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Abstract

This study reports the isolation and optimization of cellulase-producing bacteria from the
gastrointestinal tract of South African goats for the pretreatment of lignocellulosic biomass in
bioenergy applications. Among the isolates, three strains, Bacillus KC50, Bacillus KC70, and Proteus
mirabilis KC94, were identified by 165 rDNA sequencing. To our knowledge, this is the first report of
cellulolytic optimization in P. mirabilis derived from a goat rumen. Enzyme production was
optimized under varying pH, temperature, and incubation conditions. P. mirabilis KC94 exhibited
robust enzyme activity at pH 7 and 35 °C, with stability across a broader range than the Bacillus
strains. Peak activity occurred at 84 hours of incubation, reflecting strain-specific metabolic
adaptation. The presence of organic solvents and surfactants inhibited enzyme activity, whereas mild
oxidative stress induced by H,O, stimulated cellulase production. Amplification of GH39, GH45, and
GH48 genes revealed KC94's strong genetic potential for efficient lignocellulose degradation. These
findings highlight the biotechnological potential of rumen-derived cellulolytic bacteria, particularly
P. mirabilis KC94, for advancing sustainable bioenergy systems.

Keywords: pretreatment; lignocellulosic biomass; bioenergy; cellulase

1. Introduction

Lignocellulosic biomass presents an abundant and renewable resource for biofuel and
biochemical production [1,2]. Effective enzymatic hydrolysis of cellulose and hemicellulose is
essential to unlock the fermentable sugars within these complex substrates [3—6]. Therefore, utilizing
cellulase-producing bacteria offers an efficient and environmentally friendly approach to
lignocellulosic degradation, paving the way for enhanced biofuel and value-added chemical
production [7].

Among cellulase-producing bacteria, members of the Bacillus genus, such as Bacillus subtilis [8-
10], Bacillus amyloliquefaciens [11], and Bacillus cereus [12], have demonstrated significant cellulolytic
activity due to their robust enzyme production and adaptability to various environmental conditions,
as well as rapid growth rates. In contrast, P. mirabilis is rarely associated with cellulose-degrading or
cellulolytic activity. While limited studies have described weak to moderate degradation of
polysaccharide substrates such as cellulose, dextran sulfate, and mannose-based glycopolymers
[13,14], only one study has demonstrated extracellular (-glucosidase production in P. mirabilis
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VIT117, isolated from shellfish waste. In that study, enzyme activity was maximized at pH 7.0 and
~72 hours of incubation, with stable activity under mesophilic conditions (35-37 °C), highlighting its
adaptability to physiological environments [15]. However, its presence in the gastrointestinal tracts
of ruminants suggests a possible role in fiber degradation that remains poorly understood and
warrants further investigation. Exploring such unconventional cellulolytic candidates may reveal
overlooked microbial contributions and expand the diversity of biocatalysts for biomass utilization.
The goat gastrointestinal tract represents a particularly underexplored microbial niche. Ruminant
microbiota is well known for its role in breaking down complex plant materials, and isolating novel
cellulolytic strains from this environment could offer new opportunities for optimizing
lignocellulosic pretreatment [16-18]. Despite the global interest in microbial cellulases, there is still
limited knowledge of cellulolytic diversity within African goat populations, leaving a knowledge gap
in both microbial ecology and applied biotechnology.

Some of the key factors influencing microbial cellulase production include pH, temperature,
incubation time, inoculum size, and the presence of surfactants and organic solvents [19]. Therefore,
it is crucial to optimize these parameters in order to achieve maximum enzyme activity and efficient
substrate degradation. In this study, cellulase-producing bacteria were isolated from the
gastrointestinal tract of South African goats, and three promising strains were identified: Bacillus
KC50, Bacillus KC70, and Proteus mirabilis KC94. To our knowledge, this is the first report of
cellulolytic optimization of P. mirabilis in the goat rumen. The specific objectives were to characterize
and identify cellulase-producing strains from goat gastrointestinal samples, to optimize key
environmental factors (pH, temperature, and incubation time) influencing their cellulase production
and activity, and to assess the effects of surfactants, solvents, and oxidative stress on enzyme
performance, as well as to characterize lignocellulose-degrading genes in KC94 that underpin its
potential for biomass conversion. By addressing these objectives, the study contributes to expanding
the potential of cellulolytic bacteria and advancing microbial pretreatment strategies for sustainable
lignocellulosic biomass utilization. This study was informed by our previous profiling of CAZyme-
producing microorganisms [18], which revealed the presence of P. mirabilis harboring genes
associated with cellulose-oligosaccharide metabolism, suggesting its potential as a previously
underexplored cellulolytic candidate.

2. Materials and Methods

Ethical Statement

This study was conducted in the College of Science, Engineering, and Technology of the
University of South Africa. Ethics approval was granted by the School of Engineering Ethics Review
committee, chaired by Dr. Walied A. Elsaigh, and assigned reference number 2020/CSET/SOE/028.
Because of the nature of the study involving isolation of microorganisms form goat GIT it was
submitted for further approval within the College of Agricultural and Environmental Sciences
Animal Research Ethics Committee (CAESAREC) of the University of South Africa, chaired Dr. A
Wilson., where it was also granted and assigned the following reference number:
2021/CAES_AREC/097, chaired Ensuring humane treatment of the animals during slaughtering and
compliance with regulations. The Chief State Veterinarian of South African Agriculture and Rural
Development, Dr S Kamudyariwa, also approved this study and allocated it the reference number
UNISA-01-2021- KJR.

