude protein (g/

Neutral
Acid de

Hemice

Cellulose (g/kg DM)

Acid de

detergent
ergent fib
lulose (g/

ergent lig

Water-soluble carl

kg DM)

fiber (g/kg DM)
er (g/kg DM)

kg DM)

nin (g/kg DM)
bohydrates (g/kg DM)

Glucose (g/kg DM)

Fructose (g/kg DM)

Sucrose (g/kg DM)

Lactic acid bacteria (log cfu/g FM)

Enterobacteriaceae (log cfu/g FM)
Yeasts (log cfu/g FM)

FW, fresh weight; DM, dry matter; SEM, standard error.

Fresh oats

6.26 +0.003
212.00 £ 1.15
83.64 +3.75
596.37 +23.82
328.63 £13.73
280.82 +17.94
267.74 £ 19.04
46.30 £8.76
59.43 +0.46
23.50 £ 0.61
15.31£0.13
11.13£0.27
3.96 £0.14
5.374+0.33

5.30 £0.15
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Item Alfalfa

Dry matter (g/kg FM) 357
pH 619
CP (g/kg DM) 25
NDF (g/kg DM) 406
ADF (g/kg DM) 329
ADL (g/kg DM) 667
Hemicellulose (g/kg DM) 773
Cellulose (g/kg DM) 263
WSC (g/kg DM) 192
LAB (log, cfu/g FM) 416
Yeasts (log,, cfu/g FM) 162

EM, fresh matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent
fiber; ADL, acid detergent lignin; WSC, water-soluble carbohydrate; LAB, lactic acid
bacteria.
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Item

pH
Lactic acid
(g/kg DM)
Acetic acid
(g/kg DM)
Lactic:acetic
acid
Propionic acid
(g/kg DM)
Butyric acid
(g/kg DM)
Ethanol
(g/kg DM)
NH;-N
(g/kg TN)
AAN

(g/kg TN)
DML (g/kg)
LAB (logi,
cfulg FM)
Yeasts (log,
cfulg FM)

CK

505
439"

386

L

031

197

601

1252

392

67.5
7.88"

ND

Treatments
LA PL
469" 453
588 656"
263" 185
224 355"
ND ND
1048 055
386" 320°
895" 778
364 3467
568" 452
8218 819
ND ND

LPL

4410

757

182¢

415

ND

029

244¢

65.1¢

325¢

39
826

ND

SEM

007
349

250

035

019

040

677

7.50

381
005

Value
ofp

<0.001
<0.001

<0.001

<0.001

<0.0001
<0001
<0001
<0001

<0.001
<0.001

NH,-N, ammonia nitrogen; AA-N, free amino acid nitrogen; DML, dry matter losses;

LAB, g

id bacteria; ND, not detected.

CK, no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL, laccase + Pediococcus

pentosace

Within a row, means without a common

iperscript letter (a-d) differ (p<0.05).
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Item

DM (g/kg FM)
CP (g/kg DM)
PA (g/kg CP)
PB (g/kg CP)
NDF (g/kg DM)
ADF (g/kg DM)
ADL (g/kg DM)
Hemicellulose
(g/kg DM)
Cellulose (g/kg
DM)

WSC (g/kg DM)

CK
353
219
631
276
407"
341
689"
657"

Treatments
LA PL
363 361

25 228
604" s8I
290 3200
365 384
36 3290
5750 672
94 56
258 262"
206 119

SEM
LPL
364 1.80
230 1.66
5570 832
346" 7.88
362 542
310° 362
548" 185
514 193
256° 1.98
18.3" 137

Value
ofp

0074

o114
<0001
<0001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

EM, fresh matter; CP, crude protein; PA, non-protein nitrogen; PB, true protein; NDE,
natural detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; WSC,

water-soluble carbohydrate.
CK. no additives; LA, laccase; PL, Pediococcus pentosaceus; LPL laccase + Pediococcus

pentosace

Within a row, means without a common

iperscript letter (a-d) differ (p<0.05).
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Samples

YC1
PC3
BP17
CK
GFJ
SEM

P-value

pH

4.98bc
4.90c
4.89¢

5.35ab
5.42a
0.08
0.021

NHs-N

(%TN)

6.72b
6.11c
6.15¢
9.12a
7.19b
1.17
<0.001

LA

(%DM)

6.40b
4.51c
10.94a
4.47c
4.57¢c
0.68
<0.001

AA

(%DM)

0.82bc
1.83a
1.09b
0.62¢c

0.77bc
0.12

<0.001

3~¢Means in the same column with different letters differ significantly from each other

(P < 0.05).

NH3-N, ammonia nitrogen; TN, total nitrogen; LA, lactic acid; AA, acetic acid;
DM, dry matter; YCI, Lactiplantibacillus plantarum; PC3, Levilactobacillus brevis;
BP17, Lactiplantibacillus plantarum; CK, control without additives, applied at 5 mL

kg_l EM 0.9% physiological saline; GFJ, Gaofuji, a commercial inoculant containing

Lactiplantibacillus plantarum and Lentilactobacillus buchneri; SEM, standard error of

means. No propionic acid or butyric acid was detected in any paper mulberry silage.
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Samples Observed species Shannon Chaol Ace Coverage

Fresh
158 3.98 16529 166.68 0.9997
Silage
YC1 100d 323b 105.63d 105.47¢ 0.9998
PC3 98d 293¢ 101.88d 105.04¢ 0.9998
BP17 1lle 381 124.15¢ 123.53d 0.9997
CK 130b 3.43b 135.25b 138.37¢ 0.9998
GF 142b 3.57b 165.00a 157.81b 0.9996
SEM 2422 038 27.81 26.10 0.00
P-value 0.035 0.026 <0.001 <0.001 -
#=¢Means in the same column with different letters differ significantly from each other (P < 0.05).

YCI, Lactiplantibacillus plantarum; PC lactobacillus brevis; BP17, Lactiplantibacillus plantarum; CK, control without additives, applied at 5 mlL kg™ EM 0.9% physiological saline;
38, Gaofuji, a commercial inoculant containing Lactiplantibacillus plantarum and Lentilactobacillus buchneri; SEM, standard error of means; “~" default.
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Samples Observed Shannon Chaol Ace Coverage

species

Fresh

240c 2.78b 257.53c  263.59¢ 0.9992
Silage
YC1 276b 5.47a 287.54b  291.02b 0.9995
PC3 233c 5.20a 249.11c ~ 258.93c¢ 0.9993
BP17 279b 5.15a 302.08b  292.28b 0.9995
CK 316a 5.59a 380.69a  360.49a 0.9990
GFJ] 285b 4.75a 308.64b  310.31b 0.9991
SEM 30.70 1.04 47.12 36.95 0.00
P-value 0.044 0.035 0.038 0.021 -

*~¢Means in the same column with different letters differ significantly from each other
(P < 0.05).

YC1, [Lactiplantibacillus  plantarum; PC3, Levilactobacillus brevis; BP17,
Lactiplantibacillus plantarum; CK, control without additives, applied at 5 mL
kg=! FM 0.9% physiological saline; GFJ, Gaofuji, a commercial inoculant containing
Lactiplantibacillus plantarum and Lentilactobacillus buchneri; SEM, standard error of
means; “-,” default.
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Items Strains

YC1 PC3 BP17
Sources Phalaris arundinacea silage Pickle Fresh leaves of PM
Species Lactiplantibacillus plantarum Levilactobacillus brevis Lactiplantibacillus plantarum
Shape Rod Rod Rod
Fermentation type Ho He Ho
Gram strain + + +
Catalase activity - - -
Gas for glucose - + -
Growth at temperature (°C)
5 + - -
10 + w w
15 * e +
20 + + +
25 + + +
30 + + +
35 + * +
40 w + +
45 w w +
Growth at pH
3 + - +
35 + w +
4 + & +
45 + + +
5 + + +
6 + + +
7 + + +
8 + + +
Growth in NaCl, % (w/v)
3 + + +
6.8 + + +
Acid production (pH value)
24h 4.96 383 385
48h 4.00 3.96 392
72h 4.03 394 393
Carbohydrate fermentation
Galactose + + +
Lactose + + +
Sucrose + ¥ +
Maltose + + +
Cellobiose + + +
Inulin + + +

YCI, La
+, positive; -, negative.

plantibacillus plantarum; PC3, Levilactobacillus brevis; BP17, Lactiplantibacillus plantarum; PM, paper mulberry; He, heterofermentative; Ho, homofermentative; w, weak;
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Samples

Fresh

Silage
YC1
PC3
BP17
CK
GFJ
SEM

P-value

LAB Molds Yeasts Aerobic Coliform
bacteria bacteria
(log cfu/g of FM)
2.75¢ 4.81a 3.89a 6.19a 5.23a
583b  4.03b 2.34b 3.82b 3.62b
892a  1.72d 2.62b 3.79b 2.03¢
8.63a  1.27d 2.49b 3.68b 2.21c
588b  3.05c 2.46b 3.81b 3.77b
543b  3.18¢c 2.54b 3.77b 3.84b
0.91 0.42 0.29 0.61 0.22
0.005  0.032 0.046 0.033 0.044

2=dMeans in the same column with different letters differ significantly from each other

(P < 0.05).

LAB, lactic acid bacteria; FM, fresh matter; cfu, colony forming units; YCI,
Lactiplantibacillus plantarum; PC3, Levilactobacillus brevis; BP17, Lactiplantibacillus

plantarum; CK, control without additives, applied at 5 mL kg™! FM 0.9% physiological
saline; GFJ, Gaofuji, a commercial inoculant containing Lactiplantibacillus plantarum

and Lentilactobacillus buchneri; SEM, standard error of means.
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Samples

Fresh

Silage
YC1
PC3
BP17
CK
GFJ
SEM

P-value

DM
%FM

22.12

33.88
32.57
33.01
33.22
32.69
0.96
0.131

CP

23.58

19.01b
20.33a
19.78a
18.65¢
19.06b
0.71
0.003

WSC NDF ADF

7.58

2.25b
2.62b
1.81c
3.11a
3.01a
0.14
0.001

% DM

30.39

27.09a
22.22b
19.51b
22.68b
2791a
1.95
0.001

14.88a
10.64b
10.08b
11.23b
15.91a
0.73
0.004

IVDMD

89.93a
90.02a
92.86a
89.22a
85.18b
3.00
0.007

3~CMeans in the same column with different letters differ significantly from each other

(P < 0.05).

DM, dry matter; FM, fresh matter; CP, crude protein; WSC, water-soluble carbohydrate;
NDE neutral detergent fiber; ADE, acid detergent fiber; IVDMD, in vitro dry matter
digestibility; YC1, Lactiplantibacillus plantarum; PC3, Levilactobacillus brevis; BP17,
Lactiplantibacillus plantarum; CK, control without additives, applied at 5 mL kg™!

EM 0.9% physiological saline; GF], Gaofuji, a commercial inoculant containing

Lactiplantibacillus plantarum and Lentilactobacillus buchneri; SEM, standard error of

means.
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Item od
Shannon index 6.18%
Observed features 4982
Pielou evenness 0.69%
Faith PD 22.492

1d

6.112

462°
0.69*
21.21%

3d

4.91°
370>
0.58>
18.28°

7d

5.22b
3710
0.61°
17.72b

14d

4.67°
307>
0.57°
16.11b¢

28d

3.83¢
240°¢
0.48¢
15.36¢

56d

3.29¢

1954

0.43°

13.104

SEM

0.196
20.5
0.018
0.592

P-value

<0.01
<0.01
<0.01
<0.01

#~dMeans in the same row followed by different superscript letters differ (P < 0.05). SEM, standard error of means.
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Item 0d 1d 3d 7d 14d 28d 56d SEM P-value

Dry matter, % 23.532 23.67% 23442 2336 23.322 22.62% 22,03 0.149 0.01
Dry matter loss, % - 0.00° 0.404 1.70° 2.90° 3.60% 4.10° 0.027 <0.01
pH 5.93 5.84° 4.79° 4.32¢ 4.37° 4.35¢ 4.40° 0.117 <0.01
Ammoniacal nitrogen, g/kg FM 0.01° 0.054 0.05¢ 0.07¢ 0.08% 0.09 0.13 0.006 <0.01
Lactate, g/kg FM 1.87¢ 3.08¢ 6.36° 7.02% 7.90% 8.27% 847° 0439 <0.01
Formate, g/kg FM 0.63 0.78 0.82 0.62 0.83 1.23 0.90 0.070 0.29
Acetate, g/kg FM ND ND 2.16¢ 3.55¢ 4.07% 4.28 3.77b - -
LAB, log cfu/g FM 6.97< 7.62>¢ 8.12° 9.05% 7.70< 7.47b¢ 6.424 0.182 <0.01
Coliform bacteria, log cfu/g FM 7.312 6.42° 5.35¢ 5.64% <2.00 <2.00 <2.00 - -
Yeasts, log cfu/g FM 5.72% 6.53 5.20¢ 4.97% 4.75¢ 3.84% 3.06% 0.154 <0.01
Molds, log cfu/g FM 5.372 5.832 3.96 <2.00 <2.00 <2.00 <2.00 = =
LAB, lactic acid bacteria; EM, fresh matter; ND, not detected; “-,” default; SEM, standard error of means; propionate and butyrate were not detected in this study. *~°Means in the same row

followed by different superscript letters differ (P < 0.05).
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Items pH LAB CB Yeasts Molds LA AA PA BA
logyo cfu/g FM % DM
CK 5.77% 8.66%4 6.31° <2.00 <2.00 0.32° 0.68" ND 244
1%TA 5.71* 8.46% 6.31° <2.00 <2.00 0.37° 1.37% ND 5.81
29%TA 5.49b 8.35¢f 6.14% <2.00 <2.00 0.54% 0.8930 ND 3.72
LP1 5.194¢ 8.88% 5.17%b¢ <2.00 <2.00 0.66% 1.76% ND 403
LP2 5.39b¢ 9.02% 5.67% <2.00 <2.00 1.23% 1.98% ND 421
LP3 5.27¢d 8.95% 5.532b¢ <2.00 <2.00 1.53* 2.15% ND 521
LP4 5.204¢ 8.86% 4.72b¢ <2.00 <2.00 0.69% 1012 ND 3.23
LP1 + 1%TA 4.99%8 8.56%4 4.30° <2.00 <2.00 0.52% 0.87° ND 1.74
LP1 + 2%TA 5.20d¢ 8.24f8 5.843> <2.00 <2.00 1072 2,582 ND 4.99
LP2 + 1%TA 5.14d¢f 8.64% 4.74b¢ <2.00 <2.00 0.51% 1.21% ND 2.08
LP2 + 2%TA 5.00% 8.34¢f <3.00 <2.00 <2.00 0.32> 0.64" ND 1.62
LP3 + 1%TA 5.09¢ 8.70 4.79b¢ <2.00 <2.00 0.74% 1.16% ND 2.85
LP3 + 2% TA 5.15d¢f 8.17%8 4,64 <2.00 <2.00 0.65% 1.63% ND 3.38
LP4 + 1%TA 4.888" 8.1718 4.30° <2.00 <2.00 0.90% 1.43% ND 2.71
LP4 + 2%TA 4.75h 8.128 <3.00 <2.00 <2.00 0.43° 0.56" ND 1.34
SEM 0.04 0.05 0.14 - - 0.08 0.14 - 3.78
P-value 0.000 0.000 0.003 - - 0.248 0.189 - 0.638

LAB, lactic acid bacteria; CB, Coliform bacteria; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; cfu, colony forming unit; DM, dry matter; FM, fresh matter; CK, the control;

ND, not detected; —, default; SEM, standard error of means. Means with different superscripts in the same column (a-g) differ (P < 0.05).
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Items CP (%DM) TP (%TN) NPN (%TN) NH;3-N (%TN)

Stylo WPS Stylo WPS Stylo WPS Stylo WPS
CK 8.82ebc 18.92bede 52.78 37.7h 47.32 62.3" 8.91° 17.5%
1%TA 8.86°¢ 18.42bedef 60.04¢fe 48.6"4 40.0%0<d 51.4%" 6.64> 10.6°
2%TA 8.29¢d 17.7bcdef 64.4%f 53.7 35,60cde 4631 4.544 6.36"4
LP1 8.65%0cd 21.5% 59.5¢f 32.3! 40.53b¢ 67.7* 6.96° 10.5°
LP2 8.24¢d 20.5%b¢ 58.1f8 33.30 41.9% 66.8% 6.02¢ 12.3°
LP3 8.450d 22.5% 58.818 31.9% 41.2%® 68.1° 5.86° 9,50
LP4 9.50° 20.32b<d 56.08 30.41 44.0* 69.6" 6.98° 9.110<d
LP1+ 1%TA 8.632bcd 18,1 bedef 66.9bcde 40.78h 33,1cdef 59.3b¢ 3.42¢ 4.51°f
LP1 +2%TA 9.37%b 15.4¢f 65.5¢4¢f 49.1%¢ 34.5bcde 50.98" 0.888 4.19¢f
LP2 + 1%TA 8.66°><d 16.19¢ 65.3¢def 45,0 def 34.7bcde 55,0d¢f 3.66° 5.99d
LP2 + 2%TA 8.26% 14.4F 73.12b 50.6% 26.9%8 49 4hi 1.98f 3.64°f
LP3 + 1%TA 8.510d 17.7bcdef 65.80cdef 41.9'% 34,2bcdef 58.1< 3.17¢ 5.52¢
LP3 + 2%TA 7.784 16.2¢def 76.2 46.0%¢ 23.88 54,018 2.00° 4,64
LP4 + 1%TA 8.81%bc 20.43bed 67.4bcd 44,3°f8 32,70t 55,7¢de 3.66° 2.88¢f
LP4 + 2%TA 8.913b¢ 21.8% 70.03b¢ 51.8% 30.0° 48.2hi 1.75¢ 1.89°
SEM 0.09 0.45 1.08 1.19 1.08 1.19 0.35 0.66
P-value 0.031 0.001 0.000 0.000 0.000 0.000 0.000 0.000

CP, crude protein; DM, dry matter; TP, true protein; %TN, presented as its accounting proportion in total nitrogen; NPN, non-protein nitrogen; NH3-N, ammonia-nitrogen; Stylo, Stylosanthes
silage; WPS, the whole-plants soybean silage; CK, the control; SEM, standard error of means. Means with different superscripts in the same column (a-i) differ (P < 0.05).
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Items

Dry matter (%)
Crude protein (% DM)

Neutral detergent fiber (%
DM)

Acid detergent fiber (% DM)

Water-soluble carbohydrate
(% DM)

Lactic acid bacteria (LAB,
logyo cfu/g FM)

Coliform bacteria (logyg cfu/g
FM)

Yeast (logo cfu/g FM)
Mold (logio cfu/g FM)

Stylosanthes

32940.22
8.93 +£0.37
68.6 +1.61

52.9 +0.87
123 £0.17

548 +0.47
6.44 4 0.20

4.29 +0.08
3.40 4+0.35

DM, dry matter; FM, fresh matter; cfu, colony forming unit.

Whole-plant
soybean

28.3+£0.97
24.1 £1.62
40.6 £ 2.46

23.4£0.68
2.39 £0.43

6.00 £ 0.10
5.98 £0.83

5.00 £ 0.05
3.72+£0.13
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Items pH LAB CB Yeast Molds LA AA PA BA

logyo cfu/g FM % DM
CK 5.04 7.83¢ <3.00 <2.00 <2.00 0.222b 0.512 0.04% 2,512
1%TA 5.07% 8.222bcd <3.00 <2.00 <2.00 0.19%° 0.35% 0.06* 1.97%
2%TA 4.90° 7.86° 4.05 2.30 <2.00 ND 0.17>d 0.00° 1.60%¢
LP1 4.89b 8.03¢de <3.00 <2.00 <2.00 0.272b 0.37% 0.03% 1.67%¢
LP2 4.79%d 8.11bede <3.00 <2.00 <2.00 0.30 0.302bed 0.01° 1.26%<d
LP3 4.79° 8.11bcde <3.00 <2.00 <2.00 0.20°° 0.23b<d 0.01° 0.94b¢d
LP4 4.87° 8.09bcde <3.00 <2.00 <2.00 0.24%° 0.322b¢ 0.01° 1.32bcd
LP1+ 1%TA 4.76%def 8.43 <3.00 <2.00 <2.00 0.232% 0.25bcd 0.04% 1.06"<d
LP1 +2%TA 4.75%f 7.91¢ <3.00 <2.00 <2.00 0.07° 0.044 0.03% 0.234
LP2 + 1%TA 478 8.37%0 <3.00 <2.00 <2.00 0.07° 0.06% 0.01° 0.294
LP2 + 2%TA 4.77¢def 8.11bede <3.00 <2.00 <2.00 0.0820 0.07¢d 0.022 0.384
LP3 + 1%TA 4.74¢ 8.33% <3.00 <2.00 <2.00 0.16°° 0.175d 0.03% 0.71¢d
LP3 + 2%TA 4.75%f g:1gpcde <3.00 <2.00 <2.00 0.15%® 0.14b<d 0.04% 0.76°
LP4 + 1%TA 4,78cdef 8.312b¢ <3.00 <2.00 <2.00 0.15% 0.19bcd 0.03% 0.77¢d
LP4 + 2%TA 4.74f 8.01de <3.00 <2.00 <2.00 0.142b 0.13bed 0.042 0.54¢d
SEM 0.02 0.03 = N z 0.02 0.03 0.00 0.12
P-value 0.000 0.000 - - ~ 0.284 0.007 0.238 0.001

LAB, lactic acid bacteria; CB, Coliform bacteria; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; cfu, colony forming unit; DM, dry matter; FM, fresh matter; CK, the control;
ND, not detected; —, default; SEM, standard error of means. Means with different superscripts in the same column (a—f) differ (P < 0.05).
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Item Fresh Saccharum

arundinaceum
Dry matter (g/kg) 284.23 £3.27
Crude protein (g/kg DM) 104.13 +3.31
Neutral detergent fiber (g/kg DM) 672.51 +1.86
Acid detergent fiber (g/kg DM) 302.32 £ 1.03
Water soluble carbohydrates 54.76 +0.71
(g/kg DM)
Lactic acid bacteria (log cfu/g 129 +£0.11
M)
Yeasts (log cfu/g FM) 3.724+0.25

DM, dry matter; cfu, colony-forming units; EM, fresh matter.
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Items Ensiling Treatment Treatment SEM P-value

days (D) ‘mean
Cutting method (Chop) Cutting method (Knead wire) V. M D VxM VxD MxD
CK P CE  LP+CE CK P CE  LP+CE
pH 3 60MC  49F  60GC 48P 65%A 576D 6208 SSTE s75 005
7 593B  46SE  SSIbB 48D G2bA  SSONC  SSbB 48D Sasab
15 5.94aB 5.07aE 5.76bC 443G 6.19bA 5.44bD 5.57¢D 4.93bF S.4lab
30 603B  4SBE  SBC  45HF  62A  SIND  S5C  4950E 538
© S29BD  4STE  S44cC  4SINF 6O%A 520D 559B  494bE s24b
3 1265cC 273068 10704 2930bA  294dE 83D 73D 751D 157w e e
7 1S86C 34094 304D 2981bB  429dE  161SHC  1236D  27.370B 1925
15 1426CD  2840bB  1704C  4l4%A  46kcE  16596C 191D 2921aB 2040
10 138GE  273MbA  2545AB  2462B  7A70F  200%C  125%E 179D 1885
0 066D 087D 1932bB  3075bA 915D 1SSHC  1088D  1530dC 153430
Acetic acid 3 495B  S9BA  3SKC  424BC 503D 438BC  L76D  659%cA 459 001
(gke™! DM)
7 70MB 72%B  SSIC  SS5C  SINC  GISC  947bA  9USbA 705¢
15 5.94bC 6.32abC 6.37bC 6.24cC 9.70bB 6.876C 12.19aA 9.30bB 7.87bc
30 SashD  74%C BOBBC  75C  917bB  S1MB  ILFaA  1L4saA 8700
© 72%E  G9SbE 85D 1006C  1372A 874D 121%B 121218 994
Lactic 3 2566C  46uB  282bC  694A  O0S9E 19D 430 LI4DE sz on
acid/Acetic acid
7 220D 473B 229D SIA  O78BF 263CD  LIOE  29%C 24800
15 24D 44%bB  2686CD  667A  O4SF 242D 097E  314C 200
30 2.55bB 3.69bA 3.220A 3.27¢cA 0.79aD 241aB 110bCD 1576C 2.33ab
& 148CD  156CD  230bB  306cA  OG7bcE  18C  O90bEF  1.26bcDE L3
Propionic acid 3 025C  0IBC 02 020 OdC  LidA  012C  0520B 038 [
(gkg™! DM)
7 039D 125bD 123D LeSCD  26BC Al 45laA  307aB 2200
15 LD 126D 270C  L6D  SlaB  GIBA  447B  30uC 326
30 LIE 24%CD  331B L7BDE  L3GE  99%A  375B  315BC 337
60 4.02aA 2.71aB 4.08aA 371aA 1.45¢C 2.82cB 1.69cC 3.57aA 3.01ab
3 O16E  005F  03%B  031dC  070cA  Ol6dE 022D 0.0%E 026e 131 e e e e .
(kg™ DM)
7 0.82¢C 121dA 086dBC 0.46dD 1.00dB. 0.54cD 0.71cC. 0.18¢E 0.72d
15 2090A  203A  137%CD  122DE  170B  1296CDE  LSOBBC  LO7BE 154
30 338A 2058 23bD  275C  LSE 106G LeObE Lk 219
60 341aB 3.93%A 3328 3.56aB 298aC 175D 1.71aD 1.42aE 276a
NH;-N 3 12.34dC 14.51cBC 14.77¢BC 1291dC 20.40dA 15.11dBC  17.16dAB  14.82dBC 15.25¢ 948 M e e b bl -
(kg™ TN)
7 5.10cA  3LS0CCDE  36034CD  20.16dDE  40.16cC  239dEF  5635cB  1974dF 38104
15 12520 12130bAB  12820cA  11755AB  11ZISAB  999%B  725beiC 725%C 10681c
30 1231068 1O4BAB  IS417A  GOSA  1SL27A  131IBB  8736bC  9999BC 12819
© 172384 I6L8BA 172664 16L0BA  1620lA 14092 194mB  1IRB 15557

conteol LP, Lactobacills plantarums; CE, cllulase
(P <0.05) between the diffrent reatments on
and cutting m

