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Abstract Production of extracellular xylanase from

Bacillus sp. GRE7 using a bench-top bioreactor and solid-

state fermentation (SSF) was attempted. SSF using wheat

bran as substrate and submerged cultivation using oat-spelt

xylan as substrate resulted in an enzyme productivity of

3,950 IU g�1 bran and 180 IU ml�1, respectively. The

purified enzyme had an apparent molecular weight of

42 kDa and showed optimum activity at 70�C and pH 7.

The enzyme was stable at 60–80�C at pH 7 and pH 5–11 at

37�C. Metal ions Mn2+ and Co2+ increased activity by

twofold, while Cu2+ and Fe2+ reduced activity by fivefold

as compared to the control. At 60�C and pH 6, the Km

for oat-spelt xylan was 2.23 mg ml�1 and Vmax was

296.8 IU mg�1 protein. In the enzymatic prebleaching of

eucalyptus Kraft pulp, the release of chromophores, for-

mation of reducing sugars and brightness was higher while

the Kappa number was lower than the control with

increased enzyme dosage at 30% reduction of the original

chlorine dioxide usage. The thermostability, alkali-toler-

ance, negligible presence of cellulolytic activity, ability to

improve brightness and capacity to reduce chlorine dioxide

usage demonstrates the high potential of the enzyme for

application in the biobleaching of Kraft pulp.

Keywords Bacillus sp. GRE7 � Xylanase � Biobleaching �
Kraft pulp

Introduction

Xylan, a major constituent of hemicellulose, is composed of

b�1, 4-linked xylopyranosyl residues which can be

substituted with arabinosyl and methylglucuronyl side-

chains. Xylanases (endo�1, 4-b-D-xylan xylanohydrolase;

E.C. 3.2.1.8) are a group of enzymes that hydrolyse xylan

backbone into small oligomers. A wide variety of micro-

organisms, mainly bacteria and fungi, are known to produce

xylan-degrading enzymes. In recent years, important bio-

technological applications of xylanases include various

processes in the food, animal feed and pulp and paper

industries (Beg et al. 2001; Techapun et al. 2003).

Large amounts of xylanases are required in Kraft pulp

prebleaching in the pulp and paper industry, and this is so

far the biggest potential application of xylanolytic enzymes

(Viikari et al. 1986; Kulkarni et al. 1999). There is limited

understanding on the mechanism by which enzymatic

prebleaching is facilitated. It was proposed however that

xylanases depolymerize hemicellulose precipitated on the

surface of the fibre that opens up the pulp structure and

allows access of chlorine and other chemicals employed in

subsequent treatment stages (Paice et al. 1988). This in

turn facilitates pulp delignification and bleach boosting,

imparting brightness to the paper. Enzymatic prebleaching

option is said to be ecofriendly (Beg et al. 2001; Sá-Pereira

et al. 2002), as it reduces the amount of environmentally

hazardous and toxic organochlorines in effluents from the

conventional chemical treatment sequence employing

chorine dioxide and alkaline extraction.

While enzymatic prebleaching requires a thermostable

and alkalitolerant enzyme, only a few xylanases are

reportedly active and stable at both alkaline pH and

elevated temperatures (Nakamura et al. 1993; Subramaniyan

et al. 2001). Most of the commercially available xylanases
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showing stability at alkaline conditions are only optimally

active at 30–60�C (Dhillon et al. 2000; Techapun et al.

2003). On the other hand, xylanases produced by members

of the genus Bacillus exhibit a reasonable thermostability

ranging from acid to alkaline pH (Subramaniyan and

Prema 2000; Haki and Rakshit 2003). Continuing interest

in Bacillus sp. xylanases is also evident in the recent

papers, among others, handling several aspects from

enzyme production to application (Avcioglu et al. 2005;

Heck et al. 2005; Sapre et al. 2005; Virupakshi et al. 2005;

Battan et al. 2006; Choudhury et al. 2006; etc.). The

present paper reports the exceptionally high production,

purification, characterization and application in Kraft pulp

biobleaching of an extracellular xylanase produced by

Bacillus sp. GRE7 isolated from Ethiopian hot spring soil.

