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Abstract
The white-rot fungus Pleurotus eryngii secretes various laccases involved in the degradation of a wide range of chemical 
compounds. Since the laccase production is relatively low in fungi, many efforts have been focused on finding ways to 
increase it, so in this study, we investigated the effect of copper on the transcription of the pel3 laccase gene and extracellular 
laccase activity. The results indicate that adding 0.5 to 2 mM copper to liquid cultures of P. eryngii KS004 increased both 
pel3 gene transcription and extracellular laccase activity in a concentration-dependent manner. The most significant increase 
in enzyme activity occurred at 1 mM  Cu2+, where the peak activity was 4.6 times higher than in control flasks. Copper also 
induced the transcription of the laccase gene pel3. The addition of 1.5 and 2 mM  Cu2+ to fungal culture media elevated pel3 
transcript levels to more than 13-fold, although the rate of induction slowed down at  Cu2+ concentrations higher than 1.5 
mM. Our findings suggest that copper acts as an inducer in the regulation of laccase gene expression in P. eryngii KS004. 
Despite its inhibitory effect on fungal growth, supplementing cultures with copper can lead to an increased extracellular 
laccase production in P. eryngii.
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Introduction

Fungi serve as cell factories for producing various proteins, 
including enzymes. Pleurotus eryngii, the king oyster mush-
room, is both edible and medicinal, producing ligninolytic 
enzymes like peroxidase, aryl-alcohol oxidase, and laccase 
[1]. Laccases are extracellular enzymes that catalyze the oxi-
dation of diverse substrates such as phenolic compounds, 
aromatic, and aliphatic amines by safe and eco-friendly 
reactions dealing with reduction of oxygen to water. High-
redox-potential laccases which are more desirable for bio-
technological purposes are mostly of fungal origin, while 
low-redox-potential laccases are found in bacteria, higher 
plants, and animals. In fungi, the reactions catalyzed by 
laccase are involved in decomposition of lignocellulose, 

defense responses, pathogenesis, pigmentation, and sporu-
lation [2, 3]. These copper-containing enzymes find applica-
tions in industries like pulp, paper and textiles, detoxification 
of recalcitrant pollutants, bioremediation, and more [4, 5]. 
However, realizing laccase’s biotechnological potential faces 
challenges. A primary obstacle is the high production cost 
due to low enzyme yields in fungi. Consequently, efforts 
concentrate on determining molecular characteristics of 
fungal laccases, unraveling laccase gene regulation mecha-
nisms, and enhancing expression or expanding enzyme prop-
erties for better production. One of the strategies practiced to 
produce larger quantities of laccase is using inducers such as 
aromatic compounds [6], amino acids [7], plant extracts [8], 
and metal ions [9–11]. In silico analysis of laccase gene pro-
moters has revealed various responsive elements scattered 
across the promoter region. Correlation between specific cis-
acting elements and laccase gene transcription exists, with 
potential mechanisms proposed. Differences in element copy 
number, location, or orientation contribute to the intricate 
landscape of laccase gene regulation [11, 12].

The fact that laccases are mostly coded by several genes 
within a given species is a usual phenomenon in eukaryotes 
[2]. In P. eryngii, four laccase genes, including pel3, have 
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been isolated and characterized so far [13, 14]. Analysis of 
the pel3 promoter region has highlighted diverse regula-
tory elements, including a copper-sensing sequence, a yeast 
copper-response element, and two putative metal response 
elements (MREs) [14]. In certain fungi, MREs can bind to 
metal ions like  Cu2+,  Fe2+, and  Cd2+ in culture media, stimu-
lating extracellular laccase production [4, 15].

Although P. eryngii has a great potential to be used 
as a valuable source of enzymes due to its short growth 
period and easy and cheap cultivation compared to other 
basidiomycetes, there is relatively little knowledge about 
laccase induction and transcriptional regulation in this 
fungus. Since the influence of copper on laccase synthesis 
and secretion is species and isolate dependent [12, 16], this 
study explores the effect of copper as an inducer on laccase 
activity and pel3 gene transcription in P. eryngii KS004.

