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Abstract: Biochemical stability of soil humus is an important factor affecting soil quality. Fungi
are among the most efficient decomposers of humic matter due to presence of oxidative enzymes,
including phenoloxidase laccase. Production of laccase by zygomycetes, a group of cellulolytic fungi
widespread in soil, is poorly studied. The potential role of laccase from zygomycetes in humus
turnover is unknown. Here, we show for the first time that laccase of zygomycetous fungus Mortierella
elasson can effectively depolymerize humic acids in vitro. The fungus produced laccase extracellularly
in a liquid culture medium. Unlike in case of laccases in ligninolytic basidiomycetes, attempts to
increase enzyme activity using inductors, changes in the source of nitrogen and carbon failed to lead
to any increase in laccase production. Laccase was purified using ion exchange chromatography
and gel filtration. The molecular weight of the laccase was 51.75 kDa. The laccase catalyzed the
oxidation of ABTS and K4[Fe(CN)6], phenolic compounds, but not tyrosine. The laccase activity was
inhibited by NaN3 and NaF. The pH optimum of the laccase activity was 3.0 for ABTS and 5.0 for
2,6-dimethoxy phenol. The enzyme had moderate thermal stability and was rapidly inactivated at
70 ◦C. Purified laccase depolymerized humic acids from retisol, compost and peat more effectively
than culture liquid containing laccase. The results of the study extend our knowledge of the role of
laccases from different producers in the transformation of natural organic matter.

Keywords: soil organic matter; decomposition; humic substances; laccase; cellulolytic fungi

1. Introduction

Soils store about 1500 Gt of organic C in one meter layer [1]. Stability and persistence of
this huge organic matter pool depends on the chemical structure of compounds, bioclimatic
conditions and soil management practices controlling microbial activities [2,3].

Humic acids (HA—alkali-soluble, acid-insoluble components of humus) serve as
the characteristic and quantitatively significant operational fraction of humus comprising
10–40% of Corg in humus horizons [4]. This fraction is largely represented by polar hy-
drophylic compounds bearing carboxylic and phenolic moieties. In mineral soil horizons
the majority of these humic constituents are stabilized by interaction with soil mineral
matrix. Destabilization of these polar compounds under soil management practices can
lead to substantial carbon losses. It is important to understand biochemical controls for
stability of these abundant humus components in order to better predict the dynamics of
soil organic matter (SOM) under natural- and anthropogenically-induced disturbances.

Transformation and degradation of organic debris and humic matter is largely an
oxidative process with fungi playing a key role. Fungi are active producers of extracellular
oxidative enzymes, including laccase [5]. Laccase (benzenediol:oxygen oxidoreductases,
EC 1.10.3.2) is an enzyme belonging to the group of copper-containing oxidases which
contain copper ions in the active center. Laccase catalyzes oxidation of a wide range
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of substrates by molecular oxygen, which is reduced to water during the reaction [6].
Substituted phenols, aromatic amines, dyes, and metal ions can act as laccase substrates [7,8].
Substituted phenols, excluding tyrosine, but including soil humic acids (HA—alkali-
soluble, acid-insoluble humus components), are among the common substrates for lac-
case [9–11]. Phenoxy radicals and quinones produced during catalytic stage of substrate
oxidation can undergo spontaneous coupling reactions leading to substrate polymerization.
Reactive oxygen species produced by laccase can initiate C-C bonds cleavage and depoly-
merization of large molecular weight phenols to lower molecular weight compounds [12].
Thus, laccase plays a bifunctional role in the transformation of phenolic substrates.

Laccase is widespread among various organisms. It is found in plants, insects,
algae [13–15] and in many bacteria, where it occurs in two forms—as two-domain and
three-domain protein [16,17]. Laccase is most widely distributed in fungi and has been
characterized in many representatives of the divisions Basidiomycota and Ascomycota [7,18].
Laccase performs various functions in living organisms. In plants, laccase is involved in the
synthesis of lignin and the metabolism of flavonoids [19,20]. In fungi and bacteria, laccase
is involved in melanin biosynthesis [21,22]. Extracellular fungal laccase is a part of lignin-
degrading system in the white-rot fungi and it has been shown that the enzyme is involved
in lignin degradation [23,24]. At the same time the enzyme is involved in polymerization
of low-molecular lignin decomposition products that may be toxic to lignin-decomposing
fungi [12].

