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Abstract
The decolorization of dye and textile effluent by Trametes hirsuta was studied in both induced and non-induced media. A 
removal of 70–100% of the color was achieved through adsorption and the action of laccases. Laccase activity was increased 
significantly with the addition of grapefruit peel (4000 U/mL) and effluent with grapefruit peel (16,000 U/mL) in comparison 
with the basal medium (50 U/mL). Analysis of the expression of laccase isoenzymes lac-B and lac-T revealed clear differ-
ences in the expression of these genes. The low levels of expression of lac-B in all media suggest a basal or constitutive gene 
expression, whereas lac-T was over-expressed in the media with effluent, and showed an up/down regulation depending on 
culture conditions and time. The results obtained suggest that the lac-T gene of T. hirsuta is involved in the decolorization 
of dyes.

Introduction

The textile industry generates large volumes of complex 
effluents which contain high concentrations of dyes, salts, 
metals and phenols, and demonstrate high biological oxygen 
demand (BOD) and high chemical oxygen demand, COD 
[1, 2]. They contain mixes of dyes with different chemical 
structures, such as azo, triphenylmethane, anthraquinone and 
indigoid. The dyes used in the textile industry are character-
ized by their resistance to light and heat, and furthermore, 
many dyes may be mutagenic or carcinogenic. Owing to 
their low fixation rate, 10–50% of dyes are released into 
waste water, and when these waters are discharged into the 
environment they damage the ecosystem [3].

White rot fungi (WRF) are the most efficient organ-
isms for degrading lignin polymer by means of the extra-
cellular oxidative enzyme complex which they produce. 
Microbial and/or enzymatic treatments are developing 
technologies which have advantages over physical and 
chemical methods, which are expensive and often gener-
ate large quantities of unwanted toxic by-products. Laccases 
(benzenediol:oxidoreductase, EC 1.10.3.2) are enzymes 
secreted by WRF which are characterized by being very 
versatile, since they are able to oxidize a wide range of phe-
nolic compounds and substrates with aromatic rings in a 
very unspecific manner, and they use molecular oxygen as 
final electron acceptor, generating water as an end product 
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[4–6]. Laccases enzymes are codified by families of genes 
and the isoenzymes produced may differ in their affinity for 
substrates, stability, and in their mechanisms for regula-
tion and localization. The group of isoenzymes expressed 
depends on the source of carbon and nitrogen, culture con-
ditions and medium, as well as the addition of inductors to 
the medium [7–9]. The diversity of laccase genes in WRF 
suggests that the function of these enzymes may be variable, 
for example ligninolysis, lignin synthesis, morphogenesis, 
or defense against stress, and that their action may be indi-
vidual, cooperative or synergetic [8]. In order to determine 
the function of different isoforms, it is important to study 
the regulation of laccase gene expression, and to identify 
the isoenzymes involved in any particular process. Owing 
to their high non-specificity, laccases can act on monophe-
nols, diphenols, polyphenols and aromatic compounds, and 
they have a wide range of biotechnological applications such 
as detoxifying xenobiotic compounds, decolorizing dyes, 
functioning as biosensors, clarifying wines and juices, and 
delignifying paper pulp [10, 11]. In addition, catalysts based 
on laccases have proved to be efficient, sustainable and envi-
ronmentally friendly.

Because of the foregoing, these enzymes have enor-
mous potential in the treatment of complex effluents such 
as those from the textile industry, where the pollutants can 
be destroyed or transformed into less toxic compounds [12]. 
Studies of decolorization have been carried out on individ-
ual synthetic dyes using Basidiomycete fungi of the genera 
Pleurotus [13], Trametes [14] and Ganoderma [15], among 
others. It has also been established that the addition of syn-
thetic and natural mediators to the laccases can increase the 
range of action of these enzymes upon dyes with different 
chemical structures or with a high redox potential that lac-
cases alone cannot oxidize [16]. For example, the addition of 
hydroxybenzotriazole to laccases of Trametes trogii permit-
ted maximum decolorization of six dyes [17].

