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A B S T R A C T   

High throughput screening approaches can significantly speed up the identification of novel enzymes from 
natural microbial consortiums. A two-step high throughput screening process was proposed and explored to 
screen lignin-degrading microorganisms. By employing this modified culture enrichment method and screening 
based on enzyme activity, a total of 82 bacterial and 46 fungal strains were isolated from fifty decayed wood 
samples (100 liquid cultures) collected from the banks of the Ottawa River in Canada. Among them, ten bacterial 
and five fungal strains were selected and identified based on their high laccase activities by 16S rDNA and ITS 
gene sequencing, respectively. The study identified bacterial strains from various genera including Serratia, 
Enterobacter, Raoultella, and Bacillus, along with fungal counterparts including Mucor, Trametes, Conifera and 
Aspergillus. Moreover, Aspergillus sydowii (AORF21), Mucor sp. (AORF43), Trametes versicolor (AORF3) and 
Enterobacter sp. (AORB55) exhibited xylanase and β- glucanase activities in addition to laccase production. The 
proposed approach allowed for the quick identification of promising consortia and enhanced the chance of 
isolating desired strains based on desired enzyme activities. This method is not limited to lignocellulose and 
lignin-degrading microorganisms but can be applied to identify novel microbial strains and enzymes from 
different natural samples.   

1. Introduction 

Novel and innovative screening approaches are uncovering the ex
istence of a wide range of previously unknown enzyme activities from 
active microbial communities distributed in nature. Biomass conversion 
utilizes microorganisms and their enzymes, such as cellulases, xylanases 
and ligninases, to transform lignocellulose into platform chemicals 
which can then be converted to various products, including biofuels, 
chemicals, and materials. Microorganisms that can effectively break 
down biomass in high yields are vital for achieving sustainable and 
economically viable production of value-added products from ligno
cellulosic feedstock [1,2]. 

Lignin is an abundant natural phenolic polymer with immense po
tential to be valorized into high-value bioproducts after degradation into 
short oligomers or monomeric subunits. More so, biological and enzy
matic degradation of lignin has the potential to advance sustainable 
green biotechnology as a highly selective and environmentally benign 
substitute for conventional fossil-based fuel production [3–5]. Indeed, 

adequate removal of lignin from green waste, a vital byproduct in the 
paper industry and biofuel manufacture, occupies the center stage in 
lignin biodegradation and bioremediation initiatives [6]. In plant cell 
walls, cellulose, hemicellulose, and lignin are united in a tight embrace, 
and denuding them of lignin provides microbial consortia with larger 
accessibility for cellulose bioprocessing. The lignin separated from 
woody biomass is converted into target compounds like vanillin, poly
hydroxyalkanoates, lipids, and cis-muconic acid, rendering it a prom
ising feedstock. However, the structural complexity of lignin and 
expensive enzymes are the two main obstacles that reduce the process’ 
efficiency and make it unprofitable [7]. 

Microbes that break down lignin can produce a range of enzyme 
combinations comprising several types of lignin-degrading enzymes, 
such as laccases, manganese peroxidases, and lignin peroxidases [8]. 
Proficient lignin degradation can be achieved by the concerted action of 
multiple enzymes that work in cascade reactions which enhance the 
saccharification of polysaccharides of lignocellulosic biomass. Screening 
of microorganisms with significant lignin degradation ability allows the 
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opportunity to discover and characterize novel enzymes that potentially 
allow low-cost biological processes. However, discovering 
lignin-degrading microorganisms with a high performance largely de
pends on the screening strategy. A variety of microbial screening ap
proaches and strategies were employed and adapted to identify novel 
enzymes for specific functionalities and targets [9–12]. 
Culture-dependent screening strategies mainly utilize a culture enrich
ment method which involves growing microorganisms in a cultivating 
medium with lignin as the carbon source, and the screening is solely 
activity based without relying on the prior knowledge of the enzyme. 
After the culture enrichment process, the most common practice is to 
perform a qualitative screening using an agar plate containing dyes 
resembling lignin fragments, followed by a quantitative screening of 
selected microbes based on activity [13–16,]. 

The agar plate screening method is laborious, time-consuming, has 
low throughput, and lacks precision as it may not accurately detect the 
target enzyme. Submerged screening methods, on the other hand, offer 
better control over the culture conditions, which can lead to higher 
enzyme production. They also allow the possibility for high throughput 
(HTP) screening of a vast number of samples simultaneously. Addi
tionally, through the use of specific assay conditions or detection 
methods, the target enzymes can be identified with better specificity and 
sensitivity compared to agar plate screening methods. Moreover, 
screening in liquid media also mimics industrial submerged culture 
conditions, thus allowing the identification of potential microbes and 
enzymes for industrial applications [17]. 

