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Abstract

:

Enzyme mediated degradation of lignocellulosic biomass is an important step in waste-biorefineries. Multienzyme preparations can effectively degrade complex materials and, hence, can be applied in biorefineries. Here, an agro-industrial waste, sugarcane bagasse, was used to produce a bacterial multienzyme. The bacterial strains including B. thuringiensis B45, B. velezensis BF3 and B. amyloliquefaciens B987 exhibited their growth at temperatures from 30–50 °C in the presence of 2% salt. The isolates B45, BF3 and B987 were able to produce endoglucanase, xylanase and pectinase, respectively. Therefore, it was aimed to obtain a multienzyme preparation by cultivating the bacterial consortium under a solid-state fermentation of untreated and chemically treated sugarcane bagasse. The results showed that the titres of cellulase and xylanase were generally higher when the strain B45 cultivated at the start of the fermentation. Interestingly, the degradation of cellulose and hemicellulose present in sugarcane bagasse by the strains B45 and BF3 rendered the mere pectin component available to the pectinolytic strain B987. The degradation of SB by the consortium was confirmed by gravimetric analysis and scanning electron microscopy. The study showed that the bacterial strains can be cultivated under solid-state fermentation to obtain industrially important enzymes.
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1. Introduction


Soil microbes play a diversified role in improving the fertility of soil, which provides growth promoting substances to plants and can degrade a variety of complexes in their habitat [1]. Bacteria are the most abundantly found microbes in soil and play vital roles in organic matter recycling. Exploring their diversity with a particular emphasis on finding industrial applications has remained a subject of research in microbial biotechnology. Indeed, soil bacterial strains have been reported for their plant growth promoting abilities and can be used for the sustainable development of agriculture [2] (Bauza-kaszewska et al., 2022). Soil bacteria have also been described for their positive impacts on plants thriving under a saline environment [3]. The environmental benefits of soil bacteria are evident as soil bacteria can degrade and detoxify pesticides, including Chlorantraniliprole and Flubendiamide [4]. Soil bacteria have also been described as sources of industrially relevant metabolites, including biosurfactant [5], bacteriocin [6], cellulase [7] and amylase [8].



Bacterial strains have been reported to degrade lignocellulosic biomass by producing a number of carbohydrases, including cellulase, xylanase and pectinase [9,10]. Cellulases are the main cell wall degrading enzymes that can act on cellulose either randomly (endoglucanase) or terminally (exoglucanase and β-glucosidase), leading to the release of sugars from the most abundant polymer on Earth [11] (Ejaz et al., 2021). In a plant cell wall, cellulose is attached with hemicellulose, which is a heterogenous polymer but predominantly contains xylan [12]. Xylanases degrade xylan into oligosaccharides and xylose as the main products [13]. Pectin, although a constituent of the plant cell wall, is mainly found in the middle lamella and present in negligible quantities in hardwoods [14] (Thite et al., 2020). Pectinases are a diversified group of enzymes that can attack on the main chain of galacturonic acid linked polymer as with all the side chains with various substituents [15] (Shrestha et al., 2021).



With recent innovations in biorefinery approaches, the interest towards plant cell wall degrading enzymes and their productions has renewed [16,17]. Filamentous fungi have remained the main source of these enzymes since the discovery of cellulases in Trichoderma [11]; however, lately, bacterial strains were recognized as a promising source of plant cell wall degrading enzymes [10,18]. Among bacteria, the members of the genus Bacillus have been particularly described as the house of industrially important metabolites, including plant cell wall degrading enzymes that can withstand extreme temperatures and pH [19,20,21]. The attributes of stability towards varying environmental conditions provide a prospect of utilizing Bacillus species in the fermentation of plant biomass [22,23], including sugarcane bagasse [19]. Since a single organism does not produce all the enzymes required to degrade a complex biomass, such as sugarcane bagasse (SB), microbial consortia are developed to obtain enzymes with desirable catalytic attributes [24]. Indeed, the degradation of lignocellulosic biomass is reportedly improved when a bacterial consortium is used compared to the degradation using a single strain [25].



