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Abstract

:

Lignocellulosic biomass needs attention as an alternative energy source to overcome the adverse impacts of fossil fuels. Diversified Galiyat forests of Lower Himalaya may represent the potential source of lignocellulose degrading microbiota, particularly the lytic bacteria. Therefore, soil and wood samples were collected from different sites of Nathiagali and Thandiani of Galiyat forests. The soil samples collected were clayey, with a pH between 6.7 and 7.0, and with an organic matter of 2.8%–2.9% in Nathiagali and 2.1%–2.2% in Thandiani. The soils were enriched with more diversified cultivable bacteria (9 Log CFU/g) than the respective wood samples (7.4–8.6 Log CFU/g). Out of 90 bacteria, 22 isolates were efficient for cellulose degradation, 14 for xylanase activity, and 10 for laccase production. Cluster analysis showed that lignocellulolytic bacteria were grouped based on the sample medium (soil–wood) rather than the sampling site (Thandiani–Nathiagali). Efficient bacteria were also sequenced, and we found that cellulase production was prevalent in Pseudomonas spp. while laccase activity was diverse among taxonomically varied bacteria. Moreover, Stenotrophomonas sp. TS2B1 performed the best for corncob xylose degradation. Overall, the results suggest that Galiyat forests represent diverse lignocellulolytic microbial populations which should be further evaluated for applications in lignocellulosic waste management and for potential consequent fuel production.
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1. Introduction


The upsurge in consumption of conventional energy sources is causing adverse impacts on the quality of the environment. It requires renewable and sustainable alternative energy resources to tackle the energy crisis and reduce the impacts of non-renewable energy sources on the environment [1]. In the last few decades, interest in transforming lignocellulosic biomass into biofuels has increased. The first generation of bioethanol (produced from direct fermentation) has been widely used particularly in the US and Brazil. Among the resources for second-generation bioenergy, lignocellulose is favored over the others because it is abundant and relatively easy to process with enzymatic catalysis [2,3].



Lignocellulosic biomass (LCB) is the most suitable alternative to fossil resources as it is composed of agricultural and forest residues, industrial and municipal wastes, and crops dedicated to producing bioenergy (particularly bioethanol). The main composition of lignocellulose is cellulose and hemicellulose backbone, which is bound by lignin moieties [4]. Notably, different components of lignocellulosic biomass have a variety of applications, e.g., glucose—from cellulose—to acquire bioethanol [5]; xylitol—from hemicellulose—as a food additive and pharmaceutics [6]; humic acids and cresol—obtained from lignin—as solvents and cleaners [7,8]. The bonding within and between cellulose, hemicellulose, and lignin forms a composite biopolymer structure in plant biomass [9]. This composite structure is a hindrance to the saccharification process [9]. There are different pre-treatment processes, such as physical, chemical, and biological pre-treatments, that disrupt the composite polymer structure of lignocellulosic biomass [10]. In this regard, biological pre-treatment is considered a sustainable method that does not pollute the environment. This method is comprised of certain microorganisms which can degrade the recalcitrant plant cell wall by releasing hydrolytic enzymes [2].



Until now, numerous bacterial strains have been studied, such as the Actinomycetes taxon employed for the active decomposition of grasses [11,12]. Several other studies showed that bacteria can break cellulosic biomass by producing cellulolytic and xylanolytic enzymes under aerobic and anaerobic conditions [13,14]. In nature, fungi and bacteria are the most important players in plant biomass degradation as they produce enzymes for lignocellulose decomposition [15]. The use of such enzymes from bacteria is preferred over fungi because bacteria are comparatively more cosmopolitan, can adapt to diverse pH and temperature conditions, and have a short generation time compared to fungi. A recent analysis of a microbial community showed that bacteria have significant lignocellulolytic enzyme activity [16].



The lignocellulolytic properties of some bacterial genera, such as Cellulomonas, Cellvibrio, Pseudomonas, Bacillus, and Micrococcus, were reported earlier [17]. The biofuel production from lignocellulosic biomass has some potential, but effective enzymatic hydrolysis is a barrier because the bioconversion requires efficient synergetic actions among released enzymes, i.e., cellulases, xylanases, and laccases [17,18,19]. Additionally, microbes in the conventional conversion processes need high enzyme loading and more incubation time; optimum conditions are thus required in a cost-efficient process for smooth conversions [20].



In this context, the optimum growth conditions of lignocellulolytic organisms and their performance are of prime importance. Biological pre-treatment of biomass and subsequent fermentation is, though, a promising technology, but the process efficiency needs further investigation. One of the strategies could be the isolation of comparatively more efficient organisms and establishing their cooperative mixtures to recruit the performer organisms in more realistic conditions. It is, therefore, more likely that lignocellulosic biomass-enriched ecosystems would provide the microbiota satisfying these prerequisites of biomass pre-treatment. In this regard, forests of the Galiyat region, Abbottabad Pakistan—Lower Himalaya—represent a potential ecosystem with huge floral diversity producing lignocellulosic material. The Himalayan region has recently been reported as a hotspot for diversified microbiota of varied ecosystems, with fluctuating microbial diversity at different sample altitudes [21]. The particular region comprises pristine habitats for the exploration of microorganisms capable of a multitude of functioning. The plant waste—of diversified nature—is continuously recycled in these forests by native microbial strains producing a thick layer of organic matter, which represents an excellent opportunity for the presence of efficient lytic organisms [22], potentially better than the already reported ones in the literature. A pristine environment of the Pangi–Chamba Himalayan (PCH) region was sampled for bioresource exploration and for bacterial diversity investigation to degrade cellulose. Their isolated bacteria belonged to 28 genera representing four different phyla, i.e., Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria [23]. Soil bacterial diversity from other geographical regions of the Himalayan mountains was also studied [24] through culture-independent and culturable approaches. Soils in these Himalayan foothills were dominated by varied bacterial genera, including Exiguobacterium, Arthrobacter, Cedecea, Pseudomonas, Erwinia, and Bacillus. Some of these bacterial genera showed novel hydrolytic enzyme activities as well [24]. Such diversified bacteria—with proficient cellulolytic activity—provide an opportunity for developing a bioprocess for efficient pre-treatment of lignocellulosic biomass.



