

  jof-07-00785




jof-07-00785







J. Fungi 2021, 7(10), 785; doi:10.3390/jof7100785




Article



A Lignocellulolytic Colletotrichum sp. OH with Broad-Spectrum Tolerance to Lignocellulosic Pretreatment Compounds and Derivatives and the Efficiency to Produce Hydrogen Peroxide and 5-Hydroxymethylfurfural Tolerant Cellulases



Kakoli Chanda, Atifa Begum Mozumder, Ringhoilal Chorei, Ridip Kumar Gogoi[image: Orcid] and Himanshu Kishore Prasad *[image: Orcid]





Department of Life Science and Bioinformatics, Assam University, Silchar 788011, India









*



Correspondence: himanshu.k.prasad@aus.ac.in







Academic Editors: Craig Faulds and Laurent Dufossé



Received: 28 July 2021 / Accepted: 7 September 2021 / Published: 22 September 2021



Abstract

:

Fungal endophytes are an emerging source of novel traits and biomolecules suitable for lignocellulosic biomass treatment. This work documents the toxicity tolerance of Colletotrichum sp. OH toward various lignocellulosic pretreatment-derived inhibitors. The effects of aldehydes (vanillin, p-hydroxybenzaldehyde, furfural, 5-hydroxymethylfurfural; HMF), acids (gallic, formic, levulinic, and p-hydroxybenzoic acid), phenolics (hydroquinone, p-coumaric acid), and two pretreatment chemicals (hydrogen peroxide and ionic liquid), on the mycelium growth, biomass accumulation, and lignocellulolytic enzyme activities, were tested. The reported Colletotrichum sp. OH was naturally tolerant to high concentrations of single inhibitors like HMF (IC50; 17.5 mM), levulinic acid (IC50; 29.7 mM), hydroquinone (IC50; 10.76 mM), and H2O2 (IC50; 50 mM). The lignocellulolytic enzymes displayed a wide range of single and mixed inhibitor tolerance profiles. The enzymes β-glucosidase and endoglucanase showed H2O2- and HMF-dependent activity enhancements. The enzyme β-glucosidase activity was 34% higher in 75 mM and retained 20% activity in 125 mM H2O2. Further, β-glucosidase activity increased to 24 and 32% in the presence of 17.76 and 8.8 mM HMF. This research suggests that the Colletotrichum sp. OH, or its enzymes, can be used to pretreat plant biomass, hydrolyze it, and remove inhibitory by-products.
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1. Introduction


Lignocellulosic biomass includes any organic material, except fossil fuels, capable of being utilized as a fuel or converted into energy [1]. In the event of a scarcity of non-renewable resources, lignocellulosic biomass is considered an alternate renewable resource available at an affordable price for biofuel production [2]. Biomass feedstocks such as agricultural residue, forest and agro-industrial residues, and municipal solid waste are low cost and sustainable for biorefinery industries [3]. Lignocellulose is a heterogeneous structural biopolymer built of polysaccharides, lignin, and proteins. The polysaccharides are polymers of monosaccharides forming cellulose (40–50%), hemicellulose (25–30%), and pectin. Phenolic polymer consisting of phenylpropanoid units makes up the integral lignin part (15–20%) [4,5,6]. Waxes, vascular bundles, microfibrils, and the degree of lignification protect the polysaccharides from degradation [4]. Furthermore, the physio-chemical properties of cellulose, including crystallinity, strong interchain hydrogen bonding, weak inter-sheet hydrophobic interactions, degree of polymerization, and the presence of amorphous cellulose, make plant biomass recalcitrant to breakdown [4]. The low-cost production of biofuels from recalcitrant plant biomass depends on the efficient and inter-linked steps of pretreatment, the release of sugars from polysaccharides, and, finally, fermentation to yield fuels.



Pretreatment breakdown of the densely interwoven matrix of physical and chemical barriers in resistant lignocellulose precedes the saccharification step. Lignin, hemicellulose, crystalline cellulose, and its polymerization degree are essentially reduced to prepare the biomass for further hydrolysis [7]. Lignocellulose can be treated with various chemical, physical, and physicochemical pretreatments, which result in varying degrees of digestibility [8,9]. Monosaccharides form the primary output of the pretreatment step; however, uncontrolled chemical reactions generate secondary lignocellulose-derived molecules that inhibit saccharification and microbial fermentation. The plant biomass and pretreatment method determine the type of chemical inhibitor. The most common inhibitors are different acids, furan aldehydes, and phenolic and non-phenolic aromatic compounds [10]. Formation of furan aldehydes (2-furaldehyde or furfural and 5-hydroxymethylfurfural or HMF) in hydrolysate is by acidic dehydration of hexoses and pentose monosaccharides. HMF produces formic and levulinic acids upon further dehydration [10,11]. Hemicellulose-derived inhibitors include acetic acid, furan aldehydes, aliphatic acids, acrylic acids, and other carboxylic acids [9,12,13]. The primary lignin breakdown products are phenols, acidic and aldehydic phenolics, and various non-phenolic aromatic molecules; examples include 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, vanillin, syringaldehyde, coniferyl aldehyde, hydroquinone, gallic acid, ferulic acid, and p-coumaric acid [9,12,14]. Lignin and phenolic molecules are potent inhibitors of cellulases either by their direct binding and precipitation of enzymes or by adsorption on cellulose [12,14]. Lignocellulose-derived chemicals affect the fermentation step by inhibiting microbial growth and physiology. They act by inducing membrane disruption, inhibiting biochemical pathways, DNA mutations, intracellular pH and ion imbalance, ATP and amino acid metabolism alterations, and increasing intracellular oxidative stress [15,16].



Moreover, green pretreatment compounds like alkaline hydrogen peroxide (AHP) [17] and ionic liquids (ILs) [18] also affect microbes and enzymes [17,19]. Biological detoxification refers to the employment of biological agents such as natural or engineered enzymes and microorganisms to reduce the toxic impurities originating from the pretreatment step in the fermentation medium [15,20,21,22]. Biological detoxification is an economical and ecologically friendly method well integrated with bioprocesses, such as separate hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation (SSF), and consolidated bioprocessing (CBP) [23,24]. Tolerance and detoxification of harmful pretreatment-derived inhibitors using microorganisms such as bacteria, filamentous fungus, and yeast are well researched and documented [11,16,25]. Among them, filamentous fungi are considered as a robust platform in lignocellulosic bioprocesses because of several adaptations such as high and stable secretion of tolerant enzymes [12], enhanced production of multiple lignocellulolytic enzymes using cheap carbon sources [26,27], and seamless integration into SHF, SSF, and CB processes [28,29].



However, new and novel strains for biorefinery interventions are desirable from abundant fungal biodiversity prevailing in unexplored niches [30]. For plant biomass-based processes, fungal strains from natural or industrial settings preferably exhibit characteristics such as (i) wide-ranging single and multiple lignocellulose-derived inhibitor tolerance [31], (ii) single source of a diverse set of enzymes for lignin and polysaccharide depolymerization [26], (iii) tolerance and stability of the enzyme repertoire toward the end products, physio-chemical parameters, and lignocellulose-derived inhibitors [16,21], (iv) amenable to microbial co-culture and consortium [32,33,34], and (v) genetically tractable for engineering [34,35].



Endophytic fungi are the most dominant microbiota of plants, existing as a symbiotic partner inside healthy plant tissues. The diversity of endophytic fungi, based on sequence-based approaches, is proposed to be between 34 and 77 million species, up from an estimated 1 million [36,37]. The phylum Ascomycota is the most domain fungal endophyte reported. In a tropical climate, dominant endophytic fungi groups include Colletotrichum, Phyllosticta, Pestalotiopsi, and Xylariaceace [36]. Researchers have investigated how endophytic fungi can be used to discover drugs, perform bioremediation, and improve plant and human health [38,39,40]. While they are less investigated for plant biomass degradation and their associated phenotypes, they have a promising role in bioprocesses and biorefinery because they have adapted to decompose plant biomass due to their lifecycle [41]. A variety of plant biomass depolymerizing enzymes are encoded in their genomes and they are naturally tolerant of various physiological stresses [41]. Endophytic fungi with enzymes for cellulose, hemicellulose, pectin, and lignin degradation were reported from a few woody [42] and non-woody plants [43], underpinning their untapped potential. However, studies on the tolerance profile of endophytic fungi or their enzymes against chemical pretreatment by-products are still in their infancy [41].



In India, Ocimum sanctum has long been known for its therapeutic and pharmacological uses due to its bioactive components [44]. There is a documented diversity of culturable fungi in Ocimum plants which has been tested for bioactivity [45]. However, a research gap exists in plant biomass deconstruction, inhibitor reduction, and biorefinery use of the reported fungal collections. The present study aims to assess the potential of the Ocimum fungal strain for lignocellulolytic enzyme secretion along with multiple inhibitor tolerance of both the strain and its secreted enzymes.



In this line, this study reports an endophytic fungus, Colletotrichum sp. strain OH, as a versatile enzyme producer for depolymerizing lignin, cellulose, hemicellulose, and pectin. Here, we investigated the tolerance of the strain OH toward representative lignocellulose-derived inhibitors; aldehydes (furfural, 5-Hydroxymethyl furfural, vanillin, p-hydroxybenzaldehyde), acids (levulinic, formic, gallic, and p-hydroxybenzoic acid), and phenolics (hydroquinone and p-coumaric acid). Furthermore, we tested the combinatorial effects of mixed HMF, levulinic acid, hydroquinone, and H2O2 inhibitors on the growth of the strain. The tolerance profiles of endoglucanase (1,4-β-D-glucan-4-glucanohydrolase; EC 3.2.1.4), β-glucosidase (β-D glucosidases; EC 3.2.1.21), endoxylanase (endo-1,3-beta- xylanase; EC 3.2.1.32), laccase (EC 1.10.3.2), lignin peroxidase (EC 1.11.1.13), and manganese peroxidase (EC 1.11.1.13), in the presence of single and multiple inhibitory chemicals, are reported. The reported strain is an extremophile that is tolerant to lignocellulose-derived inhibitors and physiological stresses. Moreover, the fungus was a robust secretor of inhibitor-tolerant lignocellulolytic enzymes. Remarkably, we report the stimulation of endoglucanase activity in the presence of H2O2 (25 mM) and the stimulation of β-glucosidase activities in HMF (8.8 and 17.76 mM) and H2O2 (25, 50 and 75 mM). Thus, the endophytic fungal strain reported here presents a potential candidate for applications in biorefinery processes, such as plant biomass pretreatment, lignocellulose-derived inhibitor detoxification, and enzymatic hydrolysis.




2. Materials and Methods


2.1. Isolation and Molecular Identification of Ocimum Endophyte


In this study, the fungus strain OH was isolated from Ocimum sanctum leaves collected from Hailakandi (Assam), India. For isolation, about 2–3 cm of the leaf segments were surface sterilized by sequentially dipping into 0.5% sodium hypochlorite (2 min) followed by 70% ethanol (2 min) and rinsed with sterile water [46]. The sterilized samples were imprinted onto potato dextrose agar media (PDA, Fluka, Buchs, Switzerland) with 100 μg/mL chloramphenicol and incubated at 30 °C until mycelium appeared.



