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Abstract

:

Availability of feedstock is one of the uncertainties impeding cellulosic biofuel production, and conservation of whole crop biomass as silage is a promising method to ensure year-round feedstock availability for biofuel production. This study investigated lignocellulose degradation and subsequent enzymatic hydrolysis of a 90-d sorghum silage incorporated with soybean and inoculated with Lactobacillus plantarum A1 in a three (0, 25, and 50%; soybean inclusions) by two (uninoculated and inoculated) factorial experiment. The results revealed that L. plantarum A1 inoculated silages had improved fermentation characteristics. The silages’ total N and non-fiber carbohydrate increased with L. plantarum A1 and soybean inclusion (p < 0.05). Inoculation also increased the residual water-soluble carbohydrate by 33.9% (p < 0.05). Inoculation and soybean inclusion significantly hydrolyzed the biomass’ lignocellulose, altered its morphology and microstructural matrix, increased production of ferulic acid and reduced the biomass crystallinity by 15.60% (p < 0.05). L. plantarum A1 inoculation × soybean inclusion improved glucose yield and cellulose conversion during enzymatic saccharification compared to uninoculated treatments. Therefore, incorporating soybean into sorghum silage with L. plantarum A1 inoculation enhanced fermentation quality, lignocellulose degradation and enzymatic saccharification which could serve as a sure way for sustainable year-round feedstock supply for enhanced biofuel production.
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1. Introduction


Lignocellulosic biofuel production provides a sustainable renewable energy that could ameliorate the global energy crisis. The process mainly utilizes carbon from structural carbohydrates in a three-step process: pretreatment, saccharification and final fermentation [1]. Year-round feedstock availability is among the uncertainties impeding cellulosic biofuel production [2,3]. Conservation of whole crop biomass as silage is a promising method to ensure year-round feedstock availability [4]. Additionally, the proposed decentralization of biofuel production through small-scale farm production [5] to provide cleaner, renewable and environment friendly energy for the farming activities could be achieved through the use of ensiled feedstocks from forage crops. Ensilage conserves the biomass quality through anaerobic microbial fermentation. Dry matter (DM) is well preserved and recovered when excellent fermentation is achieved. Pretreatment in biofuel production process is essential for biomass delignification and decrystallization to facilitate subsequent enzymatic or acid hydrolysis. Ensilage alone is considered biomass pretreatment, however, additives such as mineral acids [6], enzymes and biological inoculants [7,8,9], organic acids [10], or tannins are used to achieve desirable silage fermentation. Biological inoculants have recently gained much attention. Several studies have reported the efficacy of lactic acid bacteria (LAB) for improved silage fermentation [11,12,13,14].



Sorghum is a high yielding forage crop that is drought tolerant with high water use efficiency. It performs well in different climatic regions with limited and variable rainfall condition, which made it an excellent alternative silage crop and increased its acceptance as a maize replacement in such areas [15,16]. Several sorghum varieties have been developed and broadly categorized into grain and forage sorghum. F10 Sorghum bicolor variety is forage variety used in the present study for its high dry matter yield and resistance to drought and soil salinity. However, one of the limitations of sorghum silage is high fiber concentration [15]. The bonds linking the cell wall phenolic acids with lignin and hemicellulose prevent the degradation of the fiber components by microbial enzymes during ensilage. Lignin is a major fiber component that acts as a barrier for the enzymatic degradation of cellulose [17,18]. Studies showed that feruloyl-esterase could dismantle these bonds in-between lignin and structural polysaccharides, thereby enhancing fiber degradation [19,20,21]. Interestingly, evidence confirmed that inoculation with Lactobacillus plantarum A1 releases feruloyl-esterase, which enhanced the fiber degradation and silage fermentation quality [14,22]. Therefore, pretreating sorghum biomass with L. plantarum A1 before ensiling could improve the fermentation quality and hydrolyze the fiber bonds during fermentation, and subsequently enhance enzymatic hydrolysis of the cellulose. Biomass’ post-ensiling morphological metamorphosis resulting from fiber degradation activity of L. plantarum A1 has not been visualized in any study. Thus, this study employed scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) to visualize the morphological changes and determine the crystallinity index of the biomass.



Anzola-Rojas [23], reported from a liquid medium experiment that low concentration of N during fermentation inhibits the activity of the microbial enzymes. Thus, complementary incorporation of leguminous crops into the sorghum silage to provide adequate N for improved fermentation quality is required [24,25]. The sorghum could provide the DM and water-soluble carbohydrate (WSC) required for excellent fermentation thereby preventing severe proteolytic degradation of the legume’s N [24,25,26]. Soybean is an annual legume grown worldwide and has been integrated into different cropping systems in Australia [27], Europe [28], Brazil [13] USA [29], and various places in China, including the present study’s location [30,31]. Soybean silage is rich in N with relatively higher fiber degradability [13], but the crop has poor fermentation quality when ensiled alone [24,26]. These attributes informed our choice of the crop for complementary incorporation into sorghum silage in this study.



