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Abstract

:

In this study, the effects of epiphytic microbiota from different forages on the fermentation characteristics and microbial community structure of forage sorghum silage were investigated. The gamma irradiated sterilized forage sorghum was treated through sterile water, epiphytic microbiota of forage sorghum (FSm), Sudan grass (SDm), Napier grass (NPm), and maize (MZm). NPm and SDm inoculated silages showed similar pH value and lactic acid (LA) and acetic acid (AA) contents at day 3 and 60 of ensiling. The final silage of FSm and MZm showed lower (p < 0.05) pH and AA content and a higher LA content compared to the NPm and SDm silages. Bacterial species from the Weisella genus were predominantly present in FSm, NPm, and SDm, while Lactococcus dominated the MZm silage during early ensiling. Lactobacillus was predominant in all inoculated terminal silages. Overall, the four inoculated microbiota decreased the pH value of silage and were dominated by lactic acid bacteria (LAB); however, the NPm and SDm treatments resulted in comparatively higher AA contents which could have an inhibitory effect on the secondary fermentation developed by the yeast and enhanced the aerobic stability of forage sorghum silage.
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1. Introduction


Ensiling is a traditional technique for the preservation of green forage in the livestock industry and a crucial method for conserving biomass before its anaerobic digestion [1]. Silage has been becoming a prevalent feedstock in livestock production and even in bio-refineries [2]. Ensiling is instigated by epiphytic or inoculated lactic acid bacteria (LAB), which convert water-soluble carbohydrate (WSC) into organic acids, mainly lactic acid (LA), and consequently decline the silage pH value and inhibit the growth of undesirable microorganisms. The fermentation value of silage is highly dependent on the epiphytic microflora of ensiled forage material [3,4]. In the silage process, the eventual dominance of lactic acid and Lactobacillus is frequently a sign of successful fermentation [5].



Forage sorghum (Sorghum bicolor) is a C4 crop in the grass family that is introduced to livestock feeding due to its high biomass production and digestibility [6]. It is widely used as an energy crop for bioethanol production and silage production in the tropical and subtropical regions of the world [7]. The ensiling of sorghum in semi-arid regions is crucial because of its high drought resistance, high biomass yield, and ease of growth on less favorable soils due to the low nutritional requirements. Furthermore, forage sorghum has high WSC content which qualifies its use as silage [8]. However, the high WSC contents and low dry matter (DM) at ensiling might result in undesirable secondary fermentation, which subsequently results in higher DM and energy losses and aerobic spoilage. In addition, a homofermentative pattern during the ensiling of forage sorghum, particularly in tropical regions, may contribute to the aerobic deterioration of ensilage when exposed to air [9].



In general, LAB inocula are suggested as silage additives to preserve the nutritive value of ensiled forages when conditions compromise adequate fermentation [10]. It has been well established that not all LAB inoculants accomplish a good fermentation result under different environmental conditions, particularly in hot and humid atmospheres. The core temperature of silage might increase to above 40 °C during the early fermentation period, which is because of the constant plant respiration and activity of microorganisms when air is still present in the silos [11]. However, the ensilage may be affected by elevated temperatures for an extended time period during summer, particularly in tropical and subtropical regions. Chen et al. [12] indicated no positive effect of the commercial LAB inoculum comprising Lactobacillus plantarum and Pediococcus acidilactici on Italian ryegrass silage, at 45 °C. Furthermore, Gulfam et al. [13] reported that at a temperature of 50 °C, the commercially available LAB additives (L. plantarum MTD-1) did not improve the silage quality, while was only improved by the natural strains of epiphytic LAB (P. acidilactici GG13 and L. rhamnosus GG26) at such a high temperature by increasing the LA content and reducing the silage pH and butyric acid and ammonia-N content. These studies show that some commercial LAB inoculants under high-temperature conditions may provide partial support to improve the silage fermentation quality, whereas the natural strains of epiphytic LAB may have higher adaptability.



Epiphytic lactic acid bacteria as pre-fermented juices (PFJLB) have been utilized in the past to enhance the silage fermentation quality of various forages [14,15]. However, little is known about the direct transfer of epiphytic microbiota between various forages, their adaptability, and how this affects the recipient forage’s fermentation capabilities. In this case, the transplantation method could be more appropriate so that a sufficient crop can treat itself with the reconstituted epiphytic microbiota accomplish quality fermentation. It is assumed that epiphytic microbiota inoculation from various grass into forage sorghum can reconstruct a similar functioning microbial consortium as observed in their parent forages. Therefore, the present study was designed to explore the silage fermentation and microbial community adaptations of the extracted naturally present epiphytic microbiota of maize, Sudan grass, Napier grass, and forage sorghum, after inoculation to sterilized forage sorghum material.




2. Materials and Methods


2.1. Forage Cultivation and Preparing the Inoculum


Forage sorghum, maize, Napier grass, and Sudan grass were grown at the Nanjing Agricultural University’s Baima Research Station in Jiangsu Province, China. Forage sorghum was manually harvested at the dough stage of maturity (at about 27.8% DM), while Napier grass was picked at the vegetative maturity phase (at about 24.2% DM) after 60 days of regrowth. Sudan grass was picked at the milk phase after achieving DM contents of 24.8%. Maize was cut at the half milk-line phase (27.2% DM). For making silage, forage sorghum was cut into a size of 2–3 cm via chopper (Sh-2000, Shanghai, China).



The epiphytic microbiota of the four forages was extracted in line with the method described in a previous study [16] with minor modifications. Forage sorghum, Sudan grass, Napier grass, and maize were cut into 2–3 cm length from 10 kg of fresh green forage. Each of the cut forage was divided into subsamples (66 samples of each grass) with 150 g of the individual samples. A total 900 mL volume of sterile saline water (0.85% NaCl) (Hangzhou Jingang Chemical Company Ltd., Hangzhou, China) containing 0.5 mL/L of Tween was added to 150 g of each sample and shaken at 150 rpm for 120 min. After shaking, the liquid was filtered through double-layer sterile medical gauze and centrifuged at 15,500× g for 90 min. After discarding the supernatant, the residual pellets were re-suspended in 54 mL of the sterile saline solution.




2.2. Silage Making and Treatments


About 500 g of cut forage sorghum after proper mixing was filled in 40 × 25 cm polyethylene plastic silo bags. Overall, 90 silos (6 ensiling days × 5 treatments × 3 repetitions) were treated with gamma irradiation at 32 KGY for 2 h by using a 60Co source according to our previous study [17]. The current irradiation dosage was chosen since it had no negative impacts on the enzymatic properties or chemical characteristics of the plant matter [18].



The sterilized silo bags after gamma irradiation were treated as follows: (i) sterilized water (ST); (ii) microbiota of forage sorghum (FSm); (iii) microbiota of Sudan grass (SDm); (iv) microbiota of Napier grass (NPm); (v) microbiota of maize (MZm). A 3 mL volume of sterilized water or epiphytic microbiota (inoculum) was added to individually sterile silo bags in a laminar flow hood, evading contamination. A 3 mL inoculum volume for 500 g of silos was adjusted according to the formulation reported in a previous study [16]. All of the treated silo bags were manually homogenized and suction sealed using a vacuum sealer following a previously reported procedure [19]. Silo bags were maintained at room temperature (22 °C), and three silos for each treatment group were chosen randomly and tested on day 1, 3, 7, 15, 30, and 60 of storage.




2.3. Silage Fermentation Analysis and Microbial Counts


Three silos for every treatment were opened and thoroughly mixed in separate ethanol decontaminated plastic containers. Three representative samples from each box were taken to assess fermentation products and microbial count. The first 30 g of subsample was diluted with 70 mL sterilized water and preserved for 24 h, at 4 °C. Thereafter, the homogenate was filtered through two-layered medical gauze and a layer of Whatman filter paper. The liquid extracts were used for the determination of ammonia nitrogen (NH3–N) concentration, pH value, and ethanol and organic acids contents. The pH value and concentration of NH3–N of the extract were assessed following the protocol described in a previous study [20]. The protocol developed by Chen et al. [21] was used for buffering capacity (BC) of the forage sorghum. The concentrations of organic acids and ethanol were evaluated by Agilent HPLC 1260 [22].



