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Abstract The potential of several agricultural wastes and

by-products (wheat bran, oat bran, corn cob, brewer’s spent

grain, malt sprout, artichoke stem, sugar beet pulp, olive

seed, cotton stalk and hazelnut skin) was examined as the

substrate for xylanase production by Aureobasidium pul-

lulans Y-2311-1. Based on the screening studies, wheat

bran was selected as the best substrate for further opti-

mization studies. The effects of initial medium pH, tem-

perature and incubation time on xylanase production in

shake flask system were optimized by response surface

methodology (RSM). The optimum levels of the process

variables defined by the model (initial medium pH, 4.24;

temperature, 30.27 �C; and incubation time 126.67 h)

resulted in production of 85.19 U/ml xylanase. Taking the

RSM optimized parameters in shake-flask scale into con-

sideration; xylanase production was scaled up to bioreactor

system with a working volume of 1.5 l. The peak of

enzyme production was achieved after 126 h incubation

that has previously been determined by RSM studies at

shake flask level. Furthermore, the optimum levels of

agitation and aeration in bioreactor system was found as

200 rpm and 1.5 vvm. Maximum enzyme production was

close to 85 kU/l which could be translated into a produc-

tivity of 0.68 kU/l/h. No previous work considered the

statistical optimization of xylanase production by

A. pullulans on wheat bran and scale up of the bioprocess

to a bioreactor system.

Keywords By-product valorization � Xylanase �
Aureobasidium pullulans � Bioprocess optimization �
Bioreactor

Introduction

Pollution problems associated with accumulation of agro-

industrial wastes and by-products increased the demand for

bioconversion of the plant biomass to value added com-

pounds by economically feasible ways. Bioprocesses are

effective options for utilization of plant biomass for pro-

duction of several industrially useful products such as

enzymes, pigments, oligosaccharides and biofules etc.

Xylan is the major component of plant lignocellulosic

biomass after cellulose representing approximately one

third of all renewable organic carbon on the earth [1].

Xylanases (E.C. 3.2.1.8) are the principle enzymes acting

on b-1,4-glycosidic bonds in xylan backbone. Industrial

production of xylanases is based on microbial biosynthesis.

Xylanases from microbial sources have several advantages

such as: (1) high specificity, (2) mild reaction conditions

requirement, (3) negligible amount of substrate loss, (4)

insignificant amount of side product generation [2].

Microbial xylanases have a wide range of applications in

several industrial processes. They have potential applica-

tions in mainly food, animal feed, paper and pulp indus-

tries. In food industry, xylanase are mainly used in bread

making. Application of xylanases in bread formulation

provides improvement of rheological properties of dough,

bread specific volume, and crumb firmness [3]. Xylanase

are used in clarification of must and juices together with
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pectinases and cellulases [4]. They also find applications in

extraction of coffee, plant oils and starch [5]. In brewing

industry, xylanase are used to improve filtration efficiency

[6]. In poultry production, supplementation of xylanase in

feed formulation improves both weight gain and feed

conversion efficiency [4]. Xylanase preparations are also

widely used in biobleaching process in paper and textile

industries [7]. In addition, they are also exploited for bio-

conversion of lignocellulosic waste into a variety of value-

added biological compounds (e.g. xylitol, xylooligosac-

charides, and surfactants).

The successful industrial application of xylanases

requires their cost-effective production in bulk quantities.

Xylanase production by various fungi and bacteria has been

shown to be inducible [2]. However, utilization of com-

mercially available pure xylans as the substrate and inducer

in medium formulations is extremely expensive. It has been

estimated that more than 30 % of the total production cost

of industrial enzymes is accounted by the substrate cost [8].

Therefore, cost-effective production of xylanase can partly

be achieved by utilization of abundantly and cheaply

available agricultural by-products and wastes as the sub-

strate. Several studies have already been performed on

utilization of agro-residues for xylanase production. For

example, Katapodis et al. [9] examined the potential of

different agro-residues (wheat bran, corn cob, sugar beet

pulp and wheat straw) on xylanase production by Chaeto-

mium thermophilum and wheat straw was reported as the

best substrate for xylanase production. Bakir et al. [10] also

tested the effect of different agro-residues on xylanase

production by Rhizopus oryzae. Hazelnut shell, wheat stem,

wheat straw, cotton bagasse, corn cob and, oat saw dust

were used as the carbon source for enzyme production.

