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Abstract

Cellulases and glucose isomerases are vital enzymes in converting cellulose into fructose.
Cellulases catalyze cellulose conversion to glucose, wglileose 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 gmze saccharification of biomass is essential for fructose
productionand reducing the time and cost of current bioconversion proceSsa® this
perspective, we characterized novel cellulase and glucose isomevdseing bacteria from soll
samples and optimize their enzyme production. Coculturing and wkblenmobilization for
glucose isomerase and bacterial resistance to environmental factors were also investigated.

Six bacterial strains,Paenarthrobactersp. MKAL1, Hymenobactersp. MKAL2,
Mycobacteriunmsp. MKALS3, Stenotrophomonasp. MKAL4, Chryseobacteriursp. MKALS and
Bacillussp. MKALG6 were isolated from mixture soil samples collected at Kingfisher Lake and the
University of Manitoba campus and identified using 16S rRNA gene seqaeabssis. 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 weaquantified using the 3dinitrosalicylic acid (DNS) method. The
efficient cellulase production in these strains occurred at the culture conditiond@f@5pH 5
6, 1-2% CMC and 96 h of incubation. The presence of yeast extract, casein hydrolygatad,r
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&.72 U/nL), MKAL4 (28.93-32.00



U/mL) and MKALG6 (33.9935.91 U/mL) compared to control (23:28.71 U/mL). However,
strains exhibited the highest cellulase activity (7818©0.30 U/mL) when sucrose was used as a
carbon compared to carboxymethyl cellulose (918306 U/mL). The response surface quadratic
model was reliable in predicting cellulase production during the fermentation process with strains
MKAL1, MKAL2, MKAL4 and MKALS5. The molecular weight of the cellulases is about 25 kDa.

Similarly, strains preferrethe temperature of 40°C, pH&and 4 days of incubation for
maximum glucose isomerase production. Xylose @.B®2 U/mL) induced higher enzyme
production production compared to CMC (3282 U/mL) and glucose (1.8882 U/mL).
However, 1% xylose boos 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
(12.6522.78 U/mL) or 22.5% wheat straw (9.813.90 U/mL). The response surface quadratic
modelwas reliable in predicting glucose isomerase production during fermentation with strains
MKAL1, MKAL3, MKALS5 and MKALSG.

Five cocultures (A, B, C, G and J) constructed from these strains exhibited synergism in
cell growth and glucose isomerase productidre highest level of synergism (15.17 U/mL) was
found in coculture J composedMfcobacteriunsp. MKAL3 (4.06 U/mL) andtenotrophomonas
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 cepiately absent in xylosgrown cocultures. The wheat straw
degradation synergism could rely on specific compounds released by strain MKALS3 that promote
the strain MKAL4 activity and vice versa. However, immobilized strains MKALA.92 U/mL)

MKAL2 (9.45 UmL), MKAL3 (12.01U/mL), MKAL4 (8.50 U/mL)and MKALS5 (9.69 U/mL)
improved glucose isomerase production in the wheat straw fermentation process compared to the

control (8.019.96 U/mL) at different sodium alginate concentrations.



All strains were capablef 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 dprofloxacin 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 str&@asnarthrobactesp. MKALL,
Hymenobactersp. MKAL2, Mycobacteriumsp. MKAL3, Stenotrophomonasp. MKAL4,
Chryseobacteriurap. MKALS5 andBacillussp. MKALG6 can use lowcost agricultural residues for
glucose isomerase production and enhance their enzyme activities through cocultures and whole

cell immobilization, minimizing dowsstreaming costs.
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Introduction

The development acceleration of human societies and, consequently, demands for raw
materials, products, ambnsumer 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 fundassedaeth
where chemical methods alone struggle to meet environmental requirements and ensure process
profitability.

According to the Food and Agricultural Organization of the United Nations (FA®)201
the consumption of caloric sweeteners, including &set 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, possiblgue 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 ligsmocellulosic
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)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 omponents. 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.,
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2019). These enzymes are secreted by microorgaimstading pure or mixed cultures of aerobic

and anaerobic bacteria, yeasts, fungi and algae (Ginesy 20Hr). 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 a@93; Schwarz, 2001; Ekperigin, 2007; Abghari and Chen,
2017).

However, strategies such as coculturing and wheleimmobilization can be used to
improve wild bacterial strains for enhanced enzyme production. Due to their morphological or
physiological poperties, 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 chemicalst(&ur2018) and,
therefore, a topical frontier to explofEhe 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 rep@921). Hence, the need to search for bacteria with lieiggd
production of these enzymes, efficient utilization of resulting sugars and appropriate fructose
production performances.

This work ained to find novel, efficient cellulase and glucose isomefa®elucing
bacteria from soil samples. To accomplish this goal, we have specifically proposed,

(1) To characterize cellulosiegrading bacteria and improve their cellulase production,
(2) To characterize glucose isomergseducing bacteria and enhanceithglucose isomerase

production,

XX



(3) To evaluate the effect of coculturing and whoddl immobilization on glucose isomerase
production in wheat straw fermentation and study the potential mechanism of cooperation in
bacterial cocultures for a synergistiegradation,
(4) Investigate ptentialvirulence, 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 fanportant bacteria with highly cellulolytic performances,
(2) Soil bacteriain coculture and immobilization formsecrete hydrolytic enzymes that act
synergisticallyand,thereforecan reduce the time and cost of current bioconversion processes,

(3) Soil bacteria can be pathogens.

XXi



References

Abghari A, Chen S (2017). Engineerifgrrowia lipolyticafor enhanced production of lipid and
citric Acid. Fermentation 3, 34-49.

Bentsen NS, Lamers P, Lalonde C, Wellisch M, Bonner J (2016). Mobilization of agricultural
residues for bioenergy and higher value -pioducts: Resources, barriers and
sustainability. IEA Bioenergy.

Ekperigin MM (2007). Preliminargtudies of cellulase production Bginetobacter anitratuand
Branhamellasp.Afr J Biotechnql 6, 2833.

FAO (2019). OECDFAO agricultural outlook 20322027 ,https://www.oece
ilibrary.org/agricultureandfood/data/oecégriculturestatistics_agdataen pp.

Ginesy M, Rusanovilaydenova D, Rova U (2017). Tuning of the carbmnitrogen ratio for the
production of L-arginine byEscherichia coliFermentation 3, 6669.

Global Cellulase (CAS 90124-8) Market Growth 202-2026(20217). Available from:
https://www.360researchreports.com/gleballulasecas901254-8-sales-market
16610450Accessed October 30, 2020.

Paudel PY, Qin W (2015). Characterization of novel cellufaselucing bacteria isolated from
rotting wood sample®\ppl Biochem Biotechnol 77, 1186 1198.

Saxena S, Bahadur J, Varma A (19%3}}llulose and hemicellulose degrading bacteria from
termite gut and mould soils of Indiadian J Microbiol 33 55-60.

Schwarz WH (2001). The cellulosome and cellulose degradation by anaerobic bacteria. Applied
Microbiology and Biotechnology, 56: 6349.

SinghTA, JajooA, BhasinS (2020) Production and application of glucose isomerase from

XXii


https://www.oecd-/
https://www.360researchreports.com/global-cellulase-cas-9012-54-8-sales-market-16610450
https://www.360researchreports.com/global-cellulase-cas-9012-54-8-sales-market-16610450

Streptomyces enissocaes#disd amylase frorstreptomycesp. for the synthesis of high
fructose corn syruBN Appl S¢i2, 1968.

Souzanchi S, Nazari L, Rao, Yuan Z, Tan Z, Xu C (20C8jalyticisomerization ofjlucose to
fructose usingheterogeneousolid basecatalysts in acontinuousflow tubular reactor:
Catalystscreeningstudy. Catal Today 319 76-83.

Sun J, Li H, Huang HWVang B, Xiag LP, Song G (2018). Integration of enzymatic and
heterogeneous catalysis for gmet production of fructose from glucogghemSusChem

11, 11571162

xXXxiii



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, tranis, lstanches, 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 ascpn (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 (Wal.e2020). Hemicelluloses are
threedimensional heterpolymers 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 €legr o f pol ymer i z ail#Agycosidcf arou
bonds | ink their uni t-32 al3dnred snhaglydosificmihea | ev e
side chains. Lignin is a ndimear, heterogeneous, thrdanensional complex polymer consisting
of phenylpropane (Guaiacylpropane (G), syringylpropane (S)ydvoxyphenylpropane (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 hihed<-©-C ether

bonds or GC bonds. Lignin acts as a cement providing hardness to the cell wall and resistance



against biological attacks by microorganisms or insects. Cellulose, hemicellulose and lignin are
linked together by chemical bonds, of whick tiydrogen 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 celllose 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 conven®n 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 dinerptesence 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 agmdustrial and agricultural wastes. It is aelan
pol ysaccharide composed -14fglycgsidialmoonds, and tha smallest c o n n
repetitive unit is cellobiose. Its structure is partially crystalline and insoluble at room temperature
in organic solvents, diluted acids and alkalis (Tdkishal., 2017; Zhong et al., 2019). Its structure
is also interspersed with disordered or disorganized domains (amorphous cellulose), constituting
51 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 achievatidigynergistic action of three enzymes:



endoglucanases, egkiangidbsesc @ enting easdVarmaeskerkdn, 2001;

loelovich, 2008).

3. Cellulases

3.1. Classification of cellulases and their functional properties

Cellul ases are hydr ol yt-14%qglycesidiz ypandssbetwedna t br
glucose units of cellulose. The cellulasmversion 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 systa belonging to glycosyl hydrolase families and composed of three enzymes:
endoglucanase, -glucosgldse, avhiah aast esyneagistitally bfor the complete
cellulose hydrolysis (Figure 1). Thus, endoglucanase and endoglucanase synergisticliyntrans
cellulose into small oligosaccharidesn d  t-diueosidade hydrolyzes oligosaccharides into
glucose (Sindhu et al., 2016). Specifically, endoglucarasgomly attackenternal sites of the
amorphous regions and generates new chain ends and otigasees 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 1)
and norreducing (cellomhydrolase type 1) ends of the cellulose chain, releasing glucose and
cell obi oses. It S active on crystall ktne su!
glucosidase acts on nwaducing ends and hydrolyzes cellooligosacharides and cellolmose t

glucose. It is inactive on both amorphous and crystalline cellulose (Sharma et al., 2016). The



enzyme hydrolysis of cellulose into glucose units depends on crystallinity, polymerization degree,
particle size and pore volume and availability of surfaea éBher et al., 2021).