2.1. Bacterial Screening, Isolation, and Qualitative Assay

Forty gut samples from different compartments (rumen, reticulum, omasum, and abomasum)
of ten goats were grown in Brain Heart Infusion Broth (BHIB) enriched to promote the growth of
fastidious microorganisms under anaerobic conditions. The gastrointestinal samples were acquired
as outlined [18]. About 1% of the samples were inoculated into 250 mL BHIB at pH 7.01 and incubated
at 41°C in a water bath for 5 days with regular shaking to mimic the goat's gastrointestinal (GIT)
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environment. Anaerobic conditions were maintained using 500 mL reactors, with gas release
measured using the water displacement method. After cultivation, the cultures were stored at -86°C
in 20% glycerol for long-term storage, creating a biobank. This biobank allows for future research
without requiring additional goat slaughtering, promoting food security. Approximately 250 pL
from the enrichment was used to inoculate 50 mL of the cellulase production medium, as listed in
Supplementary material Table S1. The pH was maintained at 7.0 and incubated at 37°C for 48 hours
following serial dilution using 0.9% NaCl. A volume of 100 uL from each 10 dilution was plated and
spread on 0.5% (w/v) Carboxymethyl Cellulose (CMC) for cellulolytic activity. Plates were
incubated at 37°C for 48 hours in an inverted position. Isolated cultures were purified by repeatedly
picking and streaking on agar plates to obtain pure isolates. The plates were then flooded with 0.1%
Congo red (w/v) solution for 30 minutes and then washed with 1 M NaCl for 15 minutes [20-23]. A
light yellow colour around the isolate confirmed the hydrolysis of cellulose. The zone of hydrolysis
was measured using a digital calliper (mm). A negative control (non-cellulolytic strain was used to
rule out the false positives. The relative enzyme activity was calculated using Equation 1 [24,25]:

=== 1
REA D (1)

where REA: relative enzyme activity, CZD: clear zone diameter, and CD: colony diameter. Positive
isolates were stored in 20% glycerol stocks at -86°C.

2.2. Identification of the Cellulase-Producing Bacteria by 165 rDNA Sequencing

For identification, primers 27F (5-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5'-
CGGTTACCTTGTTACGACTT-3') [26,27] were used to amplify the 16S rDNA gene of the pure
isolates using extracted genomic DNA (Quick-DNA Fungal/Bacterial extraction kit, Zymo Research)
as a template for the polymerase chain reaction (PCR). Amplified genes were visualized using 1%
agarose gel electrophoresis. The PCR products of the amplified 165 rDNA genes were sequenced at
Ingaba Biotech (Pty) Ltd (Pretoria, South Africa) using the ABI Big dye V3.1 kit following the
manufacturer’s protocol and sequenced using the ABI 3730x] Genetic Analyzer (Applied Biosystems,
Thermo Fisher Scientific) [28]. Sequences for KC40, 50, 70, and 94 were aligned using ClustalW
multiple alignment on BioEdit v7.2 software [29] and MAFFT—an online version of a multiple
sequence alignment program. The obtained 165 rRNA gene sequence was submitted to NCBI
GenBank, and a phylogenetic tree was constructed using the neighbour-joining method (using
MEGA 11) [30]. Bootstrap resampling analysis for 1000 replicates was performed to estimate the
confidence of the tree topologies [31]. Operational taxonomic units (OTUs) were generated using
MOTHUR to group similar species at a 98% similarity threshold. The representative OTU sequences
were then compared to sequences in the GenBank database for identification [32].

2.3. Effects of pH, Temperature, and Incubation Period

The selected isolates were grown at 37°C for 24 hours. After which, they were used as a 1%
inoculum to inoculate CMC production media as a carbon source at various pHs ranging from 4.0 to
9.0 (pH 4.0 and 5.0 with Acetate Buffer, pH 6.0 and 7.0 with Phosphate Buffer, pH 8.0 and 9.0 with
Tris-HCl) at temperatures 35- 65°C. The cellulase activity was checked using the DNS method [33].
The pH and temperature with the highest activity were selected and analysed further for the effect
of the incubation period at 12-hour intervals. To determine the cellulase activity produced by the
isolate, the cultures were centrifuged at 4°C (4,400 rpm) for 15 minutes, and the cell-free extracts
(CFEs) were assayed for cellulase activity [34]. Two hundred and fifty microliter (250 uL) of the
buffered CMC (0.5%) at pH 7.0 was equilibrated for 5 minutes at 35°C in a water bath. After 5 minutes
of equilibration, 250 pLof the CFE was transferred to a test tube to start the reaction and stopped after
30 minutes [35]. Then, 500 pL of DNS (3.5-dinitrosalicylic acid) reagent was added to each test tube
to stop the reaction. The test tubes were placed in boiling water for 5 minutes [36] and then cooled to
room temperature with running water. Thereafter, 2 mL of distilled water was added to the test tubes,
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and the absorbance was measured at 540 nm. Then, the absorbance was converted to mg/mL of
glucose from the calibration curve. The substrate and DNS reagent were mixed first, and the CFE was
added afterward for the blank reaction [36]. This experiment was done in triplicate, and the means
+ standard deviation were used to plot the figures. One unit of cellulase activity was defined as the
amount of enzyme that liberated 1 pmol of glucose equivalents under the assay conditions. The
formula below (Equation 2) was used to calculate the enzyme activity [35,37,38].

U [glucose %]

— = ———x1000 @)

ml T ; 9
Time (min)xVS (ml)xMW glucose ol

Where VS = Volume of Substrate and MW = Molecular Weight

2.4. Effects of Organic Solvents and Surfactants on Cellulase Production

To investigate the effects of organic solvents and surfactants on the isolate’s ability to produce
cellulase, the production medium was supplemented with a low concentration (0.5%) and a high
concentration (2%) of various organic solvents and surfactants under optimum conditions. We tested
two solvent/surfactant/oxidising levels, 0.5% (low, process-relevant) and 2% (high, stress-level),
deliberately to capture both typical operational exposure and an upper bound for enzyme tolerance.
While many previous studies use 0.1-0.2% for low concentrations and ~1% for higher levels [21,39].
These are often specific to conventional pretreatment of industrial waste. In contrast, we included
0.5% as a more realistic low-level condition relevant to some detergent-assisted pretreatment streams,
and 2% as an extreme stress condition to explore enzyme stability at the upper range of reported or
conceivable industrial surfactant exposure. This approach allows us to evaluate both practical
applicability and enzyme robustness under more challenging conditions.