Materials and methods

Strains, medium, and culture conditions

The Pleurotus eryngii strain KS004 was provided by the 
Edible Mushrooms Research Center of Ferdowsi University 
of Mashhad, Iran, and maintained on potato dextrose agar 
(PDA) plates containing 200 g/L potato extract, 20 g/L 
dextrose, and 15 g/L agar at 26 °C. The potato dextrose 
broth (PDB) medium used for shaken cultures had the 
same ingredients, excluding agar, and included 5 g/L yeast 
extract as the best nitrogen source for laccase production 
[17]. The pH was adjusted to 6 before sterilization. Seven 
mycelial plugs (4 mm diameter) were taken from the 
periphery of PDA plates and inoculated into 100 mL of 
PDB medium in Erlenmeyer flasks. They were then grown 
for 8 days at 26 °C with agitation at 150 rpm. Cultures were 
supplemented with  CuSO4.5H2O to final concentrations 
of 0, 0.5, 1, 1.5, and 2 mM. Previous studies on other 
Pleurotus species showed that the best laccase production 
in Pleurotus ostreatus was induced by adding copper 
during the mid-logarithmic phase of cultivation (the 5th 
day) [17]. In our study, filter-sterilized copper sulfate was 
added to actively growing 5-day-old P. eryngii cultures, 
followed by 3 more days of growth. Samples were taken 
from 8-day-old cultures, with a reference culture without 
any inducer serving as the control. All experiments were 
conducted in triplicate.

Determination of the mycelial dry weight

To assess the impact of copper on fungal growth, culture 
media were augmented with varying concentrations of cop-
per sulfate at the time of inoculation [15]. After 8 days of 
growth, the dry weights of the mycelium were measured. 

The quantification was performed using the method pro-
posed by Manubens et al. [18]. Fungal mycelia were har-
vested from triplicate flasks of 8-day-old cultures and fil-
tered through Whatman No.1 papers that were previously 
dried at 100 °C and weighed. The retained mycelium was 
then dried at 100 °C to a constant weight, and the mycelial 
dry weight was determined by calculating the difference in 
measured values.

To better illustrate the effect of copper on fungal growth, 
the Pleurotus eryngii KS004 mycelia were also cultured on 
PDA plates containing different  Cu2+ concentrations.

Enzyme activity assay

Laccase activity was assessed at room temperature by moni-
toring the oxidation of 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfononic acid) diammonium salt (ABTS) as the sub-
strate (SIGMA, Saint Louis, Missouri, USA). The reaction 
mixture contained 5 mM ABTS, 0.1 M sodium acetate buffer 
(pH = 5), and 100 μL of culture supernatant [14]. It was then 
incubated at room temperature for 3 min, after which the lac-
case activity was determined by the increase in absorbance 
at 420 nm (ε = 36,000  M−1  cm−1). One unit of enzyme activ-
ity was defined as the amount of enzyme needed to oxidize 
1 μmol of ABTS per minute. Measurements were conducted 
in 10-mm quartz cuvettes using a UV-Vis spectrophotometer 
(Unico S-2100-UV, USA).

Extraction of RNA and cDNA synthesis

Upon harvest, 8-day-old cultures of P. eryngii mycelia were 
collected by filtration, washed twice with distilled water, 
and rapidly frozen in liquid nitrogen. The frozen mycelia 
were subsequently pulverized using a mortar and pestle. 
Total RNA extraction was performed using the DENAzist 
total RNA extraction kit (DENAzist Asia, Mashhad, Iran), 
following the manufacturer’s instructions. All RNA samples 
were prepared in triplicate. RNA quality and quantity were 
assessed through gel electrophoresis and a NanoDrop 
spectrophotometer (Thermo Scientific, Wilmington, 
USA). Next, 625 ng of total RNA was reverse transcribed 
into cDNA in a 20 μL reaction volume using the Parstous 
cDNA synthesis kit (Parstous, Mashhad, Iran), as per 
manufacturer’s protocol.

Primer design

The specific primer pairs used for the pel3 gene in real-time 
PCR (qPCR) were designed by the Primer3 program (ver-
sion 4.1.0). These primers were based on the genomic DNA 
sequence of pel3 (accession no. AY686700) and amplified 
a 107 bp fragment in each reaction. The primer sequences 
were as follows: 5′-TCT TGC TAT GGG CTT CGA CT-3′ and 
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5′-GGC GTA GCA CCT GAC AGA AT-3′. The β-actin gene of 
P. eryngii was employed as an internal control. The primer 
pairs for β-actin were obtained from the literature [19]. The 
forward and reverse primers were 5′-CCC CTG AGC GAA 
AGT ACT CC-3′ and 5′-AGG GCC TGA CTC GTC GTA TT-3′, 
respectively.

Quantitative real‑time PCR

To quantify the transcription level of the pel3 gene, 
quantitative real-time PCRs were conducted using a 
QIAGEN Rotor Gene 3000. SYBR green fluorescent dye 
was employed for product detection. Each reaction was 
prepared in a final volume of 20 μL, containing 10 μL of 2× 
master mix green (Ampliqon), 0.5 μM of both forward and 
reverse primers, and 1250 ng of cDNA, and the remaining 
volume was adjusted to 20 μL using nuclease-free water. The 
qRT-PCR was performed as follows: an initial step of 15 min 
at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s at 57 
°C, and 30 s at 72 °C. Subsequently, a melting cycle ranging 
from 50 to 99 °C was performed to ensure amplification 
specificity. Each sample’s amplification experiment was 
conducted in triplicate, with three biological replicates, each 
run in three technical replicates. All data were normalized to 
the internal control, and relative expression was calculated 
using the  2−ΔΔCt method.