A 10 g pre-ensiled or silage sample was thoroughly mixed with 90 mL sterilized saline solution and incubated for 2 h at 150 rpm in a shaker for microbiological counts. For DNA extraction, the leftover liquid-blended samples were filtered through four layers of sterile medical gauze and stored at 20 °C, while a volume of 1 mL solution was used for 10-fold serial dilution for microbiological counts. According to the approach outlined in our previous study [17], the counts of yeasts, aerobic bacteria (AB), LAB, and Enterobacteriaceae were determined. The microbial growth was calculated in colony-forming units (CFU) and then converted to log10 units for statistical analysis.




2.4. Chemical Analysis


The samples were oven-dried for 48 h, at 65 °C, for the determination of DM content of the silage and pre-ensiled materials. The dried samples were powdered with a Wiley mill and passed through a 1 mm screen for further analysis. The method of Kjeldahl was applied for the analysis of total nitrogen (TN) [23], whereas the crude protein (CP) composition was determined by multiplying 6.25 with TN values. The fiber analyzer ANKOM 200 (ANKOM Technologies Inc., Fairport, NY, USA)) was used for the determination of the contents of acid detergent fiber (ADF) and neutral detergent fiber (NDF), as reported previously [24]. WSC value was determined Calorimetrically after reaction with anthrone reagent [25].




2.5. Bacterial Community Analysis


The previously stored water extract was normalized, at 4 °C, before centrifugation at 10,000× g for 15 min to make a pellet for DNA extraction. Following the manufacturer’s instructions, the Fast DNA®® SPIN Kit and Fast Prep®® Instrument (MP Biomedicals. Santa Ana, CA, USA) were used for the extraction of bacterial DNA from the inoculum and silage samples. To investigate the bacterial dynamics and composition during the initial and late stages of silage fermentation, day 3 and 60 ensilage samples from all of the treatments were chosen for high throughput sequencing. Polymerase chain reaction (PCR) was applied to amplify DNA, with primers 338F and 806R directing the V3-V4 sections of 16S rRNA genes [26]. Quanti Fluor TM -ST (Promega, Madison, WI, USA) was used to quantify the PCR products, and AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) was applied to purify them according to the manufacturer’s instructions.



Majorbio Bio-Pharm Technology Co., Ltd. employed the Illumina MiSeq PE 300 platform for DNA sample paired-end sequencing (Shanghai, China). For eliminating any confusing readings and raw sequences from the primers, high-quality clean reads were obtained. UCHIME confirmed and separated the chimeric sequences. The UPARSE pipeline (version 7.1, https://drive5.com/uparse/, accessed on 26 July 2022) was used to cluster the operational taxonomic units (OTUs) with a sequence similarity of 97 percent [26]. The 16S rRNA database’s SILVA (SSU115) and Ribosomal Database Project (RDP) classifier (http://rdp.cme.msu.edu/, accessed on 26 July 2022) were used to examine the taxonomy of every 16S rRNA gene sequence using a 70% degree of confidence threshold. Mothur (version 1.30.1, University of Michigan, Ann Arbor, MI, USA) was used for calculation of the alpha diversity, mainly the Chao1, Good’s coverage and Shannon index, of the sample [26]. The RDP algorithm was used to classify the representative sequences of individual OTUs for taxonomic categorization at the genus level. The Vegan software was used to perform the non-metric multidimensional scaling (NMDS) investigation, which was based on the Bray–Curtis genus distance.




2.6. Analyzing Statistical Data


The MIXED SAS technique was used for statistical data analysis in a factorial design (version 9.3., SAS Institute Inc., Cary, NC, USA). One-way analysis of variance (ANOVA) was used for comparing the chemical contents and microbiological populations of sterilized and fresh forage sorghum before ensiling. The silage fermentation value and microbiological compositions of silage were studied by using two-way ANOVA. The values were considered statistically significant at p < 0.05. The Majorbio I-Sanger Cloud Platform’s free online platform was used for analyzing the high throughput sequencing data (www.I-sanger.com, accessed on 26 July 2022).





3. Results


3.1. Properties of Sterilized and Fresh Forage Sorghum Prior to Ensiling


The chemical structure and microbial compositions of sterilized and unsterilized forage sorghum prior to ensiling are shown in Table 1. Forage sorghum was manually cut at the dough stage of maturity with a DM level of 278 g/kg FW before ensiling. Dough stage refers to the growth stage in the development of sorghum when the interior of the kernel has dough-like consistency. The WSC value in fresh sterilized and non-sterilized forage sorghum was 170 and 169 g/kg DM, respectively. The unsterilized forage sorghum possessed crude protein, NDF, and ADF levels of 36.5, 654, and 380 g/kg DM, respectively. In non-sterilized forage sorghum, the microbial counts of AB, yeasts, Enterobacteriaceae, and LAB were 8.98, 5.90, 8.14, and 3.33 log10 CFU/g FW, respectively. Microbial growth was not identified in sterile forage sorghum in this investigation. There were no significant effects detected in the chemical structure of sterilized and unsterilized forage samples.




3.2. Dynamics of Fermentation Products, Chemical and Microbial Composition of Forage Sorghum Silage


The treatments, ensiling days, and their interaction altered (p < 0.05) the pH value, ratio of LA/AA content, and values of LA and AA contents (Table 2). With progressive silage formation, all treated groups showed a considerable decrease in silage pH value and a rise in LA concentration. The pH value of the ST group, on the other hand, remained high throughout the ensiling. After 3 days of ensiling, the inclusion of MZm microbiota resulted in higher pH, AA content, and decreased (p < 0.05) LA concentration compared to other treatments. A significantly higher concentration of AA was observed in NPm and SDm silages after 60 days of ensiling compared to the MZm and FSm silages. Compared to the other treatment silages, the FSm and MZm silages showed a lower (p < 0.05) pH value, AA, and LA proportions after 60 days of ensiling. During 7 and 15 days of ensiling, the LA/AA ratio for MZm silage was higher; however; during the terminal ensiling, the LA/AA ratio for FSm and MZm inoculated silage was higher (p < 0.05) than for other silage. In all treated silage groups, the ethanol concentrations increased as ensiling progressed (Table 3). FSm and MZm inoculated silages showed higher (p < 0.05) ethanol concentrations after 60 days of ensiling than NPm and SDm inoculated silages.



The results of the effect of different epiphytic microbiota sources and ensiling duration affecting (p < 0.05) the DM, NH3–N, and WSC contents are shown in Table 4. Ensiling significantly impacted the DM and WSC components of the inoculated silage, except ST silage which retained higher DM content throughout the ensiling. The DM content of the NPm and SDm silages was lower (p < 0.05) after 60 days of ensiling than other silages. In each silage, the NH3–N content increased as ensiling progressed. However, compared to the treated silages, the NH3–N content of ST silage was much lower. The NH3–N content was lower (p < 0.05) for MZm silage compared to the other treatments during the terminal ensiling. The number of LABs increased after ensiling in inoculated silages, but Enterobacteriaceae and yeast numbers decreased (Table 5). All inoculated silages revealed Enterobacteriaceae counts below the detection limit (< 2.0 log10CFU/g FW) after 3 days of ensiling. The population of yeasts in all silages decreased as ensiling progressed. The MZm silage has higher yeast counts during the early ensiling compared to the other silages; however, ensiling depressed their growth.