The efficiency of L. plantarum A1 in improving the fermentation quality and lignocellulose degradation, as well as ferulic acid production of different biomass have previously been reported [12,14,22,32]. However, despite the higher cellulosic content of sorghum, and its ensiling potential as well as its potential for biofuel production, there is no report from any study on inoculating whole crop sorghum biomass with any feruloyl-esterase producing lactobacillus during ensiling. Hence, this study hypothesizes that inoculating the whole crop sorghum biomass with L. plantarum A1 during ensiling could equally improve the fermentation quality, and enhance lignocellulose degradation and subsequent enzymatic hydrolysis of the sorghum silage. Additionally, incorporating soybean into the silage could complementarily improve the N content and fermentation quality, thereby enhancing subsequent enzymatic hydrolysis for biofuel production. Therefore, this study’s objective is to determine the fermentation quality, N dynamics, biomass degradation, ferulic acid production and enzymatic hydrolysis of soybean incorporated sorghum silage inoculated with L. plantarum A1.




2. Materials and Methods


2.1. Forages, Inoculant and Ensiling


Forages of F10 S. bicolor variety (sorghum) and Guxia 7 Glycine max variety (soybean) were harvested at late dough and flowering stage, respectively, on 20 October 2019 at Lanzhou University research station in Qingyang city (40°54′ N, 107°09′ E; 1035 m above sea level), Gansu, China. The sorghum and soybean forages were separately wilted to about 63.5% moisture content and chopped to approximately 2 cm. The chopped forages were combined according to the soybean inclusion treatments (DM basis): 0% Soybean (sorghum only), 25% Soybean (75% sorghum + 25% soybean) and 50% Soybean (50% sorghum + 50% soybean) and apportioned into 36 piles of 400 g each (12 for each soybean inclusion treatment). Four piles from each treatment were frozen (−20 °C) immediately for subsequent laboratory analyses.



The preparation of L. plantarum A1 has been earlier reported by Li et al. [14]. A Mini sprayer was used to spray the inoculant at the rate of 5 × 106 CFU/g fresh weight to 12 piles of the forages; 4 piles from each of the soybean inclusion treatments (inoculated treatments). The sprayed piles were thoroughly mixed in plastic container that was pre-disinfected with 75% ethanol. An equivalent amount of sterile distilled water was also applied to the remaining 12 piles of the different soybean inclusion treatments (uninoculated treatments). The 24 piles (3 soybean inclusions × 2 inoculations × 4 replicates) were vacuum sealed individually in a laboratory silo (300 mm × 350 mm; polyethylene plastic bags) using a vacuum sealing machine (Xh860 Vacuum Packaging Machine, Zhejiang Jiangnan Co., Ltd., Wenzhou, China) and stored in an air-conditioned room with a temperature of 25 ± 0.2 °C.




2.2. Silage Opening and Chemical Analyses


Silos were opened after 90 d and the opening weight of the silages were recorded. The contents of the silos were mixed thoroughly, and a fresh sample (20 g) was collected from each bag and homogenized with 180 mL distilled water in a juice extractor at high speed for 30 s. Four-layer medical gauze was used to filter the silage extract, and the filtrate was subsequently apportioned into two aliquots. The remaining silage was sealed and frozen (−20 °C) for subsequent analysis.



After measuring the pH, 7.14 M H2SO4 was added to the first portion of the filtrate and further filtered with 0.22 μm dialyzer. This portion was used to determine the lactic acid (LA), acetic acid (AA) and propionic acid (PA) according to the method of Li et al. [22], using HPLC (Shodex KC-811 column; Shimadzu, Kyoto, Japan; oven temperature: 50 °C; flow rate: 1 mL/min; SPD-10Avp, Shimadzu: 210 nm). In the second portion of the filtered silage extract, trichloroacetic acid [250 g/L (w/w)] was added at a ratio of 1:4 (acid to sample) and allowed to stand at 4 °C overnight for the precipitation of protein. After the precipitation of protein, the samples were centrifuged at 4 °C for 15 min (18,000× g) and the supernatant was analyzed for ammonia-N (NH3-N) and amino acid N (AAN) [33] as well as water-soluble carbohydrates (WSC) [34]. The non-protein N (NPN) was also determined from the protein precipitated samples, using the method of Licitra et al. [35]. The measurement of buffering capacity was conducted according to McDonald and Henderson [36], where 1 g sample was homogenized with100 mL of distilled water and shaken at 150 rpm for 30 min. The homogenized liquid was filtered and the pH was adjusted to 6 using 0.1 M NaOH and then titrated from pH 6 to pH 4 with 0.1 M LA.



Samples from the fresh forages and silages were oven-dried at 65 °C for 72 h in a forced-air oven. The oven-dried samples were ground with a 1-mm screen fitted mill and used to determine the Kjeldahl N [37]. ANKOM fiber bag technology was used for the determination of neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) [38]. Hemicellulose and cellulose were computed as the difference between NDF and ADF as well as ADF and ADL, respectively. The non-fiber carbohydrate (NFC) content was calculated using the Cornell Net Carbohydrate and Protein System (CNCPS) equation [39]. The contents of glucose, fructose, and sucrose were measured according to Desta et al. [40]. The extraction and measurement of ferulic acid was conducted following a modified procedure of Zhao et al. [41].




