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Hyperproduction of Manganese Peroxidase through
Chemical Mutagenesis of Trametes versicolor IBL-04
and Optimization of Process Parameters

Muhammad Ramzan, Muhammad Asgher*, Munir A. Sheikh, and Hag Nawaz Bhatti

This is the first report on chemical mutagenesis of Trametes versicolor
IBL-04 to develop a hyper-producing mutant for overproduction of
manganese peroxidase (MnP) using sugarcane bagasse as a substrate.
A freshly prepared inoculum of indigenously isolated T. versicolor IBL-04
was treated with 100 pg mL™ (v/v) ethyl methane sulfonate (EMS) and
ethidium bromide (EB) separately for different time periods. The selected
mutants and parent strain were cultured in solid-state fermentation (SSF)
conditions to select the hyper-producing mutants. After selection of
hyper-producing EMS- and EB-treated mutants, the fermentation
parameters, including substrate type, incubation time, initial pH of the
medium, temperature, moisture level, and carbon-to-nitrogen ratio (C:N),
were optimized by adopting the Classical Optimization Strategy. T.
versicolor IBL-04 treated for 90 min with EMS (EMS-90 mutant) gave
maximum MnP production (935 U mL™) after 8 days of fermentation.
Supplementation with carbon and nitrogen sources significantly
enhanced mutant growth, and under optimum conditions, the maximum
MnP production by the mutant strain increased to 3045 U mL™. The
results indicated that the random chemical mutagenesis significantly
enhanced the MnP production. The increased production of MnP by the
EMS-90 mutant strain suggest its potential for commercial-scale enzyme
production and biotechnological applications.
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INTRODUCTION

Enzyme production has been an area of research interest for the last few decades,
but in recent years, enzyme biotechnologists have made tremendous progress in the area
of industrial enzymology. Fungi are the most fascinating group of organisms, exhibiting
great diversity, and the success of fungi for industrial enzyme production is largely due to
their metabolic versatility. Fungi are well known producers of a wide variety of enzymes,
organic acids, mycotoxins, and antibiotics. The importance of fungi is not limited to their
native products; they are also useful in the development and commercialization of new
products through the modern techniques of mutagenesis and molecular biology
(Woolhouse and Gaunt 2007).

Lignin mineralizing enzymes, also known as wood-degrading enzymes, are
extracellular and nonspecific enzymes that mainly include lignin peroxidase (LiP, EC
1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13), and laccase (EC 1.10.3.2), along
with some accessory enzymes produced by white rot fungi (WRF) as secondary
metabolites (Asgher et al. 2012b). MnPs are heme peroxidases that require H,O, for their
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activity (Cheng et al. 2007; Asgher and Igbal 2013) and are attractive tools in
biotechnological fields like bioremediation, biofuels, paper & pulp, and textile industries
(Levin et al. 2008; Stoilova et al. 2010; Asgher et al. 2011a, 2012a). Various species of
WREF, such as T. versicolor, T. hirsuta, and T. ochracea, have been reported to produce
high titers of MnP along with LiP and laccase (Tomsovsky and Homolka 2003; Asgher
and Igbal 2011).

The demand for ligninolytic enzymes has increased in recent years due to their
potential applications in diverse biotechnological processes (Crecchio et al. 1995;
Wesenberg et al. 2003; Asgher et al. 2013; Asgher and Igbal 2013; Igbal and Asgher
2013). The ligninolytic enzyme titer of fungi is much higher than that from its bacterial
counterparts, which could be the main reason for industrial biocatalysts’ dependence on
fungi. However, the yields, activities, and stabilities of these enzymes from indigenous
WREF strains are not sufficient to meet industrial demands. Industrial strain improvement
plays a central role in the development of commercial microbial fermentation processes.
Mutant strains with enhanced enzyme production can be developed and screened on the
basis of the overexpression of genes involved in enzyme production due to mutant
regulatory genes (Fiedurek and Gromada 1997; Haq et al. 2004).