SB is a fibrous residue that is generated after the extraction of sugar from the stalk and is considered one of the largest agro-industrial waste products, with approximately 1.7 billion tons of global annual production estimated in the year 2015 [26]. Although millions of tons of this waste are produced in sugar producing countries, it remains under-utilized. With a considerable proportion of fermentable components, SB can be assimilated by microorganisms; hence, it can serve as a source of low-cost feedstock for the production of valuable compounds. Fungi, through hyphae, can penetrate deeply into the substrates and, therefore, have frequently been reported for their use in the production of plant cell wall degrading enzymes, particularly cellulase and xylanase, under the solid state fermentation (SSF) of SB. Few researchers have reported the supplementation of pectic materials to SB for the production of pectinase using crude substrates [27]. A thorough literature survey did not reveal any report regarding the use of a bacterial consortium for the production of a multienzyme with pectinase rich activity under the SSF of SB without the supplementation of pectin. Earlier, we have reported about the improved production of cellulase and xylanase by the co-culture of S. cerevisiae MK-157 and C. tropicalis MK-118 under the SSF of SB [28]. Here, the production of pectinase-rich multienzyme preparation is being reported using a consortium of cellulolytic, xylanolytic and pectinolytic bacilli.




2. Materials and Methods


2.1. Isolation of Bacterial Strains


The soil samples were collected from Keerthar National Park (Coordinates: 25.274784214863075, 67.11471095337144) in sterile plastic bags, brought to the laboratory and kept at 4 °C until analyzed. The samples were processed through an elective and enrichment technique to isolate bacterial strain. The sample (100 g) was mixed with sugarcane bagasse (10 g), moistened with water and kept in plastic bags at 40 °C for one week while maintaining the moisture level. After the enrichment of the sample, the samples were separately transferred to Erlenmeyer flasks (250 mL) containing a mineral salt medium (MSM) [29] containing 1% (w/v) carboxymethyl cellulose (CMC), xylan and pectin as the sole carbon source and incubated at 40 °C for 48 h. The contents of these flasks were transferred (at 10% ratio) to flasks containing the corresponding substrates and incubated at 40 °C for 48 h. The step was repeated, the contents of the last flasks were spread over MSM containing corresponding substrates and the plates were incubated at 40 °C for 48 h. The isolated colonies were purified and maintained on Nutrient agar.




2.2. Screening of Bacterial Isolates for Cellulase, Xylanase and Pectinase Activities


The bacterial isolates were screened for cellulase, xylanase and pectinase activities using MSM supplemented with the corresponding substrates of the enzymes. A single isolated colony from a nutrient agar was transferred to a nutrient broth until OD600 reached 0.8–1.0. An aliquot (100 μL) from this inoculum was separately spread over MSM agar containing CMC, xylan or pectin and incubated at 40 °C for 24 h. The plates containing CMC and xylan were stained with congo red while the pectin containing plates were incubated with Ruthenium red [30]. The halos around the colonies were estimated and taken as the potential of the isolate to produce the corresponding enzyme. The isolates that appeared positive in the plate screening assay were further investigated in shake flask experiments [30]. Briefly, an inoculum was prepared as discussed earlier and separately transferred to MSM containing CMC, xylan or pectin and incubated at 40 °C for 24 h at 150 rpm. The cells were separated from the broth by centrifugation at 3000× g for 20 min, and the cell-free culture supernatant (CFCS) was taken as the enzyme preparation.




2.3. Enzyme Assays


Endoglucanase, xylanase and pectinase assays were performed as given earlier [10] by estimating the amount of reducing sugars using the dinitrosalicylic acid method [31]. One unit of the enzyme activity was defined as the μmol of the reducing sugars released by the 1 mL of the enzyme under standard assay conditions per minute. Protein estimation was carried out using Bradford’s method [32], and the specific activity (IU per μg of protein) was estimated.




2.4. Genomic DNA Extraction and Identification of the Promising Isolates


Based on the quantification of the endoglucanase, xylanase and pectinase, three isolates, B45, BF3 and B987, were selected for further studies. Genomic DNA was extracted as described elsewhere [33]. Universal primers 27F and 1492R were used to amplify 16S rDNA, and amplicons were sequenced by Macrogen, Korea. The sequences were submitted to the NCBI and accession numbers were obtained. The BLAST tool from NCBI was used to align the sequence with the database, and a phylogenetic tree was constructed using the Omega 6 tool.