After culturing on potato dextrose broth (PDB, HiMedia, Mumbai, India), total genomic DNA was extracted from the freshly subcultured endophytic strain OH for molecular identification by phylogenetic analysis [47]. Polymerase chain reaction (PCR) amplification of the ITS region partial 18S ribosomal RNA (rRNA) gene, ITS1, 5.8S rRNA gene, ITS2, and, separately, large subunit 28S ribosomal RNA (LSU) was performed using the primers ITS5F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS4R (5′-TCCTCCGCTTATTGATATGC-3′) and LSUF (5′- ACCCGCTGAACTTAAGC-3′) and LSUR (5′- TCCTGAGGGAAACTTCG-3′) [48]. The PCR reaction (50 μL) had 50 ng of DNA template, 0.5 μM of each primer, 1 U Phusion High-fidelity DNA polymerase (Thermo Scientific), 200 µM dNTPs, and 1× HF buffer. PCR amplification was performed in a thermal cycler (Bio-Rad, Hercules, CA, USA) with the following cycling program to amplify the ITS region: initial denaturation at 98 °C for 5 min, 35 cycles at 95 °C (denaturation) for 30 s, 56 °C (annealing) for 30 s, 72 °C (extension) for 1 min, and then a final extension for 10 min at 72 °C. For amplification of LSU, cycling conditions were 98 °C for 5 min, 35 cycles of 98 °C 30 s, 52 °C for 30 s, 72 °C for 1 min, and a final extension of 72 °C 10 min. The amplified PCR products were purified using a PCR purification kit (Qiagen, New Delhi, India) and ligated into an EcoRV-cut (Thermo Scientific) LITMUS28 plasmid using T4-DNA ligase (Thermo Scientific, Waltham, MA, USA). The ligated products were transformed in E. coli TOP10F’ (Thermo Scientific). The plasmid DNA isolated from E. coli TOP10F’ was PEG purified and sequenced using M13 forward and reverse primers at Xcelris Labs (Ahmedabad, India). The two sequenced reads for each amplicon were edited from the chromatogram using Finch TV software (https://digitalworldbiology.com/FinchTV, accessed on 26 March 2020). A consensus contig from two reads of each amplicon was generated using the BioEdit 7.2 tool. The nucleotide sequences were deposited in the GenBank database.



The ITS and LSU sequences generated were searched for similarity by BLASTN using non-redundant (nr) and fungal type and reference material 28S rRNA/ITS nucleotide databases (http://blast.ncbi.nlm.nih.gov/, accessed on 9 July 2021) to find closely related taxa. Additionally, to obtain an approximate species-level identification, the ITS sequence was compared using BLASTN to species hypotheses (SHs) with UNITE (https://unite.ut.ee/analysis.php, accessed on 9 July 2021) [49]. For ITS sequences based on phylogenetic analysis, the corresponding sequences from TYPE strains and UNITE SH sequence hits showing 99% identity or above were used for tree building. In LSU-based phylogenetic tree constructions, the sequences used were from NCBI nr and 28S LSU databases. For multiple sequence alignment (MSA), MAFFT version 7 (https://mafft.cbrc.jp/alignment/server/, accessed on 10 July 2021) was used with default options [50]. The evolutionary history was inferred using the maximum likelihood (ML) method for ITS and neighbor-joining (NJ) for LSU sequences. The clustering of the associated taxa was tested by a bootstrap test (1000 replicates), and phylogenetic analysis was performed using MEGA X (version 10.2.6) software [51].




2.2. Screening of Lignocellulolytic Enzymes


The endoglucanase and xylanase activity screenings were carried out on minimal medium agar plates (in g/L, pH 5): 1.00 KH2PO4, 0.30 CaCl2·2H2O, 0.30 MgSO4·7H2O, 10.0 (NH4)2HPO4, 6.94 NaH2PO4·2H2O, 9.52 Na2HPO4·2H2O, and 15 agar supplemented with 1% carboxy-methylcellulose sodium salt (CMC) and birch wood xylan. Likewise, for pectinase, 1% citrus pectin was used. A fungal mycelium plug of 6 mm in diameter was placed in the center of Petri dishes, and a no inoculum plate served as a negative control. After incubation at 30 °C for 3 days, Congo red (0.1% Congo red in distilled water) was added for 15 min at room temperature as a developer until the agar surface was covered, followed by flooding the plates with 1 M sodium chloride (NaCl; SRL, Mumbai, India) for cellulase and xylanase screening [52,53]. The plates were flooded with iodine solution for 15 min at room temperature for pectinase assay [54]. The clearing zone and the colony diameters were measured to evaluate the respective enzymatic degradation indices. The degradation index (DI) was calculated using a degradation index (DI) = (CD + CZ)/CD, where CD was the colony diameter, and CZ was the clearing zone diameter.



For the screening of β-glucosidase (BGL), the fungus was grown for 5 days in liquid Mandel’s media (LMM) (g/L): 1.4 g (NH4)2SO4, 1 g KH2PO4, 0.3 g CaCl2, 0.3 g MgSO4, 0.005 g FeSO4, 0.016 g MnSO4·H2O, 0.0014 g ZnSO4∙7H2O, 0.002 g CoCl2, 2 mL Tween 80 [55] with 1% CMC in a 250 mL conical flask (pH 5.0, 170 rpm, 30 °C). The culture was centrifugated, and the clear supernatant (75 µL) was tested in an esculin gel diffusion assay for 5 h at 37 °C. The appearance of a dark zone was indicative of esculin hydrolysis by β-glucosidase [56].



To test the degradation ability of filter paper cellulose, the strain OH was grown in liquid mineral media (in g/L): 1.00 KH2PO4, 0.30 CaCl2∙2H2O, 0.30 MgSO4·7H2O, 10.0 (NH4)2HPO4, 6.94 NaH2PO4·2H2O, 9.52 Na2HPO4·2H2O containing as a carbon source one strip of Whatman #1 filter paper (Merck Millipore, Burlington, MA, USA) and a no filter paper tube was used as a control [57].



Similarly, laccase activity (Lac) was examined using minimal salt medium (MSM) consisting of (g/L) of Na2HPO4 (2.4), K2HPO4 (2.0), NH4NO3 (0.1), MgSO4 (0.01), CaCl2 (0.01), 1 mL of sterilized 20% w/v aqueous glucose supplemented with 0.1% w/v ABTS (2-2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid). The actively growing mycelium plug was put in the sterilized medium and incubated at 30 °C in the dark. The development of a green color indicated laccase activity and the formation of the ABTS–azine complex [58].



The assay for lignin peroxidase (LiP) activity was carried out in a reaction mixture of 2.2 mL of culture crude supernatant, 0.1 mL of methylene blue, 0.3 mL 0.5 M sodium tartrate buffer (pH 4), and 0.1 mL 45 mM H2O2. A color change from blue to green was indicative of the presence of lignin peroxidase [59].



Secreted manganese peroxidase (MnP) was detected using a mixed assay of 0.1 mL of culture crude supernatant, 0.4 mM methyl catechol, 0.2 mM MnSO4, 50 mM sodium succinate buffer (pH 4.5), and 0.1 mM H2O2. A change in color from pale yellow to light brown/yellowish indicated the presence of MnP [60].




2.3. Effect of Pretreatment-Derived Inhibitors on Colletotrichum sp. OH Growth and Biomass Accumulation


The mycelium growth on the Petri plate (9 cm diameter) and dry biomass accumulation in liquid culture in the presence and absence of inhibitory chemicals were used to evaluate the tolerance toward various aldehydes (5-Hydroxymethyl furfural; HMF, furfural; FU, vanillin; VA, p-hydroxybenzaldehyde; PHB), acids (levulinic acid; LA, formic acid; FA, gallic acid; GA, p-hydroxybenzoic acid; POH), and phenolics (hydroquinone; HQ and p-coumaric acid; PCA), respectively. The fungus was grown in mineral medium (MM, pH 6, g/L); KH2PO4 (0.5), K2HPO4 (1.5), NH4Cl (3), MgSO4 (0.3), CaCl2 (0.01), FeCl3 (0.01). The medium was supplemented with 1% glucose and single inhibitor (sterilized by 0.22 μm syringe filters; PVDF, Millipore, Darmstadt, Germany) at different concentrations (0–30 mM). The control cultures for relative growth and biomass accumulation were without any inhibitors. The mycelium growth was recorded by measuring the colony diameters (cm) of the fungus growing on solid plates (2% agar) until the control plate inoculum covered the entire plate (7 days) at 30 °C.



The dry weight biomass was estimated by growing 1 × 105 conidia in liquid MM supplemented with and without inhibitors for 7 days. Dry weight was measured for a 30 mL sample that was filtered, washed twice with distilled water, and dried at 65 °C to a constant weight. Growth inhibition was the percentage difference in relative growth/biomass between each culture (with inhibitors) and the control culture (without inhibitors) [61]. Additionally, mycelial growth in the presence of lignocellulosic-derived sugars was measured by growing strain OH on mineral media supplemented with 10% (w/v) of glucose, xylose, arabinose, and galactose.




2.4. Effect of Pretreatment Compounds and Cell Wall Stress Response


Mineral media supplemented with different concentrations of hydrogen peroxide (H2O2; 0–50 mM), menadione (0–100 µM), Calcofluor white (CFW, 500 µg/mL), Congo red (CR, 1000 µg/mL), and sodium dodecyl sulfate (SDS, 1%) were used to evaluate the oxidative and cell wall stress tolerance of the fungus [62]. Growth inhibition (%) in the presence and absence of stress was analyzed by measuring the relative growth and dry weight biomass described previously. The inhibitory effect of ionic liquid (IL), 1-butyl-3-methylimidazolium chloride (Bmim Cl) with respective control NaCl (2% and 5%) on OH growth and biomass accumulation was measured similarly.




2.5. Effects of Different Combinations of Inhibitor on Colletotrichum sp. OH Growth and Biomass Accumulation


A manual model was developed for combinations, and the experimental plan had 16 trials with control (Table 1). To test the tolerance of the combinatorial treatments, we initially calculated the inhibitory threshold concentration values by estimating the concentration at which the growth was reduced by 50% (IC50) by estimating mycelium growth at 7 days of cultivation from the abovementioned experiments (Section 2.3 and Section 2.4). The IC50 values were calculated by generating an inhibitor vs. dose–response curve for each chemical inhibitor tested using the software GraphPad Prism 5 software version 5.01. The multiple chemical inhibitor tolerance experiments were conducted using four inhibitors, HMF, levulinic acid, hydroquinone, and H2O2, with IC50 values of 17.76 mM, 29.77 mM, 10.76 mM, and 50 mM, respectively (Section 3.2).