Mutagenic procedures can be optimized in terms of type of mutagen, dose level,
and time of exposure to obtain industrially competent fungal strains (Rowlands 1984).
However, in recent years, there have been no significant attempts at the overproduction
of ligninolytic enzymes by inducing chemical mutagenesis. Strain improvement using
mutagenesis and the selection of mutants is a time-consuming exercise, but it gives very
encouraging results in most cases. In this study, the development of hyperproducing
mutants of locally isolated T. versicolor IBL-04 by chemical mutagenesis was attempted
for the overproduction of MnP.

EXPERIMENTAL

The mutagenesis and optimization studies were carried out in the Industrial
Biotechnology Laboratory (IBL), Department of Chemistry and Biochemistry, University
of Agriculture Faisalabad (UAF), Pakistan. All chemicals used were of analytical grade
and were purchased mainly from Sigma-Fluka-Aldrich (USA).

Fungal Culture and Inoculum Preparation

Pure culture of the indigenously isolated strain T. versicolor IBL-04 was available
at the IBL, UAF. Inoculum was prepared in 500-mL cotton-plugged Erlenmeyer flasks by
growing the fungus in Kirk’s basal medium (Tien and Kirk 1988). The medium was
adjusted to pH 4.5 and sterilized (121 °C) for 15 min, and after cooling to room
temperature, it was inoculated with T. versicolor IBL-04 slant culture. The inoculum
flasks were incubated on an orbital shaker operating at 125 rpm (30+1°C) for 5 days to
enable homogeneous spore suspension and its concentration was estimated using a
haemocytometer (Kolmer et al. 1959) to get a homogenous inoculum containing 1x10’
spores mL™ ((Kay-Shoemake and Watwood 1996).

Mutagenesis by EMS Treatment
A stock solution of 500 pg mL™ (v/v) was used to prepare different EMS
concentrations to treat the fungal cells. One mL of this solution was added separately to 9
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mL of Vogel’s medium containing fresh fungal spore inoculum (1x10’ spores mL™).
After a specific incubation time (30 to 120 min), the treated spores were harvested by
washing with sterile biological saline solution (0.89% NaCl and 0.1% yeast extract) and
centrifuging at 12,000 rpm for 10 min; this step was repeated three times to completely
remove traces of EMS. The washed cells were spread on potato agar plates (PDA) and
incubated at 30 °C for 4 to 6 days for colony formation.

Mutagenesis by EB Treatment

To prepare EB stock solution, 1.0 mg ethidium bromide was added per mL in
ddH.0, and from this stock solution, four further dilutions, of 25 ug mL™, 50 ug mL™, 75
ng mL?, and 100 ug mL™, were prepared and used in mutational work. One mL of EB
added separately to 9 mL of Vogel’s medium containing fresh fungal spore inoculum
(1x10" spores mL™). After specified time internals (30, 60, 90, and 120 min), the treated
spores were harvested by washing with sterile saline solution and were spread on agar
plates for colony formation.

Colony Growth Restriction

Triton X-100 was used as a colony restrictor in PDA media (1% to 2%, w/v) to
restrict the growth of fungal colonies (Khattab and Bazaraa 2005). A cell survival curve
was constructed using a 3-log kill curve; doses producing 87% and 84% Kkills were
considered to be the best using EMS and EB, respectively. Colony forming units (CFU)
were calculated using the following formulation:

CFU mL™* = No of colonies appeared on plate X 1
Amount plated (0.1 mL) Dilution factor

Selection and Evaluation of Mutants

Mutation is a random event at the single cell level. 2-deoxy-D-glucose (2dDG)
acts as a catabolic repressor and was used in this study for the selection of mutants as
described by Gromada and Fiedurek (1997). It suppresses/inhibits the growth of parent
spores, but mutant spores appear on PDA. The selected colonies were isolated and
checked for MnP production.

Optimization of Culture Conditions

After selection of mutants, medium optimization was performed using the one-
factor-at-a-time classical approach; evaluating the effect of one variable while others
were maintained at a certain level. The following process parameters were optimized,
incubation time (2, 4, 6, 8, 10, and 12 days) temperature (25 °C, 30 °C, 35 °C, 40 °C, and
45 °C), initial pH (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0), initial moisture content (40%,
45%, 50%, 55%, 60%, 65%, and 70%), glucose and ammonium nitrate as the C:N ratio
(5:1, 10:1, 15:1, 20:1, and 25:1), and inoculum size (1 mL, 2 mL, 3 mL, 4 mL, 5mL, 6
mL, and 7 mL). The effect of mediators (veratryl alcohol, MnSO,4, ABTS, oxalate, and
H,0,) on MnP production by the selected mutants was also investigated under optimum
conditions.

