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Abstract

The aim of this study is to determine the key laccase-encoding gene in the life cycle of Morchella importuna SCYDIJ1-Al,
and to characterize the biochemical properties of the laccase. Two laccase-like multicopper oxidase (LMCO) genes were
identified in the genome of M. importuna SCYDJ1-A1 as putative laccase-encoding genes. The two genes, belonging to
Auxiliary Activity family 1 subfamily 3, were named as MiLacA and MiLacB. Phylogenetic analysis of deduced amino acid
sequences showed that MiLacA is closest to a LMCO of M. importuna 22J1, while MiLacB had low similarity with known
Morchella LMCOs. Real-time quantitative PCR results showed that MiLacA was expressed at much higher levels than
MiLacB throughout the entire course of artificial cultivation. MiLacA was overexpressed in Pichia pastoris as a recombinant
protein. Biochemical characterization of the purified enzyme showed that MiLacA simultaneously possessed laccase and
polyphenol-oxidase activities. MiLacA could be strongly inhibited by Fe?*, which is unusual. The optimum pH was four and
optimum temperature was 60 °C. The enzyme retained over 74% of the laccase activity after 16-h incubation at 60 °C, which
means that its thermostability is at the forefront among the currently known laccases. Our findings may help to elucidate how
the laccase of M. importuna is involved in decaying lignin in plant litter, and could also provide a candidate thermostable
laccase for potential industrial application.

Keywords Morchella importuna SCYDJ1-Al - AA1_3 family - Laccase-like multicopper oxidase - Transcript level -
Overexpression - Biochemical characterization

Introduction
Electronic supplementary material The online version of this Morchella importuna, the ladder-ridged morel, is a delicious
article (https://doi.org/10.1007/s13205-019-1688-6) contains ascomycete mushroom. A strain of the morel, M. importuna
supplementary material, which is available to authorized users. SCYDIJ1-A1, was domesticated successfully recently, mak-

ing the mushroom artificially cultivable (Liu et al. 2018;
Peng et al. 2016). As a soil-inhabiting ascomycete, M.
importuna can utilize decayed plant litter in soil as a carbon
(C) source (Liu et al. 2018). For instance, isotopic evidence
has shown that saprotrophic morel tends to assimilate old
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of aromatic polymers in soils (Theuerl and Buscot 2010;

Thevenot et al. 2010), and is highly resistant to chemical and
biological degradation (Martinez et al. 2005).
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It is effective in oxidative degradation of the phenol units
in lignin, and is also used for industrial purposes such as
removing polyphenols in fruit juice and wine, de-coloring
dyes in waste water, and biodegrading xenobiotic chemi-
cals (Hildén et al. 2009). Previous studies have shown that
laccase is actively involved in degradation and recycling of
lignin in soils, as well as derivatives of lignin catabolites
(Christopher et al. 2014) such as humus (Zavarzina et al.
2004). In addition, breakdown of lignin in lignocellulosic
complexes could further improve the accessibility of cellu-
lose and hemicellulose to hydrolytic enzymes in plant litter
(Pinto et al. 2012; Shirkavand et al. 2016). Thus, laccase
plays an important role in the morel to utilize plant litter in
the soil (Baldrian 2006; Eichlerova et al. 2012; Theuerl and
Buscot 2010). While Kanwal and Reddy (2014) reported that
laccase activity was significant during sclerotia formation
of M. crassipes, Kellner et al. (2007) inferred that LMCO
genes were responsible for soil extracellular activities related
to plant-litter decay by Morchellaceae species. These find-
ings could be strengthened by estimating the contribution of
different LMCO genes to the total laccase expression of the
morel, as well as by obtaining biochemical evidence from
isolated enzymatic protein.

In the present study, the importance of two LMCO genes
of M. importuna SCYDJ1-A1 was compared by monitor-
ing transcript levels throughout its life cycle. To verify the
actual activity of the key LMCO, the recombinant enzyme
was overexpressed in Pichia pastoris, and was then purified
and characterized for its biochemical properties.

Materials and methods
Identification of LMCO genes

LMCO genes were searched in the M. importuna
SCYDJ1-Al genome (NCBI BioSample accession num-
ber SAMNO05442956) with tblastx, using the LMCO gene
fragments of M. importuna 22J1 (EMBL accession num-
bers AM269495 and AJ704782), reported by Kellner et al.
(2007), as templates. The signal peptide was predicted with
SignalP 4.1 (Petersen et al. 2011).