However, there have been few studies reporting decol-
orization of real effluents by white rot fungus. Most stud-
ies have been carried out on synthetic effluents containing 
mixtures of dyes or diluted effluent. Trametes versicolor suc-
ceeded in efficiently removing the color from a synthetic 
effluent with three dyes (97%) and a textile effluent (92%) 
even though this latter was diluted 7-fold [18]. Pycnoporus 
sp. SYBC decolorized up to 70% of a diluted textile effluent 
supplemented with a lignocellulosic waste. Based on the 
foregoing, it is clear that the application of these micro-
bian systems to waste waters is still a huge challenge, and 
therefore it is important to expand our knowledge of the 
regulation of laccase gene expression to identify the time 
and level of expression of the isoenzymes that participate 
in dye removal.

Trametes hirsuta Bm-2 is an easily cultivatable fungus, it 
produces extracellular laccases and has proved to be capable 

of removing color from dyes [19–21]. Recently, two laccase 
genes from T. hirsuta Bm-2, lac-B and lac-T, have been iso-
lated and described [22]. The objective of this study was to 
determine the potential of T. hirsuta Bm-2 for decolorization 
of índigo carmíne and a textile effluent, and also to analyze 
the levels of expression of the lac-B and lac-T genes during 
fungal treatment. The transcriptional profiles of these genes 
were examined over the different treatments, as were laccase 
activity and decolorization of the effluent.

Materials and Methods

Raw Materials

Grapefruit peelings were used as lignocellulosic waste. 
The particle size was approximately 7.5 mm. They were 
immersed for 1 h in 83.17 mM KOH, rinsed with distilled 
water and dried at 65 °C. They were subsequently ground 
in a commercial Waring laboratory blender model 51BL30 
for 60 s.

The textile effluent was collected from Maquiladora Lee 
de México, S.A. de C.V., located in the municipality of 
Acanceh, Yucatan. Sampling was carried out in the efflu-
ent storage tanks after having gone through the screening 
process, but before moving on to biological treatment. The 
pH was measured and the effluent stored at 4 °C.

Fungal Strain, Media, and Culture Conditions

Trametes hirsuta strain Bm-2 (GQ280373.1) was isolated 
from decaying wood in Yucatan, Mexico [19], and used 
throughout this study. This strain was grown in six culture 
media: (1) Kirk’s liquid basal medium (BM) pH 6, which 
consists of 10 g glucose, 5 g ammonium tartrate, 0.2 g 
MgSO4·7H2O, 2 g KH2PO4, 0.1 g CaCl2·2H2O, 1 mg thia-
mine, and 1 mL trace compound solution, without Tween 20 
or veratryl alcohol [23]; (2) BM supplemented with carmine 
indigo (0.1%), (3) Rodríguez-Couto Medium (RC) [24], g/L: 
glucose, 2; malt extract, 15; (NH4)2SO4, 0.9; KH2PO4, 2; 
MgSO4·7H2O, 0.5; CaCl2·2H2O, 0.1; thiamine–HCl, 1 mg/L, 
supplemented with 3% (w/v) of grapefruit peel (GP), (4) 
RC medium supplemented with 3% (w/v) of grapefruit peel 
(GP) and carmine indigo (0.1%), (5) Effluent with the addi-
tion of RC and GP, (6) effluent with the addition of 250 mL 
BM. Erlenmeyer flasks containing 100 mL of each medium 
were inoculated with 1 mL of cell suspension, produced in 
accordance with [25]. The flasks were incubated at 35 °C 
and shaken at 150 rpm. As controls, uninoculated media 
were used. Samples were taken every 24 h. They were cen-
trifuged at 5000 rpm for 15 min.
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Decolorization of Indigo Carmine and Textile 
Effluent

The decolorization of the indigo carmine was measured 
spectrophotometrically at the maximum absorbance of the 
dye (600 nm) after different time intervals. In the effluent 
an absorbance scan was performed in a wavelength range 
of 200 to 1100 nm, in which maximum absorbance was 
obtained at 778 nm. The decolorization was expressed in 
terms of the percentage calculated according to the fol-
lowing equation:

where A0 is initial absorbance at λmax of the dye and effluent 
before inoculating with the fungus and At is the absorbance 
after each time interval [26]. All experiments were per-
formed in triplicate.

