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Xylanase was produced by Aspergillus niger LPB 326 cultivated on lignocellulosic sub-
strate composed by sugarcane bagasse and soybean meal in solid-state fermentation. The
effects of various variables were observed and optimized by applying statistical experi-
mental designs. The best xylanase activity was obtained in a medium containing 10 g of
sugarcane bagasse and soybean meal in the ratio of 65 and 35 %, respectively, moistened
to 85 % of initial water content with a nutrient salt solution composed of (in g/L): CuSO,
0.4, KH,PO, 1.5 and C0SO, 0.0012, and incubated for 4 days at 30 °C. Under these optimi-
zed conditions, a xylanase activity of 3099 IU/g of dry matter was obtained.
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Introduction

Solid-state cultivation offers advantages over liquid
cultivation, especially for fungal cultures. Solid-state fer-
mentation (SSF) has considerable economical potential in
producing products for the food, feed, pharmaceutical
and agricultural industries (1). Due to the nature of the
substrates, aeration tends to require lower pressures than
are needed for liquid cultivations, and vigorous agitation
is not required. The metabolites thus obtained are more
concentrated and purification procedures are less costly
(2—4). Additionally, these processes are of special eco-
nomic interest for the countries with abundance of bio-
mass and agroindustrial residues, as these can be used as

cheap raw materials (5). Several reports have shown
xylanase induction by lignocelluloses such as wheat bran,
rice straw, corncobs, and sugarcane bagasse (6-10).

Plant cell wall polysaccharides are the most abun-
dant organic compounds found in nature. Hemicellulo-
ses are polysaccharides more heterogeneous than cellu-
lose and are the second most abundant organic structure
in the plant cell wall. The major hemicellulose polymer
in cereals and hardwood is xylan, representing up to
30-35 % of the total dry mass (11). Xylan consists of a
B-1,4-linked D-xylose backbone and can be substituted
with different side-groups such as L-arabinose, D-galac-
tose, acetyl, feruloyl, p-coumaroyl and glucuronic acid
residues (12).
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Filamentous fungi have been widely used to pro-
duce hydrolytic enzymes for industrial applications, in-
cluding xylanases, whose levels in fungi are generally
much higher than those in yeast and bacteria. On an in-
dustrial scale, xylanases are produced mainly by Asper-
gillus and Trichoderma spp. (13).

Xylanases are glycosidases (O-glycoside hydrolases,
EC 3.2.1.x) which catalyze the hydrolysis of 1,4-0D-xylo-
sidic linkages in xylan (14). A complete cleavage of gly-
coside linkages in the heteroxylan backbone requires the
interaction of a number of the main-chain- and side-
-chain-cleaving enzyme activities. Endo-[}1,4-xylanase
(31,4-p-xylan xylanohydrolase, EC 3.2.1.8) and xylan-[*
-1,4-xylosidase ([}1,4-D-xylan xylohydrolase, EC 3.2.1.37),
or exoxylanase, are enzymes capable of cleaving the
main-chain glycosyl groups (15).

Applications of xylanases (15,16) can be found in
the food and beverage industries (bakery goods, coffee,
starch, plant oil and juice manufacture), feedstock im-
provement (increasing animal feed digestibility), and the
quality improvement of lignocellulosic residues (tradi-
tionally, the application of xylanases in conjunction with
cellulolytic enzymes has been mainly considered for the
bioconversion of lignocellulosic materials to produce
fuel and other chemicals). Often, the use of xylanases
permits such processes to be run with fewer chemicals,
under less harsh conditions and with less disturbing
side reactions. Thus, the use of xylanases is beneficial
for society as well as for the environment (17,18).

The cost of an enzyme is one of the main factors de-
termining the economics of a process. Reducing the
costs of enzyme production by optimizing the fermenta-
tion medium and the process is the goal of basic re-
search for industrial applications (19). Recently, statisti-
cal designs for optimization have been successfully
employed in enzyme production (20). The response sur-
face methodology (RSM) is an empirical statistical tech-
nique used to find the optimum conditions of a process
response variable when the mechanism underlying the
process is either not well understood or is too compli-
cated to allow the exact model to be formulated from
theory. It evaluates the relation existing between a group
of controlled experimental factors and the observed re-
sults of one or more selected variables (21).

