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Abstract

:

To investigate the effect of phenyllactic acid (PLA) on the dynamic changes of high-moisture stylo silage, fresh stylo was ensiled with addition of PLA at the levels of 0, 1% and 2% using lab-level silage bags, where samples were collected on days 3, 7, 14 and 30 of ensiling fermentation to analyze fermentation parameters, nitrogen distribution and bacterial community. The results showed that PLA addition at ensiling led to the increase (p < 0.01) in dry matter content, lactic acid concentration and Flieg’s score of stylo silage as well as the decrease (p < 0.01) in dry matter loss, pH value and coliform bacteria population, with butyric acid only detected in the control group. It also resulted in the increase (p < 0.01) in true protein content and its proportion as well as the decrease (p < 0.01) in ammonia-N content and its proportion, almost with linearly dose effect. Sequencing analysis revealed that PLA addition led to the increase (p < 0.05) in Sobs, Shannon, Chao and Ace of bacterial community in the stylo silage, where the relative abundance of Enterobacter, Clostridium, and Kosakonia was decreased, and that of Lactobacillus, Enterococcus and Pantoea was increased. Furthermore, Kosakonia, Terriglobus, Sphingomonas and Sphingopyxis had an important role in the bacterial interaction network. It is suggested that PLA application at the level of 1–2% could improve silage quality of stylo silage via modifying bacterial community.
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1. Introduction


Stylo (Stylosanthes guianensis) is a tropical legume shrub widely grown for forage throughout the tropics and subtropics. Stylo is fairly palatable to livestock when mature and can grow on relatively infertile soils [1]. Stylo is a high-yielding forage legume that can produce 10–20 t DM/ha depending on soil fertility. Stylo is regarded as “tropical alfalfa” with crude protein content of 11–16% [2,3] and can be used as hay, silage or fed fresh. As to silage production, protein hydrolysis may be the main concern in legume silage, such as alfalfa silage and stylo silage, where generally more than half of protein in raw materials would be hydrolyzed during ensiling [4,5]. Due to its potentially negative effect on ruminant nitrogen nutrition, many measurements have been taken to prevent proteolysis in silage, including lowering moisture content by wilting or mixing drier materials [6], intensifying initial loading of lactic acid bacteria (LAB) [7,8], adding fermentation promotors (sugar, molasses or cellulase) or inhibitors (organic acids, protein binding agent) [9,10,11]. Overall, such additives or measurements could somewhat improve silage fermentation and protein preservation. However, compared to some intrinsic components such as nisin and organic acids, exogenous additives might have poorer promotion or inhibition selectivity and consistency. More recently, much effort has been made to develop functional LAB simultaneously producing organic acids, fibrolytic enzymes or antimicrobial substances [7,11,12]. Their application would be expected to not only promote silage fermentation but also improve its aerobic stability, even directly promoting animal health in a convenient and economical way.



Phenyllactic acid (PLA) has been recognized as a new type of biological preservative due to its high antimicrobial activity and broad antimicrobial spectrum, such as Listeria monocytes, Staphylococcus aureus, Salmonella spp., Candida spp., Rhodotorula spp., Aspergillus spp. and Penicillin spp. [2,13,14]. Moreover, PLA can be produced with phenylalanine (a common amino acid in animals and plants) as raw material via LAB fermentation, such as Lactobacillus casei, Lactobacillus plantarum and Leuconostoc mesenteroides [12,15,16]. Therefore, PLA is a promising antimicrobial agent for fermented foods and feeds in the perspective of safety and effectiveness. It is reported that PLA or PLA-tolerant LAB strains could effectively prevent alfalfa protein from degrading during ensiling period [12] and lead to the decrease in butyric acid and ammonia-N in timothy silage likely via favoring the growth of Lactobacillus curvatus and Saccharomyces cerevisiae as well as inhibiting the growth of lactic acid assimilating yeasts belonging to Issatchenkia [17]. The application of PLA or PLA-producing LAB in silage production is attracting increasing attention, but its effectiveness and mechanism still need further research. In consideration that the added PLA is mostly degraded in the mature silage [12], there is a need to figure out the dynamic changes of silage fermentation in order to achieve its proper and efficient utilization.



Therefore, the present study aimed to investigate the effect of PLA addition on the dynamic fermentation parameters, nitrogen fractions and bacterial community of stylo silage, where high moisture stylo silage ensiled with addition of PLA at the levels of 0, 1% and 2% were unsealed for samples collection on days 3, 7, 14 and 30 of ensiling fermentation.




2. Materials and Methods


2.1. Raw Material Preparation and Silage Processing


Fresh stylo (CIAT 184) was harvested at full bloom stage by its second cutting with a 10 cm stubble left, where the growth of stylo was managed with manual weeding but no fertilization. The whole plant was manually chopped into 1–2 cm using straw chopper in the lab. Immediately, the prepared forage was ensiled without (CK) or with addition of 1.0% or 2.0% PLA on a fresh matter (FM) basis, where PLA was added in the form of powder and evenly mixed in plastic basins. In total, 36 silage bags (3 treatments × 4 time-points × 3 replicates) were individually prepared using polythene plastic bags (20 cm by 30 cm; maximum capacity of 300 g), with 200 g raw material per bag. With initial weight recorded, all the prepared bag silages were stored in a carton and kept under natural condition (25–30 °C). To monitor the dynamic changes of silage fermentation, 3 bag silages of each treatment were unsealed for sample collection on days 3, 7, 14 and 30 of ensiling, respectively. All the samples were destined to the analyses of fermentation parameters, nitrogen fractions and bacterial community. Chemical composition and bacterial profile of the fresh stylo used in the present study are summarized in Table 1.