Laccase activity is high in soils [25]. It has been shown that fungal and bacterial
laccases are involved in the formation of dark-colored heterostructures (known as humic
substances, HS) via free-radical condensation reactions [5,26,27], while laccases of white-rot
fungi can depolymerize alkali-soluble humus components (HA) as effectively as ligninolytic
peroxidases do [11]. Most of the studied laccases belong to divisions Basidiomycota and
Ascomycota, which are widely represented in soils [28,29]. The production of laccase by
other fungal taxa and their role in humus turnover has been much less investigated. Laccase
genes are found in many fungal genomes, including the genomes of zygomycete fungi [30].
Zygomycete fungi were previously referred to the single phylum, Zygomycota. At present,
this phylum has been abandoned and, based on phylogenetic analyses of a genome-scale
data, divided into several phyla [31]. One of these is phylum Mucoromycota. Representatives
of this phylum are widely represented in soils. This determines their potential participation
in the humus turnover. Production of laccase by fungi of this systematic group has been
shown only in few representatives of genera Mucor and Rhizopus [32,33]. The laccase of
fungus Mucor circinelloides was partially purified and characterized [34]. The role of laccases
of zygomycete fungi in the transformation of humic matter has never been studied so far.

In this work, we have purified laccase of the fungus Mortierella elasson and studied
its role in the transformation of humic acids of different origin and composition. Genus
Mortierella belongs to phylum Mucoromycota. Fungi of this genus are common in soils and
on plant roots [35]. Fungus M. elasson has been isolated from pineapple roots [36]. We
have studied the conditions of production of laccase by the fungus and characterized the
properties of the enzyme. We show for the first time that laccase from a representative of
zygomycete fungi can depolymerize HA both in the liquid fungal culture and in vitro. The
results of the study extend our knowledge on the role of laccases from different producers
in the humus turnover.

2. Materials and Methods
2.1. Strain, Media and Culture Conditions
2.1.1. Inoculum Preparation

The Mortierella elasson VKM F-1406 strain was obtained from the All-Russian Collection
of Microorganisms (http://www.vkm.ru/index.htm accessed on 26 October 2021) on
December 2017. The strain was maintained at 4 ◦C on malt agar with monthly replanting
of the strain. For inoculation of a liquid medium, a culture was used, which was grown on
a following medium (g/L): peptone—2; NH4NO3—0.5, glucose—2; yeast extract—1, malt
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extract—1. This medium in a volume of 100 mL was infected with three pieces of mycelium
1 cm in diameter, and then the culture was grown at 28 ◦C for 7 days with stirring at
100 rpm. Then, the fungal mycelium was washed with sterile medium and crushed using
sterile porcelain beads. Crushed mycelium in a volume of 5 mL was used for inoculation
of 200 mL of liquid medium.

2.1.2. Induction of Laccase

For experiments on induction of laccase, the following media were used. Medium 1
was prepared in 5 mM K-phosphate buffer (pH 6.0) and had the following composition
(g/L): NH4NO3—0.2; MgSO4—0.1; peptone—0.5; soy flour—0.5; glycerol—4. Medium
2 was prepared in distilled water and contained the following (g/L): peptone—1; yeast
extract—1; KH2PO4—0.3; (NH4)2SO4—0.5; glucose—2. Medium 3 was prepared in 20 mM
Na-tartaric buffer pH 4.5 and contained the following (g/L): CaCl2—0.01; MgSO4—0.1;
KH2PO4—0.3; glucose—2. It was used in two variants-with a high nitrogen concentration
(HN) and a low nitrogen concentration (LN). The nitrogen sources were added in the fol-
lowing quantity (g/L): α-asparagine—0.9; —0.5 for HN medium and α-asparagine—0.09;
NH4NO3—0.05 for LN medium.