Among those residues, corn cob was found as the best

substrate for xylanase production. Kar et al. [11] utilized

wheat bran, rice bran, rice straw, saw dust, coconut coir

pith, dry banana leaf, tea exhaust and sugarcane baggase as

the substrates for xylanase production by Trichoderma

reesei. It was noted that maximum enzyme production was

obtained in the presence of wheat bran. These studies have

showed that the choice of appropriate substrate for xylanase

production is very crucial for high level of xylanase

biosynthesis. It is also important to emphasis that the sub-

strate preference of each microorganism for xylanase pro-

duction differs. Therefore, case specific studies should be

carried out in order to elucidate the substrate preference of

the microorganism of interest.

To date, several xylanase producing strains have been

described. However, commercial xylanase production is

mainly carried out by Trichoderma sp. and Aspergillus sp.

[2]. The certain isolates of polymorphic fungi Aureoba-

sidium pullulans were recognized as high level of cellulase

free xylanase producers. These strains were designated as

color variants [12]. The yeast like morphology of the

mentioned strains compared to other fungal sources also

offers an advantage for easy manipulation of bioprocess

conditions. However, relevant studies related to xylanase

production by Aureobasidium pullulans strains focusing on

bioprocess optimization are scarce.

In the view of the above-mentioned reasons, this study

was performed with the following objectives: (1) screening

of ten agricultural by-products (wheat bran, oat bran, corn

cob,brewer’s spent grain, malt sprout, artichoke stem, sugar

beet pulp, olive seed, cotton stalk and hazelnut skin) to

evaluate their potential for production of xylanase by

A. pullulans Y-2311-1; (2) optimization of bioprocess

parameters (initial medium pH, temperature and incubation

time) affecting xylanase production in shake flask cultures

by response surface methodology (RSM) using the sub-

strate with highest potential for xylanase production; (3)

scale-up of the fermentation to laboratory type stirred-tank

bioreactor system with RSM-optimized parameters in order

to further elucidate the effects of agitation and aeration on

xylanase production.

Materials and Methods

Materials

All of the medium components were purchased from

AppliChem GmbH (Darmstadt, Germany), except yeast

nitrogen base which was from Difco (BD Detroit, USA).

Xylan (from beechwood) was from BOC Science (Shirley,

New York, USA). All other chemicals used were analytical

grade and purchased from Sigma-Aldrich Chemie GmbH

(Steinheim, Germany).

All agricultural by-products used as microbial substrates

were supplied from local suppliers in Turkey. The sub-

strates were washed thoroughly with distilled water,

chopped and dried at 60 �C in a hot air oven. The dried

materials were powdered in a laboratory type hammer mill

to a particle size smaller than 5 mm. However, the sub-

strates; wheat bran, oat bran, malt sprout and hazelnut skin

were provided in powder form by the suppliers. The par-

ticle sizes of these substrates were also smaller than 5 mm.

Microorganisms and Culture Conditions

A. pullulans NRRL Y-2311-1 used throughout this study

was kindly supplied by the US Department of Agriculture,

Agricultural Research Service. The strain was maintained

on yeast-mold media (YM) containing (g/l): yeast extract

3.0, malt extract 3.0, peptone 5.0, glucose 10.0 and agar

20.0. The YM plates were incubated at 24 �C for 3 days

and sub-cultured every 3 weeks.
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Cells for inoculation of the culture medium were

obtained from cultures grown on YM agar plates at 24 �C
for 3 days. Two loops of A. pullulans cells were transferred

into 250 ml Erlenmeyer flasks containing 50 ml of culture

medium (pH 5.0) of the following composition (g/l): xylose

10.0, yeast nitrogen base, 6.7; asparagine 2.0, KH2PO4 5.0

[13]. The medium was sterilized at 121 �C for 15 min. The

flasks were incubated at 28 �C for 1 day in a rotary shaker

incubator at 150 rpm.

Xylanase Production

Xylanase production was performed in 250 ml Erlenmeyer

flasks containing 50 ml nutrient medium with the follow-

ing basic composition (g/l): agricultural by-product 10.0,

yeast extract 1.0, (NH4)2SO4 2.5, KH2PO4 5.0. The pH of

the medium was adjusted to 3.0 with HCl and NaOH. The

medium was sterilized at 121 �C for 15 min. The flasks

were inoculated with 2 % of the inoculum. At the end of

the fermentation, the biomass and insoluble substrate were

removed by centrifugation (21,5009g) at 4 �C for 15 min

and the supernatant was referred to crude enzyme.

