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Abstract 

Cellulases and glucose isomerases are vital enzymes in converting cellulose into fructose. 

Cellulases catalyze cellulose conversion to glucose, while glucose isomerase catalyzes the 

reversible isomerization of glucose to fructose.  There is a growing interest lately in producing 

bio-based chemicals and materials from fructose. Soil bacteria produce these enzymes. The 

characterization of bacteria for enzyme saccharification of biomass is essential for fructose 

production and reducing the time and cost of current bioconversion processes. From this 

perspective, we characterized novel cellulase and glucose isomerase-producing bacteria from soil 

samples and optimize their enzyme production. Coculturing and whole-cell immobilization for 

glucose isomerase and bacterial resistance to environmental factors were also investigated. 

Six bacterial strains, Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, 

Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and 

Bacillus sp. MKAL6 were isolated from mixture soil samples collected at Kingfisher Lake and the 

University of Manitoba campus and identified using 16S rRNA gene sequence analysis. Using 

plate assay techniques, these strains were selected for cellulase and glucose isomerase production 

based on the clearance zone appearance. These strains displayed various morphological and 

biochemical characteristics.  

Enzyme production was quantified using the 3,5-dinitrosalicylic acid (DNS) method. The 

efficient cellulase production in these strains occurred at the culture conditions of 35-40°C, pH 5-

6, 1-2% CMC and 96 h of incubation. The presence of yeast extract, casein hydrolysate, Tryptone, 

sucrose, potassium chloride, cobalt chloride and magnesium chloride in the culture medium 

enhanced their cellulase production at their respective optimal pH and temperature. Tween 20 

improved enzyme production only in strains MKAL2 (27.87-31.72 U/mL), MKAL4 (28.93-32.00 
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U/mL) and MKAL6 (33.99-35.91 U/mL) compared to control (23.23-28.71 U/mL). However, 

strains exhibited the highest cellulase activity (78.87-190.30 U/mL) when sucrose was used as a 

carbon compared to carboxymethyl cellulose (9.66- 18.06 U/mL). The response surface quadratic 

model was reliable in predicting cellulase production during the fermentation process with strains 

MKAL1, MKAL2, MKAL4 and MKAL5. The molecular weight of the cellulases is about 25 kDa. 

 Similarly, strains preferred the temperature of 40°C, pH 6-8 and 4 days of incubation for 

maximum glucose isomerase production. Xylose (8.35-11.92 U/mL) induced higher enzyme 

production production compared to CMC (3.28-5.82 U/mL) and glucose (1.88-3.82 U/mL). 

However, 1% xylose boosted maximum enzyme activity in all strains. The same trend was 

observed in the culture medium containing a mixture of peptone/yeast extract or tryptone/peptone 

(12.65-22.78 U/mL) or 2-2.5% wheat straw (9.81-13.90 U/mL). The response surface quadratic 

model was reliable in predicting glucose isomerase production during fermentation with strains 

MKAL1, MKAL3, MKAL5 and MKAL6. 

 Five cocultures (A, B, C, G and J) constructed from these strains exhibited synergism in 

cell growth and glucose isomerase production. The highest level of synergism (15.17 U/mL) was 

found in coculture J composed of Mycobacterium sp. MKAL3 (4.06 U/mL) and Stenotrophomonas 

sp. MKAL4 (3.37 U/mL) with a synergism degree of 2.04. The synergism was unique to growth 

on wheat straw as it was completely absent in xylose-grown cocultures. The wheat straw 

degradation synergism could rely on specific compounds released by strain MKAL3 that promote 

the strain MKAL4 activity and vice versa. However, immobilized strains MKAL1 (10.92 U/mL), 

MKAL2 (9.45 U/mL), MKAL3 (12.01 U/mL), MKAL4 (8.50 U/mL) and MKAL5 (9.69 U/mL) 

improved glucose isomerase production in the wheat straw fermentation process compared to the 

control (8.01-9.96 U/mL) at different sodium alginate concentrations. 
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 All strains were capable of aggregating, forming biofilm and adhering to solvents. They 

accumulated chromium, lead, zinc, nickel and manganese and were resistant to lincomycin. 

Ciprofloxacin displayed the highest inhibitory activity and reduced viable cell numbers over 24 h. 

The ciprofloxacin also inhibited biofilm formation significantly by strains and increased crystal 

violet uptake in strains resulting in a change in permeability and structure of the bacterial cell wall 

layer.  

 This study revealed novel findings that bacterial strains Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, 

Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6 can use low-cost agricultural residues for 

glucose isomerase production and enhance their enzyme activities through cocultures and whole-

cell immobilization, minimizing down-streaming costs.  
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Introduction 

The development acceleration of human societies and, consequently, demands for raw 

materials, products, and consumer goods have accentuated this requirement exerted on researchers 

to innovate new production processes and improve existing processes. Biotechnology has brought 

to this problem development tools that are essential today for industry and fundamental research 

where chemical methods alone struggle to meet environmental requirements and ensure process 

profitability. 

According to the Food and Agricultural Organization of the United Nations (FAO, 2019), 

the consumption of caloric sweeteners, including fructose, is projected to rise from 33 million 

tonnes in 2017 to 213 million tonnes in 2027 due to the increase in world population, particularly 

in Asia and Africa. However, The United States and Canada are the two principal countries to use 

fructose, possibly due to the abundance of corn, agribusiness influence, politics, and economics.  

To support this world demand, the agricultural crop residues can be a potential feedstock 

for fructose production because of their availability, low value, and rich lignocellulosic 

composition. The potential of agricultural crop residues is estimated at 55 million tonnes in Canada 

(Bentsen et al., 2016). Cellulose is the dominant waste material from agriculture. It occurs in 

different forms (amorphous and crystalline) in combination with other materials, such as lignin 

and hemicelluloses (Paudel and Qin, 2015). Due to the recalcitrant structure of lignin, the 

lignocellulosic biomass requires pretreatment.  This pretreatment helps in the separation of its main 

biomass components. This process also decreases the cellulose crystallinity and solubilizes 

hemicellulose. It increases the surface area for enzyme binding and microbial attack. 

The commercial production of fructose relies on the multienzyme hydrolysis of cellulose 

into two steps based on two major enzymes: cellulases and glucose isomerase (Souzanchi et al., 



 

xx 
 

2019). These enzymes are secreted by microorganisms including pure or mixed cultures of aerobic 

and anaerobic bacteria, yeasts, fungi and algae (Ginesy et al., 2017). Soil is a vast cellulolytic 

bacteria untapped reservoir. Many investigators have reported that some soil bacteria are good 

cellulose degraders because they grow fast at low temperatures and possess a high synergy 

between cellulases (Saxena et al., 1993; Schwarz, 2001; Ekperigin, 2007; Abghari and Chen, 

2017).  

However, strategies such as coculturing and whole-cell immobilization can be used to 

improve wild bacterial strains for enhanced enzyme production. Due to their morphological or 

physiological properties, Bacteria can form consortia and degrade lignocellulose synergistically. 

 The growing worldwide interest in fructose is because it is a highly attractive substrate in 

the cellulosic biomass conversion into bioproducts, biofuels and chemicals (Sun et al., 2018) and, 

therefore, a topical frontier to explore. The glucose isomerase world market is approximately one 

billion US dollars (Singh et al., 2020), while cellulases will reach 2300 million USD by the end of 

2025 (Global cellulase market report, 2021). Hence, the need to search for bacteria with high-level 

production of these enzymes, efficient utilization of resulting sugars and appropriate fructose 

production performances. 

This work aimed to find novel, efficient cellulase and glucose isomerase-producing 

bacteria from soil samples. To accomplish this goal, we have specifically proposed,  

(1) To characterize cellulose-degrading bacteria and improve their cellulase production,  

(2) To characterize glucose isomerase-producing bacteria and enhance their glucose isomerase 

production,  
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(3) To evaluate the effect of coculturing and whole-cell immobilization on glucose isomerase 

production in wheat straw fermentation and study the potential mechanism of cooperation in 

bacterial cocultures for a synergistic degradation, 

(4) Investigate potential virulence, antibiotics and heavy metals resistance, solvent adhesion, and 

biofilm-forming capabilities of these cellulolytic bacteria. 

This study hypothesized that: 

(1) Soil is a potential reservoir for important bacteria with highly cellulolytic performances, 

(2) Soil bacteria in coculture and immobilization forms secrete hydrolytic enzymes that act 

synergistically and, therefore can reduce the time and cost of current bioconversion processes, 

(3) Soil bacteria can be pathogens. 
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CHAPTER 1 

Literature Review 

1. Lignocellulosic biomass 

Essentially of plant origin, lignocellulosic biomass represents billions of tons of residues 

from the agricultural and food industries and municipal waste produced annually, which requires 

treatment and management. These residues include straws, trunks, stems, branches, leaves, pulps 

and others. Historically, the plant cell walls of these residues contain lignocellulosic biomass. The 

latter consists mainly of three biopolymers: cellulose, hemicelluloses and lignin, and other low-

content components such as pectin (a heteropolysaccharide), structural proteins or nitrogen 

compounds, minerals and water. The content of these three main constituents, cellulose, 

hemicelluloses and lignin, varies according to the material's type and source: hardwood, softwood 

or grasses. Generally, 35 to 50% of the dry weight of this biomass is made up of cellulose, and the 

latter is the component that determines the dense structure of this wall, while 20 to 35% of the dry 

weight is made up of hemicelluloses and 5 to 30% lignin (Wu et al., 2020). Hemicelluloses are 

three-dimensional hetero-polymers with few crystalline regions, which contain different C5 

(xylose and arabinose) and C6 (mannose, galactose, rhamnose and glucose) sugar monomers. They 

have an amorphous structure and a degree of polymerization of around 200. Β-1,4-glycosidic 

bonds link their units at the main chain level, and β-1,2-, β-1,3- bonds and β-1,6-glycosidic in the 

side chains. Lignin is a non-linear, heterogeneous, three-dimensional complex polymer consisting 

of phenylpropane (Guaiacylpropane (G), syringylpropane (S), p-hydroxyphenylpropane (H)) 

aromatic and hydrophobic units, formed by the polymerization of their precursors, cinnamic 

alcohols (Wang et al., 2017). These units are linked together by covalent bonds, either C-O-C ether 

bonds or C-C bonds. Lignin acts as a cement providing hardness to the cell wall and resistance 
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against biological attacks by microorganisms or insects. Cellulose, hemicellulose and lignin are 

linked together by chemical bonds, of which the hydrogen bond is the central intermolecular bond. 

Glycosidic and hydrogen bonds link cellulose and hemicellulose, while hemicellulose is closely 

linked to lignin by covalent bonds, making total separation difficult. However, the interactions 

between cellulose and lignin are hydrogen bonds (Cai et al., 2017). 

Previously, lignocellulosic biomass was used as a direct energy source, usually by direct 

combustion, and after it was transformed into charcoal by carbonization. However, recently, the 

direct conversion of lignocellulosic biomass into valuable bioproducts is gaining momentum since 

it is a raw material with high potential, which can be converted directly into biofuels and 

bioproducts due to its high carbohydrate content which essentially comes down to the presence of 

the cellulosic fraction (Sindhu et al., 2016). 

 

2. Cellulose 

Cellulose is the most abundant natural polysaccharide. Thus, cellulose is a sustainable 

resource with valued applications from agro-industrial and agricultural wastes. It is a linear 

polysaccharide composed of glucose units connected by β-1,4-glycosidic bonds, and the smallest 

repetitive unit is cellobiose. Its structure is partially crystalline and insoluble at room temperature 

in organic solvents, diluted acids and alkalis (Toushik et al., 2017; Zhong et al., 2019). Its structure 

is also interspersed with disordered or disorganized domains (amorphous cellulose), constituting 

5–20 % of the microfibril. These amorphous regions are linked by suboptimal hydrogen bonding 

interactions, making them accessible to water molecules and enzymatic attacks. The complete 

cellulose enzyme degradation to glucose is achieved by the synergistic action of three enzymes: 
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endoglucanases, exoglucanases and β-glucosidases (Lenting and Warmoeskerken, 2001; 

Ioelovich, 2008). 

 

3. Cellulases 

 

3.1. Classification of cellulases and their functional properties 

Cellulases are hydrolytic enzymes that break down β-1,4-glycosidic bonds between 

glucose units of cellulose. The cellulose conversion into glucose can be performed by chemical or 

enzymatic hydrolysis. Under extreme conditions, chemical hydrolysis uses inorganic acids, 

leading to lower molecular weight sugars and other degradation products. Cellulases are a complex 

enzyme system belonging to glycosyl hydrolase families and composed of three enzymes: 

endoglucanase, exoglucanase and β-glucosidase, which act synergistically for the complete 

cellulose hydrolysis (Figure 1). Thus, endoglucanase and endoglucanase synergistically transform 

cellulose into small oligosaccharides, and then β-glucosidase hydrolyzes oligosaccharides into 

glucose (Sindhu et al., 2016). Specifically, endoglucanase randomly attacks internal sites of the 

amorphous regions and generates new chain ends and oligosaccharides with varied lengths. It is 

inactive on crystalline cellulose but active on soluble cellulose forms like carboxymethyl cellulose 

and amorphous. Exoglucanase or cellobiohydrolase acts on reducing (cellobiohydrolase type I) 

and non-reducing (cellobiohydrolase type II) ends of the cellulose chain, releasing glucose and 

cellobioses. It is active on crystalline substrates like avicel, cellooligosaccharides, etc. β-

glucosidase acts on non-reducing ends and hydrolyzes cellooligosacharides and cellobiose to 

glucose. It is inactive on both amorphous and crystalline cellulose (Sharma et al., 2016). The 
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enzyme hydrolysis of cellulose into glucose units depends on crystallinity, polymerization degree, 

particle size and pore volume and availability of surface area (Sher et al., 2021). 

Three properties govern the cascading depolymerization activity of cellulase, namely (1) 

synergism, (2) processivity, and (3) substrate-channeling ability of the enzyme. The catalytic 

mechanism (Figure 2) is the classical acid-catalyst hydrolysis model (Obeng et al., 2017). This 

model relies on two critical amino acid residues (a proton donor and a nucleophile) that facilitate 

the enzyme cleavage of glycosidic bonds by stereochemical modification (i.e., retention or 

inversion) of the anomeric carbon configuration (Garvey et al., 2013). 

 

3.2. Main sources of cellulases 

Cellulases are produced by several microorganisms such as anaerobic bacteria in the 

ruminant digestive tract (Clostridium spp., Ruminococcus spp., Caldicoprobacter spp.), aerobic 

bacteria (Bacillus spp., Cellulomonas spp.), filamentous fungi (Aspergillus nidulans, A. niger, A. 

oryzae, Fusarium spp., Trichoderma viride, T. reesei), and actinomycetes (Microbispora spp., 

Thermomonospora spp., Streptomyces spp.) (Shida et al., 2016; Singhania et al., 2017; Soni et al., 

2018; Kumar et al., 2019; Sampathkumar et al., 2019; Verma et al., 2021). Fungi are the most 

cellulase producers, and Trichoderma reesei is widely used for cellulase production. Other fungi 

such as Humicola spp., Penicillium spp., Gloeophyllum spp., Melanocarpus spp. and Aspergillus 

spp. exhibit high enzyme production (Kumar et al., 2019; Ramesh et al., 2020). Cellulase is 

constitutive of bacteria, whereas fungi produce cellulose only in the presence of cellulose. 

Extremophile bacteria are also widely used to produce high stability cellulases because they can 

survive in harsh conditions (Kumar et al., 2019). Bacteria from the genus Bacillus (B. 

amyloliquefaciens, B. licheniformis, B. circulans, B. subtilis, B. agaradhaerans, B. pumilus and B. 
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thuringiensis) and genus Clostridium (C. acetobutylicum, C. cellulovorans, C. cellulolyticum, C. 

cellulovorans and C. thermocellum) are the main cellulase producing bacteria (Soni et al., 2018). 

Mesophilic bacteria (Cytophaga hutchinsonii, Cellvibrio fulvus, Cellvibrio gilvus, Erwinia 

carotovora and Paenibacillus spp.), archaebacteria (Pyrococcus horikoshii and Thermotoga 

neapolitana) and various organisms (protists, molluscs, insects, nematodes, crustaceans and 

annelids) have been also well documented for their cellulase activities (Ando et al., 2002; Varghese 

et al., 2017). 

 

 

 

Figure 1. Different steps of cellulose hydrolysis: (a) the non-reducing end, (b) the reducing end. 

Endoglucanase cleaves amorphous cellulose sites to yield long-chain oligomers; exoglucanase 

processively attacks crystalline areas to produce cello-oligomers, and β-glucosidase hydrolyzes 

cellobiose to fermentable sugars. Lytic polysaccharide mono-oxygenase (LPMO) oxidizes 

glycosidic linkages along the cellulose chain to yield gluconic acids (Adopted from Obeng et al., 

2017). 
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Figure 2. Molecular mechanism of cellulase:  inversion (a) and retention (b) mechanisms leading 

to effective cellulosic substrates hydrolysis (Adopted from Obeng et al., 2017). 

 

3.3. Parameters affecting cellulase production  

Enzyme production is the most critical stage in enzyme technology because this step 

determines the overall process cost. The method used by microbes to convert polymers into 

monomers via enzyme production is fermentation. Each microorganism has specific requirements 

for optimum enzyme production. Enzyme activity optimization is generally performed using either 

a one-variable-at-a-time or statistical approach. Consequently, enzyme production is widely 

affected by various growth parameters such as fermentation method, pH, incubation temperature, 

incubation period, nitrogen and carbon sources (Ohara et al., 2018). 
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Two fermentation method types are used for enzyme production: submerged (SmF) and 

solid-state fermentation (SSF). In SmF, all essential nutrients are dissolved in liquid media to be 

utilised by microbes. The extracellular enzyme is produced in the medium and separated by 

centrifugation. This method allows easy sterilization, parameter monitoring and a quick down 

streaming process. However, little moisture is used in SSF. Nitrogen sources induce protein 

synthesis that is essential for extracellular enzyme production (Soccol et al., 2017). 

Most cellulase-producing microorganisms prefer temperature ranges of 25-35°C (Maryana 

et al., 2015; Zhao et al., 2018; Ezeilo et al., 2019, Verma et al., 2021). Some cellulases from 

recombinant microbes (Geobacillus sp. HTA426, Geobacillus sp. 70PC53, Bacillus sp SR22, 

Talaromyces emersonii, Thermoascus aurantiacus, etc.) exhibited the best cellulase production 

performance at elevated temperatures of 60 to 100°C (Hong et al., 2007; Ng et al., 2009; 

Voutilainen et al., 2010; Potprommanee et al., 2017; Dos Santos et al., 2018; Patel et al., 2019; 

Ajeje et al., 2021). 

Most microorganisms produced cellulase in pH 5-7 (Liming and Xueliang, 2004; Lah et 

al., 2016; Dey et al., 2018; Sirohi et al., 2019, Ariff et al., 2019). Only a few microorganisms as 

Aspergillus terreus AV49 (pH 4.0), Bacillus velezensis (pH 4.72),  Trichoderma asperellum UPM-

1, Trichoderma sp .414 and Penicillium decumbans (pH 4.5) required pH lesser than 5 for better 

cellulase production. However, Micromonospora sp., Halomonas sp. PS47, Bacillus halodurance 

IND18, Trichoderma viridae and Bacillus subtilis IND19 were most efective at pH 7.2, 7.5, 8 and 

8.41 respectively (Nair et al., 2018; Ariff et al., 2019; Verma et al., 2021). 

Various substrates have been used for fermentation cellulase production. Insoluble carbon 

sources (cotton, avicel, etc.) promoted higher cellulase than soluble carbon sources (lactose, 

sucrose, cellobiose, carboxymethyl cellulose, etc.) at the same concentration. Pure cellulose is too 
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expensive to produce on a large enzyme scale. However, agricultural, industrial and municipal 

lignocellulosic wastes are particularly attractive in bioconversion because they are cheaper carbon 

sources for enzyme production (Paniagua et al., 2016). The recalcitrant structure of lignin limits 

cellulosic biomass biodegradation. Thus, biomass pretreatment before enzyme hydrolysis is 

required. The pretreatment causes a disturbance in the biomass structure by increasing cellulose 

accessibility, reducing cellulose cross-linking with hemicelluloses and lignin, modifying biomass 

morphology, reducing cellulose crystallinity and increasing biomass porosity. Several 

lignocellulosic wastes such as wheat straw (Eitner et al., 2016; Ursachi and Gutt, 2020; Sharma et 

al., 2021),  wheat bran (Biswas et al., 2019, Verma and Kumar, 2020; Vu et al., 2022), Sugarcane 

bagasse (Pramanik et al., 2020; Tiwari et al., 2022), Rice husk (Cacua et al., 2018; Nugraha et al., 

2021), rice bran (Li et al., 2022), orange peel (Padmanabhan et al., 2022), pulp (Kosan et al., 2020), 

corn stover (Lu et al., 2020), corn cob (Winarsih and Siskawardani, 2020; Elegbede et al., 2021), 

corn fiber (Beri et al., 2020; Beri et al., 2021), cotton fiber (Banerjee et al., 2020), saw dust (Zapata 

et al., 2018; Banerjee et al., 2020), tobacco waste (Dai et al., 2020), soya bean hull (Bittencourt et 

al., 2022), castor bean meal (Herculano et al., 2011), oil palm trunk (Ezeilo et al., 2020), Arachis 

hypogaea shells (Sulyman et al., 2020) were used for cellulase production. 

 

3.4. Recent approaches and future strategies 

The obstacles to industrial enzyme applications are production costs and low enzyme 

yields. Although many investigations have been reported for enzyme production, there is a lot of 

need to improve the efficiency of biomass waste exploitation technologies at different levels 

(biomass composition, media compound optimization, operational parameters and microbial 

strains) to decrease enzyme production costs. 
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3.4.1. Biomass composition  

Lignin monomer composition (syringyl/guaiacyl unit ratio) and cross-linking (ether and 

ester linkages) between lignins and branched side chain polysaccharides such as hemicelluloses 

and pectins impact polymerization and further the saccharification process. Alkaline pretreatments 

efficiently cleave ester linkages. The manipulation of transcriptional control of lignification 

enzymes of the phenylpropanoid biosynthetic pathways has recently been used to improve biomass 

feedstocks (Xie et al., 2018; Yadav et al., 2020). O-diphenolic precursor introduction has newly 

enhanced lignin removal after pretreatment. Furthermore, overexpression of a modified methyl 

transferase and bacterial lyase could reduce lignin polymerization degree (Yuan et al., 2021; Yao 

et al., 2022). 

 

3.4.2. Media compounds and operational parameters  

Modification of nutritional and physicochemical parameters (media, temperature, pH, 

agitation, incubation period, inoculum size, moisture level, inducers, minerals, additives, nitrogen 

and carbon sources) could increase the fermentation yield and reduce production costs. Siani et al. 

(2015) reported that media engineering enhanced cellulase production in Penicillium oxalicum by 

1.7-fold.  

Due to the inherent complexity and heterogeneity of lignocellulosic biomass, efficient 

biodegradation requires the efficiency of different hydrolytic cellulases, which can tolerate stress 

from solvents (ionic liquids, organic solvents, concentrated seawater) and simplify the scale-up of 

industrial processes in non-conventional media (Kazlauskas, 2018). Also, ionic liquids are highly 

attractive for dissolution, fractionation, and biomass enzyme depolymerization (Socha et al., 

2014). However, the deactivation/destabilization of cellulases in non-conventional media is a 
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major challenge for their application in the biocatalytic conversion of biomass (Guerriero et al., 

2016). Therefore, cellulase destabilization in non-conventional media requires engineering 

strategies for their application in biomass degradation (Kazlauskas, 2018; Contreras et al., 2020). 

Succinylation of the cellulase cocktail from Trichoderma reesei boosted nearly 2-fold cellulose 

conversion by 15% (v/v) 1-butyl-3-methylimidazolium chloride (Nordwald et al., 2014). The 

enhancement in activity upon succinylation was due to the apparent preferential exclusion of the 

Cl- anion in fluorescence quenching assays. These experiments induced charge modification 

without substitution in cellulase. However, the actual charge substitution charge remains unknown. 

Wolski et al. (2016) revealed cellulase (Cel7A) from Talaromyces emersonii was more active and 

stable than wild-type Talaromyces emersonii cellulase or Trichoderma reesei cellulase in ionic 

liquid co-solvents. Pottkämper et al. (2009) isolated cellulases active in ionic liquid from 

metagenomic library. Chen et al. (2013) enhanced the activity of a thermophilic cellulase Cel5A 

using ionic liquid pretreated switchgrass. Siva et al. (2022) reported enhanced cellulase production 

by Aspergillus niger using culture medium containing iron oxide magnetic nanocomposites. 

Statistical optimization methods have overcome classical empirical method limitations in 

fermentation processes. The response surface methodology (RSM) has effectively standardized 

fermentation parameters such as pH, temperature, agitation, substrate concentration, nitrogen, and 

carbon source type. Plackett–Burman, Box-Behnken, and central composite designs alone or in 

combination are the most used statistical tools for independent variable screening and fermentation 

condition optimization, significantly influencing enzyme production.  Cellulase productions by 

Bacillus amyloliquefaciens MBAA3 (Thakkar and Saraf, 2014), Actinomyces sp. (Liu et al., 2020) 

and Pseudomonas aeruginosa (Ibrahim et al.,2021) were enhanced using Plackett–Burman design. 

Using a combination of Plackett–Burman and central composite designs maximize Trichoderma 
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reesei RUT C30 cellulase production (Singhania et al., 2007). Box-Behnken design also enhanced 

cellulase production in Saccharomyces cerevisiae SCPW 17 (Amadi et al., 2020), Aspergillus 

heteromorphus (Bajar et al., 2020), Aspergillus niger ITV 02 (Infanzón-Rodríguez et al., 2020), 

Botrytis ricini URM 5627 (Silva et al., 2021) and Mucor circinelloides and M. hiemalis (Al 

Moussa et al., 2022). 

 

3.4.3. Microbial strain 

 

3.4.3.1. Mixed cultures strategy 

The hydrolysis of cellulose to glucose relies on the synergistic action of endo-β-1,4-

glucanases, cellobiohydrolases, and β-glucosidases (Malgas et al., 2017). However, some factors 

influence cellulase synergy, such as ratio and cellulase concentration in the reaction mixture. For 

instance, low endoglucanase ratios lead to the most potent synergistic action in the endoglucanase-

exoglucanase mix (Boisset et al., 2001). Also, the access of a cellulase mixture to binding sites 

where endo-β-1,4-glucanases facilitate the cellobiohydrolase release limits the synergistic activity 

(Jalak et al., 2012). Physical and chemical substrate heterogeneity also influences the synergy 

degree between cellulases. Therefore, the molecular mechanism of understanding cellulose 

hydrolysis by cellulase mixtures is crucial and remains to be elucidated (Contreras et al., 2020). 

However, Chownk et al. (2019) showed a synergistic action of Bacillus sp. and Microbacterium 

sp. for improved cellulase production on rice straw pretreated with dilute acid. Associated with a 

microalgae Chlorococcum sp., cellulase activity of Bacillus licheniformis KY962963 was 

enhanced using a one variable at a time approach and Box–Behnken design (Shah and Mishra, 

2020). Coculture of Bacillus licheniformis and B. paralicheniformis enhanced cellulase production 



 

12 
 

on microcrystalline cellulose and chicken manure-supplemented rice bran media (Kazeem et al., 

2021).  

 

3.4.3.2. Mutagenesis and protoplast fusion 

Microbial strain improvement has been performed by mutation, selection or genetic 

recombination resulting in isolating mutants with high productivity. Mutations are primarily 

harmful but can occasionally improve biocatalytic performance. The mutation relies on a vital 

property conferred by DNA and thus, creating new variations in the gene pool using UV radiation 

and chemicals (Ethidium bromide, N-methyl-N’-nitro-N-nitrosoguanidine, Ethyl 

Methanesulfonate, etc.) (Adsul et al., 2007). Recently developed by Tsinghua University, 

atmosphere plasma mutation is a remarkable mutagenesis strategy leading to rapid mutation, 

highly diverse mutants and simple and safe application. It is a whole-cell mutagenesis tool based 

on a radio-frequency atmospheric-pressure glow discharge plasma. It exhibits higher mutation 

rates than UV radiation or chemical mutagens while maintaining low treatment temperatures for 

phenotypic enhancement in many microbial strains (Ottenheim et al., 2018). Mutants of 

Talaromyces pinophilus OPC4-1 developed by consecutive UV radiation, N-methyl-N`-nitro-N-

nitrosoguanidine and ethyl methane sulfonate treatment improved cellulase production (Liu et al., 

2020). Ega et al. (2020) improve the cellulase activity of Bacillus subtilis VS15 by creating 

mutants using ethyl methyl sulfonate, N-Methyl-N′ nitro-N-nitrosoguanidine, and ultraviolet light 

followed by recursive protoplast fusion. Silva et al. (2020) revealed a novel Trichoderma reesei 

mutant RP698 with enhanced cellulase production obtained by exposure to ultraviolet light. Peng 

et al. (2021) reported an enhanced cellulase activity in a mutant of Trichoderma afroharzianum 

obtained by random mutagenesis (N-methyl-N’-nitro-N-nitrosoguanidine, ethyl 
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methanesulfonate, atmospheric and room temperature plasma) with adaptive laboratory evolution 

strategy (high sugar stress). Papzan et al. (2021) enhanced cellulase activity of Trichoderma sp. 

through two-step protoplast fusion. 

 

3.4.3.3. Gene modification, metabolic pathway and genetic engineering application 

Genetic engineering plays a vital role in desired product improvement by altering the 

genetic makeup of the wild-type strains, modifying the genes involved in carbohydrate 

biosynthesis, and facilitating increased sugar yield to enhance the production of the required 

component or product. Cloning cellulases encoding genes from microbes and their expression 

analysis can result in a significant upsurge in using viable natural resources for developing low-

cost industrial applications. Efficient molecular and genetic engineering methods can generate 

desired and required modifications in robust genetic circuits and deliver dominant gears for 

engineering acquired organisms to produce cellulase. The aspiring aim and current task are to 

present the existing scenario and prospective enigma of genetic manipulations of different 

biological systems and further investigate the intricacy of gene architecture for ample cellulase 

production shortly (Misra et al., 2019). Many genetic approaches (forward and reverse genetics) 

improved the inhibitor tolerance capability of microbial strains. Forward genetics approaches use 

ALE (Adaptive Laboratory Evolution is a practical approach for studying the genetic and 

biochemical basis for microbial adaptation under a selection pressure) or mutagenesis approaches 

to develop mutants with desired phenotypes. In contrast, reverse genetics is an omics-based 

system, metabolic engineering methods to associate genetic contenders with desired phenotypes 

and further transfer the genetic contenders into the host strains for sturdiness improvement. 

Afterwards, genetic information can be read by technologies such as next-generation sequencing 
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(NGS) and mass spectrometry (Phaneuf et al., 2020). Synthetic biology is a technique to construct 

a novel biological system to produce fuels and chemicals from renewable sources cost-effectively. 

The engineered biological systems created by synthetic biology include enzymes with new 

functions, genetic circuits, and engineered cells with unique and desired specifications. In many 

cases, the ultimate objective is to rationally manipulate organisms to facilitate novel functions 

which do not usually exist in nature. It is a sustainable approach to enhancing the production of 

cellulase enzymes. Using recombinant expression technology, highly active and stable cellulases 

at a low cost can be produced (Srivastava et al., 2019). 

The genetic algorithm (GA) application has been used in modelling and optimising 

cellulase production. Process parameters were optimised using mathematical (MO) and genetic 

optimizers to obtain a combination of variables for the highest possible enzyme activity. This 

investigation highlights that GA could be a potential optimizer for waste utilisation processes. 

Sirohi et al. (2018) used a genetic algorithm for enhanced cellulase production by Trichoderma 

reesei. Li et al. (2022) enhanced cellulase production in Penicillium oxalicum R4 using Box–

Behnken design and an artificial neural network–genetic algorithm. 

Epigenetics (an emerging area that alters a gene's expression rate) increased cellulase 

production by modulating various genetic factors like the promoter, transcription factors, 

repressors, and accessory proteins.  Cai et al. (2022) showed that the knockout of DNA methylation 

modulator gene dmm2 significantly increased cellulase production in Trichoderma reesei. Sun et 

al. (2022) revealed that selected regulatory or functional genes within an arbitrarily defined stage 

could be pooled to enhance cellulase production in Trichoderma reesei. 

Cellulase genes isolation from various thermophilic bacteria improved cellulase activity 

through recombinant technology (classical approach, whole-genome isolation, whole metagenome 
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isolation and bioinformatics) relying on manipulating the regulation of cellulase expression by 

upregulating activators and/or downregulating repressors of cellulase genes (Sahoo et al., 2018). 

Glycosylation of cellulases is an effective enzyme engineering way for better applications. 