2.5. PCR amplification of Possible Cellulase and Hemi-Cellulase Gene Fragments on KC94

The Touchdown (TD) PCR settings on supplementary table S3 were used to amplify the targeted
fragments using the T100 Thermal Cycler (Bio-Rad). The DNA template concentration was 9.04 ng/uL
as determined by the Qubit 3 high-sensitivity assay. OneTaq 2X Master Mix (NEB) was used for
amplification of GH45 and GH48, while Q5 High-Fidelity 2X Master Mix (NEB) was used for GH39.
The targeted genes and their corresponding enzymes were as follows: GH39 (PF01229), 3-xylosidase;
GH45 (PF02015), 3-1,4-endoglucanase; and GH48 (PF02011), cellobiohydrolase. The list of degenerate
primers used in this study is also included in the supplementary material table S3, as adopted from
[40]. KC94 was selected for PCR-based gene amplification and enzyme-specific validation. This
decision was based on preliminary optimization experiments, which consistently identified KC94 as
the most robust cellulolytic strain. Therefore, KC94 was considered the most representative candidate
for further molecular characterization.

2.6. Statistical Analysis

Each experiment was performed in triplicate (n=3) to accurately capture variability within the
dataset, and the standard deviation for each experimental result was calculated and populated using
Microsoft Excel. Statistical analysis was performed using two-way ANOVA with Tukey’s post hoc
test (p < 0.05) using IBM SPSS Statistics (version 30.0.0.0)

3. Results

3.1. Qualitative Assay of Cellulase-Producing Bacteria

Twelve (12) bacterial isolates were isolated from the ruminal fluid samples, of which 4 isolates
(33%) showed clear zone hydrolysis on CMC agar upon primary screening. About (4) bacterial
isolates exhibited good cellulase activity, confirmed by sub-culturing on 1% CMC for 72 hours at
37°C, flooding the plates with 0.1% Congo red, and washing off with 1 M NaCl. The bacterial isolates
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exhibited a significant clear zone diameter and relative enzyme activity (REA) ranging from 16.21
mm to 78.62 mm and between 1.26 and 4.15, respectively (Table 1). A univariate analysis of variance
(GLM) was conducted to assess differences in REA among isolates. The analysis revealed a significant
effect of isolate on REA (F3,s = 5480.94, p < 0.001, partial n? = 1.000), indicating that REA differed
substantially between isolates. Levene’s test confirmed homogeneity of variance (p = 0.143), satisfying
the assumption for ANOVA. Post-hoc comparisons using Tukey’s HSD indicated that all pairwise
differences between isolates were statistically significant at the 0.05 level (p < 0.001 for all
comparisons). Specifically, KC94, which exhibited the highest REA, was significantly greater than
KC70, KC40, and KC50, while KC50 had the lowest REA.

Table 1. Comparison of cellulolytic potential among isolates based on clear zone diameter. Error bars represent
+SD; n=3. Strain KC94 was significantly higher than KC50 and KC70 across all the plates (Tukey’s HSD, p <

0.001).
Isolate Colony Diameter (mm) Clear Zone Diameter (mm)  Relative Enzyme Activity
KC40 7.33+0.12 16.21+0.12 2.21+0.03
KC50 62.16+0.12 78.62+0.11 1.26+0.01
KC70 8.81+0.10 23.41+0.10 2.66+0.02
KC9% 5.99+0.10 24.86+0.15 4.15+0.05

Correlation analysis revealed strong relationships among the measured variables. Colony
diameter was highly positively correlated with clear zone diameter (r = 0.990, p < 0.001), and both
colony diameter. Out of the 4 isolates subjected to secondary screening, 3 showed significant cellulase
activity by producing relatively high amounts of glucose when assayed at physiological conditions
(37°C and pH 7).

3.2. Bacterial Identification

Identification through the 16S rDNA sequence revealed KC40 to be closely related to Bacillus
licheniformis, KC50, KC70 with Bacillus subtilis, and KC94 with P. mirabilis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Phylogenetic tree showing the relationship between isolate KC40, KC50, KC70, and KC94 (highlighted
in yellow). The phylogenetic analysis used the Neighbour-joining method, and the significance of junctions was

74

74

established using the bootstrap method (1000 replicates). Pseudomonas sp. IRG-1, highlighted in red, was used as

an outlier.

Pseudomonas sp. IRG-1 was used as an outlier to root the tree, representing a reference point for
comparison. Based on the phylogenetic findings, isolate KC40 was identified as Bacillus licheniformis.
Meanwhile, KC50 and KC70 were classified within the Bacillus genus but may represent different
subspecies or closely related species, warranting further investigation. KC94 was identified as P.
mirabilis (Figure 1). Bootstrap analysis provided additional confidence, with high values (100)
observed in the clusters involving P. mirabilis and among the Bacillus sp., supporting the robustness
of these relationships. The inclusion of Pseudomonas sp. IRG-1 as an outgroup confirmed that the
isolates are more closely related to each other than the outlier. This separation validated the tree’s
internal structure and highlighted the distinct evolutionary pathways of the Bacillus and Proteus sp.