Furthermore, the presence of efficient lignocellulolytic microbes in such samples [25] is obvious because of the complex biomass degradation therein. In this context, the present study aims to isolate and characterize the microbial strains from Lower Himalayan sampling sites as well as from decaying pine substrates of the region with comparatively better lignocellulose degradation potential. The particular focus is the isolation of bacterial strains from naturally diversified environments of the Lower Himalayas, which is mainly the novelty of this work.




2. Materials and Methods


2.1. Study Area


The samples for this study were collected from the forest sites of the Lower Himalayan region, Nathiagali and Thandiani of District Abbottabad, Pakistan (Figure 1). In Nathiagali, the selected sites were within Ayubia National Park (ANP) forest—reserved under International Union for Conservation of Nature (IUCN)—which is stretched from 33°51 to 34°83 at North latitude and 73°8 to 73°57 at East longitude. ANP is located at 2520 m elevation, which is mostly covered with coniferous species of Pinus wallichiana, Cedrus deodara, and deciduous and medicinal plants. Thandiani is located at 2700 m elevation to the north side of Nathiagali, stretched as 34°17–34°10 N and 73°23–73°17 E, which is mostly covered with Pinus wallianchiana, Pinus ruxburgii, and other natural flora. Specifically, the samples, including degrading wood and adjacent surface soil (up to 5 cm depth), were collected in sterile zip-lock plastic bags maintaining aseptic conditions and were brought to the laboratory for further use and analyses. The sample codes, elevation, and geographical coordinates are given in Table 1.




2.2. Chemical Reagents and Culture Media


All the chemicals used during this work (e.g., CMC-Na, Xylan, and ABTS – Sigma Aldrich, Beijing China) were of analytical grade. The culture media used were nutrient broth (Jinan Biotech, Jinan China): 0.3% beef extract, 0.5% peptone, 12% agar, pH 7.0–7.5; and Luria–Bertani broth (LB, LCC Lahore, Pakistan): yeast extract 5 g/L, peptone 5 g/L, NaCl 10 g/L, pH 6.5–7.0. M9, minimal salts medium (Sigma–Aldrich, Beijing China) composition (g/L) was KH2PO4, 15; NaCl, 2.5; Na2HPO4, 33.9 and NH4Cl, 5. The 100× Stock solution of trace elements included 1100 mg/L FeCl3, 50 mg/L CuSO4, 200 mg/L HBO3, 200 mg/L MnSO4·H2O, 80 mg/L Na2MoO4·2H2O, 60 mg/L CoCl2·6H2O, 90 mg/L ZnSO4·7H2O, and 10 mg/L Na2SeO4. The media and chemical reagents were autoclaved at 121 °C and 15 psi for 15 min before their use for different tests [26].




2.3. Physicochemical Characteristics of Samples


In order to get a uniform soil sample, the larger substances (such as stones and twigs) were removed following air drying. Samples were then ground with a mortar and passed through a 2 mm sieve. The pH of the samples was measured in 1:5 mixtures of soil and deionized water with a standardized pH meter (PHS-550). Soil solutions were shaken for 30 min and then kept static for 5 min before pH measurements. The soil texture (amount of sand, silt, and clay) was evaluated as per previously reported testing protocols [27]. The decaying wood samples were smashed with mortar to harmonize the contents for maximum availability of the microorganisms in subsequent analyses.




2.4. Bacterial Isolation, Screening, and Preservation


Ten grams of homogenized sample (soil or decaying wood) were suspended within 90 mL of sterile 0.85% NaCl solution by stirring for 1 h at 120 rpm in an orbital shaker. Then, the samples were serially diluted (up to 10−6) and plated on nutrient agar (Jinan Biotech, China) with the following composition: yeast extract 2.0 g/L, peptone 5.0 g/L, sodium chloride 5.0 g/L, and agar 15.0 g/L at pH 7. The bacterial growth plates were incubated at 30 °C for 24 h. After the appearance of microbial growth, bacterial colonies were evaluated on the basis of their morphology, such as color, shape, and edge of the colony. In order to get a pure bacterial culture, the single colonies were streaked on nutrient agar plates to get a uniform colony morphology [28]. For a long time storage and further use in different microbiological analyses, the fresh overnight-grown bacterial cultures were mixed as 1:1 with glycerol (50% w/v—DaeJung Chemicals, Siheung-si Republic of Korea) as a −80 °C stock [29].




