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ABSTRACT
Laccases are enzymes capable of oxidizing phenolic compounds and are important tools in 
different industrial processes. Heterologous expression of laccases is of great interest in 
biotechnological applications but achieving high expression levels is challenging. Three 
different laccases have been identified in the chestnut blight fungus Cryphonectria parasitica, 
among which a tannic acid-inducible laccase (laccase3) was successfully expressed using 
Saccharomyces cerevisiae. To obtain high and stable expression of fungal laccases, we cloned 
the gene encoding an extracellular laccase (Laccase1) of C. parasitica into a yeast episomal 
vector, used the resulting vectors to transform S. cerevisiae, and optimized the culture 
conditions of the selected transformants for Laccase1 production. We also tested the 
significance of the signal peptide of Laccase1 in the secretion of expressed Laccase1 and 
compared it with the widely used rice amylase signal peptide. Among the four constructs 
tested using a yeast episomal vector, full-length Laccase1 containing an endogenous signal 
peptide, showed the highest laccase activity. Interestingly, the stability of the recombinant 
vector expressing laccase was lower than that of the mock transformant, suggesting a 
detrimental effect of the Laccase1-expressing vector on host cells. Thus, we optimized the 
culture conditions to produce Laccase1 and the resulting optimum culture conditions 
identified through one-factor-at-a -time (OFAT) were 2% sucrose; 3% yeast nitrogen base 
without amino acid; pH 5.0; and 30 °C. The laccase activity was found to be 2.2 U/mL in 
optimal culture conditions, resulting in a 6.5-fold increase compared to the conventional 
culture medium.

1.  Introduction

Laccases (EC 1.10.3.2) are multicopper-binding 
oxidoreductases that are naturally present in various 
plants and fungi [1,2]. Fungal laccases are important 
for morphogenesis, delignification, and pathogenic 
interactions, and their mechanism of action involves 
the oxidation of multiple phenolic compounds [3–5]. 
Because of their ability to oxidize a variety of com-
pounds and produce water as a reaction by-product, 
these enzymes have become a highly valuable tool, 
referred to as “green catalysts,” which highlights their 
properties to only produce water as the reaction 
by-product [6]. Currently, laccases are used in sev-
eral industrial processes, such as bioremediation, 
pulp bleaching, dye decolorization, and pollutant 
removal [7–9]. These enzymes have also been 
employed as catalysts in producing anti-cancer 

medications and developing biosensors [10,11]. Due 
to the remarkable industrial applicability of laccase 
enzymes, a significant amount of research has been 
conducted on various recombinant laccases expressed 
in hosts such as bacteria, yeast, fungi, and plants 
[12–16]. Yeast is an ideal tool for developing new 
enzymes with desirable properties. However, 
large-scale biotechnological applications are hindered 
by the challenging heterologous expression of lac-
cases [17].

Currently, the industry requires safer alternatives 
to reduce environmental pollutants and toxic com-
pounds, which has led to an increasing demand for 
the large-scale production of laccase enzymes [18–
20]. To overcome the high demand for different bio-
products at a low cost, the use of microorganisms, 
such as bacteria or yeast hosts, has been evaluated. 
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Among these, Saccharomyces cerevisiae, baker’s yeast, 
has shown remarkable advantages such as the ability 
to produce and secrete glycosylated eukaryotic pro-
teins, low production cost, brief culture time, and 
feasible genetic manipulation [21,22]. However, the 
protein yields achieved with the S. cerevisiae expres-
sion host were not always higher than those achieved 
with other yeast systems, including Pichia pastoris, 
Hansenula polymorpha, and Kluyveromyces lactis, 
indicating the necessity for engineering strategies to 
increase protein production [22].

Cryphonectria parasitica is a well-known phyto-
pathogenic fungus whose pathogenicity is associated 
with laccase enzyme activity. Infections of the fun-
gus with hypovirus lead to hypovirulence and causes 
changes in various biological processes, including 
sporulation, pigment production, reproduction, and 
enzyme production. Through analysis of the C. par-
asitica genome, 16 putative laccase genes have been 
identified [23], and three laccase isozymes-extracellular 
Lac1 [24], intracellular Lac2 [25], and extracellular 
and tannic acid-inducible Lac3 [24,26], have been 
thoroughly characterized. The activities of all three 
enzymes are typically suppressed by CHV1 infection. 
Previously, the heterologous expression of a laccase 
from C. parasitica was evaluated in S. cerevisiae, 
showing the feasibility of producing up to 45 mU/
mL of LAC3 after two days of culture [27].