2.2. Determination of Microbial Population, Fermentation Parameters and Chemical Composition


Bacteria solution was prepared by suspending silage sample in sterilized saline, and then lactic acid bacteria, coliform bacteria, yeasts and molds were separately cultivated with De Man, Rogosa, Sharpe (MRS), Violet Red Bile and Rose Bengal agar, and enumerated after incubating at 30 °C for 2–3 days.



Another silage sample was soaked with distilled water for the analyses of pH, ammonia-nitrogen (ammonia-N) and organic acids (lactic acid, acetic acid, propionic acid, butyric acid). The values of pH were measured by a glass electrode pH meter (PHS-3C, INESA Instrument, Shanghai, China); ammonia-N content was determined in colorimetry with a Thermo Scientific Varioskan LUX (Thermo Fisher Scientific, Shanghai, China) [18]; and individual organic acid was analyzed using high performance liquid chromatography equipped with Shodex RS Pak KC-811 column and SPD-20A detector (Shimadzu, Kyoto, Japan) [19].



The remaining silage of each bag was oven-dried at 65 °C for 48 h to determine dry matter (DM) and then used for the analysis of nitrogen fractions (crude protein (CP), true protein and nonprotein-N) [20]. The raw material was also analyzed for the contents of neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) using an A220 Fiber Analyzer (ANKOM Technology Corp., Macedon, NY, USA) [21] as well as water soluble carbohydrate (WSC) concentration using the method of 3,5-dinitrosalicylic acid colorimetry [22].



Furthermore, the comprehensive quality of silage was evaluated using Flieg’s evaluation system with the following equation [23]:


Flieg’s scores = 220 + (2 × DM% − 15) − 40 × pH












2.3. Bacterial Community Analysis by 16S rDNA Sequencing Technology


The DNA extraction and sequencing analysis were carried out with the help of Gene Denovo Co., Ltd. (Guangzhou, China). In brief, bacterial DNA was extracted with DNA extraction Kit (Omega Biotek, Norcross, GA, USA), and PCR amplification was conducted with the primers (341F: CCTACGGGNGGCWGCAG; 806R: GGACTACHVGGGTATCTAAT) targeting the V3–V4 regions of 16S rDNA according to the reported procedure [24]. Following purification and quantification, the amplicons were sequenced on Illumina Hiseq 2500 platform (Illumina, San Diego, CA, USA). The raw data were analyzed in steps as reported [8]. Paired-end clean reads were merged using FLSAH (v 1.2.11), and then noisy sequences were filtered with QIIME (v 1.9.1). Subsequently, chimera checking was performed using UCHIME algorithm. Operational taxonomic unit (OTU) with 97% identities was generated using UPARSE pipeline. Taxonomy assignment was performed using Ribosome Database Project (RDP) classifier (Version 2.2). The α-diversity and β-diversity were calculated in QIIME and then plotted in R software (Version 4.3.0). Spearman’s correlation coefficient was calculated, and then correlation heatmap and co-occurrence network were built in R software. The sequencing data reported in this study were archived in the Sequence Read Archive (SRA) with the accession number PRJNA 736346.




2.4. Statistical Analysis


Mixed model was used to analyze the effects of PLA level, ensiling day and their interaction by statistical software SAS 9.3 (SAS Institute Inc., Cary, NC, USA) using the following model:


Yijk = µ + Silobagk + PLj + EDj + PLi × EDj + eijk








where Yijk is the dependent variable; µ is the overall mean; Silobagk is the random effect of the k-th silobag; PLj is the effect of the i-th treatment; EDj is the effect of the j-th ensiling day; PLi × EDj is the interaction effect of the i-th treatment by the j-th ensiling day; and eijk is the residual error. For the repeated measures analysis, the covariance structure with unstructured type was used, and ensiling day was set as repeated subject with significance declared at the level of p < 0.05; LSD was used to evaluate the difference. The linear and quadratic effects of PLA level were also contrasted. The sequencing analysis was performed on OmicShare platform (http://www.omicshare.com/tools (10 December 2022).





3. Results


3.1. Effect of Phenyllactic Acid on Dynamic Fermentation Characteristics of Stylo Silage


Dynamic fermentation characteristics of stylo silage are presented in Table 2. The interaction effect of PLA level and days of ensiling was significant (p < 0.01) on DM content, LAB and coliform bacteria population and lactic acid concentration. The DM content, pH value and coliform bacteria population of stylo silage gradually decreased (p < 0.01) as ensiling fermentation prolonged, and PLA addition led to the increase (p < 0.01) in DM content, lactic acid concentration and Flieg’s score as well as the decrease (p < 0.01) in DM loss, pH value and coliform bacteria population, with significant dose effect (pL < 0.01, pQ < 0.01). Meanwhile, compared to the control group, PLA addition at the level of 2% resulted in the decrease in LAB population (p < 0.01) and acetic acid concentration across the ensiling process. Additionally, butyric acid was only detected in the control group, and the numbers of yeasts and molds were less than 2 log10 CFU/g FM in all the silage.