Materials and methods

Bacterial strain and culture conditions

Bacillus sp. GRE7, isolated from an Ethiopian hyperther-

mal spring soil (Haki 2003), was identified using standard

biochemical tests (Claus and Berkely 1986) and API50CH

(bioMérieux, Marcy-l’Etoile, France) carbohydrate meta-

bolism profiling at the Thailand Institute of Scientific and

Technological Research (TISTR), Bangkok, Thailand. The

bacterium was maintained and routinely subcultured on a

basal medium containing (w v�1) 0.5% peptone, 0.1%

NaCl, 0.2% K2HPO4, 0.01% CaCl2, 0.01% MgSO4, 0.1%

yeast extract, 1.5% bacteriological agar and 0.5% oat-spelt

xylan (Sigma, Munich, Germany). This strain grew very

well at 50–55�C. Stock cultures were stored at 4�C.

Production of enzyme

Xylanase production by submerged fermentation (SmF)

was carried out in 1-l Biostat Q bioreactors (B. Braun,

Germany) using the basal liquid medium containing

(w v�1) 0.5 or 1% oat-spelt xylan with the following cul-

ture condition: volume, 750 ml; pH 7–7.5; temperature,

55�C; agitation, 200 rev. min�1; aeration, 0.5 l min�1;

inoculum (20-h old) size, 10% (v v�1). To monitor the time

course of bacterial growth and enzyme production, samples

were collected at fixed time intervals and cells were sep-

arated by centrifugation at 12,000· g for 10 min at 4�C.

The cell-free culture supernatant was used as crude enzyme

source for xylanase assay.

Enzyme production by solid-state fermentation (SSF)

was carried out according to the procedure suggested by

Archana and Satyanarayana (1997). The same medium and

culture conditions were employed with an incubation

temperature of 55�C. Flasks containing bacterial bran were

removed at fixed time intervals. Enzyme from contents was

extracted twice with 20 mM sodium phosphate buffer at

pH 7 (10 ml g�1 wheat bran) and squeezed through a wet

muslin cloth. The enzyme extract was centrifuged at

15,000· g for 30 min and the clear supernatant was used in

xylanase assay.

Purification of enzyme

All steps during purification were performed at 4�C. In

order to obtain the crude extracellular xylanase, culture

broth from 1-l bioreactors, 1% oat-spelt xylan cultures

(SmF), were centrifuged at 10,000· g for 30 min. The cell-

free culture supernatant was brought to 40–80% ammo-

nium sulphate (AMS) saturation, left for sedimentation and

centrifuged at 10,000· g for 1 h. Protein precipitates were

harvested and dissolved in sodium phosphate buffer

(20 mM, pH 7). The solution was dialysed against the same

buffer overnight and lyophilized. The crude enzyme was

dissolved in a minimum volume of sodium phosphate

buffer (20 mM, pH 7), loaded onto a DEAE-cellulose

column (30 · 2 cm2) equilibrated with the same buffer.

Proteins were eluted with discontinuous NaCl gradient

(0–5 M) in the same buffer at 30 ml h�1. Active fractions

were pooled, lyophilized, dissolved in sodium phosphate

buffer (20 mM, pH 7) and applied onto a Sephadex G-75

column (50 · 1 cm2) equilibrated with the same buffer and

eluted at 18 ml h�1. Active fractions were pooled, dialysed

in sodium phosphate buffer (20 mM, pH 7) and used for

further experiments.

Enzyme and protein assays

Xylanolytic and cellulolytic activities were determined by

measuring the amount of reducing sugar liberated using

dinitrosalicylic acid (DNS) (Miller 1959). Xylanase activ-

ity was assayed by adding 0.1 ml of an enzyme preparation

to 0.4 ml of a 0.5% oat-spelt xylan suspension in 20 mM

sodium phosphate buffer (pH 7). Assay for saccharifying

cellulase was carried out according to Ghose (1987)

with modification. A Whatman no. 1 filter paper strip

(1 · 6 cm & 50 mg) was added to a mixture of 0.1 ml of

an enzyme preparation and 0.4 ml 20 mM sodium phos-

phate buffer (pH 7). The enzyme reaction was carried out

at 60 and 58�C for 15 and 60 min, respectively, and ter-

minated by adding 0.5 ml DNS solution. Reaction mixtures

were boiled for 10 min, added with 10 ml distilled water

and cooled to stabilize the colour. Absorbance was mea-

sured at 540 nm against blank. One unit (IU) of xylanase or

cellulase activity is defined as the amount of enzyme that
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catalyses the release of 1 lmol reducing sugar as xylose or

glucose equivalent per min under the conditions described

above.

