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Chapter 1

General Introduction

Cellulose is the major polysaccharidic constituerit plant cell wall,
comprisingD-glucopyranose residues linked 1,4 glycosidic bonds. Cellobiose is
the smallest repetitive unit of cellulose whichuilsmately broken down into glucose
(Fig 1.1). The individual cellulose chains conta@0 to more than 10,000 glucose
units, packed tightly in parallel fashion into nabrils by extensive inter and intra-
chain hydrogen bonding interactions, which conigidrstructural stability (Haigler
and Weimer, 1991). The microfibrils aggregate tbgetin varying proportion of
crystalline and amorphous forms, regulated by thgrek of polymerization, extent
of hydrogen bonding and source of cellulose (Wd®&9; Beguin and Aubert, 1994;
Tommeet al 1995; O'Sullivan, 1997; Atalla, 1999; Bayetral. 1998). It is the most
abundant renewable energy source which can be tmkgnused for biofuel
production. Cellulolytic microorganisms play an ionfant role in the biosphere by

recycling cellulose and converting it into valueled products (Wood, 1989).
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Fig. 1.1 Structure of the cellulose chain with-1, 4 glycosidic linkages
(www.afma.org/f-tutor/cellulose.hfm

1.1 Cellulose degrading enzymes and mechanism of action
1.1.1 Cellulases (EC. 3.2.1)

The structural complexity and rigidity of cellulossubstrates has given rise
to remarkable divergence in cellulose degradingym®es (Fanet al 1980).
Microorganisms involved in degrading these compi®ieties produce a group of
enzymes which are either secreted out or remain braame bound with different
specificities, and act together in synergism. Qadles are a group of hydrolytic
enzymes that hydrolyze insoluble cellulose intdoteébse and ultimately to simple
soluble sugars such as glucose and cello-oligosaicdes which afford energy
sources for microbial activity (Bhat and Bhat, 198ynd et al 2002; Sukumaraat
al. 2005). Cellulases are modular enzymes that ameposed of independently
folding and structurally and functionally discretaits called domains (Henrissett
al. 1998; Bayeet al. 2004). It is composed of a carbohydrate bindiognain (CBD)
at the C-terminal joined by a short poly-linker imgto the catalytic domain at the
N-terminal. Cellulases mostly employ the retentarnthe inversion mechanism for
the hydrolysis of glycosidic bonds (Teeri, 1997;u@oho and Henrissat, 1999).
These catalytic mechanisms involve either the tetenor inversion of the

configuration of the anomeric carbon, which in bo#ises is catalyzed by the two
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carboxyl groups present at the active site of theyme (McCarter and Withers,
1994; Davies and Henrissat, 1995). The completgreatic hydrolysis of cellulosic
materials is a coordinated action of 3 differentyenes comprising endoglucanase
(carboxymethylcellulase, 1@+d-glucan-4-glucanohydrolase;), exocellobiohydrelas
(1,48-d-glucan glucohydrolase; avicelase), arfdglucosidase [-d-glucoside
glucohydrolase) (Fig 1.2). Endoglucanase produdessrn the cellulose polymer
exposing reducing and non-reducing ends, exoglseaaats upon these reducing
and non-reducing ends of the cellulose chainsherdite cello-oligosaccharides and
cellobiose units, an@i—glucosidase cleaves the cellobiose to liberateogie (Bhat
and Bhat, 1997). These enzymes can either be fradjcularly in aerobic
microorganisms, or grouped in a multi-componentyere complex called as
‘cellulosomes’ in anaerobic cellulolytic bacteri&ilpert and Hazelwood, 1993;
Bayeret al. 1998; Lyndet al 2002). Microbial cellulases are at present thelth
largest group of industrial enzymes contributing 82the global demand. A boost in
approximately 100% in the use of cellulase is etguedy 2014 if bioethanol from
lignocellulosic waste is used as the major additoveéhe transportation fuel (Bhat,

2000; Singhaniat al 2010).

1.1.2 Mechanism of action of cellulase: Induction and regulation

Cellulases are inducible enzymes whose producsi@omtrolled by induction
and repression mechanisms (Davies and Henrissa®5).19All cellulolytic
microorganisms are known to produce high levelsediulase enzyme when grown
on cellulose as a sole carbon source (Mandels a®asdR 1957). Other substrates
such as cellobiose, lactose and sophorose arekatssn as inducers of cellulase

activity (Mandelset al. 1962; Lyndet al 2002; Bailey and Tahtiharju, 2003). In
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Trichoderma reeseithe expression of cellulase enzyme was foundetanduced
only in presence of complex substrates like cedleland its derivatives, but got
repressed in presence of easily utilizable sulestratich as glucose (llmext al
1997). The mechanism of induction of cellulaseamplex because of the insoluble
nature of cellulose which makes it unable to ettiermicrobial cell and trigger the
gene. The generally accepted theory of inductiorcadfulase gene expression by
insoluble and polymeric substrate is that, low Igvef cellulase activity is
constitutively produced by the microorganisms whithiates hydrolysis of cellulose
to soluble sugars (llimeat al. 1997; Bhat and Bhat, 1997). These sugars are then
converted into true inducers which enter the cell &ither directly or indirectly
influence binding protein and promote cellulase egexpression (Bhat and Bhat,
1997). In case ofrichoderma reeseiit has been found that the cellobiohydrolase,
bound to conidia, hydrolyze the cellulose and #eeellobiose and cellobiono-T-
1,5- lactone (CBL), which is ultimately taken up imycelia and promote increased
cellulase gene expression and enzyme synthesig @BldaBhat, 1997). Mechanism
of action of cellulase in aerobic bacteria is sanito that of fungi but anaerobic
bacteriaviz. Clostridium sp. andRumionococcusp. assemble a multi-component
enzyme complex called ‘cellulosomes’ on the cetfare mediating the adherence of
bacteria to the substrate and thereby bringing abwoel degradation (Lamed and

Bayer, 1991; Karit&t al. 1997).
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Fig. 1.2 Mechanism of cellulase action on complete hydislysf cellulose
(www.answers.com/topic/cellulase

1.2 Screening of microorganisms producing cellulase

Cellulase producing microorganisms have been sol&iom a wide variety
of sources such as composting heaps, decaying piat@rial, feces of ruminants,
soil and extreme environments like hot-springs @radine habitat (Maket al. 2009;
Kuhad et al 2011). Efficient plate screening methods for asoh of cellulolytic
microorganisms are available. A simple and reliahkthod for detecting cellulase
activity in microorganisms is by using carboxymételiulose-agar medium (Hankin
and Anagnostakis, 1977; Teather and Wood, 1983sd&methods are based on the
formation of complex between cellulose and Congd Bge (Teather and Wood,
1982). Recently, Kasaret al (2008) found that Gram’s iodine for plate flooglim
place of hexadecyltrimethyl ammonium bromide or @omed gave better results.
However, plate-screening methods using dyes areguoantitative or sensitive
enough to correlate between enzyme activity and lsade. Use of soluble and

insoluble fluorescent labeled polysaccharides sashhydroxyethylcellulose-blue
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(HEC- blue) and xylan red to screen bacteria haegltylase and xylanase activities

enables higher sensitivity and quantification (B¢l 2004).

1.3 Cellulase production

Microbial cellulases have recently attained majgnisicance because of
their application in converting lignocellulose tmé&thanol. Major limitations in their
commercial application are low yield, instabilitpcahigh cost of production (Bhat
and Bhat, 1997). To improve the production titensitifaceted approaches like the
use of better bioprocess technologies, employirgapér and crude raw materials as
substrates and bioengineering the microorganismange heen adopted (Lyret al
2002; Sukumaraet al 2005). While majority of the suggested proceskescribed
are batch process, a few protocols like fed-batler(et al. 2005) and continuous
mode (Schafner and Toledo, 1992; Ju and Afolab891®Bailey and Tahtiharju,
2003) with improved enzyme production have alsmbreported.

The array of microorganisms involved in cellulaseduction includes
protozoa, white rot and soft rot fungi (Tanakaal 2009; Shresthat al 2009; Loet
al. 2010), anaerobic fungi (Ljungdahl, 2008; Dashtbaml 2009) and aerobic and
anaerobic bacteria (Gilkest al 1991; Thirumaleet al 2001; Kumaret al 2004;
Wang et al 2009). Most of the cellulases exploited commdiciare from
filamentous fungi such asTrichoderma, Aspergillus, Penicillium, Fusarium,
Humicola and Phanerochaetevhich produce enzymes of high activity at moderate
temperature (Javeet al 2007; Ahamed and Vermette, 2008; Mathetal. 2008;
Bak et al 2009; Loet al 2010, de Siqueirat al. 2010). The prime hindrance in the
use of commercially available fungal enzymes isrtblew growth and sensitivity to

high temperature and pH (Chowdatyal. 2001). Additionally, absence of prominent
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B-glucosidase activity causes in-efficient sacclaaifon process (Schulein, 1988).
Bacteria are now being widely explored because hdirtrapid growth rate,
expression of multi-enzyme complexes, stabilitgxtremes of temperature and pH,
lesser feedback inhibition and capability to wittmat variety of environmental stress
(Gilkes, 1991; Gilbert and Hazlewood, 1993; Bh&)@, Kotchoniet al. 2003; Maki
et al 2009). These bacteria are aerobic, anaerobic,ophédi, thermophilic,
alkaliphilic, acidophilic and even halophilic. Tkesstrains not only have the
capability to survive the harsh conditions durimg tbioconversion processes but
produce enzymes that are stable under extreme tamrxliwhich ensure increased
enzymatic hydrolysis, fermentation and product vecy (Maki et al. 2009). There
are several reports on production of cellulasesnfrioacteria such aBacillus
Clostridium Cellulomonas, Ruminococcuand Streptomycesspp (Robson and
Chambliss, 1989; Thirumalet al 2001; Rajoka, 2004; Bayeet al 2006;
Nascimentoet al 2009; Rastoget al 2009). The cellulosome of the bacterium
Clostridium thermocellumn addition tohaving 50-fold higher specific activity than
Trichodermasp. against crystalline cellulose also displayeghést rate of cellulose
utilization (Demairet al 2005; Fontes and Gilbert, 2010).

Bacillusspp. are most sought after as they produce divargge of cellulases
that are stable under extreme conditions (Setghl 2001; Singtet al. 2004; Ariffin
et al 2006; Hirasawat al. 2006; Leeet al. 2008; Rastoget al 2009; Rastoget al
2010; Trivediet al 2011; Annamalaet al 2011). AmongBacillus spp.B. subtilis
continues to be a dominant workhorse due to ite@#pto secrete large quantities of
extracellular cellulolytic enzymes (Aet al 1994; Mawadzat al 1996; Schallmey
et al. 2004; Liet al 2008; Kimet al 2009; Yinet al 2010; Dekaet al. 2011).

Horikoshi et al (1984) first identified @acillus strain secreting alkaline cellulase.
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Bacilli have been reported to secrete alkalineutadles which have huge potential
for industrial applications (Hirasawet al 2006).Bacillus subtilisis an ubiquitous
bacterium isolated from various sources such ds feges of ruminants, compost,
hot spring and marine habitat (Mayendal 2006; Rastoget al 2009; Kimet al
2009; Rastoget al. 2010; Yinet al 2010; Dekaet al 2011). The bacterium produces
an endospore that enables it to endure extremeitmorsd of heat and desiccation
(Claus and Berkeley, 1986). Since it is non-pathaget is safe for free handling. It
is therefore, used as model organism for geneticipoéation. The genuBacillus
consists of a diverse group of organisms as evatemy the wide range of DNA
base ratios of approximately 32-69 mol% (G + C)tenh (Claus and Berkeley,
1986).

The growth dependent cellulase production is imfteel by a number of
process conditions like temperature, pH, aeratwadium constituents and process
modes like batch, fed batch, semi-continuous andtimeous (Domingue®t al
2000; Bailey and Tahtiharju, 2003; Wehal 2005; Jatindeet al 2006; Immanuel
et al 2006; Ahamed and Vermette, 2008; ébal 2010). Every organism stands
apart in its requirement of process conditions aatfitional factors for maximum
enzyme production. Therefore, each of them hastodmsidered separately and the
growth requirements have to be optimized accorging|

The fermentation temperature ranging from 30-40UPpsrted optimum
growth and cellulase production by Bacilli (Singhal 2004; Rastoget al. 2009).
Temperature above and below the optimum level it#ithe cellulase activity
probably due to inhibition of multi-enzyme compleystem of the cell (Sohadit al
2009). Optimum cellulase production frddacillus subtilissubspsubtilis A-53 was

found to be at 30°C and pH 6.8 (Kiet al. 2009).Bacillus amyloliquefacienBL-3
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andBacillus subtilisYJ1 performed better at 37°C at neutral pH (keal 2008; Yin
et al. 2010). These reports differed from the finding Rdy et al. (2007) who
recorded maximum yield at 40°C bgacillus subtilis and Bacillus circulans
Similarly, Immanuelet al (2006) also reported maximum cellulase producbgn
CellulomonasBacillus and Micrococcussp. at 40°C and neutral pH. Singh al
(2004) also recorded similar results at 40°C and Qb Mawadzaet al (2000)
reported 70°C and 80° C as optimum temperaturegfowth of thermophilic
Bacillussp. CH43 andacillussp. HR 68.

Surrounding medium pH is an important factor affegtcellulase activity.
Most of theBacillus spp. grows at pH in the range of 7.0-7.5. Ariféinal (2006)
reported a combination of 37°C and pH 7.0 as optinfor Bacillus pumilusEB3.
Similarly Immanuelet al (2006) and Rastoget al (2009) reported pH 7.0 as
optimum for cellulase production Bacillus sp. Rayet al (2007) reported pH 7.0-
7.5 as optimum for growth dacillus subtilisandBacillus circulans Bacillus spp.
are also active at alkaline pH (Kiet al. 2005; Hirasawat al 2006). Singhet al
(2001) observed that pH 9.0 favoured cellulase yebdn and the growth and
activity drastically reduced when pH dropped be®@. Kim et al. (2005) reported
growth at pH 10.0 to be ideal for maximum cellulggeduction byBacillus sp.
HSH-810. Acharya and Chaudhury (2011) and Hiraseival (2006) reported pH
higher than 9.0 as optimum for cellulase productibms differed from the findings
of Otajevwo and Aluyi (2010) who recorded 35°C goid 5.0 as optimal for
cellulase activity oBacillus subtilisandBacillus circulans

SomeBacillus spp. are salt tolerant and alkaliphilic in natufavedi et al
(2011) reported halostable cellulase produdBagillus flexuswhich could retain

70% of enzyme activity at salt concentration of 15¥he enzyme activity of
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alkaliphilic and halo toleranBacillus agaradhaerensvas found to be induced in
presence of NaCl (Hirasaved al 2006). Similarly Singtet al (2004) reported 1.2
fold rise in cellulase activity in presence of 50nMACI at pH 8.0 in alkaliphilic
Bacillus sphaericugS1.

Agitation is one of the important culture parametdghat maintains
homogenous conditions, disperses dissolved oxygem smaller bubbles thereby
increasing the interfacial area and oxygeass transfer rate for enhancing both
substrate utilization and microbial activity (Singhal 2000). However, agitation
speed above the optimum value did not improve tieyrae activity, which may be
attributed to increased shear stress on the eslling to reduced enzyme production
(Purkarthoferet al 1993). Bin and Hussaini (2006) noticed 2 foldreaase in
cellulase activity under shaking condition as coragdo static condition iBacillus
amyloliquefaciendJMAS 1002. Agitation speed in the range of 120-2pth was
found optimum for cellulase production (Mawadztaal 2000; Singhet al. 2004;
Liang et al 2009; Annamalaet al. 2011). Rastoget al (2009) and Trivedet al
(2011) reported agitation speed of 120 rpm as aptinfor cellulase production by
Bacillus spp.

Cellulases are inducible enzymes and differentaragources play important
role in affecting the enzymatic levels (Lee and K@001; Kumaret al 2008).
Carboxymethylcellulose (CMC) has been reportedeaybod cellulase inducer for
different cellulolytic microbes (Dominguest al 2000; Narasimhat al. 2006;
Niranjane et al. 2007; Ahamed and Vermette, 2008; Annamatial 2011).
Presence of 1% CMC increased the rate of cellidgsthesis irBacillus spp. (Singh
et al 2001; Arriffin et al 2008; Kimet al. 2009). Similarly, Liet al. (2008) reported

maximum cellulase activity froBacillus sp., grown in medium supplemented with
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1 % CMC. Other substrates such as cellobiose,dac@ad sophorose are also known
as inducers of cellulase activity (Mandelsal 1962; Lyndet al 2002; Bailey and
Tahtiharju, 2003). Cellobiose and glucose have beparted to be good inducers for
many cellulolytic microbes (Mandelet al 1962; Rodriguezet al 1996).
Brevibacillus sp. JXL showed much higher cellulase activity whoatiobiose or
glucose were used as co-substrates (Letng. 2009). Lactose has also been found
to enhance cellulase production by 3-4 timedviicrobacteriumsp. (Sadhwet al
2011).

Among different sources of nitrogen, organic nigogserved as a better
source than the inorganic nitrogen for cellulassdpction (Singtet al 2001; Rayet
al. 2007; Arriffin et al. 2008; Joet al 2008; Abou-Taleket al 2009). Peptone was
more effective than urea and ammonium nitrate fiulase activity inBacillus
amyloliquefacien®L-3 (Joet al. 2008). Annamalaet al. (2011) found peptone to be
a good source for enhancing cellulase productiomBacillus licheniformis Yeast
extract scored over peptone and urea for cellydaseuction (Arriffinet al 2008; Li
et al 2008). Arriffin et al (2008) reported 2 fold increase in cellulase pobidn in
presence of 0.2% yeast extract Bgcillus pumilusEB3. At 0.7% yeast extract,
cellulase production was optimum iBacillus alcalophilus S39 and Bacillus
amyloliquefaciensC2 (Abou-Talebet al 2009). Singhet al (2001) reported
enhanced production of cellulase Bgcillus sp. when it was grown in presence of
tryptone. On the other hand, Rajoka (2004) foundN@®a KNO; and NHNO; as
best nitrogen source for cellulase production fi@éellulomonas flavigenaA 2 fold
enhancement in avicelase production was reporteth fGeobacillus sp. after
optimization of culture conditions using factoridésign with addition of yeast

extract and ammonium sulfate (Abdel-Fatéalal. 2007).
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1.4 Optimization strategiesfor cellulase production

Optimization is an important step used in biopreesso determine the most
suitable culture conditions and concentration oflim@ components which produce
the best possible response (Weuster-Botz, 200Qdiffonally, optimization in
bioprocesses is carried out by monitoring the éf¢one variable at a time (OVAT)
on an experimental response (Immaneiebl 2006; Rayet al 2007; Ariffin et al
2008; Shanmughapriyat al. 2010). This method however, does not bring oat th
interaction effect of various variables on enzynredpction. The conventional
methods for multifactor experimental designs ameeticonsuming and incapable of
detecting the true optima (Rajoka 2004; Wang and 2005; Sohailet al 2009;
Acharya and Chaudhary, 2011). In order to overcthigeproblem, the optimization
of bioprocesses is carried out by using multivargthtistic techniques (Latifizet al
2007; Alamet al 2008; Jahanet al 2008; Nagaet al 2010; Dekaet al 2011).
Response surface methodology (RSM) is the moswaeteempirical modeling
technique among the statistical techniques usednalytical optimization. It is a
collection of mathematical and statistical techegbbased on the fit of a polynomial
equation to the experimental data, which describesbehaviour of a data set with
the objective of making statistical predictions xBand Hunter, 1975; Salimi and
Esfahani, 2009). The first step to optimize a pssas to identify the factors which
have shown significant effect on the process. Tewell fractional factorial design
developed by Plackett and Burman, (1946) has beénsvely used to screen
significant factors for process optimization (Ghanet al 2000; Haoet al 2006;
Youssef and Berekaa, 2009; Geetha and Gunasekdyad, Dekaet al 2011). It is
based on the first order polynomial model. To idgrdn optima with the selected

variables, experimental designs for quadratic respsurfaces have been used, such
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as three level factorial, Box-Behnken and centoahgosite design (Weet al. 2005;
Jatinderet al 2006; Maedat al 2010). Among these, central composite design was
employed for cellulase production (Techapetnal 2002; Singhet al 2009). The
central composite design presented by Box and Wi{$651) is based on the second
order polynomial model. Abdel-Fatta#t al. (2007) reported 2 fold increase in
avicelase activity frontseobacillussp. after optimization of medium components
using Plackett-Burman and Box-Behnken designs.isitat based experimental
designs were applied to optimize the fermentatiadiom for the production of
cellulase byBacillus subtilis AS3. Seven different medium components were
screened for their significance on enzyme produaalising Plackett-Burman factorial
design. A 2 full factorial central composite design was usedestablish the
relationship between enzyme production and thrediume factors namely CMC,
yeast extract and peptone. The optimal levels ofiome components determined
were CMC (1.8%), peptone (0.8%) and yeast extr@ct70%). The maximum
enzyme activity predicted by the model was 0.49 lU/mhich was in good
agreement with the experimental value 0.43 U/mLwshg 6-fold increase as
compared to unoptimized medium (Dediaal. 2011). Several commercial software
packages like Design Expert (STAT-Ease, Inc., USAJ Minitab (Minitab, Inc.,
USA) are available for designing experiments usklgckett—Burman, central

composite and Box-Behnken designs and their analyse
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1.5 Purification of cellulase

Various methods such as precipitation by ammoniuiphate and solvent
extraction by acetone and ethanol, ultra filtrateomd chromatography have been
used for enzyme purification froBacillus sp. In general, for extracellular enzymes
after separating the culture from the fermentakisth by filtration or centrifugation,
the culture supernatant is concentrated by meandtfiltration, salting out by
ammonium sulfate or solvent extraction methods gisatetone and ethanol
(Mawadza et al 2000; Huang and Monk, 2004; Singt al 2004). After
concentration, further purification is achieved byarious chromatographic
procedures such as ion-exchange and hydropholei@ation chromatography (CM-
cellulose, DEAE-cellulose, phenyl-sepharose or DEdpharose and HiTrap Q,
affinity chromatography) (Apiraksakoet al. 2008) or gel filtration chromatography
viz., sephadex, sephacryl, DEAE-sephadex (Seigil 2001; Singlet al 2004; Kim
et al. 2005; Bischoffet al. 2006; Kotchoniet al 2006; Liet al 2006; Kimet al

2009; Yinet al. 2010; Trivediet al2011).

1.5.1 Precipitation techniques

Protein precipitates are aggregates of protein cotés large enough to be
visible and collected by centrifugation. The disition of hydrophilic and
hydrophobic residues at the surface of a proteterdenes its solubility properties.
The solubility of a protein is the result of polateraction with the aqueous solvent,
ionic interaction with salts and repulsive elecdtatis interaction between like
charged molecules. Salting out with ammonium selfeg a convenient, non-
denaturing way to concentrate a protein. It is edil by dehydration of protein

molecule in the microenvironment. In solution, eganumber of water molecules
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are bound to the sulfate ion which reduces the amoiuwater available to interact
with the protein molecules. At a particular concatibn of ammonium sulfate
(NH,4)2S04, an insufficient quantity of unbound water vii# available to keep a
given protein species in solution, resulting in theecipitation of that protein.
Material precipitating prior to 25% NJSO, saturation is generally particulate, pre-
aggregated or very high molecular weight proteing@hberg, 1996). Many proteins
can also be precipitated by the addition of watescible organic solvents such as
ethanol and acetone which displaces water fromptioéein surfaces resulting in
decrease in solvation layer around the proteincipitation occurs more readily
when the pH of the solution is close to the isatie point (pl) of the target protein.
Also, a larger protein will precipitate at lowernm@ntrations of organic solvent than
a smaller protein with similar properties. Mosttgins precipitate in the range of 20-

50% (v/v) acetone.

1.5.2 Chromatography

Cellulase has been purified using columns contgihiydroxyapatite, DEAE-
cellulose, DEAE-sephadex, phenyl-sepharose, HiTQamsephadex and sephacryl.
Mawadzaet al. (2000) reported purification of cellulase fr@acillus sp. by acetone
precipitation and then subjecting it to hydropholmteraction chromatography on
phenyl-sepharose. Bischadt al. (2006) reported purification by phenyl-sepharose
chromatography and desalting by ultrafiltration afhlly using ion exchange
chromatography. Leet al (2008) and Kimet al (2009) reported three steps of
purification such as ammonium sulphate precipitgtidiTrap Q and two cycles of

ion exchange chromatography with Mono Q HR column.
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1.6 Characterization of cellulase
1.6.1 Optimum pH and stability of cellulase

Acidic and basic amino acids located on the suréd@nzymes determine the
net charge, charge distribution and reactivityhaf tatalytically active groups. State
of ionization of amino acids varies with pH of tleavironment. The state of
ionization near active site determines the oveaativity, structural stability and
solubility of the enzyme (Chaplin and Bucke, 199Bjteration in the state of
ionization of amino acids in a protein leads taatison of ionic bonds resulting in
enzyme becoming inactive.

Most of the alkaline cellulases have optimum pHween 9.0-11.0
(Christakopouloset al. 1999; Singhet al 2004; Shanmughapriyet al 2010). An
optimum pH of 9.0 was reported for cellulase fr@&acillus sp. KSM-N252 (lto,
1997), Bacillus sp. VG1 (Singhet al 2001) andBacillus sp. HSH-10 (Kimet al
2005). Trivediet al. (2011) reported optimum cellulase activity fr@acillus flexus
at pH 10.0 which remained stable up to pH 12.0.analaiet al (2011) obtained
optimum cellulase activity at pH 9.0 frorBacillus licheniformis which also
remained stable up to pH 12.0 even after 1 h intobaat 80°C. Conversely, an
optimum pH of 5.0 was reported for cellulaseBatillus sp. CH43 andBacillus sp.
HR68 (Mawadzeet al. 2000),Bacillus sp. AC-1 (Liet al 2006) andBacillus sp.

DUSELR13 (Rastogét al 2010).
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1.6.2 Optimum temper ature and thermal stability of cellulase

The thermal stability of enzymes largely depeodsts primary structure. A
high content of hydrophobic amino acids providempact structure, whereby the
enzyme does not easily get denatured with chandbkerexternal environment. In
addition, disulfide bridges and other bonds in phatein result in high resistance to
heat inactivation and chemical denaturation. Siryilgoresence of divalent cations
and polysaccharides also stabilize the moleculadgistrom-Lang and Schellman,
1959). Cellulases fronBacillus spp. have been reported to be stable showing
optimum activity over temperature range of 40-8QEAdoet al 2001; Singret al
2001; Singhet al. 2004; Leeet al 2008). An optimum temperature of 70°C was
reported for cellulase ddacillussp. AC-1 andBacillus sp. CH43 and retained 80%
stability after incubation at 50°C for 60 min (&t al 2006; Mawadzat al 2000).
Rastogiet al (2010) reported maximum cellulase activity at@3fom Bacillus sp.
retaining 75% of its initial activity after incuban at 70°C for 60 min. Triveddt al
(2011) reported optimum cellulase activity fr@acillus flexusat 45°C. An optimum
temperature of 60°C was reported from cellulaseBatillus subtilis YJ1 and
Bacillus licheniformisand retained stability even after 1 h incubatipBGEC (Yinet
al. 2010; Annamalaet al. 2011). Kimet al (2005) reported optimum cellulase
activity from Bacillus sp. HSH-810 at 50°C and showed 60% of the maximum
activity after incubation at 60°C for 1 h. A safti@ated endoglucanase from
alkaliphilic Bacillus agaradhaerensJAM-KU023 showed increased optimal
thermostability at 50-60°C in presence of 0.2M Na@H pH range from 7.0-9.4
(Hirasawaet al 2006). A novel thermophilic, bacteriurevibacillus sp. JXL

retained 50% activity after 1 h at 100°C (Liagtgal 2009).
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1.6.3 Substrate specificity

Cellulases in general have broad substrate spiégifind are active against a
number of synthetic substrates (Aogtoal 1995; El-Helow and ElI-Ahawany, 1999;
Mawadzaet al 2000; Singret al 2001; Yanget al 2008). But, the cellulases from
Bacillus spp. appeared to be more active against CMQ{lal 2006). Kimet al
(2005) and Yiret al (2010) reported maximum cellulase activity aga®sIC from
Bacillus sp. HSH-810 andacillus subtilisYS1 respectively, and negligible activity
against avicel, cotton fibre, filter paper, xylamdap-nitrophenylglucopyranoside (p-
NPG). Singhet al. (2004) reported maximum activity with CMC andhiénan from
Bacillus sphaericusSome alkaline cellulases froBecillus spp. show significantly
high activity towards specific substrates suclf-gtucan (Mawadza&t al 2000) and
lichenan (Singlet al 2001; Ozaki and Ito, 1991; Hakamaataal 2002). Mawadzat
al. (2000) and Leest al (2008) reported significant activity with avicehd filter
paper fromBacillus sp. HR andBacillus amyloliquefaciensapart from CMC
Similarly, high level activity towards avicel, xylaand filter paper apart from CMC
was reported fronBacillus circulans(Kim, 1995). Dekeet al. (2011) reported a 2.8
and 3 fold rise in enzyme activity froBacillus subtilisAS3 using lichenan angh
glucan as substrate as compared to CMC optimizetiume Brevibacillussp. JXL
found to produce cellulases active against a bgpattrum of substrates such as
crystalline cellulose, CMC, xylan, cellobiose, gise and xylose (Liangt al. 2009).
Some of the biochemical properties of cellulasesnfBacillus spp. are listed in

Table 1.1.
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Table 1.1 Biochemical properties of cellulases fr@acillus spp.