Three properties govern the cascading depolymerization activity of cellulase, namely (1)
synergism, (2) processivity, and (3) subst@tanneling ability of the enzyme. The catalytic
mechanism(Figure 2)is the classical acidatalst 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 theanomeric carbon configuratioGérvey et al., 2013

3.2. Main sources of cellulases

Cellulases are produced by several microorganisms such as anaerobic bacteria in the
ruminant digestive traciJlostridium spp.,Ruminococcuspp.,Caldicoprobacterspp.), aerobic
bacteria Bacillus spp.,Cellulomonasspp.), filamentous fungiAspergillus nidulansA. niger, A.
oryzae Fusariumspp., Trichoderma viride T. reeséi, and actinomycetesvijcrobispora spp.,
Thermomonosporspp.,Streptomyesspp.)(Shida et al., 2016; Singhania et al., 2017; Soni et al.,
2018; Kumar et al., 2019; Sampathkumar et al., 2019; Verma et al., Z21j. are the most
cellulase producers, afidichoderma reesas widely used for cellulase production. Other fungi
such aHumicolaspp.,Penicilliumspp.,Gloeophyllumspp.,Melanocarpusspp. andAspergillus
spp. exhibit high enzyme production (Kumar et al., 2019; Ramesh et al., 2020). Cellulase is
constitutive of bacteria, whereas fungi produce cellulose only inptheence 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 Badilus (

amyloliquefaciensB. licheniformisB. circulars, B. subtilis B. agaradhaeran®B. pumilusandB.



thuringiensi$ and genus ClostridiunC( acetobutylicumC. cellulovoransC. cellulolyticum C.
cellulovoransandC. thermocellumare the main cellulase producing bacteria (Soni et al., 2018).
Mesophilic bacteria Gytophaga hutchinsoniiCellvibrio fulvus Cellvibrio gilvus Erwinia
carotovora and Paenibacillus spp.), archaebacterid?yrococcus horikoshiand Thermotoga
neapolitana and various organisms (protists, molluscs, insects, nematodesaceans and

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

et al., 2017).
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Figure 1. Different steps of cellulose hydrolys{s) the norreducing end, (b) the reducing end.
Endoglucanase cleaves amorphous cellulose sites to yielahang oligomers; exoglucanase
processively attacks crystalline areas to produce-celloi g o me -glgcosidasahydrobyzes
cellobiose to fermatable sugars. Lytic polysaccharide mamnygenase (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 cellulaseversion (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 betasissep
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 optimizatioreisegally performed using either
a onevariableatatime or statistical approach. Consequently, enzyme production is widely
affected by various growth parameters such as fermentation method, pH, incubation temperature,

incubation period, nitrogen and carbsources (Ohara et al., 2018).



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 extracellularzgme 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 esd@l for extracellular enzyme production (Soccol et al., 2017).

Most cellulasegproducing microorganisms prefer temperature ranges-8626 (Maryana
et al., 2015; Zhao et al., 2018; Ezeilo et al., 2019, Verma et al., 2021). Some cellulases from
recombinah microbes Geobacillussp. HTA426,Geobacillussp. 70PC53Bacillus sp SR22,
Talaromyces emersonilThermoascus aurantiacustc.) exhibited the best cellulase production
performance at elevated temperatures of 60 to 100°C (Hong et al., 2007; allg 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 @Liming and Xueliang, 2004; Lah et
al., 2016; Dey et al., 2018; Sirohi et,&019, Ariff et al., 2019). Only a few microorganisms as
Aspergillus terreu&\V49 (pH 4.0),Bacillus velezensigpH 4.72), Trichoderma asperellutdPM-

1, Trichodermasp .414 andPenicillium decumbangH 4.5) required pH lesser than 5 for better
cellulaseproduction. HowevemMicromonosporap.,Halomonassp. PS47Bacillus halodurance
IND18, Trichoderma viridaeandBacillus subtiliSsND19 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 sament@tios. Pure cellulose is too



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 producti@Paniagua et al., 2016)he 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 cragsking 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; Ussati@Butt, 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., 22), 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.),22@0dust (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.,R@20)s

hypogaeashells (Sulyman et a2020) 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 enpyoakiction, 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



3.4.1. Biomass composition

Lignin monomer composition (syringyl/guaiacyl unit ratio) and cilodsng (ether and
ester linkages) between lignins and branched side chain polysaccharides such as hemicelluloses
and pectins impact polymerization and furttiee 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
feedstockgXie et al., 2018; Yadav et al., 2020)-diphenolic precursor introduction has newly
enhanced lignin removal after pretreatment. Furthermore, overexpression of a modified methyl
transferase and bacterial lyase could reduce lignin polymerization degrae €Yal., 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, minerdisyas| nitrogen
and carbon sources) could increase the fermentation yield and reduce production costs. Siani et al.
(2015) reported that media engineering enhanced cellulase produddeniaillium oxalicunby
1.7-fold.

Due to the inherent complexiignd 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 thepsoéle
industrial processes in namonventional 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 cellulasesonconventional media is a



major challenge for their application in the biocatalytic conversion of biomass (Guerriero et al.,
2016). Therefore, cellulase destabilization in 4conventional media requires engineering
strategies for their application lmomass degradation (Kazlauskas, 2018; Contreras et al., 2020).
Succinylation of the cellulase cocktail frommichoderma reesdboosted nearly -Pold cellulose
conversion by 15% (v/v)-butyl-3-methylimidazolium chloride (Nordwald et al., 2014). The
enhamement 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 substititamge remains unknown.
Wolski et al. (2016) revealed cellulase (Cel7A) froadlaromyces emersoniias more active and
stable than wildype Talaromyces emersoniellulase orTrichoderma reesetellulase in ionic
liquid co-solvents. Pottkdmper et al. (@) 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 Aspegillus nigerusing 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, substratératioce nitrogen, and
carbon source type. Plackédurman, BoxBehnken, and central composite designs alone or in
combination are the most used statistical tools for independent variable screening and fermentation
condition optimization, significantly fluencing enzyme production. Cellulase productions by
Bacillus amyloliquefacien®IBAA3 (Thakkar and Saraf, 2014)ctinomycesp. (Liu et al., 2020)
andPseudomonas aerugino@arahim et al.,2021) were enhanced using PlacBettman design.

Using a comhmation of PlacketBurman and central composite designs maxiriizehoderma

10



reeseiRUT C30 cellulase production (Singhania et al., 2007)-Beknken design also enhanced
cellulase production irsaccharomyces cerevisi&&PW 17 (Amadi et al., 2020)\spenqillus
heteromorphugBajar et al., 2020)Aspergillus nigedTV 02 (InfanzénRodriguez et al., 2020),
Botrytis ricini URM 5627 (Silva et al., 2021) anducor circinelloidesand M. hiemalis(Al

Moussa et al., 2022).

3.4.3. Microbial strain

3.4.3.1. Mixedcultures strategy

The hydrolysis of cellulose to glucose relies on the synergistic action ofbehde
glucanases, c el lgmudosidases/(Malgaslenat, 23l7). Hawevkr, ome factors
influence cellulase synergy, such as ratio and ceutascentration 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 endeb-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 urdiegsteellulose
hydrolysis by cellulase mixtures is crucial and remains to be elucidated (Contreras et al., 2020).
However, Chownk et al. (2019) showed a synergistic actidaofllus sp. andMicrobacterium
sp. for improved cellulase production on riceast pretreated with dilute acid. Associated with a
microalgae Chlorococcumsp., cellulase activity oBacillus licheniformisKY962963 was
enhanced using a one variable at a time approach aridBBbrken design (Shah and Mishra,

2020).Coculture oBacillus licheniformisandB. paralicheniformigenhanced cellulase production

11



on microcrystalline cellulose and chicken marsupplemented rice bran media (Kazeem et al.,

2021).

3.4.3.2. Mutagenesiand protoplast fusion

Microbial strain improvement haBeen 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 conferretdy DNA and thus, creating new variations in the gene pool using UV radiation
and chemicals (Ethidium  bromide, -methykN énitro-N-nitrosoguanidine,  Ethyl
Methanesulfonate, etc.) (Adsul et al., 2007). Recently developed by Tsinghua University,
atmosphere psma mutation is a remarkable mutagenesis strategy leading to rapid mutation,
highly diverse mutants and simple and safe application. It is a wkblenutagenesis tool based
on a radiefrequency atmosphergressure glow discharge plasma. It exhibitshbigmutation
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 pinophilu®PC41 developed by consecutive UV raifa, N-methykN -nitro-N-
nitrosoguanidine and ethyl methane sulfonate treatment improved cellulase production (Liu et al.,
2020). Ega et al. (2020) improve the cellulase activityBat€illus subtilisVS15 by creating
mutants using ethyl methyl sulfonabé&Methyl-N Nj ANi-nttresoguanidine, and ultraviolet light
followed by recursive protoplast fusion. Silva et al. (2020) revealed a moebebderma reesei
mutant RP698 with enhanced cellulase production obtained by exposure to ultraviolet light. Peng
etal. (2021) reported an enhanced cellulase activity in a mutafiiasfoderma afroharzianum

obtained by random  mutagenesis -rfiéthytN énitro-N-nitrosoguanidine,  ethyl

12



methanesulfonate, atmospheric and room temperature plasma) with adaptive laborattignevol
strategy (high sugar stress). Papzan et al. (2021) enhanced cellulase aclivithadermasp.

through twestep 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 witype strains, modifying the genes involved in carbohydrate
biosynthesis, and facilitating increased sugar yield to enhance the producticn refthred
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 andhefe&c 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 scenaramd 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 pressuretagenesis approaches
to develop mutants with desired phenotypes. In contrast, reverse genetics is abaseics
system, metabolic engineering methods to associate genetic contenders with desired phenotypes
and further transfer the genetic contendets the host strains for sturdiness improvement.

Afterwards, genetic information can be read by technologies such ageretation sequencing

13



(NGS) and mass spectrometry (Phaneuf et al., 2020). Synthetic biology is a technique to construct
a novel biolgical system to produce fuels and chemicals from renewable sourceffeosvely.

The engineered biological systems created by synthetic biology include enzymes with new
functions, genetic circuits, and engineered cells with unique and desired spensichn 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 expogsgechnology, 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 usingnmasittae (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 geneticalithm for enhanced cellulase production Tiychoderma
reesei Li et al. (2022) enhanced cellulase productioPanicillium oxalicumR4 using Box
Behnken design and an artificial neural netwgenetic algorithm.

Epigenetics (an emerging area that aliergene'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 dmm&gnificantly increased cellulase productionTinchoderma reeseiSun et
al. (2022) revealed that selected regulatory or functional genes within an arbitrarily defined stage
could be pooled to enhance cellulase productidirichoderma reesei

Cellulag genes isolation from various thermophilic bacteria improved cellulase activity

through recombinant technology (classical approach, wieh®me isolation, whole metagenome
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isolation and bioinformatics) relying on manipulating the regulation of cell@apeession 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 &hd Oglycosylatel 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
glycanactive enzynes 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 towamellulase

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 2056, 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. Inthe biostoning process of denim garments, cellulases promote dye removal from the
fibril surface without affecting fiber strength and creating the shaded |able d&bric. They can
also be combined with other enzymes such as proteases, lipases and xylanases to achieve a

particular end. Bioscouring consists of removing-gehulosic material from the surface of the
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cotton fabric. The combination of pectinases aaliulases 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, tlrereby 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 callaland 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 wittlulases 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

Throughdeinking 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 papern@imbined 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' brightnesgntiness 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 entangkedanments. 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. Cellulasedegrade 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.dgeming 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 pndpealteration, 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

maltingimprovement 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 productionleéase isomerase have paved the way to
explore more efficient variants of these enzymesydroxymethylfurfural can be produced from

high fructose corn syrup catalytic dehydratiorhyalroxymethylfurfural as a promising platform
chemical can be further owerted into various furanic compounds chemically or biologically for
various industrial applications. Although the chemical conversiorhgtisoxymethylfurfural into

furanic compounds has been extensively investigated in recent years, bioconversioowmas s

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 ehjdroxymethylfurfural into valeradded furanic derivatives.

It suggests biological strategies for the industrial transformatiorhgtifEoxymethylfurfural.