Phylogenetic analysis

Deduced amino acid (AA) sequences of MiLacA and
MiLacB were compared with the 31 LMCOs in the Morchel-
laceae family reported by Kellner et al. (2007). Nucleotide
sequences of the 31 LMCO fragments were converted into
AA sequences by removing predicted introns with the same
procedures described by Kellner et al. (2007). The AA
sequences were aligned with MAFFT (Katoh and Toh 2008)
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to construct a neighbor-joining phylogenetic tree, using the
procedures described previously (Tan et al. 2016c¢).

Structural modeling

Structural models of MiLacA and MilLacB were predicted
by homolog modeling using Phyre2 (Kelley et al. 2015),
and visualized with UCSF Chimera (Pettersen et al. 2004).

Sample collection

The morel strain used in the present study was M. importuna
strain SCYDJ1-A1. The origin of the strain was described
previously by Tan et al. (2017). Artificial cultivation of the
morel was carried out, as instructed by Peng et al. (2015)
and reviewed by Liu et al. (2018). The growth period of
the morel was divided into the following six stages: (I)
sclerotium in mushroom spawn; (II) surface-soil mycelium
before contact with exogenous nutrient bag; (III) surface-
soil mycelium after contact with exogenous nutrient bag;
(IV) surface-soil mycelium before primordium formation;
(V) primordium; (VI) fruiting body. Samples were collected
from three biological replicates. Mycelium in surface soil
(0—2-cm depth) of the mushroom bed, primordium and fruit-
ing body were collected, snap-frozen by liquid nitrogen and
kept at — 80 °C.

RNA extraction

RNA in surface-soil mycelium was extracted with the RNA
PowerSoil Total RNA Isolation Kit (MO BIO Laboratories,
Carlsbad, California, USA). RNA in the primordium and
fruiting body was extracted with the Fungal Total RNA Iso-
lation Kit (Sangon Biotech, Shanghai, China).

Real-time quantitative PCR

A constantly expressing actin gene (Act) of M. importuna
SCYDIJ1-A1 was used as a reference for transcript level.
Both cDNA synthesis and real-time fluorescent quantitative
PCR (qPCR) were carried out as described previously (Jia
et al. 2017). Briefly, cDNA was synthesized with the HiS-
cript First Strand cDNA Synthesis Kit (Vazyme Biotech Co.,
Ltd, Nanjing, Jiangsu Province, China). MiLacA, MiLacB
and ActB genes were amplified using the primers listed in
Table 1. The amplification was carried out on a qTOWER
2.2 real-time fluorescent qPCR cycler (Analytik Jena AG,
Jena, Thuringia State, Germany), with a program of 95 °C
for 3 min, then (95 °C 10 s, 58 °C 30 s, plate read) X 45
cycles. Melting-curve analysis was carried out from 58 °C
to 95 °C, with a ramp of + 1 °C and a hold of 4 s per cycle.
The linear amount of target-gene transcription was compared
to the calibrator and was calculated by the 2744 method.
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Table 1 Primers for gPCR amplification of MiLacA, MiLacB and the
reference gene, Act

Primer Sequence (5'-3") Melting
temperature
§®)
MiLacA-F CCTCGGATTGTTAATGCT 58 °C
MiLacA-R GCCATATAAGACAGAGATGA 58 °C
MiLacB-F ATGATAATGGTGGTTCCCGC 58 °C
MiLacB-R CAATACCGATGCTGAGGACC 58 °C
Act-F CACCACAACTACAACTATCAA 58 °C
Act-R GGCAACTTCTTCTTCCATT 58 °C

Cloning and overexpression

The coding sequence of MiLacA was codon-optimized
for yeast expression and was then chemically synthesized
without the region of predicted signal peptide. An octamer-
histidine tag was attached to the C-terminal end to facilitate
Ni-affinity chromatography. The synthesized coding-frag-
ment was inserted into a pPIC9 K vector between EcoRI
and Notl sites, down-stream of an a-factor signal peptide
provided by the plasmid, to facilitate secreting expression.
The recombinant plasmid was transformed into P. pastoris
GS115 (Invitrogen-Thermo Fisher Scientific, Waltham, Mas-
sachusetts, US) as described previously (Tan et al. 2017).
The P. pastoris cells were grown at 28 °C in 2500 ml of
liquid medium in a 7000-ml glass automatic fermenter and
induced by continuous methanol feeding to overexpress the
protein. The stirring speed was automatically controlled to
be between 250 and 1000 rpm to maintain a dissolved oxy-
gen content that was above 20% of the saturation point of
oxygen in water. The pH was automatically controlled to be
between 4.95 and 5.05. All the procedures and medium reci-
pes were followed according to the instructions in the user
manual “Pichia Fermentation Process Guidelines” issued
by the manufacturer (Invitrogen-Thermo Fisher Scientific,
Waltham, Massachusetts, US).