2.3. SEM and FTIR Analysis


Samples of the ensiled biomass were freeze dried (to avoid surface tension) and ground using hammer mill. To ensure conductivity, the samples used for SEM were first sputter coated with platinum and subsequently scanned at an acceleration voltage of 15 kV and magnification range between 15,000–20,000 using SEM machine (Thermo Scientific Apreo S, Waltham, MA, USA). Pure KBr (to obtain the FTIR background) and combination of KBr and freeze-dried samples (1:100; sample to KBr) were pressed into slices for FTIR spectrometry at a range from 4000 to 500 cm−1 with a resolution of 4 cm-1 using FTIR spectrometer (Nexus 670, Nicolet, Madison, WI, USA). The cellulose crystallinity was determined according to the Nelson crystallinity index (A1375/A2900) [42].




2.4. Enzymatic Saccharification


Enzymatic conversion of the soybean incorporated sorghum silage was conducted following the standard protocols of the National Renewable Energy Laboratory (NREL) [43]. Biomass (0.3 g) of DM basis was mixed with 5 mL of 0.1 M citrate-phosphate buffer (pH 4.8) and 2%(w/w) of Acremonium cellulase (100 FPU/g; Meiji Seika Pharma Co., Ltd., Tokyo, Japan) on the basis of cellulose content. To prevent microbial contamination 300 μL of 0.2% sodium azide was added to the biomass slurry and the total volume of each vial was made to 10.0 mL using distilled water. An enzyme blank reaction was prepared using the same quantity of reagents and biomass. The prepared vials were put in an incubator (50 °C) equipped with a shaker (160 rpm) to keep the solids in constant suspension for 72 h. The incubated samples were centrifuged (10,000× g) for 10 min, and the supernatants were filtered through 0.22 μm dialyzer for analysis of glucose yield (GY) according to the method of Desta et al. [40]. Cellulose conversion (CC) was computed as   CC  ( % )  =   G Y × 0.9   C e l l u l o s e   c o n t e n t   × 100   [19].




2.5. Statistical Analysis


All the statistics were conducted in R studio of R statistical package [44]. Linear model was used to analyze the data of the fresh forages to test the effect of incremental soybean inclusion, subsequently, all data from the ensiled forages were analyzed using GLM procedure following the 3 × 2 factorial experiment model:


Yijk = µ + αi + βj + (α × β)ij + eijk,








where Yijk represents the fermentation profile, N fractions, carbohydrate components, ferulic acid content and glucose yield of the ensiled forages; μ is the overall mean; αi is the effect of soybean inclusion i (i = 0%, 25%, or 50%), βj is the effect of inoculation j (j = uninoculated or inoculated), (α × β)ij is the effect of interaction between soybean inclusion and inoculation; and eijk is the error term.



Orthogonal polynomial contrast was used to examine the linear and quadratic effects of the equidistant levels of soybean inclusion. Means were considered significantly different at p < 0.05.





3. Results and Discussion


3.1. Chemical Composition of Soybean Incorporated Sorghum Forage before Ensiling


The chemical characteristics of the fresh forages are presented in Table 1. The increase in the proportion of soybean had a significant linear effect on TN. Similarly, the NFC linearly increased with increasing soybean inclusion from 0% to 50%, while WSC conversely decreased (p < 0.05). These fulfilled the N enrichment by soybean inclusion and the complementary provision of sufficient substrates (WSC) from the sorghum forages for a better subsequent fermentation process during ensiling. A significant linear effect was observed on all the fiber fractions of the forages (with significant quadratic effect on ADL and holocellulose), where they decreased with increasing soybean inclusion from 0% to 50%. ADL decreased from 0% to 25% and slightly increased at 50% soybean inclusion. Soybean inclusion had significant linear and quadratic effect on the BC of the silages, which increases from 0% to 50% soybean inclusion. Leguminous forages are known to have higher BC [36,45] as observed with the inclusion of soybean forages.




3.2. Fermentation Profile of Soybean Incorporated Sorghum Silage Inoculated with or without L. Plantarum A1


Recovery of as much DM as possible is the first indication of successful ensilage, and it is inversely related to the DM loss. Subsequently, fermentation characteristics such as pH and organic acids could be used to assess the fermentation quality [46]. Linear effect of inoculation × soybean inclusion was observed on the silages’ DM after 90 d of ensilage (Figure 1a). The DM decreased linearly from 0% to 50% soybean inclusion (p < 0.05) in the uninoculated silages, but inoculated silages had a relatively stable DM across the soybean inclusion treatments. The percentage of DM lost in the uninoculated silages in the present study is 12.71% (0% Soybean), 20.56% (25% Soybean) and 24.41% (50% Soybean) higher, compared to inoculated silages, implying more DM recovery in L. plantarum A1 inoculated silages (Figure 1b). DM loss during fermentation is determined by availability of fermentable substrates and dominant microbial species. Glucose fermentation by homolactic bacteria (L. plantarum A1 in this study) mainly produce lactate with no any DM loss while epiphytic microorganisms are responsible for the fermentation process of forages ensiled without LAB inoculation [47].