3.3. Bacterial Abundance and Diversity of Forage Sorghum Silage


Table 6 shows the bacterial community structure, variations, and sequencing data for forage sorghum silage. Throughput sequencing of the 16S rRNA gene yielded 610,235 high-quality sequences. For further investigation, a total of 2723 operational taxonomic units (OTUs) were gathered at the 97% resemblance level. The coverage value was higher than 99 percent in all of the examined samples, indicating that the sequencing density has efficiently identified the greatest figure of bacterial populations. During the first 3 days of ensiling, the number of OTUs and Shannon and chao1 indices decreased in all silages, except MZm silages, which had greater OTUs and Shannon and chao1 indices.



Figure 1 shows the phylum-level bacterial composition throughout the forage sorghum ensiling. Proteobacteria (96.5%) and Firmicutes (2.44%) dominated the bacterial phylum in the FSm microbiota, while Proteobacteria (76.5%), Actinobacteria (13.2%), and Firmicutes (2.44%) dominated the SDm microbiota (9.56%). Proteobacteria (89.9%) followed by Firmicutes (8.35%) and Bacteroidetes (1.31%) dominated the MZm microbiota, whereas Proteobacteria (76.0%), Firmicutes (19.5%), Actinobacteria (2.35%), and Cyanobacteria (1.41%) dominated the NPm microbiota. Proteobacteria phyla were greatly swapped by Firmicutes in FSm (99.6%), NPm (98.7%), and SDm (98.9%) in 3 days of ensilage; however, the MZm-treated silage still harbored a prominent abundance of Proteobacteria (26.5%) after 3 days of ensiling. The variations in the bacterial composition at the onset of ensiling are evident in Figure 2. The distinct distances between the inoculum and silage samples evidenced that the bacterial community of the silage and inoculum samples varies.



Figure 3 illustrates the dynamics and composition of the bacterial populations at the genus level in the inoculum and forage sorghum silage. In the present study, the abundance of epiphytic microorganisms varied among the different forage source. Acinetobacter was predominantly present in the NPm (37.4%) and SDm (25.6%) inoculums, whereas Enterobacter was abundant in the MZm (32.8%) and FSm (35.9%) inoculums. Statistical analysis of the bacterial composition on the genera level (10 most present genera) also shows that the genera of Acinetobacter were significantly (p < 0.05) higher in NPm and SDm inoculum while Enterobacter was predominantly present in MZm and FSm inoculum (Figure 4). The SDm silage was dominated by Weissella (50.6%) and Lactococcus (43.5%) bacteria on day 3 of ensilage, while FSm-treated ensilage was composed of Weissella (65.5%) and Lactobacillus bacteria (27.9%). On day 3 of ensilage, bacterial species in NPm silage were primarily composed of Weissella (55.4%) and Lactococcus (38.6%), while Lactococcus (55.2%) was the prominent bacterial genera in MZm-inoculated silage. One-way analysis of bacterial genera evaluated that Weissella were significantly (p < 0.05) lower while Lactococcus was higher in the 3-day MZm-treated silage (Figure 5). Overall, the terminal silage of the four treatments was highly dominated by the genera of Lactobacillus, followed by the Lactococcus genera, and no statistical difference was observed among the different treatments (Figure 6).





4. Discussion


The concentration of WSC and dry matter contents of the forage is a significant determinant of silage fermentation quality. In the current study, the dry matter contents of the fresh forage sorghum were 278 g/kg FW and were at the recommended level for good fermentation [27]. The concentration of WSC in the fresh forage sorghum was 170 g/kg DM, which was satisfactory to proceed with fermentation [28]. Similar to the current study, the silage investigations employing gamma irradiation, the chemical structure, and enzyme activity of the forage were not affected [29]. Yang et al. [30] reported no microbial growth in gamma-irradiated alfalfa samples, which is similar to the findings of our investigation.



As the silo becomes anaerobic, the LAB quickly propagates and converts the available sugar to organic acids, chiefly LA resulting in the reduction in the silage pH value [31]. Likewise, in the current research, LAB increased in all inoculated silages after ensiling (Figure 3), which resulted in a decrease in pH value and increased LA production. The reduced LA content and LAB abundance in MZm silage during the 3 days of ensiling resulted in a higher pH value than the other treatments. Members of the Weisella genus are heterofermentative LAB that release a combination of AA and LA in anaerobic fermentation condition [32]. The higher AA contents in the treated silages, except for MZm, on day 3 could be associated with the abundance of the Weissella genus (Figure 4). The higher AA content in NPm and SDm in 60-day ensilages could possibly be due to their higher heterofermentative Lactobacilli species, since heterofermentative bacteria usually increase during the extended ensiling condition [33]. The preceding study by Holzer et al. [34] described that AA was produced by Lactobacillus brevis in the initial stage of silage fermentation, and Lactobacillus buchneri converted LA into AA in the later phases. This could also be the possible reason for their higher AA and lower LA concentration then MZm and FSm silages during the final ensiling period. The higher ratio of LA/AA for MZm silage during the 3, 7, and 15 days of ensiling compared to other treatments could be due to the higher abundance of Lactococcus (55.6%) in MZm silage. Lactococcus are homofermentative LAB and contribute to the higher LA production during fermentation [35]. The values of BA in the current investigation were below permissible limits (<5.0 g/kg of DM) post 60 days of incubation for all silages [36]. Ethanol is primarily produced by fungi during the fermentation process, which are not inhibited by the acidic pH. The low values of ethanol in NPm and SDm silage were most likely attributable to the increased AA content, which has antifungal properties and inhibits fungal development during fermentation [37].



During anaerobiosis, numerous anaerobic and facultative microorganisms proliferate and primarily ferment sugars and organic acids in forage [38]. The losses related to fermentation in the silo are mainly from the production of carbon dioxide (CO2). The extent of DM loss during the fermentation could be influenced by the dominant microbial species and the substrates fermented. There was no decline in DM during homofermentation by LAB, which ferments glucose and yields only lactate, while LAB ferments glucose heterofermentatively and produces 1 mole of CO2 for each mole of glucose during heterofermentation, resulting in a 24% DM loss [39]. The decrease (p < 0.05) in DM contents and WSC in the inoculated silage could be due to the presence of heterofermentative LAB species which ferment the available sugar contents heterofermentatively. The absence of microorganisms in the ST group could be the possible reason for the high DM and WSC content than the inoculated silages. During fermentation, NH3–N is formed through proteolytic clostridial species and plant protease activity [40]. The NH3–N content can be used for evaluating the microbial activities in ensiled forage because amino acids are broken down to ammonia by deamination, which is caused by the bacteria producing acetic acid, butyric acid, and lactic acid. In addition, the low NH3–N concentration is usually complemented by a low pH in the ensiled material [41]. In the current results, pH was lower in MZm silage during the final stages of ensilage in relation to the rest treatments which might be the possible reason for their lower (p < 0.05) NH3–N concentration during the terminal ensiling of MZm silages.



LAB, enterobacteria, molds, and yeast are common forage epiphytic microbiota detected during ensiling. However, following ensiling, the fermentation process particularly supports the proliferation of LAB species [42]. The populations of Enterobacteria and yeast decreased as the LAB population increased and fall in pH value to around 4 [43]. Similarly, following ensiling, the number of LABs increased, but the density of Enterobacteriaceae and yeast decreased in inoculated silages (Table 5). The counts of Enterobacteriaceae in all inoculated silages were below the detection limit (< 2.0 log10CFU/g FW) after 3 days of ensiling, which could be related to the fall in pH value, which severely impacts the growth and viability of Enterobacteriaceae in silage [44]. The reduction in yeast counts in the current results was probably due to the AA produced by heterofermentative LAB, which prevents yeasts and molds from growing and metabolizing [10].