LP + CE, L. plantarum plus celulae. Significant

ffeences (P < 0.05) between the same additive treats
ters: SEM, standard error of means; DM, dry matter; TN, total nitrogen; V,addi
ensiling days M x D, the interaction between cut “P < 0.001, P < 001,

§ d are indicated by lowercase letters. §
 cutting methods D = ensiling day; V % M, theinteraction between additive

method and ensiling d





OPS/images/fmicb-13-999881/fmicb-13-999881-t003.jpg
T00°0 > dxxx PZATRUR JON SJUAsIIdOT

<Aep Surrsua pue poylow FunINd UsIMIIQ UONIBINUI YL ‘(q X TN Aep SUI[ISUS pue JATIPPE UdIMIDQ UOTIIRINUI 9T} ‘(] X A ‘POYIoW SUNIND PUE SANIPPE UIIMII] UOLIRIANUT Y}

N X A Aep Suipsua =  poypawr FunmInd A LANIPPE ‘A PaldIAP J0U N TNRW YSaIJ TA] ‘SITUN FUTULIO]-AUO[0D NJD (SUBIW JO 10115 pIepUels ‘IS s10139] [eirdes £q pajesrpur axe p SUIISUS dWes 9y} UO S)USWILAT) JUITAPIP 91} UdamIq (S0°0 > d)
$DUAIIYIP JULIYIUSIS "$19119] ISLIIIMO] AqQ PaIRIIPUT 1€ P FUT[ISUS JUITAPIP Y} UO SIUIWILII) JANIPPE WS Y} UAIMII] (GO0 > ) SOUIIPTP Juedyrudg -asenypao snjd wmnivjuvyd *T gD + d'T 9SeMPD D ‘wunivjuvid snjpovqonT T o1U0d YD

- aN aN aN aN aN aN aN aN
= aN aN aN aN aN aN anN aN
qese anoce d96¢€°T anecsc add¥s'T 020LC qdo9T'¢ HoG6L'T Vo8L'E
LSS dvesos VesTL A9¥T°C aqery qes8’o 096¢£9 H9¥79°¢ 0qze9
XK KK Fxx Fxx Fxx Fxx 200 16’9 agrrs 096€9 q967°C VegT'L 096€9 Veoo'L aeoy's deoL’9
o1T9 dvo0¢9 doc6's dvpero  dvoqe09 V2999 dvo819 dv26¢9 avqero
219 vqse9 an9vg's V2959 Od29LT9 V29999 do¢T9 aopL8's 0d9809
q99'9 0996¢£°9 avaeLo V9689 0q0%9 Vqs89 dvqo89  dv2q89'9  Ddqees9
BLEL dveer'L VeLO'L dveoss anes1’L odveey'L,  dveev'L odece’L daeo6'9
Fxx xxx 810 x990 sexx S0°0 %9 vqco9 Var99 VoqIL9 do0L's V8¢9 dp99'e Va8L'9 dET's
40 +d1 q0 d1 MO  dD+d1 4D d1 30
AXW dXA WXA d W A (311m peauy]) poypawr Sumny (doyD) poygow Sumn)

ueduwr

anfea-g WHS judunjeai], JUdUI)LIL],

09
0¢
ST

09
0¢
ST

() shep
Surpisug

(N {-_81p)
SISBA X

(A | _S-p)
qav1

swa)|





OPS/images/fmicb-13-999881/fmicb-13-999881-t004.jpg
Treatment
Chop CK
LP
CE
LP+CE
Knead wire CK
LP
CE
LP+CE
SEM
P-value

Observed species

26ab
16cd
11d
26a
20abcd
17bed
22abc
28a
1.42

ok

ACE

34.88a
17.15¢d
13.45d
32.96ab
24.59abed
20.57bed
27.79abc
33.30ab
2.00

*

Chaol

35.33a
16.50bc

11.51c

3294a
21.98abc
24.27abc
24.87abc
31.29abc

2.09

*

Shannon

2.30a
1.22bc
0.78¢
1.99ab
2.19a
0.98¢
2.06ab
2.44a
0.15

%

Good’s coverage

0.994¢
0.998a
0.998a
0.995bc
0.997ab
0.997ab
0.996abc
0.996bc
0.002

*

CK, control; LP, Lactobacillus plantarum; CE, cellulase; LP + CE, L. plantarum plus cellulase; SEM, standard error of means. Significant differences (P < 0.05) among the different treatments are

indicated by lowercase letters; **P < 0.01, *P < 0.05.
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Items

DM, g/kg

CP, g/kg DM
NDE g/kg DM
ADF, g/kg DM
WSC, g/kg DM

Lactic acid
bacteria (logio
cfu/g FM)

Coliform
bacteria (logio
cfu/g FM)

Yeast (logio
cfu/g FM)

Molds (log;o
cfu/g FM)

First

354.02
172.50a
503.60b
304.70b
86.30a

4.73

5.89

3.44b

4.05b

Harvest

Second

350.46
145.23b
532.40a
330.13a
66.53¢

6.09

7.19

6.85a

4.71a

Third

341.27
141.31b
530.57a
324.30a
77.40b

4.21

5.69

6.87a

4.73a

SEM

15.85
1.52
1.05

12.04
8.86
1.31

0.92

0.09

0.08

P-value

0.713
0.002
0.018
0.007
0.004
0.627

0.221

< 0.001

0.079

FM, fresh matter; DM, dry matter; CP, crude protein; NDE neutral detergent fiber; ADE
acid detergent fiber; WSC, water-soluble carbohydrate; SEM, standard error of the mean;
cfu, colony-forming unit; Mean values with different letters in the same row (a-c) differ

significantly (P < 0.05).
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Items

pH
AN/TN,%

Lactic acid, g/kg
DM

Acetic acid, g/kg
DM

Propionic acid,
g/kg DM

Butyric acid,
g/kg DM

DM, g/kg FM
WSC, g/kg DM

First

4.85b
3.13
84.98b

11.74

19.56

10.04ab

335.10a
55.63b

Harvest

Second

4.43c
5.50
130.68a

11.06

29:23

12.23a

322.43b
43.27c

Third

5.44a
1.87
54.01c

12.44

18.60

6.36b

336.73a
65.63a

SEM

0.05
2.08
33.81

3.86

6.71

3.17

4.44
2.73

P-value

< 0.001
0.243
0.006

0.899

0.213

0.156

0.143
0.002

FM, fresh matter; DM, dry matter; AN/TN, ammonia nitrogen/total nitrogen; WSC, water-

soluble carbohydrate; SEM, standard error of the mean; Mean values with different letters in
the same row (a—c) differ significantly (P < 0.05).
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Sobs
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Simpson

Chao

Ace

Goods_coverage

RS, raw stylo; Control, silage

Treatment

Control
TPP1
TPP2
Control
TPP1
TPP2
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TPP1
TPP2
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TPP1
TPP2
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TPP2
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TPP1
TPP2

1,031
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025

1,501
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1.00
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1,329
1,367
1,373
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415
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075
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2,330
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099
099
099

P1 and TPP2, sil
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14

1,309
1,407
1,409
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423
439
082
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079
2,299
2428
2,351
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2,603
2,398
099
099
099
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1,389
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1,485
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445
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083
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077
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2322
2,393
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2376
2458
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099
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385
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2,263
2253
2,190
2352
2303
2304
099
0.99
099

SEM

53

026
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008

032

087

018

0.19

lage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis.

P-value
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True protein (% DM)
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Water soluble carbohydrate (% DM)
Lactic acid bacteria (Logio cfu/g FM)
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DM, dry matter; EM, fresh matter.
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Item Treatment Days of ensiling SEM P-value

7 14 30 60 D T D*T
DM Control 25540 24528 24.17%¢ 23,898 033 <001 <001 0.80
TPP1 2605 254040 25008 24958
TPP2 25.92* 2570 25201 246545
DML Control 1.39° 5.49% 74240 1177 105 <0.01 0.01 064
TPP1 0.50¢ 2815 57548 8.02%
TPP2 137 217% 5.08% 9.58%
pH Control 5474 5414 5255 5.09 0.03 <0.01 <0.01 <0.01
TPPL 5.34% 5.3548 5.38% 5.03%
TPP2 5318 5328 5.14% 491%
LA Control ND ND 045 0. 0.06 - 043 -
TPP1 ND ND 038 067
TPP2 ND ND 040 067
AA Control 0.25¢ 041 o061 05 0.03 <001 026 094
TPP1 0.24¢ 037> 058 048"
TPP2 0.25¢ 040" 058 053
BA Control ND ND ND 1644 0.08 - 0.02 -
TPP1 ND ND ND 1.33%
TPP2 ND ND ND 1.02¢
LAB Control 791 797 6.98% 617 0.14 <0.01 <001 <001
TPP1 7.88° 8.16* 73448 7.30%
TPP2 7.99" 7.93 77580 7.54%
Yeast Control 233 3.63 <2.00 <200
TPP1 245 236 215 <2.00
TPP2 285 274 <200 <200
Coliform Control 676 538 <200 <2.00
TPPL 7.27 619 386 <200
TPP2 723 5.95 385 <2.00
Mold Control <200 <200 <2.00 <200
TPP1 <200 <2.00 <200 <2.00
TPP2 <200 <200 <200 <200

EM, fresh matter; DM (% EM), dry matter; DML (% DM), dry matter loss; LA (% DM), lactic acid; AA (% DM), acetic acid; propionic acid and butyric acid was not detected; LAB (Logi
cfu/g EM), lactic acid bacteria; Control, silage ensiled without addition of tea polyphenols; TPPI and TPP2, silage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis; ND,
not detected; SEM, standard error of the means; D, the effect of ensiling days; T, the effect of tea polyphenols; DT, g days and tea polyphenols.

Means with rease/uppercase letters in the same row/column differ at P < 0.

Toy
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(% DM), true protein; NPN (% DM), nonprotein nitrogen, expressed as CP equivalent; AN (% DM), ammonia nitrogen, expressed as CP equivalent; TPR
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Item Treatment Days of ensiling SEM P-value

7 14 30 60 D T D*T
DPPH Control 727 16.23* 4.63° 4.07° 422 001 017 028
TPP1 1567 5400 457" 283
TPP2 18.00 2187 7.87% 263
ABTS Control 223%™ 2407 2.50° 167" 035 <0.01 003 025
TPP1 267™ 20750 1.90" 147"
TPP2 3478 3.50% 227° 167"
ERAP Control 343 363° 3.60° 363" 0.19 002 <0.01 <0.01
TPP1 3.87% 363" 387% 38748
TPP2 4.70% 4.63% 4.634 420"

(mg of TE/g of DM), radical ABTS* scavenging activity; FRAP (mg of TE/g of DM),
P1 and TPP2, silage ensiled with addition of 0.2%, 0.4% tea polyphenols on a FM basis
ing days and tea polyphenols.

TE, trolox equivalent; DPPH (mg of TE/g of DM), free radical DPPH scavenging activity; A
ferric-reducing antioxidant power; Control, slage ensiled without addition of tea polyphenol
SEM, standard error of the means; D, the effect of ensiling days; T, the effect of tea polyphenols; D"
Means with differ me row/column differ at P < 0.

, the interaction of e

lowercase/uppercase letters in the
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ltem n CTRL COM

Sequences 74 51,876 51,121 50,630

Shannon 125 27017 2.4581 2.3488 0.1461
Simpson 74 0.779 0.7779 0.7605 0.9432
Chao 103 317.95 309.83 312.52 0.9597
OTUs 70 342.76 32047 310.88 0.7157
Good’s coverage 94 0.9891 0.9937 0.9898 0.0266
ACE 25 202.38 104.26 25233 0.2157
Firmicutes (%) 32 60.0324 64.3572 80.2195 0.2657
Proteobacteria (%) 28 28.8811 17.5945 12.4154 0.2176
Bacteriodetes (%) 18 3.5162 5.5023 1.6937 0.7953
Cyanobacteria (%) 10 4.1000 6.0916 3.9550 0.2913
Lactobacillus (%) 93 46.1536 56.2316 60.6151 0.0166
Leuconostoc (%) 17 8.9819 4.2917 13.5975 0.7928
Lactococcus (%) 40 17.5354 27.3373 24.5841 0.3958
Pediococcus (%) 35 14.5268 13.1416 16.4107 0.6321
Bacillus (%) 10 1.2846 1.8006 1.3243 0.0468
Weissella (%) 48 9.8673 7.8929 7.7889 0.6274
Pseudomonas (%) 30 12.7930 6.1339 6.4381 0.1836
Acetobacter spp. (%) 24 5.1354 4.7769 5.3908 0.9095
Acinetobacter (%) 19 4.2207 2.5250 5.1929 0.7532
Clostridium (%) 13 10.8292 - 7.4685 0.4779
Enterobacter (%) 50 6.8024 6.6190 1.0671 0.0206
Enterococcus (%) 35 9.7216 9.0838 1.9079 0.3386
Kiebsiella (%) 15 1.7982 1.3445 2.5503 0.4412
L. plantarum (%) 13 11.4103 39.6147 24.9581 0.2129
L. buchneri (%) 12 22.8550 38.5621 38.6874 0.6080
L. brevis 11 5.2901 3.6577 6.0895 0.6018
Sphingobacterium spp. (%) 17 2.1919 27195 14565 0.9304

Means of different lactic acid bacteria inoculants; CTRL, control treatment; LAB, lactic acid bacteria; COM, the combination of lactic acid bacteria; n, number of the studies; ACE, abundance-based
coverage estimator; OTUs, operational taxonomic units.
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Model Intercept SE.

intercept

Sequences 74 L 51,975 2,839.1371 —219.61 24422 - 1,971.2 0.3731
Shannon 125 L 2.7038 0.2650 —0.04878 0.02367 - 3925 0.0426
Simpson 74 L, 0.7793 0.1598 —0.00061 0.004586 - 6.3 0.8954
Chao 103 L 319.06 73.3632 —1.5508 3.9776 - 1,388.6 0.6979
OTUs 70 L 343.54 82.5750 —5.3052 6.1125 - 933.2 0.3903
Good’s coverage 94 L 0.9895 0.001563 0.000437 0.000240 + —612.4 0.0747
ACE 25 L 209.10 43.2387 —5.8275 8.1224 - 308.8 0.4868
Firmicutes (%) 32 L 60.7197 8.4082 1.6578 1.2276 + 296.3 0.1956
Proteobacteria (%) 28 L 26.7514 6.3435 —1.5304 1.0741 - 2438 0.1761
Bacteriodetes (%) 21 L 3.4053 1.2526 0.07538 0.3928 - 102.1 0.8533
Cyanobacteria (%) 10 Lz 4.0528 0.9501 0.1673 0.1201 + 429 0.2360
Lactobacillus (%) 93 L 48.7638 5.1754 1.0194 0.5747 + 842.6 0.0817
Leuconostoc (%) 17 L 89116 6.3273 0.005718 1.5091 + 138.6 0.9971
Lactococcus (%) 40 L 20.8089 7.5305 0.6518 0.8054 + 3913 0.4266
Pediococcus (%) 35 L 14.8045 3.4450 —0.1374 0.3092 N 260.6 0.6632
Weissella (%) 48 L 9.3509 3.7827 —0.2075 0.2766 - 363.2 0.4610
Bacillus (%) 10 L 1.2862 0.1923 0.04831 0.01292 + 17.3 0.0334
Acinetobacter (%) 19 L 4.4357 1.5185 —0.1224 0.3109 - 115.6 0.7075
Pseudomonas (%) 30 L 11.1301 29112 —0.8362 0.4757 - 213.0 0.1814
Clostridium (%) 13 L 124335 5.0335 0.6272 1.0789 + 95.3 0.5862
Enterobacter (%) 50 L 6.2907 1.3678 —0.1222 0.2127 + 307.0 0.5704
Enterococcus (%) 35 L 9.5241 3.2499 —0.3176 0.3992 - 265.0 0.4360
Kiebsiella (%) 15 L 1.7909 0.4576 —0.05210 0.07744 - 48.6 0.5227
Acetobacter spp. (%) 24 L 5.0109 1.7023 —0.01754 0.08943 - 1283 0.8489
L. plantarum (%) 13 L 11.4470 10.4423 5.2478 2.5516 + 1113 0.0854
L. buchneri (%) 12 L 22.6904 13.6594 2.6980 23817 + 104.5 0.3087
L.brevis (%) 11 L 5.2529 1.1582 —0.2039 0.3136 - 513 0.5510
Sphingobacterium spp. 17 L 2.1133 1.1249 0.05406 0.2545 - 89.1 0.8388
(%)

L, linear pattern; n, number of the studies used; AIC, Akaike information criterion.
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ltem No CTRL B COM alue
DM 214 g/kg 306.82 313.89 31234 0.0007
oM 28 g/kg DM 908.71 907.77 926.74 0.4220
Ccp 162 g/kg DM 134.18 137.28 133.63 0.3240
DM-Recovery 22 % 92.4699 93.1813 96.1000 0.4874
NDF 163 g/kg DM 527.84 517.81 527.95 0.2612
ADF 165 g/kg DM 336.71 32745 33648 0.0272
EE 15 g/kg DM 21.5593 22.1059 229382 0.6347
ASH 12 g/kg DM 3.3617 2.5183 - 0.2341
ADL 30 g/kg DM 67.7421 58.1200 60.7100 0.4922
WwsC 115 g/kg DM 30.3547 27.6166 30.9593 0.1897
Cellulose 14 g/kg DM 323.67 309.51 311.86 0.0003
Hemicellulose 48 g/kg DM 176.27 176.00 168.74 0.0750
Ph 261 4.9782 4.6286 4.5727 <0.0001
LA 239 g/kg DM 27.9236 33.8525 34.5152 <0.0001
AA 214 g/kg DM 13.1869 15.9695 14.3715 0.0234
PA 154 g/kg DM 6.4944 7.0160 6.8894 0.1078
BA 115 g/kg DM 4.2656 2.3239 2.8861 0.0381
LA/AA 73 g/kg DM 2.0932 2.8612 4.8754 0.0071
AS 18 H 31.1286 29.9330 - 0.8224
NH3 199 g/kg DM 58.3157 45.3725 48.5366 <0.0001
LAB 130 Log CFU/g 6.5686 6.9669 7.4774 0.0217
Coliform 83 Log CFU/g 3.6038 2.8117 3.0073 0.0022
Yeast and Mold 38 Log CFU/g 2.8853 2.5891 2.8127 0.5654
Yeasts 74 Log CFU/g 3.6439 2.8857 3.0257 0.0364
Molds 44 Log CFU/g 2.1123 2.3131 2.4001 0.6940
AB 36 Log CFU/g 3.4588 3.1668 2.9645 0.3413
L. plantarum 13 Log CFU/g 5.5764 4.3714 3.0164 0.2207
L. buchneri 14 Log CFU/g 1.0364 1.4203 0.9045 0.6371
Weissella 13 Log CFU/g 3.1810 27835 2.8088 0.9604
Weight lost 53 g/kg DM 18.4898 18.7899 17.5138 0.9841
Ethanol 16 g/kg DM 10.0965 10.0407 9.9556 0.9903

Means of different lactic acid bacteria inoculants. CTRL, control treatment; LAB, lactic acid bacteria; COM, the combination of lactic acid bacteria; DM, dry matter; OM, organic matter; CP, crude
protein; NDE neutral detergent fiber; ADF, acid detergent fiber; EE, ether extract; WSC, water-soluble carbohydrates; ADL, acid detergent lignin; LA, lactic acid; EB, aerobic bacteria; AA, acetic acid;
PA, propionic acid; BA, butyric acid; LA:AA, the ratio of lactic to acetic acid; AS, aerobic stability; AB, aerobic bacteria; L, linear pattern; quadratic pattern; -, when the value is not detected.
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Intercept SE. SE. slope

intercept
DM 214 glkg L 307.89 10.4462 07700 02531 + 2,024.6 0.0026
oM 28 g/kg DM L 910.44 83158 0.9826 1.5631 + 24438 06100
cp 162 g/kg DM L 13429 83296 02657 03152 + 1516.7 04014
DM-Recovery 2 % L 92.8052 1.1570 007666 0.09767 + 1129 0.4507
NDF 163 g/kg DM L 526.86 17.1251 —0.6357 0.8583 - 1,813.3 0.4607
ADF 163 g/kg DM L 34141 12.4237 —0.8419 04787 - 1,659.4 00818
EE 15 g/kg DM L 21.4983 66532 0.1491 0.1580 + 87.2 03730
Ash 12 g/kg DM L 33617 0.7208 ~0.09370 0.06927 - 492 02341
ADL 20 g/kg DM L 67.6235 3.9693 —1.0327 08253 - 251.8 02329
wsC 115 g/kg DM L 30.2105 36588 —0.2001 02733 - 9108 04665
Cellulose 14 g/kg DM L 322.68 17.2706 —1.2582 0.1498 - 1133 0.0004
Hemicellulose 48 g/kg DM L 17554 17.1905 —0.3415 04576 - 1325 04612
pH 261 L 4.9539 0.08640 —0.05184 0.006163 - 397.4 <0.0001
LA 239 g/kg DM L 28.1404 2.0670 0.8982 0.1443 + 1,865.7 <0.0001
AA 214 g/kg DM L 13.2626 13373 03696 0.1464 + 1,545.9 00128
PA 154 g/kg DM L 6.4569 1.6825 0.08592 0.03497 + 843.6 00159
BA 115 g/kg DM L 4.1009 0.8249 —02129 0.09930 - 693.4 0.0360
LA/AA 73 g/kg DM L 1.7011 0.4591 03254 0.08262 + 3443 0.0003
AS 18 h L 31.1285 5.1683 —0.1993 08724 + 119.3 0.8224
NH3 199 g/kg DM L 58.1511 5.5604 —2.0707 03541 - 1833.4 <0.0001
LAB 130 Log CFU/g L 6.6271 02397 007751 003495 + 480.9 00297
Coliform 83 Log CFU/g L 3.6174 03505 —0.1375 0.03529 - 295.6 0.0003
Yeast and Mold 38 Log CFU/g L 2.8501 03076 —0.03684 0.03815 - 1095 03443
Yeasts 74 Log CFU/g L 3.6483 03019 —0.1274 004629 - 260.1 0.0088
Molds 44 Log CFU/g L 21130 0.2901 004138 0.04403 + 1285 03571
AB 36 Log CEU/g L 34561 03979 ~0.05959 003976 - 119.9 01512
L. plantarum 13 Log CEU/g L 5.5294 23087 —0.2314 0.1616 - 65.3 02020
L. buchneri 14 Log CEU/g L 1.0364 03712 003532 0.07715 + 39.0 0.6592
Weissella 13 Log CEU/g L 32319 1.0542 —0.1059 02156 - 60.9 0.6407
Weight lost 53 g/kg DM L 18.3260 7.4001 008222 0.1699 + 418.0 07928
Ethanol 16 g/kg DM L 10.0745 5.0605 —0.01309 0.1583 - 219.9 0.0402