Most fungal cellulases are both N- and O-glycosylated in their native form. Glycosylation confers 

many beneficial properties to cellulases, including enhanced activity, thermal and proteolytic 

stability and structural stabilization. Manipulating glycan structures use the genetic tuning of 

glycan-active enzymes expressed from homogeneous and heterologous fungal hosts (Chung et al., 

2019). Pena et al. (2020) reported that targeting Cel7A linker flexibility by point mutations, 

including modification of glycosylation sites, is a promising design strategy to improve cellulase 

activity in Trichoderma reesei. 

 

3.4.4. Industrial applications of cellulases 

Cellulases are used in various industries such as agriculture, food, wine, Fermentation, 

biofuel, biorefinery, detergents, textiles, pulp and paper (Sharma et al., 2016; Ejaz et al., 2021). 

 

3.4.4.1. Textile industry 

The textile industry has been confronted with rising environmental problems, so enzyme 

treatment has emerged as an environmentally friendly solution and relies on biostonewashing (or 

biostoning), biopolishing, bioscouring, lyocell defibrillation, biocarbonization and wool scouring 

processes.  In the biostoning process of denim garments, cellulases promote dye removal from the 

fibril surface without affecting fiber strength and creating the shaded look of the fabric. They can 

also be combined with other enzymes such as proteases, lipases and xylanases to achieve a 

particular end. Bioscouring consists of removing non-cellulosic material from the surface of the 
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cotton fabric. The combination of pectinases and cellulases allows cellulases penetration in the 

cuticle and hydrolyzes the primary cellulosic wall, ultimately destructing the cuticle resulting in 

enhanced scouring efficiency. Pectinases play a crucial role in enzyme scouring by digesting the 

pectin, thereby removing the connection between the cuticle and the cotton fiber's main body. This 

treatment helped in retaining fiber strength with increased fabric softness. Biocarbonization and 

wool scouring is a biological fabric cleaning method from the cellulosic and vegetable matter 

impurities using cellulases or a combination with pectinases promoting fiber weight and strength 

maintenance. Acidic cellulases eliminate fibrils from pure lyocell, whereas mixed lyocell fabrics 

have been successfully treated with cellulases active at neutral pH. These treatments increased 

softness and appearance, prevented fuzz and pill, and improved appearance even after repeated 

washings (Juturu and Wu, 2014; Ahmed and Bibi, 2018). 

 

3.4.4.2. Pulp and paper industry 

Through deinking and pulping treatments, cellulases have successfully removed pollutant 

particles without affecting paper brightness and strength. Refining wood material generates small 

particles that cause a reduction in the pulp's drainage rate during papermaking. Combined with 

hemicellulases, cellulases improved pulp beating degree and handsheet tensile index. Biodeinking 

prevented fiber yellowing using cellulases and hemicellulases, which release ink from the fiber 

surface and enhance the fibres' brightness, cleanliness and strength (Kuhad et al., 2011). 

 

3.4.4.3. Laundry and detergent industries 
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Cellulases are commonly used in detergents for cleaning textiles. They promote softness 

and color brightness fabric enhancement and remove dirt particles entangled in the garments. They 

can be associated with proteases and lipases for the same purpose (Sharma et al., 2016). 

 

3.4.4.4. Animal feed industry 

Cellulases are used in milk yield production, feed digestibility and nutritional availability 

in ruminants. Cellulases degrade partially lignocellulose materials leading to better emulsification 

that improves digestibility and nutrition availability to the animals. Combined with xylanases, they 

significantly reduce a high fiber diet viscosity in poultry and pig feed. By consuming a pretreated 

meal with cellulases, ruminants produce more milk (Asmare, 2014). 

 

3.4.4.5. Food Processing industry 

Cellulases are used in food biotechnology in various processes such as juice clarification, 

purees concentration, fruit sensory property alteration, nectar viscosity reduction, olive oil 

extraction, bakery product quality enhancement, carotenoid extraction for food color production, 

citrus fruit bitterness control, antioxidant release from fruit and vegetable pomace, and barley 

malting improvement in beer manufacturing (Raveendran et al., 2018).   
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Abstract 

High fructose corn syrup has been industrially produced by converting glucose to fructose by 

glucose isomerases, tetrameric metalloenzymes widely used in industrial biocatalysis. Advances 

in enzyme engineering and commercial production of glucose isomerase have paved the way to 

explore more efficient variants of these enzymes. 5-hydroxymethylfurfural can be produced from 

high fructose corn syrup catalytic dehydration. 5-hydroxymethylfurfural as a promising platform 

chemical can be further converted into various furanic compounds chemically or biologically for 

various industrial applications. Although the chemical conversion of 5-hydroxymethylfurfural into 

furanic compounds has been extensively investigated in recent years, bioconversion has shown 

promise for its mild conditions due to the harsh chemical reaction conditions. This review 
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discusses protein engineering potential for improving glucose isomerase production and recent 

advancements in bioconversion of 5-hydroxymethylfurfural into value-added furanic derivatives. 

It suggests biological strategies for the industrial transformation of 5-hydroxymethylfurfural. 

 

Keywords: High fructose corn syrup, glucose isomerase, rational enzyme engineering, directed 

evolution, furanic derivatives, biocatalysts 

 

4.1. Introduction 

High-fructose corn syrup (HFCS) is derived from cornstarch via two steps: (a) enzymatic 

hydrolysis of starch to glucose followed by isomerization of glucose into fructose and (b) 

fractionation process (Souzanchi et al., 2019). HFCS is rich in fructose than pure glucose in corn 

syrup (100% glucose). Various HFCS formulations are available, such as HFCS 90 (90% fructose 

and 10% glucose), HFCS 55 (55% fructose and 45% glucose), and HFCS 42 (42% fructose and 

58 % glucose), which are named according to the % amount of fructose (and glucose) present 

(Fernandes, 2018; Neifar et al., 2019). The enzymatic isomerization of glucose into fructose by 

glucose isomerase (or xylose isomerase) is crucial. This step most often comes up against glucose 

isomerase inactivation at high temperatures and acidic pH. The higher affinity of glucose 

isomerase for glucose than xylose, cation-dependence and optimal fructose concentrations also 

affect this step (Nam, 2022). High temperature and high glucose content shorten the isomerization 

time. An increased risk of microbial infection can occur at low reaction temperatures. Thus, using 

an enzyme at high temperatures and acidic pH could improve the process efficiency and reduce 

the formation of by-products (Pederson, 1993). To overcome these problems, improved processes 

were developed by screening new overproducer strains, optimization of growth conditions, 
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mutation induction, protoplast fusion, enzyme engineering, immobilization and co-immobilization 

(Neifar et al., 2020). Several immobilizing agents maintained the involved enzymes in the HFCS 

production and their reuse during several operating cycles (Shokri et al., 2021). The combination 

of the different steps into a one-step process by enzyme co-immobilization increased the fructose 

yield (Basso and Serban, 2019). Enzyme engineering obtained enzymes that meet high 

thermostability, acid tolerance and resistance to substrate/product inhibition (Wiltschi et al., 2020). 

There is scope for further improvement in enzyme engineering to expand an economically feasible 

commercial process. However, many investigators have reported an increased risk for diseases 

(heart disease, diabetes, liver disease, cardiovascular disorders and metabolic syndromes) over 

recent years due to HFCS consumption (Olsen and Heitmann, 2009; Bocarsly et al., 2010; Mock 

et al., 2017; Ibrahim et al., 2018; Ozkan and Yakan, 2019; Sadowska et Rygielska, 2019). They 

also showed that 5-hydroxymethylfurfural (HMF), formed on long storage of HFCS, negatively 

affects human health (carcinogenic agent), causing controversy on HFCS food additive (Shapla et 

al., 2018; Gregorc et al., 2020). However, HMF is a precursor of valuable bio-based chemicals and 

materials synthesis. Thus, HFCS can be used for other purposes. Challenges in molecular enzyme 

engineering and new applications of HFCS are discussed in this paper. First, challenges in enzyme 

engineering for the HFCS production are described, then a review on value-added HMF 

derivatives and recent advancements in HMF conversion through biocatalysts. Finally, this paper 

expands on challenges in HMF bioconversion and perspectives to produce HMF derivatives on a 

large scale. 
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4.2. Challenges of HFCS Production 

Several methods including chemical modification of glucose isomerase, X-ray 

crystallography and isotope exchange helped in elucidating the action mechanism of glucose 

isomerase for the conversion of glucose to fructose. This mechanism  involves acid/base catalysis 

and is governed by three steps: (1) substrate ring opening , (2) isomerization through a hydride 

shift from C-2 to C-1 and (3) product ring closure (Figure 3) (Desai et al., 2017). Understanding 

the mechanism of action of GI has led to the development of molecular engineering models 

(rationale enzyme engineering and directed evolution of enzyme) to enhance the GI activity in the 

production of HFCS. 

 

 

 

Figure 3. Action mechanism of glucose isomerase in the conversion of glucose to fructose , (a) 

Three major steps involved, (b) Hydride shift model (Adopted from Nam, 2022). 

 

4.2.1. Rational enzyme engineering 

Molecular enzyme engineering is focused on homologous enzymes and the study of 

enzyme-substrate interactions (enzyme active site) and reaction mechanisms based on 
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biochemical, sequence and structural information for the mutant design. Limited knowledge of the 

protein dynamics role and the quantitative input of specific interactions and catalysis are 

challenges in rational enzyme engineering. The study of enzyme-substrate interactions can lead to 

beneficial mutations and enzyme activity loss. However, data on protein sequence and rapidly 

developing computational tools keep increasing and making enzyme engineering more valuable 

by improving enzyme properties (catalytic rate, substrate scope, stability to solvent and high 

temperatures).  

Glucose isomerase rational engineering was conducted for more cost-efficient HFCS 

production. The fructose yield, increasing with increasing temperature, and investigations on 

glucose isomerase thermoresistant variants were efficient in glucose isomerization. It was also 

possible to increase the thermoresistance of a highly active enzyme (Jin et al., 2017; Dai et al., 

2020). Activity improvement at lower pH is another engineering target in HFCS production 

because this prevents the browning effect and impurities development (Neifar et al., 2020). The 

substrate specificity of GI was also changed, creating more space in the active site and providing 

additional hydrogen bonds. Therefore, xylose preference was switched to glucose which is 

advantageous for HFCS production. Besides these applications, enzyme mechanisms and specific 

residues’ roles (metal-binding groups) were elucidated through enzyme rational engineering. 

Mutagenesis studies on several microbes (Escherichia coli, Streptomyces rubiginosus, 

Streptomyces olivochromogenes, Streptomyces sp., Bacillus sp., Pichia pastoris) revealed essential 

roles of active sites residues of GI for pyranose or furanose ring-opening and metal-mediated 

hydride transfer (Liu et al., 2015). A double glucose isomerase mutation from Streptomyces sp. at 

the histidine level (His 54 and His 220) increased its stability to calcium inhibition following the 

narrowing of the catalytic ion binding site. This mutation increased its thermostability due to the 
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helixα1 stabilization by new hydrophobic interactions (Hajer et al., 2014). Park et al. (2018) 

characterized a mutant glucose isomerase tolerant to calcium and zinc from Anoxybacillus 

kamchatkensis G10. It has also been shown that a double mutation in the amino acids Gly219 and 

Phe53 improves the activity and thermostability of this enzyme (Hlima et al., 2013). Other amino 

acids such as Ala103, Gly and Phe94 are involved in glucose isomerase thermostability and acid 

tolerance. Driven by ribosomal RNA promoters, an antibiotic resistance marker-free system 

increased glucose isomerase expression in Streptomyces rubiginosus (Wang et al., 2019). 

Ribosomal RNA would be influential promoters used in protein and metabolic engineering.  

For better performance in cell-free biocatalytic procedures, improving an in vivo 

application of enzyme engineering is more complicated than engineering enzyme variants. GI is 

well-expressed in some cell hosts allowing to estimate expected in vivo enzyme activity from 

cellular expression and in vitro kinetic parameters. However, this activity affects the 

xylose/glucose supported the growth of host cells, especially under anoxic conditions. Thus, due 

to the complexity of the cytoplasmic matrix, it is difficult to predict and measure real in vivo 

activity. Also, having two metal-binding sites, GI can link in vivo any metal with harmful effects 

on activity, making required kinetic and biochemical properties difficultly definable for host cell 

growth rates. In vivo performance tests could be an excellent way to improve GI activity. The 

design and use of targeted mutants’ libraries would be beneficial because positive effects and better 

prediction would be high. This would limit investigations to discover improved enzymes. 

However, the active site of GI is highly conserved. Thus, the prediction of mutations is unlikely 

because most conserved residues surrounding the active site are involved in metal and substrate 

binding. It is, therefore, challenging to introduce mutations at this level. The pH of cell host 

cytoplasm is generally slightly acidic so that lower pH could improve in vivo performances (Lee 
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et al., 2017; Silva et al., 2021). Other approaches such as metal specificity change or substrate 

binding affinity enhancing could positively impact in vivo performance of GI. Currently, enzyme 

properties linked to the performances in vivo are not elucidated. Therefore, the rational engineering 

of GI is complicated because of the two metals requirement, metal-enzyme interactions and 

variable in vivo metal availability. Given these challenges, the applicability of mutant based on in 

vivo strategies will be crucial for glucose isomerase engineering in HFCS production. 

 

4.2.2. Directed evolution of enzyme 

Glucose isomerase activity through microbial glucose metabolism can be enhanced by 

directed evolution or by introducing a better performing enzyme. Directed evolution of an enzyme 

is a natural selection-like strategy (Figure 4). It screens enzyme variants with improved properties 

through host cells expressing a library of randomly mutated enzyme-encoding genes. It requires 

no structural information and screening methodologies can lead to variants discovery working 

better under specific conditions (including in vivo activity). Random mutants from a parental 

enzyme are created by error-prone mutagenesis, DNA shuffling, site-saturation mutagenesis, 

chemical mutagenesis, using different mutator strains or retrotransposon Ty1 replication system 

(Rigoldi et al., 2018). These random mutagenesis methods need balancing a high mutation 

frequency (increasing library genetic diversity) and restricted mutation load (avoiding library-

quality loss by lethal mutation introduction). The quality of mutant libraries was improved by 

computational methods that remove potential lethal mutations. Screening of libraries can be carried 

out in vitro and in vivo. Escherichia coli and Saccharomyces cerevisiae are the most frequently 

used host microbes used for the directed evolution of enzymes because of the availability of their 

tools for recombinant protein expression and molecular genetics (Qi et al., 2015; Hou et al., 2017; 
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Liu et al., 2018; Jeong et al., 2020). However, directed evolution and improvement in vivo 

performance tests can be performed on either two different organisms or the same organism. In 

the latter case, directed evolution avoids complications related to possible mutation divergent 

effects in various host organisms. It has been used for GI expression in S. cerevisiae and E. coli to 

enhance the glucose/xylose fermentation process. Most enzyme libraries were screened in vivo 

using S. cerevisiae. However, S. cerevisiae growth rate on glucose/xylose is limited by the activity 

of GI. So, the selection of improved GI variants was made through differences in growth properties 

(Seike et al., 2019). Directed evolution is beneficial, but variants' biochemical properties of GI 

governing glucose/xylose conversion rates observed in many investigations are still poorly 

elucidated (Lee et al., 2017). Also, due to incomplete metal loading of heterologously expressed 

glucose isomerase and misloading problematic, metals incorporation and availability on the 

activity of GI are largely unexplored problems (Lee et al., 2020). Exploring enzyme properties and 

mutations around metal-binding sites can influence glucose/xylose metabolism by 

microorganisms. Directed evolution will allow reshaping basic features of glucose isomerase to 

improve its catalytic characteristics (kinetic parameters optimization), thermal and pH stability, or 

fructose yield with applicability in industrial HFCS production.  

Due to the health concerns over sugar for the potential causes of many diseases such as 

diabetes and obesity, the demand for sugars in the beverage and food market could decline. On the 

contrary, there has been a growing interest lately in the production of bio-based chemicals and 

materials from bioresources including cellulose, glucose, fructose and HFCS. The main difficulty 

in producing high yields of bio-based chemicals from cellulose is the complex chemical 

composition of cellulosic biomass. The high carbohydrate content of cellulosic biomass (~75%) is 

converted to sugar by thermo-chemical pretreatment and hydrolysis (saccharification). These 
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treatments represent 20% of the capital and operating costs. Therefore, low-cost sugar production 

from biomass is the primary driver for biomass feedstocks to produce biobased chemicals 

(Mthembu et al., 2021). 

 

 

 

Figure 4. Different steps of directed evolution methodology. 

 

4.3. HMF – a New Application of HFCS  

One of the essential derivatives of renewable biomass is 5-hydroxymethylfurfural (HMF), 

an alternative to producing petroleum-based chemicals, pharmaceuticals (anti-carcinogenic, 

antioxidant, anti-proliferative, anti-inflammatory, and anti-apoptotic agent), resins, solvents and 

fungicides. HMF is present in several food products (Crops, cereals, fruits, vegetables, HFCS and 
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other sweetening agents) and biomass that are the precursors of its production. The global HMF 

market is expected to reach around 61 million USD in 2024 compared to 56 million USD in 2019 

(Market study report, 2019). The current price of HMF is estimated between 500 and 1,500 

USD/kg, which is three times higher than the price of its chemical analogues of fossil origin 

currently in use (Mika et al., 2018). However, the polarity and instability of HMF which forces 

precise reaction conditions control (temperature and reaction time) are major barriers to its 

synthesis. Due to the lower cost of glucose relative to fructose, investigators have studied the 

isomerization reaction of glucose to fructose. Various strategies were developed to reduce the 

HMF yield loss by hydrolysis, based on aprotic solvents (dimethyl sulfoxide) or two-phase systems 

with a water-immiscible extractive solvent (methyl isobutyl ketone, toluene) to isolate HMF from 

its formation. Other strategies use an ionic liquid solvent, a solvent or in mixtures of water/organic 

acids (acetic, formic, lactic, maleic, oxalic), inorganic (sulfuric, hydrochloric), salts (MgCl2), 

LaCl3 catalysts, solid acids (cation exchange resins, vanadyl phosphates, H-zeolites, niobic acid, 

etc.). However, these chemical processes require harsh operating conditions (high temperature, 

high pressure, etc.). They also lead to the production of hazardous by-products in high yield (Hu 

et al., 2018). Therefore, the bioconversion of HMF gained great interest in recent years. Many 

investigations have reported the HMF biotransformation using whole-cell and enzymes. Still, the 

low end-products rate and lower economic and industrial applicability were the major limitations 

of these studies (Saikia et al., 2021). 

By triple dehydration, glucose and fructose are converted into HMF under hot acid 

catalysis (Figure 5). Their catalytic conversion into HMF is generally conducted using 

homogeneous and heterogeneous catalysts. HMF yields are higher when the substrate is fructose 

because it already has a five-membered ring structure (furanose), the same as HMF. On the other 
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hand, glucose has a very stable six-membered ring structure (pyranose), which is difficult to 

enolize and dehydrate. Its conversion to HMF is therefore limited by the enolization step, which 

has a strong energy barrier, limiting direct glucose dehydration to HMF and, therefore, affects 

HMF selectivity and yield. Thus, selectivity of both the isomerization and dehydration steps is 

essential in glucose conversion to fructose (Tongtummachat et al., 2020). Due to the instability 

and high price of HMF, catalytic conversion of these carbohydrates into HMF valuable derivatives 

is a promising approach and can reduce process energy consumption and cost. 

 

4.3.1. HMF Derivatives as Monomers for Polymeric Materials 

Many techniques were used to synthesize useful target molecules from HMF derivatives 

including reduction, oxidation, esterification, enzymatic polymerization, ring-opening 

polymerization and free-radical polymerization or other reactions (Figure 6). 

 

4.3.1.1. Symmetrically functional derivatives of HMF 

The preparation of symmetrically functional monomers has been possible due to the 

functional groups' presence on opposite sides of the HMF heterocyclic ring. 

 

4.3.1.1.1. HMF to Furandicarboxylic Acid (FDCA) 

FDCA is synthesized from hydroxyl and formyl groups oxidation of HMF.  It is an essential 

precursor for the synthesis of green degradable and nontoxic plasticizers in the polymer industry. 

The conversion was performed by aerobic using various catalysts. These are Pt catalysts supported 

TiO2 and ZrO2, RuO2 catalysts with Mg-based supports, γAl2O3 catalyst with Au nanoparticles, 

magnetic Pd catalysts, Ru/C catalysts and Au catalysts with various supports (Sajid et al., 2018; 
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Megias-Sayago et al., 2020; Weerathunga et al., 2021). Enzyme-catalyzed oxidation was 

performed with HMF oxidoreductase (HMFO), 2,2,6,6-tetramethylpiperidine-1-oxyl/Candida 

antarctica lipase B (TEMPO/CaLB), aryl-alcohol oxidase (AAO), galactose oxidase (GO), 

horseradish peroxidase (HRP), methanol oxidase, laccase, decarboxylase, periplasmic aldehyde 

oxidase (PaoABC), unidentified peroxidase (UPO), and novozym 435. Whole-cell 

biotransformation of HMF (Pseudomonas putida S12, Burkholderia cepacian H-2, Chaetomorpha 

linum, Raoultella ornithinolytica BF60, Acinetobacter oleivorans S27, Acinetobacter 

calcoaceticus NL14, Synechococcus elongatus, Pseudomonas putida, Aspergillus flavus APLS-1, 

and Comamonas testosterone SC1588) were also used to produce FDCA (Cajnko et al., 2020; 

Sheng et al., 2020; Saikia et al., 2021). Polyamides, polyurethanes, (co)polyesters and other 

interesting polymers (thermotropic and photograded polyesters) were synthesized from FDCA and 

its derivatives due to the presence of two carboxylic acid groups. (Co)polyesters are of growing 

interest, and several researchers have investigated their synthesis, physical properties, structural 

analysis and sorption behavior toward carbon dioxide, oxygen and water (Figure 7). Because of 

their similarity with polyethylene terephthalate (PET) and polybutylene terephthalate (PBT), poly 

(ethylene-2,5-furandicarboxylate) (PEF) and poly (butylene-2,5-furandicarboxylate) (PBF) are 

among FDCA based polyesters the most studied. Poly (propylene-2,5-furandicarboxylate) (PPF) 

was used as the replacement of poly(propylene-2,5-terephthalate) (PPT), and studies have reported 

its thermal behavior, solid-state structure, and barrier properties. (Co)polyesters were also prepared 

from varieties of other monomers (longer aliphatic linear diols, aromatic diols and renewable 

aliphatic acids) (Rajesh et al., 2020).  
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Figure 5. Mechanism of 5-hydroxymethylfurfural (HMF) synthesis from glucose and fructose. 

The cat. represents catalysis. 

 

4.3.1.1.2. HMF to 2,5-Dihydroxymethylfuran (DHMF) 

DHMF is another valuable building block chemical obtained by the reduction of HMF 

(Figure 8). It has an application in polymers and ethers synthesis. Its biosynthesis was carried out 

using Saccharomyces cerevisiae strains (307-12H120 and 307-12H60), Meyerozyma 

guilliermondi SC1103, Escherichia coli CCZU-K14, Ganoderma sessile, and Burkholderia 

contaminans NJPI-15. However, bioconversion of HMF to DHMF requires NAD(P)H as a 

cofactor, and NAD(P)H regeneration depends on the co-substrates used for the reaction. Glucose 

is the substrate widely used (He et al., 2014; Xu et al., 2018; Hou et al., 2020; Chang et al., 2021). 
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It is the precursor of 2,5-diacryloyloxymethylfuran (difunctional cross-linker increasing the tensile 

strength of acrylated epoxidized vegetable oils based polymer networks), side-chain functional 

polyesters, 2,5-bis-allyloxymethyl-furan, 2,5-bis[(2-oxrianylmethoxy)methyl]-furan (high 

performance epoxies preparation), 2,5-bis(chloromethyl)furan 2,5-bis(azidomethyl)furan, 2,5-

bis(cyanomethyl)furan, and 2,5-bis(aminomethyl)furan (building block for polyamides) (Yang et 

al., 2021). 

 

 

Figure 6. Overview of reactions leading to 5-hydroxymethylfurfural (HMF) derivatives. 
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Figure 7. 5-hydroxymethylfurfural (HMF) bioconversion into  2,5-furandicarboxylic acid 

(FDCA) and its derivatives. TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl; CaLB: Candida 

antartica lipase B; HMFO: HMF oxidase; AAO: aryl alcohol oxidase; UPO: unidentified 

peroxidase;GO: galactose oxidase; HRP: horseradish peroxidase; PaoABC: periplasmic aldehyde 

oxidase; PET: polyethylene terephthalate; PBF: poly(butylene2,5-furandicarboxylate); PPF: 

poly(propylene-2,5-furandicarboxylate). 
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Figure 8. 5-hydroxymethylfurfural (HMF) bioconversion into 2,5-dihydroxymethylfuran 

(DHMF) and its derivatives 
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4.3.1.1.3. HMF to 2,5 Dimethylfuran (DMF) 

DMF is a new-fashioned liquid biofuel for transportation because of its higher energy 

density, boiling point and octane number compared to bioethanol. It is insoluble in water, and its 

properties are more similar to those of gasoline than bioethanol. It is also used as a solvent in the 

pharmaceutical and cosmetic industries (Figure 9). Upgraded, DMF is used to produce p-xylene, 

the main industrial precursor for PET (Brandi et al., 2020). DMF is produced by 

hydrogenation/hydrodeoxygenation of HMF with catalysts such as ZrO2-Cu/RuCu, Ru-Co/SiO2, 

Ni-Fe/TiO2, Pt/Co, Pt/activated carbon (AC), Pt/grahitized carbon (GC), Pt-Co/AC, and Pt-Co/GC 

(Esen et al., 2019; Brandi et al., 2020; Przydacz et al., 2020). Bio-metallic/bimetallic catalysts 

were also used: Bacillus benzeovorans-Pd, Desulfovibrio desulfuricans-Pd, Escherichia coli-Ru, 

and Escherichia coli-Ru/Pd (Gomez-Bolivar et al., 2019; Omajali et al., 2019).  
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Figure 9. HMF bioconversion into DMF. 
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4.3.1.1.4. HMF to 2,5-Diformylfuran (DFF) 

With two symmetrical aldehyde groups, DFF is a versatile chemical intermediate for 

pharmaceuticals, fungicides, furan-urea resins, and heterocyclic ligands (Yadav and Sharma, 

2014). It is produced from HMF by oxidation using mainly Ru-, V-, Mn-, Cu-based catalysts. 

Although direct oxidation of HMF was successfully investigated with stoichiometric oxidants or 

electrophilic agents, its oxidation to DFF in water is a great challenge due to its poor selectivity 

and harsh reaction conditions. However, limited processes for metal-free oxidation of HMF were 

developed, reducing catalyst cost and avoiding metal contamination (use of chitosan and other 

substrates to prepare nitrogen-doped carbon materials). In addition, new technologies such as 

biocatalysis (chloroperoxidase, alcohol oxidase, catalase, GO, HRP), photocatalysis and 

electrocatalysis were used to produce DFF from HMF (Dai, 2021; Saikia et al., 2021). DFF is used 

to produce furan-2,5-dicarbonyl chloride (biofuel production), 2,5-diaminomethylfuran 

(polyamides) and 2,5-dihydroxymethyltetrahydrofuran (resins, polymers, artificial fibers). Maleic 

acid and maleic anhydride are also produced from DFF and are precursors of thermoplastic 

polyurethanes, elastane/spandex fibers, curing agents, adhesives, dispersants and corrosion 

inhibitors (Figure 10).  

 

4.3.1.2. Unsymmetrically functional derivatives of HMF 

Unsymmetrically functional monomers were prepared by selectively reacting hydroxyl or 

formyl groups of HMF. 
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Figure 10. HMF bioconversion into DFF and its derivatives. 

AO: Alcohol oxidase, CTL: Catalase, GO: Galactose oxidase, HRP: Horseradish peroxidase. 

 

4.3.1.2.1. HMF to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) 

The oxidation of the HMF aldehyde group leads to HMFCA, which is a precursor of FDCA 

and used to prepare polyesters as antitumor agents and interleukin inhibitors (Figure 11a). HMF 

oxidation was performed through photocatalysis, biocatalysis (Serratia liquefaciens LF14, 
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Comamonas testosteroni SC1588, Gluconobacter oxydans, Serratia marcescens, Pseudomonas 

putida KT2440, Pseudomonas aeruginosa PC-1, horse liver alcohol dehydrogenase, 

phenylacetone monooxygenase, xanthine oxidase, UPO, CaLB) and Cannizzaro reaction (Cang et 

al., 2019; Muñoz et al., 2020; Xu et al., 2020, Saikia et al., 2021) Catalytic systems (Ru, Cu) were 

used in Cannizzaro and aerobic reactions involving an excess of hydroxide in an aqueous solution 

at elevated temperatures. 

 

4.3.1.2.2. HMF to Formylfurancarboxylic acid (FFCA) 

FFCA is produced by the HMF partial oxidation using catalysts such as heteropolyacid 

(Fe-Anderson: Na3H6FeMo6O24.5H2O), mixed metal oxides (CuO·CeO2 and MgO·CeO2) and 

transition metals (Fe3O4, Fe-Zr-O and Fe-organic porphyrin polymer support). FFCA is used in 

surfactants and resins synthesis (Pal et al., 2020). Biocatalytic strategies to produce FFCA are 

limited because it is selectively oxidized from HMF. Nonetheless, the use of some enzymes 

(CaLB, laccase, TEMPO, AAO and HMF oxidase) have enhanced its production (Saikia et al., 

2021) (Figure 11b). 

 

4.3.1.2.3. HMF to 5,5-bis(hydroxymethyl)furoin (BHMF) 

BHMF is produced through HMF benzoin-type condensation. The reaction was promoted 

by catalysts (N-heterocycle carbene), enzymes (thiamine diphosphate-enzyme BAL, CaLB) and 

microbes (Pseudomonas fluorescens). It is a precursor of oxygenated diesel fuels and C12 linear 

alkanes obtained through catalytic hydrogenation and hydrodeoxygenation. It is also converted 

into bio-based polyesters and polyurethanes (Baraldi et al., 2017; Saikia et al., 2021) (Figure 11c). 
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Figure 11. HMF bioconversion into HMFCA (a), FFCA (b) and BHMF (c). 

CaLB: Candida antartica lipase B, TEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl, AAO: Aryl 

alcohol oxidase; HMFO: HMF oxidase; UPO: Unidentified peroxidase; XO: Xanthine oxidase; 

PAMO: Phenylacetone monooxygenase; HLADH: Horse liver alcohol dehydrogenase. 
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4.3.1.2.4. HMF to other chemicals  

5-Hydroxymethylfurfurylamine (HMFA) is formed by the reductive amination of HMF 

supported with ruthenium nanoparticles or transaminase enzymes. It is applied for the preparation 

of antiseptic agents, antihypertensives and curing agents (Petri et al., 2018). 5-Hydroxymethyl-2-

vinylfuran (HMVF) is formed by alkenylation of HMF. HMVF is a versatile adhesive that can be 

link to variable substrates (metal, glass, plastics, and rubber) under heating or acid treatment at 

room temperature by free radical polymerization. It also exerts cell adhesive property. HMVF is 

obtained by reductive amination of HMF (Han et al., 2017).   

 

4.3.1.3. Derivatives of HMF from furan ring reactions 

Most chemicals derived from the furan ring reaction are good biofuel candidates or 

precursors and were obtained by reactions with nucleophiles, electrophiles, oxidants, reductants, 

cycloaddition, metals, and metallic derivatives.  These derivatives include: 

(1) Maleic anhydride (MA): MA is formed by aerobic oxidation of HMF using catalysts 

such as heteropolyacids (phosphomolybdic acid, vanadium oxide and copper (II) nitrate). MA is 

used to synthesize unsaturated polyester resins as food and oil additives and in pharmaceuticals. 

Industrially, it is largely produced from petroleum-based n-butane and benzene oxidation in the 

gas phase (Li and Zhang, 2016; Lou et al., 2020). 

(2) Levulinic acid (LA) and formic acid (FA): Rehydration of HMF directly generates LA 

and FA. The use of hydrotalcite, zeolites, metal oxides, ionic liquids, enzymes, or an aqueous base 

has increased their yields from glucose and fructose. LA is a platform chemical of interest in 

various fields of application such as pharmaceutical, biologically active material, corrosion 

inhibitors, adsorbents, personal care products, batteries, coating materials, polymers, anti-freezers, 
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electronics, photography, plasticizers, flavoring agents, antifouling compounds, fuels, herbicides 

and flavouring agents (Dutta et al., 2020). Among levulinic acid derivatives, levulinic esters are 

applicable as oxygenated fuel. Calcium levulinate is used in pills, capsules and injections 

production, while δ-aminolevulinic acid is a photoactivation weedicide. Sodium levulinate is a 

skin or food preservative and conditioning agent. Methyl tetrahydrofuran (MTHF), γ-valerolactone 

and ethyl levulinate are applicable in potential biofuel precursors preparation, while diphenolinic 

acid is used in polymeride and other materials. α-Methylene-γ-valerolactone is a new attractive 

acrylic monomer that bestows high thermal stability to polymers. Angelica lactone and 1,4-

pentanediol are important biobased building blocks as monomers. Angelica lactone is used in UV-

light induced, cationic and ring-opening polymerisations while 1,4-pentanediol is used to produce 

high strength biodegradable polyesters (Dell’Acqua et al., 2020; Simakova et al., 2020). Acetyl 

acrylate is a precursor for adhesives, plastics, emulsions, coatings and acrylic rubber.  MTHF is 

also an electrolyte for lithium rechargeable batteries. Although being a low-cost product, FA has 

a very high potential to synthesize plasticizers, textiles, formalin, pharmaceuticals, rubber, fuel 

cells and hydrogen (Adeleye et al., 2019; Ajekwene, 2020; Zunita et al., 2021). 