To study the effect of inductors on laccase production the following substances were
used: 2,5-xylidine, guaiacol (2-methoxyphenol), 2,6-DMP, ferulic acid, veratrole alcohol
(3,4-dimethoxybenzyl alcohol), vanillic acid, anthranilic acid (2-aminobenzoic acid),
syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid), gallic acid (3,4,5-trihydroxybenzoic
acid, Cu2+ and Mn2+ ions. Inductors were introduced into media 1–3 at a concentration of
0.1 or 0.5 mM at the beginning of cultivation. The aromatic substances were dissolved in
96% ethanol and introduced into the medium; the solutions of CuSO4 and MnSO4 were
sterilized by filtration.

2.2. Enzyme Purification

Laccase purification was carried out in several stages. Stage 1: precipitation with
(NH4)2SO4 to 90% of saturation followed by centrifugation—15,000× g for 30 min. The
precipitate was redissolved in 20 mM Tris-HCl buffer, pH 7.5 (buffer A), and dialyzed
against the same buffer (10 kDa membrane). Stage 2: ion exchange chromatography on
a column (size, cm, length × diameter—30 × 1.5) with DEAE–Sepharose Fast Flow (GE
Healthcare, Chicago, IL, USA). The crude enzyme preparation after the dialysis step was
loaded onto a column equilibrated with buffer A, the column was washed with three
volumes of the same buffer and the protein was eluted at a rate of 1 mL/min with a linear
gradient of 0–1 M NaCl. Stage 3: purification on an ion exchange UNOQ6 column (Bio-Rad,
Hercules, CA, USA). The column was equilibrated with buffer A, loaded with enzyme
preparation and then washed with equilibration buffer. Elution was carried out with a
linear gradient of buffer A with 0–0.5 M NaCl, the length of the gradient was 10–20 mL,
and the flow rate during elution was 0.5 mL/min. Stage 4: gel filtration on a column (size,
cm, length × diameter—100 × 2) with Sephacryl S-200 HR gel (GE Healthcare, Chicago, IL,
USA). Fractions with laccase activity obtained after ion exchange chromatography (stage 3)
were subjected to gel filtration on a column equilibrated with buffer A containing 0.15 M
NaCl. After the gel filtration, fractions with laccase activity were pooled and dialyzed
against buffer A. The resulting laccase preparation was dialyzed against buffer A and used
in further work.

2.3. Enzyme Characterization
2.3.1. Enzyme Activity

Routine measurements of laccase activity were carried out by oxidation of 1 mM
2.2-azino-bis-(3-ethylbenzthiazolin-6-sulfonate) (ABTS) in 20 mM Na-acetate buffer,
pH 4.5. The progress of the reaction was observed spectrophotometrically by the formation
of products at 420 nm (ε420 = 36,000 M−1 × cm−1) [37]. One unit of laccase activity
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was defined as the amount of laccase that catalyzed the oxidation of one micromole of a
substrate per one minute.

2.3.2. Optimal pH and pH Stability

Optimal pH was determined in 50 mM Britton-Robinson buffer. The 50 mM Britton-
Robinson buffer was prepared by mixing equal amounts of 0.05 M boric, 0.05 M orthophos-
phoric, and 0.05 M acetic acids and by pH adjustment to the required value using 1 M
NaOH. To determine the optimum pH of laccase, the activity was measured within the pH
range from 2.0 to 8.0. When determining the pH stability, laccase was placed into 50 mM
Britton-Robinson (pH 1.0–8.0) to attain a final concentration of 0.1 mg/mL and sterilized
by filtration. The initial activity of the enzyme was measured, then the enzyme preparation
was incubated for 4 days at 4 ◦C and the residual activity of the enzyme was measured.

2.3.3. Temperature Optimum and Thermal Stability

The temperature optimum of the enzyme activity was determined by measuring initial
rate of the oxidation of ABTS in 20 mM Na-acetate buffer, pH 4.5. To study thermal stability,
laccase was incubated in a buffer at different temperatures. At certain time intervals,
samples were taken from the incubation mixtures and the residual activity was measured.