2.5. Characterization of Isolated Bacterial Strains


Crude enzyme production: To screen for the potential lytic enzyme producers, fresh cultures of bacterial isolates were incubated in LB broth for bacterial growth at 30 °C on shaking (speed 120 rpm) for 24 h. Alternatively, potential lignocellulolytic bacteria were grown in minimal media supplemented (for carbon as an energy source) with 1% CMC, cob corn xylan, and ABTS as inducers for cellulase, xylanase, and laccase enzyme production. Subsequent to the optimal growth, the cell-free culture supernatants were obtained by centrifugation of growth media at 10,000 rpm for 10 min at 4 °C. These culture supernatants were then used as crude extracellular enzyme sources for different enzymatic assays [30], as described in the following section.



Cellulase assay: Cellulase activity within the culture of respective bacterial isolates was evaluated from a 1:1 mixture of crude enzyme and 1% carboxymethyl cellulose (CMC) (prepared in 50 mM sodium phosphate buffer (pH 7.0) (DaeJung Chemicals, Siheung-si Republic of Korea) [17]. The mixture was incubated for 30 min at 35 °C. The released amount of glucose in this mixture was measured by adding 1 mL of this mixture to 3 mL of DNS (3,5-dinitrosalicylic acid, Sigma–Aldrich, Beijing China) following 15 min boiling. The color change in DNS was measured by transferring 250 µL of each enzyme-substrate sample into a 96-well microtiter plate reader, and the absorbance values were recorded at 540 nm wavelength by using a UV-VIS spectrophotometer (FLUO star Omega) [31]. The optical density of the samples was measured against a blank having all the reagents with no enzyme. A standard curve was made by mixing 1 mL of (serially diluted concentration from 0 to 20 mg/mL) glucose with 3 mL DNS and boiling for 15 min. Statistical models were used to infer the concentration of lytic enzyme [32]. The absorbance of these standards was also measured through a UV-VIS spectrophotometer (wavelength 540 nm). One unit of cellulase enzyme activity meant the amount of enzyme reducing 1 μmol of the sugar in 1 min (IU/mL) at pH 7.0 and 35 °C.



Xylanase Assay: All the isolates were screened for xylanase activity using 1% solubilized cob corn xylan as substrate. Microbial culture supernatant containing extracellular enzyme mixture of respective bacteria was let for reaction with xylan substrate in a 1:1 ratio. This mixture (1 mL) was further added to 1.5 mL of DNS reagent (pH 5.5) and incubated at 37 °C for 30 min in a water bath [33]. The absorbance was measured at 540 nm through a UV-VIS spectrophotometer (FLUO star Omega) [31]. The standard graph was established using the analytical grade xylose (0–20 mg/mL). One unit of xylanase activity was considered the amount of enzyme liberating 1 μmol of reducing sugar (equivalent to xylose) per minute from 5.0 mg/mL of xylan at pH 5.5 and 37 °C.



Laccase assay: For laccase activity determination of the isolated bacterial strains, 2, 2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was used as a substrate, prepared in 0.1 M sodium phosphate buffer (pH 6). Five hundred microliter (500 µL) of 0.5 mM ABTS was reacted (for potential oxidation) with 500 µL crude laccase enzyme at room temperature (≈25 °C). The absorbance values were measured at 420 nm wavelength in a microplate reader (FLUO star Omega). For the standard curve, different ABTS concentrations (0–5 mM at pH 6) were mixed (as 1:1) with the enzyme at 25 °C, and the change in absorbance at 420 nm was measured at 1 min intervals until the absorbance became constant. A plot of the final absorbance vs. ABTS concentration in the cuvette was made. One unit of laccase enzyme activity (IU) is the amount of laccase that catalyzes the oxidation of 1 µM ABTS per minute at standard assay conditions, mentioned above [34].




2.6. Phylogenetic Analysis of the Lignocellulose-Degrading Bacterial Isolates


Identification of bacterial strains: Genomic DNA of lignocellulolytic bacteria was extracted as previously reported [35] from selected lignocellulolytic bacteria grown in LB medium. Universal primers for 16S rRNA gene—27-F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492-R (5′-TACGGTTACCTTGTTACGACTT-3′)—were used for amplification of the target gene. The PCR reaction mixture (25 µL) was composed of 0.25 µL of DNA (approximately 15 ng), 2 µL of 2.5 mmol dNTP mixture, 0.5 µL of forward and reverse primer (10 nM) each, 0.25 µL of Taq DNA polymerase (GenScript, Nanjing China), 2.5 µL of buffer solution (10× buffer), and 19 µL of ddH2O. The PCR reaction conditions were: 95 °C denaturation step for 3 min, followed by 25 cycles of 95 °C for 30 s, 50 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for 8 min to allow final extension [36]. The amplified PCR products were observed on 0.8% agarose gel. The purified PCR products were then sent to RCEES-CAS (Beijing, China) for sequencing. The obtained sequences were evaluated with Chromas (version 2.6.6) and subsequently used for alignment, identity inferences, and phylogenetic tree formation using MEGA (version XII). Furthermore, the sequences of these Lower Himalayan lignocellulolytic bacterial isolates were deposited in a public database of NCBI under the accession numbers OR085338–OR085368.