There are no studies reported thus far on the HTP screening process 
of a large number of natural biomasses based on liquid culture and 
specific enzyme activities. This study aimed to 1) develop an HTP pro
cess that speeds up the identification of efficient lignin-degrading con
sortia, requiring fewer iterations and labor and facilitating the quick 
isolation of a large number of efficient microbial strains; 2) application 
of the developed process in practical isolation of new ligninolytic strains 
from natural biomasses. 

In the preliminary screening step, decomposed wood samples were 
obtained from the Ottawa River banks. Each sample was separately 
incubated using an enriched culture approach, and the total laccase 
activities of each culture were quantitatively screened on 96-well plates. 
This initial step allows quick HTP screening of a vast number of samples. 
For secondary screening, the majority of samples were rejected due to 
low or negative laccase activities, and only a small number of samples 
with high laccase activities were selected for the identification of indi
vidual strains with high enzyme activities. This technique significantly 
reduced the time and labor to go through a large number of samples, 
meanwhile increasing the success rate of identifying new bacterial and 
fungal strains with superior lignin-degrading ability. More interestingly, 
some lignin-consuming strains also exhibited significant xylanase and 
β-glucanase activities, suggesting that this technique may enhance the 
opportunity to identify super strains that express multiple enzymes 
simultaneously. In addition, the proposed strategy can be easily modi
fied and adapted to isolate new strains based on different enzyme 
activities. 

2. Materials and methods 

2.1. Chemicals 

Czapek dox broth (CDB), 2,6 Di methoxy phenol (DMP), Kraft lignin, 
Dinitrosalicylic acid, Glucose, Xylose, Xylan (Birchwood, EC. No: 232- 
760-6, Sigma), β- glucan (Barley, Cat. No: P-BGBL, Megazyme). 

2.2. Sampling 

The samples used in the study were long-decomposed logs (n = 50) 
randomly collected from a densely forested area near Ottawa river, 
Canada (geographical coordinates: 45◦ 26′ 59.7′′N, 75◦ 41′ 23.3′′W) for 

screening of potential lignin-degrading microorganisms. The samples 
were obtained in sealed sterile sampling containers and stored in the 
refrigerator at 4 ◦C. 

2.3. Primary screening by culture enrichment method 

Primary screening is carried out to identify wood samples with high 
laccase activity. Briefly, 0.5 g of each wood sample was inoculated onto 
two sets of 50 ml Czapek dox medium with 0.1% kraft lignin (referred to 
as L-CDB), (Kraft 98%, Sigma Aldrich, MW>28,000) pH 7.3 ± 0.3, for 
bacterial and fungal isolation, separately. The fungal culture medium 
was made selective by adding 50 ppm chloramphenicol to suppress 
bacterial overgrowth and incubated for two weeks. Similarly, with 
bacterial cultures, 100 ppm cycloheximide was incorporated in the 
medium to inhibit fungal overgrowth for 7 days of incubation [18]. 
Cultures were incubated at 28 ◦C with 125 rpm shaking under aerobic 
conditions. After incubation, broth cultures were centrifuged at 13,000 
rpm at 4 ◦C for 5 min, and the supernatant was then treated as the crude 
enzyme, and laccase activity was measured spectrophotometrically. 

2.4. Secondary screening for potential isolates 

Based on the primary screening, the samples which showed high 
laccase activity was selected to validate potential laccase-producing 
microorganisms. In all cases, 1 ml broth culture of each bacterial sam
ples was serially diluted up to 10− 6 and plated on Luria Bertani (LB) agar 
plates (containing g L− 1 of distilled water in: 10.0 g peptone, 5.0 g so
dium chloride, 5.0 g yeast extract and 15.0 g agar). Similarly, fungal 
samples were plated on Czapek Dox Agar (CDA) plates (containing g L− 1 

of distilled water in: 30.0 Sodium Nitrate, 3.0 Magnesium Sulfate, 0.5 
Potassium Chloride, 0.5 Potassium Phosphate Dibasic, 1.0 Ferrous Sul
fate and 15.0 g agar) to obtain morphologically distinct pure colonies 
(see Supplementary Figure 1. This included 82 pure bacterial cultures 
and 46 fungal isolates, which were further inoculated individually on 50 
ml L-CDB under the previously mentioned culture conditions to measure 
laccase activity quantitatively at 72 h for bacterial strains as the opti
mum laccase production of most bacterium ranges 24 h – 96 h [19,20] 
and sixth day for fungal strains [21,22]. The colonies which grew well in 
culture media and showed the highest laccase activity (≥ 20 U/L for 
bacteria; ≥ 30 U/L for fungi) were selected for molecular identification 
and preserved at 4 ◦C for further studies. The total protein amount was 
measured using the Bio-Rad protein assay reagent, USA, and bovine 
serum albumin (BSA) as the standard protein, following Bradford’s 
method. Time course analysis was also performed concurrently, to 
determine the optimal incubation period for laccase production by the 
selected isolates. 