Experimental Design

The results of our earlier experiments indicated that initial

medium pH, temperature and incubation time were the

most significant parameters affecting xylanase production

by A. pullulans. Therefore, these three bioprocess param-

eters were selected to be further optimized by RSM. Face

centered central composite design was utilized to evaluate

the effects of critical parameters on xylanase production.

The statistical analysis of the data was performed by using

Minitab 17 (Minitab Inc., State College, Pennsylvania,

USA).

The boundary limits of each variable determined from

the preliminary studies were listed in Table 1a. The low,

middle and high level of each variable were coded as -1, 0

and ?1, respectively. An experimental plan consisting of

20 experiments was generated by the Minitab 17 software

(Table 1b). Each experiment was performed in duplicate

and results were shown as mean values. The following

empirical second order polynominal equation was used to

define a predictive model to explain the effects of system

variables on response:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X2
1 þ b22X2

2 þ b33X2
3

þ b12X1X2 þ b13X1X3 þ b23X2X3

ð1Þ

where Y is the response, X1, X2 and X3 are the factors

according to Table 1a. b0 is the intercept; b1, b2, b3 are the

coefficients of linear terms; b11, b22, b33 are the coefficients

of squared terms while b12, b13, b23 are the coefficients of

interactions among the independent variables [14].

Bioreactor Studies

Taking RSM-optimized parameters into account, a Bio-

Flo 110 Modular Benchtop Fermentor (New Brunswick

Scientific Corporation, NJ, USA) with 3.0 l vessel (1.5 l

working volume) was used for further studying the

effects of the agitation speed and aeration rate on

xylanase production. The system consisted of a glass

vessel with 4 equally spaced vertical baffles. Agitation

was done by dual Rushton-style impellers. The produc-

tion medium and the reaction vessel were sterilized at

121 �C for 20 min.

Table 1 (a) Levels of factors used in experimental design, (b) face

centered central composite design for xylanase production on wheat

bran

(a)

Independent variables Symbol coded Levels

-1 0 ?1

Initial medium pH X1 3 5 7

Temperature (�C) X2 26 28 30

Incubation time (h) X3 72 96 120

(b)

Run Initial

medium pH

Temperature

(�C)

Incubation

time (h)

Xylanase

activity (U/ml)

1 7 26 120 19.74

2 5 28 96 77.02

3 3 30 120 68.47

4 5 28 120 74.74

5 3 26 120 73.94

6 5 28 96 76.43

7 5 28 96 76.14

8 7 28 96 18.47

9 3 28 96 71.14

10 5 28 96 76.53

11 5 26 96 81.13

12 7 30 72 13.97

13 5 28 96 76.50

14 7 30 120 14.94

15 5 28 72 76.83

16 5 30 96 74.14

17 5 28 96 77.31

18 3 30 72 64.61

19 3 26 72 78.23

20 7 26 72 24.38
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Analytical Methods

Enzyme Assay

Xylanase activity was determined according to Bailey

et al. [15]. The assay mixture containing 0.9 ml of 0.5 %

(w/v) beechwood xylan prepared in 0.05 M citrate buffer

(pH 5.2) as the substrate and 0.1 ml of suitably diluted

enzyme preparation was incubated at 50 �C for 5 min.

The reaction was terminated by the addition of 1.5 ml

3,5-dinitro salicylic acid (DNS) reagent and the content

was boiled for 5 min followed by cooling in ice-cold

water for 1 min. A control for each sample was run

simultaneously that contained all the reagents, where the

reaction was terminated prior to the addition of the

enzyme. The amount of reducing sugars released in the

reaction was estimated by measuring the absorbance at

540 nm. Xylose was used as the standard. One unit of

xylanase activity was defined as the amount of enzyme

required to release 1 lmol of xylose equivalent per min.

The xylanase activity was calculated using the following

formula:

Activity U/mlð Þ ¼ X=150:13ð Þ � 1=5ð Þ � 1=0:1ð Þ � D

ð2Þ

where D is dilution factor and X is the amount of xylose in

lg.

Protein Determination

Total protein was estimated according to the modified

Bradford method, using a Coomassie PlusTM Protein

Assay Kit (Pierce, Fischer Scientific, Schwerte, Ger-

many). Bovine serum albumin (BSA) was utilized as the

standard.