Strains Optimum Optimum Thermo  pH Mol Ref

temp pH stability stability — wt

(°C) (°C) (kDa)
Bacillussp. VG1 65 9-10 60 7-10 85 Singhal (2001)
Bacillus sphaericu§S1 60 7.0 60 8.0 42 Singhal (2004)
Bacillussp. HSH-810 50 9.0 50 8.0 80 Kenal (2005)
Bacillusamyoliquefacieri3L-3 50 7.0 50 4-9 53 Leet al (2008)
Salinivibriosp. NTU-05 35 7.5 10-40 6.5-85 29 Waat@l (2009)
Bacillus subtilissubsp subtilisA-53 50 6.5 50 6.5 56 Kiret al (2009)
Bacillus licheniformisAU01 50 9-10 70-80  11-12 33  Annamadbal (2011)
Bacillus subtilisAS3 45 9.2 20-50 - 30 In this study

1.7 Applications of cellulases

Cellulases have a wide range of applications inilegexiaundry, pulp and
paper, fruit juice extraction and animal feed irtdes (Bhat, 2000; Maket al
2009). In addition, cellulases have been implicated saccharification of
lignocellulosic biomass to fermentable sugars wiuah be used for the production
of bioethanol, lactic acid, single cell protein amther industrially important

chemicals (Sanchez and Cardona, 2005).

1.7.1 Céllulasesin pulp and paper industry

In the pulp and paper industry cellulases are isetkcrease the viscosity of
the processed material during the pulping processriechanical pulping). This
saves energy during refining and modifies fibrepgrties which improves drainage
of recycled fibers and increases operational efficy of paper mills (Leathaet al
1990; Pereet al. 1995). Cellulases have also been used to reieistom fiber
surfaces found in used paper material by partialrdlysis (bio-de-inking) for

reducing environmental pollution (Buchest al 1998). In addition, it is used to
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improve sheet-strength property of the end-prodinct characterization of fibers by

selective solubilization of pulp carbohydrates (Bertet al 1996).

1.7.2 Cellulasesin textile and detergent industries

In textile industry, cellulases are extensivelydusebio-stoning of denim as a
sustainable alternative to stone-washing, whichegifaded, worn and aged
appearance, through careful removal of excess aya the fabric. They are also
efficient in softening the textile without causinftber damage and ensuring
maximum production of good quality garments. Steoqposure to cellulases results
in increased functional life of washing machine$jol undergo less wear and tear
(Galante et al. 1998). Cellulases are extensively used in thedyotion of
environment friendly washing powders. They imprdive detergent performance as
they restore the softness and brightness of cddbric by selectively removing
small and fuzzy fibrils from the surface (Uhlig,98). The same phenomenon occurs
during cellulase action in bio-polishing of fabrleading to color brightness,

uniformity and smooth and glossy appearance (Cettak 2001).

1.7.3 Céellulasesin beer and wineindustry

In beer brewing, cellulases are used to improvehbifesving process from
poor quality barely. Their function is to avoid gekmation that may cause poor
filtration, slow run-off time and low extract yielfDksanenet al 1985). In wine
making, they are employed to obtain better skinraldgtion, improved color
extraction, easier must clarification, better estiem and improved quality and

stability of the end product (Caldiret al. 1994). Cellulases are also used for
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extraction and clarification of fruit and vegetalplgces and production of nectars

and purees (Uhlig, 1998).

1.7.4 Cellulasesin animal feed

Cellulases are widely used as additives to mondgaashd ruminant feed.
Their role is to (i) eliminate anti-nutritional fexrs present in grains and vegetables,
(i) degrade certain cereal compounds to improvéitmanal value of feed, (iii)
supplement the digestive enzymes of animals whesetlare inadequate specially in
the post-weaning period, (iv) improve feed conwesrate, and (v) enable the

utilization of less expensive feed components (Esgital 2004).

1.7.5 Céllulasesin lignocellulose to bioethanol process

Lignocellulosic biomass forms the most abundanewable resource but
their use is limited due to lack of cost effectitechnologies. Cellulases have
potential applications in saccharification of ligedulosic residues to fermentable
sugars which in turn can be used for productiohioéthanol, lactic acid, single cell
protein and other industrially important chemicé&Bherry and Fidantsef, 2003,
Emtiazi et al. 2003, Tanakaet al 2006 and Sanchez and Cardona, 2005). The
strategy currently employed for microbial cellulesenediated conversion of
lignocellulosic biomass to ethanol is a four stepcpss involving (i) pretreatment of
the lignocellulosic biomass residues to removeitigind hemicellulose fraction, (ii)
enzymatic hydrolysis of the cellulosic residue engrate fermentable sugars (e.qg.
hexose and pentose), (iii) use of a fermentativeraorganism to produce alcohol
from the hydrolyzed cellulosic material and fina{ly) the product purification and

recovery (Kovacset al 2009; Liet al 2009; Sahaet al 2011). However, the
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commercial exploitation of lignocellulosic fermetta largely depends upon the
efficient hydrolysis of lignocellulosic substratédficient enzymatic hydrolysis with
maximum sugar Yyields is the key factor for sucadssbnversion of lignocellulosic
biomass to ethanol. In addition to the recalcitraature of the substrate, other factors
that limit cellulase efficiency during the hydrolysare end product inhibition,
thermal deactivation of the native protein, nondpebinding to lignin (Yang and
Wyman, 2004) and irreversible adsorption of enzytodbe heterogeneous substrate
(Taniguchiet al 2005). To improve hydrolytic efficiency, it is cessary to optimize
cellulase production and develop an efficient dala based catalysis system
(Sukumaranet al 2005). Screening of autochthonoBscillus spp. and genetic
manipulation will enable developing ‘super straingfoducing more efficient

cellulases (Bakeet al. 2005).

1.8 Bioethanol production by simultaneous saccharification and fer mentation
Use of bioethanol as an alternative fuel derived ligynocellulosic

fermentation process will significantly reduce tbensumption of crude oil and
eventually the net carbon dioxide emission. Poprdar materials such as corn and
sugarcane currently used for bioethanol produclienless preferred owing to their
primary importance as a source of food (Zaldegal 2001). Utilization of cheaper
substrates such as crop residues and farm wastiel wi@ke bio-ethanol production
more cost-effective. These lignocellulosic residwdsch contain an abundance of
fermentable carbohydrates in the form of hexosemamose polymers, have a huge
potential as an alternative, renewable source fodyction of bioethanol and other

value-added products (Wyman, 2007; Fejial 2009).
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Among all processes for bioethanol production fi@mocellulosic biomass,
simultaneous saccharification and fermentation |Sfpipears as a promising one. It
is a one step process involving combination of emeyc hydrolysis of cellulose with
simultaneous fermentation of its main product (ghe&) to ethanol in the same
bioreactor, thereby reducing the infrastructure ¢Bsllok et al 2000; Ballesterost
al. 2004). SSF process first described by Tald@l (1977), scores over separate
hydrolysis and fermentation in offering higher daadfication rate and ethanol yield
by eliminating end product inhibition and decreasis#t of contamination due to
presence of ethanol. Further, it requires low ereyoading and utilizes enzymes
instead of chemicals to depolymerize structurabahydrates like cellulose and
hemi-cellulose (Olofssogt al. 2008; Santogt al 2010; Saha&t al. 2011). A major
challenge in improving the SSF process is matchhmey temperature conditions
required for optimum performance of the enzyme thedfermenting microorganism
(Bollok et al 2000). The optimum temperature for cellulase ares/is higher than
the maximum limit for most yeasts used for indasgtethanol production (Ballesteros
et al 2004; Kiran Sreeet al 2000). Saccharomyces cerevisigeovides a better
choice for production of ethanol, due to its inmrebility to utilize various
substrates, high ethanol tolerance and ability tthstand a range of metabolic
inhibitions (Casey and Ingledew, 1986). While, b8ticcharomyces cerevisiaed
Zymomonas mobiliare known to utilize hexoses predominantly, the &ayymes
namely alcohol dehydrogenase and pyruvate decaldsxyvere reported to be best
expressed irzymomonas mobiligSprenger, 1996)Zymomonas mobiliserments
sugars by Entner—Doudoroff pathway which generbie®r ATP per catabolized
glucose in contrast to the classical Embden—Meyé&rRarnas pathway (Olofssat

al. 2008). As a result, lower biomass yield with tEglethanol concentration are
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obtained as compared t®accharomyces cerevisiads a consequence, in recent
years research is focused on gram-negative famdtahnaerobic bacterium,
Zymomonas mobilisas promising alternative ethanol producer becatfises high
sugar uptake and ethanol production, high ethaol@rance and amenability to
genetic manipulation (Santes al 2010). Ability to use hemicellulose component in
biomass feedstock is vital for successful convarsiblignocellulose to bioethanol.
Saccharomyces cerevisiaand Zymomonas mobilis lack ability to ferment
hemicellulose derived pentose (C5) sugars. The nisges commonly used to
ferment pentose (C5) sugars &iehia stipitis Pachysolen tannophilusndCandida
shehatae(Olofssonet al 2008).Candida shehataés a pentose fermenting yeast
which has ability to ferment pentose sugars toreithay using pentose phosphate
pathway. The key enzymes involved are xylose redect(XR) and xylitol
dehydrogenase (XDH). But, these microbes need mmcophilic conditions and are
sensitive to inhibitors, high concentration of etblaand low pH resulting in low

ethanol yield (Hahn-Hagerdat al. 1991; Chandrakant and Bisaria, 1998).

1.9 Pretreatment of lignocellulosic biomass

The major challenge to effective cellulose utiliaatfor ethanol production is
the degree of crystallinity of the lignocelluloslmomass. The lignocellulosic
complex is made up of a matrix of cellulose andnilig moieties bound by
hemicellulose chains. Pretreatment breaks dowmigix and makes the substrate
accessible for enzymatic hydrolysis (Leteal 1994; Mosietet al 2005). The basic
purpose of pretreatment is to remove lignin and ibellose, reduce cellulose
crystallinity and increase the porosity and enzyenhaydrolysis (Lyndet al. 2002;

Kumar et al. 2009). Several pretreatment techniques like glaysphysico-chemical
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and chemical processes have been used to accetdraysis of lignocellulosic

biomass (Sun and Cheng, 2002; Hendricks and Zee20an).

1.9.1 Physical pretreatment

Lignocellulosic biomass is comminuted by a comboratof chipping,
grinding and milling to reduce particle sizes thréencreasing the available surface
area for enzymatic attack (Milleat al. 1976). The drawback of the process is high
energy requirement. Pyrolysis is another methodreviignocellulosic biomass is
pretreated at temperature higher than 300°C. Tsslts in rapid decomposition of

cellulose to gaseous products and residual chafi¢@ldeh and Bradbury, 1979).

1.9.2 Physico-chemical pretreatment

Physico—chemical pretreatments are more effectiam physical methods.
Steam explosion (autohydrolysis) is the most céfscBve and commonly used
physico—chemical method (McMillan, 1994). In thigthnod, chipped and grounded
biomass is rapidly heated with high pressure steam short duration followed by
suddenly releasing the pressure making the matarmlergo an explosive
decompression (Growt al. 1986). The duration of exposure to temperaturthén
range of 160—230°C during steam explosion depepda the type of substrate. The
efficiency of steam explosion is regulated by festike temperature, residence time,
particle size and moisture content (Duff and Muyrb996). Steam explosion breaks
the cellulose-hemicellulose-lignin complex and res® the hemicellulose while
increasing the surface area. The drawback of tbeegs is formation of degradation
products that are inhibitory to microbial growthnzgmatic hydrolysis and

fermentation during downstream process. Thus, teérgated biomass need to be
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washed to remove the inhibitory material alongwittmoving water soluble

hemicellulose decreasing the overall saccharificatiields (Sun and Cheng, 2002).
This method has been recognized as the most destieé method for hardwood

(poplar, oak, birch, maple) and agricultural resglubut less effective for softwood
(pine, cedar) (Clarke and Mackie, 1987).

Ammonia fibre explosion (AFEX) is another methodend lignocellulosic
biomass are exposed to liquid ammonia at high temtpe and pressure (Garloek
al. 2011). The advantage of AFEX pretreatment isith@ncurrently removes lignin
and hemicellulose while decrystallizing cellulokas more effective for herbaceous
and agricultural residues than for hardwood anth&afd (McMillan, 1994). Sun and
Cheng (2002) reported 90% hydrolysis of celluloed aemicellulose with AFEX
pretreatment of bermuda grass and bagasse. AFEXam@ent has the advantage of
minimizing formation of cellulase inhibitors for éh downstream biological
processes. This is due to high temperature and phitamned during the process
resulting in higher saccharification yields. Howeviéhe method is cost intensive
because of the use and recovery of ammonia (Mesigr 2005).

Carbon dioxide (Cg explosion is also used for pretreatment of
lignocellulosic materials which uses the same ppiec of AFEX and steam
explosion (Zhenget al 1998). The C@ explosion results in the formation of
carbonic acid which increases the hydrolysis ratethe saccharification yields are
relatively low compared to steam or ammonia explospretreatment (Sun and

Cheng, 2002).
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1.9.3 Chemical pretreatment

Chemical pretreatments employ chemical agents dikene, acids, alkalis,
peroxide and organic solvents. Inorganic acids saghtSO, and HCI have also
been used for lignocellulosic biomass pretreatm@ancentrated acids are powerful
agents for cellulose hydrolysis, but they are tpgarosive and need to be recovered
after hydrolysis to make the process economical andironmentally feasible
(McMillan, 1994). Dilute acid pretreatment is favahle as high reaction rates were
achieved improving significantly the cellulose hgigsis (Schellet al 2003).
However, the process cost has been found to bdlyisigher than steam explosion
or AFEX (Sun and Cheng, 2002). Moreover, pH haswdoneutralized during the
downstream processes.

Some bases can also be used for pretreatment mufckfjulosic materials.
Pretreatment with dilute NaOH causes swelling, ilEado an increase in internal
surface area, decrease of polymerization degree caystallinity, separation of
structural linkages between lignin and carbohydratad disruption of the lignin
structure (Mosieet al 2005). The effectiveness of this method depend$e lignin
content of the biomass (Sun and Cheng, 2002). irergé utilization of sodium
hydroxide or solvents such as ethanol or methaoi@afosolv process) has been
found to cause dissolution of lignin, but their lhigosts make these methods
uneconomical for large scale operation (Lytcl 2002).

Ozone can also be used to degrade lignin and hbads® in many
lignocellulosic materials. Ozonolysis effectivelgnmoves lignin, does not produce
any toxic residues and the reaction is carriedabtambient conditions (Vidal and
Molinier, 1988). However, the process is not coeative as it requires large

amount of ozone.
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Phosphoric acid-acetone pretreatment is a recerttiyduced method (Let
al. 2009). It requires a temperature of 50°C at nér@etanospheric pressure
alongwith a combination of a nonvolatile cellulos@vent (phosphoric acid) and a
volatile organic solvent (acetone). Among other hods it was found to be
advantageous as it removed almost all the hemiosiuand patrtially lignin content,
recycled both the solvents and obtained high syigéd. This pretreatment process is
an effective method for perennial plants as wellhasd wood (Kim and Mazza,
2008) and produces ‘clean’ cellulose which fadiéita enzymatic hydrolysis and

yeast fermentation.
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1.10 Objectives of the present study

Cellulases have been studied extensively becaudbeaf ever increasing
applications in textile, laundry, pulp and papetuitfjuice extraction, animal feed
industry, waste management, pollution control, ro@d& pharmaceutical industry,
protoplast production and genetic engineering. tditeon, they find use in
saccharification of lignocellulosic wastes to fenable sugars which can be used
for production of bioethanol, lactic acid, singlellcprotein and other industrially
important chemicals. Impending depletion of nonereable energy sources and
search for clean energy have generated interestigrobial cellulases involved in
lignocellulose conversion to bioethanol. Commereigploitation of cellulases has
remained restricted because of their low yieldtalbgity and high cost of production.
It is therefore, necessary to look for microbesdprng more cellulases with higher
stability, activity and versatile applicability. B@ria are now being widely explored
for cellulase production because of their rapidwghp expression of multi-enzyme
complexes, stability at extremes of temperature @rdlesser feedback inhibition
and ability to withstand variety of environmenttkess. They produce cellulases that
are stable under extreme conditions, during bioemien processes, which
accelerate enzymatic hydrolysis, fermentation anduyrct recovery.

The aim of the current study was to isolate andatttarize fast growing and
efficient cellulase producing bacterial strainseTdolonies were selected based on
the zone of clearance observed on CMC agar mediten @ongo red staining.
Colonies showing largest CMC hydrolyzing halo wegieked up and tested for
enzyme activity. Gram staining, catalase and uréests were carried out for the
selected strains. The morphology of the isolate®wtidied using scanning electron

microscope (SEM). 16S rRNA sequencing based mdaeddlentification of the
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isolates was carried out and taxonomic position wased by constructing a
phylogenetic tree.

Growth parameters of the organism like incubatiomet inoculum
concentration and substrate concentration requinemere studied. Optimization of
medium composition and levels of pH, temperatur@l agitation supporting
maximum Yyield of cellulase were ascertained usingtegies like one variable at a
time technique (OVAT), response surface methodol@$M) and multi-response
analysis. Purification of cellulase was carried byt salt precipitation and anion
exchange chromatography using DEAE-Sepharose. Démgit SDS-PAGE and
activity staining were carried out to check the logeneity of the enzyme and to
determine its molecular weight. The purified celkd was biochemically
characterized. Reaction conditions of the enzynoh &1 optimum temperature and
thermal stability, optimum pH, substrate specijicénd kinetic parameters were
studied. Scale-up of cellulase production was edrout in 2L laboratory scale
bioreactor using the optimized medium and optimipdysical parameters. The
purified cellulase from the isolate was employed lbmethanol production from
lignocellulosic biomass using Simultaneous Sacébation and Fermentation (SSF)
process. Batch SSF experiments was carried outvatuae the effective and
comparative performance of isolated bacterial, &lirapd a recombinant cellulase
along with different fermentative microbes such Saccharomyces cerevisjae
Zymomonas mobiliandCandida shehataen bioethanol production. Three different
methods for pretreatment like steam explosion, AREY phosphoric acid-acetone
were employed during SSF process to make the siwbsticcessible for efficient
enzymatic hydrolysis. Thatch graddyparrhenia rufg, bamboo leavesBambusa

dendrocalmup and water hyacinthEjchhornia crassipeswere selected for SSF
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studies based on percent fraction of cellulose, itellulose and lignin present.
Thatch grass is a weed collected from banks ofr rBeahmaputra near North
Guwabhati, Assam and is of no economic use. Watacihth a noxious weed and fast
growing perennial aquatic plant found in ponds Ekés all over Assam, India. This
plant is a typical menace infesting large areasaikr bodies causing ecological and
socio-economic problems which include diminution édiversity, blockage of
rivers and drainage system, and depletion of dissbbxygen adversely affecting the
flora and fauna. Bamboo leaves which generally govaste may also be used
judiciously for bioethanol production. Owing to thehigh cellulose and
hemicellulose and less lignin content and advantdgen competitor to food crops
these three substrates were chosen for bioethaodlgtion. Different combinations
of SSF profile were studied using substrate loadint and 5% both in shake flask

and laboratory scale bioreactor.
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Specific objectives of the present study

1.

10.

Screening, isolation and biochemical charactepmaf a microorganism
producing cellulase.

Optimization of medium composition for enhancedutase production from
Bacillus subtilisAS3 by statistical tools.

Effect of physical parameteviz., pH, temperature, agitation speed on growth
and cellulase production froBacillus subtilisAS3 using multi response
surface methodology.

Enhanced cellulase production froBacillus subtilisAS3 in a laboratory
scale bioreactor using statistically designed mmadiu

Purification of cellulase, molecular weight detemation and confirmation by
activity staining.

Biochemical characterization of the purified cedlsg such as optimum pH,
optimum temperature, thermal stability, substrat@centration, substrate
specificity and kinetics.

Screening and selection of the natural substraiesrizymatic hydrolysis
aiming to bioethanol production.

Identification of efficient pretreatment method ttve chosen biomass based
on ethanol production by Simultaneous Sacchariicabnd Fermentation
(SSF).

Lignocellulosic ethanol fermentation involving resbinant and microbial
released cellulases along with various fermentatneobes using screened
biomass and the pretreatment method.

Scale up of the bioethanol production using optedizZSSF process at
bioreactor level.
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Screening, identification, characterization and optimization of culture

conditions of cellulase producing Bacillus subtilis AS3

2.1 Introduction

Search for efficient cellulose and lignin degradmgroorganisms with high
cellulase activity has recently attracted resetodltevelop cost effective protocols for
bioconversion of farm waste into bioethanol. Théutaytic microbes are found in
diverse habitats such as composting heaps, decayiagt material, feces of
ruminants, soil and extreme environments like lwirg)s and marine habitat (Madi
al. 2009; Kuhackt al 2011). These microbes convert plant polysaccharid simple
sugars, which are then assimilated by the cellnf&ue group of these organisms is
associated closely with animals residing in theeslitye tracts of ruminants or in the
guts of wood degrading termites and worms (Daviesé4; Wenzeékt al. 2002).

The microorganisms capable of producing cellulasekide protozoa, white
rot and soft rot fungi (Tanakat al 2009; Shrestha&t al 2009; Loet al 2010),

anaerobic fungi (Ljungdahl, 2008; Dashtbetnal 2009) and aerobic and anaerobic

TH-1093_5615203



Chapter 2 58

bacteria (Gilkest al. 1991; Thirumaleet al 2001; Kumaret al 2004; Wanget al
2009). Fungi likeTrichoderma, Aspergillus, Penicillium, Fusarium, fidicola and
Phanerochaetdave been exploited commercially because theyym®enzymes of
high activity at moderate temperature (Jagedl 2007; Ahamed and Vermette, 2008;
Bak et al. 2009; Loet al. 2010, de Siqueirat al. 2010). The prime hindrance in wider
application of fungal enzymes is their slow growtid sensitivity to high temperature
and pH (Chowdaret al. 2001). Bacteria are now being widely exploredaose of
their short doubling period, expression of multegme complexes providing
increased function and synergy, lesser feedbachkitidn, capacity to colonize a wide
variety of environmental niche and potential toduoe enzymes under temperature
and pH stress (Gilkest al 1991; Gilbert and Hazlewood, 1993; Bhat, 2000kiMs

al. 2009). Additionally, the expression system anchéstication of bacteria is more
easily manipulated compared to fungal cellulaséesé attributes inducted search for
fast growing bacteria able to synthesize activkulzses under harsh conditions (Maki
et al 2009).

Conventionally, bacterial species are differentiabased on phenotypic and
biochemical characteristics (Rossello-Mora and Am&901). Existence of enormous
spontaneous diversity many times leads to ambigtitstrain and even species level
(Rondonet al. 2000). This warranted the support of genotypicratt@rization to
clearly christen a microbe. The molecular approaséd to trace bacterial phylogeny
is of major importance for species definition addntification (Fredricks and Relman,
1996; Rossello-Mora and Amann, 2001). An accuratd rautinely used method in
identifying bacterial species and trace phylogenstlationships is 16S rRNA gene
sequence determination. Universal existence ofIsso@lunit ribosomal RNA among

bacteria along with species specific variability kes it possible to identify at the
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genus or species level by comparing with the da&la the public domain with the
16S rRNA sequence (Vandamnet al 1996). In the present study the isolate
identified by 16S rRNA sequence analysis Begillus subtiliswas biochemically
characterized. The isolatacillus subtiliswas characterized by scanning electron
microscopy, Gram staining, catalase test, ureageatel 16S rRNA sequencing data

analysis.
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2.2 Materials and Methods
2.2.1 Chemicals, Reagents and substrates

Carboxymethylcellulose (CMC) (low viscosity, 50-20P) and lichenan were
purchased from Sigma Aldrich (St. Louis, USA). Baf-glucan was purchased from
Fluka, Biochemika. Steam exploded bagasse (SEB)gitsl by Dr. A. J. Verma,
National Chemical Laboratory, Pune, India. Thatcksg was collected from bank of
river Brahmaputra near North Guwabhati, Assam. (a¢csucrose, lactose, glycerol
and other reagents required for maintenance angnmenproduction medium were

analytical grade procured from Merck and Hi-Medid. Rtd., India.

2.2.2 Screening and isolation of cellulolytic micrerganism

The bacterial strain isolated from cow dung andhiified asBacillus subtilis
by 16S rRNA sequence analysis was obtained ast &@m Prof. D. Goyal, Thapar
University, Patiala, India. As per the protocol yded, cow dung samples were
collected from different places of Patiala, Ind&ing alcohol-sterilized tools. Sterile
distilled water was used to prepare 10% (w/v) snsjp® of samples and enumerated
by serial dilution technique. Serial dilutions weapeepared using sterilized saline
water (0.85% NaCl). Aliquots of 100 pL from eachtbé 10 10>, 10° dilutions
were spread plated on nutrient agar medium andbated at 37°C. The bacterial
colonies obtained were sub cultured on nutrient agél pure cultures were obtained.
Isolated and discreet colonies were picked up ftbe master plates, streaked on
nutrient agar containing 0.5% (w/v) carboxymethiiidese (CMC) and incubated at
37°C for 2-3 days (Ruijssenaars and Hartmans, 200dpai@te replica plates were
prepared and stained with 0.1% Congo Red solutiohleft to stand for 20 min. The

dye solution was then poured off and the plateadesti with 1M NaCl for 15 min
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(Teather and Wood, 1982). Finally, the plates weeshed with water to remove
unbound dye. Colonies showing larger halo were quckThe cultures were
maintained on nutrient agar slants at 4°C and wajea by sub-culturing every 2
weeks. The cultures were also preserved as glystook frozen at -80°C in 22%

(v/v) final sterile glycerol concentration for lomgrm storage.

2.2.3 Cellulase activity determination

The cellulase activity of all the isolated colonweas determined. The bacterial
colony producing highest enzyme activity was sel@ctand designated after
identification asBacillus subtilisAS3. The culture was grown using the medium as
described in Section 2.2.5. Enzyme assay was daoug in 100 pL of reaction
mixture containing 1.3% final CMC (65 pL of 2% CM@) 50 mM glycine NaOH
buffer (pH 9.2) along with 35 pL of cell free supatant and incubated at45for 10
min. The cellulase activityvas determined by estimating the liberated redusugar by
Nelson-Somogyi procedure (Nelson, 1944; Somogy#5)9 The absorbance was
measured at 500 nm using a UV-visible spectrophetem(Perkin Elmer, Model
lambda-45) against a blank with D-glucose as stahdAll the analyses were
performed in triplicate. Protein concentration wiasermined by Lowry method using
bovine serum albumin (BSA) as standard (Lowtyal 1951) as described in Section
2.2.3.2. The specific activity (U/ mg) of the céike supernatant was calculated by

dividing enzyme activity (U/mL) with protein condeation (mg/mL).
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2.2.3.1 Calculation of enzyme activity

One unit (U) of cellulase activity is defined a® thmount of enzyme that
liberates 1 pmole of reducing sugar per min &CAm 50 mM glycine NaOH buffer
(pH 9.2).

The cellulase activity was calculated as:

ASOOXCXV

. A
Enzyme activity U/ml)= e

=(u mole/min/ m).

A Asopo= Optical density (OD) change at 500 nm
C=1 OD equivalent glucose concentration (mg/mLjfretandard plot
V = volume of the reaction mixture (mL)
t = time of reaction (min)
180= molecular weight of glucose

v = volume of the enzyme source (mL) for redugngar estimation

2.2.3.2 Estimation of protein concentration

The protein content was estimated by the methodosiry et al. (1951).
Bovine serum albumin (BSA) was used as a referandea concentration range from
25 pg/mL to 500 pg/mL used to plot a standard curve
Reagents for Lowry method:

Reagent A : sodium hydroxide (0.4 g) and sodcarbonate (2.0 g) were
dissolved in water and the volume made up to 100 mL
Reagent B1 :2% sodium potassium tartarate.

Reagent B2 : 1% copper sulfate.

Reagent C  : prepared fresh by mixing 1.0 mkeaigent B1 and 100 mL
of reagent A followed by addition of 1.0 mL of res B2.
Phenol reagent : 1N phenol reagent.
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To 0.2 mL of sample containing 0.01 mL cell freérast, 1.0 mL of reagent C
was added. After 10 min, 0.1 mL of Folin’s reagemats added and the optical density
(OD) was measured after 30 min at 660 nm agaibr.

The concentration of protein was calculated a®vet

AAgoo*C*V _
Vv

=( mg/m

Protein concentration mg/njkE

A Aggo = change in absorbance of the sample at 660 nm
C =1 OD equivalent of BSA from standard plot (mb)
V = Total volume (mL)

v = volume of the sample (mL)

2.2.4 Morphological and biochemical characterizatio of selected isolate AS3

Phenotypic characterization of the isolate AS3.eddasn morphology, Gram
staining, catalase activity and urease test wasedamout by standard methods
(Johnson and Case, 1995; Cappuccino and Sherm@d). Z8or gram staining, the
bacterial smear was air dried and flooded with tety@olet solution for 30 sec. Extra
stain was drained using running water and the simeated with alcohol. The slide
was then flooded with iodine solution for 30 sex;ess of this mordant was washed
off with water and counter stained with safranin 3 sec. The smear was washed
with water before observing under a compound maops.

Catalase activity test was performed by addingdeops of 3% HO, to 5 mL
of 16 h grown bacterial culture (Kannan, 200&kissella confusaulture was treated
with H,O, under identical conditions and taken as negatioetrol for catalase
activity. Catalase test is performed to determine &bility of microorganisms to

degrade hydrogen peroxide to free oxygen gas bguoing catalase. Appearance of
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bubbles of free oxygen gas indicates positive aatatest.