3.2. Effect of Phenyllactic Acid on Dynamic Nitrogen Distribution of Stylo Silage


Dynamic changes of nitrogen fractions in stylo silage are showed in Table 3. The interaction effect of PLA level and days of ensiling was significant (p < 0.01) on ammonia-N content and its proportion. As ensiling fermentation went on, true protein content and its proportion gradually decreased (p < 0.01) in the stylo silage while ammonia-N content and its proportion increased (p < 0.01). The application of PLA at ensiling resulted in the linear increase (p < 0.01; pL < 0.01, pQ > 0.05) in true protein content and its proportion as well as the significant decrease (p < 0.01; pL < 0.01, pQ < 0.01) in ammonia-N content and its proportion.




3.3. Effect of Phenyllactic Acid on Dynamic Bacterial Community of Stylo Silage


The variation of alpha diversity of bacterial community in stylo silage is presented in Table 4. In the 16S rDNA sequencing, Goods_coverage of all the silage was over 0.99. Alpha diversity indices Sobs, Chao and Ace declined (p < 0.05) in the prolonged silage while Shannon and Simpson increased (p < 0.05) in a whole tendency. The addition of 1% or 2% PLA at ensiling led to the increase (p < 0.05; pL < 0.01, pQ > 0.05) in Sobs, Shannon and Chao of bacterial community in the stylo silage.



Furthermore, PCoA analysis (Figure 1) showed that samples of fresh stylo, CK group and PLA groups (1% or 2%) were separately clustered regardless of sampling time. Moreover, the samples of CK group at different timepoints varied in a narrow range while those of PLA groups were located in a wider range, especially for the 2% PLA addition.



The relative abundance of bacterial community in stylo silage on the phylum level is illustrated in Figure 2. In fresh stylo and stylo silage, Proteobacteria (88.35%; 52.80–77.36%) was the most dominant phylum, followed by Firmicutes (3.41%; 3.53–32.96%), Cyanobacteria (7.00%; 9.33–35.91%) and Bacteroidetes (0.67%; 0.69–5.89%). In comparison, the abundance of Proteobacteria in stylo declined while that of Firmicutes, Cyanobacteria, Bacteroidetes and Actinobacteria increased after fermentation. Meanwhile, PLA addition (1% or 2%) led to the decrease of Proteobacteria abundance and the increase in Actinobacteria abundance. The addition of 1% PLA consistently resulted in the increase of Firmicutes abundance while the addition of 2% PLA consistently resulted in the increase of Cyanobacteria abundance.



On the genus level, unclassified genus accounted for 40.88% of the bacterial community in fresh stylo, and the dominant classified genera were Pantoea (23.25%) and Pseudomonas (23.13%; Figure 3). As for the stylo silage, there was also 40.74–66.61% unclassified genus, and several genera coexisted in the silage, but the dominant genera were various in different treatment groups. Specifically, Enterobacter (8.48–9.90%) was the most abundant genus in the control silage, followed by Lactobacillus (2.20–5.10%), Pantoea (1.89–4.04%), Methylobacterium (2.55–4.23%) and Kosakonia (1.87–3.30%) across the ensiling fermentation. In comparison, Lactobacillus (7.85–29.79%) was the dominant genus in the stylo silage with 1% PLA addition, followed by Enterobacter (3.90–5.46%), Methylobacterium (2.98–6.91%), Pantoea (1.29–5.01%), Sphingomonas (1.67–4.91%) and Kosakonia (1.49–3.06%). The dominant genus of stylo silage ensiled with 2% PLA varied over the ensiling process, where the silages were mainly dominated by the growth of Methylobacterium (4.02–10.40%), Pantoea (3.10–8.94%), Sphingomonas (2.94–4.68%), Lactobacillus (2.76–14.47%), Enterobacter (1.23–4.80%).



In comparison, the abundance of Clostridiaceae_1, Clostridium_sensu_stricto_12, Clostridium_tyrobutyricum, Clostridium_aurantibutyricum, Kosakonia, Parcubacteria, Clostridium_sensu_stricto_11 and Clostridium_beijerinckii was higher in the control silage relative to that of PLA-treated silages after 30 days of ensiling. The abundance of Enterococcus, Enterococcaceae, Selenomonas_3, Cellvibrionales, Acidovorax and Caulobacteraceae_bacterium_PMMR1 was relatively higher in 1% PLA-treated silages while there were tens of bacterial taxon higher in abundance found in 2% PLA-treated silages, such as Pantoea, Actinobacteria, Verrucomicrobia, Mycobacterium, Flavobacterium, Terrimicrobium (Figure 4). The co-occurrence network (Figure 5) revealed that Brevundimonas, Novosphingobium, Enterobacter and Methylobacterium were the top four genera in average abundance in the stylo silage, and they showed close interaction relationship with other genera. Kosakonia, Terriglobus, Sphingomonas and Sphingopyxis also had an important role in the interaction network. Furthermore, correlation heatmap (Figure 6) showed that the relative abundance of Enterobacter and Kosakonia was positively related to silage pH value (p < 0.01), ammonia-N proportion (p < 0.01) and acetic acid concentration (p < 0.05) and negatively related (p < 0.01) to silage lactic acid concentration and Flieg’s score, while the abundance of Brevundimonas (p < 0.05), Novosphingobium (p < 0.01) and Sphingomonas (p < 0.01) was negatively related to silage pH value and positively related to silage lactic acid concentration and Flieg’s score. Moreover, the abundance of Methylobacterium was negatively related to silage ammonia-N proportion (p < 0.05) and acetic acid concentration (p < 0.01), and silage true protein proportion positively correlated (p < 0.05) with the abundance of Methylobacterium and Pseudomonas.