2.5. Growth Profile of the Isolates


The promising isolates, B45, BF3 and B987, were investigated for their growth in the presence of cellulose, xylan and pectin, with and without salt at varying temperatures to determine the induction of various enzymes and the halo- and thermotolerance of the isolates. Briefly, a single isolated colony of each strain was transferred to a nutrient broth and cultivated at 37 °C for 24 h until OD600 reached 0.8–1.0. The inoculum was transferred (by maintaining the final OD600 of 0.3 corresponded to 2.8–3.2 × 108 cells per mL) to MSM containing CMC, xylan or pectin containing varying concentration of salt (0–4%) and incubated at different temperatures from 25–50 °C for 24–48 h. The final OD600 of the suspension was noted, and CFCS was prepared to analyze the amount of cellulase, xylanase and pectinase. The cell density was estimated using a calibrated curve of the bacterial cell count with the OD600.




2.6. Solid State Fermentation of Sugarcane Bagasse


The strains, (B45, BF3 and B987) were selected to grow under the SSF of SB in a consortium and to analyse the enzyme preparation. B45 was an endoglucanase (EG) producing strain, BF3 was xylanase producing strain while B987 had a potential to produce pectinase. The compatibility of the strain was confirmed by cross streaking on nutrient agar plates [28]. The inoculum of the three strains was prepared as given in the earlier section. The inoculation pattern of the strains was investigated by varying the time of the inoculation of the bacterial strains.



SB was obtained from a local fruit juice seller and pretreated using acid and alkali (Qadir et al. 2018). The SSF process was carried out as given in Shariq et al. (2020) with certain modifications. Briefly, 10 g of SB was autoclaved in a 500 mL Erlenmeyer flask and moistened with MSM without any carbon source to achieve a moisture level of 65%. The bacterial inoculum (5 mL) was transferred to this SB, mixed and the flasks were incubated at 45 °C for 48 h. At harvest, 100 mL of a 50 mM sodium citrate buffer (pH 5.0) containing 0.05% w/v Tween 80 was added and placed in a shaker at 150 rpm. The filtrate was separated by passing the contents through four layers of muslin cloth and then centrifuged at 2500× g for 15 min. The cell-free culture supernatant was assayed for the enzyme assays, and the residue was analysed for cellulose and hemicellulose contents gravimetrically. To use the consortium of the strains, five different experiments were designed for the inoculation of B45, BF3 and B987. With every experiment, the strains were also inoculated separately as controls. A summary of the inoculation pattern is given in Table 1.




2.7. Gravimetric Analysis and Scanning Electron Microscopy


The gravimetric analysis of SB was carried out by adopting a previously described method [34], and the contents of lignin, cellulose and hemicelluloses were estimated [28]. Pretreated and fermented SB was visualized with scanning electron microscopy (SEM), JSM-6380 A, JEOL USA, after coating with a 250 A° thick gold using an Ion Sputtering Device.




2.8. Statistical Analysis


All the experiments were conducted in triplicate, and the mean values have been reported. Standard deviation and other analysis were performed using SPSS (Ed. 26).





3. Results and Discussion


The microbial diversity in soil has been explored widely for the production of industrially important metabolites, including plant cell wall degrading enzymes [30]. The discharge of lignocellulosic materials along with other industrial wastes render soil a diversified environment where microbial interactions can exhibit various degradative potential. Therefore, soil, particularly of less explored areas, has remained a source of microbial strains with desirable attributes for their exploitation on the commercial scale. Kirthar National Park, Sindh, Pakistan has been mainly described for its geographic pattern and floral diversity [35], and the studies related to the isolation of microbial strains are scarcely available. The current study was designed to isolate bacterial strains from the soil with a particular emphasis on their ability to produce plant cell wall degrading enzymes.



