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Abstract

The aim was to produce a mixture of ligninolytic enzymes for decolourisation of synthetic dyes typically present in tex-
tile industry wastewaters. White rot fungus Dichomitus squalens, capable of producing laccase (Lac) and manganese
peroxidase (MnP) was used. A procedure for the enzyme production in stationary cultures was developed and optimized
regarding the type of carbon source and addition of nitrogen to N-limited medium. Beech wood, pine wood and straw
were used as inducers and immobilization support materials. Beech wood and straw were the best inducers and immo-
bilization supports, while fructose stimulated the enzyme activities better than other sugars. An additional nitrogen sour-
ce was beneficial to increase the enzyme activities in the culture medium. Higher Lac than MnP activities were determi-
ned in all cases. The obtained enzyme mixtures from the culture filtrate were tested to decolourize three structurally dif-
ferent dyes. The highest initial decolourisation rate was obtained with Remazol Brilliant Blue R. The decolourization
efficiencies after 10 h were 62% for RBBR, 50% for Copper(II)phthalocyanine and 19% for Reactive Orange 16.

Keywords: Laccase, manganese peroxidase, Dichomitus squalens, enzyme production, mycelium immobilization, de-
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1. Introduction

Synthetic dyes are used extensively in various techno-
logies like textile, leather, paper, food, hair colourings and
similar industries.' Industrial waste effluents containing
dyes produced by such industries often represent a serious
hazard to the environment. Besides conventional chemical
and physical methods for dye degradation, white rot fungi
have gained significant importance in this respect due to
their extracellular ligninolytic enzymes such as manganese
peroxidase (MnP), lignin peroxidase (LiP) and laccase
(Lac). They have been the most intensely studied dye-deco-
lorizing microorganisms in the last two decades.”™?

The ligninolytic enzyme production is regulated by
various nutrients including nitrogen, carbon as well as
metal ions.'*'7 Also, various types of wood with different
physico-chemical compositions affect fungal activities
including the enzyme production during cultivation of im-

mobilized fungus on a wooden surface.'®!° This indicates
that the dye degradation capability can be regulated by
choosing the imobilization support material. In our previ-
ous study with Ceriporiopsis subvermispora it was shown
that various ratios of Lac and MnP activities can be indu-
ced by varying carbon and nitrogen concentrations during
cultivation on beech wood which was the best wooden
support compared to pine and oak wood. 2

The white-rot fungus Dichomitus squalens has been
found to produce MnP and Lac, but not lignin peroxidase.
Two MnP and two Lac isoenzyme forms were characteri-
zed from this white rot basidiomycete.*'* Lac production
with this fungus can be influenced by various agricultural
residues.”* It was also indicated that beech wood as the
immobilization support induced laccase production beter
than polyurethane foam.”® However, only a few papers in
the last decade show the capability of D. squalens to deco-
lourise synthetic dyes.”*’
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The aim of this study was to optimize the cultivation
conditions to obtain high Lac and/or MnP activities for te-
sting the decolourisation ability of various types of
synthetic dyes. In order to find the induction role of natu-
ral organic and waste material in the decolourisation pro-
cess, we investigated the effect of various carbon sources,
nitrogen concentration as well as natural lignim contai-
ning material like beech wood and straw as the immobili-
zation support and inducing material on the production of
Lac and MnP activities during cultivation of D. squalens
in stationary liquid cultures.

2. Materials and Methods

2. 1. Microorganism and Chemicals

The fungus Dichomitus squalens Reid 750 was ob-
tained from the CCBAS culture collection (Institute of
Microbiology ASCR, Prague, Czech Republic). The strain
was maintained on MEG (2,5 g/L malt extract, 5 g/L glu-
cose, 10 g/L agar) agar slants at 4 °C.

The substrates for the Lac and MnP activity assays
were 2,2’ — azinobis (3 — ethylbenzthiazolinone — 6 — sul-
fonate) (ABTS) and 2,6 — dimethoxyphenol (DMP), res-
pectively; both were purchased from Sigma (USA).