The urease test was performed by growing the selestrain in urea broth
containing phenol red as pH indicator. Urease Ig/@drolytic enzyme that dislodges
the nitrogen and carbon bonds in urea and forms @mnan Presence of ammonia
creates an alkaline environment that causes phredoto turn deep pink. Failure to
develop pink colour indicates negative reactiorigkinaet al. 2008).

Shape, size and arrangement of cells was obsersiad Gcanning Electron
Microscope. The sample was prepared by centrifu@ingl of 16 h grown culture at
5,000 rpm for 10 min. The pellet was suspended mLLlof saline solution (0.85%,
w/v) and fixed with equal volume of glutaraldehy@e5%, v/v) for 2-4 h. One drop of
this was used to prepare a smear, dehydrated gsatted concentration of alcohol
and dried in a vacuum desiccator. This dried sam@e attached to the SEM stub
with double-sided tape and coated with 10 nm Aa sputter coater (SCH 620, Leo)
(Patel and Goyal, 2010). The surface of the sanwés viewed at various

magnifications in Scanning Electron Microscope (L&80 VP) operated at 10.0 kV.

2.2.50ptimization of incubation time for cellulase production

Fermentation duration is crucial for enzyme progunctoy microorganisms.
The inoculum was prepared by taking a loopful dfure from the nutrient agar slant
in a test tube containing 5 mL of nutrient broththw2% (w/v) glucose and incubated
at 37°C and 180 rpm in an incubator shaker (Daibantech India Pvt. Itd, Model
LSI-3016) for 16-18 h to reach optical density (O&2)600 nm around 0.6~0.8. For
enzyme production, 2% (v/v) of the fresh inoculunfiwe was transferred to two 250
mL erlenmeyer flasks each containing 50 mL modifmthimal medium containing

(g/L): carbon source CMC, (10);.KPQ,, (1); MgSQ.7H0, (0.25); FeSQ7H,0,
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(0.25); MnC}.4H,0, (0.5); peptone, (5) and yeast extract, (5) (Kaatal 1988). The
pH was adjusted to 7.0 using 1N NaOH before awaaia The flasks were incubated
at 37°C with shaking at 180 rpm. 1.0 mL of sampérendrawn at every 6 h interval
till 72 h. The samples were centrifuged at 1068 10 min at 4°C to separate the
cells. The cell free supernatant was analyzed riayme activity (U/mL) and protein
concentration (mg/mL) as described in Section 2fBo8 which specific activity

(U/mg) is calculated.

2.2.6 Optimization of inoculum concentration

The bacterial culture used to inoculate the feramgont medium must be
healthy, active and contain fully grown cells. arteeyer flasks containing 50 mL
minimal medium fortified with 1% (w/v) CMC were inalated with 0.5, 1.0 and 1.5
mL of overnight grown culture to obtain 1%, 2% a6 (v/v) inoculum
concentration, respectively. The inoculated culiuas incubated at 37°C with shaking
at 180 rpm. All experiments were carried out iplicate. After 48 h, 1.0 mL sample
from each flask was withdrawn and centrifuged a0Q@ for 15 min at 4°C. The cell
free supernatant was analyzed for enzyme actiutyn() and protein concentration
(mg/mL) as described in Section 2.2.3 from whiclecsfic activity is calculated
(U/mg). Since the inoculum at 2% concentration ltegsluin maximum enzyme

activity, further studies were conducted at thcuum concentration.
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2.2.7 Effect of different cellulosic substrates onellulase production

The effect of different carbon sources on cellufaseluction was evaluated by
separately growing the bacterial isol&esubtilis AS3 in modified minimal medium
(Kawai et al. 1988) supplemented with 1% (w/v) of CMC, lichenbarleyp-glucan,
glucose, sucrose, lactose, glycerol, steam explbddgdsse (SEB) and thatch grass.
The inoculum at 2% of overnight grown culture of A%as added to 50 mL of
modified minimal medium and incubated at 37°C wstiaking at 180 rpm. All the
experiments were carried out in triplicate. Afte3 B, 1.0 mL from each flask was
centrifuged at 10,0@Pfor 15 min at 4°C and supernatant was analyzeceifayme
activity and protein concentration as describe@éaction 2.2.3 from which specific

activity (U/mg) is calculated.

2.2.8 Optimization of the CMC concentration

To ascertain the optimum concentration of CMC sujppg maximum
production of cellulase, 1 mL of fresh inoculum (2%) was added to 250 mL
erlenmeyer flask containing 50 mL of modified miaihmedium (Kawaket al 1988)
supplemented with different concentrations (%, w¥)CMC ranging from 0.5, 1.0,
1.5, 2.0, 2.5 and 3.0. The culture flasks in tcigie were then incubated at 37°C with
shaking at 180 rpm. After 48 h, 1.0 mL from eachskl was withdrawn and
centrifuged at 10,0@0for 15 min at 4°C and the supernatant analyzedefmyme
activity and protein concentration as describe@attion 2.2.3 from which specific

activity is calculated.
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2.2.9 Effect of different nitrogen sources on cellase production

The effect of different nitrogen sources on thendloand cellulase production
of the isolate AS3 was evaluated by replacing tivgen source with 0.5% (w/v)
each of peptone, tryptone, yeast extract, ammowhioride and ammonium sulphate.
Other experimental details were same as mentiomekkection 2.2.7. After 48 h, 1.0
mL broth sample was withdrawn, centrifuged at 10g@r 15 min at 4°C and
supernatant was analyzed for enzyme activity aotepr concentration as described

in Section 2.2.3 from which specific activity iSaaated.
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2.3 Results and Discussion
2.3.1 Screening and isolation of cellulolytic micrarganism

Based on the diameter of the clear zone produded 48 h incubation, fiv
discrete colonies were picked up &designated as AS1, AS2, AS3, S4 and S5. T
isolates were examined for enzyme activity. Amanese, isolate AS3 was selec
for further stidies as it showed the biggest clear zone and igheédt enzyme activit
(Fig. 2.3.1, Table 2.3.1). The isolate formed ligihown flat colonies with irregule

margin.

Fig. 2.3.1 Screening for cellulolytic activity of isolate ASafter staining with 0.19
Congo Red. Plates containing nutrient agar medium with %C
carboxymethylcellulose incubated37°C. (A) Control without culture (B
Replica plate with AS3 isolate showing zone of deae.
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2.3.2 Selection of isolate based on cellulase attiv

Each of the isolate was grown in enzyme productmmimal medium
containing 1% (w/v) CMC (Kawaet al 1988) and incubated at 37°C for 48 h with
shaking at 180 rpm. The cell free supernatant vmatyaed for enzyme activity and
protein concentration as described in Section 2&s3mentioned in previous section,
AS3 displayed comparatively higher enzyme actiggycompared to the other isolates
(Table 2.3.1). This isolate AS3 was selected amdl disr further characterization and

studies.

Table 2.3.1Cellulase enzyme activity of the selected isolates

Isolate Specific activity (U/mg)
AS1 0.018 £ 0.02
AS2 0.032 £ 0.04
AS3 0.058 £ 0.01
S4 0.008 £ 0.05
S5 0.012 £ 0.04

*Values are mean = SE (n=3)

2.3.3 Morphological and biochemical characterizatio of isolate AS3

Morphological and biochemical data of the isolaséchin AS3 indicated that
the strain was aerobic, motile and gram positiveclvlare characteristic @acillus
spp. (Fig. 2.3.2 A). The cells appeared rod shajelr scanning electron microscope
measuring 1.23 um (Fig. 2.3.2 B). The isolate tkegtesitive for catalase (Fig.
2.3.3A), oxidase, nitrate reduction and bile andatiee for urease (Fig. 2.3.3 B),

citrate utilisation and Voges-Proskauer (VP) reac(iTable 2.3.2).
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Fig. 2.3.2(A) Gram staining (B) Scanning Electron Microscope imaf the iscate
AS3 showing gram positive and rod shaped appear(Scale2 p)

Fig. 2.3.3(A) Catalae test showing positive natt (a) isolateAS3 (b) Weissella
confusa (B) Urease test of the isolate AS3 shng urease negative natt
(a) control medium without culture (kisolate AS3and (c) Proteussp
(positive control).
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Table 2.3.2Biochemical and growth characteristics of isola&3A

Characteristics/biochemical tests

Colony colour Light brown
Gram reaction +
Morphology Rod shaped
Growth on McConkey's agar +
KOH -
Oxidase +
Catalase +

NOjs reduction to N@ +

Citrate utilisation -
Bile Esculin +
Voges-Proskauer (V-P) reaction -
Urease -

+, positive reaction; -, negative reaction

16S rRNA sequence of the isolate AS3 was compargd ©6S rRNA
sequences from other reference bacteria obtainedh fiNational Centre for

Biotechnological Information (NCBI) genebank (hitgwww.ncbi.nlm.nih.goy and

Ribosomal Database Project (RDP). The phylogersetalysis based on 16S rRNA
gene sequence showed maximum homology Battillus subtilis

Catalase activity test proved the catalase poshateire of the isolate as it
could hydrolyse B, to free oxygen gas indicated by vigorous efferveseéFig.
2.3.3 A). It did not show urease activity as it diot change the colour of pH indicator
phenol red to deep pink (Fig. 2.3.3B). Since thaiistwas catalase positive and urease
negative, it was christened Bscillus subtilisAS3 and deposited with genebank of

NCBI data library under accession number EU754025.
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2.3.4 Optimization of incubation time for cellulaseproduction

Cellulase production occurred during the late glophase of the organism
after about 20 h of cultivation and reached maximaim8 h when the organism
entered early stationary phase. After this stageetizyme activity remained static up
to 60 h and declined thereafter (Fig. 2.3.4). Samilesults were also reported for
Bacillus spp. strains where maximal production was achiefent 2 to 3 days (Rast

al. 2007; Annamalagt al 2011).

0.07 -
0.06
0.05
0.04 -
0.03
0.02 1

Specific activity (U/mg)

0.01

0.00

0 12 24 36 48 60 72
Time (h)

Fig. 2.3.4Effect of incubation time on cellulase productionBacillus subtiliSAS3.
values are mean = SE (n=3).
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2.3.5 Optimization of inoculum concentration

The enzyme production froBacillus subtiliSAS3 was maximum at 2% (v/v)
of inoculum concentration compared to 1% and 3%)((Fig. 2.3.5). Rayet al
(2007) reported 2% inoculum concentration as bestctllulase production from

Bacillus subtilisandBacillus circulans

0.07
0.06 -
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0.05 A1

=

0.04 -
0.03 A1
0.02 -

Specific activity (U/mg)
HH

0.01 A

0.00

0 1 2 3

Inoculum concentration (%)

Fig. 2.3.5Effect of inoculum concentration (%) on cellulasequction byBacillus
subtilis AS3.values are mean + SE (n=3).

2.3.6 Effect of different cellulosic substrates onellulase production

The cellulase production was significantly influedc when cellulosic
substrates with different linkages were used at d®4substitute of CMC. It was
observed that barleg-glucan (0.4 U/mg) and lichenan (0.35 U/mg) supgubrt
significantly higher activity byB. subtilis AS3 as compared to CMC (0.06 U/mg),
simple monosaccharides such as lactose (0.045 Ugtygkrol (0.037 U/mg), glucose

(0.031 U/mg), sucrose (0.018 U/mg) and cellulosibs¢rates thatch grass (0.025
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U/mg) and steam exploded bagasse (0.02 U/mg) &R6). There are reports of

production of lichenase likg-glucanase by some strainsBdcillus sp. (Shikataet al

1990). Most of the reports available fouB#C as the good cellulase inducer for a

variety of cellulolytic microbes (Dominguest al 2000; Narasimhat al 2006;

Niranjaneet al. 2007; Ahamed and Vermette, 2008; Annamailaial 2011). The

presence of 1% CMC was found to increase the fatellulase synthesis yacillus

spp. (Singket al. 2001; Ariffin et al 2008; Kimet al. 2009).
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Fig. 2.3.6Effect of carbon sources on cellulase productiorBhgillus subtilisAS3.
values are mean = SE (n=3).
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2.3.7 Optimization of CMC concentration for growth of Bacillus subtilis AS3

It was observed thaR% (w/v) CMC elicited highest specific activity of
cellulase (0.08 U/mg) fromB. subtilisAS3 (Fig. 2.3.7)Similar reports are available
where 2% CMC was optimum for maximum cellulase patihn (Kim et al 2009;

Trivedi et al 2011).
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Fig. 2.3.7Effect of CMC concentration on cellulase productlmnBacillus subtilis
AS3.values are mean + SE (n=3)

2.3.8 Effect of nitrogen sources on cellulase prodtion

The maximum cellulase activity was observed in gmes of peptone followed
by tryptone and yeast extract while inorganic &o sources such as ammonium
nitrate and ammonium sulphate had the least effegt 2.3.8). Moreover, addition of
peptone and yeast extract together had synergetect on cellulase production.
Similar results are reported earlier where orgaitiogen served better than inorganic
nitrogen for cellulase production (Singhal 2001; Ariffin et al 2008; Jcet al 2008).

Ariffin et al (2008) reported 2 fold increase in cellulase potidn in presence of
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0.2% vyeast extract and ammonium sulphate Bacillus pumilus EB3. Better
enhancement of cellulase activity was observe8anillus amyloliquefacien®L-3
with the addition of peptone as compared to ureh ammonium nitrate (Jet al
2008). On the other hand, Rajoka (2004) found NgN®DIO; and NHNO;3; as best
nitrogen sources for cellulase production fr@ellulomonas flavigenaSinghet al
(2001) reported tryptone as the best nitrogen sodior cellulase production in

Bacillussp.VG1.
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Fig. 2.3.8Effect of nitrogen sources on cellulase producbgrBacillus subtilisAS3.
values are mean + SE (n=3)
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2.4 Conclusions

Morphological and biochemical characterization of arganism are pre-
requisites before embarking upon investigating dr fpossible commercial
exploitation. Strain AS3 isolated from cow dung vi@snd to be an efficient cellulose
degrader showing a large clear zone in CMC comtgirplates after Congo Red
staining. The strain also showed high cellulas&i&gt The isolate proved to be Gram
positive and rod shaped and tested positive falase#, oxidase, nitrate reduction and
bile esculin and negative for urease, citrate aailon and Voges Proskauer (VP)
reaction. 16S rRNA gene sequence analysis after R@Rlification showed
maximum homology witiBacillus subtilis The isolated strain has been deposited in
genebank of NCBI data library under accession no7Bd@025. A phylogenetic tree
was constructed based on 16S rRNA sequences @ tlhacgenetic relationships of
this isolate with its neighbours. The isolate wasignated aBacillus subtilisAS3.

Growth conditions for cellulase production weredsdd and compared with
earlier reports. Inoculum concentration at 2% (wwjh incubation for 48 h gave
maximum cellulase production. CMC at 2% (w/v) shdweaximum enzyme activity.
Agro wastes like thatch grass and bagasse when asedole carbon source,
appreciably supported cellulase activity. Peptaneombination with yeast extract
had synergistic effect on cellulase production.W\fe ability to effectively produce
efficient cellulase in presence of variety of sudiigts and cultivation stress, the strain
Bacillus subtilisAS3 holds out promise for commercial applicatipaying the way to
economical production of bioethanol and other vadded products in an ecofriendly

way.
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Chapter 3

Optimization of medium composition for enhanced cellulase production

from Bacillus subtilis AS3 by Response Surface Methodology

3.1 Introduction

Search for cheaper sources of economiaallyortant cellulases has recently
gained momentum because of their application inpiteeluction of biofuels from
farm wastes. Low yield and stability of the enzyara difficulty in handling the
conventionally used organisms like fungi led to ithi@ation of studies on searching
and developing microbes with rapid growth and eohdrproduction of highly active
and stable cellulases even under hostile conditigleslium recipe plays a vital role
in enhancing the enzyme production. Even small awpments can be decisive for
commercial success. Development of a suitable andanical production medium
requires proper selection of quality and quantitycarbon, nitrogen, phosphorous,
potassium and trace elements. The proportion arneraiction between these
ingredients has a marked effect on the ultimatelycbon of the cellulase. Quite a
few studies were conducted earlier on the influeatenedium components on
cellulase production (Prasetsan and Doelle, 198mibBgueset al 2000; Rajoka,

2004; Narasimhaet al 2006; Ariffin et al 2008; Shanmughapriyat al 2010).
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Statistical methodologies are generally preferreer dhe conventional one variable
at a time technique because they help in cleartyptiering the interaction among
the variables and determining their optimal le€lkamet al. 1998; Ghanenet al
2000; Abdel-Fattaret al 2007; Alamet al. 2008; Hanet al 2009; Rashicet al
2009; Youssef and Berekaa, 2009; Geetha and Guarasek010; Dekat al 2011).

Response surface methodology (RSM) is a colleabbmathematical and
statistical technique based on the fit of a polyr@requation to the experimental
data, which describes the behaviour of a data sét the objective of making
statistical predictions (Box and Hunter, 1975)cdh be effectively used to study the
effects of factors and ascertaining optimum levefs parameters for desired
responses. Statistical methods like Plackett-Buridasign, Box-Behnken Design
and Central Composite Design are often used tonogei culture medium (Plackett
and Burman, 1946; Box and Wilson, 1951).

In the present study, production of an alkalineraodllular cellulase by
Bacillus subtilis AS3 isolated from cow dung, was enhanced by medium
optimization using response surface methodologg dptimization was carried out
through a stepwise strategy including: (1) scregrtimee most significant factors
affecting enzyme production using a two level nfattiorial Plackett-Burman design
(2) optimization of the most significant componeatsl generating a mathematical
model expressing the relationship between optimfaetbrs and cellulase production
by application of central composite design and \(8jification of the model by
monitoring the experimental production pattern. Téféects of different carbon
sources like lichenan and barldtglucan were also tested as alternatives to

carboxymethylcellulose (CMC) in optimized medium.
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3.2 Materialsand Methods
3.2.1 Microorganism and reagents

Bacillus subtilisAS3 (Genebank accession No. EU754025) was a rgift f
Prof. D. Goyal, Thapar University, Patiala, Ind@arboxymethylcellulose (CMC)
(low viscosity, 50-200 cP) anlichenan were purchased from Sigma Aldrich (St.
Louis, USA). Barleyp-glucan was purchased from Fluka, Biochemikggredients
required for the maintenance and enzyme productiedium were from Hi-Media
Pvt. Ltd., India. All the chemicals required fordteing sugar estimation, protein

estimation and buffer preparation were of high tyugrade.

3.2.2 Sterilization and aseptic techniques

All culture media were sterilized by autoclavingaasteam pressure of 10.3
kPa (15 Ib/i) at 121°C for 20 min. All inoculum preparationsdaculture transfers
were carried out under aseptic conditions usingdamair flow chamber (Clean Air

systems, Model CAH 1200).

3.2.3 Maintenance and sub-culturing
The culture was maintained on nutrient agar slaotstaining (g/L): beef
extract (1.0), yeast extract (2.0), peptone (SN&ACI (5.0) and agar (20.0), and sub-

cultured every 2-3 weeks.

3.2.4 Inoculum preparation and production of cellulase
The inoculum was prepared by taking a loop fullbatterial growth from
agar slant and suspending it in a test tube cantaim mL of nutrient broth with 2%

glucose. The culture tubes were incubated at 3% 180 rpm in an incubator
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shaker for 16-18 h to reach optical density (OD6@0® nm around 0.6~0.8. For
enzyme production, 1 mL of fresh inoculum from #hésbes was transferred to 250
mL erlenmeyer flask containing 50 mL modified migilmedium (Kawaiet al
1988) containing CMC as carbon source and othempooents as per the Plackett-
Burman design (Table 3.3.1) and Central compossegth presented in Table 3.3.3.
The pH was adjusted to 7.0 using 1N NaOH beforeodaning. For all the
experimental runs the culture flasks were mainthimetriplicate and incubated at
37°C with shaking at 180 rpm. After 48 h, 1.0 mLmgdes were collected,
centrifuged at 10,0@Dfor 10 min at 4°C and supernatant analyzed folyraez

activity.

3.2.5 Assay of enzyme activity

Assay of cellulase was carried out in 100 pL otctea mixture containing
1.3% final concentration of CMC (65 puL of 2% CMGQ) 50 mM glycine NaOH
buffer (pH 9.2) and 35 pL of cell free supernatamd incubated at 46 for 10 min.
The cellulase activity was measured by estimatiegliberated reducing sugar by the
Nelson-Somogyi procedure (Nelson, 1944; Somogyi45)9 Absorbance was
measured at 500 nm using a UV-visible spectrophetem(Perkin Elmer, Model
Lambda-45) against a blank with D-glucose as stahddl the analyses were done

in triplicate. The assay procedure is describedhapter 2, Section 2.2.3.

3.2.6 Optimization procedure and experimental design
3.2.6.1 Screening of significant medium components by Plackett-Bur man design
Plackett-Burman factorial design was employed fmesning significantly

influencing medium components to maximize cellulgseduction fromBacillus
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subtilis AS3. Seven parameters namely CMGHRO, MnCl,.4H,0, MgSQ.7H,0,
FeSQ.7H,0, yeast extract and peptone were used for scrgextirl for low level
and +1 for high level (Plackett and Burman, 194&G)ble 3.2.1 shows the factors
investigated and level of each factor used in tkgeemental design. Table 3.3.1
depicts the design matrix of the experiment. PlaeBairman experimental design is

based on the first-order polynomial model:

whereY, is the response (enzyme activitgy,is the model intercepg; is the linear

coefficient, andx; is the level of the independent variable.

Table 3.2.1 Experimental variables at different levels in RieteBurman design for
cellulase production in g/L

Experimental values (g/L)

Variables Symbol Low level High level
1) (+1)
CMC Xy 2 18
Peptone X5 2 8
Yeast Extract X3 1 9
K,HPO, X4 0.5 2
MgS0O, 7H,0O Xs 0.05 0.45
FeSQ.7H20 X6 0.05 0.45
MnCl,.4H,0 X7 0.01 0.1

This model does not describe interaction amongofacand it is used to
screen and evaluate the important factors thatienfte the response. A total of 20
experiments were carried out in duplicate and teragge of the cellulase activity
was taken as the response (Table 3.3.1). The signde of each variable was

determined using student’stest with the help of statistical software package
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MINITAB (Release 15.1, PA, USA). From the regressianalysis the variables,
which were significant at or above 95% level € 0.05) were considered to have
greater impact on cellulase activity and furthetimjzed by central composite

design.

3.2.6.2 Central composite design (CCD) and statistical analysis

The most significant medium components were saleaecording to
Plackett-Burman design and further optimized usiegtral composite design (CCD)
to determine the quadratic effect and two-way sxtBon among these variables. A
22 full-factorial CCD with three medium constituentSMC, peptone and yeast
extract at five coded levels, was generated by WMIMB statistical software. The
experimental plan consisted of 20 runs*(2k + ng) where k' was the number of
independent variables ang the number of replicate runs at centre pahthe
variables. Fourteen experiments were run with gptications at the center points to
evaluate the pure error. Table 3.2.2 shows theerang levels of these three factors
where the levels (-1, 0 and +1) of these cultureddens were chosen in such a way
that the center point values (0) represented tlotorfdevels mostly reported in
literature used for cellulase production. On thsi®@f the centre point values the
low (—1) and high (+1) levels of the culture coratwere determined in such a step
change that, the centre point remain middle vabfethe low (—1) and high (+1)
range of these factors. Furthermore, as per CGBstaall these factors in five ranges
including coded value + 2 and — 2, thus the uncodddes of these respective

factors were calculated by solving the followingiation:
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Where,x; is the dimensionless value of an independent biaiX; is the real
value of an independent variab}g, is the value o¥; at the center point, antlX; is
the step change. Where, default constart 1.682 for three factor as per the CCD

design was taken.

Table 3.2.2 Experimental range and levels of independent veagain g/L

Variable Symbol Range and levels (g/L)
-2 -1 0 1 2
CMC X1 2.0 5.24 10.0 14.76 18
Peptone X5 2.0 3.22 5 6.78 8
Yeast extract X3 1.0 2.62 5.0 7.38 9.0

For fitting the experimental results by responsdase regression procedure

the following second order polynomial equation wased:

K
Y=o+ 2 BX* A Xi+2§/% XA (e9. 35

Where,Y is the predicted respondeis the number of factor variable§,and
X; are independent variablgs,is the model constang, is the linear coefficieng; is

the quadratic coefficient arft] is the interaction coefficient.
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Statistical analysis of the data was carried outdbgign package Design
Expert 7.0 to evaluate the analysis of variance @QMA) and determine the
significance of each term in the equations fitted o estimate the goodness of fit in
each case. The fitted polynomial equation was #gressed in the form of three-
dimensional response surface plots to illustragentlain and interactive effects of the
independent variables on the dependent ones. Thbiration of different optimized
variables, which yielded the maximum response, Wetermined to verify the
validity of the model. In order to verify the acaay of the predicted model an

experiment was conducted with original and optidizeedia.

3.2.6.3 Experimental validation of the optimized conditions

The statistically optimized medium composition éallulase production was
confirmed and validated experimentally by tripledermentation runs in 250 mL
erlenmeyer flask containing 50 mL optimized mediand incubated at 37°C with
shaking at 180 rpm (as described in Section 3.2#¢r 48 h, 1.0 mL sample from
each flask was centrifuged at 10,00ftbr 10 min at 4°C and supernatant was

analyzed for enzyme activity as described in Chaht&ection 2.2.3.

3.2.7 Effect of different cellulosic substrates on cellulase production

The culture was grown under same conditions exogpiacing 1% CMC
with 1% lichenan or 1% barlef-glucan in unoptimized and 1.8% CMC replaced
with 1.8% lichenan or 1.8% barlg¢glucan in the optimized medium. 1.0 mL of
samples were withdrawn at every 12 h interval &0 h. The samples were
centrifuged at 10,0@Pfor 10 min at 4°C and supernatant was analyzecaifiayme

activity. The enzyme assay was carried out in 10@fureaction mixture containing
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final concentration of 1.3% lichenan or 1.3% barfeglucan in 50 mM glycine
NaOH buffer (pH 9.2) and 35 pL of cell free sup¢éan& and incubated at 45 for
10 min as described in Section 3.2.5. The cellulasivity was calculated as

described in Chapter 2, Section 2.2.3.
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3.3 Results and Discussion

3.3.1 Screening of the significantly influencing medium components by Plackett-
Burman design.

The experimental response (cellulase activity) etrdgb in Table 3.3.1
indicated that there was a wide variation rangnognf0.003 to 0.25 U/mL in twenty
trials. This variation reflected the importance raedium optimization to obtain
higher yield. Analysis of regression coefficientel&value of seven ingredients are
shown in Table 3.3.2. Generally, a latgealue associated with a lol valueof a
variable indicates a high significance of the cgpmnding model term. CMC,
peptone, yeast extract PO, and MnC}.4H,O had a positive effect on enzyme
production whereas; MgSOH,O and FeS@Q7H,0 proved negative. The variables
with confidence levels greater than 95% were camedl as significant. CMC was
significant at 100% confidence level while peptaared yeast extract were found
significant at 99 and 99.7% levels, respectively; tellulase production (Table
3.3.2). None of the components had significant tiegaeffect. Neglecting the
variables which were insignificant, the model equratfor cellulase activity can be

written as:

Yactivity = 0.107817+ 0.08385%; + 0.020703X; + 0.024881X3 (eq. 3.4)

Where; = CMC, X, = peptoneXs = yeast extract

CMC showed strong positive effect on enzyme pradactlt has been
reported to be a good cellulase inducer for differeellulolytic microbes
(Domingueset al 2000; Ahamed and Vermette, 2008; Annamataal. 2011). The

+1 level of CMC was chosen at 1.8% as higher canaton caused increased
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viscosity, making separation of cells difficult.ganic nitrogen sources such as yeast
extract and peptone were chosen, as these haverdgmated to significantly affect
the cellulase production (&t al. 2008; Liet al 2008). Ariffin et al (2008) reported

2 fold increase in cellulase production in presenic.2% yeast extract lyacillus
pumilus EB3. Peptone was found to be a good source foaramhg cellulase

production fromBacillus licheniformigAnnamalaiet al. 2011).

Table 3.3.1 Plackett-Burman design in coded units for sevaralibes along with the
cellulase activity (U/mL)

Run CMC Peptone Yeast extractK,HPO, MgSO,.7H,0 FeSQ.7H,0 MnCl,.4H,0 Enzyme

Oder (X) (%) (%) (X) (X (X () ~ actvity
(U/mL)
1 +1 -1 -1 -1 -1 +1 -1 0.084+0.01
2 -1 -1 -1 -1 +1 -1 +1 0.003+0.04
3 -1 +1 +1 +1 +1 -1 -1 0.080x0.02
4 +1 -1 +1 +1 -1 -1 -1 0.226 +0.05
5 -1 -1 -1 +1 -1 +1 -1 0.004+0.03
6 +1 +1 +1 +1 -1 -1 +1 0.252+0.01
7 +1 +1 -1 +1 +1 -1 -1 0.221+0.01
8 -1 +1 +1 -1 +1 +1 -1 0.026 £0.04
9 +1 -1 +1 +1 +1 +1 -1 0.205+0.02
10 -1 -1 -1 -1 -1 -1 -1 0.006+0.05
11 -1 +1 +1 -1 -1 -1 -1 0.049+0.01
12 +1 +1 -1 -1 +1 +1 -1 0.168+0.03
13 +1 -1 -1 +1 +1 -1 +1 0.102+0.02
14 +1 -1 +1 -1 +1 +1 +1 0.197+0.01
15 -1 -1 +1 -1 +1 -1 +1 0.024+0.05
16 -1 +1 -1 +1 +1 +1 +1 0.003+0.01
17 +1 +1 -1 -1 -1 -1 +1 0.214+0.01
18 +1 +1 +1 -1 -1 +1 +1 0.249+0.05
19 -1 +1 -1 +1 -1 +1 +1 0.025+0.03
20 -1 -1 +1 +1 -1 +1 +1 0.022+0.01

values are mean + SE (n=3).
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Pareto chart (Fig. 3.3.1) displays the absolutaeralff the effect of variables,
which are important in the analysis of results frihra design experiment. It draws a
reference line (2.18) to indicate that the variabhere significant withu value of
0.05. The variables which extend past this lineemenown to be significant at
particular o (Strobel and Sullivan, 1999). On the basis of ¢h&ulatedt-values,
CMC, peptone and yeast extract had the most signifi effect on the cellulase
activity and were chosen for further optimization ®CD (Table 3.3.2). All other

variables used in all the trials were kept at medkael.