4. Discussion


4.1. General Characteristics of Fresh Stylo Used for Silage Production


Stylo is a common leguminous forage in tropical and subtropical areas, being a quality protein source for ruminants. In the present study, its protein content (13.35% DM) was somewhat low but would also meet the dietary protein concentration requirement for most grazing or feedlot beef cattle or sheep [25,26]. Meanwhile, its lignocellulose content is not too high, acting as an important source of dietary effective fiber. In general, true protein is higher in utilization efficiency for ruminants relative to nonprotein-N, especially nitrate-N or ammonia-N [27]. Thus, stylo is supposed to be a quality protein source in consideration of its true protein proportion of 82.13% CP, and much has been done to prevent its proteolysis during ensiling process. In principle, ensiling is a popular method to preserve moist forage via the anaerobic metabolism of LAB converting WSC into organic acids whereby lowering silage pH to inhibit the activity of spoilage organisms [27]. Epiphytic bacterial community, moisture content and WSC concentration might be the most important factors for silage fermentation. As reported, 5.0 log10 CFU/g FM and 60–70 g/kg DM are separately regarded as the thresholds of initial LAB population and WSC content at ensiling to produce quality silage [28,29], and the moisture content of high-quality silage is commonly in the range of 65–70% [30]. In the present study, epiphytic LAB population in the fresh stylo (6.05 log10 CFU/g FM) might be high enough, but the high population of coliform bacteria would compete for fermentation substrate [31]. Even worse, WSC content of fresh stylo (1.54% DM) was far behind the theoretical requirement, and the moisture content was too high, likely resulting in a high risk of large seepage losses, vigorous clostridial proliferation and slow pH decline.




4.2. Effect of Phenyllactic Acid on Dynamic Fermentation Characteristics of Stylo Silage


During the ensiling process, dry matter loss is mainly ascribed to the respiration of plant cell and the activities of aerobic or anaerobic microorganisms at the early stage. The addition of PLA at ensiling linearly reduced the DM loss of stylo silage. It might be owed to the antimicrobial activity of PLA likely altering bacterial community and metabolism [2,17]. With regard to fermentation parameters, silage pH is mainly dictated by the generation of lactate and the intrinsic buffering capacity of raw material, and pH 4.30–5.00 is acceptable for legume silage due to its low sugar content and high buffering capacity [32]. The application of PLA at ensiling resulted in the decline in silage pH value to an acceptable range (4.32–4.92). Moreover, it also led to the decrease in LAB and coliform bacteria population, especially when PLA was added at the level of 2%. In general, LAB actively grow under the pH values of 4.50–7.50 [33], and most undesirable bacteria in silage are usually inhibited at pH < 4.50 [34]. Thus, the present results could be interpreted as the acidity property and antimicrobial activity of PLA, and the resulting low pH condition inhibited the activity of silage microorganism, including LAB and undesirable organisms. Furthermore, the LAB number was not larger in PLA-treated silage relative to that in the control silage, but its lactic acid concentration was much higher. It might be due to the generated lactic acid further converting into acetic acid and butyric acid in the control silage [27], consequently resulting in less efficiency in pH decline and nutrient preservation. Additionally, the high butyric acid concentration (0.76% DM) of the control silage is undesired in that dietary butyric acid >0.5% DM might lead to reduced feed intake and other metabolic diseases in livestock feeding [35]. Overall, based on the discrimination of aggregative indicator Flieg’s score, integrating the data of silage DM content and pH value [23], the control silage was identified as poor quality, and 1% or 2% PLA-treated silage fell into the grade of good quality or very good quality. It is suggested that PLA addition at ensiling could improve the fermentation quality of high moisture stylo silage with dose effect.




4.3. Effect of Phenyllactic Acid on Dynamic Nitrogen Distribution of Stylo Silage


Generally speaking, dynamic changes of nonprotein-N and ammonia-N concentrations are commonly used to monitor the extent of proteolysis in silage. In the present study, almost half of protein in stylo was hydrolyzed during ensiling fermentation, and PLA addition could remarkably increase true protein proportion and decrease the proportion of ammonia-N in the mature silage. Considering that nonprotein-N, especially ammonia-N, is inferior in nitrogen retention relative to true protein for ruminant metabolism [36], the application of PLA at ensiling would improve the nutritional value of stylo silage, potentially with a better nitrogen utilization efficiency. Moreover, it is documented that a high ammonia-N concentration in silage likely has a negative effect on animal feed intake [32], where its recommended proportion is no more that 10% CP, better lower than 5% CP in mature silage [37]. During the ensiling process, plant protein is first hydrolyzed by plant proteases whereby generating free amino acids and peptides (collectively termed nonprotein-N), which are further degraded into ammonia, amines and ketonic acids by the deamination of microbial activity of undesirable bacteria such as Clostridium and Enterobacter [32]. Thus, PLA addition at ensiling not only lowered the protease activity but also inhibited microbial deamination activity. It might be interpreted that the low pH condition resulting from PLA addition would lower the activity of plant proteases, indicated by the higher true protein proportion. Meanwhile, the antimicrobial activity of PLA contributed to the alteration in bacterial community and, consequently, inhibiting microbial deamination activity, indicated by the lower ammonia-N proportion. To sum up, PLA addition at the level of 1% or 2% at ensiling would improve protein preservation in stylo silage.