2. 2. Culture Conditions

Fungal precultures inoculated with mycellium from
agar plates were grown in 50 ml of N-limited mineral me-
dium (NL)* in 500 ml Erlenmayer flasks in shaken cultu-
res. After seven days of incubation at 28 °C, the precultu-
res were homogenized using Ultra-Turrax T25 (Janke &
Kunkel, IKA-Labortechnik, Germany) at 9000 rpm for 30
seconds under sterile conditions.

For experiments in stationary liquid cultures, 5% (v/v)
of the culture homogenate was used to inoculate 100 ml of
the fresh mineral medium in 250 ml Erlenmeyer flasks. At
selected times, aliquots of the culture liquid were collected
for the determination of extracellular enzyme activities.

The immobilized cultures were grown on 50 pieces
of 1-cm? cubes of pine- (PW) or beech (BW) wood or pol-
yurethane foam (PUF) and 5 g of straw (STR) cut to 1 cm
pieces for 30 days.?! In order to prepare the solid support
for fungal colonization, PUF cubes were washed three ti-
mes with hot distilled water to remove all foreign matter
and air dried. The cubes and straw were autoclaved in a
volume of 150 ml of the liquid mineral medium® in 250
ml Erlenmeyer flasks. After autoclaving, 50 ml of the me-
dium was removed and the rest of it was inoculated with 5
% (v/v) of the culture homogenate.

To study the effect of sugar type on enzyme produc-
tion, we used N-limited mineral medium (NL) with 1.0
g/L diammonium tartrate and 10 g/L glucose, fructose or
saccharose. The effect of nitrogen on enzyme production
was studied in NL medium with additional nitrogen con-

centrations (0.1, 1.0, 2.0, 3.0, 4.0 g/L. diammonium tartra-
te) and 10 g/L glucose or saccharose as the carbon source.
Aliquots of the culture liquid were collected every second
day to determine the MnP and Lac activities.?® All experi-
ments were performed in three replicates.

2. 3. Enzyme Assays

Laccase activity was measured by monitoring the
oxidation of 5 mM ABTS at A, MnP activity was mea-
sured by monitoring the oxidation of 2,6-dimethoxyphe-
nol at A469.(”30 One unit of the enzyme activity exhibited
the amount of enzyme oxidizing 1 umol of corresponding
substrate per minute. All spectrophotometrical measure-
ments were carried out using Perkin Elmer spectrophoto-
meter, type Lambda 25 (USA).

2. 4. Dyes and Dye Decolourization

Dyes used in this study were: Reactive Orange 16
(RO16; azo dye) A, = 494 nm, Remazol Brilliant Blue R
(RBBR; anthraquinone dye) A_ = 592nm, and Cop-
per(Ilphthalocyanine (CuP; phthalocyanine dye) A=
694 nm. All dyes were purchased from Sigma (USA).

For the in vitro dye decolourisation experiments
with a crude culture liquid, a culture filtrate obtained from
D. squalens cultures with various MnP and Lac activities
was used. The reaction mixtures consisted of 100 mM Na-
tartrate buffer pH 4.5, 50 mg/L dye and 500 pl of a crude
culture liquid in a final volume of 1 ml. Dye decolourisa-
tion was measured continuously using Perkin Elmer spec-
trophotometer, type Lambda 25 (USA).

Dye decolourisation was calculated by comparing the
absorbance, measured at the maximum absorbance wave-
length for each compound during the decolourisation treat-
ment. Initial decolourisation rates were determined within
the first 10 minutes of the decolourisation experiment.*

3. Results and Discussion

3. 1. Effect of Culture Conditions
on Enzyme Production

The first series of experiments was made on four
types of immobilization material (beech wood, pine
wood, straw and polyurethane foam) using three carbon
sources, glucose, saccharose and fructose at a concentra-
tion of 10 g/L of the NL mineral medium with additional
1.0 g/L of diammonium tartrate to estimate the best woo-
den support and type of sugar for the maximal production
of Lac and MnP. As a reference, cultivations in static cul-
tures without immobilization support were carried out.

In most cases, fructose stimulated the enzyme acti-
vities better than other sugars. The results with this sugar
are shown in Figure 1.
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Figure 1. The effect of the type of immobilization support material
(BW-beech wood, PW-pine wood, STR-straw, PUF-polyurethane
foam, STC-stationary culture without support) on the enzyme pro-
duction of D. squalens grown in the media with fructose.

