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a b s t r a c t

Laccase production by Trametes pubescens grown on sunflower-seed shells (SS) under solid-state
fermentation (SFF) conditions in temporary immersion bioreactors was studied. Three immersion
cycles were considered: 1 min immersed and 9 min non-immersed, 1 min immersed and 30 min non-
immersed and 1 min immersed and 60 min non-immersed. The latter led to the highest laccase activities
(4000–6000 U l−1). Also, the in vitro and in vivo decolouration of the recalcitrant textile dye Remazol Bril-

−1
eywords:
accase
emazol Brilliant Blue R
unflower-seed shells
emporary immersion bioreactor
rametes pubescens

liant Blue R (RBBR) was assessed. It was found that RBBR (133.33 mg l ) was efficiently decolourised
by T. pubencens grown on SS under SSF conditions in temporary immersion bioreactors in five suc-
cessive batches. The percentage of RBBR decolouration was higher than 55% in 4 h and around 70%
in 24 h in all the batches. However, it was found that RBBR decolouration by the crude culture fil-
trates was more advantageous. Thus, an RBBR decolouration percentage of nearly 80% in 2 h was
obtained.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Reactive anthraquinonic dyes represent the second largest class
f textile dyes after azo dyes and are extensively used in the textile
ndustry due to their wide variety of colour shades, easy appli-
ation and low energy consumption [1]. These dyes are resistant
o degradation due to their fused aromatic structure [2]. Also,

ost of them are toxic, carcinogenic and mutagenic [3]. Therefore,
nthraquinonic dyes have to be removed before being discharged
nto the environment.

Dye removal from wastewater with traditional physical and
hemical methods, such as coagulation, adsorption and oxidation
ith ozone, is costly, generates large volumes of sludge, has lim-

ted versatility and usually requires the addition of environmentally
azardous chemical additives [4]. This has impelled the search for
ore efficient treatment processes. Thus, biological processes are

eceiving more attention as they are cost-effective and environ-

entally friendly. In this context, white-rot fungi have proved to be

he most efficient microorganisms in degrading synthetic dyes [5].
heir extracellular enzymatic system, which is involved in lignin

∗ Correspondence address: CEIT, Unit of Environmental Engineering, Paseo
anuel de Lardizábal 15, 20018 San Sebastian, Spain. Tel.: +34 943 212800x2239;

ax: +34 943 213076.
E-mail address: srodriguez@ceit.es

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.098
degradation, consists mainly of oxidative enzymes like lignin per-
oxidases (LiP; E.C. 1.11.1.14), manganese-dependent peroxidases
(MnP; E.C.1.11.1.13) and laccases (EC 1.10.3.2). The latter have
aroused recent interest because they use molecular oxygen as a
co-substrate instead of hydrogen peroxide as used by peroxidases.
In addition, it was shown that in the presence of small molecular
weight compounds capable to act as electron transfer mediators
laccases were able to oxidise non-phenolic structures [6,7]. The
genus Trametes, which belongs to the white-rot fungi, is assumed to
be one of the main laccase producers. In addition, the genus Tram-
etes is probably the most actively investigated in the phylum of
Basidiomycota for ligninolytic enzyme formation and application
[8]. Also, Trametes spp. are known to decolourise different synthetic
dyes [9]. Among such genus, Trametes pubescens has been described
as an efficient laccase producer [10] with high dye-decolourising
ability [11,12] and, thus, has been selected to perform this study.

Most studies dealing with ligninolytic enzymes have been per-
formed in submerged conditions despite white-rot fungi grow in
nature in solid-state conditions. Solid-state fermentation (SSF) was
chosen here for the production of laccase because it mimics the nat-
ural environment of the white-rot fungi (wood). In addition, this
technique allows the utilisation of diverse agro-industrial wastes

as support-substrate, making the process more both economical
and ecological [13].

The aim of the present paper was to develop a new, low cost,
efficient and relatively simple bioprocess based on the white-rot

dx.doi.org/10.1016/j.jhazmat.2011.07.098
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:srodriguez@ceit.es
dx.doi.org/10.1016/j.jhazmat.2011.07.098
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Fig. 1. Photograph of the temporary immersion bioreactors used.

ungus T. pubescens to decolourise the recalcitrant anthraquinonic
ye Remazol Brilliant Blue R (RBBR).