3.3. Optimization Studies

3.3.1. The Effect of pH

The effects of pH on the bacterial strains' cell growth and cellulase production were assessed
with CMC after growing in various pH levels ranging from 4-9 for 24 hours. As shown in Figure 2,
KC50, KC70, and KC94 have optimum pHs of 5, 6, and 7, respectively. KC50 strain exhibited a
significant increase in cellulase activity at pH 5 and maintained a relatively stable activity level from
pH 5 to pH 7, with a slight decrease at pH 8. However, at extreme acidic (pH 4) and alkaline (pH 9)
conditions, KC50 exhibited negligible cellulase activity, indicating a narrow optimal pH range.
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Figure 2. pH-dependent growth and enzyme activity profiles of the isolated strains. Error bars represent mean
+ SD of three independent replicates (n = 3). Mean standard deviation for all the values is <+5.0%. Statistical

analysis was performed using one-way ANOVA with Tukey’s post hoc test (p < 0.05).

KC70, on the other hand, showed a more consistent but lower cellulase activity across the pH
spectrum. At pH 5 and 6, KC70 demonstrated relatively good activity, but it dropped significantly as
the pH approached both extremes, with a notable decrease at pH 8 and minimal activity at pH 9.
KC94 exhibited significant growth over a wide pH range, reaching its optimum at pH 7 while
retaining considerable activity between pH 5 and 8. A similar optimum pH strain was also observed
[35], and a significant drop was observed at pH 8.

3.3.2. The Effects of Temperature

The effect of temperature on cellulase production was also determined for all the strains,
revealing distinct thermal tolerance patterns. Accordingly, KC50 exhibited optimal cellulase activity
at 35°C, indicating its mesophilic nature. At 25°C, KC50 retained significant activity, but enzyme
efficiency declined sharply at 45°C and 55°C (Figure 3). On the other hand, KC70 demonstrated lower
enzyme activity than KC50 across all temperatures, with peak cellulase production at 35°C. A steady
decline was observed as the temperature increased, and no detectable activity was recorded at 55°C.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Effect of temperature on growth and cellulase production of KC50, KC70, and KC94. Error bars
represent mean + SD of three independent replicates (n = 3). Statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc test (p < 0.05).

Meanwhile, KC94 exhibited the highest temperature tolerance among the tested strains,
maintaining substantial activity from 25°C to 55°C. Like KC50 and KC70, KC94 displayed peak
activity at 35°C but retained significant cellulase function at both 45°C and 55°C.

3.3.3. The Effects of the Incubation Period

Interest has been placed on cellulase-producing bacteria due to their ability to grow at a rapid
rate. Various studies have reported high enzyme production at 24 [41], and 48 hours [35]. Meanwhile,
others have reported 72 hours [15,35,37,42], and as long as 5-7 days [30]. In a study by Gaur and
Tiwari, enzyme production was observed at 12 hours, with maximum production observed at 48
hours when investigated on various agro-wastes [21]. In this study, cellulase production was
monitored over time up to 84 hours. As a result, KC50 displays consistent performance and sustained
productivity over time, marked by an impressive early growth phase characterized by a sharp
increase at the beginning. It quickly rises to about 50 units after 36 hours, indicating that KC50 has a
fast initial growth rate due to either rapid cellulase production or expansion. However, its growth
reaches a peak of around 50 units and then gradually declines [43]. Meanwhile, KC70 shows a slower
but steady increase, reaching around 30 units. Its growth rate is less steep than that of KC50,
suggesting a prolonged but less intense period of activity.
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Figure 4. Determination of optimal incubation time for maximal cellulase activity in all tested isolates. Error bars
represent mean + SD of three independent replicates (n = 3). Statistical analysis was performed using two-way
ANOVA with Tukey’s post hoc test (p < 0.05).

Interestingly, KC94 demonstrates the best performance, peaking at approximately 90 units at 84
hours and consistently maintaining a high level (Figure 4). This suggests that KC94 is highly effective
throughout the entire duration, likely indicating strong cellulase activity or steady biomass
production [44]. A two-way ANOVA revealed significant main effects of incubation time and strain
on activity, as well as a significant incubation time and strain interaction, indicating that strain effects
varied across time points. Post hoc tests showed that KC94 consistently yielded the highest values,
followed by KC50 and KC70, with significant differences across all incubation time points.

3.4. The Effects of Organic Solvents, Surfactants, and Oxidizing agent on Cellulase Production

3.4.1. Solvents

KC50's ability to produce cellulase was significantly inhibited in the presence of butanol,
isopropanol, and benzene, with residual activities (RA) of 2.55%, 11.36%, and 14.95%, respectively
(Figure 5A). Cyclohexane, hexane, and octane exhibited moderate inhibition, with RAs of 15.75%,
15.35%, and 18.56%, respectively, indicating that KC50 is less tolerant to non-polar solvents.
Moderate tolerance was observed in the presence of ethanol (34.56%) and acetone (37.36%),
suggesting that KC50 retains some activity in the presence of these less toxic solvents. KC70 generally
exhibited moderate tolerance to organic solvents but was particularly sensitive to ethanol at higher
concentrations (Figure 5B), which strongly inhibited cellulase production. Non-polar solvents such
as hexane and octane caused moderate inhibition but, in some cases, even outperformed the control,
suggesting KC70 maintains enzyme structure stability in hydrophobic solvents.
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Figure 5. Influence of organic solvents on growth and enzyme activity of the three isolates: KC50 (A), KC70 (B),
KC94 (Q). Error bars represent mean + SD of three independent replicates (n = 3). Statistical analysis was
performed using two-way ANOVA with Tukey’s post hoc test (p < 0.05).

