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Abstract

:

This study aimed to assess the fermentation characteristics, bacterial community structure, co-occurrence networks, and their predicted functionality and pathogenic risk in high-moisture Italian ryegrass (IR; Lolium multiflorum Lam.) silage. The IR harvested at heading stage (208 g dry matter (DM)/kg fresh weight) was spontaneously ensiled in plastic silos (10 L scale). Triplicated silos were opened after 1, 3, 7, 15, 30, and 60 days of fermentation, respectively. The bacterial community structure on days 3 and 60 were investigated using high-throughput sequencing technology, and 16S rRNA-gene predicted functionality and phenotypes were determined by PICRUSt2 and BugBase tools, respectively. After 60 days, the IR silage exhibited good ensiling characteristics indicated by large amounts of acetic acid (~58.7 g/kg DM) and lactic acid (~91.5 g/kg DM), relatively low pH (~4.20), acceptable levels of ammonia nitrogen (~87.0 g/kg total nitrogen), and trace amounts of butyric acid (~1.59 g/kg DM). Psychrobacter was prevalent in fresh IR, and Lactobacillus became the most predominant genus after 3 and 60 days. The ensilage process reduced the complexity of the bacterial community networks in IR silage. The bacterial functional pathways in fresh and ensilaged IR are primarily characterized by the metabolism of carbohydrate and amino acid. The pyruvate kinase and 1-phosphofructokinase were critical in promoting lactic acid fermentation. A greater (p < 0.01) abundance of the “potentially pathogenic” label was noticed in the bacterial communities of ensiled IR than fresh IR. Altogether, the findings indicated that the high-moisture IR silage exhibited good ensiling characteristics, but the potential for microbial contamination and pathogens still remained after ensiling.
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1. Introduction


Ensiling is regarded as an effective method for preserving green grass, as it conserves the nutritive composition of the grass and enhances its palatability for livestock. During ensilage, fermentable substrates are metabolized by lactic acid bacteria into lactic acid, and the pH is reduced, thus suppressing the undesirable microbial activity. Hence, the silage quality could be affected by several factors, including moisture level, epiphytic microorganisms, and the chemical compositions of the raw material, the storage temperature, and the air infiltration during ensilage [1].



Generally, ensiling high-moisture forage presents a significant challenge in achieving optimal fermentation, as the process is prone to nutrient loss and butyric acid fermentation, which can result in substantial economic losses and a low nutritive value of silage [2]. The most economical method of decreasing the moisture level of forage is field wilting, which is largely contingent on natural environmental conditions, including rainfall, vapor pressure deficit, solar radiation, and wind speed [3]. It is not always sunny when herbage is harvested, particularly in wet and rainy areas. This results in the phenomenon whereby farmers are occasionally compelled to harvest grass and make silage when its moisture content is high. Moreover, the nutritive value and chemical compositions of silage are significantly influenced by those post-harvesting conditions [4]. Hence, it is necessary to evaluate the fermentative profile of high-moisture grasses.



In the last decade, high-throughput sequencing technology has been extensively utilized to describe the microbial community of silage. Zhao et al. [5] studied the influences of growth stages and additives on the bacterial community dynamics of ensiled millet. They found that Klebsiella was evidently decreased in the additive-treated groups compared to control, and Lentilactobacillus predominated the treated groups. Furthermore, Wu et al. [6] investigated the influences of Lacticaseibacillus casei and molasses on the microbial compositions of Caragana korshinskii. They observed that the molasses and L. casei additions could promote the amino acid and carbohydrate metabolism. Nevertheless, as far as we know, most studies have merely described the alterations in bacterial community compositions and fermentation products in Italian ryegrass silage without undertaking an evaluation of the functional shifts and pathogenic risk of the bacterial community.



Italian ryegrass (Lolium multiflorum Lam.) is a widely cultivated grass with a great yield and good palatability for livestock, and it grows well during the winter and spring seasons [7]. As a high-energy herbage, it is well suited for the feeding of dairy cows, and it can be consumed as fresh grass, hay, or silage. However, research on high-moisture Italian ryegrass silage is limited. Hence, the objective of our study was to assess the fermentative products, bacterial community compositions, and co-occurrence networks and their predicted functionality and pathogenic risk during the ensilage of high-moisture Italian ryegrass.