The protein concentration in chromatographic eluates

was determined by measuring the absorbance at 280 nm.

Total soluble protein content at the end of each purification

step was determined by the Bradford method using bovine

serum albumin as standard.

Electrophoresis and zymography

The predominant xylanase of Bacillus sp. GRE7 was

subjected to SDS-PAGE (Laemmli 1970) using 10%

acrylamide gel containing 0.1% xylan. Electrophoresis was

carried out using the Mini-Protean II system (Bio-Rad,

Hercules, CA, USA) and protein bands were stained with

Coomassie brilliant blue R-250. Protein molecular weight

standards used were bovine serum albumin (66.2 kDa),

chicken ovalbumin (45 kDa), horseradish peroxidase

(40 kDa), cytochrome c (12.5 kDa) and bovine insulin

chain B (3.4 kDa).

A duplicate lane was subjected to activity staining

according to Tseng et al. (2002) with slight modification.

After electrophoresis, the gel was washed twice for 30 min

in 0.1 M Tris–HCl buffer (pH 7) containing 25% isopro-

panol to remove SDS. The gel was incubated in the same

buffer without isopropanol for 30 min at 50�C. The gel was

soaked in 0.1% Congo red solution for 15 min at 30�C and

destained in 1 M NaCl. The xylanase band was revealed

against the dark background by treatment with 0.5% acetic

acid solution.

Biochemical characterization

The optimum pH for xylanase activity was determined by

using 50 mM of the following buffer systems: acetate

buffer (pH 4–5), phosphate buffer (pH 6–7), Tris–HCl

buffer (pH 8–9), glycine-NaOH buffer (pH 10) and

Na2HPO4–NaOH (pH 11–12). The enzyme was incubated

with 0.5% oat-spelt xylan in different buffers at 60�C for

15 min and analysed for reducing sugar. The optimum

temperature for xylanase activity was determined by

incubating the reaction mixture at different temperatures

ranging from 40 to 100�C at pH 7. Stability at different pH

was determined by incubating the enzyme in the same

buffer systems for 30 min at 37�C. Thermostability was

determined by incubating the enzyme at different temper-

atures in 50 mM phosphate buffer (pH 7). Residual enzyme

activity was measured by the standard assay. The effect of

the presence of different concentrations of metal ions

(1–10 mM) on xylanase activity was measured under

standard assay conditions. Km and Vmax for oat-spelt xylan

(2.5–12.5 mg ml�1) at 60�C and pH 6 was determined by a

Lineweaver–Burk plot.

Application of xylanase in Kraft pulp bleaching

and pulp analyses

Eucalyptus Kraft pulp samples (12 g oven dried) were

treated with Bacillus sp. GRE7 xylanase at 1–10 IU g�1

dry pulp in plastic bags with intermittent kneading. Pulp

consistency of 10% (w v�1) was achieved by adding

20 mM phosphate buffer (pH 7). Samples were incubated

for 3 h at 60�C. Control samples were subjected to the

same treatment conditions without enzyme treatment. Pulp

slurries were filtered after incubation and filtrates were

analysed for the release of chromophoric material by

spectrophotometry (280 and 456 nm) and reducing sugars

(Miller 1959). Xylanase-treated and untreated pulp samples

were chemically bleached using the DED (chlorine dioxide

[D1]�alkali extraction [E]�chlorine dioxide [D2]) treat-

ment sequence according to Madlala et al. (2001). Usage

of chlorine dioxide (ClO2) was reduced by 30%, corre-

sponding to a decrease in the consumption of the bleaching

agent from 2.63 to 1.84% (w w�1) in D1 and 1.31 to 0.92%

(w w�1) in D2. After enzyme treatment, pulps were anal-

ysed for Kappa number according to SCAN-C 1:77. After

chemical treatment, pulps were prepared as handsheets

according to SCAN-C M11 for brightness determination

according to Technical Association of Pulp and Paper

Industry (TAPPI) protocol T-452 om-92.

Results and discussion

The time course of xylanase production by Bacillus sp.