At a higher concentration (2%), butanol significantly inhibited KC94's cellulase production
(Figure 5C), resulting in approximately 26.55% RA, likely due to its toxic effects, causing membrane
disruption and enzyme inactivation [45,46]. Isopropanol exhibited similar inhibition (38.96% RA),
and benzene also had a notable inhibitory effect (28.96% RA). Moderate inhibition was observed with
acetone (62.56% RA), reflecting its intermediate polarity [47]. Despite these effects, KC94 showed
notable tolerance to ethanol (78.96% RA), likely due to ethanol’s stabilizing effects on the enzyme’s
hydrophobic core [48]. Likewise, KC94 maintained significant cellulase production in cyclohexane
(71.76% RA), hexane (82.56% RA), and octane (88.57% RA).

3.4.2. Surfactants and Oxidising Agent

The effects of surfactants at high concentrations showed strong inhibition by SDS and Triton X-
100 on KC50 (Figure 6A), with only 8.56% and 18.16% RA, respectively. Triton X-100, a non-ionic
surfactant, likely disrupted the enzyme’s hydrophobic regions, leading to destabilization and
reduced activity. PEG exhibited moderate inhibition with 37.75% RA, likely due to its interference
with enzyme stability through hydration layer modification. Hydrogen peroxide (H202 as an
oxidising agent appeared particularly unfavourable for KC50 (9.75% RA), though cellulase activity
was slightly higher at lower concentrations (0.5%). Notably, H2O: stimulated cellulase production
(49.36% RA), suggesting that mild oxidative stress might activate protective pathways.
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Figure 6. Impact of selected surfactants and oxidizing agents on enzyme activity profiles of the three isolates:
KC50 (A), KC70 (B), and KC94 (C). Error bars represent mean + SD of three independent replicates (n = 3).
Statistical analysis was performed using two-way ANOVA with Tukey’s post hoc test (p <0.05).

KC70 exhibited varied responses to different surfactants, with enzyme production significantly
influenced by both type and concentration (Figure 6B). High concentrations (2%) of SDS and H,O,
strongly inhibited cellulase production, while lower concentrations (0.5%) of PEG and Triton X-100
stimulated enzyme activity. Regarding surfactants, SDS and Triton X-100 strongly inhibited cellulase
activity on KC94, with RAs of 19.56% and 22.76%, respectively (Figure 6C). These surfactants likely
disrupted enzyme conformation by interfering with hydrophobic regions, reducing functionality.
PEG exhibited moderate inhibition (47.65% RA), while H2Oz had a relatively mild effect (54.36% RA),
suggesting that KC94 possesses mechanisms to tolerate oxidative stress. At lower concentrations
(0.5%), PEG, SDS, and Triton X-100 had less inhibitory effects, while H2O2 slightly stimulated cellulase
production (64.36% RA), possibly due to the activation of oxidative stress response pathways.

3.5. Diversity of Possible Cellulase and Hemi-Cellulase Gene Fragments in KC94

The GH45 family gene coding for {-1,4-endoglucanase was successfully amplified at the
expected size range of 377-412 bp (Figure 7). Similarly, amplification of the GH39 family, which codes
for 3-xylosidase, produced clear products at the expected size of 223-230 bp. Interestingly, additional
bands were also observed from the GH39 amplification, with sizes ranging from 321 to 665 bp. For
GH48, two distinct amplicons were obtained, with sizes between ~480-702 bp.

Figure 7. 1% agarose gel electrophoresis of the Touchdown PCR reactions. M: 1kb DNA marker; 1: GH45 coding
for 3-1,4-endoglucanse (377-412 bp), 2: GH39 coding for -xylosdase (223-230 bp), GH48 coding for cellobio-
hydrolase (420 bp). The empty lane between lanes 2 and 3 was the control containing all the PCR reagents except
the DNA fragment.

4. Discussion

4.1. Qualitative Assay of Cellulase-Producing Bacteria

The qualitative CMC plate assay confirmed that the hydrolysis zone size correlates with cellulase
production capacity, consistent with earlier reports [49]. Moderate cellulase activity is exhibited by
KC40, as indicated by the CZD, which is over twice the size of the colony diameter. The REA of 2.21
suggests it is a decent cellulase producer but less efficient than the other strains, like KC94 and KC70.
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Thus, the moderate CZ indicates that KC40 can degrade cellulose but not as aggressively as the other
strains. Interestingly, the largest CD was observed in KC50, which suggests rapid growth because its
CZ is slightly larger than the CD, resulting in a lower REA of 1.26. Therefore, although KC50 grows
fast, its ability to produce cellulase may not be attributed to its growth rate, meaning that it might not
produce significantly high levels of cellulase as compared to the other strains. Meanwhile, KC70
exhibits a CZ that is almost three times larger than its CD, indicating a strong cellulase activity relative
to its size. The REA of 2.66 is substantially higher and indicative of a potent cellulase producer [24].
Although KC70 is more efficient in cellulase production than KC40 and KC50, it still falls short
compared to KC94, which has the highest REA (4.15), indicating the highest production relative to its
colony size. The CZ of KC94 is approximately four times larger than the CD, suggesting its ability to
break down cellulose efficiently. Although its colony size is smaller, it produces the highest
degradation activity, making it the most efficient cellulase producer among all the strains. This
pattern highlights the importance of considering relative activity measures rather than absolute
colony or zone size when comparing isolates [49]. The variation in CZD and REA could be attributed
to the preference for pH. The media for the primary screening was at 7, favouring the KC94 strain
based on the pH assay conducted in the subsequent sections, and may have impacted the growth of
isolates KC50 and KC70, which thrived at pH 5 and 6, respectively.