Except for MZm silages, the OTUs counts and also the Shannon and chao1 indices decreased over 3 days of ensilage in the current study. During the anaerobic fermentation condition, the different epiphytic microorganisms, other than LAB, may be inhibited and inactivated [45], and this could be the possible reason for the decrease in the OTUs counts along with Shannon and Chao1 indexes in 3 days-treated silages except for MZm silage. The higher OTUs count along the Shannon and Chao1 indexes in the first 3 days of fermentation in MZm silage, which could be related to the higher pH values that could not successfully restrict microbial proliferation in the early stages of ensiling [46]. The anaerobiotic and acidic atmosphere created in the process of anaerobic fermentation has a negative effect on the propagation of Proteobacteria; nevertheless, positively supported the development of bacteria from Firmicutes [47]. In contrast to the present results, some earlier silage studies [20,48] have reported the higher abundance of Proteobacteria in fresh forage material and their significant replacement by the bacteria of Firmicutes after ensiling. The evident gaps between the silage and inoculum samples in this investigation (Figure 2) revealed that the inoculum samples and silage samples have different bacterial compositions.



In the present study, the abundance of epiphytic microorganisms varies among the different forage sources. The Acinetobacter were significantly (p < 0.05) higher in NPm and SDm inoculum, while Enterobacter was predominantly present in MZm and FSm inoculum. In contrast, Duniere et al. [48] found that even when grown under the same environmental conditions, different plant species have diverse epiphytic microbial communities. The presence of carbon-containing nutrients on forage surfaces has a major influence on the colonization of the epiphytic microbiome [49]. However, the availability of such nutrients can differ with crop species, growth conditions, and age of the leaves [50]. Correspondingly, Dennis et al. [51] also demonstrated that epiphytic microflora composition is influenced by different species of the crop.



Generally, LAB genera of Lactococcus, Weissella, Leuconostoc, and Pediococcus are more active during the early ensiling and greatly decline the silage pH [10]. However, due to their lower acid tolerance, their abundance decreases with a decline in pH value during the advance ensiling [30]. In comparison to that, Lactobacillus can withstand a wide range of acidic environments and dominate the advanced phases of ensiling [52]. Similarly, the early stages of ensiling in this study were dominated by Weissella and Lactococcus genera, while the later stages of ensiling were dominated by Lactobacillus genera. The Weissella genera belong to the obligatory heterofermentative LAB and convert sugar into AA, LA, and CO2 during their fermentation [10,53]. The NPm, FSm, and SDm-treated silages had greater AA concentrations during the early ensiling compared to the MZm silage, which contributed to their higher abundance of Weissella during the 3 days of ensiling. Lactococcus are homofermentative LAB genera and have a positive impact on silage fermentation value during the ensiling process [54]. The greater (p < 0.05) LA amounts in MZm silage during 7 days of ensiling could be the reason for the abundance of Lactococcus genera during early ensiling. The increased LA/AA ratio for MZm silage on day 3, 7, and 15 of ensiling compared to other treatments could also be attributable to their higher Lactococcus genus abundance during the specified ensiling time.




5. Conclusions


The findings of the present study reveal that under similar environmental condition, different tropical forage species inhabit different types and proportion of epiphytic microorganisms. Different epiphytic microbiota appears to have an impact on the fermentation products as well as microbial population dynamics of silage. All of the four inoculated epiphytic microbiota performed well during the forage sorghum ensiling. Homofermentation in maize (MZm) and forage sorghum (FSm) microbiota inoculated silages prevailed due to the homofermentative Lactobacillus species. Heterofermentative Lactobacillus species could be the possible reason for the heterofermentation and higher AA production in Napier and Sudan grass microbiota inoculated silages. The present study evaluated the effect of exogenous epiphytic microbiota on the fermentation quality of tropical forage silage, which provided a theoretical basis for the selection of potentially efficient and environmentally friendly lactic acid bacteria additives for silage in tropical regions. Further study is recommended to investigate the forage epiphytic microbiota and silage microbiota on the species level which will provide insight into the forage epiphytic microbial community and the bacterial species responsible for the changes during the fermentation.







Author Contributions


M.N.: conceptualization, formal analysis, writing—original draft. M.W.U.: conceptualization, formal analysis, writing—review and editing. S.W.: methodology. J.Z.: software, supervision. Z.D.: writing—review and editing. J.L.: writing—review and editing. N.A.K.: data curation. T.S.: project administration, resources, funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This work was partially supported by the China Postdoctoral Science Foundation (2021M691607) and Research and demonstration on the key technology of crop straw and agricultural and sideline products feeding (2019C10010).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The researchers are thankful to the analysis and testing centers of Nanjing Agricultural University, Nanjing, China, and Jiangsu University, Zhenjiang, China, for the characterization and analyses of different samples.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.




References


	



Feng, L.; Kristensen, E.F.; Moset, V.; Ward, A.J.; Møller, H.B. Ensiling of tall fescue for biogas production: Effect of storage time, additives and mechanical pretreatment. Energy Sustain. Dev. 2018, 47, 143–148. [Google Scholar] [CrossRef]

	



Wilkinson, J.M.; Rinne, M. Highlights of progress in silage conservation and future perspectives. Grass Forage Sci. 2018, 73, 40–52. [Google Scholar] [CrossRef]

	



Eikmeyer, F.G.; Petra, K.; Andreas, S. Metagenome analyses reveal the influence of the inoculant Lactobacillus buchneri CD034 on the microbial community involved in grass ensiling. J. Biotechnol. 2013, 167, 334–343. [Google Scholar] [CrossRef] [PubMed]

	



Muck, R. Recent advances in silage microbiology. Agric. Food Sci. 2013, 22, 3–15. [Google Scholar] [CrossRef]

	



Nazar, M.; Wang, S.; Zhao, J.; Dong, Z.; Li, J.; Ali Kaka, N.; Shao, T. Abundance and diversity of epiphytic microbiota on forage crops and their fermentation characteristic during the ensiling of sterile sudan grass. World J. Microbiol. Biotechnol. 2021, 37, 1–13. [Google Scholar] [CrossRef]

	



Gallagher, D.; Parker, D.; Allen, D.J.; Tsesmetzis, N. Dynamic bacterial and fungal microbiomes during sweet sorghum ensiling impact bioethanol production. Bioresour. Technol. 2018, 264, 163–173. [Google Scholar] [CrossRef]

	



Barcelos, C.A.; Maeda, R.N.; Santa Anna, L.M.M.; Pereira, N. Sweet sorghum as a whole-crop feedstock for ethanol production. Biomass Bioenergy 2016, 94, 46–56. [Google Scholar] [CrossRef]

	



Perazzo, A.F.; Carvalho, G.G.P.; Santos, E.M.; Bezerra, H.F.C.; Silva, T.C.; Pereira, G.A.; Ramos, R.C.S. Agronomic Evaluation of Sorghum Hybrids for Silage Production Cultivated in Semiarid Conditions. Front. Plant. Sci. 2017, 8, 1088. [Google Scholar] [CrossRef]

	



Herrmann, C.; Idler, C.; Heiermann, M. Improving aerobic stability and biogas production of maize silage using silage additives. Bioresour. Technol. 2015, 197, 393–403. [Google Scholar] [CrossRef]

	



Muck, R.E. Silage microbiology and its control through additives. Rev. Brasil. Zoot. 2010, 39, 39183–39191. [Google Scholar] [CrossRef]

	



Bernardes, T.; Daniel, J.; Adesogan, A.; McAllister, T.; Drouin, P.; Nussio, L.; Huhtanen, P.; Tremblay, G.; Bélanger, G.; Cai, Y. Silage review: Unique challenges of silages made in hot and cold regions. J. Dairy Sci. 2018, 101, 4001–4019. [Google Scholar] [CrossRef]

	



Chen, M.; Liu, Q.; Xin, G.; Zhang, J. Characteristics of lactic acid bacteria isolates and their inoculating effects on the silage fermentation at high temperature. Lett. Appl. Microbial. 2013, 56, 71–78. [Google Scholar] [CrossRef]

	



