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Abstract Ethanol was added to submerged cultures of Pha-
nerochaete chrysosporium to enhance the production of
laccase and improve the decolorization of triarylmethane
dye. The addition of 10 g/l ethanol resulted in a 4.7-fold
increase in laccase production, while higher ethanol concen-
trations caused a sharp decrease in activity. The protein
content increased with the increase in ethanol concentra-
tions; on the other hand, pellet diameter and fungal biomass
wet weight decreased. The addition of ethanol to the culti-
vation media affected both the mycelial morphology and
fungal wall permeability. Although catalase assay indicated
a stress response behavior, the lipid peroxidation decreased,
suggesting the presence of a protective protein compound
which appears in the presence of ethanol. The partial puri-
fication of the extracellular fluid (ECF) of ethanol-amended
cultures resulted in a low molecular weight fraction
(<5 kDa), UV–visible spectrum for this fraction showed a
single sharp peak at 356 nm under ethanol stress; this peak
represents glutathione, a reductive peptide which increased
2-fold after the fungus was exposed to ethanol stress. The
glutathione assay, reductive activity, and the in vitro decol-
orization confirm that glutathione is responsible for dye
reduction (65.1%) as compared to decolorization in in vivo
conditions (23.8%). The use of ethanol could improve the
performance of Phanerochaete chrysosporium through lac-
case induction for oxidation or reductive activity depending
on the concentration and mode of addition of ethanol.
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Introduction

Although fungi are known for their capability of degrading a
wide variety of dyes, some dye classes are considered as
inhibitors of the fungal enzymatic system, limiting their
degrading abilities. The bioremediation processes could be
improved by increasing microbial enzymatic-related degra-
dation (Papagianni et al. 2001) by adding certain inducers
which result in an up-regulation process for these degrading
enzymes. Ethanol, an aliphatic alcohol and a low cost agro-
industrial product, is known to induce laccase in some
fungal strains (Lomascolo et al. 2003; Alves et al. 2004).
This enzyme is a widely used ligninolytic enzyme, com-
monly produced by white rot fungi; it catalyses the oxida-
tion of phenolic and non-phenolic compounds in the
presence of the appropriate redox mediator (Alves et al.
2004). There are different hypotheses to the role of ethanol
in enzyme production which are summarized as follows: (1)
increase in membrane permeability and promotion of pro-
tein secretion, (2) inhibition of melanin formation and con-
sequent increase in phenolic monomers, and (3) activation
of an oxidative stress which could be directly responsible for
laccase production. Ethanol is also said to be involved in
growth and laccase gene expression, and as protease inhibitor
(Meza et al. 2007).

The presence of combined stresses such as nutrient star-
vation and xenobiotics has been proven to help in xenobi-
otic degradation (Mykytczuk et al. 2007). Stress response
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results in the production of catalase and laccase which are
stress enzymes correlated with the decolorization process in
Phormidium valderianum (Palanisami and Lakshmanan
2010). These stress enzymes help the microbial cells in the
degradation of recalcitrant compounds. In a previous study,
the lignin-degrading laccase enzyme produced from Pha-
nerochaete chrysosporium did not show high decoloriza-
tion results for Victoria blue, a triaryl methane dye, one
of the most recalcitrant dye classes (Gomaa et al. 2008).
This dye class requires reduction besides oxidation for a
complete degradation process to be accomplished (Tacal
and Ozer 2007). A number of small, low molecular
weight molecules have a reductive activity; glutathione
is one of the known reducing molecules which could be used
in vitro (Tacal and Ozer 2007), or as a molecule produced in in
vivo cultures of Phanerochaete chrysosporium under stress
(Hu et al. 2009). Therefore, the aim of the present article is to
study the role of ethanol as a stress-inducing factor in Phaner-
ochaete chrysosporium cultures in terms of laccase produc-
tion, oxidative response, reductive activity, and Victoria blue
decolorization

Materials and methods

Microorganism and cultivation conditions

The fungal strain Phanerochaete chrysosporium ATCC
34541 was maintained through periodic (monthly) transfer
on potato dextrose agar, Oxoid (PDA). The strain was stored
at 4°C.