3.1. Isolation and Screening of Bacterial Strains


In all, 37 bacterial strains were isolated after the enrichment of the soil samples. The low number of isolates from a soil sample can be linked with the enrichment and selective pressure technique that favoured the growth of plant cell wall degrading bacteria at 40 °C. The isolated bacterial strains were screened using the plate assay and shake flask method. The plate assay showed that 16, 11 and 5 strains were capable to produce cellulase, xylanase and pectinase, respectively. As SB (which is rich in cellulose and hemicellulose) was used to enrich the sample, cellulolytic and hemicellulolytic organisms were favoured over pectinolytic bacteria.



The shake flask experiments showed that the strains generally produced low levels of endoglucanase, xylanase and pectinase; however, three strains (B45, BF3 and B987) released higher quantities of these enzymes and, hence, were selected for further studies. A total of 10 strains co-produced endoglucanase and xylanase (Table 2) that affirmed a previous finding about the co-expression of cellulase and xylanase [36]. None of the strains exhibited a co-expression of the studied enzymes with pectinase.




3.2. Identification of the Promising Isolates


Three isolates, B45, BF3 and B987, exhibited the capability to over-produce endoglucanase, xylanase and pectinase, respectively, and were identified using the sequencing of their 16r RNA genes. The isolate, B45, was identified as Bacillus thuringiensis and found 100% similar to the strain SY of the same species (Figure 1). B. thuringiensis is a heterogenous group of various serotypes and has been reported as a common flora of forest soil [37]. Previously, various serotypes of B. thuringiensis were screened for hydrolytic enzyme production, and most of the strains were found amylolytic and cellulolytic [38]. The release of an insecticidal crystal (CRY) protein and hydrolytic activities provide prospects of this strain for its utilization in sustainable agricultural practices.



The strain BF3 was identified as B. velezensis and was found to be a producer of higher titres of xylanase. Ben Gharsa et al. has reported about the isolation of B. velezensis from the rhizospheric soil of a halophytic plant, Zygophyllum album, and investigated its antifungal potential [39]. Another study conducted by Lu et al. [40]. reported the presence of B. velezensis in the roots of a halophyte Suaeda glauca and described its potential anti-fungal role and growth promotion in Arabidopsis thaliana [41]. This organism has also been reported recently for xylanase production [42].



The strain B987 was found similar to the strain NIOB 109 of B. amyloliquefaciens and produced higher amounts of pectinase. Earlier, pectinase production from B. amyliquefaciens was reported [43]; however, after optimization, the authors could only obtain 0.76 U mL−1 of pectinase, which was much lower than the titers reported here, whereas the co-production of xylanase and pectinase has also been reported from B. amyloliquefaciens AD12 [44].




3.3. Growth Profile of the Isolates


The strains were separately cultivated in the presence of carboxymethylcellulose, xylan and pectin containing mineral salt media with a varying concentration of NaCl (0–4%; at 0.5% interval). Indeed, halotolerant or halophilic organisms produce enzymes that can perform their catalytic activities in the presence of salt. Such microbial strains and their enzymes are of particular interest to develop biorefineries utilizing plant biomass from halophytes. The strain BF45 and BF987 exhibited the highest growth in the medium containing 2% NaCl (Table 3) while the growth of BF3 was slightly less compared to the growth in presence of 1.5% NaCl. Nonetheless, the medium containing 2% NaCl was used in further experiments. The tolerance to salinity by B. thuringiensis is of particular interest as the genetically modified crops with the tox gene of B. thuringiensis remained a subject of interest for their salt tolerance [45]. Wekesa et al. (2022) [46] reported the growth of B. velezensis in the presence of ~2.9% NaCl and investigated its potential to control a phytopathogen. The enzyme production from the strains in the presence of salt was found to be growth-linked; more titres of the enzymes were obtained in the medium where growth was higher. The growth linked cellulase production was reported earlier by Sohail et al. [47]. Moreover, the production of the enzymes in a salt containing medium is an important finding as the tolerance of cellulase to salt has been associated with the tolerance to ionic liquids, and hence, such enzymes can saccharify a wide variety of substrates pretreated with ionic liquids [48].