2.5. Sequence-based identification of ligninolytic microorganisms 

To identify bacterial strains, genomic DNA was obtained from the 
samples using bacterial DNA isolation kit (Bio Basic, Canada). Universal 
eubacterial primers, 27F (5ʹAGAGTTTGATCMTGGCTCAG-3ʹ) and 
1492R (5ʹ-CGGTTACCTTGTTACGACTT-3ʹ), as described by [23], were 
used to amplify the 16S rRNA gene. The PCR reactions were conducted 
in a Bio-Rad T-100 Thermal cycler, with 35 cycles typically used to 
amplify the 16S rRNA gene after the initial denaturation at 95 ◦C for 2 
min, followed by denaturation at 95 ◦C for 30 s, annealing at 52 ◦C for 
30 s, extension at 72 ◦C for 2 min, and final extension at 72 ◦C for 15 
min. 

To identify fungal strains, pure mycelium was collected from each 
strain and fungal genomic DNA was isolated using a fungal DNA isola
tion kit (Bio Basic, Canada) with liquid nitrogen. The internal tran
scribed spacer (ITS) gene sequencing analysis was used to analyze the 
ITS1-5.8S-ITS2 genomic region of each fungal isolate. The for- ward 
primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and reverse primer ITS4 
(5′-TCCTCCGCTTATTGATATGC-3′) were used to amplify the ITS region 
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of the genomic DNA, as described by [24]. For the fungal PCR, the 
amplification process involved an initial denaturation step of 5 min at 
95 ◦C, followed by 35 cycles of amplification at 95 ◦C for 1 min, 55 ◦C for 
1 min, and 72 ◦C for 1 min, and then a final extension of 10 min at 72 ◦C. 

The PCR products were then resolved on a 1% agarose gel and pu
rified using a Qiagen quick gel extraction kit. The purified PCR product 
was sequenced by Eurofins Genomics, Canada for 16S rDNA and ITS 
gene sequencing analysis for bacteria and fungi respectively. Multiple 
sequence alignment analysis of 10 type strains that showed the highest 
identity and similarity to the bacterial isolate’s sequence was performed 
using MEGA X program. The evolutionary history was inferred using the 
neighbor-joining (NJ) criterion, and a bootstrap analysis was performed 
using 1000 pseudo-replicates. 

2.6. Laccase enzyme activity assay 

Laccase activity assay was performed spectrophotometrically using 
2,6 Di methoxy phenol as a substrate according to the method of [25]). 
The centrifuged culture supernatant from bacterial and fungal cultures 
after 13,000 rpm for 5 min was used as the crude enzyme. The assay 
mixture contained sodium acetate buffer (0.1 M, pH 5), 160 µL, 2, 6 DMP 
(2 mM), and 50 µL enzyme solution with a total reaction volume of 210 
µL. The change in absorbance due to the oxidation of DMP was moni
tored at 469 nm for 20 min at an interval of 1 min. One unit of laccase 
activity was defined as the amount of enzyme required to oxidize 1 µmol 
of 2,6- DMP within a one-minute interval. 

2.7. Xylanase and β-glucanase activity assays by DNS method 

The selected strains were also examined for their ability to produce 
xylanase and β- glucanase following the method by Shrestha et al. [26]. 
This is performed by growing the selected high laccase positive strains 
from the study in the Czapek Dox medium with xylan, β-glucan, and 
lignin as the sole carbon source separately and checking the activity of 
cell-free supernatant after appropriate incubation. Xylanase activity was 
determined by incubating the crude enzyme with a suspension of 1% 
birchwood xylan in 0.1 M sodium acetate buffer solution at pH 4.0 and 
30 ◦C for 5 min. The amount of xylose released during this time was then 
measured using the 3,5-dinitrosalicylic acid method (DNS). The reaction 
was halted by adding DNS, the samples were boiled for 10 min, cooled in 
water, and the optical density was measured at 540 nm. The xylanase 
activity was described as the amount of enzyme required to release 1 
µmol of xylose per minute. The concentration of xylose was determined 
by creating a standard xylose curve using xylose standards with con
centrations ranging from 100 to 800 µM. 