2.3.4. Kinetic Constants of Substrate Oxidation

Calculation of the apparent kinetic constants was performed by nonlinear regression
of data using Sigma Plot 11.0 software. To calculate the activity, the molar extinction
coefficients were used: ε469 = 49,600 M−1 × cm−1 for 2.6-dimethoxyphenol (2.6-DMP) [38],
ε420 = 1020 M−1 × cm−1 for K4[Fe(CN)6] [39], ε470 = 26,600 M−1 × cm−1 for 2-methoxyph-
enole (guaiacol) [40] and ε248 = 17,252 M−1 × cm−1 for hydroquinone (benzene-1.4-
diol) [41]. Protein concentration was determined by the Bradford method.

2.3.5. Molecular Weight Determination

The molecular weight of purified protein was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 12% gel according to Laemmly
(1970). The standard proteins were as follows: beta-galactosidase (116 kDa), bovine serum
albumin (66 kDa), ovalbumin (45 kDa), lactate dehydrogenase (35 kDa), REase Bsp98I
(25 kDa), beta-lactoglobulin (18.4 kDa), lysozyme (14.4 kDa).

2.4. Humic Acids Preparations
2.4.1. Extraction and Purification of HA

Humic acids from Retisol (southern taiga zone, Moscow region, 56.228278, 37.953300),
compost and peat (Merck preparation) were used. The extraction and purification proce-
dures of Retisol HA and peat HA were described in [42–44] respectively. Compost HA was
obtained from 10-year old compost. Compost was prepared from meadow vegetation and
fallen leaves of a mixed forest (birch, oak, maple, spruce), under which Retisol soil was
formed. Extraction of HA was performed using 0.1 M NaOH and N2 atmosphere and a
soil-to-solution ratio was 1:5. HA was precipitated by 6 M HCl (pH < 2) and centrifuged
(4000× g, 10 min), FA fraction was discarded, HA was washed with distilled water and
redissolved in 0.1 M NaOH under N2; pH of the solution was adjusted to 7.0 by 6 M HCl
and HA was purified by vacuum membrane filtration through 0.45 µm and 0.22 µM filters
(Vladipor, Vladimir, Russia).

2.4.2. Characterization of the HA

The elemental composition of the HA was obtained on Vario-EL III elemental analyzer
(Elementar, Langenselbold, Hesse, Germany). The ash content was determined by ashing
of HA at 800 ◦C in a muffle. The solution-state 13C-NMR spectra of the HA were recorded
on a Bruker Avance 400 spectrophotometer (Bruker, Billerica, MA, USA) as described
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previously [42]. The 13C-NMR assignments were made by integration of spectral regions
according to [45].

2.5. Reaction of Laccase with Humic Acids

Interaction of laccase with HAs was carried out in buffer A at 30 ◦C. Laccase was
added to the reaction mixture in an amount of 0.1 U/mL and the concentration of HA was
1 mg/mL. To study the transformation of the HA with the culture liquid of the fungus, we
used the culture liquid taken at the maximum activity of the laccase. The culture liquid was
mixed with buffer A, the final concentration of laccase was 0.75 U/mL and humic acids
concentration was 1 mg/mL. The reference incubation mixture contained 2 mM of NaN3
(laccase inhibitor). After 48 h of the reaction, molecular weight distributions of HA acids
were analyzed by gel filtration on Sephadex G-75 gel using Bio-Logic LP system (Bio-Rad,
Hercules, CA, USA). 0.025 M Tris-HCl buffer (pH 8.2) with addition of 0.05 M NaCl and
0.1% SDS was used as an eluent. Separation conditions and analysis details were similar to
those previously described [27].

3. Results
3.1. Production of Laccase

The conditions of laccase production in zygomycetes are poorly studied. We have
tested three different media and the effect of inducers, introduced in each medium, on
laccase production by M. elasson.

The fungus M. elasson produced laccase during its growth on Medium 1 without
inducers. Laccase activity in the culture liquid appeared on the third day of growth,
reached a maximum (158 U/l) on day 10, and then decreased (Figure 1).

Figure 1. Production of laccase by M. elasson during growth on medium 1.