To further optimize the NaCl concentration, the strains were grown in (2%) salt containing media at varying temperatures, and the growth profile was noted. All the strains exhibited considerable growth at temperatures 50–55 °C (Table 4). However, the optimum growth was obtained at 45 °C, indicating the thermotolerant nature of the strains. The ability of the Bacillus species to grow at various temperatures has been utilized as an identification characteristic and included in the development of artificial intelligence-based algorithms [49]. Thermotolerant bacteria with the potential to produce industrially important enzymes are of particular interest as these can be used to design a process at high temperature that can resist contamination by mesophilic organisms [19]. Generally, the strains did not produce appreciable quantities of the enzymes at temperatures 55 or 60 °C except for the pectinolytic strain B987. The denaturation of the enzyme at a higher temperature may explain this observation [47]. Nonetheless, thermotolerant bacteria provide many advantages and are preferred in the lignocellulose biorefineries [24].




3.4. Production of Multienzyme


The isolated strains were investigated for their compatibility while growing on an agar plate, and no inhibition was observed. Consequently, it was decided to use the three strains to develop a consortium for a simultaneous production of cellulase, xylanase and pectinase. It was of particular interest as sugarcane bagasse is not rich in pectin and, hence, the production of pectinase using SB is an additional advantage. Here, our main aim was to investigate the effect of the inoculation pattern of the members of the bacterial consortium on multienzyme preparation under the SSF of SB, and the utilization of pretreated SB was compared with the untreated SB. The results obtained from Experimental Set 1 revealed that when all three strains were cultivated together at 0 h into the fermentation, the SSF of alkali pretreated SB did not yield any titres of pectinase, yet high titres of endoglucanase (109.68 IU μg−1) and xylanase (202.68 IU μg−1) were obtained under these conditions (Table 5) while 35.82 IU μg−1 of pectinase were obtained when the experiment was conducted using acid pretreated SB. Earlier, Qadir et al. also described the production of higher titres of cellulase and xylanase under the SSF of alkali pretreated SB than acid pretreated SB [28]. The xylanase titres obtained in this study were comparable with the levels obtained earlier [24].



In Experimental Set 2, the strain B45 was cultivated with the commencement of the experiment (0 h) and the other two strains were inoculated at 8 h into the fermentation. It was known that B45 takes 10 h to enter into its exponential phase of growth, although endoglucanase production initiated earlier; therefore, the effect of the 8 h cultivation of this strain was noted on the production of the multienzyme by the consortium. In this set, untreated SB appeared to be the most suitable substrate for the production of pectinase (45.56 IU μg−1). This titre was much higher than those obtained previously by a fungal co-culture of A. niger MS23 and A. terreus MS105 when untreated banana peels were supplemented with pectin [27]. Nonetheless, the titres obtained in this study using untreated SB without pectin supplementation were promising, as the costs of pretreatment and supplementation can be avoided.



In Experimental Set 3, the strains B45 and B987 were co-cultured at the start of the fermentation (0 h). The strain B987 was a more rapid grower than B45, as its OD reached to its peak within 8–10 h with the concomitant pectinase production. In this pattern of inoculation, the titres of pectinase were the highest when untreated SB was fermented compared to the other substrates. The titres were even several folds higher than obtained earlier by the immobilized cells of a pectinolytic yeast, Geotrichum candidum AA15 [50].



When strains BF3 and B987 were co-cultured (Experimental Set 4), the fermentation of untreated SB yielded higher amounts of all the three enzymes than that of the fermentation of alkali pretreated SB or acid pretreated SB. However, the enzyme titres were lower from the experiments where B45 was inoculated, which may be attributed to the major role played by this strain in the degradation of crude substrates.



In yet another experiment (Experimental Set 5), though, the inoculation of the pectinolytic strain B45 was delayed until 16 h; however, the pectinase yield was not drastically affected. Indeed, this cultivation pattern yielded the highest titres of pectinase when untreated SB was utilized as the substrate. This finding could be attributed to the degradation caused by the cellulolytic and xylanolytic strains in the earlier phase of cultivation, facilitating the production of pectinase even when the inoculation of the strain B987 was delayed.