Laccase genes encode various isozymes that differ 
in kinetic properties, substrate affinities, or expres-
sion patterns [28]. C. parasitica is often considered a 
“super pathogen” owing to its abundance of proge-
nies, fast and extensive damage, various means of 
dissemination, and high surviving capability. Laccase, 
an important virulence factor in C. parasitica, plays a 
pivotal role in the break down of phenolic com-
pounds such as tannins, which typically provide 
chestnut trees with resistance against various patho-
gens. By oxidizing tannins, laccases convert them 
into low molecular-weight compounds, thus reducing 
or eliminating their protective toxicity. This process 
weakens the defenses of tree, offering an eco-friendly 
yet destructive approach to infection. It effectively 
oxidizes phenolic compounds, making it a promising 
tool for wastewater treatment and soil remediation.

Among three well-characterized laccases of C. 
parasitica, Lac1 has attracted attention because of its 
constitutive expression and broad-spectrum biocata-
lytic activity, allowing the fungus to survive in vari-
ous host environments, insinuating the high potential 
of this enzyme for the biodegradation of plant bio-
mass and phenolic compounds. However, the expres-
sion pattern of Lac1 in S. cerevisiae has not been 
evaluated. The main objective of this study was to 

evaluate the heterologous expression of Lac1 in C. 
parasitica using an S. cerevisiae expression system.

2.  Materials and methods

2.1.  Strains and culture media

All plasmids used in this study were maintained in 
E. coli Top 10, which was maintained in LB broth or 
agar supplemented with appropriate antibiotics at 
37 °C. The obtained plasmids were verified using 
restriction enzyme analysis and sequencing to con-
firm the presence of the genes of interest.

The Saccharomyces cerevisiae 2805 strain (MATα 
pep4::HIS3 prb 1-δ Can1 GAL2 his3 ura3-52) was 
used as a host for Laccase1 expression [29]. The 
host strain was maintained in YEPD media (yeast 
extract 10 g/L, peptone 20 g/L, and D-glucose 2 g/L), 
whereas the transformants were maintained in uracil 
dropout media (ura−) (yeast nitrogen base 6.7 g/L, 
2% glucose, and uracil synthetic dropout supple-
mented with amino acids at 1.92 g/L). For the liquid 
culture of the Laccase1-based transformants, a single 
colony of each of the transformant strains was inoc-
ulated into 5 mL of ura−-selective liquid culture and 
grown for 48 h with continuous agitation at 200 rpm 
and 30 °C. From this culture, 250 μL was inoculated 
into 5 mL of ura−-selective broth and cultured for 
16 h under similar conditions. Thereafter, 1.5 mL of 
this culture was inoculated into 40 mL of ura−-selec-
tive medium and cultured for 8 d to measure the 
enzymatic activity. The culture was grown at 30 °C 
and 200 rpm; 1.2 mL of culture was collected every 
day and centrifugated for 3 min at 13,000 rpm, and 
360 µL of the clear supernatant was collected for 
measurement of laccase activity.

2.2.  Plasmid construction

The sequence of Lac1 (GenBank accession number: 
M73257.1) was amplified from the total RNA of C. 
parasitica EP155/2 and used to synthesize total 
cDNA with random hexamer primers using 
SuperScript IV Reverse Transcriptase IV (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
instructions. The Laccase1 cDNA sequence was 
amplified from the total cDNA using the PCR 
method. BamHI and SgrDI restriction enzyme rec-
ognition sites were added before the start codon and 
after the stop codon, respectively.