Phylogeny: The obtained sequences were compared with deposited sequences in GenBank using the BLAST program. A phylogenetic tree was also constructed using the neighbor-joining method with MEGA software (version XII). The 16S rRNA gene stretch used to construct this phylogenetic tree covered particularly the v5–v9 regions of heterogeneity. The maximum composite likelihood model was used with the ‘Bootstrap method’ using the replications as 1000, while the values below 50 were not included in the final tree.




2.7. Statistical Analyses


All the data were collected with three biological replicates (at least), and the standard deviations were calculated accordingly. One-way ANOVA using Dunnett’s multiple comparisons tests was performed [32] with Origin2022 to find the microbes with significant enzymatic activity. PCoA analysis was performed for clustering the efficient bacterial isolates into groups using the Vegan library in R.





3. Results


3.1. Physical Characteristics


By determining the percentages of soil particle types (sand, silt, and clay), it was found that all soil samples have clay texture—clayey soil and clayey loam soil (Table 1). There was no significant difference in the pH (p > 0.05) of all soil samples, as the pH values ranged from 6.7 to 7.0. The concentration of organic matter was significantly higher (p < 0.05) in Nathiagali soils (2.8%–2.9%) compared to Thandiani soils (2.1%–2.2%), while the two sampled soils of each sampling site (p > 0.05) did not show any significant difference.




3.2. Enrichment of Lignocelluzlolytic Lower Himalayan Bacterial Strains


The abundance and community diversity of culturable bacteria were evaluated in samples collected from the Lower Himalayan forest sites of Nathiagali and Thandiani (Figure 2). The collected soil samples showed relatively high bacterial numbers (9 Log CFU/g) for both sites. In contrast, the decaying wood samples showed relatively less abundance of culturable bacteria (7.4–8.6 Log CFU/g) particularly for the Thandiani wood samples (Figure 2).



Statistically, collected samples did not show any significant difference in bacterial abundance. The highest bacterial population was observed (Log 9.16 ± 0.07 CFU/g) in TS1, while the lowest bacterial numbers were Log 7.41 ± 0.17 CFU/g in TW1. Interestingly, the cultivable bacterial diversity was found to be significantly different in different samples collected from these sites. Particularly, TS2 and NS1 showed higher bacterial diversity up to 19 bacterial morphotypes, while TW2 showed the least number of bacterial morphotypes 7 (Figure 2), probably because of niche selectivity. Statistically, the bacterial diversity distribution was significantly different at the Thandiani site, both in soil and wood samples.




3.3. Enzymatic Characterization of Lower Himalayan Lignocellulolytic Bacterial Strains


From the soil and decaying wood samples of both sampling sites, a total of 90 bacterial strains were isolated (on the basis of identifiable morphology) by using nutrient agar as a bacterial growth medium. This bacterial collection comprised 44 strains (28 from soil and 16 from decaying wood) from Thandiani and 46 strains (26 from soil and 20 from decaying wood) from Nathiagali (Figure 3). To evaluate the enzymatic potential of these Lower Himalayan lignocellulolytic microorganisms, the bacterial strains were grown overnight in LB broth and tested for cellulase, xylanase, and laccase activity. For further evaluation, a generic criterion of 1.5 IU per ml was selected as a benchmark to consider the bacterial strain as ‘proficient’ for that particular enzyme. As per this criterion, half of our bacterial collection ranked as efficient lignocellulolytic enzyme producers. Precisely, 22, 14, and 10 bacterial strains were proficient in cellulase, xylanase, and laccase enzyme activities (Figure 3). Of these 22 proficient cellulase producers, 10 belonged to N-soil, 5 to N-wood, 4 to T-soil, and 3 to T-wood. Similarly, 7, 2, 3, and 2 showed efficient xylanase production, respectively, from N-soil, N-wood, T-soil, and T-wood samples. Meanwhile, the proficient laccase producers were almost equally distributed in both sampling sites, i.e., 4, 1, 4, and 1 from N-soil, N-wood, T-soil, and T-wood, respectively.



The PCoA analysis of these lignocellulolytic enzyme-producing bacteria showed five distinguished groups (Figure 4), separated from each other based on sample medium (soil–wood) rather than the sampling site (Thandiani–Nathiagali). A small group on the top right shows three bacterial strains originating from wood, while the top left indicates a group of seven strains from the soil. While both clusters on the bottom are dominated by the bacterial strains originating from the soil, i.e., 10/15 and 8/10 bacteria are from the soil within the bottom left and bottom right group, respectively (Figure 4). The rest of the 55 bacterial strains are clustered in the center of the plot with closeness towards soil and/or wood compared to the site Thandiani and/or Nathiagali.




3.4. Validation of Lignocellulolytic Enzyme Production by Lower Himalayan Bacterial Strains


On the basis of pre-screening results, 46 proficient bacterial strains were re-evaluated for the potential production of lignocellulolytic enzymes within substrate-assisted culture media. A cluster analysis was performed to interrelate the bacterial enzymatic potential with sampling sites and/or the sampling medium (Figure 5). Cellulolytic potentials of the isolated bacterial strains were assayed using the CMC-Na as substrates; 27 strains depicted significant cellulase activity, and most of these efficient bacterial strains were collected from Nathiagali soil. The microbial strain NS1B17 showed the highest cellulase activity (4.99 ± 0.28 IU), followed by NS2B1 (4.57 ± 0.21 IU). To assess the xylanase potential of the isolated bacterial strains, xylan from cob corn was used as substrate. The highest value for xylanase activity was recorded by TS2B1 as 6.66 ± 0.54 IU. The isolates NS1B1 (6.33± 0.32 IU) and NS2B5 (6.31 ± 0.54 IU) were also found to be prominent for xylanase production. Moreover, the ABTS was used as a substrate to determine the laccase production of isolated bacterial strains. The bacterial strains TS1B12 showed the highest laccase activity (2.04 ± 0.23 IU), followed by NS1B6 (1.948 ± 0.09 IU) and NS2B7 (1.947 ± 0.13 IU).