2. Materials and Methods


2.1. Preparing Raw Material


Italian ryegrass (IR; Lolium multiflorum Lam.) was cultivated in experimental fields (31°52′ N, 119°21′ E, mean temperature 16.2 °C, mean elevation 25.1 m, and mean precipitation 1105 mm) in the Lishui District of Nanjing (Jiangsu, China). The experimental field (area 150 m2; size 10 × 15 m) was equally divided into three replicated blocks. The sowing density, sowing depth, and row spacing of IR (Variety: Tetragold) were 30 kg/hm2, 2–3 cm, and 30 cm, respectively. There was no additional fertilization during the growth of IR. Fresh IR was harvested at the early heading stage by a small forage harvester on 10 May 2022. The first-cutting height and stubble height were about 80 cm and 5 cm, respectively. The microbial populations and chemical components of fresh IR are presented in Table 1. The relatively lower crude protein content (97.6 g/kg DM) of fresh IR could be due to the moderate soil condition and no additional fertilization during planting. The harvested IR was chopped into a length of approximately 20 mm using a paper cutter and thoroughly mixed for silage production, without wilting or any additives. Then, about 7.50 kg of fresh IR was manually tightly packed into a cylindrical plastic silo (10 L) without a headspace, which was then hermetically sealed with plastic tapes and a screw top. The silos were stored at ambient temperature (26–34 °C). In total, 18 silos (3 replicates × 6 storage time) were prepared. Samples were completely poured out of silos, mixed on the ground, and then analyzed after 1, 3, 7, 15, 30, and 60 d for the bacterial community structure and chemical compositions, with three replicates.




2.2. Microbial and Chemical Compositions of Fresh and Ensiled Italian Ryegrass


At sampling, the raw material or ensilage samples were thoroughly mixed and collected. Subsequently, a preliminary subsample (30.0 g) was blended with 270 mL of sterile water for 60 s with a high-speed juice extractor (HR1855/40, Royal Dutch Philips Electronics Ltd., Amsterdam, The Netherlands), after which it was filtered using sterile gauze. The filtrate was subjected to an immediate determination of pH by means of an electronic pH meter (S400-Basic, Mettler-Toledo Ltd., Toledo, OH, USA). The buffering capacity of the raw material was detected in accordance with the methodology described by Playne and McDonald [8]. Subsequently, the filtrate was preserved at −20 °C to facilitate the measurement of organic acid (acetic acid (AA), γ-butyric acid, butyric acid, propionic acid, and lactic acid (LA)), ammonia nitrogen (NH3-N), and ethanol levels. The NH3-N levels were analyzed based on the reports described by Broderick and Kang [9]. The levels of ethanol and organic acid were measured using HPLC according to the report of Wang et al. [10].



To determine the dry matter (DM) contents, a second subsample (200 g) of fresh or ensiled IR was subjected to freeze drying (−20 °C~−40 °C) for 72 h using a freeze dryer (SZFD-300A, Shanghai Shunzhi Instrument Manufacturing Co., Ltd., Shanghai, China). Thereafter, the sample was milled to pass through a 1 mm sieve for subsequent tests. The milled samples were prepared for the determination of water-soluble carbohydrates (WSC), total nitrogen (TN), fiber, disaccharides, and monosaccharides contents. The WSC and TN contents were analyzed based on the descriptions of Murphy [11] and Krishnamoorthy et al. [12], respectively. The crude protein (CP) level was obtained by multiplying total nitrogen value by 6.25. The contents of acid detergent lignin (ADL), neutral detergent fiber (NDF), and acid detergent fiber (ADF) of raw material were analyzed using the methods described by Van Soest et al. [13]. Subsamples of ground lyophilized material were determined for disaccharides and monosaccharides (fructose, sucrose, and glucose) contents based on the descriptions of Desta et al. [14].



A third subsample (10 g) of raw material or ensilage mass was homogenized with 90 mL of sterile saline water for microbial enumeration. Following serial dilution, the population of yeast, lactic acid bacteria (LAB), Enterobacteriaceae, and aerobic bacteria was quantified through a culture-based method as reported by Wang et al. [10]. The microbial population was reported as colony-forming units (cfu) and converted to a logarithmic scale based on fresh weight (FW).