(3) ε-caprolactone (CLo), ε-caprolactam (CLa), 1,6-hexanediol and 2,5-tetrahydrofuran 

dimethanol: These chemicals were obtained by HMF reduction. They are used in the production 

of Nylon, dyeing, and polyesters. Copolymers of CLo and CLa through polyesterification lead to 

poly(ester amide)s (PEAs). PEAs combine the advantages of polyesters (biocompatibility and 

environmental degradability) and polyamides (excellent thermal and mechanical properties) and 

deeply impact biomaterials such as tissue engineering scaffolds, drug delivery systems and non-

viral gene carriers (Zeng et al., 2020). 
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4.4. Concluding remarks and prospects  

The glucose isomerase is a crucial enzyme in converting glucose into fructose, and its use 

is well established and highly optimized through enzyme engineering and bioprocess design. The 

engineering of GI could enhance in vivo enzyme performance in the engineered host organisms 

(S. cerevisiae etc.) and would be important for developing improved strains. Therefore, in vivo 

strategies for structure-based enzyme engineering are required. They should focus on the metal 

dependence of enzyme catalytic properties in the host cells because metal loading is a limiting 

factor for glucose metabolism that impacts in vivo performance. Combining enzyme rational and 

semi-random approaches (mutations around the active site) should be considered to optimize pH 

activity profile and metal specificity for better intracellular conditions of cell hosts. Studies on 

metal binding kinetics and thermodynamics could explain in vivo metal binding and elucidate its 

influence on activity. Also, the investigation of growth-based screening methods combined with 

semi-random mutagenesis (mutations around the metal-binding residues) would enhance cell host 

growth on glucose. The semi-random approach combined with in vivo selection could avoid 

uncertainties between in vivo and in vitro enzyme performance. Such selection could be done by 

mutations elsewhere in the host cell genome and not in the enzyme gene. In addition, enzyme 

rational engineering and in vivo mutant behavior characterization would improve mutant library 

design. The analysis of the cellular behavior of selected variants could explain bottlenecks between 

in vitro properties and in vivo performance of GI in glucose metabolism. 

HMF and its derivatives are widely used in diverse industries. Various chemical conversion 

routes (hydrotalcite, zeolites and several metal oxides) were developed to produce furanic 

derivatives in recent years.  However, there is an urgent need for biotransformation processes of 

HMF because of harsh reaction conditions of chemical routes and harmful by-product production. 
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Although these bioprocesses are promising, their commercial large-scale applications are limited. 

HMF is a toxic chemical and inhibits cell growth and enzyme activity. Other factors such as low 

substrate loading, insufficient selectivity, side-product formation, catalyst regeneration, low yield, 

and end-product complex recovery methodologies affect their industrial production. Various 

enzyme engineering strategies (recombinant enzyme, whole-cell system design, modification of 

structure and active enzyme sites) should be investigated with high industrial applications to 

overcome these limitations. The designed and immobilized robust biocatalysts could lead to their 

easy recovery. Downstream processing techniques should also be explored for easy furanic 

derivatives recovery with high purity and avoiding intermediate product accumulation. 
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Abstract 

The characterization of bacteria with hydrolytic potential significantly contributes to the industries. 

Six cellulose-degrading bacteria were isolated from mixture soil samples collected at Kingfisher 

Lake and the University of Manitoba campus by Congo red method using carboxymethyl cellulose 

agar medium and identified as Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, 

Mycobacterium sp. MKAL3, Stenotrophomonas sp MKAL4, Chryseobacterium sp. MKAL5 and 

Bacillus sp. MKAL6. Their cellulase production was optimized by controlling different 
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environmental and nutritional factors such as pH, temperature, incubation period, substrate 

concentration, nitrogen and carbon sources using the dinitrosalicylic acid and response surface 

methods. Except for Paenarthrobacter sp. MKAL1, all strains are motile. Only Bacillus sp. 

MKAL6 was non-salt-tolerant and showed gelatinase activity. Sucrose enhanced higher cellulase 

activity of 78.87-190.30 U/mL in these strains at their optimum pH (5-6) and temperature (35-

40°C). The molecular weights of these cellulases were about 25 kDa. These bacterial strains could 

be promising biocatalysts for converting cellulose into glucose for industrial purposes. 

 

Keywords: Cellulolytic bacteria; soil; carboxymethylcellulose; cellulase; SDS-PAGE 

 

1. Introduction 

In the past, humans used cellulosic materials as fertilizers, fodder, and firewood. 

Nowadays, it has become a cost-effective raw material and its industrial applications have become 

more complex. These applications have created a vast platform based on cellulose research in 

multidisciplinary projects. Cellulose hydrolysis is one of the approaches catalyzed by cellulases. 

Cellulose is a linear polymer made up of D-glucopyranose units linked by β-(1-4) glycosidic 

linkage and constitutes practically inexhaustible carbon and renewable energy resource 

(Danalache et al., 2018). Cellulose offers the best prospects for reducing the production costs of 

many products due to its abundance and potentially lower price than other substrates, despite the 

complexity of the transformation processes (Silalertruksa and Gheewala, 2020). It constitutes a 

significant challenge in research, particularly in the field of bioproducts, biofuels and chemicals. 

Cellulose (crystalline and amorphous) forms with hemicellulose and lignin, a water-insoluble 

compact network structure that limits its degradation (Faria et al., 2020). Therefore, pretreatment 
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(physical, chemical and biological) is required to facilitate fermentable sugar release. Biological 

pretreatment (enzymes and cellulolytic microorganisms) remains the best approach to address this 

issue because it is eco-friendly (Sankaran et al., 2020).  

Cellulase is a whole enzyme system composed of endoglucanase and exoglucanases 

including cellobiohydrolases and β-glucosidase (Paudel and Qin, 2015), which breaks down β-1,4-

linkages in cellulose polymer to release glucose units. Many investigators have reported that 

aerobic and anaerobic bacteria (Singhania et al., 2017; Soni et al., 2018; Kumar et al., 2019; 

Sampathkumar et al., 2019), fungi and actinomycetes (Shida et al., 2016; Kumar et al., 2019; 

Ramesh et al., 2020) are good cellulase enzyme producers. These microbes secrete free or cell 

surface-bound cellulases and exhibit an efficient enzyme decomposition. Among different types 

of microbes, bacteria are the most efficient cellulose degraders because they grow fast and have 

high cellulase synergistic activity (Bilal and Iqbal, 2020). Cellulases are very successful in the 

industrial exploitation of the degradation of lignocellulosic biomass. Cellulases have a wide range 

of applications in several sectors such as chemicals, food and feed, pulp and paper, textiles, 

beverages, automobiles, electronics and, most importantly, energy (Cipolatti et al., 2019; De Souza 

and Kawaguti, 2021).  

Recent data shows that the market demand for cellulase is 29.71% in animal feed, 26.37% 

in food and beverages, and 13.77% in the textile industry (Guerrand, 2018). Also, cellulase 

applications are drastically rising annually. They will reach 2300 million USD by the end of 2025, 

with a 5.5% of annual growth rate for the 2018-2025 period according to the Global cellulase (CAS 

9012-54-8) market growth 2021-2026 report in 2021. However, few cellulases perform well on an 

industrial scale, and their production cost remains very high. Therefore, it is essential to search for 

new cellulases with interesting properties from an industrial point of view. In recent years much 
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work has been devoted to selecting cellulolytic microorganisms, genetic mutations for obtaining 

hyperproductive strains and the culture conditions of the microorganisms involved (Marques et 

al., 2018). Their cellulase yields depend on a combination of various factors such as pH, 

temperature, inoculum size, cellulose type, aeration, incubation time and inducers (Islam and Roy, 

2018). In the present study, we have characterized six cellulose-degrading bacteria isolated from 

the soil samples collected at Kingfisher Lake (Thunder Bay, Canada) and the University of 

Manitoba campus (Winnipeg, Canada). The culture conditions for these bacterial strains were 

optimized to achieve maximum cellulase production. 

 

2. Materials and Methods 

 

2.1. Culture media 

Different culture media were used for bacterial growth and cellulase production. These culture 

media include a) Reasoner's 2A (R2A) agar, b) Luria-Bertani (LB) broth, c) 

carboxymethylcellulose (CMC) agar, and d) CMC broth. Their compositions were as follows: 

a) R2A agar: 0.5 g yeast extract, 0.5 g peptone, 0.5 g starch, 0.5 g MgSO4, 0.5 g casein hydrolysate, 

0.5 g glucose, 0.3 g K2HPO4, 15 g agar and distilled water up to 1 L;  

b) LB broth:10 g peptone, 5 g yeast extract, 5 g NaCl and distilled water up to 1 L; 

c) CMC agar: 5 g CMC, 1 g NaNO3, 1 g K2HPO4, 1 g KCl, 0.5 g MgSO4, 0.5 g yeast extract, 15 g 

agar and distilled water up to 1 L;   

d) CMC broth: 5 g CMC, 1 g NaNO3, 1 g K2HPO4, 1 g KCl, 0.5 g MgSO4, 0.5 g yeast extract and 

distilled water up to 1 L. 
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2.2. Screening of cellulose-degrading bacteria 

The soil samples were collected from Kingfisher Lake and the University of Manitoba campus. 

The topsoil was dug by a sterile spatula, kept in a clean zip lock bag, and transported to the 

laboratory. The samples were mixed for bacterial isolation by dilution method (Maki et al., 2011). 

The samples (0.5 g) were suspended in distilled water (50 mL) by vortexing for 2 min. A 10x 

dilution series was made and each dilution (5 μL) was plated onto R2A agar. All plates were 

incubated for 72 h at 28°C. Based on their morphological features (size, shape, and colour), forty-

one bacterial colonies were selected. These colonies were streaked out in R2A agar Petri dishes. 

After incubation at 30°C for 48 h, these colonies were screened for their ability to produce cellulase 

using Congo red method (Cangelosi et al., 1999). For this purpose, the isolates (bacterial colonies, 

negative and positive controls) were grown in LB broth (10 mL) for 24 h shaking at 30°C. Bacillus 

sp. IM7 and Escherichia coli JM109 from Dr Qin’s lab were used as positive and negative controls 

respectively. All broth cultures (5 μL) were singly dropped onto CMC agar plates and then 

incubated at 30°C for 48 h. After incubation, plates were stained with aqueous Congo red solution 

(0.1% w/v) as an indicator to visualize the cellulase activity. The appearance of a clear halo around 

the isolate confirms cellulase activity by the isolate. Halo diameters were measured using a ruler 

for a semi-qualitative comparison of cellulase activity among isolates. Plates were photographed, 

and six cellulose-degrading bacterial isolates (CDBs) were selected and stored for subsequent uses 

(Figure 1).  
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2.3. Characterization of cellulose-degrading bacteria 

 

2.3.1. Morphological and biochemical characterization 

CDBs were differentiated based on mobility, cell wall composition (Gram stain), 

vegetative cells and endospores (endospore stain), carbon source utilization and enzymatic 

activities by standard methods such as catalase production, gas production, starch hydrolysis, 

gelatin hydrolysis, DNA hydrolysis, urease test, bile esculin test, oxidase test, nitrate reduction, 

salt tolerance and sugar fermentation (Cowan and Steel, 2003). 

 

2.3.2. Molecular identification by 16S rRNA gene sequencing 

DNA was isolated from each CDB culture (LB broth, 24 h shaking and 30°C) using the 

Bacteria Genomic DNA Isolation Kit (Norgen Biotek Corporation, Canada). The resulting isolated 

DNA was used as a template in a PCR reaction to amplify a region of the 16S rRNA. Universal 

primers within conserved regions of the 16S rRNA, which amplify an approximately 796 bp 

fragment were used: forward primer HAD-1 (5´-GACTCCTACGGGAGGCAGCAGT) and 

reverse primer E1115R (5´-AGGGTTGCGCTCGTTGCGGG) (Giannino et al., 2009). The 

amplification system contains 2 × Taq PCR Master Mix of 10 μL (10 x Taq DNA polymerase 

buffer, 10 mM dNTPs, 25 mM of MgCl2, 1 U of Taq DNA polymerase), 1 μL of 10 μM forward 

and reverse primers respectively, 1 μL of the genomic DNA template, and 7 μL of distilled water 

making a total volume of 20 μL. The PCR methodology consisted of denaturation for 1 minute at 

94°C, followed by 30 amplification cycles consisting of denaturing at 94°C for 30 s, annealing for 

30 s at 58°C, and extension at 72°C for 1 min and 30 s. A final extension step was done at 72°C 

for 10 min. Then, PCR products were viewed on an agarose gel (1% w/v) to confirm size, quantity, 

and purity. They were extracted using Gel/PCR DNA Fragments Extraction Kit (Geneaid 
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FroggaBio, Canada). The resulting products were sequenced by Eurofins MWG Operon Inc., 

Canada. Sequencing results were individually imputed online using the Nucleotide Basic Local 

Alignment Search Tool (BLAST) through the National Center for Biotechnology Information 

(NCBI) database (http://www.ncbi.nlm.nih.gov/) to identify the genera of CDB. For molecular 

analyses, the available sequence data for all related species were downloaded from GenBank. 

Sequences were assembled and aligned using the Clustalw module in BioEdit v. 7.0.9.0 (Hall, 

1999) with default settings. Phylogenetic analysis was conducted using the Neighbor-Joining (NJ) 

Tree with 1000 bootstrap using the program MEGA 7 (Kumar et al., 2016). 

 

2.4. Quantification of cellulase activity 

Quantitative cellulase activities of CDBs were determined by measuring the release of 

reducing sugars from CMC using the 3,5-dinitrosalicylic acid (DNS) method (Paudel and Qin, 

2015). ̀ CDBs were grown in 5 mL of LB broth (24 h, 30°C and 200 rpm). Five hundred microliters 

of each cultured isolate were centrifuged at 12,000 x g for 5 min and the cells were suspended in 

0.05 M citrate buffer (pH 6). These bacterial samples were inoculated separately into a 250 mL 

Erlenmeyer flask containing CMC broth (50 mL, 1% CMC) prepared with citrate buffer (0.05 M, 

pH 6). Then, the flasks were incubated at 35°C and 200 rpm for 5 days. Cellulase assay was 

performed using the cell-free culture supernatant as an extracellular crude enzyme. Each crude 

enzyme was obtained by centrifugation of 500 µL of culture at 12,000 × g for 5 min. The reaction 

mixture containing crude enzyme (10 μL), 0.05 M citrate buffer pH 6 (20 μL) and 1% CMC (20 

μL) was transferred into a 1 mL microcentrifuge tube and incubated in the water bath at 50°C for 

15 min. The DNS solution (60 μL) was added to the reaction mixture and the tube was heated for 

5 min to stop the reaction. The release of reducing sugars in reaction mixture was estimated using 
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glucose (1.1-2 mg/mL) as a standard for the calibration curve (y = 0.6419x − 0.1021; r2 = 0.9975). 

Every 24 h for 120 h, reaction mixture and bacterial growth were respectively measured at 540 

and 600 nm by using a microplate reader spectrophotometer (BioTek, USA). The bacterial growth 

was expressed in terms of biomass, whereas the cellulase activity was measured in U/mL (one unit 

of cellulase enzyme corresponds to the release of 1 μM of reducing sugar equivalent per minute 

from CMC) (Rahman et al., 2018).  

 

2.5. Optimization of cellulase production 

Cellulase production was optimized by varying some parameters such as incubation time, 

pH, temperature, CMC concentration, salts, surfactants, carbon, and nitrogen sources. CDBs were 

grown in LB broth (24 h, 30°C and 200 rpm). The culture medium was inoculated and incubated 

for 5 days and the cellulase amount produced was determined from the supernatant using the DNS 

method (Paudel and Qin, 2015). 

 

2.5.1. Effect of temperature and incubation period on cellulase production 

The CMC broth (50 mL) containing overnight cultured bacterial strain (500 µL) was 

incubated in a shaking incubator (200 rpm) at 30, 35, 40, 45 and 50°C for 5 days. The effect of 

temperature and incubation time on enzyme production was quantified by collecting culture 

solution (500 µL) every day. 
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Figure 1. Cellulase activity characterized by the appearance of clear halos around bacterial strains.
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Bacillus sp IM7, positive control 

E. coli JM109, negative control 
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2.5.2. Effect of pH on cellulase production 

The CMC broth (50 mL) containing overnight cultured bacterial strain (500 µL) was 

incubated in a shaking incubator (200 rpm) in the pH ranges from 4 to 9. The effect of pH on 

enzyme production was investigated at the optimum temperature of each bacterial isolate. 

 

2.5.3. Effect of CMC concentration on cellulase production 

The bacterial strain was inoculated in the culture medium with CMC (0.5-2.5% w/v) at 

optimum pH and temperature and shaking at 200 rpm for 120 h. 

 

2.5.4. Effect of carbon sources on cellulase production 

The effect of carbon sources on enzyme production was performed by replacing CMC with 

other carbon sources such as pure cellulose, cellulose acetate, Poly(ethylene terephthalate) (PET), 

D-sucrose, D-glucose, D-fructose, D-sorbitol, D-mannitol and D-xylose. Bacterial strain was 

inoculated with a carbon source (0.5-2.5% w/v) in the production medium at the optimum 

temperature and pH and shaking at 200 rpm for 120 h. 

 

2.5.5. Effect of nitrogen sources on cellulase production 

Effect of various nitrogen sources such as yeast extract, malt extract, tryptone, casein 

hydrolysate, peptone, urea, ammonium chloride (NH4Cl), ammonium sulfate ((NH4)2SO4), and 

ammonium nitrate (NH4NO3) was examined. The bacterial strain was inoculated with a nitrogen 

source (0.05-2% w/v) in the culture medium at the optimum temperature and pH and shaking at 

200 rpm for 120 h.  
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2.5.6. Effect of salts on cellulase production  

The influence of salt supplementation was investigated by adding various salts such as 

potassium chloride, sodium chloride, calcium chloride, aluminum chloride, magnesium chloride, 

manganese chloride, cobalt chloride, nickel chloride, zinc chloride, chromium (III) chloride, lead 

chloride and barium chloride. The bacterial strain was inoculated with salt (0.5-5 mM) in the 

production medium at the optimum temperature and pH and shaking at 200 rpm for 120 h.  

 

2.5.7. Effect of surfactants and EDTA on cellulase production 

Effect of surfactant supplementation was performed by adding different surfactants such 

as tween 20, sodium dodecyl sulfate (SDS), triton X-100 (0.1-2.5% w/v) and a chelating agent, 

ethylenediaminetetraacetic acid (EDTA, 0.5-2.5 mM). The bacterial strain was inoculated with 

surfactant in the culture medium at the optimum temperature and pH and shaking at 200 rpm for 

120 h. 

 

2.6. Optimization of cellulase production using Response Surface Methodology (RSM) 

Response surface methodology (RSM) was used to optimize the fermentation conditions 

to produce cellulase. The experiment was performed by Box–Behnken design (BBD) using the 

SYSTAT 12 software (SYSTAT Software Inc., San Jose, USA). The temperature (X1), initial pH 

(X2), and fermentation period (X3) were determined as independent variables based on the results 

of the preliminary single-factor experiments. Cellulase activity was used as a response value. The 

ranges and levels of these independent variables are presented in Table 1. BBD was used to 

generate the second-order response surface. The F-test at the 0.05 significance level, coefficient of 

determination (R2), and the lack of fit were used to measure the goodness of fit of the second-
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order polynomial model. The fitted contour plots were obtained with the response surface 

methods-contour/surface program in SYSTAT 12 software. 

 

2.7. SDS-Polyacrylamide gel electrophoresis and zymogram 

The cellulase molecular weights were determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The crude enzymes from CDBs (20 

µL) were mixed with loading buffer (5 µL) and boiled (100°C) before electrophoresis. Enzymes 

samples and protein ladder were run in 15% acrylamide gel. A constant supply of 120 V was 

maintained throughout the experiment. After gel running, the gel was divided into two parts. One 

part was stained overnight in Coomassie Brillant Blue R-250, then de-stained with a de-stain 

solution. Protein bands present in the gel were compared with the protein ladder (BioRad, Canada) 

to estimate their molecular weights. Another part of the gel was soaked in Triton X-100 (1% v/v) 

for 30 min to remove SDS and allow activity. Then, the gel was submerged in Congo red solution 

(0.1% w/v) for 30 min and de-stained with NaCl solution (1 M) until the halos appeared. The 

reaction was stopped by dipping the gel in acetic acid solution (4% v/v). 

 

3. Results and discussion 

 

3.1. Morphological and biochemical characterization 

Among forty-one bacterial isolates, only six were selected based on the appearance of a 

clear halo around confirming cellulase production by these bacteria. Morphological and 

biochemical characteristics of CDBs were presented in Table 2. Different shapes were observed 

among these strains. MKAL1 and MKAL3 are circular-shaped while MKAL2, MKAL4, MKAL5 
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and MKAL6 are rod-shaped. Strains MKAL2, MKAL4 and MKAL5 are negative Gram bacteria. 

MKAL1, MKAL3 and MKAL6 are positive Gram bacteria. MKAL1 and MKAL4 are pale 

coloured, while MKAL2, MKAL3, MKAL5 and MKAL6 are red, white, yellow, and creamy 

coloured respectively. All strains are non-endospore-forming bacteria. Except for MKAL1, all 

tested strains are motile. All strains did not produce indole, hydrogen sulfide, gas, phenylalanine 

deaminase, citrate permease, lysine decarboxylase and lysine deaminase. Except for MKAL3, all 

strains produced catalase and α-amylase and hydrolyzed malonate, DNA and esculin. Only 

MKAL6 was non-salt-tolerant and showed a gelatinase activity. All strains degraded most sugars 

tested. These six cellulose-degrading bacteria from soil samples belong to the genera Bacillus, 

Hymenobacter, Chryseobacterium, Paenarthrobacter, Mycobacterium and Stenotrophomonas. 

Many investigators reported cellulase activity of the members of these bacteria isolated from 

various sources (Van Wyk et al., 2017; Ye et al., 2017; Molina et al., 2018; Tan et al., 2018; Dai 

et al., 2020; Scarcella et al., 2021). Their cellulase production was influenced by growth 

parameters such as temperature, incubation period, pH, carbon and nitrogen sources, metal ions, 

surfactants, and incubation time. 

 

3.2. Phylogenetic analysis 

Based on phylogenetic analysis, S1.3, S2.1R, S2.1W, S2.2, S4.2 and S5.6 were identified 

as Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, 

Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6 with the 

NCBI accession numbers ON442553, ON442554, ON442555, ON442556, ON442557 and 

ON442558 respectively (Figure 2). 
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Table 1. Box-Behnken design matrix for optimization of cellulase activity 

Bacterial strains Run X1 

Temperature (°C) 

X2 

pH value 

X3 

Time (h) 

Cellulase activity 

(U/mL) 

  

  
  

 P
a

en
a
rt

h
ro

b
a

ct
er

 s
p

. 
M

K
A

L
1
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (30) 

1 (40) 

-1 

1 

-1 

1 

-1 

1 

0 (35) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

5.52 ± 0.17 

0.00 ± 0.00 

0.34 ± 0.01 

0.00 ± 0.00 

4.83 ± 0.11 

0.00 ± 0.00 

2.89 ± 0.06 

0.00 ± 0.00 

4.27 ± 0.18 

12.27 ± 1.29 

14.52 ± 1.08 

12.90 ± 1.88 

  

H
ym

en
o
b
a
ct
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 s

p
. 
M

K
A

L
2
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

14.15 ± 2.91 

0.00 ± 0.00 

4.68 ± 0.25 

1.26 ± 0.00 

2.45 ± 0.03 

1.78 ± 0.03 

3.54 ± 0.10 

2.03 ± 0.05 

7.98 ± 1.29 

3.08 ± 0.09 

8.21 ± 1.79 

5.98 ± 0.99 

17.86 ± 2.77 

18.15 ± 3.07 

19.53 ± 3.35 
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b
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p
. 
M

K
A

L
3

 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (30) 

1 (40) 

-1 

1 

-1 

1 

-1 

1 

0 (35) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

9.70 ± 0.49 

9.47 ± 0.80 

9.37 ± 0.97 
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Table 1. (continued) Box-Behnken design matrix for optimization of cellulase activity. 

Bacterial strains Run X1 

Temperature (°C) 

X2 

pH value 

X3 

Time (h) 

Cellulase activity 

(U/mL) 

  
  

 

  
  

  
S
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n

o
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p
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s 
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. 
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K
A

L
4
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2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (30) 

1 (40) 

-1 

1 

-1 

1 

-1 

1 

0 (35) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

3.60 ± 0.05 

0.00 ± 0.00 

3.08 ± 0.01 

0.00 ± 0.00 

2.71 ± 0.04 

0.00 ± 0.00 

3.01 ± 0.15 

0.00 ± 0.00 

4.99 ± 0.72 

10.56 ± 1.38 

10.67 ± 1.08 

11.33 ± 0.76 
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M

K
A

L
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (30) 

1 (40) 

-1 

1 

-1 

1 

-1 

1 

0 (35) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

4.83 ± 0.52 

0.00 ± 0.00 

2.82 ± 0.05 

0.00 ± 0.00 

5.52 ± 0.67 

0.00 ± 0.00 

3.01 ± 0.07 

0.00 ± 0.00 

4.35 ± 0.08 

10.56 ± 1.75 

11.67 ± 1.78 

11.33 ± 1.91 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (30) 

1 (40) 

-1 

1 

-1 

1 

-1 

1 

0 (35) 

0 

0 

0 

0 

0 

0 

-1 (4) 

-1 

1 (6) 

1 

0 (5) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

12.86 ± 0.61 

0.00 ± 0.00 

12.97 ± 0.11 

0.00 ± 0.00 

13.98 ± 0.35 

0.00 ± 0.00 

13.65 ± 0.71 

0.00 ± 0.00 

14.59 ± 0.09 

18.73 ± 1.09 

18.78 ± 1.50 

19.01 ± 1.17 
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3.3. Effect of temperature and incubation period on cellulase production 

Each microorganism needs optimum temperature for enzyme production stabilization. The 

effect of different temperatures was evaluated on the enzymatic activity and growth rate of isolates. 

Bacterial isolates were separately cultured in 250 mL conical flasks containing CMC broth (50 

mL) for 5 days at 30, 35, 40, 45, and 50°C. The results are presented in Figure 3. All strains did 

not produce cellulase at 30 and 50°C and no cell growth was observed at these temperatures. 

Enzyme inactivation at these temperatures would be due to weak intermolecular interactions on 

the enzyme structure stability, decreasing enzyme catalytic abilities. At lower temperatures, 

substrate transport across the cell is suppressed, while at a higher temperature, the enzyme is 

unfolded and inactivated (thermal denaturation) (Ibrahim et al., 2021). However, some researchers 

revealed cellulase production by Paenibacillus sp. IM7, Bacillus sp., Bacillus wiedmannii and 

Chryseobacterium sp. at 30 and 50°C (Nkohla et al., 2017; Almuharef et al., 2020; Steiner and 

Margesin, 2020; Bhagat and Kokitkar, 2021; Indumathi et al., 2022). MKAL3 showed cellulase 

activity only at 35°C. Strains MKAL1, MKAL4, MKAL5 and MKAL6 exhibited maximum 

activity at 35°C while the optimum temperature of MKAL2 for cellulase production occurred at 

40°C. Bacillus subtilis subsp. subtilis JJBS300 (Anu et al., 2021), Bacillus velezensis (Li et al., 

2020), Bacillus subtilis Strain MU S1 (Sreena and Sebastian, 2018) were reported to produce 

higher cellulase yield at 35°C. Some other bacteria such as Bacillus pacificus, Pseudomonas 

mucidolens (Krishnaswamy et al., 2022), Bacillus pseudomycoides (Pramanik et al., 2020) and 

Streptomyces thermocoprophilus Strain TC13W (Sinjaroonsak et al., 2019) showed higher 

cellulase activity at 40°C. The cell growth of isolates increased until the optimum temperatures 

and then declined. All strains exerted optimum cellulase production after 96 h of incubation. 

Beyond, enzyme activity decreased. (Figure 4). This occurred due to nutrient depletion in the 
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fermentation medium, inhibition by end-products, or by-products production. Nutrient depletion 

causes bacterial stress leading to enzyme secretion inactivation and cell death (Ariffin et al., 2006). 

Micrococcus sp. SAMRC-UFH3 (Mmango-Kaseke et al., 2016), Bacillus amyloliquefaciens AK9 

(Irfan et al., 2017) and Bacillus albus (Abada et al., 2021) were reported to produce maximum 

cellulase after 96 h of incubation. 

 

3.4. Effect of pH on cellulase production 

Medium pH is an essential factor for enzyme production and enzyme stability. The effect 

of pH on cellulase production and bacterial growth was studied by adjusting the pH of the culture 

medium between 4 and 9. No cellulase activity and cell growth of strains were observed at pH 4 

(Figure 5). Only MKAL2 and MKAL6 produced cellulase at pH 5. MKAL3 exhibited cellulase 

activity only at pH 6. The optimum pH of MKAL6 for cellulase production was 5 while MKAL1, 

MKAL2, MKAL3, MKAL4 and MKAL5 showed maximum activity at pH 6. Similar optimum 

pH of 5 to 6 was reported in Chryseobacterium sp. (Nkohla et al., 2017), Stenotrophomonas 

maltophilia (Molina et al., 2018) and Bacillus albus (Abada et al., 2021). However, MKAL1, 

MKAL2, MKAL4 and MKAL6 also exerted cellulase production in the broader pH ranges from 6 

to 8. These results were also recorded for different bacterial cellulases (Potprommanee et al., 2017; 

Herrera et al., 2019; Pramanik et al., 2020; Steiner and Margesin, 2020; Thapa et al., 2020; Bhagat 

and Kokitkar, 2021; Ibarahim et al., 2021). We observed a decrease in enzyme activity that may 

be due to ionization groups change at the enzyme active site or conformational change of the 

enzyme slowing or preventing the enzyme-substrate complex formation (Ibrahim et al., 2021).  
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3.5. Effect of CMC concentration on cellulase production 

CMC is widely used to produce microbial cellulase because it is a soluble cellulose 

derivative with a high degree of polymerization. Its concentration in the culture influences enzyme 

production (da Silva et al., 2021). The effects of CMC concentration on cell growth and cellulase 

production are presented in Figure 6. No cellulase production was observed at 0.5% CMC. 

However, isolates showed cellulase activity at a range of CMC concentrations from 1-2.5% except 

for MKAL3 which exerted cellulase activity only at 1% CMC (9.66 U/mL). MKAL1 (13.22 U/mL) 

and MKAL5 (11.51 U/mL) showed optimum cellulase production at 1.5% CMC while MKAL2 

(16.50 U/mL), MKAL4 (10.93 U/mL) and MKAL6 (18.06 U/mL) exhibited maximum activity at 

2% CMC. MKAL6 exhibited cellulase activity of 6.27 U/mL at 1% CMC. Malik and Javed (2021) 

reported cellulase activity of 2.4 U/mL in Bacillus subtilis CD001 at 1% CMC.  

 

3.6. Effect of carbon sources on cellulase production 

The effect of carbon sources on enzyme production was determined by replacing CMC in the 

culture medium with various carbon sources (0-2.5%). All tested carbon sources boosted cellulase 

production at different concentrations except for pure cellulose, cellulose acetate and PET (Figure 

7, Appendix 1). Some carbohydrates enhanced cellulase production by strains compared to CMC 

(9.66- 18.06 U/mL). MKAL1 exhibited maximum activity at 1% sucrose (158.27 U/mL); 1.5% 

fructose (21.16 U/mL), 1.5% xylose (25.56 U/mL), 2% sorbitol (33.34 U/mL) and 2% mannitol 

(44.22 U/mL). MKAL2 showed higher activity at 1.5% sorbitol (34.01 U/mL); 2% sucrose (78.87 

U/mL), 2% mannitol (40.20 U/mL) and 2% xylose (26.57 U/mL). MKAL3 exhibited maximum 

activity at 1.5% sucrose (100.82 U/mL), 1.5% glucose (15.40 U/mL),1.5% mannitol (39.72 U/mL) 

and 2% sorbitol (44.01 U/mL). MKAL4 showed higher activity at 2% of sucrose (190.30 U/mL), 
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fructose (39.44 U/mL), sorbitol (56.96 U/mL) and mannitol (27.25 U/mL). Higher cellulase 

production by MKAL5 was found only at 1.5% sucrose (134.76 U/mL). Maximum cellulase 

activity by MKAL6 occurred at 1.5% sucrose (186.54 U/mL), 1.5% sorbitol (27.48 U/mL), 1.5% 

mannitol (44.99 U/mL), 2% glucose (34.90 U/mL), 2% fructose (23.33 U/mL) and 2% xylose 

(48.52 U/mL). However, sucrose was the best cellulase production inducer by these bacterial 

strains. Sugars act as inducers or repressors for enzyme production. Sucrose enhanced higher 

production, which suggested the negligible requirement of this sugar for appropriate enzyme 

induction. Hussain et al. (2017) showed that Bacillus amyloliquefaciens SA5, Bacillus subtilis 

BTN7A, Bacillus megaterium BMS4 and Anoxybacillus flavithermus BTN7B exhibited maximum 

cellulase production when sucrose was used as sole carbon source in the culture medium. Pure 

cellulose, cellulose acetate and PET didn’t stimulate enzyme production because of their structural 

complexity and insolubility. 

