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Abstract
This study aimed at the exploitation of lignocellulosic wastes for the evaluation of the newly isolated white-rot fungal strains 
enzymatic potential for bioethanol production. The isolates belonging to Basidiomycetes, Fomes fomentarius TMF2, Schizo-
phyllum commune TMF3, and Bjerkandera adusta TMF1, could synthesize extracellular laccase and various hydrolase while 
growing on lignocellulosic waste materials. More specifically, for the first time, F. fomentarius TMF2 synthesized laccase 
using sunflower meal as a substrate. This substrate could stimulate B. adusta TMF1 for carboxymethyl cellulase and Avice-
lase production. The isolate B. adusta TMF1 was able to produce amylase during its growth on brewerʼs spent grain, which 
is up to now the best result reported for this activity of any B. adusta strain. Soybean meal was the most potent substrate for 
stimulating pectinase production by B. adusta TMF1 and S. commune TMF3. While growing on brewerʼs spent grain, B. 
adusta TMF1 and S. commune TMF3 produced high levels of xylanase. Spent coffee residues were for the first time tested as 
a substrate for hydrolase production by selected fungal species. Also, this is the first attempt where the produced enzymes by 
isolate B. adusta TMF1 were used for lignocellulose hydrolysis of brewerʼs spent grain and corn stover for bioethanol produc-
tion, where under non-optimized conditions 0.94 g/L and 0.86 g/L of bioethanol could be produced, respectively. This study 
showed that novel white-rot fungal isolates, especially B. adusta TMF1, could grow on unexploited, low-cost lignocellulosic 
substrates and to produce biotechnological value-added products within environmental and economical accepted processes.
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1 Introduction

Fungal diversity in the natural environment is enormous. 
Fungi are widely distributed in almost all ecosystems, while 
Basidiomycetes, a phylum within the fungal kingdom, have 
an essential role in ecosystem balance.

Basidiomycetes are the major decomposers of plant bio-
mass and are also called wood-decaying fungi. These fungi 
can utilize different natural carbon sources because of their 
various plant-polysaccharide-degrading capabilities [1, 
2]. In particular, Basidiomycetes from the white-rot fungi 
(WRF) group are among the most efficient extracellular 
hydrolytic and oxidative enzyme producers [3–5]. Their 
hydrolytic system mainly consists of cellulases and xyla-
nases, while the oxidative-ligninolytic system is composed 
of laccases, ligninases, and peroxidase, which degrade lignin 
and phenyl components. This is of fundamental importance 
for the hydrolysis of the recalcitrant lignocellulosic biomass 
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to simple sugars and further biotechnological applications 
[6, 7].

Lignocellulose, which consists of cellulose, hemicellu-
lose, and lignin, is the major renewable source of organic 
matter in the world. There are different agricultural types of 
waste with predominant lignocellulose components includ-
ing brewer’s spent grain (BSG), the main by-product of the 
brewing industry. BSG contains mostly arabinoxylan, lignin 
(12–21%), and cellulose [8, 9], while starch content var-
ies, depending on the mashing efficiency [10]. Sunflower 
meal (SFM) has a high content of raw fiber, lignin (9–12%), 
phenols, and proteins [11]. Soybean meal (SBM) is rich in 
proteins, pectin, and lignin (1–4%), while spent coffee resi-
dues (SCR) have a high cellulose content (8.6%) but very 
low levels of the pectin (only 0.01%) and lignin (0.05%) 
[12]. Although some of the mentioned waste materials can 
be exploited as raw materials or find direct application, such 
as SBM, which is used as feed, when accumulated in large 
quantities, agricultural wastes cause environmental and pol-
lution problems [13, 14]. To overcome these problems, fol-
lowing the principles of the circular economy, the effective 
exploitation of these waste materials by their reuse for the 
production of biotechnologically added value products is 
highly desirable.

It is well known that many fungi and bacteria are capable 
of degrading lignocellulosic biomass in a different manner 
and extent [15, 16]. Also, many various commercial enzy-
matic preparations for this purpose already exist on the mar-
ket. Nevertheless, there is a constant need for screening the 
new strains, particularly fungi, that are suitable for develop-
ing the more efficient enzyme cocktails for complete and 
enhanced lignocellulose hydrolysis [17]. The constant need 
for screening the new isolates can be explained by enormous 
morphological, physiological, and ecological fungal diver-
sity and consequently the incompletely examined enzymatic 
potential of many fungal species. Moreover, every descrip-
tion of fungal species presents the big challenge because 
each fungus is unique with its characteristics and enzymatic 
potential [18]. In addition, the existing fungal species have 
already been extensively tested and their enzyme potential 
has been exploited in line with circular economy [18].

