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Abstract: Lentinula edodes 3565 and Ganoderma lucidum 9621 were compared for their ability to produce
lignocellulolytic enzymes in submerged (SM) and surface liquid (SL) fermentation of hydrolysed
colza straw lignin waste that remained after the production of furfural and bioethanol (CS lignin).
Application of cultivated mushrooms to dispose of pretreated colza straw agricultural waste is an
approach to decrease the quantity of residual lignin while simultaneously obtaining active substances,
e.g., the ligninolytic enzyme complex from mycelium. The effect of adding CS lignin to culture media
on the yield of L. edodes and G. lucidum mycelium and extracellular laccase activity was studied.
It was revealed that the mycelial growth of G. lucidum on solid media was significantly improved
by adding CS lignin. Laccase activity during SL cultivation of L. edodes on medium with CS lignin
gradually increased over the experiment starting on day 21 and peaked at 520 U/mL on day 28.
G. lucidum expressed the maximum laccase activity, 540 U/mL, during the first 14 days of mycelium
SM cultivation. Extracellular laccase activity was enhanced about 35- to 40-fold at cultivation of
L. edodes and about 10- to 15-fold in the case of G. lucidum by supplementing liquid culture media
with CS lignin.

Keywords: Lentinula edodes; Ganoderma lucidum; mycelium; colza straw lignin; laccase; zymogram
activity

1. Introduction

The increasing expansion of agro-industrial activity has led to the accumulation of a
large quantity of lignocellulosic residues from wood (e.g., sawdust), agricultural (e.g., CS),
and various industrial wastes all over the world. Lignocellulose consists of three major
components—cellulose, hemicellulose, and lignin—and is a renewable organic material
and the major structural component of all plants.

There are several approaches towards the disposal of industrial and agricultural
lignocellulose-containing waste or residues. For example, they can be used as raw material
for the production of second-generation biofuel [1,2]. Colza straw can be used as the
source of cellulose and hemicellulose in the production of furfural and bioethanol [3,4].
This process generates the most recalcitrant lignin residues that must undergo further
biodegradation to make the production of furfural and bioethanol or lipids as a waste-less
process. The lignin waste may be used to improve the growth of medicinal mushrooms
and to produce laccase-containing enzymes complexes [5,6].

White-rot fungi (WRF) are the most efficient organisms among the known lignin
degraders. WRF depolymerise lignin with an extracellular enzyme complex formed by
phenol oxidases (i.e., laccases and peroxidases), manganese peroxidases, lignin peroxidases,
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and other versatile peroxidases [7-10]. Genomic sequences of G. lucidum and L. edodes
revealed more than 20 genes that potentially encode lignin oxidising enzymes in each
fungus [11,12]. Unlike G. lucidum, the genome of L. edodes does not have a lignin per-
oxidase gene. Meanwhile, L. edodes possesses a more versatile spectrum of non-specific
peroxidases [12]. The use of fungi in the processing and recycling of some difficult-to-
degrade technogenic wastes has been examined [13-15]. Bioconversion of lignin with
lignin-degrading fungi has significant advantages over other alternative strategies because
it offers the potential to produce both valuable mycelial biomass and biologically active
intermediates. Furthermore, white-rot fungi have been used as a potent resource for ligno-
cellulose degrading enzymes for many years [16,17]. Studies that have been carried out
during the last years have shown that Basidiomycetes produce many biologically active
substances: proteins, lipids, polysaccharides, organic acids, enzymes, and vitamins, among
others. These compounds are effective and less toxic than chemotherapeutical drugs for
many clinical indications.

The production of mycelium is considered to be a more promising approach in modern
biotechnology than the process of obtaining fruiting bodies. Growing mushroom mycelia
in liquid culture on a defined nutrient medium has long been a simple and fast alternative
method to produce fungal biomass [18]. Submerged cultivation (SM) has been widely used
in the production of mycelia and bioactive compounds [19-21]. This method allows for the
synthesis of the target product, and standardisation of the conditions for its production and
its quality indicators. It has been established that biologically active substances extracted
from mycelial biomass and cultivation media are not inferior in their spectrum of action
to compounds extracted from mushroom fruiting bodies [22-24]. SM of mushrooms
enhances the growing process by inducing the synthesis of target metabolites, increasing
the productivity of strains, and reducing the duration of the process. The synthesis of
desired components can be controlled by changing the cultivation conditions.