It can be seen that the lignocellulosic support mate-
rials like wood and straw stimulated the enzyme produc-
tion. Structural cell-wall components like cellulose, hemi-
celluloses and lignin are dominating available carbon
sources for fungi grown on wood and straw. In addition,
wood contains small amounts of soluble sugars, lipids,
peptides and starch as well as minerals and a wide range
of extractives and volatiles. All these compounds vary
with various tree species and therefore affect the fungal
growth and enzyme production in different ways.'®!” Our
results confirm that beech wood as well as straw induce
Lac activities. Straw also contains cellulose, hemicellulo-
ses and lignin. The composition and contents varies with
the type of straw as well as the with the growth location. It
contains phenolic compounds, which stimulate laccase
production.>"*> However, straw better induced the produc-
tion of MnP activities compared to those with beech
wood. PUF used as inert support material only slightly in-
creased Lac activity compared to the reference experi-
ments with static cultures and all three carbon sources,
where both activities were lower than 10 U/L.

With beech wood, the highest activity of Lac (1733
U/L) was present after 19 days of cultivation while with
straw, the highest Lac activities (1609 U/L) occured after
21 days of cultivation. Here the Lac activity with beech
wood is about 7% higher. The highest MnP activities we-
re much lower; with beech wood MnP activity (215 U/L)
occured after 29 days of cultivation, while about 70% hig-
her MnP activity (378 U/L) occured after 23 days of culti-
vation. For comparison, the results obtained with an inert
material (PUF) showed that the highest Lac activities (160
U/L) were obtained with saccharose and the highest MnP
activities (16 U/L) with fructose.

Further, the effect of additional nitrogen in the form
of diammonium tartrate added in the NL media with 10
g/L glucose was tested using various immobilization sup-

ports and, in parallel, under the reference conditions wit-
hout any support.The results are shown in Figure 2.

It is seen that the additional nitrogen increases both
activities during growth on lignocellulosic material. Ac-
cording to the literature, low levels of nitrogen occur in
the wood as well as straw resulting in a high C:N ratio.
Decrease in this ratio can be achieved by using an additio-
nal nitrogen source, which results in a more intense enzy-
me production during growth.?® A particular type of wood
as well as straw contains lignin which induces the enzyme
activities. This induction effect is even more pronounced
in combination with an additional nitrogen source. This is
in accordance with the results of this investigation.

For example, Lac activities on straw with 2 g/L of
diammonium tartrate increased from 1150 U/L to 1708
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Figure 2. The effect of the additional nitrogen (2 g/L of diammo-
nium tartrate) in the N-limited mineral medium on Lac and MnP
production with D. squalens grown on various immobilization sup-
ports.

U/L and on beech wood from 1031 to 1553 U/L while the
MnP activities on straw increased from 42 to 428 U/L and
on pine wood from 12 to 103 U/L, all between 21 and 28
days of cultivation. In the cultures with polyurethane
foam and in the reference conditions, the effect of additio-
nal nitrogen was not significant.

These results confirmed that lignocellulosic support
material such as beech wood and straw is necessary to
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achieve high Lac activities, which is favorable from the
practical point of view. Both Lac and especially MnP acti-
vities could even be increased in the media by providing an
additional nitrogen source. However, the results show that
Dichomitus squalens always produces higher Lac activities
and that the preparation of excess MnP activities by var-
ying culture conditions that was possible in C. subvermis-
pora, *° could not be attained with Dichomitus squalens.

3. 2. Dye Decolourisation

The ability of white rot-fungi to decolorize synthetic
dyes has been well documented. >~'! 20 23 2627 Three
structurally different dyes were used to test the decolou-
risation activity of the enzyme mixture obtained during
the cultivation on beech wood. The results are shown in
Figure 3.
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Figure 3. Decolourisation of three different dyes: Reactive Orange

16 (RO16) Remazol Brilliant Blue R (RBBR) and Copper(II)

phthalocyanine (CuP) with enzyme mixtures obtained on beech
wood (Lac 1550 U/L) and MnP (70 U/L)

