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Thermoactive xylanases have important applications in the industrial deconstruction of lignocellulosic plant biomass, due to their sustained activity even at high temperature conditions of industrial bioreactors. We herein report the development of a thermoactive xylanolytic microbial consortium from the semi-digested contents of goat rumen and characterization of the xylanolytic enzyme cocktail produced by it. The consortium exhibited maximum endoxylanase activity at pH6 and at 60°C. Zymogram analysis revealed the production of multiple xylanases. The xylanase cocktail was stable over a pH range of 5–9 after pre-incubation for 3 h. It retained 74% activity after pre-incubation (60°C) for 50 min. It’s activity was enhanced in presence of β-mercaptoethanol, NH4+, Mg2⁺ and Ca2⁺, whereas Hg2⁺ had an inhibitory effect. The xylanolytic cocktail was further utilized for the saccharification of alkali pre-treated rice straw and mushroom spent rice straw. Saccharification was studied quantitatively using the dinitrosalicylic acid method and qualitatively using scanning electron microscopy. Results indicated the potential of the xylanolytic cocktail for the saccharification of rice straw and highlighted the significance of chemical and/or biological pre-treatment in improving the accessibility of the substrate towards the xylanase cocktail.
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INTRODUCTION
With a rampant increase in agro-industrial activities, large quantities of agro residues are being generated worldwide. Such biomass being inexpensive and rich in polysaccharides (cellulose and hemicelluloses) can be subjected to microbial deconstruction (Singh et al., 2019) and the fermentable monosaccharides released can act as building blocks for value added products, such as chemicals, biofuels, etc (Aggarwal et al., 2017).
Hemicelluloses are a group of heteropolysaccharides consisting of xylan along with xyloglucans and mannans. Its depolymerization involves a xylanolytic enzyme system which is dissimilar to conventional cellulose degrading enzyme systems (Smith et al., 2017). Complete hydrolysis of xylan involves the combined action of enzymes with different substrate specificities, such as endo-β-1,4-xylanases (EC 3.2.1.8), β-D-xylosidases (EC 3.2.1.37), α-L-arabinofuranosidases (EC 3.2.1.55), α-glucuronidases (EC 3.2.1.139), acetyl xylan esterases (EC 3.1.1.72) (Thapa et al., 2020). Most fungi and bacteria are inherently efficient producers of xylanases (Thomas et al., 2013). Bacterial consortia with thermostable enzyme systems would be desirable for large scale industrial saccharification of prolonged duration due to lower possibilities of microbial contamination, reduced medium viscosity, increased solubility and surface area of substrate (Cao et al., 2014; Synowiecki., 2010; Gomes et al., 2016). Therefore, development of a thermophilic consortium can be of significance in the microbial production of thermostable xylanases for improved industrial hydrolysis of complex agroresidues.
Rice straw (RS), being one of the most abundant, renewable lignocellulosic waste materials in the world, is an attractive feedstock for bioethanol production (Takano and Hoshino, 2018). Due to lack of utilization, the bulk of it is disposed of by burning, releasing massive quantities of methane and particulate carbon. This not only negatively affects the tropospheric ozone layer with increase in global warming and pollution, but also leads to a significant deterioration of annual harvest and public health standards (Wood et al., 2016). RS is comprised of cellulose (∼35%), lignin (∼15%) and hemicellulose (∼18%) (Gou et al., 2018) and has potential to be used as feedstock for lignocellulolytic exoenzyme production as well as for saccharification to produce simple sugars (Djohan et al., 2016; Kogo et al., 2017). The spontaneous degradation of lignocellulosic compounds is extremely slow but there are microorganisms capable of degrading them (Chen et al., 2019). Microorganisms thriving in environments where natural lignocellulose degradation occurs, produce enzymes such as laccases, cellulases and xylanases to hydrolyze the different components of agroresidues (Ravindran et al., 2018). Hence, an environmental sample-based consortium would produce a plethora of microbial hydrolases as compared to single bacterial isolates and would be useful in agroresidue degradation.