DM, dry matter; OM, organic matter; CP, crude protein; NDE, neutral detergent fiber; ADE, acid detergent fiber; EE, ether extract; WSC, water-soluble carbohydrates; ADL, acid detergent lignin; LA, lactic acid; LAB, lactic acid; AA, acetic acids PA, propionic acid; BA,
butyric acid, LA: AA, the ratio of lactic to acetic acid; AS, aerobic stability; AB, aerobic bacteria; AIC, Akaike information criterion; L, linear pattern.
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Item Mean Stdev Min Max
DM glkg 303.4+£923 124.8 589.3
oM glkg DM 910.15 £ 28.72 850.1 948
Ccp glkg DM 136.67 £81.65 30.2 299
NDF glkg DM 486.04 £128.56 317.2 950
ADF glkg DM 292.23 £118.60 106.0 666.1
EE glkg DM 36.14 £18.79 9.9 64.5
wsC glkg DM 64.30 £35.80 7.8 177.7
ADL g/kg DM 59.22 +8.33 452 65.6
Hemicellulose glkg DM 172.28 £46.81 139.8 293.9
Xylose g/kg DM 0.80 £0.14 07 09
pH 5.93 £0.59 42 7.0
LA g/kg DM 7.61 £0.83 67 89
AA glkg DM 5.26 £2.23 2.1 9.0
BA g/kg DM 3.48 £1.89 14 5.1
LAB Log CEU/g 3614225 10 86
AB Log CFU/g 6.62+1.86 43 96
EB Log CFU/g 7.32 £1.00 6.3 83
CFB Log CFU/g 4.04 £2.25 1.0 7.3
Yeast Log CFU/g 3.62 £2.07 1.0 6.9
Molds Log CFU/g 2.58 £ 1.66 1.0 6.8

DM, dry matter; OM, organic matter; CP, crude protein; NDE, neutral detergent fiber; ADE, acid detergent fiber; EE, ether extract; WSC, water-soluble carbohydrates; ADL, acid detergent lignin;
LAB, lactic acid; LA, lactic acid; AA, acetic acid; BA, butyric acid, AB, aerobic bacteria; EB, enterobacteria; CFB, coliform bacteria; Min, minimum; Max, maximum; Stdev, standard deviation; CFU,

colony-forming unit.
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ltem D M D*M [B7S M*S

Sequences NS NS * NS NS * *
Shannon NS * £ NS * * NS
Simpson NS NS ok NS ok ok sk
Chao NS NS £ £ * * ok
OTUs NS NS * NS NS * *
Good’s coverage NS * ok NS * ok ok
ACE NS NS NS NS NS NS§ NS
Firmicutes (%) NS NS * * NS * *®
Proteobacteria (%) NS NS NS NS NS NS NS
Bacteriodetes (%) NS NS NS NS NS NS NS
Cyanobacteria (%) NS NS ® NS NS NS N$
Lactobacillus (%) NS * * * * * *
Leuconostoc (%) NS NS * NS NS NS NS
Lactococcus (%) NS NS NS NS NS * *®
Pediococcus (%) NS NS NS NS * * *
Acinetobacter (%) S NS NS S NS NS NS
Bacillus (%) * * NS NS NS NS NS
Weissella (%) NS NS NS NS * NS *
Pseudomonas (%) NS NS * * ok ok Kok
Clostridium (%) NS NS NS S NS NS NS
Enterobacter (%) NS NS NS NS NS - -
Enterococcus (%) NS * NS ok ok * Kok
Kiebsiella (%) NS NS NS ok * * ok
L. plantarum (%) NS NS NS NS * * *
L.brevis NS NS NS NS NS NS NS
L. buchneri (%) S NS NS NS NS NS NS
Acetobacter spp. (%) NS NS ok * * * *
Sphingobacterium spp. (%) NS NS NS NS * NS NS

NS, not significant; *when the P-value is <(0.05); **when the P-value is <(0.001). ACE, abundance-based coverage estimator; OTUs, operational taxonomic units. D, lactic acid bacteria dose; M,
lactic acid bacteria types; S, silage substrate.
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ltem D M D*M [B7S M*S

DM * * *x * ok s *
OM NS NS £ NS ok £ Hk
Ccp NS NS *x NS ok *x £
DM-recovery NS NS NS NS NS NS NS
NDF NS NS Hok NS Hok ok ok
ADF NS * *x NS ok £ £
EE NS NS *x NS ok £ £
ASH NS NS - NS NS NS NS
ADL NS NS NS NS NS NS NS
WwsC NS NS * NS £ * *
Cellulose * * *x * £ sk sk
Hemicellulose NS NS ok * * * *
pH ok ok * ok ok ok ok
LA sk sx *x * EES ok ET3
AA * * ok NS * ok ok
PA * NS £ * NS £ ok
BA * * ik Ns £ ok B
LA/AA * * * £ ok sk sk
AS * * - N$ NS NS NS
NH3 ok ok * £ ok £ £
LAB * * Hk NS * * *
Coliform * * *x * Hok £ £
Yeast and Mold NS NS * * * * NS
Yeasts * * NS * NS * NS
Molds NS NS ® NS NS NS NS$
AB NS NS NS N$ NS NS NS
L. plantarum NS NS * NS # # *
L. buchneri S NS NS NS NS NS NS
Weissella S NS NS NS NS NS NS
Weight lost NS NS ok NS ok sk sk
Ethanol NS NS NS NS NS NS S

D, lactic acid bacteria dose; M, lactic acid bacteria types; S, silage substrate; D*M, the interaction effect among the lactic acid bacterial dose and the lactic acid type; D*S, the interaction effect among
the lactic acid bacterial dose and the substrate; M*S, the interaction effect among the lactic acid type and the substrate; M*D, the interaction effect among the lactic acid bacteria type and the substrate;
D*M?*S, the interaction effect among the lactic acid bacteria dose, lactic acid bacterial type, and the substrate; DM, dry matter; OM, organic matter; CP, crude protein; NDE neutral detergent fiber;
ADEF, acid detergent fiber; EE, ether extract; WSC, water-soluble carbohydrates; ADL, acid detergent lignin; LA, lactic acid; EB, aerobic bacteria; AA, acetic acid; PA, propionic acid; BA, butyric acid;
LA/AA, the ratio of lactic to acetic acid; AS, acerobic stability; AB, aerobic bacteria; NS, not significant; *when the p-value is less between 0.05 and 0.001; **when the p-value is <0.001; -, when the
value is not detected.
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Group Strain Isolated sources Species (total 48)
GroupA | TAHIS(S) Slenderleaf Pulsatilla Le. mesenteroides-subsp.-dextra 208
GroupB  TAHO(F), IAH10(F), IAH11(S), IAH16(S) China Leymus(9, 10, 11), Scabrous Hideseedgrass(16) Le. pseudomesenteroides 833
GroupC  TAH45(S) Scabrous Hideseedgrass Le. citrewn 208
GroupD  IAH43(S), IAH46(S) Ruthenia Medic(43), Scabrous Hideseedgrass(46) W, cibaria 417
GroupE  TAHAI(S), IAH47(S), IAHA4S(S) Ruthenia Medic(41), Scabrous Hideseedgrass(47, 48) W, kimchii 6.25
Group F TAH26(S), IAH31(S), IAH35(S) Slenderleaf Pulsatilla(26), Bacial Needgrass(31), China Leymus(35) P, pentosaceus 6.25
GroupG  TAH2(F), IAHA(F), IAHS(E)(F), IAH6(E), IAH7(F), IAH18(S), IAH22(S), | China Leymus(2), Bacial Needgrass(4, 5, 6, 7), Scabrous Hideseedgrass(18), P acidilactici 1875
TAH32(5), IAH38(S) Ruthenia Medic(22), Bacial Needgrass(32), China Leymus(38)
GroupH | TAHI(F), IAH3(F), IAHS(S), IAH12(F), IAHI3(F), IAH20(S), IAH25(S), | China Leymus(8, 12, 13, 33, 34, 36, 37, 39), Bacial Needgrass(1, 3, 8, 28, 29), E. faccium 2.7

TAH28(S), IAH29(S), IAH33(S), IAH34(S), IAH36(S), IAH37(S), IAH39(F) | Ruthenia Medic(20), Slenderleaf Pulsatilla(25)

Group TAH44(S) Scabrous Hideseedgrass(44) E. durans 208
Group IAH42(S) Ruthenia Medic(42) E. saccharolyticu 208
Group K TAH17(S), IAH21(F), IAH23(S), IAH24(S), IAH27(S), IAH30(S), IAH40(F) | Scabrous Hideseedgrass(17,) Ruthenia Medic(21, 23, 24, 40), Slenderleaf Pulsatilla | E. faecalis 1458

(27), Bacial Needgrass(30)

Group L. TAH14(S), IAH19(S) Chis

Leymus(14), Slenderleaf Pulsatilla (19) L. plantarum 417

IAH strains were determined by the Grain stain appearance, catalase test, and lactic acid productivity. The representative stains were selected by their different morphological and biochemical characters. Collection site: meadow steppe, Hulunbuir, Inner
Mongolia, China (48.27°N, 119.44°E). Le., Leuconostoc; W, Weissella; P, Pediococcus: E. Enterococcus; L., Lactiplantibacillus.





OPS/images/fmicb-14-1118646/fmicb-14-1118646-t002.jpg
Ma
Corn silage residues
Other silage residues
TMR residues

Mixer wagon residues

Farm 1
662004
3694193
6274052

5844015

Farm 2 Farm 3
599£0.15 6.62£0.04
593£0.10 3.69+1.93
594£0.14 627052
6.02£0.20 5.84£0.15
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GroupA  GroupB GroupC GroupD GroupE GroupF GroupG GroupH  Groupl GroupJ GroupK  GroupL

Carbohydrate IAH15 IAH10 IAH45 IAH41 IAH43 1AH26 IAH38 IAHL 1AH44 IAH42 IAH17 IAH14
Glycerol - - - . - - . - - - A -
Erythritol - - - - = - = = - . - -
D-Arabinose - - - - B = = = - - = -
L-Arabinose - + + + + + + + + + + +
Ribose + + + + + + + + + + + +
D-Xylose w - + + + + + + + + + -
L-Xylose + - - - - - - - - - - -
Adonitol - - - - - - - + - - - -
f-Methyl-xyloside - - - - - - N + - N - -
Galactose + + w + + + + + + + + +
D-Glucose + + + + + + + + + + + +
D-Fructose + + + + + + + + + + + +
D-Mannose + + + + + + + w + + + +
L-Sorbose - - - - - - - - - - _ w
Rhamnose - - - w w w w - - - - -
Dulcitol - + = = - . - - = N N N
Inositol - . B B . = = = N N = -
Mannitol - + - - - . = + = - N .
Sorbitol - - - - . = = + N N N R
Methyl-D-mannoside - + = - - . = + - - _ R
Methyl-D-glucoside + + + . = - - w - - - -
N-Acetyl glucosamine + + + w w + + + + + + +
Amygdalin + w + + + + + + + + + +
Arbutin + + + + + + + + + + + +
Esculin + + + + + + + + + + + +
Salicin + + w - - + + + + + + +
Cellbiose + + + + + + + + + + + +
Maltose + + + - . - - + + + + +
Lactose + + - - - - = + N . N "
Melibiose + + + - = - - + + + + +
Saccharose + + + - - - - w + + + +
Trehalose + w + + + w W + + + + +
Insulin + - - - - n . w - = - N
Melezitose - - - - w w = - - - .
D-Raffinose w N - - B - = - - . - N
Starch - - - - - - = = - N - w
Glycogen - - - - - - - w - - = -
Xylitol - - - - e N = + = = - .
{-Gentiobiose + w w w w + + - - - - w
D-Turanose + - - - - N = = = = - N
D-Lyxose - - - - = - = = . - = N
D-Tagatose - w - + + + + - - - - =
D-Fucose - N - - - - = - - - - -
L-Fucose - - - - - - = = - - N -
D-Arabitol - - - - - - = - - - _ .
L-Arabitol - N B - = . = - = - I =
Gluconate - w - - - - - w + + =
2K-Gluconate w - - - B - - = - - = =

5-K-Gluconate - - - - - - = = - = = -

+ positive, —, negative; w, weakly positive; A, Inner Mongolia Agriculture.
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Matrix nuary 2020 July 2020 March 2021 December 2021 Mean value
Farm 1

Corn silage <LoD* <LOD <LOD <LOD <LOD
Other silage <LOD <LOD 4774270 477270 3124237
Alfalfa hay 256187 NA. <LOD NA. 2024132
TMR 6712004 690006 663009 663009 672013
Farm2

Corn silage 250£178 349+175 244£167 <LOD 248148
Other silage <10D 2524092 <LoD <L0D 1742061
Alfalfa hay <LOD NA. <LOD NA. <LOD
Other hay NA. NA. <LOD NA. <LOD
TMR 584005 5514007 637003 5342016 5774042
Farm3

Corn silage 4832024 518+0.18 5874002 <LOD 4342178
Other silage 4092054 6.08+0.06 2724109 <LOD 3594186
Other hay NA. NA. <LOD NA. <LOD
Wet co-product NA. NA. 658+207 NA. 658207
TMR 5954004 651001 7.20£004 593£0.18 640055

Log values are reported as means and standard deviations of three replicates for each analyzed matrix.
*LOD: limit of detection (1.5 Log CFU/mL). TMR (in bold) and TMR constituents (in italic). N.A.: matrix not available at the considered month.
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GroupA GroupB GroupC GroupD GroupE GroupF GroupG GroupH Groupl GroupJd GroupK Group L

Characteristic IAH15 IAH10 IAH45 IAH41 IAH43 IAH26 IAH38 IAH1 IAH44 IAH42 IAH17 IAH14

Shape Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Cocci Rod
Grain stain + + + + + + + + + + + +
Catalase - - - - - - - - - - = an
Gas from glucose + + + + + - - - N = - N
Final pH in MRS broth 385 3.94 3.90 392 392 452 452 3.83 395 3.95 374 352
Fermentation type Hetero Hetero Hetero Hetero Hetero Homo Homo Homo Homo Homo Homo Homo
Option form of lactate D(-) D(-) D(-) D(-) D(-) DL DL 1) 1) 1) 1) DL
Growth at temperature (°C)

50 + + + + + + + + + + + +
100 + + + + + + + + w w + +
45.0 w w w w w w w w w w + »
50.0 = = = = . = = = . = = =
Growth in NaCl (%)

30 + + + + + + + + + + + +
65 w w w + * + + w w w + 4
Growth at pH

25 . B N - - N - - N . - =
30 w w w + + w w w w w + +
35 + * £ + + £ + + # e + #
40 + + + + + + + w + + + +
70 + + + + + + + + + + + +
90 + + + + + + + + + + + +
168 rDNA similarity with 99.7% 99.9% 98.9% 100.0% 100.0% 99.0% 99.0% 99.8% 99.7% 99.7% 100.0% 100.0%

each typestrain (%)

positive; —, negatives w, weakly positive; MRS, de Man, Rogosa, Sharpe. Hetero-, heterofermentative; Homo, homofermentative.
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[W.\:3 WsC DM

cp
pH ~036 (>0.1) —0.70 (0.004)** —061 (0.018)* 0.12(>0.1)
LA 0.30(>0.1) 0.67(0.007)** 0.62(0.013)* 0.10(>0.1)
NH,-N —0.19 (>0.1) ~0.82 (<0.001)** ~0.70 (0.004)** —0.02 (>0.1)

LAB, lactic acid bacteria; LA, lactic acid; WSC, water-soluble carbohydrate; DM, dry matter; CP, crude protein. *p<0.05, **p <0.01.





OPS/images/fmicb-14-1118646/fmicb-14-1118646-M1.jpg
Crur(0) = Fitagel * Ciilagel + Fuitage * Csilage2 + -+

(l’(Enlupyl + Filage2 + ))* ‘otherfeed





OPS/images/fmicb-13-1072140/fmicb-13-1072140-t003.jpg
Material

Silage

Material

Silage

Material

Silage

Material

Silage

Material

Silage

Material

Silage

5166+ 0.51Aa

50.94 +0.64A0

94.79+0.01Aa

93,87+ 0.39Aab

9.01+0.11Ab

8.28:+0.45Ab

2,00+ 0.16Ab

183 £0.03Ab

67.74+0.78Aa

63.04% 117Ba

45,36+ 0.63Aa

4210+ 12142

5161+ 0.46Aa

50,36+ 0.29Ba

9433+ 0.05A2b

94.01 £ 0.05Bab

9.65+0.20Ab

8.55:+031Bb

220+ 0.04Aab

217£0.08Aa

63.76 4 2.34Aa

60,31+ 2.64Aab

4152+ 0.16Aab

222517342

5217+ 2.29A0

50.94 +0.024a

94.11£0.27Ab
93.57 £ 0.16Ab

8,96+ 0.20Ab
7.94 +0.49Ab

21340.05Ab

183 0.01Bb

66.20 + 1.32A0

60.54 £ 135Bab

42.71 % L83Aab

40.80 + 1.98Aab

42223 024Ab

41.90 + 0.40Ab

94.24:£0.07Aab

94.13£0.01 Aab

1455+ 0.76Aa

1351 £051Aa

249 +0.14A0

225400940

64,16+ 3.28Aa

6226433742

43.24 % L69Aa

43,69+ 1.49Aa

4057+ 0.12Ab

3945+ 0.05Bc

94,58 + 0.29Aab

94.41£0.114a

872+ 0.01Ab
745+ 0.16Ab

190 £ 0.04Ab
186 £ 0.024b

55124 2.22Ab

53.26+3.33Bb

3816+ 1.91Ab

3605+ 1.69Ab

10561

03598

01810

01944

03643

04058

01011

21688

25523

14321

15165

<0.0001

<0.0001

01312

0.1041

<0.0001

<0.0001

00172

0.0004

0.0167

01295

00519

00410

Material 244+00240 250 +0.05Aa 219+ 0.05Abc 228+ 0.03Ab ‘ 208¢ £ 0.01Ac 00338 <0.0001

Silage 137 £ 0.03Babe 146:£0.05Ba 1.27£0.05Bc

130 £ 0.03Bbe ‘ 140 £ 0.01Bab 00364 0.0260

Means:+ SD within columns with different superscript letters differ (p<0.05); ““Means & SD within rows with different superscript letters differ (p<0.05); Data 5D are means of three
grass samples. BN, Baical Needgrass; CL, China Leymus; SH, Scabrous Hidescedgrass; RM, Ruthenia Medic; SP, Slenderleaf Pulsatilla. FM, resh matter. ND, not detected. DM, dry
matter; OM, organic matter; CP, crude protein; EE, ether extract; NDE, neutral detergent fiber; ADF, acid detergent fiber; WSC, water-soluble carbohydrate.
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Grass BN C] SH RM SP SEM p-value
pH 41620.05¢ 4155009 4264007b 4324003 1442007 00294 00284
Lactic acid (%FM) 0.8410.03ab 0.95+0.03a 0.7210.05bc 0.77£0.03b 0.58+0.08¢ 0.0469 0.0028
Ac (%FM) 0.3840.02a 0.42£0.02a 036+0.01a 0.38+0.02a 0.28+0.04b 0.0227 0.0186
Butyric acid (%FM) ND ND ND ND ND -
Propionic acid (%FM) ND ND ND ND ND N
NH,-N (%FM) 0.55+0.01b 0.51£0.06b 0520.02b 0.58+0.02b 0.72£0.03a 0.0349 0.0104

“Means D within rows with different superscript lettes differ (p<0.05); Data:+ SD are means of three grass samples. B, Baical Needgrass; CL, China Leymus; SH, Scabrous
Hideseedgrass; RM, Ruthenia Medic; SP, Slenderleaf Pulsatilla; EM, fresh matter; ND, not detected.
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1st 2n 3rd SEM
pH 5592001b 5692004 7240022 0022
LA (g/kg DM) 19.86:+2.50ab 28.78+3.22a 11.39+5.06b 4.026 0.046
AA (g/kg DM) 8.18+0.9% 1.14:£0.26b 4.53£2.22ab 1154 0.041
PA (g/kg DM) 8194098 1462058 4162064b 0652 0016
BA (g/kg DM) 0c 6.16:£3.09b 19.13+£2.74a 2649 0.0035
NH,-N (g/kg TN) 198.5+0.27 218.8+1.09 225.9+0.40 4.664 0.0069

Values are mean (1=3) +SE. Different lowercase letters differ among different cuttings. . 15t the first cutting: 2nd, the second cutting; 3rd, the third cutting. LA, lactic acid; AA, acetic
acid; PA, propionic acid; BA, butyric acid; NH3-N, ammonia-N; DM, dry matter; TN, total nitrogen.
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Cutting Interaction

5
DM (g/kg FM) Ist 2293Cc 4269B¢ 4394A¢ 163 <0.0001 0.0088 <0.0001 0.0051
2nd 271.98a 4713Ab 485440 493 <0.0001
3rd 244.08b 616740 604140 428 <0.0001
SEM 157 509 346
prvalue <0.0001 <0.0001 <0.0001
CP (g/kg DM) Ist 189.7 177.2b 189.3b 681 03920 <0.0001 08151 0.1389
20d 199.12b 21492 200.3ab 6.08 0.1581
3rd 21362 21950 203 449 05195
SEM 548 573 632
prvalue 00566 00037 00281
Ash (g/kg DM) Ist 1016 98.5b 103 407 0.1857 02341 05901 00727
2nd 11244 10538a 10198 211 0.0198
3nd 98.1 101.2ab 1034 462 07254
SEM 462 152 407
prvalue 01523 00499 03271
WSC (g/kg DM) Ist 41.44Bb 64.20Aab 2935C 32983 0.0008 <0.0001 <0.0001 04673
20d 3364Bc 49.65Ab 264C 36418 <0.0001
3rd 4931Ba 75424 36,158 4838 0.0033
SEM 18836 4573 33223
Povalue 00032 00204 00743
NDF (g/kg DM) Ist 461.5Aab 46454 369.58 775 0.0002 <0.0001 <0.0001 01944
2nd 486040 49194 3729Ba 704 <0.0001
3nd 439340 43634 32098b 927 <0.0001
SEM 764 871 7.82
P-value 00143 00620 0.0057
ADF (g/kg DM) Ist 358740 36L1Aa 270.68b 763 0.0002 <0.0001 <0.0001 03812
2nd 374.9Aa 379.1A0 31928 921 0.0064
3nd 280.14b 287.2Ab 2267Bc 1299 00317
SEM 615 1274 1056
prvalue <0.0001 00049 00025
LAB (log,, cfu/g of FM) Ist <2Be <2Bb 5927Ab 021 <0.0001 <0.0001 <0.0001 <0.0001
2nd 311Ba 363Ba 7.16Aa 018 <0.0001
3nd 274Bb 3198 457Ac 023 0.0035
SEM 0.098 016 025
prvalue 0.0006 00010 0.0005
Yeast (log,, cfu/g of EM) Ist <2Be <2Be 5.06Ab 044 0.0013 <0.0001 <0.0001 <0.0001
2nd 353Bb 304Bb 696Aa 019 <0.0001
3nd 45040 3808 4.694b 018 0.0263
SEM 0055 017 038
prvalue <0.0001 0.0009 0.0080
Coliform bacteria (log ,, cfu/g of FM) Ist 274Ab 321Ac <2Bb 0.26 <0.0001 <0.0001 <0.0001 <0.0001
2nd 67740 65480 444Ba 032 0.0014
3nd 65740 531Bb <2Ch 017 <0.0001
SEM 012 033 023
prvalue <0.0001 00011 <0.0001
Acrobic bacteria (log 1 cfu/g of FM) Ist 3.45Bb 327Bb 65540 017 <0.0001 <0.0001 0.0008 <0.0001
2nd 70240 68840 675 023 0.6925
3rd 7.06Aa 6.44Ba 491Ch o4 0.0001
SEM 012 019 020
prvalue <0.0001 <0.0001 0.0006

Values are mean (1= 3) & SE. Different capitalleters differ among E, W, and § in the same cutting; Different lowercase leters differ among different cuttings p=0.05. . fresh alfafa; W, wilted
alfalfo S, ensiled alfafa; 1, the first cuttings 2nd, the second cuttings 3rd, the third cutting, DM, dry matter; P, rude protein; WSC, water soluble carbohydrates; NDF, Neutral detergent
fber; ADE acid detergent fiber; LAB, lactic acid bacterial.
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Interaction