4.4. Effect of Phenyllactic Acid on Dynamic Bacterial Community of Stylo Silage


As ensiling is a process of microbial competition, fermentation parameters and nutrient preservation status comprehensively reflect the result of silage fermentation. Making clear the succession of bacterial community would throw light on the variation mechanism of silage quality and its regulation [3]. Nowadays, 16S rDNA sequencing technology has become a common method to investigate bacterial community, such as microbial identification and community diversity. In the present study, Goods_coverage over 0.99 assured a good representativeness of sequencing data for the bacterial community in the stylo samples. The decline of alpha diversity indices Sobs, Chao and Ace in the prolonged silage suggests that the richness of bacterial community in stylo silage decreases as ensiling time is prolonged, especially 7 days later. It is inferred that the proliferation of kinds of microorganisms in stylo silage would be gradually inhibited by 3–7 days of ensiling fermentation. The increase of Shannon and Simpson indices suggests that the diversity of bacterial community in stylo silage increases as ensiling fermentation goes on. As Shannon and Simpson indices are affected by species richness and community evenness, the greater uniformity of each species should primarily account for the greater diversity of bacterial community in the stylo silage 7 days later [38]. As for the treatment effect, PLA addition increased the richness and diversity of the bacterial community in the stylo silage relative to the control silage, suggesting that PLA addition altered the succession of bacterial community in the stylo silage.



As illustrated by PCoA analysis, samples of fresh stylo, CK group and PLA groups were separately clustered in different quadrants regardless of sampling time. Moreover, the samples of CK group at different timepoints clustered closely in a narrow range while those of PLA groups varied in a wider range, especially for 2% PLA addition. It is suggested that bacterial community of stylo remarkably changes after ensiling fermentation, and the succession process of bacterial community in stylo silage is changed by the addition of PLA at ensiling, where bacterial community in the control silage does not experience much variation while that in the PLA-treated groups changes apparently as ensiling is prolonged. However, the overlap of the samples at different timepoints suggests that the succession of bacterial community is likely not remarkable enough during ensiling process.



In detail, Proteobacteria was the most dominant phylum both in fresh stylo and all the stylo silages, followed by Firmicutes, Cyanobacteria and Bacteroidetes, but their corresponding abundance was apparently different. Consistently, Ogunade et al. [39] drew a conclusion in a literature review that the majority of bacterial community in silage belonged to the phylum Firmicutes and Proteobacteria. The abundance of Proteobacteria declined while that of Firmicutes, Cyanobacteria, Bacteroidetes and Actinobacteria increased after fermentation. Inconsistently, our previous studies showed that Cyanobacteria dominated in fresh stylo and then was substituted by Proteobacteria and Firmicutes in stylo silage [4,40]. Such a discrepancy among studies might be due to the differences of stylo in growing condition and agronomic management, generating different epiphytic bacterial communities [41]. Relative to the control silage, PLA-treated silages were lower in Proteobacteria abundance and higher in Actinobacteria abundance. The decline of Proteobacteria abundance might be attributed to the low pH condition as Proteobacteria generally prefer the neutral environment [42]. It was reported that the abundance of Proteobacteria was positively correlated with ammonia-N content in soil or wastewater fermentation [43,44]. It is inferred that the improvement of protein preservation might somewhat correlate with the alteration of Proteobacteria. Moreover, the addition of 1% PLA consistently increased Firmicutes abundance while the addition of 2% PLA increased Cyanobacteria abundance. It is suggested that the individual abundance of some dominant phyla does change with the effect of PLA addition.



Furthermore, analysis of bacterial community on genus level also shows apparent difference. The identification ability of 16S rDNA V3-V4 sequencing was quite low in the present study in that almost half of bacterial genera were unclassified either in fresh stylo or stylo silage. It is indicated that more advanced technologies such as Helicos SMS, Pacific Bioscience SMRT sequencing or nanopore sequencing are needed to further make clear the bacterial community on genus level or specie level. As illustrated by histogram, bacterial community on genus level was quite different between fresh stylo and stylo silage, or among the different silage treatments. The dominant classified genera in fresh stylo were Pantoea and Pseudomonas while several genera such as Enterobacter, Lactobacillus, Pantoea, Methylobacterium, Sphingomonas and Kosakonia coexisted in stylo silage without a bacterial genus with overwhelming abundance, and the dominant genera differed in silage groups. It is inferred that LAB fail to establish dominance in the bacterial community of stylo silage, consequently resulting in poor fermentation quality. In comparison, Enterobacter was the most abundant genus in the control silage, followed by Lactobacillus, Pantoea, Methylobacterium and Kosakonia across the ensiling process. Lactobacillus was the dominant genus in 1% PLA-treated stylo silage, followed by Enterobacter, Methylobacterium, Pantoea, Sphingomonas and Kosakonia. The dominant genus of stylo silage ensiled with 2% PLA included Methylobacterium, Pantoea, Sphingomonas, Lactobacillus and Enterobacter.