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

evolution, furaniaerivatives, 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 (Souzangial., 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 % glwcose), 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 oftewgoagainst glucose
isomerase inactivation at high temperatures and acidic pH. The higher affinity of glucose
isomerase for glucose than xylose, cati@pendence and optimal fructose concentrations also
affect this step (Nam, 2022). High temperaturelaig 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 oby-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 aimdnaobilization

(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 oiseep process by enzyme-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 furthemprovement 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-Bydroxymethylfurfural (HMF), formed on long stom@f 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 valuabimbén chemicals and
materials synthesis. Thus, HFCS can gedufor 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 onadalad HMF
derivatives and remt 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 odification of glucose isomerase, -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 threeept: (1) substrate ring opening , (2) isomerization through a hydride
shift from G2 to G1 and (3) product ring closure (Figu8g(Desai et al., 2017)Jnderstanding
the mechanism of action of Gl has led to the development of molecular engineering models
(rationale enzyme engineering and directed evolution of enzyneshance the Gl activity in the

production of HFCS.
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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

enzymesubstrate interactions (enzyme active site) and reaction mechanisms based on
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biochemical, sequence and structural information for the mutant design. Limited knowlduge of
protein dynamics role and the quantitative input of specific interactions and catalysis are
challenges in rational enzyme engineering. The study of engyivarate interactions can lead to
beneficial mutations and enzyme activity loss. However, datprotein 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 conduotedhore costkfficient HFCS
production. The fructose yieldncreasingwith increasing temperatur@nd investigations on
glucose isomerase thermoresistant variants were efficient in glucose isomeritatvas 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 irtipsrilevelopment (Neifar et al., 2020). The
substrate specificity of Gl 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 HFCSqutuction. Besides these applications, enzyme mechanisms and specific
resi dues 0 -bindng graups)(ware telacidated through enzyme rational engineering.
Mutagenesis studies on several microbdsschierichia coli Streptomyces rubiginosus
Streptomyes olivochromogengeStreptomycesp., Bacillussp., Pichia pastori$ revealed essential
roles of active sites residues of Gl for pyranose or furanoseopaging and metahediated
hydride transfer (Liu et al., 2015). A double glucose isomerase mutatiarStreptomycesp. 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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helixU1l st abiydrophabit interactiotsyHajeretwal., 2014). Park et al. (2018)
characterized a mutant glucose isomerase tolerant to calcium and zindAfraxgbacillus
kamchatkensi&10. It has also been shown that a double mutation in the amino acids Gly219 and
Phe53 mproves the activity and thermostability of this enzyme (Hlima et al., 2013). Other amino
acids such as Alal03, Gly and Phe94 are involved in glucose isomerase thermostability and acid
tolerance. Driven by ribosomal RNA promoters, an antibiotic resistararxerfree system
increased glucose isomerase expressiorStieptomyces rubiginosu@Vang et al., 2019).
Ribosomal RNA would be influential promoters used in protein and metabolic engineering.

For better performance in cdtee biocatalytic proceduresmproving anin vivo
application of enzyme engineering is more complicated than engineering enzyme variants. Gl is
well-expressed in some cell hosts allowing to estimate exp@tteido enzyme activity from
cellular expression andn vitro kinetic paramters. 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 measurearreavo
activity. Also, havig two metalbinding sites, Gl can linkn vivo any metal with harmful effects
on activity, making required kinetic and biochemical properties difficultly definable for host cell
growth rateslin vivo performance tests could be an excellent way to imprdvac@vity. The
design and use of targeted mutantsdé | ibraries
prediction would be high. This would limit investigations to discover improved enzymes.
However, the active site of Gl is highly conservétus, 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 geerally slightly acidic so that lower pH could imprawevivo 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 impantvivo performance of GICurrently, enzyme
properties linked to the performandesivoare not elucidated. Therefore, the rational engineering

of Gl is complicated because of the two metals requirement, -eretgme interactions and
variablein vivo metal availability. Given tbse challenges, the applicability of mutant baseith on

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 canHamced by
directed evolution or by introducing a better performing enzyme. Directed evolution of an enzyme
is a natural selectiolike strategy (Figre4). It screens enzyme variants with improved properties
through host cells expressing a library ofdamly mutated enzymencoding 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 createdy kerrorprone mutagenesis, DNA shuffling, si&aturation mutagenesis,
chemical mutagenesis, using different mutator strains or retrotransposon Tyl 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
guality loss by lethal mutation introduction). The quality of mutant libraries was improved by
computational methods that remove potential lethal mutationser8ogeof libraries can be carried
outin vitro andin vivo. Escherichia coliand Saccharomyces cerevisiaee the most frequently
used host microbes used for the directed evolution of enzymes because of the availability of their

tools for recombinant prateexpression 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 imprové@meivo
performance tests can be performed on either two different organisms or the same organism. |
the latter case, directed evolution avoids complications related to possible mutation divergent
effects in various host organisms. It has been used for Gl expresSioodrevisia@andE. colito
enhance the glucose/xylose fermentation process. Magtmenlibraries were screendu vivo
usingS. cerevisiaeHowever S. cerevisiagrowth rate on glucose/xylose is limited by the activity

of Gl. So, the selection of improved Gl variants was made through differences in growth properties
(Seike et al., 2019 Directed evolution is beneficial, but variants' biochemical properties of Gl
governing glucose/xylose conversion rates observed in many investigations are still poorly
elucidated (Lee et al., 2017). Also, due to incomplete metal loading of heteroljogmpetssed
glucose isomerase and misloading problematic, metals incorporation and availability on the
activity of Gl are largely unexplored problems (Lee et al., 2020). Exploring enzyme properties and
mutations around metainding sites can influence glase/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 applicabilityn 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 growingemest lately in the production of bimsed chemicals and
materials from bioresources including cellulose, glucose, fructose and HFCS. The main difficulty
in producing high vyields of bibased chemicals from cellulose is the complex chemical
composition dcellulosic biomass. The high carbohydrate content of cellulosic biomass (~75%) is

converted to sugar by therrohemical pretreatment and hydrolysis (saccharification). These
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treatments represent 20% of the capital and operating costs. Therefeceskswgar production

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

(Mthembu et al., 2021).
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Figure 4. Different steps of directed evolution methodology.

4.3. HMF i a NewApplication of HFCS

One of the essential derivatives of renewable biomassyslfxymethylfurfural (HMF),
an alternative to producing petroletbased chemicals, pharmaceuticals (aatcinogenic,
antioxidant, antproliferative, antinflammatory, and ani@poptotic 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 6lliom 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 (Mia 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, investigatorstindied she
isomerization reaction of glucose to fructose. Various strategies were developed to reduce the
HMF yield loss by hydrolysis, based on aprotic solvents (dimethyl sulfoxide) ephase systems
with a watefimmiscible extractive solvent (methydbutyl 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 @YgCl
LaClz catlysts, solid acids (cation exchange resins, vanadyl phosphates)ités, niobic acid,
etc.). However, these chemical processes require harsh operating conditions (high temperature,
high pressure, etc.). They also lead to the production of hazardgureduycts 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 wdedlend enzymes. Still, the
low endproducts rate and lower econmnand 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 (Figre 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 fireembered ring structure (furanose), the same as HMF. On the othe
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hand, glucose has a very stable-sigmbered 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 dehydratidHMF 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, cataligtconversion 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 technigues were used to synthesize useful targktcules from HMF derivatives
including reduction, oxidation, esterification, enzymatic polymerization, -opening

polymerization and freeadical polymerization or other reactions (Figgye

4.3.1.1. Symmetrically functional derivatives of HMF
The peparation of symmetrically functional monomers has been possible due to the

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

43.1.1.1. HMF to Furandicarboxylic Acid (FDCA)

FDCA is synthesized from hydroxyl and forngybups oxidation of HMF. Itis 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 ZrQ, RuG, catalysts with Mgh a s e d s u fOpoatalystswith An Aanoparticles,

magnetic Pd catalysts, Ru/C catalysts and Au catalysts with various supports (Sajid et al., 2018;
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MegiasSayago et al., 2020; Weerathunga et al., 2021). Enpatadyzed oxidatin was
performed with HMF oxidoreductase (HMFO), 2,2;&@amethylpiperidind-oxyl/Candida
antarctica lipase B (TEMPO/CaLB), amgicohol oxidase (AAO), galactose oxidase (GO),
horseradish peroxidase (HRP), methanol oxidase, laccase, decarboxylggasmarialdehyde
oxidase (PaoABC), unidentified peroxidase (UPO), and novozym 435. Walble
biotransformation of HMFRseudomonas putidél2,Burkholderia cepaciail-2, Chaetomorpha

linum, Raoultella ornithinolytica BF60, Acinetobacter oleivoransS27, Adnetobacter
calcoaceticudNL14, Synechococcus elongatiseudomonas putigdAspergillus flavus\PLS-1,

and Comamonas testosterois€1588) were also used to produce FDCA (Cajnko et al., 2020;
Sheng et al., 2020; Saikia et al., 2021). Polyamides, polymesthgco)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 researchesigehinvestigated their synthesis, physical properties, structural
analysis and sorption behavior toward carbon dioxide, oxygen and water (FigBecause of

their similarity with polyethylene terephthalate (PET) and polybutylene terephthalate (PBT), pol
(ethylene2,5-furandicarboxylate) (PEF) and poly (butyled®-furandicarboxylate) (PBF) are
among FDCA based polyesters the most studied. Poly (propf|6tierandicarboxylate) (PPF)

was used as the replacement of poly(propy@beerephthalate) (PHTand studies have reported

its thermal behavior, sokdtate 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 a2020).
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Figure 5. Mechanism of 8wydroxymethylfurfural (HMF) synthesis from glucose and fructose

The cat. represents catalysis

43.1.1.2. HMF to 2,5Dihydroxymethylfuran (DHMF)

DHMF is another valuable building block chemical obtained by the reduction of HMF
(Figure8). It has an application in polymers and ethers synthesis. Its biosynthesis was carried out
using Saccharomyces cerevisiastrains (30712H120 and 3042H60), Meyerayma
guilliermondi SC1103, Escherichia coliCCZU-K14, Ganoderma sessileand Burkholderia
contaminansNJPF15. However, bioconversion of HMF to DHMF requires NAD(P)H as a
cofactor, and NAD(P)H regeneration depends on theutstrates used for the reacti@lucose

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;8iacryloyloxymethylfuran (difunctional crodmker increasing the tensile
strength of acrylated epoxidized vege&abils based polymer networks), siclain functional
polyesters, 2Mis-allyloxymethytfuran, 2,5bis[(2-oxrianylmethoxy)methyffuran (high
performance epoxies preparation), -BiS(chloromethyl)furan 2;bis(azidomethyl)furan, 2;5

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

al., 2021).
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Figure 6. Overview of reactions leading teHydroxymethylfurfural (HMF) derivatives.
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Figure 8. 5-hydroxymethylfurfural (HMF) bioconversion into 2¢bhydroxymethylfuran

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

DMF is a newfashioned liquidbiofuel 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 (F&®). Upgraded, DMF is used to produceydene,
the main industrial precursor for PET (Brandi et al., 2020). DMF is produced by
hydrogenation/hydrodeoxygenation of HMF with catalysts such as-@uZRuCu, ReCo/SiO,,
Ni-Fe/TiO, Pt/Co, Pt/activated carbon (AC), Pt/grahitized carbon (GEJdPAC, and RCo/GC
(Esen et al., 2019; Brandi et al., 2020; Przydacz et al., 2020)n8iallic/bimetallic catalysts
were also used: Bacillus benzeovorfts Desulfovibo desulfuricand®d, Escherichia coRu,

and Escherichia coRu/Pd (GomeaBolivar et al., 2019; Omajali et al., 2019).