Gulfam, A.; Guo, G.; Tajebe, S.; Chen, L.; Liu, Q.; Yuan, X.; Bai, Y.; Saho, T. Characteristics of lactic acid bacteria isolates and their effect on the fermentation quality of Napier grass silage at three high temperatures. J. Sci. Food Agric. 2017, 97, 1931–1938. [Google Scholar] [CrossRef]

	



Bureenok, S.; Namihira, T.; Kawamoto, Y.; Nakada, T. Additive effects of fermented juice of epiphytic lactic acid bacteria on the fermentative quality of guinea grass (Panicum maximum Jacq.) silage. Grassl. Sci. 2005, 51, 243–248. [Google Scholar] [CrossRef]

	



Tao, L.; Zhou, H.; Zhang, N.; Si, B.; Tu, Y.; Ma, T.; Diao, Q. Effects of different source additives and wilt conditions on the pH value, aerobic stability, and carbohydrate and protein fractions of alfalfa silage. Anim. Sci. 2017, 88, 99–106. [Google Scholar] [CrossRef]

	



Mogodiniyai Kasmaei, K.; Dicksved, J.; Spörndly, R.; Udén, P. Separating the effects of forage source and field microbiota on silage fermentation quality and aerobic stability. Grass Forage Sci. 2016, 72, 281–289. [Google Scholar] [CrossRef]

	



Nazar, M.; Wang, S.; Zhao, J.; Dong, Z.; Li, J.; Ali Kaka, N.; Shao, T. Effects of various epiphytic microbiota inoculation on the fermentation quality and microbial community dynamics during the ensiling of sterile Napier grass. J. Appl. Microbial. 2020, 130, 1466–1480. [Google Scholar] [CrossRef]

	



Junges, D.; Morais, G.; Spoto, M.H.F.; Santos, P.S.; Adesogan, A.T.; Nussio, L.G.; Daniel, J.L.P. Short communication: Influence of various proteolytic sources during fermentation of reconstituted corn grain silages. J. Dairy Sci. 2017, 100, 9048–9051. [Google Scholar] [CrossRef]

	



Wang, S.; Sun, Y.; Zhao, J.; Dong, Z.; Li, J.; Nazar, M.; Shao, T. Assessment of inoculating various epiphytic microbiota on fermentative profile and microbial community dynamics in sterile Italian ryegrass. J. Appl. Microbial. 2020, 129, 509–520. [Google Scholar] [CrossRef]

	



Ali, N.; Wang, S.; Zhao, J.; Dong, Z.; Li, J.; Nazar, M.; Shao, T. Microbial diversity and fermentation profile of red clover silage inoculated with reconstituted indigenous and exogenous epiphytic microbiota. Bioresour. Technol. 2020, 314, 123606. [Google Scholar] [CrossRef]

	



Chen, L.; Guo, G.; Yu, C.; Zhang, J.; Shimojo, M.; Shao, T. The effects of replacement of whole—Plant corn with oat and common vetch on the fermentation quality, chemical composition and aerobic stability of total mixed ration silage in Tibet. Anim. Sci. J. 2015, 86, 69–76. [Google Scholar] [CrossRef]

	



Li, J.; Yuan, X.; Desta, S.T.; Dong, Z.; Mugabe, W.; Shao, T. Characterization of Enterococcus faecalis JF85 and Enterococcus faecium Y83 isolated from Tibetan yak (Bos grunniens) for ensiling Pennisetum sinese. Bioresour. Technol. 2018, 257, 76–83. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamoorthy, U.; Muscato, T.V.; Sniffen, C.J.; Soest, P.J.V. Nitrogen Fractions in Selected Feedstuffs. J. Dairy Sci. 1982, 65, 217–225. [Google Scholar] [CrossRef]

	



Van Soest, P.V.; Robertson, J.; Lewis, B. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [Google Scholar] [CrossRef]

	



Yuan, X.; Dong, Z.; Li, J.; Shao, T. Microbial community dynamics and their contributions to organic acid production during the early stage of the ensiling of Napier grass (Pennisetum purpureum). Grass Forage Sci. 2020, 75, 37–44. [Google Scholar] [CrossRef]

	



Li, D.; Ni, K.; Zhang, Y.; Lin, Y.; Yang, F. Fermentation characteristics, chemical composition and microbial community of tropical forage silage under different temperatures. Asian-Aust. J. Anim. Sci. 2019, 32, 665–674. [Google Scholar] [CrossRef]

	



Nussio, L. Silage Production and Utilisation. In Proceedings of the XIVth International Silage Conference, a Satellite Workshop of the XXth International Grassland Congress, Belfast, Northern Ireland, July 2005; Park, P.S., Stronge, M.D., Eds.; Wageningen Academic Publishers: Wageningen, The Netherlands, 2005; pp. 97–107. [Google Scholar]

	



Guan, H.; Yan, Y.; Li, X.; Li, X.; Shuai, Y.; Feng, G.; Ran, Q.; Cai, Y.; Li, Y.; Zhang, X. Microbial communities and natural fermentation of corn silages prepared with farm bunker-silo in Southwest China. Bioresour. Technol. 2018, 265, 282–290. [Google Scholar] [CrossRef]

	



Heron, S.J.; Edwards, R.A.; McDonald, P. Changes in the nitrogenous components of gamma—Irradiated and inoculated ensiled ryegrass. J. Sci. Food Agric. 1986, 37, 979–985. [Google Scholar] [CrossRef]

	



Yang, L.; Yuan, X.; Li, J.; Dong, Z.; Shao, T. Dynamics of microbial community and fermentation quality during ensiling of sterile and nonsterile alfalfa with or without Lactobacillus plantarum inoculant. Bioresour. Technol. 2019, 275, 280–287. [Google Scholar] [CrossRef]

	



Li, Y.; Nishino, N. Bacterial and fungal communities of wilted Italian ryegrass silage inoculated with and without Lactobacillus rhamnosus or Lactobacillus buchneri. Lett. Appl. Microbial. 2011, 52, 314–321. [Google Scholar] [CrossRef]

	



Graf, K.; Ulric, A.; Idler, C.; Klocke, M. Bacterial community dynamics during ensiling of perennial ryegrass at two compaction levels monitored by terminal restriction fragment length polymorphism. J. Appl. Microbial. 2016, 120, 1479–1491. [Google Scholar] [CrossRef]

	



Carvalho, B.; Ávila, C.; Bernardes, T.; Pereira, M.; Santos, C.; Schwan, R. Fermentation profile and identification of lactic acid bacteria and yeasts of rehydrated corn kernel silage. J. Appl. Microbial. 2017, 122, 589–600. [Google Scholar] [CrossRef]

	



Holzer, M.; Danner, H.; Mayrhuber, E.; Braun, R. The aerobic stability of silages influenced by metabolites of lactic acid bacteria. Meded. Rijksuniv. Te Gent. Fak. Van De Landbouwkd. En Toegep. Biol. Wet. 2001, 66, 459–461. [Google Scholar]

	



Lorenzo, J.M.; Munekata, P.E.; Dominguez, R.; Pateiro, M.; Saraiva, J.A.; Franco, D. Chapter 3–Main Groups of Microorganisms of Relevance for Food Safety and Stability: General Aspects and Overall Description. In Innovative Technologies for Food Preservation; Academic Press: Cambridge, MA, USA, 2018; pp. 53–107. [Google Scholar]

	



Kung, L.; Shaver, R.D.; Grant, R.J.; Schmidt, R.J. Silage review: Interpretation of chemical, microbial, and organoleptic components of silages. J. Dairy Sci. 2018, 101, 4020–4033. [Google Scholar] [CrossRef]

	



Kristensen, N.B.; Sloth, K.H.; Hjberg, O.; Spliid, N.H.; Jensen, C.; Thgersen, R. Efects of microbial inoculants on corn silage fermentation, microbial contents, aerobic stability, and milk production under feld conditions. J. Dairy Sci. 2010, 93, 3764–3774. [Google Scholar] [CrossRef]