RS is used as a substrate in small scale industries for the cultivation of oyster mushroom (Pleurotus sp). This fungal specimen is reported to produce peroxidase and laccase for lignin degradation and therefore spent rice straw (SRS) obtained after such biological pre-treatment has been considered suitable for downstream applications (Diaz-Godinez et al., 2017). Hence, the combined use of RS, initially for mushroom cultivation and then for microorganism-catalyzed depolymerization to fermentable sugars, could be an interesting research area and could be helpful in exploiting the full potential of RS.
With the aim to develop an industrially applicable enzyme cocktail, this study focuses on the development of a thermotolerant xylanolytic consortium from goat rumen contents, characterization of it’s xylanolytic enzymes and it’s utilization in the saccharification of alkali pre-treated RS and SRS at high temperatures.
MATERIALS AND METHOD
Materials
RS was collected from the Centre for Floriculture and Agri-business Management (COFAM), University of North Bengal, Siliguri, cut and ground into small pieces (approx.1 mm thick and 7 mm long) before storing in glass bottles at 4°C. SRS left after the cultivation of Pleurotus sp (Oyster mushroom) was obtained from the Department of Microbiology, University of North Bengal. SRS was processed by removing lumps of mycelium and then autoclaving at 15 psi for 15 min. The processed RS and SRS samples were stored in polyethylene bags for further use (Ryden et al., 2017).
The substrates for various enzymatic assays were purchased from Sigma-Aldrich, India. All other chemicals and media components were from Hi Media Laboratories and Sigma-Aldrich, India.
Development of Lignocellulose Degrading Thermophilic Consortium From Goat Rumen Contents
A microbial consortium was developed on M9 minimal medium which contained (gl−1): Na2HPO4, 6; KH2PO4, 3; NaCl, 5; NH4Cl, 1; MgSO4, 0.5 and CaCl2, 0.015 (Lepcha and Ghosh, 2018) and 3% rice straw as the sole carbon source. 50 ml of medium was inoculated with 4% (v/v) of semi-digested goat rumen contents and incubated under shaking (100 rpm), initially at 45°C. Consortium was sub-cultured (4% v/v) weekly into fresh M9 rice straw medium (45°C) for 2 weeks and then at 55°C for 2 weeks. Hereafter, the sub-cultures were incubated at 60°C and the cell-free supernatant (CFS) from the ninth pass onwards was used for further study. The thermophilic consortium (bred on RS) thus produced, henceforth has been referred to as Rice Straw-based Consortium (RSC). The original culture was continuously sub-cultured and maintained at 60°C.
Production of Xylanases by RSC
Extraction of Enzymes
The RSC culture was centrifuged at 12,000 xg for 15 min and the CFS obtained after passing through 0.2 µm filter was assayed for the presence of xylanases.
Agarose Well Diffusion Assay
A primary assessment of the consortium in terms of xylan hydrolysis capacity was performed via agarose well diffusion assay for seven consecutive days of growth. A mixture of 1% agarose and 0.5% birch wood xylan was layered on glass surface and wells of 0.7 cm diameter were bored in it. After introducing 50 µl of CFS into each well, the plate was incubated for 30 min at 60°C. Following this, the plate was stained with Congo Red solution (0.1% v/v) for 15 min and destained with 1M NaCl. Plates were visualized for zones of clearance and hydrolysis capacity was calculated (Gavande et al., 2021).
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Enzyme Assays and Protein Estimation
The endoxylanase activity of the CFS was determined at 24 h intervals at the standard mesophilic (37°C) and elevated temperatures (60°C) and at different pH (Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Chen et al., 2019) for seven consecutive days of growth. The following buffers (100 mM) were used: citrate buffer (pH5 and pH6), phosphate buffer (pH7) and Tris Cl (pH8). The activities of accessory xylanolytic enzymes such as β-xylosidase, α-L-arabinofuranosidase and acetyl xylan esterase were determined on the day, temperature and pH which corresponded to the highest endoxylanase activity.
Endoxylanase assay was based on the reaction of enzymatically released reducing sugars with dinitrosalicylic acid (DNSA) reagent (Ghose, 1987). The assay mixture in a total volume of 1 ml contained 1% (w/v) birch wood xylan, 80 mM buffer and 100 μl CFS and the reaction was incubated at specified temperatures. After 30 min, the reaction was stopped by the addition of an equal volume of DNSA reagent followed by boiling in a water bath for 10 min. The released reducing sugars were determined by measuring the absorbance at 540 nm using xylose standard curve as reference. One unit of enzyme activity (EU) refers to the amount of enzyme that released 1 μmol of xylose min−1 under the standard assay conditions.