On the basis of lignocellulolytic enzyme efficiencies, 46 pre-screened bacterial strains were further grouped into eight tight-to-loose clusters (A–H). Clusters A, F, and H are dominated by Nathiagali-soil-originating bacteria; clusters B, D, and E are predominately comprised of Nathiagali-wood-originating bacteria. Cluster C is dominated by the sampling site, i.e., Thandiani (3/3) samples rather than the sampling-medium soil (2/3). On the contrary, cluster G is dominated by 7/9 bacteria from the soil compared to 5/9 from sampling site Thandiani. In terms of multi-enzyme proficiency of the isolated Himalayan bacterial strains, the majority (32/46) of bacteria are good for producing one lytic enzyme. Two bacterial strains (NS1B4, NS1B7) exhibited proficient efficiency for all three tested enzymes. For bi-enzymes, four bacteria (TS1B9, TS1B5, TS1B4, and NS2B9) were found proficient for cellulase and laccase, and seven bacterial strains (NS2B1, NW1B7, TW2B4, TW2B7, TW1B4, NW2B7, and TS1B2) showed activity for cellulase and xylanase. One bacterial strain (NS2B3) was found proficient for xylanase and laccase activity.




3.5. Phylogenetic Analysis of Lignocellulolytic Bacterial Strains


The 16S rDNA sequences of the 36 lignocellulolytic bacterial strains isolated from the Lower Himalayan region were compared with the nearest available sequences in the GenBank database. The closest relative accession number and % identity of these lignocellulolytic bacterial strains are shown in Table 2. The BLASTN and phylogenetic analysis showed that the predominant bacterial genus isolated from the Galiyat region of Lower Himalaya is Pseudomonas, with 36% (13/36) representation in our bacterial collection (Figure 6).



For the phylogenetic clustering, soil—as a sampling medium—served to dominate over the sampling site location, as 7/13 Pseudomonas, 2/2 Pseudoxanthomonas, 3/4 Stenotrophomonas, 2/2 Achromobacter, 2/2 Xenophilus, 2/2 Ochrobactrum, and 2/2 Bacillus strains originated from the soil while one cluster of 2/2 Brevundimonas strains originated from decaying wood of either Nathiagali or Thandiani site (Figure 6).



Particularly, the Pseudomonas species strains were found dominant (12/16) for cellulase enzyme production (Table 2) and activity (e.g., NS1B7) (Table 3). Two Bacillus strains were found proficient for xylanase activity, while the highest performance was noted for Stenotrophomonas sp. TS2B1 (Table 2 and Table 3). Interestingly (and contrary to the cellulase enzyme activity), laccase production was exhibited by the most diverse group of current bacterial collection, i.e., nine different phylogenetic types of bacteria within ten sequenced laccase-positive strains (Table 2), while Flavitalea sp. TS2B12 was found to be the most efficient for laccase activity (Table 3).





4. Discussion


The distribution of bacterial community, as a proxy of function in an ecosystem, depends on different factors such as pH, organic matter, soil texture, mean annual temperature, moisture content, amount and type of nutrition, and altitude of the area [22]. Based on our results, lignocellulosic biomass degrading potential bacteria were abundant in the Galiyat forests of Lower Himalaya (Figure 2). Niche differentiation would further have served for inhabiting microorganisms to selectively adopt some of these ecosystem variables [37,38]. Indeed, natural selection might dictate the most special organisms in a specific habitat (‘Origin of species’ theory) as decaying wood in the case of the current study. The data depicts that decaying wood samples have more selectivity and specificity of lignocellulolytic bacteria than the diversity present in nearby soil samples (Figure 3, Figure 4 and Figure 5). Jiménez et al. (2017) proposed that the niche availability and succession dynamics of plant biomass degradation are influenced by spatiotemporal dynamics in fluxes of nutrition, quality, and quantity of available C-substrates, and the ecological interactions of the participating microorganisms. Furthermore, the plant biomass deconstruction and systematic sugar release are controlled directly by microbial activities, which are potentially linked to the numbers (cell biomass and species), metabolic traits, and the level of their interactions [39].



For biological biomass pre-treatment, enzymatic hydrolysis can be a biotransformation strategy functioning via cell-driven microbial suspensions [40]. In this context, acidic medium conditions were reported for the hydrolysis stage of biological biomass pre-treatment [40]. The pH fluctuations were also observed in the incubating medium during the nixtamalized maize pericarp degradation, starting with the initial reduction in pH to less than 6 [41]. In this regard, the acidic nature of our sampled soil indicates the potential enrichment of such lignocellulose degrading microbial community in the Galiyat forests of Lower Himalaya. Wang et al. (2021) observed that the lignocellulolytic microbial consortium showed more efficient degradation of wheat straw at acidic pH compared to neutral growth conditions. Moreover, another study observed slightly acidic conditions as the optimum pH (such as ~6.0) for laccase enzyme to oxidize ABTS and 2, 6-DMP substrates [42].