To optimize the production of laccase by M. elasson on Medium 1 we investigated
the effect of some substances, often used as inducers of laccase in fungi, on the pro-
duction of the enzyme. The following substances were used as inductors: 2,5-xylidine,
guaiacol (2-methoxyphenol), 2,6-DMP, ferulic acid, veratrole alcohol (3,4-dimethoxybenzyl
alcohol), vanillic acid, anthranilic acid (2-aminobenzoic acid), syringic acid (4-hydroxy-
3,5-dimethoxybenzoic acid), gallic acid (3,4,5-trihydroxybenzoic acid) and Cu2+ or Mn2+

ions. None of these substances resulted in an increase in laccase production. Moreover,
2.5-xylidine completely suppressed the activity of laccase, while CuSO4 suppressed the
growth of the fungus at a concentration of 0.5 mM.

Production of laccase by fungi can also be regulated by a nitrogen or carbon source, as
well as by nitrogen concentration. Therefore, we studied the production of laccase by the
fungus in the media with carbon and nitrogen sources other than in medium 1. Medium 2
contained glucose as a carbon source and peptone, yeast extract and (NH4)2SO4 as nitrogen
sources. Medium 3 also contained glucose along with NH4NO3 and α-asparagine. Medium
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3 was used in two variants—with high or low nitrogen (HN or LN). The effect of inducers
on production of laccase in Media 2 and 3 has also been studied. Laccase production in each
of these media was not observed either in the presence of the inducers or without them.

3.2. Properties of Laccase

Laccase was purified from the culture liquid of the fungus. Laccase was obtained
in an electrophoretically homogeneous state (Figure 2). The molecular weight (MW)
of the laccase obtained on the basis of SDS-PAGE data was 51.75 kDa. The enzyme
catalyzed the oxidation of different substrates typical of laccase with different efficiencies
(Table 1). Electron donors ABTS and K4[Fe(CN)6] were most efficiently oxidized. Phenolic
compounds, electron and proton donors were oxidized less efficiently. L-tyrosine was not
oxidized by the enzyme. Laccase activity was completely inhibited by 1 mM NaN3 and
10 mM NaF. The optimum value of the reaction rate depending on pH was determined
for ABTS and 2.6 DMP. The maximum reaction rate was observed with ABTS at pH 3.0
and with 2.6 DMP at pH 5.0 (Figure 3). The enzyme was more stable in a weakly acidic
medium at pH 3–6. The maximum reaction rate was observed at 70 ◦C. The enzyme
showed moderate thermal stability: it retained about 7% of its activity for an hour at 60 ◦C,
and was inactivated by 97% within 10 min at 70 ◦C.

Figure 2. SDS-PAGE data of the purified M. elasson laccase preparation.

Lane 1—laccase preparation, lane 2—molecular weight markers.

Table 1. Catalytic constants of M. elasson laccase for some substrates.

Substrate Km, µM kkat, s−1 kkat/Km,
µM−1 × s−1

ABTS 32.7 ± 1.7 41.6 ± 1.5 1.27
K4[Fe(CN)6] 107 ± 4.3 40.5 ± 1.6 0.38

2,6-dimethoxyphenol 35.9 ± 2.1 1.65 ± 0.007 4.6 × 10−2

Guaiacol 49.3 ± 6.5 0.93 ± 0.01 1.8 × 10−2

Hydroquinone 413 ± 30 9.43 ± 0.3 2.2 × 10−2

The experimental data on the measurement of kinetic constants are given in Supple-
mentary Materials—supplement kinetic.xlsx.
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Figure 3. Properties of M. elasson laccase. (A)—optimum pH, (B)—pH stability: gray bars—initial activity, white bars—
laccase activity after 4 days. (C)—temperature optimum of the reaction, (D)—thermostability at 40–70 ◦C. The experimental
data presented in Supplementary Materials—“supplement properties.xlsx”.

3.3. Humic Acids

Humic acid preparations used in the study were of low ash content (1.9–2.6% ash).
Preparations from Retisol and Compost were quite similar by elemental composition
(Table 2) while Peat HA was depleted with nitrogen. The H:C ratio used as a rough
measure of the degree of aliphaticity and O:C ratios used as a measure of an oxidation state
are comparable in all three HA under study.