The activities of β-xylosidase, acetyl xylan esterase and α-L-arabinofuranosidase were assayed by using the respective substrates p-nitrophenyl-β-D-xylopyranoside, p-nitrophenyl-acetate and p-nitrophenyl-α-L-arabinofuranoside. The reaction mixture contained 2.5 mM of substrate, 80 mM buffer and 100 μl CFS. After incubation at specified temperatures for 30 min, the reaction was terminated by adding equal volume of 0.4M NaOH-glycine buffer (pH10.8) and the amount of released p-nitrophenol (pNP) was measured at 410 nm (Parry et al., 2001) using pNP as the calibration standard. One unit of enzyme activity (EU) refers to the amount of enzyme that released 1 μmol of product (pNP) min−1 under the standard assay conditions.
Protein concentration was determined by the dye binding method of Bradford using bovine serum albumin as standard (Bradford, 1976). The specific activities (EU/mg) of all four enzymes: endoxylanase, α-L-arabinofuranosidase, acetyl xylan esterase and β-xylosidase, were used to estimate their relative abundance in the CFS according to the equation:
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Zymogram Analysis
The RSC culture was centrifuged after 3 days of growth and the protein content of CFS was precipitated by adding double volume of acetone, keeping overnight at 4°C and then centrifuging at 12000 xg for 15 min. The obtained pellet was suspended in a minimal volume of 100 mM citrate buffer, pH6 and the xylanase enzyme preparation (XEP) so obtained was used for zymogram analysis (Romano et al., 2013). For this, the protein sample (∼25 μg) was resolved in a polyacrylamide gel incorporated with 0.1% (w/v) birch wood xylan. The zymogram gel was incubated overnight in a renaturation reagent, 1% (v/v) Triton X 100 at 4°C, followed by thorough washing with deionised water. The gels were then incubated in 100 mM phosphate buffer (pH6) at 60°C for 30 min. The zymogram for xylanase was stained with 0.1% (w/v) Congo Red solution for 30 min followed by destaining with 1M NaCl.
Characterization of Endoxylanase
The RSC culture was centrifuged after 3 days of growth and XEP was prepared for characterization of endoxylanases.
pH Optima and Stability
The optimum pH of endoxylanase was determined by measuring enzymatic activity in a wide range of pH (Anasontzis et al., 2017; Bhardwaj et al., 2019; Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Chen et al., 2019; Díaz-Godínez et al., 2017; Djohan et al., 2016) at 60°C. For determination of pH stability, pre-incubation (3 h) was performed in respective buffers at 4°C. The pre-incubation temperature of 4°C was chosen to prevent the temperature dependent loss of enzymatic activity. This was followed by determination of enzymatic activity at 60°C under standard assay conditions.
Temperature Optima and Stability
The optimum temperature of endoxylanase was determined by measuring enzymatic activity in the temperature range 4–100°C at pH6 under standard assay conditions. For determination of thermal stability, pre-incubation was performed in citrate buffer (pH6) for different time periods (0–50 min) (Wang et al., 2019) at 40, 60 and 80°C and then endoxylanase activity was determined at 60°C under standard assay conditions.
Effect of Additives on Xylanase Activity
The effect of additives was determined by monitoring activity in presence of metal ions, sodium dodecyl sulphate (SDS), β-mercaptoethanol (β-ME) and ethylene diamine tetraacetic acid (EDTA) at a concentration of 5 mM each (Shaikh et al., 2018). The reaction mixture with each of the additives was incubated at 60°C under standard assay conditions. Reaction mixtures without additives served as control.
Effect of Monosaccharides and Disaccharides on Xylanase Activity
Susceptibility to feedback inhibition was tested by carrying out endoxylanase assay in presence of xylose, glucose (Madarwati et al., 2014) or cellobiose at concentrations ranging from 50 to 200 mM at 60°C and pH6 under standard assay conditions as described above.