Due to the inherent heterogeneity and complexity of lignocellulosic biomass, efficient biodegradation thus requires the action of different hydrolytic enzymes. Functional analyses revealed that bacteria were potentially involved in the deconstruction of cellulose, xylan, and lignin-derived chemical compounds. In accordance with our findings, a previous study also showed high cellulase activity among bacterial isolates belonging to the genera Pseudomonas, Achromobacter, and Brevundimonas [43]. Kumar and colleagues (2015) found that Pseudomonas sp. R-28 degraded the filter paper and pure cellulosic waste up to 96% and 95%, respectively. Achromobacter xylosoxidans showed high cellulase activity, due to which it is considered the best candidate for the deinking process [44]. Brevundimonas vesicularis bacterium, isolated from the gut of Dendroctonus armandi, also had cellulolytic potential [45]. In the context of these studies, the bacterial genera found in this study have proficient cellulase enzymatic activities and would also have the potential to degrade lignocellulosic biomass for further use in future applications.



Xylanases are the major hemicellulose depolymerizing enzymes [46]. Serrano-Gamboa and colleagues (2019) reported that the native microbial community degraded nixtamalized maize pericarp through the production of xylanase and cellulase enzymes, while the highest enzymatic activity (12.45 IU) was noted for xylanase. Microbacterium sp. and Bacillus spp. were the most abundant bacterial species, which showed efficient activity for decomposition processes. The literature showed that Bacillus cereus SaH-05 (isolated from the farmland environment of Fars province, Iran) is an efficient xylanase producer [47]. Klebsiella pneumoniae was isolated from the gut of Bombyx mori and showed xylanase activity with oat spelt xylan as substrate [48]. In our study, we found that Bacillus and Klebsiella were efficient in xylanase production (Table 2). Two novel bacterial strains of Pseudoxanthomonas sp. were found as potential xylanase producers, and so these xylanase-producing bacteria can be used for hemicellulose degradation and the production of different value-added products in the future.



Moreover, we observed that diverse bacterial genera, e.g., Pseudomonas, Rhizobiales, and Stenotrophomonas showed laccase potential. These laccase enzymes oxidize a variety of chemicals (ABTS as well as lignin) and have been potentially found in diverse bacteria [42], including Pseudomonas and Stenotrophomonas (Table 2). The Pseudomonas and Baccillus bacterial strains can also play a role in lignin modification [44]. Díaz-García et al. (2022) identified an association between bacterial taxonomy and functions by establishing an understanding of lignin transformations within soil-derived lignocellulolytic bacteria. They enriched lignin transforming enzymes from three different soil-originated microbial consortia (grown on plant biomass—wheat straw, switchgrass, and corn stover) and found taxonomic affiliation of these enzymes with bacterial families such as Pseudomonadaceae and Xanthomonadaceae. Similarly, the bacterial strains—belonging to these families—are observed in the current study as well for their potential laccase activity in lignin catabolism [49]. In another lignocellulolytic consortium, different novel bacterial taxa, comprising mostly (>90%) Pseudomonas, Pristimantibacillus, and Ochrobactrum, were found with their lignin transformation potential [50].



Although microbes have evolved differently, complementary mechanisms are still used to degrade the lignocellulosic biomass. These microbial mechanisms may comprise intricate and complex processes that may vary in varying ecosystems and/or environmental conditions. The lignocellulolytic microorganisms thus rely on simple-to-complex arrangements of lytic enzymes to execute biomass degradation [51]. The potential of synthetic microbial consortia was examined during a wheat–straw degradation study, which found that monocultures mainly consumed cellulose parts of the tested substrate [52]. Ochrobactrum, Achromobacter, and Stenotrophomonas bacteria were part of the wheat–straw-degrading microbial community [52]. A microbial consortium, as a synthetic community—including Stenotrophomonas sp. and Brevundimonas sp.—was found efficient for lignocellulosic biomass degradation [53]. We found that similar strains were efficient for lytic enzyme production, which depicts their potential for further biomass degradation in solo as well as in combinatorial application fashions.



In mountainous landscapes, the habitats at varied elevations are characterized by areal extent, connectivity, and key biodiversity drivers. Bertuzzo et al. (2016) investigated the role of geomorphology and connectivity of landscape elevation in shaping the species richness patterns. They found that Acidobacteria, Actinobacteria, and Proteobacteria were dominant in high-altitude cold environments, while Firmicutes and Bacteroidetes were observed at lower altitudes of the Himalayas [22]. In our study, the lignocellulolytic bacterial strains, especially Pseudomonas and Bacillus genera, also validate the prevalence of Proteobacteria and Firmicutes in the Himalayan forest habitats of Galiyat Abbottabad. Moreover, forest waste biomass can potentially be used for value-added industrial products by using this renewable material as a production substrate [54]. Biomass pre-treatment of varied lignocellulosic organic material is a mandatory step for improved feedstock biodegradability prior to any downstream process, such as anaerobic digestion (AD) or ethanol production. Ferdes et al. (2020) have recently reviewed various microbial extracellular enzymes for lignocellulose degradation, and our taxonomic associations of lytic bacteria are part of their collection [55].