The aim of this work is to enhance xylanase produc-
tion with Aspergillus niger LPB 326, which has proved to
be a potential strain during previous screening studies,
using statistical experimental designs based on the opti-
mization of some physical and chemical parameters in-
volved in solid-state fermentation processes.

Materials and Methods

Microorganism

The fungal strain Aspergillus niger LPB 326 was ob-
tained from the Biotechnological Processes Laboratory
culture and selected among 20 strains (isolated in our
laboratory) through a first test using the xylan agar
plate screening method according to Whitaker et al. (22).
Afterwards, it was submitted to a quantitative test in
solid-state fermentation with the best xylanase-produc-

ing strains previously selected. The strain was cultivated
on potato dextrose agar at 28 °C for 5 days. This culture
time was chosen according to a sporulation curve which
was carried out with this strain during 10 days, showing
the best time to stop the culture (higher quantity of via-
ble spores) and start the fermentation. Spores were sus-
pended by adding 40 mL of Tween 80 solution (0.1 %)
under agitation with a magnetic stirrer and counted in a
Neubauer chamber.

Raw material characterization and influence
of substrate proportions

The sugarcane bagasse (SB) was generously assign-
ed by COCAMAR - Cooperativa Agroindustrial (Cia-
norte, Parand, Brazil) and the soyben meal (SM) was
granted by Cooperativa Agrdria Mista Entre Rios Ltda
(Guarapuava, Parand, Brazil). The lignocellulosic mate-
rial was used without any chemical (acid, alkali) or
physical (milling, sieving) pretreatment. Physicochemi-
cal analyses of the raw material (ash, moisture content
and protein) were performed according to the standard
methods of AOAC (23). Total sugar was measured by
the Somogyi-Nelson method (24). Compositional data of
SB and SM are given in Table 1.

Table 1. Physical and chemical characteristics of sugarcane ba-
gasse and soybean meal. Analyses were carried out in triplicate
(meantstandard deviation)

w(parameters)/% Sugarcane bagasse Soybean meal
Ash 1.71+0.28 5.06+0.04
Moisture 10.75+0.22 12.75+0.33
Crude protein 1.18+0.10 43.10+£1.13
Total sugar 12.90+0.14 35.40+0.70

The influence of sugarcane bagasse (SB) and soy-
bean meal (SM) ratio on xylanase activity was investi-
gated. SB and SM ratio (SB:SM) tested under solid-state
fermentation was: (1) 1:0, (2) 3:1, (3) 1.86:1, and (4) 1:1.

Water absorption tests were also performed with the
best SB:SM ratio in order to know the maximum capac-
ity of liquid retention.

Initial conditions of solid-state fermentation

Initial experiments were performed by mixing in an
Erlenmeyer flask (250 mL), 10 g of substrate (65 % of SB
and 35 % of SM), 10 mL of a mineral salt solution, buffer
(pH=6.5) and enough distilled water to adjust the mois-
ture content (80 %). The mineral salt solution was com-
posed of (in g/L): K,HPO, 0.23, MgSO,-7H,0 0.05, CaCl,
0.005, NaNO; 0.05, FeSO,-7H,O 0.009, ZnSO, 0.002 and
MnSO, 0.012.

The solid medium was autoclaved (15 min at 121
°C) and then inoculated with a spore suspension of 10°
spores/g of dry matter (used for all experiments). After
mixing, the flasks were incubated at 28 °C for four days.
A previous kinetic study showed that the highest xyla-
nase activity was achieved within four days of the cul-
ture. The initial temperature for the improvement of SSF
conditions was fixed at 30 °C, according to a prelimi-
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nary investigation which showed that the best xylanase
production was obtained at this temperature.

