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Abstract White-rot fungal strains of Trametes versicolor
and Phanerochaete chrysosporium were selected to study
the decolourisation of the textile dye, Reactive Black 5,
under alkaline—saline conditions. Free and immobilised 7.
versicolor cells showed 100 % decolourisation in the
growth medium supplemented with 15 g 17! NaCl, pH 9.5
at 30 °C in liquid batch culture. Continuous culture
experiments were performed in a fixed-bed reactor using
free and immobilised 7. versicolor cells and allowed
85-100 % dye decolourisation. The immobilisation con-
ditions for the biomass and the additional supply of carbon
sources improved the decolourisation performance during a
long-term trial of 40 days. Lignin peroxidase, laccase and
glyoxal oxidase activities were detected during the exper-
iments. The laccase activity varied depending on carbon
source utilized and glycerol-enhanced laccase activity
compared to sucrose during extended growth.

Introduction

Wastewater from textile industries represents a serious
concern since it contains different kinds of synthetic dyes,
which are toxic to wildlife and humans [21]. The major
chemical pollutants present in textile wastewater are dyes
containing carcinogenic amines, toxic heavy metals,
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chlorine bleaching, halogen carriers, free formaldehyde,
biocides and softeners [6]. In addition, it contains chelating
agents, by-products, surfactants, salts in very high con-
centrations and a neutral to alkaline pH value ranging from
7.0 to 11.0 [14]. The temperature of various textile and
other dyes effluents is relatively high (>40 °C). These
characteristics make the effluents difficult to treat.

Several conventional physico-chemical and biological
techniques have focused on the decolourisation of waste-
water by fungi, particularly the white-rot fungi (WRF),
because WRF produce extracellular enzymes such as lac-
cases (Lcc), lignin peroxidases (LiP) and manganese-
dependent peroxidases (MnP), which degrade different
synthetic chemicals, including textile dyes [11]. However,
very few reports described the capability of WRF [14] or
marine-derived fungi [18] for the bioremediation of col-
oured effluents under alkaline—saline conditions.

Synthesis of extracellular enzymes by WRF is influenced
by the (a) fungus and its stage of development, (b) type of
cultivation and (c) inducers in the culture medium. However,
the most critical factors are the sources of carbon and
nitrogen and the ratio between these nutrients [8, 17]. Carbon
source is usually required for the growth of fungi and enzyme
synthesis. Glucose is the most widely used carbon source in
research. There are also reports as to the proper assimilation
of carbon sources: sucrose, fructose, maltose, xylose, glyc-
erol, starch and xylan [16].

Free and immobilised cells of WRF and their extracel-
lular enzymes for textile effluents treatments have been
used in various forms [13], including fixed-bed continuous
flow, submerged membrane and biological counter rotating
bioreactors, among others. However, fungi are sensitive to
high pH and salt concentrations and selecting strains with
decolourisation capability under these conditions is crucial
[10].
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The current study assessed the decolourisation of
Reactive Black 5 (RBS5), a recalcitrant azo textile dye
model, using batch and fixed-bed bioreactors with free and
immobilised cells under alkaline-saline conditions to
evaluate the effect of different carbon sources for dye
decolourisation.

Materials and Methods
Microorganisms and Medium Composition

Four strains of WRF, Trametes versicolor MUM 94.04,
04.100 and 04.101, and Phanerochaete chrysosporium
MUM 94.15 (ATCC 24725) were obtained from the Mi-
coteca da Universidade do Minho (MUM, Braga, Portugal)
fungal culture collection for use in the following experi-
ments. These strains were maintained on Tap Water Agar-
cellulose plates (TWA-cellulose, agar 15 g 17" in tap water
with a strip of Whatman grade 4 filter paper) and subcul-
tured every month. Liquid culture medium (LCM) (sucrose
5.0 g17', ammonium sulphate 0.5 g17', Sigma yeast
nitrogen base—(YNB)—amino acids and ammonium sul-
phate free 1.7 g 17!, Sigma L-asparagine 1.0 g 17!, Sigma
RB5 0.1 g 17! and different concentrations of NaCl up to
25.0 g 17" with 5.0 g 17" intervals) was used to perform
batch and continuous fermentations. The initial pH of the
LCM was adjusted to pH 9.5 using 1 M NaOH. The pre-
adaption medium (PAM) was LCM containing 15 g 17!
Oxoid agar-2 for solidification.