	



Pahlow, G.; Muck, R.E.; Driehuis, F.; Elferink, S.; Spoelstra, S.F. Microbiology of ensiling. Am. Soc. Agron. 2003, 42, 31–94. [Google Scholar]

	



Borreani, G.; Tabacco, E.; Schmidt, R.J.; Holmes, B.J.; Muck, R.E. Silage review: Factors affecting dry matter and quality losses in silages. J. Dairy Sci. 2018, 101, 3952–3979. [Google Scholar] [CrossRef]

	



Ogunade, I.M.; Martinez-Tuppia, C.; Queiroz, O.C.M.; Jiang, Y.; Drouin, P.; Wu, F.; Vyas, D.; Adesogan, A.T. Silage review: Mycotoxins in silage: Occurrence, effects, prevention, and mitigation. J. Dairy Sci. 2018, 101, 4034–4059. [Google Scholar] [CrossRef]

	



Winters, A.L.; Cockburn, J.E.; Dhanoa, M.S.; Merry, R.J. Effects of lactic acid bacteria in inoculants on changes in amino acid composition during ensilage of sterile and non-sterile ryegrass. J. Appl. Microbial. 2001, 89, 442–452. [Google Scholar] [CrossRef]

	



Mcgarvey, J.A.; Franco, R.B.; Palumbo, J.D.; Hnasko, R.; Stanker, L.; Mitloehner, F.M. Bacterial population dynamics during the ensiling of Medicago sativa (alfalfa) and subsequent exposure to air. J. Appl. Microbial. 2013, 114, 1661–1670. [Google Scholar] [CrossRef]

	



McDonald, P.; Henderson, A.; Heron, J. The Biochemistry of Silage, 2nd ed; Chalcombe Publications: Marlow, UK, 1991; p. 340. [Google Scholar]

	



Queiroz, O.C.M.; Ogunade, I.M.; Weinberg, Z.; Adesogan, A.T. Silage review: Foodborne pathogens in silage and their mitigation by silage additives. J. Dairy Sci. 2018, 101, 4132–4142. [Google Scholar] [CrossRef]

	



Ni, K.; Minh, T.T.; Tu, T.T.M.; Tsuruta, T.; Pang, H.; Nishino, N. Comparative microbiota assessment of wilted Italian ryegrass, whole crop corn, and wilted alfalfa silage using denaturing gradient gel electrophoresis and next-generation sequencing. Appl. Microbial. Biotechnol. 2017, 101, 1385–1394. [Google Scholar] [CrossRef]

	



Yan, Y.; Li, X.; Guan, H.; Huang, L.; Ma, X.; Peng, Y.; Li, Z.; Nie, G.; Zhou, J.; Yang, W.; et al. Microbial community and fermentation characteristic of Italian ryegrass silage prepared with corn stover and lactic acid bacteria. Bioresour. Technol. 2019, 279, 166–173. [Google Scholar] [CrossRef]

	



Keshri, J.; Chen, Y.; Pinto, R.; Kroupitski, Y.; Weinberg, Z.G.; Sela, S. Microbiome dynamics during ensiling of corn with and without Lactobacillus plantarum inoculant. Appl. Microbio. Biotechnol. 2018, 102, 4025–4037. [Google Scholar] [CrossRef] [PubMed]

	



Duniere, L.; Xu, S.; Long, J.; Elekwachi, C.; Mcallister, T.A. Bacterial and fungal core microbiomes associated with small grain silages during ensiling and aerobic spoilage. BMC Microbiol. 2017, 17, 50. [Google Scholar] [CrossRef]

	



Chen, X.; Zhuang, Y.; Dong, Z.; Zhang, J. Factors influencing the distribution of lactic acid bacteria on Pennisetum grasses. Grassl. Sci. 2017, 63, 150–158. [Google Scholar] [CrossRef]

	



Xiumei, X.U.; Chen, G.Y. Occurrence of soluble carbohydrates on the phylloplane of maize (Zea mays L.): Variations in relation to leaf heterogeneity and position on the plant. New Phytol. 1990, 115, 609–615. [Google Scholar]

	



Dennis, S.; Zimmermann, C. Selection of specific strains of silage bacteria for different environmental niches. Proc. 2nd Forage Symp. 1989, 27, 23–25. [Google Scholar]

	



Cai, Y.M.; Benno, Y.; Ogawa, M.; Ohmomo, S.; Nakase, T. Influence of Lactobacillus spp. from an Inoculant and of Weissella and Leuconostoc spp. from Forage Crops on Silage Fermentation. Appl. Environ. Microbiol. 1998, 64, 2982–2987. [Google Scholar] [CrossRef]

	



Yang, J.; Cao, Y.; Cai, Y.; Terada, F. Natural populations of lactic acid bacteria isolated from vegetable residues and silage fermentation. J. Dairy Sci. 2010, 93, 3136–3145. [Google Scholar] [CrossRef] [PubMed]

	



Ni, K.; Zhao, J.; Zhu, B.; Su, R.; Pan, Y.; Ma, J.; Zhou, G.; Tao, Y.; Liu, X.; Zhong, J. Assessing the fermentation quality and microbial community of the mixed silage of forage soybean with crop corn or sorghum. Bioresour. Technol. 2018, 265, 563–567. [Google Scholar] [CrossRef]








[image: Bioengineering 09 00428 g001 550] 





Figure 1. Circos plot showing differences in microbial communities at the phylum level. The size of the bars from each phylum indicates the relative abundance of that phylum in the sample. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling; 60, 60 days of ensiling. 
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Figure 2. Nonmetric multidimensional scaling (NMDS) analysis shows microbial community differences at the genus level. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling; 60, 60 days of ensiling. 






Figure 2. Nonmetric multidimensional scaling (NMDS) analysis shows microbial community differences at the genus level. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling; 60, 60 days of ensiling.



[image: Bioengineering 09 00428 g002]







[image: Bioengineering 09 00428 g003 550] 





Figure 3. Relative abundance of bacterial community at the genus level in forage sorghum silage. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling; 60, 60 days of ensiling. 
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Figure 4. One-way analysis of variance bar plots of the genus level (10 most abundant genera) among different forage epiphytic microbiota groups. *, 0.01 < p < 0.05. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota. 
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Figure 5. One-way analysis of variance bar plots of the genus level (10 most abundant genera) among different forage sorghum silage groups. *, 0.01 < p < 0.05. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling. 
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Figure 6. One-way analysis of variance bar plots of the genus level (10 most abundant genera) among different forage sorghum silage groups. *, 0.01 < p < 0.05. FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 60, 60 days of ensiling. 
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Table 1. Chemical and microbial composition of the fresh and sterilized forage sorghum before ensiling.
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	Parameter
	Fresh Forage Sorghum
	Sterilized Forage Sorghum
	p-Value





	Dry matter (g/kg FW)
	278
	277
	0.342



	pH
	5.86
	5.81
	0.321



	Crude protein (g/kg DM)
	36.5
	36.0
	0.421



	Water soluble carbohydrate (g/kg DM)
	170
	169
	0.213



	Buffering capacity (mEq/kg DM)
	283
	282
	0.235



	Neutral detergent fiber (g/kg DM)
	603
	602
	0.211



	Acid detergent fiber (g/kg DM)
	281
	280
	0.186



	Lactic acid bacteria (Log10 CFU/g FW)
	3.33
	ND
	-



	Aerobic bacteria (Log10 CFU/g FW)
	8.98
	ND
	-



	Yeast (Log10 CFU/g FW)
	5.90
	ND
	-



	Enterobacteriaceae (Log10 CFU/g FW)
	8.14
	ND
	-







DM, dry matter; FW, fresh weight; mEq, milligram equivalent; NS, not significant; ND, not detected; CFU, colony forming units.
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Table 2. Dynamics of the pH value and concentrations of organic acid during 60 days ensiling of forage sorghum silage.
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Parameter 1