MnP Activity Assay
Enzyme activity was determined at the end of each optimization step. The culture
supernatants were obtained after filtration and centrifugation (3,000 g). MnP was assayed
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by the method of Wariishi et al. (1992). MnSO, was added to a sodium malonate buffer
in the presence of H,0,, and absorbance was read at 270 nm (g 270= 11590 M Cm'l).
MnP activities were expressed as U mL™.

Statistical Analysis

All experiments and enzyme assays were conducted in triplicate, and results are
reported as means +SE. The data were subjected to Analysis of Variance (ANOVA)
under a Completely Randomized Design (CRD) (Steel et al. 1997).

RESULTS AND DISCUSSION

Mutagenesis by EMS Treatment

A dose rate of 100 pg mL™ (v/v) of EMS mutagen was determined to be optimum
for generating the 3-log kill curve (Fig. 1). It was noted that an exposure time of 90 min
(EMS-90) gave the best results; subsequently, colonies appearing (Fig. 2) on petri plates
containing 2-dDG were used for further work on optimization and enzyme production.
The frequency of positive mutations and number of viable colonies decreases with an
increase in mutagen dose rate (Petruccioli et al. 1995). Similarly, in the present study, as
the time of exposure increased, the survival of the fungus decreased, with a decrease in
viable colonies. The selected mutant was assigned the code EMS-90 and used for further
studies.

InCFU/mL

0] 30 60 90 120

Time {min)

Fig. 1. Survival curve of T. versicolor IBL-04 spores subjected t0100 ug mL™ (v/v) EMS for
varying time periods

Mutagenesis using EB Treatments

For the EB mutagen treatment, a 50-pug mL™ (w/v) dose was determined to be
optimum and gave the best results. A kill curve (Fig. 3) for EB-treated spores similar to
that of EMS mutagenesis was prepared, and the time of exposure giving a 3-log kill was
selected. The exposure time of 60 min was considered to be optimum, and colonies
appearing on Petri plates (Fig. 4) were used for MnP production and process
optimization.
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Fig. 2. Selection of EMS-treated mutants of T. versicolor IBL-04 using 2-DG as a selective
marker
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Fig. 3. Survival curve of T. versicolor IBL-04 spores subjected to 50 pg mL™ (w/v) EB mutagen for
varying time periods

Fig. 4. Selection of EB-treated mutants of T. versicolor IBL-04 on 2-DG as a selective marker
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Production of MnP by Different T. versicolor IBL-04 Mutants

The results (Table 1) showed that the T. versicolor EMS-90 mutant was the best
producer of MnP, followed by the EB-60 mutant, when grown on sugarcane bagasse in
solid-substrate fermentation. Parent and selected mutant stains showed maximum enzyme
activities on the eighth day of incubation. Among the various substrates investigated,
sugarcane bagasse showed the best result, followed by rice straw and wheat straw in
order. The nature and composition of the substrates used may be responsible for the
increased growth of fungi on different substrates (Patel et al. 2009).The time taken by
fungi for lignin-degrading enzyme synthesis is primarily dependent on the metabolism of
a particular substrate and varies with the chemical composition of different lignocel-
lulosic residues (Pandey et al. 2000).

Table 1. Production of MnP by T. versicolor IBL-04 Mutants using Different
Ligninolytic Substrates

Mutagen Manganese Peroxidase ac_:}ivity
Treatment Mutants (Mean £ S.E. U mL )
Sugarcane Wheat straw Rice straw Corn cobs
NIL Parent strain | 580 + 2.1 435+ 5.6 513+3.1 211+ 3.5
EB-30 109 + 1.9 130+ 3.1 219 + 3.0 178 +2.9
Ethidium EB-60 624+ 1.3 456 + 3.4 543+2.5 342+ 1.6
?é%r;"de EM-90 451 +2.3 311+4.8 479 +2.4 278 +4.0
EM-120 309 +2.8 390 +2.5 265 + 3.3 301+1.1
EMS-30 219+2.2 231+2.1 161+ 2.1 201+1.4
Ethyl methyl | EMS-60 389 +6.0 333+4.7 300+25 236+2.4
sulphonate | EMS-90 659 + 3.1 289 +5.4 456 + 2.1 342 +2.6
(EMS) EMS-120 356 + 4.1 301+7.9 209 +3.1 286+ 1.2

Optimization of Culture Conditions

After the selection of EMS-90 and EB-60 as the best MnP-producing mutants, the
enzyme production by the mutants was optimized. Different fermentation parameters
were optimized using Classical Strategy: varying one parameter at a time and keeping the
previously optimized ones at their optimum level.