2.18

CMC

Yeast extract

Peptone

FeS0O,.7H, O

Variables

K,HPO,

MgSO,.7H, O
MnCl, .4H, O

Effects

Fig. 3.3.1 Pareto chart showing the effect of nutrients oltul@se production by
Bacillus subtilisAS3.0=0.05
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Table 3.3.2 Statistical analysis of Plackett-Burman designwshg coefficient
valuest andP value for each variable

Variable Coefficient  t-value P-value  Confidence level
(%)

Intercept 0.107817 15.96 0.000 100
CMC (Xy) 0.083852 12.41 0.000 160
PeptoneX,) 0.020703 3.06 0.01 99
Yeast Extract X3) 0.024881 3.68 0.003 9R7
KoHPO, (Xa) 0.005974 0.88 0.394 60°6
MgSQO,.7H,0 (X5)  —0.005107 -0.76 0.464 536
FeSQ.7H,0 (Xs) —0.009733 -1.44 0.175 825
MnCl,.4H,0 (X;) 0.001163 0.17 0.866 1304

aSignificant;? non-significant atp > 0.1
R2=93.76% yaluesare mean * SE (n=3)
3.3.2 Optimization of medium components by CCD

At the end of screening experiments by Plackettizur design three factors
were found to play a significant role in cellulgg®duction. The respective low and
high levels of each variable along with the CCDigiesvith response (U/mL) are
given in Table 3.3.3.

The results of the second-order response surfackelnfitting in the form of
ANOVA are given in Table 3.3.4. To test the fitthé model equation, the regression
based determination coefficienf Ras evaluated. The nearer the values DfoRl,
the model would explain better for variability ofperimental values to the predicted
values (Khuri and Cornell, 1987). The model preséna high determination
coefficient (R = 0.9911) explaining 99% of the variability in thesponse (Table

3.3.4).
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Table 3.3.3 Full factorial central composite design matrixtimfee variables in coded
units with experimental and predicted response

Run CMC Peptone Yeast extract Enzyme activity (U/mL)

No. (X1) (X2) (X3) Observed Predicted
1 0 0 0 0.271+0.12 0.270
2 0 0 0 0.271+0.08 0.270
3 +1 -1 +1 0.330+0.06 0.341
4 -1 -1 -1 0.123+0.21 0.122
5 0 0 0 0.272+0.18 0.270
6 0 0 0 0.261+0.04 0.270
7 -2 0 0 0.119+0.2 0.118
8 1 -1 -1 0.306 + 0.09 0.313
9 0 0 0 0.274+0.15 0.270
10 -1 -1 +1 0.208 £ 0.01 0.221
11 -1 +1 +1 0.214 +£0.07 0.215
12 0 0 0 0.271+0.18 0.270
13 +2 0 0 0.431+0.23 0.422
14 +1 +1 +1 0.377 £ 0.06 0.385
15 +1 +1 -1 0.371+£0.01 0.364
16 0 -2 0 0.283+0.03 0.269
17 -1 +1 -1 0.128+0.18 0.123
18 0 0 +2 0.292+0.03 0.276
19 0 +2 0 0.302+0.11 0.307
20 0 0 -2 0.168 + 0.01 0.175

values are mean = SE (n=3)
The coefficients of regression were calculated tedfollowing regression equation
was obtained.
Yactviy= 0.270187 + 0.15193%; + 0.019066X, + 0.050437X3 + 0.000199K,
+0.017596X,% — 0.045086%32 + 0.035305X; X, — 0.049972; X3

— 0.00579%,Xs (eq. 3.5)

where, Y = response (cellulase activityfy = CMC, X, = peptone anKz;= yeast

extract in coded values.
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The statistical significance of Eq (3.5) was checkg F test, the results of
ANOVA are shown in Table 3.3.4. The results demmatst that the model is highly
significant, and is evident from FischeFstest with a very low probability valué(

model >F = 0.0000) (Table 3.3.4).

Table 3.3.4 Analysis of variance (ANOVA) for the fitted quadia polynomial
model for optimization of cellulase activity

Source SS DF MS F-value ProbP) >F
Model 0.133841 9 0.014871 123.94 0.000
Residual (error) 0.001200 10 0.000120
Lack of fit 0.001087 5 0.000217 9.66 0.013
Pure error 0.000113 5 0.000023
Total 0.135040 19

R2=0.9911; AdjR=0.9831
SS, sum of squares; DF, Degree of freedom; MS, sagre
Model coefficients estimated by regression analysis each variable is

shown in Table 3.3.5. The significance of each fodeht was determined by
values andP-values. The larger the magnitudetdést value and smaller tievalue
indicates the high significance of the correspogdooefficient (Tanyildiziet al
2005). TheP values (< 0.0001) and lack of fit (0.013) for tim@del suggested that
the obtained experimental data were in good fibnfiTable 3.3.5, it is observed that
the regression coefficients of linear and quadrtgiens for all the factors in the
model was found to be highly significai® € 0.06) except the quadratic coefficient
of CMC indicated insignificance on the respondes (0.9). From the studemtest
the regression coefficient terms for interactiobnsen CMC and peptone and CMC
and yeast extract were found to be significaat<( 0.009); however, interaction
effects between peptone and yeast extract did eeinsto be of considerable

significance P > 0.7) on cellulase activity. It should be notedrehé¢hat such
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observations on significance of interaction effdm$veen the variables would have
been lost if the experiments were carried out bhyeational methods (Youssef and

Berekaa, 2009).

Table 3.3.5 Model coefficients estimated by multiple linear neggions

Model term Parameter Standard  Computed P-value
estimate Error t-value
Intercept 0.270187 0.004467 60.479 0.000
X1 (CMC) 0.151937 0.004985 30.480 0.000
X, (Peptone) 0.019066 0.004985 3.825 0.003
X3 (Yeast extract) 0.050437 0.004985 10.118 0.000
X2 0.000199 0.008161 0.024 0.981
X2 0.017596 0.008161 2.16 0.056
Xg? —0.045086 0.008161 -5.524 0.000
Xi* X, 0.035305 0.010954 3.223 0.009
Xi* X3 —0.049972 0.010954 —4.562 0.001
Xo* Xa —0.005799 0.010954 —0.529 0.608

Three dimensional response surface plots were rcmtstl by plotting the
response (enzyme activity) on the Z-axis against tavo independent variables,
while maintaining other variables at their mediawels as shown in Figs. 3.3.2 (A-
C). The response surfaces having circular contdat imdicates no interaction
whereas, an elliptical or saddle nature of the @antplot indicates significant
interaction between the corresponding variableg. Bi3.2 (A) shows that with
increase in CMC concentration in the entire rangase plot is sharply ascending
indicating an enhancement of enzyme activity. Simdscending nature of surface
plot was observed with yeast extract which beyogd Stended to decline indicating
a decrease in enzyme activity. This proved a stiateyaction between CMC and
yeast extract. This was also confirmed by stud¢est withP-value ¢ = 0.001) and

t-value (-4.562) as shown in Table 3.3.5. Fig. 3(BRshows that, with the increase
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in yeast extract concentration to mid range, thdéasa showed a rise indicating
enhancement of enzyme activity and beyond the mmdje the surface curvature
declined. No significant change in surface cunatobserved with increase in
peptone concentration showing an insignificantradgon. Fig. 3.3.2 (C) shows that
with the increase in CMC concentration, the surfabewed ascending nature
indicating enhancement of enzyme activity. Peptalse followed the same pattern.
This positive significant interaction was also doneéd by student-test with P-
value P = 0.009) and-value (3.223) as shown in Table 3.3.5. Therefordyoth
Figs. 3.3.2 (A) and 3.3.2 (C) there was a steemecdment in cellulase activity with
increase in CMC concentration up to the maximunell®@f 18 g/L. The optimum
levels of variables were obtained by solving thgression equation and also by
analyzing the response surface contour plots uBlagign Expert software. The
model predicted a maximum cellulase activity ofP0WmL appearing at: CMC (18
g/L), peptone (8 g/L) and yeast extract (4.8 g/\ kkeping the other components at

their median levels.
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Enzyme activity (U/mL)

Enzyme activity (U/mL)
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Enzyme activity (U/mL)

Fig 3.3.2. Threedimensional response surface plot for alkalineutadle productiol
showing the interactive effects of medium composentg/L: (A) Yeas
extract and CMC median level: peptone; 5g/L (B) Meextract ant

peptone median level: CMC, 10 g(C) CMC ard peptone, tedian level:
Yeast extract, 5g..

3.3.3 Experimental validation of optimized medium composition at flask level

To validate the predicted mo, an experiment was conductedtriplicate
using the optimum medium composition. Celluleactivity of 0.43 UmL was
observed at this optimed mediumcomposition. Under these optired conditions,
the predicted response for alkaline cellulase pcban was determined to be O.
U/mL and the observed experimel value was found to be 0.43 U/l. A good
correlation between predicted and experimenteues justifiedthe validity of the
response model and the existence of an optimunt.

The optimized medium gave 6 fold higher enzyme actiyii43 U/mL) as

compared to unoptimised medium (0.U/mL) (Table 3.3.% The enzyme activity
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value obtained after medium optimization in thedgtwas much higher than many
other reported values. lat al (2008) reported maximum cellulase activity (0.26
U/mL) from Bacillus sp. when grown in LB medium supplemented with 1%@M
Bacillus sp. DUSELR1 andBrevibacillus sp. DUSELG12 produced maximum
cellulase activity 0.12 U/mL and 0.02 U/mL respeely, under unoptimized
conditions (Rastoget al 2010). Geobacillussp. reported two fold increase in
cellulase production from 0.425 U/mL (basal medium)0.8 U/mL in presence of
yeast extract and ammonium sulfate under optimezedtiitions (Abdel-Fattabt al.
2007). In another study, a much lower cellulasavidgtof 0.0113 U/mL was
observed under optimized conditions fr@eobacillussp. (Taiet al. 2004). Rastogi
et al. (2009) reported maximum cellulase activity of 3BOU/mL from cell free
culture supernatants dbeobacillussp. Arriffin et al (2006) recorded maximum
FPase, CMCase and beta-glucosidase activities 0df10.0.079 and 0.038 U/mL
respectively, byBacillus pumilusEB3 produced in a 2 L stirred tank reactacillus
subtilis CK-2 andBacillus megateriunhad cellulase activity of 0.26 U/mL and 0.102

U/mL respectively (A&t al. 1994; Beukes and Pletschke, 2006).

3.3.4 Effect of p-glucan and lichenan on enzyme activity by replacing CMC in
optimized medium

The alkaline cellulase fromBacillus subtilisSAS3 indicated multi-substrate
specificity showing activity with CMC, glucose, sase, lactose, glycerol, thatch
grass, and steam exploded bagasse and signifidagtigr activity with lichenan and
barley B-glucan as described in Chapter 2 Section 2.2.2 dffiect of cellulosic
substrates with different linkages on enzyme prtidocwas studied to examine if

they can be used as alternatives to CMC. CMC imopeéd medium was replaced
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with lichenan and barlef-glucan as described in Section 3.2.7. It was oeskthat
with lichenan or barleg-glucan the enzyme activity reached maximum easiet?2
h than that with CMC which achieved maximum at 48 &ble 3.3.6).

The optimized medium showed 3.4 and 3.5 fold ireeem activity with
lichenan (1.2 U/mL) and barlerglucan (1.4 U/mL) respectively, compared to the

unoptimized medium (0.35 U/mL) and 0.4 (U/mL) (TeBL3.6).

Table 3.3.6 Variation of enzyme activity with CMC, lichenan abdrley p-glucan
with and without medium optimization

Carbon source CMC Lichenan B-Glucan
Unoptimized medium (U/mL) 0.07 0.35 0.4
Optimized medium (U/mL) 0.43 1.2 1.4
Fold increase 6 3.4 3.5
Maximum activity (h) 48 12 12

On comparison with CMC optimized medium (0.43 U/nthé increase with
lichenan was 2.8 an@-glucan was 3.2 fold higher, respectively (Tabl8.®).
Therefore, the enzyme can be calfed,3-1,4-glucanase (lichenase) which cleaves

thep-1,3-1,4 mixed linkages.
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3.4 Conclusions

Realizing the commercial importance of alkalinelwake, an attempt to
optimize the medium components for its enhancedymioon fromBacillus subtilis
AS3 was made. The significant variables for enhapeilkaline cellulase production
were screened and selected using the Plackett-Budasign. CMC, peptone and
yeast extract significantly and positively affectdie enzyme production from
Bacillus subtilis (AS3). These three ingredients were used as \lagaim the
response surface analysis. Afall factorial central composite design was applie
study the interaction effects of these nutrientsadéf the optimal medium
composition: CMC, 18 ¢g/L; peptone, 8 g/L and yeastract, 4.79 ¢g/L the
experimental value of enzyme activity 0.43 U/mLfpetly matched with predicted
value of 0.49 U/mL showing 6 fold increase withpest to the control basal medium
which showed only 0.07 U/mL enzyme activity.

Although the cellulase activity was lower as congpato the activity of
fungal strains buBacillus subtilisAS3 has highB-glucanase and lichenase activity
that can breakB-1,3-1,4 linkages as compared to carboxymethylzedil In
comparison to optimized medium with CMC as substiashowed 2.8 and 3.2 fold
increase with lichenan arfdglucan, respectively and the activity reached manxn
at 12 h in contrast to 48 h required by CMC substréherefore, the isolate is a high
B-1,3-1,4-glucanase (lichenase) producing strairvirtgpthis attribute alongwith the
alkaline nature and stability at variable tempewtand pH, the enzyme from

Bacillus subtilisAS3 is most likely to find wider industrial appdittons.
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Chapter 4

Enhanced production of alkaline cellulase from Bacillus subtilis by

optimizing physical parameters

4.1 Introduction

Physical process parameters like temperature, pHagitation speed that are
pre-requisites for cell growth play vital role iallwlase production. These parameters
need to be optimized accordingly in order to obtagh yield. Agitation speed is one
of important parameter that governs dissolved omytvel in the culture broth
thereby enhancing both substrate utilisation atidgeewth (Singhet al. 2000; Jcet
al. 2008). However, higher agitation speed has shiovwnhibit cellulase activity (Jo
et al 2008; Lejeune and Baron, 1995). Analogous prdrfileell growth and cellulase
activity with change in pH and temperature are atsmrted (J&t al 2008; Chipeta
et al 2008; Leeet al 2010). Therefore, it is essential to optimize théture
conditions to improve enzyme production. The tiadal “one-variable-at-a-time
approach” for optimization disregards the complexetactions among various
components. Statistically based experimental dessgich as Placket-Burman design
and response surface methodology (RSM) can betosstidy the effect of various

factors and to estimate their optimum levels fosia response (Latifiaet al
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2007). Statistical design techniques have beenesstdly applied in many studies
for example, cellulase production Byichoderma reese{Alam et al 2008) and
Bacillus subtilisAS3 (Dekaet al 2011), xylanase production Bacillus pumilus
(Nagaret al. 2010).

In the present study, the physical process parametgch as initial pH,
temperature and agitation speed of the culture wptenized by central composite
design technique using multi response analysisntoarce the alkaline cellulase
activity from Bacillus subtilis AS3. The optimal levels of physical process
parameters predicted by the model were verifiedh hotflask and laboratory scale

bioreactor.
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4.2 Materialsand Methods
4.2.1 Microorganism and reagents

Bacillus subtilisAS3 (Genebank accession No. EU754025) was a rgift
Prof. D. Goyal, Thapar University, Patiala, Ind@arboxymethylcellulose (CMC)
(low viscosity, 50-200 cP) was purchased from Sighhdrich (St. Louis, USA).
Ingredients required for the maintenance and enzyméuction medium were from
Hi-Media Pvt. Ltd., India. All the chemicals regeidt for reducing sugar estimation

and buffer preparation were of highest purity grade

4.2.2 Inoculum preparation and production of cellulase

The inoculum was prepared by taking a loop fullbatterial growth from
nutrient agar slant and suspending it in a test ttdntaining 5 mL of nutrient broth
with 2% glucose. The culture tubes were incubate®@78C and 180 rpm in an
incubator shaker for 16-18 h to reach optical dgr(€D) at 600 nm around 0.6~0.8.
For enzyme production, 2% of the fresh inoculunturel was transferred to 250 mL
erlenmeyer flask each containing 50 mL of optimireedium which includes (g/L):
CMC, (18); peptone, (8); yeast extract, (4.79)HRO,, (1); MgSQ.7H;0O, (0.25);
FeSQ.7H,0, (0.25); and MnGI4H,0, (0.5) (Dekeet al. 2011) at different initial pH
of the medium and incubated at different tempeeaturd agitation speed as per the
central composite experimental design presentedTable 4.3.1. For all the
experimental runs the culture flasks were mainthindriplicate. After 48 h, 1.0 mL
of samples were collected from each flask, cergdatuat 10,009 for 10 min at 4°C

and supernatant analyzed for enzyme activity.
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4.2.3 Assay of enzyme activity

Assay of cellulase was carried out in 100 pL ottea mixture containing
1.3% final concentration of CMC (65 pL of 2% CMQ) 50 mM glycine NaOH
buffer (pH 9.2) and 35 pL of cell free supernatamd incubated at 46 for 10 min.
All the analyses were carried out in triplicate.eTéssay procedure is described in

Chapter 2, Section 2.2.3

4.2.4 Cell growth measurement

Cell growth was determined by measuring absorbatagptical density of
600 nm using a UV-visible spectrophotometer (Peikimer, Model Lambda-45)
and the absorbance values were expressed as bweagtht using a calibration curve
of optical density (Oky) versus dry cell weight (g/L) of the sample. Drglls
weight of the centrifuged sample (10,80fdbr 10min) was measured by directly

weighing the biomass after drying at 55°C to a tamtsweight.

4.2.5 Optimization procedure and experimental design
4.2.5.1 Optimization of culture conditions using response surface method (RSM)

In order to determine the best set of culture dom to obtain maximum
cellulase activity byBacillus subtilisAS3, experiments were performed by varying
the levels of culture conditions as per the centoathposite design (CCD). Culture
conditions chosen for optimization study were pHjtation speed (rpm) and
temperature (°C), the total number of treatmentloations (experiments) was 20 =
2%+ 2k + ny, where ‘k’ was the number of independent variatled no the number
of replicates performed at centre point of the alalgs. Fourteen experiments were

run with six replications at the center points v@laeate the pure error. Table 4.2.1
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shows the range and levels of these three factbeseamhe levels (-1, 0 and +1) of
these culture conditions were chosen in such a thalythe center point value (0)
represented the level of these factors mostlyrtegddn literature used for cellulase
production. On the basis of the centre point vatheslow (-1) and high (+1) levels
of the culture condition were determined in sudtep change that, the centre point
remain middle values of the low (-1) and high (#Anhge of these factors.
Furthermore, as per CCD to test all these factofsvé ranges including coded value
+ a and —a, thus the uncoded values of these respectiverfactere calculated by

solving the following equation:

x =i "o i =1,2,3. e, K (eq. 4.

Where,x; is the dimensionless value of an independent bia;iX; is the real
value of an independent variab}, is the value ok; at the center point, antlX; is
the step change. Where, default alpha value foBtfector ¢ = 1.682) was chosen
as per the CCD design. For fitting the experimemésiults by response surface

regression procedure the following second ordeyrmhial equation was used:
K K

Where,Y is the predicted respondeis the number of factor variables.and
X; are independent variablgs, is the offset termy; is thei" linear coefficient; is

the i™ quadratic coefficient ang; is the ij™ interaction coefficient. The statistical
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software package, MINITAB (Release 15.1, PA, USA) was used for regression

analysis of the experimental data.

Table 4.2.1 Experimental range and levels of the independantbles for CCD

matrix
Variables Symbol -2 -1 0 +1 +2
pH X1 5.9 6.4 7.0 7.6 8.0
Temperature ("C) X 30 33 37 41 44
Agitation (rpm) X3 120 144 180 215 240

4.2.5.2 Multiple response optimization

In systems having a large number of input variables responses, the single
response analysis has serious limitations as thmom conditions for one response
may not be suitable or practical for other respsrasal thus the meaning of optimum
becomes unrealistic. On the other hand, multipgpoase or desirability function are
analyses where large number of responses (outpubbles) are measured
simultaneously for each setting of a group of patems (input variables) and are
also called multi-response analysis (Derringer &uith, 1980). The optimization
methodology based on the individual desirabilityingsa desirability function
evaluates how the settings optimize a single respo@ptimal settings for input
variables were determined by maximizing the compodesirability. These values
are combined to determine the composite or ovdedirability of the multi-response
system. An optimal point was where composite dbsitareaches its maximum at
1.

Response parameters such as cell growth and cdlugectivity were

optimized applying multiple response optimizatidegirability function) method by
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giving higher weight to enzyme production and lower cell growth. For this

following equation was used (Derringer and Suid8Q Harrington, 1965):

gy i< L
di(¥%)= [TI— j ifL,<y<T, (eq. 4.3)
|

O
whered, (y,) is desirability function of a respondeandT; are the lower and

target values of response measured from experiindata. In the present study,
while L; for the two responses (cellulase activity and gedwth) were 0.104 U/mL

and 1.65 mg/mlrespectively,T; values were set at 0.56 U/mL and 2.0 mg/mL,

O
respectively.y, is the value of a response predicted by the seocter polynomial

equations generalized beforgis the weight of desirability function of a respens
In this study, enzyme activity was given higher gtei of 2:1 ratio as
compared to cell growth. The overall desirabilijpétion (D) in turn was computed

as shown below:

D= (nd )™

(eq. 4.4
Whered; is individual desirability for the™" responsew; = importance of the
i response, ant= Y w; In the present studyy, was taken 2:1 ratio for enzyme

activity and cell growth. For solving the desiréifunction, the statistical software

package MINITAE (Release 15.1, PA, USA) was used.
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4.2.5.3 Validation of the experimental model

In order to validate the model, experiments wendopeed in triplicate in a
batch shake flask and 2L stirred tank fermentorplfson, model Bio Console ADI
1025) using optimal levels of culture condition (pt2; 39°C and 121 rpm) and
using optimized medium as described in Chapteregti@& 3.3.2 which includes
(g/L): CMC, (18); peptone, (8); yeast extract, 8;7K:HPO,, (1); MgSQ.7H,0,
(0.25); FeS@7H,O, (0.25); and MnGl4H,O, (0.5) (Dekaet al 2011). The
laboratory scale bioreactor was operated at optlewals of culture conditions and
aeration rate of 1 vwm (volume of air per volume ligfuid per min) and 2%
inoculum. After 48 h, 1.0 mL of samples were draama absorbance at OD 600 nm
was measured. The absorbance values were exprasseéqy cell weight using a
calibration curve. The sample were then centrifuaet,00Q for 10 min at 4°C and

supernatant analyzed for enzyme activity as desdriln Chapter 2, Section 2.2.3.
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4.3 Results and Discussion
4.3.1 Optimization of culture conditionsusing RSM

For maximizing cellulase activity, the levels oktlthree important factors
viz., pH, agitation speed (rpm), and temperature (#€je varied using the central
composite design of experiment (Table 4.3.1), d&dresults were analyzed in the
form of analysis of variance (ANOVA). Tables 4.8 and (b) presents ANOVA of
cellulase activity and cell growth profile of thaltre, respectively. The Fishers
value (21.18) for cellulase activity in the modeling to regression was found to be
higher than the criticdf value Fo.059, 3 = 2.54) (Table 4.3.2 (a)). The lafg®alue
indicates that most of the variations in the resgooould be explained by the
regression model equation for cellulase activitgn€ally, a largd- value with a
corresponding smallP-value indicates a high significance of the respect
coefficient (Tanyildiziet al 2005). The associated values are used to judge
whetherF was large enough to indicate statistical signifezanr not. The linear and
square terms of both the regression models foulesk activity and cell growth were
found to be highly significant & = 0.000. In the present study, the modelalues
of 21.18 and 37.48 for cellulase activity and agthwth respectively, indicate that
the respective regression models could explain wioste variation in the responses.
These findings confirmed that the second-order rmpmtyial models for cellulase
activity and cell growth were adequate in predgtinoth the responses. These

regression model equations are presented below.
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Y;= 0.436816 + 0.071256; + 0.146789X, — 0.073141X; — 0.005283X,* +
0.218983X,” — 0.020083K5°— 0.068413X,X, + 0.01431K, X5 — 0.123355¢,X3
(eq. 4.5)

Y,= 3.18098 + 0.2189X; + 0.27103%, + 0.50635X3 - 0.86722X,%- 1.32722 %
0.53722X35%- 0.02828X;X, + 0.03536X;X3 + 0.33941X,X3
(eq. 4.6)

Where,Y; = Cellulase activity (U/mL)Y> = cell growth (g/L)X; is pH, Xz is

temperature ("C) andsis agitation speed (rpm).

Table 4.3.1 CCD showing experimental and regression model predicellulase
activity (U/mL) and cell growth (g/L)

Run pH Temp Agitation Cellulase activity (U/mL) Cell growth (g/L)

No (°C) (rpm) Measured Predicted Measured  Predicted
1 0 0 0 0.429+0.05 0.437 3.16£0.01 3.18
2 1 -1 1 0.311 £ 0.01 0.335 2.30+0.05 2.39
3 -1 1 -1 0.499 +0.02 0.512 1.87+0.12 1.85
4 2 0 0 0.560+ 0.01 0.503 2.74+£0.09 2.53
5 0 0 -2 0.500+0.08 0.490 2.08£0.01 2.14
6 -2 0 0 0.355+0.02 0.360 1.98+0.04 2.10
7 0 0 0 0.442+0.05 0.437 3.23+0.14 3.18
8 0 0 0 0.436 + 0.03 0.437 3.19+0.06 3.18
9 0 0 0 0.422 +0.06 0.437 3.16 £ 0.02 3.18
10 1 1 -1 0.532+0.02 0.538 2.08+0.08 2.06
11 1 1 1 0.322+0.02 0.374 2.73+£0.05 2.93
12 0 0 0 0.448+0.01 0.437 3.14+£0.04 3.18
13 -1 -1 -1 0.217 +0.07 0.202 1.88+0.02 1.75
14 0 0 0 0.435+0.04 0.437 3.19+0.21 3.18
15 1 -1 -1 0.281+0.11 0.325 1.87+£0.05 2.01

16 -1 1 1 0.334+0.01 0.327 2.73+0.02 2.67

17 0 0 2 0.386+0.05 0.344 3.30+£0.04 3.15

18 0 2 0 0.385+0.01 0.365 2.15+0.18 2.13

19 0 -2 0 0.103+0.14 0.071 1.65+0.05 1.58

20 -1 -1 1 0.161+0.03 0.192 2.00+0.01 2.08

values are mean + SE (n=3)
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Table 4.3.2 (a) Analysis of varianc ANOVA) for optimization of cellulase activity

(U/mL)

Source df SS AdjMS F P R?
Regression 9 0.261363 0.029040 21.18 0.000 95.02
Linear 3 0.154385 0.051462 37.54 0.000
Square 3 0.086877 0.028959 21.13 0.000
Interaction 3 0.020102 0.006701 4.89 0.024
Residual error 10 0.013708 0.001371
Pure error 5 0.000404 0.000081
Total 19 0.275071

SS, sum of squares; DF, Degree of freedom; MS mean sqtgrésher’'sF value (calculated by dividing the MS owing
tothe model by that due to errof,probability of incorrectly rejecting the null hypothesishen itis actually true

Table 4.3.2 (b) Analysis of variancéANOVA) for optimization of cell growth (g/L)

Source SS AdjMS F P R2
Regression 6.30943 0.70105 37.48 0.000 97.12
Linear 3 1.82418 0.60806 32.51 0.000
Square 3 4.36800 1.45600 77.85 0.000
Interaction 3 0.11725 0.03908 2.09 0.165
Residual error 0.18702 0.01870
Pure error 0.00508 0.00102
Total 19 6.49645

SS, sum of squares; DF, Degree of freedom; MS mean sqadrésher’sF value (calculated by dividing the MS owing
tothe model by that due to errof,probability of incorrectly rejecting the null hypothesisen it is actually true

Further, to determine significance of regressiorffoments in the two

models, the results were subjected to stude#tést and are presented in Table 4.3.3.