Immobilisation of Biomass and Scanning Electron
Microscope (SEM)

Polyurethane foam (PUF) and nylon sponge (NS) supplied by
the Scotch Brite 3 M SA Company (Madrid, Spain) were used
as support. Cubes of 1 cm® were cut to serve as supports. The
pre-treatment of PUF and NS was performed according to the
method described elsewhere [19]. The morphological struc-
tures of the supports selected for cell immobilisation and the
fungal mycelium colonisation were obtained by scanning
electron microscopy (SEM, Leica/Cambridge Instrument
S360, Cambridge, UK). The samples were coated with gold
and platinum (80/20 %) before SEM analysis.

Culture Conditions

Batch Decolourisation Using Free Cells

Decolourisation experiments of RB5 (0.1 g 17') were per-
formed in 250 ml Erlenmeyer flasks containing 100 ml of

LCM and conducted for 28 days using the four WRF. Five
plug discs of 8 mm diameter, cut with a sterile cork borer
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from the periphery of a 7-day-old colony grown in PAM
plates, were used as inoculum. The cultures were incubated
in a Certomat rotary shaker at 150 rpm at 30 °C. This tem-
perature was selected as the optimal common temperature
for all strains under studied. Biotic and abiotic controls were
carried out under identical conditions but without dye and
inoculum, respectively. An additional control was assayed
with autoclaved fungal biomass to evaluate the contribution
of the fungal cell walls to dye adsorption. Final results rep-
resent at least two independent assays.

Batch Decolourisation Using Immobilised Cells

Trametes versicolor MUM 04.100 was immobilised in PUF
and NS supports. For each support, 21 Erlenmeyer flasks
containing 100 ml of LCM were inoculated with 5 cubes of
1 cm® and 5 plug discs of 8 mm diameter and incubated at
30 °C and 150 rpm. Three cultures were retrieved daily for
determination of biomass quantification, decolourising rate,
sucrose concentration and enzymatic activities. After this time,
the supports were transferred to a sterile filtration apparatus
and washed thoroughly with 150 ml of sterile distilled water to
remove the free biomass which was quantified as dried weight
to know the importance of this faction on the decolourisation
process. In addition, supports with the biomass immobilised
were alsodriedin an oven at 60 °C until constant weight. Then,
the biomass quantification was obtained after the subtraction
the support weights that in average were for PUF
0.45 £ 0.09 g and for NS 0.40 & 0.07 g. Final results repre-
sent at least three independent assays.

Decolourisation of RB5 in a Fixed-Bed Reactor

Continuous RB5 decolourisation was carried out in a fixed-
bed reactor using either free or immobilised T. versicolor
MUM 04.100 cells. Inoculum was prepared as described
above. Then, either free or immobilised biomass was filtered
using a vacuum system and inoculated into the bioreactor
under aseptic conditions. The fixed-bed bioreactor with a
volume of 300 ml and a working volume of 260 ml was
loaded with fresh medium and free or immobilised biomass
(PUF or NS). After total decolourisation in batch mode
occurred a continuous fed through a peristaltic pump and
continuous aeration was initiated. The continuous system of
RBS5 solution (0.1 g 1" at pH9.5and 15 g 17! of NaCl) was
carried out with a fixed flow rate of 2.14 mg-day . Details
of the fixed-bed reactor are shown elsewhere [7]. During the
experiment the biomass was determined as previously
described [14]. During the time course of decolourisation
when 85 % or less was achieved pulses of sucrose or glycerol
Sg 17! final concentration in LCM) were made at different
times in order to maintain fungal metabolism for an extended
fermentation time period.
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Analytical Methods

During the experiments the dye and carbon sources con-
centrations were determined as previously described [14].
pH values were recorded for each sample.