5]
Proteobacteria Ist 99.7Aa 78242 0.138b 934 0.0007 <0.0001 <0.0001 <0.0001
2nd 94942 993Aa 3.19Bb 293 <0.0001
3nd 87.6A0 98.0Aa 97.94a 587 04079
SEM 640 938 114
p-value 0.4560 0.2801 <0.0001
Firmicutes Ist 0.063B 21398 99.80A2 941 0.0007 <0.0001 <0.0001 <0.0001
2nd 4298 0658 96.66Ab 259 <0.0001
3nd 1185 105 0.28¢ 585 0.3584
SEM 633 942 0.7
prvalue 0.4581 02799 <0.0001
Actinobacteria Ist 0.1400 00033 00100 0.081 04528 00979 0.8543 06175
2nd 05733 00333 0.0900 0.24 0.2988
3id 04133 0.6767 10800 059 07333
SEM 032 037 041
prvalue 0.6501 0.0400 0.2070
Cyanobacteria Ist 0.0067 0.3667 0.0567 021 0.4607 04623 0.4402 02311
2nd 0.0400 0.0000 0.0567 0.026 03480
3id 0.0600 00233 06167 0.26 0.2800
SEM 0,037 021 0.26
p-value 0.6162 04252 0.2952
Bacteroidetes Ist 0.1367 0.0000 0.0000 0.079 04219 08053 04116 05354
2nd 0.1700 0.0033 0.0000 0.095 0.4094
3nd 00533 0.2067 0.0300 5] 05506
SEM 0.12 012 0012
prvalue 0.7996 04116 0.2063

Values are mean (1=3) +SE. Different capital letters differ among E, W, and S in the same cutting; Different lowercase leters differ among different cuttings p=0.05. . fresh alfal
alfalfa; S, ensiled alfalfa; 1t the first cutting; 2nd, the second cutting; 3rd, the third cutting.
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Items Treatments Bacteria Fungi

Shannon index Chaol index Shannon index Chaol index

Fresh materials WCWD 2.08 339.46 1.28 264.83
AA 3.02 580.77 223 44471

60 d ensiling WCWD 1.88 227.48 1.73 96.17
LB 1.21 338.20 1.78 183.34
20% AA 1.53 265.77 2.00 262.40
AA 1.82 292.12 1.86 239.55

aerobic exposure for 4 d WCWD 203 207.52 2.05 4144
LB 2.54 264.34 1.26 31.78

20% AA 2.18 460.43 1.62 52.81
AA 1.86 307.00 1.17 244.87

aerobic exposure for 12 d WCWD 3.09 239.85 1.46 46.78
LB 1.83 139.42 1.62 41.08

20% AA 1.73 154.30 2.09 41.36

AA 2.24 162.04 1.16 52.08

WCWD, no additive; LB, WCWD with 2% L. buchneri; 20% AA, WCWD with 20% AA; AA, only whole-crop AA.
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Metric, % of DM Transformation Transformed Mean+SD wt

Lactic acid Square root 2272048 0986
Acetic acid Box-cox; A=0.47 0.44£0.60 0.964
Ammonia Box-cox; A=—0.21 —243£1.26 0.970
Ethanol 1008 Box-cox; A=0.38 —0.24£0.89 0977
veDML L1138 Box-cox as veDML+10; 1=0.18 295+0.51 0974

‘Shapiro-Wilk normality test.
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ltems Bc Blac Cirl Lac SEM

pH 404 4.06* 428 409 003 <0.01
NH3-N/ TN (%) 444° 474 6.16" 496" 021 <001
Lactic acid (g/kg DM) 5173 5713 42.80° 49.05* 159 <0.01
Acetic acid (g/kg DM) 2447 2479 12.39° 17.71¢ 161 <0.01
Butyric acid (g/kg DM) 051° 042 129 0.46 011 <0.01
Propionic acid (g/kg DM) 2.46° 2.50° 077 1.24¢ 023 <0.01

Different letters within the same line indicate statistically significant differences between the treatments (P < 0.05); B, added with strain B. cereus AH7-7; Blac, added with strain B. cereus
AH7-7, Lactobacillus plantarum, and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives; NH3-N/TN, ammonium nitrogen/total
nitrogen; DM, dry matter; SEM, standard error of mean.
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Item Treatment Days of ensiling (day) Days of aerobic exposure (day) SEM P value

1 3 74 15 30 60 2 4 12 T E TxE

Lactic acid bacteria WCWD 8.10 B 9.01 bA 9.64 24 8.99 24 7.33 B 7.320B 7.70 2B 8.35% 82224 0.19 <0.01 <0.01 <0.01
LB 10.1734 9.78 %A 9.96 2A 9.372A 7.49 bB 6.05<C 7.79 %8 8.91 24 9.5224
20% AA 8.03 1B 9.76 4 9.84 24 9.492A 8.44 %8 7.42C 8.022C 9.10 24 9.91 24
40% AA 8.25 0B 9.04 P4 9.74 24 9.3824 8.67 2B 7.56°C 7.64 %8 9.18 %4 9.80 24
60% AA 7.94 8 9.73 %4 9.67 %4 9.36 4 8.98 24 7.79 B 5.59 C 7.27 B 9.59 24
80% AA 7.84 B 9.78 24 9.83 24 9.20%4 9.07 24 82378 6.59 ¢ 7.20 B 9.87 24
AA 8.00 PP 9.92 %4 9.62 %4 9.51 24 8.85 24 8.85 %4 7.06 2¢ 6.59 °C 9.53 24

Bacillus WCWD 9.8934 9.45 34 7.69 PP 7.63 B 5.613C 5.512C 7.06 28 7.09 P8 9.1134 0.22 <0.01 <0.01 <0.01
LB 7.01 8 3.85<C 4.05<C ND P 4.582C 4.13°C 7.21%8 9.14 %4 9.63 %4
20% AA 9.73 24 7.68 B 7.05bB 563 bC 4.49°D 3.80 bD 5.67 bC 8.8224 83424
40% AA 9.8124 87228 7.46 B 7.39C 4.412P 3.70 bE 6.12°D 5.02 <P 9.24 24
60% AA 9.2124 9.11 24 7.82bB 7.642B 4.69 2C 4.03 PP 3.98<P 5.10<C 8.57 24
80% AA 9.2024 9.04 24 9.17 24 7.64 %8 4713 3.86°C 3.90 ¢ 4.36°C 9.18 %4
AA 8.99 24 9.65 %A 9.29 4 7.50 2B 4.89 % 3.90 P 3.70 P 4.46°C 9.38 24

Aerobic bacteria WCWD 9.66 4 9.24 %A 7.89 0B 7.76 °C 7.63°C 6.502C 7.60 °C 9.05 24 9.99 24 0.24 <0.01 <0.01 <0.01
LB 7.22 b8 4.10<C 4.99 <¢ 5.18 ¢ 9.30 24 4.74°C 7.45 B 9.44 %A 9.73 24
20% AA 9.5224 8.18 PP 7.21°C 4.65 P 7.19 € 4.86 P 573D 8.81 %4 9.49 A
40% AA 9.9324 9.42%4 7.74 b8 7.350C 48740 433D 5.39 <D 7.49°C 8.97 0B
60% AA 9.5524 9.13 %A 9.19 24 7.53 bB 5.06 9C 4.73C 522 <C 5.57 bC 9.19 24
80% AA 9.69 24 9.05 24 7.77bB 8.8924 5,05 4C 4.74C 9.02 %A 5.38bC 9.39 24
AA 9.65 A 9.47 *A 9.33 24 4.84B 48748 4.67C 557 B 5.08 B 9.84 A

Yeast WCWD 4477 ND bE 4.227%C 4922 ND bE ND & 2.34°D 5.15bB 7.5224 0.90 <0.01 <0.05 <0.01
LB ND <P 439 ND P 4,058 5.39 28 1.68°C 78N 8.83 %4 7.70 24
20% AA 3.94C ND PP 4,573 ND bP ND PP ND P 6.50 28 8.86 24 6.858
40% AA ND <P 4352 4,573 ND PP ND PP 6.58 2P 6.48 8 8.66 *4 7.00 bB
60% AA 4,06 ¢ ND bE ND <E ND bE ND bE 1.49 °P 1.80°P 6.15°8 7.05 %4
80% AA 2.93C ND PP ND P ND PP ND PP ND P ND P 5.25bB 7.03%4
AA 4.09 %8 ND bP 2.96 bC ND bD ND bP ND <P ND P 4.93 B 6.97 <A

WCWD, no additive; LB, WCWD with 2% L. buchneri; 20% AA, WCWD with 20% AA, next same; 40% AA; 60% AA; 80% AA; AA, only whole-crop AA. Means with different letters in the same row (A-E) or column (a-e) indicate a significant difference
according to Duncan test (p < 0.05). SEM, standard error of means; T, treatment; E, ensiling days; T x E, interaction between treatment and ensiling days.





OPS/images/fmicb-13-1092315/fmicb-13-1092315-t004.jpg
Metric, % Mean+SD  Numberof  Number of

of DM studies treatment
means

Dry matter 36£12 35 7

loss, %

Aceticacid, % 1608 60 n7

Ethanol, % 10£08 38 79

Lactic acid, % 54£22 58 n2

Ammonia, % 02£03 e 51
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Microbial population (log;o CFU/g of FM)

Bc Blac Ctrl Lac
Lactic acid bacteria, 10 days 7.32% 7.45% 6.80° 7.56" 0.08 <0.01 <0.01 0.61
Lactic acid bacteria, 30 days 8.54% 8.63* 7.95° 8.56" 0.05 - - -
Lactic acid bacteria, 60 days 8.69% 8.88% 8.04° 8.67% 0.07 . = -
Yeasts, 10 days ND ND 513 4,00 0.20 <0.01
Yeasts, 30/60 days ND ND ND ND - -
Molds, 10/30/60 days ND ND ND ND E =
Enterobacter, 10/30/60 days ND ND ND ND - -

Different letters within the same line indicate statistically significant differences between the treatments (P < 0.05); B, added with strain B. cereus AH7-7; Blac, added with strain B. cereus
AH7-7, Lactobacillus plantarum, and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives; FM, fresh material of silage; SEM, standard
error of mean; ND, not detected; CFU, colony-forming unit; G, effect of treatment groups; T, effect of measurement time; G x T, interaction between treatment groups and measurement time.
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Item Treatment Days of ensiling (day) Days of aerobic exposure (day) SEM P value
1 3 7 15 30 60 2 4 12 T E Tx E
WSC(g/kg DM) WCWD 52.13 A 39.42 4B 31.92°¢C 29.38 4C 28.63 P 26.18 40 24,3090 21.49 4F 10.58 4F 0.82 <0.01 <005  <0.01
LB 54,59 A 38.58 4B 33.43C 31.214¢ 29.90 P 27.47 90 26.224D 25.65 PP 20.21 €
20% AA 55.19 ¢A 50.16 B 39.794C 37120 34.66 40 31.32 ¢ 29.14 °F 27.87 bF 24.64 F
40% AA 58.50 bA 52,34 bB 47.06 <€ 42.27D 3227 4E 30.70 E 27.90 <F 27.07 bF 21.62 PF
60% AA 60.40 bA 40.50 48 57.87 24 41.54 b8 38.27<C 34,53 bD 31.06 PE 26.89 PE 19.75 <F
80% AA 63.50 %4 58258 51.45bC 49.06 °© 40.97 bD 30.27 € 28.25 F 2424 F 18.77 <F
AA 64.10 A 59.30 28 53.87C 48,01 2P 44,12 % 40.50 F 38.76 2F 36.20 2F 30.40 2F
NDF(g/kg DM) WCWD 565.00 *A 554.45 2B 541.58 2C 534.43 2C 524.63 P 518.69 °F 512.28 ¢ 497.752F 479.15%F 0.81 <0.01  <0.01 <0.01
LB 558.76 >4 548,28 *A 532.03 P8 524,61 °C 521.29 %€ 507.10 PP 500.00 P 492.27 PE 470.87 bF
20% AA 549.27 b4 533.94 PP 523.68 <C 519.61 PP 517.00 °P 502.65 PF 496.06 °F 481.79 F 465.17 <F
40% AA 539.22 <A 526.29 PP 519.71 4B 509.21 ¢ 502.57 <¢ 497.43 °P 493.12°P 487.70 PF 460.12 9F
60% AA 528.67 44 514.29 B¢ 509.26 4B 500.55 ¢ 495.00 <€ 485.94 0 481.59 P 471.11 % 463.45 F
80% AA 507.14 A 500.18 & 498.12¢8 495.10 9C 483.94 4D 478.84 4D 47524 D 464.75 € 45921 dE
AA 483.42 A 480.20 48 474.55 B 471.43 <8 467.05 ¢ 460.77 €€ 455,14 9D 44829 P 43238 °F
ADF(g/kg DM) WCWD 310.00 ¢4 304.79 B 303.24 4B 298.51 €€ 294,39 dC 290.46 4° 287.86 <F 286.39 € 284.45 <E 0.82 <0.01  <0.01 <0.01
LB 305.83 ¢A 300.72 B 299.89 B 294.72 €€ 288.42 40 286.79 <0 282.94 °F 279.15 ¢ 274.27 €F
20% AA 318.42 44 315.51 PP 313.08 B 304.45 4¢ 300.49 <¢ 294.23 40 291.72 4D 289.22 4E 283.98 ¢F
40% AA 324.72A 322.46 %A 319.43 PB 31347 <€ 309.82 <P 305.85 <P 300.90 E 298.57 E 295.08 4F
60% AA 330.08 >4 327.00 28 325.64 B 322.21°C 318.89 PP 314.75 bE 312.72 bE 311.25 °F 308.45 F
80% AA 335.26 04 331.68 28 328.702C 325.80 °¢ 322.00°P 320.14 2P 318.02°P 317.24°P 314.05 °F
AA 342.36 %A 335.90 28 331.67%C 329.30 %€ 326.08 2¢ 321.99 2P 319.06 ¢ 318.28 2¢ 316.84 ¢
CP(g/kg DM) WCWD 84.84 <A 88.20 <A 88.77bA 85.83 A 88.97 <A 82.1744 85.67 <A 93.47 b4 80.09 <A 437 <0.05  <0.05 <0.05
LB 82.61 <A 83.60 44 82.30 <A 88.37 <A 81.77 <A 87.77 94 84.14 A 86.07 <A 81.48 bB
20% AA 85.01°B 82.50 4B 86.03 B 85.80 B 90.74 B 144.97 bA 88.67 B 96.83 bB 86.60 PB
40% AA 87.35 0B 81.47 4B 87.80 B 91.08 B 86.77 B 107.07 A 89.93 B 91.53 B 88.53 PP
60% AA 103.97 4 98.07 B 87.47 B 99.17 b4 90.50 B 99.14 A 113.40 %A 105.50 b4 94.52 bB
80% AA 158.50 4 113.77 bB 105.40 *B 115.67 %4 11527 b4 113.17 B 12873 %4 109.23 2P 109.60 2P
AA 162.67*4 135.43 % 127.61 8 140.17 %8 133.03 2B 127.63 B 129.53 2B 121.372B 120.04 2¢

WSC, water soluble carbohydrates; NDF, neutral detergent fiber; ADF, acid detergent fiber; CP, crude protein. WCWD, no additive; LB, WCWD with 2% L. buchneri; 20% AA, WCWD with 20% AA, next same; 40% AA; 60% AA; 80% AA; AA, only whole-
crop AA. Means with different letters in the same row (A-F) or column (a-e) indicate a significant difference according to Duncan test (p < 0.05). SEM, standard error of means; T, treatment; E, ensiling days; T x E, interaction between treatment

and ensiling days.
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Chemical compositi FM

Dry matter (g/kg) 329.20
Crude protein (g/kg DM) 122.97
Water soluble carbohydrates (g/kg DM) 7243
Neutral detergent fiber (g/kg DM) 543.49
Acid detergent fiber (g/kg DM) 376.19
Acid detergent lignin (g/kg DM) 63.65
Cellulose (g/kg DM) 323.18
Hemicellulose (g/kg DM) 70.45
Microbial population (logjo CFU/g of FM)

Lactic acid bacteria 526

Yeasts 4.37

Molds ND

Enterobacter 3.56

EM, fresh material of silage; ND, not detected; CFU, colony-forming unit.
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Item

DM (%)

NH;3-N(g/kg DM)

Lactic acid(g/kg DM)

Acetic acid(g/kg DM)

Treatment

WCWD
LB
20% AA
40%AA
60% AA
80% AA
AA
WCWD
LB
20% AA
40% AA
60% AA
80% AA
AA
WCWD
LB
20% AA
40% AA
60% AA
80% AA
AA
WCWD
LB
20% AA
40% AA
60% AA
80% AA
AA
WCWD
LB
20% AA
40%AA
60% AA
80% AA
AA

1

42.38 %8
44,01
39.86 2B
38.01 B
33.86 B
332208
333754
61124
42508
5.74°4
5.76 24
59724
6.19 24
6.21°B
9.45 24
7.57 38
9.152B
9.41 2B
10.45 €
10.79 2€
10.61 %€
5524
6.17 %A
21124
9728
56 2B
5924
7028
364
2924
3884
3828
2928
2928
3928

3

42.60°C
43.13%C
42,538
39.62 2B
35.91 bB
32.85bB
28.03 bB
4,89 %A
3.75C
3.98<C
4.01°8
4988
5.00 °B
5.14°C
0.16 >4
8.48°8
9.82bB
1.88 28
3.41%C
5.88 2B
7.274B
2.67 24
0.86 ™A
7.59 b4
6.03 B
2.83 B
3.2924
3.47 B
1.76 *A
14324
17224
17748
1.8128
1.94 28
DDk

Days of ensiling (day)

7

46.43 %8
41.76 %€
40.09 28
33.29bB
32,3 adbB
28.43 bB
26.42 b8
5.74 24
3.84<C
422¢C
4.76°B
5.39 24
5.48 °B
5.46°C
0.52 b4
9.21 b8
1.65 B
4878
3.62C
8.98 °B
222028
24754
0.15 24
717088,
443 bB
3.30 b4
3.65 b4
83 bB
67 A
.58 24
67 A
.60 2B
64 aB
2.49°B
2,394

15

45,0028
41.66 °¢
395128
34,22 bB
34.43 bB
28.93 bB
25.39 bB
53734
3.844€
4,019
4.37 B
4.73 b8
5.19 2B
481D
12.97 b4
10.67 B
14.68 b4
19.40 b4
20.00°B
25.8224A
24.19°B
2,614
13.56 %4
10.3524
10.5528
5.16 4
7.29 24
9.68 24
221,
21154
2.35bA
3.35°
2.99 24
2.41 B
6.29 4

30

432728
g
42,108
39.45°B
33.18 b8
29.85 bB
26.29 b8
5.09 24
3.95 B
4.45<C
4.40 98
4.52bC
4.64C
4,690
12,9304
10.77 B
13.70 bB
15.46 B
18.78 bB
26.83 24
26.74 A
31734
8.94 24
47324
53728
7.00 24
5258
7:3734
173 %
17624
21784
2,53 9B
1.99 2B
2.97 2B
3.8724

60

40.12°C
45.70 %8
42.46 B
36.00 B
32748
31.480B
28.26 B
4.74°A
3.85<C
4.11bC
4.12 b8
4,54°2C
4.41°%C
4.50°P
15.09 <A
129448
19.01 <A
22,0554
27.87b4
25.30 b4
34,064
5.78 bA
10.55 b4
12.14 04
28.0224
147204
8.56 b4
15.89 bA
2194
248 A
4.46 b4
11.59 2A
6.91 b4
11.07 24
6.42 4

Days of aerobic exposure (day)

2

43,988
484028
432328
39.20 bB
36.55 PB
31.77bB
29.45 B
50224
3.77¢C
3.99 4€
4.04 9B
4,15
438°C
442 bE
19.87 <A
11.28 48
17.14 <A
20.30 <A
25.48 bA
38.78 24
32,634
9.94 24
14.73 %4
13.55 24
13.4528
17.482A
17.65 A
10.24 24
3.15°%4
1.29 b4
3,124
2.48 °B
3223
4.32°B
2.8324

4

51.28 B
51.3228
44368
41.54 b8
39.67 4
35.01¢4
29.05 B
5.04 24
4368
4.30 <€
42198
424 9C
4.46C
4.61°0
13.15bA
11.06 B
16.17b4
17.51bA
21.69 24
25.16 4
24,79 B
32924
7.94 %4
9.79 24
12.63 B
12.51 %A
6.8724
52394
12924
12924
12924
1298
22398
1.94 28
1.69 %8

12

81.8224
75.03 24
62.51 b4
49.43 A
4428 A
40.30 4
41,7194
5.87bA
6.25 24
532bA
5.79 bA
5.56 A
6.04 54
6.60 A
9.52¢A
21,9504
18.56 A
15.37bB
253324
29.83 24
20.82 b8
1.63 24
72824
8.36 24
5.08°B
4,90 24
59124
6.07 A
1.55 24
2037788
1.29 24
2.60°B
1.2928
1.8128
1.6428

SEM

2.58

0.16

1.94

351

1.26

T

<0.01

<0.05

<0.01

<0.01

<0.01

P value

E

<0.01

<0.01

<0.01

<0.01

<0.01

TxE

<0.01

<0.01

<0.01

<0.05

<0.01

NH;-N, ammonia nitrogen; DM, dry matter. WCWD, no additive; LB, WCWD with 2% L. buchneri; 20% AA, WCWD with 20% AA, next same; 40% AA; 60% AA; 80% AA; AA, only whole-crop AA. Means with different letters in the same row (A-D) or
column (a-e) indicate a significant difference according to Duncan test (p < 0.05). SEM, standard error of means; T, treatment; E, ensiling days; T x E, interaction between treatment and ensiling days.
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Compound Abundance over pre- Radiative forcing Radiative forcing

industrial level, ppm*?  from pre-industrial normalized to
level, Wm~2 abundance
co, 87 +146' 00168 10
CH, 1045 +0.48" 04593 274
o, 0035 +0.40° 11429 6810

. “Relative normalized radiative forcing in CO,-cquivalents for the estimated increase in radiaive forcing from pre-industrial levels per the
increase in abundance over pre-industrial levels.
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Item

DM (%)

Fermentation characteristic (g/kg DM)

Chemical composition (g/kg DM)

Microbial population (Ig cfu/g of FM)

Mycotoxin

pH

NH;-N
Lactic acid
WSC

NDF

ADF

Cp

LAB

Bacillus
Aerobic bacteria
Yeast

AFBI, pg/kg
DON, mg/kg

WCWD

44.48
6.17
7.13
2.16
343

575.00
315.00

88.23
5.64
7.89
9.48
4.45
3.59
0.11

29.50
6.24
9.96
135
59.3

490.00

350.00

179.66
557
7.74
8.03
4.36
3.84
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Compound CAS Molar MCE! MRC? MRC  Pyruvate® CDMP* EBIR® GWP,°

name number mass, mg mmol mmol kg™ from Os

g mol* kg™ kg™
Aceticacid 64197 60.05 1 13x100 | 21x10° 21100 9.2x10° 020 53x10° 11x10°
Propionic acid 79-09-4 74.08 0 16x10° | 21x10' 21x10' 034 L1x10° 22x10°
Butyric acid 107-92:6 8511 2 16x10° 18x10° 36%10° 16%10° 055 18x10° 36x10°
Isobutyric 79312 8811 0 32x10° | 36x10° 038 25x10° 50%10'
acid
Tsovalericacid 503742 102,13 0 25x100 | 25x10° 0.96 49x10° 9.8x10°
Methanol 67-56-1 3204 0 20100 62x10° 020 82x107 16x10°"
Ethanol 64175 46.07 1 50x10°  LIx10° L1x10° 48x10° 057 58x10° 12x10°
1-Propanol 71238 60.10 0 10x10° | 17x10' 17x10' 079 16%10° 32x10°
2-Propanol 67-63-0 60.10 0 L6x100 | 26x10° 26x10° 026 85x10' 17x10"
2-Propenol 107186 58.10 0 79x10° | L4x10" Lax10 275 44x10' 89x10°
2 Methyl-1- 78831 7412 0 10x100 | Lax10" Lax10 072 15x10' 30x10°
propanol
1-Butanol 71-36-3 7412 2 63x10° | 85x10° 17107 75%10° 0.88 23x10°
2-Butanol 78922 7412 2 L0X10° | 14x10° 27%10° 12x10° 0.50 21x10'
3-Methyl-1- 123513 1 16x10' | 18x107  36x10" 79%10° 090 29x10' 59x10°
butanol
I-Hexanol 11273 10216 0 LOX10' | 98x10 082 17%10' 34x10°
2-Phenylethanol 60-12:8 12217 1 LOX10' | 82x10% | 82x107 36x10° 107 22x10' 44x10°
Acetone 67-64-1 58.08 0 13x10' | 22x107 22x107 0.09 24x10° 48x107
2-Butanone 78-93-3 7211 2 25x100 | 35x107 | 70x107 31101 037 19x10' 38x10°
3-Hydroxy-2- 513860 8811 1 LIX100 | 13x10' 26x10' 56x10° 037 83x10° 17%10°
butanone
Methyl acetate 79-209 74.08 1 25x10° | 34x10° 34x10° 15%10° 0.04 20x10' 41x10°
Ethyl acetate 141786 8811 2 13%10° 14x10° 29x10° 13%10° 024 64x10" 13x10°
Ethyl lactate 97643 18,13 1 20100 1L7x10° 34x10° 74x10' 059 24x10° 48x10'
Propyl acetate 109-60-4 102.13 1 25x10° | 25%10° 49x10° LIx10° 031 16%10° 32x10'
Propyl lactate 616:09-1 13216 0 16x10° 12x10° 24x10° 035 23x10'
Acetaldehyde 75-07-0 4405 1 L0x100 | 23x10° 23x10° 20x10° 161 33x10° 66x10'
Propionaldehyde 123386 5808 0 13x100 | 22x107 | 22x10° 171 4510 9.1x10°
2-Methylpropanal 78842 721 0 16x100 | 22x107 | 22x10° 135 44x10 89x10
Butyraldehyde 123728 7211 2 16x100 | 22x107 | 44x10” 19x10' 145 47x10' 95%10°
3-Methylbutanal 590863 8613 1 L0x100 | 12x10° 23x10° 51x10' 121 50%10'
Valeraldehyde 110623 8613 2 L0x10° | 12x10° 23x10° 10x10° 126 52x10'
Hexanal 66251 100,17 0 L0x100 | 10x10° 107 22x10° 44x10'
Heptanal 77 1419 1 13%100 | L1x107 | 22x10° 49x10° 090 24x10° 48x10°
AlVOC 24x100 4.0x10° 42x10° 16x10° 035 17x10' 35x10°
Minor VOC 62x10°  8.4x10' 9.9%10' 16x10° 049 62x10° 13x10°