Similarly, the β-glucanase activity was assessed by incubating the 
crude enzyme with 0.5% β-glucan at 30 ◦C for 5 min and then measuring 
the amount of reducing sugars released, using the 3,5-dinitrosalicylic 
acid method. Two controls were put up, lacking crude enzyme and 
substrate separately. One unit of β-glucanase activity was defined as the 
amount of enzyme required to release 1 µmol of glucose per minute 
under these conditions. The amount of glucose present was determined 
by comparing it to a standard curve which was created using glucose 
standards with concentrations ranging from 100 to 800 µM. 

Furthermore, xylanase and β-glucanase activities in the selected 
strains were evaluated by cultivating them in CDB with lignin as the 
carbon source. Additionally, the strains were also grown in CDB media 
without any carbon source, and the activities of all three enzymes, 
xylanase, β-glucanase and laccase, were assessed. 

2.8. Statistical methods 

All the above experiments were performed in triplicate, and the 
average data were reported. Pearson’s coefficient was used to evaluate 
correlation using GraphPad Prism 9.0.0. and p-value less than 0.05 was 
considered as the criterion for statistical significance. 

3. Results and discussion 

3.1. Establishing a high throughput screening process 

Traditionally, lignin-degrading microorganisms have been selected 
based on qualitative methods such as direct screening using culture 
plates from environmental samples or by first enriching the environ
mental samples and then performing a plate-based screening [27]. The 
conventional screening process followed in previous studies is illus
trated in the steps (left) shown in Fig. 1. To improve the reliability and 
efficiency of selected strains that highly express laccase enzymes using 
an HTP process, the methodology was changed by including a quanti
tative detection of laccase activity in the primary screening step as 
illustrated in the steps (right) shown in Fig. 1. The process applied in this 
study allows for the screening of large numbers of natural biomass 
samples (50 samples, 100 cultures), allowing quick identification of 
promising consortia. The HTP process was further applied in secondary 
screening by growing multiple colonies in a small volume that allowed 
quick isolation of high-activity strains. The identity of the selected 
strains was confirmed by sequencing, and the reliability of the screening 
process was further confirmed by growing up some of the selected 
strains in larger volumes and testing expressed enzyme activities. 

3.2. Isolation and preliminary screening of laccase-producing bacterial 
and fungal strains 

This study aimed to apply the HTP process to isolate potential lig
ninolytic microorganisms from the decayed wood samples collected 
near the Ottawa River in Ontario, Canada. A total of fifty wood samples 
were incubated by submerged fermentation and checked for total lac
case activity quantitatively. Antimicrobials were added in the culturing 
medium separately for bacterial and fungal cultures, thus separating 
mixed microbial communities into each individual monoculture. 

Out of 50 decomposed wood samples, eight bacterial cultures (A10, 
A12, A14, A16, A28, A32, A41, A50) and six fungal cultures (F10, F12, 
F14, F32, F41, F50) demonstrated high laccase activities (≥ 50 U/L), 
with six samples overlapping in both groups and the other two only 
showed high activities in bacterial cultures and not in fungal cultures. 
Additionally, nine bacterial cultures (A2, A6, A18, A24, A30, A34, A36, 
A46, A48) and nine fungal cultures (F2, F6, F16, F28, F30, F34, F36, 
F46, F48) showed moderate laccase activity (≥ 20 U/L), with seven 
overlapping samples (Fig. 2A, B). The remaining 19 bacterial cultures 
and 21 fungal cultures showed low activity (< 20 U/L), and 14 wood 
samples showed no laccase activity under either culturing condition 
(Table 1). As a result, only a small percentage of the biomass samples - 
16% for bacterial cultures and 12% for fungal cultures - underwent 
secondary screening, with the majority of samples (84% for bacterial 
cultures and 88% for fungal cultures) being excluded. Yet, a good 
number of both bacterial and fungal strainswith high laccase activities 
were isolated in secondary screening as presented in Section 3.3. 
Therefore, this methodology led to a significant reduction in labor and a 
considerable increase in the probability of identifying highly positive 
isolates. 