Table 2. Elemental composition of the humic acids.

Sample Content, Mass%/Atomic% Atomic Ratios
Ash, % C H N O H:C O:C C:N

1 Retisol HA 2.6 52.9/35.3 5.2/42.1 4.5/2.6 40.0/20.0 1.2 0.6 13.7
Compost HA 2.0 51.8/38.4 4.0/35.5 5.2/3.3 41.0/22.8 0.9 0.6 11.7

2 Peat HA 1.9 51.2/35.9 4.8/40.7 2.8/1.7 41.2/21.7 1.1 0.6 21.1

The 13C-NMR data of HA are listed in Table 3. The spectral range assignments
were made according to [45]. The spectral range from 0 to 109 ppm is attributed to
carbon in aliphatic fragments and can be splitted into following regions—carbon of alkyl
chains (0–48 ppm); carbon of alkoxide groups CHn-O (including CH3O groups in lignin
structures) and CH2-N groups (48–65 ppm); carbon of CH-O groups in saccharide structure
(64–90 ppm); carbon bonded by single bonds to heteroatoms (O-C-O, 90–109 ppm). In
humic acids this is mainly acetal carbon in cyclic saccharides. The spectral range of
109–164 ppm is attributed to aromatic structures—aromatic C bonded with H or C atoms
(Car-H, C; 109–145 ppm) and aromatic carbon substituted by heteroatoms (Car-O, N;
145–164 ppm). The Car-O groups include Car-OCH3 and Car-OH in lignin. The spectral
range 164–187 is attributed to C of carboxyl, ester and amide groups ((C=O)-O, N), while
the range 187–220 is attributed to ketone and quinone groups.

Comparison of the HA by their 13C-NMR data (Table 3) shows that Retisol HA is
depleted by CHn-groups and enriched by aliphatic groups substituted by heteroatoms
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(48–90 ppm range) in comparison to compost and peat HA. The amount of polysaccharide
fragments in HA increase in the order HA Retisol–compost–peat. Retisol HA contains
somewhat higher amount of O-substituted aromatic C (145–164 ppm) in comparison to
compost and peat HA. In spite of some differences in the distribution of aliphatic and
aromatic C atoms among structural fragments, the ratio of aromatic to aliphatic C is similar
in all three HA studied.

Table 3. Distribution of carbon atoms by structural fragments in the HA (solution-state 13C-NMR spectroscopy), % of the
total area of the spectrum.

Spectral Region, ppm/Structural Group

Aliphatic Fragments Aromatic
Fragments

Carboxyls, Ketones and
Quinones

Sample 0–48 48–64 64–90 90–109 109–145 145–164 164–187 187–220 2 Car/CalCHn CHnO CHO OCO Car CarO COO C=O
1 Retisol HA 13.0 10.0 13.0 3.0 21.0 13.0 20.0 8.0 0.9

Compost
HA 18.0 8.6 9.1 4.3 26.1 9.5 18.9 5.5 0.9

Peat HA 17.8 9.6 9.7 8.6 26.8 8.3 15.2 3.9 0.8
1 HART preparation [42]; 2 aliphatic C region—0–109 ppm, aromatic C region—109–164 ppm.