Pantoea and Kosakonia are two new genera recently divided from the genus Enterobacter [45]. Generally, rapid suppression of enterobacteria is desired in silage production in the view that they would compete with LAB flora for nutrients and produce ammonia-N, acetic acid or butyric acid, even though nitrite and nitric oxide deriving from the reduction of NO3− by enterobacteria would potentially exert selective inhibition of clostridial growth [31]. As well, clostridia are undesirable bacteria in silage in consideration that they usually derive their energy from the fermentation of organic compounds such as carbohydrates and proteins. The most common clostridia in silage can be divided into three phenotypically relevant groups: proteolytic clostridia, Clostridium butyricum and Clostridium tyrobutyricum [31]. It is documented that feeding animals with the silage strong in clostridial activity likely results in the decrease in feed intake or the occurrence of ketosis [35]. Enterobacter and Clostridium are undesirable bacteria in silage fermentation, and their primary fermentation product is not lactic acid but acetic acid or butyric acid, where such a metabolic pathway is less efficient in pH decline and energy conversion [27]. Therefore, the dominance of these undesirable bacteria should be responsible for the poor fermentation quality of stylo silage. On the other hand, the LAB commonly found in silage such as Lactobacillus, Lactococcus, Enterococcus and Weissella failed to dominate the bacterial community in the stylo silage in view of their low abundance. In comparison, the lower abundance of Enterobacter and Clostridium as well as the higher abundance of Lactobacillus, Enterococcus and Pantoea would partly account for the improvement of silage quality in the PLA-treated groups, especially in the 1% PLA-treated group. Ogunade et al. [39] reported that Pantoea abundance is negatively related to silage ammonia-N concentrations, and the increased abundance of Pantoea would contribute to the decrease of ammonia-N concentration in silage.



Methylobacterium are obligately aerobic and facultative methylotrophic bacteria commonly found in soil and on surfaces of leaves and other plant parts [46]. Its abundance in stylo silage was increased by the addition of PLA, in line with the results of ensiling stylo with addition of gallic or vallic acid [4,5]. It might be due to the action of these silage additives as methy-donors to promote the proliferation of Methylobacterium bacteria. As well, Sphingomonas are Gram-negative aerobic Alpha-proteobacteria with an extensive metabolic capacity for aromatic compounds [47]. Their increased abundance in the PLA-treated silage might be due to the promotion of metabolic substrate. Meanwhile, Sphingomonas are reported to be common in agricultural byproduct silage and likely cause hydrolysis of soluble protein [48]. Thus, their increased abundance in silage might not be desired, but their exact roles in silage fermentation or other applications still need further research. Consistently, co-occurrence analysis revealed that Brevundimonas, Novosphingobium, Enterobacter and Methylobacterium were the most in average abundance and had close interaction relationship with other genera, suggesting that they played core roles in the succession and development of bacterial community in stylo silage. Kosakonia, Terriglobus, Sphingomonas and Sphingopyxis also had an important role in the interaction network. Correlation analysis revealed that the decrease in Enterobacter and Kosakonia as well as the increase in Brevundimonas, Novosphingobium, Sphingomonas and Methylobacterium would contribute to the improvement of silage fermentation quality and protein preservation. It is indicated that some additives or management methods aiming at the modification of these bacteria would help to improve silage quality.





5. Conclusions


The results of this study showed that DM loss, coliform bacteria population, pH value, butyric acid and ammonia-N concentration of stylo silage were decreased while lactic acid concentration, Flieg’s score and true protein proportion were increased by PLA application at ensiling time. Bacterial diversity increased in the silage, where the relative abundance of Enterobacter, Clostridium and Kosakonia decreased, and that of Lactobacillus, Enterococcus and Pantoea increased. To sum up, PLA application at the level of 1–2% could improve fermentation quality and protein preservation of stylo silage in short-term fermentation.
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Figure 1. Principal coordinate analysis (PCoA) of bacterial community in stylo silage ensiled with addition of phenyllactic acid (S: fresh stylo; CK: blank control; PLA1 and PLA2: 1% or 2% phenyllactic acid addition). 
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Figure 2. Relative abundance of bacterial community on phylum level in stylo silage ensiled with addition of phenyllactic acid (S: fresh stylo; CK: blank control; PLA1 and PLA2: 1% or 2% phenyllactic acid addition). 
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Figure 3. Relative abundance of bacterial community on genus level in stylo silage ensiled with addition of phenyllactic acid (S: fresh stylo; CK: blank control; PLA1 and PLA2: 1% or 2% phenyllactic acid addition). 
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Figure 4. Comparison of microbial variations in stylo silage ensiled with addition of phenyllactic acid using the LEfSe method (S: fresh stylo; CK: blank control; PLA1 and PLA2: 1% or 2% phenyllactic acid addition). 
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Figure 5. Co-occurrence network of the main bacteria in stylo silage ensiled with addition of phenyllactic acid (The color of the dots represents the importance of the species, and the size of the dots represents the average abundance of the species. The solid red line indicates a positive correlation, and the dotted blue line denotes a negative correlation). 
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Figure 6. Correlation heatmap of the main bacterial genera and silage characteristics (“*” denotes significant at the level of p < 0.05, and “**” denotes significant at the level of p < 0.01). 
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Table 1. Chemical composition and bacterial profile of fresh stylo.
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	Item
	Fresh Stylo
	Item
	Fresh Stylo