3.3. Secondary screening for high laccase-producing strains 

In the secondary screening, the wood samples from primary 
screening that exhibited high levels of total laccase activities were 
selected for isolating individual bacterial and fungal strains that express 
at least 20 U/L laccase activity. Subsequently, ten out of 82 bacterial 
isolates were chosen after isolating axenic cultures from primary 
screened wood samples. The potential bacterial strains selected were 
designated as AORB9, AORB10, AORB12, AORB28, AORB37, AORB46, 
AORB55, AORB25, AORB19, and AORB48 with laccase activity ranging 
from 22.31 to 65.77 U/L (Fig. 3A). Similarly, in the case of fungal 
strains, five out of 46 strains were selected that included AORF12, 
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AORF21, AORF39, AORF43, and AORF39, as they revealed laccase ac
tivities ranging from 33.19 to 41.51 U/L (Fig. 3B). 

Total protein concentration in the microbial cultures was also 
examined in addition to the enzyme activity, and the majority of the 
strains (P < 0.001) with low enzyme activity exhibited low protein 
concentrations. It has been reported that, generally, high protein con
centrations might be associated with higher enzyme activity [28]. 
However, it should be noted that protein concentration is not specific to 
a particular enzyme and can be affected by other factors, such as the 
growth conditions and the presence of other enzymes and proteins. For 
example, in the case of a few strains, high enzyme activity was noticed 
despite low protein concentration (AORB55, AORF21), and high protein 
concentrations with low enzyme activities were also observed (AORB73, 
AORF2) as depicted in blue dots in Fig. 3A, B. Assuming the majority of 
the expressed protein is composed of enzymes, then the laccase-specific 
activity of AORB55 would be much higher than AORB46, which showed 
similar activity but a much higher protein content. Future detailed 
identification and characterization of the specific enzymes would 
address this question. 

3.4. Time course profile of laccase production by selected microbes 

The selected microbial isolates were assayed to determine the time 
course of laccase production. To this end, time course studies were 
carried out for ten bacterial strains over a 120-h period with 24-h time 
intervals and five fungal strains over a 240-h period with 48-h time 
intervals. The results of the laccase activity of selected fungal and bac
terial strains are shown in the heat map plot, Fig. 4A and B. The onset of 
laccase production occurred at different times and was not the same for 
all bacterial strains. Most tested bacterial strains showed significant 

laccase activities at 24 h and increased significantly at later hours, with 
AORB46 showing the highest activity at 96 h (69.42 U/L), followed by 
AORB55 (66.03 U/L). Further extended cultures after 96 h led to 
decreased activities in most strains except AORB10, AORB19, AORB28, 
and AORB37. In the case of fungal isolates, laccase production started at 
96 h of incubation for AORF39 and AORF43, the other three stains 
started at 144 h, and enzyme activities kept increasing during the 
culturing period up to 240 h. Strain AORF21 (133.44 U/L) showed the 
highest activity, followed by AORF3 (121.10 U/L) and AORF12(119.35 
U/L), respectively. AORF21 from the fungal isolates and AORB46 from 
the bacterial isolates demonstrated the highest laccase activity among 
each group. 

3.5. Molecular identification of selected laccase-producing fungal strains 

After the secondary screening, five potential fungal isolates were 
selected for genotypic identification based on internal transcribed 
spacer (ITS) gene sequencing analyses (Supplementary Figure. 2). 
BLAST search results of five ligninolytic fungal strains were distributed 
among four genera in 3 different taxa. This includes an ascomycete 
Aspergillus sydowii 49G11 (AORF21), two basidiomycetes: Trametes ver
sicolor ANT213 QFB286 (AORF39) and Coniferaporia weirii JV0309 
(AORF12) and two zygomycetes: Mucor circenelloides Pub005 (AORF39) 
and Mucor sp. CMRP 3219 (AORF43). Phylogenetic tree of fungal strains 
was constructed using the neighbor joining criteria of MEGA-X software 
(Supplementary Figure. 4 (a) to (e)). 

Many species of the genus Trametes sp. including T. versicolor are 
known for their laccase production and its applications in denim 
bleaching [29]. Among the identified fungal strains (see Supplementary 
Table 2), the two Basidiomycetes - AORF39 and AORF12 are typical 

Fig. 1. Schematic of the screening workflow for ligninolytic microorganisms using the conventional method [6] and the HTP technique in this study.  
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white rot fungi that have been reported as the most efficient lignin de
graders in nature by the production of extracellular lignin-degrading 
enzymes [30]. Moreover, the white rot fungus Coniferaporia weirri 
(AORF12), formerly Phellinus weirii, is a destructive root pathogen of 
conifers, and its laccase production has been studied previously [31]. 