Pharmaceutical and cosmetic industries
as solvent

7

/

Bacillus benzeovor ans/Palladium

HO Desulfovibrio desulfuricans/Palladium
o /° Escherichia coli/Ruthenium
| ) Escherichia coli/Rutheniunmy/Palladium
Catalysts
(HMF) Solvents
2,5 dimethylfuran
(DMF)
New transportation liquid biofuel
CHs
CHs
p-xylene
PET synthesis
precursor

Figure 9. HMF bioconversion into DMF.
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4.3.1.1.4. HMF to2,5-Diformylfuran (DFF)

With two symmetrical aldehyde groups, DFF is a versatile chemical intermediate for
pharmaceuticals, fungicides, furanea resins, and heterocyclic ligands (Yadav and Sharma,
2014). It is produced from HMF by oxidation using mai®y, V-, Mn-, Cubased 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 conditis. However, limited processes for mdtak oxidation of HMF were
developed, reducing catalyst cost and avoiding metal contamination (use of chitosan and other
substrates to prepare nitrogéoped 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 furai®,5dicarbonyl chloride (biofuel production), 2ddaminomethylfuran
(polyamides) and 2;8ihydroxymethyltetrahydrofuran (resins, polymers, artificial fibers). Maleic
acid and maleic anhydride are also produced from DFF and are precursors of thermoplastic
polyurethanes, elastane/spandex fibers, curing agewfsesives, 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 to5-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 1E&y. HMF

oxidation was performed thugh photocatalysis, biocatalysiSdrratia liguefaciensLF14,
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Comamonas testostero8IC1588,Gluconobacter oxydanserratia marcescen$seudomonas
putida KT2440, Pseudomonas aeruginos®C1l, horse liver alcohol dehydrogenase,
phenylacetone monooxygenasanthine oxidase, UPO, CalLB) and Cannizzaro reaction (Cang et
al., 2019; Mufoz 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 aquéioas solu

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: NeHsFeMas024.5H20), mixed metal oxides (CuO-Ce@nd MgO-Ce® and
transition metals (R©4, FeZr-O and Feorganic 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. Nonetheldss,use of some enzymes
(CalLB, laccase, TEMPO, AAO and HMF oxidase) have enhanced its production (Saikia et al.,

2021) (Figure 11b).

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

BHMF is produced through HMF benzeiype condensation. The reactiaas promoted
by catalysts (Aheterocycle carbene), enzymes (thiamine diphosgdratgme BAL, CalLB) and
microbes Pseudomonas fluorescén#t is a precursor of oxygenated diesel fuels andliGear
alkanes obtained through catalytic hydrogenation andolagdxygenation. It is also converted

into bio-based polyesters and polyurethanes (Baraldi et al., 2017; Saikia et al., 20@PB (Y
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Figure 11. HMF bioconversion into HMFCA (a), FFCA (b) and BHMF (c).
CaLB: Candida antartica lipase B, TEMPO: 2,2@&amethylpiperidind-oxyl, AAO: Aryl
alcohol oxidase; HMFO: HMBxidase; UPO: Unidentified peroxidas€): Xanthine oxidase;

PAMO: Phenylacetone monooxygenad&ADH: 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., 2B/@yoxymethyi2-
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 polymetiga. 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
prearsors 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 (ll) nitrate). MA is
used to synthesize unsaturated polyester resins as food and oil additives and in pharmaceuticals.
Industrially, it is largely produced from petroletbased rbutare 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,cquresiug 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, bedtezoating materials, polymers, ainéezers,
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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
applicableas oxygenated fuel. Calcium levulinate is used in pills, capsules and injections
product i eaminolewulmic &ciel is @ photoactivation weedicide. Sodium levulinate is a
skin or food preservative and conditioning agent. Methyl tetrahydrofuran (MTH&)erolactone

and ethyl levulinate are applicable in potential biofuel precursors preparation, while diphenolinic
acid is used in pol yiethylengdxvalaoadonois sinew attracivee r i a |
acrylic monomer that bestows high thernsédbility 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 rirgpening polymerisations while pkntanediol is used to produce

high strengthbodegr adabl e polyesters (Dell 6Acqua et
acrylate is a precursor for adhesives, plastics, emulsions, coatings and acrylic rubber. MTHF is
also an electrolyte for lithium rechargeable batteries. Although being-adstproduct, 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) alrol act eapmlacta® (Chg),, 1;Bekmediol and 2,8etrahydrofuran
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 conwithe 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 caiers (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
engneering of Gl could enhande vivo enzyme performance in the engineered host organisms
(S. cerevisiae etc.) and would be important for developing improved strains. Therefawe,
strategies for structufleased enzyme engineering are required. Theuldhfocus on the metal
dependence of enzyme catalytic properties in the host cells because metal loading is a limiting
factor for glucose metabolism that impaictvivo performance. Combining enzyme rational and
semirandom approaches (mutations aroumel éctive 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 explawivo metal binding and elucidate its
influence on activity. Also, the investigation of growtthsed screening methods combined with
semirandom mutagenesis (mutations around the nletaling residues) would enhance cell host
growth on glucose. The semandom approach combined with vivo selection could avoid
uncertainties between vivo andin 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 anid vivo mutant behavior chartarization would improve mutant library
design. The analysis of the cellular behavior of selected variants could explain bottlenecks between
in vitro properties anth vivo performance of Gl 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 bfotraation processes of

HMF because of harsh reaction conditions of chemical routes and harngtddiyct production.
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Although these bioprocesses are promising, their commerciatdaade applications are limited.

HMF is a toxic chemical and inhibitsltegrowth and enzyme activity. Other factors such as low
substrate loading, insufficient selectivity, siol@duct formation, catalyst regeneration, low yield,

and endproduct complex recovery methodologies affect their industrial production. Various
enzyme engineering strategies (recombinant enzyme, wtrllesystem design, modification of
structure and activenzyme sitesshould be investigated with high industrial applications to
overcome these limitations. The designed and immobilized robust bicatatahuld 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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CHAPTER 2
Characterization of cellulosedegrading bacteria isolated fromsoil and the

optimization of their culture conditions for cellulase production
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Abstract

The characterization of bacteria withdrolytic potential significantly contributes to the industries.

Six cellulosedegrading 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 @aenarthrobactersp. MKAL1, Hymenobactersp. MKAL2,
Mycobacteriumsp. MKAL3, Stenotrophomonasp MKAL4, Chryseobacteriumnsp. MKALS5 and

Bacillus sp. MKAL6. Their cellulase production was optimized by controlling different
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enviornmental and nutritional factors such as pH, temperature, incubation period, substrate
concentration, nitrogen and carbon sources using the dinitrosalicylic acid and response surface
methods. Except foPaenarthrobactersp. MKALL, all strains are motile. iy Bacillus sp.

MKALG6 was nonsalttolerant and showed gelatinase activity. Sucrose enhanced higher cellulase
activity of 78.87190.30 U/mL in these strains at their optimum pkbY5nd temperature (35

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

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

Keywords: Cellulolytic bacteria; soil; carboxymethylcellulose; cellulase; SD&E

1. Introduction

In the past, humans used cellulosic materials as fertilizers, fodder, and firewood.
Nowadays, it has become a ceffective raw material and its industrial applications have become
more complex. These applications have created a vast platform basedutmseaksearch in
multidisciplinary projects. Cellulose hydrolysis is one of the approaches catalyzed by cellulases.
Cellulose is a linear polymer made up ofgd ucopyr anose -(i+4) glycasidid i nked
linkage and constitutes practically inexhabigti carbon and renewable energy resource
(Danalache et al., 2018Fellulose 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 thetransformation processéSilalertruksa and Gheewala, 202@)constitutes a
significant challenge in research, particularly in the field of bioproducts, biofuels and chemicals.
Cellulose (crystalline and amorphous) forms with hemicellulose and lignvgt@rinsoluble

compact network structure that limits its degradafesria et al., 2020)Therefore, pretreatment
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(physical, chemical and biological) is required to facilitate fermentable sugar release. Biological
pretreatment (enzymes and cellulolyticroorganisms) remains the best approach to address this
issue because it is efendly (Sankaran et al., 2020)

Cellulase is a whole enzyme system composed of endoglucanase and exoglucanases
i ncluding cel | glbcostdasgPdudal dna@i,2045)a nwh ifc h bfldaks do
linkages in cellulose polymer to release glucose units. Many investigators have reported that
aerobic and anaerobic bactefinghania et al., 2017; Soni et al., 2018; Kumar et al., 2019;
Sampathkumar et al., 2019ungi and actinomycetegShida et al., 2016; Kumar et al., 2019;
Ramesh et al., 202@re good cellulase enzyme producers. These microbes secrete free or cell
surfacebound cellulases and exhibit an efficient enzyme decomposition. Among different types
of micradbes, bacteria are the most efficient cellulose degraders because they grow fast and have
high cellulase synergistic activifBilal and Igbal, 2020)Cellulases are very successful in the
industrial exploitation of the degradation of lignocellulosic biosn&ellulases 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, gi@pgjatti 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 indu&nerrand, 2018)Also, cellulase
applications are drastically rising annually. They will reach 2300 millisD Wy the end of 2025,
with a 5.5% of annual growth rate for the 2E@5 period according to the Global cellulase (CAS
901254-8) market growth 2022026 reportn 2021 However, few cellulases perform well on an
industrial scale, and their productiorsteemains 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 inMaegues et

al., 2018) Their cellulase yields depend on a combination of various factors such as pH,
temperature, inoculum size, cellulose type, aeration, incubation tidi@ducerglslam and Roy,

2018) In the present study, we have characterized six celkdlegeading bacteria isolated from

the soil samples collected at Kingfisher Lake (Thunder Bay, Canada) and the University of
Manitoba campus (Winnipeg, Canada). Taudture 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) LWBertani (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\Ndgfs@casein hydrolyss

0.5 g glucose, 0.3 gKPQ,, 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 NaNQOL g KkHPQy, 1 g KCI, 0.5 g MgS@ 0.5 g yeast extract, 15 g

aga and distilled water upto 1 L;

d) CMC broth: 5 g CMC, 1 g NaND1 g KkHPQy, 1 g KCI, 0.5 g MgS@ 0.5 g yeast extract and

distilled waterup to 1 L.
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2.2.Screening of cellulosadegrading bacteria

The soil samples were collected from Kingfisher Lakd 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 mévhad et al., 2011)

The samples (0.5 g) wesaispended in distilled water (50 mL) by vortexing for 2 min. A 10x
dilution series was made and each dilution ('
incubated for 72 h at 28°C. Based on their morphological features (size, shape, and cdipur), for

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 methdq@angelosi et al., 1999Forthis purpose, the isolates (bacterial colonies,
negative and positive controls) were grown in LB broth (10 mL) for 24 h shaking atB&Cius

sp. IM7 ancescherichiacold M1 09 from Dr Qinds | ab were used
respectivel y. Al l broth cultures (5 ¢€L) wer e
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 semiqualitative comparison of cellulase activadmong isolates. Plates were photographed,

and six celluloselegrading bacterial isolates (CDBs) were selected and stored for subsequent uses

(Figurel).
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2.3. Characterization of cellulosedegrading bacteria

2.3.1. Morphological and biochemical chaacterization

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, stesbsiby
gelatin hydrolysis, DNA hydrolysis, urease test, bile esculin test, oxidase test, nitrate reduction,

salt tolerance and sugar fermentat{@owan and Steel, 2003)

2.3.2. Molecular identification by 16S rRNA gene sequencing

DNA wasisolated 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 th&NAS Universal
primers within conserved regions of the 16S rRNA, which amplify an approximately 796 bp
fragment were used: forward primer HAD (5-GACTCCTACGGGAGGCAGCAGT) and

reverse primer E1115R E&GGGTTGCGCTCGTTGCGGG) (Giannino et al., 2009). The

amplificaton system contains 2 I Taq PCR Master Mi x
buffer, 10 mM dNTPs, 25 mM of MgCl 2, 1 U of T
and reverse primers respectively, 1 eL rof the
making a total vol ume of 20 ¢lL. The PCR metho

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.aAdxtension 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 produwere 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://wwwwcbi.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) wih default settings. Phylogenetic analysis was conducted using the Neilgiiag (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 detieed by measuring the release of
reducing sugars from CMC using the -8jfitrosalicylic 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 cefitged 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 celtee culture supernatant as an extracellular crude enzyme. Each crude
enzyme was obtained by centrifugation of 500 L of culture at 12,000 x5gnfiam. The reaction
mi xture containing crude enzyme (10 egL), 0. 05
eL) was transferred into a 1 mL microcentrifu
15 min. The DNS s ol uteireaationmitlre and the tleavss headled ord t o

5 min to stop the reaction. The release of reducing sugars in reaction mixture was estimated using
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glucose (1.2 mg/ mL) as a standard for the&=0@97m5)i br at i
Every 24 hfor 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 mieadimdd(one unit

of cellulase enzyme corresponds to the releas

from CMC) (Rahman et al., 2018).