Enzyme extraction

After incubation, 3 g of the homogenized fermented
substrate were suspended in 30 mL of NaCl solution
(0.9 %), containing Tween 80 (0.1 %) and stirred at 120
rpm in a shaker for 5 min. Solids were filtered under
vacuum through Whatman no. 1 filter paper and the fil-
trate was used as the enzymatic crude extract.

Enzyme assay

Xylanase activity was assayed using 1 % birchwood
xylan (Sigma, USA) in 0.05 M citrate buffer (pH=5.3), ac-
cording to the method of Bailey ef al. (25). The release of
reducing sugars was determined using the 3,5-dinitro-
salicylic acid (DNS) method (26) with a xylose standard
curve. One unit (IU) of enzyme activity was defined as
the amount of enzyme required to liberate 1 [imol of re-
ducing sugars per minute. The results of these analyses
were expressed as units per gram of dry matter (IU/g).
Cellulase activity was assayed according to the method
of Ghose (27), using carboxymethylcellulose (CMC 2 %)
and Whatman no. 1 filter paper as substrates for cellu-
lase and endo-B-1,4-glucanase, respectively, which were
expressed as units/mL.

Experimental design

Statistical experiments and analyses were carried
out using the software STATISTICA 7.1 (StatSoft, Tulsa,
OK, USA).

pH and moisture

A 3% full factorial design leading to 9 sets of exper-
iments, performed in duplicate, was used to find the op-
timal conditions of pH and initial moisture variables,
and also to show the influence of these variables on
xylanase production. Uncoded variables are given in Ta-
ble 2. The results were adjusted to the following qua-
dratic model (Eq. 1):

Y=by+b,x,+b,x,+ byxs+ b ,x, x5+ bsx x,+ .
+ Dy X,% 4 by 24+ bypX, 4 b /17

Effect of chemical composition

The Plackett-Burman design is a statistical approach
chosen for this optimization study. It allows the investi-
gation of up to N-1 variables with N experiments. Pla-
ckett-Burman designs are efficient for screening purpo-
ses when it is not known which components should be
present in the medium (28). All the experiments were
carried out according to a design matrix, which is based
on the number of variables to be studied. A Plackett-
-Burman design with 11 factors (one way), resulting in
12 runs, performed in duplicate, was used to determine
the most significant salts in xylanase production. The
tested salts and respective concentrations (in g/L) were:
(1) KH,PO, 0.23, (2) MgSO, 0.07, (3) CaCl, 0.04, (4)
NaNO; 0.37, (5) FeSO, 0.005, (6) MnSO, 0.012, (7) ZnSO,
0.002, (8) K,HPO, 0.23, (9) KCI 0.12, (10) CuSO, 0.05,
and (11) CoSO, 0.0005.

Table 2. pH, moisture levels and xylanase activities

Runs pH (X1)  w(moisture)/% (X2)  Activity/(IU/g)
1 4 79 1267
2 4 82 1699
3 4 85 1843
4 45 79 1303
5 45 82 1587
6 45 85 1797
7 5 79 1493
8 5 82 1605
9 5 85 1720

10 4 79 1296
11 4 82 1669
12 4 85 1947
13 45 79 1353
14 4.5 82 1633
15 4.5 85 1756
16 5 79 1320
17 5 82 1712
18 5 85 1743

The choice of the salts for the experiment was made
according to literature references (19,29,30), considering
the salts which were used during the first tests in SSF
carried out for the screening of the strain (item 2.4). All
the values (replicates) were used in statistical evalua-
tions.

Concentration of the salts

In order to find the best concentration of the salts
selected in the previous experiment (effect of chemical
composition), a 3% fractional factorial design was used,
resulting in 9 sets of experiments performed in dupli-
cate. The selected salts and the concentrations (uncoded)
used in this experiment are described in Table 3.

Table 3. Uncoded values of the concentration of salts

Salts ve/L)

-1 0 +1
KH2PO4 1 1.5 2
CuSO4 0.2 0.4 0.6
CoSOy4 0.0004 0.0012 0.002

Results and Discussion

Influence of substrate ratio and water absorption

The results of xylanase activity varied markedly with
the substrate proportions tested, in a range of 20-1937
IU/g (Fig. 1). Therefore, the choice of a suitable C:N ra-
tio was of great importance for xylanase production.