2.6. Lignocellulolytic Enzymes Production in Shaking Flasks


For lignocellulolytic enzyme production, strain OH was grown in 500 mL flasks containing 50 mL LMM (pH 6) with the following plant biomass as a carbon source (1% w/v): CMC, Avicel® PH-101 (Av), oil cake (OC, obtained when mustard oil was extracted from mustard seed kernels and dried), rice husk (Rh), and glucose (Gl). Likewise, 1% of rice husk for ligninase and 1% of citrus pectin for pectinase as the sole carbon source were used for the culture conditions. The culture media were inoculated with 1 × 105 conidia/mL and incubated on a shaking incubator (Orbitek, Chennai, India) at 30 °C, 170 rpm for 7 days. The cell-free supernatant was harvested by centrifugation (Eppendorf 5804R) at 10,000 rpm for 10 min at 4 °C and used as a crude enzyme to measure lignocellulolytic enzyme activity.




2.7. Enzyme Assays


Total cellulase (FPase) and endoglucanase activity were estimated using Whatman filter paper No. 1 (50 mg) and CMC (2% w/v) as the substrate in sodium citrate buffer (50 mM, pH 5) following the protocol of Ghose [63]. The exoglucanase activity was determined using 4% (w/v) Avicel as the substrate in sodium citrate buffer (50 mM, pH 5) following the protocol of Rai et al. [64]. Xylanase assay was performed by following the protocol described by Bailey et al. [65] using 1% birch wood xylan in sodium citrate buffer (50 mM, pH 5). For each assay, a substrate blank and enzyme blank were also run alongside. The amount of releasing sugars was measured following the protocol of Miller [66] using dinitrosalicylic acid (DNS) reagent at 540 nm in a spectrophotometer (Lambda 25 UV/VIS, PerkinElmer, Waltham, MA, USA). One unit of endoglucanase, exoglucanase, FPase, and endoxylanase activity was defined as the amount of enzyme that released 1 μmol of reducing sugar (glucose/xylose) per minute under the given assay conditions. The β-glucosidase activity was assayed using p-nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate prepared in sodium citrate buffer (50 mM, pH 5). The reaction mixture was incubated at 50 °C for 10 min in dark conditions. The reaction was terminated by adding 1 M sodium carbonate, and the absorbance of p-nitrophenol released was measured according to Gao et al. [67]. One unit of β-glucosidase activity was defined as the amount of enzyme that released 1 μmol of p-nitrophenol per minute under the assay conditions at 405 nm using a spectrophotometer.



Similarly, pectinase activity was quantitatively measured using 0.5% citrus pectin in sodium citrate buffer (50 mM, pH 5) [68]. Enzyme activity was defined as the amount of enzyme required to generate 1 µmol of galacturonic acid per min under the assay conditions at 540 nm. The activities were calculated using the following equation: enzyme activity (U/mL) = µg galacturonic acid released × V/v × 194.1 × t (1), where V was the total volume of solution, v was the volume of the crude enzyme used in the assay, 194.1 was the molecular weight of galacturonic acid, and t was the reaction time in min.



The lignin peroxidase activity was measured by H2O2-dependent oxidation of veratryl alcohol. The reaction mixture contained 500 µL of culture filtrate, 500 µL 10 mM veratryl alcohol, and 1 mL of 125 mM sodium tartrate buffer (pH 3). The reaction was started by adding 500 µL of 2 mM H2O2 and incubating at 30 °C for 5 min. The change in absorbance was continuously monitored using a spectrophotometer at 310 nm (€= 9300 M/cm). Enzyme activity was defined as one unit of enzyme activity for the oxidation of 1 µmol of veratraldehyde (oxidized product of veratryl alcohol) produced per min per mL of culture filtrate [69]. Laccase activity was determined by the oxidation of ABTS to ABTS–azine. The assay reaction mixture contained 0.5 mM of ABTS, 2.8 mL of 0.1 mM sodium acetate buffer (pH 4.5), and 100 μL of culture supernatant. After incubating for 5 min at 30 °C, the absorbance was read at 420 nm (€ = 36,000 M/cm) using a spectrophotometer. Enzyme activity was defined as one unit of laccase involved in the oxidation of 1 μmol of ABTS substrate per min [70]. Manganese peroxidase activity was estimated by oxidation of 2,6-Dimethoxyphenol (2,6-DMP) to 3,3′,5,5′-tetramethoxy-p, p′-diphenoquinone in the presence and absence of Mn2+. The reaction mixture consisted of 1 mM 2,6-DMP, 0.1 mM H2O2, 1 mM MnSO4, and 100 mM sodium tartarate (pH 4.5). The oxidation of 2,6-DMP was estimated by reading absorbance at 469 nm (€ = 6500 M/cm). One unit of manganese peroxidase activity was defined as 1 µmol of DMP oxidized per min under the assay conditions [71].



The Lac, LiP, and MnP activity was calculated using the following formula: enzymatic activity (U/mL) = (A * V)/(t * € * v), where A = absorbance (nm), V = total volume of reaction mixture (mL), v = supernatant volume (mL), t = incubation time (min), and € = extinction coefficient (M/cm).




2.8. Native Poly Acrylamide Gel Electrophoresis (PAGE) and Zymography


The total protein concentration was determined according to Bradford [72] using bovine albumin serum (Affymetrix, Santa Clara, CA, USA) prepared in citrate buffer (50 mM, pH 5) as a standard with respective control (culture supernatant replaced by buffer). PAGE was conducted using 10% native gel containing CMC and xylan (1% w/v). The well in the respective gel was loaded with an equal amount of diluted 6th day culture supernatant (protein concentration; 10 µg/µL) from respective culture conditions as discussed in Section 2.7 and run at 4 °C, 90 V for 4 h using an electrophoresis system (Sub-cell® GT Agarose Gel; Bio-Rad). After the run, the gel with protein marker (Precision Plus ProteinTM Standards; Bio-Rad) was stained with Coomassie brilliant blue R-250 (Affymetrix) while the CMC and birch wood xylan incorporated gel was incubated at 50 °C for 30 min in 50 mM sodium citrate buffer (pH 5). After incubation, the gel was transferred to a 0.1% Congo red solution for 20 min and de-stained using 1 M NaCl to visualize the distinct hydrolysis zone. Exoglucanase and BGL were visualized by soaking the gel in 5 μM of 4-methylumbelliferyl-β-D-cellobioside (MUC) and 4-methylumbelliferyl- β-D-glucopyranoside (MUG) in sodium citrate buffer (pH 5) [73], and the fluorescence signals were captured using a UV transilluminator in ChemiDocTM MP (Bio-Rad).




2.9. Tolerance of Lignocellulolytic Enzymes in the Presence of Single and Combinations of Inhibitors


A plate-based assay was used to test the effect of chemical inhibitors on enzyme production and tolerance. The fungus was grown on 1% CMC plates amended with different combinations (Table 1) of inhibitors at their IC50 concentration and grown for 7 days. The secreted endoglucanase (CMCase) forms a halo zone, indicating CMC degradation and tolerance (Section 2.2).



Lignocellulosic enzymes secreted by the fungus were tested for their tolerance to 16 combinations using crude supernatant. For this, the fungus was grown in a 2 L flask in a 500 mL production medium (LMM) with 1% rice husk (Rh) as a carbon source for 6 days, 170 rpm, 30 °C (Section 2.6). A flask with no inoculum was used as a control. A total of 500 mL crude culture supernatant was filtered through a 0.25 mm membrane (PVDF), then concentrated using Viva Flow 250 (10 kDa cutoff) (Sartorius, Gottingen, Germany) at 4 °C. Then, the concentrated filtrate was suitably diluted in respective enzyme-specific buffer, and an equal amount of concentrated filtrate (1 mg) was subsequently used for the various lignocellulolytic activities. The effect of different combinations of inhibitory chemicals as described in Table 1 was evaluated at their IC25, IC50, and IC75 values (mM). The enzyme activity was evaluated by incubating the crude concentrated bulk extract with the respective enzyme-specific substrate supplemented with 16 combinations of inhibitors following the enzyme assay protocol discussed in Section 2.7. Likewise, control assays were performed without any inhibitors. All experiments were analyzed in terms of the percentage of relative activities (%) concerning the control assay (without inhibitors).




2.10. Effect of Exogenous H2O2 on β-Glucosidase Activity


The effect of H2O2 (25, 50, 75, 100, and 125 mM) on BGL activity was analyzed by measuring the relative activity. The reaction mixture consisted of 5 mM p-nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate in 50 mM citrate buffer (pH 5) supplemented with various concentrations of H2O2 (25, 50, 75, 100, and 125 mM). The reaction mixture was incubated at 50 °C for 10 min in dark conditions. The reaction was terminated by adding 1 M sodium carbonate, and the absorbance of p-nitrophenol released was measured [67]. The p-nitrophenol released in the presence of BGL was compared to the blank assay; the buffer replaced culture supernatant and H2O2. Further, the tolerance capability of the BGL enzyme in the presence of 75 mM H2O2 was investigated by pre incubating the bulk crude extract in the buffer for 0–6 h supplemented with H2O2. The 75 mM H2O2 corresponds to the highest concentration at which the enzyme retains more than 100% of its activity. The relative enzyme activity with respect to control was measured as discussed in Section 2.9.




2.11. Statistical Analysis


The results are expressed as mean ± SEM from data collected across experimental repeats (n = 3 per data point, a biological triplicate, and repeated experiment). Data were analyzed using analysis of variance (ANOVA) with post hoc Tukey’s means as a comparison to find a significant difference. Significance was at a p-value < 0.05. All the statistical analyses were carried out using OriginPro 8.5 and GraphPad Prism 5 software version 5.01.





3. Results


3.1. Identification and Screening of Ocimum Endophyte Showing Potential Lignocellulose Degradation


One of the Ocimum sanctum leaf endophytic fungal isolates (designated OH) was selected based on the preliminary cellulose degradation capacity. The fungus displayed a fast growth on potato dextrose agar and filled the entire plate (90 mm dia) in 7 days at 30 °C. Dense white filamentous mycelium with light orange and creamy conidial droplets formed near the inoculum point on maturation (Figure 1A). The microscopic observation showed simple hyaline ovoid conidia (Figure 1B). The rapid preliminary screening of the fungal strain OH for endoglucanase activity displayed a clearance zone, indicating cellulase production (Figure 1C). Further, the strain OH was screened for the production of various lignocellulolytic enzymes such as β-glucosidase (BGL), filter paper cellulase (FP), endoxylanase, and ligninase based on qualitative plate screening. A sign of BGL activity is the presence of a black zone of diffusion in esculin agar (Figure 1D). Simultaneously, for the remaining enzymes tested, the strain showed a zone of color formation in the respective solid and broth culture as depicted in Figure 1E–J.