The cultivation was performed in Malt extract medium
which was used to inhibit production of manganese perox-
idase (MnP) and lignin peroxidase (LiP) activities. The
growth medium consisted of the following constituents in
g/l: malt extract, 20; glucose, 20; peptone 1. The pH was
adjusted to 7 before autoclaving. Once inoculated, flasks
were incubated on an orbital shaker at 150 rpm and 30°C for
48 h. Ethanol was added to separate cultures under aseptic
conditions using Millipore sterilization filters (0.45 μm) in
the following concentrations: 10, 20, 30 and 40 g/l. The
cultures were incubated for a further 2 days, after which they
were used for the following assays.

Fungal growth and pellet diameter

After the cultures were incubated for a total of 4 days with
different ethanol concentrations, the fungal mycelia for all
cultures were filtered; excess water was removed by blotting
with Whatmann no.1, and cultures were weighed to monitor
the effect of ethanol addition on fungal growth. Pellet diam-
eter was measured; the data recorded were the mean value of
20 pellets.

Protein determination

Protein concentrations were determined by the method of
Lowry et al. (1957) using bovine serum albumin as a standard.
The data recorded are the mean values for triplicate separate
experiments.

Scanning Electron Microscopy (SEM)

Scanning electron micrographs of the nature of the pellets
was carried out using a JOEL JMS 5600 scanning electron
microscope; the pellets of both control cultures and ethanol-
amended cultures (40 g/l) were collected and dried in an
oven at 50°C. The pellets were then glued separately on to
brass stubs using a double-sided adhesive tape and were
coated with a thin layer of gold under reduced pressure.
The images were captured at magnifications of ×1,500 using
an electron beam high voltage of 30 kV.

Fungal wall permeability using dielectric measurements

The fungal wall permeability (measured as conductance) of
the fungal pellets grown in an ethanol-free and an ethanol-
amended medium (40 g/l) was performed using the dielec-
tric measurements. The procedure was carried out using
LCR meter type HIOKI 3531, manufactured in Japan. The
measuring cell is a parallel plate conductivity cell with
platinum electrodes, coated with a platinum black layer to
reduce electrode polarization (Iwamoto and Kumagai 1998);
it covers an area of 4 cm2 and a separating distance of 2 cm.
The conductance (measured in Siemens) was detected at
different frequencies over a range from 100 to 100,000 Hz.

Biochemical assays

Laccase activity Laccase was determined for all ethanol-
amended cultures spectrophotometrically using ABTS [2,2′-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)] as the
substrate (Srinivasan et al. 1995). One unit of activity is
defined as the amount of enzyme which leads to the transfor-
mation of 1 mM of ABTS per minute.

Catalase assay Catalase was measured according to the
method of Beers and Sizer (1952) in which the disappear-
ance of peroxide is followed spectrophotometrically at
240 nm. One unit decomposes one micromole of H2O2 per
minute at 25°C (pH 7.0) under the specified conditions. The
reaction mixture reaction contained 0.05 M potassium phos-
phate buffer pH 7 containing 0.059 M hydrogen peroxide.

Lipid peroxidation Lipid peroxidation was calculated as the
concentration of malondialehyde (MDA) (the end product
of lipid peroxidation) in the cell wall of fungal mycelium of
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ethanol-free and ethanol-amended cultures (40 g/l) was de-
termined as thiobarbituric acid reactive substance (TBARs)
according to Yoshika et al. (1979).

Glutathione (GSH) Glutathione was measured in the extra-
cellular fraction for ethanol-free and ethanol-amended cul-
tures, using 5,5′dithio-bis-(2-nitrobenzoic acid) (DNTB) as
the substrate, and read at wave length 412 nm according to
the method of Prins and Loose (1969).

The reductive activity The reductive activity for both
ethanol-free and ethanol-amended cultures (40 g/l) was
measured using a modified method of Hu et al. (2009).
The assay mixture contained citrate buffer (pH 5) 50 mM;
2 deoxy D-ribose 4 mM; ferric chloride 0.1 mM; hydrogen
peroxide 10 mM and 200 μl of the extracellular filtrate. The
reaction was incubated at 37°C for 1 h, 0.25% thiobarbituric
acid (TBA) and 0.7% trichloroacetic acid (TCA) were added
and heated at 100°C for 15 min. The absorbance was
recorded at 532 nm and the reductive capability was indi-
cated as the decrease in absorbance as compared to the
control. The obtained reading was calculated in percentages.