Protein purification

After 30 h of fermentation, the culture supernatant was col-
lected, concentrated by ultra-filtration, de-glycosylated and
purified with an AKTA pure automatic chromatography sys-
tem, using the procedures described previously (Tan et al.
2018). The buffer was replaced with 20-mM PBS buffer (pH
5.0) using an ultra-filtration centrifugal tube with a 3-kDa
molecular weight (Mw) cut-off (Merck-Millipore, Shanghai,
China), and the total volume was then adjusted to 9.5 ml.
The obtained recombinant protein was examined with HPLC
to guarantee a purity >90%. The protein was quantified
with a Bradford Assay, using bovine serum albumin as a
standard (Bradford 1976). The Mw of the de-glycosylated

MiLacA was estimated with the Matrix Assisted Laser Des-
orption Ionization—-Time of Flight (MALDI-TOF) Mass
Spectrometry.

Laccase activity assay

Laccase activity was measured with a colorimetric method
as previously described by Liu et al. (2017). 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) was used
as a substrate, with a final concentration of 1 mM in the
reaction. A 200-pl reaction volume was loaded in a 96-well
microplate. An optical absorbance at 420 nm was read by
a microplate spectrophotometer (Thermo Fisher Scientific,
Waltham, Massachusetts, US). One unit of laccase activity
was defined as oxidizing 1 pmol of the substrate per minute.

Determination of pH and temperature profiles

To determine the pH profile, laccase activity was measured
at pH 2-12 using buffer recipes described previously (Tan
et al. 2016¢). To determine the temperature profile, lac-
case activity was measured between 0 and 80 °C at 10 °C
intervals.

Determination of pH and temperature stabilities

The pH stability and temperature stability were character-
ized by decline curves of laccase activity under different
incubating conditions, using a method described previously
(Tan et al. 2016b). The pH stability was characterized at pH
2, 4 and 6, during incubation at optimal temperature. The
temperature stability was characterized at 10, 60, 70 and
80 °C, during incubation at optimal pH.

Determination of kinetic parameters

Laccase activity was measured at substrate concentrations
of 0.05, 0.1, 0.5, 1, 2.5 and 5 mM. Kinetic parameters were
obtained from Eadie—Hofstee plots as described previously
(Tan et al. 2016a).

Determination of substrate specificity

Substrate specificity was tested using the procedures
described by Zhang et al. (2013). Guaiacol, syringaldazine,
N,N-dimethyl-p-phenylenediamine (DMPPDA), catechol
and tyrosine were tested as potential substrates, at a final
concentration of 1 mM. Activity levels of catalyzing these
substrates were compared with catalyzing ABTS, which was
defined as 100%.
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Estimating the influences of cations

Laccase activity was measured with cations supplemented at
a final concentration of 5 mM. The tested cations were Na*t,
K™, Ca2+, Mg2+, AR Fez+, Fe3+, Zn2+, Mn2+, Cu2+, Hg2+
and Pb?*, while the anion of the chemicals was C1~ for all
cases. Laccase activity without supplementing any of these
cations was defined as 100%.

Estimating the influences of inhibitory chemical
agents

Laccase activity was measured with EDTA supplemented at
a final concentration of 5 mM and 50 mM, sodium dodecyl
sulfate (SDS) at 0.1% and 1%, and urea at 5 mM and 50 mM.
Laccase activity without supplementing any of these chemi-
cals was defined as 100%.

Replicate and statistical analysis

RNA for assessing transcript levels of MiLacA and MiLacB
was extracted from three biological replicates. gPCR was
carried out on the cDNA derived from the three biological
replicates, respectively. Laccase activity assay for determin-
ing the biochemical properties was carried out with three
technical replicates.

Significant differences were assessed with one-way analy-
sis of variance (ANOVA) from three replicates, with a cri-
terion of p <0.05, using PASW Statistics version 18 (IBM
Corporation, Armonk, New York, US).

Accession number

Nucleotide and amino acid sequences of MiLacA and
MiLacB are accessible at the MycoCosm genome portal of
M. importuna SCYDIJ1-Al at DOE Joint Genome Institute
(https://genome.jgi.doe.gov/Morimp1/Morimp1.home.html)
with transcript IDs 572050 and 546337, protein IDs 571670
and 546357, respectively.