Bold, summary of values of all VOC or minor VOC as utilized in text.'Metabolic CO, equivalent for mol CO, produced metabolically per mol of each metabolite produced. *Mean
reported concentrated in silage, mg k" on a dry matter basis Hafner et al, 2013, Pyruvate, mmol kg™ silage dry matter produced as intermediate metabolite for each VOC at given
MRC. ‘Calculated direct metabolic CO, production, mg kg™ in silage on a dry matter basis,resulting from metabolic pathway to respective metabolite at MRC. “Equal benefit incremental
reactivity, g O, per g VOC Hafner et al 2013, “Partal global warming potentialfor tropospheric O, produced from silage VOC at MRC, carbon-equivalents as mg kg in silage on a dry
matter basis.
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Ensiling Aerobic exposure days

methods
1 4 5] 7
BS 426 406 417 360 | 357 395 39A
R 298 257 260 232 | 321 236 2678
Shannon 0347 | w NS Ns
B 380 397 | 389 39 | 409 | 400 3957
Bacterial Mean 368 353 355 329 | 362 | 344
community BS 563 588 579 601 569 598 5834
RB 45 35 44 B4 46 421 a04C
Chaol 2204 NS Ns
B 466 | 456 | 474 469 427 398 4488
Mean 195 66 489 e8| 450 472
BS 306 374 272 441 426 375 366A
RB 240 244 275 | 238 | 18 126 2188
Shannon 035 NS *
B 209 165 219 234 1% 219 2068
Fungal Mean 25 261 255 304 267 240
community BS 19 20 210 23 258 213 2204
RB 165 251 213 189 188 158 1944
Chaol 25780 | e NS Ns
B 12 M3 193 a7 1 I 1588
Mean 165 207 205 | 202 | 205 161

BS, bunker silo; RB, round bale; SB, silage bag M, ensiling methods; D, aerobic exposure days; M x D, interaction of ensiling methods and aerobic exposure days. Means with different leters in
the same column (A~C) differ (p<0.05). **#p<0.001; *p<0.05; NS, not significant; SEM, error of the means.
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Mycotoxins Ensiling Aerobic exposure days

methods 3 5

BS 583Ad 651Ad 78Ac | 1315Ab | M21Ab 1634Aa

AFBI (ug/Kg DM) RB 571Ad 58784 673ABd | 80IBc 102Bb | 1391Ba 0392 | ke we e
B 468Ad | 549Ccd | 565Bd | 614Cc 7.82Ch, 9.66Ca
BS 556Ac  1L40Ad | 1321Acd | 1582Ac | 2559Ab  354dAa

ZEN (ug/Kg DM) RB 5.49Ad 570Bd | 64sBed | 802Cc 124080 | 1802Ba 0705 | ke we s
B 4508d 5.22Bd 6.60Bc 1183Bb | 1378Ba  1436Ba
BS 2024Ad 2046Ad | 3048Ac | 3MISAc | 4785Ab  6426Aa

T2 (ug/Kg DM) RB 1LSBE | 1579Be | 1936Bd | 2872Cc  3747Bb 4955 | 1235 | ks w s
B 124084 1681Bc | 1851Bc | 3Le6Bb | 3510Bb  4003Ca
BS 126840 | 13387Ad | 14479Ac | 14954Ac  16788Ab  188.66Aa

DON (ug/Kg DM) R 12359Ac | 12980Ac | 130.60Bc | 14170Bb  15304Ba  15936Ba | 2047 | s w s
B 12237Ac | 12652Ac | 13350Bb  15550Aa  157.79Ba | 16219Ba
BS 25480 3078Ac | 3404Ad | 38B2Ac | 4640Ab  5909Aa

FBI (ug/Kg DM) RB 2090Cf | 2492Be  3L6IAd | 388IAc | 4236Bb | S026Ba | 0933 | we  wex s
B 234982 2330Ba | 2661Ba | 3507Bc | 4003Cb  4453Ca

AFBI, aflatoxin B1; ZEN, zearalenone; T-2, T-2 toxin; DON, deoxynivalenol; FB1, fumonisin B1. BS, bunker silo; RB, round bale; SB, silage bag; M, ensiling methods; D, aerobic
exposure days; Mx D, interaction of ensiling methods and aerobic exposure days. Means with different etters in the same row (a-) or colum (A-C) differ (p<0.05). **%p <0.001;
SEM, error of the means.
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Ensiling Aerobic exposure days

methods 3 5

BS 421A¢ 3.90Ad 431Ac 4.37Abe 4.52Aab 4.58Aa

pH RB 4.10Bc 3.79Bd 4.19Bb 4.21Bb 4.25Ba 4.27Ba 0.033 ol Lot NS
SB 3.78Cc 3.49Cd 3.91Cb 3.94Cb 3.96Cab 4.01Ca
BS 23.04Ba 20.93Cb 18.84Cc 17.54Bcd 16.22Bd 14.08Be

LA (g/kg DM) RB 22.19Ab 24.45Ba 21.33Bb 18.14Bc 17.50Bc 15.93Bd 0.524 e s NS
SB 31.04Aa 29.25Ab 28.97Ab 27.10Ac 26.06Acd 24.50Ad
BS 12.51Ba 13.26Ba 10.00Bb 8.63Bc 7.88Bcd 7.43Bd

AA (g/kg DM) RB 18.99Aa 19.224a 17.20Aa 14.024b 1438Ab 13.024b 0431 e e *
SB 11.51Bb 13.17Ba 10.81Bb 9.81Bc 8.78Bd 6.56Be
BS 477 3.68¢ 3.85bc 4.22abc 4.05Bbc 4.34Aab

PA (g/kg DM) RB 3.29¢ 333 3.78b 3.54bc 4.50Aa 440Aa 0.124 e e o
SB ND ND ND ND 0.16C 0.28B
BS 0.80c 1.52ab 1.67ab 1.77ab 1.88ab. 2.08a

BA (g/kg DM) RB ND ND ND ND ND ND 0.079 Rl e e
SB ND ND ND ND ND ND
BS 24.72Ad 27.70Ac 27.87Bc 31.47Ab 31.10Ab 35.55Aa

Ammonia-N

(gkgtotal N) RB 23.27Be 25.95Bd 29.16Ac 28.98Bc 31.39Ab 33.44Ba 0.166 o - -
B 2100Cd | 2271Cc | 2760Bb | 2782Cb | 2810Bb  3081Ca

DM, dry matter; LA, lactic acid; AA, acetic acids PA, propionic acids BA, butyric acid; Ammonia-N, ammonia nitrogen; BS, bunker sios RB, round bale; SB, silage bag; M, ensiling methods; D,
aerobic exposure days; Mx D, interaction of ensiling methods and aerobic exposure days. Means with different letters in the same row (a-f) or column (A-C) differ (p<0.05). ***p <0.001;
“p<0.05; NS, not significant; ND, not detected; *~ default SEM, error of the means.
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Ensiling Aerobic exposure days p-value

methods 3 5 D
BS 2090Ced  2115Che 2183Ca 2148Cab  2045Cd  183.9Ce
DM (g/ks
FM)(y & RB 2326Bbc  237.2Bab 238.7Ba 2310Bcd | 2253Bd | 210.6Be L6l o | el
B 25.4Ac 266Abc  249.5A2b 2526A | ML4Ad | 2313Ae
BS 15.0Ca 13.6Ch 13.0Ch 13.28b 116Ce 1128
wsC
@ RB 17.08a 15.4Bab 14.5Babe 12.5Bbe 13.2B¢ 127ABc 0616 wor | NS
kg DM)
B 23Aa 2140 20.4Ab 18.24¢ 17.5A¢ 165A¢
BS 75640 74.8Aab 731Ab 67.7A¢ 60.4Bd 444Ce
CP (glk
mzng g RB 76140 73.7Bb 735Ab 67.2A¢ 65.3A¢ 59.98d 0626 | e
B 75480 711Ch 693Bc 66.9Ad 64.6A¢ 6384
BS 183.18d 197.6A¢ 2059A¢ 236.3Ab 2396Ab  250.4Aa
ADE
¢ RB 192.7Ad 203.1A¢ 20654be 209.5Bb, 25581 2285Ba 2306 o | -
kg DM)
B 1724Cc 182.7Bb 185.9Bb 201.4Ca 2065Ca 2078Ca
BS A117AF 3194 4418Ad 4624c 4748Ab  5104A2
NDE
¢ RB 415.6Ac 4164Bc 4316Bbc  4341Cbc | 4507Ch  490.3Ba 4093 | e
kg DM)
B 3920Ad 4159Bc 4211Ce 455.1Bb 466582 4711Ca

EM, fresh matter; DM, dry matter; CP, crude protein; NDF neutral detergent fiber; ADE, acid detergent fiber; WSC, water soluble carbohydrates. BS, bunker silo; RB, round bale; SB,silage bag;
M, ensiling methods; D, aerobic exposure days; M D, interaction of ensiling methods and aerobic exposure days. Means with different letters in the same row (a-f) or column (A-C) differ
(p<0.05). *+*p <0.001; NS, not ignificant; SEM, error of the means.
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o diversity Item
Do
D5

Fungi DO
D5

°K, control; DO, aerobic exposure of day 0; D!

Treatment

K
19%PA
2%PA

CK
19%PA
2%PA

CK
1%PA
2%PA

CK
19%PA
2%PA

aerobic exposure of day 5; 1% PA, 1% FM pyroli

Sobs

208.66
217.00
22033
165.00
180.67
19233
495.67
482.00
38233
266.33
273.00
251.33

Chaol

230.32
25257
257.96
198.12
210.20
229.29
576.33
544.73
447.77
331.73
324.68
312,07

eous acid added; 2% PA, 2% FM pyroli

Ace

22498
26122
261.90
205.93
2116
24173
570.65
538.04
449.99
34881
336.70
31192

Simpson

082
074
074
080
0.66
0.63
093
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079
057
056
056
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Items

Dry Matter (g/kg FM)

pH

Lactic acid (g/kg DM)

Acetic acid (g/kg DM)

Lactic acid bacteria (logio CFU/g FM)

Coliform bacteria (logio CFU/g FM)

Yeast (logio CFU/g FM)

Molds (logio CEU/g FM)

Crude protein (%DM)

True protein (%DM)

Ammonia nitrogen (%DM)

Means in the same column (A-B) o row (a-c) followed by different letters differ (P < 0.05). SEM, standard error of means; DM, dry matter; CFU, colony-forming units;
nts effect; DxTT, the interaction effect of treatments and acrobic exposure days; D0, aerobic exposure of day 0; DS, aerobic exposure of day.

D, acrobic exposure days effect;

reatm

Days

DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5
DO
D5

CK

194
191
4520
6974
026
020
0.06
030
819
9.07
415
858
<2.00%
7434
<2.00%
6,06
13
10.6
6358
7.88%
o121
0.230"

Treatment

1%PA

193
199
403
1.00°
045
093
009
052
7.90
843
<2.00%
55204
<2.00%
4564
<200
<2.00°
17
113
627
584"
0.047>
005>

2%PA

191
195
406"
3.83%
0.93
127
021
054
8.09°
876"
<2.00%
60004
<2.00°
541504
<200
<2.00°
19
119
679
644"
0033
0.041°

SEM

0.181

0.077

0.16

0.07

0.12

0502

041

0.13

0.12

001

0.60

<0.01

045

0.037

0.02

055

<0.01

0.18

034

0.04

P-value

072

<0.01

014

055

034

<0.01

004

0.02

<0.01

DxT

055

<001

078

0.847

084

007

054

001

0.06

M, fresh matter;
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Treatmen! Reads Chao 1 Shannon Ace

7C0 45,647 1,802abc 5.34abc 1776abe 099
ZM10 37,861 1,637de 5.38ab 1,642bcde 099
ZM20 36,503 1,903ab 5.60ab 1,873ab 099
GNo 47241 2,066 584 2021 099
WLO 38,043 1,457def 472be 1,458ef 099
XJDo 45,296 1.729bcd 5.17abd 1,749abed 099
7060 35,299 2 248h 2171 099
ZM160 43,430 176i 231h 174i 099
ZM260 46,804 152 1250 131 099
GN60 39463 30 265h 3100 099
WL60 39,979 1,040gh 437def 1,069gh 099
XJD60 50,367 1119g 4.28¢fg 1,129g 099
SEM 1450 12809 0.27 127.04 -

P-value 0533 <0001 <0.001 <0.001 -

Values with different leters indicate significant differences between fresh materials and silages. ZC, Zhongcao No. 3; ZM1, Zhongmu No.1; ZM2, Zhongmu No.2; GN, Gongnong No.;
WL, WL168; X)D, xinjiangdaye. 0, 0day of ensiling: 60, 60 days of ensiling,
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Item Means &+ SD

Dry Matter (g/kg) 210+ 1021
Crude protein (g/kg DM) 1394193
Neutral detergent fiber (/kg DM) 350 £ 172
Acid detergent fiber (g/kg DM) 1224683
Water-soluble carbohydrates (g/kg DM) 5714247
Lactic acid bacteria (logio CFU/g EM) 392014
Coliform bacteria (logio CFU/g FM) 515026
Yeast (logiy CFU/g EM) 378016
Molds (logio CFU/g FM) <200

M, fresh matter; DM, dry matter; C standard deviation.

colony-forming uni
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Items zc ZM1 M2 GN XJD SEM P-valu:
PH 459 4.86bc 449 483bed 49 5362 031 <0.001
NH.-N (g/kg TN) 65.11c 835¢ 57.89¢ 5531 150362 13260b 1015 <0001
LA (g/kg DM) 5402 19.34¢ 42272b 2.43¢ 3921ac 36350 328 0,005
AA (g/kg DM) 28.94ab 1513 21.32bcd 2691abe 23.1abed 33d6a 192 0.062
PA (g/kg DM) ND ND ND ND ND ND - -

BA (g/kg DM) ND ND ND ND ND ND - -

LA/AA 1.88ab 1.28abed 2 0.98d 1.76abe Li3ed 013 0,048

Values with different letters indicate significant differences between silages. SEM, standard error of the mean; DM, dry matter; NH,-N, ammonia nitrogen; LA, lactic acid; AA, acetic acid;
PA, propionic acid; BA, butyric acid; ZC, Zhongeao No. 3; ZM1, Zhongmu No.1; ZM2, Zhongmu No.2; GN, Gongnong No.1; WL, WL168; XJD, xinjiangdaye.






OPS/images/fmicb-13-1034198/fmicb-13-1034198-g005.gif





OPS/images/fmicb-13-1091491/fmicb-13-1091491-t002.jpg
Items 74 M1 M2 GN XJD SEM P-value
DM (g/kg FM) 481.64c 482.84c 481.72¢ 490.1¢ 556.15a 545.02ab 849 0.001
CP (g/kg DM) 183.17bc 185290 175.37cd 171864 20423 172754 289 <0001
WSC (g/kg DM) 13.4b 20.03ab 15.67b 22.22ab 21.4ab 2338 L14 0.038
NDF (g/kg DM) 42232a 387.52bed 394b 393.79bc 374.21e 34301 595 <0.001
ADE (g/kg DM) 368.5% 30531b 278.9bed 26931cde 281.26bc 24592 982 <0.001

Values with different lettrs indicate significant diferences between silages. SEM, standard error of the mean; DM, dry matters CP,crude protein; NDF; neutral detergent fiber; ADF, acid
detergent fiber; WSC, water-soluble carbohydrate; ZC, Zhongeao No. 3; ZM1, Zhongmu No. 1; ZM2, Zhongmu No. 2; GN, Gongnong No. 1; WL, WL168; XJD, xinjiangdaye.
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Items 749 Zm1 M2 GN XJD SEM alu
DM (g/kg FM) 463.66d 464.33d 473.65d 497.22bc 506.51ab 513.53a 5.10 <0.001
CP (g/kg DM) 178.95bc 166.62c 167.76¢ 176.12bc 22342 187.93b 493 <0001
WSC (g/kg DM) 38.37¢ 41.66¢ 44.64c 44.64c 57.73b 66.06a 248 <0.001
NDF (g/kg DM) 417.51ab 411.17abc 419.94a 382.35abed 364.79d 387.98abed 698 0.1

ADE (g/kg DM) 345872 308.08ab 287.59b¢ 257.04¢ 266,52 27.7¢ 860 0003

Values with different leters indicate significant differences between fresh materials. SEM, standard error o the mean; DM, dry matter; CP, crude protein; NDF; neutral detergent fiber;
ADE, acid detergent fiber; WSC, water-soluble carbohydrate; ZC, Zhongcao No. 3 ZM1, Zhongmu No. 1 ZM2, Zhongmu No. 2 GN, Gongnong No. 1; WL, WL168; XJD, xinjiangdaye
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‘Weight of silage siloat 0d — Weight of slage siloat xd
Weight of silage silo at 0 d — Weight of silo before ensiling
x1000

.3, 6, 15,30, 50, and 100 days of ensiling.
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Items DM cp wsC NDF ADF Ash

CK_650 260b 585 22 364 220 59.02
L_650 271b 616 202ab 346 210 55.3bc
CK_700 260b 623 198b 336 206 58.52
L_700 263b 620 180¢ 331 206 56.82
CK_750 266b 602 214ab 350 211 58.1ab
L_750 2862 612 212ab 366 226 53.3¢
SEM 336 133 505 116 735 0.760
P-value <0.001 0399 0.001 0.244 0348 <0.001
D 0.002 0.149 <0.001 0.032 0.196 0.056
L <0.001 0.146 0.001 0.780 0.801 <0.001
DL 0073 0267 0.064 0.203 0214 0170

CK, ensiling of sweet sorghum with 2.00 mL/kg fresh weight (FW) of distilled water at 650 (CK_650), 700 (CK_700), and 750 kg/m? (CK_750) of density, respectively; L, ensiling of sweet
sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 mI/kg FW of distlled water at 630 (1._650), 700 (1._700), and 750 kg/m? (1._750) of der
with different lowercase letters (a, b, and ¢) indicate significant nces among treatments (P < 0.05). CP, crude protein; WSC, luble carbohydrates;
fiber; ADE, acid detergent fiber.

¥, respectively. Valu
DE, neutral detergent
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Items Raw tags Valid tags Observed OTUs Shannon Simpson Chaol Goods coverage Pieloue

Fresh 81419 76978 117a 3.97a 0.866a 118a 1.00 05782
CK_650 72473 70565 39.5b 101b 0.301¢ 39.8b 1.00 0.190be
L_650 86390 81365 41.0b 1.16b 0.396b 419 1.00 0.216bc
CK_700 77372 75296 44.5b 1.04b 0.291¢ 45.5b 1.00 0.191bc
1700 85413 78715 47.0b 133b 0.467b. 48.5b 1.00 0242b
CK_750 81136 79341 0.947b 0254¢ 45.8b 1.00 0.173¢
L_750 85002 79750 124b 0.469b 45.1b 1.00 02300
SEM 4918 4866 0.092 0027 548 - 0.014

P-Value 0432 0765 <0.001 <0.001 <0.001 - <0.001
D 0715 0731 0361 0479 0397 - 0570

L 0030 0217 0.001 <0.001 0691 - <0.001
DL 0532 0528 0562 0.081 0918 - 0419

K, ensiling of sweet sorghum with 2.00 m/kg fresh weight (FW) of distilled water at 630 (CK_650), 700 (CK_700), and 750 kg/m? (CK_750) of density, respectively
sorghum with 2.00 g/t FW of actic acid bacteria (LAB) inoculant and 2.00 mL/kg FW of distilled water at 650 (L._650), 700 (L._700), and 750 kg/m? (
with different lowerc: (a, b, and ¢) indicate significant differes (P < 0.05). LA, lactic aci A, acetic acid; D, sil

nsiling of sweet
750) of density, respectively. Values
LAB.

among treatm

ty; L, inoculati
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Items LAB Bacterial Yeasts

CK_650 7.20bc 312 7.39bc
L_650 7.98 355 7.84a
CK_700 7.33abc 304 7.34be
L_700 7.46abc 362 7.64ab
CK_750 683 359 7.17¢
L_750 7.62ab 346 7.65ab
P-value 0.003 0.090 0.003
SEM 0.163 0.167 0.105
D 0.116 0453 0.159
L <0.001 0.056 <0.001
DL 0.101 0135 0.666

CK, ensiling of sweet sorghum with 2.00 m/kg fresh weight (FW) of distilled water
at 650 (CK_650), 700 (CK_700), and 750 kg/m® (CK_750) of density, respectively; L,
ensiling of sweet sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and
2,00 ml/kg EW of distlled water at 650 (L_650), 700 (L_700), and 750 kg/m* (L._750)
of density, respectively. Values with different lowercase letters (a, b, and ¢) indicate
ignificant diflerences among treatments (P < 0.05). LA, lactic aid; AA, aceic acid; D,






OPS/images/fmicb-13-1108890/fmicb-13-1108890-t002.jpg
Altitude* Contrast p-values

Dz BR SC Linear ~ Quadratic
Dry matter (gkg™' FW) 273 236 215 254 26° e s <0l <001 <001
pH 412 401% 4.09° 415" 3.73% 371 2800 <001 <001 0047
Lactic acid 89.5% 60.7% 66.3% 315¢ 13 738" 6.61 <0.01 0.484 <0.01
Acetic acid 872" 10.1* 317 a1~ [+ 14.3* 243 0.044 0.640 0.039
Propionic acid 050 016 257 077 040 015 0280 0077 0554 0061
Butyric acid 5.58%¢ 11.6% 26.8" 145" e 1.53¢ 2210 <001 <0.01 <0.01
Ethanol 10.2° 356" -5 59" 186" 682" 2.800 0014 0.083 0.017
Water-soluble carbohydrate s 839 106" 307 e 16" 190 <001 0041 <001
Ammonia N 136" 9.39° 124 7.91¢ I 20.1* 0945 <0.01 <0.01 <0.01
Lactic acid bacteria 764" aam 6.63* 63" a3 697 0.140 0.018 0.087 0.010
Molds <230 240 <230 | <230 | <230 <230 000 0458 0397 0794
Yeast 417 330 347 330 373 3.30 0.100 0.054 0.080 0.104
Aerobic bacteria 6.27" 5.40° 5.39° 5.30" 5.50" 5.60" 0.09 <0.01 0.013 <0.01

~¢Means within a row with different letters differ (P<0.05).
'BM, Bomi County; BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County.
'SEM, standard error of the mean.
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Items pH LA AA LA/AA AN BC

CK_650 329 50.4b 7.75b 7242 31.7ab 531bc
L_650 327b 102a 36.4a 2860 27.7bc 517d
CK_700 3.26b 5290 8.55b 6772 27.1be 546a
L_700 3.24c 96.1a 393a 2470 28.5abc 53db
CK_750 3.25¢ 56.3b 7.46b 7.98a 255¢ 526¢
L_750 327b 1142 27 2.68b 333 516d
SEM 0.005 812 274 0754 134 178
P-Value <0.001 <0001 <0.001 <0.001 0.006 <0.001
D <0001 0367 0585 0634 0212 <0.001
L 0203 <0001 <0.001 <0.001 0077 <0.001
DL <0001 0.664 0523 0755 <0.001 0.556

650), 700 (CK_700), and 750 kg/m® (CK_750) of density, respectively;
lled water at 650 (L_650), 700 (L. 7BB),and7SDLg/m’“ m)om s

sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 m/kg FW of
ercase letters (a, b, ¢, and d) indicate significant difference
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Altitude* SEM2  Value Contrast p-values