Carbohydrate Determination

Total carbohydrate was determined by employing the

phenol–sulphuric acid procedure [16].

Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE) was performed according to

Laemmli [17] using 12.5 % (w/v) polyacrylamide gels.

Protein bands were visualized by employing either

Comassie brillant blue R250 staining or silver staining

protocol [18] depending on the protein concentration of

the samples.

Results and Discussion

Screening of the Potential of Agricultural By-

Products for Xylanase Production

The critical factors for efficient xylanase production are the

selection of a suitable inducing substrate and an optimum

medium formulation [2, 19]. Even though pure xylan

provides very good activity levels as a carbon source and

inducer for various microorganisms, it is too expensive to

be used for bulk xylanase production. Therefore, plant

lignocellulosic biomass has been recognized as the poten-

tial substrate for economical production of xylanases. In

the present study, the influence of several agricultural by-

products on xylanase production as the substrate was

determined and the results were presented in Table 2.

Maximum xylanase activity (67.44 ± 2.12 U/ml) was

obtained in presence of wheat bran. Corn cob

(62.75 ± 2.83 U/ml) and brewer’s spent grain

(63.25 ± 4.95 U/ml) also provided similar activity levels.

The highest specific activity was observed when corn cob

was utilized (2236.28 U/mg). However, the activity levels

for other agricultural by-products were less being negligi-

ble for cotton stalk and hazelnut skin. Xylan is a very

complex polymer and the structure of xylan in plant bio-

mass differs from each other. When complex substrates are

used for xylanase production, several factors have joint

effects on enzyme expression levels [2]. The key factors

that influence the amount of xylanase production related to

the type of the substrate used are; the chain length, the

degree of branching and the presence of substituents in the

xylan structure [20]. Studies which have been carried out

by utilizing different types of pure xylans revealed that the

xylanase obtained from A. pullulans Y-2311-1 prefers long

chain xylans and is very effective against substituents [21].

Xylan from wheat bran is composed of a b-D-(1,4)-linked

xylopyranosyl backbone and can be substituted with a-L-

arabinofuranosyl as the major side group on O2 and/or O3

[22]. It also contains significant amounts of phenolic acids

such as ferulic and p-coumaric acids which are esterified to

arabinofuranosyl residues [23]. This high substitution pat-

tern might be one of the reasons that makes wheat bran the

best substrate for A. pullulans xylanase production. Wheat

bran has been reported as an ideally suitable substrate for

xylanase production for other microorganisms as well; such

as Streptomyces sp. RCK-2010 [24], Trichoderma reesei

SAF3 [11], Aspergillus awamori [25]. From another per-

spective, xylanases bind tightly to the substrate and con-

sequently a part of the enzyme produced during the

fermentation is often lost and discarded, as bound enzyme,

along with the insoluble substrate [19]. The enzyme-sub-

strate interactions could also be another reason for the
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variations in enzyme production levels on different sub-

strates. In the present study, because of providing the

highest xylanase activity, wheat bran was utilized in

medium formulation for further optimization studies. On

the other hand, it is important to note that 15–20 % (in

weight) of the wheat bran is discarded during wheat flour

production process. Therefore, wheat bran can be accepted

as a sustainable by-product for microbial production of

several industrially important enzymes [26].

SDS-PAGE Pattern of Crude A. pullulans Y-2311-1

Xylanase on Different Substrates

The protein pattern of the crude enzyme preparations

produced on different substrates was examined by SDS-

PAGE. It has been previously mentioned that A. pullulans

Y-2311-1 produces multiple monomeric xylanases having

approximately 20 and 21 kDa molecular masses as judged

by SDS-PAGE [12]. Biosynthesis of multiple xylanases by

numerous microorganisms has been reported due to the

heterogeneity of xylans from different sources [7].

In the present study, the agricultural by-products pro-

viding higher enzyme activity with high protein concen-

tration have been collected in the same gel and comassie

brillant blue R250 staining has been employed (Fig. 1a).