Pretreatment and Saccharification
Alkaline Pre-treatment of RS and SRS
RS and SRS were alkali pre-treated by soaking in 12% (w/v) sodium hydroxide (NaOH) solution for 1 h at 55°C in a solid to liquid ratio of 1:20 (w/v) and then they were segregated from the pre-treatment liquid or “black liquor” using filter paper (Harun and Goek, 2016). The alkali pre-treated RS (NaOH RS) and alkali pre-treated SRS (NaOH SRS) were thoroughly washed with distilled water till neutral pH and were pressed dry with filter papers instead of air-drying to preserve porosity according to the protocol of NREL (Resch et al., 2015) and stored in glass bottles.
High Temperature-small Scale Saccharification
XEP from RSC was implicated in HTSS of NaOH RS and NaOH SRS and those without alkali pre-treatment (RS and SRS). The saccharification mix in a final volume of 20 ml, contained 0.6 g (3% w/v) of substrate, 18 ml of 100 mM citrate buffer (pH6) and 2 ml of XEP. The reaction mix was incubated at 60°C and a separate reaction was set for each straw sample. Saccharification mixes were centrifuged at specified time intervals at 12000 xg for 15 min. The supernatant obtained, was used to estimate the total yield (TY) of reducing sugars (Ghose, 1987) and residual xylanase activity in the saccharification mix. The reaction mixture without XEP containing only the substrate in 20 ml buffer served as control in order to estimate the non-enzymatic yield (NEY) of reducing sugars from the substrates at 60°C.
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS)
After saccharification experiment, all the rice straw samples were dried in a dessicator and mounted on stubs using a carbon adhesive. Then they were sputter coated with gold (Au) nanoparticles in an ion-sputter coater before viewing under SEM (JOEL JSM-IT 100) at 10 mm and 5 kV acceleration voltage and ×900 magnification. SEM study was accompanied by the analysis of silica content by EDS (Oxford INCA350) (Phitsuwan et al., 2017).
RESULTS
Production of Xylanases by RSC
Agarose Well Diffusion Assay
The hydrolysis of polysaccharides in an agarose-based medium is usually indicated by the formation of clearance zones due to the lower binding affinity of Congo Red dye with depolymerised polysaccharides. The xylanolytic potential of RSC was revealed by the formation of clearance zones on agarose gel supplemented with 1% birch wood xylan, when stained with 0.1% Congo Red solution. The hydrolytic index increased during the incubation period with the highest value (2.50) on Day3 which gradually decreased thereafter (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Detection of xylan degradation as determined on various days of growth of RSC by agarose well diffusion assay (B) Endoxylanase activities (EU/ml) at different temperatures (37 and 60°C) and pH (C) Relative abundance of xylanolytic enzymes (endoxylanases and accessory enzymes) in CFS of RSC after 3 days of growth at 60°C (D) Zymogram of extracellular xylanases present in XEP after 3 days of growth of RSC.
Quantitative Estimation of Xylanase Production
The endoxylanase activity of RSC was estimated quantitatively at different pH (Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Chen et al., 2019) and temperatures (37°C, 60°C) from Day 1 to Day 7 of incubation. Endoxylanase activity was detected at all the tested pH and was maximum at 60°C and pH6 on Day 3 (1.7 EU/ml). After Day 3, there was a gradual decline in activity up to Day 7 (1.13 EU/ml) (Figure 1B). The production of cellulase was insignificant as compared to that of xylanase and hence was not considered for further analysis.
Production of Accessory Xylanolytic Enzymes by RSC
Since maximum endoxylanase activity was observed on Day 3, it’s relative abundance in the CFS on the same day was compared with that of accessory xylanolytic enzymes, in terms of the specific activity. Endoxylanase (4.52 EU/mg) was the most abundant xylanolytic enzyme and constituted 39.07% of the CFS, followed by 24.98% of α-L-arabinofuranosidase (2.89 EU/mg), 21.18% of acetyl xylan esterase (2.45 EU/mg) and 14.78% of β-xylosidase (1.71 EU/mg) (Figure 1C).
Zymogram Analysis
The production of multiple xylanases by RSC was ascertained by zymogram analysis. The concentrated CFS formed four smears along the gel length due to xylan hydrolysis. One broad smear was obtained in the molecular weight range of (95–240) kDa and other smears were obtained in the range of 55, 28 and less than 28 kDa (Figure 1D).