The resulting full-length Lac1 cDNA construct 
(LAC1), encoding 591 amino acids, was cloned into 
the T-blunt vector for sequence verification. 
Subsequently, the gene was released from the vector 
using BamHI/SgrDI and cloned into the 
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pYEGPD-TER vector (Figure 1A,B), which contained 
a constitutive GPD (glyceraldehyde-3-phosphate 
dehydrogenase) promoter and GAL7 terminator. 
Constructs with a 31-amino acid signal peptide of 
rice amylase (ramy1A, GenBank accession no. 
X16509) attached to the full Lac1 sequence 
(RspLAC1), mature Lac1 sequence without a 
20-amino acid endogenous signal peptide (mLAC1), 
and rice signal peptide (ramy1A) attached to the 
mature Lac1 sequence (RspmLAC1) were obtained 
(Supplementary Figure S1). The sequence of mature 
Lac1 was determined as previously described [26]. 
BamHI and SgrDI restriction sites were added before 
the start codon and after the stop codon, respec-
tively. The resulting fusion genes were cloned into 
the pGEM T-Easy vector for sequence verification. 
Subsequently, the genes were released from the vec-
tor via enzymatic digestion and cloned into an 
expression vector (Figure 1B). Recombinant 
pYEGPD-TER vectors were transformed into S. cer-
evisiae 2805 using the lithium acetate method as 
previously described [30–32]. Briefly, competent 
yeast cells were prepared using lithium acetate 
(LiAc), and plasmid DNA was introduced into com-
petent cells with single-stranded salmon sperm DNA 
in a transformation buffer containing LiAc and 

polyethylene glycol (PEG). Subsequently, the trans-
formed cells were selected on ura–-selective solid 
medium. The empty vector pYEGPD-TER was also 
transformed to create a mock transformant, which 
was used as the negative control.

2.3.  Colony PCR and quantitative real-time PCR

The resulting yeast transformants were grown on 
ura–-selective agar plates for 3 days, and candidate 
transformant colonies were screened using colony 
PCR. Colonies were picked up using a sterilized 
toothpick and dissolved in 10 µL of H2O. Subsequently, 
1 µL of the resulting colony suspension was added to 
a PCR mixture containing forward and reverse prim-
ers to clone either the full or a 1.0 kb section of the 
Lac1 cDNA sequence (Supplementary Figure S2). 
PCR was performed for 30 cycles at the annealing 
temperature of 55 °C.

For quantitative real-time RT-PCR (qRT-PCR), 
transformants were cultured in an appropriate 
medium, and total yeast RNA was extracted as pre-
viously described [33]. The RNA concentration was 
determined using a Qubit 4 fluorometer (Thermo 
Fisher Scientific Inc.). To evaluate the expression lev-
els of target genes, qRT-PCR was performed as 

Figure 1.  Schematic representations of expression vectors designed in this study. All the expression cassettes were cloned into 
the pYEGPD-TER vector using BamHI and SgrDI restriction enzymes (A). Constructs based on Laccase1 sequence full Laccase1 
construct (pYEGPD-LAC1), rice amylase signal peptide attached to the full Laccase1 sequence (pYEPD-RspLAC1); mature 
Laccase1 constructs mature Laccase1 attached to rice amylase signal peptide (pYEGPD-RspmLAC1) and mature Laccase1 only 
(mLAC1) (B).

https://doi.org/10.1080/12298093.2024.2439646
https://doi.org/10.1080/12298093.2024.2439646


Mycobiology 39

previously described [34]. The transcript levels were 
measured relative to the amount of GPD in S. cerevi-
siae, which served as an internal control. The primer 
pairs used for each target gene are listed in Table 1.

2.4.  Laccase assay

The laccase transformants were grown on ura–-selec-
tive media supplemented with tannic acid 0.5% [27] 
and grown for 2–5 d at 30 °C. Three laccase transfor-
mants for each laccase construct with the highest 
coloration observed on the border of the colonies 
were selected for subsequent liquid culture analysis.

Measuring laccase activity in culture filtrate using 
2,6-dimetoxyphenol (DMOP) as a substrate has long 
been established because of specificity over other 
substrates [35,36], and has also been used in a pre-
vious study on the heterologous expression of lac-
case in S. cerevisiae [27]. Laccase activity in the 
culture filtrate was therefore evaluated using a spec-
trophotometric assay with a substrate solution con-
sisting of 10 mM DMOP in sodium tartrate buffer at 
pH 3.4 [37]. A laccase unit was defined as an A468 
increase of 1.0/min at 25 °C, as described by Rigling 
et  al. [37]. The total reaction volume consisted of 
300 µL, comprising 60 µL of clear supernatant of cul-
ture broth after centrifugation and 240 µL of sub-
strate solution. Laccase activity was measured daily 
for 8 days. For comparison, we measured the laccase 
activity of the culture filtrates of selected transfor-
mants using ABTS as a substrate [38].