However, the agricultural by-products providing low

enzyme activities grouped in another gel where silver

staining has been employed for visualization (Fig. 1b). As

it is seen in Fig. 1a; a clear predominant protein band of

approximately 20 kDa was common for the crude enzymes

produced on wheat bran, corn cob, brewer’s spent grain,

malt sprout and oat bran. There were some other faint

protein bands for the crude enzyme preparations produced

on brewer’s spent grain, malt sprout and oat bran. The

protein band between 30 and 46 kDa was common for the

enzyme preparation produced on brewer’s spent grain and

oat bran according to Fig. 1a. The crude enzyme prepara-

tions obtained from the fermentation of globe artichoke

stem and olive seed also showed a clear protein band of

approximately 20 kDa (Fig. 1b). On the other hand, the

crude enzymes obtained from the fermentation of sugar

beet pulp and cotton stalk exhibited a protein band of

approximately 21 kDa. A very predominate protein band

between 7 and 17 kDa was common for enzyme prepara-

tions produced on globe artichoke stem and sugar beet

pulp. Very faint protein bands were obtained for cotton

stalk and hazelnut skin. Summarizing, all crude enzyme

preparations exhibiting xylanase activity showed a com-

mon predominant protein band of approximately

20–21 kDa, which is in accordance with the molecular

masses described for A. pullulans Y-2311-1 xylanase(s) by

Leathers [12]. However, it is important to emphasis that the

aim was just to compare the protein profiles of the crude

enzymes produced on different lignocellulosic biomass.

Statistical Optimization of Xylanase Production

on Wheat Bran

In our previous study, effects of different bioprocess

parameters on xylanase production by A. pullulans

Y-2311-1 in synthetic medium were investigated by one-

factor-at-a-time approach [27]. Beechwood xylan was uti-

lized as the carbon source. Maximum enzyme production

was obtained at the fourth day of the bioprocess. Yeast

extract was found as the best nitrogen source for xylanase

production. The optimum levels of incubation temperature,

initial medium pH and agitation speed were found as

28 �C, pH 3.0 and 200 rpm, respectively. Initial medium

pH was reported as one of the most critical factor affecting

xylanase production by several fungi [19]. pH has profound

affect on accessibility of xylanolytic enzymes to xylosidic

linkages depending on the nature of the lignocellulosic

biomass. Initial medium pH and incubation time were

selected as major factors affecting xylanase production by

several fungi such as Aspergillus awamori ZH-26 [28] and

Penicillium oxalicum ZH-30 [29] and these factors were

further optimized by RSM. Temperature has also been

reported as a critical factor not only affecting the level of

Table 2 Screening the

potential of agricultural by-

products for xylanase

production (initial medium pH:

3.0, temperature: 28 �C,

agitation: 200 rpm, time: 96 h)

Agricultural by-product Xylanase activity (U/ml) Total protein (lg/ml) Specific activity (U/mg)

Wheat bran 67.44 ± 2.12 56.45 ± 4.53 1194.70

Corn cob 62.75 ± 2.83 28.06 ± 2.10 2236.28

Brewer’s spent grain 63.25 ± 4.95 79.03 ± 6.30 800.33

Malt sprout 55.22 ± 6.88 150.97 ± 16.32 365.77

Oat bran 34.27 ± 2.50 60.32 ± 3.91 568.14

Artichoke stem 10.57 ± 1.06 23.23 ± 2.83 455.02

Sugar beet pulp 4.86 ± 0.57 79.97 ± 6.28 60.77

Olive seed 4.36 ± 0.42 26.90 ± 1.85 162.08

Cotton stalk 0.81 ± 0.16 12.68 ± 3.43 63.88

Hazelnut skin 0.51 ± 0.16 211.29 ± 15.76 2.41
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xylanase production but also altering the biochemical

properties of the enzymes [30]. Based on the earlier stud-

ies, initial medium pH (X1), temperature (X2) and incu-

bation time (X3) were selected as critical parameters

(Table 1a) affecting xylanase production by A. pullulans.