4.2. The effects of pH, temperature, and incubation period

42.1.pH

The differences in pH response among isolates highlight their potential ecological roles and
industrial relevance. KC50 showed a narrow pH optimum centered at 5-7, which aligns with earlier
reports of Bacillus subtilis cellulases exhibiting optimal activity at slightly acidic to neutral conditions
[50]. Given that the rumen environment is generally maintained within a regulated pH range of 6.2—
7.0 [51]. KC50's stable activity within this range indicates that the rumen environment is conducive
for it to produce cellulase. Its efficiency at near-neutral pH conditions suggests that KC50 could
contribute substantially to cellulose degradation under typical rumen conditions, particularly when
compared to strains that lose activity at neutral pH. This supports the potential relevance of KC50 as
an effective cellulase producer within the rumen ecosystem, where maintaining fiber digestion
efficiency is crucial for host nutrition.

Meanwhile, KC70 exhibited moderate and more evenly distributed activity, which is somewhat
more resilient to changes in pH than KC50 but has a less efficient cellulase production capacity
overall. The moderate performance of KC70 could be attributed to its ability to maintain some
enzyme functionality under diverse conditions, though it still experiences a decrease at higher pH.
Although KC70 produces less cellulase than KC50 under optimal conditions, it could still contribute
to cellulose degradation in the rumen environment (6.2-7.0 ) because its activity is sustained within
the physiological pH of the rumen. This observation supports the concept that Bacillus species,
including KC70, can maintain some cellulase activity in a broader pH range. However, efficiency
decreases as the pH moves away from its optimal conditions [50]. This is a common observation in
microorganisms found in neutral or slightly acidic environments [35,43].

KC94 demonstrated both high activity and broad pH tolerance, with optimum cellulase activity
at pH 7 and retention across pH 5-8. This broad range of pH tolerance suggests that KC94 might
possess efficient mechanisms for regulating pH, such as effective ion exchange systems that protect
cellular components from pH-induced stresses [52]. These properties make KC94 an ideal option for
applications such as lignocellulosic biomass pretreatment, where pH levels often fluctuate as the
substrate is gradually broken down. This finding aligns with previous studies reporting that P.
mirabilis VIT117 can tolerate a broad pH range, suggesting the presence of mechanisms that help
maintain cellular stability under varying pH conditions [15]. While urease activity has been identified
as a common pH-regulating mechanism in P. mirabilis [53,54]. The current study did not assess urease

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0591.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 September 2025 d0i:10.20944/preprints202509.0591.v1

15 of 22

production. Therefore, other regulatory pathways, such as ion exchange systems or membrane
adaptations, may contribute to KC94's ability to function efficiently across different pH levels.
Unlike KC50, which performs best in a narrow pH range, and KC70, which shows lower overall
activity, KC94 combines both high activity and tolerance across a broader pH spectrum. A two-way
ANOVA revealed that pH significantly affected Activity (p < 0.001), which also differed among
strains. There was a significant (p <0.001) pH and Strain interaction, indicating that the influence of
strain activity depended on the pH level. Post hoc comparisons showed that KC94 and KC50
generally exhibited the highest activity, followed by KC70. Activity varied significantly across pH
levels, with maximal values observed around pH 6-7 and minimal activity at extreme pH values.

In the rumen, pH fluctuates with diet, often ranging from 5.5-5.8 [55-57] when fed a high-grain
diet, and to approximately 7.0 when fed forage-rich diets. Many fibrolytic bacteria, such as Fibrobacter
succinogenes and Ruminococcus flavefaciens, are highly sensitive to pH drops, losing cellulase activity
below 6.0 [58]. KC94's acid tolerance contrasts with these typical rumen cellulolytics, suggesting it
could persist and remain active in suboptimal ruminal pH conditions, such as during sub-acute
ruminal acidosis (SARA). This trait could provide ecological resilience and industrial utilization in
acidic pretreatment environments.

4.2.2. Temperature

The three strains exhibited distinct thermal tolerance patterns. KC50, peaking at 35°C,
demonstrates a mesophilic profile similar to Bacillus subtilis cellulases, which also lose stability at
elevated temperatures [50]. Although its peak activity is slightly below the rumen temperature (38—
42 °C)[59,60]. KC50 still retains significant activity at moderate temperatures. This suggests that in
the rumen environment, KC50 could maintain functional cellulase activity, but may not perform at
maximum efficiency due to its reduced stability at higher temperatures. This further suggests that
KC50 is well adapted to moderate temperatures but lacks the thermostability required for high-
temperature industrial processes. KC70 showed reduced overall activity and a sharp loss at 55 °C,
indicating weak thermal adaptation. This suggests that KC70 possesses limited thermal adaptation,
making it less suitable for applications requiring high-temperature tolerance. The strain’s limited
thermal tolerance makes it less adaptable to the rumen’s constant temperature of 38—42 °C, potentially
restricting its contribution to fiber degradation efficiency in situ. In contrast, KC94 combined high
activity with broad tolerance, maintaining substantial cellulase function even at 55 °C. These findings
were also supported by the two-way ANOVA analysis, which revealed significant main effects of
temperature and strain interaction, indicating that the effect of strain depended on temperature. Post
hoc tests showed that KC94 and KC50 generally yielded the highest values, followed by KC70 and
Control. Pairwise comparisons between temperatures revealed significant differences across all
strains. This suggests that KC94 may possess mechanisms that enhance enzyme stability at elevated
temperatures, such as increased hydrogen bonding or enhanced protein folding [61-63]. Most
ruminal species display temperature optima close to 38°C and decline sharply from 43°C [64]. By
contrast, KC94 maintains activity above 45°C, which is unusual for rumen isolates, suggesting an
advantage for consistent cellulose degradation in the rumen while also making it suitable for
industrial processes that require higher operational temperatures. To our knowledge, no prior study
has reported thermostable cellulases from P. mirabilis of rumen origin. These findings align with
previous research on P. mirabilis isolated from treatment sludge of textile industry factories, where
laccase enzyme stability was observed over a broader temperature range (17-47°C) due to adaptive
stress responses [65]. The ability of KC94 to produce cellulases at higher temperatures suggests
potential applications in biofuel production and industrial biomass degradation, where
thermostability is a desirable trait.