Effect of Time Period

Culture was harvested for enzyme activity every two days. Maximum MnP was
synthesized by the EMS-90 mutant (1017 U mL™), followed by the EB-60 mutant (733 U
mL™) and the native strain (675 U mL™), after 8 days of incubation (Fig. 5). An increase
in incubation time increased the enzyme activities during the first 8 days, and a further
increase in the time period caused a decrease in enzyme activity. Zahmatkesh et al.
(2010) recorded maximum MnP activity (471.7 U g™) on the 7" day of P. chrysosporium
cultivation, and Vaithanomsat et al. (2010) obtained optimum MnP activity after 8 days.
The optimum incubation time-period for ligninolytic enzyme production by most WRF is
4-12 days (Bose et al. 2007; Asgher et al. 2008; Igbal et al. 2011).
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Fig. 5. Effect of incubation time on MnP production by parent and mutant strains of T. versicolor
IBL-04

Effect of pH
Maximum enzyme activity was noted when the initial pH of the fermentation

medium was kept at 5.0 (Fig. 6).
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Fig. 6. Effect of pH on MnP production by parent and mutant strains of T. versicolor IBL-04

It was noted that an increase in initial pH enhanced MnP production by the parent
and both mutant strains of T. versicolor IBL-04. A further increase in pH decreased the
enzyme synthesis by the fungi. EMS-90 and EB-60 showed 1250 U mL™ and 904 U mL*
enzyme activities, respectively, but the parent strain produced the maximum enzyme
concentration (897 U mL™) at pH 4.5. Optimization of pH in culture media is always
important and critical for successful fermentation operations. An increase or decrease in
pH can affect fungal growth and enzyme formation. Yamanaka et al. (2008) reported the
production of ligninase by C. hirsutus and T. villosa CCB176 at pH 4.0 and 5.0,
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respectively, and our results also showed maximum activity at pH 5.0 for selected mutant
strains.

Effect of Temperature

Optimization of temperature was carried out by incubating the inoculated media
flasks at varying temperatures. Maximum enzyme production was noted in the flasks
incubated at 35 °C, and a further increase in temperature caused the enzyme activity to
drop (Fig. 7). The EMS-90, EB-60, and parent strain showed enzyme activities of 1435 U
mL™, 988 U mL™?, and 805 U mL™, respectively. It is likely that the most important factor
among all the physical variables affecting the SSF performance is the incubation
temperature because higher temperature had some adverse effect on the metabolic
activities of the microorganisms (Weng and Sun 2006). This might be due to the fact that
high temperature has an inhibitory effect on the growth of microorganisms as well as the
productivity of enzymes. Tekere et al. (2001) reported an optimum temperature of 35 °C
to 37 °C for Coriolus versicolor in SSF for ligninolytic enzyme production.
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Fig. 7. Effect of temperature on MnP production by parent and mutant strains of T. versicolor IBL-
04

Effect of Inoculum Size

Varying volumes of inoculum (1x10’spores mL™) were used for optimization of
this parameter, and its effect on MnP production was studied. It was noted that enzyme
activity increased with increasing inoculum size, and at a 4-mL inoculum size, MnP
activity was maximum for all strains (Fig. 8). The following maximum enzyme activities
for the selected strains were obtained: EMS-90, 1407 U mL™; EB-60, 1236 U mL™;
parent, 868 U mL™. The optimum inoculum level is important for the solid state
fermentation process. It has been previously reported that lower inoculum levels may not
be sufficient to initiate fungal growth, resulting in a longer lag phase and subsequent
enzyme formation (Igbal et al. 2011). On the other hand, a higher inoculum level
increases spore density, causing faster depletion of available nutrients (Patel et al. 2009).
Higher inoculum volumes also decrease the substrate:water ratio, thus decreasing
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aeration in the solid substrate matrix, which ultimately inhibits fungal growth and
enzyme secretion.
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Fig. 8. Effect of inoculum size on MnP production by parent and mutant strains of T. versicolor
IBL-04