. Materials and methods

.1. Microorganism

T. pubescens MB 89 (CBS 696.94; Centraalbureau voor Schim-
elcultures, Utrecht, The Netherlands) was obtained from the

nstitute of Applied Microbiology, University of Natural Resources
nd Applied Life Sciences (Vienna, Austria) and was maintained on
otato dextrose agar (PDA) Petri plates at 4 ◦C and sub-cultured
very three months.

.2. Support

Sunflower (Helianthus annuus) seeds were obtained from a local
arket and the shells were collected after normal human consump-

ion of the seeds. The sunflower seed shells (SS) were autoclaved
t 121 ◦C for 20 min before use. The chemical composition of the
S according to Demirbas and Akdeniz [14] is 17% lignin, 48.4%
ellulose and 34.6% hemicellulose.

.3. Pre-cultivation of the fungus in Erlenmeyer flasks

The composition of the culture medium was as follows: 10 g l−1

lucose, 20 g l−1 peptone from casein, 0.9 g l−1 (NH4)2SO4, 2 g l−1

H2PO4, 0.5 g l−1 MgSO4 7H2O, 0.1 g l−1 CaCl2 2H2O, 0.5 g l−1 KCl,
.5 g l−1 thiamine in citrate-phosphate buffer (pH 4.5). The culture
edium was sterilised at 121 ◦C for 20 min. After cooling, the thi-

mine previously sterilised by filtration (0.22 �m) was added to the
ulture medium [15].

Fungal cultures were conducted in cotton-plugged Erlenmeyer
asks (250 ml) containing 1.5 g of SS and 20 ml of culture medium
16]. Inoculation was done directly in the Erlenmeyer flasks. Three
gar plugs (diameter, 7 mm), taken from a 7-day-old PDA fungal
ulture, per Erlenmeyer were used as inoculum. The Erlenmeyer
asks were incubated statically under an air atmosphere at 30 ◦C in
arkness for 7 days. After that time the SS colonised by the fungus
rom two Erlenmeyer flasks were transferred to each bioreactor,
his being the starting time for the experiment.

.4. Bioreactor configuration and operation conditions

The temporary immersion reactor RITA®-System (Cirad, Vit-
opic, France) (see Fig. 1) was used. It consisted of a lower chamber

hich contained the culture medium (200 ml) and an upper cham-

er containing the fungal culture grown on SS. The chambers
ere separated from each other by means of a sieve. By pump-

ng air (60 l h−1) into the lower chamber, the liquid medium was
us Materials 194 (2011) 297–302

forced into the upper chamber of the reactor. In this way, tempo-
rary immersion of the fungal culture in the culture medium was
achieved. Air bubbles passed through the sieve from the lower to
the upper chamber, thus aerating the culture.

Three different temporary immersion cycles were tested: 1 min
immersed and 9 min non-immersed (immersion frequency 0.1 s−1),
1 min immersed and 30 min non-immersed (immersion frequency
0.032 s−1) and 1 min immersed and 60 min non-immersed (immer-
sion frequency 0.016 s−1). The different immersion cycles were
tested simultaneously in different RITA®-System reactors for
44 days. The immersion cycles were automatically performed by
means of a timer connected to an electrovalve for each reactor
(Fig. 1).

The composition of the culture medium was the same as that
used in the pre-cultivation of the fungus but supplemented with
0.5 mM Cu2+ to boost laccase production [16]. The bioreactors were
kept at room temperature (25 ± 1 ◦C). Samples were collected once
a day, centrifuged (8000 × g, 10 min) and analysed. Duplicate exper-
iments were run for comparison and samples were analysed twice.
The values in the figures correspond to mean values with a standard
deviation lower than 15%.

2.5. Determination of laccase activity

Laccase activity was determined spectrophotometrically as
described by Niku-Paavola et al. [17] with ABTS as a substrate. One
activity unit was defined as the amount of enzyme that oxidised
1 �mol of ABTS per min. The activities were expressed in U l−1.

2.6. In vitro decolouration of RBBR

In order to assess the degrading capability of the extracellular
extract obtained by the above cultures the decolouration of the
textile dye RBBR was performed. Laccase was produced as indi-
cated in Section 2.4. Culture broth was collected at the maximum
laccase activity, filtered and the supernatant was clarified by cen-
trifugation at 8000 × g for 15 min. After that, the supernatant was
ultra-filtrated in an Amicon stirred cell apparatus (YM 10 mem-
brane). The resulting concentrated extract was used to perform the
in vitro decolouration experiments.