Table 2 shows that the pH of the silages decreased with increasing soybean inclusion in both uninoculated and inoculated silages, with more acidic values (3.80–3.97) in the inoculated silages (p < 0.05). The LA concentration was 29.0 and 84.8 g kg−1 (0% soybean inclusion) and 85.2 and 97.6 g kg−1 (25% soybean inclusion) as well as 86.4 and 175 g kg−1 (50% soybean inclusion) in uninoculated and inoculated silages, respectively. Conversely, AA was significantly higher in uninoculated silages, with a liner increment trend across the soybean inclusion treatments (p < 0.05). In uninoculated silages, the AA linearly increased from 25.4 g kg−1 in 0% soybean inclusion to 43.5 g kg−1. Whereas the increment was from 13.0 g kg−1 (0% soybean inclusion) to 39.0 g kg−1 (50% soybean inclusion) in inoculated silages. However, the ratio of LA/AA in inoculated silages was at least twice higher, compared to uninoculated silages in all the soybean inclusion treatments (p < 0.05). LA is the primary driver for the decline in silage pH due to its strength (3.86 pKa), which is about 12 times stronger than AA (4.75 pKa) and PA (4.87 pKa) [46]. Several studies have reported higher LA concentration in silages inoculated with L. plantarum [14,16,22,32,48]. The AA concentration in this study was within the range (3–4%) said to be often found in L. buchneri inoculated silages [46]. The ratio of LA to AA is low in uninoculated silage treatments. This is because silage fermentation by epiphytic bacteria is mainly heterofermentative as in uninoculated treatments, while inoculation with L. plantarum A1 (a homolactic LAB) results in homofermentation. Muck and Kung [49] reported that treating silage with homolactic LAB could result in higher LA/AA ratio as observed in the L. plantarum A1 inoculated silages in this study.




3.3. Nitrogen Fractions of Soybean Incorporated Sorghum Silage Inoculated with or without L. plantarum A1


Enzymatic machinery of carbohydrate metabolism is more adequate and efficient with sufficient assimilation of N [50]. The microbiomes require adequate N for optimal activity during fermentation and subsequent enzymatic activities, thereby the need for efficient conservation of the biomass N content. The N fractions of the silages are presented in Table 3. Linear effect of Soybean inclusion × inoculation interaction increased the TN contents of the silages (p < 0.05). In uninoculated silages, the TN increased by 11.55% and 17.79% with inclusion of 25% and 50% soybean, respectively. However, the increase of TN with inclusion of 25% and 50% soybean was 11.70% and 21.08%, respectively, in inoculated silages. Improvement in the TN found in this study agreed with the report by Lima et al. [24] that soybean inclusion improved the CP (reported as N × 6.25) content of silages made from two different sorghum varieties. Similarly, the significant increase of the silage TN content by L. plantarum A1 inoculation corroborates the findings of Ni et al. [51], where an increased CP content was found with the addition of an inoculant containing L. plantarum in a molasses treated soybean silage. Notably, an adequate fermentable substrate is required for the efficient preservation of N from the soybean forage. Otherwise, it will take a relatively long time to produce sufficient LA that could lower the silage pH, during which enzymatic proteolysis could degrade the N content of the ensiled forage. Proteolysis occurs rapidly in a freshly ensiled forage but declined with a decrease in silage pH. In this study, sorghum provided the required fermentable substrate (WSC) for immediate conversion into LA, thereby enhanced rapid fermentation and simultaneously prevented the N compound of the ensiled forages from severe proteolytic degradation. Therefore, inoculation with L. plantarum A1 improved the N contents of the ensiled forages by accelerating the LA production and lowering the silage pH, halting the proteolytic activities [46,49]. In addition, the decline of pH and the increase in LA with increasing soybean inclusion in both uninoculated and inoculated silage treatments could be partly attributed to the enhanced microbial and enzymatic activities due to sufficient N provided by the soybean forage [23], and also the ease of degradability of soybean compared to sorghum [13,52]. Hence, the degradation of soybean forage by microbial and enzymatic activities during fermentation added fermentable substrates into the soybean incorporated treatments, resulting in higher LA production, which ultimately declined the silages’ pH.



Protein degradation during silage fermentation leads to the metamorphosis of nitrogen-based compounds [46]. There is both linear and quadratic effect of soybean inclusion × inoculation on NPN concentration of the silages. The concentration of NPN initially increased from 0 to 25% soybean inclusion level and declined at 50% soybean inclusion. NH3-N was only affected by inoculation (p < 0.05) and uninoculated silages had the highest concentration of the NH3-N in all the soybean inclusion treatments. The significant decrease in the NPN and NH3-N concentration of the silages confirmed that L. plantarum A1 enhanced the fermentation process and preserved the silage quality. The significantly high concentration of LA in 50% soybean inclusion that prevented proteolysis was the reason for the decline of NPN in this treatment.