 

3.7. Effect of nitrogen sources on cellulase production 

The cellulase production was highly affected by various nitrogen sources. The effect of 

each nitrogen source (0.05-2% w/v) on enzyme production by strains was investigated at their 

optimum pH (5 and 6) and temperature (35 and 40°C). Except for MKAL6, all tested bacterial 

isolates cannot degrade CMC without a nitrogen source in the culture medium. Thus, nitrogen 

sources are essential for cellulase production. No cellulase production and cell growth by MKAL1, 

MKAL2, MKAL3 and MKAL4 were observed with urea. Also, ammonium nitrate inhibited 

cellulase production by MKAL6 while ammonium chloride and ammonium sulfate inhibited 

cellulase activity of MKAL2 (Figure 8, Appendix 2). The results showed higher cellulase 

production when yeast extract (MKAL2 and MKAL6), casein hydrolysate (MKAL1, MKAL4 and 
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MKAL5) and tryptone (MKAL3) were used. MKAL2 (20.50 U/mL) and MKAL6 (26.60 U/mL) 

exerted maximum activity at 0.5 and 1.5% yeast extract respectively. Maximum cellulase 

production by MKAL1 (19.62 U/mL), MKAL5 (17.75 U/mL) and MKAL4 (21.80 U/mL) 

occurred at 1 and 1.5% casein hydrolysate respectively. The highest cellulase activity in MKAL3 

(14.00 U/mL) was observed when 1.5% tryptone was used. Other investigators recorded similar 

results (Pramanik et al., 2020; Sharma et al., 2020). Organic nitrogen sources have stimulated 

higher production than inorganic nitrogen sources because their metabolism contributes to culture 

medium acidification, affecting cellulase production. However, other studies revealed that 

inorganic nitrogen sources such as urea and ammonium chloride promoted maximum cellulase 

production by Bacillus licheniformis 2D55 (Kazeem et al., 2016) and Aneurinibacillus 

aneurinilyticus BKT-9 (Ahmad et al., 2020).   

 

3.8. Effect of salts on cellulase production 

Metal ions play a vital role in enzyme catalysis by binding directly or indirectly to the 

enzyme active site (Gundupalli et al., 2021). The effect of salts (0.5-5 mM) on enzyme production 

by strains was performed at their optimum pH (5 and 6) and temperature (35 and 40°C). Except 

for MKAL3, all bacterial strains stimulated cellulase production in a non-salt supplemented culture 

medium (Figure 9, Appendix 3 and 4). Some salts enhanced cellulase production by strains 

compared to control (0.09-10.92 U/mL). MKAL4 (24.38 U/mL), MKAL6 (28.71 U/mL) and 

MKAL2 (23.23 U/mL) exhibited maximum activity at 1 and 2.5 mM CoCl2 respectively. The 

optimum enzyme production by MKAL1 (21.15 U/mL) and MKAL3 (16.39 U/mL) occurred at 

2.5 mM KCl while maximum production by MKAL5 (20.05 U/mL) was at 2.5 mM MgCl2. Other 

reports showed these salts enhanced higher cellulase activity in Bacillus tequilensis S28 (Sharma 
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et al., 2015), Bacillus cereus (Tabssum et al., 2018) and Bacillus amyloliquefaciens (Pham et al., 

2022).  

 

 

Figure 2. Phylogenetic tree of the CDB and related bacterial strains based on the neighbor-

joining tree of the 16S rRNA sequences. Bootstrap values are shown as percentages of 1000 

replicates. The bar (0.005) at the bottom of the tree indicates the substitution per nucleotide 

position. 
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Table 2. Biochemical and enzymatic characteristics of cellulose-degrading bacteria 

Tests 
Characteristics 

MKAL1 MKAL2 MKAL3 MKAL4 MKAL5 MKAL6 

Motility 

Gram stain 

Shape 

Pigmentation 

Endospore stain 

D-xylose 

D-arabinose 

D-glucose 

D-fructose 

D-galactose 

D-mannitol 

D-sorbitol 

Inositol 

D-rhamnose 

Dulcitol 

D-sucrose 

D-lactose 

Cellobiose 

D-raffinose 

Pectinase 

Xylanase 

Acetate 

Malonate 

Bile esculin 

α- amylase 

DNase 

Phenylalanine deaminase 

Lysine deaminase 

Lysine decarboxylase 

Ornithine decarboxylase 

Urease 

Gelatinase 

Nitrate reductase 

Citrate permease 

Catalase 

Oxidase 

H2S 

Gas 

Indole 

Salt tolerance (6.5%) 

non-motile 

Gram+ 

Circular 

Pale 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

+ 

- 

+ 

- 

+ 

- 

- 

+ 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

+ 

+ 

- 

- 

- 

+ 

- 

- 

- 

- 

+ 

motile 

Gram- 

Rod 

Red 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

- 

+ 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

+ 

- 

- 

- 

+ 

- 

- 

- 

- 

+ 

motile 

Gram+ 

Circular 

White 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

+ 

+ 

- 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

- 

- 

- 

- 

- 

- 

+ 

motile 

Gram- 

Rod 

Pale 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

+ 

+ 

- 

- 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

+ 

- 

- 

+ 

- 

+ 

- 

- 

- 

- 

+ 

motile 

Gram- 

Rod 

Yellow 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

- 

- 

- 

- 

+ 

motile 

Gram+ 

Rod 

Creamy 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

+ 

+ 

+ 

- 

- 

+ 

- 

- 

- 

- 

- 
+: production/degradation/tolerant, -: no production/no degradation/no tolerant. 
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           Paenarthrobacter sp. MKAL1                           Hymenobacter sp. MKAL2                        Mycobacterium sp. MKAL3                                                                                                            

              

           Stenotrophomonas sp. MKAL4                        Chryseobacterium sp. MKAL5                           Bacillus sp. MKAL6               

     

 

Figure 3. Effect of temperature on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. 
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          Paenarthrobacter sp. MKAL1                        Hymenobacter sp. MKAL2                             Mycobacterium sp. MKAL3              

   

           Stenotrophomonas sp. MKAL4                   Chryseobacterium sp. MKAL5                                Bacillus sp. MKAL6 

  

 

Figure 4. Effect of incubation period on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6.
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            Paenarthrobacter sp. MKAL1                           Hymenobacter sp. MKAL2                        Mycobacterium sp. MKAL3 

   

         Stenotrophomonas sp. MKAL4                      Chryseobacterium sp. MKAL5                               Bacillus sp. MKAL6 

  

 

Figure 5. Effect of pH on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6.                                                                      
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            Paenarthrobacter sp. MKAL1                           Hymenobacter sp. MKAL2                        Mycobacterium sp. MKAL3 

   

          Stenotrophomonas sp. MKAL4                           Chryseobacterium sp. MKAL5                                     Bacillus sp. MKAL6 

   

 

Figure 6. Effect of CMC concentration on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and 

MKAL6.
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3.9. Effect of surfactants and EDTA on cellulase production 

No cellulase production was observed with triton X-100, SDS and EDTA. The presence of 

tween 20 in the culture medium enhanced cellulase production by MKAL2 (27.87-31.72 U/mL), 

MKAL4 (28.93-32.00 U/mL) and MKAL6 (33.99-35.91 U/mL) compared to control (23.23-28.71 

U/mL) (Figure 10). This cellulase production gradually increased with an increase in tween 20 

concentration and reached a maximum production at 1% (w/v) concentration in the medium and 

then declined. This trend was also observed in bacterial growth. Bhagia et al. (2019) revealed that 

even nonionic surfactants at high concentrations such as tween 20 could negatively affect 

enzymatic hydrolysis. 

 

3.10. Optimization of fermentation 

The Box–Behnken design was used to optimize the fermentation conditions. Results were 

presented in Table 3. Cellulase was the response variable, while temperature (X1), pH (X2) and 

fermentation time (X3) were independent variables. Quadratic equations showing the linear 

relationship between response and independent variables were: 

(1) MKAL1: Cellulase (U/mL)=  − 6.174𝑋1
2 − 5.676𝑋2

2 − 5.764𝑋3
2 + 1.380𝑋1𝑋2 +

0.345𝑋2𝑋3 + 1.123𝑋1𝑋3 + 1.336𝑋1 + 1.585𝑋2 + 0.734𝑋3 + 13.230 

(2) MKAL2: Cellulase (U/mL)=  − 8.677𝑋1
2 − 4.814𝑋2

2 − 7.387𝑋3
2 + 2.682𝑋1𝑋2 +

0.667𝑋2𝑋3 − 0.210𝑋1𝑋3 − 2.469𝑋1 − 1.918𝑋2 + 0.559𝑋3 + 18.513 

(3) MKAL3: Cellulase (U/mL)=  − 4.757𝑋1
2 − 4.757𝑋2

2 − 4.757𝑋3
2 + 1.208𝑋1𝑋2 +

0.335𝑋2𝑋3 + 0.675𝑋1𝑋3 + 9.513 

(4) MKAL4: Cellulase (U/mL)=  − 5.253𝑋1
2 − 4.700𝑋2

2 − 4.153𝑋3
2 + 0.900𝑋1𝑋2 +

0.495𝑋2𝑋3 − 0.093𝑋1𝑋3 + 1.174𝑋1 + 1.450𝑋2 + 0.201𝑋3 + 10.853 
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(5) MKAL5: Cellulase (U/mL)=  − 4.867𝑋1
2 − 5.112𝑋2

2 − 4.235𝑋3
2 + 1.208𝑋1𝑋2 +

0.335𝑋2𝑋3 + 0.675𝑋1𝑋3 + 1.646𝑋1 + 1.524𝑋2 + 0.505𝑋3 + 11.187 

(6) MKAL6: Cellulase (U/mL)=  − 7.974𝑋1
2 − 7.651𝑋2

2 − 4.129𝑋3
2 + 3.215𝑋1𝑋2 +

0.235𝑋2𝑋3 + 0.252𝑋1𝑋3 + 4.976𝑋1 + 5.138𝑋2 + 0.244𝑋3 + 18.840 

The analysis of variance revealed that p-values of regression and lack of fit were 0.000-0.009 (p < 

0.05) and 0.074-0.778 (p > 0.05) respectively for strains MKAL1, MKAL2, MKAL4 and MKAL5 

(Table S4). This indicates that the built quadratic equation is relatively credible for the evaluation 

of cellulase activity of these bacterial strains.  However, the p-value of the lack of fit was 0.001 (p 

< 0.05) respectively for MKAL3 and MKAL6. This suggests that the relationship between 

parameters is not significant, or the response surface quadratic model doesn’t fit well for the 

assessment of enzyme activity of those two bacteria. Contour plots were produced based on the 

fitted model to estimate response surface shape. All contour plots appeared as ellipses, suggesting 

interactions between temperature, pH, and fermentation time. These variables affect cellulase 

activity and optimum conditions for maximum enzyme production yield were in the design range 

(Appendix 5). The optimal responses, 13.474, 18.982, 11.052 and 11.502 U/mL with a 95% 

confidence interval were obtained by canonical analysis for MKAL1, MKAL2, MKAL4 and 

MKAL5 respectively. The coded factor values for the stationary point were: 

(1) MKAL1: 0.133 (𝑋1), 0.158 (𝑋2), 0.081 (𝑋3), with corresponding experimental conditions: 

temperature 35.67°C, pH 6.16, and fermentation time 97.94 h. 

(2) MKAL2: −0.181 (𝑋1), −0.248 (𝑋2), 0.029 (𝑋3), with corresponding experimental 

conditions: temperature 39.10°C, pH 5.75, and fermentation time 96.70 h. 

(3) MKAL4: 0.126 (𝑋1), 0.168 (𝑋2), 0.033 (𝑋3), with corresponding experimental conditions: 

temperature 35.63°C, pH 6.17, and fermentation time 96.79 h. 
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(4) MKAL5: 0.197 (𝑋1), 0.175 (𝑋2), 0.082 (𝑋3), with corresponding experimental conditions: 

temperature 35.99°C, pH 6.18, and fermentation time 97.97 h. 

The fitness of the model was checked by performing triplicate experiments under predicted 

optimum fermentation conditions. Experimental values were 13.303, 18.817, 10.89 and 11.381 

U/mL for MKAL1, MKAL2, MKAL4 and MKAL5, respectively. This demonstrates reliable 

goodness of fit to predict cellulase production yield during the fermentation process with these 

bacterial strains. 

 

3.11. Molecular weight determination and Zymogram 

Protein bands of cellulases were observed in 15% acrylamide gel. Multiple bands were 

observed in the gel. However, the bands with hydrolytic zone correspond to 25 kDa (Figure 11) 

confirming the presence of cellulase. Cellulase bands in the range of 24.4-185 kDa have been 

estimated from SDS-PAGE (Sriariyanun et al., 2016; Barbosa et al., 2020; Mafa et al., 2021; 

Shankar et al., 2021). A similar molecular weight of 25 kDa has been reported in Bacillus 

licheniformis SVD1 (Van Dyk et al., 2009), Bacillus subtilis MA139 (Qiao et al., 2009), 

Penicillium verruculosum (Morozova et al., 2010) and Novosphingobium sp. Cm1 (Goswami et 

al., 2022). 
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                 Paenathrobacter sp. MKAL1                         Hymenobacter sp. MKAL2                         Mycobacterium sp. MKAL3 

   
             Stenotrophomonas sp. MKAL4                    Chryseobacterium sp. MKAL5                           Bacillus sp. MKAL6 

                                                                                                                        
Figure 7. Effect of carbon sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. 

Carbon sources enhanced cellulase production at different concentrations: MKAL1 (1% sucrose, 1.5% CMC, 1.5% glucose, 1.5% 

fructose, 1.5% xylose, 2% sorbitol and 2% mannitol), MKAL2 (1.5% sorbitol, 2% CMC, 2% sucrose, 2% glucose, 2% fructose, 2% 

mannitol and 2% xylose), MKAL3 (1% CMC; 1.5% sucrose, 1.5% glucose, 1.5% mannitol, 2% fructose, 2% sorbitol and 2% xylose), 

MKAL4 (2% of all tested carbon sources), MKAL5 (1% xylose, 1.5% CMC, sucrose, 1.5% fructose, 2% glucose and 2% mannitol) 

and MKAL6 (1.5% sucrose, 1.5% sorbitol, 1.5% mannitol, 2% CMC, 2% glucose, 2% fructose and 2% xylose). CMC: 

carboxymethylcellulose. 
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             Paenarthrobacter sp. MKAL1                          Hymenobacter sp. MKAL2                          Mycobacterium sp. MKAL3 

   
            Stenotrophomonas sp. MKAL4                      Chryseobacterium sp. MKAL5                            Bacillus sp. MKAL6 

   

Figure 8. Effect of nitrogen sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. 

Nitrogen sources enhanced cellulase production at different concentrations: MKAL1 (1% of all tested nitrogen sources except for 

urea), MKAL2 (0.5% yeast extract, 0.5% malt extract, 0.5% NH4NO3, 1.5% casein hydrolysate, 1.5% peptone and 1.5% tryptone), 

MKAL3 (0.5% malt extract, 1% NH4Cl, 1% NH4NO3, 1.5% yeast extract, 1.5% casein hydrolysate, 1.5% peptone, 1.5% tryptone and 

1.5% (NH4)2SO4), MKAL4 (0.5% malt extract, 0.5% NH4Cl, 0.5% NH4NO3, 1% (NH4)2SO4, 1.5% yeast extract, 1.5% casein 

hydrolysate, 1.5% peptone and 1.5% tryptone), MKAL5 (0.5% NH4Cl, 0.5% NH4NO3, 0.5% urea, 1% yeast extract, 1% malt extract, 

1% casein hydrolysate, 1.5% peptone, 1.5% tryptone and 1.5% (NH4)2SO4) and MKAL6 (0.5% NH4Cl, 0.5% (NH4)2SO4, 0.5% urea; 

1% malt extract, 1.5% yeast extract, 1.5% casein hydrolysate, 1.5% peptone and 1.5% tryptone). 
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               Paenathrobacter sp. MKAL1                         Hymenobacter sp. MKAL2                         Mycobacterium sp. MKAL3 

    
            Stenotrophomonas sp. MKAL4                     Chryseobacterium sp. MKAL5                              Bacillus sp. MKAL6 

 

Figure 9. Effect of salts on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. Salts 

enhanced cellulase production at different concentrations: MKAL1 (1 mM CoCl2, 1 mM ZnCl2, 1 mM PbCl2, 2.5 mM KCl and 2.5 

mM CrCl3), MKAL2 (1 mM  NaCl, 1 mM CaCl2, 1 mM CrCl3, 1 mM PbCl2, 2.5 mM KCl, 2.5 mM AlCl3, 2.5 mM MgCl2, 2.5 mM 

CoCl2 and 2.5 mM NiCl2), MKAL3 (1 mM  NaCl, 1 mM CaCl2, 1 mM AlCl3, 1 mM MgCl2, 1 mM CoCl2, 1 mM CrCl3, 1 mM PbCl2, 

1 mM BaCl2, 2.5 mM KCl, 2.5 mM NiCl2 and 2.5 mM ZnCl2), MKAL4 (1 mM KCl, 1 mM CaCl2, 1 mM AlCl3, 1 mM MgCl2, 1 mM 

CoCl2, 2.5 mM NaCl and 2.5 mM NiCl2), MKAL5 (1 mM CaCl2, 1 mM CrCl3, 2.5 mM KCl, 2.5 mM MgCl2 and 2.5 mM CoCl2) and 

MKAL6 (1 mM NaCl, 1 mM CaCl2, 1 mM AlCl3, 1 mM MgCl2, 1 mM CoCl2, 2.5 mM KCl and 2.5 mM NiCl2).



98 
 

                 Hymenobacter sp. MKAL2                              Stenotrophomonas sp. MKAL4 

                      

                                                                  Bacillus sp. MKAL6 

                                                 

Figure 10. Effect of tween 20 on cellulase production by strains MKAL2, MKAL4 and MKAL6. 
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Figure 11. SDS-PAGE of crude cellulase from strains MKAL1, MKAL2, MKAL3, MKAL4, 

MKAL5 and MKAL6. A and B: hydrolytic bands in zymogram. 
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Table 3. Analysis of variance and lack of fit test for the response surface quadratic model 

Bacterial strains source df SS Mean 

squares 

F-ratio p-

value 

Paenarthrobacter sp. 

MKAL1 

 

 

Hymenobacter sp. 

MKAL2 

 

 

Mycobacterium sp. 

MKAL3 

 

 

Stenotrophomonas sp. 

MKAL4 

 

 

Chryseobacterium sp. 

MKAL5 

 

 

Bacillus sp. MKAL6 

Regression 

Squared Multiple R 

Lack of fit 

 

Regression 

Squared Multiple R 

Lack of fit 

 

Regression 

Squared Multiple R 

Lack of fit 

 

Regression 

Squared Multiple R 

Lack of fit 
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0.000 

 

 

 

0.001 

 

0.125 

 

0.000 

 

0.286 

 

0.012 

 

0.001 

 

4. Conclusions 

This study aimed to characterize cellulose-degrading bacteria and optimize their cellulase 

production. Six CDBs were isolated from soil samples showing that soil is a vast cellulolytic 

bacteria untapped reservoir and identified as Paenarthrobacter sp. MKAL1, Hymenobacter sp. 

MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp MKAL4, Chryseobacterium sp. 

MKAL5 and Bacillus sp. MKAL6. The higher cellulase production in these strains occurred at the 

culture conditions of 35-40°C, pH 5-6, 1-2% CMC and 96 h of incubation. The presence of yeast 

extract, casein hydrolysate, Tryptone, sucrose, potassium chloride, cobalt chloride, magnesium 

chloride and tween 20 boosted their cellulase production. Response surface quadratic model was 

reliable to predict cellulase production during the fermentation process with strains MKAL1, 
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MKAL2, MKAL4 and MKAL5. The purification of these cellulases for hydrolysis and 

saccharification of lignocellulosic biomasses are being studied. 
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Abstract 

Glucose isomerase (GI) is an enzyme with high potential applications. Characterization of glucose 

isomerase producing bacteria with interesting properties from an industrial point of view is 

essential. Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. 

MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. 

MKAL6 were isolated from soil samples. Optimization of enzyme production yield was 

investigated in various fermentation conditions using response surface methodology. All isolates 

exhibited maximum GI activity at 40°C, pH 6-8 after 4 days of incubation. A mixture of 
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peptone/yeast extract or tryptone/peptone enhanced higher enzyme production. The same trend 

was observed in fermentation medium containing 1% xylose or 2-2.5% wheat straw. This study 

advanced the knowledge of these bacterial isolates in promoting wheat straw as feedstock for the 

bio-based industry. 

 

Keywords: Cellulolytic bacteria, glucose/xylose isomerase, biomass conversion 

 

 

1. Introduction 

Glucose isomerase (GI) is an enzyme that catalyzes the isomerization of glucose to 

fructose. It has a wide range of applications in the baking, food, canning, pharmaceutical, and fuel 

sectors (Zargaraan et al., 2016; Sahin et al., 2019; Saikia et al., 2022). It is one of the three most-

produced industrial enzymes, along with amylase and protease (Al-Dhabi et al., 2020; Nam, 2022). 

The glucose isomerase world market is approximately one billion US dollars (Singh et al., 2020). 

The largest glucose isomerase applications rely on the high fructose corn syrups (HFCS) and 

crystalline fructose. HFCS are derived from corn and its formulations contain different fructose 

amounts known as HFCS 90 (90% fructose and 10% glucose), HFCS 42 (42% fructose and 58% 

glucose), and HFCS 55 (55% fructose and 45% glucose) (Singh et al., 2018). HFCS improves the 

flavour, freshness, texture, stability, colour, consistency and flowability of different products. 

These properties were attributed either to fructose or to the interaction of fructose with other 

systems (Singh et al., 2020). According to the Food and Agricultural Organization of the United 

Nations, sugar and HFCS represent respectively 80% and 10% of the sweetener market 

(OECD/FAO, 2019). Recently, there has been a growing interest in the production of 5-
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hydroxymethylfurfural (5-HMF) from fructose and HFCS. 5-HMF is a versatile chemical platform 

that provides various synthesis possibilities, hence a precious and renewable chemical fundamental 

element. It is the precursor of several industrial interest chemicals, biofuels and biobased polymers 

(Saikia et al., 2022). The global 5-HMF market is expected to reach around 61 million USD in 

2024 compared to 56 million USD in 2019 (Market Study Report, 2019).  

Fructose can be obtained from various feedstocks, including lignocellulosic biomass and 

agricultural wastes, via multiple processes using glucose isomerase (Philippini et al., 2020). This 

is due to their availability, low cost and rich lignocellulosic composition (Zhou et al., 2011). Their 

use reduces the production costs of bioprocesses and has a positive environmental impact 

(Domingues et al., 2021). Several investigators have reported glucose isomerase production from 

agricultural wastes (Chanitnun and Pinphanichakarn, 2012; Thi Nguyen and Tran, 2018; Singh et 

al., 2020). 

The glucose isomerase is widely distributed in microorganisms (Givry and Duchiron, 2008; 

Liu et al., 2015; Jia et al., 2017; Dai et al., 2020; Nam, 2022). The cost of GI production from 

bacteria is low compared to other microbes because bacteria grow more rapidly and have higher 

applicability. However, enzyme production yields depend on a complex relationship involving 

various factors such as the size of the inoculum, carbon and nitrogen sources, pH, temperature, 

inducers, additives, aeration and growth time. Also, substrate particle size affects GI production 

(Thi Nguyen and Tran, 2018). Soils have been documented to contain bacteria with various 

metabolic properties (Rengasamy et al., 2020; Singh et al., 2020). Tolerating extreme conditions, 

bacteria represent an excellent source for searching and isolating new glucose isomerases. 

The present study aimed to characterize glucose isomerase producing bacteria from soil 

samples collected from Kingfisher Lake (Thunder Bay, Ontario, Canada) and the University of 
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Manitoba campus (Winnipeg, Manitoba, Canada). Optimization of enzyme production was also 

investigated in various physicochemical conditions and by response surface methodology. 

 

2. Materials and methods 

 

2.1. Characterization of glucose isomerase producing bacteria 

Bacterial isolates were isolated from soil samples collected in Kingfisher Lake and the 

University of Manitoba campus by dilution method. The screening of glucose isomerase producing 

bacteria was performed in a xylose agar plate using 2,3,5-triphenyltetrazolium as the indicator of 

D-xylulose, the product of D-xylose isomerization. This method is based on the capacity of D-

xylulose to oxidize colorless 2,3,5-triphenyltetrazolium chloride in an alkaline medium with the 

formation of formazan having a dark pink color. Bacterial isolates (5 µL) were inoculated in a 

xylose agar and plates were incubated at 37°C for 5 days to screen for glucose isomerase activity. 

The xylose agar medium was composed of D-xylose (15 g/L), NaNO3 (1 g/L), K2HPO4 (1 g/L), 

KCl (1 g/L), MgSO4.7H2O (0.5 g/L) and agar (11.5 g/L). The enzyme activity was characterized 

by the development of a pinkish red colored hydrolysis zone around the bacteria (Sapunova et al., 

2004). Six bacterial isolates showing a positive result with a zone of clearance in plate assay were 

selected and photographed (Figure 1). These selected isolates were cultured in 10 mL of Luria-

Bertani (LB) broth (containing 10 g peptone, 5 g yeast extract, 5 g NaCl and distilled water up to 

1 L) for subsequent uses. These bacteria were identified as Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, 

Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6 with the NCBI accession numbers 

ON442553, ON442554, ON442555, ON442556, ON442557 and ON442558 respectively. 
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Figure 1. Glucose isomerase activity characterized by the appearance of clear halos around 

bacterial isolate. (a) Paenarthrobacter sp. MKAL1, (b) Bacillus sp. MKAL6, (c) Hymenobacter 

sp. MKAL2, (d) Mycobacterium sp. MKAL3, (e) Stenotrophomonas sp. MKAL4 and (f) 

Chryseobacterium sp. MKAL5. 

 

2.2. Quantification of glucose isomerase activity  

The quantification of GI was carried out using the Cysteine-Carbazole method (Tsumura 

and Sato, 1965). The xylose broth medium (10 g/L D-xylose, 1.5 g/L peptone, 1.5 g/L yeast extract, 

1 g/L K2HPO4, 0.1 g/L MnCl2.4H2O, 1 g/L MgSO4.7H2O) was used for glucose isomerase (GI) 

production. The overnight bacterial culture (500 mL) was inoculated in 250 mL Erlenmeyer flasks 

d e f 
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containing 50 mL of xylose broth. Flasks were incubated in a shaking incubator (200 rpm) 

throughout the experiments. The bacterial production of extracellular glucose isomerase was 

optimized by varying temperature, incubation period, pH, carbon sources and nitrogen sources in 

the culture medium. After incubation, the culture medium (500 µL) was collected each day for 5 

days and centrifuged (12,000×g, 3 min). the supernatant containing extracellular crude enzyme 

was further analyzed for enzyme activity at 540 nm using a microplate reader spectrophotometer 

(BioTek, USA). The bacterial growth was also determined in terms of biomass at 600 nm. The GI 

activity was estimated by measuring fructose yield after the isomerization reaction. The mixture 

reaction was composed of an aliquot of supernatant (200 µL), 0.5 M D-glucose solution (100 µL), 

0.2 M K-Na-Phosphate buffer (75 µL, pH 7.8), 0.1 M MgSO4⋅7H2O (25 µL) and 0.01 M CoCl2 

(25 µL). The reaction mixture was incubated in the water bath (70°C, 1 h) for isomerization and 

the reaction was ended by adding 0.2 N HCl (10 µL). After cooling down in ice-cold water for 5 

min, 1.5% (w/v) cysteine hydrochloride solution (50 µL), 50 µL of 0.12% (w/v) alcoholic 

carbazole solution (prepared in 99% ethanol) and 70% (v/v) H2SO4 (1 mL) were added in the 

mixture solution. Then, the solution was vigorously mixed and kept in the water bath (50ºC, 30 

min). The purple color development in the solution represents the presence of fructose after the 

isomerization reaction. The GI activity was estimated using the fructose standard curve (y = 

0.0602x + 0.1179; r2 = 0.9949) and expressed in units per milliliter (U/mL), where one unit of 

enzyme corresponds to the release of 1 µmole of fructose equivalent per minute from the substrate.  

 

2.2.1. Effect of temperature and incubation period on glucose isomerase production 

The xylose broth medium (50 mL) containing overnight cultured bacterial isolate (500 µL) 

was incubated in a shaking incubator (200 rpm) at 25, 30, 35, 40, 45 and 50°C for five days. The 
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effect of temperature on enzyme production was quantified by collecting 500 µL of culture 

solution every day. 

 

2.2.2. Effect of pH on glucose isomerase production 

The xylose broth medium (50 mL) containing overnight cultured bacterial isolate (500 µL) 

was incubated in a shaking incubator (200 rpm) in the pH ranges from 5 to 10. The effect of pH 

on enzyme production was investigated at the optimum temperature of each bacterial isolate. 

 

2.2.3. Effect of carbon sources on glucose isomerase production 

The effect of carbon sources on enzyme production was performed by replacing the xylose 

with different carbon sources at various concentrations (0.5-3%) such as carboxymethylcellulose, 

glucose and thirteen lignocellulosic biomasses (oat straw, barley straw, wheat straw, wild rice, 

corn cob, hay, sawdust, wood dust, wheat bran, ginkgo leaves, rice hulls, barley grain split and 

pine tree) in the production medium at the optimum temperature, pH and incubation time of each 

bacterial isolate. The lignocellulosic biomasses were collected from different locations. They were 

ground and filtered in a filter/screen of mesh size of 200 micrometers to obtain powders. Then, 

powders were macerated thrice in hot water (100°C), 95% ethanol and the pretreated residues were 

dried at room temperature for one week. The effect of the pretreated residues was also evaluated 

on enzyme production. Agricultural residues were collected after five days of bacterial treatment 

and kept in glutaraldehyde at 4°C for subsequent scanning electron microscope (SEM) analysis. 
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2.2.4. Effect of nitrogen sources on glucose isomerase production 

The effect of different nitrogen sources, namely peptone, tryptone, casein, yeast extract and 

mixtures of nitrogen sources (peptone/yeast extract, casein/peptone, casein/tryptone, casein/yeast 

extract, tryptone/peptone and tryptone/yeast extract) in the production medium at different 

concentrations was investigated at the optimum temperature, pH and incubation time of each 

bacterial isolate. 

 

2.3. Optimization of glucose isomerase using Response Surface Methodology (RSM) 

Response surface methodology (RSM) was used to optimize the fermentation conditions 

to produce glucose isomerase. The experiment was performed by Box–Behnken design (BBD) 

using the SYSTAT 12 software (SYSTAT Software Inc., San Jose, USA). The temperature (X1), 

initial pH (X2), and fermentation time (X3) were determined as independent variables based on the 

results of the preliminary single-factor experiments. GI activity was used as a response value. The 

ranges and levels of these independent variables are presented in Table 1. BBD was used to 

generate the second-order response surface. The F-test at the 0.05 significance level, coefficient of 

determination (R2), and the lack of fit were used to measure the goodness of fit of the second-order 

polynomial model. The fitted contour plots were obtained with the response surface methods-

contour/surface program in SYSTAT 12 software. 
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Table 1. Box-Behnken design matrix for optimization of glucose isomerase (GI) activity 

Bacterial 

isolates 

Run X1 

Temperature (°C) 

X2 

pH value 

X3 

Time (h) 

GI activity (U/mL) 

  

  
  

 B
a

ci
ll

u
s 

sp
. 