	
Treatments 2

	
Storage Time (Days)

	
SEM 3

	
p-Values 4




	
1

	
3

	
7

	
15

	
30

	
60

	
T

	
D

	
T × D






	
pH

	
ST

	
5.45 Aa

	
5.30 Aa

	
5.32 Aa

	
5.34 Aa

	
5.31 Aa

	
5.29 Aa

	
0.072

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
5.36 Aa

	
4.30 BCb

	
3.93 Bc

	
3.91 Bc

	
3.64 Cc

	
3.60 Cd

	
-

	
-

	
-

	
-




	
NPm

	
4.99 Ba

	
4.18 Cb

	
3.92 Bc

	
3.94 Bc

	
3.62 Cd

	
3.74 Bd

	
-

	
-

	
-

	
-




	
SDm

	
4.96 Ba

	
4.24 Cb

	
3.93 Bc

	
3.91 Bc

	
3.77 Bc

	
3.76 Bc

	
-

	
-

	
-

	
-




	
MZm

	
5.34 Aa

	
4.70 Bb

	
4.06 Bc

	
3.80 Bdc

	
3.57 Cd

	
3.59 Cd

	
-

	
-

	
-

	
-




	
LA

(g/kg DM)

	
ST

	
0.56 Cb

	
0.64 Dab

	
0.93 aCb

	
0.81 Dab

	
0.98 Ca

	
0.87 Bab

	
2.21

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
2.73 BCd

	
13.6 Bc

	
16.6 Bc

	
47.2 Bb

	
60.6 Ab

	
73.3 Aa

	
-

	
-

	
-

	
-




	
NPm

	
5.60 Ac

	
16.4 Ab

	
20.9 Bb

	
57.5 Aa

	
59.3 Aa

	
62.3 Ba

	
-

	
-

	
-

	
-




	
SDm

	
4.00 ABe

	
14.5 ABd

	
17.2 Bd

	
36.4 Cc

	
46.8 Bb

	
56.0 Ba

	
-

	
-

	
-

	
-




	
MZm

	
2.00 BCd

	
11.0 Cc

	
35.9 Ab

	
55.7 Aa

	
63.0 Aa

	
76.7 Aa

	
-

	
-

	
-

	
-




	
AA

(g/kg DM)

	
ST

	
0.13 Bb

	
0.26 Bb

	
0.26 Bb

	
0.30 Bb

	
0.57 Ba

	
0.71 Ca

	
0.791

	
<0.001

	
<0.018

	
<0.001




	
FSm

	
2.00 Ad

	
6.33 Ac

	
8.67 Ac

	
13.7 Ab

	
17.0 Aa

	
19.0 Ba

	
-

	
-

	
-

	
-




	
NPm

	
2.33 Ae

	
6.00 Ad

	
9.00 Ac

	
13.0 Ab

	
17.7 Aa

	
24.3 Aa

	
-

	
-

	
-

	
-




	
SDm

	
1.67 ABe

	
6.00 Ad

	
9.33 Ac

	
12.7 Ab

	
15.3 Ab

	
23.7 Aa

	
-

	
-

	
-

	
-




	
MZm

	
1.00 ABc

	
3.00 Bc

	
7.00 Ab

	
11.3 Ab

	
16.3 Aab

	
18.7 Ba

	
-

	
-

	
-

	
-




	
LA/AA ratio

(g/kg DM)

	
ST

	
4.49 Aa

	
2.46 ABbc

	
3.59 Aab

	
3.04 Aabc

	
1.75 Bc

	
1.30 Cc

	
0.693

	
<0.001

	
<0.019

	
<0.001




	
FSm

	
1.56 Bc

	
2.05 Bbc

	
1.91 Abc

	
3.51 Aa

	
3.05 Aab

	
3.34 Aa

	
-

	
-

	
-

	
-




	
NPm

	
2.43 ABb

	
2.79 ABb

	
2.35 Ab

	
7.67 Aa

	
3.36 Ab

	
2.87 Bb

	
-

	
-

	
-

	
-




	
SDm

	
2.83 ABa

	
2.47 ABa

	
1.92 Aa

	
2.88 Aa

	
3.06 Aa

	
2.51 Ba

	
-

	
-

	
-

	
-




	
MZm

	
2.00 ABa

	
3.83 Aa

	
30.0 Aa

	
10.5 Aa

	
3.66 Aa

	
3.51 Aa

	
-

	
-

	
-

	
-








Means with unlike uppercase superscripts letters differ (p < 0.05) among treatments. Means with unlike lower-case superscripts letters differ (p < 0.05) among ensiling days. 1 DM, dry matter; AA, acetic acid; LA, lactic acid; LA/AA, a ratio of lactic to acetic acid. 2 ST, sterilized; MZm, maize microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota, FSm, forage sorghum microbiota. 3 SEM, standard error of means. 4 D, days; T, treatments; T × D, interaction between treatments and ensiling days.
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Table 3. Dynamics of ethanol and BA concentrations during 60 days ensiling of forage sorghum silage.
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Parameter 1

	
Treatments 2

	
Storage Time (Days)

	
SEM 3

	
p-Values 4




	
1

	
3

	
7

	
15

	
30

	
60

	
T

	
D

	
T × D






	
BA

(g/kg DM)

	
ST

	
0.73 Aa

	
0.66 Aa

	
0.72 Aa

	
0.65 Ba

	
0.68 Aa

	
0.84 Aa

	
0.041

	
<0.001

	
0.021

	
0.54




	
FSm

	
0.74 Ab

	
0.81 Ab

	
0.85 Ab

	
1.10 Aab

	
1.43 Aa

	
1.08 Aab

	
-

	
-

	
-

	
-




	
NPm

	
0.97 Aa

	
0.71 Aa

	
1.39 Aa

	
1.02 ABa

	
1.19 Aa

	
1.43 Aa

	
-

	
-

	
-

	
-




	
SDm

	
0.85 Aa

	
1.35 Aa

	
1.21 Aa

	
1.07 Aa

	
1.13 Aa

	
1.51 Aa

	
-

	
-

	
-

	
-




	
MZm

	
0.90 Aa

	
1.29 Aa

	
1.44 Aa

	
0.84 ABa

	
1.38 Aa

	
1.27 Aa

	
-

	
-

	
-

	
-




	
Ethanol

(g/kg DM)

	
ST

	
4.47 Aa

	
5.06 Aa

	
4.33 Ba

	
4.85 Ca

	
4.17 Ba

	
4.33 Ca

	
0.061

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
4.42 Ae

	
6.94 Aed

	
8.67 Acd

	
11.1 ABbc

	
12.5 Ab

	
18.3 Aa

	
-

	
-

	
-

	
-




	
NPm

	
4.70 Ad

	
7.33 Ac

	
9.00 Ac

	
12.3 Ab

	
14.2 Aab

	
15.0 Ba

	
-

	
-

	
-

	
-




	
SDm

	
5.04 Ad

	
7.53 Acd

	
6.20 ABd

	
11.5 ABbc

	
12.4 Ab

	
14.7 Ba

	
-

	
-

	
-

	
-




	
MZm

	
5.33 Ae

	
6.22 Ade

	
9.00 Acd

	
10.7 Bbc

	
13.3 Aab

	
17.3 Aa

	
-

	
-

	
-

	
-








Means with unlike uppercase superscripts letters differ (p < 0.05) among treatments. Means with unlike lower case superscripts letters differ (p < 0.05) among ensiling days. 1 BA, butyric acid; 2 ST, sterilized; MZm, maize microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota, FSm, forage sorghum microbiota. 3 SEM, standard error of means. 4 D, days; T, treatments; T × D, interaction between treatments and ensiling days.
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Table 4. Dynamics of chemical composition and NH3–N concentrations during 60 days ensiling of forage sorghum silage.
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Parameter 1

	
Treatments 2

	
Storage Time (Days)