2.6.1. Effect of laccase concentration on RBBR decolouration by
crude laccase

The effect of laccase concentration (ranging from 50 to 800 U l−1)
on RBBR decolouration by crude laccase was studied. The reac-
tion mixture consisted of 25 mM succinic buffer (pH 4.5), RBBR
(133.33 mg l−1) and crude laccase in a final volumen of 1.5 ml.
All the reactions were incubated at room temperature (25 ± 1 ◦C),
without shaking and in darkness. Samples were taken at time zero
and at determined intervals, centrifuged (8000 × g, 5 min) and the
residual dye concentration was spectrophotometrically measured
from 500 to 700 nm and associated with the decrease in the area
under the plot. This approach takes into account the conversion of
the dye molecules to other compounds absorbing at different wave-
lengths and then, the ratio of the area under the visible spectrum
is always equal or lower than the ratio of the absorbances at the
peak.

Dye decolouration was calculated by means of the formula:

D = 100 (Aini − Aobs)
Aini
where D: decolouration (in %); Aini: area under the curve of the
absorption spectrum from 500 to 700 nm at the initial time; Aobs:
area under the curve of the absorption spectrum from 500 to
700 nm at a determined time.
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tion percentage of 79.4% in 2 h was obtained. These results are
similar to those reported in a previous work [24] in which a per-
centage of RBBR decolouration around 70% in 2 h by crude laccase
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A control test containing the same amount of a heat-denatured
accase was performed in parallel. The assays were done twice, the
xperimental error being below 3%.

.6.2. Effect of initial RBBR concentration on RBBR decolouration
y crude laccase

The effect of RBBR concentration (ranging from 66.67 to
33.33 mg l−1) on RBBR decolouration by crude laccase was studied.
he reaction mixture consisted of 25 mM succinic buffer (pH 4.5),
BBR and crude laccase (100 U l−1) in a final volume of 1.5 ml. All the
eactions were incubated at room temperature (25 ± 1 ◦C), without
haking and in darkness. Samples were taken at time zero and at
etermined intervals, centrifuged (8000 × g, 5 min) and decoloura-
ion was measured as indicated above. A control test containing
he same amount of a heat-denatured laccase was performed in
arallel. The assays were done twice, the experimental error being
elow 3%. In addition, the kinetic parameters KM and Vmax were
etermined.

.7. Decolouration of RBBR in temporary immersion bioreactors

The decolouration of the textile dye RBBR by T. pubescens
rown on SS in a temporary immersion bioreactor (working vol-
me 200 ml) in five successive batches was performed. RBBR
CI Reactive Blue 19) was selected as a representative of an
mportant class of recalcitrant anthraquinonic dyes. It is the raw

aterial in the production of polymeric dyes and, as a deriva-
ive of anthracene, represents an important member of toxic
nd recalcitrant organopollutants. The dye was purchased from
igma–Aldrich (St. Louis, MO, USA). The general characteristics of
BBR are indicated in Table 1. A stock solution (0.1%, w/v in dis-
illed water) was stored in the dark at room temperature (25 ± 1 ◦C).
t the end of each batch fresh dye solution was added in order

o obtain an absorbance around 1.0–1.2 at the maximum visible
avelength of RBBR. Samples, taken at convenient intervals, were

entrifuged (8000 × g, 10 min) and the residual dye concentration
as spectrophotometrically measured as indicated above.

.8. Phytotoxicity studies

The toxicity of the original dye (133.33 mg l−1) and the fungal-
reated dye after five successive decolouration batches (dilution
:3, v/v) was assessed by measuring their effect on seeds germi-
ation. Although several species have been traditionally used for
valuating phytotoxicity, there are no standardised seed species
n use world-wide [18]. It is recommended [19] that at least one

onocotyledon and one dicotyledon species are used in these tests.
he seeds selected to perform the tests were the monocotyledon
riticum aestivum (wheat) and the dicotyledon Raphanus sativus
radish) and the Zucconi test was applied [20]. Distilled water was
sed as a control. Seed germination and root length were measured
fter 5 days of incubation in the dark. Four replicates of 10 seeds
ere used for each test.

The germination index (GI) was calculated as follows:
I = GP × La/Lc, where GP is the number of germinated seeds
xpressed as a percentage of control values, La is the average value
f root length in the dye solutions and Lc is the average value of
oot length in the control.