2.5. Optimization of cellulase production

Cellulase production was optimized by varying some parametersasuchubation 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 producesi dedermined 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 pL) was
incubated in a shakg 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 pL) every day.
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E. coliJM109 negative control MKAL5

Figure 1. Cellulaseactivity characterized by the appearance of clear halos around bacterial strains
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2.5.2. Effect of pH on cellulase production
The CMC broth (50 mL) containing overnight cultured bacterial strain (500 pL) was
incubated in a shaking incubator (200 rpm)he 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 cultonedium with CMC (0.8.5% wi/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 soues such as pure cellulose, cellulose acetate, Poly(ethylene terephthalate) (PET),
D-sucrose, Bglucose, DBfructose, Dsorbitol, Dmannitol and Bxylose. Bacterial strain was
inoculated with a carbon source (2%% w/v) in the production medium at the iopim

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, ammoniaghtoride (NHCI), ammonium sulfate ((NHSQy), and
ammonium nitrate (NENOs) was examined. The bacterial strain was inoculated with a nitrogen
source (0.082% 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, cobahloride, nickel chloride, zinc chloride, chromium (l11) chloride, lead
chloride and barium chloride. The bacterial strain was inoculated with sal (@M4) 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), tritehOR (0.22.5% w/v) and a chelating agent,
ethylenediammetetraacetic acid (EDTA, 65 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.

2.6.0ptimization of cellulase production using Response Surfaddethodology (RSM)

Response surface methodology (RSM) was used to optimize the fermentation conditions
to produce cellulase. The experiment was performed by Behnken design (BBD) using the
SYSTAT 12 software (SYSTAT Software Inc., San Jose, USA). Thpdeature (X1), initial pH
(X2), and fermentation period (X3) were determined as independent variables based on the results
of the preliminary singldactor experiments. Cellulase activity was used as a response value. The
ranges and levels of these indegemt variables are presented in TableBBD was used to
generate the secommtder response surface. Thadst 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

methodscontour/surface program in SYSTAT 12 software.

2.7. SDSPolyacrylamide gel electrophoresis and zymogram

The cellulase molecular weights were determined by sodidodecyl sulfate
polyacrylamide gel electrophoresis (SPBGE) analysis. The crude enzymes from CDBs (20
pL) were mixed with loading buffer (5 pL) and boiled (100°C) before electrophoresis. Enzymes
samples and protein ladder were run in 15% acrylamideAgebnstant 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 Blu25R, then destained with a dstain
solution. Protein bands presemntie gel were compared with the protein ladder (BioRad, Canada)
to estimate their molecular weights. Another part of the gel was soaked in T¥it08 §.% v/v)
for 30 min to remove SDS and allow activity. Then, the gel was submerged in Congo red solution
(0.1% wi/v) for 30 min and dstained 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 shaygeshserved

among these strains. MKAL1 and MKAL3 are circusdnaped while MKAL2, MKAL4, MKALS5
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and MKALG are roeshaped. Strains MKAL2, MKAL4 and MKALDS5 are negative Gram bacteria.
MKAL1, MKAL3 and MKALG6 are positive Gram bacteria. MKAL1 and MKAL4 are pale
coloured, while MKAL2, MKAL3, MKAL5 and MKALG6 are red, white, yellow, and creamy
coloured respectively. All strains are rendospordorming bacteria. Except for MKAL1, all

tested strains are motile. All strains did not produce indole, hydrogen sglisiephenylalanine
deaminase, citrate permease, lysine decarboxylase and lysine deaminase. Except for MKALS3, all
strains pr odu camyasecaad hydrayzed madonate, DMA and esculin. Only
MKALG6 was nonsalttolerant and showed a gelatinase\atti All strains degraded most sugars
tested. These six celluloskegrading bacteria from soil samples belong to the geBecalus,
Hymenobacter ChryseobacteriumPaenarthrobacter Mycobacteriumand Stenotrophomonas

Many investigators reported cellgka 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
paramegrs 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 Paenarthrobactersp. MKAL1, Hymenobactersp. MKAL2, Mycobacteriumsp. MKALS3,
Stenotrophomonasp. MKAL4, Chryseobacteriursp. MKALS andBacillussp. MKALG6 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 X2 X3 Cellulase activity
Temperature (°C) pHvalue Time (h) (U/mL)
1 -1 (30) -1 (5) 0 (96) 0.00 +0.00
. 2 1 (40) -1 0 0.00 +0.00
3 3 -1 1(7) 0 0.00 +0.00
< 4 1 1 0 5.52 +0.17
- 5 -1 0 (6) -1 (72) 0.00 +0.00
@ 6 1 0 -1 0.34 £0.01
& 7 -1 0 1 (120) 0.00 + 0.00
s 8 1 0 1 4.83 £0.11
2 9 0 (35) -1 -1 0.00 + 0.00
= 10 0 1 -1 2.89 + 0.06
= 11 0 -1 1 0.00 +0.00
s 12 0 1 1 427 +0.18
13 0 0 0 12.27 +1.29
14 0 0 0 14.52 + 1.08
15 0 0 0 12.90 + 1.88
1 -1 (35) -1 (5) 0 (96) 14.15 +2.91
2 1 (45) -1 0 0.00 +0.00
~ 3 -1 1(7) 0 4.68 +0.25
3 4 1 1 0 1.26 + 0.00
> 5 -1 0 (6) -1 (72) 2.45 +0.03
= 6 1 0 -1 1.78 +0.03
2 7 -1 0 1 (120) 3.54 £0.10
& 8 1 0 1 2.03 £ 0.05
ks 9 0 (40) -1 -1 7.98 +£1.29
S 10 0 1 -1 3.08 +0.09
2 11 0 -1 1 8.21+1.79
= 12 0 1 1 5.98 + 0.99
13 0 0 0 17.86 + 2.77
14 0 0 0 18.15 # 3.07
15 0 0 0 19.53 + 3.35
1 -1 (30) -1 (5) 0 (96) 0.00 +0.00
2 1 (40) -1 0 0.00 +0.00
- 3 -1 1(7) 0 0.00 +0.00
2 4 1 1 0 0.00 +0.00
> 5 -1 0 (6) -1(72) 0.00 +0.00
= 6 1 0 -1 0.00 £ 0.00
g 7 -1 0 1 (120) 0.00 £ 0.00
= 8 1 0 1 0.00 £ 0.00
S 9 0 (35) -1 -1 0.00 + 0.00
e 10 0 1 -1 0.00 £ 0.00
2 11 0 -1 1 0.00 £ 0.00
S 12 0 1 1 0.00 + 0.00
= 13 0 0 0 9.70 + 0.49
14 0 0 0 9.47 £0.80
15 0 0 0 9.37 £0.97

79



Table 1. (continued) BoxBehnkendesign matrix for optimization of cellulase activity.

Bacterial strains Run X1 X2 X3 Cellulase activity
Temperature (°C) pHvalue  Time (h) (U/mL)

1 -1 (30) -1 (5) 0 (96) 0.00 + 0.00

< 2 1 (40) -1 0 0.00 + 0.00
3 3 -1 1(7) 0 0.00 + 0.00
< 4 1 1 0 3.60 + 0.05
; 5 -1 0 (6) -1 (72) 0.00 + 0.00
& 6 1 0 -1 3.08 +0.01
S 7 -1 0 1(120) 0.00 + 0.00
£ 8 1 0 1 2.71+0.04
< 9 0(35) -1 -1 0.00 + 0.00
o 10 0 1 -1 3.01+0.15
S 11 0 -1 1 0.00 +0.00
o) 12 0 1 1 4.99 +0.72

n 13 0 0 0 10.56 + 1.38

14 0 0 0 10.67 + 1.08

15 0 0 0 11.33 + 0.76

1 -1 (30) -1 (5) 0 (96) 0.00 + 0.00

2 1 (40) -1 0 0.00 + 0.00

10 3 -1 1(7) 0 0.00 + 0.00
< 4 1 1 0 4.83+0.52
= 5 -1 0 (6) -1 (72) 0.00 + 0.00
o 6 1 0 -1 2.82+0.05
e 7 -1 0 1(120) 0.00 + 0.00
£ 8 1 0 1 5.52 + 0.67
B 9 0 (35) -1 -1 0.00 + 0.00
S 10 0 1 -1 3.01 +0.07
§ 11 0 -1 1 0.00 + 0.00
= 12 0 1 1 4.35+0.08