Many studies have reported that WRF L. edodes and G. lucidum are capable of pro-
ducing lignin-degrading enzymes while growing on a variety of lignocellulosic materi-
als [25-32]. Pharmaceutical and biotechnological potential of both basidiomycetes has been
studied. Biological degradation of lignocellulosic compounds is a complex process influ-
enced by a number of variables: culture conditions, fungal strains, induction, regulation,
and the mechanism of various enzyme activities [33].

The utilisation of CS lignin, which remains after furfural and bioethanol production,
is an approach to obtain ligninolytic enzyme complexes while simultaneously decreasing
the quantity of residual lignin waste. This research aimed to study and evaluate the
production of lignin-degrading enzymes by L. edodes strain 3565 and G. lucidum strain 9621
under different cultivation conditions on CS lignin supplemented substrates to evaluate
the prospects of agricultural waste bioconversion into low-cost enzyme preparations. The
conditions for increasing mycelium biomass and enzyme yields were explored by changing
the incubation settings.

2. Materials and Methods
2.1. Reagents

All reagents used were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Thermo Fisher Scientific (Waltham, MA, USA) unless otherwise stated. All reagents were
of analytical reagent grade.

2.2. Fungal Strains and Culture Conditions

The white-rot basidiomycete strains Lentinula edodes DSM 3565 (Berk.) Pegler and
Ganoderma lucidum DSM 9621 (Curtis) P. Karst were purchased from the DSMZ Collection
Center (Germany). Stock cultures were maintained on malt extract agar slants and stored
at 4 °C. Mycelial discs from the peripheral region of actively growing culture from Malt
Extract Broth (MEB, Merck, Darmstadt, Germany) agar plates were used as the inoculum.
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The control culture medium consisted of 10 g/L MEB. The initial pH of the culture medium
was adjusted to 5.0-6.0 before sterilisation.

Cultivation of this mushrooms was performed in liquid media (28 days) or on solid
nutrient medium (16 days) at 22 °C for L. edodes and 28 °C for G. lucidum. The diameter
of the mycelium extension was measured on agar medium every 3—4 days over 14 days.
For cultivation, the flasks were inoculated with two mycelium discs (d = 0.8 cm) from
the MEB agar plates. Submerged cultivation of basidial mushrooms was carried out in
250 mL Erlenmeyer flasks with 75 mL of the MEB medium on a rotary shaker (140 rpm) or
in static conditions without agitation (surface liquid cultivation, SL). The effects of culture
pH ranging from pH 5.0 to 7.0 on biomass and laccase production were examined in shake
flask cultures in preliminary experiments. The optimum pH for biomass production was
6.0, while that for laccase production was pH 5.0.

2.3. Substrate for Mycelium

Liquid and solid nutrient media were supplemented with colza straw (CS) lignin that
remained after chemical and biotechnological production of furfural and bioethanol [1,2].
The first hydrothermal pre-treatment of colza straw was performed in a pilot scale reactor
system using Al,SOj as a catalyst at the temperature range of 170 °C during 60 min. The
steam pressure at this hydrothermal process corresponded to 7.2 bar. The lignocellulose-
containing residue of colza straw that remained after this first pre-treatment and obtaining
of furfural was subjected to drying. Then, this residue was hydrolysed using commercial
preparations of cellulase—Accellerase 1500 DuPont (Genencor, The Netherlands). The
enzymatic hydrolysis was performed at a temperature of 50 °C during 72 h [4]. Glucose-
containing supernatant was used for the obtaining of ethanol. The remaining lignin-
containing residue was used in our study. Chemical analysis showed that lignin content in
colza straw was 17.5 & 0.19% [4]. After hydrothermal and enzymatic treatments total lignin
amount has not changed considerably—it has decreased by 1-2 =+ 0.02%. The substrate was
crushed before it was added to a cultivation medium. CS lignin for mushroom cultivation
was added to control MEB medium in the amounts of 0.5-2% (w/v). Preliminary experi-
ments suggested a concentration of 2% CS lignin as the optimum for laccase production.
Therefore, for enzyme production, 2% CS lignin added to the MEB culture media and
sterilised at 121 °C for 15 min.