. Results and discussion

.1. Laccase production by T. pubescens in temporary immersion

ioreactors

Laccase enzymes were the only enzymes detected in the culture
uid. As shown in Fig. 2 the highest laccase activities were obtained
Fig. 2. Laccase production by T. pubescens in temporary immersion bioreactors oper-
ating at different immersion cycles.

with the lowest immersion frequency tested (0.016 s−1). Thus, from
day 14 onwards laccase activities around 4000–6000 U l−1 were
attained. This might be due to the fungal culture is immersed for
less time, cultivation being closer to SSF conditions. It is known
that in general white-rot fungi are more stimulated for the pro-
duction of ligninolytic enzymes when grown under SSF conditions
than when grown under submerged fermentation (SmF) ones [21].
In fact, temporary immersion reactors are emerging as alternative
methods of submerged fermentation, without the disadvantages of
liquid environment [22]. Also, the less immersion frequency might
reduce hydrodynamic stress favouring enzyme production [23]. In
view of the results obtained, this immersion cycle was used in the
subsequent experiments.

3.2. In vitro decolouration of RBBR by crude laccase from T.
pubescens

3.2.1. Effect of laccase concentration on RBBR decolouration by
crude laccase

As observed in Fig. 3 the optimum concentration of laccase
enzyme for RBBR decolouration was 100 U l−1. Thus, a decoloura-
Time (min)
120100806040200

Fig. 3. Effect of laccase concentration on RBBR decolouration (133.33 mg l−1) by
crude laccase from T. pubescens grown on SS under SSF conditions.
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Table 1
General characteristics of the dye Remazol Brilliant Blue R (RBBR).

Properties Remazol Brilliant Blue R

C.I. name Reactive Blue 19
C.I. number 61,200
Class Anthraquinone
Apparent colour Blue
Molecular weight 626.54 g mol−1

Molecular formula C22H16N2Na2O11S3

Chemical structure
Maximum absorption wavelength 592 nm
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500 U l−1) from T. pubescens grown on SS under SSF conditions
as obtained. However, the percentage of RBBR decolouration

btained was much higher than that reported previously [25] using
xtracellular liquid (300 U l−1 laccase) from T. pubescens cultures
rown on banana skins under SSF conditions. This might be likely
ue to the enzymatic complex produced by T. pubescens using
S as support-substrate has a higher degrading capability. This
nderlines the influence of the support on the efficiency of the
verall process in these types of cultures. Also, the percentage
f RBBR decolouration obtained was much higher and obtained
n much less time than that reported by Osma et al. [26] using
rude laccase from Trametes hirsuta immobilised on alumina pellets
44% in 42 h).

On the other hand, these results differ from those reported
y Soares et al. [27], who found that the addition of a redox
ediator was necessary for RBBR decolouration by a laccase

rom an Aspergillus strain. The difference in fungal species from
hich the laccase was obtained might be a reason for this
iscrepancy [28].

The fact that a laccase activity of 800 U l−1 led to a lower
ecolouration percentage could be attributed to the lack of oxy-
enation as well as to the increasing concentration of degradation
roducts. Rodríguez-Couto et al. [29] also found this effect on the

n vitro decolouration of the leather dye Luganil Green (130 mg l−1)
y crude laccase from T. hirsuta.

.2.2. Effect of RBBR concentration on RBBR decolouration by
rude laccase

It was found that the highest decolouration was obtained for
n RBBR concentration of 133.33 mg l−1 (Fig. 4). The effect of RBBR
oncentration on RBBR decolouration was very notorious on the ini-
ial decolouration rate. Thus, the initial rate decreased when RBBR
oncentration increased except for 133.33 mg l−1, which showed
he same initial rate than that of 66.67 mg l−1 (Fig. 4). After 2 h a
ercentage of RBBR decolouration of about 78% was obtained for
n initial RBBR concentration of 133.33 mg l−1.

The plot profile of initial decolouration rate versus sub-
trate (RBBR) concentration (Fig. 5) indicated substrate inhibition
or RBBR concentrations higher than 400 mg l−1. Thus, for

oncentrations up to 400 mg l−1 RBBR decolouration followed
ichaelis–Menten model and the kinetic constants deter-
ined by Lineweaver–Burk plot were KM 1.065 mM and Vmax

.024 mM min−1.