Consequently, these variables were optimized by using

RSM. The effects of these variables and their interactions

on xylanase production have been determined by carrying

out twenty experiments given by face centered central

composite design. The responses for the 20 runs are pre-

sented in Table 1b. The xylanase activities obtained

exhibited a wide range of variations between 13.97 and

81.13 U/ml.

Analysis of variance (ANOVA) for response surface

quadratic model is presented in Table 3a. The accuracy of

the model was manifested by R2. It was calculated as 0.99

for xylanase activity (Table 3a) indicating a very good

correlation between the experimental and predicted values

of the response. The adjusted coefficient of determination

(adj R2) was also calculated as 0.99 which reflects the high

significance of the model. Very high R2 (0.99) and adj R2

(0.99) values have also been reported for naringinase pro-

duction by Aspergillus brasiliensis 1344 confirming the

reliability of the defined model [31]. F test for regression

was significant (P\ 0.05) indicating that the model can

sufficiently explain the variation observed in xylanase

production with the selected levels of factors. The lack of

fit test describes the failure of the model. As it is seen in

Table 3a, the lack of fit (0.165) was not significant

(P[ 0.05) indicating that the experimental data obtained

fitted well with the model. The results clearly implied that

the model chosen can satisfactorily explain the effect of

initial medium pH, temperature and incubation time on

xylanase production by A. pullulans Y-2311-1 in shake

flask cultures using wheat bran as the substrate. A multiple

regression analysis of the data was performed to derive an

empirical model for the bioprocess in order to elucidate the

relations between the response (xylanase activity) and each

of the independent variables. According to the ANOVA

results, the final second order polynomial equation (Eq. 3)

was found to explain xylanase activity (Y) as a function of

initial medium pH (X1), temperature (X2) and incubation

time (X3).

Y ¼ 281:204 þ 63:9137 X1� 19:1689 X2� 0:681180 X3

� 7:97432 X2
1 þ 0:233182 X2

2� 0:00159249 X2
3

þ 0:121250 X1X2 þ 0:0358333 X2X3:

ð3Þ

Regression analysis of the experimental data (Table 3b)

showed that the independent variables had positive linear

effect on xylanase production (P\ 0.05). Among the three

factors tested pH had the highest impact on xylanase

activity as given by the highest linear coefficient (63.9137).

While the interactions between ‘‘initial medium pH-tem-

perature’’ and ‘‘temperature-incubation time’’ were signif-

icant (P\ 0.05), the interaction between ‘‘initial medium

pH-incubation time’’ was insignificant (P[ 0.05). There-

fore, this insignificant term was excluded from the final

polynomial equation (Eq. 3) used for this model.

Three dimensional response surface (3D) plots were

obtained by using Minitab 17 software to explore the
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(a) (b)

Fig. 1 SDS-PAGE profile of the crude enzymes produced on

different substrates: a 1 wheat bran, 2 corn cob, 3 brewer’s spent

grain, 4 malt sprout, 5 oat bran and b 1 artichoke stem, 2 sugar beet

pulp, 3 olive seed, 4 cotton stalk, 5 hazelnut skin (a comassie brillant

blue R250 staining; b silver staining)
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effects of parameters and their interactions on xylanase

production. Figure 2a–c shows the 3D plots of xylanase

production for each pair of the factors by keeping the other

factor constant at its center level. Figure 2a depicts the

effect of initial medium pH and temperature on xylanase

production when incubation time (96 h) was fixed at its

center level. It can be observed that the xylanase activity

got increased with the increase in pH till its center level

and beyond this point the activity got decreased dramati-

cally. A slight decrease in enzyme activity occurred with

the increase in temperature. Earlier reports on xylanase

production by several fungi and bacteria have also been

shown to be markedly depending on the initial medium pH

[24]. The highest xylanase activity for Penicillium sclero-

tiorum was detected at pH 6.5 for the cultures grown on oat

spelt xylan [32]. It has been reported that acid pH values

favored xylanase production by Aspergillus awamori,

while pH values of 5.0 or higher caused a dramatic

reduction in enzyme production levels [33]. The optimum

pH for maximum activity on sorgum straw for Bacillus

altitudinis DHN8 was indicated as 7.0 [34]. Generally,

fungi produce xylanase at acidic pH while bacteria produce

xylanase at higher pH values; however there are some

exceptional cases. For example, fungi such as Aspergillus

fischeri Fxn 1 and Aspergillus nidulans KK-99 were shown

to produce alkaline xylanases [35]. Figure 2b shows the

effect of initial medium pH and incubation time on xyla-

nase production when temperature (28 �C) was fixed at its

center level. It is evident that xylanase activity got

increased with the increase in pH till its center level and

beyond this point a dramatic decrease in xylanase activity

occurred. There was no significant change in xylanase

activity with increase in time. Similarly, Li et al. [29] also

observed that there was no significant effect of incubation

time on xylanase production by Penicillium oxalicum ZH-

30 as a result of statistical optimization studies. The

interaction between pH and incubation time was insignifi-

cant (P[ 0.05). Additionally, the interaction coefficient

between these two parameters was negative indicating that

it could be assumed as negligible [36]. Figure 2c depicts

Table 3 (a) ANOVA for

xylanase production (R2 = 0.99

and adj R2 = 0.99),

(b) estimated regression

coefficients for xylanase

production

(a)