The lowest value was obtained when only sugar-
cane bagasse was used for fermentation, and the highest
activity was achieved with a mixture of SB and SM in a
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Fig. 1. Influence of the substrate (sugarcane bagasse (SB) and
soybean meal (SM)) composition on xylanase activity (IU/g of
dry matter)

ratio of 1.86:1. This shows that the amount of nitrogen
present in the sugarcane bagasse is too low to support
good growth and enzyme production, and that the ni-
trogen source and its quantity affect xylanase produc-
tion, as it was also stated by Park et al. (19), working
with rice straw. According to these results, the SB:SM ra-
tio of 1.86:1 was chosen for the optimization studies. The
water absorption tests showed that the maximum capac-
ity of liquid retention (without free water) for this ratio
was 85 %.

Study of pH and moisture

The experimental design and the results of the 3%
full factorial design are shown in Table 2.

In this work, the levels of pH studied showed no
significant effect on the production of xylanase at p<0.05.
However, the initial moisture of the medium influenced
xylanase production showing a tendency to increase
with an increase in moisture content, according to con-
tour plot in Fig. 2. This result corroborates the studies
undertaken by Souza et al. (20), where the initial mois-

86

85

Moisture!/%

78
338 490 42 44 46 48 5.0 32

pH

Fig. 2. Contour plot showing the optimum regions and values
for pH and moisture in xylanase production

ture and bagasse concentration had the most important
effects on xylanase production. Generally, fungi prefer
low pH levels for good growth. In this work the natural
pH of the substrates, which was around 6.0 (without ad-
justment or buffering), was the best for development of
the fungi and xylanase production. Nevertheless, the
initial moisture could not be increased in the following
experiments due to the presence of free water in mois-
ture adjustments above 85 %. The critical importance of
moisture level in SSF media and its influence on the
biosynthesis and secretion of enzymes can be attributed
to the interference of moisture with the physical proper-
ties of the solid particles. An increase in moisture level
must not wet through the substrate (leaving free water);
besides, it is believed to reduce the porosity of some
substrates, thus limiting oxygen transfer. Otherwise, low
moisture content causes reduction in the solubility of
nutrients of the substrate and low degree of swelling
(31). The highest xylanase activity achieved was 1947
IU/g.

Regression analysis was performed to fit the re-
sponse function with the experimental data. Table 4
shows the analysis of variance of pH and moisture fac-
tors, fitted according to the quadratic model with two-
-way interactions (linearxlinear). Analysis of variance
(F-test) showed that the second-order (quadratic) model
fitted well to the experimental data.

Table 4. Analysis of variance (ANOVA) for pH and moisture
factors

SS df MS F P
pH L+Q 7067.8 2 35339  1.04035 0.392228
Moisture L+Q 668165.7 2 334082.8 98.35187 0.000001*
pHxmoisture  41659.6 1  41659.6 12.26432 0.006702*
Lack of fit 13724 3 457.5  0.13468 0.936888
Pure error 305713 9 3396.8
Total SS 748836.8 17

*p<0.05; R*=0.96
SS — sum of squares; df — degrees of freedom; MS — mean square

The statistical significance of the second-order mo-
del equation was checked and the determination coeffi-
cient (R?) of the model was calculated to be 0.96, indicat-
ing that 96 % of the variability in the response could be
explained by the model. The lack-of-fit tests did not re-
sult in a significant p-value, indicating that the model is
sufficiently accurate to predict the responses of the fac-
tors within the ranges studied.