From Table 4.3.3, it was observed that the regvassoefficients of linear and

quadratic terms for all the factors in the modelsdellulase activity and cell growth

were highly significant® < 0.007) however, the quadratic coefficient duplkband

agitation speed for cellulase activity indicatedigmificance on the responsd3 ¥

0.4). From the studemitest of cellulase activity, the regression coédfit terms for

interaction between temperature and agitation spe&ece found to be highly

important P < 0.009); however, interaction effects between ptd éemperature
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revealed slightly less significancE € 0.095). Other coefficient terms in the models
did not seem to be of considerable significarike Q.7) on cellulase activity. In case
of cell growth, the regression coefficient terms if@teraction between temperature
and agitation speed reveal some significarffe<(0.05) where as no significant

interaction was observed with other factors on gedivth of the culture.

Table 4.3.3 Result of Student’s-test for cellulase activity and the cell growthtle
optimization study

Cellulase activity (U/mL) Cell growth (g/L)
Term t P t P
Constant 28.927 0.000 57.032 0.000
pH (X)) 4,229 0.002 3.518 0.006
Temperature ("C)X,) 8.712 0.000 4.355 0.001
Agitation (rpm) K3) -4.341 0.001 8.136 0.000
(%19 -0.192 0.852 -8.511 0.000
(X53) -7.938 0.000 -13.026 0.000
(%32 -0.728 0.483 -5.272 0.000
X" X, -1.848 0.094 -0.207 0.840
X" X3 0.387 0.707 0.259 0.801
X5 Xa -3.332 0.008 2.482 0.032

t statistic is the coefficient divided by its stardiarror,P probability of incorrectly
rejecting the null hypothesis when it is actuallye

In order to determine the optimal levels of theiaf@les for maximum
cellulase activity, three dimensional responseasérfplots as shown in Fig. 4.3.1,
were constructed by plotting the response agamgth@o of the three independent
variables and by maintaining the other variablghair middle (zero) levels. Fig.
4.3.1 (a) represents the effects of temperature agithtion speed on cellulase
activity at constant pH (7.0). The figure demonsuathat, although the enzyme
activity was found sharply increasing with the temgiure, however, beyond the
agitation speed of 190 rpm a sharp decline of theyme activity was observed

indicating a strong negative interaction betweenfittors. From Fig. 4.3.1 (a) it can
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be revealed that higher agitation speed inhibits éhzyme activity. Fig. 4.3.1 (b)
shows the interaction effect between pH and tentperaon enzyme activity at
constant agitation speed (180 rpm). The figure @tbwhat enzyme activity was
stridently increased with temperature, as compaoechange in pH but decreased
beyond pH 7.5 in contrast to change in temperaftoen 40-44°C revealing a
negative interaction effect between these factoither higher level. Fig. 4.3.1 (c)
displays the effects of pH and agitation speed Jrpmcellulase activity at constant
temperature (37°C). The surface plot was founcetowvilinear clearly revealing no
significant change in enzyme activity with changethe culture conditions and the
optimum was observed near the central values aipHagitation speed.

To illustrate the above mentioned interaction dffestween the variables in
the study, typical contour plots between tempeeatmd agitation speed and that
between pH and temperature are depicted in bottotmeoresponse surface plots of
Figs. 4.3.1 (a) and (b). In general, the contourssuch plots help in proper
identification of the type of interactions betweest variables; the surface confined
in the smallest curve of such contour diagram daa be used to predict optimum
response of the system. Hence, from the given plotFig. 4.3.1 (a), the
corresponding coordinates in the region of the @mantliagram gave the optimum
values of the respective factors. Also, the respansface contour plots of mutual
interaction between the variabledz, temperature and agitation speed and that
between pH and temperature, Figs. 4.3.1 (a) andébpectively were found to be
elliptical, indicating significant interaction bedwn these pairs of factors. Besides the
two contour plots showing interaction between treriables, response surface
contours drawn between pH and agitation speed wi&silar indicating non-

significant nature of their interactions (Fig. 4.8c)).
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Fig. 4.3.1 Three dimensionaesponse surface plots for cellulasgivity showing the

interaction effect betweel(a) temperature and agitation (b) pH
temperature (c) pH and agitat

Table 4.3.1presents the experimental along with the modelipted values
of cellulase activity and cell growth of the cuumwhich clearly shows that both t
experimental and predicted values were in closeeagent with each other. And
order to illustratette accuracy of the models in predicting the respeiise norme
probability plot of the residuals for cellulase iaity and cell growth are als
depicted in Figs. 8.2 (a) and (b), respectivelyrthe normal probability plois to
identify and explain tF departures from the assumptions that errors armadtyr
distributed, independent of each other and ther e@oances are homogenous.
excellent normal distribution established the nditjaassumption and th

independence of the residt (Sanjeeviroyaet al 2009).A linear pattern in thes
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two plots clearly demonstrates that the error i diata is negligible and both the

models best fitted the entire experimental dataiabt (Draper and Smith, 1981).
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Fig. 4.3.2 (a) Normal probability plot of the residuals for celgke activity by
Bacillus subtilisAS3. R= 0.9502
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Fig. 4.3.2 (b) Normal probability plot of the residuals for cellogvth of Bacillus
subtilisAS3. R=0.97
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The method of desirability function was appliedarder to determine the
optimal levels of each variable for maximizing atdkse activity. It was reported
earlier that higher cell growth was achieved abfable culture conditions such as
agitation speed, pH and temperature however, ahidiiger biomass concentration
cellulase activity is inhibited (Jet al. 2008; Lejeune and Baron, 1995; Chipetal
2008). Similar observation was also obtained ingiesent study as a result enzyme
activity was given higher weight of 2:1 ratio asmared to cell growth. Hence, in
order to achieve maximum cellulase activity biomgissvth need to be minimized.
The desirability function study in this multiplesgonse optimization method shown
in Fig. 4.3.3 reveals that the overall desirabifityctions for cellulase activity and
cell growth were close to 1 indicating the factttttze function increases linearly
towards the desired target values of the two resgmiiDerringer and Suich, 1980;
Jahaniet al. 2008). In addition, individual desirability valief the two responses
were calculated; while the value for cell growthsweomputed to be 1 with a
maximum predicted response of 2.01 mg/mL, the vadueellulase activity was also
found to be 1 with maximum predicted value of 0.B6nL. Thus, using the
desirability function method for optimizing bothethesponses optimum values of the
culture conditions were estimated to be: pH 7.Bperature; 39°C, agitation speed

121 rpm.
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Fig. 4.3.3 Desirability function plot showing the optimum léwd physical proces
parameters

Agitation speed is one of the important cultureapagters that maintai
homogenousconditions, disperses dissolved oxygen into smaiaoble thereb
increasing the interfacial area and oxy mass transfer rate for enhancing b
substrate utilization and microbial activitSingh et al 2000Q. In this study the
agitation speed was found to be optimum at 121 @ther authors also report
similar optimum value of the parameter usBacillus spp.(Rastogiet al. 2009;
Rastogiet al 2010). Howeer, any further increase agitation speed me than 121
rpm did not improve the enzyme activity by the orétin the present study, whi
may be attributed to increased shear stress orcdlie thus leading to reduc
enzyme productionRurkarthofelet al 1993. Similar observations are also reted

using Bacillus amyloliquéacien: (Joet al. 2008), Trichoderma reesefLejeune anc
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Baron, 1995) andrhermomyces lanuginosySingh et al 2000) wherecellulase
production declined at higher agitation rates.

Temperature is also one of the most important parars that influences
enzyme activity and is essential for a fermentapoocess (Rastogit al 2010). In
the present study it was observed that when theireutemperature increased to an
optimum level of 39°C an enhancement in cellulagesity was achieved. Similar
observations on enhancement of cellulase activiggeweported in other papers
where optimum temperature of medium for productaincellulase byBacillus
subtilis CY5 and Bacillus circulanswere 40°C (Rayet al 2007) and forB.
amyloliquefaciend®DL-3 (Jo et al 2008) andBacillus pumilus EB3 (Ariffin et al
2008) it was 37°C which is, within the range, ataoted in the present study.
However, temperature above and below the optimural Imhibited the cellulase
activity by the microorganism probably due to intidn of the multi-enzyme
complex system of the cell (Sohadt al. 2009). For instant at low temperature
substrate transport across the cells are suppremseédiower product yield are
attained (Rajoka, 2004). Similarly, at higher tenapére, the requirement of energy
for maintenance of cellular growth and metabolisne &igh due to thermal
denaturation of enzymes of the metabolic pathwasulteg in reduced enzyme
production (Rajoka, 2004).

pH of the growth medium influences many enzymagictions by affecting
the transport of chemical products and enzymessadiee cell membrane (Liargg
al. 2010). Our results also confirmed that mediumigBin important factor affecting
cellulase activity. The optimum pH for maximum pucton of cellulase found in
this study was 7.2. Similar finding was also reedriy Arriffin et al (2008);

Immanuelet al (2006) and Rastogit al (2009) for cellulase production.
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At the optimum values of physical parametérs, pH 7.2; temperature 39°C;
agitation speed 121 rpm, the fermentationBacillus subtilisAS3 showed 33%

enhancement in cellulase activity as compared ¢ptimized parameters.

4.3.2 Validation of the model

The cellulase activity was experimentally verifiadoatch shake flask and at
2L stirred tank fermentor using optimized mediunekBet al 2011) and optimized
physical parameters of culture conditions as deedriin Section 4.3.1. The
maximum cellulase activity and cell growth Bwgcillus subtilisAS3 was 0.57 U/mL
and 2.1 mg/mL in shake flask (Fig. 4.3.4 (a)) whigln very good agreement with
the value predicted by the model (0.56 U/mL andl2mg/mL). The cellulase
activity with un-optimized physical parameters amptimized medium was 0.43
U/mL (Dekaet al 2011). This showed 33% enhancement of cellulateity after
physical process parameter optimization (Table4).Ecale-up of batch cultivation
from shake flask to bioreactor containing 1.0 lthed same optimized medium and at
optimized culture conditions yielded maximum celké activity of 0.75 U/mL (Fig.
4.3.4 (b)). A significant increase of 32% was ofeedrdue to controlled pH and
maintenance of aeration in the fermentor throughbet cultivation which is not
possible in shake flask (Fig. 4.3.4 (b), Table 4).3Shake flask experiments have
limitations to control pH and dissolved oxygen lewethe broth as compared to the
fermentor. It was observed that in shake flaskpiHeof the culture medium showed
variations with initial decline and then increasingnd at the end of cultivation (Fig.
4.3.4 (a)). The similar trends of pH variation hdeen observed with various other
Bacillus strains (Heclet al. 2002). pH control during fermentation was repatie be

essential for increased cellulase production (Hetkal. 2002). In scale up in
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bioreactor it was observed that with pH controld’.2 showed maximum activity
of 0.75 U/mL after 48 h of fermentation (Fig. 4.80}). The cell growth also showed
a similar profile as cellulase production, and hesitits highest value at the late log

phase (Fig. 4.3.4 (b)). The cell growth and ceflalactivity data inferred the growth

associated production of cellulase.
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Fig. 4.3.4 (a) Cellulase production, cell growth and pH profileBafsubtilisAS3 in

shake flask containing optimized medium and optadizphysical

parameter A) enzyme activity (U/mL), ) Cell growth (g/L), ) pH
with time (h).
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Fig. 4.3.4 (b) Cellulase production and cell growth®f subtilisAS3 with controlled
pH at 7.2 in fermentor containing optimized mediamd optimized
physical parameter ) enzyme activity (U/mL), §) Cell growth
(g/L), (e) pH with time (h), (°) Dissolved oxygen (%) witimee (h).

Table 4.3.4 Cellulase production at different levels of optzation

Process conditions Level of Cellulase Enhanced Ref
scale activity  production
(U/mL) (Fold)
Without optimization flask 0.07
Optimized medium flask 0.43 6 Dekaal 2011
Optimized medium + physical parameters flask 0.57 8 thimstudy
Optimized medium + physical parameters  Bioreactor ~ 50.7 1 In this study

The optimized enzyme activity value obtained irs tiiudy was much higher
than many other reported values. For exam@epbacillussp. andBacillus sp.
produced maximum CMCase activity 0.074 U/mL and20l/mL respectively,

under optimized conditions (Rastogi al. 2009; Rastoget al 2010). In another
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study, Brevibacillus sp. reported maximum cellulase activity of 0.02nlU/under
optimum culture conditions (Rastogfi al. 2009).Bacillus pumilusEB3 andBacillus
megateriumrecorded maximum cellulase activities of 0.076 U/amd 0.102 U/mL,
respectively, under optimized conditions in a 2itrstl tank reactor (Beukes and
Pletschke, 2006 and Ariffiet al 2008).Overall, the results of the present study
clearly showed significant enhancement in cellukasévity by Bacillus subtilisAS3

by optimising the culture conditions and medium tying the statistical based

design technique.

TH-1093_5615203



Chapter 4 136

4.4 Conclusions

The effects of physical process parameters sucimigal pH, temperature
(°C), and agitation speed (rpm) on cellulase pradacfrom Bacillus subtilisAS3
were investigated. For optimization of cellulaséivaty and cell growth, central
composite design of experiments followed by mudtiglesirability function was
applied. Among the three independent variables, agitation speed (rpm) and
temperature (°C), the interaction effect betweenperature and agitation speed was
highly significant on cellulase activity. The indiwal optimum values of the culture
conditions predicted by the model were found topbe7.2; temperature 39°C and
agitation speed 121 rpm. Maximum cellulase actiaityl cell growth predicted by
the model was 0.56 U/mL and 2.01 mg/mL which isgmod agreement with
experimental value of 0.57 U/mL and 2.1 mg/mL whigds obtained experimentally
using optimized medium and optimal values of phglsgarameters. The cellulase
activity with un-optimized physical parameters gmaviously optimized medium
composition was 0.43 U/mL. After physical parameigptimization using optimized
medium a 33% enhancement in cellulase activity7(W&nL) was recorded. Using
the same optimal level culture conditions in a 2ikrexd tank fermentor yielded a
significant 32% increase showing maximum cellulasavity of 0.75 U/mL. This
study illustrates the importance of optimizatiorpbiysical parameters for bioprocess

development of bacterial cellulase production.
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Purification and characterization of an alkaline cellulase from
Bacillus subtilis AS3

5.1 Introduction

Cellulase belongs to an important class of indalsinzyme, therefore its
efficient purification in downstream processing am essential prerequisite for
commercial exploitation. They have wide range opl@ations in textile, laundry,
pulp and paper, fruit juice extraction and aningdd industries (Bhat, 2000; Madi
al. 2009). Besides, they offer tremendous potential saccharification of
lignocellulosic biomass to fermentable sugars which turn can be used for
production of bioethanol, lactic acid, single celtotein and other industrially
important chemicals (Cherry and Fidantsef, 2003ti&net al. 2003; Sanchez and
Cardona, 2005 and Tanakaal. 2006). Most of the procedures for purification of
extracellular enzymes include ultrafiltration, s&t out by ammonium sulfate or
solvent extraction methods using acetone and eti{dawadzaet al. 2000; Huang
and Monk, 2004; Singlet al. 2004) followed by purification in a combinatiori o

chromatographic procedures. Reports on purificatbreellulase describe various
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chromatographic procedures which include ion exghaand hydrophobic interaction
chromatography (CM-cellulose, DEAE-cellulose, pHesgpharose or DEAE-
Sepharose and HiTrap Q, affinity chromatographypi(@ksakornet al. 2008);
affinity chromatography or gel filtration chromataghy using sephadex, sephacryl,
DEAE-sephadex (Kinet al. 2005; Bischoffet al. 2006; Kimet al. 2009; Yinet al.
2010; Trivediet al 2011). After purification process, homogeneitytttd enzyme was
confirmed by either polyacrylamide gel electroplsiseor iso-electric focusing (IEF)
before further characterization of the enzyme. Miwecular weight of the purified
cellulase was estimated based on its mobility ¢aled with standard calibration
proteins. The active form of the enzyme was cordamby activity staining.
Commercialization of cellulases depends on thembibty during isolation,
purification and storage as well as their robustregainst solvents and surfactants
(Annamalaiet al. 2011; Trivediet al. 2011). These properties are known to vary with
the nature of organism from which the enzyme isdipoed. Therefore, the study of
kinetics and catalytic behavior of enzyme puriffedim any new strain is essential
(Wang et al. 2009). In the present study, the purification abgchemical
characterization of cellulase froacillus subtilis AS3 is reported. The cellulase
activity and molecular size were confirmed by zymamg analysis using CMC as

substrate.
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5.2 Materials and Methods
5.2.1 Microorganism and reagents

Bacillus subtilis AS3 (Genebank accession No. EU754025) was a rgifh f
Prof. D. Goyal, Thapar University, Patiala, Ind@arboxymethylcellulose (CMC)
(low viscosity, 50-200 cP), Lichenan and Laminawas purchased from Sigma
Aldrich (St. Louis, USA). Avicel, Hydroxyethylcellose and Barley-glucan were
purchased from Fluka, Biochemika. Steam explodeghsse (SEB) was gifted by Dr.
A. J. Verma, National Chemical Laboratory, Punegidn DEAE-Sepharose was
procured from GE healthcare. All other chemicald eragents used in the study were

analytical grade procured from Merck and HiMedidd&atories (India)

5.2.2 Enzyme activity assay

Assay of cellulase was carried out in 100 pL ofctiea mixture containing
1.3% final concentration of CMC (65 pL of 2% CMG) 50 mM glycine NaOH
buffer (pH 9.2) and 35 uL of cell free supernatand incubated at 48 for 10 min.
The cellulase activity was measured by estimatigliberated reducing sugar by the
Nelson-Somogyi procedure (Nelson, 1944; Somogyi45)9 Absorbance was
measured at 500 nm using a UV-visible spectrophetem(Perkin Elmer, Model
Lambda-45) against a blank with D-glucose as stahddl the analyses were carried
out in triplicate. The assay procedure is descrilmedection 2.2.3 of Chapter 2.
Relative activity is expressed as percentage ofntagimum enzyme activity under

standard assay conditions.
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5.2.3 Protein determination

The total protein content of the cell free extraets estimated by the method
of Lowry et al. (1951). Bovine serum albumin ranging from 25 plgham 500 pg/mL
concentration was used as a reference to plotnaata curve. The details are given
in Section 2.2.3 of Chapter 2. The specific agfiit/mg) of the enzyme was

calculated by dividing enzyme activity (U/mL) wiginotein concentration (mg/mL).

5.2.4 Inoculum preparation and production of celluase

The inoculum was prepared by taking a loop fulcolure from the nutrient
agar slant in a test tube containing 5 mL of natrieroth with 2% (w/v) glucose and
incubated at 37°C and 180 rpm in an incubator shfdel6-18 h to reach optical
density (OD) at 600 nm around 0.6~0.8. For enzymeystion, 2% (v/v) of the fresh
inoculum culture was transferred to two 250 mL mmeyer flasks each containing 50
mL optimized medium (Deka&t al. 2011). The pH was adjusted to 7.2 using 1N
NaOH before autoclaving. The flasks were incubate89°C with shaking at 121 rpm
(optimized). After 48 h, 1.0 mL samples were cdke centrifuged at 10,0§Gor 10
min at 4°C and the cell free supernatant was usetthe crude enzyme for further

purification.

5.2.5 Purification
5.2.5.1 Ammonium sulphate precipitation

All purification steps were performed at 4°C. Af#8 h of cultivation at
39°C with shaking (121 rpm) the culture broth wastdfuged at 10,0a9for 15 min.
Enzyme in the cell-free supernatant portion ofdhkture was precipitated by addition

of ammonium sulphate ((N§SOs) with constant stirring. Ammonium sulphate
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fractions of 0-40% and 40-80% (w/v) were collecbgdcentrifugation at 10,0@0for
30 min and the enzyme pellet obtained was dissalvadinimal volume of 50 mM
Tris-HCI (pH 8.0) buffer. The dissolved pellet waislyzed against the same buffer
with three changes. Dialysis was performed usingeoubar weight cut off membrane

of 5 kDa (HiMedia, India).

5.2.5.2 lon exchange chromatography

The enzyme extract (dialysate) was further purifisthg Fast Protein Liquid
Chromatography, FPLC (GE Healthcare). 20 mL ofdia¢ysate (0.5 mg/mL, specific
activity 1.16 U/mg) was loaded on to diethylamiigét(DEAE)-Sepharose column
(1.5 x 20 cm). Before loading the sample, the columas pre-equilibrated with 50
mM Tris-HCI buffer pH 8.0. The column was washedhvwivo column volume of the
same buffer and the adsorbed protein was eluteld aviinear gradient of 0-0.8 M
NaCl in equilibration buffer at a flow rate of 1 mhin. Each fraction of 3 mL was
collected for estimation of protein concentrati@pgorbance 280 nm) and CMCase
activity (U/mL). The active fractions containinglicéase activities were pooled and
stored at 4°C for further analysis. SDS-PAGE ofdhgve fractions were carried out
to check the homogeneity of the enzyme and to ehéer its molecular weight. All

the purification steps were performed at 4°C.

5.2.5.3 Analysis of purification by SDS-PAGE

To check the purity of enzyme, sodium dodecyl salfpolyacrylamide gel
electrophoresis (SDS-PAGE) was performed followithgg method of Laemmli
(1970). 10% (w/v) acrylamide for resolving gel aftb (w/v) for stacking gel were

used. The loading dye buffer contained 0.0625 Ms-HCI buffer (pH 6.8), 2.3%
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(w/v) SDS, 10% (w/v) glycerol, 5% (w/vB-mercaptothanol and 0.05% (w/v)
bromophenol blue. The purified enzyme sample waedwith X loading dye buffer

in the ratio of 4:1. The sample mixture was sulgedb heat denaturation for 5 min
and centrifuged at 12, 000 rpm for 1 min. The cradd column purified cellulase
from different steps of purification were loadedtbree identical 10% acrylamide gel
and the electrophoresis was carried out usixiguhning buffer (200 mM glycine,

0.1% SDS, 50 mM Tris-HCI pH 8.3) with a current2ob mA per lane. The first two

gels were loaded with same samples of crude sug@mnand ammonium sulphate
purified cellulase but stained with silver stainifigdames and Rickwood, 1996) and
0.25% (w/v) Coomassie brilliant blue (CBB) R-256spectively. The third gel was
loaded with column purified cellulase fractions awmdualized by silver staining

protocol. Molecular mass marker proteins used wsresphorylase b (97.4 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (43 kaybonic anhydrase (29 kDa)
and lysozyme (14.3 kDa) purchased from Bangalor@eelndia, was used as

standard for SDS-PAGE.

5.2.5.4 Zymogram analysis

Zymogram analysis was performed according to théhotkof van Dyket al.
(2010). It was carried out by using 0.2% CMC (wpolymerized within 12% SDS-
PAGE gel. After electrophoresis, the lane contajrime marker proteins was excised
from rest of the gel and visualized by silver stagn Rest of the gel was immersed in
50 mM glycine-NaOH buffer (pH 9.2) containing 2.5%v) Triton X-100 at shaking
condition for 30 min with three changes to remosSSubsequently, Triton X-100
was removed by washing the gel three times withmB0 glycine-NaOH buffer (pH

9.2). The gel was then incubated in the same batfd6°C for 12 h. After incubation,
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the gel was stained with 0.3% (w/v) Congo Red f@orm3n and then destained with
1M NaCl until zone of clearance was visualized witthe gel which confirmed
cellulase activity. Gels were then counterstaineith WN HCI for better resolution.
The molecular weight of the purified cellulase wesdimated based on its mobility
calculated with standard calibration proteins uskhgndricks plot (Hendrick and

Smith, 1968).

5.2.6 Optimization of reaction conditions for maxinum cellulase activity
5.2.6.1 Effect of temperature on enzyme activity ahstability

The optimum temperature for assay of the enzyme determined by
incubating the mixture of 20 pL purified enzymel@ U/mg, 0.5 mg/mL) with 80 pL
of 2% (w/v) CMC in 50 mM glycine—NaOH (pH 9.2) beffat different temperatures
ranging from 20°C to 80°C for 10 min. 100 pL ofetBan mixture was analyzed for
enzyme activity as described in Section 5.2.2.

The thermal stability of the enzyme was determibgdincubating 50 pL
purified enzyme (1.16 U/mg; 0.5 mg/mL) in 50 mM glye—NaOH buffer (pH 9.2) at
various temperatures ranging from 20°C to 80°C3f@min and 60 min. Aliquots of
20 puL were withdrawn at different time intervalsdathe residual activity was

determined according to the method described iti®@eb.2.2.

5.2.6.2 Effect of pH on enzyme activity

The optimum pH of the purified cellulase was deiasd by incubating 100
ML reaction mixture containing 20 pL purified enaifi.16 U/mg, 0.5 mg/mL) and
80 pL of 2% CMC in the presence of appropriate drgffat 45°C for 10 min. The

buffers used are: 50 mM sodium-acetate buffer pegpdy mixing sodium acetate
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and acetic acid in two different ratios to obtaid pf 4.0 and 5.0; 50 mM sodium
phosphate buffer prepared by mixing two differeatias of sodium dihydrogen
phosphate and disodium hydrogen phosphate to opkthof 6.0 and 7.0; 50 mM Tris-
HCI buffer prepared by mixing two different volumesHCI to 50 mM Tris to obtain
pH of 8.0 and 8.8; 50 mM glycine-NaOH buffer pregghby mixing different volumes
of NaOH to 50 mM glycine to obtain pH of 9.0, 925, 9.8, 10.0 and 11.0 and 50

mM KCI —NaOH buffer (pH 12.0).

5.2.6.3 Substrate specificity of the enzyme

The substrate specificity of the enzyme was detsethby incubation of 20 pL
of purified enzyme (1.16 U/mg, 0.5 mg/mL) with 8Q g% (w/v) of the cellulosic
substrates: CMC, hydroxyethyl cellulose, lichenaminarin, avicel, steam exploded
bagasse and barlgyglucan in 50 mM glycine-NaOH buffer (pH 9.2) at°@5for 10
min. The total reaction mixture was 100 pL. The amoof reducing sugar produced

by the reaction was measured by assay method asomeshin Section 5.2.2.

5.2.6.4 Kinetic parameters

The enzyme-substrate (CMC) reaction was charaetérim terms of
Michaelis—Menten kinetic constants (Kand Vna) (Michaelis and Menten, 1913)
using the Lineweaver—Burk plot (Lineweaver and Bl$34) by assaying the enzyme
at CMC concentration ranging from 0.1 mg/mL to m@/mL in 50 mM glycine-
NaOH buffer (pH 9.2) at 45°C for 10 min. The datarevanalyzed using GraphPad

Prism software (GraphPad Software, Inc. USA).
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5.3 Results and Discussion
5.3.1 Purification of cellulase

The purification of cellulase from cell-free supatent was carried out by
ammonium sulphate precipitation followed by ion lexege chromatography using
DEAE-Sepharose. After 48 h of incubation the catloroth was centrifuged at
10,00@ at 4°C for 15 min. The crude enzyme obtained esllafree supernatant had
specific activity of 0.34 U/mg (Table 5.3.1). Thisas precipitated with addition of
ammonium sulphate and maximum cellulase activigeobed in fractions precipitated
at 80% saturation. After ammonium sulphate pregifmh the enzyme gave specific

activity of 1.16 U/mg with 3.4 fold purification dr7.73% yield (Table 5.3.1).

Table 5.3.1 Purification of the cellulase fromBacillus subtilis AS3. Enzyme was
assayed at pH 9.2 and 45°C using CMC as substrate.

Purification step Vol Enzyme Total Protein  Total  Specific Overall Fold
(mL)  activity units (mg/mL) protein activity  Yield purification
Umb) (V) (mg) (Uimg) (%)
Crude 250 0.6 150 1.8 450 0.34
80% (NH,),SO, 20 0.58 11.6 0.5 10 1.16 7.73 34

DEAE- Sepharose

42 0.2 8.4 0.06 2.52 3.33 5.6 9.8
chromatography

20 mL of ammonium sulphate precipitated enzymegUimg, 0.5 mg/mL)
was subjected to DEAE-Sepharose chromatographyfidation by ion exchange
chromatography resulted in fraction number 19-32awfh 3 mL fraction size showing
high protein content (OD 280 nm). These 14 fracioh3 mL each (total volume = 42
mL) were pooled for estimation of protein concetitra and CMCase activity (Fig.

5.3.1). Fractions with higher CMCase activity wgreoled for further work (Fig.
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5.3.1). The purified enzyme showed specific agtivt 3.33 U/mg with ~ 9.8 fold

increase and a final yield of 5.6% (Table 5.3.1).

_ —e— Protein (mg/mL )
0.10 —h- CLTI:II:s(emagcmit)y(Ulml,)/ 800
A --- NaCl (mM) // 0.25 ~
_0.08 \ El 600
3 0.203
$0.06 zl =
E 01521 400 £
E 5i0d 8 o
0 0.04 - @
,,é 0.10 g >
s > 200
0.02 | c
0.05
0.00 000 tO0

0 5 101520 25 30 35 40 45 50 55 60 65
Fraction No.

Fig. 5.3.1 Chromatogram of cellulase froBacillus subtilis AS3 on DEAE-Sepharose
chromatography (1.5 x 20 cm) equilibrated with 581 imris-HCI buffer pH
(8.0) and eluted with linear gradient of 0-800 mMaQ\N (e) Protein
concentration (mg/mL),&) cellulase activity (U/mL),<€— 9 NaCl (mM).