3.4. Non-Fiber Carbohydrates and Fiber Fractions of Soybean Incorporated Sorghum Silage Inoculated with or without L. plantarum A1


Table 4 presents the residual NFC, WSC, glucose, fructose and sucrose of soybean incorporated sorghum silage inoculated with or without L. plantarum A1. There was a significant linear effect of soybean inclusion × inoculation on all the carbohydrate components (only main effects on WSC) (p < 0.05). NFC content of both uninoculated and inoculated silages increased from (412.63 and 401.78 g kg−1) 0% soybean inclusion to 435.74 and 452.58 g kg−1, respectively, in 25% soybean inclusion. However, in 50% soybean inclusion treatment, the NFC further increased to 467.01 g kg−1 in uninoculated treatment, but declined to 448.85 g kg−1 in inoculated treatment (p < 0.05). This implies that other fiber components, substantially from easy-degradable soybean forage, must have been degraded to provide the fermentation substrates for organic acid production [53,54,55], resulting in low fibrous components and high concentration of LA in soybean-containing silages. Inoculation with L. plantarum A1 increased the residual WSC concentration by an average of 33.9% after ensiling (p < 0.05). WSC consists mainly of glucose, fructose and sucrose [56]. Its high concentration in the inoculated treatments implies that L. plantarum A1 preserved the original WSC of the ensiled forages and degraded other fiber components to replace the WSC converted to LA [32]. The main monosaccharides existing in most plant species are glucose and fructose, while sucrose as a disaccharide exists in a relatively higher concentration than the monomers [57]. Both linear and quadratic effects of soybean inclusion × inoculation were significant on the glucose, sucrose and fructose content of the silages under study (p < 0.05). Regardless of inoculation, the nonstructural carbohydrates decreased with increasing proportion of soybean in the silages. However, inoculated silages had higher glucose concentration as well as lower sucrose and fructose in all the soybean inclusion treatments except in 50% soybean where sucrose was significantly higher in inoculated silages (p < 0.05).



About 250 to over 10,000 glucose chains bound by β—14 glycosidic bonds made up the cellulose [55,58]. Whereas, hemicellulose is made up of glucose, mannose, or xylose chains bound by β—1, 4—bonds [55,59]. Lignin on the other hand, is a heterogenous biopolymer in lignocellulose that is made up of radical-mediated oxidative coupling of phenyl-propane unit bound together by several kinds of ether and carbon-carbon bonds [55,60]. All the fiber components had a similar trend of linear decrease with increasing soybean inclusion in both inoculated and uninoculated silages (p < 0.05; Table 5), except that ADL slightly increased from 38.18 g kg−1 DM (25% soybean inclusion) to 39.66 g kg−1 DM (50% soybean inclusion) in inoculated silages. At the initial stage of ensiling, the cell wall components are hydrolyzed by the help of the enzymes produced from microbial activity until the silage pH declines to inhibit enzymatic activity. When the silage becomes acidic, acidolysis is responsible for the preceding hydrolysis of structural carbohydrates in the ensiled forage [22,32]. Although L. plantarum A1inoculation did not influence the NDF content, but the concentrations of the other fiber fractions were significantly affected (p < 0.005). The ADF, ADL and cellulose fractions of the inoculated silages were reduced significantly, while hemicellulose and holocellulose were increased (p < 0.05). The decrease in ADL and cellulose as well as the increase in hemicellulose had confirmed the disintegration of the lignocellulose (undigestible) fractions of the silages into relatively more digestible component (hemicellulose). Evidence has shown a pronounced fiber degradation in L. plantarum A1 pretreated corn stalk silage [22] and when L. plantarum A1 was fortified with cellulase [32] or Acremonium cellulase [14]. Inoculation with L. plantarum A1 also increased the potential biodegradability of the silages by 13.54, 16.56 and 4.04% in 0%, 25% and 50% soybean inclusion treatments, respectively. In addition, since L. plantarum A1 produces ferulic acid esterase; an enzyme that help in the breakdown of the links between the structural carbohydrates through the production of ferulic acid [14,22,32], we posited that the activity of this enzyme had weakened the bonds between the silages’ fibrous components, thereby facilitating subsequent degradation of the fiber during the main fermentation for biofuel production. To substantiate our proposition, we further quantify the ferulic acid content in the silages and evaluate the effect of the L. plantarum A1 inoculation on GY and cellulose conversion CC of the soybean incorporated sorghum silage during enzymatic saccharification.




3.5. Ferulic Acid Concentration of Soybean Incorporated Sorghum Silage Inoculated with or without L. plantarum A1


Ferulic acid could be used as an indicator of lignocellulose degradation [22]. This is because ferulic acid is covalently esterified or etherified to cell wall polysaccharide and lignin, and the production of feruloyl-esterase by L. plantarum A1 which helps in hydrolyzing the cell wall components by dismantling the ester and ether bonds, leads to the release of the ferulic acid. In the present study, inoculating the biomass with L. plantarum A1 before ensiling increased the concentration of ferulic acid by an average of 17.48% (p < 0.05), compared to uninoculated silages (Figure 2). This corroborates earlier findings that L. plantarum A1increased the release of ferulic acid [14,22,32], thereby confirming the degradation of the structural components of the biomass.