Characterisation of Endoxylanase
Temperature and pH Optima and Stability
The cocktail was active over a wide range of pH (Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Djohan et al., 2016; Anasontzis et al., 2017; Díaz-Godínez et al., 2017; Bhardwaj et al., 2019; Chen et al., 2019) with the optima being at pH6. It gave 53.41% of it’s activity at pH4 and 41.32 and 38.01% of it’s activity at pH9 and 10 respectively (Figure 2A). The results of pH stability showed that the mixture was most stable at pH7. There was no significant loss of activity in the pH range (Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Díaz-Godínez et al., 2017; Chen et al., 2019). 86.4, 91.6 and 85% activities were retained at pH5, 6 and 9 respectively whereas only 56.9 and 46.4% activities were retained upon pre-incubation at pH3 and 10 respectively (Figure 2B).
[image: Figure 2]FIGURE 2 | Effect of (A) pH on activity (B) pH on stability (C) temperature on activity (D) temperature on stability (E) additives on activity (F) mono- and disaccharides on activity of xylanases present in XEP after 3 days of growth of RSC.
Optimum activity was obtained at 60°C, while 96 and 82% activity were exhibited at 80°C and 100°C respectively (Figure 2C), demonstrating saccharification capacity at higher temperatures and under harsh pre-treatment conditions. The cocktail was moderately thermostable as it retained 80.86 and 74.20% of activity after pre-incubation for 50 min at 40°C and 60°C respectively, whereas 13.9% activity was retained after pre-incubation for 50 min at 80°C (Figure 2D).
Effect of Metals, Additives and Sugars on Activity
Metal ions interact with the -SH or -COOH functional groups present in enzymes and may either stimulate or inhibit its performance (Kumar et al., 2017). The xylanase activity was increased upto 130.2% by β-ME, upto 111.08% by NH4⁺, upto 107.3% by Mg2⁺ and upto 103.35% by Ca2⁺ whereas it was diminished to 10% by Hg2+, to 93.63% by Zn2⁺, to 94.81% by Fe2⁺ and to 86% by Cu2⁺. The presence of EDTA and SDS in the reaction mixture reduced xylanase activity to 88.67 and 81.2% respectively (Figure 2E). The influence of various concentrations of xylose, glucose and cellobiose on xylanase activity was also investigated. Xylose at 200 mM diminished the enzymatic activity to 31.25% suggesting feedback inhibition. Both glucose and cellobiose had an inhibitory effect. Glucose (200 mM) diminished the enzymatic activity to 25%, whereas cellobiose had a relatively lower inhibitory effect with 68.75 and 62.50% activities remaining at 150 and 200 mM concentrations, respectively (Figure 2F).
Implication of XEP in Saccharification
Estimation of Release of Reducing Sugars
A progressive increase in TY was noted from Day 1 to Day 5 in case of all samples, with maximum TY of reducing sugars on Day 5 for NaOH RS (196 mg/g dry matter (DM)) (Figure 3A). This was 1.36 fold greater than the TY of NaOH SRS on Day 5 (144 mg/g DM). Both NaOH RS and NaOH SRS had higher TY values than the samples without NaOH treatment (RS and SRS). On Day5, the TY of NaOH RS was 4.08 fold higher than the TY of RS (48 mg/g DM), whereas the TY of NaOH SRS was 1.47 times higher than the TY of SRS (98 mg/g DM).
[image: Figure 3]FIGURE 3 | (A) Release of reducing sugars from different straw samples during 5 days of HTSS (B) Total yield (TY) and non-enzymatic yield (NEY) of sugars from untreated and alkali pre-treated straw samples after 5 days of HTSS (C) Residual activity of xylanases in the different saccharification mixes during 5 days of HTSS.
The NEY in NaOH SRS on Day 5 (68 mg/g DM) was 1.55 fold higher as compared to the NEY of SRS (44 mg/g DM) and the NEY in NaOH RS on Day 5 (30 mg/g DM) was 1.25 fold higher as compared to the NEY of RS (24 mg/g DM) (Figure 3B) indicating the role of pre-treatment strategies in affecting the structural integrity of rice straw and hence facilitating higher non-enzymatic release of sugars during saccharification.