To measure intracellular laccase activity, the total 
soluble protein was prepared from the disrupted 
cells of transformants as previously described [39], 
and laccase activity was measured.

2.5.  Optimization of culture media and 
conditions

The experiment for optimizing culture conditions 
was carried out using 50 mL of modified 

ura–-selective medium in a 250 mL flask. Colonies 
from the ura–-selective media plate were inoculated 
into ura–-selective broth, and pre-cultures for over-
night at 30 °C and 150 rpm. Thereafter, the pre-culture 
medium corresponding to 1% of the final culture 
volume was inoculated into the ura–-selective based 
dropout culture medium and incubated for 24 h. The 
laccase activity in the culture broth was measured.

To optimize the medium composition, six differ-
ent carbon sources (glucose, lactose, fructose, 
sucrose, maltose, and glycerol) were tested. To select 
the optimal carbon source for laccase production, 
2% of each carbon source was used in a modified 
ura–-selective medium. Six nitrogen sources, yeast 
extract, YNB without amino acids, peptone, tryp-
tone, beef extract, and soy peptone, were tested by 
adding different nitrogen sources to the medium 
with the selected carbon source. Once the carbon 
and nitrogen sources were determined, optimum 
concentrations were selected.

Additionally, optimum culture conditions such as 
pH and temperature were determined. Various pH 
values in the range of 4.0–9.0, adjusted with HCl or 
NaOH, were tested for optimum pH conditions. For 
temperature, tests were conducted in the range of 
20 °C–30 °C.

2.6.  Statistical analysis

All enzyme activities were analyzed by ANOVA 
using the SPSS software ver.18.0 (IMB Corp., 
Armonk, NY, USA). The significance of all effects 
was determined using Duncan’s test at p = .01.

3.  Results

3.1.  Construction of expression vectors

To express the Laccase1 gene, a full-length Laccase1 
gene (LAC1), a mature LAC1 (mLAC1), and two 
fusion gene constructs of the rice amylase1 signal pep-
tide (Rsp) fused to LAC1 (RspLAC1) and the endog-
enous signal peptide replaced with Rsp (RspmLAC1) 
were PCR-amplified. All the PCR amplicons were 
cloned and sequenced for further verification.

For yeast expression, the pYEGPD-TER vector, 
which is a high-copy number episomal vector con-
taining a 2 µ yeast replication origin that has been 
used to express various types of heterologous pro-
teins in yeast [32,33,40], was employed. The BamHI 
and SgrDI-digested target genes were cloned into 
BamHI and SalI-digested pYEGPD-TER vectors. The 
resulting recombinant vectors were sequenced and 
used to transform the S. cerevisiae 2805 strain. The 
primers used in this study are listed in Table 1.

Table 1. O ligonucleotide primers used in this study.
Primers Sequence (5′–3′)
Lac1-cDNA-F CGCGGATCCATGCCTTCATTCTTTCGAGC
Lac1-cDNA-R CTACGTCGACGTCAAACTCCCGAATCATCCT
Lac1-BamHI-ATG CGCGGATCCATGCCTTCATTCTTTCGAGC
Lac1-SgrDI-stop CTACGTCGACGTCAAACTCCCGAATCATCCT
ramylA-F CGAGGATCCATGCAGGTGCTGAACACC
ramyl-fLac1-ov-F AACTTGACAGCCGGGATGCCTTCATTCTTT
ramyl-fLac1-ov-R AAAGAATGAAGGCATCCCGGCTGTCAAGTT
ramyl_mLac1-ov-F AACTTGACAGCCGGGGCACCCTCGCTTCT
ramyl_mLac1-ov-R AGAAGCGAGGGTGCCCCGGCTGTCAAGTT
BamHI-mLac1-F TATGGATCCATGGCACCCTCGCTTCTC
qRT_Lac1-F GCTCGTAAATGGTAACATTCTG 
qRT_Lac1-R GATCGTTGTCCCATTGTACTTG
qRT_GPD-F CAACCGTCGATGTCTCCGT
qRT_GPD-R TTCAGCGGCAGCCTTAACA