3.6. Structural and Morphological Changes of Soybean Incorporated Sorghum Silage Inoculated with or without L. plantarum A1


Compositional analysis is not sufficient in investigating pretreatment’s effect on lignocellulose biomass, because delamination of cell wall and re-localization of lignin could equally be important in enhancing the hydrolysis of lignocellulose biomass [61]. The biomass’ post-ensiling morphological metamorphosis resulting from fiber degradation activity of L. plantarum A1 has not been visualized in any study. This study therefore, employed scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) to visualize the morphological changes and determine the crystallinity index of the biomass. Structural transformation of the silages using FTIR analysis revealed that both uninoculated and inoculated silages had little or no difference in FTIR features (Figure 3a). Ren et al. [62] also reported the absence of obvious microstructural changes among silages pretreated with different doses of rumen fluid and varied storage period, presented FTIR features almost similar to what was obtained in the present study. The bands obtained at different wavenumber represents the H–bond (–OH group), C–H, C=O and C–O–C as they affect the lignocellulose structure [62]. The stretching vibrations of H–bonded–OH group is represented by the band obtained around 3396 cm–1 and the band around 2929 cm–1 represents the C–H stretching [62]. The peak observed around 1731 cm–1 corresponds the C=O bond stretching vibration, which is the typical functional group of orthosubstituted arylskeleton related to the stretching of lignin structure [63]. The transmittance reduction around 1731 cm–1 implied the partial removal or dissolution of lignin [62]. The intensity around 1027 cm–1 is assigned to C–O–C stretching of hemicelluloses, and the band dynamics implies hemicelluloses degradation [62,64].



The crystallinity index was significantly influenced by inoculation and linear effect of soybean inclusion (p < 0.05). Inoculation with L. plantarum A1 generally decreased the crystallinity index by an average of 15.60%, and the crystallinity index decreased linearly with increasing soybean inclusion from 2.21 and 1.71 (inoculated and uninoculated) in 0% soybeans inclusion to 1.97 and 1.37 (inoculated and uninoculated) in 50% soybeans inclusion, respectively. These results correspond with the various compositional analysis and other biochemical indicators that suggest fiber degradation in this study. Similar trend of reduction in crystallinity index has been reported by Ren et al. [62], although crystallinity index is higher in the present study which is obviously due to the difference in the sorghum species.



Surface morphology as revealed by the images obtained from SEM analysis (Figure 4a–f) suggest metamorphosis of microstructural matrix of the biomass in inoculated silages of 0% soybean inclusion (compared to uninoculated) and the changes were more intense in inoculated silages of 25% soybean inclusion with some deposits on the outer surface [61]. Ren et al. [62] have described the surface deposition as either carbohydrates, fragments of lignin or ashes. These generally suggest that the improvement in the fermentation characteristics, biochemical composition and the reduction in crystallinity index of the inoculated 0% and 25% soybean inclusion treatments was basically due to the lignin re-localization and degradation. In 50% soybean inclusion treatment, there was more obvious fiber splitting which is more excessive in the L. plantarum A1 inoculate silages.




3.7. Enzymatic Saccharification of Soybean Incorporated Sorghum Silage Inoculated with or without L. plantarum A1


The second step of lignocellulose biofuel production after pretreatment is saccharification [1] Due to minimized loss of sugars and less byproducts of enzymatic saccharification, it has been recognized as an efficient way of lignocellulose hydrolysis without negative effect on the environment [22,65]. Regardless of inoculation with any additive, ensiling biomass is considered an effective pretreatment to enhance accessibility to the biomass’ polysaccharides thereby enhancing subsequent enzymatic digestibility of the lignocellulosic biomass [22]. In addition, inoculation especially with an inoculum that has fiber degradation ability such as L. plantarum A1 further improve the process. In this study, linear effect of soybean inclusion × inoculation significantly improved both glucose yield and cellulose conversion of the silages (p < 0.05; Figure 5a,b). The higher glucose yield and cellulose conversion in these treatments were obviously due to enhanced fermentation and fiber degradation activity of L. plantarum A1 during ensilage [12,14,22,32]. The higher degradability of soybean fiber is the reason for the linear increase in GY and CC with increasing soybean inclusion during enzymatic saccharification. Higher LA concentration, lower structural carbohydrates with corresponding higher content of residual glucose, as well as higher ferulic acid produced from treatments with higher soybean proportion are the evidence that initially confirms the readiness in the degradability soybean fiber.





4. Conclusions


Fermentation quality was enhanced by L. plantarum A1 and soybean improved the CP content of the silages. Inoculation and soybean inclusion promoted lignocellulose degradation, alter the surface morphology and microstructural matrix of the biomass, increased the release of ferulic acid, and reduced the biomass crystallinity by 15.60%. L. plantarum A1 inoculation and soybean inclusion also improved the GY and CC during enzymatic saccharification. Thus, pretreating soybean incorporated sorghum silage with L. plantarum A1 is a sure way of enhancing fermentation quality, lignocellulose degradation, and enzymatic hydrolysis of the biomass. Simultaneously, ensiling could ensure sustainable year-round feedstock supply for on the farm biofuel production.
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Figure 1. (a,b): Influence of soybean inclusion and L. plantarum A1 inoculation on dry matter and dry matter loss of sorghum silage. 
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Figure 2. Influence of soybean inclusion and L. plantarum A1 inoculation on the concentration ferulic acid of sorghum silage. 
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Figure 3. (a,b): Influence of soybean inclusion and L. plantarum A1 inoculation on FITR and crystallinity index of sorghum silage. 
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Figure 4. (a–f): SEM images showing the influence of soybean inclusion and L. plantarum A1 inoculation on surface morphology of sorghum silage. 
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Figure 5. (a,b): Influence of soybean inclusion and L. plantarum A1 inoculation on glucose yield and cellulose conversion of sorghum silage. 
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Table 1. Chemical characteristics of soybean incorporated sorghum forage before ensiling (g kg−1 DM).
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Item