The sequence-based identification of the fungus was performed with phylogenetic trees based on the nucleotide sequences of partial SSU-ITS1-5.8S rRNA-ITS2-partial LSU (i.e., ITS) and LSU region of the rDNA. The identical sequences (99% and above) of the related species were obtained from BLASTN searches of ITS and LSU gene sequences (GenBank accession numbers MK412020.1 and MK411296.1) using default parameters. The ITS-based ML phylogenetic tree (Figure 2, Figure S1) clustered the strain OH sequence and several type isolates of Colletotrichum siamense and Colletotrichum gloeosporioides. Additionally, the ITS-based UNITE analysis identifies (at 0.0% threshold) the strain OH as Colletotrichum at the taxon hypothesis level (DOI:TH033307) and Colletotrichum siamense at the species hypothesis (SH) level. The SH (SH2218989.08FU; DOI:SH2218989.08FU) consists of 604 clustered identical ITS sequences with the majority corresponding to Colletotrichum gloeosporioides (168), Colletotrichum (65), and Colletotrichum siamense (45). The fungus OH was identified as Colletotrichum sp. strain OH based on the ITS/LSU phylogenetic analysis and available data [74,75,76,77]; it belonged to the Musae clade of the Colletotrichum gloeosporioides species complex (Figure 2). Similarly, the phylogenetic tree prepared with LSU sequences to identify the strain OH is presented in Figure S2. The nucleotide sequences were submitted to the GenBank database with accession numbers MK411296.1 and MK112020.1.




3.2. A Broad-Spectrum Tolerance Capability of Colletotrichum sp. OH to Pretreatment-Generated Inhibitory Compounds


We tested the tolerance limits of the strain OH toward several lignocellulosic biomass-derived inhibitors, ranging from 0–30 mM, both on solid mineral medium plates and mineral broth culture. Both mycelial growth and dry biomass were found to determine the concentration and inhibition threshold of these chemicals. The tolerance on solid plates is reported as a growth percentage (%) with regard to no inhibitor plates, while biomass is reported as g/L. The plate screenings for determining the tolerance of the OH to different groups of inhibitors are shown in Figure 3A. Further, IC50 values were calculated for each inhibitor by preparing an inhibitory threshold curve in GraphPad Prism software using mycelium diameter. Thus, the concentration (IC50) of each inhibitory compound that inhibited Colletotrichum sp. OH growth by 50% was determined. The data suggested that the threshold concentration varied from inhibitor to inhibitor and even within the same aldehydic, acidic, and phenolic groups (Table 2).



The four primary lignocellulose-derived inhibitors, 5-hydroxymethylfurfural (HMF) and furfural (furan derivatives) and vanillin and p-hydroxybenzaldehyde (aromatic aldehydes), were tested in the range of 0–20 mM. Among the tested aldehydes, strain OH showed maximum tolerance to HMF compared to growth on furfural and the two other aromatic aldehydes. Growth inhibition by vanillin and p-hydroxybenzaldehyde had a similar profile. At 5 mM of vanillin and p-hydroxybenzaldehyde, the relative growth and biomass measured were 52 ± 0.32%, 57 ± 0.26%, 4.43 ± 0.12 g/L, and 5.38 ± 0.43 g/L, respectively. At concentrations of 10 mM and above, both aromatic aldehydes resulted in drastic growth reduction. In contrast, furan aldehydes HMF and furfural showed weaker inhibition at a concentration of 5 mM, resulting in 77 ± 0.16% and 76 ± 0.04% relative growth. Depending on the inhibitor, increasing the concentration of furan aldehydes resulted in a progressive reduction in relative growth and biomass (Figure 3B,C). On 10 mM furfural-amended media, relative growth dropped to 44 ± 0.11% (Figure 3B). The growth and biomass were negligible on media with 15 and 20 mM furfural. In contrast, relative growth and biomass were 59.2 ± 0.16 and 48 ± 0.07% on 15 and 20 mM HMF, suggesting tolerance to HMF (Figure 3B,C).



We systematically investigated the tolerance potential of the fungus to four different acids: gallic, formic, levulinic, and p-hydroxybenzoic acid (range 0 to 30 mM) (Figure 3D,E). Among the tested acids, p-hydroxybenzoic acid showed the most potent inhibitory effect beyond a 5 mM concentration. The inhibitory potential calculated as IC50 was of the order: p-hydroxybenzoic acid (4.94 mM) > formic acid (15.87 mM) > gallic acid (25.87 mM) > levulinic acid (29.77 mM). The relative growth and biomass of OH were about 62 ± 0.19%, 45 ± 0.08%, 6.3 ± 0.04 g/L, and 4.3 ± 0.13 g/L, respectively, in the presence of 1 mM and 5 mM of p-hydroxybenzoic acid (Figure 3D,E).



The relative growth and biomass accumulation were not affected much by formic acid (up to 15 mM). In comparison, gallic and levulinic acid caused less inhibition when up to 20 mM with relative growth and biomass of 56 ± 0.08%, 59 ± 0.09%, 5.16 ± 0.20 g/L, and 5.4 ± 0.13 g/L, respectively. Levulinic acid exerted the most negligible impact on the relative growth and biomass of OH. The biomass yield and relative mycelium growth were reduced by approximately 44 ± 0.09% and 5.43 ± 0.1 g/L at 20 mM of levulinic acid. The inhibitory effects of formic acid on OH had a similar trend to levulinic acid. At a 15 mM formic acid concentration, the relative growth and biomass contents were 55 ± 0.16% and 5.2 ± 0.18 g/L, respectively. Thus, the strain OH can tolerate levulinic acid more than any other acids tested. Further, we tested the effect of two exogenous phenolics, hydroquinone (HQ) and p-coumaric acid (PCA) (0–20 mM each), prominent lignocellulolytic pretreatment by-products, on the growth of the fungus. The IC50 values calculated were 10.76 mM for hydroquinone and 8.63 mM for p-coumaric acid (Figure 3F,G). The relative growth and biomass of OH were 50 ± 0.24% and 5 ± 0.15 g/L, respectively, on 10 mM hydroquinone. However, p-coumaric acid completely blocked the mycelial growth above 10 mM (Figure 3F,G).



Among the inhibitors, the highest IC50 was for LA (29.77 mM), HMF (17.76 mM), and HQ (10.76 mM) (Table 2), suggesting that the fungus Colletotrichum sp. OH can tolerate them (Figure 3A–C). Additionally, the strain OH showed growth on several lignocellulosic-derived sugars at a concentration of 10% (Figure S3). Among the sugars, the maximum tolerance was glucose, followed by xylose, galactose, and arabinose.




3.3. Wide-Ranging pH, Oxidative, and Cell Wall Stress Tolerance in Colletotrichum sp. OH


We further tested the pH tolerance of OH by growth measurements on solid and liquid media. The fungus showed a wide range of pH tolerance (4–13) with maximum growth at pH 6 (Figure S4). Next, the tolerance of the strain OH toward two oxidant species, hydrogen peroxide (H2O2) and menadione, was tested. Although the two compounds impart oxidative stress, the results showed distinct responses, with menadione showing an inhibitory effect above 85 µM as shown in Figure 4A–C. H2O2, on the other hand, showed negligible inhibition at 10 mM, and a concomitant reduction in growth and biomass accumulation occurred at higher concentrations. Interestingly, higher concentrations of H2O2 significantly altered the colony morphology of the strain OH (Figure 4D). Thus, OH has a remarkably higher tolerance to H2O2 as the relative growth was reduced to 50% when the concentration reached 50 mM (Table 2).



Among the cell wall stress inducers (Congo red, sodium dodecyl sulfate, and Calcofluor) OH showed significantly higher tolerance to Congo red, reaching a concentration up to 1 mg/mL (Figure S5). In addition, the fungus produced a clear halo around the colony, demonstrating its dye decolorization and degradation capability. The fungus could also tolerate CFC and SDS at high concentrations, suggesting its robust cell wall integrity mechanisms (Figure S5).




3.4. The Toxicity Tolerance of Colletotrichum sp. OH to Ionic Liquid


The use of ionic liquids (ILs) is a green alternative for pretreating lignocellulose materials. ILs, such as 1-butyl-3-methylimidazolium chloride (Bmim Cl), can be efficiently used to pretreat lignocellulosic biomass, and we further investigated the effects of IL on the growth of the fungus. In all cases, a drop in radial growth was noticed with increasing concentrations of IL (Figure 4G–I). It was noteworthy that even at a high concentration of 5% (w/v), the strain could grow, but the relative growth was reduced by more than half compared to control NaCl.




3.5. Tolerance of Inhibitor Combinations by Colletotrichum sp. OH


In this study, we further tested the potential of the fungus to tolerate different combinations of inhibitors. For this, we used HMF, levulinic acid, hydroquinone, and H2O2, at their sublethal half-maximal inhibitory concentration (IC50; mM, Table 2) values to assess the tolerance to multiple inhibitors simultaneously. Here, we created a manual model of a total of 16 combinations (Table 1), including no inhibitor (combination 1) and single, two, three, and all four inhibitors (combinations 2–16) at their IC50 concentrations as determined by individual inhibitor growth profiles. The growth inhibition of the strain OH was examined on the solid and liquid MM cultures and represented as relative mycelial growth and biomass values compared to no inhibitory control (Table 3). As expected, the growth inhibition increased with an increase in inhibitor supplementation. For the six dual combined inhibitors, the relative biomass decreases recorded were 61.1% for combination 6 (17.76 mM HMF, 10.76 mM HQ); 56.5% for combination 7 (17.76 mM HMF, 50 mM H2O2); 54.7% for combination 8 (17.76 mM HMF, 29.77 mM LA); 53.3% for combination 12 (29.77 mM LA, 50 mM H2O2); 58% for combination 13 (29.77 mM LA, 10.76 mM HQ); and 54.3% for combination 15 (10.76 mM HQ, 50 mM H2O2). Interestingly, the dual combinations exerted less severe inhibitions, and the additive effects of growth inhibition were negligible. Remarkably, the dual combinations where H2O2 was a partner showed marginally better or lower biomass inhibition than H2O2 alone. The biomass inhibition decreased by 2.62 and 0.73% in combinations 12 (H2O2 + LA) and 15 (H2O2 + HQ), while marginally increasing by 3.18% in combination 7 (H2O2 + HMF) and combination 5 (H2O2). The highest increase in biomass inhibition was 40% in combination 13 (LA + HQ) and combination 3 (LA). The dual combination of HMF with levulinic acid, i.e., combination 8 (17.76 + 29.77 mM), showed only 38.9% relative mycelial growth inhibition, suggesting it was the best tolerated combination on the solid medium. Further, we tested four triple combinations for tolerance testing. The relative biomass inhibition was 71.0% for combination 9 (17.76 mM HMF, 29.77 mM LA, 50 mM H2O2); 69.2% for combination 10 (17.76 mM HMF, 29.77 mM LA, 10.76 mM HQ); 77.5% for combination 11(17.76 mM HMF, 10.76 mM HQ, 50 mM H2O2); and 71% for combination 14 (29.77 mM LA, 10.76 mM HQ and 50 mM H2O2). When comparing the common dual and triple inhibitor combinations, the lowest increase in biomass inhibition was 11.7% for combination 10 (HMF + HQ + LA) compared with combination 6 (HMF + HQ). The highest biomass inhibition increase was 29.93% for combinations 11 (HMF + HQ + H2O2) and 15 (HQ + H2O2). The biomass germination failed in the presence of four inhibitors, combination 16 (17.76 mM HMF, 29.77 mM LA, 10.76 mM HQ, and 50 mM H2O2), while the solid plate mycelium growth showed 77% inhibition. The biomass inhibition increase was lowest (22.5%) for combination 16, compared with combination 11 (HMF + HQ + H2O2), and highest (30.8%) with combination 10 (HMF + LA+ HQ).