Dz  BR OfP | inear | Quadratic
Dry matter (gkg™' FW) 305 254 249 3100 22" 1 80 <001 <001 0.902
Neutral detergent fiber 326" 489" 390° 497" 416" 360" 1.8 <0.01 0.826 <0.01
Acid detergent fiber 121¢ 265 197 248" 217 163% 14 <0.01 0519 <0.01
Crude protein 852 | s879 | 772 495 700~ 126 0.60 <001 <0.01 <0.01
‘Water-soluble carbohydrate 55.9* 174 137 16~ 143* 100° 9.34 <0.01 0.110 <0.01
Lactic acid bacteria 6.22* 6.11°" 5.83" 6.21* 603" 4.82° 0.121 <0.01 <0.001 <0.01
Molds 3.07 333 330 3.30 330 3.02 0.050 0.293 0.752 0.031
Yeast 522" 5.04" 522" 523 5.21* 5.20° 0.018 <0.01 0.083 0.742
Enterobacteriaceae 7.01° 6.78" 6.69" 7.62" 6.62" 6.90" 0.094 <0.01 0.940 0.402
Aerobic bacteria 7.40% 7.61" 7.53* 7.78" 7.2 7.68" 0.049 <0.01 0.348 0.239

+~¢ Means within a row with different leters differ (p<0.05).
'BM, Bomi County: BY, Bayi County; DZ, Dazi County; BR, Biru County; SC, Suo County; SN, Seni County.
'SEM, standard error of the mean.
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Items Ensiling days SEM P-value
1day 3 days 6 days 15 days 30 days 50 days 100 days

CK_650 0.008f 0.052f 0.135¢ 0383Ad 0.588Ac 0.964Ab 1.46Aa 0016 <0.001
1650 0.039f 0.101ef 0.171e 0367Ad 0.549ABc 0.903BCh 138ABa 0.030 <0.001
CK_700 0.010f 0.055f 0.139% 0378Ad 0.583A¢ 0.942ABb 1.43Aa 0017 <0.001
L_700 0.035f 0.104ef 0.178¢ 0377Ad 0.551ABc 0.884Ch 137ABa 0.030 <0.001
CK_750 0.008g 0.049F 0.118¢ 0325ABd 0.511Bc 0.858Ch 14340 0010 <0.001
L_750 0.010f 0.048f 0.109¢ 0291Bd 0.455Cc 0.794Db 127Ba 0014 <0.001
SEM 0016 0026 0.024 0016 0.012 0.015 0.032

P-Value 0532 0438 0309 0.008 <0.001 <0.001 0013

Interaction D L T DL DT LT DT*L

P-value <0.0001 0.0014 <0.0001 0.0368. 0.1303 <0.0001 09963

CK, ensiling of sweet sorghum with 2.00 ml/kg fresh weight (FW) of distilled water at 630 (CK_650), 700 (CK_700), and 750 kg/m® (CK_750) of density, respectively; L ensiling of sweet
sorghum with 2.00 g/t FW of lactic acid bacteria (LAB) inoculant and 2.00 ml/kg FW of distlled water at 650 (L._650), 700 (L._700), and 750 kg/m?® (
with different lowercase letters (a, b, ¢, d, ¢, f, and g) indicate significant differences among ensiling days for the same treatment (P < 0.05). Values

), silo des

ferent uppercase letters (A, B, C,
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pH  Microbial counts (log Dry matter Nutrition BC
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units/g fresh weight) DM)
Lactic acid bacterial ~Coliforms Bacterial ~Yeasts CP WSC NDF ADF Ash
582 4.08 562 6.65 620 272 614 327 30 225 548 27

neutral detergent fiber; AL
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cah
carA.
carB

pye
fabH

accC

accD

accA

lpF

Description

Carbonic anhydrase

Carbamoyl-phosphate synthase small chain
Carbamoyl-phosphate synthase large chain
Pyruvate carboxylase

Acetyl-coenzyme A carboxylase carboxyl transferase

subunit alpha
Biotin carboxyl carrier protein of acetyl-CoA carboxylase
Biotin carboxylase

Acetyl-coenzyme A carboxylase carbosyl transferase

subunit beta
3-oxoacyl-facyl-carrier-protein] synthase 3

Glycerol facilitator uptake protein
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ltems Bc Blac Ctrl Lac SEM

Dry matter (g/kg) 33022 339.20¢ 321.32 33244 202 <001
Crude protein (g/kg DM) 131.13* 128.55° 106.08" 115.58¢ 239 <0.01
Water soluble carbohydrate (g/kg 25.79* 28.86" 19.31€ 23.24° 1.08 <001
DM)

Neutral detergent fiber (g/kg DM) 500.47 504.13 520.69 536.21 621 0.15
Acid detergent fiber (g/kg DM) 337.64° 332.11° 360.30° 367.60° 5.38 <0.05
Acid detergent lignin (g/kg DM) 55.78% 53.77° 63.92° 64.13" 129 <0.01
Cellulose (g/kg DM) 281.16" 27286 31031° 309.46" 523 <0.01
Hemicellulose (g/kg DM) 50.03" 51.02° 60.67° 57.88" 1.30 <0.01

Different letters within the same line indicate statistically significant differences between the treatments (P < 0.05); B, added with strain B. cereus AH7-7; Blac, added with strain B. cereus
AH7-7, Lactobacillus plantarum, and Lactobacillus buchneri; Lac, added with Lactobacillus plantarum and Lactobacillus buchneri; Ctrl, no additives; DM, dry matter; SEM, standard error
of mean.
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Treatment M B
Chemical composition

Dry matter (g/kg) 238.80° 225.11°
Crude protein (g/kg DM) 83.97° 138.14%
Water soluble carbohydrate (g/kg DM) 222.86° 110.65°
Acid detergent fiber (g/kg DM) 241.90° 262.06
Neutral detergent fiber (g/kg DM) 491.98* 450.20°
Microbial population (log;g cfu/g of FM)

Lactic acid bacteria 5.74% 3.25P
Yeasts 593 5.27
Molds ND 5.15
Enterobacter 6.75% 5,97

DM, dry matter; FM, fresh material; cfu, colony-forming unit; ND, not detected; M,
maize, B, faba bean. Different letters within the same line indicate statistically significant

difference between the treatments (P < 0.05).
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Treatments

100% MS

70% MS +30% LP

50% MS+50% LP

30% MS+70% LP

100% LP

100% MS, 100% alfalf 70% MS + 30% LP. 70% alfalfa+ 30% perennial ryegrass; 50% MS + 50% LP, 50% alfalfa-+ 50% perennial ryegrass: 30% MS +70% LR

Day7
Day45

Day7
Day 45

Day7
Day45

Day7
Day45

Day7
Day45

OTUs

396
420

424
429

465
403

508
434

456
437

Ace

458
456

481
455

512
443

544
467

489
470

ryegrass; 100% LP, 100% perennial ryegrass; OTUs, operational taxonomic units.

Chao

477
467

481
462

519
464

548
485

491
477

Shannon

0.605
0.879

0717
0.890

0770
0.844

0.906
0.899

0.848
0.763

Simpson

2354
1.696

2902
4777

3574
4294

4977
4493

4162
3.450

Coverage

0.999
0.999

0.999
0.999

0.999
0.999

0.999
0999

0.999
0.999

6 alfalfa +70% perennial
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Items Ratios (R) Ensiling period (P) SEM pvalue

Day 7 Day 15 Day 45 R P RxP
pH 100% MS 6.19Aa 5.80Ba 5.82Bab 0.037 <0.001 <0.001 0.001
70% MS +30% LP. 5.924ab 5.51Bb 5.91Aa
50% MS +50% LP. 5.67b 5.28¢ 5.62b
30% MS +70% LP. 4.86¢ 4.87d 4.63¢
100%LP 4.46d 447¢ 434d
LA (%DM) 100%MS. 2624¢ 2.36Ab 0.68Bc 0.394 <0.001 0.004 <0001
70% MS+30% LP. 3.60Ab 297Ab 0.43Bc
50% MS+50% LP. 5.53ABab 1.50Bb 224Bc
30% MS+70% LP. 6.21Aab 2.97Bb 8.37Ab
100% LP 8.31ABa 6.78Ba 121442
AA (%DM) 100% MS 1.96Bb 2.80Aab 248AB 0.196 0.02 0293 007
70% MS +30% LP. 2.26b 315 231
50% MS +50% LP. 245b 322 212
30% MS+70% LP. 1.74ab 1226 177
100% LP 1.16Bb 1.30ABb 144A
PA (%DM) 100% MS 0.07 015 ND - - - -
70% MS +30% LP. 016 ND ND
50% MS +50% LP. 017 ND ND
30% MS+70% LP. 024 021 ND
100% LP 028 0.07 ND
BA (%DM) 100% MS ND ND ND - - - -
70% MS +30% LP. ND ND ND
50% MS +50% LP. ND ND ND
30% MS +70% LP. ND ND ND
100% LP ND ND ND
AN (%DM) 100% MS 6942 6.14a 5.500 0.380 <0.001 0294 0.799
70% MS +30% LP. 4.87b 4072 3480
50% MS +50% LP. 3.67¢ 3.27b 2.85b
30% MS+70% LP. 313d 204¢ 148¢
100% LP 2984 253¢ 218b

*Means of ensiling periods within a row with different superscripts differ on the same ratio treatment (p<0.05); ** Means of ratios within a column with different superscripts differ on
the same ensiling period (p <0.05). DM, dry matter; FM, fresh matter; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid: AN, ammonia nitrogen; R, ratios; 100% MS,
100% alfalfa; 70% MS -+ 30% LP, 70% alfalfa+ 30% perennial ryegrass; 50% MS +50% LP, 50% alfalfa-+ 50% perennial ryegrass; 30% MS +70% LP, 30% alfalfa-+ 70% perennial ryegrass;
100% LP, 100% perennial ryegrass; P, ensiling period; SEM, standard error of the me: n of ratios and ensiling periods.

s Rx P, interacti
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Items Ratios (R) SEM pvalue
Day7 Day 15 Day 45 R P RxP
M (%FM) 100% MS 19.89Ab 16.51Bd 16.31Bd 0.307 <0.001 <0.001 0.101
70% MS+30% LP 21.09Ab 17.29Bd 17.18Bc
50% MS+50% LP 22.53Ab 18.24Bc 17.65Bc
30% MS+70% LP 24.21Ab 19.96Bb 19.30Ch
100% LP 30.47Aa 21.57Ba 21.09Ba
CP (%DM) 100% MS 2235Aa 21.48Ba 16.17Bb 0.265 <0.001 <0.001 0.068
70% MS+30% LP 21.04Aa 19.17ABa 18.16Ba
50% MS+50% LP 20.56Aa 17.20Bb 18.17Ba
30% MS+70% LP 17.38b 16.72b 17.08a
100% LP 799 74lc 6.65b
WSC (%DM) 100% MS 247A 2.19ABb 2.00Bab 0.101 <0.001 <0.001 <0.001
70% MS +30% LP 3.38A 2.17Bb 2.24Ba
50% MS +50% LP 3.08A 2.53ABb 1.86Bab
30% MS+70% LP 3424 2.70Ab 1.69Bb
100% LP 3228 4.52Aa 1.85Cab

*“Means of ensiling periods within a row with different superscripts differ on the same ratio treatment (p <0.05); *“Means of ratios within a column with different superscripts differ on
the same ensiling period (p <0.05). DM, dry matter; FM, fresh matter; CP, crude protein; WSC, water-soluble carbohydrate; R, ratios; 100% MS, 100% alfalfa 70% MS +30% LR, 70%
alfalfa +30% perennial ryegrass; 50% MS + 50% LP. 50% alfalfa + 50% perennial ryegrass; 30% MS+70% L, 30% alfalfa-+ 70% perennial ryegrass; 100% L, 100% perennial ryegrass; B,
ensiling periods; SEM, standard error of the mean; R x P, interaction of ratios and ensiling periods.
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Item

Dry matter (%FM)
Crude protein (%DM)
Neutral detergent fiber
(% DM)

Acid detergent fiber (%
DM)

Water soluble
carbohydrate (% DM)

Lactic acid bacteria (Log
cfulg FM)
Yeasts (Log cfu/g FM)

Coliform bacteria (Log

cfulg FM)

EM, fresh matter; DM, dry matter; cfu, colony-forming unit.

Alfalfa

23484132
23304 1.04
5049 +0.83
26414124
7.08+0.62

3312022

352£058
<200

Perennial ryegrass
30.60 % 121
8222079
4743158
24224137
1959 +0.96

497£051

2314063
<200
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Treatments Sobs Shannon Ace Chao1 Coverage

WK Fresh 92.00 3.00 1272 109.64 0.9904
Silage 37.00 229 4601 1475 0.9962
AK Fresh 127.67 3.86 143.96 149.41 0.9898
Silage 47.00 253 121.75 85.44 0.9930
SYK Fresh 97.67 348 12592 120.29 0.9911
Silage 3133 1.83 65.93 65.07 0.9953

WK, China, Inner Mongolia, Ordos-wushenqi; AK, China, Inner Mongolia, Hohhot; SYK, China, Inner Mongolia, Ulanqab-siziwangi.
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Regions

WK AK

pH slla 494 467ab | 023 0.086
ANIIN.% | 2107b 235b 377 0.76 <0001
Lacticacid, | 2127 5497ab | 95020 | 39.07 0121
kg DM
Aceticacid, | 08lc 1220 777 338 <0.001
kg DM
Propionic 162¢ 221b 1335 572 <0.001
acid, g/kg
DM
Butyric 5.04¢ 9.3% 647b 195 0.003

gks
Lacticacid | 650 576 666 054 0.188
bacteria
(log, cfu/g
FM)
WSC(%of 525 563 512 0.49 0.255
DM)

EM, fresh matter; DM, dry matter; AN/TN, ammonia nitrogen/total nitrogen; WSC,
water-soluble carbohydrate; SEM, standard error of the mean; Means with different
etters in the same row (a~c) differ significantly from each other (P<0.05). WK, China,
Inner Mongolia, Ordos-wushengi: AK, China, Inner Mongolia, Hohhot; SYK, China,
Inner Mongolia, Ulangab-siziwanggi.





OPS/images/fmicb-13-1062515/fmicb-13-1062515-g001.jpg
Relative abundance

ive abundance

Relati

B s
R

20%
10%
0%

100%
90%:
$0%
0%
60%
50%
0%
30%:
20%
10%

0%

Others
Enterobacterales

bium_Neorhizobium_Pararhiz
obium_Rhizobium
unclassified_Bacteria

Sphingomona
Lactiplantibacillus
Latilactobacillus
Enterobacteriaceae
Lactococcus
Hafhia_Obesumbacterium

Others
Sphingomonas
Nostocaceae
Ligilactobacillus
Levilactobacillus
unclassified_Bacteria
Secundilactobacillus
Enterobacteriaceae
Hafnia Obesumbacterium
Tactiplantibacillus
Lentilactobacillus





OPS/images/fmicb-13-1062515/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1076499/fmicb-13-1076499-t002.jpg
Regions

WK AK
DM (%) 33.40b 35.47a 35.04a L13 0.101
CP (% of 158 laesh | 2354 12 <0001
DM)
NDE (% of 58.62a 50.40b. 52.53b 4.01 0.028
DM)
ADF (% of 33.96a 30.52b 28.21c 277 0.017
DM)
WSC (% of 7.50b 9.0la 9.23a 0.88 0.028
DM)
Lacticacid | 484 506 367 092 0210
bacteria
(logy, cfulg
M)
Coliform 3.68b 2.67b 6.12a 1.67 0.029
bacteria
(log,, cfu/g
M)
Yeast (logio 1.26¢ 3.28a 191b 093 <0.001
cfu/g FM)
Molds 3.34b 4.12a 3.52b 038 0.021
(log, cfu/g
FM)

EM, fresh matter; DM, dry matter; CP, crude protein; ND, neutral detergent fiber; ADF,
acid detergent fiber; WSC, water-soluble carbohydrate; SEM, standard error of the mear
cfu, colony-forming unit; Means with different ltters in the same row (a-c) differ

gnificantly from each other (p<0.05). WK, China, Inner Mongolia, Ordos-swushengi;
AK, China, Inner Mongolia, Hohhot; SYK, China, Inner Mongolia, Ulanqab-siziwanggi.
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Item

cl1

AC-1
LP-1
LP149-1
c3
AC3
LP-3
LP149-3
c7
ACT
LP-7
LP149-7
cu
AC-14
LP-14
LP149-14
C-60
AC-60
LP-60.
LP149-60

Goods_coverage

1.000
1.000
0999
0999
1.000
1.000
1.000
1.000
0999
0999
0999
0999
0998
0997
0998
0999
0999
0998
0998
0997

Chaol

147.51
143.13
194.68
181.94
147.22
148.92
15591
156.86
23140
32115
258.72
268.76
497.64
553.62
338.89
349.84
42428
503.62
462.71
453.88

1,3,7, 14, and 60 day

30°c

Shannon

347
286
256
359
325
352
331
2.88
3.66
401
3.53
357
379
414
297
327
393
424
371
348

of

Simpson

0386
077
074
087
082
085
082
072
0386
090
082
085
085
090
071
079
0386
0.90
083
078

ng, respectively.

ACE

155.55
148.85
201.68
191.74
149.07
154.48
159.81
165.36
239.34
32991
263.82
272,14
510.13
57347
353.86
365.04
43345
520.88
47477
477.43

Goods_coverage

0999
0999
1.000
0999
1.000
0.999
1.000
0999
0999
0999
0999
0999
0997
0998
0999
0.998
0999
0999
0999
0998

Chaol

169.40
167.25
157.23
192.04
158.19
174.38
158.97
176.47
254.09
376.63
35119
303.62
488.39
518.20
53297
530.69
248.86
441.02
50062
451.69

45°Cc

Shannon

34
318
320
343
338
354
340
319
356
423
392
388
334
405
412
436
134
513
5.10
5.16

Simpson

083
083
083
084
083
084
084
079
084
091
0388
088
080
086
089
091
030
092
091
093

ACE

176.75
172.95
157.53
198.96
161.53
180.10
162.25
182.18
259.09
387.60
361.06
30053
527.45
52491
536.14
542,03
255.65
441.03
505.22
464.31

, control; AC, Acremonium cellulase; LY, commercial inoculant Lactobacillus plantarums; LP119, Lactobacillus plantarum 149, The number after the treatment zone representsthe ensiling
ime: 1,3, 7, 14, and 60 repre il
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Regions

AK
Planting time April 25, 2021 May 12,2021 June 19,2021
Sampling time July 4, 2021 July 7, 2021 August 7, 2021
Elevation above sea level (m) 12420 1056.0 14650
Geographic position 108°36'E,37°51'N 11P4YEA0N HIP3YEAI3N
Monthly mean temperatures (°C) April 94 88 61
May 171 153 125
June 22 210 187
July 252 232 208
August 214 193 170
Monthly total precipitation (mm) April 148 305 19.1
May X3 7.1 108
June 432 556 238
July 578 1226 412
August 785 17 458
Monthly mean relative humidity (%)~ April 506 472 510
May 333 350 375
June 404 441 416
July 9.1 612 623
August 523 614 616
Monthly mean sunshine duration ()~ April 1817 215 1483
May 2956 2585 256.1
June 294 269.1 2816
July 2910 2437 135.1
August 275 2421 2634

WK, China, Inner Mongolia, Ordos-wushengi; AK, China, Inner Mongolia, Hohhot; SYK, China, Inner Mongolia, Ulangab-

iwanggi. Meteorological data sources: www.resdc.cn/.





OPS/images/fmicb-13-1066753/fmicb-13-1066753-t002.jpg
Items Additive 30°c 45°c SEM P-value

ldays 3days 7days l4days 60days 1days 3days 7days lddays 60days T A D TxA TxD AxD TxAxD
NDE (g/kg DM) c 58534 57953 57380° 568861  S6LI7Y 57972  S7354% S67.53%  S6130% 54757 2079 ms o <t s o -
AC 57751 57001 55163  53034" 504657 57618 564870 53897' 521626 48337%
Lp 58133 57323% 565540 548070 539.89' 57756 57568 570.85" 566050 551.93"
LP149 57957 57203% 56141 537.03 52152 58245 577060 566.58%  558.96°  543.84%
ADF (g/kg DM) C 340.88  330.08" 33502 33358 327.59' 33803 33355° 32876™  325.04°  31603° 1679 ns v # b ki -
AC 33777 33178% 31533 297131 279.81° 33089 33045° 306270 202510 257.14
LP 33562 32043% 32335 300590 304397 334 332.12°  32041° 32730 319710
LP149 33610 33087° 31936%  30272°  292.08' 33537  332.96" 32304 317.15° 30458
ADL (g/kg DM) c 3555 3608 3520 3584 3507 3626 3453 3522 3435 3413 0450 ns ns ns ons ns ns ns
AC 3603 3515 3464 3536 3485 3564 3484 3427 3454 3428
LP 36.85 3522 36.26 3542 3439 3575 3526 3443 3429 34.56
LPI49 3571 3540 3633 3370 3354 3604 3515 3497 3608 3527
Cellulose (g/kg DM) c 30534 30299° 29982 29774 29242 30177 299.02" 293.54% 290.68°  28190° 1649 ms * ** 4 @ e e
AC 30174 29663°  280.69°  261.78°  244.96° 30425 29560° 272000  257.98°  222.86
LP 29877 29422 287.09' 274170 27001° 29859 296.86° 294.98° 293.01"  285.15"
LP149 30040  29547° 283.03% 269030 258.54% 29934 29781 28817  281.07°  269.32°
Hemicellulose (¢/kg DM) o} 24447 24046% 23878 23528% 23358 24169  239.99% 23877 23635  23154% 0619 ns » ns ns ns
AC 23974 23823% 23630 23321%  22484° 23629  23442° 23270° 22011 22623
LP 24571 243.80°  242.19% 23848 23550 24322 24356' 24145 23875 23220

LPI49 24347  24116% 242050  23431% 22044 24708 24421 24344 241810 23926

, standard error of

*Values with different lowercase letters show significant differences among treatments on the same ensiling day (P < 0.05); DM, dry matter; NDF, neutral detergent fiber; ADE, acid detergent fiber; ADL, acid detergent ligni
‘means; ns, not significant; P < 0.05; P < 0.01.
, commercial inoculant Lactobacillus plantarum; LP149, Lactobacillus plantarum 149.

gtime (d); T x A, the intera veen ensiling temperature and additive; T x D, the interaction between ensiling temperature and time; A x D, the interaction between additive and

*C, controls AC, Acremonium celluk

g time; T x
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Items Additive 30°c 45°C SEM P-value

ldays 3days 7days l4days 60days 1days 3days 7days lddays 60days T A D TxA TxD AxD TxAxD
pH c 477 4250 4.00° 3.95¢ 392 5.04 429 4.19° 432" 433 0024 oo - - - -
AC 4.32° 4.00" 378 378" 3.70° 429 415t 4.09° 4.03° 4.20°
e 407 3805 3768 371 378 4200 4090 399 406 410¢
LP149 4214 4.19° 3934 391¢ 3864 423 420° 418 4.14° 418
Lactic acid (g/kg DM) [ 3074% 39470 8264°  85.45° 9198 2007° 254" 40670 49.32¢ 47560 2537 oo a8 e e =
AC 3570 5596 8681°  107.52°  12184°  3186¢  35.04¢ 4285 50.08° 5135
Lp 5645°  88.07°  9164"  11609°  10826°  4415® 4878 52310 6259 59.93¢
LP149 36545 6L19°  85.10°  10437°  11946'  37.85°  43.17°  4509°  50.78° 53.07¢
Acetic acid (g/kg DM) c 8834 1069°  13.60° 15.88¢ 16.53" 8964 1072 1273 13.59° 1608° 0426 ns . ** e N e ns
AC 1038 1484°  1615°  1943% 2197 1356' 1807 18520 1834° 2093*
Lp 7.524 9.72¢ 9.59¢ 10.16" 1263 834 9.30° 9724 978" 1201¢
LPI49  1328° 1903 1980'  2170°  2240°  1055° 1874"  1964' 2017 2158
Propionic acid (g/kg DM) € ND 0.60°  0.78" 1.06° 124° ND 051% 060 0.72% 0.77¢ 0037 ns b e - .
AC ND ND 051 0.62° 098¢ ND ND 059 0.74% 0.89%
LP ND 046" 062 076> 113 ND 054 087t oot 1.08%
LP149 ND 0620 078 Lo1® 125 ND 0560 096" 103 1.06¢
id (g/kg DM) Cc ND 0.65" 0.87* 1.38¢ 278 ND 094 113" 167° 349" o ™ o e o - -
AC ND ND 0420 0814 163" ND ND 038 0.84% 1700
Lp ND 051 093 169 2.06¢ ND 083 1.06" 185 326"
LP149 ND ND ND 0.76¢ 157" ND ND 0.62° 098¢ 191%
NH;-N (g/kg TN) c 6329 14087 26140 56410 7062 915 2023 39410 5752 75640 2421 ot » - ns
AC a91% 10410 2367%  4828° 65360 883 17.06°  3532°  5236" 71.85%
Lp 417 895%  25.46%  4079¢ 6423 7.53%  1a59° 3218 4365¢ 6742
LP149 3845 806t 2278° 43540 6057 796™  1537% 3095 47.04°  69.18%

ing day (P < 0.05); DM, dry matter; ND, not detected; SEM, standard error of means; ns, not significant; ‘P < 0.05; P < 0.01.
il inoculant Lactobacillus plantarums 1LP149, Lactobacillus plantarum 149.
teract ing temperature and additive; T x D, the interaction between er