2.4. Determination of Dry Weight

After 28 days of incubation, mycelium biomass was separated from the medium
by centrifugation and washed with sterile distilled water. Then, it was dried at 45 °C
48 h, and the weight of the biomass was determined. Qualitative mycelium biomass
evaluation was done by measuring the diametric growth (mm) of mycelium on agar
medium. The supernatants were collected and stored for the measurement of pH, laccase,
and peroxidases.

2.5. Enzyme Assays

The supernatants were separated from the mycelia and substrates by centrifugation
at 6000 rpm for 15 min. The supernatants were analysed for extracellular enzyme activity
periodically every seven days. The data presented in this study were the mean values of
triplicate measurements. After sampling, the filtrates were frozen (—20 °C) and lyophilised
in the Alpha 1-2 LD plus vacuum freeze dryer (Christ, Osterode am Hanz, Germany).

Screening of laccase was carried out by spotting 20 mM 2, 2-azino-bis-[3-ethyltiazoline-
6-sulfonate] (ABTS) on agar plates after removing the mycelium from the surface. The
green colour indicates a positive result [34]. The activity of extracellular enzymes was de-
termined using an Ultrospec 3100 pro UV /vis spectrophotometer (Amersham Biosciences,
Amersham, UK). Samples were collected, and the supernatants were assayed for laccase
and peroxidase. Laccase activity was determined by monitoring the change in absorbance
at 420 nm (extinction coefficient = 36,000 M1 cm_l) related to the rate of oxidation of 1 mM
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ABTS in 100 mM sodium acetate buffer (pH 5.0). One unit was defined as the amount of
enzyme that leads to the oxidation of 1 umol/min of ABTS per mL of medium filtrate [35].

2.6. Zymogram Analysis

Native PAGE was performed by the method of Laemmli [36] using a 10% polyacry-
lamide gel in non-denaturing conditions.

Aliquots of crude extract (2 mL) were frozen at —20 °C before freeze-drying. The dry
pellets were then concentrated 10 times by solubilisation them in water and used for the
native PAGE. Ten micrograms of total protein per gel lane were loaded. For zymography
analysis, non-reducing loading buffer was used, and the sample was not boiled before
loading. Tris-glycine running buffer (pH 8.3) was used. The native PAGE was run in a
Mini Protean (Bio-Rad Laboratories, Hercules, CA, USA) gel system for about 90-120 min
at 100 V. After electrophoresis, the gel was fixed for 10 min in a solution containing 10%
v/v acetic acid and 40% v/v methanol, then soaked in 25 mM succinate buffer (pH 4.5)
containing 2.7 mg/mL ABTS for laccase activity [34]. Zymography for peroxidase activity
was performed with 50 mM N,N,N’,N’-tetramethylphenylenediamine TMPD in 50 mM
Tris-Cl buffer (pH 7) containing 13 mM H,O,; [37].

2.7. Statistical Analysis

The average values of three independent experiments (each in triplicate) were used
to calculate the results. Standard deviation of the mean was determined using statistical
functions in Microsoft Excel. Results were expressed as the mean & SD. The value p < 0.05
was accepted as the level of statistical significance.

3. Results and Discussion

Lentinula and Ganoderma, white-rot basidiomycetes widely distributed worldwide,
can be cultivated on various substrates using different cultivation models, and secrete
lignin-modifying enzymes. The effect of CS lignin substrate through the optimisation of
different process parameters was studied. The values of cultivation variables that affect
mycelial yields and enzymes activity (temperature, medium pH, agitation, and incubation
period) were selected based on initial screening data. Due to the variable composition of
the pretreated straw samples used, the mycelial growth abilities were evaluated in a control
medium to develop a more reliable cultivation methodology. The optimal conditions for
biomass and laccase production were significantly different.

3.1. Mycelial Growth on Pretreated Colza Straw

At the first stage of our experiments, we checked the effect of CS lignin as a medium-
enriching additive on L. edodes and G. lucidum substrate colonisation rate. The diameters
of mycelium were measured (mm, n = 4) after three and seven days of incubation on
solid media.