5.3.2 SDS-PAGE analysis of fractions of ion exchaaghromatography

The fractions (19-32) obtained after ion exchangematography showing
cellulase activities were analyzed by 10% SDS-PAGEheck the purity of cellulase.
Fig. 5.3.2 (A), (B) and (C) showed the differergps of purification of cellulase from
Bacillus subtilis AS3 which includes crude supernatant, ammoniumhsuéppurified
and DEAE-Sepharose column purified fractions. Bi@.2 (A) and (B) are identical

gels with same samples having crude supernatantaanmdonium sulphate purified
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enzyme but Fig. 5.3.2 (A) stained with silver stamd Fig. 5.3.2 (B) with Coomassie
brilliant blue. Fig. 5.3.2 (C) includes SDS-PAGEthwvcolumn purified fractions and
visualized by silver stain. SDS-PAGE analysis oé tbolumn purified fractions
showed the presence of multiple protein bands &ig.2 (C)). A prominent protein
band of approximately 30 kDa molecular size frortugm purification was obtained
(Fig. 5.3.2 (C)). This was also confirmed by adyivstaining as described in the

Section 5.3.3.

kbamMm 1 2 3 M 1 2 3 8 7 65 4 3 2 1 M kDa

Fig. 53.2 10% SDS-polyacrylamide gel electrophoresis showhegpurification steps
of cellulase fromBacillus subtilis (AS3). M: Molecular mass markers. (A)
Silver stained gel showing Lane 1-2 crude supemtatane 3, ammonium
sulphate precipitated enzyme; (B) Coomassie hmilliblue stained gel
showing Lane 1-2 crude supernatant; Lane 3, ammonagulphate
precipitated enzyme; and (C) Silver stained gelsshg Lane 1-8 (Fraction
No. 19, 21, 23, 25, 27, 29, 31, 32) column purifiegictions after ion
exchange chromatography using DEAE-Sepharose.
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5.3.3 Molecular size characterization of cellulasky zymogram analysis

The purified cellulase obtained from ion exchandgwomatography using
DEAE-Sepharose was run on SDS-denatuf®fSE gels. The location of activity
staining was determined with a silver stained get@ntrol. A clear hydrolysis activity
zone observed which corresponded to approximatélykBa molecular size that

appeared on the gels stained with silver stairfing. 6.3.3).

97 —
66 —

43 —|

30 kDa (cellulase activity band)
29 —

14 —

Fig. 5.2.3 12% SDS-PAGE with 0.2% CMC. Lane M: Molecular masarker stained
with silver stain, Lane 1 zymogram of purified cédise fromBacillus
subtilis AS3 stained with 0.3% Congo Red, destained with N&CI and
counter stained with 1N HCI.

A standard graph was plotted between relative ntphiln x-axis and log
molecular weight on y-axis for calculation of malér weight of the purified
cellulase (Hendrick and Smith, 1968) (Fig. 5.3#)e comparison of activity staining
and silver staining gels identified the presencecelfulase showing approximate

molecular weight ofBacillus subtilis (AS3) as 30 kDa. These results were in
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accordance with few literature reports where mdicmasses of cellulases from
Bacillus sp. have been found to be within the rar@geillus subtilis YJ1 (Yin et al.
2010) showing molecular mass of 32.5 kDa &adillus licheniformis showing 37

kDa (Bischoffet al. 2006).
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Fig. 53.4 Determination of molecular weight (1 of an unknown protein by SDS-
PAGE. Plot showing Rversus log M to determine molecular weight of
the purified cellulase frorBacillus subtilis (AS3). The relative mobility of
molecular weight marker proteingz. phosphorylase b (97.4 kDa), bovine
serum albumin (66.2 kDa), ovalbumin (43 kDa), caibcanhydrase (29
kDa) and lysozyme (14.3 kDa) was determined antigalan the graph and
My, of unknown protein is calculated by interpolatiging this graph.

5.3.4 Effect of temperature on activity and stabitly of the purified cellulase

The optimum temperature for the reaction with CMCsabstrate was detected
at around 45°C at pH 9.2 in 50 mM glycine-NaOH bufénd retaining more than
60% of the residual activity at 80°C (Fig. 5.3.Reports of a thermophiliBacillus
strain has been shown to produce maximum cellutaswity at 50°C, however,
activity sharply decreased beyond this temperaureet al. 2008). Most of the

alkaline cellulases fronBacillus sp show an optimum activity from 40°C to 60°C
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(Kim et al. 2005).

The thermal stability analysis revealed that theyare is highly stable in the
temperature range 20°C to 45°C. At 60°C about 40%vity is retained after
incubation for 60 min. At 80°C the enzyme completébses its activity after
incubation for 60 min (Fig. 5.3.5). Similar resutere observed with most alkaline
cellulases showing thermal stability in the ranfe@ to 60°C (Kimet al. 2005). In
contrast, alkaline cellulases frosharinobacter sp. MS 1032 showed stability at 37°C

and inactivated rapidly at temperatures higher th@AC (Shanmughapriyat al.

2010).

—@—— Optimum temperature
— —A — Thermal stability (30 min)
----- ®---- Thermal stability (60 min)

Relative activity (%0)
5 o ® o
o o©o o o

N
o

o

10 20 30 40 50 60 70 80
Temperature (°C)

Fig. 53.5 Effect of temperature on activity and stability mdrified cellulase from
Bacillus subtilis (AS3) () optimum temperature &) thermal stability (30
min), (m) thermal stability (60 min). For the optimal temgiire of
cellulase, the enzyme was incubated at pH 9.2 With (w/v) CMC at
different temperatures ranging from 20-80°C. Foermmal stability the
enzyme was incubated at different temperaturesngrigpm 20°C to 80°C
for 30 min and 60 min interval. The residual enzymeivity was
determined at pH 9.2, 45°C. Relative activity ipressed as a percentage
of the maximum enzyme activity under standard assagitions.
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5.3.5 Effect of pH on activity of the purified celulase

The cellulase activity was maximum at 50 mM glyci&OH (pH 9.2) buffer
and more than 70% of original activity was retairegdpH 8.0 and pH 10.0 (Fig.
5.3.6). This shows that the enzyme is more acttveigher pH range. The present
study correlate well with earlier reports for alkal extracellular cellulases from
Marinobacter sp. MS 1032 (Shanmughaprighal. 2010) andBacillus sp. HSH-10
(Kim et al. 2005) showing optimum pH 9.0 and retained ab&db Gctivities at pH

12.0.

Relative activity (%)
B (o)) (0]
o o o

N
o

4 6 8 10 12 14
pH

Fig. 53.6 Effect of pH on activity of purified cellulase froBacillus subtilis (AS3).
The enzyme was incubated at 45°C for 10 min with (&) CMC
dissolved in 50 mM sodium-acetate buffer pH (40,550 mM sodium
phosphate buffer pH (6.0-7.0), 50 mM Tris-HCI bufiiéd (8.0 and 8.5), 50
mM glycine-NaOH buffer pH (9.0, 9.2, 9.5, 9.8, 1@0d 11.0) or 50 mM
KCI-NaOH buffer pH (12.0 and 13.0). Relative adtivis expressed as
percent of the maximum enzyme activity under steshdasay conditions.
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In contrastBacillus sp. strains KSM-N252 and KSM-635 showed optimum pH
of 9.0 but retained only 0-20% activities at pH (1, 1997) andBacillus flexus
showed optimum pH 10.0 and retained about 45% igct pH 12.0 (Trivediet al.

2011).

5.3.6 Substrate specificity of the enzyme

The purified enzyme showed multi-substrate spetyfigvith significantly
higher activity with lichenan p¢1,3-1,4 linkage) and barle§-glucan $-1,3-1,4
linkage) of 6.7 and 7.0 U/mg, respectively, as carag to CMC [§-1,4 linkage),
laminarin ¢-1,3 linkage), hydroxyethylcellulose and steam edpt bagasse showing
activity of 3.1, 0.9, 2.2, 0.9 U/mg, respectiveljable 5.3.2). It showed negligible
activity against Avicel (0.1 U/mg) and filter papg.3 U/mg) (Table 5.3.2). These
values are found superior to many reported liteeatalues. For examplener motoga
maritima MSB8 showed maximum specific activity of 6.1 and 8/mg for lichenan
and barleyp-glucan, respectively and low level of specific gty against CM-
cellulose (0.23 U/mg) at neutral pH (Khetral. 2007). There are reports of production
of lichenase likg-glucanase by some strainsB#cillus sp. (Shikataet al. 1990), but
very few alkaline lichenases active at pH 9.0 hasen found so far.

Barley B-glucan and lichenan containing 1,3-1,4 mixed lggs are found to
be preferred substrates compared to CMC whiclBid @ linked cellulose. Therefore,
the enzyme seems to be a non typical endo (3-glucanase with enhancdit
glucanase (lichenase) activify-1,3-1,4-Glucanases has been used industriallizen t
brewing and feedstuff industries. Considering grigperty the enzyme can be used for

various industrial applications.
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Table 53.2 Activity of the cellulase fronBacillus subtilis AS3 on various substrates.
20 pL of purified enzyme (0.5 mg/mL) was incubavath 2% (w/v) of
different cellulosic substrates in 50 mM glycine@ buffer (pH 9.2) at
45°C for 10 min.

Substrate Specific activity (U/mg)
Avicel 0.1
Filter paper 0.3
Steam exploded bagasse 0.9
Laminarin 0.9
Hydroxyethylcellulose 2.2
CMC 3.3
Lichenan 6.7
B-glucan (barley) 7.0

5.3.7 Kinetic characterization of cellulase
The kinetic parametersp,Kand \jhax Of the purified enzyme were determined

using various concentration of CMC as substratee @bpparent value of Km of
cellulase was 0.13 mg/mL and Vmax was 3.38 U/mg.(bi3.7). The k obtained
was lower than those reported for otlgacillus cellulase with K, values of 0.59
mg/mL (Sharmeaet al. 1990); and 3.1 mg/mL (Rastogi al. 2010) using CMC as
substrate. On the other hangJy/values was higher than reported for otBacillus sp
with Vimax Values of 0.93 and 1.7 mmol glucose thing proteifi- (Mawadzaet al.
2000) and 0.56 U/mL (Rastogt al. 2010). Therefore, cellulase from tBacillus

subtilis AS3 displayed more affinity for CMC.
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Fig. 53.7 Kinetics of the purified cellulase with varyingraentrations of CMC (0.1-
7.0 mg/mL). Plot of initial velocity of reaction Xvvs initial CMC
concentration (S). The reaction was performed wattying concentrations
of CMC in 50 mM glycine-NaOH buffer (pH 9.2) at 45°
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5.4 Conclusions

An extracellular alkaline carboxymethylcellulaseMCase) was purified from
the culture supernatant @&acillus subtilis by saltprecipitation followed by anion
exchange chromatography using DEAE-Sepharose. Thiied enzyme showed
specific activity of 3.33 U/mg with 9.8 fold increa and a final yield of 5.6%. The
molecular mass of this cellulase was found to hgapmately 30 kDa. The enzyme
showed multi-substrate specificity, with signifitcigrhigher activity with lichenan and
B-glucan and lower activity with laminarin, hydroxfglcellulose, CMC and steam
exploded bagasse and negligible activity with aliste substrate such as avicel and
filler paper. The purified enzyme was optimally iaetat pH 9.2 and 45°C. The
enzyme was stable in the temperature range 2045°@. It retained more than 80%
of original activity in the pH range 6-10 and 70%oaativity was retained at pH 12.
The enzyme showed a . Kof 0.13 mg/mL and W.x of 3.38 U/mg using
carboxymethylcellulase as substrate at 45°C and®fH The data showed that the
cellulase produced by the isolate is consideratalle at higher pH and temperature
well suited to harsh conditions of lignocellulossgcadation. Hence, cellulase isolated
from Bacillus subtilis AS3 is alkaline in nature, thermostable and activer a wide
range of pH, showing significant activity for liahen and3-glucan and can be used
for various applications. Therefore, considering versatile nature of the enzyme, the
focus will be on to utilize for alternative fuel mgration such as bioethanol at

laboratory scale.

TH-1093_5615203



Chapter 5 160

References

Annamalai, N., Thavasi, R., Vijayalakshmi, S. andl&Bubramanian, T. (2011) A
novel thermostable and halostable carboxymethyllesle from marine
bacteriumBacillus licheniformis AUO1. World J. Microbiol. Biotechnol. 27,
2111-2115.

Apiraksakorn, J., Nitisinprasert, S. and Levin R (2008) Grass degradiffigl,3-1,4-
D-glucanases frorBacillus subtilis GN156: Purification and characterization of
glucanases J1 and PJ2 possessing extremely acldidppl. Biochem.
Biotechnol. 149, 53-66.

Bhat, M. K. (2000) Cellulases and related enzymdsiotechnology. Biotechnol. Adv.
18, 355-358.

Bischoff, K. M., Rooney, A. P., Li, X. L., Liu, Sand Hughes, S. R. (2006)
Purification and characterization of a family 5 egllicanase from a moderately
thermophilic strain oBacillus licheniformis. Biotechnol. Lett. 28, 1761-1765.

Cherry, J. R. and Fidantsef, A. L. (2003) Directadlution of industrial enzymes: an
update. Curr. Opin. Biotechnol. 14, 438-443.

Deka, D., Bhargavi, P., Sharma, A., Goyal, D., X3wd. and Goyal, A. (2011)
Enhancement of cellulase activity from a new strafnBacillus subtilis by
medium optimization and analysis with various dekic substrates. Enzym.
Res. d0i:10.4061/2011/151656.

Emtiazi, G., Etemadifar, Z. and Tavassoli, M. (2008 novel nitrogen-fixing
cellulolytic bacterium associated with root of cesna candidate for production
of single cell protein. Biomass Bioenergy 25, 42354

Hames, B. D. and Rickwood, D. (1996)gel electrophoresis of proteins. A practical

approach. IRL Press at Oxf Univ Press, pp 1-86.

TH-1093_5615203



Chapter 5 161

Hendrick, J. L. and Smith, A. J. (1968) Size andirgk isomer separation and
estimation of molecular weights of proteins by dggt electrophoresis. Arch.
Biochem. Biophys. 126, 155-164.

Huang, X. P. and Monk, C. (2004) Purification artthracterization of a cellulase
(CMCase) from a newly isolated thermophilic aerobacteriumCaldibacillus
cellulovorans gen.nov., sp.nov. World J. Microbiol. Biotechnol. 20, 85-92.

Ito, S. (1997) Alkaline cellulases from alkaliphilBacillus. enzymatic properties,
genetics and application to detergents. Extremeplii| 61— 66.

Khan, M.AS, Akbar, M., Kitaoka, M. and Hayashi, 007) A unique thermostable
lichenase fronThermotoga maritima MSB8 with divergent substrate specificity.
Indian J. Biotechnol. 6, 315-320.

Kim, J. H., Hur, S. H. and Hong, J. H. (2005) Haafion and characterization of an
alkaline cellulase from a newly isolated alkalomhiBacillus sp. HSH-810.
Biotechnol. Lett. 27, 313-316.

Kim, B. K., Lee, B. H., Lee, Y. J., Jin, |. H., Oy, C. H. and Lee, J. W. (2009)
Purification and characterization of carboxymetiiytase isolated from a
marine bacterium,Bacillus subtilis subsp. subtilis A-53. Enzym. Microb.
Technol. 44, 411-416.

Laemmli, U. K. (1970) Cleavage of structural progeduring the assembly of the head
of bacteriophage T4. Nature 227, 680-685.

Li, W., Zhang, W. W., Yang, M. M. and Chen, Y. L2008) Cloning of the
thermostable cellulase gene from newly isolatgatillus subtilis and its
expression irescherichia coli. Mol. Biotechnol. 40, 195-201.

Lineweaver, H. and Burk, D. (1934) The determinatiof enzyme dissociation

constants. J. Amer. Chem. Soc. 5, 658-666.

TH-1093_5615203



Chapter 5 162

Lowry, O. H., Rosebrough, N. J., Farr, A. L. andnBall, R. J. (1951) Protein
measurement with the Folin phenol reagent. J. Blbem. 193, 265-275.

Maki, M., Leung, K. T. and Qin, W. (2009) The presps of cellulase-producing
bacteria for the bioconversion of lignocellulosimroass. Int. J. Biol. Sci. 5,
500-516.

Mawadza, C., Hatti-Kaul, R., Zvauya, R. and MatiiasB. (2000) Purification and
characterization of cellulases producedBagillus strain. J. Biotechnol 83, 177—
187.

Michaelis, I. and Menten, M. L. (1913) Die kinetler invertinwirkung. Biochem. Z
49, 334-336.

Nelson, N. (1944) A photometric adaptation of them®gyi method for the
determination of glucose. J. Biol. Chem. 153, 386-3

Rastogi, G., Bhalla, A., Adhikari, A., Bischoff, ®., Hughes, S. R., Christopher, L.
P. and Sani, R. K. (2010) Characterisation of tlestatble cellulases produced
by Bacillus andGeobacillus strains. Bioresour. Technol. 22, 8798-8806.

Sanchez, O. J. and Cardona, C. A. (2005) Trendsotechnological production of
fuel ethanol from different feed stocks. Bioresotgchnol. 99, 5270-5295.

Shanmughapriya, S., Kiran, G. S., Selvin, J., Trmnla A. and Rani, C. (2010)
Optimization, purification, and characterization ektracellular mesophilic
alkaline cellulase from sponge associalddrinobacter sp. MS 1032. Appl.
Biochem. Biotechnol. 162, 625-640.

Sharma, P., Gupta, J. K., Vadehra, D. V. and DitbeK. (1990) Purification and
properties of an endoglucanase fromBacillus isolate. Enzym. Microb.

Technol. 12, 132-137.

TH-1093_5615203



Chapter 5 163

Shikata, S., Saeki, K., Okoshi, H., Yoshimatsu, Qzaki, K., Kawai, S. and Ito, S.
(1990) Alkaline cellulases for laundry detergerpsoduction by alkalophilic
strains ofBacillus and some properties of the crude enzymes. Agriol. B
Chem. 54, 91-96.

Singh, J., Batra, N. and Sobti, R. C. (2004) Peaifon and characterization of
alkaline cellulase produced by a novel isolB&eillus sphaericus JSI. J. Ind.
Microbiol. Biotechnol. 31, 51-56.

Somogyi, M. (1945) A new reagent for the determarabof sugars. J. Biol. Chem.
160, 61-68.

Tanaka, T., Hoshina, M., Tanabe, S., Sakai, k.s@id, S. and Taniguchi, M. (2006)
Production of D-lactic acid from defatted rice brdwy simultaneous
saccharification and fermentation. Bioresour. Teth@7, 211-217.

Trivedi, N., Gupta, V., Kumar, M., Kumari, P., Redd. R. K. and Jha, B. (2011) An
alkali halotolerant cellulase fromacillus flexus isolated from green seaweed
Ulvalactuca. Carbohydr. Polym. 83, 891-897.

van Dyk, J. S., Sakka, M., Sakka, K. and Pletsclikel. (2010) Identification of
endoglucanases, xylanases, pectinases and manmanatiee multi-enzyme
complex ofBacillus licheniformis SVD1. Enzym. Microb. Technol. 47, 112-
118.

Wang, C. Y., Hsieh, Y. R., Ng, C. C., Chan, H.,,llih T., Tzeng, W. S. and Shyu, Y.
T. (2009) Purification and characterization of avelchalostable cellulase from
Salinivibrio sp. strain NTU-05. Enzym. Microb. Technol. 44, 3339-

Yin, L. J., Lin, H. H. and Xiao, Z. R. (2010) Puc#tion and characterization of a

cellulase fronBacillus subtilis YJ1. J. Marine Sci. Technol. 18, 466-471.

TH-1093_5615203



Chapter 6

Bioethanol production from thatch grass (Hyparrhenia rufa) by
Simultaneous Saccharification and Fermentation involving recombinant

and microbial released cellulases and different fermentative microbes

6.1 Introduction

The exhaustion of fossil fuel reserves and increpgiroblem of greenhouse
gas effects due to its overuse have stimulatedridwigle interest in alternative, non-
petroleum based sources of energy (Adral 1999). The use of bioethanol as an
alternative fuel derived by fermentation procesdl wignificantly reduce the
consumption of crude oil and eventually the neboardioxide emissions. The choice
of feedstock for bio-ethanol production is a maoncern since the biomass either
directly or indirectly competes with the food crofgops like corn and sugarcane are
well established for commercial bioethanol produtti However, it is being less
favoured owing to their primary importance as arsewf food besides adding to the
cost of production. Lignocellulosic biomass suchcasp residues and agricultural
wastes are abundantly available and much cheapsidewed against food crops to be

used as raw material for bioethanol production i{Fej al. 2009, Wyman, 2007,
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Sanchez and Cardona, 2008). They contain lot ohdatable carbohydrates in the
form of hexose and pentose polymers which have pogential as an alternative for
renewable energy resource (Zaldiwetral 2001). The major rate limiting step in
efficient economic conversion of such substratediqoid biofuels is efficacy of
hydrolytic enzymes and degree of crystallinity bé tlignocellulosic biomass. It is
therefore important to employ more effective hygticl enzymes with maximum
release of utilizable sugars for bioethanol prounctPretreatment breaks down the
lignocellulosic complex composed of cellulose angnih moieties bound by
hemicellulose chains and make the substrate abtedsr enzymatic hydrolysis (Lee
et al. 1994; Mosiekt al 2005). The basic purpose of pretreatment isrooxe lignin
and hemicellulose, reduce cellulose crystallinityd aincrease the porosity and
enzymatic hydrolysis (Lyndt al 2002; Kumaet al 2009).

T. reeseicellulases have been under use for lignocellulleggadation for few
decades but the major impediments in use of furgdllase are slow growing,
absence of prominenf-glucosidase activity, and sensitive to high terapee.
Clostridium thermocellumcontains genes coding for exocellular multienzyme
complexes called cellulosomes exhibiting endoglasanand exoglucanase activity
(Taylor et al 2005). The cellulosome displays 50-fold highezcsfic activity against
crystalline cellulose in comparison Teichoderma reesdiFontes and Gilbert, 2010).
Glycoside hydrolase (GH5) family 5 gene fr&tostridum thermocellurbelongs to a
set of enzymes with varying substrate specificigving high cellulase activity
(Bharali et al 2005). These cellulolytic enzyme systems cloned expressed in a

suitable vector can be utilized for lignocellulagradation.
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Bacillus species produce a number of extracellular polysaiode hydrolyzing
enzymes and can withstand harsh conditions sutigagemperature, sugar, salt and
ethanol concentrations during lignocellulose degtiad (Makiet al 2009).Bacillus
subtilis (AS3) produce a thermostable cellulase system wigictain active in varying
pH conditions and wide substrate specificity (Dedaal 2011). The optimum
temperature foBacillus subtilisactivity has been determined to be somewhat close t
that of recombinant and fungal cellulases (Dekal 2011).

The reducing sugars released after enzymatic hyslsolare consumed by
yeasts likeSaccharomyces cerevisiamd Candida shehataand bacterium such as
Zymomonas mobilis. Saccharomyces cerevisgaevides a better choice for
production of ethanol in large scale fermentataure to their inherent ability to utilize
various substrates, high ethanol tolerance andoklisistness to withstand range of
metabolic inhibitions (Casey and Ingledew, 1986hiM/ bothS. cerevisiaeand Z.
mobilis are known to utilize hexoses predominantly, the kagymes for ethanol
fermentation: alcohol dehydrogenase and pyruvatardexylase was reported to be
best expressed i@. mobilis (Sprenger, 1996). However, it cannot utilize peatos
sugars which are also major components of lignolmedic biomass. Yeasts |iké.
shehataehaving key enzymes xylose reductase and xylitdhydeogenase can
assimilate pentose sugars (arabinose and xylossth&mol by the pentose phosphate
pathway (Sanchez and Cardona, 2008; Kadam and 8tHAB7; Wang and Jeffries,
1990).

Among all processes involved for bioethanol prootucfrom lignocellulosic
biomass, simultaneous saccharification and fermient§SSF) appears as a promising

alternative to separate hydrolysis and fermentatlonthis process, the enzymatic
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hydrolysis of cellulose and the fermentation of ugdg sugars (glucose) are
performed in one single step, which means a reoludti the end-product inhibition of
the enzymatic complex (Stenbergal 2000 and Xiaceet al 2004). SSF process first
described by Takagt al (1977), scores over separate hydrolysis and fetatien
presenting higher saccharification rate and ethaiedtl by eliminating end product
inhibition and decreased risk of contamination.

The present study was carried out to compare tleohgtic performance of
Trichoderma reesasellulase, recombinant cellulase (GH5) and theratmstcellulase
obtained from Bacillus subtilis AS3 in batch SSF process. Three different
pretreatmentwiz., steam explosion, phosphoric acid-acetone andXAREBng with
different fermentative microbes likBaccharomyces cerevisjagymomonas mobilis
and Candida shehataevere employed using thatch grass in batch SSF gsoat

shake flask and bioreactor level.
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6.2 Materials and Methods
6.2.1 Reagents and substrates

Ampicillin, potassium dichromate g€r,0O;) and components for LB and GYE
medium and other reagents were of analytical gnasteeured from Merck and
HiMedia laboratories (India). Carboxymethylcellidodow viscosity, 50-200 cP) was
purchased from Sigma Aldrich (St. Louis, USA).

Three different lignocellulosic substrates thatalasg Hyparrhenia rufa,
bamboo Bambusa dendrocalmpu¢eaves and water hyacintEiChhornia crassipgs

were used for SSF study (Fig. 6.2.1).

Thatch grass Bamboo leaves Water hyacinth
Hyparrhenia rufg Bambusa dendrocalmys Eichhornia crassipgs

Fig. 6.2.1 Lignocellulosic substrates selected for simultarsesaccharification and
fermentation study: (A) Thatch grass (B) Bamboovésa (C) Water
hyacinth.
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Thatch grass is a weed collected from banks of fBrahmaputra near North
Guwahati, Assam. Bamboo leaves and water hyaciatterglly go as wastes were
collected from campus of IIT Guwahati (Fig. 6.2.These substrates were selected
based on the percent fraction of cellulose, herulosle and lignin present in its
biomass. They are abundantly available in North-éa$ia with advantage of non-
competitor to food crops and could be used suit&mybioethanol production. The
selected substrates are cut into small piecesngfthe4-5 cm. Prior to pretreatment,
they were washed with water to remove unwanted gadicles and then dried at
80°C in hot air oven. The substrates were furth@mndgd in a mixer and passed

through a 1 mm mesh size sieve and ready to ungeegeatment.

6.2.2 Microorganisms and culturing conditions

Trichoderma reesgMTCC 164) andZymomonas mobilieMTCC 2427) were
procured from IMTECH, Chandigarh whered&saccharomyces cerevisigdlCIM
3215) andCandida shehata¢NCIM 3500) was procured from National Chemical
Laboratory, Pune, Indidacillus subtilisAS3 (Genebank accession No. EU754025)
isolated from cow dung was a gift from Prof. D. @hyThapar University, Patiala,
India. The recombinant family 5 glycoside hydrolg&H5) gene was cloned and
expressed earlier by Prof. Arun Goyal as reporteewhere (Tayloet al. 2005) and
is now commercially available with NZY Tech, Ldashon, Portugal.

Bacillus subtilisinoculum was prepared by taking a loop full of atdt from
the nutrient agar slant in a test tube containimgl5of nutrient broth with 2% (w/v)
glucose and incubated at 37°C and 180 rpm in ambetor shaker for 16-18 h (to

reach optical density (OD) at 600 nm = 0.6~0.8). éimyme production, 2% (v/v) of
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the fresh inoculum culture was transferred to tvil® ZnL erlenmeyer flasks each
containing 50 mL optimized media (Dek& al 2011). The pH was adjusted to 7.2
using 1N NaOH before autoclaving. The flasks wareibated at 39°C with shaking at
121 rpm. After 48 h, 1.0 mL samples were collecthtrifuged at 10,0@Dfor 10
min at 4°C and the cell free supernatant was usetha crude enzyme for SSF
experiment.

Trichoderma reesewas maintained in potato dextrose medium at 4°C
(Brijwani et al. 2010). 1 mL of spore suspension (5 X 4fores/mL) was inoculated
to 100 mL of Potato dextrose broth and incubate2B&€C with shaking at 120 rpm for
48 h. 1.0 mL of culture broth was centrifuged atf0D0 rpm for 15 min and the cell
free supernatant obtained was filtered twice amdLlof the filtrate was used as the
crude enzyme for SSF experiment.

Saccharomyces cerevisiagas maintained in MGYP agar slants containing
(9/100 mL): Malt extract (0.3), Glucose (1), Yeasttract (0.3) and Peptone (0.5)
(Wickerman, 1951) and stored at 4°C. A loop full these slant culture was
transferred to GYE medium containing (g/100 mL) ¢lse (1), Yeast extract (0.1)
supplemented with KPO, (0.1), (NH).SO, (0.5) and MgSQ7H,O (0.05) and
incubated at 30°C with shaking at 120 rpm for 4& mL of actively growing aerobic
culture (3.6 x 18 cells/mL) was transferred to the fermentation raedifor SSF
experiment.

Candida shehataeavas maintained in MGYP agar slants containing g/1
mL): Malt extract 0.3, Glucose 1, Yeast extract &gl Peptone 0.5 (Wickerman,
1951) and stored at 4°C. A loop full of these slamiture was transferred to GYE

medium containing (g/100 mL) Glucose (1), Yeastrawtt (0.1) supplemented with
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KH,PO, (0.1), (NH).SO, (0.5) and MgSQ7H,0 (0.05) and incubated at 30°C with
shaking at 120 rpm for 48 h. 1 mL of actively grogiculture ofC. shehatag2.1 x
10® cells/mL) was transferred to the fermentation medfor SSF experiment.

Zymomonas mobilisnoculum was prepared by growing the strain in the
medium containing (g/100 mL) glucose (2); Yeastrawtt (1); KHPO, (0.1);
(NH4)2SO; (0.1) and MgS@Q7H,0 (0.05) (Santost al 2010). The pH was adjusted to
6.0 and incubated at 30°C with shaking at 120 rpm48h. 1.0 mL of actively
growing aerobic culture (2.1 x 4Gells/mL) was transferred to the fermentation
medium for SSF experiment.