GRE7 was monitored during SmF with oat-spelt xylan in a

1-l reactor (Fig. 1a). Highest xylanase activity

(60–80 IU ml�1) using 0.5% oat-spelt xylan occurred after

5–18 h of fermentation, in agreement with a previous

report on higher xylanase production by Bacillus subtilis

after 10–15 h of fermentation at 55�C in 2-l reactors

(Sá-Pereira et al. 2002). Optical density readings at

600 nm indicated a gradual increase of cell mass up to the

stationary phase after 5 h of fermentation while pH of the

culture media was 7.3–7.7 during 24-h cultivation (data not

shown). A similar experiment using 1% oat-spelt xylan

(Fig. 1a) gave an approximately twofold increase in

enzyme activity (100–170 IU ml�1) after 18 h with values

for culture parameters in ranges comparable to that of the

experiment using 0.5% xylan (data not shown). The highest

enzyme yield value corresponds to a specific productivity

of 17,000 IU g�1 oat-spelt xylan. As studies on xylanase
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production by different microorganisms usually use

0.5–1% xylan (Techapun et al. 2003), higher xylan

concentrations were not tested further.

The use of SSF, on the other hand, offers several

advantages over SmF. These include simplicity of the

fermentation media, elimination of expensive control sys-

tems and complex machinery, greater product yield with

lesser fermentation vessel volume, easier control of con-

tamination due to low moisture level in the system, lower

downstream processing cost, and lower overall capital

requirement (Archana and Satyanarayana 1997). While

fungal contamination is most likely in mesophilic systems,

many fungi cannot grow at 50 �C at which the present SSF

is carried out for Bacillus sp. GRE7 and in that sense

contamination is better controlled under thermophilic SSF.

In the case of SSF employing alkaliphic bacilli (Battan

et al. 2006), the unfavourable pH will also minimize con-

tamination. As regards downstream processing, it is

straightforward that since a lower solvent volume is

required for product recovery from a lower fermentation

volume, SSF yields high xylanase titers which in turn lead

to fewer purification steps. The energy demand is lower,

since no agitation and aeration is needed, only extended

temperature maintenance. Moreover, the use of simple

media and cheap lignocellulosic substrates, fewer down-

stream processing steps due to less volume of liquid

required for product recovery, and elimination of expensive

machinery and sophisticated control systems in SSF will

far off-set the cost of energy required in thermophilic SSF

for an extended time.

Although a large number of fungal species are known to

grow well on moist substrates and are thus used in many

SSF studies, several bacterial strains, mostly Bacillus sp.,

are reported to have successfully produced industrially

significant enzymes via SSF (Lonsane and Ramesh 1990;

Pandey 1992; Archana and Satyanarayana 1997; Gessesse

and Mamo 1999; Virupakshi et al. 2005; Battan et al.

2006; etc.). In the present study, Bacillus sp. GRE 7 was

employed in xylanase production via SSF using wheat bran

as substrate (Fig. 1b). A relatively low level of xylanase

productivity was observed after few hours of fermentation

(data not shown) but steadily increased and peaked after

3 days. Productivity remained almost stable until 7 days

but did not increase further with prolonged incubation. The

maximum value of xylanase productivity of Bacillus sp.

GRE7 on wheat bran obtained via SSF was *3,950 IU

g�1 bran. This was among the highest values obtained by

similar studies made earlier and closely comparable to that

of Bacillus sp. JB-99 (3,644 IU g�1) SSF-cultivated on rice

bran (Virupakshi et al. 2005) and Bacillus pumilus ASH

(5,300 IU g�1) SSF-cultivated on rice bran (Battan et al.

2006). A very minimal cellulase activity of 0.57 IU ml�1

of culture supernatant and 9.85 IU g�1 bran from SmF and

SSF was measured, respectively.

Table 1 summarizes the purification stages for Bacillus

sp. GRE7 xylanase. AMS (40–80%) precipitation resulted

in a 71% recovery of initial xylanase activity in the culture

supernatant. Fractions eluted during ion-exchange (DEAE-

cellulose) chromatography gave two active xylanase com-

ponents (data not shown). Multiplicity of high- and

low-molecular weight xylanases observed in Bacillus spp.

was explained to be due to distinct coding genes (Wong

et al. 1988), differential glycosylation at post-translation

or proteolysis (Bernier et al. 1983). The major and

minor components constituted about 48% and <3% of the

total xylanase activity, respectively, but only the major
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(a) (b)Fig. 1 Time course of xylanase

production by Bacillus sp.