2.3. Compositions, Diversity, and Co-Occurrence Networks in the Bacterial Community


The abovementioned mother liquid, employed for counting microorganisms, was utilized to extract bacterial community genomic DNA from raw material (IRFM) and ensiled samples following 3 (IR_3) and 60 (IR_60) days of fermentation. This was achieved through the E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, USA), following the provided instruction. The V3–V4 section of the bacterial 16S rRNA gene was amplified using the primers 806-R and 338-F with the platform of Illumina MiSeq PE300. The UPARSE pipeline was employed to assign operational taxonomic units (OTUs) to the 16S rRNA on USEARCH (ver. 7.1). The OTU table was then subjected to manual filtering, with sequences derived from chloroplasts and chondriosomes removed from all samples. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier (ver. 2.2) against the 16S rRNA gene database (Silva ver. 138).



The α-diversity of the bacterial communities was analyzed through QIIME (ver. 1.9.1) software, which calculated the following indices: Ace, Chao, Coverage, Shannon, Simpson, and Sobs. The β-diversity in bacterial community was studied through principal coordinate analysis (PCoA) by R software (ver. 4.4.0). A Venn plot of bacterial communities was constructed graphically using R software (ver. 4.4.0) at the OTU level. The compositions and relative abundances of bacterial community were determined at the genus and phylum levels, respectively.



NetworkX (ver. 2.8.0) software was employed to analyze multiple abundance correlations and build co-occurrence patterns among bacterial species. A co-occurrence was deemed robust if the p-value was lower than 0.05, while the coefficient of Spearman’s correlation (ρ) was higher than or equal to 0.5. The co-occurrence networks were visualized by Gephi (ver. 0.10.1), wherein the edges denote correlations between nodes, and nodes represent bacterial species. The topological features of the co-occurrence networks were studied, as they contain the positive and negative correlation numbers as well as the numbers of edges and nodes.




2.4. Predicted Functionality and Phenotypes in the Bacterial Communities


The PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) tool was employed to predict the KEGG (Kyoto Encyclopedia of Genes and Genomes) functionalities of bacterial communities. It can be used for predicting functionality of 16S amplicon sequencing results [15].



The BugBase tool was employed to predict the phenotype of bacterial community. It is an algorithm that predicts organism-level coverage of functional pathways and biologically interpretable phenotypes [16]. BugBase first normalized the OTUs by the predicted 16S copy number and then used the provided pre-calculated file to predict bacterial phenotypes. The BugBase algorithm is based on the analysis of databases such as KEGG, PATRIC (Pathosystems Resource Integration Center), and Integrated Microbial Genomes (IMG), which are used for phenotype prediction and identification of the bacterial contributors.




2.5. Statistical Analysis


This experiment was designed using a completely randomized methodology comprising six ensiling times and three replicates. All statistical analyses were conducted using the statistical software package SPSS (version 19.0, SPSS Inc., Chicago, IL, USA). Data on fermentative parameters, microbial numbers, chemical components, and predicted enzymes were subjected to one-way analysis of variance (ANOVA). One-way ANOVA and ANOSIM (analysis of similarities) with 999 permutations were employed for the analysis of α-diversity indices and β-diversity, respectively. A Kruskal–Wallis H test was employed to compare the relative abundances of predicted phenotypes in the bacterial communities. A Student’s t-test was employed to compare the “potentially pathogenic” category between fresh and ensiled IR. The statistical significance of the observed differences was examined through Tukey’s multiple comparison test, and a value of p < 0.05 was considered as statistically significant.





3. Results and Discussion


3.1. Fermentation Characteristics and Microbial Numbers


The rapid increase in LA content and the concomitant decline in pH observed on day 3 (Table 2) suggest that LA was produced in abundance during the early period of ensilage. It is possible that the herbages were chopped into shorter sections to facilitate the rapid release of herbage juice, thereby promoting the reproduction of LAB during the initial stage of ensiling. The decline (p < 0.05) in LA on day 60 indicates that LA may have been converted into acetic acid with the prolongation of ensilage time, which agrees with the reports of Jahanzad et al. [17].



The primary organisms responsible for producing acetic acid during ensiling were identified as enterobacteria, heterofermentative LAB, and Propionibacterium [1]. The considerable production of acetic acid in IR silage indicated the activity of certain heterofermentative LAB. Nishino et al. [18] also observed great acetic acid concentrations in grass silage with a high moisture content. An LA-to-AA ratio (LA/AA) of less than 3.0 would be indicative of a more dominant hetero-lactic fermentation [19]. The LA/AA ratio during ensiling was found to be less than 3.0 after 7 days, indicating that a stronger hetero-lactic fermentation had occurred in IR silage. The fermentation process yielded minor quantities of butyric acid, propionic acid, and isobutyric acid. This was ascribed to a rapid reduction in pH resulting from the accelerated production of LA, which effectively inhibited the activity of clostridia and other deleterious microbes.