3.5. Gravimetric Analysis


The gravimetric analysis of SB showed that cellulose and hemicellulose contents in unfermented and fermented SB increased with chemical and biological treatments (Table 6). An increase in cellulose content was previously reported [28] and linked with the removal of the lignin seal by the alkaline pretreatment, whereas the pretreatment with the dilute acid was found to be less effective in removing lignin [34], although it increased cellulase accessibility. The lowest content of lignin and hemicellulose, along with the highest content of cellulose, was present in the fermented alkali pretreated SB analysed after Experimental Set 1. It indicated the maximum utilization of the substrate along with the production of the highest titres of xylanase. Indeed, alkaline pretreatment, by removing hemicelluloses and lignin, makes SB less dense and less rigid [51] and presents it as a suitable raw material. The cellulose content decreased substantially when untreated SB was fermented in Experimental Sets 2 and 5 that accompanied the higher levels of pectinase. Perhaps the utilization of cellulose allows the organism to access the pectic portions of the material and to produce more titres of pectinase.




3.6. SEM Analysis


The changes in the structure of SB brought by the pretreatment and/or fermentation were visualized with SEM and compared with the structure of untreated and unfermented SB that was having highly compact, rough, thick-walled fibres associated with pith (Figure 2). The pretreatment with acid or alkali damaged the compactness and separated the pith from the fibres. The acidic pretreatment resulted in the formation of pores in the structure as well. When acid pretreated SB was fermented in Experimental Sets 3 and 4 (Figure 3), the destruction in the matrix was more obvious than in alkali pretreated SB (Figure 4). The fermentation of alkali pretreated SB by the bacterial consortium caused loosening in the structure of SB and disrupted it more eloquently.





4. Conclusions


The Elective and Enrichment technique made the isolation of thermotolerant plant cell wall degrading bacteria possible. The genus Bacillus is a house for diversified industrially important enzymes. The species B. velezensis, B. amyloliquefaciens and B. thuringiensis exhibited considerable growth in the presence of 2% salt and at temperatures from 45–50 °C. The three strains were found compatible to grow together. The bacterial consortium developed in this study produced a pectinase-enriched multienzyme preparation containing cellulase and xylanase activities. Cellulase and xylanase activities varied with the variation in the inoculation of the strain. Therefore, the study provides a path to produce multienzymes with variable activities by varying the cultivation pattern of the bacterial consortium.
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Figure 1. Phylogenetic analysis of the isolates Bacillus velezensis BF3, B. amyloliquefaciens B987 and B. thuringiensis B45. 






Figure 1. Phylogenetic analysis of the isolates Bacillus velezensis BF3, B. amyloliquefaciens B987 and B. thuringiensis B45.



[image: Fermentation 09 00141 g001]







[image: Fermentation 09 00141 g002 550] 





Figure 2. Scanning electron microscopy of (a) untreated SB, (b) untreated SB obtained after experiment 1, (c) after experiment 2, (d) after experiment 3, (e) after experiment 4, (f) after experiment 5. 
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Figure 3. Scanning electron microscopy of (a) acid pre-treated SB, (b) acid pre-treated SB obtained after experiment 1, (c) after experiment 2, (d) after experiment 3, (e) after experiment 4, (f) after experiment 5. 
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Figure 4. Scanning electron microscopy of (a) alkali pre-treated SB, (b) alkali pre-treated SB obtained after experiment 1, (c) after experiment 2, (d) after experiment 3, (e) after experiment 4, (f) after experiment 5. 
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Table 1. Development of consortium for multienzyme preparation under Solid State fermentation of Sugarcane bagasse. Strain B45 of Bacillus thuringiensis, B. velezensis BF3 and B. amyloliqufaciens B987 were inoculated together (experiment 1) or with a different inoculation pattern and enzyme production in cell free culture supernatant was noted. (Inoculum of the strains was maintained at 2.8–3.2 × 108 cells per mL).
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Experimental Set

	
Inoculation of Bacterial Strains (h of Cultivation)