Underlines indicate restriction enzyme sites.
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3.2.  Analysis of transformed S. cerevisiae

At least 20-30 putative transformants for each con-
struct were selected on ura–-selective media and 
the presence of the expression vector was analyzed 
using colony PCR as described in Materials and 
Methods. To amplify the Lac1-containing vector, a 
set of primers covering the full Lac1 gene and a set 
of primers covering the internal region of the 
mLAC1 gene were used for the mLAC1-containing 
vector (Table 1). Colony PCR using DNA prepara-
tions from the putative transformants revealed the 
presence of 1.7 kb amplicon for Lac1 and 1.0 kb 
amplicon for the mLAC1 genes (Supplementary 
Figure S2), which indicated that the corresponding 
expression plasmids were successfully transferred 
into the recipient yeast.

3.3.  Analysis of laccase expression; plate assay

Because Bavendamn media using the tannic 
acid-supplemented malt extract agar are commonly 
used for laccase activity [37] and we also demon-
strated that recombinant yeast expressing laccase3 
showed a characteristic color change around the col-
ony on tannic acid-supplemented MEA [27], we 
tested the expression of laccase1 using the tannic 
acid-supplemented ura–-selective media.

A plate assay to observe the color changes around 
the colonies as an indicator of laccase activity was 
applied to the tannic acid-supplemented ura–-selec-
tive media (Figure 2). All transformants, except 
those transformed with the expression vector mLAC1 
showed distinctive color changes around the colonies 
grown on the tannic acid-supplemented ura–-selec-
tive media. These results indicated that the plate 
assay using ura–-selective media supplemented with 
tannic acid was able to express laccase, and three, 
but not all four, constructs were able to express and 
secrete the laccase enzyme.

Interestingly, a nutrient-rich medium, such as 
YEPD supplemented with tannic acid, could not dis-
cern the characteristic color changes around the col-
onies, which suggested that selection pressure by 
ura–-selective media is a prerequisite for determining 
laccase expression. Incubation in a tannic acid sup-
plemented ura–-selective medium was required to 
observe the characteristic color change as an indica-
tor of laccase activity.

Based on a plate assay using tannic 
acid-supplemented ura–-selective media, the three 
transformants, which showed the most distinctive 
color changes were selected for each construct and 
used for further analysis of enzyme production in 
liquid media. Three transformants with the mLAC1 

construct that showed no discernible color change 
were randomly selected for further analysis.

3.4.  Estimation of laccase expression; liquid 
culture

The three transformants showing the most intense 
color change for each construct were cultured on 
ura–-selective liquid media, and culture filtrates for 
each strain were used for the laccase assay. Laccase 
activity increased as the culture progressed, peaked at 
6 days of culture, and then gradually decreased 
(Figure 3). No significant differences were observed 
between the strains. However, significant differences 
in laccase activity were observed among the transfor-
mants with different vector constructs. Transformants 
carrying the LAC1 construct showed the highest 
activity at all time points, followed by transformants 
carrying the RspmLAC1 construct, whereas transfor-
mants with the RspLAC1 construct showed the low-
est activity. No activity was observed in the 
transformants carrying the mLAC1 construct. The 
greatest activity of the transformant with the LAC1 
construct was 0.35 U/ml on day 6 after culture. 
Because many heterologously expressed laccase activ-
ities were assessed using the ABTS oxidation method, 
we showed the laccase activity of selected transfor-
mants using it for a wider comparison of laccase 
yield from previous studies (Supplementary Figure S3).

Because no activity was observed with the culture 
filtrate of the mLAC1 construct, we tested whether 
laccase was expressed intracellularly. Total soluble 
protein, representing intracellular soluble protein, 
was prepared from disrupted cells of the transfor-
mants containing the mLAC1 construct, and laccase 
activity was measured. No laccase activity was 
observed during the preparation of the total soluble 
proteins. These results suggested that the expression, 
but not secretion, of laccase1 using the mLAC1 con-
struct hindered the activity.