	
SEM 3

	
p-Values 4




	
1

	
3

	
7

	
15

	
30

	
60

	
T

	
D

	
T × D






	
DM

(g/kg FW)

	
ST

	
274 Aa

	
274 ABa

	
274 ABa

	
273 Aa

	
272 Aa

	
271 Aa

	
1.89

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
275 Aa

	
274 Ba

	
273 Ba

	
272 Aab

	
272 Aab

	
271 Ab

	
-

	
-

	
-

	
-




	
NPm

	
276 Aa

	
275 ABa

	
274 ABab

	
272 Aabc

	
270 Bbc

	
266 Bc

	
-

	
-

	
-

	
-




	
SDm

	
278 Aa

	
278 Aa

	
277 Aab

	
275 Aab

	
273 Abc

	
267 Bc

	
-

	
-

	
-

	
-




	
MZm

	
277 Aa

	
276 ABa

	
276 Aa

	
274 Aab

	
273 Aab

	
272 Ab

	
-

	
-

	
-

	
-




	
NH3–N

(g/kg TN)

	
ST

	
6.55 Cd

	
8.88 Cd

	
15.5 Bc

	
19.0 Bc

	
24.4 Cb

	
30.9 Ca

	
1.93

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
19.9 ABd

	
32.7 Ac

	
45.5 Ab

	
48.5 Ab

	
51.5 Bb

	
68.0 Aa

	
-

	
-

	
-

	
-




	
NPm

	
18.5 Be

	
31.5 Ad

	
42.1 Ac

	
49.0 Ab

	
53.8 ABb

	
66.7 Aa

	
-

	
-

	
-

	
-




	
SDm

	
24.6 Af

	
36.0 Ae

	
44.0 Ad

	
50.3 Ac

	
57.0 ABb

	
72.3 Aa

	
-

	
-

	
-

	
-




	
MZm

	
15.6 Bd

	
21.8 Bd

	
41.3 Ac

	
50.2 Ab

	
59.5 Aa

	
60.2 Ba

	
-

	
-

	
-

	
-




	
WSC

(g/kg DM)

	
ST

	
186 Aa

	
185 Aab

	
183 Aabc

	
181 Abc

	
181 Abc

	
180 Ac

	
2.12

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
187 Aa

	
170 Bb

	
122 Cc

	
110 Dd

	
97.0 CDe

	
89.5 Bf

	
-

	
-

	
-

	
-




	
NPm

	
174 Ba

	
158 Cb

	
139 Bc

	
125 Bd

	
112 Be

	
91.0 Bf

	
-

	
-

	
-

	
-




	
SDm

	
170 Ba

	
151 Cb

	
135 Bc

	
119 BCd

	
102 Ce

	
88.0 Bf

	
-

	
-

	
-

	
-




	
MZm

	
189 Aa

	
153 Cb

	
136 Bc

	
115 CDd

	
95.7 De

	
80.2 Cf

	
-

	
-

	
-

	
-








Means with unlike uppercase superscripts letters differ (p < 0.05) among treatments. Means with unlike lower-case superscripts letters differ (p < 0.05) among ensiling days. 1 DM, dry matter; FW, fresh weight; NH3–N, ammonia-nitrogen; TN, total nitrogen. 2 ST, sterilized; MZm, maize microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota, FSm, forage sorghum microbiota. 3 SEM, standard error of means. 4 D, days; T, treatments; T × D, interaction between treatments and ensiling days.
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Table 5. Dynamics of microbial composition during 60 days ensiling of forage sorghum silage.
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Parameter 1

	
Treatments 2

	
Storage Time (Days)

	
SEM 3

	
p-Values 4




	
1

	
3

	
7

	
15

	
30

	
60

	
T

	
D

	
T × D






	
LAB

(Log 10 CFU/g FW)

	
ST

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
0.313

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
4.31 Ad

	
7.19 ABb

	
8.45 Aa

	
8.57 Aa

	
6.45 Bbc

	
5.78 Ac

	
-

	
-

	
-

	
-




	
NPm

	
5.06 Ac

	
7.35 Ab

	
8.86 Aa

	
8.67 Aa

	
8.25 Aab

	
5.40 Ac

	
-

	
-

	
-

	
-




	
SDm

	
5.06 Ac

	
7.31 Ab

	
8.65 Aa

	
8.99 Aa

	
8.60 Aa

	
5.33 Ac

	
-

	
-

	
-

	
-




	
MZm

	
3.93 Ac

	
6.80 Bb

	
7.87 Aab

	
8.65 Aa

	
8.08 Aab

	
5.10 Ac

	
-

	
-

	
-

	
-




	
Enterobacteriaceae

(Log 10 CFU/g FW)

	
ST

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
0.142

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
4.64 Aa

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
-

	
-

	
-

	
-




	
NPm

	
5.39 Aa

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.01 Ab

	
-

	
-

	
-

	
-




	
SDm

	
3.66 Aa

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.02 Ab

	
-

	
-

	
-

	
-




	
MZm

	
4.70 Aa

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.00 Ab

	
<2.03 Ab

	
-

	
-

	
-

	
-




	
Yeast

(Log 10 CFU/g FW)

	
ST

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
0.172

	
<0.001

	
<0.001

	
<0.001




	
FSm

	
4.08 Ba

	
3.50 Bab

	
3.22 Bb

	
3.07 Ab

	
3.03 Ab

	
2.92 Ab

	
-

	
-

	
-

	
-




	
NPm

	
4.29 Ba

	
3.49 Bab

	
3.76 ABab

	
3.49 Aab

	
3.07 Ab

	
2.78 Ab

	
-

	
-

	
-

	
-




	
SDm

	
4.70 Ba

	
4.29 ABab

	
3.75 ABab

	
3.66 Aab

	
3.66 Aab

	
2.80 Ab

	
-

	
-

	
-

	
-




	
MZm

	
5.69 Aa

	
4.70 Ab

	
4.29 Ab

	
3.99 Abc

	
3.49 Acd

	
2.87 Ad

	
-

	
-

	
-

	
-








Means with unlike upper case superscripts letters differ (p < 0.05) among treatments. Means with unlike lower case superscripts letters differ (p < 0.05) among ensiling days. 1 LAB, lactic acid bacteria; FW, fresh weight; CFU, colony forming units. 2 ST, sterilized; MZm, maize microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota, FSm, forage sorghum microbiota. 3 SEM, standard error of means. 4 D, days; T, treatments; T × D, interaction between treatments and ensiling days.
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Table 6. Bacterial community richness and diversity indexes of the inoculum and silage samples of forage sorghum.
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	Treatments
	Storage Time (Days)
	Sequence Number
	OTU Numbers
	Shannon
	Chao 1
	Coverage





	FSm
	0
	46443
	188
	1.901
	190.01
	0.99852



	NPm
	0
	41117
	299
	2.641
	276.56
	0.9980



	SDm
	0
	39641
	290
	2.994
	252.20
	0.9985



	MZm
	0
	46514
	251
	1.674
	257.06
	0.9982



	FSm
	3
	52526
	74.5
	1.205
	90.23
	0.9993



	NPm
	3
	56792
	95.3
	1.175
	114.49
	0.9990



	SDm
	3
	33525
	97.1
	1.135
	155.90
	0.9988



	MZm
	3
	60105
	309
	2.003
	360.74
	0.9973



	FSm
	60
	61625
	134
	1.133
	185.96
	0.9986



	NPm
	60
	53776
	152
	1.326
	195.60
	0.9984



	SDm
	60
	59316
	138
	1.328
	147.92
	0.9987



	MZm
	60
	58854
	140
	0.601
	181.90
	0.9985







FSm, forage sorghum microbiota; NPm, Napier grass microbiota; SDm, Sudan grass microbiota; MZm, maize microbiota; 3, 3 days of ensiling; 60, 60 days of ensiling.
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