Ascomycetes also play an integral role in the recycling of lignin in 
nature. The strain Aspergillus sydowii NYKA 510 has been isolated from 
agricultural soil and has been reported as a powerful laccase producer, 
and has been successfully employed in a microbial fuel cell [32]. There 
are few studies on the involvement of lower fungi in laccase production, 
as Zygomycota do not utilize lignin and cellulose in general. However, 
few members of this phylum are confined to the outer layers of 
decomposing plant tissue and can break down lignin [33,34]. Moreover, 
there are very few studies on the role of lower fungi, zygomycetes, in 

lignin degradation. Among them, an indigenous litter-dwelling fungus 
Mucor circinelloides GL1 is reported as a promising laccase producer 
[35]. 

3.6. Molecular identification of selected laccase-producing bacterial 
strains 

The BLAST search results of 16S rRNA gene sequence of ten chosen 
bacterial strains revealed gammaproteobacterial strains under three 
genera and one strain under phylum Firmicutes, class Bacilli as follows: 
Serratia (Serratia sp. CT197(AORB9), Serratia proteamaculans 336X 
(AORB19), Serratia marcescens AS09 (AORB28), Enterobacter (Entero
bacter sp. XBGRY7(AORB10), Enterobacter ludwigii JUQ409 (AORB25), 
Enterobacter hormaechei EN 336X (AORB55), and Raoutella (Raoultella 
ornitholytica 4625 (AORB12), Raoultella ornitholytica Sch7(AORB37), 
Raoutella ornitholytica RT 1902(AORB9) and Bacillus sp. Ti1 (AORB48) 
(Supplementary Figure. 3). Phylogenetic tree of bacterial strains was 
constructed using the neighbor joining criteria of MEGA-X software 
(Supplementary Figure. 5 (a) to (j)). 

All the ten potential laccase-producing bacterial species identified 
belonged to the phylum Gammaproteobacteria and class Bacilli (Sup
plementary Table 1). Gammaproteobacteria is a large and diverse 
category of bacteria with a wide range of phenotypes and metabolic 
capabilities. Their degradative traits are displayed in various nutrient- 
restrictive and xenobiotic habitats [36]. They have been isolated as 
one of the predominant bacterial phyla, which have been associated 
with lignin degradation from tropical forest soil [37,38]. Among the 
genus Serratia, S. marcescens isolated from a glacial site in India has been 

Fig. 2. Bar graph representing laccase activity of decomposed wood samples under bacterial (A) and fungal (B) culture conditions with high and moderate laccase 
activities. Wood samples with laccase activity ≥ 50 U/L were selected for secondary screening. 

Table 1 
Distribution of wood samples based on laccase activity in primary screening.  

Laccase activity of wood 
samples in primary screening 

Samples under bacterial 
growth conditions 

Samples under fungal 
growth conditions 

Low active wood samples 
(<20 U/L) 

19 21 

Moderately active wood 
sample (≥ 20 U/L) 

9 9 

High active wood samples (≥
50 U/L) 

8 6 

Wood samples with no 
activity 

14 14 

Total wood samples 50 50  
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shown to produce laccase, which can tolerate wide pH and temperature 
range [39]. The ability of Serratia proteamaculans sp. to secrete the lac
case enzyme has been studied, and its cultural conditions were opti
mized [25]. In addition, Enterobacter ludwigii, isolated from decayed 
wood samples, has been shown to produce laccase and dye-decolorizing 
properties [40]. The bacterial species Raoultella ornithinolytica OKOH-1, 
isolated from sediment samples using culture enrichment, showed lig
ninolytic properties and held significant promise for use in various in
dustrial applications, including the treatment of dye-contaminated 
wastewater management processes [41]. More so, there are several re
ports of the ability of bacterial strains under the genus Bacillus on lignin 
degradation [42,43]. 

Together, among the identified microbial strains, bacterial candi
dates AORB10, AORB12, AORB28 and fungal isolates AORF3 showed a 
sequence identity of 98%. Furthermore, fungal strains AORF43 and 
AORF39 along with bacterial strain AORB48 displayed sequence iden
tities of 97%, 96% and 95%, respectively. Additionally, bacterial strains 
AORB55 and AORB37 showed sequence identities of 94% and 91%. 
Microbial isolates with sequence identity less than 99% compared to 
reference sequences may potentially represent novel species, and further 
studies are warranted for their classification. Moreover, a sequence 
identity below 95% identity is an indication of the possibility of a novel 
genus [44]. Thus, this methodology translates into an efficient and 
successful HTP screening process and isolation of unique 
lignin-degrading microorganisms. Although high throughput screening 

may expeditiously isolate an ensemble of microbes, they essentially 
might not unlock all entourage of microbes in an environmental sample 
due to the need for the preparation of varied culture media types based 
on nutritional requirements that promote growth to enhance their 
detection and isolation. Thus, the preparation of specific culture media 
takes precedence allowing for more efficient HTP screening of microbes, 
including unique isolates from the target samples. Furthermore, while 
biological lignin degradation is achieved by the combined action of 
multiple enzymes through diverse degradation pathways, this study was 
constrained by using laccase enzyme as the exclusive marker for eval
uating the lignin-degrading traits of the isolates, consequently, may miss 
strains producing other enzymes instead of the detected one given the 
high throughput nature of the study. 