Source DFa Seq SSb Adj SSc Adj MSd F P

Regression 9 12,305.5 12,305.50 1367.28 4E ? 03 \0.001

Linear 3 7191.0 7190.99 2397.00 7E ? 03 \0.001

Square 3 5087.6 5087.65 1695.88 5E ? 03 \0.001

Interaction 3 26.9 26.86 8.95 27.55 \0.001

Residual error 10 3.2 3.25 0.32

Lack of fit 5 2.3 2.33 0.47 2.54 0.165

Pure error 5 0.9 0.92 0.18

Total 19 12,308.7

(b)

Term Coefficient SE coefficient T P

Constant 281.204 0.1960 391.262 \0.001

pH 63.9137 0.1803 -146.947 \0.001

Temperature -19.1689 0.1803 -22.906 \0.001

Time -0.681180 0.1803 -3.434 0.006

pH 9 pH -7.97432 0.3437 -92.793 \0.001

Temperature 9 temperature 0.233182 0.3437 2.713 0.022

Time 9 time -0.00159249 0.3437 -2.668 0.024

pH 9 temperature 0.121250 0.2015 2.406 0.037

pH 9 time -0.00843750 0.2015 -2.010 0.072

Temperature 9 time 0.0358333 0.2015 8.534 \0.001

SE standard error, T test coefficient
a Degrees of freedom
b Sequential sum of squares
c Adjusted sum of squares
d Adjusted mean square
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the effect of temperature and incubation time on xylanase

production at constant pH (5.0). As the temperature

increased, the xylanase activity decreased. However,

increment in incubation time had a slight positive impact

on xylanase production.

Validation of the Optimum Condition Defined

by the Model

By fitting the experimental data obtained to Eq. (3), the

optimum conditions for the maximum xylanase production

were determined as: initial medium pH, 4.24; temperature,

30.27 �C; and incubation time 126.67 h. Xylanase activity

was found as 85.19 ± 2.87 U/ml experimentally under

these optimum conditions. This value was in agreement

with the predicted xylanase activity of 83.37 U/ml by the

model. Similar experimental and predicted values reflect

the accuracy and efficiency of RSM.

Determination of the Effects of Agitation

and Aeration on Xylanase Production in 3L

Bioreactor

For large scale xylanase production, aeration and agitation

are additional important factors influencing cell growth and

enzyme production. Therefore, it is important to elucidate

the optimum levels of those factors in laboratory scale

bioreactors at first, before going through the larger scales.

Taking the RSM optimized parameters into consideration

(initial medium pH, 4.24; temperature, 30.27 �C; and

incubation time 126.67 h); xylanase production was carried

out in 3 l bioreactor with a working volume of 1.5 l in

order to further highlight the effect of aeration and agita-

tion on xylanase production by A. pullulans. Cultivation

parameters as a function of time have been evaluated at

200 rpm agitation and 1 vvm aeration as a starting point.

The cultivation profile is shown in Fig. 3. It can be clearly

observed that the peak of xylanase production was

achieved after 126 h incubation that has previously been

determined by RSM studies at shake flask level. This

indicates a satisfactory representation of the bioprocess by

the obtained model. Maximum enzyme production was

close to 70 kU/l which could be translated into a produc-

tivity of 0.56 kU/l/h. Xylanase production was supported

by carbohydrate and protein consumption. The pH of the

cultivation medium slightly decreased from the initial

acidic value (4.58) to 3.79 and 3.96 after incubation time of

24 and 48 h, respectively. This could be due to the rapid

consumption of easily metabolisable soluble carbohydrates

that resulted in generation of acidic metabolites leading to

drop in pH of the fermentation broth. After 48 h of incu-

bation, the pH of the medium started to increase and

reached to 5.65 at the time where the enzyme production
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was maximum. In later phase, the increase in pH could be

due to the consumption of acidic metabolites and cell lysis

[37].