M
K

A
L

6
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (7) 

-1 

1 (9) 

1 

0 (8) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

9.479 ± 0.038 

0.858 ± 0.004 

6.841 ± 0.076 

1.517 ± 0.004 

3.509 ± 0.104 

0.974 ± 0.026 

12.025 ± 0.093 

0.920 ± 0.017 

4.114 ± 0.176 

7.274 ± 1.641 

1.578 ± 0.015 

2.332 ± 0.073 

18.848 ± 0.999 

19.786 ± 0.108 

20.846 ± 0.097 

  

H
ym

en
o
b
a
ct

er
 s

p
. 
M

K
A

L
2
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

6.114 ± 0.217 

0.780 ± 0.000 

10.903 ± 0.029 

1.596 ± 0.029 

3.385 ± 0.011 

1.109 ± 0.089 

9.294 ± 0.108 

1.162 ± 0.004 

11.139 ± 0.252 

3.650 ± 0.190 

6.393 ± 0.047 

1.301 ± 0.008 

16.279 ± 0.070 

16.585 ± 0.068 

16.637 ± 0.057 

  

S
te

n
o
tr

o
p

h
o

m
o

n
a

s 
sp

. 
M

K
A

L
4
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

6.672 ± 0.046 

0.870 ± 0.000 

11.672 ± 0.245 

1.829 ± 0.015 

8.543 ± 0.234 

1.278 ± 0.056 

10.830 ± 0.343 

1.818 ± 0.004 

18.321 ± 0.111 

4.733 ± 0.234 

6.203 ± 0.111 

1.578 ± 0.029 

19.778 ± 0.150 

20.984 ± 0.080 

20.738 ± 0.109 
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Table 1 (continued). Box-Behnken design matrix for optimization of glucose isomerase (GI) 

activity 

Bacterial isolates Run X1 

Temperature (°C) 

X2 

pH value 

X3 

Time (h) 

GI activity (U/mL) 

  
  

 

  
  

  
P

a
en

a
rt

h
ro

b
a

ct
er

 s
p

. 
M

K
A

L
1
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (7) 

-1 

1 (9) 

1 

0 (8) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

10.885 ± 0.245 

7.896 ± 0.035 

11.088 ± 0.129 

8.946 ± 0.026 

10.066 ± 0.026 

7.801 ± 0.111 

10.299 ± 0.046 

6.752 ± 0.046 

9.441 ± 0.213 

16.546 ± 0.183 

12.151 ± 0.023 

6.951 ± 0.023 

17.265 ± 0.157 

17.857 ± 0.183 

17.341 ± 0.201 

   

C
h
ry

se
o
b
a
ct

er
iu

m
 s

p
. 
M

K
A

L
5
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (7) 

-1 

1 (9) 

1 

0 (8) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

11.564 ± 0.088 

9.798 ± 0.048 

12.231 ± 0.011 

10.727 ± 0.020 

11.549 ± 0.095 

9.386 ± 0.051 

10.149 ± 0.115 

10.624 ± 0.058 

11.866 ± 0.037 

12.484 ± 0.170 

10.583 ± 0.046 

9.649 ± 0.013 

18.733 ± 1.051 

19.204 ± 2.189 

19.809 ± 1.178 

  
 

 

M
yc

o
b

a
ct

er
iu

m
 s

p
. 
M

K
A

L
3

 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

-1 (35) 

1 (45) 

-1 

1 

-1 

1 

-1 

1 

0 (40) 

0 

0 

0 

0 

0 

0 

-1 (5) 

-1 

1 (7) 

1 

0 (6) 

0 

0 

0 

-1 

1 

-1 

1 

0 

0 

0 

0 (96) 

0 

0 

0 

-1 (72) 

-1 

1 (120) 

1 

-1 

-1 

1 

1 

0 

0 

0 

11.505 ± 0.191 

10.080 ± 0.000 

12.094 ± 0.068 

10.557 ± 0.101 

13.069 ± 0.098 

9.945 ± 0.060 

10.059 ± 0.104 

9.652 ± 0.104 

11.600 ± 0.000 

13.321 ± 0.159 

10.412 ± 0.000 

9.632 ± 0.091 

16.151 ± 2.156 

16.473 ± 1.580 

16.080 ± 1.677 
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3. Results and discussion 

 

3.1. Effect of temperature and incubation time on glucose isomerase production 

The ideal temperature and incubation period for high enzyme production by a 

microorganism differ from species to species. Bacterial isolates were grown in a xylose broth 

medium at different temperatures of 25, 30, 35, 40, 45 and 50°C for 5 days. All isolates produced 

an extracellular GI in a broader temperature range from 35 to 50°C. However, they exhibited 

maximum GI activity at 40°C (6.70-9.14 U/mL) (Figure 2) after 4 days of incubation (Figure 3). 

The glucose isomerase production by all isolates declined above 40°C. This resulted in decreased 

cell growth. Similar, maximum GI activity from Serratia marcescens HK2 was recorded at 40°C 

after 96 h of incubation (Sharma et al., 2021). Streptomyces lividans RSU26 showed higher 

enzyme activity at 37.5°C and 96 h of incubation (Rengasamy et al., 2020). Bacillus megaterium 

and Escherichia coli strain BL21 achieved maximum GI activity at 37°C after 48 h (Thi Nguyen 

and Tran, 2018; Fatima and Javed, 2020). However, the optimum temperature for GI production 

in Thermoanaerobacter xylanolyticum, Thermus oshimai, Geobacillus thermocatenulatus and 

Thermoanaerobacter siderophilus reached 85°C (Jia et al., 2017). 

 

3.2. Effect of pH on glucose isomerase production 

The pH ranges have highly influenced glucose isomerase production. The pH of the xylose 

broth medium was adjusted to 5, 6, 7, 8, 9 and 10 using 2 N KOH and 2 N HCl. All isolates exerted 

a GI activity at the pH tested. Optimum pH for the GI production by Bacillus sp. (6.83 U/mL), 

Paenarthrobacter sp. (9.29 U/mL) and Chryseobacterium sp. (8.29 U/mL) occurred at pH 8 while 

Hymenobacter sp. (8.85 U/mL), Mycobacterium sp. (6.70 U/mL) and Stenotrophomonas sp. (9.49 
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U/mL) were at pH 6 (Figure 4). Cell growth raised until the optimum pH and then decreased 

progressively. Similar findings were revealed by Sharma et al. (2021) in Serratia marcescens HK2. 

Other investigators reported optimum pH for GI production at pH 7-7.5 (Thi Nguyen and Tran, 

2018; Fatima and Javed, 2020; Rengasamy et al., 2020). 

 

3.3. Effect of carbon sources on glucose isomerase production 

All isolates have used CMC, glucose, xylose and various lignocellulosic biomasses as a carbon 

source for GI production. Each isolate was grown in xylose broth containing 0.5-3% carbon 

sources. Xylose (8.35-11.92 U/mL) induced higher GI production compared to CMC (3.28-5.82 

U/mL) and glucose (1.88-3.82 U/mL). However, 1% xylose boosted maximum enzyme activity in 

all isolates (8.35-11.92 U/mL). Higher xylose concentration inhibited enzyme production and 

bacterial cell growth (Figures 5 and 6). Similar, higher enzyme yield by Bacillus megaterium (Thi 

Nguyen and Tran, 2018), Escherichia coli strain BL21 (Fatima and Javed, 2020) and 

Parageobacillus thermantarcticus (Finore et al., 2019) were obtained in the fermentation medium 

with 1% xylose. Serratia marcescens HK2 exerted maximum GI activity in the culture medium 

with 1.5% xylose (Sharma et al., 2021). However, pretreated biomass (2.22-10.12 U/mL) 

stimulated enzyme production better than crude biomass (1.12-8.23 U/mL) at 1%. This resulted in 

increased cell growth. Wheat straw promoted higher glucose isomerase production. 

Chryseobacterium sp. (12.40 U/mL) exhibited maximum GI activity at 2% wheat straw while 

Bacillus sp. (15.00 U/mL), Paenarthrobacter sp. (11.51 U/mL), Hymenobacter sp. (9.81 U/mL), 

Mycobacterium sp. (11.23 U/mL) and Stenotrophomonas sp. (13.90 U/mL) exerted higher activity 

at 2.5% wheat straw (Figures 7 and 8). Sharma et al. (2021) showed that Serratia marcescens HK2 

exhibited higher GI production at 2% barley straw. Corn husk (2.5%) (Chanitnun and 
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Pinphanichakarn, 2012), corn cob and wheat dusk (Bhasin and Modi, 2012) promoted higher GI 

yield from Streptomyces sp. CH7 and Streptomyces sp. SB-P1, respectively. SEM analysis was 

performed to observe morphological changes in wheat straw. Morphological characteristics of raw, 

pretreated and enzyme-hydrolyzed wheat straw are shown in figure 7. Raw wheat straw showed a 

smooth, nonporous, and compact surface (Figure 9a) which impedes nutrient access by bacterial 

isolates. The obstacle for microorganisms to degrade wheat straw is the presence of lignin and 

hemicellulose. However, hot water/ethanol pretreatment (Figure 9b) caused minimal changes on 

the surface (less compact surface, fibers cohesion disappearance and internal cell wall exposure), 

which could consist of the low-efficiency removal of hemicellulose and lignin. The sample surface 

was destroyed after bacterial treatment (cracks, pores, and wall erosion), resulting in the exposal 

of internal structures (Figure 9c-d). This suggests that lignin and hemicellulose of the pretreated 

wheat straw sample became loose or were partially removed and broken, making accessible 

essential nutrients (carbohydrates) to bacteria for their growth and enzyme production. These 

findings demonstrated that bacterial treatment of pretreated wheat straw could destroy the 

hemicellulose-lignin network, thereby removing some fibers and exposing internal structures to 

bacteria and thus accelerating the biodegradation process. 
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          Paenarthrobacter sp. MKAL1                          Hymenobacter sp. MKAL2                            Mycobacterium sp. MKAL3   

   

        Stenotrophomonas sp. MKAL4                          Chryseobacterium sp. MKAL5                           Bacillus sp. MKAL6   

   

Figure 2. Effect of temperature on bacterial biomass and glucose isomerase production by Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and 

Bacillus sp. MKAL6. 
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         Paenarthrobacter sp. MKAL1                             Hymenobacter sp. MKAL2                          Mycobacterium sp. MKAL3   

   

        Stenotrophomonas sp. MKAL4                          Chryseobacterium sp. MKAL5                           Bacillus sp. MKAL6   

   

Figure 3. Effect of incubation period on bacterial biomass and glucose isomerase production by Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and 

Bacillus sp. MKAL6. 
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         Paenarthrobacter sp. MKAL1                             Hymenobacter sp. MKAL2                           Mycobacterium sp. MKAL3   

   

        Stenotrophomonas sp. MKAL4                          Chryseobacterium sp. MKAL5                           Bacillus sp. MKAL6   

   

Figure 4. Effect of pH on bacterial biomass and glucose isomerase production by Paenarthrobacter sp. MKAL1, Hymenobacter sp. 

MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. 
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Paenarthrobacter sp. MKAL1                          Hymenobacter sp. MKAL2                            Mycobacterium sp. MKAL3   

   

   

Figure 5. Effect of carbon sources and xylose concentration on bacterial biomass and glucose isomerase production by 

Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2 and Mycobacterium sp. MKAL3. 
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         Stenotrophomonas sp. MKAL4                        Chryseobacterium sp. MKAL5                             Bacillus sp. MKAL6   

   

   

Figure 6. Effect of carbon sources and xylose concentration on bacterial biomass and glucose isomerase production by 

Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. 
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         Paenarthrobacter sp. MKAL1                          Hymenobacter sp. MKAL2                            Mycobacterium sp. MKAL3   

   

   

Figure 7. Effect of different lignocellulosic biomass and wheat straw concentration on bacterial biomass and glucose isomerase 

production by Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2 and Mycobacterium sp. MKAL3. 
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        Stenotrophomonas sp. MKAL4                      Chryseobacterium sp. MKAL5                             Bacillus sp. MKAL6   

   

   

Figure 8. Effect of different lignocellulosic biomass and wheat straw concentration on bacterial biomass and glucose isomerase 

production by Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6.
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Figure 9. SEM micrographs of the treated and non-treated wheat straw (a) Raw wheat straw; (b) 

Pretreated wheat straw (washing with hot water and 95% ethanol); (c) Pretreated wheat straw 

after degradation by Bacillus sp. MKAL6 for 5 days; (d) Adhesion of Bacillus sp. MKAL6 to the 

exterior surface of pretreated wheat straw. 

 

3.4. Effect of nitrogen sources on glucose isomerase production 

The experiment was performed on various nitrogen sources. Bacterial isolates showed 

variable enzyme activities depending on the type of nitrogen sources (Figures 10 and 11). 

Fermentation medium non-supplemented by nitrogen sources could not promote GI production by 

a b 

colonies 

c d 
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isolates. Peptone, tryptone, casein and yeast extract enhanced the least enzyme activity when used 

separately in the fermentation medium. However, GI activity increased when both were used in 

the same culture medium. Paenarthrobacter sp. (11.92 U/mL), Chryseobacterium sp. (9.50 

U/mL), Hymenobacter sp. (8.59 U/mL), Mycobacterium sp. (8.95 U/mL) and Stenotrophomonas 

sp. (9.57 U/mL) exhibited higher GI activity in mixed peptone and yeast extract, while Bacillus 

sp. (9.80 U/mL) showed better activity in a mixture of tryptone and peptone. The highest GI 

production in Paenarthrobacter sp. (15.37 U/mL), Chryseobacterium sp. (22.78 U/mL), 

Hymenobacter sp. (17.37 U/mL), Mycobacterium sp. (12.65 U/mL) and Bacillus sp. (14.67 U/mL) 

was observed in a 2:1 ratio of peptone and yeast extract or tryptone and peptone, respectively. 

However, maximum enzyme production in Stenotrophomonas sp. occurred at a 1:2 ratio of 

peptone and yeast extract (14.08 U/mL). Similarly, Sharma et al. (2021) revealed a mixture of 

organic nitrogen sources highly boosted glucose isomerase activity in Serratia marcescens HK2 

and the highest activity occurred at a 1:3 ratio of peptone and yeast extract.  

 

3.5. Optimization of fermentation 

The Box–Behnken design was used to optimize the fermentation of pretreated wheat straw. 

Results were presented in table 2. Glucose isomerase was the response variable, while temperature 

(X1), pH (X2) and fermentation time (X3) were independent variables. Quadratic equations 

showing the linear relationship between response and independent variables were: 

(1) Bacillus sp.: GI (U/mL)=  − 7.310𝑋1
2 − 7.843𝑋2

2 − 8.159𝑋3
2 + 0.824𝑋1𝑋2 − 0.602𝑋2𝑋3 −

2.143𝑋1𝑋3 − 3.448𝑋1 + 0.242𝑋2 + 0.123𝑋3 + 19.827 

(2) Paenathrobacter sp.: GI (U/mL)=  − 5.163𝑋1
2 − 2.621𝑋2

2 − 3.595𝑋3
2 + 0.212𝑋1𝑋2 −

3.076𝑋2𝑋3 − 0.320𝑋1𝑋3 − 1.368𝑋1 + 0.395𝑋2 − 0.963𝑋3 + 17.488 
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(3) Chryseobacterium sp.: GI (U/mL)=  − 4.444𝑋1
2 − 3.725𝑋2

2 − 4.378𝑋3
2 + 0.066𝑋1𝑋2 −

0.388𝑋2𝑋3 + 0.660𝑋1𝑋3 − 0.620𝑋1 + 0.160𝑋2 − 0.535𝑋3 + 19.249 

(4) Hymenobacter sp.: GI (U/mL)=  − 6.768𝑋1
2 − 4.884𝑋2

2 − 5.995𝑋3
2 − 0.993𝑋1𝑋2 +

0.599𝑋2𝑋3 − 1.464𝑋1𝑋3 − 3.131𝑋1 − 0.872𝑋2 − 0.142𝑋3 + 16.500 

(5) Mycobacterium sp.: GI (U/mL)=  − 2.868𝑋1
2 − 2.308𝑋2

2 − 2.686𝑋3
2 − 0.028𝑋1𝑋2 −

0.625𝑋2𝑋3 + 0.679𝑋1𝑋3 − 0.812𝑋1 + 0.251𝑋2 − 1.023𝑋3 + 16.235 

(6) Stenotrophomonas sp.: GI (U/mL)=  − 8.665𝑋1
2 − 6.574𝑋2

2 − 6.217𝑋3
2 − 1.010𝑋1𝑋2 +

2.241𝑋2𝑋3 − 0.437𝑋1𝑋3 − 3.990𝑋1 − 1.532𝑋2 − 1.556𝑋3 + 20.500 

The analysis of variance revealed that p-values of regression and lack of fit were 0.000-0.01 (p < 

0.05) and 0.063-0.284 (p > 0.05) respectively for Bacillus sp., Paenarthrobacter sp., 

Chryseobacterium sp. and Mycobacterium sp. (Table 2). This indicates that the built quadratic 

equation is relatively credible for the evaluation of glucose isomerase activity of these isolates.  

However, p-values of regression and lack of fit were 0.080-0.097 (p > 0.05) and 0.002-0.011 (p < 

0.05) respectively for Hymenobacter sp. and Stenotrophomonas sp. This suggests that the 

relationship between parameters is not significant, or the response surface quadratic model doesn’t 

fit well for the assessment of enzyme activity of those two bacteria (Han et al., 2021). Contour 

plots were produced based on the fitted model to estimate response surface shape. All contour plots 

appeared as ellipses, suggesting interactions between temperature, pH, and fermentation time. 

These variables affect glucose isomerase and optimum conditions for maximum enzyme 

production yield were in the design range (Appendix 6). The optimal responses, 20.246, 19.292, 

17.711 and 16.427 U/mL with a 95% confidence interval were obtained by canonical analysis for 

Bacillus sp., Chryseobacterium sp., Paenarthrobacter sp. and Mycobacterium sp. respectively. 

The coded factor values for the stationary point were: 
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(1) Bacillus sp.: −0.242 (𝑋1), 0.001(𝑋2), 0.039 (𝑋3), with corresponding experimental 

conditions: temperature 38.79°C, pH 8.00, and fermentation time 96.94 h. 

(2) Chryseobacterium sp.: −0.075 (𝑋1), 0.024(𝑋2), −0.068 (𝑋3), with corresponding 

experimental conditions: temperature 39.65°C, pH 8.02, and fermentation time 94.37 h. 

(3) Paenarthrobacter sp.: −0.122 (𝑋1), 0.195(𝑋2), −0.212 (𝑋3), with corresponding 

experimental conditions: temperature 39.39°C, pH 8.20, and fermentation time 90.91 h. 

(4) Mycobacterium sp.: −0.168 (𝑋1), 0.085(𝑋2), −0.222 (𝑋3), with corresponding experimental 

conditions: temperature 39.16°C, pH 6.09, and fermentation time 90.67 h. 

The fitness of the model was checked by performing triplicate experiments under predicted 

optimum fermentation conditions. Experimental values were 20.128, 19.188, 17.633 and 16.379 

U/mL for Bacillus sp., Chryseobacterium sp., Paenarthrobacter sp. and Mycobacterium sp., 

respectively. This demonstrates reliable goodness of fit to predict glucose isomerase production 

yield during the fermentation process with these bacterial isolates. 

 

4. Conclusion 

This study aimed to characterize glucose isomerase producing bacterial isolates and 

optimize their enzyme production. Six bacteria were isolated from soil samples (Paenarthrobacter 

sp MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. 

MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6). Maximum GI production in 

these isolates occurred at the culture conditions of 40°C, pH 6-8 and 96 h of incubation. A mixture 

of peptone/yeast extract or tryptone/peptone enhanced higher enzyme production. The same trend 

was observed in fermentation medium containing 1% xylose or 2-2.5% wheat straw. Response 

surface quadratic model was reliable to predict glucose isomerase production during the 
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fermentation process with Bacillus sp., Chryseobacterium sp., Paenarthrobacter sp. and 

Mycobacterium sp. These bacterial isolates could be promising wheat straw degraders in bio-based 

industries. The purification of these glucose isomerases for hydrolysis and saccharification of 

lignocellulosic biomasses are being studied. 

 

Table 2. Analysis of variance and lack of fit test for the response surface quadratic model. 

Bacterial isolates source df SS Mean 

squares 

F-ratio p-value 

Hymenobacter sp. 

MKAL2 

 

 

 

Stenotrophomonas sp. 

MKAL4 

 

 

 

Bacillus sp. MKAL6 

 

 

 

 

Paenarthrobacter sp. 

MKAL1 

 

 

 

Chryseobacterium sp. 

MKAL5 

 

 

 

Mycobacterium sp. 

MKAL3 

Regression 

Squared Multiple R 

Lack of fit 

 

 

Regression 

Squared Multiple R 

Lack of fit 

 

 

Regression 

Squared Multiple R 

Lack of fit 

 

 

Regression 

Squared Multiple R 

Lack of fit 

 

 

Regression 

Squared Multiple R 

Lack of fit 

 

 

Regression 

Squared Multiple R 

Lack of fit 

9 

0.871 

3 

 

 

9 

0.858 

3 

 

 

9 

0.948 

3 

 

 

9 

0.977 

3 

 

 

9 

0.982 

3 

 

 

9 

0.995 

3 

437.988 

 

64.892 

 

 

695.510 

 

114.037 

 

 

699.403 

 

36.113 

 

 

213.346 

 

4.715 

 

 

177.105 

 

2.726 

 

 

84.122 

 

0.352 

48.665 

 

21.631 

 

 

77.279 

 

38.012 

 

 

77.711 

 

12.038 

 

 

23.705 

 

1.572 

 

 

19.678 

 

0.909 

 

 

9.347 

 

0.117 

3.745 

 

578.090 

 

 

3.364 

 

93.605 

 

 

10.195 

 

12.047 

 

 

24.077 

 

15.149 

 

 

29.744 

 

3.123 

 

 

106.255 

 

2.676 

0.080 

 

0.002 

 

 

0.097 

 

0.011 

 

 

0.010 

 

0.078 

 

 

0.001 

 

0.063 

 

 

0.001 

 

0.252 

 

 

0.000 

 

0.284 
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        Paenarthrobacter sp. MKAL1                          Hymenobacter sp. MKAL2                            Mycobacterium sp. MKAL3   

   

   

Figure 10. Effect of nitrogen sources and proportion of their mixture on bacterial biomass and glucose isomerase production by 

Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2 and Mycobacterium sp. MKAL3.
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        Stenotrophomonas sp. MKAL4                      Chryseobacterium sp. MKAL5                             Bacillus sp. MKAL6   

   

   

Figure 11. Effect of nitrogen sources and proportion of their mixture on bacterial biomass and glucose isomerase production by 

Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6.
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Abstract 

Coculture and whole-cell immobilization find myriad applications in industries for enhancing 

enzyme production. Using pretreated wheat straw as the sole carbon source, improving glucose 

isomerase production and cell growth by synthetic bacterial consortia was investigated. Thirteen 

cocultures were constructed based on their performance and antagonistic activities of 

monocultures from six cellulolytic soil bacteria. The performance of monocultures immobilized 
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with calcium alginate was also tested. Only five cocultures (A, B, C, G and J) exhibited cell growth 

and enzyme production synergies. The highest level of synergism (15.17 U/mL) was found in 

coculture J composed of Mycobacterium sp. MKAL3 (4.06 U/mL) and Stenotrophomonas sp. 

MKAL4 (3.37 U/mL) with a synergism degree of 2.04. The synergism was unique to growth on 

wheat straw as it was completely absent in xylose-grown cocultures. The wheat straw degradation 

synergism could rely on specific compounds released by strain MKAL3 that promote the strain 

MKAL4 activity and vice versa. However, immobilized strain MKAL1, MKAL2, MKAL3, 

MKAL4 and MKAL5 improved glucose isomerase production in the wheat straw fermentation 

process at different sodium alginate concentrations. The immobilization studies of purified glucose 

isomerases for hydrolysis and saccharification of wheat straw are being studied. 

 

Keywords: cellulolytic bacteria, glucose isomerase, coculture, entrapment, sodium alginate, wheat 

straw 

 

1. Introduction 

Designing and constructing microbial consortia and whole-cell immobilization became 

important for improving enzyme production from low-cost agricultural residues to minimize the 

cost of down streaming processing. Bacteria interact dynamically with other bacteria, but these 

interactions are still poorly studied. The suggested predominant interactions are the competition 

for resources among bacterial species (Deng and Wang, 2017) and lacking some key metabolic 

pathways in some species which others can supplement (Cortes-Tolalpa et al., 2017). In nature, 

one bacterium competes with other species by producing antibiotic-like substances due to the 

limited labile nutrients (Sarkar et al., 2021; Chhetri et al., 2022). 
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Although competitive interactions among bacterial species are ubiquitous, many 

investigations showed their importance in metabolic complementarity by synergistic cooperation 

of bacterial partners in key metabolite exchanges or niche partitioning for lignocellulosic biomass 

degradation. Several mechanisms and dynamism that play a role in the wheat straw microbial 

attack have been reported (Cortes-Tolalpa et al., 2017, Cortes-Tolalpa et al., 2018; Kong et al., 

2018; Lazuka et al., 2018; Bremond et al., 2022; Kabaivanova et al., 2022). Globally, about 734 

million tons of wheat straw are produced yearly (Serrano et al., 2020) and are widely used as raw 

material for enzymes, fuels, and value-added compounds production (Tomás-Pejó et al., 2017; 

Lozano and Lozano, 2018). Its composition depends on plant age, collecting season, local growth 

conditions and soil quality used for cultivation. The obstacle to its utilization is its recalcitrant 

nature due to its complex chemical complex related to linkages between cellulose, lignin and 

hemicellulose (Ruiz et al., 2013; Domínguez-Robles et al., 2017). Also, cellulose crystallinity and 

polymerization degrees influence its degradability. Bacteria could form consortia to achieve a 

better degradation synergistically. The cooperative interactions could depend on wheat straw 

complexity. 

However, enhanced enzyme production can also be obtained by immobilizing the enzyme 

or whole-cell using carriers from natural origin matrixes (agarose spheres or beads, glyoxyl- and 

octyl-agarose, novel affinity tag ChBD-AB from Chitinolyticbacter meiyuanensis, Pichia pastoris, 

chitin and alginate) to artificial synthetic materials (porous, polymeric, nanostructured, or 

magnetic materials) (Lou et al., 2021). A high-molecular-weight extracellular copolymer, natural 

alginate can bind divalent cations and water (Jin et al., 2016). It has been applied to the 

immobilization of Serratia marcescens HK2 producing glucose isomerase (Sharma et al., 2021), 

Bacillus amyloliquens MBL27 producing antimicrobial (Kumaravel and Gopal, 2010), 
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Escherichia coli producing β-galactosidase (Lee et al., 2013) and D-hydantoinase-engineered 

Escherichia coli for D-carbamoyl-p-hydroxyphenylglycine biosynthesis (Jin et al., 2016). 

Six bacteria with cellulolytic properties were previously isolated from a mixture of soil 

samples collected at Kingfisher Lake (Thunder Bay, Ontario) and the University of Manitoba 

campus (Winnipeg, Manitoba). These bacteria grown on pretreated wheat straw showed glucose 

isomerase (GI) activity and repeated growth. This study investigated the effect of bacterial 

coculture and whole-cell immobilization on GI production from pretreated wheat straw. Two 

hypotheses were also examined, namely (1) substrate complexity has mediated bacterial 

interaction and (2) released compounds were the synergism basis. 

 

2. Materials and methods 

 

2.1. Strains, culture media, and biomass pretreatment  

Six glucose-producing bacteria were isolated from a mixture of soil samples collected from 

Kingfisher Lake (Thunder Bay, Ontario) and the University of Manitoba campus (Winnipeg, 

Manitoba). These bacteria were identified as Paenarthrobacter sp. MKAL1, Hymenobacter sp. 

MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. 

MKAL5 and Bacillus sp. MKAL6 with the NCBI accession numbers ON442553, ON442554, 

ON442555, ON442556, ON442557 and ON442558 respectively (Mokale et al., 2022a; Mokale et 

al., 2022b). Bacterial strains were cultured in Luria-Bertani (LB) broth (containing 10 g peptone, 

5 g yeast extract, 5 g NaCl and distilled water up to 1 L) for subsequent uses. The wheat straw was 

ground and filtered in a filter/screen of mesh size of 200 micrometers to obtain a powder. Then, 

the powder was macerated thrice in hot water (100 °C), 95% ethanol, and the pretreated residue 
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was dried at room temperature for one week. Bacterial strains were cultured in the pretreated wheat 

straw broth medium (3% pretreated wheat straw, 1.5 g/L peptone, 1.5 g/L yeast extract, 1 g/L 

K2HPO4, 0.1 g/L MnCl2.4H2O, 1 g/L MgSO4.7H2O and 0.05 M citrate buffer pH 8 up to 1 L) for 

glucose isomerase (GI) production. 

 

2.2. Antagonistic Interaction Assays 

Burkholder’s ‘spot-on-lawn’ method investigated antagonistic interactions between strains 

(Burkholder et al., 1966).  A complete interaction matrix of strains was obtained by confronting 

each other in a set-up. Overnight strain cultures (optical density 0.5 at 600 nm) were mixed and 

inoculated onto the surface of Mueller Hinton agar Petri dishes. Following solidification, overnight 

cultures of selected bacterial strains were added on top. After incubation for 48 h at 30°C, Petri 

dishes were inspected for inhibition halos around the growth of the test isolates. The broad-

spectrum antibiotic erythromycin was used as a control. 

 

2.3. Monocultures and cocultures 

A monoculture refers to the microbial strains growing alone in a flask, while a coculture 

refers to combined strains growing in a flask. The selection of strains for constructing the synthetic 

pairs was based on enzyme activity and antagonism assay data. Six bacterial strains were selected 

to examine the behavior in cocultures, and thus 13 cocultures were formed (Table 1). 
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Table 1. Bacterial composition of the cocultures in this study. 

Coculture Taxonomy affiliation 

Strain code Strain 1 Strain 2 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

MKAL1, MKAL2 

MKAL1, MKAL3 

MKAL1, MKAL4 

MKAL1, MKAL5 

MKAL1, MKAL6 

MKAL2, MKAL3 

MKAL2, MKAL4 

MKAL2, MKAL5 

MKAL2, MKAL6 

MKAL3, MKAL4 

MKAL3, MKAL5 

MKAL3, MKAL6 

MKAL4, MKAL5 

Paenarthrobacter sp. MKAL1 

Paenarthrobacter sp. MKAL1 

Paenarthrobacter sp. MKAL1 

Paenarthrobacter sp. MKAL1 

Paenarthrobacter sp. MKAL1 

Hymenobacter sp. MKAL2 

Hymenobacter sp. MKAL2 

Hymenobacter sp. MKAL2 

Hymenobacter sp. MKAL2 

Mycobacterium sp. MKAL3 

Mycobacterium sp. MKAL3 

Mycobacterium sp. MKAL3 

Stenotrophomonas sp. MKAL4 

Hymenobacter sp. MKAL2 

Mycobacterium sp. MKAL3 

Stenotrophomonas sp. MKAL4 

Chryseobacterium sp. MKAL5 

Bacillus sp. MKAL6 

Mycobacterium sp. MKAL3 

Stenotrophomonas sp. MKAL4 

Chryseobacterium sp. MKAL5 

Bacillus sp. MKAL6 

Stenotrophomonas sp. MKAL4 

Chryseobacterium sp. MKAL5 

Bacillus sp. MKAL6 

Chryseobacterium sp. MKAL5 

 

2.4. Glucose isomerase activity assay 

The quantification of GI was carried out using the Cysteine-Carbazole method (Tsumura 

et al., 1965). The overnight bacterial culture (500 mL) was inoculated in 250 mL Erlenmeyer flasks 

containing 50 mL of pretreated wheat straw broth, and flasks were incubated in a shaking incubator 

(200 rpm) throughout the experiments. The GI production by bacterial cultures was monitored at 

24, 48, 72, and 96 h. It was optimized by varying pH from 5 to 10 in the fermentation medium at 

the culture conditions of 3% wheat straw, 40°C and 5 days incubation period. After incubation, 

500 µL of culture medium was collected, centrifuged (12,000×g, 3 min), and supernatant 

(containing extracellular GI) was analyzed at 540 nm using a microplate reader spectrophotometer 

(BioTek, USA). The bacterial growth was also determined in terms of biomass at 600 nm. As 

previously described, the GI activity was estimated by measuring fructose yield after the 

isomerization reaction. The GI activity was calculated using the fructose standard curve (y = 

0.0602x + 0.1179; r2 = 0.9949) and expressed in units per milliliter (U/mL), where one unit of 

enzyme corresponds to the release of 1 µmole of fructose equivalent per minute from the substrate. 
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The enzymatic synergism degree (DS) was calculated by dividing the coculture enzyme activity 

by the sum of individual activities from respective monocultures (Van Dyk et al., 2013). The 

coculture with the highest DS was selected for induction assay. Experiments were done in 

triplicate. 

 

2.5. Induction assay 

The coculture J exerted the highest enzyme synergistic activity. Monocultures of strains 

Mycobacterium sp. MKAL3 and Stenotrophomonas sp. MKAL4 were prepared as described above 

using xylose or pretreated wheat straw as a carbon source at a concentration of 3%. The induction 

assay was performed as Cortes-Tolalpa et al. (2017) described. After five days of incubation, 

supernatants were collected and filtered (Whatman filter paper No 1), and bacterial cell absence in 

supernatants was checked. For induction of MKAL3, a final volume of MKAL4 (10%) was to the 

MKAL3 culture and incubated for 5 days. The strain MKAL4 was also treated reciprocally. 