Effect of Moisture Level

The effect of different moisture levels on MnP production by the parent and
mutant strains was studied. Optimization of initial moisture content were undertaken and
varied from 40% to 70%. Various volumes of Kirk’s medium (2, 4, 6 mL) were used to
moisten 5.0 g of substrate in triplicate flasks. The moisture content was expressed as
weight of moisture (1 mL of water/medium nearly equal to 1 g) per g of substrate (%
w/w). Optimum MnP production was observed with a 60% moisture level (Fig. 9).

Sugar-cane bagasse fermented at 60% (w/w) moisture resulted in maximum MnP
activity (EMS-90, 2031 U mL™; EB-60, 1509 U mL™; parent, 1177 U mL™). All other
moisture levels produced lesser enzyme activities. When moisture level is increased up to
certain limits, the diffusion of enzyme, nutrients and products is increased. Moisture level
is one of the critical parameters in solid state fermentation (Demirel et al. 2005), and
optimum moisture in low level range is beneficial for SSF, as it reduces the chances of
contamination. However, very low moisture contents reduce heat and mass transfer
during fermentation, and higher moisture levels reduce the inter-particle space, thereby
reducing oxygen penetration (Khosravi-Darani and Zoghi 2008).

Effect of C/N Ratio

An increase in enzyme production resulted from increasing the C/N ratio from 5:1
to 20:1, and MnP activity peaked in medium containing a 20:1 C/N ratio (Fig. 10). The
optimum C:N ratio should be maintained to enable the fungus to carry out its metabolic
activities and to synthesize nitrogen-containing compounds including the enzyme
proteins. EMS-90, EB-60 and the parent strain showed 3217 U mL™, 2387 U mL™ and
1340 U mL™ MnP activities, respectively. At low C:N ratios, the fungus was carbon
starved, and high-nitrogen conditions prevailed. In a previous study, the formation of
MnP was considerably reduced by a low C:N ratio (Xiong et al. 2008).
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Fig. 9. Effect of moisture content on MnP production by parent and mutant strains of T. versicolor
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Fig. 10. Effect of C/N ratio on MnP production by parent and mutant strains of T. versicolor IBL-

04

Effect of Mediators

Five different mediators, manganese sulfate, ABTS, oxalate, veratryl alcohol, and
hydrogen peroxide were used in 1 mM concentrations to investigate their stimulatory/
inhibitory influences on MnP production. It was observed that manganese sulfate
stimulated MnP production (Fig. 11). EMS-90 had an activity of 3637 U mL™ and EB-60
had an activity of 2688 U mL™ when manganese sulfate was used as a mediator, whereas
other used mediators had little or no effect on MnP activity. Urek and Pazarlioglu (2007)
also reported enhanced MnP activity by adding manganese sulfate in fermentation

medium.

Ramzan et al. (2013). “Hyper-production of MnP,” BioResources 8(3), 3953-3966.

3962



PEER-REVIEWED ARTICLE b | oresources.com

4000 - ==—EMS5-90 EB-60 == Wild

3500 -
< 3000 -
= M
2 2500 - - =
z . - _
'S 2000 - — Il =
5 -
«a 1500 -
<
= 1000

500 -

0 T T T T 1
Vet. Alcohol MnSO4 ABTS Oxalate H202
1mM Mediators (1 mL)

Fig. 11. Effect of mediators on MnP production by parent and mutant strains of T. versicolor IBL-
04

Several studies have shown that ligninolytic enzyme production could be
enhanced several folds by the addition of mediators (Gnanamani et al. 2006; Minussi et
al. 2007). Manganese is a critical nutritional variable in the production of ligninases,
including LiP and MnP by Phanerochaete chrysosporium (Pascal et al. 1991). MnP
production by Lentinula edodes on corncob solid state cultures was also influenced by
mediators (Boer et al. 2006).