“Values with different lowercase letters show significant differences among treatments on the same e

g temperature and time; A x D, the

teraction between additive and ensiling time; T x
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Pathway name

KEGG Enrichment Analysis
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Item pH
60 days of fermentation

CK 402
L 386"
cA 367
PF. 43
LPPE 3890
CAPF 393"
3 days of acrobic exposure

cK 4,06
P 432
cA 1425%
P PRES]
LPPF 452
CAPF 395"
Day means

60days 392
3days 420
Additives means

CK 403
P 409
cA 396
PF. 413
LPPE 421
CAPF 394
SEM 003
Effects and interactions (p-value)
Add <0.001
Days 0015
Add x days 0.001

Lactic acid
(g/kg DM)

69.10°
8237
48,03
6649
6677
32.56"

32.00°
13.40°
849
61.86%
47.02
28.90°

60.89
3745

5055
62.89
2826
65.68
56.90
3073
442

<0.001
<0.001
0.009

Acetic acid
(g/kg DM)

1054
448
1316
1305
699
1545

159
L0
00
1095
097
1516

1061°
516"

607
294
7.03
1200
398
15310

<0001
<0001
0.102

Propionic acid
(g/kg DM)

167
325
351
1247
9.26
1179

229
296
395
915
977
1246

699
676

198
£
373
1081°
952"
1213
108

<0.001
0742
054

Lacticacid
bacteria
(logy, cfu/g FM)

5.95%
7.36°
7.2
6.45¢
7.48°

586"

624

621
625
602
o1

<0.001
0.029
<0.001

Molds
(log, cfulg
FM)

<200
<200
<200
<200
<200
<2.00

1.66"
672
<2000
<200
718"

<200

233
336
0.00
0.00
359
0.00

<0001
<0001
<0001

Yeasts
(logy cfu/g
FM)

<200
2340
331¢
<200
213
<200

3.60°
6.82'
733
<200
7.46°

<200

130
420

180
458
532
0.00
480
0.00
033

<0.001
<0.001
<0.001

“Means of additives treatments within a column with different superscripts differ followed are statistically different (p <0.05). CK, controk; LP, Lactobacillus plantarum a214; CA, citric
acids PF; purple perilla; LPPE, purple perilla + Lactobacillus plantarum a214; CAPE, purple perilla+ citric acids SEM, standard error of means; DM, dry matter; H, additives; T, aerobic
exposure days; d, days. H x T, the interaction between silage additives and aerobic exposure day.
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ltem Whole forage oat Dried purple perilla

DM (g/kg) 30210235 932,00 +3.56
Crude protein (g/kg DM) 8648+ 1.73 22655+ 0.70
Neutral detergent fiber (g/kg DM) 582.60 £ 6.85 30097+ 491
Acid detergent fiber (g/kg DM) 32296424 213,85 3.8
Hemicellulose (g/kg DM) 259,64+ 4.02 8712271

Water-soluble carbohydrate (g/kg DM) 115.25 230 138294076

Data are means of three samples. DM, dry matter.
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Items FM Treatment Ensiling days Significance

1 7 D TxD
Observed species 478 CK 181aA NS *
LP694 143aB
LR753 199aA
LPLR 139aB
Shannon 4.34 CK 2.54cD 3.49aC 4.19aA 3.90aAB 3.78abBC
LP694 2.93bC 2.67bC 3.68abB 3.83aAB 4.22aA
LR753 3.16bA 2.59bB 3.11bA 3.13bA 2.52cB
LPLR 3.82aAB 3.57aBC 4.10aA 3.17bC 3.68bABC
Simpson 091 CK 0.60aC 0.81aB 0.92aA 0.90aA 0.86aA
LP694 0.73cB 0.64bC 0.85aA 0.89aA 0.92aA
LR753 0.78bB 0.63bA 0.73bA 0.73bA 0.64bB
LPLR 0.89aA 0.83aA 0.88aA 0.76bB 0.87aA
Chao 1 537 CK 198aA 193aA 252aA 165abA 157bA
LP694 155aB 149aB 176aB 173abB 339aA
LR753 222aA 185aA 203aA 334aA 140bA
LPLR 149aB 187aAB 341aA 127bB 139bB
Ace 563 CK 206aA 200aA 263aA 173abA 159bA
LP694 162aB 156aB 184aB 180abB 349aA
LR753 231aA 180aA 209aA 336aA 147bA
LPLR 152aA 192aAB 346aA 137bA 143bA
Coverage 0.99 CK 0.99 0.99 0.99 0.99 0.99 - NS NS NS
LP694 1 1 0.99 0.99 0.99
LR753 1 0.99 0.99 0.99 0.99
LPLR 1 0.99 0.99 1 1

Data is the mean of four replicates. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; FM, fresh oat material; NS,
non-significant; SEM, standard error mean; T, treatment; D, ensiling day; T x D, interactive effects of treatments and ensiling days; *p < 0.05; ***p < 0.001. Capital letters indicate the significance
within the same row, while small letters indicate the significance within the column.
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Treatment"

Item SEM* Significances
C LCO LCA LPL LPE
547 555 496" 499" 480° 009 e
Chaol 819 759 809" 799" 746" 86 *
ACE 829 752 808 787%  750° 87 »
Goods_ 0997 0.997 0997 0997 0998 0.001 ns

coverage

‘C, control; LCO, Lactobacillus coryniformis; LCA, Lactobacillus casei; LPL, Lactobacillus
plantarun; LPE, Lactobacillus pentosus.

'SEM, standard error of means.

“p<0.05; *¥p <0.01; *+*p <0.001. Means with different leters in the same row
indicated a significant difference ns, not significant.
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Items Treatment Ensiling days SEM Significance
1 3 7 14 60 T D TxD
DM (%) CK 25.69%A 25.49aA 25.49aA 25.44aA 24.75aA 0.205 * NS NS
LP694 26.10aA 25.50aA 27.00aA 24.53aA 26.06aA
LR753 26.92aA 27.20aA 27.38A 26.24aA 26.85aA
LPLR 25.62aA 25.67aA 25.39A 24.86aA 25.81aA
WSC (%DM) CK 8.40aA 6.57aB 5.86aB 5.45aB 5.33aB 0.082 NS
LP694 8.89aA 5.88aB 4.96aB 5.40abB 4.59bB
LR753 8.77aA 4.88aB 4.73aBC 4.70bBC 3.15bC
LPLR 8.84aA 5.46aB 4.65aB 4.54bB 3.59bB
NDF (%DM) CK 56.53aA 55.13aA 56.13aA 56.53aA 56.33aA 0.133 o
LP694 57.06aA 54.73aAB 54.80aAB 54.20bAB 55.93abB
LR753 56.60aA 55.60aAB 53.00bC 54.86abC 54.60bC
LPLR 57.06aAB 55.86aB 56.20aAB 54.46bC 57.53aA
ADF (%DM) CK 40.16abAB 39.52aAB 38.78abB 41.09aA 40.62aAB 0.143 * NS
LP694 40.57abAB 40.55aAB 39.96abB 39.43aB 41.82aA
LR753 38.94bAB 40.01aA 37.20bB 39.28aAB 39.73aAB
LPLR 41.04aA 40.45aA 40.73aA 40.18aA 42.23aA
LAB (logyo cfu/g FM) |CK 7.51aA 6.82cB 6.86cB 6.24cC 3.63cD 0.094
LP694 7.22bAB 7.34aA 7.26bA 6.99bB 5.26bC
LR753 7.20bB 7.31aAB 7.29bAB 7.52aA 6.31aC
LPLR 7.04bA 7.07bA 7.54aA 7.17bA 5.00bB
Coliform (logg cfu/g |CK 6.30a 33 ND ND ND - - - -
FM)
LP694 3.57¢ ND ND ND ND
LR753 4.02b ND ND ND ND
LPLR 3.20¢ ND ND ND ND
Yeast (logio cfu/g FM) |CK <2.00 <2.00 <2.00 <2.00 ND - - - -
LP694 <2.00 <2.00 ND ND ND
LR753 <2.00 <2.00 ND ND ND
LPLR <2.00 <2.00 ND ND ND

Data is the mean of three replicates. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; DM, dry matter; WSC, water-
soluble carbohydrates; NDEF, neutral detergent fiber; ADF, acid detergent fiber; LAB, lactic acid bacteria; cfu, colony forming unit; FM, fresh matter; NS, non-significant; SEM, standard error mean;
T, treatment; D, ensiling day; T x D, interactive effects of treatments and ensiling days; *p < 0.05; **p < 0.01; ***p < 0.001. Capital letters indicate the significance within the same row, and small
letters indicate the significance within the column.
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Item'

Dry matter (g/kg FW)

Organic matter (g/kg DM)
Carbohydrates fractions

Neutral detergent fiber (g/kg DM)
Acid detergent fiber (g/kg DM)
Acid detergent lignin (g/kg DM)
Water soluble carbohydrate (g/kg DM)
Starch (g/kg DM)

Xylose (g/kg DM)

Protein fractions

Crude protein (g/kg DM)
Non-protein nitrogen (%TN)

Ammonia nitrogen (%NPN)

True protein nitrogen (%TN)
Buffer soluble protein (%TPN)

Neutral detergent soluble protein (%TPN)
Acid detergent soluble protein (%TPN)

Acid detergent insoluble protein (%TPN)

Lactic acid bacteria (log10 cfu/g FW)

'DM, dry matter; FW, fresh weight; NPN, non-protein nitrogen; TN, total nitrogen; TPN, true protein nitrogen.
C, control; LCO, Lactobacillus coryniformis; LCA, Lactobacillu casei; LPL, Lactobacillus plantarun; LPE, Lactobacillus pentosts.

'SEM, standard error of means.

*p<0.05; **p<0.01; ***p<0.001. Means with different letters in the same row indicated a i

3510
893

746

165
254
6.65"
56.2
856"
285
742

LCO
353"
804

355
283
696"
18
693
4810

743
1500
257
743

56.8

899"

268"
7.40

Treatment?

LCA

349"
894

218
747
160"
253

926"
555
7.49"
2.7
7.46

LPL

346"
892

349

110
759
5310

24
763
158
27
104
53.2
103*
261"
7.57

nificant difference ns, not significant.

498"
102
7.63
344

24
767
872"
233
108
536
e
245"
7.63

SEM®

104
0.60

169
181
294
032
024
014

103
074
0.6
074
049
107
031
077
016

Significances

ns

ns

ns

ns

ns
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Items Treatment Ensiling days SEM Significance
1 3 7 14 60 T D TxD
pH CK 4.38aA 4.30aA 4.25aB 4.24aB 4.22bC 0.004
LP694 4.15bA 4.18bA 4.04cBC 4.05cB 4.01bC
LR753 4.07¢B 4.04bA 3.97dC 3.93dD 3.95cD
LPLR 4.17bA 4.14bB 4.11bC 4.095CD 4.02aD
AN (gkg™! DM) CK 12.2aB 12.0abB 144aA 15.6aA 15.3aA 0.02 NS
LP694 9.4cC 11.5abBC 13.2aA 14.3aA 14.42A
LR753 9.7bcC 10.8bB 11.0bB 11.2bB 10.1bA
LPLR 1.02bD 1.23aC 13.3aBC 14.4aAB 14.0aA
LA (gkg™! DM) CK 14.75bC 17.75¢C 23.88bB 24.87bB 30.37cA 0713
LP694 20.95aD 27.63abCD | 39.48abBC 62.43aA 48.27bAB
LR753 23.52aC 30.23aC 47.01aB 67.25A 60.95aA
LPLR 21.29aC 23.90bC 40.16abB 64.40aA 54.61abA
AA (gkg™' DM) CK 7.64bB 9.39bB 10.17bB 17.60cA 19.83bA 0.24
LP694 8.91aD 10.67aD 19.08aC 24.87bB 33.73aA
LR753 9.42aD 10.40abD 21.90aC 32.07aB 36.03aA
LPLR 9.31aD 10.24abD 18.47aC 26.15bB 33.13aA
PA (gkg™' DM) CK 5.25aE 9.36aD 10.59abC 13.10bB 18.032A 0.151 £
LP694 5.38aD 7.88bCD 9.87abBC 12.04bB 16.57abA
LR753 5.14aD 6.60cC 9.25bB 12.03bA 9.57bB
LPLR 5.28aE 7.19bcD 11.43aC 14.94aB 17.14aA
BA (gkg~! DM) CK 2.87aA 1.84aC 1.49bC 231aBC 2.68aA 0.053 % A
LP694 1.49bB 1.53aB 1.71abB 2.65aA 2.67aA
LR753 1.68bAB 2.07aA 2.30aA 2.26aA 1.33cB
LPLR 1.41bC 1.54aBC 1.56abBC 2.46aA 1.98bB

Data is the mean of three replicates. CK, sterilized water; LP694, Lactobacillus plantarum 694; LR753, Lactobacillus rhamnosus 753; LPLR, 50% LP694 + 50% LR753; AN, ammonia-N; LA, lactic acid;
AA, acetic acid; PA, propionic acid; BA, butyric acid; DM, dry matter; NS, non-significant; SEM, standard error mean; T, treatment; D, ensiling day; T x D, interactive effect of treatment and ensiling

days; *p < 0.05; **p < 0.01; ***p < 0.001. Capital letters indicate the significance within the same row, while small letters indicate the significance within the column.
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Items Fresh oat

Chemical composition DM (%FM) 22.29
CP (%DM) 7.80
WSC (%DM) 8.84
NDF (%DM) 59.80
ADE (%DM) 39.62
Microbial counts LAB (logyo cfu/g FM) 5.40
Coliform (log; cfu/g FM) 3.99
Mold (logio cfu/g FM) 4.13
Yeast (logio cfu/g FM) 5.32

Data is the mean of three replicates. DM, dry matter; WSC, water-soluble carbohydrates; NDE,
neutral detergent fiber; ADFE, acid detergent fiber; LAB, lactic acid bacteria; FM, fresh matter;
cfu, colony forming unit.
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Propol DM (%) CP (% DM) WSC (% DM)  Ash (% DM)  NDF (% DM)  ADF (% DM)
Mo 19.33d 8.67d 696 11.862 65.78a 36762
M3 2254c 13.67¢ 5.99ab 10.85b 58.49b 3593
M5 2839 14.89b 5.42ab 9.79¢ 53.33b 34512
M7 29.40b 1597 4.55b 951c 52.90b 30462
MF 325% 16.34ab 3.55¢ 8.42d 48.95¢ 27.08b
021 038 146 025 291 263
- - 0.032¢ - 0.008%* -

“IMeans in the same column followed by different alphabets are significantly different (*p <0.05, **p <0.01). DM, dry matter; SEM, standard error of mean.
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Treatment®

Item' Ensiling days SEM®
C LCO LCA LPL LPE D
pH 7 547 s610 543 5610 489° 0.03 e e B
15 545 539" 557 553" 487
60 535" 519 530° 5.32% 487
Ammonia-N (g/kg 7 77 968" 786° 845 3500 385 i - -
™) 15 2t 104* 109" me 622"
60 120 109* ny 2 668
Lactic acid (g/kg 7 165 145 160° 127 262" Lot e e i
DM) 15 203 27 18.5% 2104 a7
60 18.4% 27" 2109 2179 314
Acetic acid (g/kg 7 19.9' 2500 25 288 163 0.8 e e ns
DM) 15 2719 305 306 27 199
60 296* 315 33 343 22
Propionic acid (g/ 7 0.38° 0374 038¢ 0.40° 042
kg DM) 15 153 127 123 0.98° Loo* 0.04 had * e
60 158° 125 127 130" 149"
Lactic acid / acetic 7 083 08¢ [ 0440 160" 012 ns e -
acid 15 0.75¢ 0.74% 061 0.64° 159"
60 0.63° 085° 0.67¢ 0.63° 1340

‘DM, dry matter; TN, total nitrogen. Butyric acid was not detected
 control; LCO, Lactobacillus coryniformis; LCA, Lactobacillus casei; LPL, Lactobacillus plantarun; LPE, Lactabacillus pentosus.
'SEM, standard error of means,

'D, ensiling days; T, inoculum treatments; D x T, the interaction betuween ensiling days and inoculum treatments.

*p<0.05; **p<0.01; ***p<0.001. Means with different letters in the same analysis indicated a significant difference ns, not si
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Item' Wilted alfalfa

Dry matter (g/kg FW) 343£073
Organic matter (g/kg DM) 890+ 4.04
Carbohydrates fractions (g/kg DM)

Neutral detergent fiber 300238
Acid detergent fiber 212121
Acid detergent lignin 4894259
Water soluble carbohydrate 4964070
Starch 154075
Xylose 86340.11
Protein fractions

Crude protein (/kg DM) 284335
Non-protein nitrogen (%TN) 312£079
True protein nitrogen (%TN) 6854078
Rapid degradation protein (%TPN) 101101
Intermediately degradable protein (%TPN) 5204279
Slowly degradable protein (%TPN) 2384146
Undegradable protein (%TPN) 140061
Epiphytic microbial amount (log10 cfu/g FW)

Lactic acid bact 4874016
Molds 394011
Yeasts 372603
Aerobic bacteria 575015
Buffering capacity (mEq/kg DM) 32113
Water activity 097220002

'CFU, colony-forming units; DM, dry matter; FW, fresh weight; TN, total nitrogen; T
true protein nitrogen.
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Forage Index

Corn stalk ACE

Chaol

Shannon

Simpson

Pennisetum sinese ACE

Chaol

Shannon

Simpson

Means within the same row (A-B) or within the same column (a-b) with different superscripts differ significantly from each other (P < 0.05).

Dilution

DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
Do
D1
D3
D5
Do
D1
D3
D5

Storage period (days)

367.49
368.14
354.87
375.11
239.00
245.43
236.10
249.07

2.43
1.82
1.53
1.64
0.16
0.34
0.40
0.39

3340548
336.63

345.2940
340.32
142.47
143.47

155.7048
156.57

2.02
2.04
2.08
2.01
0.25
0.22
0.21
0.22

15

382.19
385.99
362.02
368.72
253.20
236.87
225.03
236.23

2.43
2.03
1.75
1.92
0.15
0.23
0.32
0.26

368.474
361.45

390.274
355.38
155.40
151.53

174.604
154.23

2.18
2.07
2.09
2.04
0.23
0.24
0.25
0.25

45

321.66
333.29
364.79
344.03
222.87
213.73
241.90
231.23

2.30
1.85
2.08
2.02
0.18
0.31
0.21
0.23
279.728b
348.33
309.2750
375.00%
129.27°
162.80%

129.8380

173.50*
1.9
2.08
1.89
2.20
0.24
0.25
0.27
0.23

SEM

529

3.28

0.04

2.82

0.03

0.01

P-value
D S DxS
0.981 0.040 0.603
0.861 0.183 0.396
<0.001 0.080 0.191
0.001 0.015 0.190
0.116 0.002 0.012
0.155 0.285 0.043
0.917 0.738 0.630
0.958 0.553 0.936

DO, undiluted; D1, 10~ ! dilution; D3, 10~2 dilution; D5, 105 dilution; D, dilution gradient; S, storage period; D x S, interaction between dilution gradient and storage period; SEM,

standard error of the mean.
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Forage

Corn stalk

Pennisetum sinese

Attribute

Dry matter (% FM)

Water-soluble carbohydrate (% DM)
Crude protein (% DM)

Neutral detergent fiber (% DM)
Acidic detergent fiber (% DM)
Hemicellulose (% DM)

Dry matter (% FM)

Water-soluble carbohydrate (% DM)
Crude protein (% DM)

Neutral detergent fiber (% DM)
Acidic detergent fiber (% DM)
Hemicellulose (% DM)

Do

20.13
6.39*
10.20
58.27°
38.70
19.58
24.51
2.75%
4.46
75.05
52.62
22.43%

D1

20.24
4.50¢
11.25
58.58%
39.82
18.75
23.30
1.94¢
4.28
77.17
54.68
22.50%

Means within the same row (a—c) with different superscripts differ significantly from each other (P < 0.05).
FM, fresh matter; DM, dry matter; DO, undiluted; D1, 10~ ! dilution; D3, 102 dilution; D5, 10~ dilution; D, dilution gradient; SEM, standard error of the mean.

D3

21.11
4.97b¢
10.10
56.59"
39.78
16.81
23.98
2.85b
528
72.41
52.11
20.30°

D5

20.38
5.42b
9.76
58.43
39.29
19.14
20.02
3.592
4.65
74.01
54.23
19.78°

SEM

0.32
0.22
0.31
0.31
0.23
0.43
0.71
0.18
0.22
0.69
0.62
0.44

P-value

0.757
<0.001
0.388
0.039
0.308
0.081
0.080
<0.001
0.466
0.069
0.437
0.020
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Forage Attribute

Corn stalk pH
Lactic acid(% DM)
Acetic acid(% DM)

NH;-N(% TN)

Pennisetum sinese pH

Lactic acid(% DM)

Acetic acid(% DM)

NH;-N(% TN)

Dilution

DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
DO
D1
D3
D5
Do
D1
D3
D5
Do
D1
D3
D5

Storage period (days)

4.62
5.03
4.80
4.69
3.93
1.85
4.50
2.58
5.34
2.37
4.06
3.00
3.96
3.33
4.02
4.29
5.71
5.36
512
493
2.67
2.55
2.71
2.10
4.58
3.52
3.54
2.28
2.99
4.67
3.87
3.32

15

4.57
4.47
4.19
4.52
5.08
5.19
5.76
5.44
6.28
6.62
6.51
6.27
2.73
2.80
3.69
4.55
522
4.93
4.64
4.43
2.41
3:51
2.57
2.75
3.40
4.44
2.95
2.86
275
3.94
4.49
4.08

45

447
4.69
4.19
4.39
6.51
513
541
4.50
8.37
8.74
542
5.56
2.86
3.92
4.37
3.36
5.09
5.00
4.77
4.87
227
2.19
2.28
227
3.65
3.70
3.44
371
3.67
513
427
4.86

SEM

0.04

0.36

0.54

0.14

0.17

0.24

0.20

P-value
D S DxS
0.040 0.001 0.279
0.534 0.033 0.905
0.698 0.042 0.830
0.065 0.410 0.206
<0.001 <0.001 0.557
0.867 0.403 0.894
0.463 0.935 0.760
0.096 0.251 0.867

NH;-N, ammonia nitrogen; DM, dry matter; TN, total nitrogen; D0, undiluted; D1, 10! dilution; D3, 10~2 dilution; D5, 107 dilution; D, dilution gradient; S, storage period; D x S,
interaction between dilution gradient and storage period; SEM, standard error of the mean.
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Treatment Observed species Shannon Simpson Chao Goods coverage

M 379* 5.14% 0.95% 407.76* 0.9996
B 332b 5.10* 0.94 351.64° 0.9997
MB30 262¢ 2.88¢ 0.68¢ 305.52° 0.9995
MB60 2084 2.82¢ 0.73° 244.8° 0.9996
MB90 310" 3.99" 0.89" 339.24> 0.9996
MB120 302b 3.87b 0.87° 331.4b 0.9997

M, maize; B, faba bean; MB30, 30 days of mixed silage of maize and faba bean; MB60, 60 days of mixed silage of maize and faba bean; MB90, 90 days of mixed silage of maize and faba
bean; MB120, 120 days of mixed silage of maize and faba bean. Different letters within the same line indicate statistically significant difference between the treatments (P < 0.05).
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Treatment Ensiling days

60 90
Dry matter (g/kg) 230.37° 221.13¢ 223.89" 225.21° 1.03
Crude protein (g/kg DM) 120.55* 109.11° 83.94¢ 52.964 7.83
Water soluble carbohydrate (g/kg DM) 95.82% 74.80° 60.60¢ 59.40°¢ 4.43
Acid detergent fiber (g/kg DM) 254.54° 260.50° 263.17% 265.00 1.31
Neutral detergent fiber (g/kg DM) 385.70° 462.70° 451.92° 453.10° 9.26

DM, dry matter; SEM, standard error of mean. Different letters within the same line indicate statistically significant difference between the treatments (P < 0.05).
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Ensiling days

30 60 90

Fermentation characteristics

pH 3.97¢ | 4.09* | 400> | 4.01° 0.01
NH;-N/TN 402> | 488" | 652* | 6.55° 0.35
Lactic acid (g/kg DM) 3521% | 26.86° | 33.76* | 3020° | 112
Acetic acid (g/kg DM) 1179 | 1297° | 16.42* | 17.04* | 068
Propionic acid (g/kg 2.95% 2.62% 2.07° 3.02¢ 013
DM)

Butyric acid (g/kg DM) 0.51 0.51 0.51 0.59 0.01

Microbial population (logyg cfu/g of FM)

Lactic acid bacteria 8.65° 8.27° 7.42> 6.85¢ 0.22
Yeasts ND 6.16 ND ND 0.80
Molds ND ND ND ND -
Enterobacter ND ND ND ND -

NH;-N/TN, ammonium nitrogen/total nitrogen; DM, dry matter; FM, fresh material;
cfu, colony-forming unit; ND, not detected; SEM, standard error of mean. Different
letters within the same line indicate statistically significant difference between the
treatments (P < 0.05).
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Moisture

content! Low MC Medium MC High MC p-value*

SEM?
Additive? FPA LAB SALT CONT FPA LAB SALT CONT FPA LAB SALT MClin  MCquad Add MCxAdd
Observed s76 8200 827 667N 560N 6870 627 87 483 623 s40% 357 <0001 0.085 <0.001 0.001
ASV*
Shannon 3.57 387 3.78" a8 3.06% 366" 324 340 2.66° A5y 2.89% 0.099 <0.001 0.147 <0.001 0.037
Simpson 0953 0.960"  0.953* 0.942°% 0.926% 0.966" 0.935% 0.941°% 0897 0.961" 09124 0.0070 <0.001 0.809 <0.001 0.021

‘Moisture contents, Low MC: 228 g/kg; Medium MC: 287 g/kg; High MC: 345 g/kg.