Enzymatic Assays

The enzymatic activities of lignin peroxidases (LiP;
E310mm = 9,300 M~ em™'), laccases (Lcc;  €spsam =
65,000 M~' cm™"), manganese-dependent peroxidases
(MnP;  €s00nm = 53,000 M~' cm™"), Glyoxal oxidase—
GLOX  (€436nm = 18,000 M ' cm™!) and proteases
(€440nm = 4,600 M~! cm™") were determined as described
elsewhere [9]. For each enzymatic activity assay, the same
reaction mixtures containing boiled supernatant samples
were used as blank. One unit (U) of enzyme activity was
defined as the amount of the enzyme for changing the
absorbance by 0.01 min~'. Enzyme activities of all the
samples were expressed as U 17",

Results and Discussion
Batch Decolourisation
The efficiency of the free cells of four WREF strains to dec-

olourise RB5 under alkaline—saline conditions was assessed
in LCM. T. versicolor MUM 04.100 displayed the greatest

extent of decolourisation (100 %), followed by T. versicolor
MUM 94.04 (95 %), T. versicolor MUM 04.101 (60 %) and
P. chrysosporium MUM 94.15 (20 %) (Table 1). These
results corroborate those of Moreira Neto et al. [10] where
Pleurotus ostreatus (CCIBT2347) and Peniophora cinerea
(CCIBT2541) decolourised textile effluent by 93 % with
10 g 17! NaCl and initial pH of 8.0. In the present work, 7.
versicolor MUM 94.04 and 04.100 were able to decolourise
RB5 under more stringent alkaline—saline conditions
(15.0 g 1" NaCl and pH 9.5). A gradual decrease in pH was
observed during RBS5 decolourisation and fungal growth.
NaCl concentrations above 20.0 g 17! decreased decolouri-
sation indicating physiological limitations due to the high
osmotic pressure or enzymatic inhibition. In addition, the
fungal cell walls did not adsorb RB5 which means that the
dye decolourisation is not a physical process.

Among the ligninolytic enzymes produced by T. versi-
color MUM 04.100, Lcc presented the highest activity
(772 U 17" followed by LiP (18.5 U17"). In contrast,
MnP activity was not detected in this assay. The results
obtained are consistent with studies conducted elsewhere
[2, 23] where it is reported that Lcc is the main enzyme
synthesized in various WRF and is responsible for the
decolourisation of different dyes and dye effluents. Despite
the widespread perception of optimal activity of Lcc under
acidic conditions, previous studies (e.g. [12]) have shown a
wider flexibility, namely for pH (3.5-8.0) and salinity
(0.05-0.6 M). Notwithstanding this, results by Zilly et al.
[22] described Lcc expression being inhibited by

Table 1 Dye decolourisation by the white-rot fungi in free cells batch culture for 28 days

MUM strains Time (days) Biomass (g 17" Decolourisation (%) Lee (UTTH LiP (U1I™H pH final
P. chrysosporium 7 0.30 £ 0.10 10 £ 0.09 ND ND 8.55
94.15 14 0.62 + 0.09 20 + 0.13 ND 3.2 +0.02 7.13
21 0.60 + 0.13 20 + 0.19 ND 7.8 £+ 0.04 6.12
28 0.61 + 0.02 20 + 0.08 ND 3.2 4 0.01 5.10
T. versicolor 7 1.10 & 0.08 65 £+ 0.01 33.5 £ 0.05 2.7 £ 0.01 8.00
94.04 14 2.60 & 0.01 80 + 0.09 49.7 £ 0.07 8.3 £ 0.05 5.10
21 270 + 0.04 90 + 0.02 43.1 £+ 0.05 4.1 +0.02 4.10
28 2.70 + 0.01 95 + 0.02 30.5 + 0.03 2.2 +0.03 4.03
T. versicolor 7 0.60 + 0.03 85 + 0.08 18.4 + 0.07 ND 7.11
04.100 14 2.10 + 0.01 90 + 0.02 77.2 £ 0.01 10.7 £ 0.03 5.22
21 2.82 + 0.05 100 + 0.00 63.5 + 0.06 18.5 £ 0.01 473
28 2.92 + 0.04 100 + 0.00 51.3 £ 0.05 3.1+ 0.01 455
T. versicolor 7 0.33 £ 0.04 20 £+ 0.13 ND ND 8.10
04.101 14 0.80 + 0.02 25 + 0.20 3.0 £ 0.08 ND 6.23
21 0.92 + 0.01 55 +0.17 25 +0.10 ND 6.01
28 0.99 + 0.10 60 + 0.09 1.9 4+ 0.05 ND 424