RecombinantE. coli BL21 (DE3) cells transformed with plasmid contami
glycoside hydrolase family 5 gene fro@lostridium thermocellumnserted in an
expression vector pET21a (Bharali al. 2005) was used as source of recombinant
cellulase enzyme and maintained in LB medium withp&illin (100 pg/mL) as

glycerol stock at —80°C (Taylat al 2005).

6.2.3 Production of recombinant cellulase (GH5)

1% of E. coli BI-21 cells from glycerol stock were inoculatedioi> mL of LB
medium containing 100 pg/mL ampicillin and inculobgt 37°C for 16 h at 180 rpm.
1% of the culture inoculum was transferred to 230ahLB medium in 500 mL flask
containing 100 pg/mL ampicillin and was incubated3#°C, 180 rpm till mid-
exponential phase to reach optical density (O050& nm around 0.6. IsopropfD-
thiogalactopyranoside (IPTG) was added to this exgenential to a final
concentration of 1 mM and incubated further 8 hgootein induction (Tayloet al

2005). The cells were collected by centrifugati®fdQ@, 4°C, 15 min) and the cell
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pellet was resuspended in 50 mM sodium phosphdteri{pH 6.0). The recombinant
enzymes were expressed as soluble protein. Theegélact containing soluble
enzyme was sonicated in an ice bath for 15 miodald by centrifugation at 13,060

4°C for 30 min. The supernatant was used as thgnemsource for SSF experiment.

6.2.4 Pretreatment of substrate
6.2.4.1 Steam explosion

One g of powdered thatch grass was soaked in deidrwater (0.6 mL/g of
dry biomass). The slurry was autoclaved at 15 pdiE1°C for 15 min followed by
sudden steam depressurization by fully openingtham exhaust valve (Sharetaal.

2007). It was then used for SSF studies.

6.2.4.2 Ammonia fibre explosion (AFEX)
One g of powdered thatch grass was mixed with 2.50fraqueous ammonia
solution in a crucible. The slurry was then keptl@a0°C for 1 h in digital muffle

furnace (Daleet al 1996; Garloclet al. 2011) and finally used for SSF studies.

6.2.4.3 Phosphoric acid-acetone

One g of powdered thatch grass mixed with 8 mLarfoentrated phosphoric
acid (of not less than 85% concentration) was lee@0°C at 120 rpm for 1 h. The
slurry was and then poured into 24 mL of chilleétaoe and mixed thoroughly. The
mixture was centrifuged at 8000 rpm for 10 min. Pledlet was collected and washed
3 times with distilled water. During the third wasty, pH was adjusted to 5-6 using

NaOH (Liet al. 2009).The pretreated substrate was then usesiIbrstudies.
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6.2.5 Simultaneous saccharification and fermentatio using 1% (w/v) thatch
grass at shake flask level

In the first step, hydrolytic efficiency offrichoderma reeseicellulase,
recombinant cellulase (GH5) ari8lacillus subtilis AS3 cellulase alongwith three
different pretreatment methods and fermentative robes like Saccharomyces
cerevisiag Zymomonas mobilisnd Candida shehata@are compared in batch SSF
process. Overall, twenty seven SSF trials were wgrecin nine batches. SSF studies
were carried out using one gram of the pretredtatth grass autoclaved in a 250 mL
erlenmeyer flask separately containing 100 mL wagkvolume of sodium phosphate
buffer (20 mM, pH 6.0) supplemented with 0.1% (wégch of yeast extract along
with peptone and used as the fermentation medium.

The first batch of SSF experiment comprised fer@wgor medium with 1%
(w/v) steam exploded thatch grass along withl miTE¢hoderma reesecellulase
(12.9 U/mg, 0.82 mg/ml) for hydrolysis and 1 mLSfcerevisia€3.6 x1& cells/mL)
as the fermentative organism. Similar enzymatic famthentative combination was
applied for 1% (w/v) acid-acetone and AFEX pretédahatch grass.

The second batch of fermentation medium contain®&d steam exploded
thatch grass, 1 mL of crude recombinant cellul&dy) (5.6 U/mg, 0.44 mg/mL) as
the saccharifying enzyme with 1 mL 8f cerevisia€¢3.6 x1¢ cells/mL) as bioethanol
producers. RecombinanE. coli BL21 (DE3) cells transformed with plasmid
containing glycoside hydrolase family 5 gene frGhostridium thermocellunmserted
in an expression vector pET2l1a (Bhareli al 2005) was used as the source of
recombinant cellulase (GH5) enzyme. Recombinaritilese (GH5) production has

been described in Section 6.2.3.Similar hydrolginzymes and bioethanol producer
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was used for 1% (w/v) acid-acetone and AFEX prétgethatch grass.

The third batch of SSF medium having 1% steam ebgqulothatch grass
involving 1 mL of B. subtiliscellulase (3.3 U/mg, 0.5 mg/mL) for hydrolysis ahd
mL of S. cerevisiag3.6 x10 cells/mL) as the bioethanol producer. LikewiseFSS
using 1% (w/v) acid-acetone and AFEX pretreatetcthgrass were carried out using
same group of enzymes and fermentative microbe. Witee batch of SSF
experiments are compared with the aim to deterrthiaebest pretreatment and better
performing hydrolytic enzymes.

The fourth batch comprised ®f reesei(12.9 U/mg, 0.82 mg/ml) cellulase for
saccharification and. mobilisinoculum (2.1 x 10cells/mL) for fermentation. This is
employed equally for 1% (w/v) steam exploded, awdtone and AFEX pretreated
thatch grass.

The fifth batch of SSF medium consisting of 1% (wsteam exploded thatch
grass contained 1 mL of crude recombinant cellu{&d45) (5.6 U/mg, 0.44 mg/mL)
for hydrolysis and 1 mL ofZ. mobilis inoculum (2.1 x 1®cells /mL) as the
fermentative microbe. Same enzyme and fermentaticeobe were included in SSF
using 1% (w/v) acid-acetone and AFEX pretreatettcthgrass.

The six batch of SSF medium encompassing 1% ste@ioded thatch grass
along with 1 mL ofB. subtiliscellulase (3.3 U/mg, 0.5 mg/mL) for hydrolysis ahd
mL of Z. mobilisinoculum (2.1 x 1®cells /mL) as the bioethanol producer. Similar
mixture of enzyme and fermentative microbe wereaged during SSF using acid-
acetone and AFEX pretreated thatch grass. Thehptifth and sixth batches are
compared with the previous batches with the purpafsdetermining the superior

hydrolytic enzyme and fermentative microbe.
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The seventh batch comprised SSF medium with mixbiremL of T. reesei
cellulase (12.9 U/mg, 0.82 mg/ml) and 0.5 mL ea¢hSo cerevisiae(3.6 x16
cells/mL) andC. shehataé2.1 x 16 cells/mL) inoculum. This combination of enzyme
and fermentative microbe is employed identically &0 (w/v) steam exploded, acid-
acetone and AFEX pretreated thatch grass.

The eight batch of SSF medium comprising 1% steaphoded thatch grass
were carried out employingl mL of crude recombinegitulase (GH5) (5.6 U/mg,
0.44 mg/mL) and 0.5 mL each 8f cerevisiaénoculum (3.6 x18 cells/mL) andC.
shehatag2.1 x 16 cells/mL) as the bioethanol producers. SSF exmerimwith 1%
(w/v) acid-acetone and AFEX pretreated thatch gresesd similar combinations of
enzyme and fermentative microbes.

The ninth batch of SSF medium having 1% (w/v) stexploded thatch grass
was carried out involving 1 mL dB. subtilis cellulase (3.3 U/mg, 0.5 mg/mL) for
hydrolysis and using 0.5 mL each®fcerevisiaénoculum (3.6 x1®cells/mL) andC.
shehatae(2.1 x 1§ cells/mL) as fermentative microbes. Similarly, S8§ing 1%
(w/v) acid-acetone and AFEX pretreated thatch gves® carried out using identical
enzymatic and fermentative combination. The seveeitht and ninth batches are
compared with the preceding batches to determirnerativthe best pretreatment
method, best hydrolytic enzymes and best bioethamalucers.

Each of the twenty seven flasks (triplicate setseath nine batches) was
incubated at 30°C at 120 rpm for 72 h. 1.5 mL ohgke was collected at every 6 h till
72 h. The dynamic profile of the SSF was obtaingddiimating various fermentation
parameters like cell OD, reducing sugar (g/L), #eactivity (U/mg) and ethanol

content (g/L).
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6.2.6 Simultaneous saccharification and fermentatrousing AFEX pretreated 5%
(w/v) thatch grass in shake flask level

A higher substrate concentration of 5% (w/v) AFEMtpeated thatch grass
was used for best SSF combination involviligsubtilisas hydrolyzing enzyme and
mixed culture ofS. cerevisia@andC. shehataas bioethanol producer. 5 g of AFEX
pretreated thatch grass was autoclaved in a 25@nmebhmeyer flask containing 100
mL working volume of sodium phosphate buffer (20 np 6.0) supplemented with
0.1% (w/v) each of yeast extract and peptone usdtieafermentation medium.5 mL
of B. subtiliscellulase (3.3 U/mg, 0.5 mg/mL) for hydrolysis radowith 2.5 mL ofS.
cerevisiag(3.6 x10 cells/mL) and 2.5 mL of. shehatad2.1 x 1§ cells/mL) as the
fermentative microbes were added to the fermemtatieedium. The flasks were
incubated at 120 rpm and 30°C. 1.5 mL of sample sadlected at every 6 h till 72 h
with the estimation of fermentation parameters ldedd OD, reducing sugar (g/L),

specific activity (U/mg) and ethanol content (g/L).

6.2.7 Simultaneous saccharification and fermentatrousing AFEX pretreated 5%
(w/v) thatch grass in bioreactor

Bioethanol production in batch mode was scaled mpai2 L capacity
bioreactor (Applicon, model Bio Console ADI 1025)jng 5% (w/v) AFEX pretreated
thatch grass with a working volume of 1 L sodiunogbhate buffer (20 mM, pH 6.0)
supplemented with 0.1% (w/v) each of yeast extaact peptones0 mL of B. subitilis
cellulase (3.3 U/mg, 0.5 mg/mL) was used for sadfibation alongwith 25 mL ofs.
cerevisiae(3.6 x10 cells/mL) and 25 mL of. shehatag2.1 x 16 cells/mL) were
added to the fermentation medium for bioethanodpotion. Agitation rate of 120

rpm, temperature of 30°C and 1 vvm (volume of a&r polume of liquid per min)
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aeration rate were maintained by a mass flow ctetrcCell growth was monitored
by a spectrophotometer (Varian, model Cary50) & @én. The online process
parameters like temperature (°C), pH and stirriate r(rpm) were recorded. The
various offline parameters such as cell OD, redusaogar (g/L), specific activity

(U/mg) and ethanol content (g/L) were estimateelvatry sampling time period of 6 h.

6.2.8 Analytical methods
6.2.8.1 Assay of enzyme activity

The enzyme assay of crude recombinant (GH5) wagdaout by incubating
the enzyme with CMC for 10 min at 50°C. The reacttmixture (100 pL) contained
10 pL of enzyme and 1.0% final concentration of CiC20 mM sodium acetate
buffer (pH 4.3). In case @. subtilisAS3 the assay of cellulase was carried out in 100
ML of reaction mixture containing 1.3% final contation of CMC (65 pL of 2%
CMC) in 20 mM Glycine NaOH buffer (pH 9.2) and 3% pf cell free supernatant
and incubated at 48 for 10 min. The cellulase activity was measurgdestimating
the liberated reducing sugar following Nelson-Sognogrocedure (Nelson 1944;
Somogyi 1945). The absorbance was measured at BOQusing a UV-visible
spectrophotometer (Perkin Elmer, Model Lambda-4f)jirest a blank with D-glucose
as standard. One unit (U) of cellulase activitdesined as the amount of enzyme that

liberates 1 umole of reducing sugar (glucose) paran50C.
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6.2.8.2 Estimation of protein concentration
The protein concentration was determined by Bradfoethod using bovine

serum albumin (BSA) as standard (Bradford, 1976).

6.2.8.3 Ethanol estimation

For ethanol content estimation, dichromate methed wsed where ethanol
produced was converted to acid by reaction witthdimate (Secet al 2009). The
cell free culture was diluted 10 times (reactiodunze 10 mL) to which 2 mL of
potassium dichromate (Kr,0O;) (3.37 g/100 mL) was added and absorbance was

measured on spectrophotometer (Perkin EImer, Mioalelbda-45) at 600 nm.

6.2.8.4 Structural carbohydrates estimation

Cellulose, hemicellulose and lignin were determibgdstandardized methods
of National Renewable Energy Laboratory (NREL), USAuiteret al. 2008). 0.3 g of
cellulosic substrate (leafy biomass) was mixed wsthmL of 72% HSO, and
incubated at 30°C for 1 h. To the mixture, 84 mldistilled water was added to bring
down concentration of #$0,to 4% (v/v) and was further autoclaved at 121°C &5d
psi pressure for 1 h followed by vaccum filtratidine residue collected after filtration
was weighed which is acid insoluble lignin. The pHthe collected filtrate was
neutralized by addition of 1 M CaGsébdlution. Finally, the filtrate was assayed for
reducing sugar which is glucose from where celkilisscalculated (1 g cellulose = 1.1

g of glucose). The remaining content was hemicadil
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6.3 Results and Discussion
6.3.1 Structural carbohydrates determination

The composition analysis of structural carbohydratethatch grass, bamboo
leaves and water hyacinth are presented in TaBl&.6The values obtained are found
to be similar to Bermuda grass, reed and rapesgexated to having cellulose content
of 47.8%, 39.5%, 27.6% and lignin content of 19.4%4,0%, and 18.3% (L&t al
2009), respectively. On analysis, it was obsenyed thatch grass contained higher
content of cellulose and less lignin content as gan@&d to the other two substrates.
Therefore, thatch grass was found to be more daifabbioethanol production hence,

it was used for all SSF experiments in the prestrty.

Table 63.1 Structural carbohydrate composition determinatio the selected

substrates
Substrates Cellulose Hemicellulose Lignin
(%)* (%)* (%)

Thatch grass 45,07+ 0.41 29.0& 0.49 17.4% 0.52
(Hyparrhenia rufa
Bamboo leaves 32 05+ 0.48 34.68 0.73 26.1% 0.40
(Bambusa dendrocalmus
Water hyacinth 20.91+ 0.53 44.88 0.64 30.04: 0.43

(Eichhornia crassipgs

*values are mean = SE (n=3)
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6.3.2 Pretreatment of substrate (Thatch grass)

Pretreatment breaks down the lignocellulosic mathigreby enhancing the
accessibility of the substrate for enzymatic hygs (Leeet al 1994; Mosieret al
2005). The basic rationale of pretreatment is tmaee lignin and hemicellulose,
reduce cellulose crystallinity and increase theopity and enzymatic hydrolysis
(Lynd et al. 2002; Kumaet al 2009). Thatch grass was used as substrate f&IS#|
experiments.

Three different methods for pretreatment of substravas employed such as
steam explosion, phosphoric acid-acetone and anambber explosion method
(AFEX). Table 6.3.2 shows comparative chart ofatiéht pretreatment methods with
different combinations of hydrolytic enzymes andnfentative microbes. Among
these pretreatment methodologies, AFEX pretreatrfoamtd to be better than steam
explosion and phosphoric acid-acetone techniqutherasis of maximum release of
sugars and high ethanol yield obtained from SSFeexents (Table 6.3.2). AFEX
pretreatment removes simultaneously lignin and beltwilose, while decrystallizing
cellulose, thereby increasing the cellulose acbéggito enzymes (Jungt al 2011;
Garlocket al. 2011). It also has the advantage of minimizing fibrmation of sugar
degradation products and inhibitors during the dsiveam processes resulting in
higher vyields of ethanol (Mosieet al 2005; Teymouriet al 2005). AFEX
pretreatment was reported to be more effectivén@baceous crops and grasses than
for hardwood and softwood (McMillan, 1994). Sun dldeng (2002) reported 90%
hydrolysis of cellulose and hemicellulose and 5&hih after AFEX pretreatment of

bermuda grass and bagasse.
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The hydrolytic performance of the cellulolytic enzgs from T. reesei
recombinank. coliandB. subtilisAS3 and the performance of fermentative microbes
S. cerevisiagZ. mobilisandC. shehataere compared with the aim to determine the
efficient enzyme and bioethanol producing microoigia in terms of release of

maximum reducing sugars and ethanol yield (Tal8e25.

6.3.3 SSF with different pretreatments and 1% (w/vhatch grass at shake flask
level

Preliminary SSF were carried out using 1% (w/vid¢hagrass to find out the
most efficient of the three pretreatment strategiesh as steam explosion, acid-
acetone and AFEX. The pretreated thatch grass ratdstvas subjected to
simultaneous saccharification and fermentation gigallulolytic enzymes fronT.
reesej recombinank. coli (DE3) andB. subtilisAS3 and fermentative microbes such
asS. cerevisiagZ. mobilisandC. shehatae

First batch of SSF experiments involving microlzambination ofT. reesei
cellulase ands. cerevisia®btained an ethanol titre of 0.78 g/L from a redgcsugar
concentration of 0.88 g/L. On the other hand, phosp acid-acetone pretreatment
gave a titre of 0.83 g/L and AFEX pretreatment acbd an ethanol titre of 0.86 g/L
from reducing sugar concentration of 0.91 g/L vatkield of 0.086 (g of ethanol/ g of
substrate) (Table 6.3.2).

Second batch of SSF experiments with steam expltiiEdh grass gave an
ethanol titre of 0.8 g/L from a reducing sugar anmtcation of 0.92 g/L. Phosphoric
acid-acetone pretreatment gave an ethanol tit€e8¥ g/l from reducing sugar of 0.93

g/L and AFEX pretreatment resulted in ethanol tdfé.88 g/L from reducing sugar
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concentration of 0.96 g/L with a yield of 0.088 g¢gh recombinant cellulase (GH5)

as saccharifying enzyme aBd cerevisia@s bioethanol producer (Table 6.3.2).

Table 6.3.2Ethanol production by SSF at shake flask using (%) thatch grass
with different pretreatments along with differenbntbinations of
hydrolytic enzymes and fermentative microbes

Batch o Reducing sugar* Ethanolyield*  Ethanoltitre*
SSFcombination Pretreatment
No (glL) (9/9) (glL)
Steamexplosion  0.88+0.04 0.078 0.78+0.08
1. T.reeseicellulase 4S. cerevisiae  Acid-acetone 0.90+0.01 0.083 0.83+0.02
AFEX 0.91+0.06 0.086 0.86+0.01
. Steamexplosion  0.92+0.01 0.080 0.80+0.04
2 ﬁegocngfécii?;ge"“'ase (GHS) ~Acid-acetone  0.93+0.04 0.082 0.8240.05
' AFEX 0.96+0.02 0.088 0.88+0.03
- Steamexplosion  1.05+0.05 0.083 0.83+0.05
3, Essuctg;g\s/fg:g) cellues Acid-acetone ~ 1.1240.03 0.088 0.88+0.01
' AFEX 1.16+0.04 0.094 0.94+0.08
Steam explosion 1.1+0.03 0.118 1.18+0.06
4. T.reesecellulase +Z. mobilis Acid-acetone 1.24+0.1 0.121 1.21+0.08
AFEX 1.30+0.04 0.128 1.28+0.03
. Steamexplosion  1.45+0.03 0.142 1.42+0.04
5. Ffrezcor;']’ft':i‘l;”tce"“'ase (GHS) “acid-acetone  1.53+0.01 0.150 1.50+0.05
' AFEX 1.58+0.02 0.156 1.56+0.03
" Steamexplosion  1.09 £0.04 0.09 0.90+0.02
6. 'i' Zsumsi(@%) el Acid-acetone  1.6+0.03 0.156 1.56+0.01
' AFEX 1.72+0.04 0.162 1.62+0.07
T reeseicellulase 5. cerevisiae Steamexplosion  1.40+0.04 0.135 1.35+0.06
7. +lC shehatae ’ Acid-acetone 1.43+0.12 0.140 1.40+0.04
' AFEX 1.53+0.08 0.150 1.50+0.07
. Steamexplosion  1.56+0.01 0.155 1.55+0.04
8. Tif%”;g&ig;eg“':‘hS:h(;:s) Acid-acetone  1.61+0.01 0.159 1.59+0.05
' : AFEX 1.72+0.02 0.164 1.64+0.05
" Steamexplosion  1.65+0.03 0.161 1.61+0.02
9. E"Ssuct:r'gflﬁgis)fg'“S"';‘]Z‘;atae Acid-acetone  1.68+0.02 0.166 1.66+0.03
' | AFEX 1.98+0.01 0.194 1.94+0.04

“the values correspond to the maximum reducing sagal maximum ethanol titre at a
particular time. #g of ethanol/ g of substratealues are mean + SE (n=3)

Third batch of SSF trial with steam exploded thajchss gave an ethanol titre
of 0.83g/L from a reducing sugar concentration 8651g/L. On performing SSF with

phosphoric acid-acetone pretreatment gave an dthtneoof 0.88 g/L from reducing
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sugar concentration of 1.12 g/L while AFEX pretneaht gave a maximum ethanol
titre of 0.94 g/L from reducing sugar concentratadri.16 g/L with a yield of 0.094 (g
of ethanol/ g of substrate) as obtained with hydiolenzymeB. subtiliscellulase and
S cerevisiag(Table 6.3.2).

On comparison of the ethanol titre (g/L) obtaineahf first, second and third
batch of SSF experiments, AFEX pretreatment wasddo perform better compared
to phosphoric acid-acetone and steam explodedeptetent in all the combinations.
In addition, cellulolytic enzyme frorB. subtilisgave better saccharification efficiency
over recombinant cellulase (GH5) @t reeseicellulase which was apparent from
amount of sugar released and ethanol yield obtgihaile 6.3.2).

The fourth batch SSF experiment involviigreeserellulase and substituting
S. cerevisiaavith bacterium,Z. mobilisas the fermentative microbe gave an ethanol
titre of 1.18 g/L from a reducing sugar concentmatof 1.1 g/L with steam exploded
thatch grass. With phosphoric acid-acetone pretresat an ethanol titre of 1.21 g/L
was obtained from reducing sugar concentration.?4 /L and AFEX pretreatment
resulted in an ethanol titre of 1.28 g/L from reidgcsugar concentration of 1.3 g/L
and a yield of 0.128 (g/g) (Table 6.3.2).

Fifth batch SSF experiment comprising recombinailulase (GH5) and.
mobilis achieved an ethanol titre of 1.42 g/L from a redgcsugar concentration of
1.45 g/L with steam exploded thatch grass. An athétre of 1.5 g/l from reducing
sugar of 1.53 g/L with an ethanol yield of 0.15gjgivas obtained from phosphoric
acid-acetone pretreatment. AFEX pretreatment reduh ethanol titre of 1.56 g/L,
reducing sugar concentration of 1.58 g/L and ethgietd of 0.156 (g of ethanol/g of

substrate) (Table 6.3.2).
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Sixth batch of SSF experiment involvifigy subtilis cellulase and. mobilis
obtained an ethanol titre of 0.9 g/L from a redgcsugar concentration of 1.09 g/L
with steam exploded thatch grass. At the same tphesphoric acid-acetone
pretreatment gave an ethanol titre of 1.56 g/L freducing sugar concentration of 1.6
g/L. On the other hand, AFEX pretreatment resuited maximum ethanol titre of
1.62 g/L from reducing sugar concentration of Ign2with an ethanol yield of 0.160
(g of ethanol/g of substrate) (Table 6.3.2).

On the basis of ethanol titre (g/L) obtained inrtaufifth and sixth batch of
SSF experiments, a 3.8% increase was observed ssiocharifying enzymes.
subtilis cellulase (1.62 g/L) as compared to recombinahtilese (GH5) (1.56 g/L)
and 26% increase as comparedrltoreeseicellulase (1.28 g/L) using. mobilisas
fermentative microbe (Table 6.3.2). The hydrolygozyme B. subtilis cellulase
proved superior over recombinant cellulase (GH5J .oreeseicellulase owing to its
capability for maximum release of sugars obtairfiigi ethanol titre.

Overall comparison from first to sixth batch of S&tund a significant
increase of 72% in ethanol titre usidgmobilis(1.62 g/L) as bioethanol producer as
compared tcoS. cerevisiag0.94 g/L) along withB. subtilis cellulase as hydrolytic
enzyme and AFEX pretreated thatch grass (Tabl@)6.BhoughS. cerevisia@andZ.
mobilis are known to be efficient ethanol producets,mobilis have shown better
yield because of its having capacity of high sug@take and high ethanol tolerance
(Santoset al 2010). In conclusion, AFEX pretreatment was tlestland hydrolytic
enzymeB. subtilisAS3 and bioethanol produc&r mobilisproved efficient over the

others.
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Seventh batch of SSF experiment were performedguBinreeseicellulase
along with mixed culture 08. cerevisiaeand C. shehataavith the aim of utilizing
both hexose and pentose sugars released duringnatizyhydrolysis of pretreated
substrate. On carrying out SSF using steam expltiigtdh grass an ethanol titre of
1.35 g/L, a reducing sugar concentration of 1.4 @wds attained (Table 6.3.2). An
ethanol titre of 1.4 g/L from reducing sugar cortcation of 1.43 g/L was obtained
from phosphoric acid-acetone pretreated thatchsgr®SEX pretreatment resulted in
an ethanol titre of 1.5 g/L from reducing sugaratration of 1.53 g/L (Table 6.3.2,
Fig. 6.3.1).

Eight batch of SSF experiment with similar mixedtare of fermentative
microbe and using recombinant cellulase (GH5) gavesthanol titre of 1.55g/L, a
reducing sugar concentration of 1.56 g/L with steaxploded thatch grass.
Phosphoric acid-acetone pretreatment gave an dthaaof 1.59 g/L from reducing
sugar of 1.61 g/L (Table 6.3.2). During, AFEX pegitment a maximum ethanol
concentration of 1.64 g/L from reducing sugar comedion of 1.72 g/L and an
ethanol yield of 0.164 (g/g) is achieved (Table®.Fig. 6.3.2).

Ninth batch followed the same combination of bie&ibl producers using
cellulase fromB. subtilis AS3. An ethanol titre of 1.61 g/L from reducinggsan
concentration of 1.65 g/L with a yield of 0.161 dg/was obtained from steam
exploded thatch grass. The phosphoric acid-acqitetecatment gave an ethanol titre
of 1.66 g/L from reducing sugar concentration @8lg/L (Table 6.3.2). A maximum
ethanol titre of 1.94 g/L from reducing sugar caontcation of 1.98 g/L with an ethanol
yield of 0.194 (g of ethanol/g of substrate) wataoted with AFEX pretreated thatch

grass (Table 6.3.2, Fig. 6.3.3).
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On comparison of the ethanol titre (g/L) valuesaoigd from seventh, eight
and ninth batch of SSF, a 18% and 29% increasthanel titre was observed usiBg
subtilis cellulase (1.94 g/l) as compared to recombinatitlese (1.64 g/L) and'.
reeseicellulase (1.5 g/L) respectively, with AFEX pretted thatch grass using mixed
culture ofS. cerevisia@andC. shehata@as bioethanol producers (Table 6.3.2)

The dynamic profiles of SSF combinations were gtddo analyze the rate of
saccharification and ethanol formation during thexige of experiment. The SSF
profile comprisingT. reeseicellulase and mixed culture @&. cerevisiaeand C.
shehataeshowed an increase in cell biomass gradually vintle reaching a maximum

of (Aso= 0.8) at 66 h of fermentation (Fig. 6.3.1).
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Fig. 6.3.1 SSF profile of AFEX pretreated 1% (w/v) thatch grassingT. reesei
cellulase alongwitls. cerevisia@ndC. shehataet shake flask levele{
cell OD measured at 600 nmAjJ ethanol concentration (g/L),¥()
reducing sugar (g/L) ando) specific activity (U/mg) with time (h).
Cultivation conditions working volume 100 mL in 250 mL erlenmeyer
flask; initial pH 6.0; temperature 30°C; shaking018m; incubation
period 72 h; sampling interval every 6 h.
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During the lag phase (6-12 h), high amount of r@dysugars were released
due to enzymatic hydrolysis which are used by theraorganism for growth and
acclimatization. A maximum reducing sugars (1.33) gfas achieved during 18 h of
fermentation which causes inhibitory effect of emeyactivity during 30-36 h of
fermentation. After 18 h there was a gradual ineeem ethanol concentration over
rest of the incubation period with simultaneous rdase in total sugar. Sugar
concentration below a threshold level decreasedrépeessive effect on cellulase
activity. An ethanol titre of 1.5 g/L with a yieltbefficient of 0.15 (g/g) was achieved
at 60 h of fermentation (Fig. 6.3.1).