5 13 0 0 0 10.56 + 1.75

14 0 0 0 11.67 +1.78

15 0 0 0 11.33+1.91

1 -1 (30) -1 (4) 0 (96) 0.00 + 0.00

2 1 (40) -1 0 0.00 + 0.00

3 -1 1 (6) 0 0.00 + 0.00

4 1 1 0 12.86 + 0.61

9 5 -1 0 (5) -1 (72) 0.00 + 0.00

S 6 1 0 -1 12.97 + 0.11
= 7 -1 0 1(120) 0.00 + 0.00

S 8 1 0 1 13.98 + 0.35
? 9 0 (35) -1 -1 0.00 + 0.00
= 10 0 1 -1 13.65 +0.71
@ 11 0 -1 1 0.00 + 0.00

@ 12 0 1 1 14.59 + 0.09

13 0 0 0 18.73 + 1.09

14 0 0 0 18.78 + 1.50

15 0 0 0 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 stabilizagon.
effect of different temperatures was evaluated on the enzymatic activity and growth rate of isolates.
Bacterial isolates were separately cultured in 250 mL conical fla@kisining CMC broth (50
mL) for 5 days at 30, 35, 40, 45, and 50°C. The results are presentedii@3-igll strains did
not produce cellulase &) and50°C and no cell growth was observedttase temperatures
Enzyme inactivation at thesemperatures 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 denaturatigbdahim et al., 2021)However, some researchers
revealed cellulase production Baenibacillussp. IM7, Bacillus sp., Bacillus wiedmanniand
Chryseobacteriunsp. at 30 and 50°(Nkohla et al., 2017; Almuhaf et al., 2020; Steiner and
Margesin, 2020; Bhagat and Kokitkar, 2021; Indumathi et al., 2022AL3 showed cellulase
activity only at 35°C. Strains MKAL1, MKAL4, MKAL5 and MKAL6 exhibited maximum
activity at 35°C while the optimum temperature of MKAL& tellulase production occurred at
40°C. Bacillus subtilissubsp. subtilis JJBS3J@nu et al., 2021)Bacillus velezensif.i et al.,
2020) Bacillus subtilisStrain MU S1(Sreena and Sebastian, 2048re reported to produce
higher cellulase yield at 36. Some other bacteria such Bacillus pacificus Pseudomonas
mucidolengKrishnaswamy et al., 2022Bacillus pseudomycoidéd®Pramanik et al., 202Gnd
Streptomyces thermocoprophil&rain TC13W (Sinjaroonsak et al., 201%howed higher
cellulase actiity 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 decreaséBigure 4). This occurred due to nutrient depletion in the
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fermentation medium, inhibition by eftoducts, or byproducts production. Nutrient depletion
causes bacterial stress leading to enzyme secretion inactivation and cei\déatlet al., 2006)
Micrococcts sp. SAMRCUFH3 (MmangoKaseke et al., 2016Bacillus amyloliquefacien&aK9
(Irfan et al., 2017and Bacillus albus(Abada et al., 2021\ere 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 stramesoleerved at pH 4
(Figure 5). Only MKAL2 and MKALG6 produced cellulase at pH 5. MKALS3 exhibited cellulase
activity only at pH 6. The optimum pH of MKALSG for cellulase production was 5 while MKAL1,
MKAL2, MKAL3, MKAL4 and MKAL5 showed maximum activity atld 6. Similar optimum
pH of 5 to 6 was reported i€hryseobacteriunsp. (Nkohla et al., 2017)Stenotrophomonas
maltophilia (Molina et al., 2018) an®acillus albus(Abada et al., 2021} owever, MKAL1,
MKALZ2, MKAL4 and MKALG6 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;r&&teand 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 opreventing the enzyregubstrate 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 concentrati@elbgrowth 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 2.6&b Except
for MKAL3 which exerted cellulase activity gnat 1% CMC (9.66 U/mL). MKAL1 (13.22 U/mL)
and MKALS5 (11.51 U/mL) showed optimum cellulase production at 1.5% CMC while MKAL2
(16.50 U/mL), MKAL4 (10.93 U/mL) and MKALSG (18.06 U/mL) exhibited maximum activity at
2% CMC. MKALSG6 exhibited cellulase activityf 6.27 U/mL at 1% CMC. Malik and Javed (2021)

reported cellulase activity of 2.4 U/mL Bacillus subtilisCD001 at 1% CMC.

3.6. Effect of carbon sources on cellulase production

The effect of carbon sources on enzyme production was determined byngpaC in the

culture medium with various carbon source£ (8%). All tested carbon sources boosted cellulase
production at different concentrations except for pure cellulose, cellulose acetate and PET (Figure
7, Appendix 1). Some carbohydrates enhanefidlase 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 higheactivity 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 (4901 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 MKALG6 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 thesealbacteri
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 tBacillus amyloliquefa@ns SA5, Bacillus subtilis

BTN7A, Bacillus megateriurBMS4 andAnoxybacillus flavithermuB8TN7B exhibited maximum
cellulase production when sucrose was used as sole csohorein the culture medium. Pure

cell ul ose, cel |l ul os datearzyane pradectioa Inedause & theircgtructurab t s t

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 (0286 w/v) on enzyme production by strains was investigated at their
optimum pH (5 and 6) and temperature (35 and 40°C). Except for MKALGst#d 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. #d, 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 MKALSG), eashydrolysate (MKAL1, MKAL4 and

84



MKALDS) and tryptone (MKAL3) were used. MKAL2 (20.50 U/mL) and MKALG6 (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)ral 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 et24120). 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 nitrogersources such as urea and ammonium chloride promoted maximum cellulase
production by Bacillus licheniformis 2D55 (Kazeem et al., 2016) anéneurinibacillus

aneurinilyticusBKT-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 saltdh(bl) on enzyme production
by strains was performed at their optimum pH (5 and 6) and temperatured 3®%C). Except
for MKAL3, all bacterial strains stimulated cellulase production in asaihsupplemented culture
medium (Figure 9, Appendix and 4. Some salts enhanced cellulase production by strains
compared to control (0.680.92 U/mL). MKAL4 (24.8 U/mL), MKAL6 (28.71 U/mL) and
MKAL2 (23.23 U/mL) exhibited maximum activity at 1 and 2.5 mM Cp€spectively. The
optimum enzyme production by MKAL1 (21.15 U/mL) and MKALS3 (16.39 U/mL) occurred at
2.5 mM KCI while maximum production by MKAL5 (20.05 Ulhwas at 2.5 mM MgGl Other

reports showed these salts enhanced higher cellulase actiB#giltus tequilensi$S28 (Sharma
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et al., 2015)Bacillus cereugTabssum et al., 2018) alacillus amyloliquefaciendham et al.,

2022).

065 Stenotrophomonas sp. MKAL4 (ON442556)

70 Stenotrophomonas rhizophila (LS991117)

Stenotrophomonas pavanii (F1748683)

Stenotrophomonas koreensis (AB166885)

Stenotrophomonas acidaminiphila (NR025104)

99— Stenotrophomonas daejeonensis (GQ241320)

Stenotrophomonas panacihumi(GQ856217)

Dyella marensis (KF475806)
50 499[{ Dyella japonica (HG794288)
76 ' Dyella terrae (LN890126)

Bacillus megaterium (MT510154)
Bacillus sp. MKALG (ON442558)

Bacillus siamensis (LC556998)

Bacillus velezensis (LC617083)

Bacillus amyloliquefaciens (MNT49553)

99 | Paenarthrobacter sp. MKAL1 (ON442553)
Paenarthrobacter aurescens (LT838178)
99 100 | Mycobacterium sp. MKAL3 (ON442555)
Mycobacterium sp. (MH699149)
Chryseobacterium panacis (KR338993)

87 | Chryseobacterium polytrichasti (NR134710)
Chryseobacterium sp. (KT951707)
Chiryseobacterinm sp. MKALS (ON442557)

100 Chryseobacterium aahli (NR133722)

82 ' Chryseobacterium piperi(EU999735)
— Chryseobacterium indoltheticum (NR042926)
75 | Hymenobacter rubripertinctus (NR159339)

93 Hymenobacter rubripertinctus (NR159339)
Hymenobacter swuensis (KF255579)
100 Hymenobacter xinjiangensis (NR044003)
Hymenobacter sp. MKAL2 (ON442554)
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Figure 2. Phylogenetic tree of the CDB and related bacterial strains based on the neighbor
joining tree of thel6S rRNAsequences. Bootstrap values are shown as percentages of 1000
replicates. The bar (0.005) at the bottom of the tideates the substitution per nucleotide

position.
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Table 2. Biochemical and enzymatic characteristics of cellutisgrading bacteria

Characteristics
Tests
MKAL1  MKAL2 MKAL3 MKAL4 MKALS5 MKALG6
Motility nonmotile motile  motile  motile  motile motile
Gram stain Gram’ Gram  Gram’ Gram Gram Granm®
Shape Circular Rod  Circular  Rod Rod Rod
Pigmentation Pale Red White Pale Yellow  Creamy
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 + + - + + +
U amylase + + - + + +
DNase + + - + + +
Phenylalanine deamina - - - - - -
Lysine deaminase - - - - - -
Lysine decarboxylase - - - - - -
Ornithine decarboxylas + - - - +
Urease + + + - - +
Gelatinase - - - - - +
Nitrate reductase - - + + + -
Citrate permease - - - - - -
Catalase + + - + + +
Oxidase - - - - - -
H2S - - - - - -
Gas - - - - - -
Indole - - - - - -
Salt tolerance (6.5%) + + + + + -

+: production/degradation/tolerant,no production/no degradation/no tolerant.
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Figure 3. Effect of temperature on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKALS6.
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Figure 4. Effect of incubation period on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKALS5 and MKALG6

89



Cellulase activity (U/mL)

Cellulase activity (U/mL)

10+

Stenotrophomonasp. MKAL4

Paenarthrobactesp. MKAL1 Hymenobactesp. MKAL2

. Cellulase activity ~—=— Bacterial biomass 1,2 154 . Cellulase activity —a— Bacterial biomass rl1.2
0.8

10+ 0.8

0.4

(2@ Q) ssewolq [euagdeyg
Cellulase activity (U/mL)

-0.0 0- -0.0

pH pH

Chryseobacteriursp. MKALS

157 [ Celulase activiiy —=— Bacterial biomass 1.2 151 . Cellulase activity —s=— Bacterial biomass 1.2
[v=] —
2
5 B

10+ ~0.8 & 3 109 -0.8
= =
oz

54 F04 ~ g 54 0.4
Q =
= =
=\ )
g &)

00— T T T 0.0 0- -0.0

4 5 6 7 8 9 4 5 6 7 8 9
pH pH

(299 Q) ssewoIq [BL1I)dE g

(") ssewrorq [eLId)IE g

Cellulase activity (U/mL.)

Cellulase activity (U/mL)

Mycobacteriunmsp. MKAL3

15+

10+

. Cellulasc activity —=— Bacterial biomass

r1.2

-0.8

-0.4

10+

pH
Bacillussp. MKALG6

. Cellulase activity —— Bacterial biomass

0.0

rl.2

0.8

0.4

-0.0

Figure 5. Effect of pH on cellulase production by strains MKAL1, MKAL2, MKALUZKAL4, MKAL5 and MKALG .

("9 ) ssewnoIq [BLIJIDB g

(°0°q Q) ssewiolq [BLId)dE g

90



Cellulase activity (U/mL)

Paenarthrobactesp. MKAL1 Hymenobactesp. MKAL2 Mycobacteriunmsp. MKAL3

Cellulase activity (U/mL)

207 WM Celubseactiviy —s— Bacterial biomass 1.5 200 [l Celblascactivity —=— Bacterial biomass 1.5 201 I Celubseactivity —+— Bacterialbiomass 1.5
P 3 - 5
154 g E s £ 3
- 3. S 154 = B 159 5
FL0 = = o KU - rL0 =
=R = ]
10- o oz g
F05 S % oS 2 g 05 2
4 o = . T 2 4] el
5 g 27 s =9 g
i g ¢ g O :
0 T ~0.0 0 T -0.0 0 T T T T 0.0
0.5 1 1.5 2 25 0.5 1 15 2 25 0.5 1 L5 2 25
CMC (%) CMC (%) CMC (%)
Stenotrophomonasp. MKAL4 Chryseobacteriursp. MKAL5S Bacillussp. MKALG6
20+ . Cellulase activity ~—#— Bacterial biomass [ L5 204 . Cellulase activity —s— Bacterial biomass [ 1.3 201 - Cellalase activity = Bacterial biomass r 1.5
| 3 £
2 E 2 E <t
15 e S 151 g S 159 .
1.0 E = 1.0 E [ FL0 E
104 E-I é 104 g’ é 10 g
» o » 9 w
F05 2 r05 ~ 2 F0.5 ~
5 e = 54 o ERES Q
. 3 I F = 'y
S @) s - g
0-— - -0.0 0-— i -0.0 0-— -0.0
0.5 1 1.5 25 0.5 1 15 2 25 0.5 15 25
CMC (%) CMC (%) CMC (%)
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3.9. Effect of surfactants and EDTA on cellulase production

No cellulase production was observed with tritotd00, SDS and EDTA. The presence of
tween 20 in the culture medium enhanced cellulase productidKiL2 (27.87-31.72 U/mL),
MKAL4 (28.93-32.00 U/mL)andMKALSG6 (33.99-35.91 U/mL)compared to control (23.233.71
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 raadium
then declinedThis trend was also observed in bacterial groBttagia 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 fermentatioditions. Results were
presented iMable3. Cellulase was the response variable, while temperatule ¥ (X2) and
fermentation time (¥ were independent variables. Quadratic equations showing the linear
relationship between response and independsaidbles were:
(1) MKALL: Cellulase (U/mL) 6.1740 5.6760 5.7640 p& Yaw
T TDW PP CORL pPpHF oW PR Y T o p& oT
(2) MKAL2: Cellulase (U/mL) 8.6771 48145 7.38% & Y ®
T RGO TR pWw &8 e pRPE T LD pP PO
(3) MKAL3: Cellulase (U/mL) 4.75% 475% 4.75% p& TW®
™ ow T@XDW o®pOo
(4) MKAL4: Cellulase (U/mL) 5.2530 470G 4.1530 T I

™ DO TWwo® pPHPXD® P& vt TR TP pHIULVO
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(5) MKAL5: Cellulase (U/mL) 4.867%) 51120 4.23% p& TA®

W oD T YXDO pHTR PR’ O TWTND pRYX

(6) MKAL6: Cellulase (U/mL) 7.974) 7.6510 TP O Ok pDOW

™ oW TR VW TRBXW LVPpOoW TRTO pP@TTT

The analysis of variance revealed thatalues of regression and lack of fit were 0@0009 ¢ <

0.05) and 0.0790.778 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 cellulaseactivity of these bacterial strainklowever, theg-value of the lack of fit was 0.001 (p

< 0.05) respectively for MKAL3 and MKALG6. This ggests that the relationship between
parameters i s not significant, or the respon:
assessment of enzyme activity of those two bact€ovatour plots were produced based on the
fitted modelto estimate regmse surface shap&ll 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 rang
(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
MKALDS5 respectively.The coded factor values for the stationary point were:

(1) MKALL: T o @ hrgd v g b8t Y @ , with corresponding experimental conditions:
temperature 35.67°C, pH 6.16, and fermentation time 97.94 h.