3.7. Xylanase and β-glucanase activity profiles of selected microbial 
strains 

The selected microbial strains were also assessed for their ability to 
produce other biomass hydrolyzing enzymes, such as β-glucanase and 
xylanase, on different culture media. The β-glucanase activity was 
determined in separate media using β-glucan and lignin as carbon 
sources. In the presence of β-glucan as the carbon source, Aspergillus 
sydowii 49G11 (AORF21) and Trametes versicolor ANT213QFB286 
(AORF3) displayed β-glucanase activity of 3.13 U/ml and 2.92 U/ml, 
respectively. On the other hand, Mucor circinellodes Pub005 (AORF39) 

Fig. 3. (A) Scatter plot representing the total protein content and laccase activity on secondary screening of bacterial isolates. Bacterial strains which showed laccase 
activity ≥ 20 U/L were selected for molecular identification (B) Scatter plot representing the total protein content and laccase activity on secondary screening of 
fungal isolates. Fungal strains which showed laccase activity ≥ 30 U/L were selected for molecular identification. Black dots represent selected strains and grey dots 
represent non-selected strains. Blue dots showed representative strains with different enzyme activities and protein concentrations (color should be used). 
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exhibited β-glucanase activity of 3.5 U/ml when lignin was used as the 
carbon source, while no enzyme activity was detected when β-glucan 
was the carbon source (Fig. 5). 

Following this approach, Xylanase activity was measured in separate 
media using xylan and lignin as carbon sources. When xylan was the 
carbon source, Aspergillus sydowii 49G11 (AORF21) and Trametes versi
color ANT213 QFB286 (AORF3) exhibited xylanase activity of 4.09 U/ml 
and 3.22 U/ml, respectively. In contrast, Mucor sp. CMRP 3219 
(AORF43) showed xylanase activity of 1.16 U/ml when lignin was the 

carbon source, with no enzyme activity detected when xylan was used. 
Furthermore, the bacterial strain Enterobacter hormaechei EN 314T 
(AORB55) demonstrated xylanase activity of 0.66 U/ml and 0.69 U/ml 
when xylan and lignin were used as the carbon sources, respectively 
(Fig. 6). 

Aspergillus sydowii proved to be one of the best xylanase-producing 
strains isolated from shrimp shells [45]. Trametes versicolor has been 
extensively studied and is considered a highly promising strain due to its 
ability to produce numerous biodegrading enzyme [46]. Mucor 

Fig. 4. Heatmap of the time course of laccase activity profiles of (A) fungal strains (B) bacterial strains. The purple-yellow color scheme was used to represent the 
laccase activity in the culture media of individual strains . 

Fig. 5. Bar graph representing β-glucanase activity by screened microbial strains using β -glucan as carbon source (Black) and lignin (Grey) as carbon source. Error 
bars indicate the standard error of the mean of three replicates. 
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Circinellodes Pub005 and Mucor sp. CMRP 3219 exhibited β-glucanase 
and xylanase while using lignin as a carbon source. Mucor circinelloides is 
a fungus species that are dimorphic and extensively mentioned as a 
model producer of different enzymes that are useful for various indus
trial applications [47]. Additionally, the bacterial strain Enterobacter sp. 
exhibited xylanase activity while using both xylan and lignin separately. 
A heat and alkali-tolerant Enterobacter sp. was obtained from a sediment 
sample gathered from the Mandovi estuary located on the west coast of 
India and was determined to be an efficient xylanase-producing strain 
[48]. 