Results

LMCO genes of M. importuna SCYDJ1-A1

Two LMCO gene hits were identified in the M. importuna
SCYDIJ1-Al genome and were named as MiLacA and
MiLacB, both of which belong to Auxiliary Activity family
1 subfamily 3 (AA1_3). The MiLacA gene is 2522 base pairs
(bp) in length, with five exons and four introns (Fig. 1a),
encoding for a 606 AA protein with a 19 AA N-terminal sig-
nal peptide. The MiLacB gene is 2382 bp with three exons
and two introns (Fig. 1a), encoding for a 561 AA protein
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with a 22 AA signal peptide. The presence of signal pep-
tides suggests that MiLacA and MiLacB are both secreted
as extracellular enzymes.

The AA sequences of MiLacA and MiLacB have a simi-
larity of 53%, as compared by blastp. Compared with the
AA fragments of other Morchellaceae LMCOs known to
date (Fig. 1b), MiLacA is closest to the LMCO of M. impor-
tuna 22J1 (EMBL accession number AM269495), with 98%
similarity; whereas, MiLacB is in a unique branch in the
phylogenetic tree.

Structural model

The Botrytis aclada laccase (PDB accession number:
3SQR) and the H253D mutant of Aspergillus niger lac-
case McoG (PDB accession number: SLWX) were the best
structural templates for MiLacA and MiLacB, respectively,
as screened and estimated by Phyre2. MiLacA had 89%
alignment coverage and 53% sequence identity with the B.
aclada laccase, while MiLacB had 93% alignment coverage
and 53% sequence identity with the H253D mutant of A.
niger laccase. The predicted structural models of MiLacA
and MiLacB both had a homolog confidence of 100% with
their respective templates. The structural models of MiLacA
and MiLacB were both near a trimerous radial symmetric
shape (Fig. 2a, b), containing three pair of B-sheets, linked
with short a-helices and free coils. It is a typical structure of
laccase protein. MiLacA is closer to a standard radial sym-
metric trigonal prism, while MiLacB is closer to an elliptical
cylinder.

Gene expression during artificial cultivation

Expression of MiLacA and MiLacB was monitored by tran-
script levels throughout six stages of the course of artifi-
cial cultivation. The qPCR results showed that the MiLacA
gene had a much higher transcript level than that of MiLacB,
particularly at the primordium stage (Fig. 3). This result
suggests that MiLLacA may play a more effective role than
MiLacB in the life cycle of the morel, and is, therefore,
inferred as the key LMCO of the two.

Overexpression of recombinant protein

To verify the actual enzymatic activity of the key LMCO,
MiLacA was overexpressed in P. pastoris GS115. A total
of 5.64 mg of purified protein was obtained. Mass spec-
trometry of MALDI-TOF (Fig. S1) showed an estimated
Mw of 66 kDa, similar to its theoretical monomeric Mw of
66.3 kDa. This result confirms that MiLacA was overex-
pressed as a monomer.
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Fig. 1 a Schematic diagram of

the two laccase-like multicop- MiLacA
per oxidase (LMCO) genes of Coding gene
M. importuna SCYDJ1-Al,

Position (bp)

MiLacA and MiLacB. b Phylo-
genetic analysis of amino acid
(AA) sequences of MiLacA
and MiLacB with 31 reference
LMCOs of the Morchellaceae
family. The accession numbers
are in brackets. The length of
the bar scale indicates 0.1 unit
of phylogenetic distance in the
neighbor-joining tree, equal to
0.1 substitution rate per site
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pH and temperature profiles

MiLacA showed the highest laccase activity level at a pH of
4 (Fig. 4a). The enzyme possessed over half of the maximal
activity level between a pH of 2 and 5, low activity at a
pH of 6, and the activity almost disappeared at pH>7. The

M. elata CAN1var2  (AM269491)
M. elata MC1SSI6  (AJ715441)
V. conica VEJ3M  (AJ715438)

temperature profile showed that the laccase activity reached
a maximum around 50-60 °C but decreased greatly over
70 °C (Fig. 4b), indicating that the enzyme is between meso-
philic and thermophilic. At optimal pH and temperature (pH
4, 60 °C), MiLacA showed the maximal activity level at
28.59+0.77 U/mg.
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Fig. 2 Structural models of
MiLacA (a) and MiLacB (b), as
predicted by homolog mod-
eling. The structural models are
rainbow-colored from blue (at
the N-terminal) to red (at the
C-terminal)
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Growth stages