Partial purification of extracellular fluid (ECF)

The low molecular weight fraction was obtained from the
crude ECF of a 4-day culture filtrate of control, ethanol, and
ethanol- and mannitol-amended medium by ultrafiltration
using Amicon MWCO >5 kDa (Millipore, MA, USA).
Mannitol (0.5 M) was added to the culture media prior to
sterilization. The resulting 200-μl filtered components were
screened by UV–vis spectrophotometer (Schimadzu UV
2100 spectrophotometer) in the range of 200–500 nm.

The removal of Vicotria blue (Vb)

Victoria blue (C.I name Basic blue 26) was used as a model
triaryl methane dye, its peak was monitored at the maximum
absorbance which was 618 nm. The dye was added to the
medium before cultivation for in vivo experiments, and
added to the ECF of a 4-day ethanol-amended culture for
in vitro experiments. The residual dye was measured after
removing pellets from the medium for in vivo experiments
and direct measurements were performed using the ECF for
in vitro measurements. The spectra were monitored using
UV–vis spectrophotometer (Schimadzu UV 2100 spectro-
photometer). The decolorization of VB was calculated from
the following equation:

Ao � A=Aoð Þ½ � � 100

where Ao is the initial dye absorption on the day of inocu-
lation; A is the final dye absorption after incubation (Jadhav
et al 2010).

Statistical treatment of data

The analysis of the variance of the data (ANOVA) has been
performed using MS Excel statistiXL v.1.8.

Results and discussion

Ethanol effect on laccase production and protein content

The addition of ethanol to the medium in different concen-
trations affected the whole culture in different ways. Lac-
case activity of the medium upon the addition of different
ethanol concentrations illustrates an increase of laccase ac-
tivity from 19.4 in ethanol free cultures to 92.1 U/mg
protein when 10 g/l ethanol was added to the cultivation
medium; this was followed by a decrease to 14.4 U/mg
protein at 40 g/l ethanol as represented in Fig. 1. Different
studies showed that the addition of some chemical com-
pounds, such as aliphatic alcohols, to fungal cultures during
cultivation could cause a myriad of reactions on several
cellular and sub-cellular levels. The use of ethanol as an
inducer for laccase production in white rot fungi was
reported earlier in some studies (Lomascolo et al. 2003;
Alves et al. 2004; Meza et al. 2007) using ethanol as an
inducer in Pycnoporus cinnabarinus and causing a 9-fold
increase in laccase productivity. In the present study, ethanol
was used with the aim of increasing laccase production; one of
the first observations noticed in this work is that the timing of
ethanol addition affected the fungal growth. The addition of
ethanol on the day of inoculation caused an inhibition of
fungal growth. A similar study reported some morphological
and growth differences between Trischosporon cutaneum
grown in solvents as compared to those grown in glucose
medium (Tileva et al. 2007). In general, laccase enzyme
production is highly controlled bymedia constituents (Kapdan
et al. 2000). Therefore, ethanol was added to the cultures after
48 h of cultivation and incubated for another 48 h, to ensure
that fungal pellets are formed and that the changes exerted on
the fungal pellets are a true reflection of ethanol addition to the
cultivation medium and laccase induction. The pattern of lac-
case release in the medium after the addition of ethanol is
governed by the initial fluidity effect which is followed by
adaptive rigidification (Mykytczuk et al. 2007). Although lac-
case decreased with the increase of ethanol, the protein content
of the medium showed an increase; this increase shows that
forms of protein are secreted in the medium in response to
ethanol addition.

Ethanol effect on mycelial morphology and permeability

Ethanol, as a stressor, could affect the uniformity of fungal
pellets and/or the mycelial cell wall permeability, and,
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therefore, both morphological and permeability assessments
were conducted.