	
B45

	
BF3

	
B987






	
1

	
0

	
0

	
0




	
2

	
0

	
8

	
8




	
3

	
0

	
-

	
0




	
4

	
-

	
0

	
0




	
5

	
0

	
0

	
16
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Table 2. Endoglucanase, xylanase and pectinase production by the selected isolates. The isolates were separately cultivated in Mineral Salt medium containing carboxymethylcellulose, xylan and pectin and the enzyme activities were detected in cell-free culture supernatant.
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Strain

	
Enzyme Production (IU mL−1)




	
Endoglucanase

	
Xylanase

	
Pectinase






	
B45

	
4.05

	
0.23 a

	
0




	
B325

	
0.85 a

	
0

	
0




	
B350

	
0.23 b

	
0.64

	
0




	
B411

	
0

	
0

	
0.15 c




	
BF1

	
0

	
0.35

	
0




	
BF3

	
0.18

	
3.16 c

	
0




	
BF9

	
0

	
0

	
0.18




	
B987

	
0

	
0

	
2.35 d




	
B989

	
1.15

	
0.85

	
0




	
BG2

	
0.18

	
0.45

	
0




	
BG7

	
0.35

	
0.13 b

	
0




	
BG11

	
0.92 a

	
0

	
0




	
BG89

	
0.35 d

	
0

	
0




	
BH1

	
0

	
0

	
0.18 c




	
BH2

	
0.01

	
0.76

	
0




	
BH9

	
1.23

	
0

	
0




	
BH11

	
0.67

	
0

	
0




	
BH32

	
0.92

	
0

	
0




	
BH42

	
0.65

	
0.32

	
0




	
BH51

	
0

	
0

	
0.45




	
BH53

	
0.65

	
0.28

	
0




	
BH60

	
0.11

	
0.78

	
0








Values with different alphabets had significant standard deviations.
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Table 3. Growth and enzyme production in presence of sodium chloride. The isolates, B45, BF3 and B987 were cultivated in Mineral salt medium containing carboxymethylcellulose, xylan or pectin and amended with sodium chloride. The OD600 (corresponded to 2.8–3.2 × 108 cells per mL) was taken as reflection of the growth. Endoglucanase, xylanase and pectinase was assayed from the strain B45, BF3 and B987, respectively. The enzyme titres (IU mL−1) are given in the parenthesis.
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Strains

	
Growth and Enzyme Production in Media Containing NaCl (%)




	
0

	
0.5

	
1

	
1.5

	
2

	
2.5

	
3

	
3.5

	
4






	
B45

	
0.788 c

(3.91) a

	
0.971

(4.89) b

	
1.013 a

(4.88)

	
1.722

(5.68) c

	
1.651 b

(5.81)

	
0.952

(4.69)

	
0.531

(0.51)

	
0.315

(-)

	
0.328 b

(-)




	
BF3

	
0.548 b

(2.01)

	
0.622

(3.65)

	
0.744 a

(4.22) b

	
0.965

(5.88) a

	
0.911

(5.76) a

	
0.530 c

(1.09) c

	
0.421 b

(-)

	
0.388

(-)

	
0.368

(-)




	
B987

	
0.671

(1.32) b

	
1.678 b

(3.62)

	
1.824

(3.24) c

	
1.912 c

(3.29)

	
2.105

(3.91)

	
1.872

(3.18)

	
1.751

(2.21) c

	
0.822 b

(-)

	
0.534

(-)








Values with different alphabets had significant standard deviations.
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Table 4. Growth of Bacillus thuringiensis B45, B. velezensis BF3 and B. amyloliquefaciens B987 at various temperatures in presence of NaCl. Inoculum maintained at 0.3 OD600 (corresponded to 2.8–3.2 × 108 cells per mL) was transferred, and the final OD was noted after 24 h of cultivation. The OD600 was taken as reflection of the growth. Endoglucanase, xylanase and pectinase from the strain B45, BF3 and B987 were assayed, respectively. The enzyme titres (IU mL−1) are given in the parenthesis.
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Strains

	
Growth in Media Containing 2% NaCl at Temperature (°C)




	
25

	
30

	
35

	
40

	
45

	
50

	
55

	
60






	
B45

	
0.481

(-)

	
0.963 c

(3.87) c

	
1.588 a

(4.23) a

	
1.942 a

(4.87)