Statistical analysis

All measurements were conducted in three independent 
experiments and were analyzed using one-way analysis 
of variance (ANOVA). Post hoc Tukey HSD test was 
employed to compare the treatments. Statistical analysis 
was carried out using IBM SPSS Statistics 23, and the 
charts were generated using GraphPad Prism (version 
9.5.1.733). The plotted results represent the mean values 
derived from the collected data. A p-value less than or 
equal to 0.05 has been interpreted statistically significant. 
Significant differences between treatments are denoted by 
letters on graph bars.

Results

The presence of multiple regulatory elements related to 
heavy metal response in the promoter region of pel3 gene 
implied that laccase gene transcription in P. eryngii may 
be regulated by metal ions, specifically copper. To validate 
this hypothesis and also efficiently improve enzyme yield 
in this strain, here we examined the impact of varying 
concentrations of copper in the culture media on laccase 
activity and pel3 laccase gene transcription in P. eryngii 
KS004.

In terms of enzyme activity, laccase activity remained 
relatively low in the absence of inducer. But when copper 
was added, the extracellular laccase activity clearly started to 
rise. With the addition of only 0.5 mM  Cu2+, laccase activity 
increased by more than 2-fold. The most significant increase 
was observed at 1 mM  Cu2+, reaching a peak activity of 
381.1 U/L approximately 4.6 times higher than that in con-
trol flasks. As the amount of copper in the culture media was 
further elevated, the increasing trend was interrupted; as in 
1.5 mM and 2 mM  Cu2+, the extracellular laccase activity 
began to slightly decline, reaching 371.85 U/L and 290.43 
U/L, respectively. The changes in laccase activity are illus-
trated in Fig. 1.

To investigate the potential impact of copper as a heavy 
metal on the growth of P. eryngii KS004, the dry weight 
of fungal cultures exposed to escalating  Cu2+ amounts was 
measured. As depicted in Fig. 2, the addition of copper 
to P. eryngii KS004 cultures resulted in slower mycelial 
growth. Eight days after the addition of metal, the average 
dry weight of the control group increased by 0.56 g per 100 
mL of culture. While 0.5 mM  Cu2+ did not significantly 
affect fungal biomass, mycelial growth started to decelerate 
with increasing copper concentration, reaching only 0.33 
g and 0.23 g per 100 mL at 1.5 mM and 2 mM  Cu2+, 
respectively.

To explore the impact of copper on laccase gene 
transcription, 5-day-old P. eryngii cultures were exposed 
to various  Cu2+ concentrations. After a 3-day incubation 
period, the transcription levels of the laccase gene pel3 
were assessed through qRT-PCR. As depicted in Fig. 3, 
copper significantly stimulated the transcription of the pel3 
gene in P. eryngii KS004. While the transcription level of 

Fig. 1  Influence of various Cu concentrations on extracellular laccase 
activity (enzyme activity units per liter of culture). Vertical bars rep-
resent the standard deviation of three independent replicates
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this laccase gene was notably low in cultures without any 
inducer, the transcription levels of the pel3 gene subjected 
to 0.5 mM  Cu2+ began to gradually increase. The pel3 gene 
transcription continued to rise consistently with escalating 
 Cu2+ amounts, reaching 6.6-fold at 1 mM and over 13-fold 
in 1.5 and 2 mM  CuSO4 treatments. It is worth noting that, 
despite the continuous increase in pel3 gene transcription, 
the rate of induction slowed down at  Cu2+ concentrations 
higher than 1.5 mM.

This study examined the impact of  Cu2+ as a potential 
inducer on total production of extracellular laccase and 
how this heavy metal affects pel3 gene expression on 
transcriptional level in liquid cultures of P. eryngii KS004. 
The results indicated that the addition of copper to actively 
growing P. eryngii cultures could lead to a significant 
increase in transcription of pel3 gene, with the effect of 
copper being concentration-dependent. Moreover, it was 
demonstrated that the cultures supplemented with copper 

experienced an enhancement in extracellular laccase 
activity; however, higher  Cu2+ concentrations curtailed 
mycelial growth. Consequently, while pel3 laccase gene 
transcription displayed a notable increase at higher  Cu2+ 
concentrations, the increase in extracellular laccase activity 
followed a different pattern, reaching its peak at 1 mM  Cu2+ 
and declining at higher copper concentrations.