Laccase Assays

Laccase activity in cell-free filtrates was measured at 
40 °C using 2,2′-azino-bis (3-ethylbenzthiazoline-6-sul-
phonic acid) (ABTS). The assay mixture contained 1 M 
sodium acetate buffer (pH 4.5) and 0.5 mM ABTS in a 
total volume of 1 mL. The oxidation of ABTS was meas-
ured by the increase in absorbance at 420 nm as described 
by Johannes and Majcherczyk [27]. One enzyme unit (U) 
is defined as the amount of enzyme required to oxidize 
1 μmol of ABTS per min under the assay conditions. The 
amount of the enzyme production was expressed as U/mL.

RNA Extraction, cDNA Synthesis

After 7 days, mycelia were harvested from the liquid cul-
ture by vacuum filtration, and frozen in liquid nitrogen. 
The total RNA was extracted in accordance with the TRI-
zol™ procedure (Invitrogen, Carlsbad, CA, USA). RNA 
quantification was measured in a UV–Vis spectrophotom-
eter (NanoDrop 2000, Thermo Scientific™, Waltham, MA, 
USA). RNA integrity was visualized in 0.8% (w/v) aga-
rose gel electrophoresis prepared in 1 × Tris–borate–EDTA 
buffer (0.9 M Tris–borate pH 8; 20 mM EDTA) and stained 
with ethidium bromide. The images were taken with a Gel 
Doc™ EZ imager (BioRad). First-strand cDNA synthe-
sis was performed using 200 ng of total RNA as a tem-
plate and 500 μg/mL of primer dT12-18, with the enzyme 
SuperScript II RT from Life Technologies (New York, NY, 
USA) according to the manufacturer’s instructions.

Decolorization (%) =

[
(

A0 − At

)

A0

]

× 100,

qPCR Amplification

RT-qPCRs were performed in a StepOnePlus (Applied Bio-
systems), using SYBR green dye to detect product amplifi-
cation. A set of specific primers (Table 1) was designed for 
the amplification of the transcript from the two laccase genes 
(lac-B and lac-T) identified in the genome [22].

All experiments were performed in triplicate. Actin was 
the housekeeping gene used as an endogenous control. The 
following primers were used to amplify the housekeeping 
gene actin: Act-512F 5′-ATG​TGC​AA GGC​CGG​TTT​CGC​
-3′ and Act-783R 5′-TAC​GAG​TCC​TTC​TGG​CCC​AT-3′ 
[28].

The amplifications were performed in a final volume of 
20 µL. Each reaction mixture contained 10 µL RadiantTM 
Green 2X qPCR Mix Hi-Rox (Alkali Scientific), 10 mM 
forward and reverse primer, and a 2 µL 1:10 dilution of the 
RT product. Amplifications were performed with an initial 
5 min step at 95 °C followed by 40 denaturation cycles at 
95 °C for 30 s and primer annealing and extension at 60 °C 
for 40 s. The melting curves ranged from 60 to 95 °C and 
temperature was increased in increments of 0.3 °C. StepOne 
software was used to confirm the occurrence of specific 
amplification peaks.

Data pre-processing were performed using Microsoft 
Excel 2007 and included efficiencies and reference gene 
normalization. The fold expression was calculated by the 
2−ΔΔCt method as described by [29] (Eq. 1).

In the above equation Etarget is the real-time PCR effi-
ciency of target gene transcript; Eref is the real-time PCR 
efficiency of a reference gene transcript; ΔCptarget is the CP 
deviation of control–sample of the target gene transcript. 
All other multiple comparisons were performed using the 
statistical analysis software.

Statistical Analysis

The data are the average of the results of three replicates 
and are presented as the mean ± SD. One-way ANOVA was 

(1)Ratio =
(Etarget)

ΔCptarget(control−sample)

(Eref)
ΔCpref(control−sample)

.