Controls were composed of strains growing with 10% medium adding. Then, cell growth and 

enzyme activities were monitored over time and compared with their respective controls. Assays 

were done in triplicate. 

 

2.5. Effect of whole-cell immobilization on GI Activity 

Bacterial strains were immobilised in calcium alginate beads using the entrapment method 

with some modifications (Anisha and Prema, 2008). Briefly, sodium alginate (0.25 g) was prepared 

in distilled water (5 mL), and overnight, LB broth cell culture (5 mL) was added to the sodium 

alginate solution. The mixture was collected in a syringe and dropped from 15 cm height in CaCl2 

solution (1.5g of 0.2M CaCl2 in 100 mL distilled water) with continuous steering until small 
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calcium alginate beads were formed. The beads were left for 20 min in CaCl2 solution to become 

hardened. Bacterial cultures entrapped in calcium alginate beads were washed with autoclaved 

distilled water. These beads were used for GI production in the fermentation medium (50 mL) in 

optimum culture conditions (40°C, pH 6 for strains MKAL2, MKAL3 and MKAL4, pH 8 for 

strains MKAL1, MKAL5 and MKAL6 for 5 days of incubation). The inoculum size of 

immobilized strain was maintained equivalent to the seed culture inoculum size of free strain used 

in all other experiments. Experiments were performed in triplicate. 

 

3. Results and Discussion 

 

3.1. Antagonistic Interaction 

Antagonistic interactions between Bacillus sp. MKAL6 and two other strains 

(Stenotrophomonas sp. MKAL4 and Chryseobacterium sp. MKAL 5) were observed (Figure 1). 

This suggests that strains MKAL4 and MKAL5 produced antibiotic-like compounds that inhibited 

cell growth MKAL6 strain. Antimicrobial activities were reported in Stenotrophomonas 

maltophilia INA 01133, Stenotrophomonas maltophilia INA 01134, Stenotrophomonas rhizophila 

sp. nov. INA 01137 (Efimenko et al., 2016), Stenotrophomonas sp. (Sarkar et al., 2021), 

Chryseobacterium antibioticum (Dahal et al., 2021) and Chryseobacterium tagetis (Chhetri et al., 

2022).  

 

3.2. Degradation potential in cocultures 

The tested Cocultures stimulated glucose isomerase production in a pH and time-dependent 

manner (Appendix 7 and 8), indicating mutual effects of strains in enzyme production. Among 13 
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cocultures tested, only 5 cocultures (A, B, C, G and J) exhibited synergism in cell growth and 

enzyme production. Thus, specific combinations of bacteria are essential because the physiological 

or metabolic responses of a bacteria depend on its partner in the coculture. Enzyme production in 

cocultures A (19.62 U/mL), B (20.09 U/mL), C (18.11 U/mL), G (16.03 U/mL) and J (15.17 U/mL) 

exceeded those found in corresponding monocultures (Figure 2A). These cocultures exhibited 

synergistic enzyme activity with DS of 1.32, 1.44, 1.37, 1.90 and 2.04, respectively, for cocultures 

A, B, C, G and J. These synergistic interactions could be due to the metabolic complementary of 

the component strains (Rafieenia et al., 2022). For instance, in the most synergistic coculture 

(coculture J), Mycobacterium sp. MKAL3 and Stenotrophomonas sp. MKAL4 differ widely in 

their metabolic properties. Mycobacterium sp. is a Gram-positive bacteria belonging to the 

Mycobacteriaceae family and produces urease, pectinase and protease. It cannot produce DNase, 

catalase, and α-amylase. Stenotrophomonas sp. is a Gram-negative bacteria belonging to the 

Xanthomonadaceae family and produces DNase, catalase and α-amylase. It cannot secrete urease, 

pectinase and protease. Both can degrade cellobiose. However, no synergistic enzyme activity was 

observed in cocultures D, E, F, H, I, K, L and M. Of 13 cocultures, only cocultures A, B, C, G and 

J enhanced cell growth compared to the respective monocultures suggesting that each strain 

benefited from the other in the coculture (Figure 2 B). 

 

3.3. Influence of the carbon source on collaboration between Mycobacterium sp. MKAL3 and 

Stenotrophomonas sp. MKAL4 

The influence of carbon source complexity on the collaborative relationship in cocultures 

was investigated using the most synergistic coculture (Coculture J: MKAL3/MKAL in a 3:2 ratio). 

Growth experiments were recorded in mono- and coculture on carbon sources with increasing 



 

151 
 

complexity and degradability levels, namely xylose and pretreated wheat straw and results were 

presented in figure 3. No synergistic relationship was observed in xylose-grown coculture (Figure 

3A and Appendix 9). Coculture cell growth was similar to those of respective monocultures. This 

suggests the dominance of a negative interaction or competition among monocultures when grown 

on a xylose medium (Deng and Wang, 2016). Published studies support the concept that substrate 

complexity regulates the type of bacterial interaction (Deng and Wang, 2017; Li et al., 2017; 

Rafieenia et al., 2018; Tshikantwa et al., 2018; Zheng et al., 2019; Markakiou et al., 2020; Blair et 

al., 2021; Romero et al., 2021; Xu et al., 2021). For example, Deng and Wang (2017) revealed that 

reliance on complex carbohydrates reduced bacterial antagonism frequency. They found that 

growth inhibition among bacteria grown on glucose was twice that of bacteria grown on 

carboxymethylcellulose-xylan (CMC-xylan). They explained that glucose promoted faster cell 

growth and antibiotics that inhibit the competing bacteria growth. On the contrary, challenging to 

break down, CMC and xylan need multiple lignocellulolytic enzymes to make accessible simple 

sugars. So, bacteria in mixed cultures devote a more significant energy proportion to producing 

enzymes for substrate degradation and less energy for antibiotic-like component production. There 

is a strong relationship in pretreated wheat straw-grown coculture, suggesting a collaborative 

interaction level in the system. This results in increased cell growth from 24 h during the incubation 

period. Consequently, synergistic bacterial growth depends on carbon source structural complexity 

and substrate complexity may increase cooperative interactions, including division of labour and 

reduce the competition for resources (Rafieenia et al., 2022).        
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.    

 

 

Figure 1. Antagonistic interactions between Bacillus sp. MKAL6 and two other strains 

(Stenotrophomonas sp. MKAL4 and Chryseobacterium sp. MKAL 5) characterized by inhibition 

zones. 

3.4. Basis of synergism: compounds released 

Coculture J was selected to explore the relative mechanism involved in the synergism. 

Monocultures were treated with collected supernatants of their partner strain under two conditions. 

First, supernatant donor strains were cultured on pretreated wheat straw and then on xylose. Both 

partner strains exhibited enhanced cell growth from 24 h when treated with supernatants from the 

partner strain cultured in pretreated wheat straw. This suggests bacteria in coculture can continue 

to grow by using metabolites produced by their partners. However, no enhanced growth was 

observed with strains grown on xylose (Figure 4). 

 

 

MKAL6  MKAL5  MKAL4  

Erythromycin  
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(A) 

 

                                                                            (B) 

 

Figure 2. Characterization of synergistic cocultures. (A) Synergistic glucose isomerase 

production in the supernatant from synergistic cocultures. Only cocultures A (1:4), B (3:2), C 

(1:4), G (1:4) and J (3:2) showed synergistic enzyme activities. (B) Cell growth after 120 h. 

Coculture A is a mixture of strains Paenarthrobacter sp. MKAL1 and Hymenobacter sp. 

MKAL2 in a 1:4 ratio. Coculture B is a mixture of strains Paenarthrobacter sp. MKAL 1 and 

Mycobacterium sp. MKAL3 in a 3:2 ratio. Coculture C is a mixture of strains Paenarthrobacter 

sp. MKAL 1 and Stenotrophomonas sp. MKAL4 in a 1:4 ratio. Coculture G is a mixture of 

strains Hymenobacter sp. MKAL2 and Stenotrophomonas sp. MKAL4 in a 1:4 ratio and 

coculture J is a mixture of strains Mycobacterium sp. MKAL3 and Stenotrophomonas sp. 

MKAL4 in a 3:2 ratio. Enzyme activity data were recorded at 40°C and pH 8 for 5 days of 

incubation. Data are shown as mean values from triplicates with corresponding standard error 

bars 
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                                                                    (A) Xylose 

 

 

                                                     (B) Pretreated wheat straw 

 

Figure 3. Effect of carbon source complexity on collaborative relationship between the most 

synergistic bacterial strain pair (Mycobacterium sp. MKAL3/Stenotrophomonas sp. MKAL4 in a 

3:2 ratio). Strains MKAL3 and MKAL4 were grown in monoculture and coculture on 3% carbon 

sources: xylose (A) and pretreated wheat straw (B). 
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                                            (A) Mycobacterium sp. MKAL3 

 

                                       (B) Stenotrophomonas sp. MKAL4 

 

Figure 4. Induction experiment: effect of supernatant from Mycobacterium sp. MKAL3 growing 

on pretreated wheat straw (PWS) or xylose on the growth of Stenotrophomonas sp. MKAL4 and 

vice versa. (A) strain MKAL3 is the recipient while MKAL4 is the donor grown in monoculture 

on PWS or xylose. (B) strain MKAL4 is the recipient while MKAL3 is the donor grown in 

monoculture on PWS or xylose. 

3.5. Whole-cell immobilization 

Overnight strain cultures were immobilized and transferred to the fermentation medium 

flasks for efficient GI production. The extracellular GI was measured from supernatants at the 

optimum culture conditions of each strain for 5 days. Immobilized strains exhibited GI production 
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at different sodium alginate concentrations (Figure 5). Alginate is widely used for cell 

immobilization because of its non-toxicity and inexpensiveness (Jin et al., 2016). The efficiency 

of enzyme production in immobilized cells is affected by porosity, gel strength and alginate bead 

size depending on sodium alginate and calcium chloride concentrations (Zhu, 2007, Jobanputra et 

al., 2011). Overall, we observed a decrease in enzyme activity below and above a sodium alginate 

concentration range of 2 to 3%. So, beads with higher sodium alginate concentration decreased 

enzyme production due to a more robust surface and lower enzyme diffusion. However, beads 

were so fragile with lower sodium alginate concentrations that most were broken during 

fermentation. Immobilized strains MKAL1 (10.92 U/mL) and MKAL2 (9.45 U/mL) enhanced 

enzyme activity at 3% sodium alginate compared to control (9.85 and 8.42 U/mL, respectively). 

Enzyme productions in immobilized strains MKAL4 (8.50 U/mL) and MKAL5 (9.69 U/mL) were 

higher than those of free cells (8.01 and 8.92 U/mL, respectively) at 2% sodium alginate. The 

enhanced GI activity in immobilized strain MKAL3 (12.01 U/mL) was found at 2.5% sodium 

alginate compared to the control (9.96 U/mL). Cell entrapment provided higher cell density and 

cellular interaction at these concentrations, creating a favourable environment and increased 

enzyme production. Similar improved GI production has been reported in the whole-cell 

immobilization of Thermus oshimai (Jia et al., 2018) and Serratia marcescens HK2 (Sharma et al., 

2021). However, immobilized strain MKAL6 (0-6.21 U/mL) did not improve enzyme activity at 

all sodium alginate concentrations tested compared to the free cells (11.18 U/mL). Also, cell 

growth was lower than free cells, suggesting that calcium alginate beads were unsuitable for GI 

diffusion and production in strain MKAL6. 
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                Paenarthrobacter sp. MKAL1                             Hymenobacter sp. MKAL2 

 

                   Mycobacterium sp. MKAL3                           Stenotrophomonas sp. MKAL4 

 

                Chryseobacterium sp. MKAL5                                      Bacillus sp. MKAL6 

 

 

Figure 5. Effect of sodium alginate concentration on glucose isomerase production. 0 % alginate 

(control) represents free cells in the fermentation medium. Enzyme activity data were recorded at 

40°C and pH 8 for 5 days of incubation. Data are shown as mean values from triplicates with 

corresponding standard error bars 
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4. Conclusions 

This study investigated the coculturing and whole-cell immobilization effect of cellulolytic 

soil bacteria (Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. 

MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. 

MKAL6) for improved glucose isomerase production from wheat straw. Cocultures A, B, C, G 

and J enhanced performance over respective monocultures for glucose isomerase production. 

These cocultures showed cell growth synergism depending on the substrate complexity. When 

used as a carbon source, the bacterial partners in cocultures interacted synergistically to degrade 

wheat straw (complex substrate). However, they competed when xylose was used, resulting in 

antagonistic interaction predominance. The basis of synergism would be compounds released from 

each bacterial partner. Additional investigations are required because it’s unclear how bacterial 

partners contribute to the coculture. A partner could produce enzymes that degrade specific 

compounds of wheat straw, while another one could produce stimulatory exudates or quorum-

sensing molecules that coordinate bacterial interactions. The studies on the division of labour 

(relationship between substrate chemical complexity and bacterial enzymes produced by each 

partner) will help better understand the mechanism. Also, immobilized strains MKAL1, MKAL2 

(3% sodium alginate), MKAL3 (2.5% sodium alginate), MKAL4 and MKAL5 (2% sodium 

alginate) improved enzyme production in the wheat straw fermentation process. The 

immobilization studies of purified glucose isomerases for hydrolysis and saccharification of wheat 

straw are being studied. 
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Abstract 

Soil bacteria participate in self-immobilization processes for survival in crucial parameters such 

as autoaggregation, cell surface hydrophobicity, biofilm formation, and antibiotic and heavy metal 

resistance. This study investigated putative virulence factors, antibiotics and heavy metals 

resistance, solvent adhesion, and biofilm-forming capabilities of six cellulolytic bacteria isolated 
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from soil samples: Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium 

sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. 

MKAL6. Strains were subjected to the phenotypic methods including heavy metal and antibiotic 

susceptibility and virulence factors (protease, lipase, capsule production, autoaggregation, 

hydrophobicity and biofilm formation). The action mechanism of ciprofloxacin was also 

investigated against strains. Strains MKAL2, MKAL5 and MKAL6 exhibited proteolytic and 

lipase activities, while only MKAL6 produced capsules. All strains were capable of aggregating, 

forming biofilm and adhering to solvents. They accumulated chromium, lead, zinc, nickel and 

manganese and were resistant to lincomycin. Ciprofloxacin exhibited bactericidal activity against 

these strains. This study showed that some strains exhibited phenotypic virulence factors. Further 

in-depth genetic studies of virulence, antibiotic and heavy metal resistance genes of these bacteria 

are required and currently underway in our lab. 

 

Keywords: cellulolytic bacteria, virulence factors, antibiotic susceptibility, heavy metal 

susceptibility, action mechanism 

 

1. Introduction 

Bacteria grow in the soil systems as aggregates but rarely live as planktonic cells 

(Rumbaugh and Sauer 2020). However, they participate in self-immobilization processes in crucial 

parameters are autoaggregation, cell surface hydrophobicity, biofilm formation, and antibiotic and 

heavy metal resistance (Ning et al., 2021).  

In autoaggregation, bacteria (same type) form multicellular clumps, generally mediated by 

self-recognizing surface structures such as exopolysaccharides and proteins. This phenomenon 
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protects bacteria against environmental stresses (oxygen availability and temperature change) or 

host responses (Trunk et al., 2018). A surface-attached community of bacterial cells embedded in 

a self-produced polymeric matrix including polysaccharides, extracellular DNA, proteins and 

lipids are often among the first steps in forming biofilms. (Wolska et al., 2016). This matrix is 

central to biofilm structure and integrity and is a shield protector for cells inside biofilms. Biofilms 

can form on biotic and abiotic surfaces and liquid-air interfaces in several stages beginning with 

an initial attachment depending on attractive and repulsive forces (electrostatic and hydrophobic 

interactions) between the microorganism and the contact surface; followed by bacterial division 

and extracellular matrix production, and, finally, matrix disassembly and bacteria dispersion. It 

also requires motility property generated by flagella for movement and direction (Penesyan et al., 

2020). Cell hydrophobicity can influence the bacterial adhesion propensity depending on the 

surface type. More hydrophobic cells adhere more strongly to hydrophobic cells while hydrophilic 

cells firmly adhere to hydrophilic surfaces (Mirani et al., 2018). Biofilm is one of the significant 

causes for increased bacterial resistance to various heavy metals and antibiotics. These resistance 

abilities are sometime encoded in their plasmid genes facilitating the transfer of toxic metal 

resistance from one cell to another. (Lodha et al., 2022). 

Derived from natural products, several antibiotics are found in environmental ecosystems. 

Therefore, bacteria have adapted through strategies to overcome toxic antibiotic effects. Also, 

bacteria have used them as signals for developing physiological responses, which provide them 

with an ecological advantage by increasing their survival (Penesyan et al., 2020, Shin et al., 2021).  

The presence of heavy metal in the wastes induces heavy metal-resistant soil bacteria to 

emerge. This bacterial resistance is attributed to detoxifying mechanisms developed by resistant 

bacteria (exopolysaccharide complexation, metal reduction, metal efflux and binding with 
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bacterial cell envelope) (Masindi and Muedi, 2018). Multiple metal tolerances are typical among 

heavy metal-resistant bacteria because heavy metals are all similar in their toxic mechanism 

(Presentato et al., 2020). Heavy metal-resistant bacteria can be potential agents for the 

bioremediation of heavy metal pollution (Alotaibi et al., 2021). 

While bacteria have developed strategies to better survive in their environment, they can 

become more harmful to humans in infection development and lead to higher medical costs, 

prolonged hospital stays, and increased mortality rates (Mogrovejo et al., 2020). Bacteria can 

produce various virulence factors, mainly depending on environmental conditions. In such 

circumstances, they exhibit their pathogenicity through several mechanisms such as (1) 

contribution of pili/flagella/fimbrial/adhesins to adherence, autoaggregation, biotic and abiotic 

surface colonization; (2) role of outer membrane lipopolysaccharide (LPS) in biofilm formation, 

resistance to antibiotics and heavy metals and complement-mediated cell killing; (3) role of 

diffusible signal factor in quorum sensing that mediates extracellular enzyme production, LPS 

synthesis, microcolony formation, antibiotic and heavy metal tolerance; and (4) extracellular 

enzyme production (protease, esterase, DNase, RNase, lipase, hemolysin, gelatinase and 

fibrinolysin) (Abbott et al., 2011; Brooke, 2012; Kalidasan et al., 2018, Odeyemi and Sani, 2019; 

Rhen, 2019). Therefore, this study investigated putative virulence factors, antibiotics and heavy 

metals resistance, solvent adhesion and biofilm-forming capabilities of six cellulolytic bacteria 

isolated from soil samples. The mechanism action of ciprofloxacin against these bacteria was also 

studied.  
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2. Materials and Methods 

 

2.1. Microorganisms 

Six bacterial isolates with cellulolytic properties (cellulase and glucose isomerase 

activities) were characterized from soil samples collected from Kingfisher Lake and the University 

of Manitoba campus. These isolates were identified as Paenathrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, 

Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6 with the NCBI accession numbers 

ON442553, ON442554, ON442555, ON442556, ON442557 and ON442558 respectively. 

Bacteria were maintained in Tryptic soy broth (TSB) at 30ºC for subsequent tests. 

 

2.2. Hemolysin, protease and lipase production 

Hemolytic, proteolytic and lipase activities were screened using blood agar, skim milk agar 

and tween80 agar, respectively (Vranova et al., 2013; Ahmed et al., 2010). Overnight bacterial 

cultures were inoculated on blood agar,  skim milk agar and tween80 agar in sterile Petri dishes, 

then allowed to solidify and incubated at 30ºC for 48 h. After incubation, a clear zone of hydrolysis 

around bacterial isolate indicated the presence of proteolytic and lipase activities. A greenish-grey 

or brownish discoloration around the colony revealed α-hemolysis (α-hemolysin production), 

while the clear zone appearance around the colony showed β-hemolysis (β-hemolysin production). 

The absence of coloration change or zone appearance indicated γ-hemolysin production (no cell 

blood lysis). 
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2.3. Capsule production 

Screening for capsule production was performed using Congo red agar  (36 g sucrose, 0.8g  

Congo red in 1 L of tryptic soy agar supplemented with 1% NaCl) (Lamari et al., 2018). Overnight 

bacterial cultures were inoculated on Congo red agar Petri dishes and incubated at 30ºC for 24 h. 

After incubation, black colonies were capsule producers, while red colonies were non-capsule 

producers. 

 

2.4. Autoaggregration capacity 

Autoaggregation assay was performed according to Escamilla-Montes et al. (2015). 

Overnight bacterial cultures were collected, centrifuged at 5000×g for 15 min, washed twice, and 

suspended in phosphate-buffered saline (PBS, pH 7.4). Cell density was adjusted to the optical 

density of 0.55-0.60 at 600 nm (A0). Bacterial cell suspensions (4 mL) were mixed by vortexing 

for 10 s and incubated at room temperature for 24 h. After 3, 6 and 24 h, 0.1 mL of the upper 

suspension was transferred to another 3.9 mL of PBS and absorbance was measured at 600 nm. 

PBS was used as a blank.  

 

Autoaggregation (%) = 1 − (At/A0) × 100, where At represented the absorbance at time t = 3, 6 

or 24 h and A0 the absorbance at t = 0. 

 

2.5. Adhesion to solvents 

Bacterial adherence to hydrocarbons (BATH) test was used to assess the bacterial 

hydrophobicity (Borghi et al., 2011). This test analyzed microbial linkage to n-octane (apolar 

solvent), chloroform (polar acid solvent) and ethyl acetate (basic polar solvent). Bacterial strains 
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were grown in TSB at 30ºC for 24 h. The bacterial culture was centrifuged at 5000 rpm for 15 min, 

the supernatant discarded, and pellets washed twice with PBS (pH 7.4). The density of cells was 

adjusted to the optical density of 0.55-0.60 at 600 nm (A0). The test mixture was composed of cell 

suspension (4 mL) and 1 mL of n-octane, chloroform, and ethyl acetate in individual glass tubes 

and then vortexed for 1 min. The mixture was decanted into two phases at room temperature for 

30 min. The supernatant was discarded, and absorbance was read at 600 nm (A1). Hydrophobicity 

ability was estimated according to the formula: 

 

Hydrophobicity (%) = (A0 − A1)/A0 × 100, and isolate is classified into three categories: Not 

hydrophobic (< 20%), Moderate (20-50%), and strong (> 50%). 

 

2.6. Resistance to heavy metals 

Resistance of the isolates to heavy metals (Co2+, Cd2+, Cr3+, Zn2+, Hg2+, Cu2+, Mn2+, Ni2+, 

Ba2+ and Pb2+) were carried out by inoculating overnight bacterial culture on Tryptic soy agar Petri 

dishes containing various concentrations of metal (50, 150, 300, 450, 600 and 750 µg/mL) (Marzan 

et al., 2017). Visible growth of isolates was observed for 24 and 48 h at 30ºC. Minimum inhibitory 

concentration (MIC) was noted as the lowest concentration that inhibited bacterial growth. 

 

2.7. Biofilm-forming capacity 

The biofilm-forming capacity of bacterial strains was carried out by adhesion to 

polystyrene (Chaieb et al., 2011). Isolates were grown in TSB at 30ºC and then diluted to 1:100 

w/v (in TSB with 2% glucose). Aliquots of cell suspensions (200 µL) were transferred to 96-well 

microtiter plates and incubated at 35ºC for 24 h. Plates were washed twice with PBS and dried. 
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The well with sterile TSB alone was used as a control. Adherent strains were fixed with ethanol 

(95%) and stained with 100 µL crystal violet (1% w/v) solution for 5 min. Microplates were 

washed and air-dried. Biofilm forming ability was measured at 570 nm. The experiment was done 

in triplicate. Biofilm formation was interpreted as follows: Highly positive (OD570 ≥ 1), 

moderately to weakly positive (0.1 ≤ OD570 < 1), or negative (OD570 ≤ 0.1). 

 

2.8. Resistance to antibiotics 

 

2.8.1. Agar-Well Diffusion Method 

The bacterial susceptibility to antibiotics was investigated by determining the diameter of 

inhibition zones using the agar disc diffusion method (CLSI, 2008). Bacterial cell suspensions 

were prepared at 1.5×108 colony-forming units per mL (CFU/mL) corresponding to the McFarland 

0.5 turbidity standard and then were seeded onto Mueller-Hinton agar (MHA) Petri dishes. 

Antibiotic discs were dropped on the surface of MHA plates and diffused for 15 min before 

incubation at 35º C for 24 h. Antibiotics tested were ampicillin (10 μg), novobiocin (30 μg), 

bacitracin, tetracycline (30 μg), erythromycin (15 μg), chloramphenicol (30 μg), penicillin (10 

units), hygromycin B (50 μg), lincomycin (15 μg), phleomycin (50 μg), kanamycin (30 μg), 

trimethoprim (15 μg), and ciprofloxacin (15 μg). Dishes without antibiotics were used as blank.  

 

2.8.2. Broth Microdilution Method 

The bacterial sensibility to antibiotics was also carried out by determining minimum 

inhibitory concentrations (MICs) using Mueller Hinton Broth (MHB) by microdilution method 

(CLSI, 2008). A two-fold dilution of antibiotics (v/v medium, inoculum and water-soluble 
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antibiotics) and negative control (v/v medium and inoculum) were included. Each well of a 96-

well sterile microtiter plate received MHB (100 μL), antibiotic (100 μL) and bacterial inoculum 

(1.5×108 CFU/mL) and plates were covered and incubated at 35ºC for 24 h. After incubation, 50 

μL of aqueous p-iodonitrotetrazolium violet (INT, bacterial growth indicator) were added to the 

wells and incubated for 30 min. The MIC value was considered the lowest concentration of 

antibiotics that completely inhibited cell growth (when the solution remained clear in the well after 

incubation with INT). Ampicillin, chloramphenicol, ciprofloxacin, trimethoprim, kanamycin, and 

lincomycin were used at a concentration ranging between 128 and 1 µg/mL. MIC values were used 

to investigate the relative action mechanisms of antibiotics on bacterial isolates. 

 

2.9. Action mechanisms of antibiotics on bacterial isolates 

Ciprofloxacin (most active) was used for action mechanism studies against bacterial 

isolates. 

 

2.9.1. Time-kill kinetic assay 

The antimicrobial efficacy testing was performed to evaluate the inhibitory effect of 

ciprofloxacin over time (Tsuji et al., 2008). Concentrations of ciprofloxacin equal to MIC, 2MIC 

and 4MIC were prepared and transferred in test tubes containing MHB. Bacterial inoculum 

adjusted to 5×106 CFU/mL was added, and tubes were incubated at 35ºC. Aliquots of medium (1 

mL) were collected at 0, 2, 4, 6, 12, 24 h, streaked aseptically into MHA Petri dishes and incubated 

at 35ºC for 24 h. A control test was carried out without the antibiotic. The number of viable 

organisms was counted as colony-forming units (CFU). Graphs of the log CFU/mL were plotted 

against time. 
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2.9.2. Action on cell membrane integrity: measurement of intracellular components 

(DNA/RNA) 

The effect of ciprofloxacin on cell membrane integrity was conducted using the protocol 

described by Devi et al. (2010). Overnight bacterial cultures were centrifuged (5000xg, 15 min), 

and the supernatant was discarded. Pellets were washed twice using sterile distilled water and then 

suspended in PBS (pH 7.4) to obtain a cell density of 0.55-0.60 at 600 nm. Different concentrations 

of ciprofloxacin (MIC and 4MIC) were added to cell suspensions. Cell suspensions without 

antibiotic treatment were used as negative controls. All samples were incubated at 35ºC for 1 h 

under agitation (200 rpm). Experiments were done in triplicate. After incubation, samples were 

centrifuged (12,000xg, 15 min) and supernatants were read at 260 nm. Recordings were expressed 

as percentages of the extracellular UV-absorbing materials released by cells.  

 

2.9.3. Action on membrane permeability 

The effect of ciprofloxacin on membrane permeability was investigated using crystal violet 

according to the method described by Devi et al. (2010). Overnight bacterial cultures were 

centrifuged (5000xg, 15 min), and the supernatant was discarded. Pellets were washed twice using 

sterile distilled water and then suspended in PBS (pH 7.4) to obtain a cells density of 0.55-0.60 at 

600 nm. Cell suspensions were treated with ciprofloxacin (MIC and 4MIC) followed by incubation 

at 35ºC for 30 min. Likewise, control samples were prepared similarly without antibiotic treatment. 

After incubation, samples were centrifuged, and cells resuspended in PBS containing crystal violet 

(10 µg/mL). Cell suspensions were incubated again for 10 min at 35ºC, followed by centrifugation 

(12,000xg, 15 min), and supernatants were measured at 590 nm. The percentage of crystal violet 

(CV) uptake of samples was calculated using the following formula: 
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CV uptake (%) = [OD value of the sample/OD value of crystal violet solution] × 100 

 

2.9.4. Action on biofilm formation 

The effect of ciprofloxacin on biofilm formation was performed using 96-well microtitre 

plates by crystal violet method (Nowak et al., 2015). A two-fold dilution of the antibiotic from 

8MIC to 1/16 MIC (v/v TSB, inoculum and water-soluble antibiotic), growth control (v/v TSB 

and inoculum) and media control (only TSB) were included. Plates were incubated at 35ºC for 24 

h. Upon well content was discarded, wells were washed with PBS (pH 7.4) and stained with 1% 

(w/v) crystal violet, followed by incubation at room temperature for 20 min. Biofilms were fixed 

with 30% (v/v) acetic acid (200 µL) and read at 595 nm. The percentage of biofilm inhibition was 

calculated using the following formula: 

 

Biofilm inhibition (%) = [OD growth control − OD sample/OD growth control] × 100  

 

2.10. Statistical analysis 

All experiments were performed in triplicate. Data were expressed as mean±SD. Statistical 

analysis was carried out using one-way analysis of variance (ANOVA) followed by Student-

Newman-Keuls Multiple comparison tests using GraphPad Prism 5 Windows software. 

Differences between values were considered significant at p < 0.05. 
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3. Results and Discussion 

 

3.1. Screening for protease lipase, hemolysin and capsule production 

Among the six bacterial isolates studied, only Bacillus sp. produced capsules (Table 1). 

Some investigators revealed capsules produced by Bacillus strains such as Bacillus cereus, 

Bacillus anthracis and Bacillus spp. (Beesley et al., 2010; Baldwin, 2020). Most capsules function 

in microbial pathogenesis by protecting the microbe against host immune mechanisms, although 

the capsular structures can serve as adhesins for some. Hymenobacter sp., Mycobacterium sp., 

Chryseobacterium sp. and Bacillus sp. exhibited proteolytic activities. Hymenobacter sp., 

Chryseobacterium sp. and Bacillus sp. showed lipase activity. Many strains of Bacillus (Bacillus 

cereus, Bacillus spp., Bacillus sp. AM1, Bacillus methylotrophicus PS3), Chryseobacterium 

(Chryseobacterium polytrichastri ERMR1:04, Chryseobacterium schmidteae, Chryseobacterium 

gleum, Chryseobacterium aquifrigidense FANN1), Hymenobacter (Hymenobacter setariae sp. 

nov.) and Mycobacterium (Mycobacterium smegmatis and Mycobacterium tuberculosis) exhibited 

lipase (Sharma et al., 2017; Hassan et al., 2018; Chhetri et al., 2020; Shart and Elkhalil, 2020; 

Kumar et al., 2020; Kangale et al., 2021; López-Moreno et al., 2021) and protease (Matsui et al., 

2017; Marizcurrena et al., 2019; Nagpal et al., 2019; Danilova and Sharipova, 2020; Babin et al., 

2021; Bokveld et al., 2021; Aktayeva et al., 2022) activities. No hemolytic properties were 

observed (Table 1). However, previous studies on hemolytic activities of Bacillus (Dabiré et al., 

2022), Chryseobacterium (Sud et al., 2020), Mycobacterium (Augenstreich et al., 2020) and 

Stenotrophomonas genera (Peters et al., 2020) were reported. Bacillus sp. MKAL6 exhibited 

gelatinase and DNase activities. 
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3.2. Autoaggregation 

The autoaggregation ability of bacterial isolates tested increased with incubation time 

(Figure 1). The aggregation potential increased from 31.09-56.36%, 26.18-59.95%, 33.30-58.87%, 

21.11-53.16%, 18.13-46.30% and 29.11-55.11% for Bacillus sp. MKAL6, Hymenobacter sp. 

MKAL2, Chryseobacterium sp. MKAL5, Paenarthrobacter sp. MKAL1, Mycobacterium sp. 