	
Soybean Inclusion

	
SEM

	
p-Values




	
0%

	
25%

	
50%

	
Linear

	
Quadratic






	
TN

	
11.38

	
13.83

	
16.50

	
0.45

	
<0.001

	
0.863




	
NFC

	
364.27

	
420.05

	
462.88

	
8.19

	
<0.001

	
0.564




	
WSC

	
182.26

	
142.23

	
116.25

	
4.78

	
0.001

	
0.316




	
NDF

	
579.06

	
520.83

	
467.87

	
7.58

	
<0.001

	
0.799




	
ADF

	
349.75

	
293.51

	
258.23

	
5.14

	
<0.001

	
0.164




	
ADL

	
72.24

	
36.13

	
38.41

	
3.46

	
<0.000

	
0.006




	
Hemicellulose

	
229.30

	
227.32

	
209.64

	
2.74

	
0.002

	
0.074




	
Cellulose

	
277.51

	
257.39

	
219.82

	
4.00

	
<0.001

	
0.133




	
Holocellulose

	
506.82

	
484.70

	
429.46

	
5.14

	
<0.001

	
0.033




	
BC (mEq g kg−1 DM)

	
25.22

	
40.53

	
43.91

	
1.72

	
<0.001

	
0.022








TN = Total N; NFC = Non-fiber carbohydrate; WSC = Water-soluble carbohydrate; NDF = Neutral detergent fiber; ADF = Acid detergent fiber; ADL = Acid detergent; BC = Buffering capacity.
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Table 2. Influence of soybean inclusion and L. plantarum A1 inoculation on fermentation profile of sorghum silage.
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Item

	
Inoculation (I)

	
Soybean Inclusion (SI)

	
SEM

	
p-Values




	
0%

	
25%

	
50%

	
I

	
SI-L

	
SI-Q

	
SI-L × I

	
SI-Q × I






	
pH

	
Uninoculated

	
4.31

	
4.21

	
4.13

	
0.02

	
<0.001

	
<0.001

	
0.286

	
<0.001

	
0.774




	
Inoculated

	
3.97

	
3.94

	
3.80




	
LA (g kg−1 DM)

	
Uninoculated

	
29.03

	
85.22

	
86.37

	
5.20

	
<0.001

	
<0.001

	
0.777

	
<0.001

	
<0.001




	
Inoculated

	
84.78

	
97.64

	
158.61




	
AA (g kg−1 DM)

	
Uninoculated

	
25.43

	
41.05

	
43.98

	
1.44

	
0.008

	
<0.001

	
0.001

	
0.021

	
0.069




	
Inoculated

	
13.03

	
21.98

	
38.49




	
PA (g kg−1 DM)

	
Uninoculated

	
8.93

	
8.15

	
6.81

	
1.70

	
0.936

	
0.103

	
0.850

	
0.421

	
0.904




	
Inoculated

	
10.44

	
7.50

	
6.31




	
LA/AA

	
Uninoculated

	
1.15

	
2.08

	
1.96

	
0.23

	
<0.001

	
0.648

	
0.512

	
<0.001

	
<0.001




	
Inoculated

	
6.51

	
4.58

	
4.16








I = Inoculation; SI-L = Linear effect of soybean inclusion; SI-Q = Quadratic effect of soybean inclusion; I × SI-L = Interaction of linear soybean inclusion effect with inoculation; I × SI-Q = Interaction of quadratic soybean inclusion effect with inoculation. BC = Buffering capacity; LA = Lactic acid; AA = Acetic acid; PA = Propionic acid.
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Table 3. Influence of soybean inclusion and L. plantarum A1 inoculation on N fractions of sorghum silage.
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Item

	
Inoculation (I)

	
Soybean Inclusion (SI)

	
SEM

	
p-Values




	
0%

	
25%

	
50%

	
I

	
SI-L

	
SI-Q

	
I × SI-L

	
I × SI-Q






	
TN (g kg−1 DM)

	
Uninoculated

	
11.41

	
14.38

	
18.50

	
0.20

	
<0.001

	
<0.001

	
0.147

	
<0.001

	
0.054




	
Inoculated

	
12.59

	
15.94

	
19.32




	
NPN (g kg−1 TN)

	
Uninoculated

	
467.66

	
573.13

	
380.72

	
16.18

	
<0.001

	
<0.001

	
<0.001

	
0.020

	
<0.001




	
Inoculated

	
417.66

	
419.46

	
282.24




	
AA-N (g kg−1 TN)