Table 1   Primer sequence used in this study

Gene Primer name Primer sequence (5′–3′)

lac-B FB1 5′-ATC​TGA​CCT​TGC​AAT​CCT​ACG​TCT​-3′
RB1 5′-GCA​ACG​CCG​CAA​GGA​GGA​AAT-3′

lac-T FT2 5′-CCT​TTA​CGA​CGT​CGA​CGA​CGA​GTC​T-3′
RBT2 5′-CCG​CAA​GGT​CGG​TGC​TGT​TG-3′
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used to determine the difference between treatments at a 
significant level of 0.01 or 0.05.

Results and Discussion

Decolorization of Dyes and Textile Industry Effluent

In this study, expression of laccase genes from T. hirsuta 
Bm-2 was analyzed during treatment of indigo carmine 
dye and an effluent in different culture conditions: (1) basal 
medium, (2) dye in basal medium, (3) grapefruit peel, (4) 
dye with grapefruit peel, (5) effluent with basal medium, (6) 
effluent with grapefruit peel. In these media, the percentage 
of decolorization, laccase activity and expression of lac-B 
and lac-T was determined at different culture times.

Figure 1a shows that dye decolorization in the BM was 
48% after 24 h, and reached a maximum decolorization after 
72 h (100%). Laccases were not induced by the addition of 
dye, since the maximum activity (50 U/mL) was similar to 
that attained in the BM after 96 h of culture. A colorless 
extract was obtained (Fig. 1b) and the mycelium was blue. 
The results show that the low laccase activity and high effi-
ciency at decolorization were linked to the adsorption of 
dye to the mycelium. Various studies have shown that the 
biomass of fungi is capable of adsorbing dyes, metals and 
other dangerous pollutants due to the presence of functional 
groups [30]. However, the transfer of dye to a substrate is not 
a desirable process, since the biomass is difficult to store for 
long periods of time [31].

The addition of grapefruit peel to the medium allowed a 
high level of color removal and laccase activity (Fig. 2a, b). 

Laccase activity after 72 h was 1480 U/mL and continued 
to increase until reaching 4500 U/mL after 96 h of culture, 
which suggests an inductive effect on laccase synthesis due 
to the presence of lignocellulosic waste. The high color 
removal after 48 h was attributed to the adsorption of dye 
to the fungal biomass. However, after 96 h the blue color of 
the mycelium was eliminated, which was attributed to the 
action of the extracellular laccases which were produced.

Figure 2b shows the decolorization of the dye after treat-
ment. The change in coloring of the blue dye to green was 
caused by the presence of polymeric substances or carot-
enoids in the lignocellulosic waste, as has been previously 
reported [25]. Various studies have managed to increase 
laccase activity when lignocellulosic waste was added to 
the culture [32–34]. For example: Bakkiyaraj et al. [35] per-
formed cultures of T. hirsuta 141 using different lignocel-
lulosic wastes. The maximum laccase activity was obtained 
in wheat bran acquired from the wheat milling industry as 
a source of carbon (9300 U/L), 8512 U/L with lemon peel, 
6543 U/L with bagasse and 6284 U/L with orange peel. The 
addition of lignin monomers such as ferulic acid, guaiacol 
and coumaric acid to fungal cultures increases laccase pro-
duction [35–37].

Owing to the extreme complexity of effluents, which 
contain cocktails of phenols, metals, antibiotics and various 
aromatic compounds, studies in these systems with white 
rot fungus and laccase enzymes has been little reported. In 
this project, raw undiluted effluent was used, supplemented 
with salts from the basal medium (Fig. 3). There was little 
increase during 72 h of culture, with no laccase activity or 
decolonization. Later there was a growth in decolorization, 
which reached 95%, an in laccase activity (1100 U/mL). 