5. Conclusions


Lower Himalayan Galiyat forest soil and wood samples were collected from two different sites of Nathiagali and Thandiani with respectively clayey and clayey loam soil textures, 6.7 to 7.0 pH, and 2.85% and 2.15% organic matter content. Soil samples were found enriched with diversified cultivable bacteria compared with respective wood samples. Of 90 bacterial isolates, 22 were efficient for cellulase production, 14 for xylanase activity, and 10 for laccase enzyme production. The sample medium (soil–wood) contributed more than the sampling site (Thandiani–Nathiagali) for the clustering of isolated lignocellulolytic bacteria. Cellulase production was found to be prevalent in Pseudomonas spp. while laccase activity was diverse among various taxonomic bacterial species. Moreover, Stenotrophomonas sp. presented the best xylanase activity. Overall, Galiyat forests represent diverse lignocellulolytic microbial populations that require further evaluation for application in potential fuel production and (biomass) waste management.
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Figure 1. Geographical map showing the sites in the Lower Himalayan region (Abbottabad–Pakistan) from where the soil and decaying wood samples were collected for lignocellulolytic bacterial isolation. 
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Figure 2. Bacterial diversity (morphotypes per sample) (white, empty bars) and abundance (Log CFU/g) (shaded grey bars) depicted from different samples of the Lower Himalayan region, Abbottabad, Pakistan. Letters in white bars (a,b,c) indicate different statistical groups for bacterial morphotypes. For strain codes on the x-axis: TS, Thandiani soil; TW, Thandiani wood; NS, Nathiagali soil; NW, Nathiagali wood. 
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Figure 3. Cellulase (lower panel), xylanase (middle panel), and laccase (top panel) activities were evaluated within bacterial growth medium (LB) cultivated with bacteria isolated from Lower Himalayan forests of Galiyat Abbottabad, Pakistan. 
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Figure 4. Cluster analysis (PCoA) for Lower Himalayan bacterial isolates via using the lignocellulytic enzyme potentials. Colors (red and green) indicate the sample mediums (soil and wood, respectively), while the shapes (asterisk and triangle) indicate the sample locations (Nathiagali and Thandiani, respectively). 
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Figure 5. Cluster analysis of selected proficient Lower Himalayan bacterial isolates using their lignocellulolytic enzyme potentials. A–H are the potential groups based on clustering analysis. Squares, circles, and triangles represent the efficient bacteria for that particular enzyme. 
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Figure 6. Phylogenetic analysis of the lignocellulolytic Lower Himalayan bacterial strains, based on their 16 s rRNA gene sequences. The tree is constructed via the neighbor-joining method considering the Maximum Composite Likelihood model with Bootstrap replicates of 1000, and bootstrap values equal to or greater than 50 are shown. 
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Table 1. Description of samples collected in this study from the Lower Himalayan region, Abbottabad, Pakistan.
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#

	
Origin

	
Site

	
Geographical Coordinates

	
Elevation

(Meters)

	
Type of Sample

	
Code

	
Soil Type

	
pH

	
Organic Matter (%)






	
1

	
Thandiani

	
Site 1

	
34° 13 51.43 N

73° 21 08.42 E

	
2664

	
Soil

	
TS1

	
Clayey

	
6.7

	
2.23 ± 0.17




	
2

	
Wood

	
TW1

	
N/A

	
N/A

	
N/A




	
3

	
Site2

	
34° 13 51.47 N

73° 21 08.42 E

	
2665

	
Soil

	
TS2

	
Clayey Loam

	
6.9

	
2.17 ± 0.24




	
4

	
Wood

	
TW2

	
N/A

	
N/A

	
N/A




	
5

	
Nathiagali

	
Site 1

	
34° 03 51.22 N

73° 24 22.44 E

	
2540

	
Soil

	
NS1

	
Clayey

	
7.0

	
2.91 ± 0.2




	
6

	
Wood

	
NW1

	
N/A

	
N/A

	
N/A




	
7

	
Site2

	
34° 03 51.22 N

73° 24 22.44 E

	
2551

	
Soil

	
NS2

	
Clayey

	
6.8

	
2.79 ± 0.13




	
8

	
Wood

	
NW2

	
N/A

	
N/A

	
N/A








Footnote: TS, Thandiani soil; TW, Thandiani wood; NS, Nathiagali soil; NW, Nathiagali wood; N/A, not applicable.
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Table 2. Enzymatic potential and % identity of lignocellulolytic Himalayan bacterial strains with closest relatives’ accession numbers.
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	No.
	Strain Code
	Enzymatic Potential
	Closest Relative
	% Identity
	Accession ID