3.4. Interaction of Laccase with Humic Acids

The effect of M. elasson laccase on HA was studied using the culture liquid and purified
enzyme. Under the action of the culture liquid, the amount of the high-molecular fraction
with MW > 80 kDa decreased with a corresponding increase in the low-molecular fraction
of humic acids with MW of about 20 kDa (Figure 4A–C). There was also an increase in the
fraction with MW of less than 10 kDa eluted in the total void volume. In the presence of
NaN3, no transformation of HA occurred, which indicates that laccase was responsible
for the transformation process. Changes in the MW of HA under the action of purified
laccase were similar to the changes that occurred under the action of the culture liquid
containing laccase. In the presence of laccase, a decrease in the amount of high molecular
weight fraction with MW > 80 kDa was observed while the amount of material with MW
of about 20 kDa and less than 10 kDa increased (Figure 4D–F). This indicates a process of
depolymerization of humic acids.
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Figure 4. Transformation of the HA by laccase-containing culture liquid of M. elasson (A–C) and by the purified laccase
(D–F): (A or D)—Retisol HA, (B or E)—compost HA, (C of F)—Merck HA. The green line is initial HA, the blue line is
the reference with inactivated laccase, the red line is transformation of HA by laccase. Arrows indicate the void volume
(V0 > 80 kDa), the total void volume (Vt < 5 kDa), 1—bovine serum albumin (66 kDa), 2—carbonic anhydrase (29 kDa),
3—cytochrome C (12.4 kDa). The experimental data presented in Supplementary Materials—“supplement gel-filtration
culture liqued.xlsx” and “supplement gel-filtration laccase.xlsx”.

4. Discussion
4.1. Production of Laccase by Mortierella Elasson

Fungal laccase is an inducible enzyme. In the presence of inducers, enzyme produc-
tion often increases significantly. In basidiomycete ligninolytic fungi this effect is expressed
to a large extent. For example, in Trametes pubescens and Pleurotus ostreatus, the presence of
copper ions caused an increase in laccase production to dozens of times [46,47]. The use
of aromatic compounds also caused an increase in the synthesis of laccase. In Ganoderma
lucidum, veratryl alcohol caused laccase induction [48], while in Pycnoporus cinnabarinus
laccase production increased in the presence of 2.5-xylidine [49]. This example shows
that there is no universal inducer equally effective with all fungi, since in P. cinnabarinus
2.5-xylidine caused induction of laccase, and in G. lucidum it did not [50]. In the basid-
iomycete fungus Phlebia floridensis laccase was produced better in the presence of organic
nitrogen sources than inorganic ones [51]. In Marasmiellus palmivorus, the combination of
nitrogen and carbon sources, glucose/casein, caused the highest laccase production [52].
Laccase production can also increase under conditions of low nitrogen concentration [53].
Similarly, laccase can be induced in ascomycete fungi. Aromatic compounds and copper
ions induced laccase in ascomycetes [41,54]. However, in Penicillium chrysogenum some
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inductors suppressed the production of laccase [55]. Likewise, the source of nitrogen and
carbon may have an important role in the production of laccase by ascomycete fungi [56].

In this work, the use of inducers, changes in nitrogen or carbon sources and nitro-
gen concentration were ineffective for the induction of laccase by M. elasson. However,
laccase of M. elasson is not a constitutive enzyme, since it was produced extracellularly
on Medium 1 containing soy flour. It is possible that unknown components of soy flour
acted as an inducer. Induction of laccase can be caused by natural substrates of unknown
composition [57]. The laccase of zygomycetous fungus M. circinelloides was induced by
copper ions on a medium with kraft lignin—a substance with a completely unknown
composition [34]. The factors causing laccase production in M. elasson require further study.

4.2. Properties of Laccase of M. elasson

Laccase from M. elasson exhibited properties typical of laccase—it oxidized phenolic
substances and ABTS, and was inhibited by NaN3 and NaF, which bind to the copper-
containing active center of the enzyme [6]. ABTS and K4[Fe(CN)6] were oxidized by the
enzyme more efficiently than phenolic compounds, which is also found in laccases of some
fungi [7]. The pH optima of oxidation of ABTS and 2.6 DMP were different and lay in the
acidic region, which is also characteristic of laccases, since the mechanism of oxidation
of electron donors (ABTS) and phenolic compounds is different [58]. In another form of
laccase—two-domain bacterial laccases, the optimum oxidation of phenolic compounds
is in the range of alkaline pH [17]. Nevertheless, a fungal laccase with a weakly alkaline
optimum of phenolic compound oxidation (pH 8.0) was described [59]. The pH optima of
laccase from zygomycetous fungus M. circinelloides was also in the acidic pH range (pH 5.0).
The enzyme from M. elasson did not show great thermal stability, which is typical for fungal
laccases [60,61]. Thermostable fungal laccase was described in Pycnoporus sanguineus,
which retained activity for 2 h at 80 ◦C [62].