	
Uninoculated

	
164.11

	
155.62

	
119.82

	
11.92

	
0.055

	
0.115

	
0.407

	
0.028

	
0.405




	
Inoculated

	
135.09

	
102.60

	
135.98




	
NH3-N (g kg−1 TN)

	
Uninoculated

	
83.24

	
93.14

	
80.58

	
3.88

	
<0.001

	
0.975

	
0.769

	
0.708

	
0.080




	
Inoculated

	
70.435

	
57.74

	
72.70








I = Inoculation; SI-L = Linear effect of soybean inclusion; SI-Q = Quadratic effect of soybean inclusion; I × SI-L = Interaction of linear soybean inclusion effect with inoculation; I × SI-Q = Interaction of quadratic soybean inclusion effect with inoculation. TN = Total N; NPN = Non-protein N; AA-N = Amino acid N.
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Table 4. Influence of soybean inclusion and L. plantarum A1 inoculation on NFC, WSC, glucose, sucrose and fructose in g kg−1 DM of sorghum silage.
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Item

	
Inoculation (I)

	
Soybean Inclusion (SI)

	
SEM

	
p-Values




	
0%

	
25%

	
50%

	
I

	
SI-L

	
SI-Q

	
I × SI-L

	
I × SI-Q






	
NFC

	
Uninoculated

	
412.63

	
435.74

	
467.01

	
9.01

	
<0.001

	
<0.001

	
0.162

	
0.005

	
0.124




	
Inoculated

	
401.78

	
452.58

	
448.85




	
WSC

	
Uninoculated

	
70.55

	
51.73

	
25.49

	
4.88

	
<0.001

	
<0.001

	
0.628

	
0.101

	
0.209




	
Inoculated

	
95.19

	
73.11

	
71.35




	
Glucose

	
Uninoculated

	
23.63

	
12.99

	
15.91

	
0.64

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Inoculated

	
22.61

	
17.89

	
27.54




	
Sucrose

	
Uninoculated

	
25.37

	
21.78

	
16.61

	
0.26

	
<0.001

	
<0.001

	
0.565

	
<0.001

	
<0.001




	
Inoculated

	
7.17

	
11.04

	
33.04




	
Fructose

	
Uninoculated

	
19.86

	
11.96

	
9.20

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Inoculated

	
9.82

	
6.05

	
5.97








I = Inoculation; SI-L = Linear effect of soybean inclusion; SI-Q = Quadratic effect of soybean inclusion; I × SI-L = Interaction of linear soybean inclusion effect with inoculation; I × SI-Q = Interaction of quadratic soybean inclusion effect with inoculation. NFC = Non-fiber carbohydrate; WSC = Water-soluble carbohydrate.
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Table 5. Influence of soybean inclusion and L. plantarum A1 inoculation structural carbohydrates (g kg−1 DM) and potential biodegradability of sorghum silage.
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Item

	
Inoculation (I)

	
Soybean Inclusion (SI)

	
SEM

	
p-Values




	
0%

	
25%

	
50%

	
I

	
SI-L

	
SI-Q

	
I × SI-L

	
I × SI-Q






	
NDF

	
Uninoculated

	
489.69

	
435.71

	
397.32

	
2.69

	
0.482

	
<0.001

	
0.070

	
0.158

	
0.017




	
Inoculated

	
487.61

	
443.81

	
385.50




	
ADF

	
Uninoculated

	
283.45

	
259.92

	
227.37

	
2.95

	
<0.001

	
<0.000

	
0.291

	
0.006

	
0.248




	
Inoculated

	
249.50

	
243.44

	
214.40




	
ADL

	
Uninoculated

	
53.67

	
50.20

	
43.90

	
2.25

	
0.000

	
0.012

	
0.648

	
0.204

	
0.307




	
Inoculated

	
42.89

	
38.18

	
39.66




	
Hemicellulose

	
Uninoculated

	
206.24

	
175.79

	
169.95

	
5.22

	
0.001

	
<0.001

	
0.113

	
0.020

	
0.450




	
Inoculated

	
238.11

	
200.37

	
171.10




	
Cellulose

	
Uninoculated

	
229.78

	
209.72

	
183.46

	
4.32

	
0.009

	
<0.001

	
0.621

	
0.168

	
0.204




	
Inoculated

	
206.61

	
205.27

	
174.74




	
Holocellulose

	
Uninoculated

	
436.02

	
385.51

	
353.41

	
3.53

	
0.030

	
<0.001

	
0.056

	
0.040

	
0.0017




	
Inoculated

	
444.72

	
405.63

	
345.84




	
Potential biodegradability

	
Uninoculated

	
8.14

	
7.76

	
8.07

	
0.56

	
0.001

	
0.938

	
0.677

	
0.178

	
0.220




	
Inoculated

	
10.69

	
10.84

	
8.75








I = Inoculation; SI-L = Linear effect of soybean inclusion; SI-Q = Quadratic effect of soybean inclusion; I × SI-L = Interaction of linear soybean inclusion effect with inoculation; I × SI-Q = Interaction of quadratic soybean inclusion effect with inoculation. NDF = Neutral detergent fiber; ADF = Acid detergent fiber; ADL = Acid detergent lignin.
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