The results show that the highest initial decoluriza-
tion rate was obtained with RBBR and the lowest with
RO16. The values are 12,9 mg/L min, 4,1 mg/L min and
1,7 mg/L min for RBBR, CuP and RO16, respectively.
The decolourization efficiency after 10 hours for RBBR
was 62%. This is an easily degradable dye and is often
used for docolourization experiments to test the enzyme
docolourization properties. In our investigation, the doco-
lourization of RBBR was the most efficient in the presen-
ce of Lac and MnP activities. This is consistent with other
investigators®* 2 27 who have demonstrated that laccase
isoenzymes were able to decolourise RBBR, the impor-
tant role of MnP as well as cooperation between Lac and
MnP during the decolourization process. The decolouriza-
tion efficiency of CuP was 50%. Presumably the coopera-
tion of Lac and MnP is present here.”* The decolouriza-
tion efficiency of RO16 was 19%. Azo dyes are not easily
degradable. In our previous study of RO16 decolouriza-
tion with immobilized Irpex lacteus® it was assumed that

the successful decolourization of RO 16 was due to the
mycellium associated laccase. Under such conditions pro-
bably some intracellular mediators exist which were not
present in the crude culture liquid used in this investiga-
tion. Susla et al » also found low decolourization effi-
ciency of RO 16 in culture filtrate of D. squalens with re-
latively high Lac activity (816 U/L), which is consistent
with our results.

4. Conclusion

Production of extracellular Lac and MnP activities
by D. squalens immobilized on lignocellulosic material
such as beech wood and straw is highly induced compared
to the immobilization on inert support like PUF which
would be favorable from the practical point of view. Addi-
tional nitrogen in the media even increases relatively high
Lac activities on these two supports and furthermore in-
creases MnP activities as well, especially on straw. Consi-
dering the degradation of corresponding substrate for each
activity determination based on unit of substrate per unit
time and conditions investigated here, higher Lac activi-
ties are produced compared to MnP activities. Both enzy-
mes as well as their synergistic action, play important ro-
les during the decolourization of specific dyes. The mixtu-
re of produced extracellular ligninolytic enzymes could be
used for the decolourization process of the tested anthra-
quinone and phthalocyanine dye.

5. Acknowledgement

This research was funded by the Slovenian Research
Agency via grant P2-0191. It is a part of SLO-CZ bilateral
project BI-CZ/07-08-021. The authors wish to thank stu-
dents from the University of Ljubljana Mrs. Jana Stroma-
jer for diligent experimental work and Mrs. Janja Babic¢
for fruitful discussions.

6. References

1. E. Forgacs, T. Cserhati, G. Oros, Environment International,
2004, 30, 953-971.

2. T. Robinson, G. McMullan, R. Marchant, P. Nigam, Biore-
source Technology 2001, 77, 247-255.

3. D. Wesenberg, 1. Kyriakides, S. N. Agathos, Biotechnology
Advances 2003, 22, 161-187.

4. G. McMullan, C. Meehan, A. Conneely, N. Kirby, T. Robin-
son, P. Nigam, I. M. Banat, R. Marchant, W. E. Smyth, Ap-
plied Microbiology and Biotechnology 2001, 56, 81-87.

5. H. Claus, G. Faber, H. Konig, Applied Microbiology and
Biotechnology 2002, 59, 672-678.

6. H. Podgornik, I. Poljansek, A. Perdih, Enzyme and Microbial
Technology 2001, 29,166-172.

Pavko and Novotny: Induction of Ligninolytic Enzyme Production by Dichomitus squalens ...

651



652

Acta Chim. Slov. 2008, 55, 648-652

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. M. Mohor¢ié, J. Friedrich, A. Pavko, Acta Chim.Slov. 2004,
51, 619-628.
. M. Tav¢ar, K. Svobodova, J. Kuplenk, C. Novotny, A. Pavko,

Acta Chim.Slov. 2006, 53, 338-343.

. C. Novotny, K. Svobodova, P. Erbanova, T. Cajthaml, A. Ka-

sinath, E.Lang, V. Sasek, Soil Biology and Biochemistry,
2004, 36, 1545-1551.