MKAL3 and Stenotrophomonas sp. MKAL4, respectively. Hymenobacter sp. showed the highest 

auto-aggregation potential (59.95%) at 24 h, while Mycobacterium sp. showed the lowest ability 

(46.30%). Similarly, Nwagu et al. (2020) reported about 53.37% of autoaggregation in Bacillus 

cereus KY746353.1. isolated from Parkia biglobosa (traditional fermented African locust bean 

seeds). However, the autoaggregation ability of Bacillus subtilis P223 isolated from Kimichi 

(Korean food) was 93.42% after 24 h of incubation (Jeon et al., 2017). Manhar et al. (2015) 

reported the highest autoaggregation potential of Bacillus amyloliquefaciens AMS1 isolated from 

traditional fermented soybean (Churpi) was 75.5% after 24 h. Benladghem et al. (2020) revealed 

that Stenotrophomonas maltophilia had a low capacity to form cellular aggregates (26.13%) after 

24 h. Both environmental and pathogenic bacteria have autoaggregation ability mediated by self-

recognising surface structures (proteins and exopolysaccharides). This potential provides a 

gateway to colonizing abiotic and biotic surfaces. Depending on bacterial species, the 

autoaggregation phenotype may be constitutive or induced under some conditions (stress oxygen 

availability or a temperature change) (Nath et al., 2020). 
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Table 1. Capsule, protease and lipase production of bacterial isolates. 

Isolates Capsule production Protease 

production 

Lipase 

production 

Hemolysis 

Phenotypes Index 

Paenarthrobacter sp. 

MKAL1 

 

Hymenobacter sp. 

MKAL2 

 

Mycobacterium sp. 

MKAL3 

 

Stenotrophomonas sp. 

MKAL4 

 

Chryseobacterium sp. 

MKAL5 

 

Bacillus sp. MKAL6 

Pinkish red 

 

 

Pinkish red 

 

 

Pinkish red 

 

 

Pinkish red 

 

 

Pinkish red 

 

 

Black 

Capsule non-

producer 

 

Capsule non-

producer 

 

Capsule non-

producer 

 

Capsule non-

producer 

 

Capsule non-

producer 

 

Capsule 

producer 

- 

 

 

+ 

 

 

+ 

 

 

- 

 

 

+ 

 

 

+ 

- 

 

 

+ 

 

 

- 

 

 

- 

 

 

+ 

 

 

+ 

- 

 

 

- 

 

 

- 

 

 

- 

 

 

- 

 

 

- 

Black colony : capsule production; Pinkish red colony : no capsule production; +: production/hemolysis; - : no 

production/no hemolysis. 

 

 

Figure 1. Quantitative estimation autoaggregation of Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, 

Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. 
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3.3. Adhesion to solvents 

Cell surface hydrophobicity of bacterial isolates was characterized by BATH assay. This 

test analyzed microbial linkage to n-octane (apolar solvent), chloroform (polar acid solvent) and 

ethyl acetate (basic polar solvent). Hydrophobic cell surface showed adherence to n-octane (6.66-

31.08%), chloroform (19.88-45.58%), and ethyl acetate (8.57-58.16%) (Figure 2). The cell 

hydrophobicity varied with the isolates tested. The differences in affinity may be due to the 

capsular material, appendages on the cell surface or composition and content of different 

lipopolysaccharides (Ning et al., 2021). The hydrophobicity ability of Bacillus sp. increased with 

solvent polarity while that of Mycobacterium sp. decreased with solvent polarity. All isolates 

showed a moderate hydrophobicity to chloroform except for Hymenobacter sp (19.88%). 

Chryseobacterium sp., Paenarthrobacter sp. and Stenotrophomonas sp. exhibited the highest 

hydrophobicity ability to chloroform, while Hymenobacter sp. and Mycobacterium sp. showed the 

highest adhesion effect to n-octane. However, Bacillus sp, a capsule producer, exhibited a strong 

hydrophobicity for ethyl acetate (58.16%). This indicates these bacterial isolates had an affinity 

for electron acceptance (ethyl acetate) and electron donation (chloroform). The hydrophobicity 

capabilities of Bacillus sp. in this study were comparatively lower than those reported by 

Kuebutornye et al. (2019). Also, Amenyogbe et al. (2021) revealed the adhesion of Bacillus sp. 

RCS1 (97.2%) and Bacillus cereus (97.1%) isolated from Cobia Fish (Rachycentron canadum) to 

xylene, chloroform and ethyl acetate were strong. Adhesion is the first stage in microbial 

colonization, and cell surface hydrophobicity increases microbial cell propensity to adhere to 

surfaces (Nwagu et al., 2020). 
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Figure 2. Quantitative estimation of adhesion of bacterial strains to solvents. Paenarthrobacter 

sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. 

MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6 were classified into three 

categories: Not hydrophobic (< 20%), Moderate (20-50%), Strong (> 50%) 

 

3.3. Resistance to heavy metals 

Resistance of isolates to heavy metals (Co2+, Cd2+, Cr3+, Zn2+, Hg2+, Cu2+, Mn2+, Ni2+ and 

Pb2+) were carried out at the concentrations of 50, 150, 300, 450, 600 and 750 µg/mL. Visible 

growth of isolates was observed for 24 hours, and 48 h at 30º C. Minimum inhibitory concentration 

(MIC) was noted as the lowest concentration inhibiting bacterial growth. The tested isolates 

showed variable degrees of resistance to different heavy metals (Table 2). Cadmium inhibited 

bacterial growth at the lowest concentration tested (50 µg/mL). Except for stenotrophomonas sp 

(50 µg/mL), cobalt inhibited isolate growth at the highest concentration tested (750 µg/mL). 

Copper and mercury inhibited the growth of all isolates tested with MICs ranging from 50-450 

µg/mL. Many bacteria isolated from diverse sources, such as Bacillus sp. (Glibota et al., 2020; 



 

180 
 

Nath et al., 2020; Alotaibi et al., 2021); Stenotrophomonas sp. (Agarwal et al., 2019; Nath et al., 

2020), Chryseobacterium sp. (Glibota et al., 2020), Arthrobacter sp. (Pathak et al., 2020) and 

Mycobacterium sp. (Sepehri et al., 2017) were reported to tolerate high levels of heavy metals and 

possess heavy metal resistance determinants. Also, Paenarthrobacter sp. was reported to evolve 

self-protective mechanisms for survival and prosperity in various stressful environments (stress 

responses to osmotic pressure, carbon starvation, oxygen radicals, and toxic chemicals) (Cao et 

al., 2019). Chromium, lead, zinc, nickel and manganese did not inhibit the bacterial growth except 

for stenotrophomonas sp at 600 µg/mL. This suggests that these bacterial isolates can grow under 

high concentration of chromium, lead, zinc, nickel and manganese. 

 

Table 2. Resistance of bacterial strains to heavy metals. 

Heavy 

metals 

Minimum inhibitory concentration (µg/mL) 

MKAL1 MKAL2 MKAL3 MKAL4 MKAL5 MKAL6 

Cadmium 

Chromium 

Cobalt 

Lead 

Nickel 

Manganese 

Mercury 

Zinc 

Copper 

50 

- 

750 

- 

- 

- 

50 

- 

50 

50 

- 

750 

- 

- 

- 

50 

- 

50 

50 

- 

750 

- 

- 

- 

50 

- 

50 

50 

- 

50 

- 

- 

600 

150 

- 

450 

50 

- 

750 

- 

- 

- 

150 

- 

150 

50 

- 

750 

- 

- 

- 

50 

- 

50 

-: growth at all tested concentrations, MKAL1: Paenarthrobacter sp. MKAL1, MKAL2: Hymenobacter sp. MKAL2, 

MKAL3: Mycobacterium sp. MKAL3, MKAL4: Stenotrophomonas sp. MKAL4, MKAL5: Chryseobacterium sp. 

MKAL5, MKAL6: Bacillus sp. MKAL6 

 

3.4. Biofilm-forming capacity 

The biofilm-forming capacity of isolates was estimated by adhesion to polystyrene. 

Paenarthrobacter sp., Hymenobacter sp., Mycobacterium sp., Stenotrophomonas sp. and Bacillus 

sp. showed strong biofilm-forming capacity, while Chryseobacterium sp. exhibited moderate 

ability (Figure 3). Many investigators revealed the biofilm-forming ability of these bacteria species 
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(Esteban and García-Coca, 2018; Kim et al., 2020; Bostanghadiri et al., 2021; Sornchuer et al., 

2022). It was reported that there was a correlation between cell surface hydrophobicity and biofilm 

formation. Bacteria with high hydrophobic surface affinity displayed a high biofilm-forming 

ability (Ning et al., 2021). In our study, Bacillus sp., which exhibited higher hydrophobic ability, 

adhered more to polystyrene. 

 

 

Figure 3. Biofilm-forming capacity of Paenarthrobacter sp. MKAL1, Hymenobacter sp. 

MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. 

MKAL5 and Bacillus sp. MKAL6. Adhesion ability of strains was interpreted as strong (OD ≥ 

1), moderate (0.1 ≤ OD595 < 1) or weak (OD595 < 0.1). 

 

3.5. Antibiotics resistance 

Bacterial susceptibility to antibiotics was investigated by determining the diameter of 

inhibition zones. All isolates were resistant to lincomycin (0.0-18.6 mm). Hymenobacter sp. was 

resistant to novobiocin (9.6 mm), bacitracin (0.0 mm) and tetracycline (10.1 mm), while 

Mycobacterium sp. (8.3 mm) was intermediate to bacitracin (Table 3, Figure S1). Kang et al. 
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(2018) showed that Hymenobacter defluvii sp. nov., isolated from wastewater, was resistant to 

amikacin (30 μg), gentamicin (10 μg) and kanamycin (30 μg). Then, MICs of six different classes 

of antibiotics were investigated using Mueller Hinton Broth (MHB) by the microdilution method. 

All antibiotics exerted inhibitory effect against bacteria isolates with MIC ranging from 0.25-512 

µg/mL. Ciprofloxacin exhibited the highest inhibitory activity (0.25-0.5 µg/mL), while kanamycin 

exhibited the lowest activity (4-512 µg/mL). Paenarthrobacter sp. (0.25-128 µg/mL), 

Mycobacterium sp. (0.25-256 µg/mL), Hymenobacter sp. (0.25-512 µg/mL), Stenotrophomonas 

sp. (0.5-512 µg/mL), Chryseobacterium sp. (0.5-512 µg/mL) and Bacillus sp. (0.5-256 µg/mL) 

exhibited variable susceptibilities to antibiotics. Differences in susceptibility could be due to the 

differences in cell wall composition and/or genetic content of plasmids that can be easily 

transferred among isolates (Kowalska-Krochmal and Dudek-Wicher, 2021). All isolates, resistant 

to lincomycin on agar Petri dishes, were sensitive to this antibiotic in the liquid medium. This is 

explained by the fact that in a solid medium, the antibiotic must diffuse, while in a liquid medium, 

it is directly in contact with the bacterial isolate (Mokale et al., 2011). 

 

3.6. Antibacterial Action Mechanisms 

 

3.6.1. Antimicrobial Efficacy Testing 

Ciprofloxacin was tested for antibacterial efficacy over time (24 h) at different 

concentrations (MIC, 2MIC, and 4MIC). The time-kill kinetics profile of ciprofloxacin against 

bacterial isolates showed a reduction in viable cell number over 24 h compared to the control (non-

treated cells). Viable cell number decreased with increasing antibiotic concentrations. 

Ciprofloxacin exhibited the highest inhibitory effect against Bacillus sp. and Chryseobacterium 

sp. at the concentration of  4MIC. The overall effect of ciprofloxacin was bactericidal at all tested 
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concentrations. Grillon et al. (2016) showed that ciprofloxacin exhibited a bacteriostatic effect on 

some strains of Stenotrophomonas maltophilia up to 6 h, followed by a regrowth at 24 h. 

 

Table 3. Bacterial susceptibility to antibiotics. 

Antibiotics Diameter of inhibition zones (mm) 

MKAL1 MKAL2 MKAL3 MKAL4 MKAL5 MKAL6 

Ampi 

Novo 

Baci 

Tetra 

Eryt 

Chlor 

Peni 

Linco 

Phleo 

Kana 

Trime  

Cipro 

32.0 ± 2.0 

27.0 ± 3.6 

11.6 ± 1.5 

22.6 ± 0.5 

30.6 ± 1.1 

25.3 ± 0.5 

27.3 ± 2.5 

8.0 ± 0.0 

15.1 ± 1.0 

16.3 ± 0.5 

30.6 ± 1.1 

26.0 ± 1.7 

21.3 ± 0.5 

9.6 ± 0.5 

0.0 ± 0.0 

10.1 ± 0.2 

31.6 ± 2.5 

30.0 ± 1.7 

29.6 ± 2.0 

10.0 ± 0.0 

17.6 ± 1.5 

17.0 ± 1.0 

32.3 ± 0.5 

29.0 ± 1.0 

24.3 ± 1.1 

20.3 ± 2.0 

8.3 ± 0.5 

18.3 ± 1.1 

30.3 ± 0.5 

27.3 ± 2.0 

21.3 ± 0.5 

0.0 ± 0.0 

18.0 ± 1.0 

16.6 ± 0.5 

31.6 ± 1.5 

25.6 ± 0.5 

26.6 ± 1.1 

29.3 ± 1.1 

9.6 ± 0.5 

21.0 ± 2.6 

35.8 ± 0.2 

35.6 ± 0.5 

31.0 ± 1.0 

18.6 ± 0.5 

18.3 ± 0.2 

17.6 ± 0.5 

29.6 ± 0.5 

25.1 ± 0.2 

31.0 ± 1.7 

33.6 ± 1.1 

16.6 ± 3.0 

36.0 ± 0.0 

26.3 ± 0.5 

38.6 ± 1.5 

30.3 ± 0.5 

13.0 ± 1.7 

19.3 ± 1.5 

14.3 ± 1.1 

35.0 ± 1.0 

33.0 ± 1.0 

33.3 ± 1.5 

27.6 ± 1.1 

12.3 ± 0.5 

21.0 ± 0.0 

30.6 ± 0.5 

34.3 ± 0.5 

32.3 ± 0.5 

8.3 ± 0.5 

18.0 ± 1.0 

15.3 ± 0.5 

33.0 ± 2.6 

25.6 ± 0.5 

Ampi: Ampicillin; Novo: Novobiocin; Baci: Bacitracin; Tetra: Tetracyclin; Eryth: Erythromycin; Chlor: Chloramphenicol; 

Peni:Penicillin; Linco: Lincomycin; Phleo: Phleomycin; Kana: Kanamycin; Trime: Trimethoprim; Cipro: Ciprofloxacin; MKAL1: 

Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: 

Stenotrophomonas sp. MKAL4; MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Bacterial sensibility 

was interpreted as Ampicillin: resistant (DI ≤ 11 mm), intermediate (12 ≤ DI < 13) or susceptible (DI ≥ 14 mm); Novobiocin: 

resistant (DI ≤ 12 mm), intermediate (13 ≤ DI < 15) or susceptible (DI ≥ 16 mm); Bacitracin: resistant (DI ≤ 6 mm), intermediate 

(7 ≤ DI < 10) or susceptible (DI ≥ 11 mm); Tetracycline: resistant (DI ≤ 14 mm), intermediate (15 ≤ DI < 18) or susceptible (DI ≥ 

19 mm); Erythromycin: resistant (DI ≤ 13 mm), intermediate (14 ≤ DI < 22) or susceptible (DI ≥ 23 mm); Chloramphenicol: 

resistant (DI ≤ 12 mm), intermediate (13 ≤ DI < 17) or susceptible (DI ≥ 18 mm); Penicillin: resistant (DI ≤ 28 mm),  or susceptible 

(DI ≥ 29mm); Lincomycin: resistant (DI ≤ 22 mm), intermediate (23 ≤ DI < 25) or susceptible (DI ≥ 26 mm); Kanamycin: resistant 

(DI ≤ 13 mm), intermediate (14 ≤ DI < 17) or susceptible (DI ≥ 18 mm); Trimethoprim: resistant (DI ≤ 10 mm), intermediate (11 

≤ DI < 15) or susceptible (DI ≥ 16 mm); Ciprofloxacin: resistant (DI ≤ 15 mm), intermediate (16 ≤ DI < 20) or susceptible (DI ≥ 

21 mm)
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Table 4. Minimum inhibition concentrations (MIC) of antibiotics. 

Antibiotic Minimum Inhibition Concentrations (µg/mL) 

MKAL1 MKAL2 MKAL3 MKAL4 MKAL5 MKAL6 

Ampicillin 

Chloramphenicol 

Ciprofloxacin 

Trimethoprim 

Kanamycin 

Lincomycin 

128 

4 

0.25 

0.25 

4 

32 

64 

1 

0.25 

0.5 

512 

32 

128 

8 

0.25 

0.5 

256 

128 

0.5 

4 

0.5 

0.5 

512 

64 

16 

4 

0.5 

0.5 

512 

32 

4 

4 

0.5 

0.5 

256 

64 

MKAL1: Paenarthrobacter sp. MKAL1, MKAL2: Hymenobacter sp. MKAL2, MKAL3: Mycobacterium sp. 

MKAL3, MKAL4: Stenotrophomonas sp. MKAL4, MKAL5: Chryseobacterium sp. MKAL5, MKAL6: Bacillus sp. 

MKAL6 

 

3.6.2. Action on cell membrane 

The action of ciprofloxacin on the bacterial cell membrane was performed by quantifying 

the release of UV-absorbing materials (OD260), an index of membrane integrity damage and loss. 

The results are presented in figure 5A. After treatment with ciprofloxacin at MIC and 4MIC, a 

slight increase in OD was observed in Bacillus sp. (0.139-0.176 and 0.139-0.185), 

Chryseobacterium sp. (0.140-0.162 and 0.140-0.169), Paenarthrobacter sp. (0.144-0.174 and 

0.144-0.177) and Mycobacterium sp. (0.140-0.165 and 0.140-0.184). This suggests that 

ciprofloxacin weakly damaged the cytoplasmic membrane resulting in low leakage of bacterial 

isolates intracellular constituents (proteins and nucleic acids). However, no change in OD was 

observed in Hymenobacter sp. MKAL2 and Stenotrophomonas sp. MKAL4 suggesting that 

ciprofloxacin didn’t affect the membrane integrity of these isolates. The action of ciprofloxacin on 

bacterial cell membrane permeability is shown in figure 5B. Crystal violet uptake significantly (p 

< 0.001) increased after treatment with ciprofloxacin at MIC and 4MIC in Stenotrophomonas sp. 

MKAL4 (62.06 and 62.87%), Chryseobacterium sp. MKAL5 (41.90 and 46.56%) and Bacillus sp. 
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MKAL6 (50.43 and 52.89%)compared to untreated cells (23.87, 32.56 and 52.35% 

respectively).The increase in crystal violet uptake might be attributed to the change in permeability 

and structure of the bacterial cell wall layer (Seukep et al., 2020). 

 

3.6.3. Action on biofilm formation 

Ciprofloxacin was tested for biofilm formation inhibition capability at different 

concentrations (8MIC-MIC/16). This experiment targeted peptidoglycan synthesis and modulated 

the quorum sensing (QS), a whole gene involved in the regulation of biofilm formation. QS 

regulates various functions in bacteria, including biofilm formation, antibiotic resistance, and 

induction of bacterial diseases (Seukep et al., 2020). Ciprofloxacin significantly (p < 0.001) 

inhibited the biofilm formation in Bacillus sp. (69.27-39.58%), Hymenobacter sp. (76.13-55.13%), 

Chryseobacterium sp. (96.98-75.96%), Paenarthrobacter sp. (71.90-38.75%), Mycobacterium sp. 

(80.07-60.38%) and Stenotrophomonas sp. (86.54-68.03%). Biofilm formation inhibition of 

bacterial isolates by ciprofloxacin could be due to its ability to inhibit QS signalling pathways 

involved in biofilm formation. 

 

4. Conclusions 

This study investigated putative virulence factors, antibiotics and heavy metals resistance, 

solvent adhesion and biofilm-forming capabilities in cellulolytic bacteria isolated from soil 

samples: Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. 

MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. 

MKAL6. Some bacterial strains phenotypically expressed virulence factors. Strains MKAL2, 

MKAL5 and MKAL6 exhibited proteolytic and lipase activities, while only MKAL6 produced 

capsules. All strains were capable of aggregating, forming biofilm and adhering to organic 
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solvents. All strains tolerated a high amount of chromium, lead, zinc, nickel and manganese.  They 

were resistant to lincomycin. Also, MKAL2 was resistant to novobiocin, bacitracin and 

tetracycline. Ciprofloxacin exhibited bactericidal activity against these strains. Although some 

strains showed phenotypic virulence factors, an in-depth genetic study of virulence, antibiotic and 

heavy metal resistance genes is underway. 
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        Paenarthrobacter sp. MKAL1                               Hymenobacter sp. MKAL2                           Mycobacterium sp. MKAL3 

   

      Stenotrophomonas sp. MKAL4                                    Chryseobacterium sp. MKAL5                Bacillus sp. MKAL6 

  

      

Figure 4. Antibacterial efficacy testing of ciprofloxacin on Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, 

Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. Time 

intervals: 0, 2, 4, 6, 12, and 24 h. MIC: minimum inhibitory concentration.
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(A) 

 

                                                                         (B) 

 

Figure 5. Effect of ciprofloxacin on cell membrane of Paenarthrobacter sp. MKAL1, 

Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, 

Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. (A) Action on cell membrane integrity: 

Absorbance measurement of intracellular components (DNA, RNA) at 260 nm after 1 h of 

incubation. (B) Action on membrane permeability. MIC: minimum inhibitory concentration. 

***p < 0.001 compared to untreated cells (Student-Newman-Keuls).
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Paenarthrobacter sp. MKAL1                               Hymenobacter sp. MKAL2                           Mycobacterium sp. MKAL3 

   

      Stenotrophomonas sp. MKAL4                                    Chryseobacterium sp. MKAL5                       Bacillus sp. MKAL6 

 

 

Figure 6. Effect of ciprofloxacin on biofilm formation in Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium 

sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5 and Bacillus sp. MKAL6. MIC: minimum inhibitory 

concentration. ***p < 0.001 compared to untreated cells (Student-Newman-Keuls).
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CHAPTER 6 

General discussion, summary of major contributions and recommendations of 

future research 

The commercial production of fructose relies on the multienzyme hydrolysis of cellulose 

into two steps based on cellulases (endocellulase, exocellulase, ß-glucosidase) and glucose 

isomerase (Souzanchi et al., 2019). Cellulases catalyze the cellulose conversion to glucose, while 

glucose isomerase is a critical enzyme that catalyzes the isomerization of glucose to fructose. 

These enzymes are widely used in many applications and are currently produced by microbial 

fermentation. However, most reported cellulases and glucose isomerases to have enzyme activities 

limited. Presently, obtaining these enzymes with high activity is crucial. Soil bacteria are 

considered natural sources of potential enzymes for industrial applications.  Therefore, this study 

aimed to characterize novel cellulases and glucose isomerase-producing bacteria from soil samples 

and optimize their enzyme production. Coculturing and whole-cell immobilization for glucose 

isomerase and bacterial resistance to environmental factors were also investigated. 

Based on their morphological features (size, shape, and color), we isolated forty-one 

bacterial isolates from the soil mixture samples collected from Kingfisher Lake and the University 

of Manitoba campus. The qualitative screening of isolates for cellulase production was carried out 

by Congo red method using a carboxymethyl cellulose (CMC) agar medium. Only six isolates 

showed cellulase production based on the appearance of the halo zone around bacteria. Then they 

were selected for further characterization using 16S rRNA gene sequence analysis and 

morphological and biochemical methods. These isolates were differentiated based on mobility, 

cell wall composition (Gram stain), vegetative cells and endospores (endospore stain), carbon 

source utilization, and enzymatic activities by standard methods such as catalase production, gas 
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production, starch hydrolysis, gelatin hydrolysis, DNA hydrolysis, urease test, bile esculin test, 

oxidase test, nitrate reduction, salt tolerance, and sugar fermentation. They were identified as 

Paenarthrobacter sp. MKAL1, Hymenobacter sp. MKAL2, Mycobacterium sp. MKAL3, 

Stenotrophomonas sp. MKAL4, Chryseobacterium sp. MKAL5, and Bacillus sp. MKAL6. These 

strains are novel cellulose-degrading bacteria because no cellulase activity studies were reported 

on their closest strains in the phylogenetic tree. However, several studies reported cellulase 

production in some members of these bacteria isolated from various sources (Van Wyk et al., 2017; 

Ye et al., 2017, Molina et al., 2018; Tan et al., 2018; Dai et al., 2020). Their cellulase activities 

were quantified and optimized by varying pH, temperature, incubation period, substrate 

concentration, nitrogen, and carbon sources using the dinitrosalicylic acid (DNS) and response 

surface methods. The higher cellulase production in these strains occurred at the culture conditions 

of 35-40°C, pH 5-6, 1-2% CMC, and 96 h of incubation. These optimum culture conditions for 

higher yield enzyme production were observed in Chryseobacterium sp. (Nkohla et al., 2017), 

Bacillus subtilis Strain MU S1 (Sreena and Sebastian, 2018), Stenotrophomonas maltophilia 

(Molina et al., 2018), Streptomyces thermocoprophilus Strain TC13W (Sinjaroonsak et al., 2019), 

Bacillus pseudomycoides (Pramanik et al., 2020), Bacillus velezensis (Li et al., 2020), Bacillus 

albus (Abada et al., 2021), Bacillus subtilis subsp. subtilis JJBS300 (Anu et al., 2021), Bacillus 

pacificus and Pseudomonas mucidolens (Krishnaswamy et al., 2022). All strains preferred sucrose 

as a carbon source for significant increase in cellulase production, which suggested the negligible 

requirement of this sugar for appropriate enzyme induction. Bacillus amyloliquefaciens SA5, 

Bacillus subtilis BTN7A, Bacillus megaterium BMS4 and Anoxybacillus flavithermus BTN7B 

(Hussain et al., 2017) were reported exhibiting maximum cellulase production when sucrose was 

used as sole carbon in the culture medium. Organic nitrogen sources stimulated higher production 
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than inorganic nitrogen sources. This may be due to their metabolism that contributes to culture 

medium acidification, affecting cellulase production. However higher cellulase production in 

Bacillus licheniformis 2D55 (Kazeem et al., 2016) and Aneurinibacillus aneurinilyticus BKT-9 

(Ahmad et al., 2020) was found inorganic nitrogen as urea and ammonium chloride were used. 

Unlike strains MKAL3 and MKAL6, the response surface quadratic model was reliable for 

predicting cellulase production during the fermentation process with strains MKAL1, MKAL2, 

MKAL4, and MKAL5. The SDS-PAGE and zymogram analysis showed the cellulase molecular 

weights of 25 kDa similar to those reported in Bacillus licheniformis SVD1 (Van Dyk et al., 2009), 

Bacillus subtilis MA139 (Qiao et al., 2009), Penicillium verruculosum (Morozova et al., 2010) 

and Novosphingobium sp. Cm1 (Goswami et al., 2022). 

Glucose and xylose promoted cellulase production in the bacterial strains. Thus, strains 

were screened for their glucose isomerase (GI) production. Strains showed GI activity on xylose 

agar plates using 2,3,5-triphenyltetrazolium in an alkaline medium (halo appearance around 

bacteria). The GI production quantification was performed by the cysteine-carbazole method. 

Strains preferred the culture conditions of 40°C, pH 6-8 and 96 of incubation period for optimum 

GI production. Similar, Sharma et al. (2021) reported that maximum GI activity from Serratia 

marcescens HK2 occurred at 40°C, pH 8, after 96 h of incubation (Sharma et al., 2021). A mixture 

of peptone/yeast extract or tryptone/peptone and 1% xylose enhanced enzyme production in all 

strains. Higher enzyme yields by Bacillus megaterium (Thi Nguyen and Tran, 2018), 

Parageobacillus thermantarcticus (Finore et al., 2019) and Escherichia coli strain BL21 (Fatima 

and Javed, 2020) were obtained with 1% xylose. Sharma et al. (2021) revealed that a mixture of 

organic nitrogen sources highly boosted glucose isomerase activity in Serratia marcescens HK2. 

The highest activity occurred at a 1:3 ratio of peptone and yeast extract. Also, the GI activity was 
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optimized by the response surface method. The strains Hymenobacter sp. MKAL2 and 

Stenotrophomonas sp. MKAL4 did not pass the lack of fit test (p < 0.05); therefore, the RSM is 

not well established and explains the potential reason why the lack of fit is not passed. It could be 

that the relationship is not that strong, the difference in the GI activity is not well explained by the 

fermentation conditions, or the difference is too small. However, pretreated biomass with hot water 

and 95% ethanol stimulated enzyme production better than crude biomass. This resulted in 

increased cell growth. Generally, biomass pretreatment enhances sample digestibility. Besides the 

lignocellulose, the lignocellulosic biomass usually contains a significant amount of non-structural 

components. Some are well-known as inhibitors, such as acetic acid, furfural, and ash (metal ions). 

A study from Lu et al. (2010) indicated that washing corn stover biomass with water can effectively 

remove acetic acid and furfural and significantly enhance the breakdown of cellulose and 

fermentation. Similarly, Deng et al. (2013) indicated that washing with water could increase the 

volatile matter (mostly carbohydrates) ratio and lower the metal ions, sulfurs, and chloride. 

Washing the biomass with water and the organic solvent is also helpful in removing water-soluble 

and liposoluble substances. Liu et al. (2016) and Zhang et al. (2020) also showed that the 

pretreatment of the water and ethanol could significantly improve the cellulose and hemicellulose 

conversion rate. This is one of the approaches used in industries before entering the fermentation 

broth. The pretreated wheat straw promoted higher glucose isomerase production in all strains, and 

SEM analysis was carried out to observe its morphological changes. The sample surface was 

destroyed after bacterial treatment (cracks, pores, and wall erosion), resulting in the exposal of 

internal structures. This suggests that lignin and hemicellulose of the pretreated wheat straw 

sample became loose or were partially removed and broken, making accessible essential nutrients 

(carbohydrates) to bacteria for their growth and enzyme production. These findings demonstrated 
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that bacterial treatment of pretreated wheat straw could destroy the hemicellulose-lignin network, 

thereby removing some fibers and exposing internal structures to bacteria and thus accelerating 

the biodegradation process. 

The use of cocultures or consortia and enzymes or cells immobilized in lignocellulosic 

biomass bioprocess industries is excellent of interest. Enhancing glucose isomerase production 

and cell growth by bacterial cocultures was investigated using pretreated wheat straw as the sole 

carbon source in the optimum culture conditions. Bacterial cocultures were constructed based on 

enzyme production and antagonism assay data. The cooperation between individual bacterial cells 

from cocultures and the influence of carbon source complexity were also studied. We observed a 

bacterial synergism in glucose isomerase production and cell growth in cocultures A, B, C, G and 

J. Also, there was a relationship between bacterial strains depending on carbon source complexity. 

This suggests metabolic cooperation between bacterial strains and synergistic action of secreted 

enzymes allowed for increased glucose isomerase production yields and consequently an efficient 

wheat straw degradation. Microbial consortia were reported as critical agents in wheat straw 

degradation (Deng and Wang, 2016; Ghosh et al., 2016; Jia et al., 2016; Cortes-Tolalpa et al., 

2017). The most promising synergistic pair was the coculture J composed of Mycobacterium sp. 

MKAL3 and Stenotrophomonas sp. MKAL4. This coculture presented the highest cell growth 

compared to the respective monocultures with synergistic glucose isomerase activities, whereas 

strains MKAL3 and MKAL4 have different morphological, biochemical and enzyme profiles. 

Wheat straw promoted synergistic interactions between strains MKAL3 and MKAL4 compared to 

xylose used as the sole carbon source. This could be due to the heterogeneous composition of 

wheat straw, suggesting that the carbon source complexity can strongly modify the relationship 

between degrader strains. Many studies reported that carbon source complexity influences 
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heterotrophic organism metabolism (Deng and Wang, 2016; Deng and Wang, 2017; Blair et al., 

2021; Romero et al., 2021; Xu et al., 2021). A cell growth increase in monocultures MKAL3 and 

MKAL4 was observed when they were treated with the wheat straw-grown partner strain 

supernatant, confirming that synergistic interactions happen when growing on wheat straw. 

Furthermore, strains were immobilized in calcium alginate beads and tested for GI production in 

optimum culture conditions. We observed a decrease in enzyme activity below and above a sodium 

alginate concentration range of 2 to 3%. So, beads with higher sodium alginate concentration 

decreased enzyme production due to a more robust surface and lower enzyme diffusion. However, 

beads were so fragile with lower sodium alginate concentrations that most were broken during 

fermentation. 

Soil bacteria adhere to diverse surfaces and promote biofilm formation in a protective and 

self-produced matrix responsible for disease emergence and resurgence (Ning et al., 2021). 

Consequently, putative virulence factors, antibiotics and heavy metals resistance, solvent adhesion 

and biofilm-forming capabilities in these strains were investigated. Bacillus sp. MKAL6 exhibited 

DNase and gelatinase activities and produced capsules. Capsular structures can serve as adhesins 

in microbial pathogenesis by protecting the microorganism against host immune mechanisms. All 

strains showed higher autoaggregation properties, providing a gateway to colonizing abiotic and 

biotic surfaces. The hydrophobicity capability of Bacillus sp. MKAL6 increased with solvent 

polarity while that of Mycobacterium sp. MKAL3 decreased with solvent polarity. Bacillus sp. 