The DM levels of IR ensilage were observed to decline during the fermentation process, indicating microbial breakdown of nutrients into CO2 and H2O. The NH3-N level of high-quality silage should be lower than 100 g/kg TN [1]. Herein, the NH3-N levels satisfied the requisite criteria of less than 100 g/kg TN, which might be linked with the rapid decline in pH observed at the initial stage. Zahiroddini et al. [20] also found the inhibitory influence of a rapid decline in ensilage pH on the proteolytic activity of forage enzymes and aerobic microbes. The considerable reduction (p < 0.05) in residual WSC levels on day 3 indicated that the fermentable substrates in IR were rapidly converted into LA during the initial period of ensilage.



Lactic acid bacteria are capable of utilizing a range of substrates and rapidly producing substantial quantities of LA. The decline (p < 0.05) in the population of LAB from day 30 to day 60 may be attributed to the insufficient WSC contents and the acidic environment that is characteristic of silage. The decline in Enterobacteriaceae numbers during ensilage was primarily related to the rapid reduction in pH at the initial period of ensilage. The yeast numbers remained at a relatively high level (>4.00 log10 cfu/g FW) at the conclusion of fermentation, indicating that some yeasts in IR silage can survive under acidic conditions, even at pH 3.5 [21]. Therefore, it is imperative to devote greater attention to enhancing the aerobic stability of high-moisture IR silage.



The glucose content declined rapidly during the initial period of ensiling (Figure 1). These findings align with those of Shao et al. [7], who concluded that the glucose content showed the greatest decline at the initial stage of ensilage. After 3 days, a more pronounced decline was noticed in glucose content (71.2%) compared to the sucrose (10.0%) and fructose (11.2%) contents. This directly indicates that glucose was the primary fermentable substrate and was more susceptible to degrade compared to other substrates during ensilage, which agrees with the reports of Shao et al. [22]. It is noteworthy that the fructose contents showed a gradual decline over the three-day ensiling period. This phenomenon has been attributed to the hydrolysis of fructans and sucrose, which is a consequence of the action of plant enzymes during the initial stages of ensiling [7].




3.2. Bacterial Community Diversity and Compositions


The coverage index of the bacterial communities in all samples was greater than 99.97% (Figure 2A), suggesting that the majority of bacterial communities were successfully obtained. In comparison to IR_3 and IR_60, the elevated (p < 0.05) indices of Chao, Sobs, and Ace in IRFM indicated that the diversity of bacterial community in IRFM was higher than that observed in IR_3 and IR_60 silage. Numerous studies have demonstrated that a reduction in pH can lead to a decline in microbial community diversity in a range of silage types [23,24]. The rarefaction curves for the bacterial communities reached saturation (Figure 2B), suggesting that the sequencing data were sufficient for reliable comparative analyses. A separation between IRFM and IR silage marks (Figure 2C) suggested the existence of different bacterial community compositions between fresh and ensiled IR. This was attributed to the presence of a more acidic microenvironment in IR silage than in fresh IR.



The observation of a greater number of unique OTUs in the bacterial community epiphytic on IRFM (Figure 3A) was consistent with the higher α-diversity in IRFM compared to IR silage. In the bacterial community of IRFM (Figure 3B), the dominant phylum Proteobacteria played an important role in degrading organic matter and nitrogen and carbon cycling during anaerobic fermentation [25]. After ensiling, the increase in Firmicutes and decrease in Proteobacteria could be ascribed to the anaerobic and acidic microenvironment in silage, which limited aerobic microorganisms and promoted LAB strains. Keshri et al. [26] reported that anaerobic or low-pH conditions during ensilage favor the reproduction of Firmicutes species.



The most prevalent genus within IRFM group was identified as Psychrobacter (Figure 3C), which may be associated with its capacity to thrive in humid and cold environments. Wang et al. [27] reported that the majority of Psychrobacter strains exhibited a preference for low temperatures, with an optimal growth temperature of approximately 20 °C. After ensilage, Lactobacillus rapidly became the most predominant after 3 days, maintaining this position until the conclusion of fermentation. The prevalence of Lactobacillus is associated with elevated LA concentrations in IR silage.