It appeared that mycelium of G. lucidum grew slowly with a diameter of 44 mm. In
contrast, mycelium of L. edodes grew rapidly with diameters greater than 70 mm after
10 days on the control medium. CS lignin additions significantly improved the mycelial
growth of G. lucidum on solid media during the first seven days of cultivation (Figure 1a,b).
At the same time, it was revealed that the mycelial diameters of L. edodes were not noticeably
different in either culture media.
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Figure 1. Diameter of mycelia grown on MEB agar and MEB + 2% CS lignin (lg). Experiments were performed in triplicate.

(a) D3, D7-days of cultivation. (b) L. edodes and G. lucidum mycelial growth on solid media, cultivation period—10 days.

The mycelial biomass yield of the mushrooms in the liquid cultures was larger
under agitation than during static cultivation conditions (Figure 2). Mycelial biomass
was determined by dry weight measurements. Biomass production for L. edodes ranged
from 45.0 £ 8.9 (SL cultivation) to 69.3 &+ 0.1 mg (SM cultivation) on 100 mL of control
medium. The biomass production of G. lucidum ranged from 63.1 & 8.3 (SL cultivation) to
245.0 £ 13.1 mg (SM cultivation) on 100 mL of control medium (Figure 2), and was signifi-
cantly affected (p < 0.01) by the SM culture conditions: agitation at 140 rpm enhanced the
final mycelium yield.
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Figure 2. Effect of agitation at 140 rpm and the addition of CS lignin on the production of mycelial
biomass.

L. edodes and G. lucidum revealed a significantly higher yield (p < 0.01) when grown on
medium with CS lignin. Surface liquid cultivation without agitation of both mushrooms
resulted in 3- to 5-fold higher mycelial biomass yield when supplemented with CS lignin
(Figure 2).

Using SL cultivation under stationary conditions, mycelium formed a film on the
surface of the medium, and an increase in the viscosity of the liquid medium was observed.
During submerged cultivation mycelial pellets or clumps are formed. When mycelium
growth occurs in pellet form, the yield of biologically active metabolites depends on the pel-
let size [21]. Pellet sizes and morphologies vary under different cultivation conditions [38].
L. edodes L54 grows very poorly in agitated submerged conditions [35]. The agitation at low
speed would prevent rapid aggregation of the mycelia and improve nutrient availability.
Fraga et al. [39] demonstrated that reducing mycelium aggregation at different stages of
fermentation by various means was beneficial to the rapid growth of mycelia of G. lucidum
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in submerged cultures. In our study, the size of mycelial pellets ranged from 2 to 5 mm
during cultivation in MEB medium with agitation at 140 rpm and ranged from 5 to 14 mm
under static conditions.

The addition of CS lignin changed the colour of the cultivation media to dark brown
and opaque, which in turn made it impossible to accurately quantify the pellet size and
mycelium biomass during SM fermentation. It is possible that lignin particles hindered the
aggregation of mycelium and improved the growth of mushrooms in submerged culture.

3.2. Cultivation in SM with Agitation and SL Media for Laccase Production

Two commercial strains of L. edodes and G. lucidum mushrooms were evaluated for
their ligninolytic enzyme profiles during cultivation with CS lignin supplemented media.
The effect of the CS lignin supplement on extracellular laccase production was studied
in MEB broth cultures. L. edodes cultures were incubated at 23 + 2 °C, and G. lucidum
cultures were incubated at 28 &= 2 °C. The supernatant was used as a crude enzyme solution.
The supernatants received after mycelial biomass separation were analysed for pH and
extracellular enzyme activity after 7, 14, 21, and 28 days of growth. The effects of agitation
and the concentration of the CS lignin supplement on laccase enzyme production were
evaluated.

The effect of pretreated CS lignin on laccase activity was evaluated in submerged
culture medium with CS lignin added at various concentrations: 0.5%, 1.0%, 1.5%, and
2.0% (w/v; Figure 3). It became clear that adding CS lignin increased laccase activity in
submerged cultures.