CONCLUSIONS

The chemical mutagenesis of T. versicolor IBL-04 resulted in the development of
hyper-producing mutants for MnP production in solid state fermentation (SSF). An
increase of 3.2-fold in enzyme production was achieved through chemical mutagenesis in
comparison to the parent strain of T. versicolor IBL-04. The MnP production by the
selected mutants (EMS-90 and EB-60) could be enhanced further by optimizing physical
and nutritional factors. High MnP yield from mutant strains suggests the potential of
chemical mutagenesis for the development of efficient fungal strains for commercial-
scale production and industrial applications.

ACKNOWLEDGMENTS
This research was a part of the Ph.D. thesis of Muhammad Ramzan, for which

financial support was provided by Higher Education Commission (HEC) Pakistan under
the indigenous Ph.D. scholarships program.

Ramzan et al. (2013). “Hyper-production of MnP,” BioResources 8(3), 3953-3966. 3963



PEER-REVIEWED ARTICLE b | oresources.com

REFERENCES CITED

Asgher, M., Ahmad, Z., and Igbal, H. M. N. (2013). “Alkali and enzymatic
delignification of sugarcane bagasse to expose cellulose polymers for saccharification
and bio-ethanol production,” Ind. Crops. Prod. 44, 488-495.

Asgher, M., Bhatti, H. N., Ashraf, M., and Legge, R. L. (2008). “Recent development in
biodegradation of industrial pollutants by white rot fungi and their enzyme systems,”
Biodegradation 19(6), 771-783.

Asgher, M., and Igbal, H. M. N. (2011). “Characterization of a novel manganese
peroxidase purified from solid state culture of Trametes versicolor 1BL-04,”
BioResources 6(4), 4302-4315.

Asgher, M., Igbal, H. M. N., and Asad, M. J. (2012a). “Kinetic characterization of
purified laccase produced from Trametes versicolor IBL-04 in solid state
bioprocessing of corncobs,” BioResources 7(1), 1171-1188.

Asgher, M., Igbal, H. M. N., and Irshad, M. (2012b). “Characterization of purified and
xerogel immobilized novel lignin peroxidase produced from Trametes versicolor
IBL-04 using solid state medium of corncobs,” BMC Biotechnol. 12, article 46.

Asgher, M., and Igbal, H. M. N., (2013). “Enhanced catalytic features of sol-gel
immobilized MnP isolated from solid state culture of Pleurotus ostreatus IBL-02,”
Chin. Chem. Lett. http://dx.doi.org/10.1016/j.cclet.2013.02.019.

Asgher, M., Kamal, S., and Igbal, H. M. N. (2012c). “Improvement of catalytic
efficiency, thermo-stability and dye decolorization capability of Pleurotus ostreatus
IBL-02 laccase by hydrophobic sol gel entrapment,” Chem. Central J. 6(1), article
110.

Asgher, M., Nadeem, M., and Igbal, H. M. N. (2011a). “Hyperproductivity of
extracellular enzymes from indigenous white rot fungi (Phanerochaete chysosporium
IBL-03) using agro-wastes,” BioResources 6(4), 4454-4467.

Boer, G. C., Obici, L., de Souza, C. G. M., and Peralta, R. M. (2006). “Purification and
some properties of Mn peroxidase from Lentinulaedodes,” Proc. Biochem. 41, 1203-
1207.

Bose, S., Mazumder, S., and Mukherjee, M. (2007). “Laccase production by the white-rot
fungus Termitomyces clypeatus,” J. Basic Microbiol. 47, 127-131.

Cheng, X. B., Jia, R., Li, P. S., Tu, S. Q., Zhu, Q., Tang, W. Z., and Li, X. D. (2007).
“Purification of @ new manganese peroxidase of the white rot fungus Shyzophyllum
sp. F17, and decolonization of azo dyes by the enzymes,” Enz. Microbial Technol.
41(3), 258-264.

Crecchio, C., Ruggiero, P., and Pizzigallo, M. D. R. (1995). “Polyphenol oxidase
immobilized in organic gel: Properties and characterizations in the detoxification of
aromatic compounds,” Biotechnol. Bioeng. 48, 585-591.

Demirel, G., Yaykasli, K.O., and Yarar, A. (2005). “The production of citric acid by
using immobilized Aspergillus niger A-9 and investigation of its various effects,”
Food Chemistry 89(3), 393-396.