MKAL6 exhibited higher hydrophobic ability and adhered more to polystyrene. Cell surface 

hydrophobicity increases microbial cell propensity to adhere to surfaces (Nwagu et al., 2020).  

Ning et al. (2021) reported that bacteria with high hydrophobic surface affinity displayed a high 

biofilm-forming ability. Except for Stenotrophomonas sp. MKAL4, all strains accumulated a large 
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amount of chromium, lead, zinc, nickel and manganese, suggesting that strains could be used as 

cleaning agents for bioremediation. All isolates were resistant to lincomycin in the agar medium, 

whereas they were sensitive to this antibiotic in the liquid medium. This could be because the 

antibiotic must diffuse in a solid medium, while in a liquid medium, it is directly in contact with 

the bacterial strain (Mokale et al., 2011). Also, Hymenobacter sp. MKAL2 was resistant to 

novobiocin, bacitracin and tetracycline. Ciprofloxacin displaying the highest inhibitory activity 

was used to investigate its relative mechanism action against bacterial strains. Ciprofloxacin 

reduced considerably viable cell numbers over 24 h. The ciprofloxacin increased crystal violet 

uptake in strains resulting in a change in permeability and structure of the bacterial cell wall layer. 

Furthermore, ciprofloxacin inhibited biofilm formation significantly by strains, due probably to 

the inhibition of quorum sensing signalling pathways involved in biofilm formation. 

Cellulose is the earth's most widely used plant polymer and material in industries. Its 

degradation into fermentable sugars, especially fructose, is beneficial in many applications. 

Fructose can be produced via two steps: enzymatic hydrolysis of cellulose to glucose followed by 

isomerization of glucose into fructose. Of no question, it is more cost-effective to convert cellulose 

into fructose via a one-step process. The present investigation has explored cellulase and glucose 

isomerase-producing bacteria from soil sources. Paenathrobacter sp. MKAL1, Hymenobacter sp. 

MKAL2, Mycobacterium sp. MKAL3, Stenotrophomonas sp. MKAL4, Chryseobacterium sp. 

MKAL5 and Bacillus sp. MKAL6 produced cellulase and glucose isomerase (GI). These strains 

are novel wild-type cellulase and GI producers and can be potential precursors acting 

synergistically in the one-step conversion of cellulose into fructose using wheat straw. The 

optimization strategy of these scaled maximum GI production during a short time using a software 

method, cocultures, and whole-cell immobilized forms with multiple exploitable characteristics 



 

206 
 

could reduce the time and cost of current bioconversion processes. Some bacterial strains displayed 

non-hemolytic nature, antagonistic activities, antibiotic susceptibility, and good adhesive and 

aggregating capacity, indicating they could be potentially probiotics in the aquaculture industry. 

Also, bacterial strains showed high tolerance to heavy metals, which could benefit metal 

phytoremediation. Therefore, analysis of characteristics of soil bacteria provides essential 

information on soil health, diversity of heavy metal-resistant bacteria and development of effective 

bioremediation measures. On the other hand, some classes of enzymes appear as characteristics of 

certain species, genera, or microbial families. Others are likely to contain two types of enzymes or 

more or none. In our study, bacterial strains exhibited various enzyme activities. The assistance 

provided is far from negligible and can only increase as the analytical data multiply. 

These results provide evidence for the potential use of these bacterial strains in 

lignocellulosic biomass bioprocess industries. At this stage of knowledge, we suggest for the 

future: 

(1) To purify these cellulases and glucose isomerases for hydrolysis and saccharification of wheat 

straw, 

(2) The immobilization studies of purified glucose isomerases for hydrolysis and saccharification 

of wheat straw, 

(3) The studies on the division of labour (relationship between substrate chemical complexity and 

bacterial enzymes produced by each partner) for a better understanding of the synergistic 

mechanism in coculture for enzyme enhancing in the wheat straw fermentation process, 

(4) To explore end products from the wheat straw fermentation process using various analytical 

tools such as GC-MS, HPLC, FTIR etc., 
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(5) an in-depth genetic study of virulence, antibiotic and heavy metal resistance genes for 

clarifying pathogenicity or non-pathogenicity of soil bacteria. 
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Appendix 1. Effect of carbon sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6 

Strains Concentrations 

(%) 

Cellulase activity (U/mL) 

CMC Sucrose Glucose Fructose Sorbitol Mannitol Xylose 

MKAL1 

 

 

 

 

 

MKAL2 

 

 

 

 

 

MKAL3 

 

 

 

 

 

MKAL4 

 

 

 

 

 

MKAL5 

 

 

 

 

 

MKAL6 

0.5 

1 

1.5 

2 

2.5 

 

0.5 

1 

1.5 

2 

2.5 

 

0.5 

1 

1.5 

2 

2.5 

 

0.5 

1 

1.5 

2 

2.5 

 

0.5 

1 

1.5 

2 

2.5 

 

0.5 

1 

1.5 

2 

2.5 

0.00 ± 0.00 

3.66 ± 0.84 

13.22 ± 2.53 

4.71 ± 0.95 

2.57 ± 0.79 

 

0.00 ± 0.00 

4.16 ± 1.07 

8.63 ± 0.43 

16.50 ± 1.36 

5.01 ± 0.71 

 

0.00 ± 0.00 

9.66 ± 0.75 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

2.64 ± 0.14 

3.79 ± 0.37 

10.93 ± 0.83 

5.99 ± 0.90 

 

0.00 ± 0.00 

5.67 ± 0.08 

11.51 ± 0.95 

3.13 ± 0.54 

1.08 ± 0.09 

 

0.00 ± 0.00 

6.27 ± 0.79 

11.62 ± 1.68 

18.06 ± 1.30 

5.87 ± 0.80 

27.55 ± 6.79 

158.27 ± 10.48 

118.72 ± 11.60 

83.42 ± 15.83 

45.66 ± 12.99 

 

15.87 ± 6.47 

40.79 ± 4.31 

63.10 ± 1.95 

78.87 ± 4.71 

53.33 ± 9.47 

 

21.69 ± 6.77 

62.69 ± 4.94 

100.82 ± 8.93 

88.48 ± 6.08 

67.90 ± 9.21 

 

24.44 ± 5.50 

92.59 ± 6.97 

109.08 ± 2.73 

190.30 ± 6.42 

175.53 ± 7.87 

 

15.70 ± 4.41 

68.42 ± 9.27 

134.76 ± 9.11 

106.97 ± 10.05 

74.97 ± 8.44 

 

7.87 ± 1.65 

14.58 ± 2.66 

186.54 ± 7.23 

153.51 ± 2.31 

110.68 ± 6.37 

0.00 ± 0.00 

7.43 ± 0.83 

10.64 ± 2.38 

4.05 ± 0.96 

2.81 ± 0.05 

 

0.00 ± 0.00 

4.60 ± 1.05 

7.59 ± 1.97 

8.16 ± 1.82 

7.63 ± 1.22 

 

0.00 ± 0.00 

0.00 ± 0.00 

15.40 ± 2.62 

1.98 ± 0.25 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

3.21 ± 0.71 

7.89 ± 0.95 

5.36 ± 0.88 

 

0.00 ± 0.00 

1.89 ± 0.23 

3.62 ± 0.49 

7.60 ± 1.99 

4.83 ± 0.59 

 

0.00 ± 0.00 

0.00 ± 0.00 

4.39 ± 0.93 

34.90 ± 5.65 

29.89 ± 5.03 

0.00 ± 0.00 

7.51 ± 0.98 

21.16 ± 8.08 

8.06 ± 0.84 

7.53 ± 0.93 

 

0.00 ± 0.00 

1.22 ± 0.08 

2.07 ± 0.65 

13.11 ± 1.66 

10.67 ± 1.64 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.93 ± 0.08 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

3.81 ± 0.37 

39.44 ± 2.96 

33.31 ± 3.02 

 

0.00 ± 0.00 

4.14 ± 1.27 

10.03 ± 1.06 

9.90 ± 1.15 

6.66 ± 1.02 

 

0.00 ± 0.00 

0.00 ± 0.00 

3.15 ± 1.07 

23.33 ± 4.28 

20.07 ± 3.87 

0.00 ± 0.00 

3.55 ± 0.83 

5.15 ± 0.56 

33.34 ± 8.98 

27.33 ± 4.51 

 

0.00 ± 0.00 

6.22 ± 1.31 

34.01 ± 1.01 

10.70 ± 1.66 

8.81 ± 0.61 

 

0.00 ± 0.00 

9.10 ± 1.89 

31.52 ± 7.02 

44.01 ± 7.06 

40.59 ± 6.55 

 

0.00 ± 0.00 

4.97 ± 0.76 

11.78 ± 1.03 

56.96 ± 4.75 

50.47 ± 5.23 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

3.97 ± 0.44 

27.48 ± 0.58 

22.25 ± 0.70 

18.83 ± 2.05 

0.00 ± 0.00 

7.63 ± 0.64 

9.83 ± 1.03 

44.22 ± 7.13 

38.87 ± 6.78 

 

1.12 ± 0.02 

8.07 ± 1.88 

17.38 ± 0.99 

40.20 ± 5.47 

35.55 ± 4.31 

 

0.00 ± 0.00 

6.68 ± 0.96 

39.72 ± 6.66 

35.16 ± 5.05 

32.32 ± 3.91 

 

5.59 ± 0.88 

15.80 ± 2.64 

22.25 ± 5.82 

27.25 ± 4.27 

24.44 ± 2.87 

 

0.00 ± 0.00 

7.01 ± 1.50 

7.31 ± 0.44 

8.51 ± 1.19 

5.53 ± 0.87 

 

9.38 ± 1.11 

20.30 ± 0.57 

44.99 ± 0.99 

33.60 ± 0.99 

29.64 ± 2.31 

4.08 ± 0.07 

17.19 ± 2.02 

25.56 ± 7.51 

8.70 ± 0.75 

6.22 ± 1.04 

 

0.00 ± 0.00 

1.54 ± 0.07 

12.58 ± 1.13 

26.57 ± 3.47 

24.33 ± 3.01 

 

0.00 ± 0.00 

0.00 ± 0.00 

9.33 ± 2.07 

11.81 ± 2.68 

8.84 ± 1.73 

 

0.00 ± 0.00 

2.32 ± 0.60 

2.68 ± 0.22 

3.34 ± 1.08 

1.56 ± 0.66 

 

0.00 ± 0.00 

7.44 ± 1.55 

6.66 ± 1.07 

1.27 ± 0.15 

0.00 ± 0.00 

 

8.83 ± 1.04 

16.11 ± 2.87 

35.45 ± 6.98 

48.52 ± 3.89 

44.45 ± 4.15 

CMC: carboxymethylcellulose;  MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas 

sp. MKAL4; MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 2. Effect of nitrogen sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6 

Strains Conc. 

(%) 

Cellulase activity (U/mL) 

Yeast extract Malt extract Casein 

hydrolysate 

Peptone Tryptone Ammonium 

chloride 

Ammonium 

nitrate 

Ammonium 

sulfate 

Urea 
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MKAL5 

 

 

 

 

 

MKAL6 
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0.5 

1 

1.5 
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0.5 
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1.5 
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0.5 
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0.5 
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1.5 
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0.05 

0.5 

1 

1.5 

2 

 

0.05 

0.5 

1 

1.5 

2 

13.22 ± 0.53 

13.56 ± 0.80 

15.34 ± 1.42 

12.85 ± 0.64 

6.68 ± 0.88 

 

16.50 ± 1.36 

20.50 ± 1.35 

13.03 ± 1.09 

12.26 ± 1.86 

11.65 ± 1.04 

 

9.66 ± 0.75 

9.90 ± 0.96 

10.46 ± 0.46 

11.71 ± 0.59 

11.21 ± 1.59 

 

10.93 ± 0.83 

11.63 ± 1.00 

12.70 ± 0.86 

16.58 ± 1.28 

14.08 ± 1.15 

 

11.51 ± 0.95 

11.76 ± 0.96 

12.29 ± 1.84 

7.36 ± 0.97 

6.57 ± 0.86 

 

18.06 ± 1.30 

19.07± 2.54 

21.72 ± 2.49 

26.60 ± 3.36 

23.19 ± 3.70 

2.27 ± 0.61 

7.23 ± 1.10 

11.80 ± 2.73 

8.78 ± 0.99 

4.52 ± 0.91 

 

1.06 ± 0.62 

7.02 ± 0.71 

3.91 ± 0.87 

2.50 ± 0.77 

0.00 ± 0.00 

 

2.39 ± 0.41 

2.43 ± 0.49 

2.24 ± 0.74 

0.90 ± 0.08 

0.00 ± 0.00 

 

8.53 ± 0.44 

10.47 ± 1.45 

6.19 ± 1.01 

4.82 ± 0.93 

0.00 ± 0.00 

 

3.60 ± 0.73 

6.52 ± 0.95 

15.26 ± 1.47 

2.77 ± 0.63 

1.57 ± 0.40 

 

9.79 ± 1.96 

10.54 ± 2.13 

12.60 ± 1.47 

5.17 ± 1.10 

4.71 ± 0.82 

0.00 ± 0.00 

5.26 ± 0.58 

19.62 ± 2.55 

15.42 ± 1.73 

12.12 ± 1.44 

 

6.99 ± 0.87 

8.92 ± 1.00 

10.03 ± 1.34 

18.88 ± 0.84 

13.06 ± 1.70 

 

4.04 ± 0.47 

7.28 ± 0.53 

9.18 ± 0.63 

13.38 ± 1.13 

11.31 ± 0.52 

 

14.66 ± 0.78 

15.27 ± 1.55 

17.84 ± 0.73 

21.80 ± 1.14 

19.75 ± 1.82 

 

3.43 ± 0.60 

5.28 ± 0.58 

17.75 ± 1.49 

14.04 ± 1.64 

12.29 ± 1.21 

 

8.07 ± 0.97 

10.82 ± 1.63 

16.20 ± 2.50 

26.52 ± 2.12 

17.89 ± 2.50 

0.00 ± 0.00 

6.55 ± 0.69 

19.23 ± 3.73 

13.56 ± 1.74 

9.06 ± 0.94 

 

0.00 ± 0.00 

7.62 ± 0.80 

12.59 ± 1.93 

16.49 ± 0.95 

14.34 ± 1.99 

 

4.32 ± 0.29 

7.00 ± 1.25 

7.33 ± 0.86 

9.74 ± 0.54 

8.89 ± 0.64 

 

7.53 ± 0.51 

14.63 ± 1.58 

16.21 ± 0.65 

19.77 ± 0.68 

17.98 ± 1.49 

 

3.65 ± 0.76 

4.49 ± 1.13 

7.95 ± 0.96 

13.43 ± 1.68 

10.00 ± 1.31 

 

8.69 ± 1.06 

16.56 ± 1.61 

17.12 ± 1.90 

26.20 ± 3.56 

17.62 ± 1.78 

0.00 ± 0.00 

9.17 ± 0.67 

17.52 ± 2.81 

15.03 ± 1.44 

10.31 ± 1.78 

 

0.00 ± 0.00 

8.42 ± 0.67 

11.85 ± 1.46 

16.33 ± 1.82 

12.36 ± 1.45 

 

5.03 ± 0.30 

8.91 ± 0.50 

13.11 ± 0.38 

14.00 ± 0.91 

11.62 ± 0.71 

 

10.98 ± 0.72 

13.00 ± 1.64 

15.83 ± 0.61 

19.08 ± 2.14 

18.14 ± 1.60 

 

5.14 ± 0.71 

5.82 ±0.64 

11.89 ± 1.62 

13.40 ± 1.45 

11.61 ± 1.62 

 

8.91 ± 1.68 

14.09 ± 1.92 

18.29 ± 1.84 

26.55 ± 2.12 

20.77 ± 2.99 

0.00 ± 0.00 

4.93 ± 0.52 

12.65 ± 1.87 

7.88 ± 0.88 

0.46 ± 0.06 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

6.58 ± 0.29 

8.94 ± 0.49 

12.32 ± 0.52 

7.75 ± 0.70 

2.73 ± 0.96 

 

1.87 ± 0.50 

3.02 ± 0.27 

2.45 ± 0.75 

0.00 ± 0.00 

0.00 ± 0.00 

 

1.04 ± 0.35 

3.09 ± 0.83 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

5.23 ± 0.94 

8.60 ± 0.67 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

5.25 ± 0.57 

15.24 ± 1.79 

11.84 ± 1.59 

3.12 ± 0.80 

 

0.00 ± 0.00 

8.11 ± 1.21 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

5.19 ± 0.72 

7.88 ± 0.80 

9.80 ± 0.42 

6.53 ± 0.89 

5.98 ± 0.63 

 

1.48 ± 0.68 

2.81 ± 0.43 

0.89 ± 0.07 

0.00 ± 0.00 

0.00 ± 0.00 

 

2.63 ± 0.40 

4.66 ± 0.56 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

8.38 ± 0.92 

18.48 ± 1.96 

10.20 ± 1.77 

4.00 ± 0.92 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

5.45 ± 0.49 

8.32 ± 0.36 

13.93 ± 1.46 

10.37 ± 1.19 

 

0.44 ± 0.09 

2.22 ± 0.38 

8.79 ± 1.34 

0.00 ± 0.00 

0.00 ± 0.00 

 

2.77 ± 0.65 

5.19 ± 0.88 

6.03 ± 0.59 

7.5 ± 0.80 

7.01 ± 0.64 

 

0.00 ± 0.00 

8.31 ± 1.50 

7.86 ± 1.97 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

4.66 ± 0.56 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

6.03 ± 0.62 

9.74 ± 1.89 

4.58 ± 0.80 

0.00 ± 0.00 

0.00 ± 0.00 

Conc.: concentration; Only MKAL6 degraded CMC without a nitrogen source in the culture medium (3.60 ± 0.88 U/mL); MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: 

Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. 

MKAL6; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 3. Effect of salts on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6 

Strains Concentrations 

(mM) 

Cellulase activity (U/mL) 

KCl NaCl CaCl2 AlCl3 MgCl2 MnCl2 

MKAL1 

 

 

 

 

 

MKAL2 

 

 

 

 

 

MKAL3 

 

 

 

 

 

MKAL4 

 

 

 

 

 

MKAL5 

 

 

 

 

 

MKAL6 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

19.62 ± 2.55 

19.90 ± 0.84 

21.15 ± 3.29 

12.47 ± 1.07 

7.15 ± 0.29 

 

20.50 ± 1.35 

20.83 ± 0.15 

21.20 ± 2.35 

16.50 ± 2.35 

15.66 ± 1.89 

 

14.00 ± 0.91 

15.55 ± 0.10 

16.39 ± 1.41 

15.09 ± 2.01 

14.16 ± 0.41 

 

21.80 ± 1.14 

21.84 ± 1.88 

19.99 ± 1.87 

14.38 ± 1.93 

10.94 ± 1.65 

 

17.75 ± 1.49 

18.06 ± 0.52 

18.53 ± 1.09 

14.16 ± 0.57 

13.72 ± 1.99 

 

26.60 ± 3.36 

26.84 ± 1.43 

27.01 ± 2.29 

25.99 ± 2.68 

21.83 ± 1.76 

2.62 ± 0.50 

4.38 ± 0.72 

3.60 ± 0.55 

1.44 ± 0.22 

0.70 ± 0.06 

 

11.82 ± 0.43 

13.39 ± 2.01 

7.03 ± 1.04 

6.84 ± 0.86 

5.67 ± 0.74 

 

1.22 ± 0.046 

2.05 ± 0.85 

0.36 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

 

8.78 ± 0.31 

9.95 ± 0.45 

11.00 ± 1.05 

10.08 ± 2.09 

8.63 ± 1.21 

 

0.67 ± 0.29 

1.69 ± 0.41 

0.96 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

 

9.79 ± 0.83 

11.32 ± 0.54 

7.71 ± 0.94 

6.06 ± 1.02 

5.55 ± 0.74 

2.65 ± 0.60 

2.71 ± 0.81 

3.93 ± 0.68 

1.12 ± 0.46 

0.51 ± 0.03 

 

9.87 ± 0.17 

12.25 ± 0.78 

10.49 ± 1.43 

9.56 ± 0.72 

9.09 ± 0.54 

 

1.76 ± 0.14 

2.06 ± 0.76 

0.18 ± 0.08 

0.00 ± 0.00 

0.00 ± 0.00 

 

4.64 ± 1.71 

10.00 ± 0.91 

9.16 ± 1.55 

7.78 ± 0.68 

4.93 ± 0.56 

 

2.37 ± 0.33 

2.46 ± 0.35 

0.99 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

 

11.08 ± 0.96 

13.06 ± 1.36 

9.72 ± 0.86 

8.36 ± 1.08 

6.97 ± 0.68 

3.42 ± 0.58 

4.63 ± 0.62 

3.61 ± 0.75 

2.18 ± 0.23 

1.89 ± 0.51 

 

9.12 ± 0.61 

12.25 ± 2.53 

21.21 ± 2.26 

20.36 ± 1.57 

19.19 ± 0.26 

 

0.018 ± 0.00 

1.30 ± 0.07 

0.22 ± 0.04 

0.00 ± 0.00 

0.00 ± 0.00 

 

7.64 ± 0.35 

10.50 ± 0.88 

8.77 ± 1.55 

6.07 ± 1.38 

5.47 ± 1.09 

 

0.83 ± 0.08 

1.57 ± 0.46 

0.41 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

 

9.68 ± 1.55 

11.95 ± 0.47 

9.28 ± 1.40 

8.45 ± 1.03 

6.15 ± 1.07 

4.27 ± 0.89 

4.50 ± 0.47 

3.87 ± 0.81 

2.22 ± 0.68 

1.86 ± 0.65 

 

10.39 ± 1.06 

10.36 ± 0.60 

12.48 ± 1.22 

11.13 ± 1.09 

10.64 ± 1.05 

 

0.77 ± 0.08 

1.77 ± 0.09 

0.42 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

 

8.23 ± 0.59 

9.23 ± 0.59 

7.99 ± 0.45 

4.14 ± 0.95 

3.59 ± 0.40 

 

12.16 ± 0.31 

13.17 ± 0.32 

20.05 ± 2.29 

16.01 ± 1.47 

14.73 ± 0.59 

 

9.55 ± 0.36 

12.17 ± 1.59 

8.33 ± 0.46 

6.76 ± 1.16 

5.53 ± 0.64 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.90 ± 0.26 

3.94 ± 1.00 

0.49 ± 0.03 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.29 ± 0.11 

0.79 ± 0.19 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.78 ± 0.10 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.13 ± 0.06 

0.11 ± 0.02 

0.00 ± 0.00 

0.00 ± 0.00 

Controls were 4.16 ± 0.40, 10.92 ± 2.45, 0.09 ± 0.00, 7.94 ± 1.28, 1.38 ± 0.41, 7.14 ± 0.71 U/mL for MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6, respectively; 

MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; MKAL5: 

Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 4.  Effect of salts on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6 

Strains Concentrations 

(mM) 

Cellulase activity (U/mL) 

CoCl2 NiCl2 ZnCl2 CrCl3 PbCl2 BaCl2 

MKAL1 

 

 

 

 

 

MKAL2 

 

 

 

 

 

MKAL3 

 

 

 

 

 

MKAL4 

 

 

 

 

 

MKAL5 

 

 

 

 

 

MKAL6 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

 

0.5 

1 

2.5 

4 

5 

2.05 ± 0.48 

6.02 ± 0.79 

4.25 ± 0.61 

3.31 ± 0.34 

2.84 ± 0.46 

 

14.76 ± 1.23 

15.43 ± 1.50 

23.23 ± 1.90 

16.23 ± 1.98 

15.59 ± 1.52 

 

0.19 ± 0.03 

1.18 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

9.76 ± 1.31 

24.38 ± 2.60 

19.99 ± 1.87 

14.38 ± 1.93 

10.94 ± 1.65 

 

0.00 ± 0.00 

0.00 ± 0.00 

2.36 ± 0.29 

0.00 ± 0.00 

0.00 ± 0.00 

 

12.82 ± 0.86 

28.71 ± 1.22 

22.94 ± 1.42 

18.81 ± 2.05 

16.97 ± 2.15 

4.09 ± 0.39 

4.10 ± 0.71 

4.34 ± 0.87 

4.07 ± 0.76 

3.76 ± 0.94 

 

10.58 ± 1.19 

9.56 ± 0.95 

12.30 ± 1.70 

11.96 ± 1.22 

10.67 ± 1.34 

 

0.00 ± 0.00 

0.00 ± 0.00 

1.76 ± 0.74 

0.00 ± 0.00 

0.00 ± 0.00 

 

9.49 ± 1.39 

10.12 ± 1.27 

10.52± 1.20 

10.08 ± 2.09 

8.63 ± 1.21 

 

0.03 ± 0.00 

0.37 ± 0.04 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

9.49 ± 0.42 

10.04 ± 0.94 

11.45 ± 0.82 

9.91 ± 1.41 

7.77 ± 0.87 

4.43 ± 1.06 

5.08 ± 1.45 

4.83 ± 0.83 

4.25 ± 0.25 

3.56 ± 1.80 

 

3.30 ± 0.02 

3.66 ± 0.98 

5.95 ± 0.90 

5.09 ± 0.65 

4.81 ± 0.56 

 

0.00 ± 0.00 

0.00 ± 0.00 

1.93 ± 0.33 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.10 ± 0.03 

0.69 ± 0.04 

0.91 ± 0.12 

0.54 ± 0.08 

0.47 ± 0.06 

5.80 ± 1.38 

5.98 ± 1.17 

6.04 ± 0.98 

5.49 ± 0.93 

4.97 ± 0.39 

 

14.38 ± 2.73 

6.69 ± 1.14 

4.17 ± 0.19 

3.99 ± 0.60 

3.12 ± 0.84 

 

0.53 ± 0.12 

1.51 ± 0.82 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.11 ± 0.03 

0.21 ± 0.08 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

2.19 ± 0.49 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

2.13 ± 0.94 

4.34 ± 1.13 

6.27 ± 1.34 

5.15 ± 0.73 

3.39 ± 0.18 

5.14 ± 1.62 

5.26 ± 0.70 

4.37 ± 0.77 

4.01 ± 0.22 

3.58 ± 0.54 

 

12.28 ±2.37 

5.64 ± 1.60 

3.12 ± 0.89 

1.06 ± 0.08 

0.00 ± 0.00 

 

0.35 ± 0.05 

1.81 ± 0.71 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.17 ± 0.06 

0.43 ± 0.09 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

4.37 ± 1.32 

5.88 ± 1.03 

3.90 ± 0.43 

1.01 ± 0.02 

0.00 ± 0.00 

4.10 ± 0.79 

4.16 ± 0.81 

3.48 ± 0.70 

2.87 ± 0.66 

2.13 ± 0.15 

 

8.11 ± 1.19 

8.83 ± 1.09 

0.82 ± 0.05 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.43 ± 0.03 

1.51 ± 0.68 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.01 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

 

3.61 ± 1.13 

3.70 ± 0.89 

1.76 ± 0.10 

0.00 ± 0.00 

0.00 ± 0.00 

Controls were 4.16 ± 0.40, 10.92 ± 2.45, 0.09 ± 0.00, 7.94 ± 1.28, 1.38 ± 0.41, 7.14 ± 0.71 U/mL for MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6, respectively; 

MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; MKAL5: 

Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 5. The contour plots between the temperature, pH and fermentation time showing the interactive effects on cellulase 

activity in the CMC medium by MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. MKAL1: Paenarthrobacter sp. 

MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; 

MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6. 
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Appendix 6. The contour plots between the temperature, pH and fermentation time showing the interactive effects on the glucose 

isomerase activity in the wheat straw medium by MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKAL6. MKAL1: 

Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: 

Stenotrophomonas sp. MKAL4; MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6 
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Appendix 7. Effect of pH on glucose isomerase production in bacterial cocultures  

Bacterial culture Glucose isomerase activity (U/mL) 

pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 

MKAL1 

MKAL2 

MKAL3 

MKAL4 

Coculture A (1:4) 

Coculture B (3:2) 

Coculture C (1:4) 

Coculture G (1:4) 

Coculture J (3:2) 

0.02 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0. 00 ± 0.00 

0.00 ± 0.00 

0.00 ± 0.00 

0.19 ± 0.04 

0.12 ± 0.02 

0.06 ± 0.00 

8.14 ± 1.18 

8.42 ± 2.03 

9.96 ± 1.56 

8.01 ± 1.50 

1.10 ± 0.02 

1.20 ± 0.04 

0.71 ± 0.00 

3.15 ± 0.25 

3.41 ± 0.06 

8.00 ± 0.58 

10.03 ± 2.57 

8.90 ± 2.91 

7.82 ± 1.34 

9.67 ± 2.59 

7.32 ± 1.10 

6.99 ± 0.16 

7.60 ± 1.95 

8.95 ± 1.41 

9.85 ± 1.96 

5.05 ± 1.08 

4.06 ± 0.75 

3.37 ± 0.53 

19.62 ± 1.86 

20.09 ± 2.10 

18.11 ± 1.69 

16.03 ± 1.89 

15.17 ± 1.29 

8.11 ± 2.36 

10.44 ± 2.09 

12.25 ± 3.02 

7.31 ± 1.45 

10.14 ± 2.91 

11.77 ± 2.79 

8.98 ± 1.88 

7.89 ± 2.63 

8.21 ± 2.91 

7.76 ± 1.66 

5.83 ± 1.80 

4.91 ± 0.27 

5.80 ± 1.21 

3.55 ± 1.28 

3.74 ± 1.80 

5.81 ± 1.87 

3.94 ± 0.44 

4.40 ± 0.28 

MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; MKAL5: 

Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Coculture A: MKAL1and MKAL2; Coculture B: MKAL1 and MKAL3; Coculture C: MKAL1 and MKAL4; 

Coculture G: MKAL2 and MKAL4; Coculture J: MKAL3 and MKAL4; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 8. Effect of pH on cell growth in bacterial cocultures  

Bacterial culture Bacterial biomass (OD600) 

pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 

MKAL1 

MKAL2 

MKAL3 

MKAL4 

Coculture A (1:4) 

Coculture B (3:2) 

Coculture C (1:4) 

Coculture G (1:4) 

Coculture J (3:2) 

0.12 ± 0.06 

0.20 ± 0.07 

0.15 ± 0.02 

0.14 ± 0.01 

0.21 ± 0.06 

0.34 ± 0.8 

0.39 ± 0.09 

0.11 ± 0.06 

0.10 ± 0.04 

1.22 ± 0.08 

1.78 ± 0.09 

1.82 ± 0.18 

1.72 ± 0.20  

1.25 ± 0.04 

1.19 ± 0.11 

0.98 ± 0.05  

1.07 ± 0.06  

1.18 ± 0.12  

2.22 ± 0.45 

1.54 ± 0.88 

1.87 ± 0.10 

1.46 ± 0.83 

2.19 ± 0.52 

2.24 ± 0.43 

2.29 ± 0.34 

2.22 ± 0.33 

2.27 ± 0.38 

1.93 ± 0.22  

2.35 ± 0.24 

2.29 ± 0.18 

2.33 ± 0.15 

3.05 ± 0.56  

3.18 ± 0.58  

3.12 ± 0.57  

3.31 ± 0.68  

3.44 ± 0.63 

2.17 ± 0.39 

1.50 ± 0.85 

1.74 ± 0.01 

1.44 ± 0.82  

2.17 ± 0.35 

2.27 ± 0.32 

2.39 ± 0.33 

2.20 ± 0.32 

2.12 ± 0.43 

2.13 ± 0.32 

1.96 ± 0.29 

2.21 ± 0.39 

1.80 ± 0.13 

2.01 ± 0.35 

2.17 ± 0.39 

2.39 ± 0.27 

1.82 ± 0.12 

1.85 ± 0.23 

MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; MKAL5: 

Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Coculture A: MKAL1and MKAL2; Coculture B: MKAL1 and MKAL3; Coculture C: MKAL1 and MKAL4; 

Coculture G: MKAL2 and MKAL4; Coculture J: MKAL3 and MKAL4; Data are shown as mean values from triplicates with corresponding standard error bars. 
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Appendix 9. Effect of xylose on glucose isomerase production  (A) and cell growth (B) in 

bacterial cocultures. MKAL1: Paenarthrobacter sp. MKAL1; MKAL2: Hymenobacter sp. 

MKAL2; MKAL3: Mycobacterium sp. MKAL3; MKAL4: Stenotrophomonas sp. MKAL4; 

MKAL5: Chryseobacterium sp. MKAL5; MKAL6: Bacillus sp. MKAL6; Coculture A: 

MKAL1and MKAL2; Coculture B: MKAL1 and MKAL3; Coculture C: MKAL1 and MKAL4; 

Coculture G: MKAL2 and MKAL4; Coculture J: MKAL3 and MKAL4. Data are shown as mean 

values from triplicates with corresponding standard error bars. 
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