Discussion

Extracellular laccases are typically produced in limited 
quantities during secondary metabolism in fungi. Amplify-
ing laccase production becomes imperative for the enzyme’s 
industrial applications. Laccase transcription has been 
observed to be regulated by metal ions [20], aromatic com-
pounds [6], and nitrogen and carbon sources [21] in cul-
ture media. The induction of laccase by copper has been 

Fig. 2  Impact of copper sulfate on mycelial growth of P. eryn-
gii KS004. a Changes in dry weight of mycelia cultured on PDB 
medium. Vertical bars represent the standard deviation of three inde-

pendent replicates. b Mycelial growth of P. eryngii KS004 on PDA 
culture medium with different concentrations of  Cu2+
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documented in various fungi [12, 15, 17]. Copper’s influence 
on transcript levels has been reported in Trametes versicolor 
[22], Ceriporiopsis subvermispora [23], Pleurotus ostreatus 
[24], Pleurotus sajor-caju [21], Trametes pubescens [20], 
and Aspergillus flavus [25], although the degree of induction 
in transcription varies among different species .This study 
marks the first report of copper-induced laccase gene tran-
scription for the pel3 gene of P. eryngii. Our findings suggest 
that copper regulates pel3 gene expression at the transcrip-
tional level, with the impact of  Cu2+ being dose-dependent. 
Two putative metal-responsive elements (MREs), along with 
the copper-sensing sequence and yeast copper-response ele-
ment found in the promoter region of the pel3 gene [14], 
might contribute to the induction of pel3 gene transcription 
by  Cu2+. Our findings align with similar findings in other 
fungi, particularly those within the Pleurotus genus.

This study also delved into the effect of copper on laccase 
activity. P. eryngii KS004 exhibited laccase activity in both 
the absence and presence of  Cu2+, but the addition of copper 
to the culture media significantly augmented laccase activity, 
reaching its peak at 1 mM  Cu2+ concentration. Baldrian 
and Gabriel (2002) reported analogous results for copper 
induction in Pleurotus ostreatus within a nitrogen-limited 
liquid medium. Their findings proposed that the increased 
laccase activity upon  CuSO4 addition stems from both 
heightened laccase production through improved expression 
of laccase genes and the stabilization of the enzyme in 
the extracellular environment [26]. Results from Palmieri 
et al. also indicated that the inclusion of 1 mM  Cu2+ led 
to a decrease in extracellular proteolytic activity, thereby 
hindering laccase degradation [24].

Copper concentration is also variable in studies, as 
exemplified by Zhu et  al. [9] and Baldrian and Gabriel 
[26], who explored  CuSO4 effects ranging from 1 to 5 
mM. Gomaa and Momtaz [25] employed 1, 5, and 10 mM 
for Aspergillus flavus, and Yang et al. [15] assessed 0.5 
and 1 mM for copper induction in Trametes velutina. To 
have an accurate picture of the effect of copper on laccase 
induction in P. eryngii KS004, we examined four distinct 
copper concentrations: 0.5, 1, 1.5, and 2 mM. Previous 
investigations have shown that Cu can hinder mycelial 
growth in select Pleurotus species [17, 27], aligning with our 
findings. It has been suggested that concentrations beyond 
the fungal tolerance inhibit fungal growth as a result of 
oxidative stress that is extremely toxic to fungal cells [16, 
28, 29]. Consequently, the inhibitory impact of copper on 
growth should be factored in when interpreting extracellular 
laccase activity results.

It has been suggested that fungi produce laccases to 
scavenge reactive oxygen species (ROS) in order to protect 
themselves from oxidative stress caused by copper [16, 30] 
and as a defense mechanism against this heavy metal [5]. 
Considering the results obtained in the present study, the 
elevated gene expression and enzyme activity despite the 
lowered growth, facing stress conditions caused by copper 
seems to be the case for P. eryngii KS004.

Conclusion

The outcomes presented in this study show that Pleurotus 
eryngii KS004 laccase is not only constitutive but also 
inducible and establish a link between laccase enzyme 
production in this fungus and the presence of  Cu2+ ions 
in culture media. This underscores that introducing this 
metal at low concentrations can significantly induce laccase 
gene transcription. Considering the toxic and inhibitory 
effect of copper on fungal growth and increased pel3 gene 
transcription, it is suggested that pel3 is a stress-regulated 
gene in P. eryngii KS004, although further investigations 
into this are required. Our result seen as a whole aids in 
comprehending laccase gene regulation within Pleurotus 
eryngii KS004 through a variety of cis-acting elements 
and offers a promising approach to enhance native laccase 
enzyme production for biotechnological applications.
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