The SSF profile involving recombinant cellulase &j)Halong with S.
cerevisiaeand C. shehataeshowed a sigmoidal increase in cell biomass prociuct
reaching its peak value (&= 0.78) at 66 h of fermentation. During the initredurs
(6-18 h), high activity of recombinant cellulaseH® released more amount of
reducing sugars which is utilized for the growthtloé organism (Fig. 6.3.2). After 24
h, reducing sugar concentration increases attaiaingaximum concentration of 1.72
g/L during 36-42 h with concomitant decrease incgpeactivity of the enzyme (Fig.
6.3.2). The SSF profile of reducing sugar showethasoidal behavior depicting the
balance between the rate of saccharification flmase of reducing sugar and rate of
its subsequent utilization for growth and etharwhfation. The ethanol production
was proportional to the increase in cell biomadsesing a maximum ethanol titre of
1.64 g/L at 60 h of fermentation. The ethanol yieldained was 0.164 (g of ethanol/g

of substrate) (Fig. 6.3.2).
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Fig. 6.3.2 SSF profile of AFEX pretreated 1% (w/v) thatch grasing recombinant
cellulase (GH5) alongwitls. cerevisiaeand C. shehataeat shake flask
level. (@) cell OD measured at 600 nmA} ethanol concentration (g/L),
(') reducing sugar (g/L) and) specific activity (U/mg) with time (h).
Cultivation conditions: working volume 100 mL in @5nL erlenmeyer
flask; initial pH 6.0; temperature 30°C; shakin@Ipm; incubation period
72 h; sampling interval every 6 h.

SSF profile involvingB. subtilis cellulase along witls. cerevisiaeand C.
shehataeshowed a sigmoidal increase in cell biomass atigia maximum of 0.8 at
66 h of fermentation (Fig. 6.3.3). The sugars iseaafter enzymatic hydrolysis of the
pretreated thatch grass were initially used by rtherobes for acclimatization and
growth which is evident from low ethanol titre. Tle¢hanol production increases
gradually with increase in cell biomass, therebywihg a maximum ethanol
concentration at late log phase during 54-66 hesméntation (Fig. 6.3.3). The
amount of reducing sugars in the fermentation bvedls high during the early stage
around 6-18 h due to high activity Bf subtilisAS3 cellulase. After 24 h reducing

sugar increases attaining a maximum concentratioh38 g/L during 36-42 h and
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simultaneous decrease in specific activity of theyene due to inhibition by glucose
released from breakdown of cellulose. After 36 lieré was a sharp increase in
ethanol concentration with gradual decline in tatagar (Fig. 6.3.3). This is due to
consumption of pentose sugars®@yshehataafter depletion of hexose sugars giving

a maximum ethanol titre of 1.94 g/L at 60 h of fentation (Fig. 6.3.3).
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Fig. 6.3.3 SSF profile of AFEX pretreated1% (w/v) thatch grassng B. subtilis
cellulase along witts. cerevisia@ndC. shehataat shake flask level e
cell OD measured at 600 nmAjJ ethanol concentration (g/L),¥()
reducing sugar (g/L) ando) specific activity (U/mg) with time (h).
Cultivation conditions: working volume 100 mL in @3nL erlenmeyer
flask; initial pH 6.0; temperature 30°C; shaking018m; incubation
period 72 h; sampling interval every 6 h.

On overall analysis of the results of the nine bas¢c a 20% increase in the
ethanol titre was achieved using dual combinatibis.ocerevisiaeand C. shehatae
(1.94 g/L) as compared to single cultureZofmobilis(1.62 g/L) using cellulase from

B. subtilisAS3 and AFEX pretreated thatch grass (Table 6.;2jonclusion, AFEX
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pretreatment proved to be best in all the SSF coations. Also the saccharification
efficiency of cellulolytic enzyme fronB. subtilis AS3 was found to be higher over
recombinant cellulase (GH5) @t reesecellulase as apparent from the concentration
of reducing sugars and yield of ethanol obtainecaddition, mixed combination &.
cerevisiaeandC. shehatadound to be perfect bioethanol producers havinguaal

to consume both hexose and pentose sugars simuliglgerather than using single
culture ofS. cerevisia®r Z. mobilis The SSF combination &. subtiliscellulase and
mixed fermentative microbe$( cerevisia@andC. shehatagwas selected for further

studies with 5% (w/v) thatch grass.

6.3.4 SSF involvingB. subtilis cellulase along withS. cerevisiae and C. shehatae
using AFEX pretreated 5% (w/v) thatch grass in shak flask

On performing batch SSF in shake flask using 5%/ wAFEX pretreated
thatch grass along witB. subtiliscellulase and mixed microbial combination $f
cerevisiaeand C. shehataeyielded an ethanol titre of 11.06 g/L with a maximmu
released reducing sugar of 12.18 g/L (Fig. 6.3ahld 6.3.3). The yield of ethanol (g
of ethanol/g of substrate) obtained was 0.221 (/e dynamic SSF profile showed
growth associated ethanol production. During tligalinag phase (6-12 h) the ethanol
titre was low which gradually started increasing a@aching maximum concentration
at late log phase (60-66 h) of cell growth. Thehkst ethanol titre was obtained at 66
h of fermentation and thereafter the ethanol colnagon show decreasing trend with
the cessation of cell growth. Release of reduciigaes during enzymatic hydrolysis is
based on the efficacy of enzyme and pretreatmetitade Initially, reducing sugar

concentration was high due to high activity of teezyme showing maximum
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concentration of 12.18 g/L. After 36 h the reducsugar showed a gradual decline
with time owing to its utilisation for ethanol praction. Figure. 6.3.4 shows high
enzyme activity during early stages of SSF, retepsiore amount of reducing sugars,
causing repressive effect on the enzyme activityndus4-72 h. Sugars released are
consumed by the organisms for growth during 18-3@fter 36 h, there was a gradual
increase in ethanol concentration with gradual etegt in total sugar depicting a
sinusoidal behavior between the rate of sugarzatibn and ethanol formation. On
increasing the concentration of AFEX pretreatedcthagrass from 1% (w/v) to 5%
(w/v) in shake flask, a 5.7 fold increment in etblantre from (1.94 g/L) to (11.06

g/L) was achieved (Table 6.3.3).
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Fig. 63.4 SSF profile of AFEX pretreated 5% (w/v) thatch grasingB. subtilis
cellulase along witls. cerevisia@andC. shehataat shake flask levele|
cell OD measured at 600 nmAjJ ethanol concentration (g/L),¥()
reducing sugar (g/L) ando) specific activity (U/mg) with time (h).
Cultivation conditions: working volume 100 mL in @5nL erlenmeyer
flask; initial pH 6.0; temperature 30°C; shakindXpm; incubation period
72 h; sampling interval every 6 h.
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6.3.5 SSF involvingB. subtilis cellulase along withS. cerevisiae and C. shehatae
using AFEX pretreated 5% (w/v) thatch grass in bioeactor

With the purpose of maximizing ethanol titre, tlenientation employed at
shake flask level was scaled up in the bioreadtoe. dynamic profiles of cell biomass
formation, utilization of reducing sugar along wghbsequent ethanol formation and
specific activity of the enzyme are shown in Fig3.6. The growth profile of the
organism in the bioreactor followed a sigmoidal d&etr. During 8-9 h of SSF the
organism remained in the lag phase. Subsequehtyptganism continued to grow
exponentially attaining a maximum of 7.0 (afod\ at 66 h of fermentation. Later on
the organism entered the stationary phase withugtadiecline in ethanol production
(Fig. 6.3.5). Ethanol concentration increased icoatance with increase in cell
biomass illustrating direct relationship betweea tate of ethanol formation with rate
of substrate utilization and cell growth. The mantim ethanol concentration of 22.0
g/L was obtained after the microbe entered eaditary phase during 54-66 h. The
reducing sugar profile was more or less similathit which was observed in shake
flask level showing an initial increasing trend aoncentration of reducing sugars
causing inhibition of enzyme activity. A maximumdteing sugar concentration of
21.0 g/L was released after enzymatic hydrolysighef pretreated substrate (Fig.
6.3.5, Table 6.3.3). SSF profile showed a gradealige in sugar concentration from
48-82 h with simultaneous increase in cell biomasd ethanol concentration due to
consumption of pentose sugars ®yshehataafter the exhaustion of hexose sugars.

(Fig. 6.3.5, Table 6.3.3).

TH-1093_5615203



Chapter 6 194

2591 25 8 5
=) - 7
20 {220 4D
- c L 6 &
> S | El £
5. |E15) 55|, 2
218 15 a[°g
e 810 - 4@ -.3
=2 c a ]
%10-8 _30-2.2
2 |8 3| B
g 5|5 28] 8
5-_,:0 )
i} - 1
0- - . - : - 0o -0
0 20 40 60 80
Time (h)

Fig. 6.3.L SSF profile of AFEX pretreated 5% (w/v) thatch grasingB. subtilis
cellulase along witls. cerevisiae and C. shehataea 2L laboratory scale
bioreactor with working volume of 1Le] cell OD measured at 600 nm,
(A) ethanol concentration (g/L)¥() reducing sugar (g/L) and) specific
activity (U/mg). Cultivation conditionsAeration rate 1 vvm, pH 6.0;
temperature 30°C; shaking 120 rpm; incubation pe®d h; sampling
interval every 6 h.

Performing SSF in bioreactor gave promising resdits to the fact that the
parameters can be constantly monitored and coatralihich could not been taken
care of during shake flask experiments. Aeratide & 1 vwm was the additional
parameter that was taken in to consideration whilening the bioreactor. A
significantly enhanced yield of ethanol (0.44 gettianol/g of substrate) (Table 6.3.3,
Fig. 6.3.5) was obtained using 5% (w/v) thatch gi@s substrate. Accordingly, rise in
substrate concentration along with enzyme loadiagsl inoculum size has a

significant augmentation in ethanol titre (Zhaigl 2010).
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Table 6.3.: Ethanol production from SSF at shake flask andbiireactor using
AFEX pretreated 5% (w/v) thatch grass alongvBthsubtiliscellulase as
hydrolytic enzymes an&. cerevisiaeand C. shehataeas fermentative

microbes.
Substrate .
Sl. SSF combination concentration R:S;;Sg E;:;ngl E;T;TOI
No (%, w/v) and mode (/) (90 (/L)
of SSF
+S. cerevisiae + C. shehatae Shake flask
+S. cerevisiae + C. shehatae Bioreactor

“the values correspond to the maximum reducing swagar maximum ethanol titre at a
particular time.” correspond to g of ethanol/ g of substratalues are mean +SE (n=3)

Therefore, on scaling up the SSF process from shiagle to bioreactor using
AFEX pretreated 5% (w/v) thatch grass @hdsubtilisAS3 cellulase, a two fold rise
in ethanol titre from 11.06 g/L to 22.0 g/L wasahbed (Table 6.3.3). Similarly, a two
fold increase in yield coefficient from 0.221 gpG.44 g/g was also achieved on scale
up in bioreactor using 5% (w/v) AFEX pretreatedithagrass (Table 6.3.3).

The values of ethanol concentration obtained instudy are comparable with
other reports of the literature. An ethanol conmin of 60 g/L was obtained using
commercial cellulase utilizing 30% sugarcane bagaasd Z. mobilis as the
fermentative organism (Santost al. 2010). Using co-culture ofClostridium
thermosaccharolyticusiG8 and Thermoanaerobacter ethanolicusTCC 31937 as
fermentative microbe with 100 g/L banana waste abstsate, an ethanol
concentration of 2.2 g/L was obtained (Reeétlyal 2010). An ethanol titre of 62.7 g/L
using 19% dry corncorb and commercial cellulolyéinzymes in bioreactor was

reported by Zhangt al (2010). An ethanol concentration of 5 g/L was afedi from
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5% wheat straw using crude unprocessed cellulase Trichoderma reesdiLeveret
al. 2010). A reactor level aerobic batch fermentatiwith optimized process
conditions offered a maximum ethanol concentratib8.36 g/L from 50 g/L of steam

autoclaved pretreated sugarcane bagasse (Sasikaoh&liruthagiri, 2010).
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6.4 Conclusions

SSF profiles of various combinations yield an iegting relation between the
rate of saccharification, rate of sugar utilizateomd on the rate of ethanol formation.
Different SSF trials were set up to determine théc@me of various pretreatment
procedures on enzymatic hydrolysis and to findtbatbetter fermentative microbes.
Out of the three pretreatment strategies, steartogop, AFEX and phosphoric acid-
acetone, the AFEX pretreatment method proved tothae best in all the SSF
combinations as revealed from the amount of ethatrel and yield obtained during
SSF process. The saccharification efficiencyBofsubtilis cellulase was found to be
superior ovefl. reesepr recombinant cellulase (GH5) as it was cleamftbe ethanol
concentration (g/L) and reducing sugars (g/L) olgdiduring SSF process using 1%
(w/v) thatch grass.

B. subtiliscellulase gave an ethanol titre of 0.94 g/L usii¢EX pretreated
thatch grass anfl. cerevisia@s fermentative microbe which showed a 6% incraase
compared to recombinant cellulase (GH5) (0.88 agthd 9.3% increase as compared
to T. reeseicellulase (0.86 g/L). On the other hand, usthgnobilisas bioethanol
producer gave an ethanol titre of 1.62 g/L showangignificant 72% increase as
compared to ethanol titre values of 0.94 g/L gibsnS. cerevisiaaising B. subtilis
cellulase as hydrolytic enzyme and AFEX pretred®d(w/v) thatch grass.

On performing SSF with mixed culture 8f cerevisiaend C. shehataavith
AFEX pretreated thatch grass usiBg subtilis AS3 cellulase, gave a maximum
ethanol titre of 1.94 g/L with a yield coefficienof 0.194 g/g. This has shown a
significant 2.1 and 1.2 fold increase in ethanoétas compared to the values obtained

from single culture o8. cerevisia€0.94 g/L) andZ. mobilis(1.62 g/L).
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It was also concluded that using dual combinatibriSo cerevisiaeand C.
shehataewith AFEX pretreated thatch gra$3, subtilisAS3 cellulase gave a higher
ethanol concentration of 1.94 g/L resulting in 18%@ 29% enhancement in contrast
to ethanol titre values of 1.64 g/L obtained byorabinant cellulase and 1.5 g/L by
reeseicellulase, respectively.

In conclusion, cellulolytic enzyme froB. subtilis AS3 showed promising
saccharification rate with maximum release of zdiile sugars in the least
pretreatment time. Also, mixed microbial combinatiof S. cerevisiaeand C.
shehataefound to be perfect bioethanol producers havingmal to consume both
hexose and pentose sugars simultaneously, ratlaer uking single culture d$.
cerevisiaeor Z. mobilisas determined on basis of ethanol titre and yield

On increasing the AFEX pretreated thatch grass ftén(w/v) to 5% (w/v) in
shake flask, using the best SSF combination inaglfa .subtiliscellulase along with
S. cerevisia@ndC. shehatagave an ethanol titre value of 11.06 g/L showing a
fold enhancement in bioethanol production as costp&w ethanol value of 1.94 g/L.
Scaling up the SSF process from shake flask toi@teactor using AFEX pretreated
5% (w/v) thatch grass gave an ethanol titre of 22L0showing a 2 fold enhancement
as compared to ethanol titre values of 11.06 gilergiby shake flask under similar
cultivation conditions. The continuous monitoringdacontrolled conditions of various
parameters in the bioreactor along with supplyesfton rate of 1 vvm had an added
advantage on the growth and ethanol productiorhé lioreactor as compared to
shake flask. Therefore, with increase in substcatecentration alongwith enzyme

loadings and the inoculum size had a significafgiaéfon ethanol production.
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Synopsis Vil

Synopsis

I ntroduction

Cellulases are a class of hydrolytic enzymes thaak down complex
cellulose into cellobiose and ultimately to simptduble sugars such as glucose and
cello-oligosaccharides as available carbon andahiat energy sources. They include
three different groups of enzymes comprising ofogiacanase, exocellobiohydrolase
and B-glucanase which act in coordinated manner to babgut the enzymatic
hydrolysis employing the catalytic mechanism ofheit retention or inversion.
Cellulases have versatile applications in textéeindry, pulp and paper, fruit juice
extraction and animal feed industries. In additiwey find use in saccharification of
lignocellulosic wastes to fermentable sugars witiah be used for the production of
bioethanol, lactic acid, single cell protein antlestindustrially important chemicals.
Bacteria are now being widely explored for cellelggoduction owing to their high
growth rate, expression of multi-enzyme complexstgbility at extremes of
temperature and pH, lesser feedback inhibition alpiity to withstand variety of
environmental stres®acillus subtilis are most sought after as they produce diverse
range of cellulases having high yield and versatibplicability and stable under
extreme conditions. With this objective, an effitiecellulase producing bacterial
strain was isolated from cow dung. 16S rRNA gengusace analysis showed
maximum homology wittBacillus subtilis. The strain was found to be an efficient

cellulose degrader showing a large clear zone irCQldntaining plates after Congo

TH-1093_5615203



Synopsis Vil

Red staining. Morphological and physiological cletéeazation of the isolatBacillus
subtilis (AS3) was conducted. Statistical tools like Plackett-Bammand central
composite design followed by multiple desirabiliynction were employed for
optimization of medium and culture parameters tdiexe® enhanced cellulase
production. Validation of the model was carried bath in shake flask and laboratory
scale bioreactor. Purification by two step procass biochemical characterization of
purified cellulase was executed. Industrial utild cellulase from this isolate was
studied and found suitable for economically feasibloethanol production from
lignocellulosic waste. Simultaneous saccharificatamd fermentation process (SSF)
alongwith different substrate pretreatments werepleyed during bioconversion
process. Pretreatments employed during the bat€éhpB&ess are steam explosion,
acid acetone and ammonia fibre explosion (AFEX)duge order to make the
substrate accessible for enzymatic hydrolysis. Thenparative performance of
fungal, naturally isolated bacterial and recombirtardrolytic enzymes was studied.
The performance of various fermentative microb&s $accharomyces cerevisae,
Zymomonas mobilis and Candida shehatae on bioethanol production from pretreated

thatch grass using SSF process at shake flaskiarghbttor level were studied.

Present work

The present work focuses on the “Optimization @doiction, purification and
characterization of cellulase from a novel strdifacillus subtilis AS3 to explore its
potential for lignocellulosic ethanol fermentationThe thesis work comprises 6

Chapters.
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Chapter 1 is the General Introduction which embodies theforeview of
literature dedicated to the importance of cellulag@oncise discussion on
classification and mechanism of action of cellulasencluded in this chapter. A
literature survey on screening and isolation ofubalytic microorganisms and their
production is presented. Different optimizationastgies for cellulase production
using one variable at a time method (OVAT) and oesp surface methodology,
purification and characterization of microbial cédise available in literature are also
highlighted. The chapter also elaborates the piadeapplications of the cellulase in
industry and environment. Application of cellulafee bioethanol production from
various pretreatments of lignocellulosic wastesngisbatch SSF are extensively
reviewed. A literature survey on different pretreant techniques is presented. Based
on the extensive literature review, the scope amgbortance of the present
investigation and the objectives of the presergarsh work is outlined at the end of
chapter 1.

Chapter 2 describes the detailed protocol of isolation aockening of the
microorganisms producing cellulase and its idesdtion. The morphological and
biochemical characterization of the isolate base@mam nature test, catalase activity
and urease test was carried out. The isolate préwdae Gram positive and rod
shaped and tested positive for catalase, oxid@satenreduction and bile esculin and
negative for urease, citrate utilisation and Vodgwsskauer (VP) reaction. 16S rRNA
gene sequence analysis and its phylogenetic tree eomstructed to trace the genetic
relationships of this isolate with its neighbourke isolate was designatedBegillus
subtilis AS3. Growth conditions for cellulase production lsuas inoculum
concentration, incubation time were optimized taxiiméze the cellulase production.

Inoculum concentration at 2% (v/v) with incubatimn 48 h gave maximum cellulase

TH-1093_5615203



Synopsis X

production. Selection of most efficient carbon aftdogen source were carried out by
one variable at a time method (OVAT). CMC at 2%wvwloncentration and peptone
in combination with yeast extract achieved maximeatulase production. Biomass
like thatch grass and bagasse when used as sblencsource, appreciably supported
cellulase activity.

Chapter 3 describes the statistical optimization of mediuomposition for
cellulase production frorBacillus subtilis AS3. The aim was to enhance the cellulase
activity and determine the interaction between au#i medium components using
response surface methodology. Statistically-basgderemental tools, Plackett-
Burman factorial design and central composite desigere applied for the
optimization experiments. Seven medium componengsewexamined for their
significance on cellulase production. Regressioalyams of the experimentalata
found CMC, peptone and yeast extract significarghd positively affected the
enzyme production. The interactive effect of thémsee crucial variables on cellulase
production was studied using & full-factorial central composite design. After
ANOVA, a second-order polynomial equation was dsthbd to determine the
relationship between the cellulase production &medthree medium components. The
optimal concentrations of variables for maximunwtabke production were CMC, 18
g/L; Peptone, 8 g/L and Yeast extract, 4.79 g/L.dénthe optimal medium
composition the experimental value of enzyme agtidi4d3 U/mL nearly matched
with predicted value of 0.49 U/mL showing 6 folctiease with respect to the control
basal medium which showed only 0.07 U/mL enzymei#gt Thus, the statistically-
based experimental designs were found very promisin enhancing cellulase
activity. Moreover, replacing CMC in optimized mexi the enzyme showed 2.8 and

3 fold increase with lichenan arfiiglucan, respectively and the activity reached
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maximum at 12 h in contrast to 48 h required by CBlbstrate. Therefore, the
isolate is a higlft-1,3-1,4-glucanase (lichenase) producing straindaa breal-1,3-
1,4 linkages. Having this attribute alongwith alkal nature and stability at variable
temperature and pH, the enzyme frBarcillus subtilis AS3 can find wider industrial
applications.

Chapter 4 describes the effects of physical process paramsteh as initial
pH, temperature (°C), and agitation (rpm) on ceabel production fronBacillus
subtilis AS3. For optimization of cellulase activity andlggowth, central composite
design of experiments followed by multiple desiliépifunction was applied. Among
the three independent variables the interactiorcefibbetween temperature and
agitation was highly significant on cellulase aityivTo illustrate the accuracy of the
models in predicting the responses normal proligpliot of the residuals are also
depicted. Overall desirability functions for celise activity and cell growth were
close to 1 indicating linear increase of the fumecttowards the desired target values
of the two responses. Using the desirability fumttmethod for optimizing both the
responses optimum values of the culture conditipreslicted by the model were
found to be pH 7.2; temperature 39°C and agitati®h rpm. The maximum cellulase
activity 0.56 U/mL and cell growth 2.01 mg/mL preid by the model was in
consensus with values (0.57 U/mL and 2.1 mg/mLpioled experimentally, using
optimized medium and optimal values of physicalapaeters. After optimization a
33% enhancement in cellulase activity (0.57 U/mdswecorded. With the scale up of
cellulase production process with all the optimizedditionsin bioreactor, yielded a
significant 32% increase showing maximum cellulasévity of 0.75 U/mL. This
study illustrates the importance of optimizationpbiysical parameters for bioprocess

development of bacterial cellulase production.
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Chapter 5 describes the purification, zymogram analysis emaracterization
of cellulase fromBacillus subtilis (AS3). The purification of enzyme from cell-free
supernatant was carried out by ammonium sulphateiptation followed by ion
exchange chromatography using DEAE-sepharose. fidde @nzyme obtained as a
cell free supernatant had specific activity of 0l34ng. This was precipitated with
addition of ammonium sulphate and maximum cellukaserity was observed at 40-
80% saturation. After ammonium sulphate preciptatthe enzyme gave specific
activity of 1.16 U/mg with 3.4 fold purification dn7.7% vyield. Purification by ion
exchange chromatography resulted in 9.8 fold irs#eshowing specific activity of
3.33 U/mg and 8% overall yield. The purified enzydigplayed a protein band on
SDS-PAGE with an apparent molecular size of 30 k&% confirmed by the
zymogram. The enzyme showed multi-substrate spégifishowing significantly
higher activity with lichenan ang-glucan as compared to CMC, laminarin,
hydroxyethylcellulose and steam exploded bagassk reegligible activity with
crystalline substrate such as avicel and filtergpaphe enzyme was optimally active
at pH 9.2 and temperature 45°C. The enzyme wasestalihe pH range 6-10 and
retained 70% activity at pH 12. Thermal stabilibabysis revealed that the enzyme is
stable in temperature range of 20°C to 45°C amnainmetl more than 50% activity at
60°C for 30 min. The enzyme had @ Kf 0.13 mg/ml and ¥ax of 3.38 U/mg using
carboxymethylcellulose (CMC) as substrate. The ddtawed that the cellulase
produced by the isolate is considerably stableigiten pH and higher temperature

well suited to harsh conditions of lignocellulossgdadation.
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Chapter 6 illustrates simultaneous saccharification and feragon (SSF)
process involving the combination of different hylgtic enzymes alongwith
fermentation of monomeric sugars (hexose and pentosethanol in one single step.
The comparative hydrolytic performance of threefedédnt enzymes such as
recombinant cellulase (GH5), thermostable cellidasbtained fromTrichoderma
reesei andBacillus subtilis AS3 in batch SSF process were studied. Sugarasesde
after enzymatic hydrolysis were consumed by yeldstsSaccharomyces cerevisiae
and Candida shehatae and bacterium such aZymomonas mobilis and their
performance in bioethanol production from thatclasgr Hyparrhenia rufa) were
investigated. SSF process employing different patinents along with various
enzyme consortium and bioethanol producers wergedaout both at shake flask and
laboratory scale bioreactor. The SSF profiles wdhous combinations implicate an
interesting relation between cell growth, spectivity of the enzyme, rate of sugar
utilisation and in turn rate of ethanol formatidrhree pretreatment techniques were
investigated such as steam explosion, phosphort:aaetone and ammonia fibre
explosion (AFEX). AFEX pretreatment found to penfobetter among the three with
release of maximum amount of reducing sugars agld ¢&ihanol yield on analysis of
SSF parameters.

B. subtilis cellulase gave an ethanol titre of 0.94 g/L ushEX pretreated
thatch grass anfl cerevisiae as fermentative microbe which showed a 6% incraase
compared to recombinant cellulase (GH5) (0.88 a#hd 9.3% increase as compared
to T. reesal cellulase (0.86 g/L). Therefore, cellulolytic enzg fromB. subtilis gave
better saccharification efficiency over recombinaeflulase (GH5) orT. reesei
cellulase which was apparent from the amount ofasugleased and ethanol titre

obtained. On the other hand, usigmobilis as bioethanol producer gave an ethanol
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titre of 1.62 g/L showing a significant 72% increaas compared to ethanol titre
values of 0.94 g/L given b cerevisiae using B. subtilis cellulase as hydrolytic
enzyme and AFEX pretreated 1% (w/v) thatch grags.c@rrying out SSF using
fermentative microbial combination & cerevisiae and C. shehatae with steam
exploded thatch grasb. reesei gave an ethanol titre of 1.35 g/L and recombinant
cellulase (GH5) gave an ethanol titre value of A5 A higher titre of 1.61 g/L with

B. subtilis cellulase amid a fermentative microbial combimandS. cerevisiae andC.
shehatae was obtained. Phosphoric acid-acetone pretreatddhttgrass with similar
mixed culture of fermentative microbes gave anmhstre of 1.4 g/L withT. reesal
cellulase, 1.59 g/L with recombinant cellulase (GHA higher ethanol titre (1.66
g/L) was achieved withB. subtilis cellulase, the reducing sugar concentration being
1.68 g/L and the yield being 0.166 (g of ethanolfgubstrate)On performing SSF
using AFEX pretreated thatch grassyeesa cellulase gave an ethanol concentration
of 1.5 g/L and recombinant cellulase (GH5). gaveaebtl titre values of 1.64 g/L.
Interestingly, a maximum ethanol titre of 1.94 git ethanol was achieved from
reducing sugar (1.98 g/L) with a yield coefficieat 0.194 (g of ethanol/g of
substrate) usinB. subtilis cellulase and mixed fermentative consortium.

On performing SSF with mixed culture 8f cerevisiae andC. shehatae with
AFEX pretreated thatch grass usBgsubtilis AS3 cellulase, a significant 2.1 and 1.2
fold increase in ethanol titre was achieved as @mspto the values obtained from
single culture ofS. cerevisiae (0.94 g/L) andZ. mobilis (1.62 g/L). It was also
concluded that using dual combinationSfcerevisiae and C. shehatae with AFEX
pretreated thatch grad3, subtilis AS3 cellulase gave a higher ethanol concentration

of 1.94 g/L resulting in 18% and 29% enhancememinirast to ethanol titre values
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of 1.64 g/L obtained by recombinant cellulase (GHEd 1.5 g/L byT. reese
cellulase, respectively.

In conclusion, AFEX pretreatment method proved edobst among the three
with the release of maximum amount of reducing ssigad high ethanol yield. Also,
the hydrolytic enzymd. subtilis proved superior over recombinant cellulase (GH5)
andT. reesel cellulase owing to its ability for high saccharétion rate which was
evident from the amounts of sugars and ethan@ tibtained. Mixed cultures &
cerevisiae andC. shehatae found to be more suitable as bioethanol produlcaving
potential to consume both hexose and pentose swyardtaneously, rather than
using single culture of cerevisiae or Z. mobilis on analysis of SSF parameters.
These SSF trials were set up to determine the omdcof various pretreatment
procedures on enzymatic hydrolysis and to findtbatbetter fermentative microbes.
The best SSF combination involving. subtilis hydrolytic enzymes and mixed
fermentative microbes was selected for further isgidwith 5% (w/v) AFEX
pretreated thatch grass. On increasing the AFEXrqated thatch grass from 1%
(w/iv) to 5% (w/v) in shake flask, using the bestFS&mbination a 5.7 fold
enhancement in ethanol titre from 1.94 g/L to 11gfi6was obtained. On scaling up
the SSF process from shake flask to bioreactorgusiREX pretreated 5% (w/v)
thatch grass and best SSF combination involBngubtilis cellulase alongwitts.
cerevisiae andC. shehatae a two fold rise in ethanol titre from 11.06 g/L28.0 g/L

was obtained.
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