	Dry matter, %
	24.82
	Lactic acid bacteria, log10 CFU/g FM
	6.05



	Crude protein, % DM
	13.35
	Yeast, log10 CFU/g FM
	3.88



	True protein, % DM
	10.96
	Mold, log10 CFU/g FM
	3.71



	Nonprotein-nitrogen, % DM
	2.38
	Coliform bacteria,

log10 CFU/g FM
	6.75



	True protein proportion, % CP
	82.13
	Sobs
	1291



	Nonprotein-nitrogen, % CP
	17.87
	Shannon
	5.86



	Neutral detergent fiber, % DM
	53.06
	Simpson
	0.96



	Acid detergent fiber, % DM
	44.66
	Chao
	2087



	Acid detergent lignin, % DM
	7.33
	Ace
	2171



	Water soluble carbohydrate, % DM
	1.54
	Coverage
	0.9926







DM: dry matter; CP: crude protein; FM: fresh matter; CFU: colony forming unit.
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Table 2. Dynamic fermentation characteristics of stylo silage ensiled with addition of phenyllactic acid.
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Item

	
Trt

	
Days of Ensiling

	
SEM

	
p-Value

	
Contrast




	
3

	
7

	
14

	
30

	
D

	
T

	
D × T

	
L

	
Q






	
Dry matter, %

	
CK

	
25.20 Ca

	
25.67 Ca

	
24.29 Bb

	
21.59 Cc

	
0.21

	
<0.01

	
<0.01

	
0.04

	
<0.01

	
0.36




	
1%

	
26.40 Ba

	
26.43 Ba

	
25.41 Ab

	
23.14 Bc

	

	

	

	

	

	




	
2%

	
27.42 Aa

	
27.75 Aa

	
25.56 Ab

	
24.29 Ac

	

	

	

	

	

	




	
Dry matter loss, %

	
CK

	
-

	
-

	
-

	
15.36 A

	
0.85

	
-

	
<0.01

	
-

	
<0.01

	
0.65




	
1%

	
-

	
-

	
-

	
9.05 B

	

	

	

	

	

	




	
2%

	
-

	
-

	
-

	
4.69 C

	

	

	

	

	

	




	
pH

	
CK

	
5.74

	
5.60

	
5.66

	
5.43

	
0.06

	
<0.01

	
<0.01

	
0.23

	
<0.01

	
<0.01




	
1%

	
4.92

	
4.66

	
4.57

	
4.50

	

	

	

	

	

	




	
2%

	
4.71

	
4.33

	
4.41

	
4.32

	

	

	

	

	

	




	
Lactic acid bacteria, log10 CFU/g FM

	
CK

	
8.23 Aa

	
8.14 Aa

	
7.93 Bb

	
7.60 Ac

	
0.09

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
1%

	
7.63 Bb

	
8.31 Aa

	
8.19 Aa

	
7.62 Ab

	

	

	

	

	

	




	
2%

	
6.59 Cc

	
7.75 Ba

	
7.12 Cb

	
6.68 Bc

	

	

	

	

	

	




	
Coliform bacteria, log10 CFU/g FM

	
CK

	
7.58 Aa

	
7.51 Aa

	
5.56 b

	
2.00 c

	
0.14

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
1%

	
6.62 B

	
4.44 B

	
<2.00

	
<2.00

	

	

	

	

	

	




	
2%

	
5.99 C

	
4.50 B

	
<2.00

	
<2.00

	

	

	

	

	

	




	
Lactic acid, % DM

	
CK

	
0.73 Ba

	
0.40 Cb

	
0.26 Bc

	
0.22 Cc

	
0.09

	
0.11

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
1%

	
1.09 ABab

	
0.87 Bb

	
1.17 Aab

	
1.36 Aa

	

	

	

	

	

	




	
2%

	
1.33 A

	
1.37 A

	
1.34 A

	
1.03 B

	

	

	

	

	

	




	
Acetic acid, % DM

	
CK

	
0.35

	
0.44

	
0.58

	
0.65

	
-

	
-

	
-

	
-

	
-

	
-




	
1%

	
0.20

	
0.41

	
0.56

	
0.63

	

	

	

	

	

	




	
2%

	
ND

	
ND

	
ND

	
0.60

	

	

	

	

	

	




	
Butyric acid, % DM

	
CK

	
ND

	
ND

	
0.41

	
0.76

	
-

	
-

	
-

	
-

	
-

	
-




	
1%

	
ND

	
ND

	
ND

	
ND

	

	

	

	

	

	




	
2%

	
ND

	
ND

	
ND

	
ND

	

	

	

	

	

	




	
Flieg’s score

	
CK

	
25.67

	
32.47

	
27.05

	
30.98

	
2.50

	
<0.01

	
<0.01

	
0.23

	
<0.01

	
<0.01




	
1%

	
61.01

	
71.46

	
73.01

	
71.41

	

	

	

	

	

	




	
2%

	
71.57

	
87.17

	
79.85

	
80.64

	

	

	

	

	

	








CK: blank control; 1% and 2%: 1% or 2% phenyllactic acid addition; SEM: standard error of means; D: days of ensiling; T: treatment; D × T: interaction of days of ensiling and treatment; L and Q: the linear or quadratic effect of PLA dose; ND: not detected; “-”: default, not analyzed. DM: dry matter; FM: fresh matter; CFU: colony forming unit. Propionic acid, yeast and mold were undetected (<2 log10 CFU/g FM) at the given timepoints. a–c Means with different lowercase letters in the same row differ (p < 0.05). A–C Means with different capital letters in the same column differ (p < 0.05).
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Table 3. Dynamic nitrogen fractions of stylo silage ensiled with addition of phenyllactic acid.
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Item