3.6. Lignocellulolytic Enzyme Production and Secretome Analysis


The strain OH showed rapid growth on solid plates amended with rice husk and oil cake, suggesting the potential to utilize plant biomass (Figure S6). Next, we tested the production of multiple plant biomass-degrading enzymes using 1% carboxymethyl-cellulose, Avicel, rice husk, oil cake, and glucose as the sole carbon source. The bulk secretome from the submerged fermentation was assayed for six different enzymes for seven days (Figure 5A–F). The endoglucanase activity increased with the incubation time (Figure 5A), and the maximum activity (0.62 ± 0.053 U/mL) was from the CMC culture secretome on the 6th day. The exoglucanase activities under different carbon sources (Figure 5B) showed a similar increase around the 3rd day and a gradual peak around the 6th day. The maximum exoglucanase and FPase activities were 0.871 ± 0.2 U/mL and 0.56 ± 0.2 U/mL, respectively, from the rice husk secretome. The highest BGL activity was for oil cake and CMC (8.4 ± 0.19, 8.2 ± 0.45 U/mL) secretomes. (Figure 5D). No cellulase activity was detected in the glucose-grown culture. The xylanase activity showed a gradual increase in the presence of rice husk that reached 11.49 ± 0.176 U/mL in the 4th day culture. Xylanase activity was detected in the glucose- and Avicel-treated culture, with the highest activity of 8.32 ± 0.22 U/mL on the 5th day in the oil cake secretome (Figure 5E). Likewise, the fungal strain showed a measurable amount of pectinase production in 1% citrus pectin induction culture (Figure S7).



The fungus secretome was evaluated for the lignin-degrading enzymes (e.g., Laccase; Lac, Manganese peroxidase; MnP, and Lignin peroxidase; LiP) from activities in the rice husk-grown culture (Figure 5F). The strain OH showed the production of all three enzymes with maximum activities recorded on the 6th day. The peak production of lignin peroxidase was 41.22 ± 0.03 U/mL on the 6th day, after which the activity decreased. However, the activity (U/mL) of MnP and laccase enzyme production varied with LiP production.



In a complementary approach, the individual components of the secreted enzymes were tested using zymography. The visualization of the 6th day secretome of different cultures (Figure 6A–E) using activity staining shows multiple protein bands with enzyme activities. Endoglucanase and endoxylanase activities were examined by in-gel hydrolysis of CMC and xylan and visualized and de-stained using Congo red solution. The exoglucanase and β-glucosidase fractions were detected using fluorescent substrates MUC and MUG, respectively. The zymogram analysis suggests that the crude fraction from rice husk-grown (Rh, Lane 4) culture had the maximum number of protein bands corresponding to multiple cellulase and xylanase enzymes and high enzyme activities with Rh. Correlating both enzyme activity and zymogram analysis, most of the hydrolytic activities of the strain OH could be associated with these high-intensity bands induced by respective carbon sources.




3.7. Production of Secreted Lignocellulolytic Enzymes and Tolerance Profile in the Presence of Chemical Inhibitors


In this study, the impact of the four inhibitors (HMF, LA, HQ, and H2O2) and their combinations (16, Table 1) on the cellulase expression by the broad-spectrum inhibitor-tolerant and lignocellulolytic Colletotrichum sp. OH was further tested. Remarkably, the fungus can grow and simultaneously produce endoglucanase on CMC agar plates amended with an IC50 (mM) concentration of different inhibitor combinations, as mentioned in Table 2. As shown in Figure 7A–C, the fungus OH could grow and produce a distinctive clearing zone around its colony on the third day of incubation. The area of clearance on CMC plates amended with single inhibitors HMF, LA, and H2O2 (combinations 2, 3, and 5; Figure 7) was prominent compared to hydroquinone only (combination 4) and its other combinations (10, 11, 13, and 14), suggesting hydroquinone as an inhibitor for endoglucanase production. Remarkably, in the presence of HMF and H2O2, the inhibitory effects of HQ decrease in dual combinations 6 and 15. Additionally, triple mixtures with no HQ (combination 9) showed better growth and enzyme production than HQ plates (combinations 10, 11, and 14). The plate-based assay showed the strain OH to be a potent native HMF- and H2O2-tolerant endoglucanase producer.



The study’s next step was to characterize the secretome (bulk crude extract) from the strain OH. To do this, we tested the concentrated crude extract from the rice husk-grown cultures for the activities of six enzymes, endoglucanase, BGL, endoxylanase, Lac, Lip, and MnP. The enzyme assays consisted of all sixteen inhibitor combinations (Table 1) and three separate ones, including IC25, IC50, and IC75 (25 mM intervals) concentrations for each inhibitor tested. HMF (8.8, 17.76, and 23.45 mM), LA (13.75, 29.77, and 37.78 mM), HQ (6.5, 10.76, and 17.75 mM), and H2O2 (25, 50, and 75 mM) were used to test the enzyme activities. Thus, for each enzyme, the activities were tested in 16 combinations with three IC values (48 reactions) and relative activities were compared for tolerance (Figure 8A–F). We selected a stringent cutoff to define the enzyme tolerance threshold as 50% of the no inhibitor activity. Remarkably, the most significant results were the enhanced activities of endoglucanase and β-glucosidase in a single inhibitor reaction mixture, where HMF (combination 2) and H2O2 (combination 5) were present (Figure 8A,B). The β-glucosidase showed H2O2-dependent enhancement of activities at all three IC values. The BGL activities increased to 134.2 (75 mM, IC75), 129.8 (50 mM, IC50), and 125.2 (25 mM, IC25) percent compared to no H2O2. In contrast, the endoglucanase activities were 63.6, 83.9, and 124.0 percent, implying enhancement in only low concentrations of H2O2 but tolerance toward high H2O2 levels. In the presence of HMF, the BGL activities were 94 (23.43 mM, IC75), 124.3 (17.76 mM, IC50), and 132.3 (8.8 mM, IC25), implying tolerance and increase in the medium and low HMF concentrations tested. In comparison, the endoglucanase tested showed only tolerance at IC50 (60.4%) and IC25 (91.5%). Overall, no other enzymes showed activity enhancement in the presence of HMF or H2O2. Still, tolerance at IC25 and IC50 levels could be detected for xylanases and ligninase (no tolerance for HMF at IC50) (Figure 8C–F). In the dual combination 7 (HMF + H2O2) for IC50 and IC25, the activities decreased to 58.8 and 82.5% for endoglucanase, 50.0 and 95.0% for BGL, and 53.7 and 75.6 for xylanases, suggesting a moderate tolerance for mixed inhibitors at a low concentration. The activity reduction of the above three enzymes with HQ alone (combination 4, IC25) was negated by dual combinations 6 (HMF + HQ) and 15 (HQ + H2O2) (Figure S8). Remarkably, the endoglucanase activity was 75% in the triple combination 11, IC25 (HMF + HQ+ H2O2), compared to individual HQ activity of 58.7%. The fourth chemical, levulinic acid (combination 3), was the most tolerated chemical by OH, for which the endoglucanase activity was higher at 29.77 mM (IC50; 82.5%) than 13.75 mM (IC25; 64%).



The BGL and xylanase activities in the presence of 13.75 mM LA were 91 and 82.6%, respectively, suggesting that the enzymes tolerate IC25 values. Several triple IC25 combinations (9, 11, and 14) showed activities higher than 50% compared to no inhibitor, but only xylanases in triple combination 9 (IC50; HMF + LA + H2O2) showed activity reaching 59%. For the three ligninases (laccase, lignin peroxidase, and manganese peroxidase), there was tolerance for various combinations but no enhancement of activities was detected (Figure 8D–F; Figure S9). Additionally, unlike cellulases, ligninase activity was not detected in IC75 combinations. Laccase activities tolerated IC25 individual HQ (84.5%), HMF, and H2O2 (61.6%), and dual combinations HQ + H2O2 (67.1%), and HMF + HQ (57.1%). LiP activities tolerated individual combinations H2O2 (92.2 and 54.7% in 25 and 50 mM), HQ (76.2%, 6.5 mM), HMF (53%, 8.8 mM), and LA (53%, 13.75 mM), several double combinations, and one triple combination (Figure S9). Manganese peroxidase was most tolerant to a dual combination of HQ+ H2O2 (80.4 and 65.2% in IC25 and IC50, combination 15) followed by H2O2 (75.1 and 57.4% in 25 and 50 mM), HQ (65% in 6.5 mM), and HMF (54.5% in 8.8 mM). Interestingly, the inhibitory effect of individual LA (44.3% in 13.75 mM) was reduced in dual combinations LA + HQ (62.3%) and LA+ H2O2 (60.7%). Overall, the data suggest that quadruple combination 16 at all IC values led to a significant decrease in cellulase and xylanase activities with complete inhibition of ligninases.




3.8. Stability of β-Glucosidase in the Presence of Exogenous H2O2


Among the tested enzymes, β-glucosidase showed activity enhancement in the presence of H2O2. Next, the β-glucosidase activity and stability were tested using higher H2O2 concentrations. β-glucosidase activity further increased in 75 mM H2O2, while at 100 and 125 mM, activities declined significantly (Figure 9A). Further, BGL stability was tested by incubating the crude extract with buffered 75 mM H2O2 for 0–6 h before adding substrate. Remarkably, the addition of 75 mM H2O2 enhanced the activity by 1.44-fold compared to no H2O2 in the 0 h reaction (Figure 9B). The bulk extract BGL remained stable up to a 3 h pre incubation, when the activity reached ~1.08-fold that of control. The BGL activity after a 3 h pre incubation showed a decrease at a uniform rate (~0.9-fold/hour), reaching 82% of the no H2O2 condition in a 6 h incubation. The 6 h H2O2 incubated bulk extract showed activity reduction by 57.7% compared to 0 h H2O2, suggesting enzyme deactivation.





4. Discussion


The major impediment in realizing lignocellulosic biomass as a low-cost resource to produce biofuel is the resistant properties, which require costly pretreatment strategies. Different biomass pretreatments aid in making several biopolymers accessible for the lignocellulolytic enzymes. However, pretreatments result in a multitude of chemical compounds, which inhibit enzymatic saccharification and microbial growth and fermentation [7,10]. However, efficient lignocellulosic biomass enzymatic depolymerization or conversion to valuable chemical products relies on biomass pretreatments [8]. Thus, lignocellulose conversion to monomeric sugars or beneficial chemical compounds depends on biocatalysts harboring tolerance toward biomass pretreatment chemicals and their by-products.



Endophytic fungi are a rich source of enzymes for the degradation of cellulose, hemicelluloses, pectin, and lignin. Since the endophytes are constantly evolving inside the host tissue, the biomolecules they produce mimic host physiology and adaptations [76].