Transcription level (2 %)

n

Fig.3 Transcript levels of MiLacA (blue) and MiLacB (yellow) as
monitored by qPCR of cDNA, during six stages in the course of arti-
ficial cultivation: (I) sclerotium in mushroom spawn; (II) surface-soil
mycelium before contact with exogenous nutrient bag; (III) surface-
soil mycelium after contact with exogenous nutrient bag; (IV) sur-
face-soil mycelium before primordium formation; (V) primordium;
(VI) fruiting body

pH and temperature stabilities

When incubated at a pH of 4 or 6 (Fig. 5a), MiLacA retained
over 80% residual activity after 8 h, and about 75% after
16 h. However, the laccase activity quickly declined when
incubated at a pH of 2. The residual activity dropped to 58%
after only 10 min and to 37% after 2 h. This result demon-
strates that the enzyme is long-lasting between near-neutral
to weak-acidic pH, but has poor resistance to strong-acidic
pH. When incubated at the optimal temperature of 60 °C, the
enzyme was almost as stable as when kept at 10 °C, retaining
about a 75% residual-activity level after 16 h (Fig. 5b). In
comparison, the enzyme retained only 53% residual activity
after 4-h incubation at 70 °C. When incubated at 80 °C, the
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Fig.4 Profiles of pH (a) and temperature (b) of MiLacA

laccase activity declined even more quickly, losing over half
of the laccase activity after only 3 h.

Kinetic features

At the optimal pH and temperature, MiLacA showed
a Michaelis constant (K,) of 0.193+0.004 mM, a
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Fig.5 a MiLacA stability when incubated at pH 2 (red), pH 4 (green)
and pH 6 (blue). b MiLacA stability when incubated at 10 °C (blue),
60 °C (green), 70 °C (orange) and 80 °C (red). The activity level
without any incubation treatment was defined as 100%

maximal-reaction rate (V,,) of 34.71+0.23 U/mg, and
a catalytic efficiency (k.,/K,,) of (4.79 +£0.07) X 10%/Ms.

cat’

Substrate specificity

MiLacA showed the highest activity on guaiacol, while
the activities on syringaldazine and DMPPDA were much
lower than on ABTS and guaiacol (Fig. 6a). Oxidase activ-
ity was observed on catechol, indicating that the enzyme
also possesses a polyphenol-oxidase activity. No activity
could be detected on tyrosine.

Effects of cations

Among the usual mineral cations, Na*, K*, Ca?*, Mg?*,
AIP*, and Cu?* showed slight or small impacts on laccase
activity, while Zn** significantly stimulated laccase activ-
ity (Fig. 6b). The laccase activity was decreased greatly by
Mn?* and Fe**. The heavy metallic cation, Pb>*, showed
less inhibition than Hg**. Fe** showed a surprisingly high
inhibition on laccase activity, which was almost as severe
as that by Hg**.

a
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2
>, 1251 I
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®
o 51 I
=
i 50
& 2] I
1
ABTS Guaiacol Syringaldazine DMPPDA Catechol Tyrosine
Substrate
—~ 125 -
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2 I
3 25 |
14 -
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Na‘ K‘ CaZt MgZ+ A|3¢ FeZ* Feih Zn2+ Mn2+ CUZ‘ Hth Pb2¢
Metallic cation
(o]
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&
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=
=
8 50 -
E
S 254 [E N * I i
]
Q
14

5mM EDTA 50mM EDTA 0.1% SDS 1% SDS  5mM Urea 50mM Urea

Inhibitory agent

Fig.6 a Relative activity of MiLacA on different substrates. The
activity level on the ABTS substrate was defined as 100%. b Influ-
ence of metallic cation on laccase activity. The activity level without
adding any of the metallic cations was defined as 100%. ¢ Influence
of activity inhibitors on laccase activity. The activity level without
adding any of the chemicals was defined as 100%

Effects of inhibitory chemical agents

The chelating agent, EDTA, inhibited the laccase activity
to 29% and 23% at concentrations of 5 mM and 50 mM,
respectively (Fig. 6¢). This result demonstrated that cat-
ion-depriving, caused by chelating agents, has a markedly
negative influence on laccase activity. Additionally, 0.1%
SDS caused 56% loss of laccase activity, while 1% SDS
caused a 70% loss. Similarly, residual activity in the pres-
ence of 5 mM and 50 mM urea was 26% and 27%, respec-
tively. These results indicated that MiLacA is sensitive to
protein denaturants SDS and urea, and that the inhibitory
effect is obvious even at low denaturant concentrations.
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Discussion