	
Trt

	
Days of Ensiling

	
SEM

	
p-Value

	
Contrast




	
3

	
7

	
14

	
30

	
D

	
T

	
D × T

	
L

	
Q






	
CP, % DM

	
CK

	
12.88

	
14.06

	
13.25

	
12.79

	
0.30

	
0.12

	
0.20

	
0.33

	
0.13

	
0.31




	

	
1%

	
13.38

	
13.60

	
13.00

	
13.04

	

	

	

	

	

	




	

	
2%

	
12.60

	
12.98

	
13.15

	
12.99

	

	

	

	

	

	




	
TP, % DM

	
CK

	
8.72

	
8.14

	
7.38

	
6.48

	
0.21

	
<0.01

	
0.02

	
0.13

	
<0.01

	
0.28




	

	
1%

	
8.58

	
8.24

	
7.44

	
7.01

	

	

	

	

	

	




	

	
2%

	
8.76

	
8.46

	
8.15

	
7.63

	

	

	

	

	

	




	
NH3-N, % DM

	
CK

	
0.71 Ad

	
1.29 Ac

	
1.76 Ab

	
2.37 Aa

	
0.04

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	

	
1%

	
0.22 Bd

	
0.48 Bc

	
0.66 Bb

	
0.83 Ba

	

	

	

	

	

	




	

	
2%

	
0.13 Cc

	
0.20 Cbc

	
0.28 Cb

	
0.49 Ca

	

	

	

	

	

	




	
TP, % CP

	
CK

	
66.75

	
57.87

	
55.70

	
50.66

	
1.33

	
<0.01

	
<0.01

	
0.42

	
<0.01

	
0.10




	

	
1%

	
64.24

	
60.70

	
58.50

	
53.77

	

	

	

	

	

	




	

	
2%

	
69.48

	
65.23

	
61.98

	
58.85

	

	

	

	

	

	




	
NH3-N, % CP

	
CK

	
5.55 Ad

	
9.16 Ac

	
13.28 Ab

	
18.53 Aa

	
0.30

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	

	
1%

	
1.65 Bd

	
3.57 Bc

	
5.06 Bb

	
6.38 Ba

	

	

	

	

	

	




	

	
2%

	
1.05 Bd

	
1.55 Cc

	
2.13 Cb

	
3.74 Ca

	

	

	

	

	

	








CK: blank control; 1% and 2%: 1% or 2% phenyllactic acid addition; SEM: standard error of means; D: days of ensiling; T: treatment; D × T: interaction of days of ensiling and treatment; L and Q: the linear or quadratic effect of PLA dose. DM (%): dry matter; CP: crude protein; TP: true protein; NH3-N: ammonia nitrogen. a–d Means with different lowercase letters in the same row differ (p < 0.05). A–C Means with different capital letters in the same column differ (p < 0.05).
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Table 4. Dynamics of bacterial alpha diversity of stylo silage ensiled with addition of phenyllactic acid.
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Item

	
Trt

	
Days of Ensiling

	
SEM

	
p-Value

	
Contrast




	
3

	
7

	
14

	
30

	
D

	
T

	
D × T

	
L

	
Q






	
Sobs

	
CK

	
1460

	
1387

	
1339

	
1369

	
50

	
0.02

	
<0.01

	
0.10

	
<0.01

	
0.37




	

	
1%

	
1618

	
1495

	
1442

	
1407

	

	

	

	

	

	




	

	
2%

	
1649

	
1771

	
1689

	
1539

	

	

	

	

	

	




	
Shannon

	
CK

	
5.73

	
5.52

	
5.76

	
5.91

	
0.26

	
0.01

	
<0.01

	
0.47

	
<0.01

	
0.17




	

	
1%

	
5.56

	
6.55

	
6.37

	
6.82

	

	

	

	

	

	




	

	
2%

	
6.07

	
6.60

	
6.76

	
6.78

	

	

	

	

	

	




	
Simpson

	
CK

	
0.93

	
0.92

	
0.94

	
0.95

	
0.02

	
0.03

	
0.73

	
0.49

	
0.54

	
0.64




	

	
1%

	
0.88

	
0.97

	
0.95

	
0.97

	

	

	

	

	

	




	

	
2%

	
0.91

	
0.95

	
0.95

	
0.96

	

	

	

	

	

	




	
Chao

	
CK

	
2312

	
2186

	
2195

	
2176

	
74

	
0.04

	
0.03

	
0.38

	
0.02

	
0.10




	

	
1%

	
2410

	
2244

	
2105

	
2091

	

	

	

	

	

	




	

	
2%

	
2412

	
2508

	
2385

	
2321

	

	

	

	

	

	




	
Ace

	
CK

	
2376

	
2251

	
2277

	
2191

	
74

	
<0.01

	
0.13

	
0.14

	
0.12

	
0.16




	

	
1%

	
2463

	
2294

	
2139

	
2085

	

	

	

	

	

	




	

	
2%

	
2367

	
2538

	
2378

	
2245
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CK: blank control; 1% and 2%: 1% or 2% phenyllactic acid addition; SEM: standard error of means; D: days of ensiling; T: treatment; D × T: interaction of days of ensiling and treatment; L and Q: the linear or quadratic effect of PLA dose.
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