GRE7. (a) Submerged

cultivation in 1-l bioreactors

using 0.5 and 1% w v�1 oat-

spelt xylan (shaded and

unshaded columns,

respectively); (b) Solid-state

fermentation using 40% w v�1

wheat bran

Table 1 Summary for Bacillus sp. GRE7 xylanase purification

Purification steps Total activity (IU) Total protein (mg) Specific activity (IU mg�1) Purification (fold) Recovery (%)

Culture supernatant 33,163 680 48.8 1.0 100

AMS precipitation 23,645 124 191.1 3.9 71

DEAE-cellulose 15,957 27.4 582.9 11.9 48

Sephadex G-75 8,878 6.4 1,392.6 28.5 27
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component was purified further by gel filtration (Sephadex

G-75). The latter procedure yielded an overall xylanase

recovery of 27% and 28.5-fold purification. SDS-PAGE

revealed a single band, indicating that the enzyme was

purified to apparent homogeneity, while zymography

showed a corresponding sharp activity band corresponding

to a 42-kDa protein estimated from the migration of

molecular weight standards after electrophoresis (Fig. 2).

No cellulase activity was detected in the purified enzyme

from SmF. Although a highly purified enzyme is requisite

to characterization and structural studies, it may not be

economical and thus unnecessary in some applications like

biobleaching. It has been shown that a crude enzyme

preparation gives hydrolysis product profile similar to a

purified counterpart (Dhillon et al. 2000). Moreover, dif-

ferent xylanase isozymes, present in one organism, with

dissimilar mode of action or substrate specificities (Elegir

et al. 1994) could synergistically function in xylan hydro-

lysis (He et al. 1994).

In an activity assay using different pH buffers, peak

activity of Bacillus sp. GRE7 xylanase was observed at pH

7 and more than 60% activity was retained at pH 6 and 8

(Fig. 3a). The enzyme also showed stability at pH 6–11 in

an assay following pre-incubation at various pH (Fig. 3b).

More than 80 and 60% activity were retained at pH 6–8 and

pH 9–11, respectively. Enzyme activity was also measured

at different temperatures and was found optimum at 70�C

(Fig. 3c). The enzyme showed thermal stability in a broad

range of temperatures (Fig. 3d). Half-life values of 20 and

10 min were obtained at temperatures 80 and 90�C,

respectively. More than 70% activity was retained after

135-min incubation at 60 and 70�C. Table 2 shows the

effect of metal ions on xylanase activity. Positive modu-

latory effect on enzyme activity was obtained with Mn2+

Fig. 2 SDS-PAGE of purified Bacillus sp. GRE7 xylanase. Lane 1,

molecular weight markers; Lane 2, purified xylanase; Lane 3,

zymogram visualizing activity
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Fig. 3 Determination of

optimum characteristics of

Bacillus sp. GRE7. (a)

Optimum pH; (b) pH stability;

(c) Optimum temperature; and

(d) Thermostability at 60�C

(d), 70�C (�), 80�C (e), 90�C

(u), 100�C (asterisks)
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followed by Co2+ while the presence of Cu2+, Fe2+ and Na+

inhibited the enzyme. The rest of the metal ions caused a

range of concentration dependent stimulatory effect on

enzyme activity. Albeit most of the reported Bacillus sp.

xylanases are strongly inhibited by Mn2+, the present

finding rather agrees with those of Bataillon et al. (2000)

and Sá-Pereira et al. (2002). Bacillus sp. GRE7 xylanase

could be a metalloprotein and metal ions that positively

stimulated its activity may be employed as catalysts in

trace amounts during application. Moreover, the present

data can be used to determine the amount of enzyme

required for different pulp streams with varying metal

levels due to the different quality of water used and

available. The enzyme obeyed Michaelis-Menten kinetics

with an apparent Km of 2.23 mg ml�1 and Vmax of

7.42 lmol min�1 ml�1 (296.8 lmol min�1 mg�1 protein)

as determined by a Lineweaver–Burk plot of the initial

reaction rates at different concentrations of oat-spelt xylan

(Fig. 4). The present results are consistent with the gen-

erally reported values for Bacillus sp. (Beg et al. 2001).