	
1.948 b

(4.91) b

	
1.613

(2.81)

	
0.958 b

(0.52)

	
0.685

(-)




	
BF3

	
0.591 b

(-)

	
0.682 c

(1.12)

	
0.931

(3.11)

	
1.783 c

(5.52)

	
1.840

(5.58) a

	
1.808

(3.45)

	
0.936 b

(3.88)

	
0.858

(0.89)




	
B987

	
0.428

(-)

	
0.832

(2.31) b

	
1.631

(3.38)

	
1.911

(3.87)

	
2.311 a

(4.01)

	
1.114 b

(3.06)

	
1.852

(2.14) a

	
0.852 a

(1.23)








Values with different alphabets had significant standard deviations.
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Table 5. Production of endoglucanase (EG), xylanase (Xyl) and pectinase (Pec) by the co-culture of the bacterial strains (as mentioned in the methods section) under SSF of untreated (UTSB), acid pre-treated (ACSB) and alkali pre-treated SB (AKSB).






Table 5. Production of endoglucanase (EG), xylanase (Xyl) and pectinase (Pec) by the co-culture of the bacterial strains (as mentioned in the methods section) under SSF of untreated (UTSB), acid pre-treated (ACSB) and alkali pre-treated SB (AKSB).





	
Enzymes

	
Enzyme Production (IU mg−1 of Protein)




	
UTSB

	
ACSB

	
AKSB






	
Experiment No. 1




	
EG

	
110.4

	
69.09 a

	
109.68




	
Xyl

	
210.6

	
129.27

	
202.68 b




	
Pec

	
29.6

	
35.82

	
0 a




	
Experiment No. 2




	
EG

	
96.67 a

	
84.92 b

	
152.28




	
Xyl

	
110.42 a

	
75.53

	
133.29 c




	
Pec

	
45.56 a

	
24.91 c

	
39.85




	
Experiment No. 3




	
EG

	
7.13 a

	
6.06 a

	
8.03




	
Xyl

	
10.33

	
10.26 b

	
12.65




	
Pec

	
2.54

	
1.27

	
1.92




	
Experiment No. 4




	
EG

	
109.69 a

	
40.76

	
115.0 a




	
Xyl

	
101.23

	
107.45 b

	
129.45




	
Pec

	
34.77 c

	
0 c

	
0 a




	
Experiment No. 5




	
EG

	
122.15 a

	
85.38 b

	
155.77 a




	
Xyl

	
188.45 b

	
86.61 c

	
179.62 c




	
Pec

	
59.48 c

	
24.46 c

	
34.19 a








Values with different alphabets had significant standard deviations.
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Table 6. Gravimetric analysis of untreated (UTSB), acid pretreated (ACSB), alkali pretreated (AKSB) and fermented Sugarcane bagasse. The details of experiments are given in method section.
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Experiment

	
Substrate

	
Component (%)




	
Lignin

	
Hemicellulose

	
Cellulose

	
Other Fractions *






	
1

	
UTSB

	
6

	
27

	
49 a

	
18




	
ACSB

	
5 b

	
35

	
46

	
14




	
AKSB

	
7

	
21

	
63 a

	
9




	
2

	
UTSB

	
7

	
23

	
54

	
16




	
ACSB

	
6 a

	
24

	
64

	
6 a




	
AKSB

	
8

	
20

	
62

	
10




	
3

	
UTSB

	
6 a

	
23 b

	
63

	
8 b




	
ACSB

	
5

	
21

	
62

	
12 b




	
AKSB

	
4

	
27 a

	
61

	
8 a




	
4

	
UTSB

	
7

	
21

	
59

	
13 c




	
ACSB

	
4

	
31 c

	
51

	
14




	
AKSB

	
4

	
25

	
58 a

	
13 c




	
5

	
UTSB

	
6

	
33

	
52 a

	
9 a




	
ACSB

	
4

	
32 c

	
54

	
10 a




	
AKSB

	
4 c

	
24 a

	
61

	
11








* The fractions which were soluble in water or ethanol. Values with different alphabets had significant standard deviations.
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