M. Chander, D. S. Arora, H. K. Bath, J.Ind. Microbiol.Bio-
technol., 2004, 31, 94-97.

M. Chander, D. S. Arora, Dyes and Pigments, 2007, 72,
192-198.

M. Mohor¢ié, S. Teodorovi¢, V. Golob, J. Friedrich, Che-
mosphere, 2006, 51, 1709-1717.

P. Bonnarme, T. W. Jeffries, Appl. Environ. Microbiol. 1990,
56,210-217.

J. A. Buswell, Y. J.Cai, S. T. Chang, FEMS Microbiology
Letters 1995, 128, 81-88.

Shi Yu Fu, Hui-sheng Yu, J. A. Buswell, FEMS Microbiology
Letters 1997, 147, 133-137.

P. K. Gill, D. S. Arora, J. Ind. Microbiol. Biotechnol. 2003,
30, 28-33.

R. O. Urek, N. K. Pazarlioglu, Process Biochemistry, 2005,
40, 83-87.

T. M. D. Souza, C. S. Merritt, C. A. Reddy, Applied and En-
vironmental Microbiology 1999, 65, 5397-5313.

A. D. M. Rayner and L. Boddy, Fungal Decomposition of
Wood: its Biology and Ecology, 1998, John Wiley & Sons, p.
271.

Povzetek

20

21.

22.

23.

24.

25

26.

27.

28.

29.

30.

31.

32.

33.

. J. Babi¢ and A. Pavko, Acta Chim.Slov., 2007, 54, 730-734.
F. H. Perie, D. Sheng, M. H. Gold, Biochimica et Biophysica
acta, 1996, 1297, 139-148.

F. H. Perie, G. V. B. Reddy, N. J. Blackburn, M. H. Gold,
Archives of Biochemistry and Biophysics, 1998, 353,
349-355.

M. Susla, C. Novotny, K. Svobodova, Bioresource Techno-
logy 2007, 98, 2109-2115.

P. K. Gill, D. S. Arora, M. Chander, J. Ind. Microbiol. Bio-
technol., 2002, 28, 201-203.

.D. S. Arora, P. K. Gill, Bioresource Technology, 2000, 73,
283-285.

1. Eichlerova, L. Homolka, L. Lisa, F. Nerud, Chemosphere,
2005, 60, 398-404.

I. Eichlerova, L. Homolka, F. Nerud, Bioresource Techno-
logy, 2006, 97, 2153-2159.

M. Tien and T. K. Kirk, Methods Enzymol. 1988, 161,
238-248.

E. Matsumura, E. Yamamoto, A. Numata, T. Kawano, T.
Shin, S. Murano, Agr. Biol. Chem. 1986, 50, 1355-1357.

J. A. Field, R. H. Vledder, J. G. van Zelst, W. H. Rulkens,
Enzyme Microb. Technol. 1996, 18, 300-308.

A. U. Buranov and G. Mazza, Ind. Crops Prod. 2008, in
press

S. Camarero, D. Ibarra, M. J. Martinez, A. T. Martinez, Appl.
Environ. Microbiol. 2005, 71, 1775-1784.

P. P. Champagne and J. A. Ramsay, Appl Microbiol Biotech-
nol. 2005, 69, 276-285.

Namen raziskav je bil pridobiti meSanico encimov za razbarvanje sinteti¢nih tekstilnih barvil z glivo bele trohnobe
Dichomitus squalens, ki proizvaja lakaze in mangan peroksidaze. Postopek sinteze barvil je bil razvit in optimiran gle-
de na vir ogljika in dodatek dusSika v gojisce ter ob prisotnosti smrekovega ter bukovega lesa in slame kot nosilca in in-
duktorja. Bukov les in slama sta bila najbolj$a induktorja, fruktoza najboljsi vir ogljika, dodani dusik pa je ugodno vpli-
val na razvoj aktivnosti. Ob upostevanju specificnega substrata za dolocanje posamezne aktivnosti je bila v vseh prime-
rih najvisja doseZena lakazna aktivnost. Najvecdja zacetna hitrost razbarvanja je bila doseZena pri barvilu remazol modro
R (RBBR). U¢inek razbarvanja po 10 urah je bil 62 % za RBBR, 50 % za bakrov(Il)ftalocianin (CuP) in 19 % za reak-

tivno oranzno 16 (RO16).
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