In this study, we screened Ocimum sanctum leaf fungal endophytes for their lignocellulolytic enzyme production. The preliminary screening showed that one native endophytic fungal strain coded OH appeared to be a promising lignocellulolytic producer. The potential lignocellulolytic-producing fungus identified as Colletotrichum sp. OH is a member of the family Glomerellaceae in Ascomycota [78]. The genus Colletotrichum groups most species into 14 complexes, and many species complexes are known to have endophytic lifestyles [79]. Chowdhary and Kaushik [45] have also isolated endophytic Colletotrichum sp. (KR017032) from O. sanctum. Several endophytic strains of the genus Colletotrichum have biotechnological applications such as biodiesel production, mycoherbicide, plant growth promotion, agarwood formation, and as a source of novel biocatalyst [74,76,77].



The exciting feature of the potential lignocellulolytic fungus Colletotrichum sp. OH was its tolerance to lignocellulose pretreatment and pretreatment-derived compounds. Different lignocellulose pretreatment methods generate various inhibitory compounds that could affect subsequent fermentation (inhibiting the microorganism’s growth and survival) and enzymatic hydrolysis (inhibiting enzymes). The generation of these compounds depends on the lignocellulosic source, the type of pretreatment used, and the conditions employed in pretreatment [80,81,82]. Here, in this study, Colletotrichum sp. OH was tested for tolerance on solid media and liquid media with different inhibitory compounds. The results showed that Colletotrichum sp. OH has a spectrum of tolerance and limits to inhibitory compounds. Among the tested aldehydes (vanillin, p-hydroxybenzaldehyde, 5-hydroxymethylfurfual; HMF, and furfural), HMF was most tolerated while vanillin and p-hydroxybenzaldehyde were the least tolerated. The growth of strain OH was reduced to approximately 50% at 5 mM of vanillin and p-hydroxybenzaldehyde, while complete growth inhibition occurs at higher values, which was same for the IC50 reported in oleaginous yeast Trichosporon fermentans [83]. Klinke et al. and Chen et al. [84,85] reported that vanillin and PHB were toxic to fungi at 0.1 mM and occur in corn stover hydrolysate at a concentration of 0.060 and 0.076 mM, respectively. The relative biomass growth of OH was ~59% on 10 mM furfural, and complete growth inhibition occurred in 15 mM conditions. Ruan et al. [86] reported the normal growth of Mortierella isabellina on 2.5 g/L HMF and 1 g/L furfural, which is in line with the reported OH tolerance.



Interestingly, the fungus showed maximum tolerance to HMF, where growth reduction was only above 15 mM and growth stopped beyond 20 mM. HMF typically interrupts electron transfer and hence operates on glycolysis and the TCA cycle, affecting the energy metabolism of microorganisms [87]. HMF in ammonia fiber expansion-pretreated corn stover and dilute acid switchgrass hydrolysate is 0.6 and 1.7 mM, respectively [88]. Interestingly, in our study, HMF had little impact on OH growth at this concentration. Remarkably, the IC50 of HMF (17.5 mM) was significantly higher than the value reported for Pleurotus ostreatus (12.5 mM; IC50) by Feldman et al. [89]. It is reported that several endophytic fungi can tolerate and utilize HMF better than furfural in a 5 mM medium [90]. In addition to aldehydic and acidic inhibitors, the phenolic compounds primarily produced from lignin degradation are present in biomass hydrolysates at varying concentrations [85]. Different acidic inhibitors belonging to furan or aromatic organic acids (p-hydroxybenzoic, ferulic, syringic, vanillic, furoic, and gallic acid) and aliphatic acids (acetic, formic, levulinic, and caproic acid) were abundant in the lignocellulosic hydrolysate [11,12,80].



In the second group of pretreatment-derived chemicals tested, the most tolerated chemicals were levulinic acid (29.77 mM, IC50), gallic acid (25.87 mM, IC50), and formic acid (15.87 mM, IC50). In contrast, the least tolerated, p-hydroxybenzoic acid, was toxic at low concentrations (5 mM), where the relative growth was reduced by more than 60%. Similarly, Fusarium oxysporum f. sp. niveum mycelial mass was reduced by 63.7% at 1600 mg L−1 (11.6 mM) of p-hydroxybenzoic acid [91]. With levulinic acid, a weak acid, and an HMF derivative, the relative growth of the strain OH at a 20 mM concentration approached 50% on day 7, roughly ten times that reported for Trametes versicolor [92]. Levulinic acid was slightly more inhibitory than acetic acid and affects the uptake of xylose and mannose [92]. In corn stover and spruce hydrolysate, the concentrations of levulinic and formic acid were only around 0.3 mM (0.13–0.4 g/L) and 0.17 mM (0.2–0.8 g/L), respectively [93,94]. At these concentrations, the growth inhibition of Colletotrichum sp. OH was 4% and 2%, respectively. The inhibitory effects of weak acid including LA is well studied in highly fermentative yeast. LA interferes with mitochondrial function by inhibiting the cytochrome biosynthesis pathway in Saccharomyces cerevisiae and Candida utilis by inhibiting the enzyme δ-aminolevulinic acid dehydratase [95]. Additionally, by binding to protons in the cellular environment, LA impairs the translocation of protons across the membranes, in turn increasing ATP demand and redox oxidative stress [92,96]. The highly fermentative Saccharomyces cerevisiae was able to tolerate 400 mM LA in the aerobic glucose growth phase with an increased lag phase [96]. The high tolerance of Colletotrichum sp. OH (29.77 mM, IC50 or 3.5 g/L) as compared to Trametes versicolor (0.3 g/L) may be due to its high redox tolerance.



The gallic acid tolerance concentration for Colletotrichum sp. OH reported here is ~10 times more than the tested concentration for Fusarium oxysporum f. sp. Niveum [97]. However, the reported IC50 values for the growth of oleaginous yeast Trichosporon fermentans on gallic acid was 10–15 times more than that of Colletotrichum sp. OH [98].



As in our study, several phenolics, trans-cinnamic acid, ferulic acid, and p-coumaric acid, in the 5–50 mM range inhibited Colletotrichum sp. with the least tolerated phenolic being trans-cinnamic acid [99]. In 10 mM p-coumaric acid, the tolerance of Colletotrichum sp. OH was slightly better than hydroquinone. However, the strain OH can tolerate hydroquinone until 15 mM (relative growth 50%). Adeboye et al. [100] reported that 10 mM of p-coumaric and hydroquinone was too toxic for the growth of Saccharomyces cerevisiae.



The other groups of chemicals tested included hydrogen peroxide and ionic liquids, which are pretreatment chemicals. The use of oxidants for pretreatment in ozonolysis, wet oxidation, and alkaline peroxide pretreatment (AHP) reduces the cellulose crystallinity and disrupts linkages of carbohydrates and lignin [12]. The use of hydrogen peroxide at pH 11.5 (AHP) is an effective pretreatment of lignocellulosic biomass in the context of ethanol production [101]. The screening of strain OH depicted a remarkable tolerance efficacy for H2O2 compared to other fungi reported in the literature, viz., Colletotrichum gloeosporioides [102] and Colletotrichum higginsianum [103], and this fungus represents a potential candidate for testing in the processes of saccharification followed by AHP.



Moreover, the use of ionic liquids (ILs) is a green method for pretreatment of lignocellulose materials [104]; however, residual ILs in pretreated slurries have remarkable toxicity for fermentative microorganisms and enzymes [105]. ILs are toxic to biomacromolecules and completely blocked the growth of well-known fungus F. oxysporum BN with 5% (Cl−)-based ILs [106]. The fungus OH shows high tolerance (50% growth inhibition at the above mentioned concentration of the IL). The data of the cell wall stress toleration phenotype of the reported fungus demonstrate its inherent extremophile phenotype. The strain OH could tolerate and degrade Congo red dye at a 1 mg/mL concentration. To the best of our knowledge, this is the highest CR concentration tolerated by any fungus. Recently, a survey of diverse fungi for CR-associated cell wall stress tolerance identified Aspergillus niger and Trichoderma atroviride as candidates tolerating 600 µg/mL CR [107].



Next, in this study, to account for the complex synergistic effect of various inhibitors present in the lignocellulosic hydrolysates [108], we tested 16 combinations of four chosen chemicals. Ruan et al. reported a more substantial inhibition on biomass, lipid production, and carbon source utilization when four inhibitors (furfural, HMF, ferulic acid, and coumaric acid) were mixed and added to the culture of Mortierella isabellina compared to cultures with individual inhibitors [86]. A few promising fungi tolerant to either single or mixed inhibitors are well characterized (reviewed in [11,16]) [109]. Evidently, no literature is available regarding the synergistic effect of pretreatment-derived inhibitors with H2O2 on fungal growth and metabolism. However, using statistical methods, a mixed concentration of 3.3 mmol/L formic acid, 21.6 mmol/L levulinic acid, and 6.6 mmol/L furfural inhibitors was optimized to increase the growth and ethanol yield of Saccharomyces cerevisiae [110]. Similarly, the fungus T. versicolor was reported to grow on mixed inhibitors of phenol, levulinic acid, HMF, and furfural at 0.4, 0.3, 0.2, and 0.6 g/L, respectively, by detoxification of the inhibitors [92]. The degradation of the inhibitors was associated with the production of the enzymes laccase, peroxidase, manganese peroxidase, and phenol oxidase. The growth inhibition of the strain OH was 51.67% (HMF alone), 50% (LA alone), and only reduced to 50% in the LA and HMF mixed condition (combination 8, Table 3) Since Colletotrichum sp. OH was able to produce inhibitor-tolerant laccase and manganese peroxidase (Figure 5F and Figure 8), an identical mechanism of LA and HMF degradation or their modification into less toxic derivatives might be operational in the fungus. The reduced relative growth and biomass accumulation of OH on the supplemented media (a combination of HMF, levulinic acid, hydroquinone, and hydrogen peroxide) could be due to the additive effect of the multiple inhibitors. Further, the dual mixtures showed a minor inhibition increase as single combinations, pointing to an adaptive response. Remarkably, the dual combinations where H2O2 was a partner showed marginally better or lower biomass inhibition than H2O2 alone, suggesting an adaptive cross-tolerance response. Thus, the reported fungus is better adapted to tolerate single and double combinations than triple combinations where more complex synergistic effects come into play.



The tolerance of single or multiple furan, acidic, and phenolic inhibitors by this fungus may be due to its capacity to degrade or metabolize the inhibitors, as reported for several filamentous fungi and yeast (reviewed in [26]) [92]. The exact mechanism of tolerance to all inhibitors by the members of the Colletotrichum genus is unknown; possibly, they can degrade phenolic inhibitors [111] or are inherently tolerant [112]. However, further experimental data with the fungus OH are required to understand the stress tolerances response.



Similarly, the tolerance toward extracellular H2O2 may be due to the presence of robust antioxidant enzymes such as catalase, glutathione reductase, superoxide dismutase, and high glutathione content to reduce oxidative stress damage [113]. The transcriptome of the fungus Colletotrichum lupini showed upregulation of catalase and peroxidase genes in response to plant infection [114]. The secretome analysis of Colletotrichum graminicola, Colletotrichum tabacum, and Colletotrichum destructivum reported the expression of H2O2-producing copper radical–alcohol oxidase [115], suggesting the presence of peroxidases in the genome of Colletotrichum species.