Estimation of Residual Xylanase Activity in Saccharification Mix
Residual activity was estimated to ascertain enzymatic thermostability in the saccharification mix over 5 days (Figure 3C). XEP of RSC was thermoactive as it retained activity till the end of the saccharification experiment. The XEP applied to RS and NaOH-RS retained 80.7 and 62% of initial activity, whereas 70 and 53.33% of initial activity were retained in case of SRS and NaOH SRS, respectively.
SEM and EDS Analysis
SEM analysis revealed prominent cracks on the surface of SRS as compared to the relatively intact surface of RS. The structure of RS and SRS after alkali pre-treatment and saccharification showed distinct disorganisation of structure, which was higher for NaOH SRS as compared to other substrates (Figures 4A–D). Furthermore, EDS analysis revealed higher silica levels in RS (19.06 weight%) and SRS (17.61 weight%) which was considerably reduced in NaOH RS (6.91 weight%) and NaOH SRS (2.14 weight%), respectively (Figures 4E–H).
[image: Figure 4]FIGURE 4 | SEM analyses (A) RS (B) SRS (C) NaOH RS (D) NaOH SRS and EDS analysis of silica percentage (E) RS (F) SRS (G) NaOH RS (H) NaOH SRS of different samples after 5 days of HTSS.
DISCUSSION
Lignocellulolytic environments happen to be a potential source of cellulolytic and xylanolytic enzymes for the efficient depolymerization of agro-residues to reducing sugars and can be used for industrial applications. Ruminant diet contains crude fibers such as cellulose, xylan and starch as basal feed. These materials are fermented in rumen by microbial communities including bacteria, fungi and protozoa. Among these, bacterial population is the most abundant in the rumen ecosystem comprising 1010 to 1011 cells/ml (Kamra, 2005). Biomass degradation by thermotolerant microorganisms is beneficial due to their production of thermostable enzymes with higher specific activity and stability, thus allowing flexibility for process configuration. The ruminal (core) temperature in live goat is around 39.8°C (Szabuniewicz et al., 1972). Even though mesophiles are expected to predominate under normal conditions, there are reports on the metagenomic analysis of rumen microbial communities revealing the presence of numerous thermotolerant species belonging to bacterial phyla such as Bacteroidetes, Firmicutes, Proteobacteria, Euryarchaeota, Actinobacteria, Spirochaetes, Fusobacteria, Chloroflexi and Chlorobi (Suryawanshi et al., 2019). The microbiota of goat rumen can therefore serve as a unique source of thermostable cellulolytic and hemicellulolytic enzymes.
In the present study, a thermotolerant bacterial consortium, RSC, was developed from goat rumen contents using RS as the sole carbon source. The culturable bacterial isolates obtained from the consortium were mostly Gram positive. The molecular characterisation of the isolates by 16SrRNA analysis, revealed that most of them belonged to genus Bacillus, which is not surprising because Bacillus sp has long been associated with thermotolerance and xylanolytic property (Chakdar et al., 2016). Some other bacterial genera such as Staphylococcus and Lysinibacillus, were also present (Supplementary Material Figure S1).
The CFS derived from the heat-adapted RSC exhibited the ability to degrade xylan in the agarose well diffusion assay. RSC produced thermoactive xylanolytic enzymes among which, endoxylanase exhibited the maximum activity at different pH (Bradford, 1976; Cao et al., 2014; Chakdar et al., 2016; Chen et al., 2019). It was also found to be produced in proportionately higher quantity as compared with the accessory xylanolytic enzymes and therefore studied in detail. The presence of endoxylanase activity in a broad range of pH along with the multiple band formation during zymogram analysis, was owed to the production of multiple xylanolytic enzymes by the RSC, with diverse physicochemical properties (Chakdar et al., 2016), and to the presence of isoenzymes, whose production has previously been reported in notable thermophilic genera such as Cellulomonas and Nesterenkonia (Walia et al., 2017).