800
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300

200 I
100
. H
0.5

@ L.edodes, D28
B G.lucidum, D7

laccase, U/ml

1 1.5 2
concentration of CS lignin, %

Figure 3. The effect of CS lignin on the accumulation of laccase activity during SM cultivation with
agitation. D7 and D28—days of incubation. Values are means with standard errors (vertical bars).

Under CS lignin-free conditions, L. edodes and G. lucidum produced only a small
amount of laccase but did not produce peroxidases. The laccase activity in culture liquids
of G. lucidum was greater than that for L. edodes (Figure 4).

Higher laccase activities of L. edodes were observed when these mushrooms were
cultivated in medium containing CS lignin under static culture conditions than when
shaken. Laccase activities of L. edodes gradually increased over the experiment starting at
21 days with a peak at 520 U/mL at day 28 in static conditions with CS lignin (Figure 5).

As shown in Figure 5, fermentation under agitation at 140 rpm resulted in a significant
increase in laccase activity of G. lucidum when compared to static fermentation. The maxi-
mum laccase activities were detected during the first 14 days of G. lucidum cultivation with
agitation. In the case of G. lucidum, laccase activity was seen with a peak of approximately
540 U/mL at day 14 with a decrease at day 21. Thus, the presence of CS lignin in the
cultivation media significantly increased laccase activity in submerged cultures. As can be
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seen from Figures 4 and 5, extracellular laccase activity, measured in the supernatants after
cultivation with CS lignin additive, was 35- to 40-fold higher for L. edodes and 10- to 15-
fold higher for G. lucidum than in supernatants without lignin.
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Figure 4. Laccase activity of L. edodes and G. lucidum grown in control MEB liquid media under
shaken and static conditions. D7 and D21—period of incubation (days).
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Figure 5. Laccase activity of L. edodes and G. lucidum depending on CS lignin addition in media under
shaken and static conditions. D7 and D28—period of incubation (days).

3.3. Native PAGE

The literature reviews clearly show that the method of cultivation and presence of
lignocellulosic wastes affect the synthesis of ligninolytic enzymes in a fungal-specific
manner. The conditions of mycelial growth can increase or decrease the production of
some of the enzymes and/or of their isoenzymes [10]. Isoenzymes can differ considerably
in biochemical properties; therefore, their production expand the potential applications of
ligninolytic enzymes complexes. In order to study the set of secreted ligninolytic isozymes,
we performed zymogram analysis of L. edodes and G. lucidum culture supernatants.

The culture supernatants were harvested and concentrated by lyophilisation. Chro-
mogenic substrates for laccases and peroxidases, ABTS and TMPD, respectively, were used
to detect the activity of extracellular enzymes after PAGE.



Fermentation 2021, 7, 157

8 of 12

Zymogram analysis using ABTS as a substrate revealed one green zone of Lac activity
in concentrated extracellular culture liquids from L. edodes (Figure 6). This implies that
the effect of the cultural conditions on laccase activity was not due to the expression of
new isozymes. Peroxidase activity was not detected in the supernatants of L. edodes grown
(28 days) under liquid culture conditions.

Figure 6. Zymogram of laccase from the culture medium of L. edodes at 28 days of cultivation. The
gel was stained with ABTS as substrate of laccase. Lanes: 1—SL cultivation without agitation; 2—SM
cultivation with agitation with 2% CS lignin supplement; and 3—SL cultivation without agitation
with 2% CS lignin supplement.

Isoforms of extracellular Lac from G. lucidum varied in number, mobility, and intensity
of the electrophoretic bands with different growth conditions. In the control medium
with agitation, there were visible three Lac isoforms: one Lac isoform with considerably
lower electrophoretic mobility, and two weak bands with higher electrophoretic mobility
(Figure 7a, lane 2); in the CS lignin-enriched medium there were two bands of similar in-
tensity (Figure 7a, lane 3). Native PAGE electrophoresis of the crude extracellular proteins
of G. lucidum confirmed the presence of an active peroxidase (Figure 7b). Two bands with
peroxidase activity were obtained by culturing on the control medium with agitation at
140 rpm, and one isozyme was resolved in the CS lignin-enriched medium. These results
indicate that the mycelial growth conditions of G. lucidum have a certain effect on the
profile of extracellular laccase and peroxidase isoforms. The addition of CS lignin changed
the colour of the cultivation media to dark brown due to the products of straw degradation.
The standard methods previously adopted for assaying manganese peroxidase (MnP) and
lignin peroxidase (LiP) activity in colourless fungal cultures were not suitable for coloured
samples [40]. In this study, spectrophotometric assays that were used to quantify peroxi-
dases in liquid cultures of L. edodes and G. lucidum failed to detect LiP and MnP activities.
However, Native-PAGE results suggested the presence of peroxidases in G. lucidum liquid
cultures after staining with TMPD (Figure 7b).