Fig. 5. Initial rate of RBBR decolouration by crude laccase (100 U l−1) versus RBBR
concentration.
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Fig. 6. UV–vis spectra of RBBR decolouration by T. pubescens grown on SS un

.3. Decolouration of RBBR by T. pubescens grown on SS in a
emporary immersion bioreactor

The textile dye RBBR was aseptically added to the temporary
mmersion bioreactor on day 6 as an aqueous solution in five suc-
essive batches. Batches 1, 2 and 4 lasted 48 h whereas batch 3 and
atch 5 lasted 66 h and 120 h, respectively. In the first batch the dye
as decolourised about 58% in only 4 h and 79% in 48 h (Fig. 6A). In
he second batch a decolouration percentage of 55.3% was reached
n 4 h and 69.9% in 24 h (Fig. 6B). In the third batch, a decolouration
ercentage of 57.6% was reached in 4 h, 75.3% in 24 h and 80.5%

n 48 h (Fig. 6C). In the fourth batch a decolouration percentage of
F conditions in temporary immersion bioreactors in five successive batches.

64.2% was reached in 4 h and of 77.3% in 24 h (Fig. 6D). In the fifth
batch a decolouration percentage of 58.6% was obtained in 4 h and
68.3% in 24 h (Fig. 6E). After 48 h absorbance increased and after
120 h decreased again. This can be due to the release of some dye
adsorbed on SS and on fungal biomass and its further degradation
by the laccase enzymes secreted by the fungus. However, at the end
of each cycle, dye adsorbed on SS and on fungal biomass was neg-
ligible. Laccase was the only enzyme involved in the decolouration

since there were no other ligninolytic enzymes detected in the cul-
ture liquid. Surprisingly, the values obtained are lower than those
attained using the crude enzyme (Section 3.2). This is in agreement
with the results reported by Zeng et al. [30], who found that RBBR
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Table 2
Phytotoxicity of RBBR and fungal-treated RBBR solutions.

Root elongation (mm) Germination (%) GI

Triticum aestivum
Control 52.6 ± 10.5 92.5 ± 10.0 100
RBBR (133.33 mg l−1) 0 0 0
Treated RBBR (1:3) 33.5 ± 9.6 90.0 ± 10.0 61.9
Raphanus sativa
Control 71.2 ± 10.9 87.5 ± 10.0 100
RBBR (133.33 mg l−1) 0 0 0
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Treated RBBR (1:3) 5.3 ± 1.3 85 ± 5.0 7.3

ecolouration was obtained in shorter time by crude culture fil-
rates (30 min) than by whole fungal cultures (about 6 days) of the
hite-rot fungus Trametes trogii grown on soybean cake under SSF

onditions.
It is worth mention that the culture did not lose its degrading

bility after successive dye additions. These results are in agree-
ent with those found by Böhmer et al. [31]. Thus, they performed a

uccessful series of four batch decolouration processes of the textile
yes Levafix Blue and Remazol Brilliant Red using the Rita®-System
ith T. versicolor and P. chrysosporium immobilised on both pine
ood chips and palm oil fibre.

.4. Phytotoxicity study

The mean results obtained of root elongation and seed ger-
ination together with the germination index for T. aestivum

nd R. sativa seeds incubated in distilled water (control), RBBR
133.33 mg l−1) and RBBR transformation products of the 5th batch
1:3, v/v) are shown in Table 2. According to Zucconi et al. [20], val-
es of GI lower than 50% mean high phytotoxicity, values between
0% and 80% moderate phytotoxicity and values over 80% no phyto-
oxicity. Thus, the parent dye is extremely toxic for both T. aestivum
nd R. sativa seeds, since it totally inhibited their germination. The
ransformation products of RBBR are moderately toxic for T. aes-
ivum and highly toxic for R. sativa although less toxic than the
arent dye. However, laccase was not inactivated by the presence
f the dye or its breakdown products.

. Conclusions

In view of the results obtained, it can be concluded that the
hite-rot fungus T. pubescens grown on SS in temporary immer-

ion bioreactors decolourised the recalcitrant textile dye RBBR in
ve successive batches with high efficiency without the addition
f redox mediators. In addition, no operational problems were
etected along cultivation. This makes this system very promis-

ng for its scale up as well as for its application to a continuous
peration.

On the other hand, laccase enzymes produced by T. pubescens
rown on SS under SSF conditions in temporary immersion
ioreactors hold a great decolouration potential that deserves
urther research. This is especially interesting since the applica-
ility of whole fungal cultures for decolouration at large scale is
ifficult.
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