Biological lignin valorization is a complex multi-enzymatic process 
[49], including laccase, which is known to oxidize lignin employing 
molecular oxygen as the exclusive cofactor which sets laccase apart from 
other lignin-degrading enzymes - lignin peroxidases, manganese per
oxidases and versatile peroxidase; that depend on H2O2 [50]. Laccase 
can cause the oxidative breakdown of phenolic units within lignin, 
resulting in the oxidation of the Cα position, cleavage of the Cα-Cβ bond, 
and cleavage of aryl-alkyl bonds. It can also attack the non-phenolic 
subunits of lignin through synthetic and natural mediators [51,52]. 
Several earlier studies have implicated laccase in the biodegradation of 
lignin, such as in Sporotrichum pulverulentum, Coriolus versicolor and 
Trametes versicolor, where laccase constitutes part of medley of enzymes 
causing lignin degradation in model compounds and treated lignin 
[53–55]. Additionally, Pycnoporus cinnabarinus, a fungal mutant strain 
devoid of laccase failed to secrete manganese peroxidase and lignin 
peroxidase, thus deteriorating its ability to metabolize synthetic lignin 
[56,57]. Furthermore, it was observed that a mutant strain of fungus, 
Pleurotus, lacking laccase enzyme activity exhibited inefficient degra
dation of lignin [50]. In line with these observations and findings, lac
case was selected as a marker where microbial isolates are screened to 
identify the targeted lignin degrading microorganisms using a high 
throughput screening process. 

In the primary screening, lignin was used as the sole carbon source 
that acts as a selective pressure to limit the growth of microorganisms 
that cannot use lignin as a single carbon source. This step focused the 
screening process towards strains that secreted high level ligninolytic 
enzymes needed to break down lignin polymer into smaller, more easily 
metabolizable compounds. Unexpectedly, a few, including both bacte
rial and fungal strains, also showed high-level cellulase and hemi
cellulase activities. Due to the fact that all enzymes are highly expressed 

under a single condition, these few strains may have significant valuable 
applications to be used for their combined or selective delignification 
ability in lignocellulosic biomass degradation. 

Zhang et al. [58] obtained four lignin-degrading microbial consortia 
from 40 antique wooden samples in a tedious way. Each sample was 
grown up in a separate flask, and selections were based on subjective, 
visual color change. Even though the main fungal and bacterial com
positions of the four consortia were identified by genomic sequencing, 
no specific strain was isolated. Similarly, from twelve samples of 
decayed tree trunks, stumps, and surrounding soil samples, Fang et al. 
[6] isolated a microbial consortium that demonstrated the ability to 
selectively break down lignin from tree trimmings where a chromogenic 
substrate was incorporated in the culture media that produced a color 
change when laccase is produced. The reported process is laborious and 
time-consuming as it takes months of culture and many generations of 
subcultures. 

Xiong et al. [59] identified four bacterial strains from the soil, silage, 
and straw samples by first flask extraction of microorganism mixtures, 
followed by growth on ligninolytic selection agar media. Colonies that 
demonstrated aniline blue decolorization were chosen individually, and 
the strains were identified through 16S rDNA sequencing. There is no 
selection and screening of the starting biomass before single colony se
lection, and the total numbers of biomass samples tested were not re
ported. Recently, Elframawy et al. [60] screened 23 samples (14 soil 
samples and 9 old black liquor samples) to identify lignin degrading 
Actinobacteria (Streptomyces strains). Soil samples were first pretreated 
for 10 days, followed by the soil dilution plate technique (AGA plates 
with nystatin to reduce fungal growth), while black liquor samples were 
directly spread onto agar plates after dilution. Colonies were selected 
after 21 days of incubation, transferred to new AGA plates, and further 
cultured for 14 days to purify the isolates. The reported HTP approach 
not only allowed the quick identification of multiple fungal and bacterial 
strains but also some particularly interesting strains that can produce 
multiple, synergistic, and cohesive enzymes for efficient lignocellulose 
hydrolysis. 

4. Conclusion 

Innovative screening techniques allow the isolation of microbes and 
enzymes that have previously eluded detection and extend the 

Fig. 6. Bar graph representing xylanase activity by screened microbial strains using xylan as carbon source (Black) and lignin (Grey) as carbon source. Error bars 
indicate the standard error of the mean of three replicates. 
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capability to discover novel enzymes. Essential to this endeavor, an HTP 
screening technique using a modified culture enrichment method for 
screening and selection of microbial strains from a large number of 
natural biomasses based on laccase activities was proposed and 
demonstrated in the study. This two-step strategy quickly identified 
promising consortia and isolated individual strains for efficient lignin 
and lignocellulose valorization, resulting in the identification of ten new 
bacterial and five new fungal strains with high lignin-degrading po
tential, including Aspergillus sydowii and Raoutella ornitholytica with the 
highest laccase activities. Moreover, the study evaluated the capability 
of the selected strains to produce other hydrolyzing enzymes, showing 
promising results for reducing enzyme costs in lignocellulosic bio
refinery processes and discovering new enzymes with novel activities for 
the valorization of not only woody biomass but also biological waste, 
crops, and grains. 
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