Morchella LMCO genes have previously been surveyed
(Kellner et al. 2007) by amplification of partial fragments
of LMCO genes, from various species in the Morchel-
laceae family. Kellner et al. (2007) revealed that some
Morchella strains likely possess only one LMCO gene,
while some possess two and some even possess 4—6
LMCO genes. This suggests that the number of LMCO
genes possessed by morels is not unified among differ-
ent species and strains. In our present study, two different
LMCO genes were identified in a special morel strain that
can be artificially cultivated. Only one of the two LMCO
genes was actively expressed throughout the growth stages
of the morel life cycle, while the other LMCO gene always
showed slight expression. It is not surprising that fungi
can possess multiple alternative genes for the same func-
tion, among which some alternatives play more important
roles than other alternatives (Alfaro et al. 2016; Banfi et al.
2015; Doré et al. 2015; Xie et al. 2016).

Kellner et al. (2007) verified laccase activity of morel
strains with crude protein secreted from hypha. Our pre-
sent study further verified laccase activity by obtaining
purified recombinant protein of MiLacA via heterolo-
gous overexpression. In addition, biochemical properties
of purified MiLacA enzyme were characterized. Besides
laccase activity, our present study revealed that MiLacA
also possesses a polyphenol-oxidase function. This feature
is similar to the laccase of Lepiota ventriosospora (Zhang
et al. 2013).

The laccase activity of M. importuna could be strongly
induced by guaiacol and o-dianisidine, as reported by
Kellner et al. (2007). Coincidently, our present study
showed that MiLacA of M. importuna SCYDJ1-Al had a
high activity level on guaiacol, and was even higher than
that on ABTS. The result demonstrates that guaiacol is a
proper inducer and substrate for M. importuna laccase.
This suggests that guaiacol may have an important role
in lignin metabolism of M. importuna. Indeed, M. impor-
tuna usually distributes in soils under coniferous forest
(Loizides 2017). Since lignin in coniferous wood is mainly
composed of guaiacol units, plant-litter decomposition
might input guaiacol units into the soil. This may support
the growth and metabolism of M. importuna.

The severe inhibition by Fe?* is surprising and unu-
sual, since there is only one such example reported previ-
ously (Ling et al. 2015). Laccase is known to participate
actively in oxidative breakdown of aromatic substrates in
soils (Eichlerova et al. 2012; Theuerl and Buscot 2010;
Zavarzina et al. 2004). Therefore, highly reductive soil
may convert a higher proportion of ferric iron into ferrous
iron, and could thereby hamper the function of MiLacA.
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MiLacA is not as acidophilic as most of the other fungal
laccases reported previously (Baldrian 2006), although its
optimal pH is lower than those of bacterial laccases (Chris-
topher et al. 2014; Mate and Alcalde 2017). MiLacA has
slight laccase activity at a pH above 7. This indicates that
MiLacA may not be optimal in neutral or slight-alkalic soils,
since MiLacA is a predicted extracellular enzyme. However,
mycelium of the morel may secrete organic-acid exudates
into the soil and create a local low-pH condition for this
enzyme. MiLacA has limited thermostability at 70 °C and
80 °C. However, the much slower decline of laccase activ-
ity at 60 °C compared with most of the previously reported
laccases (Baldrian 2006; Bo et al. 2018; Chefetz et al. 1998;
Endo et al. 2003; Hildén et al. 2007, 2009; Kiiskinen et al.
2004; Liu et al. 2017; Michniewicz et al. 2006; Zhang et al.
2013) indicates that MiLacA still possesses good thermo-
stability around 60 °C.

Conclusion

The black morel M. importuna SCYDJ1-A1 possesses two
LMCO genes, namely MiLacA and MiLacB. MiLacA is the
dominant LMCO throughout the morel’s course of artifi-
cial cultivation. MiLacA showed laccase and polyphenol-
oxidase activity, which demonstrates its physiological role
in the mechanism of organic-matter decomposition in M.
importuna SCYDJ1-A1. MiLacA is thermostable, with opti-
mal laccase activity at weak-acidic pH and medium-high
temperatures. The biochemical properties of MiLacA make
it promising for industrial application as a long-lasting,
mesophilic—thermophilic biocatalyst.
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