Fiedurek, J., and Gromada, A. (1997). “Screening and mutagenesis of molds for
improvement of the simultaneous production of catalase and glucose oxidase,” Enzy.
Microbial Technol. 20, 344-347.

Gnanamani, A., Jayaprakashvel, M., and Arulmani, M. (2006). “Effect of inducers and
culturing processes on laccase synthesis in Phanerochaete chrysosporium NCIM

Ramzan et al. (2013). “Hyper-production of MnP,” BioResources 8(3), 3953-3966. 3964



PEER-REVIEWED ARTICLE b | oresources.com

1197 and the constitutive expression of laccase isozymes,” Enz. Microbial Technol.
38(7), 1017-1021.

Gromada, A., and Fiedurek, J. (1997).“Selective isolation of Aspergillus niger mutants
with enhanced glucose oxidase production,” J. Appl. Microbiol. 82, 648-652.

Haq, U. I, Ali, S., Qadeer, M. A., and Igbal, J. (2004). “Citric acid production by
selected mutants of Aspergillus niger from cane molasses,” Biores. Technol. 93(2),
125-130.

Igbal, H. M. N., and Asgher, M. (2013). Characterization and decolorization applicability
of xerogel matrix immobilized manganese peroxidase produced from Trametes
versicolor IBL-04. Prot. Pept. Lett. 20, 591-600.

Igbal, H. M. N., Asgher, M., and Bhatti, H. N. (2011). “Optimization of physical and
nutritional factors for synthesis of lignin degrading enzymes by a novel strain of
Trametes versicolor,” BioResources 6(2), 1273-1287.

Kay-Shoemake, J. L., and Watwood, M. E. (1996). “Limitations of the lignin peroxidase
system of the white rot fungus Phanerochaete chrysosporium,” Appl. Microbiol.
Biotechnol. 46, 438-442.

Khattab, A. A., and Bazaraa W. A. (2005). “Screening, mutagenesis and protoplast fusion
of Aspergillus niger for the enhancement of extracellular glucose oxidase
production,” J. Industrial Microbiol. Biotechnol. 32(7), 289-294.

Khosravi-Darani, K., and Zoghi, A. (2008). “Comparison of pretreatment strategies of
sugarcane baggase: Experimental design for citric acid production,” Biores. Technol.
99, 6986-6993.

Kolmer, J. A., Paulding, E. H., and Robinson, H. W. (1959). Approved Laboratory
Techniques, 5™ Ed., Appleton, New York.

Levin, L., Herrmann, C., and Papinutti, V. L. (2008). “Optimization of lignocellulolytic
enzyme production by white rot fungus Trametes trogii in solid-state fermentation
using response surface methodology,” Biochem. Eng. J. 39(1), 207-214.

Minussi, R. C., Pastore, G. M., and Duran, N. (2007). “Laccase indication in fungi and
laccase/N-OH mediator systems applied in paper mill effluent,” Biores. Technol. 98,
158-164.

Pandey, A., Soccol, C. R., Nigam, P., and Soccol, V. T. (2000). “Biotechnological
potential of agro-industrial residues. Sugar cane bagasse,” Biores. Technol. 74, 69-80.

Pascal, B., Perez, J., and Jeffries, T. W. (1991). “Regulation of ligninase production in
white-rot fungi,” Enzymes in Biomass Conversion, Proceedings of a symposium.
Boston, MA, ACS symposium series 460, American Chemical Society, Chapl6.

Patel, H., Gupte, A., and Gupte, S. (2009). “Effect of different culture conditions and
inducers on production of laccase by a basidiomycete fungal isolate Pleurotus
ostreatus HP-1 under solid state fermentation,” BioResources 1, 268-284.

Petruccioli, M., Fenice, M., Piccioni, P., and Federici, F. (1995). “Effect of stirrer speed
and buffering agents on the production of glucose oxidase and catalase by Penicillium
variabile (P16) in benchtop bioreactor,” Enzy. Microbial Technol. 17(4), 336-339.

Rowlands, R. T. (1984). “Industrial strain improvement: Mutagenesis and random
screening procedure,” Enzy. Microbial Technol. 6(1), 3-10.