3.5.  Plasmid stability and cell growth of 
recombinant

We observed laccase activity using selective media 
but not nutrient-rich nonselective media such as 
YEPD; therefore, we measured the stability of the 
laccase-expressing plasmids. Plasmid stability was 
measured by comparing the colony-forming units 
(CFUs) on nonselective YEPD with those on ura–-se-
lective media after plating the same number of cells 
grown in nonselective YEPD liquid media for 3 days. 
As shown in Table 2, more than 60% of transfor-
mants with the LAC1 construct did not grow on the 
ura–-selective media. When transformants were 

https://doi.org/10.1080/12298093.2024.2439646
https://doi.org/10.1080/12298093.2024.2439646
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grown on the ura–selective media, more than 50 and 
40% of transformants with the RspLAC1 and 
RspmLAC1 constructs, respectively, did not produce 
colonies on the selective media. In contrast, mock 
transformants with the vector only showed that less 
than 15% of transformants did not show CFUs on 
the selective media. Interestingly, transformants with 
the mLAC1 construct showing no laccase activity 
showed a similar number of CFUs as mock transfor-
mants, suggesting that the presence of a larger episo-
mal plasmid than in mock transformants was not 
the only reason for plasmid stability. As a control, 

transformants grown in ura–-selective liquid showed 
no significant difference in CUFs between the selec-
tive and nonselective plates. These results explain 
why laccase activity was detected in culture filtrates 
grown in ura–-selective liquid media but not in non-
selective YPED broth.

3.6.  Selection of carbon and nitrogen sources

To determine the optimal carbon source, the selected 
Lac1 transformants were cultured in a medium con-
taining each of the six different carbon sources and 

Figure 2.  Analysis of laccase activity. Plate assay using tannic-acid supplemented media (left panels). Brown staining was 
observed around colonies of transformants, whereas no color was observed around the mock transformant. Line graph shows 
the laccase activity measurement of the three selected transformants during the 4 days of culture (right panels). (A) From the 
1-19 pYEGPD-LAC1 transformants, number 6, 12, and 18 were selected for growth in liquid culture. (B) pYEGPD-RspLAC1 #1, 
2, and 20 transformants were selected for growth on liquid culture. (C) The pYEGPD-RspmLAC1 transformants #7, 11, and 29 
were selected for further analysis. (D) pYEGPD-mLAC1 transformants did not show brown coloration on plate assay. Error bars 
represent mean ± SD. Student’s t-test (n = 3) was used to compare data between two groups, **p < .01 and *p < .05.
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assayed for laccase activity in the culture broth 
(Figure 4A). Among the six carbon sources, glucose, 
fructose, and sucrose showed significant laccase 
activity, whereas almost no laccase activity was 
observed with the other three carbon sources. 
Among the three laccase-positive carbon sources, the 
sucrose-containing medium showed the highest 
activity (0.556 U/mL), followed by those containing 
glucose (0.337 U/mL) and fructose (0.239 U/mL).

Among the six tested nitrogen sources, the 
medium containing YNB without amino acids 
showed significant laccase activity (0.539 U/mL), 
whereas only limited activity was observed in the 
medium containing either peptone or beef extract 
(Figure 4B). No discernible activity was observed 
with the other three nitrogen sources.

We then tested the optimal concentration of 
sucrose, which ranged from 5 to 60 g/L. As shown in 
Figure 4C, the laccase activity increased as the con-
centration increased, peaked at 20 g/L, and then 
gradually decreased as the concentration increased. 
The highest enzymatic activity using 2% sucrose was 
0.543 U/mL. In addition, the optimal concentration 
of the selected YNB without amino acids ranging 
from 6.7 to 60 g/L was determined using a medium 
containing 2% sucrose as the carbon source (Figure 
4D). Laccase activity increased as the concentration 
of YBN without amino acids increased up to 30 g/L, 
and then gradually decreased thereafter. The highest 

activity was found to be 1.399 U/mL in the medium 
containing 20 g/L sucrose and 30 g/L YBN without 
amino acids.