4.2.3. Incubation Period

The three isolates differed in their growth and enzyme production dynamics. KC94's sustained
high activity indicates efficient and prolonged cellulase production, making it the most reliable strain
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for continuous cellulose degradation [44]. KC50 displayed rapid early growth, which may be
attributed to heightened metabolic activity in the early stages. The leveling off and subsequent
decline could imply constraints such as a lack of nutrients, excess substrate, or the accumulation of
inhibitory substances, a limitation on enzyme production, or a stress response following the initial
rapid expansion [30]. Visible colonies that expand rapidly on plates can be observed (Supplementary
material, figure 52), confirming the fast growth noted on the plates. Hence, the high initial activity
may also lead to rapid substrate exhaustion, restricting further growth or cellulase production. KC70
produced cellulase consistently, although at a reduced efficiency compared to KC50 and KC94.
Rumen studies frequently report that fibrolytic bacteria exhibit distinct growth kinetics: Fibrobacter
succinogenes rapidly colonizes fibers but declines as soluble sugars accumulate, while Ruminococcus
albus maintains prolonged activity [66]. Therefore, KC50 is similar to Fibrobacter, while KC94
resembles Ruminococcus-like persistence. By demonstrating prolonged stability in cellulase
production, KC9%4 may represent an untapped “slow but steady” cellulolytic niche within the rumen
microbiome, complementing faster-growing degraders like KC50. Such kinetics may be
advantageous in maintaining baseline cellulase activity over extended periods, though with lower
efficiency than KC94, which demonstrated the most favorable profile, combining high and sustained
enzyme production, which underscores its potential suitability for industrial processes and rumen
biomass degradation.

4.3. The Effects of Organic Solvents, Surfactants, and Oxidizing Agent on Cellulase Production

4.3.1. Organic Solvents

A two-way ANOVA was performed for each strain to assess the effects of solvent and
concentration on activity. In all cases, there were significant main effects of solvent and concentration,
as well as significant solvent and concentration interactions (all p <0.001), demonstrating that solvent
effects were strongly dependent on concentration. Post hoc Tukey HSD tests further revealed that the
ranking of solvents varied somewhat among strains. For instance, KC94 exhibited superior stability,
particularly in non-polar solvents. Similar observations have been reported in Bacillus
amyloliquefaciens AK9, where cellulase showed remarkable solvent stability, with some solvents even
enhancing activity [28]. A study on Bacillus vallismortis RG-07 demonstrated similar solvent tolerance,
with cellulase activity remaining stable even at high organic solvent concentrations [21]. It is reported
in literature that non-polar solvents likely interact favorably with hydrophobic protein regions,
preventing aggregation and denaturation [21,47,67]. In a similar study, the cellulases from
Promicromonospora sp. VP111 exhibited significant tolerance to organic solvents, particularly non-
polar solvents. CMCase showed high stability and even apparent stimulation in the presence of
solvents like n-hexane and isooctane, while FPase and [3-glucosidase retained 77%-95% and 79%-—
89% residual activities, respectively. However, cellulase activity was significantly reduced in polar
organic solvents, likely due to enzyme destabilization caused by solvent interactions with the
enzyme’s hydration layer. Also, like the previous studies mentioned above, it suggests that non-polar
solvents might enhance enzyme conformation, preventing denaturation, whereas polar solvents can
wash away essential water molecules needed for enzymatic activity [68]. It is important to note that
the rumen microbiome operates in a strictly anaerobic, plant-fiber-rich environment and is not
naturally exposed to industrial solvents used in pretreatment, such as butanol or benzene; however,
microbial fermentation generates short-chain alcohols. These environments are dominated by
fermentative bacteria, archaea, protozoa, and fungi specialized for cellulose breakdown, not solvent
tolerance [69,70]. Therefore, the solvent resilience observed in KC94 indicates an extraordinary
capacity that may be valuable for industrial applications where such solvents are present. Reports on
rumen cellulases rarely test solvent effects, making this study one of the first to evaluate such
tolerance in Proteus mirabilis from rumen origin. Furthermore, KC94’s high tolerance to ethanol
(789% RA) is remarkable and indicates potential for bioethanol-integrated lignocellulose
degradation systems, where solvent accumulation often inhibits enzyme function.
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4.3.2. Surfactants and Oxidizing Agent