The pellet diameter decreased from 3 to 0.5 mm, while
the wet weight showed only a slight decrease under the
same conditions (Fig. 2). Scanning electron micrographs
demonstrate the difference in the intact fungal pellets for
control cultures (Fig. 3a) as compared to the loosely bound
fungal pellets in ethanol grown cultures (Fig. 3b). SEM
photos show that fungal pellets were morphologically al-
tered, but not inhibited. The growth of fungal pellets in
ethanol-amended media was governed by the time of etha-
nol addition, adding ethanol on the day of inoculation would
have inhibited the growth, while its addition after 48 h
growth caused loose pellets due to the alteration caused to
the fungal cell wall. There is a difference between adding
glucose or ethanol in the cultivation medium. Glucose enters
the metabolic network through the glycolitic pathway, while
ethanol enters through the gluconeogenic pathway (Mogensen
et al. 2006). The gluconeogenic genes require the function of

some protein kinases (Randez-Gil et al. 1997) which are
thought to govern the morphology of filamentous fungi. Cell
wall changes could be studied in terms of measuring the
dielectric properties of the cells. Cell wall permeability is a
parameter which proves to be important in investigating any
occurring modifications in the overall biological cell wall
structure in cases of disease or due to external agents.
Figure 3c represent the changes occurring on the cell wall
from a biophysical point. The results show a 27% decrease in
cell wall permeability upon the addition of ethanol. The use of
dielectric measurements, represented in this study by the
conductance, has been found to describe the influence of
solvents on the microbial cell wall (Markx and Davey 1999;
Tileva et al. 2007). Some microbial cells undergo fluidity
adjustments under ethanol stress conditions (Da Silveira et
al. 2003), which explains the decrease in the cell wall perme-
ability, with ethanol attacking the cell wall and causing solu-
bilization of the cell wall at the point of contact which was
quickly followed by rigidification.
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Fig. 1 The effect of
different ethanol concentrations
on laccase activity in Phanero-
cheate chrysosporium cultures
incubated at 30°C at 150 rpm
for 4 days. Ethanol was added
after 48 h of inoculation

Fig. 2 The effect of different
ethanol concentrations on protein
content, pellet diameter and wet
weight in Phanerocheate
chrysosporium cultures incubated
at 30°C and 150 rpm for 4 days
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Ethanol oxidative response

Some stress response parameters were evaluated in the
presence and absence of ethanol. Catalase activity increased
from 7 to 28.6 nKat/mg protein. Catalase is one of the stress
response enzymes; its marked increase confirms that ethanol
caused stress to Phanerochaete chrysosporium pellets while
lipid peroxidation decreased from 93.71 to 53.55 nmole/g

fungi. Although it was expected that the addition of ethanol
would trigger the formation of hydroxyl radicals which would
attack the lipid fraction in the cell wall resulting in increased
lipid peroxidation (Comporti et al. 2010), the results obtained
contradict this theory. In contrast, the lipid peroxidation de-
creased, this could probably be due to the presence of a
molecule which acted as a protectant against oxidative stress.
There was no detection of the protease activity in both
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Fig. 3 a, b Scanning electron
micrographs for ethanol free
pellets representing control (a)
and ethanol treated (40 g/l) of
Phanerocheate chrysosporium
cultures (b). c Conductance for
Phaenerocheate chrysosporium
pellets in ethanol-free and
ethanol-amended (40 g/l)
cultures at different frequencies

Table 1 Comparison between catalase activity, lipid peroxidation, glutathione and reductive activity in control (ethanol-free) and ethanol-amended
cultures (40 g/l) in Phaenerocheate chrysosporium cultures

Sample Catalase (nKat/mg protein) Lipid peroxidation (nmole/g fungi) Glutathione (mg/100 ml) Reductive activity (%)

Control 7 93.71 2.055 2

ETOH 28.6 53.55 4.11 54

ETOH ethanol was added 48 h after cultivation
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ethanol-free and ethanol-amended cultures. Glutathione, a low
molecular tripeptide molecule, is considered a protectant mol-
ecule; the 2-fold increase in glutathione assay from 2.055 to
4.11mg/100ml seems to be the reason for the decrease in lipid
peroxidation under ethanol stress. Low molecular weight
compounds were reported to act as reductive molecules (Hu
et al. 2009). The results show that the reductive activity
increased to reach 54% in ethanol-amended cultures as com-
pared to 2% in control ethanol-free cultures (Table 1).