In endophytes and other fungi, their capacity to live in a host environment depends on the composition and function of its cell wall as it activates numerous pathways in response to stress stimuli, such as oxidative, pH, or cell wall damage. One such pathway, the cell wall integrity (CWI) signal transduction pathway, regulates gene expression of cell wall biosynthesis and the production of secondary metabolites for stress tolerance [116]. The fungus OH cell wall tolerance hints that a hyperactive CWI might be operational, considering that the fungus was isolated from antioxidant-rich Ocimum leaves. Therefore, the endophyte produces lignocellulolytic enzymes naturally tolerant to oxidants as an adaptive response.



A few promising fungi tolerant to either single or mixed inhibitors are well characterized (reviewed in [11,16,109]).



As only handful of mixed inhibitor tolerant fungi are reported (reviewed in [11,16]), new and novel fungal isolates from diverse ecosystems for improved bioabatement of inhibitors are desirable [25]. Moreover, most studies test low concentrations of the inhibitors or focus only on detoxification or its associated mechanisms [11,16]. Furthermore, plant biomass-degrading enzymes or their tolerance is not well studied. Thus, we tested the lignocellulolytic potential and tolerance of several secretory enzymes of Colletotrichum sp. OH.



Using natural and commercial carbon sources, induction of expression and significant yields for multiple consortia of cellulase, hemicellulase, pectinase, and ligninase enzymes were observed from the fungus Colletotrichum sp. OH. These enzymes play a role in fungal metabolism and survival in rapidly shifting environments such as endophytes. The production of the maximal amount of endoglucanase activity in the presence of CMC is known in T. reesei RUT-C30 [117]. The enhancement of exoglucanase activities in the presence of rice husk was in line with the report of Liu et al. [118] in utilizing rice straw as a sole carbon source for Aspergillus fumigatus Z5. The OH strain maintained a lower level of enzyme production in the presence of glucose as a carbon source, suggesting a weak glucose catabolic repression activity, and similar glucose induction was observed in Sporothrix schenckii as well [119]. Moreover, this study shows similar lignocellulolytic production titers to other endophytic strains reported in the literature, i.e., Acremonium sp. [120], Alternaria sp. and Colletotrichum sp. DM06 [121], Fusarium sp. QH101 [122], and Colletotrichum lindemuthianum [123]. The observed consortium of lignocellulase titers in OH could be due to the strain’s inherent genetic capacity and the use of different medium and substratum compositions, which play a significant role in the production of enzymes [64]. In line with this argument, the secretome of Colletotrichum lupini is reported to consist of 28 secreted carbohydrate-active enzymes (CAZymes) (cited above) while the secretome of C. graminicola, C. tabacum, and C. destructivum consisted of 29–52% CAZymes out of 400 detected proteins (cited above). In parallel, the extracellular lignocellulolytic enzyme secretome was analyzed using zymography. The multiple protein and enzyme bands in PAGE and zymography point to a few lignocellulolytic and xylanase enzyme systems present as families, subfamilies, or isoform levels.



The essential objective in advancing second-generation biofuels is to develop a robust microbial host that is well endowed with significant levels of lignocellulolytic enzymes and the capacity to overcome or detoxify broad-spectrum chemical inhibitors. Additionally, new saccharification methods using innovative biocatalysts that possess better characteristics for commercial use are needed. Therefore, natural or engineered enzymes that have high biocatalyst efficiency and tolerance to lignocellulosic generated by-products or residual pretreatment chemicals are currently needed. In this line, the study tested the strain OH’s ability for simultaneous growth and endoglucanase production on solid CMC amended with inhibitor combinations at IC50 values. The semi-quantitative method suggests that hydroquinone alone acts as an inhibitor for endoglucanase production. This inhibitory effect of HQ alone is reduced with its dual combination with HMF and H2O2.



Additionally, in triple mixtures with no HQ (combination 9), better growth and enzyme production than HQ plates (combinations 10, 11, and 14) suggest HQ-mediated gene expression repression. Noticeably, exogenous hydroquinone but not H2O2 represses the expression of manganese peroxidase gene expression in Ceriporiopsis subvermispora [124]. Nevertheless, the effects of hydroquinone, HMF, H2O2, and their combinations on the expression of cellulases and hemicellulase are not well proven. Strain OH gene expression analysis may shed light on several observed phenotypes and elucidate pathways for the simultaneous development of tolerance and enzyme secretion. The work presented in this section suggests that the fungus was a multi-inhibitor-tolerant microorganism with enzyme production ability in the presence of inhibitors.



We further tested the tolerance of the secretome produced from the rice husk culture to 16 inhibitor combinations in three different concentrations. The data on the tolerance of the enzyme to the inhibitor combinations and the strain’s growth profiles were similar, indicating that the endophyte fungus Colletotrichum sp. OH is an extremophile capable of secreting inhibitor-tolerant proteins. Among the enzymes studied, only endoglucanase and β-glucosidase demonstrated enhancement of activities and tolerance toward the tested inhibitors. Although the enhancement and tolerance were inhibitor and concentration specific, broadly, the endoglucanase, β-glucosidase, and xylanase secreted by this fungus can tolerate higher inhibitor concentrations than the three ligninases (Figure S9). The key findings include increasing β-glucosidase and endoglucanase activity in the presence of HMF and H2O2, enzyme activities tolerant to inhibitors and their combinations, and reduction in hydroquinone and levulinic acid inhibitory effects on enzymatic activities by HMF and H2O2. Laccase, MnP, and LiP tolerated H2O2, HQ, HMF, and their combinations at low concentrations.



β-glucosidase revealed a redox tolerance profile as when the reaction consisted of 25, 50, and 75 mM H2O2, the H2O2-dependent activities increased by 1.25-, 1.29-, and 1.34-fold, respectively, compared to a no H2O2 control. The brown-rot fungus Postia placenta MAD 698-R was documented to secrete an oxidation-tolerant bulk enzyme fraction as an adaptation to the wood degradation process that employs reactive oxygen species (ROS) [125]. As in our report on the effects of peroxide in the enhancement of β-glucosidase activity, the enzymes secreted by Postia placenta and Trichoderma reesei RUT-C30 have similar H2O2 tolerance and hydrolysis enhancement activities. Similarly, an increase in endoglucanase (CMCase) in 25 mM H2O2 and a decrease in xylanase activities in the presence of H2O2 were observed. The activity data with other inhibitors underscored the remarkable tolerance limits of β-glucosidase produced by this fungus. Remarkably, the activity of β-glucosidase increased by 1.32- and 1.24-fold in the presence of HMF (8.8 and 17.6 mM), marginally decreased by 0.94-fold in 23.45 mM HMF, was reduced by 0.95-fold in HMF + H2O2 (8.8, 25 mM), and decreased to 0.91-fold in 13.75 mM LA. The marginal β-glucosidase activity could be detected in four inhibitor combination reactions, suggesting a wide range of tolerance. Alves et al. [126] reported a soil metagenome-derived β-glucosidase (Laf2) with multiple inhibitor tolerance and enhancement of its activity by 70% in the presence of 1% HMF (7.93 mM). However, ours is the first report with HMF and H2O2 stimulation of both endoglucanase and β-glucosidase activities.



The benzene-derived phenolic compound, hydroquinone (1,4-Benzenediol), is reported at a low concentration range in different acid hydrolysates, e.g., in Norway spruce (17 mg/L) [127] and was considered less toxic to S. cerevisiae (~10 mM) than its laccase-oxidized derivative benzoquinones [127]. Among the white-rot basidiomycete fungi, HQ causes concentration-dependent changes in cellular morphology in Ceriporiopsis subvermispora (maximum 0.75 mM) [124], while complete growth inhibition occurs in Cerrena unicolor IBB 300 and Trametes versicolor IBB 775 in 0.5 mM of hydroquinone [128]. On the other hand, brown-rot fungi produce methoxylated or methylated hydroquinone derivatives to drive Fenton reaction-mediated lignin depolymerization [129]. They also act as redox intermediates in activating lytic polysaccharide monooxygenase (LPMO) enzymes for oxidative cellulose degradation in different fungi [129,130]. The tolerance of hydroquinone and other benzene derivative phenolics in S. cerevisiae involves cytoskeletal and oxidative stress tolerance, correct regulation of iron homeostasis, and vacuolar ATPase stress [131]. A similar orthologous tolerance network might exist in the strain OH for hydroquinone tolerance, which needs further experimental validation. HQ supplementation in some fungi can act as an activator or repressor of lignocellulolytic enzymes depending on the fungi and enzymes [124]. Our enzyme assay data suggest that the activities of cellulases and xylanase reduced to 50% in the presence of 6.5 mM hydroquinone, while the ligninolytic enzymes show a high tolerance in the same concentration. At a 5 mM concentration, Avicel hydrolysis by Novozymes cellulase mix was unaffected [132].



Further, the inhibitory effect of HQ in the enzymatic reactions of cellulases and xylanase activity decreased in the presence of HMF (combination 4 vs. 6, Figure 8, Figure S8). The 5-hydroxymethylfurfural-mediated activity enhancement discussed above could be due to HMF’s protein-stabilizing function in line with its known covalent hemoglobin (Hb) modification. Structural data suggest that binding of HMF to Hb’s N-terminal alpha valine nitrogen moves the allosteric equilibrium to the Hb oxygen affinity state as well [133]. However, similar speculative binding of HMF and stabilizing of the lignocellulolytic enzymes could be an explanation for enhancement of various activities in the presence of HMF.



β-glucosidase is a critical enzyme for complete hydrolysis of cellulosic biomass as it produces glucose from oligosaccharides and cellobiose. The stability of this enzyme toward operational conditions is a critical parameter in industrial settings [134,135]. The 3 h incubation of the bulk crude enzyme with 75 mM of H2O2 showed 1.34-fold enhancements in BGL activity, suggesting a high tolerance with potential application in oxidative pretreatment conditions. An efficient cellulase enzyme cocktail from the secretome of the strain OH can be envisioned based on the simultaneous activity enhancement of endoglucanase along with β-glucosidases.



The data presented in this work suggest several future experiments to elucidate the inhibitory tolerance mechanisms operational in this fungus using genomics and proteomics approaches. These studies will help better understand the intracellular pathways and extracellular players operational in cell wall perturbation and oxidative and chemical inhibitor tolerance phenotypes of Colletotrichum sp. OH. The increased production and compositional analysis of the lignocellulolytic enzyme titers using medium and culture condition optimization will help in using the secretome in plant biomass degradation studies relevant to biorefinery industries. An in-depth understanding of the role of pretreatment-derived chemical inhibitors in CAZyme expression regulation by the fungus is needed to support our data for hydroquinone-mediated repression of endoglucanase production and de-repression by H2O2 and HMF. Further, the industry-friendly crude enzyme secretome or purified β-glucosidase and endoglucanase need to be addressed in terms of the inherent mechanisms of inhibitor tolerance and activity enhancements based on individual protein sequences and structure–function analysis.