Summarizing the results of this study, it is necessary to mention once more that it is
a part of a big complex research aimed at the development of completely new approach
for the complete conversion of cellulose-containing agricultural residues into the various
value-added products and compounds. At the first stage of this process using specific hy-
drothermal treatment, we obtained furfural from hemicellulose without usual irreversible
damage of remaining lignocellulose. At the second stage, application of enzymatic hy-
drolysis led to the obtaining of glucose that was used for further microbial production of
bioethanol. At the third stage, we used the remaining lignin-containing residue for the
cultivation of medicinal mushrooms Lentinula edodes and Ganoderma lucidum. Therefore,
the main purpose of this study was to show that lignin-containing residue after enzymatic
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hydrolysis of lignocellulose does not have any inhibitory effects and can be successfully
used for cultivation of medicinal mushrooms.

’ _
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Figure 7. Zymogram of ligninolytic enzymes from G. lucidum culture medium at 14 days of cultivation.
The gel was stained: with ABTS (a), and with TMPD (b). Lanes: 1—SL cultivation without agitation;
2—SM cultivation with agitation with 2% CS lignin supplement; and 3—SL cultivation without

agitation with 2% CS lignin supplement.

Some studies have previously evaluated the role of WRF in bioremediation of wastes.
Laccases and peroxidases have been reported in the secretomes of several white-rot ba-
sidiomycetes, including species of Ganoderma and Lentinula [35,41-45]. Laccases are com-
mercially important enzymes due to their ability to degrade phenolic and non-phenolic
lignin along with recalcitrant pollutants. It was shown that the addition of lignocelluloses
residues to culture media could influence the increase in laccase activity of white-rot fungi
by several-fold [10,30,46,47]. Additionally, our experiments showed that laccase produc-
tion increased under submerged fermentation with L. edodes 3565 after the addition of
pretreated wheat straw [5]. At the same time, we must note that in previous experiments,
where all of the results were obtained with the addition of lignocellulosic residues, we used
lignin waste obtained after furfural and bioethanol production from colza straw.

White-rot fungi produce multiple extracellular isoforms of laccase [48]. Variation
in culture conditions can affect the production of distinct isozymes. Cavalazzi et al. [49]
studied the effect of some compounds as laccase inducers in L. edodes cultures grown
under stationary conditions and detected only one band in all treatments. G. lucidum
secreted multiple laccase isozymes under diverse growth conditions [8,46]. Ko et al. [50]
characterised three laccase isozymes of G. lucidum in liquid culture. Manavalan et al. [32]
used zymography and confirmed four isoforms of laccase in G. lucidum, which was grown
on sugarcane bagasse as a lignocellulose substrate.

4. Conclusions

Our study suggests that CS lignin, remaining after the chemical and biotechnologi-
cal production of furfural and bioethanol from colza (rapeseed) straw, may be a suitable
substrate for the production of mycelial biomass and laccases by L. edodes and G. lucidum
mushrooms. We found that the mycelial growth of G. lucidum on solid media was sig-
nificantly improved by adding CS lignin. SL cultivation of both mushrooms on media
with supplemented CS lignin resulted in a 3- to 5-fold higher mycelial biomass yield in
comparison to the control media that contained malt extract. Our study demonstrated
that adding CS lignin to the cultivation medium increased laccase activity. Higher laccase
activity in L. edodes liquid cultures was observed under static conditions, whereas for
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G. lucidum there was a preference for agitation to yield high laccase activity. Our results
showed that CS lignin plays an important role not only at the level of soluble secreted
ligninolytic enzymes of G. lucidum, but also in their isoforms profile.
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