A two-way ANOVA was also conducted to assess the effects of surfactant (PEG, SDS, Triton X-
100), oxidizing agent (H,O,), and concentration on activity. Across the three strains, there were
significant main effects of both factors and their interaction (all p < 0.001, n2 > 0.99), confirming that
the impact of concentration depended strongly on the surfactant and oxidizing type. Post hoc
comparisons revealed consistent strain-specific trends. For instance, KC50 and KC70 showed similar
trends, with high concentrations of SDS and Triton X-100 strongly inhibiting cellulase production.
However, lower concentrations of PEG and oxidising agent H2O: resulted in mild effects or slight
stimulation in both strains. KC94 showed the strongest tolerance to surfactants overall, with mild
inhibition from PEG and a slight enhancement of activity with H202 exposure. Ionic surfactants (SDS,
Triton X-100) disrupted enzyme hydrophobic interactions, leading to denaturation, whereas non-
ionic surfactants (PEG, Tween) occasionally stabilized enzymes and enhanced activity, consistent
with prior reports [46]. Studies have also indicated that surfactants can protect cellulases by reducing
non-specific binding and enhancing enzyme stability during hydrolysis. In a study by Thomas and
colleagues, Tween-80 slightly enhanced CMCase production, whereas Triton X-100, sodium lauryl
sulfate (SLS), and sodium N-lauryl sarcosine completely inhibited cellulase activity [68]. A similar
study on Bacillus subtilis SU40 isolated from agricultural soil, also examined the effects of surfactants
on enzyme activity, showing relatively stable enzyme production across different treatments. It was
reported that Tween 20 resulted in the highest activity, while phenylmethylsulfonyl fluoride (PMSF)
caused the most inhibition at a lower concentration (0.5%). Unlike KC70, B. subtilis SU40 maintained
high activity even in the presence of SDS and Triton X-100, indicating a more robust enzyme
stabilization mechanism [50]. The differences observed between KC70 and B. subtilis SU40 suggest
variations in enzyme folding, membrane composition, or stress response mechanisms that influence
surfactant tolerance. These findings reinforce the importance of strain-specific optimization when
selecting microbial candidates for industrial enzyme production. This suggests that ionic surfactants
disrupt the enzyme’s structural integrity, likely by interfering with hydrophobic interactions crucial
for maintaining enzyme stability. The positive effect of Tween-80, a non-ionic surfactant, is consistent
with previous findings indicating that non-ionic surfactants can help prevent enzyme aggregation
and enhance solubility [68]. In the rumen environment, oxidative stress can be triggered by rapid
microbial fermentation, dietary shifts, and metabolic overload, leading to reactive oxygen species
(ROS) generation that challenges microbial survival [71,72]. Therefore, KC94's demonstrated
tolerance to oxidative stress may offer a colonization advantage in this highly competitive ecosystem.
Few rumen studies have directly linked cellulase activity to oxidative/surfactant tolerance. KC94's
performance fills this gap and suggests a unique adaptation that could be exploited for industrial
enzyme cocktails requiring stability under pretreated biomass conditions.

4.4. Diversity of Possible Cellulase and Hemicellulase Gene Fragments in KC94

The successful amplification of GH39, GH45, and GH48 genes indicates that KC94 possesses a
strong genetic basis for lignocellulose degradation. While the expected fragments were confirmed in
agreement with published data [40], the presence of additional PCR products suggests that the KC94
strain may contain multiple isoforms or gene variants of [3-xylosidase and cellobiohydrolase. This
observation is consistent with the genetic diversity often reported in cellulolytic microbial systems
[73] and may indicate that KC94 possesses a broader enzymatic diversity for lignocellulose
degradation than initially anticipated. One possible explanation for these additional products is the
presence of paralogous genes, reflecting evolutionary adaptation of KC94 to efficiently hydrolyze
diverse plant polysaccharides. Another explanation could be primer slippage due to the degeneracy
of primers, as previously noted by Sheng et al. (2015). Nevertheless, the detection of multiple
amplicons is encouraging, as it points toward functional redundancy or specialization within KC9,
potentially enhancing its lignocellulolytic efficiency, which is characteristic of the rumen
environment. Future sequencing of these amplicons will clarify whether these represent novel gene
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variants or artifacts of amplification, but the current findings already highlight KC94 as a promising
source of diverse cellulolytic enzymes.

5. Conclusions

The cellulase enzymes produced by Bacillus spp. (KC50 and KC70) and P. mirabilis KC94 exhibit
robust activity, pH and temperature stability, and tolerance to mild oxidative stress, making them
suitable candidates for industrial applications in lignocellulosic biomass processing. The molecular
identification of P. mirabilis KC94 as a cellulase producer adds to the diversity of microorganisms that
can be utilized for lignocellulose degradation. This strain may complement traditional cellulolytic
bacteria, contributing enzymes that function under diverse environmental and process conditions.
Incorporating a broader diversity of bacterial strains could improve pretreatment efficiency, enzyme
stability, and overall bioconversion performance in biofuel or biochemical production systems.

The cellulases produced by P. mirabilis KC94 have several features that could support integration
into industrial bioenergy systems. Its enzyme activity at neutral pH and 35 °C, combined with
tolerance to mild oxidative stress, makes KC94 a promising candidate for pretreatment of
lignocellulosic biomass under moderate conditions. However, as KC94 exhibits sensitivity to
surfactants such as SDS and Triton X-100, its application may require formulation strategies or co-
culture systems to enhance enzyme stability and performance in industrial settings. the amplification
of GH39, GH45, and GH48 genes confirms that KC94 harbors key cellulolytic genes and potentially
multiple isoforms, reflecting genetic diversity that may enhance lignocellulose degradation. Such
diversity is valuable for industry, where enzyme robustness and redundancy can improve efficiency
in biomass conversion. Moreover, these findings complement lignin-degrading enzyme systems,
supporting the design of co-culture strategies that integrate cellulose- and lignin-degraders for more
effective bioprocessing. Although further sequencing of the amplicons is still needed to validate the
variants, KC94 already stands out as a promising candidate for biotechnological applications.
Integrating KC94 cellulases with more robust Bacillus spp. could provide complementary enzymatic
activities, potentially improving overall hydrolysis efficiency. Future work will focus on evaluating
enzyme yield at scale, co-culture synergy, tolerance to industrial stressors, and pretreatment of
various lignocellulosic biomass, as well as evaluating apparent Km and Vmax for the most promising
isolates (KC50, KC70, KC94) under their identified optimal conditions, thereby determining the
feasibility of deploying them in sustainable bioenergy production workflows.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1 shows the cellulase production media that were used. Figure S1 shows
the qualitative screening assay showing cellulase activity on 0.5% CMC agar plates after flooding with Congo
Red dye. Table S2 includes the nucleotide accession numbers submitted to GenBank. Table S3: Relative
abundance (number of isolates) of bacteria identified in this study. Table S4 covers the touchdown PCR cycling
parameters for amplification of GH39, GH45, and GH48 gene fragments, and degenerate primers used to amplify
cellulase and hemicellulase gene fragments. Statistical analysis for all the statistics in the manuscript is presented

per factor per strain in the Excel sheets.
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