Fig. 1   Decolorization of indigo carmine and laccase activity during 
culture of T. hirsuta in basal medium. a Laccase activity and decol-
orization, and b color before and after treatment. Results were repre-

sented as means ± standard deviation of three parallel measurements 
(n = 3) (Color figure online)
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The correlation between decolorization and laccase activity 
is to be expected, since in short time spans adsorption to 
the mycelium takes place, which reduces the concentration 
of compounds such as phenols and metals that negatively 
affect enzyme synthesis, and enzyme production is facili-
tated [38, 39]. Laccase induction in several basidiomycetes 
grown in effluent has previously been reported in waste 
waters [40, 41]. On the other hand, it has been shown that 
phenols present at low concentrations in the culture can also 
act as redox mediators, encouraging enzyme action and the 
biotransformation of dyes [42]. Recently members of our 

work team have reported the obtaining of ultrafiltered (UF) 
phenolic extracts from T. hirsuta Bm-2 cultivated in wheat 
bran. The UF-laccase system increased laccase activity in 
ABTS by 12.4 times, and decolorization of indigo carmine 
by 12 times, in comparison with laccase alone [21].

The addition of grapefruit to the textile effluent produced 
similar behavior to the medium with textile effluent sup-
plemented with salts, showing a high level of efficiency in 
decolorization (90%), although in these conditions a notable 
increase in laccase activity was observed, rising to 16,000 
U/mL after 144 h (Fig. 4). The high inductive effect may be 

Fig. 2   Decolorization of indigo carmine and laccase activity during 
culture of T. hirsuta supplemented with grapefruit peel. a Laccase 
activity and decolorization, and b color before and after treatment. 

Results were represented as means ± standard deviation of three par-
allel measurements (n = 3) (Color figure online)

Fig. 3   Decolorization of indigo carmine and laccase activity during 
culture of T. hirsuta in a textile effluent with basal medium. a Lac-
case activity and decolorization, and b color before and after treat-

ment. Results were represented as means ± standard deviation of three 
parallel measurements (n = 3) (Color figure online)
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caused by phenolic and/or metal components present in the 
effluent and the grapefruit. For example, copper present in 
effluents has a great influence on white rot fungus laccase 
synthesis [43]. Also, the synergetic effect of copper and phe-
nols such as ferulic acid present in lignin has been reported 
to increase laccase levels up to 40 times in cultures of Pleu-
rotus ostreatus, compared to a control medium [8]. Some 
reports of fungus used in decolorization of textile effluents 
include T. versicolor [44], Trametes troggi [45], Aspergillus 
ochraceus [46] and Schyzohyllum commune [47], the action 
of which has been linked to adsorption processes and lac-
case activity. Kamida et al. [48] studied decolorization of 
textile effluent with sugar cane baggasse by two strains of P. 
ostreatus and found that both strains decolorized the efflu-
ent completely after 14 days. Wesenberg et al. [49] reported 
decolorization of waste water from the textile industry with 
Clitocybula dusenii fungus, achieving a maximum decolori-
zation of 87% after 20 days, using effluent diluted four times.

Effect of Dyes and Textile Industry Effluent 
on the Expression of Laccase Genes

The results of expression in qPCR showed that lac-T is 
the gene more predominantly expressed in all the condi-
tions evaluated, and differential patterns of expression were 
observed (Fig. 5). It could be noted in the medium with 
dye and the basal medium that the expression of lac-T was 
double (2 UR) that of lac-B, however, both genes showed 
constitutive levels (Fig. 5a).

These results coincide with the low extracellular laccase 
activity detected in the culture medium. When the dye was 
supplemented with grapefruit peel the level of expression of 
both genes was low (Fig. 5b) and laccase activity increased 

90-fold compared to the basal medium with the dye. This 
indicates that there was no correlation between the transcrip-
tional levels of both genes and the increase observed in the 
extracellular laccase extracts.