It is important to figure out the optimum aeration rate for

a bioprocess. In general, very high aeration provides less

holding time to the air bubbles inside the broth and creates

oxygen limitation. Therefore, an increase in aeration rate

beyond a certain critical limit for a particular organism can

decrease the productivity of the bioprocess [38]. In the

present study, four aeration (0.5, 1.0, 1.5, 2.0 vvm) con-

ditions were tested in order to evaluate the effect of aera-

tion on xylanase production. Results demonstrated that

A. pullulans produced the highest xylanase activity

(85.76 U/ml) when aeration was 1.5 vvm (Table 4a). The

highest specific activity (1492.86 U/mg) was also observed

at 1.5 vvm. The xylanase activity decreased considerably

at 2.0 vvm. Higher aeration rates also lead to foam for-

mation which resulted in movement of significant amount

of insoluble substrate (wheat bran) and cell mass with the

foam. Similar observations were reported for the produc-

tion of carbonyl reductase by dimorphic fungi Geotrichum

candidum [37]. At this point, it is important to emphasis the

difficulties of utilizing insoluble substrates since a con-

siderable amount of wheat bran adhered to the wall of the

bioreactor headspace at higher aeration rates. In order to

solve the problems related with the insoluble nature of the

substrate(s), Fontana et al. [39] compared the polygalac-

turonase activities obtained with two different culture

mediums including either wheat bran or wheat bran extract.

The wheat bran based medium was resulted in higher

activity levels than the wheat bran extract based medium.

Therefore, utilizing directly solid lignocellulosic biomass

as the substrate seems to be still advantageous. However,

total cost analysis of the complete bioprocesses has to be

done for more precise comparison. No previous study

showed the effect of aeration on xylanase production by

A. pullulans. On the other hand, Cheng et al. [40] also

observed that pullulan production was the highest at

1.5 vvm by A. pullulans in synthetic medium and further

increase in aeration rate decreased the production of

pullulan.

Effect of agitation speed on xylanase production has

also been evaluated by carrying out the enzyme production

at three different agitation speeds (100, 200, 300 rpm). The

highest xylanase activity was achieved when the agitation

speed was 200 rpm (Table 4b). When agitation speed was

set at 100 rpm, it was not possible to provide homogenous

mixing due to the insoluble nature of the wheat bran. The

xylanase production decreased when the agitation speed

was increased to 300 rpm. The lower xylanase activity at

higher agitation speeds can be explained by the less inti-

mate contact between the cell mass and the wheat bran
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since the attachment of the cells to the wheat bran surface

is reduced at higher agitation speeds [41]. On the other

hand, xylanase production by filamentous fungi in sub-

merged culture may also be affected by shear stress, which

is related to the agitation rate. Mycelial damage due to high

shear stress limits the use of practicable range of agitation

speed values and consequently the volumetric biomass and

enzyme productivity of the culture [42]. However, A. pul-

lulans Y-2311-1 strain utilized in this study exhibited yeast

like morphology under the optimized bioprocess condi-

tions. Therefore, fungal morphology related problems were

not the case in this study. This is an advantage of the

A. pulllulans over the other fungal strains used for xylanase

production from lignocellulosic biomass.

In the present study, the yield of the xylanase production

in bioreactor system (85.76 U/ml) was almost the same in

comparison to that achieved in shake flask culture

(85.19 U/ml). However, decreased enzyme biosynthesis in

bioreactor system in comparison to shake flask cultures has

been documented by other researchers [43, 44]. For

example, Garai and Kumar [45] optimized the xylanase

production by Aspergillus candidus on wheat bran. It has

been indicated that the yield of xylanase production in

bioreactor system (47.33 IU/ml) was less in comparison to

that achieved in parallel shake flask culture (69 IU/ml).

Kumar et al. [43] also observed that xylanase production

was 40 % lower in bioreactor system than in shake flask

culture.

Conclusion

This study explored the potential of several agricultural by-

products for xylanase production by A. pullulans. Wheat

bran provided maximum xylanase production. Initial

medium pH, incubation temperature and incubation time

were the three important process variables for xylanase

production on wheat bran. Linear, quadratic and interaction

effects of these variables on xylanase production were

determined using response surface methodology and the

model chosen satisfactorily explained the effects of the

above-mentioned process variables. Moreover, the opti-

mized bioprocess was successfully scaled up to bioreactor

system resulting in similar activity and productivity

(85 kU/l and 0.68 kU/l/h) levels to that of shake-flask

cultures. These results can constitute a basis for the scale-

up of the enzyme production on agricultural wastes and by-

products to larger scales for different industrial

applications.
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