5. Conclusions


In this study, we found that the Ocimum sanctum L. leaf endophytic fungus Colletotrichum sp. OH can tolerate and grow on various chemical stressors. The fungus grew and tolerated single and mixed chemicals from furan, acidic, and phenolic groups known to exist in the plant biomass pretreatment process. The fungus exhibited very high tolerance to hydrogen peroxide and cell wall-perturbating agent Congo red. The native Colletotrichum sp. OH can secrete enzymes for lignin, cellulose, and hemicellulose depolymerization. Notably, the secreted lignocellulolytic enzyme activities were either tolerant or enhanced in the presence of chemical inhibitors and H2O2. The enhancement of β-glucosidase activities in the presence of H2O2 (25, 50, and 75 mM) and HMF (8.8 and 17.76 mM) and tolerance to their combinations suggests an inherent trait of oxidative tolerance. Thus, the study highlights the potentials of Colletotrichum sp. OH to address bottlenecks of pretreatment inhibitors and can serve as a robust platform for lignocellulosic-based bioprocesses in future studies.
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Figure 1. Screening for the lignocellulolytic potential of the strain OH. (A). Colony morphology of OH on PDA plate after 7 days at 30 °C; (B) microscopic appearance at magnification 100×; after 7 days at 30 °C; and (C–J) lignocellulolytic enzyme profile of OH. (C) Cellulose hydrolysis on CMC agar on the 3rd day of screening; (D) BGL plate screening using esculin as a substrate; (E,F) cellulose-degrading capabilities in minimal medium containing Whatman filter paper strip. Images after 7 days incubation. (E) Left tube: control without inoculum in solid media and (F) in liquid culture. (G) Screening for xylanase on a xylan agar plate. (H) Laccase activity was tested in an MSM containing ABTS (2-2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid). (I) Lignin peroxidase assay with methylene blue, left tube (1st tube): control without culture supernatant and (J) manganese peroxidase assay with methyl catechol, left tube (1st tube): control without culture supernatant. 
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Figure 2. Rooted maximum likelihood phylogenetic tree using ITS gene sequences. The phylogenetic tree depicts Colletotrichum sp. strain OH (red filled circle and red text) with Musae clade of Colletotrichum gloeosporioides species complex. Accession numbers are in parentheses; Bootstrap values (based on 1000 replications) are shown at the branch points. Scale bar = 0.0020 substitutions per nucleotide position. A compressed tree is presented for clarity, and the complete tree is presented in Figure S1. 
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Figure 3. Tolerance of Colletotrichum sp. OH to lignocellulosic-derived inhibitors. (A) The mycelial growth in the presence of three groups of inhibitors; aldehydes, acids, and phenolics (HMF, FU, furfural; VA, vanillin; PHB, p-hydroxybenzaldehyde; LA, levulinic acid; FA, formic acid; GA, gallic acid; POH, p-hydroxybenzoic acid; HQ, hydroquinone; PCA, p-cumaric acid). (B,D,F) is the relative mycelial growth (%) in plates and (C,E,G) dry weight biomass (g/L) of OH on the seventh day when supplemented with and without inhibitors. The control (no inhibitors) plate showed 9 cm mycelial growth on the 7th day of incubation. Experiments were performed in triplicate, and the heights of the bars and the error bars show the means ± standard error mean (SEM). 
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Figure 4. Effect of lignocellulosic pretreatment compounds on Colletotrichum sp. OH growth. Oxidative stress response of OH to menadione and H2O2. (A,D) The mycelial growth in the presence of menadione and H2O2; (B,C,E,F) the relative mycelial growth (%) and dry weight biomass (g/L) of OH on the seventh day; and (G–I) the relative growth (%) and dry weight biomass (g/L) in the presence of ionic liquid 1-butyl-3-methylimidazolium chloride (Bmim Cl). Statistical differences were analyzed by one-way analysis of variance (ANOVA). Experiments were performed in triplicate, and the heights of the bars and the error bars indicate the means ±standard error mean (SEM). *** p < 0.001; ** p < 0.01; * p < 0.05 compared with the control. 
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Figure 5. Activities of extracellular lignocellulolytic enzymes of Colletotrichum sp. OH, in the presence of different carbon sources. Time-series plots of endoglucanase (A), exoglucanase (B), β-glucosidase (C), Fpase (D), and endoxylanase (E) production by OH on different carbon sources. (F) Changes in ligninase activities, such as Lac, laccase; MnP, manganese peroxidase; and Lip, lignin peroxidase, in the presence of rice husk as detected by the colorimetric assay. Experiments were performed in triplicate, and the heights of the bars and the error bars indicate the means ± standard error mean (SEM). 
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Figure 6. Native PAGE and zymogram analysis of cellulases and xylanase produced by Colletotrichum sp. OH. (A) A 10% PAGE gel and zymogram of (B) endoglucanase, 1% CMC; (C) exoglucanase, 5 µM MUC; (D) β-glucosidase, 5 µM MUG; and (E) endoxylanase, 1% xylan as substrates. Lane (M), molecular weight markers; lane 1, carboxy-methylcellulose (CMC); lane 2, Avicel (Av); lane 3, oil cake (OC); lane 4, rice husk (Rh); and lane 5, glucose (Gl). 
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Figure 7. Effect of single and combined inhibitors (IC50; mM) on endoglucanase activity of Colletotrichum sp. OH. (A,B) The mycelium growth and endoglucanase activity of OH and (C) bar graph showing colony diameter and zone of clearance on 1% CMC agar plate supplemented with different combinations of single and mixed inhibitors (combinations 1–16, Table 1) at their respective IC50 concentrations (mM). Experiments were performed in triplicate, and the heights of the bars and the error bars indicate the means ± standard error mean (SEM). 
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Figure 8. Effect of single and combined inhibitors on the lignocellulolytic activity of Colletotrichum sp. OH. (A–F) The relative activity of OH in the presence of different single and combinations of inhibitors (combinations 1–16) at their respective IC25, IC50, and IC75 (mM) concentrations. The dotted lines show 50% inhibition of different enzymes tested in the presence of inhibitors. The values are in comparison with that of the untreated control. Specific enzyme activities as units per milligram are integrated within combination 1. Experiments were performed in triplicate, and the heights of the bars and the error bars indicate the means ± standard error mean (SEM). 
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Figure 9. Effect of H2O2 on β-Glucosidase activity. (A) Effect of different concentrations of H2O2 (25, 50, 75, 100, 125 mM) on β-Glucosidase activity. The black boxes represent relative BGL activity with respect to no H2O2. The error bars indicate the means ± standard error mean (SEM) from three independent experiments, and (B) pre incubation has advantages in enhancing BGL activity in the presence of exogenous H2O2. H2O2 tolerance of BGL activity was investigated by adding H2O2 to bulk crude enzyme at different time points (0–6 h). The 0 mM H2O2 pre incubation condition in this experiment was crude enzyme incubated in buffer without any H2O2. BGL activity without H2O2 during 0–6 h pre incubation was defined as control (100%). The significant difference (**) was set at p < 0.01, and the highly significant difference (***) was set at p < 0.001 in Tukey’s t-test, compared to the 0% H2O2 pre incubation control. Values are the mean ± SEM of results from three independent experiments. 
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Table 1. Combinations of four different inhibitors at their IC50 concentration.
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Inhibitors IC50 a (mM)




	
Combination

	
HMF

	
LA

	
HQ

	
H2O2






	
1

	
−

	
−

	
−

	
−




	
2

	
+

	
−

	
−

	
−




	
3

	
−

	
+

	
−

	
−




	
4

	
−

	
−

	
+

	
−




	
5

	
−

	
−

	
−

	
+




	
6

	
+

	
−

	
+

	
−




	
7

	
+

	
−

	
−

	
+




	
8

	
+

	
+

	
−

	
−




	
9

	
+

	
+

	
−

	
+




	
10

	
+

	
+

	
+

	
−




	
11

	
+

	
−

	
+

	
+




	
12

	
−

	
+

	
−

	
+




	
13

	
−

	
+

	
+

	
−




	
14

	
−

	
+

	
+

	
+




	
15

	
−

	
−

	
+

	
+




	
16

	
+

	
+

	
+

	
+








a Molar concentration of 50% inhibition on the growth of OH. + Presence, − Absence.
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Table 2. The concentration of inhibitors required to inhibit the growth of OH to 50%.
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	Inhibitors
	IC50 a (mM)





	Aldehyde
	



	5-HMF
	17.76



	Furfural
	8.39



	Vanillin
	5.03



	p-Hydroxybenzaldehyde
	5.11



	Acid
	



	Levulinic acid
	29.77



	Gallic acid
	25.87



	Formic acid
	15.87



	p-Hydroxybenzoic acid
	4.94



	Phenolic
	



	Hydroquinone
	10.76



	P-Coumaric acid
	8.63



	Oxidative stress
	



	Menadione
	0.123



	Hydrogen peroxide
	50







a Molar concentration of 50% inhibition on the growth of OH.
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Table 3. Effect of inhibitor combinations on mycelial growth and biomass accumulation of Colletotrichum sp. OH.






Table 3. Effect of inhibitor combinations on mycelial growth and biomass accumulation of Colletotrichum sp. OH.





	Samples
	RGI (%) a
	Biomass (g/L)
	Inhibitor IC50





	Combination 1
	100 ± 0
	9.12 ± 0.04
	None



	Combination 2
	51.67 ± 0.5 c
	4.66 ± 0.0 d
	HMF



	Combination 3
	50 ± 0.5 c
	6 ± 0.02 c
	LA



	Combination 4
	49.17 ± 0.07 d
	5.3 ± 0.03 c
	HQ



	Combination 5
	50.56 ± 0.3 c
	4.16 ± 0.05 d
	H2O2



	Combination 6
	46.12 ± 0.05 d
	3.6 ± 0.01 d
	HMF + HQ



	Combination 7
	47.22 ± 0.25 d
	4 ± 0.01 d
	HMF + H2O2



	Combination 8
	50 ± 0.05 c
	4.16 ± 0.35 d
	HMF + LA



	Combination 9
	38 ± 0.05 d
	2.6 ± 0.01 e
	HMF + LA + H2O2



	Combination 10
	33.33 ± 0.02 d
	2.8 ± 0.046 d
	HMF + LA + HQ



	Combination 11
	35 ± 0.005 d
	2.06 ± 0.05 e
	HMF + HQ + H2O2



	Combination 12
	44 ± 0.15 d
	4.3 ± 0.02 d
	LA + H2O2



	Combination 13
	45 ± 0.05 d
	3.9 ± 0.02 d
	LA + HQ



	Combination 14
	40 ± 0.15 d
	2.6 ± 0.02 e
	LA + HQ + H2O2



	Combination 15
	46 ± 0.15 d
	4.2 ± 0.01 d
	HQ + H2O2



	Combination 16
	23 ± 0.15 e
	N/D b
	HMF + LA + HQ + H2O2







Relative mycelial growth inhibition (RGI) and biomass of Colletotrichum sp. OH in the presence of inhibitor combinations. a RGI (%) = 100%—relative growth in the presence of inhibitors. b N/D, no growth. IC50, Inhibitory Concentration defined as molar concentration for 50% growth inhibition. Values are expressed as the means (n = 3) ± SEM. Statistical differences were analyzed by one-way analysis of variance (ANOVA). Significant differences (p < 0.05, followed by Tukey’s test) compared with the control are indicated by different letters (c–e).
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