Chemical composition and concentration of salts

The chemical composition based on the presence or
absence of some salts greatly influenced xylanase pro-
duction, with activities reaching values above 3000 IU/g
of dry matter. The salts are related directly to the micro-
organism metabolism, stimulating or inhibiting enzyme
production. Statistical analyses were made to identify
those medium variables (factors) that had a significant
effect, either positively or negatively (32), on xylanase
production. In Fig. 3 (Pareto chart) the salts that were
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Fig. 3. Pareto chart of standardized effects of different salts sho-
wing the significance at p<0.05 in xylanase production

significant for xylanase activity at p<0.05, with a coeffi-
cient of determination (R?) of 0.94, are shown. Three salts
(CuSO,, KH,PO, and CoSO,) were selected for the opti-
mization of the concentration.
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The concentration (in g/L) of CuSO,, KH,PO, and
CoSO, that best induced xylanase production (3004 IU/g
of DM) was found to be 0.4, 1.5 and 0.0012, respectively.
These optimized values for each salt can be seen in Fig. 4.

Experimental data were fitted to a model with two-
-way interactions (linearxlinear) achieving a coefficient
of determination (R?) of 0.92, indicating that 92 % of the
variability in the response could be explained by the
model. Statistical data are shown in Table 5. All the con-
centrations of salts were significant at p<0.05.

Table 5. Statistical analysis obtained for xylanase production at
different levels of salt concentration

SS df MS F p
(1) CuSO4 L+Q 346509 2 173254  5.28272 0.030366*
(2) CoSO4 L+Q 2880182 2 1440091 43.91001 0.000023*
(3) KHoPO4 L+Q 882264 2 441132 13.45061 0.001977*
1x2 521056 1 521056 15.88758 0.003177*
Lack of fit 19278 1 19278  0.58779 0.462909
Pure error 295168 9 32796
Total SS 4476229 17

*p<0.05; R*=0.92
SS — sum of squares; df — degrees of freedom; MS — mean square
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Fig. 4. Contour plots showing the optimum region of each salt (central point) for highest xylanase production
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Table 6. Comparison of xylanase production in solid-state fermentation on various lignocelluloses using non-mutant Aspergillus strains

Organism Substrate w(initial moisture)/% E;l:é\ilgggg acti)\(/ﬁl;fl??ﬁ? /g) Reference
A. awamori Sugarcane bagasse 92 30 °C, 60 hours 2500 (33)
A. fischeri Wheat bran 80 30 °C, 3 days 1024 (34)
A. foetidus Untreated corncobs 75 30 °C, 4 days 3065 (35)
A. niger Wheat bran+wheat straw 70 30 °C, 4 days 2500 (36)
A. niger LPB 326 Sugarcane bagasse+soybean meal 84 30 °C, 4 days 3099 This work
A ochraceus Wheat bran+xylan 60 28 °C, 14 days 724 37)
Wheat straw 60 28 °C, 14 days 488
Experimental rechecking was carried out to confirm Streptomyces sp. QG-11-3, World ]. Microbiol. Biotechnol. 16
the optimal conditions of xylanase production, achiev- (2000 211-213.
ing a xylanase activity of 3099 IU/g. Cellulase activities 7. S. Gupta, R.C. Kuhad, B. Bhushan, G.S. Hoondal, Impro-
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assay. Xylanase production obtained by other authors World ] Mzcrob.zol. Bzot.ec.hnol. 17 (2001) 5-8.
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compared wit ties, Biotechnol. Lett. 14 (1992) 481-486.
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Conclusion of Fusarium oxysporum, Process Biochem. 33 (1998) 641-647.
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around 6.0, and the presence of CuSO,, KH,PO, and Xul 4 Xl P A .
. . . ylans and Xylanases, Progress in Biotechnology, Vol. 7, ]. Vis
CoS0, in the Foncentratlor@ (1r1 g/L) Of 0'4{ 1.5 and ser, G. Beldman, M.A. Kusters-van Someren, A.G.]. Vora-
0.0012, respectively. The optimized medium increased gen (Eds.), Elsevier, New York, USA (1992) pp. 1-15.
xylanase production by 1.5-fold. The highest xylanase 12. K.C.B. Wilkie, S.L. Woo, A heteroxylan and hemicellulosic
activity obtained was 3099 IU/g. Other strategies such materials from bamboo leaves, and a reconsideration of
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