The degradation of the heterogeneous structure of xylan requires the action of a complex enzyme system, composed of β-1,4-endoxylanase, β-xylosidase, α-L-arabinofuranosidase and acetyl xylan esterase (Bhardwaj et al., 2019). The cooperative effect of the xylan-degrading enzymes enhances the susceptibility of the heteropolymer to degradation. The removal of acetyl group from acetyl xylan by acetyl xylan esterase increases the accessibility of the xylan backbone for endoxylanase attack. Conversely, endoxylanase creates shorter acetylated polymers, which are the preferred substrates for esterase activity. β-xylosidase hydrolyzes the released xylooligosaccharides hence preventing end-product inhibition of endoxylanase, while α-L-arabinofuranosidase enhances the saccharification of arabinoxylans (Malgas et al., 2019). Among the various xylanolytic enzymes produced by RSC, endoxylanase exhibited maximum activity. Previous studies on the production of cellulolytic enzymes by bacterial consortia developed from compost (Zhu et al., 2016) and vermicompost (Gavande et al., 2021) also showed relatively higher proportion of endoxylanase activity.
Endoxylanase activity in the consortium was moderately thermostable and it showed optimum activity at 60°C with marked activity even at 80 and 100°C. The RSC endoxylanase activity was weakly inhibited by EDTA indicating non-obligate role of metal ions in catalysis and by SDS indicating the importance of hydrophobic interactions in maintaining enzyme structure (Seemakram et al., 2020). Strong inhibition by Hg2+ suggested the presence of free sulphydryl (-SH) groups in the active sites. Greater inhibitory effect of monosaccharides (as compared to cellobiose) on xylanase activity was in accordance with the findings of (Madarwati et al., 2014) who stated that the presence of glucose and xylose in hydrolysis reaction sets can decrease the yield of simple sugars. The research work of Ajijolakewu et al. (2016) also highlighted a greater inhibitory effect of monosaccharides as compared to disaccharides (cellobiose) on xylanase activity which implied that XEP was prone to feedback inhibition and continuous removal of end products might be required for more efficient saccharification.
The implication of the RSC enzyme cocktail in industrial saccharification was analysed by performing HTSS on untreated, alkali pre-treated (NaOH-RS and NaOH-SRS), and combined biologically and alkali pre-treated straw samples (NaOH RS and NaOH SRS). A significantly higher yield of RRS from NaOH RS and NaOH SRS in comparison to the untreated samples showed the effectiveness of pre-treatments in removal of lignin and increased accessibility of xylanases to hemicelluloses (Ikramullah et al., 2018). Phitsuwan et al. (2016) reported an 84% removal of lignin from napier grass by using NaOH, thereby making substrates more available to the enzymes. The XEP retained considerable activity during the 5 days of saccharification at 60°C, which was due to the production of multiple thermostable xylanases by the RSC as was seen during zymogram analysis. This remarkable retention of activity was accredited to the fact that XEP contains a cocktail of several xylanases and although some forms might have been inactivated, majority of the isoforms retained activity.
SEM analysis revealed cracks and a distinct structural disintegration, with a higher level of deconstruction in NaOH-SRS after saccharification. This corresponds to hyphal penetration by Pleurotus sp (Anasontzis et al., 2017) leading to higher NEY of sugars from SRS. EDS analysis showed higher levels of silica in RS and SRS, which were reduced upon alkali pre-treatment. The surface of RS contains silica globules, which remain complexed with lignin polymers (Do et al., 2020). Lignin is a significant barrier in the deconstruction of lignocellulose as it reduces the enzymatic accessibility towards the cellulosic and hemicellulosic components. The reduction of silica percentage can be linked to delignification. Therefore the results of SEM analysis along with EDS showed the highest level of deconstruction in case of NaOH SRS followed by NaOH RS, SRS and RS, whereas sugar yield results indicated the highest total yield in case of NaOH RS followed by NaOH SRS, SRS and RS. A relatively lower yield of sugar in case of NaOH-SRS could be due to the partial hemicellulosic loss due to the combined pre-treatment. The results thus indicated that the combination of Pleurotus and NaOH pre-treatments may not be the best pre-treatment strategy for saccharification although they are efficient pre-treatment methods when used independently. To the best of our knowledge, this is the first report on the effect of combination of Pleurotus sp and NaOH pre-treatment on the HTSS of RS by a thermoactive xylanolytic cocktail. Our future research work is directed towards the isolation of xylanase-producing bacteria, molecular characterization of the xylanolytic enzymes produced by them and the cloning and expression of novel xylanase genes in suitable hosts for industrial applications.
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