Reductive activity and its role in decolorization

The reductive fraction present in the ECF was partially puri-
fied for control, ethanol-amended and ethanol- and mannitol-
amended culture medium using ultrafiltration, and the resul-
tant fraction (<5 kDa) was used for UV–visible analysis. The
results shown in Fig. 4 demonstrate the differences in the
spectra for the three cultures; a sharp peak at 356 nm was
evident when ethanol was added to the culture medium.

Anderson (1989) described this peak as glutathione, a low
molecular weight tri-peptide molecule which is known for its
induction when hydroxyl radicals are present and which is
also known for its reductive activity. There was about 50%
reduction in the peak in the presence of mannitol. Mannitol is
known for its potent hydroxyl radical scavenging effect
(Forney et al. 1982). The peak was absent in control cultures
which confirms its appearance only as the result of adding a
stress-inducing compound.

The role of ethanol in the release of a low molecular
weight compound and the decolorization of dyes was stud-
ied in both in vivo and in vitro cultures. The in vitro addition
of ethanol culture showed a decolorization of 65.1% for VB
compared to both control cultures and in vivo addition of
ethanol. On the other hand, in vivo decolorization of Pha-
nerochaete chrysosporium was 23.8% under the abovemen-
tioned cultivation conditions (Fig. 5). The increase in
decolorization confirms that the low molecular weight com-
pound which has the reductive activity could reduce the dye
in vitro. TAM dyes are widely used in industry and as
antimicrobial and antiparasitic agents as well as in some
medicines. It is known that there is a need for reduction of
TAM to ensure dye clearance (Tacal and Ozer 2007). Obvi-
ously, the addition of ethanol to VB dye differs in vivo and
in vitro, and this difference could be attributed to the action
of ethanol directly on the fungal cell wall triggering the
formation of a low molecular weight compound, and not
as a reducing molecule itself, which is contradictory to the
addition of ethanol as an electron donor for the reduction of
radionuclide-contaminated sediments (Akob et al. 2008).
The addition of aliphatic alcohol to the cultivation media
increases the transcription of genes involved in the oxidative
stress response (Hogan 2006). Stress response represented
by increase in the synthesis of oxidative stress enzymes such
as catalase and laccase were directly linked to decolorization
(Palmanisami and Lakshmanan 2010).

0

0.2

0.4

0.6

0.8

1

1.2

1.4

220 270 320 370 420 470

A
b

so
rb

an
ce

 (
A

)

Wave number (nm)

Control A

ETOH A

Mannitol A

Fig. 4 UV–visible spectrum for partially purified low molecular weight
compound represented by the absorbance (A) when ethanol, and ethanol-
and mannitol-amended media were used as compared to control

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

500 550 600 650 700 750 800

Wavelength(nm)

A
b

so
rb

an
ce

in vitro ETOH 
decolorization

in vivo 
decolorization

Control
in vivo ETOH 
decolorization

Fig. 5 Visible spectrum for in
vivo and in vitro decolorization
of VB dye for ethanol-free and
ethanol-amended media (40 g/l)
of Phanerocheate chrysospo-
rium as compared to control
(untreated dye)

1408 Ann Microbiol (2012) 62:1403–1409



At this point, the interpretation of the above data lies in the
following context: adding ethanol to the medium affects both
the culture morphology and the stress response of fungal cells.
It induced laccase production at low concentrations and gen-
erated hydroxyl radical formation (oxidative stress) at high
concentrations, this in turn triggered the formation of a low
molecular weight protein molecule which could be directly
related to decolorization via reduction. The primary relation-
ship of ethanol to Phanerochaete chrysosporium cultivated
under the previously mentioned conditions and the decolor-
ization of VB dye lies in the changes induced by ethanol on
the lipid content of the fungal mycelia, thus releasing gluta-
thione to protect itself, and at the same time acting as a
reducing agent which increases decolorization.

Conclusion

The use of ethanol in fungal cultures could induce different
stress responses which may act as a simple but effective tool
in bioremediation; the addition of ethanol to the medium
inoculated with Phanerochaete chrysosporium acted as a
signal to regulate culture growth and morphology. It induced
the production of laccase at low concentrations and a low
molecular weight molecule with reductive activity at high
concentrations. The induction of a low molecular weight
compound could be used in degradation of recalcitrant com-
pounds which require reduction as well as oxidation to
obtain an enhanced bioremediation process.
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