During the ensiling process, there was a notable decline in the relative abundance of Enterobacteriaceae, which declined from 26.5% on day 3 to 13.9% on day 60. Enterobacteriaceae are non-spore-forming, facultative anaerobic bacteria that are capable of fermenting LA to AA and other products, which can lead to a loss of nutritional value. The principal products of their fermentation process are acetic acid and carbon dioxide [28]. It can therefore be surmised that the elevated acetic acid concentrations were likely associated with the heightened abundance of Enterobacteriaceae in IR silage. While the production of acetic acid may enhance aerobic stability, prolonged fermentation could result in considerable energy and DM losses. The resulting silage is also less palatable to livestock.



It is noteworthy that the proportion of Weissella exhibited an increase from 14.8% on day 3 to 15.6% on day 60. This differs with the findings of Graf et al. [29], who found that Weissella was an initial colonizer and was then replaced by acid-resistant Lactobacilli with the decrease in pH and the ensilage progress. This may be ascribed to the enhanced competitiveness and vitality of Weissella epiphytic on fresh grass [30].



During the fermentation process, the relative abundance of Hafnia-Obesumbacterium was observed to decline from 10.2% on day 3 to 3.86% on day 60. As reported by Koivula et al. [31] and Hu et al. [32], Hafnia-Obesumbacterium has potential to cause contamination by enterobacteria and to degrade organic components. Therefore, it can be hypothesized that a higher concentration of ethanol, NH3-N, and acetic acid during the ensiling process may be associated with an increased relative proportion of Hafnia-Obesumbacterium.



The relative proportion of Lactococcus exhibited a decline from 6.93% on day 3 to 4.08% on day 60. Lactococcus species are typically predominant in silage and are usually employed as inoculants to facilitate the LA fermentation at the early phase [33]. In this study, the observed decline in the relative abundance of Lactococcus during ensiling is likely attributable to the fact that cocci-LAB are unable to thrive in an acidic environment.




3.3. Co-Occurrence Networks in the Bacterial Community


Bacterial co-occurrence networks (Figure 4A–C) of fresh and fermented IR were conducted with the objective of achieving a comprehensive understanding of the impact of storage length on the interaction and correlation of the resulting microbiome. The ensiling process was observed to reduce the complexity of the bacterial networks in ensiled IR. The correlation structures of these networks were found to be more straightforward in IR silage than in IRFM, as indicated by lower edge and node numbers in IR silage than IRFM (Figure 4D). The greater complexity of the bacterial networks in IRFM in comparison to IR silage was in accordance with the higher bacterial community diversity in fresh IR.



The existence of negative correlations in the microbial co-occurrence networks indicates the potential for competition for resources. Conversely, positive correlations indicate the presence of collaborative or mutualistic associations among microbial taxa [34]. Herein, the proportions of negative correlation were found to be greater in the bacterial co-occurrence network of IRFM and IR_3 in comparison to IR_60 (Figure 4E). This suggests that the competition among bacterial species intensified at the early stage and diminished at the late stage of fermentation. A relatively greater positive correlation number was observed in the bacterial co-occurrence network of IR_60, indicating a greater degree of cooperative interaction among bacterial species in IR silage after 60 days of ensilage.



It is noteworthy that the alterations in ensilage over time exhibited different trends when comparing the transition from fresh IR to day 3 with that from day 3 to day 60. The simplest bacterial community composition was observed on day 3, with an enlargement of the composition on day 60, as evidenced by the edge and node numbers in Figure 4D and the correlation number in Figure 4E. It was hypothesized that the different direction was caused by the proliferation of Clostridium_sensu_stricto_1. Clostridium_sensu_stricto_1 was observed on day 60 with a relative abundance of 1.64%. It is regarded as an undesirable microorganism that can survive in silage because it can convert sugar and protein into butyric acids, which reduces the fermentation quality and increases the risk of failed fermentation [35]. Clostridium also has the potential to survive in high-moisture silages, including mulberry, stylo, and alfalfa [36]. During ensilage, the production of acetic acid and NH3-N was related to the metabolization of Clostridium.