3.7.  Effect of temperature and pH

After the optimal medium composition was estab-
lished, the optimal culture conditions, such as pH 
and temperature, were determined. Various pH val-
ues ranging from 4.0 to 9.0 adjusted with HCl and 
NaOH were tested for the optimal pH condition 
(Figure 5A). Among the pH values tested, pH 5.0 
showed the optimal condition with an activity of 
1.830 U/mL. Laccase activity gradually decreased as 
the pH increased to 7.0. Decreased laccase activity 
and severe growth defects were observed above pH 
7.0 (Figure 5A). Temperatures ranging from 20 °C to 
40 °C were also tested with the optimized culture 
medium at pH 5.0 (Figure 5B). Laccase activity 
increased as the temperature increased and peaked 
at 30 °C; thereafter, the activity dramatically decreased 
at 35 °C and 40 °C due to the growth defect. The 
highest activity at 30 °C was 2.196 U/mL followed by 
2.030 U/mL at 25 °C and 0.328 U/mL at 20 °C (Figure 
5B). Therefore, the highest laccase activity of the 
Lac1 transformant was 2.196 U/mL using the ura–-se-
lective optimal media (yeast nitrogen base 30 g/L, 2% 
sucrose, uracil synthetic dropout supplemented with 
amino acids 1.92 g/L, pH 5.0) at 30 °C. This optimi-
zation process improved productivity by more than 
six times compared to the original ura–-selec-
tive media.

4.  Discussion

Laccase expression using gene constructs containing 
the signal peptide was successful, whereas the gene 
construct encoding the mature peptide alone showed 
no enzymatic activity. Quantitative real-time RT-PCR 
(qRT-PCR) revealed that a significant amount of 
mLac1 transcripts accumulated (Supplementary 
Figure S4), suggesting that transcriptional control 
was not the reason for the lack of expression. In 
silico analysis (http://www.unafold.org/) of the sec-
ondary structure of the putative mLAC1 transcript 

Figure 3. L accase activity on different Laccase1-based trans-
formants. The previously selected transformants with higher 
laccase activity values were grown on ura–-selective media 
for 8 d and laccase activity was measured daily. Error bars 
represent mean ± SD. Student’s t-test (n = 3) was used to 
compare data between two groups, **p < .01 and *p < .05.

Table 2.  Plasmid stability measured by comparing the CFUs on nonselective YEPD with those on ura–-selective media.

Strainb

CFUsa/plate

YEPD ura-
Mock 89.6 ± 12.7c 75.6 ± 10.5
LAC1 77.2 ± 16.6 20.0 ± 5.0
RspLAC1 94.6 ± 10.1 23.6 ± 6.0
RspmLAC1 102.0 ± 20.0 36.0 ± 3.1
mLAC1 94.8 ± 15.0 81.0 ± 5.3
aColony-forming units per plate.
bFor each strain, 100 cells, cultured in nonselective YEPD liquid media for 4 days, were spread on the media.
cValues are shown as the means ± standard deviation.

https://doi.org/10.1080/12298093.2024.2439646
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revealed no distinctive inhibitory structure around 
the initiation codon or gene body. No significant 
difference was observed in the secondary structures 
of the LAC1 and mLAC1 transcripts. In addition, 
the analysis of laccase activity using the intracellular 
protein extract of the corresponding mLAC1 trans-
formant showed no enzyme activity. Moreover, 
based on the successful expression of laccase using 
other constructs, the inhibitory C-terminal 

extension of laccase is unlikely to result in no enzy-
matic activity [13,41]. Thus, although poor transla-
tion and/or post-translational processes, such as 
proteolytic degradation, might be the reason for the 
lack of enzyme activity, the absence of a distinctive 
inhibitory structure for translational initiation and 
the persistence of laccase activity during liquid cul-
ture, that is, the maximal activity around 5 or 6 d 
after incubation, suggest that there might be an 

Figure 4. O ptimization of media composition to enhance laccase activity of strain. Laccase activity using different carbon (A) 
and nitrogen sources (B). Laccase activity at different concentrations of the selected carbon (C) and nitrogen (D) sources. 
Enzyme activity was measured 24 h after the main culture. All enzyme activities were analyzed by ANOVA using SPSS software 
ver.18.0 (IMB Corp., Armonk, NY, USA). The significance of all effects was determined using Duncan’s test at p = .01.