(2) MKAL2: m @ hmdt ¢ hdrg «& , with corresponding experimental
conditions: temperatur®@9.10°C, pH 5.75, and fermentation time 96.70 h.

(3) MKAL4: @ ¢ @ g ¢ @ I8t o @y , with corresponding experimental conditions:

temperature 35.63°C, pH 6.17, and fermentation time 96.79 h.
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(4) MKALS: T wXd I x ud 8t ¢ @ , with correspoding 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, 18.8B8B dnd 11.381

U/mL for MKAL1, MKAL2, MKAL4 and MKALS5, 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 ki (&g
confirming the presence of cellulageellulase bads in the range of 244385 kDa have been
estimated from SD®AGE (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 reportedagcillus
licheniformis SVD1 (Van Dyk etal., 2009) Bacillus subtilis MA139 (Qiao et al., 2009)
Penicillium verruculosunfMorozova et al., 2010dnd Novosphingobiunsp. Cm1(Goswami et

al., 2022)
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Figure 7. Effect of carbon sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKALS6.
Carbon sources enhanced cellulase production at different concentrations: MKAL1 (1% sucrose, 1.5% CMC, 1.5% glucose, 1.5%
fructose, 1.5% xylose, 2% dmtol 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% Xxylose),
MKAL4 (2% of all tested carbon sourgetMKALS5 (1% xylose, 1.5% CMC, sucrose, 1.5% fructose, 2% glucose and 2% mannitol)
and MKALSG (1.5% sucrose, 1.5% sorbitol, 1.5% mannitol, 2% CMC, 2% glucose, 2% fructose and 2% xylose). CMC:

carboxymethylcellulose.
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Figure 8. Effect of nitrogen sources on cellulase production by strains MKAL1, MKAL2, MKAL3, MKAL4, MKAL5 and MKALS.
Nitrogen sources enhanced cellulase production at different concentrations: MKAL1 (1% of all tested nitrogen sources except f
urea), MKAL2 (0.5% yeast extract, 0.5% malt extract, 0.5%Mb%, 1.5% casein hydrolysate, 1.5% peptone and 1.5% tryptone),
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Figure 11. SDSPAGE of crude cellulase from strains MKAL1, MKAL2, MKAL3, MKAL4,
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Table 3. Analysis of variance and lack of fit test for flesponse surface quadratic model

Bacterial strains source df SS Mean F-ratio p-

squares value

Paenarthrobactesp. Regression 9 383.315 42.591 50.046  0.000
MKAL1 Squared Multiple R 0.989

Lack of fit 3 1.561 0.520 0.386 0.778

Hymenobactesp. Regression 9 607.274 67.475 10.628  0.009
MKAL2 Squared Multiple R~ 0.950

Lack of fit 3 30.153 10.051 12.623 0.074

Mycobacteriunsp. Regression 9 217.208 24.134 2107.183 0.000
MKAL3 Squared Multiple R 1.000

Lack of fit 3 0.000 0.000 0.000

Stenotrophomonasp. Regression 9 247.092 27.455 33.839 0.001
MKAL4 Squared Multiple R 0.987

Lack of fit 3 3.710 1.237 7.130 0.125

Chryseobacteriump. Regression 9 267.539 29.727 46.185  0.000
MKAL5 Squared Multiple R~ 0.988

Lack of fit 3 2.571 0.857 2.650 0.286

Bacillussp. MKALG6 Regression 9 904.171 100.463 9.229 0.012
SquaredMultiple R 0.943

Lack of fit 3 54.385 18.128 812.925 0.001

4. Conclusions

This study aimed to characterize cellulasgrading bacteria and optimize their cellulase
production. Six CDBs were isolated from soil samples showing that soil is a vast cellulolytic
bacteria untapped reservoir and identifiedPagnarthrobacteisp. MKAL1, Hymenobactesp.
MKALZ2, Mycobacteriumsp. MKAL3, Stenotrophomonasp MKAL4, Chryseobacteriunsp.
MKALS5 and Bacillussp. MKALG6. The higher cellulase production in these strains occurred at the
culture conditions of 380°C, pH 56, 1-2% CMC and®6 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 calilase 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 (Gl) is an enzyme with high potential applications. Characterization of glucose
isomerase producing bacteria with interesting properties from an industrial point of view is
essatial. Paenarthrobactersp. MKAL1, Hymenobactersp. MKAL2, Mycobacterium sp.
MKAL3, Stenotrophomonasp. MKAL4, Chryseobacteriunsp. 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 Gl activity at 40°C, pH& after 4 days of incubation. A mixwirof
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peptone/yeast extract or tryptone/peptone enhanced higher enzyme production. The same trend
was observed in fermentation medium containing 1% xylose25% wheat straw. This study
advanced the knowledge of these bacterial isolates in promoting stteea as feedstock for the

bio-based industry.

Keywords: Cellulolytic bacteria, glucose/xylose isomerase, biomass conversion

1. Introduction

Glucose isomerase (Gl) 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
sectorqZargaraan et al., 2016; Sahin et al., 2019; Saikia et al.) 2022 one of the three mast
produced industrial enzymes, along with amylase and prat@k&abi et al., 2020; Nam, 2022)
The glucose isomerase world market is approximately one billion US d@iagh et al., 2020)
The largest glucose isomeraggpkcations 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), ad HFCS 55 (55% fructose and 45% glucqSengh et al., 2018HFCS improves the
flavour, freshness, texture, stability, colour, consistency and flowability of different products.
These properties were attributed either to fructose or to the interaétiomctose with other
systemgSingh 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 growingeiast in the production of-5
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hydroxymethylfurfural (SHMF) from fructose and HFCS:-BMF is a versatile chemical platform
that provides various synthesis possibilities, hence a precious and renewable chemical fundamental
element. It is the precursor ofvegal industrial interest chemicals, biofuels and biobased polymers
(Saikia et al., 2022)The global BHMF market is expected to reach around 61 million USD in
2024 compared to 56 million USD in 20(arket Study Report, 2019)

Fructose can be obtainéwm various feedstocks, including lignocellulosic biomass and
agricultural wastes, via multiple processes using glucose ison{@fasppini et al., 202Q)This
is due to their availability, low cost and rich lignocellulosic composif@rou et al., 201). Their
use reduces the production costs of bioprocesses and has a positive environmental impact
(Domingues et al., 2021¥%everal investigators have reported glucose isomerase production from
agricultural wastegChanitnun and Pinphanichakarn, 2012; Nguyen and Tran, 2018; Singh et
al., 2020)

The glucose isomerase is widely distributed in microorgani&ivsy and Duchiron, 2008;
Liu et al., 2015Jia et al., 2017; Dai et al., 2028am, 2022. The cost of Gl production from
bacteria is low compareid 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 Gl production
(Thi Nguyen and Tran, 2018Foils have been documented to contain bacteria with various
metabolic propertieRengasamy et al., 2020; Singh et al., 20Z0)erating 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 (Thun@&ay, 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 perfmed in a xylose agar plate using 2;8jphenyltetrazolium as the indicator of
D-xylulose, the product of Bylose isomerization. This method is based on the capacity of D
xylulose to oxidize colorless 2,3tEphenyltetrazolium chloride in an alkalineegium with the
formation of formazan having a dark pink color. Bacterial isolates (5 pL) 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 ofyibse (15 g/L), NaNQ (1 g/L), K2HPQs (1 g/L),
KCI (1 g/L), MgSQ..7H20 (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 bg&agnisova et al.,
2004) Six bacterial isolates showing a positive result with a zone of clearancécimptay were
selected and photographed (fHig1l). 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 use3hese bacteria were idified as Paenarthrobactersp. MKALL,
Hymenobactersp. MKAL2, Mycobacteriumsp. MKAL3, Stenotrophomonasp. MKAL4,
Chryseobacteriunsp. MKALS5 and Bacillus sp. MKAL6 with the NCBI accession numbers

ON442553, ON442554, ON442555, ON442556, ON442557 and Co%&42spectively.
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Figure 1. Glucose isomerase activity characterized by the appearance of clear halos around
bacterial isolate. (efaenarthrobactesp. MKAL1, (b) Bacillussp. MKALSG, (c) Hymenobacter
sp. MKALZ2, (d) Mycobacteriunsp. MKALS3, (e) Stenotrophomonasp. MKAL4 and (f)

Chryseobacteriunsp. MKALS.

2.2. Quantification of glucose isomerase activity
The quantification of GI was carried out using the Cyst€laebazole metho('sumura
and Sato, 1965Y he xylose broth medium (10 g/L-X¥ylose, 1.5 g/L peptone, 1.5 gyeast extract,
1 g/L KeHPQy, 0.1 g/L MnCh.4H20, 1 g/L MgS@7H20) was used for glucose isomerase (Gl)
production. The overnight bacterial culture (500 mL) was inoculated in 250 mL Erlenmeyer flasks
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containing 50 mL of xylose broth. Flasks were incubated ishaking incubator2Q0 rpm)
throughout the experiment3he bacterial production of extracellular glucose isomerase was
optimized by varying temperature, incubation period, pH, carbon sources and nitrogen sources in
the culture medium. After incubatipthe culture medium (500 pL) was collected each day for 5
days and centrifuged (12,000xg, 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 Gl
activity was estimated by measuring fructose yield after the isomerization reaction. The mixture
reaction was composed of an aliquot of supernatant (200 pL), 0.5Mddse solution (100 pL),

0.2 M K-Na-Phosphate buffer (75 pL, pH 7.8), 0.1 M Mg#tH.0 (25 pL) and 0.01 M CoGl

(25 pL). 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 HCI (10. lfder cooling down in icecold water for 5

min, 1.5% (w/v) cysteine hydrochloride solution (50 pL), 50 pL of 0.12% (w/v) alcoholic
carbazole solution (prepared in 99% ethanol) and 70% (W8OH(1 mL) were added in the
mixture solution. Then, the solah was vigorously mixed and kept in the water bath (50°C, 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 standardycurve
0.0802x + 0.1179; 7= 0.9949)and expressed in units per milliliter (U/mL), where one unit of

enzyme corresponds to the release of 1 umole of fructose equivalent per minute from the substrate.