3.4. Predicted Functionality in the Bacterial Community


In recent years, extensive functional prediction through the 16S rRNA gene dataset has been analyzed via the PICRUSt tool. PICRUSt2 firstly appeared in 2020 and represents an improvement based on PICRUSt1. PICRUSt2 is more accurate than PICRUSt1 and other competing methods overall because PICRUSt2 includes a larger and updated database of reference genomes and gene families and shows interoperability with any OTU-picking or denoising algorithm [37]. Therefore, the superior PICRUSt2 tool was employed to examine the influence of storage time on the functionality of the bacterial community in fresh and fermented IR.



The bacterial functional pathways at level 2 in fresh and fermented IR are primarily characterized by the metabolism of carbohydrate and amino acid (Figure 5). This is to be expected, given that ensilage relies on the capacity of LAB strains to convert the WSC in forage to organic acid (mainly lactic acid) under anaerobic conditions [1]. Furthermore, amino acids play a critical role in primary metabolism and bacterial protein synthesis [38], which explains the enhanced metabolism of carbohydrate and amino acid during ensiling. The ensiling process effectively restricts the amino acid and carbohydrate metabolism of most harmful bacteria on day 3, thus leading to a reduction in the majority of bacterial carbohydrate and amino acid metabolism in comparison to IRFM.



Herein, the energy metabolism was restricted during ensilage. This contrasts with the results reported by Xu et al. [39], who indicated that energy metabolism was enhanced in quality ensilage. Thus, further study is required to elucidate the effects of energy metabolism in ensilage. The metabolism of cofactors and vitamins was observed to decline in IR silage. It has been demonstrated that the application of LAB additives can directly stimulate the synthesis of vitamins during ensilage [30,40]. It was thus proposed that the metabolism of cofactors and vitamins in IR silage may be promoted using specific LAB additives.




3.5. Predicted Enzymes in the Bacterial Community


Homofermentative LAB played a pivotal role in the stimulation of LA fermentation. During the metabolic process of homofermentative LAB, glucose is converted into LA through the Embden–Meyerhof pathway (EMP). It is acknowledged that pyruvate kinase, 1-phosphofructokinase, and hexokinase are the key enzymes in EMP. The notable (p < 0.05) elevation in pyruvate kinase and 1-phosphofructokinase levels following ensiling (Figure 6A–C) suggests that LA fermentation in IR silage is more closely associated with these enzymes than hexokinase. The increase (p < 0.05) in D-/L-lactate dehydrogenase (Figure 6D,E) is in line with the substantial production of LA during ensilage.



A reduction in pH may prompt certain systems in LAB to buffer LA acidity, including arginine deimination (ADI pathway). Therefore, the observed increase (p < 0.05) in arginine deiminase activity on day 3 (Figure 6F) might be ascribed to the elevated acidity levels in ensilage. Following a 60-day period, the notable (p < 0.05) decline in LAB populations may be associated with a substantial reduction in arginine deiminase levels on day 60. This is because the acidic environment in silage may not be effectively buffered and tolerated by LAB due to the decrease in arginine deiminase.




3.6. Predicted Phenotypes in the Bacterial Community


BugBase was employed as a means of predicting bacterial phenotypes, and it has already been applied in various fields [16]. It has been demonstrated to be an effective method for identifying microbiological discoveries that are readily interpretable and that are not achievable with current tools. In the context of the 16S rRNA gene sequencing analysis, BugBase offers a valuable avenue for gaining new insights into the pathogenic risks posed by silage microbes, thus facilitating the assessment of the safety and hygiene of animal feeds.



Herein, a reduction in the proportion of Gram-negative bacteria was found in IR silage compared to IRFM (Figure 7A), which is beneficial for fermentation quality, as Gram-negative bacteria, such as those containing lipopolysaccharide layers, have been reported to result in serious systemic infection [41]. Furthermore, a greater (p < 0.01) proportion of bacterial community was identified as “potentially pathogenic” in IR silage compared to fresh IR (Figure 7B), which is likely linked with the presence of some acid-resistant pathogens. The IR silage on days 3 and 60 was observed to increase the risks of pathogenic contamination. Those negative impacts cannot be mitigated by ensiling. It can be concluded that the addition of certain effective chemicals or LAB inoculants to high-moisture IR silage is crucial for accelerating acidification and reducing the risk of pathogenic contamination.