4.3. Transformation of Humic Acids

Fungi effectively decompose organic debris and humus components. Oxidizing en-
zymes, including laccase, play an important role in this process. It was shown that several
basidiomycete fungi effectively decompose HA in vivo and this correlated with the produc-
tion of laccase [63]. Production of laccase by the white-rot fungus Lentinus (Panus) tigrinus
was induced by HA [11]. The HA were decomposed in the liquid culture of this fungus in
the presence of laccase as effectively as in the presence of more powerful oxidant—a versa-
tile peroxidase [11]. Fungal mycelium has a significant effect on their transformation [11,64].
Polymerization reactions of low molecular products of HA degradation occur on fungal
cells in the presence of laccase, while effective depolymerization and decolorization of
mycelium-bound HA components occurs in the presence of versatile peroxidase [11]. In
order to exclude the effect of the mycelium on HA degradation and elucidate the role of
extracellular laccase in this process, we studied the transformation of HA by the culture
liquid of the fungus M. elasson without mycelium.

Compost HA used in this study was expected to represent fresher (less humified) ma-
terial in comparison to Retisol HA. Indeed, according to 13C-NMR data, HA from Retisol is
more oxidized, containing a larger number of carboxyl groups and O-substituted aromatic
and aliphatic fragments. The peat HA preparation contains the lowest amount of O-
substituted aromatics in comparison to the two other HA (Table 3). Despite the differences
in oxidation state, laccase of M. elasson caused similar changes in all three HA preparations—
depolymerization reaction occurred (Figure 4). Depolymerization was more intensive in the
presence of purified enzyme (Figure 4D–F) than in the cell-free culture liquid (Figure 4A–C).
This is consistent only partially with other studies on in vitro transformation of HA by
laccases. The purified laccase of the white-rot fungus L. tigrinus transformed HA prepara-
tions in two different ways—either polymerizing or depolymerizing them [10]. Laccase
from ascomycete Chaetomium thermophilium polymerized HA from compost [65]. Bacterial
two-domain laccases, capable of transforming HA at alkaline pH values, also polymerized
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HA and catalyzed their copolymerization with low-molecular phenolic compounds [27].
Exclusively polymerization reactions shown for two-domain laccases are possibly asso-
ciated with a low redox potential of this enzyme [66], so that bacterial laccases are not
able of degrading macromolecular components of humus. Thus, laccase catalyzes both
polymerization and depolymerization reactions. The different action of laccase on various
preparations of HA is possibly related to the difference in molecular weight distributions of
HA from different sources. For fungal laccases, polymerization-depolymerization equilib-
rium exists: substrates of low molecular weight (including monomers) polymerize, while
high-molecular weight substrates depolymerize [12]. However, such a dependency is not
always observed with HA. In the study with P. tigrinus laccase it was shown that those
fractions of HA were affected by the enzyme that caused lower inhibitory effect on laccase,
i.e., fractions were less hydrophobic [10]. Interestingly, the same peat HA preparation as
the one used in this study was polymerized by P. tigrinus laccase [10], while in this study
this preparation was depolymerized by M. elasson laccase even more intensively than the
two other HA (Figure 4). These data suggest that laccases of different producers differ
significantly in their action on humus constituents.

5. Conclusions

Zygomycete laccase was purified for electrophoretic homogeneity for the first time.
The results of the study substantially extend our knowledge of HA transformation by
laccases. It was shown for the first time that laccase of zygomycete fungus can depolymerize
some HA even more effectively than laccase from lignin-degrading fungi (e.g., P. tigrinus).
Zygomycete fungi and their oxidative enzyme systems require attention as potentially
important contributors to turnover processes of polyphenolic humus components.
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.3390/agronomy11112169/s1. Additional files contain initial experimental data. File “supplement
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contains data on measurement of kinetic constants of the enzyme; file “supplement gel-filtration
culture liqued.xlsx” contains gel filtration data for transformation of HA by culture liquid; file
“supplement gel-filtration laccase.xlsx” contains gel filtration data for transformation of HA by
purified enzyme.
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