	1
	TS1B3
	Cellulase
	Ochrobactrum sp. strain DB30
	100
	MH588247.1



	2
	TW1B4
	Cellulase
	Pseudomonas mendocina strain fsznc-01
	99.36
	MK106366.1



	3
	TS1B9
	Cellulase
	Pseudomonas sp. strain Gamma-14
	99.54
	MH703445.1



	4
	NW1B7
	Cellulase
	Pseudomonas sp. strain 2016NX1
	98.94
	MH368491.1



	5
	NW2B2
	Cellulase
	Pseudomonas sp. strain JLT15231
	94.95
	KX989279.1



	6
	NS2B10
	Cellulase
	Pseudomonas aeruginosa strain PA06
	99.38
	MN326719.1



	7
	NS1B8
	Cellulase
	Ochrobactrum sp. strain YE2-10
	97.01
	KT992334.1



	8
	NS1B10
	Cellulase
	Pseudomonas aeruginosa isolate H8
	99.81
	MG706125.1



	9
	NW1B8
	Cellulase
	Pseudomonas sp. LMB-2
	99.64
	KR048282.1



	10
	NW1B11
	Cellulase
	Pseudomonas stutzeri strain
	98.05
	KT380573.1



	11
	NS2B9
	Cellulase
	Pseudomonas aeruginosa M4
	99.9
	MT180543.1



	12
	TS1B5
	Cellulase
	Verticiella sediminum strain XJ-4
	95.28
	KU525641.1



	13
	NW2B7
	Cellulase
	Brevundimonas sp. strain HBUMF35
	98.33
	MF285791.1



	14
	NS1B7
	Cellulase
	Pseudomonas aeruginosa YB01
	98.7
	CP028132.1



	15
	NS1B4
	Cellulase
	Pseudomonas aeruginosa strain RHH1
	99.73
	HQ143612.1



	16
	NS2B1
	Cellulase
	Pseudomonas aeruginosa strain QK-4
	98.71
	MH746107.1



	17
	TW1B9
	Laccase
	Brevundimonas vesicularis SCSIO_43705
	100
	MH283789.1



	18
	NS1B6
	Laccase
	Achromobacter sp. P3′(2012)
	99.21
	JX083295.1



	19
	TS2B12
	Laccase
	Flavitalea sp. HBUM179779
	89.87
	KR906086.1



	20
	TS1B11
	Laccase
	Hydrogenophaga sp. PBC
	95.84
	CP017311.1



	21
	NS1B12
	Laccase
	Stenotrophomonas maltophilia strain C1A
	99.2
	KJ466103.1



	22
	TS2B7
	Laccase
	Rhizobiales bacterium ROi51
	98.21
	EF219048.1



	23
	NS2B8
	Laccase
	Stenotrophomonas acidaminiphila PRSB5
	99.63
	MG450366.1



	24
	TS1B12
	Laccase
	Serinibacter salmoneus strain Kis4-28
	96.63
	NR_041692.1



	25
	NS2B7
	Laccase
	Paracoccus sp. PW-P2
	99.36
	JF772176.1



	26
	NW2B5
	Laccase
	Pseudomonas sp. strain BNC2906
	99.9
	MN136109.1



	27
	NS1B1
	Xylanase
	Xenophilus sp. C12b
	91.83
	GU394956.1



	28
	NS1B2
	Xylanase
	Salmonella enterica CVM N17S1509
	99.3
	CP052817.1



	29
	TS2B15
	Xylanase
	Bacillus sp. EnB-alf12
	97.62
	KP792637.1



	30
	NS2B3
	Xylanase
	Bacillus cereus strain RTR
	99.46
	MK014289.1



	31
	NW2B4
	Xylanase
	Sphingopyxis panaciterrulae strain DCY34
	99.54
	NR_116164.1



	32
	TS2B1
	Xylanase
	Stenotrophomonas acidaminiphila strain PRSB5
	99.63
	MG450366.1



	33
	TS1B10
	Xylanase
	Pseudoxanthomonas sp. 45-47b
	99.03
	LC481375.1



	34
	NS2B5
	Xylanase
	Pseudoxanthomonas sp. ROi44
	99.34
	EF219047.1



	35
	TW2B4
	Xylanase
	Klebsiella pneumoniae strain FNK1 (nv)
	93.07
	AF492000.1



	36
	TW2B7
	Xylanase
	Stenotrophomonas acidaminiphila strain JR34
	99.44
	MG450368







Footnote: Strains codes—T, Thandiani; S, soil; W, wood; N, Nathiagali; B, bacterium; %, percent; ID, identity.
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Table 3. Proficient bacterial isolates are capable of lignocellulolytic enzymes’ production by using different substrates.
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	No.
	Strains
	Activity
	Substrate
	Enzymatic Activity (UI/ml)





	1
	Branhamella sp.
	Cellulase
	CMC
	2.56



	2
	P. terrae ME27-1
	Cellulase
	CMC
	2.08



	3
	Bacillus licheniformis JK7
	Cellulase
	CMC
	1.46



	4
	Ganoderma applanatum LPB MR-56
	Cellulase
	CMC
	3.29



	5
	NS1B7
	Cellulase
	CMC
	4.99



	6
	Ganoderma applanatum LPB MR-56
	Xylanase
	
	2.09



	7
	Paenibacillus sp. XJ18
	Xylanase
	Corn cob xylan
	2.4578



	8
	Pseudomonas stutzeri
	Xylanase
	Molasses
	1.3



	9
	Cellulosimicrobium cellulans
	Xylanase
	Baggasse
	0.7



	10
	TS2B1
	Xylanase
	Corn cob xylan
	6.6



	11
	P. sanguineus
	Laccase
	ABTS
	2



	12
	Lysinibacillus sphaericus JD1103
	Laccase
	ABTS
	1.13



	13
	L. sphaericus BR2308
	Laccase
	ABTS
	1.93



	14
	Flavitalea sp. TS2B12
	Laccase
	ABTS
	4.02







Footnote: CMC, carboxymethyl cellulose; ABTS, 2, 2-azino-bis (3-ethylbenzo)thiazoline-6-sulfonic acid; Strains in bold are reported in this study.
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