4. Conclusions


The high-moisture Italian ryegrass silage exhibited good fermentation quality after 60 days. Lactobacillus was dominant at the initial and final stages of fermentation. The ensiling process reduced the complexity of the bacterial community networks in ensiled IR. The metabolism of carbohydrate and amino acid was restricted at the early stage of ensilage. The pyruvate kinase and 1-phosphofructokinase were critical in promoting the lactic acid fermentation. A greater abundance in the “potentially pathogenic” category was found in the bacterial community of IR silage compared to fresh IR. Overall, the findings indicate that the high-moisture IR silage exhibited good ensiling characteristics, but the potential for microbial contamination and pathogens remained after ensiling.
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Figure 1. Changes in mono-and di-saccharides in fresh and ensiled Italian ryegrass. DM: dry matter; d: days. 
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Figure 2. Bacterial community diversity of fresh and ensiled Italian ryegrass. (A) Alpha diversity (Ace, Chao1, Shannon, Coverage, Simpson, and Sobs indices) of bacterial community. (B) Rarefaction curves based on the Sobs index. (C) Beta diversity of bacterial community, calculated by principal coordinate analysis (PCoA) based on the Bray−Curtis distance metric. IRFM: fresh Italian ryegrass; IR_3: spontaneously ensiled Italian ryegrass after 3 days; IR_60: spontaneously ensiled Italian ryegrass after 60 days. * 0.01 < p ≤ 0.05; ** 0.001 < p ≤ 0.01. 
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Figure 3. Bacterial community compositions of fresh and ensiled Italian ryegrass. (A) The Venn diagram of the core OTUs in fresh and ensiled Italian ryegrass. (B) The bar plots of bacterial community abundances at the phylum level. (C) The bar plots of bacterial community abundances at the genus level. IRFM: fresh Italian ryegrass; IR_3: spontaneously ensiled Italian ryegrass after 3 days; IR_60: spontaneously ensiled Italian ryegrass after 60 days. 
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Figure 4. Bacterial co-occurrence networks of fresh and ensiled Italian ryegrass. Bacterial co-occurrence networks (Spearman correlation, the most abundant 300 species, p value < 0.05, and correlation > 0.5) of IRFM (A), IR_3 (B), and IR_60 (C). The node represents bacterial species, node color represents bacterial phylum, and node size represents the bacterial abundance. Edges are colored according to negative (green) and positive (red) correlations. (D) Bar plots of node and edge numbers, respectively. (E) Bar plots of negative correlation proportion and correlation number. IRFM: fresh Italian ryegrass; IR_3: spontaneously ensiled Italian ryegrass after 3 days; IR_60: spontaneously ensiled Italian ryegrass after 60 days. 
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Figure 5. The 16S ribosomal RNA gene estimated Kyoto encyclopedia of genes and genomes functional profiles at the second pathway level. IRFM: fresh Italian ryegrass; IR_3: spontaneously ensiled Italian ryegrass after 3 days; IR_60: spontaneously ensiled Italian ryegrass after 60 days. 
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Figure 6. Changes of key enzymes involved in bacterial community metabolism during the ensiling of Italian ryegrass. (A) hexokinase; (B) 1-phosphofructokinase; (C) pyruvate kinase; (D) D-lactate dehydrogenase; (E) L-lactate dehydrogenase; (F) arginine deiminase. EC: reference metabolic pathway highlighting numbers; IRFM: fresh Italian ryegrass; IR_3: spontaneously ensiled Italian ryegrass after 3 days; IR_60: spontaneously ensiled Italian ryegrass after 60 days. Means with different letters differ significantly from each other (p < 0.05). 
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Figure 7. Bacterial phenotypes annotation of fresh and ensiled Italian ryegrass. (A) Phenotypes that reflect bacterial characteristics (Aerobic, Facultatively Anaerobic, Anaerobic, Gram_Negative, Gram_Positive, and Contains_Mobile_Elements) and bacterial resistance (Forms_Biofilms, Potentially_Pathogenic, and Stress_Tolerant). (B) Comparison of the Potentially_Pathogenic category between fresh and ensiled Italian ryegrass. The statistical analysis was conducted using a two-sided t-test. * 0.01 < p ≤ 0.05; ** 0.001 < p ≤ 0.01. 
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Table 1. Chemical compositions and microbial populations of fresh Italian ryegrass (mean ± SD).
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Items

	
Italian Ryegrass






	
Chemical compositions




	
pH

	
6.08 ± 0.01




	
Dry matter (g/kg FW)

	
208 ± 2.86




	
Water-soluble carbohydrates (g/kg DM)