2.2.1. Effect of temperature and incubation period omglucose isomerase production
The xylose broth medium (50 mL) containing overnight cultured bacterial isolate (500 uL)

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 productiwas quantified by collecting 500 pL 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 pL)
was incubated in a shaking incubator (200 ypmthe 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 produetias performed by replacing the xylose
with different carbon sources at various concentrations3@psuch as carboxymethylcellulose,
glucose and thirteen lignocellulosic biomasses (oat straw, barley straw, wheat straw, wild rice,
corn cob, hay, sawdustood 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 lecatimy 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 efiéthe pretreated residues was also evaluated
on enzyme productiomgricultural 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. Effectof 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, typtone/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 Surfacethdelology (RSM)

Response surface methodology (RSM) was used to optimize the fermentation conditions
to produce glucose isomerase. The experiment was performed b&uomken design (BBD)
using the SYSTAT 12 software (SYSTAT Software Inc., San JdSé)). The temperature ¢X
initial pH (X2), and fermentation time gXwere determined as independent variables based on the
results of the preliminary singfactor experiments. Gl activity was used as a response value. The
ranges and levels of these @péndent variables are presented in Table 1. BBD was used to
generate the secommder response surface. Thadst at the 0.05 significance level, coefficient of
determination (B, and the lack of fit were used to measure the goodness of fit of thelsaden
polynomial model. The fitted contour plots were obtained with the response surface methods

contour/surface program in SYSTAT 12 software.

118



Table 1. Box-Behnken design matrix for optimization of gluciosemerase (Gl) activity

Bacterial Run X1 X2 X3 Gl activity (U/mL)
isolates Temperature (°C) pHvalue Time (h)

1 -1 (35) -1(7) 0 (96) 9.479 + 0.038
2 1 (45) -1 0 0.858 + 0.004
3 -1 1(9) 0 6.841 + 0.076
© 4 1 1 0 1.517 + 0.004
g 5 -1 0(8) -1 (72) 3.509 + 0.104
= 6 1 0 -1 0.974 + 0.026
a 7 -1 0 1 (120) 12.025 + 0.093
2 8 1 0 1 0.920 + 0.017
= 9 0 (40) -1 -1 4.114 +0.176
3 10 0 1 -1 7.274 + 1.641
o 11 0 -1 1 1.578 + 0.015
12 0 1 1 2.332+0.073

13 0 0 0 18.848 + 0.999

14 0 0 0 19.786 + 0.108

15 0 0 0 20.846 + 0.097
1 -1 (35) -1 (5) 0 (96) 6.114 + 0.217
2 1 (45) -1 0 0.780 + 0.000

~ 3 -1 1(7) 0 10.903 + 0.029
3 4 1 1 0 1.596 + 0.029
< 5 -1 0 (6) -1 (72) 3.385+ 0.011
= 6 1 0 -1 1.109 + 0.089
2 7 -1 0 1 (120) 9.294 + 0.108
8 8 1 0 1 1.162 + 0.004
8 9 0 (40) -1 -1 11.139 + 0.252
S 10 0 1 -1 3.650 + 0.190
2 11 0 -1 1 6.393 + 0.047
= 12 0 1 1 1.301 + 0.008
13 0 0 0 16.279 + 0.070

14 0 0 0 16.585 + 0.068

15 0 0 0 16.637 + 0.057
1 -1 (35) -1 (5) 0 (96) 6.672 + 0.046
2 1 (45) -1 0 0.870 + 0.000

S, 3 -1 1(7) 0 11.672 + 0.245
g 4 1 1 0 1.829 + 0.015
s 5 -1 0 (6) -1 (72) 8.543 +0.234
: 6 1 0 -1 1.278 + 0.056
@ 7 -1 0 1 (120) 10.830 +0.343
S 8 1 0 1 1.818 + 0.004
£ 9 0 (40) -1 -1 18.321 +0.111
s 10 0 1 -1 4.733+0.234
2 11 0 -1 1 6.203 + 0.111
2 12 0 1 1 1.578 + 0.029
% 13 0 0 0 19.778 + 0.150
14 0 0 0 20.984 + 0.080

15 0 0 0 20.738 + 0.109

119



Table 1 (continued). BoxBehnken design matrix for optimization of glucose isome(&dg
activity

Bacterial isolates Run X1 X2 X3 Gl activity (U/mL)
Temperature (°C) pH value Time (h)

1 -1 (35) -1(7) 0 (96) 10.885 + 0.245
- 2 1 (45) -1 0 7.896 + 0.035

Z 3 -1 1(9) 0 11.088 + 0.129
g 4 1 1 0 8.946 + 0.026

= 5 -1 0(8) -1 (72) 10.066 + 0.026
@ 6 1 0 -1 7.801 £ 0.111

g 7 -1 0 1(120) 10.299 + 0.046
S 8 1 0 1 6.752 + 0.046
= 9 0 (40) -1 -1 9.441 + 0.213

e 10 0 1 -1 16.546 + 0.183

S 11 0 -1 1 12.151 + 0.023
& 12 0 1 1 6.951 + 0.023

13 0 0 0 17.265 + 0.157

14 0 0 0 17.857 + 0.183

15 0 0 0 17.341 + 0.201

1 -1 (35) -1(7) 0 (96) 11.564 + 0.088
2 1 (45) -1 0 9.798 + 0.048

0 3 -1 1(9) 0 12.231 + 0.011

g 4 1 1 0 10.727 + 0.020

= 5 -1 0(8) -1 (72) 11.549 + 0.095
S 6 1 0 -1 9.386 + 0.051

= 7 -1 0 1(120) 10.149 + 0.115

5 8 1 0 1 10.624 + 0.058

g 9 0 (40) -1 -1 11.866 + 0.037

< 10 0 1 -1 12.484 + 0.170

o 11 0 -1 1 10.583 + 0.046
2 12 0 1 1 9.649 +0.013

@) 13 0 0 0 18.733 + 1.051

14 0 0 0 19.204 + 2.189

15 0 0 0 19.809 + 1.178

1 -1 (35) -1 (5) 0 (96) 11.505 + 0.191

2 1 (45) -1 0 10.080 + 0.000

o 3 -1 1(7) 0 12.094 + 0.068

3 4 1 1 0 10.557 + 0.101

X 5 -1 0 (6) -1 (72) 13.069 + 0.098
= 6 1 0 1 9.945 + 0.060

§ 7 -1 0 1(120) 10.059 + 0.104
5 8 1 0 1 9.652 + 0.104

@ 9 0 (40) -1 -1 11.600 + 0.000

3 10 0 1 -1 13.321 + 0.159

8 11 0 -1 1 10.412 + 0.000
S 12 0 1 1 9.632 + 0.091

= 13 0 0 0 16.151 + 2.156

14 0 0 0 16.473 + 1.580

15 0 0 0 16.080 + 1.677
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3. Results anddiscussion

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 xytse b
medium at different temperatures of 25, 30, 35, 40, 45 and 50°C for 5 days. All isolates produced
an extracellular Gl in a broader temperature range from 35 to 50°C. However, they exhibited
maximum GI activity at 40°C (6.79.14 U/mL) (Figire 2) after 4 days of incubation (Rige 3).
The glucose isomerase production by all isolates declined above 40°C. This resulted in decreased
cell growth.Similar, maximum GI activity fronBerratia marcescerndK2 was recorded at 40°C
after 96 h of incubatiorfSharma et al., 2021)Streptomyces lividanRSU26 showed higher
enzyme activity at 37.5°C and 96 h of incubat{Bengasamy et al., 202@acillus megaterium
andEscherichia colstrain BL21 achieved maximum Gl activity at 37°C after 48m Nguyen
and Tan, 2018; Fatima and Javed, 2Q28pwever, the optimum temperature for GI production
in Thermoanaerobacter xylanolyticuithermus oshimaiGeobacillus thermocatenulatuend

Thermoanaerobacter siderophilusached 85°QJia 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 HCI. All isolates exerted
a Gl activity at the pHested. Optimum pH for the GI production Bgcillus sp. (6.83 U/mL),
Paenarthrobactesp. (9.29 U/mL) an€hryseobacteriursp. (8.29 U/mL) occurred at pH 8 while

Hymenobactesp. (8.85 U/mL)Mycobacteriunsp. (6.70 U/mL) an&tenotrophomonasp. (9.49
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U/mL) were at pH 6 (Figre 4). Cell growth raised until the optimum pH and then decreased
progressively. Similar findings were revealed by Sharma @G21)in Serratia marcescernsk?2.
Other investigators reported optimum pH for Gl production at pH5{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 biomassearasra
source for GI production. Each isolate was grown in xylose broth containing®.&arbon
sources. Xylose (8.351.92 U/mL) induced higher GI production compared to CMC (3.22
U/mL) and glucose (1.88.82 U/mL). However, 1% xylose boosted maximanzyme activity in

all isolates (8.38.1.92 U/mL). Higher xylose concentration inhibited enzyme production and
bacterial cell growth (Figres5 and §. Similar, higher enzyme yield Bacillus megateriuniThi
Nguyen and Tran, 2018)Escherichia coli strainBL21 (Fatima and Javed, 2020nd
Parageobacillus thermantarcticiisinore et al., 2019)ere obtained in the fermentation medium
with 1% xylose.Serratia marcescendK2 exerted maximum Gl activity in the culture medium
with 1.5% xyose (Sharma et al., 2021)However, pretreated biomass (22212 U/mL)
stimulated enzyme production better than crude biomass812B2J/mL) at 1%. This resulted in
increased cell growth. Wheat straw promoted higher glucose isomerase production.
Chrysobacteriumsp. (12.40 U/mL) exhibited maximum GI activity at 2% wheat straw while
Bacillussp. (15.00 U/mL)Paenarthrobactesp. (11.51 U/mL)Hymenobactesp. (9.81 U/mL),
Mycobacteriunsp. (11.23 U/mL) an&tenotrophomonasp. (13.90 U/mL) exerted highactivity

at 2.5% wheat straw (Figes 7 and & Sharma et a(2021)showed thaSerratia marcescertsk2

exhibited higher Gl production at 2% barley straw. Corn husk (2.8@hanitnun and
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Pinphanichakarn, 2012¢orn cob and wheat dugBhasin and Modi2012)promoted higher Gl

yield from Streptomycesp. CH7 andStreptomycesp. SBP1, respectively. SEM analysis was
performed to observe morphological changes in wheat straw. Morphological characteristics of raw,
pretreated and enzynfg/drolyzed wheat st are shown ifigure7. Raw wheat straw showed a
smooth, nonporous, and compact surfaceufei§a) 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(€@gp) caused minimal changes on

the surface (less compact surface, fibers cohesion disappearance and internal cell wall exposure),
which could consist of the lowfficiency removal of hemicelluke and lignin. The sample surface

was destroyed after bacterial treatment (cracks, pores, and wall erosion), resulting in the exposal
of internal structures (Fige 9c-d). This suggests that lignin and hemicellulose of the pretreated
wheat straw sample bame 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
hemielluloselignin network, thereby removing some fibers and exposing internal structures to

bacteria and thus accelerating the biodegradation process.
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Figure 5. Effect of carbon sources and xylose concentration on bacterial biomass and glucose isomerase production by

Paenarthrobactesp. MKAL1, Hymenobactesp. MKAL2 andMycobacteriunmsp. MKALS3.
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