Fungi incubated in LCM with initial pH 9.5 and [NaCl] 15.0 g 17", Average of two independent experiments

ND not detected
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Ganoderma lucidum in the presence of NaCl even at low
concentrations (0.02 M). This inhibitory effect appears
selective as it was not observed in the presence of sodium
sulphate (Na,SQO,). These authors presented the ability of
the enzyme to decolourise the dye Remazol Brilliant Blue
R in the presence of 1.0 M Na,SO,4 and 0.1 M NaCl, which
had efficiency of 100 and 50 %, respectively.

The adhesion of T. versicolor MUM 04.100 on the
supports used during immobilisation was confirmed by
SEM (Fig. 1) and the biomass adhesion represented 90.50
and 91.85 % for PUF and NS, respectively (Table 2). A
slight variation of immobilised biomass was observed
between supports with immobilisation yields 0.18 + 0.08
and 0.23 £ 0.09 g.gsupport_1 for PUF and NS, respectively.
Both supports with immobilised fungus promoted a com-
plete decolourisation of the LCM within 2 days of incu-
bation (data not shown) and the maximum values of Lcc
and LiP activities were 70.2 and 10.7 U 1"! in PUF, and
57.6 and 8.9 U 17" in NS (Table 2). The pH of the LCM
was initially adjusted to 9.5, and during the experiment, the
pH decreased continuously. The higher values of Lcc
activity were detected in both supports when the pH ranged
between 5.1 and 4.9 (Table 2).

Our results are in accordance with Park et al. [15] who
described the average of decolourisation obtained with im-
mobilised cells of Funalia trogii as being superior when
compared with free cells. These authors described the sta-
bility of the decolourisation for a period of atleast 12.5 days.
Enayatizamir et al. [3] related that the decolourisation ability

Fig. 1 Microphotographs
obtained by SEM for PUF and
NS supports: a without fungi
and b colonised by 7. versicolor
strain MUM 04.100 after 7 days
of incubation at 30 °C. Bars

50 pm
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of P. chrysosporium was greatly influenced by the support
(NS and sunflower seed shells) used. This is likely due to the
support, which influences both the type and proportion of the
produced enzymes responsible for dye decolourisation.
According to these authors, this underlines the importance of
a suitable selection of supports for this type of process.

Decolourisation of RB5 by T. versicolor in a Fixed-Bed
Bioreactor

A set of experiments in a fixed-bed bioreactor was per-
formed using free and immobilised cells. The results using
T. versicolor MUM 04.100 free cells are presented in
Fig. 2. After the complete dye decolourisation at 3 days,
the process of continuous dye solution feeding was initi-
ated. During the fermentation process pulses of sucrose at 8
and 15 days and glycerol at 20 days promoted high cell
growth. Pulse of sucrose and glycerol increased the rate of
decolourisation to values higher than 90 %. After the
introduction of glycerol, a maximum value of Lcc activity
(1022 U 17"y was detected. Higher values of LiP activity
(10.2 U 17") was observed at 11 day after pulse of glucose.
Residual values of GLOX were determined. MnP and
proteases activities were not detected.

Using the fungus immobilized in PUF and NS (Fig. 3;
Supplementary Fig. 1) similar profiles of dye decolourisa-
tion and enzymatic activities were obtained. After the first
24 h of batch growth total decolourisation occurred for
both experiments and the constant feed input of dye
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Table 2 Biomass and enzyme activities of 7. versicolor MUM 04.100 immobilised in PUF and NS in batch culture for 7 days