	
100 ± 1.25




	
Buffering capacity (mEq/kg DM)

	
93.4 ± 1.57




	
Neutral detergent fiber (g/kg DM)

	
554 ± 3.28




	
Acid detergent fiber (g/kg DM)

	
301 ± 2.32




	
Acid detergent lignin (g/kg DM)

	
38.4 ± 1.32




	
Crude protein (g/kg DM)

	
97.6 ± 1.48




	
Microbial populations




	
Lactic acid bacteria (log10 cfu/g FW)

	
4.18 ± 0.06




	
Aerobic bacteria (log10 cfu/g FW)

	
7.59 ± 0.01




	
Yeasts (log10 cfu/g FW)

	
6.48 ± 0.06




	
Enterobacteriaceae (log10 cfu/g FW)

	
8.35 ± 0.12








Note: DM: dry matter; FW: fresh weight; mEq: milligram equivalent; cfu: colony-forming units. Data are mean values and standard deviations for triplicate samples.













 





Table 2. Changes in ensiling characteristics and microbial populations during the ensilage of Italian ryegrass.
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Items

	
Ensilage Days (d)

	
SEM

	
p-Value




	
1

	
3

	
7

	
15

	
30

	
60






	
Chemical compositions




	
pH

	
5.93a

	
4.56b

	
4.16c

	
4.20c

	
4.18c

	
4.20c

	
0.155

	
<0.001




	
Lactic acid

(g/kg DM)

	
15.6e

	
84.5d

	
95.2c

	
104b

	
120a

	
91.5c

	
8.001

	
<0.001




	
Acetic acid

(g/kg DM)

	
6.33f

	
26.0e

	
38.1d

	
47.5c

	
52.6b

	
58.7a

	
4.306

	
<0.001




	
LA/AA

	
2.46b

	
3.26a

	
2.50b

	
2.18b

	
2.28b

	
1.56c

	
0.124

	
<0.001




	
Propionic acid

(g/kg DM)

	
0.673c

	
0.827c

	
1.53b

	
2.55a

	
2.39a

	
2.50a

	
0.194

	
<0.001




	
Isobutyric acid

(g/kg DM)

	
0.880b

	
0.947b

	
0.970b

	
1.15b

	
1.06b

	
1.89a

	
0.901

	
<0.001




	
Butyric acid

(g/kg DM)

	
0.343b

	
1.29a

	
1.61a

	
1.52a

	
1.67a

	
1.59a

	
0.120

	
<0.001




	
Ethanol

(g/kg DM)

	
7.65b

	
14.7a

	
15.7a

	
16.7a

	
15.4a

	
14.6a

	
0.777

	
<0.001




	
VFAs (g/kg DM)

	
8.23f

	
29.1e

	
42.2d

	
52.8c

	
57.7b

	
64.6a

	
4.636

	
<0.001




	
Dry matter

(g/kg FW)

	
201a

	
196b

	
192c

	
190c

	
187d

	
186d

	
1.305

	
<0.001




	
NH3-N (g/kg TN)

	
25.8e

	
44.6d

	
53.0c

	
77.3b

	
84.3ab

	
87.0a

	
5.495

	
<0.001




	
WSC (g/kg DM)

	
93.6a

	
41.9b

	
21.4c

	
17.3d

	
12.7e

	
7.38f

	
7.138

	
<0.001




	
Microbial populations




	
Lactic acid bacteria (log10 cfu/g FW)

	
6.41d

	
7.66c

	
9.52b

	
10.2a

	
10.4a

	
7.35c

	
0.366

	
<0.001




	
Enterobacteriaceae

(log10 cfu/g FW)

	
8.67a

	
8.99a

	
6.48b

	
4.34c

	
3.38d

	
2.47e

	
0.612

	
<0.001




	
Yeasts

(log10 cfu/g FW)

	
6.38a

	
5.83b

	
4.48c

	
4.35c

	
4.09d

	
4.04d

	
0.259

	
<0.001








Note: Means within the same column with different letters differ significantly from each other (p < 0.05). SEM: standard error of the mean; DM: dry matter; FW: fresh weight; VFAs: volatile fatty acids; LA/AA: ratio of lactic acid to acetic acid; NH3-N: ammonia nitrogen; TN: total nitrogen; WSC: water-soluble carbohydrate; cfu: colony-forming units; d: day.
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