‘Additives, CONT: control; FPA: formic and propionic acid-based additive; LAB: inoculation with homolactic and heterolactic acid bacteria strains; SALT: salt-based addi
'SEM: Standard error of the mean.

'MClin: linear effect of moisture content; MCquad: quadratic effect of moisture contents Add: effect of silage additive MC x Add: interaction between moisture content and additve.

‘Observed amplicon sequence variants.

Values with different superscript letter in a row are significantly different at 5% Tukey test.





OPS/images/fmicb-13-1092062/fmicb-13-1092062-t002.jpg
Moisture content' Low MC Medium MC High MC p-value'

9
Additive* CONT FPA  LAB  SALT CONT FPA  LAB SALT CONT FPA LAB SALT SEM MClin MCquad Add MCxAdd
Moisture content, g/kg 238" 235" 238 238 298¢ 291° 2920 295 357 350% 347 34" 09 <0001 0116 <0001 0002
pH 6le 488 597 624 525 4549 425 529 4560 419% 403 434 0084 <0001 <0001 <0001  <0.001
Ammonia-N, g/kgN 68 53 64¢ 53 164 93¢ 175 146" 383 143 202 281° 035 <0001 <0001 <0001 <0001
Ethanol, g/kg dry matter 65" 01 65" 38 95 04t 58 49° 96 20° 56 62 019 <0001 0304 <0001  <0.001
(DM)
Acids, g/kg DM
Lactic (LA) 0.6° 0 Lg% {5 6.2° 1 19.1" L 16.8" 6.4 27.3" s 0.86 <0.001 0.096 <0.001 <0.001
Acetic (AA) 0.9 0.8 L 10° 20 14% 44 200 42 3.5 5% 56 0.20 <0.001 0.025 <0.001 <0.001
Propionic® 012" 0.07* 0.1 012" DA o 0.12* 011" 0.12* o 012" 0.12" 0.012 0.052 0.199 <0.001 0.031
Butyric 0.02" [ 0.01" o 0.03" o 001" o 0.44* 0.01" 0.07" 0.01" 0026  <0.001 <0.001 <0.001 <0.001
Total volatile fatty acids 11 09' 13 11 25 L4 45 22¢ 48" 350 56" 58 018 <0001 0002 <0001 <0001
Total fermentation acids’ ~ 1.6° 09 25+ 13 84° 25% 256 739 268 1000 3290 233' 14 <0001 0049 <0001 <0001
Total fermentation 810 Lo¢ 9.0 5.1 179° 29¢ 94 1229 312° 1200 385 295 117 <0001 0108 <0001 <0001
products’
LA/AA ratio 062" 002 LISt 027" 283 072 436 239% 404 183 515 31 0134 <0001 <0001 <0001 <0001
Aerobic stability* 45¢ 265" 43 74 58° 2690 198 149% 206% 360' 151 3490 342 <0001 0394 <0001 0019
Ensiling losses, g/kg of 7.0 [ 70 4891000 26" 77 s 123 28 74%  69% 063 <0001 0338 <0001 0035
Yeasts, cfu/g 38x10% LOX10° 28x10%  28x10% 23x10 37x10% 20x10® LIx10% 50x10% 40x10® 10x10® 24x10° 15x10° 0034  019% 0032 0012
Moulds, cfu/g L7%10% 10x10%  36x10%  56x10% 1L0X10% 10x10% 58x10% 13x10%  87x10% 10x10% 95x10% 10x10% 23x10° <0001 <0001 <0001  <0.001
Enterobacteria, cfu/g 27%10'  1L0x10°  55x10'  65x10°  66x10'  10xI0'  LOxI0' 10x10'  1Ox10' LOxI0' 50x10' 10xI0' 32x10' 0053 0251 0613 0716

‘Moisture contents, Low MC: 228 g/kg: Medi
‘Additives, CONT: control; FPA: formic and propionic
'SEM: Standard error of the mean.

"MClin: linear effect of moisture content; MCquad: quadratic effect of moisture contents Add: effect of silage additive; MCxAdd: interaction between moisture content and additive,
‘Propionic acid was corrected forits amount added via FPA additive.

otal volatle fatty acids + lactic acid.

Total fermentation acids + ethanol.

“Time taken (in hours) to increase the temperature of samples by 2°C above the ambient temperature (22°C).

cfu: colony-forming unit, estimates the number of viable bacteria or fungal cells in a sample.

Values with different superscript letter in a row were significantly different at 5% Tukey test. If there were no differences in Tukey test, letters were removed.

n MC: 287 g/kg: High MC: 345 g/kg,
-based additive; LAB: inoculation with homolactic and heterolactic acid bacteria strains; SALT: salt-based additive.
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Items Treatment SEM P-value

AhGCK AhGLP AhGPA

DM (%DM) 20.90 &+ 1.39* 21.13 £0.16* 21.03 £0.59* 0.07 0.9369
CP (%DM) 590 +£0.69° 6154026 808+0.12* 0.69 0.0060
NDEF (%DM) 48.314+2.19* 44.83 +£2.69* 46.38 £2.41* 1.01 0.4983
ADF (%DM) 39.37 + 1.18* 36.09 £ 1.58* 38.07 £2.15* 0.95 0.5142
WSC (%DM) 0.37£0.10° 0.31£0.09° 0.23+£0.05° 0.04 0.2476

pH 5.09+ 039 4164005 4284012 029 00111
Lactic acid 1.4240.20° 3.65+0.12° 2524028 0.65 < 0.0001
(%DM)

Acetic acid 0.67+0.10° 0.40+0.09° 017 +0.04° 0.14  0.0034
(%DM)

Propionicacid  0.3540.13" 0.124£0.02° 098+0.13* 0.26  0.0006
(%DM)

Butyric acid 0.00 0.00 0.00 0.00  0.0000
(%DM)

NH;-N/TN (%) 14240322 1.0240.03* 1224010 0.12  0.2077
Lactic acid 4394 027° 541+£0.79" 463+£040° 031  0.0494
bacteria (Logio

cfu/g FM)

Mold (Logio 0.00 0.00 090 +1.56° 030  0.4444
cfu/g FM)

Yeast (Logjo 7.49 +020° 5394 145> 437+0.81> 092  0.0459
cfu/g FM)

Anerobic 7.76 £0.33* 4324033 4.044007° 120  0.0002
bacteria (Logio

cfu/g FM)

Coliform 0.00 0.00 0.00 0.00  0.0000
bacteria (Logio

cfu/g FM)

Different lowercase letters indicate significant differences among different treatments
(p < 0.05); same letter indicate not significant (p > 0.05).
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Items Raw material

DM (%DM) 21.00 £1.23
CP (%DM) 6.94 % 0.06
NDEF (%DM) 4637 £ 2.68
ADF (%DM) 3322 +£1.05
WSC (%DM) 1.18 £0.05
Lactic acid bacteria (Logio cfu/g FM) 3.84 +£0.55
Coliform bacteria (Logo cfu/g FM) 2.73 +£2.53
Aerobic bacteria (Logio cfu/g FM) 6.45 +0.73
Yeast (Logio cfu/g FM) 4.55 +2.58
Mold (Logio cfu/g FM) 2.00 £ 1.76

FM, fresh matter; DM, dry matter; CP, crude protein; NDE neutral detergent fiber; ADE,
acid detergent fiber; WSC, water-soluble carbohydrate.
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d pe bstrate Dose pe of LAB ep
og Period
g
Mu etal. (2022) 1 8 Mixture 0-6 L. plantarum, L. buchneri, and 45
combination
Chen etal. (2021) 2 8 Stylo and rice straw 0-5 L. plantarum 30
Xiong etal. (2022) 3 2, Oat 0-6 L. plantarum, L. rhamnosus, 60
and L. paracasei
Mu etal. (2020) 4 8 Mixture 0-5 L. farciminis 60
Chen et al. (2020) 5 5 Mixture 0-5 L. plantarum 30
Du etal. (2021) 6 4 Mixture 0-5 L. plantarum 60
Xu etal. (2020) 7 2 Mixture 0-6 L. plantarum 90
Wang et al. (2016) 8 1 Rice straw 0-9 Combination 90
Oskoueian et al. (2021) 9 7 Rice straw 0-6 L. plantarum, L. farciminis, L. 30
salivarius, and L. reuteri.
Guan etal. (2020a) 10 4 Napier grass 0-6 L. buchneri and L. rhamnosus 60
Guo etal. (2020) 11 2 Bur clover and 0-6 Combination 60
annual rye grass
Li P. etal. (2018) 12 6 Mixture 0-6 L. plantarum 30
Wang et al. (2016) 13 5 Bur clover and 0-6 Combination 60
annual rye grass
Jaipolsaen et al. (2022) 14 9 Napier grass, corn, 0-14 L. plantarum 4
and Mixture
Romero et al. (2018) 15 8 Corn 0-5 Combination 100
Romero et al. (2017) 16 4 Oat 0-6 Combination 217
You et al. (2022) 17 1 Alfalfa 0-5 L. plantarum 34
Benjamim da Silva et al. 18 2 Corn 0-11 Combination 9
(021)
Ogunade et al. (2017) 19 2. Corn 0-5 Combination 128
Lietal. (2021) 20 5 Rice straw 0-11 Combination 60
Duetal. (2022) 21 14 Paper Mulberry 0 - 60
Keshri et al. (2018) 22 15 Corn 0-6 L. plantarum 60
Ni et al. (2017) 23 3 Soybeans 0-6 Combination 60
Guan etal. (2021) 24 6 Corn 0-6 L. plantarum 60
Bai et al. (2021) 25 5 Alfalfa 0-5 L. plantarum 60
Zhang (2018) 26 5 Alfalfa 0-6 L. plantarum 60
Zietal. (2021) 27 6 King grass 0-5 L. plantarum 60
Wang et al. (2019) 28 6 Neolamarckia 0-9 L. plantarum 60
cadamba
Zhao etal. (2021a) 29 4 King grass 0-5 L. plantarum 60
Wang et al. (2019) 30 1 Moringa leaves 0-4.5 L. plantarum 30
LiD. X. etal. (2018) 31 4 Alfalfa 0-6 L. plantarum 60
Santos et al. (2015) 32 3 Corn 0-6 L. plantarum 90
Huo et al. (2021) 33 1 Alfalfa 0-6 L. plantarum 45
Wang et al. (2022) 34 2 Corn 0-5 L. buchneri and L. plantarum 60
Wang et al. (2021) 35 4 Paper mulberry 0-5 L. buchneri and L. plantarum 60
Guan et al. (2020b) 36 9 Corn 0-6 L. salivarius, L. rhamnosus, L. 60
salivarius, and L. rhamnosus
Zhao S. et al. (2021) 37 2 Alfalfa 0-6 60

185
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Lactiplantibacill
actiplantibacillus ——
| L] 1 1
0 20 40 60
Mean propotions(%)
One-way ANOVA bar plot
Levilactobacillus_brevis 0.2562
Leuconostoc_mesenteroides 0.0837
Clostridium_pabulibutyricum 0.5490
Lactococcus_lactis 0.4467
Clostridium_tyrobutyricum 0.0372 *
Escherichia_coli 0.4433
Lentilactobacillus_buchneri 0.2461
Xanthomonas_oryzae = 0.1589
|
Enterobacter_cloacae 0.0070 **
B AhGCK
Lactiplantibacillus_plant 0.3022 B AhGLP
actiplantibacillus_plantarum g B ALGPA
1 1 1 1
20 40 60

Mean propotions(%b)
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PCoA — PC1 vs PC2

0.24030

0.1201S

0.00000

® AhGCK
® AhGLP
o ® AhGPA

—0.15680 -

PC2—Percent variation explained 9.97 %

—0.31360 T i |
—0.50320 —0.25160 0.00000 0.12035 0.24070
PC1-Percent variation explained 53.11 %
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Treatment Simpson

Proportion Inoculants
Mo K 4.13cdef 0.80¢ 1206.73bed 1289.79bcde
N 335 0.69d 773.26cd 802.78de
co 343ef 064d 84375cd 86096cde
M3 K 481bc 0.82bc 1307.98abed 1361 51bcde
N 3.61def 0.70d 981.78bcd 1095.18bcde
co 4.63bed 081c 86737cd 931.06cde
M5 K 451bcde 0.84bc 888.64cd 950.35cde
N 34def 0684 995.42bcd 1043.55bcde
co 4.89bc 0.90ab 1025.31bed 1114.67bede
M7 K 458bcd 0.82 1473 34abe 1587.18abc
N 476bc 0.83bc 1394 84abed 1518.10abed
co 5.40b 0.86abc 1598 84ab 1695.392b,
MF K 624 093 191733 2055.5%
N 4:549bcde 0.85bc 746.90d 778.36¢
co 4.50bcde 081c 859.28cd 87499cde
SEM 047 004 29298 305.49
Proportion e » » *
Inoculants e ﬂ NS NS
Proportion x Inoculants ' - NS *

“Means in the same column followed by different alphabets are significantly different (%p <0.05, **p <0.01). NS, not significant; SEM, standard error of mean.
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Treatment DM (%) DMloss CP(%DM)
Proportion Inoculants &
Mo CK 2091k 031be 8.92f
IN 22.30) 0.34bc 8.08f
co 222§ 0.17¢ 8.05f
M3 CK 24.191 0.39bc 13.39de
IN 25.38h 0.31be 14.34abcde
co 25.36h 0.25bc 14.14bcde
M5 CK 28.34f 0.50bc. 13.74cde
IN 29.37e 0.22bc 14.27abede
co 27.57g 031be 13.94cde
M7 CK 30.62d 0.46bc 15.18abcde
IN 32.53¢ 0.37be 16.56a
co 30.67d 0.32bc 15.52abed
MF CK 32.57¢ 1.03a 16.65abcde
IN 34.53 0.39c 16.07abc.
co 33.40b 0.54b 16.37ab
SEM 0.193 0.14 1.02
Proportion had bid hid
Inoculants NS - NS
Proportion x Inoculants - NS NS

Ash (%

DM)

9.74b
9.950
9.69b
8.79cd
8.72cde
8.90c
.43
8.32h
8.65de
8.68de
8.33gh
8.17hi
8.56ef
8.63de
8.03i
0.09

NS

NDF (%
DM)
5425
53.07a
5452
54.87a
52.92ab
5414
50.33b
5221b
5091b
50.55¢
52.66ab
52.58ab
48.80c
49.74¢
49.84c
252
NS

NS

ADF (%
DM)
2972
2902
28.53b
2994
2883
2713
26.79ab
26.772b
25.91ab
26.07ab
27.172b
27.68ab
25.36b
25350
25.96b
272
NS
NS

WSC (%
DM)
1.29b¢
1.94abe
L43a
L01be
0.75¢
361ab
131be
2.90abe
392
1.90abe
1.87abe
1.03be
1.04be
2.07abe
2.12abc
019

NS

NS

“IMeans in the same column followed by different alphabets are significantly different (*p <0.05, **p <0.01). NS, not significant; SEM, standard error of mean; DM, dry matters TN, total nitrogen;

ND, not detected.
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Bacteria

Sample ID
OUTs Shannon Chaol

60 days of fermentation

CK 33.67 218 46.07
LP 3633 0.16 45.95
CA 73.67 142 90.75
PF 44.67 2309 62.23
LPPF 66.33 043" 86.25
CAPF 47.67 1.82% 56.38

3 days of aerobic exposure

CK 54.67 238 66.73
LP 45.00 0.18* 64.19
CA 92.33 2,03 96.33
PF 93.67 2.55¢ 112,55
LPPF 7233 ar 8549
CAPF 83.67 257 94.12
Day means

60 days 138 64.61
3days 197 86.56
Additives means

CK 417 228

LP 40.67" 0.17

CA 83.00° 173

PF 69.17" 242

LPPF 69.33" 128

CAPF 65.67" 219

SEM

Effects and interactions (p-value)

Add 0.005 <0.001 0.021
Days 0.026 <0.001 0.078
Add x days 0562 0.004 0573

Coverage

099
099
099
099
099
099

099
099
099
099
099
099

OUTs

123.00°
123.00°
75.004
108.33%
5100%
148,33

61.00%
27.00°
3833
117.00%
133
137.67°

10478
65.39

92.00
75.00
56.67
11267
2117
143.00

<0001
<0001
0014

acids PF, purple perilla; LPPE, purple perilla + Lactobacillus plantarum a214; CAPE, purple perilla + citric acid.

Shannon

472
443
227
430°
072
45%

083
032
0.63
365
083
468

350
182

278

145
398
078
459

<0001
<0001
<0001

Fungi
Chaol

13120
13456
8433
117.69
70,61

166.24

714
773
7178
13592
24
116,18

1n7.44°
8387

101.67%
915"
78.06"
12681
50.03"
15621°

0.002
<0001
0055

Coverage

099
0.99
0.99
0.99
0.99
0.99

099
099
099
099
099
099

‘Means of additives treatments within a column with different superscripts diffe followed are satisticall different (p<0.03).CK, control; L?, Lactobacillus plantarum a214; CA, citric
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Treatment LAB (log cfu/g Molds (log Yeast (log Enterobacter (log
FM)

Freeiten e cfu/g FM) cfu/g FM) cfu/g FM)
Mo K 243¢ ND ND ND
N 370¢ ND ND ND
co 14dg ND ND ND
M3 K 231e ND ND ND
N 425 ND ND ND
co 1.89F ND ND ND
M5 CK 54la ND ND ND
N 3500 ND ND ND
co 159%g ND ND ND
M7 K 264e ND ND ND
N 353¢ ND ND ND
co 135g ND ND ND
MF K 0.26h 295 ND 232
N 3.10d ND ND ND
co 1697 ND ND ND
SEM 0115 - B :
Proportion - - - -
Inoculants - - - -
Proportion x Inoculants - - - -

“tMeans in the same column followed by different alphabets are significantly different (*p <0.05, **p <0.01). SEM, standard error of mean; FM, fresh matters ND, not detected.
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DM loss Crude protein NDF ADF WsC

ltem DM (g/kg) NH,-N/TN (%)

(g/kg DM) (g/kgDM)  (gkgDM)  (ghkgDM)  (g/kgDM)

60 days of fermentation

CK 28435 59.87 1234 91.68 555.57 29547 24.28"

LP 292.47° 3248" 2gpe. 8115 579.12 326.63 74.99°

CA 286.76" 51.75% 5350 87.90 555.34 310.04 53.02¢

PF 313.96% 6083 12814 100.61 553.20 309.92 32.05%¢

LPPF 317.86" 47.70% 29 102.23 527.19 289.75 6137

CAPF 331.42' 1337 4.16™ 92,01 522.10 297.66 77.70¢

3days of acrobic exposure

CK 278.07% 81.04° 19.53° 9130 537.55 28479

LP 27497 91.50¢ 205* 87.65 583.24 320.30

CA 268. 11249 338 91.60 527.63 290.97

PF 310.91% 63.52 103.49 512.80 291.71

LPPF 299.74' 97.16% 106.63 526.00 285.14

CAPF 324.88' 2144 502.13 25848

Day means

60 days 30447 4433 7.19 92.60 548.75 30491° 53.90

3days 77.86 753 96.24 531.56 288.57" 3415

Additives means

CK 281.21 70.46 15.94 91.49" 546.56" 290.13* 2335

LP 28372 61.99 249 84.40" 581.18° 323.47¢ 57.36

CA 277.76 82.12 437 89.75% 541.49" 300.51" 38.84
31244 62.18 13.97 102.05° 533.00" 300.82" 33.06
308.80 7243 226 104.43° 526.60" 287.45% 57.03
32815 17.41 5.16 94.38" 512.12* 278.07* 5453

Effects and interactions (P-value)

Add <0.001 <0.001 <0.001 0.001 0.002 0.001 <0.001

Days <0.001 <0.001 <0.001 0.060 0.051 0.004 <0.001

Add x days 0003 0.002 0.001 079 0663 0448 <0001

“Means of additives treatments within a column with different superscripts differ followed are satistically different (p<0.05). CK, control; LP, Lactobacillus plantarum a214; CA, citric
acid; PF, purple perilla; LPPF, purple perilla + Lactobacillus plantarum a214; CAPF, purple perilla + citric acid; SEM, standard error of means; DM, dry matter; NDF, neutral detergent
fiber; ADE, acid detergent fiber; WSC, water-soluble carbohydrate; NH,-N/TN; the ratio of ammoniacal nitrogen to total nitrogen; H, additives; T, aerobic exposure days; , days. H x T,
the interaction between silage additives and aerobic exposure day.
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Treatment NH;-N Lactic  Acetic acid Lactic Propionic Butyric
(%TN) acid (g/  (g/mg DM) acid/ acid (g/mg acid (g/

Proportion  Inoculants g DM) acatic DM) mg DM)
acid
Mo K 4.00fg 451gh 109.48ab s6le 19512 ND ND
N 3.95¢ 439h 85.47abc 7.30de 11.70b ND ND
co 3.96g 4,60fgh 99.50ab 6.40de 15.54ab ND ND
M3 cK 4.09cdef 5.10efg 96.10ab 9.20bede 10.44b ND 032
N 3.94g 3.3 120,59 820cde 14.70ab ND ND
co 3968 373h 97.50ab 9.60bede 10.15b ND 063
Ms K 4.13bcd 5.22efg 97.82ab 10.14bede 9.64b ND 064
N 4.02efg 576cde 106.66ab 12.10abce 881bc ND ND
co 404defg 5.53def 71.42b¢ 10.11abede 7.06be ND ND
M7 63 424b 6.43bcd 79.66bc 12.42abcde 641c ND 063
N 410cdef 7.09 128500 13.46abcd 9.54b ND ND
co 412cde 661bc 104.343b 15.80abe 660 ND ND
MF K 469 1237 35.87d 16.42ab 2180 ND 108
N 4.16bc 5.09fg 89.67abe 17.9% 50d ND 084
co 424b 7.20b 53.65bc 11.8abede 45de ND 077
SEM 005 0305 040 032 02 - -
Proportion - - 0017* - * - -
Inoculants - - 0.023* - * - -
Proportion x Inoculants - - 0.002%* NS - - -

“Means i the same column followed by different alphabets are significantly different (*p <0.05, **p <0.01). NS, not significant; SEM, standard error of mean; DM, dry matter; TN, total nitrogen;
ND, not detected.
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Items Treatment SEM  P-value

AhGCK AhGLP AhGPA

OTUs 45.0000°  112.5000* 95.5000*  20.27 0.0296
ACE 130.2034°  198.7408*  116.1056°  25.52 0.2751
Chaol 84.8301"  160.4670°  112.9263%®  22.07 0.1008
Simpson 0.61222 0.59322 0.53122 0.02 0.7951
Shannon 1.8952° 2.30022 2.2306* 0.13 0.7347
Coverage 0.9982° 0.9957° 0.9976*°  0.0008  0.0477

AhGCK, control; AhGLP, L. plantarum; AhGPA, propionic acid. Different lowercase
letters indicate significant differences among different treatments (p < 0.05); same letter

indicate not significant (p > 0.05).