Support Time (days) Immobilised Free biomass (g) Lcc activity (U b LiP activity (U b pH
biomass (g)
PUF 1 0.92 £ 0.10 0.05 £ 0.02 49.7 £ 0.01 8.7 £ 0.02 5.2
2 1.10 £ 0.20 0.07 £+ 0.01 70.2 £ 0.02 10.7 £ 0.01 4.9
3 1.39 £ 0.25 0.08 £+ 0.06 94 + 0.04 2.7 £+ 0.06 4.2
4 1.83 + 0.30 0.12 £ 0.02 6.6 + 0.03 2.1 £ 0.01 4.0
5 2.24 + 0.05 0.19 £ 0.08 3.0 £0.01 ND 3.7
6 2.26 + 0.08 0.22 £+ 0.07 2.7 +0.04 ND 33
7 2.28 + 0.10 0.24 £+ 0.01 2.2 +0.02 ND 3.0
NS 1 1.21 £ 0.20 0.03 £ 0.01 53.3 £ 0.22 7.2 +£0.01 53
2 1.89 + 0.16 0.03 £+ 0.01 57.6 £ 0.17 8.9 £ 0.02 5.1
3 2.29 £ 0.05 0.04 £ 0.01 94 £ 0.12 5.7 +£0.02 37
4 245 £ 0.10 0.06 £+ 0.02 6.8 £ 0.08 5.7 £ 0.02 33
5 2.46 + 0.08 0.10 £ 0.02 2.9 +0.03 2.0 £ 0.02 33
6 2.48 + 0.07 0.17 £ 0.05 ND ND 3.1
7 248 £+ 0.02 0.22 £+ 0.04 ND ND 3.1

Immobilised fungi incubated in LCM with initial pH 9.5 and [NaCl] 15.0 g 17'. Average of three independent experiments

ND not detected

Fig. 2 RBS decolourisation and
enzymatic activities using free
cells of T. versicolor MUM
04.100 in a fixed-bed reactor

[RB5] (mg. 1))

Fig. 3 RBS5 decolourisation and
enzymatic activities using
Trametes versicolor MUM
04.100 immobilised in PUF in a
fixed-bed reactor
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solution was commenced. Sucrose and glycerol promoted
dye decolourisation from 90 to 100 % and maximum Lcc
activity occurred after glycerol addition as also described
in the free cells experiment. Maximum Lcc activities were
119.8 and 112.8 U 1" when the fungus was immobilised

in PUF and NS, respectively.

Enzymatic Activities (U-1')

Enzymatic Activities (U*1')

In Asgher et al. [1], the stimulatory effect of starch to
MnP expression was described with the concomitant
effluent decolourisation by Coriolus versicolor 1BL-04.
Kanwal and Reddy [5] obtained maximum Lcc activity for
mannose, followed by rhamnose, galactose, ribose, sorbose
and mannitol as carbon source using the WRF Morchella
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crassipes. These authors concluded that Lcc activity is
highly influenced by carbon source. In Jonstrup et al. [4]
the capability of Bjerkandera sp. BOL13 to decolourise
Remazol Red RR in a packed-bed bioreactor was described
where high dye decolourisation and Lcc and MnP enzy-
matic activities were detected when wood was used as
packing. Decolourisation efficiencies of 65-90 % were
maintained for 12 days when glucose was supplied as
growth substrate. Rodriguez Couto et al. [20] added glu-
cose, cellulose, fructose and glycerol in an air-lift biore-
actor at different times to investigate the effect of carbon
source on Lcc activity of T. hirsuta. The highest Lcc
activity (19,394 U 17") was detected when using glycerol.
This corresponded to 1.32-, 1.55- and 2.44-fold higher than
the results obtained for glucose, cellulose and fructose,
respectively.

Conclusion

Trametes versicolor MUM 04.100 completely decolourised
RB5 under alkaline—saline condition in Erlenmeyer flasks
and is a potential fungus to be employed industrially for
this process. The immobilised fungus provided a rate of
decolourisation equal or higher than 85 % for a period of
40 days in a fixed-bed bioreactor again indicating the
utility of the fungus. Lcc is the main enzyme involved in
the breakdown of the reactive dye and glycerol is an
important substrate for oxidative metabolism which pro-
motes higher Lcc production hence increasing the decolo-
urisation process and the addition of which could
contribute to an effective process, although the co-metab-
olism process needs more work for better comprehension.
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