The transcriptional response in the media with the efflu-
ent shows over-expression of lac-T in the medium sup-
plemented with salts, 30 to 50 times in comparison with 
the basal expression detected during culture (Fig. 5c). It is 
important to point out that expression was not determined 
at shorter time spans because of the scarce mycelium pro-
duction. The high level of induction detected in the medium 
with effluent supplemented with salts was correlated with 
the increase in decolorization activity that occurred. On the 
contrary, the expression profile of lac-T when the grapefruit 
was added to the effluent showed an up/down regulation over 
the time span of the culture. After 72 h there was a high level 
of lac-T induction (50 UR) but laccase activity was low. On 
the other hand at 96 h the transcript level of lac-T dropped 
to basal levels and activity in the extracts was the highest of 
all the cultures to be evaluated (16,000 U/mL). Considering 
the multiplicity of laccases in WRF, it is possible that other 
laccases were expressed in these conditions. The results 
coincide with the findings of other authors, who indicate 
that the expression of lignolithic enzymes may or may not 
be correlated with extracellular activity and decolorization 
of dyes. Palmieri et al. [50], observed a large quantity of 
LACC2 transcripts with low laccase activity, and this finding 
was linked to the possible lack of post-translational modi-
fications (proteolysis) to activate the enzyme. Cuamatzi-
Flores et al. [51] found that the highest levels of expression 
of peroxidase dye decolorant Pleos-dyP1 occurs when maxi-
mum activity and decolorization are present. Goudopoulou 
et al. (2010) mentioned that the differential expression of 

Fig. 4   Decolorization of indigo carmine and laccase activity during 
culture of T. hirsuta in a textile effluent supplemented with grapefruit 
peel. a Laccase activity and decolorization, and b color before and 

after treatment. Results were represented as means ± standard devia-
tion of three parallel measurements (n = 3) (Color figure online)
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laccase genes from lignolithic fungus varies as a function 
of nutritional conditions and the physiological state of the 
fungus. Moreover, the accumulation of toxic compounds 
and/or the degradation of products in a specific time could 
be another reason for the transcriptional induction or sup-
pression of laccase genes. The transcriptional response may 
involve complex regulation mechanisms linked to the pres-
ence in the promoter of putative elements such as xenobi-
otic response elements (XRE), heat shock elements (HSE), 
or metal response elements (MRE) among others [52]. On 
the other hand, various studies with purified laccases have 
shown that laccases are responsible for the decolorization of 
waste water from olive processing [53]. Also, partially puri-
fied laccases of T. hirsuta Bm-2 have proved to be capable 
of carrying out complete decolorization of indigo carmine 
and partial decolorization of textile effluent [54].

There has recently been a report of the analysis in sil-
ico of the non-codifying 5′-UTR region of lacB and lacT 
genes from T. hisruta Bm2 (Pereira-Patrón et al. 2019). The 
variation in length and number of regulatory motifs in the 
5′-UTR region constitutes an important factor for access-
ing regulatory proteins that modify gene expression by 
increasing or decreasing transcription and/or translation of 

proteins (Barret et al. 2013). In this study, we found differ-
ences of expression in both genes, where lacT was over-
expressed during treatment of effluent, while the expression 
of lacB was practically unchanged. Kozak (1989) pointed 
out that long 5′-UTR structured from proteins involved in 
cell development can be regulated more finely. LacT has a 
longer 5′-UTR and double the regulatory elements of lacB, 
and it is therefore possible that these differences influence 
the variations in transcriptional response detected during the 
treatment of dyes and effluent.

Conclusion

The results obtained in this study highlight the efficiency of 
T. hirsuta-Bm2 in the decolorization of indigo carmine and 
an undiluted textile effluent. It is also important to point out 
that waste such as effluent and grapefruit peel are an impor-
tant source for the production of high laccase levels. The 
complexity of the regulation of the laccase system was evi-
dent, especially with the use of waste; however, the results 
showed the possible contribution of lac-T in the process of 
dye decolorization. This finding is particularly important 

Fig. 5   Transcriptional levels of laccase genes of T. hirsuta Bm-2 at different times and in different cultures. a Dye and basal medium, b dye and 
grapefruit peel, c effluent and basal medium, and d effluent and grapefruit peel. The black bars represent lac-T and the white ones lac-B 
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for future studies of genetic improvement. However, further 
studies are required to elucidate the mechanisms that regu-
late transcription expression of laccase genes in T. hirsuta 
Bm-2.
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