Figure 5. O ptimization of culture conditions for laccase activity. Laccase activity depending on various pH ranges (A) and 
temperatures (B). Enzyme activity was measured 24 h after the main culture. All enzyme activities were analyzed by ANOVA 
using SPSS software ver.18.0 (IMB Corp., Armonk, NY, USA). The significance of all effects was determined using Duncan’s test 
at p = .01.
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intrinsic reason for the mLAC1 gene construct 
requiring further studies.

The stability of the episomal recombinant plasmid 
of the transformant was assessed by comparing the 
CFUs on nonselective YEPD with ura–-selective 
media corresponding to cells grown in nonselective 
YEPD broth. Plasmid instability was remarkable in 
cells expressing laccase compared to strains showing 
no laccase activity, such as the mock and mLAC1 
transformants. These results indicate that the meta-
bolic burden due to the expression of laccase, and 
not the presence of a large plasmid, is the reason for 
plasmid instability. These results are consistent with 
those of a previous study showing the deleterious 
effect of laccase on S. cerevisiae cell growth [27].

Culture media, that is, YEPD vs. ura–-selective 
media, showed a great difference in the laccase activ-
ity of the transformants even with the same con-
struct. Our previous study on Lac3 expression 
demonstrated that the expressed laccase was specifi-
cally labile in the culture media of YEPD because of 
the protease activity in the culture broth of the same 
parental host strain S. cerevisiae 2805 [42]. Our 
results, which showed no activity in YEPD broth, are 
in good agreement with those of a previous study 
[27]. Similarly, our attempts to optimize the culture 
components showed that media supplemented with 
YEPD, yeast extract, or peptone alone did not sup-
port laccase production. These results suggest that 
laccase expression increased in chemically defined 
media under selective culture conditions during the 
optimization process, while laccase expression 
remained constant in complex media. Although other 
studies on laccase production in yeast demonstrated 
that organic nitrogen sources, such as peptone and 
yeast extract, showed better laccase activities than 
simple synthetic nitrogen sources, such as NH4Cl, 
NH4NO3, and KNO3, due to buffering effects on cul-
tured cells [43], our results showing the near absence 
of laccase activity using organic nitrogen sources are 
likely to be strain-specific. Compared to simple syn-
thetic nitrogen sources, complex media, such as 
YEPD, require more protease activity for yeast nutri-
ent uptake. Thus, it is highly likely that proteolytic 
degradation in nutrient-rich complex media is the 
limiting factor for laccase expression. Thus, plasmid 
stability and medium composition in nutrient-rich 
complex media such as YEPD are important factors 
for the expression of cloned laccase genes, even in 
successful transformants.

Optimization of Laccase1 production resulted in 
2.2 U/mL under the conditions of 2% sucrose; 3% 
yeast nitrogen base without amino acid; pH 5.0; and 
30 °C. Since strain preferences for different nutrient 
sources have been reported [44,45], our optimal 

conditions to produce laccase1 were likely 
strain-specific. However, the enzymatic activity of 
Laccase1 in this study was significantly higher than 
the optimized laccase3 production (0.3 U/mL). 
Laccases contain a broad spectrum of substrates, 
including various phenolic and aromatic amines. 
However, the oxidizing efficiency of each laccase var-
ies depending on its substrate [46]. Considering the 
enzymatic efficiency of the tannin-specific laccase3, 
the significant increase in enzyme activity by recom-
binant Laccase1 might be attributed to the enzymatic 
efficiency of recombinant Laccase1 rather than a 
larger amount of protein product of the Lac1 gene.

5.  Conclusion

This study demonstrated that heterologous laccase1 
was successfully expressed in S. cerevisiae and opti-
mal expression conditions were determined. We 
optimized the composition of growth medium and 
culture conditions for the heterologous expression of 
the laccase1. Though this optimization study, we 
were able to produce 2.2 U/mL of laccase1 enzyme, 
making it possible to produce large amounts of a 
novel recombinant laccase1 that has previously been 
difficult to produce on a commercial scale.
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