Steel, F. G., Torrie, H., and Dickey, D. A. (1997). Principles and Procedures of a
Biometrical Approach, 3" Edition, W. C. McGraw Hill, New York.

Stoilova, I., Krastanov, A., and Stanchev, V. (2010). “Properties of crude laccase from
Trametes versicolor produced by solid-substrate fermentation,” Adv. Biosci.
Biotechnol. 1(3), 208-215.

Ramzan et al. (2013). “Hyper-production of MnP,” BioResources 8(3), 3953-3966. 3965


http://www.sciencedirect.com/science/journal/01410229
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=PubMed&Cmd=Search&Term=%22Fiedurek%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVCitation
javascript:AL_get(this,%20'jour',%20'J%20Appl%20Microbiol.');
http://europepmc.org/search/?page=1&query=ISSN:%220960-8524%22
http://link.springer.com/journal/10295
http://www.sciencedirect.com/science/journal/01410229

PEER-REVIEWED ARTICLE b | oresources.com

Tekere, M., Zvauya, R., and Read, J. S. (2001). “University of Zimbabwe,” Biochem.
Basic Microbiol. 41(2), 115-129.

Tien, M., and Kirk, T. K. (1988). “Lignin degradation Phanerochaete chrysosporium,
characterization and catalytic properties of unique H,O; requiring oxygenase,” Proc.
Natul.Acad. Sci. USA 81, 2280-2284.

Tomsovsky, M., and Homolka, L. (2003). “Laccase and other ligninolytic enzyme
activities of selected strains of Trametes spp. from different localities and substrates,”
Folia Microbiol. 48, 413-416.

Urek, R. O., and Pazarlioglu, N. K. (2007). “Enhanced production of manganese
peroxidase by Phanerochaete chrysosporium,” Braz. Arch. Biol. Technol. 50, 913-
920.

Vaithanomsat, P., Apiwatanapiwat, W., Petchoy, O., and Chedchant, J. (2010).
“Production of ligninolytic enzymes by white-rot fungus Datronia sp. KAP10039 and
their application for reactive dye removal,” Int. J. Chemical. Eng. 162504, 1-6.

Wariishi, H., Valli, K., and Gold, M. H. (1992). “Manganese (II) oxidation by manganese
peroxidase from basidiomycete Phanerochaete chrysosporium,” J. Biol. Chem. 26,
23688-23695.

Weng, X. Y., and Sun, J. Y. (2006). “Kinetics of biodegradation of free gossypol by
Candida tropicalis in solid-state fermentation,” Biochem. Eng. J. 32, 226-232.

Wesenberg, D., Kyriakides, I., and Agathos, S. (2003). “White-rot fungi and their
enzyme for the treatment of industrial dye effluents,” Biotechnol. Adv. 22(1-2), 161-
187.

Woolhouse, M., and Gaunt, E. (2007). “Ecological origins of novel human pathogens,”
Crit. Rev. Microbiol. 33(4), 231-242.

Xiong, X., Wen, X., Bai, Y., and Qian, Y. (2008). “Effects of culture conditions on
ligninolytic enzymes and protease production by Phanerochaete chrysosporium in
air,” J. Environ. Sci. 20(1), 94-100.

Yamanaka, R., Soares, C. F., Matheus, D. R., and Machado, K. M. G. (2008). “Lignolytic
enzymes produced by Trametes villosa CCB176 under different culture conditions,”
Braz. J. Microbiol. 39, 78-84.

Zahmatkesh, M., Tabandeh, F., and Ebrahimi, S. (2010). “Biodegradation of reactive
orange 16 by Phanerochaete chrysosporium fungus: Application in a fluidized bed
bioreactor,” Iranian J. Envir. Health Sci. Eng. 7(5), 385-390.

Article submitted: April 2, 2013; Peer review completed: April 30, 2013; Revised version
received and accepted: June 3, 2013; Published: June 5, 2013.

Ramzan et al. (2013). “Hyper-production of MnP,” BioResources 8(3), 3953-3966. 3966


http://www.ncbi.nlm.nih.gov/pubmed/18033594
http://journals.tums.ac.ir/description.aspx?org_id=59&culture_var=en&journal_id=13&issue_id=2030&segment=en