Treatment of Kraft pulp with xylanases improves lignin

extractability (Kappa number reduction). It also releases

different amounts of reducing sugars (xylooligosaccha-

rides) and chromophoric (u.v.-absorbing) products such as

hexeneuronic acid (HexA), formed from the 4-O-methyl-

D-glucuronic acid component of xylan during Kraft

pulping. While the release of reducing sugars only mea-

sures xylanase activity, it is the release of chromophoric

materials that correlates significantly with pulp bleach-

ability (Patel et al. 1993). Xylanase prebleaching at high

temperatures improves important pulp quality indicators

such as Kappa number (degree of delignification) and

brightness (bleaching effectiveness). In the present study,

released chromophores and reducing sugars from euca-

lyptus Kraft pulp were measured after xylanase

pretreatment. Kappa number and brightness was also

measured following ClO2–NaOH-based DED bleaching

sequence of the xylanase prebleached pulp. The results are

shown in Table 3. A marked increase in the release of

chromophores and reducing sugars resulted from incre-

ments of xylanase dosage (1–10 IU g�1 pulp) with an

observed positive general correlation between the values of

these parameters. A xylanase charge of 10 IU g�1 pulp

brought the highest Kappa number reduction and

Table 2 Residual activity of Bacillus sp. GRE7 xylanase at different

metal ion concentrations

Cation Concentration

1 mM 5 mM 10 mM

Nonea 100 100 100

CaCl2 100 123 100

CdCl2 75 113 109

CoCl2 173 181 155

CuSO4 38 31 25

FeCl2 97 55 14

KCl 107 71 38

MgCl2 130 49 24

MnCl2 177 184 228

NaCl 83 71 45

ZnCl2 38 106 81

a Activity in the absence of metal ions; 10 IU of enzyme was used per

assay

Fig. 4 Lineweaver–Burke plot of initial velocity data for Bacillus sp.

GRE7 xylanase on oat-spelt xylan (2.5–12.5 mg ml�1) measured at

60�C and pH 6

Table 3 Effect of Bacillus sp. GRE7 xylanase pretreatment on the release of chromophoric material, reducing sugars, Kappa number and

brightness of eucalyptus Kraft pulp

Enzyme charge

(IU g�1 pulp)

Chromophore release Reducing sugars

(mg g�1 pulp)

Kappa

numbera
Decrease in

Kappa number

(points)

Brightnessa

(% ISO)

Gain in

brightness

(points)(A280) (A465)

0 0.568 ± 0.018 0.016 ± 0.005 0.28 ± 0.09 2.16 ± 0.20 0 85.53 ± 1.02 0.00

1 1.015 ± 0.012 0.037 ± 0.007 0.84 ± 0.12 1.79 ± 0.14 0.37 86.71 ± 0.98 1.08

5 1.030 ± 0.009 0.040 ± 0.004 1.12 ± 0.10 1.28 ± 0.11 0.88 87.69 ± 1.13 2.16

10 1.116 ± 0.015 0.048 ± 0.009 1.39 ± 0.17 1.15 ± 0.09 1.01 88.22 ± 1.21 2.69

a Parameters measured after DED bleaching sequence at 30% total reduction of the original chlorine dioxide usage
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brightness gain of 1.01 and 2.7 points, respectively. This

implies savings in ClO2 consumption of up to 30%

(4.5 kg t�1) with reasonable quality Kraft pulp. In a

previous study using 10 IU g�1 commercial Xylanase P,

the control level of brightness was retained at 23.3, 30

and 16.7% ClO2 reduction for bagasse, soda-aq, and Kraft

pulps, respectively (Madlala et al. 2001). In another

study, the use of commercial xylanases Novozyme 473

and VAI-Xylanase increased brightness of Kraft pulp by

2.5 points at 31% ClO2 reduction (Bajpai et al. 1994).

Our results therefore suggest that the present enzyme

could sufficiently match the performance of commercially

available xylanase preparations. As the extent of ClO2

usage during chemical bleaching was found to depend on

the type of pulp and enzyme used (Madlala et al. 2001),

further studies on prebleaching different pulp types with

Bacillus sp. GRE 7 xylanase will be carried out.
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