The utilization of lignocellulose waste materials is often 
based on WRF, which, owing to their unique and potent 
enzymatic system gained the great interest for application 
in biotechnology, in various industrial processes, especially 
in bio-refinery for biofuels production [19, 20]. The usage 
of thus obtained biofuels, especially bioethanol, is of enor-
mous importance for the environment since bioethanol is a 
renewable and environmentally favorable alternative for fos-
sil fuels that can cause pollution and global warming [21]. 
Moreover, the consumption of bioethanol enables overcom-
ing the energy crisis due to the reduction of non-renewable 
energy sources [22].

Thus, the aim of this study was to explore the enzymatic 
potential of three newly isolated white-rot fungi during the 
growth on four different and abundant agricultural waste 
materials and to evaluate the most suitable substrate and 
basidiomycete for the production of different classes of 
extracellular enzymes. In addition, for the first time, the pro-
duced crude enzyme cocktail by the selected isolate (accord-
ing to the obtained results) will be used in the hydrolysis 
process of the lignocellulose biomass and further for bioeth-
anol production.

2  Material and methods

2.1  Chemicals and sample materials

Carboxymethyl cellulose (CMC), pectin, and xylan were 
purchased from Sigma-Aldrich, while soluble starch and 
microcrystalline cellulose (Avicel) were purchased from 
Merck. The malt extract broth was purchased from Tor-
lak, Serbia. Guaiacol was purchased from Fisher Scientific 
Acro. Other chemicals were the highest commercial grades 
purchased from Merck and Lach-Ner. SFM and SBM were 
kindly donated from a local factory Bioprotein, Serbia, while 
BSG was donated by the local brewery from Serbia. The 
SCR were collected from the local café. The corn stover was 
kindly donated by local agricultural cooperative “Mrkšićevi 
salaši,” Srpski Itebej, Serbia.

2.2  Isolation of fungal strains

White-rot fungi were collected from the deciduous forest 
of mountain Avala, Serbia, from a beech (Fagus sylvatica) 
tree. Fruiting bodies were sterilized in 70% ethanol and inner 
parts were cut into pieces (3–5 mm) and transferred onto 
fresh malt extract agar (MEA) plates (malt extract 17 g/L 
and agar 15 g/L). Incubation was carried out at 30 °C in 
the dark. After a few days, mycelium growth has occurred. 
Small pieces (1 × 1 cm) of mycelium were cut from the agar 
plate and transferred onto a fresh MEA plate until the pure 
culture was obtained. The pure mycelium culture was stored 
at + 4 °C on MEA plates.

2.3  Molecular identification of fungal isolates

DNA extraction and PCR amplification were carried out 
according to the procedure described by Jović and coworkers 
with some modifications. Genomic DNA was extracted from 
4-day-old fungal cultures grown in liquid medium using the 
established cetyl trimethyl ammonium bromide (CTAB) 
method [23, 24]. Briefly, cell walls of fungal mycelia were 
broken down by grinding with glass rods. The CTAB extrac-
tion buffer that contained β-mercaptoethanol was then 
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added in the samples and after three consecutive of freezing 
(− 20 °C) and thawing (65 °C) purification with chloroform 
and precipitation with isopropanol were performed. Finally, 
the DNA was dissolved in 50 µL ultrapure water. For PCR 
amplification of the internal transcribed spacer (ITS) region 
of the ribosomal RNA coding DNA, a primer set ITS1/ITS4 
was used. The extracted total DNA served as a template. The 
50-µL reaction mixture contained 1 µL of DNA template, 
1 µL 10 µmol/L forward primer (ITS1: 5’-TCC GTA GGT 
GAA CCT GCG G-3’), 1 µL 10 µmol/L reverse primer (ITS4: 
5’-TCC TCC GCT TAT TGA TAT GC-3’), 25 µL 2 × PCR 
LongNova-RED Master Mix (DNA GDAŃSK, Blirt S.A., 
Gdańsk, Poland), and 22 µL ultrapure distilled water. The 
PCR amplification was performed in QB24 Thermal Cycler 
(Quanta Biotech Ltd., Byfleet, UK). The temperature param-
eters were set as follows: 15 min at 95 °C for initial denatura-
tion, 30 cycles of denaturation step (30 s at 95 °C), annealing 
step (30 s at 55 °C), and elongation step (90 s at 72 °C) and 
5 min at 72 °C for final extension [24, 25].

Amplified PCR products were double side sequenced 
by Macrogen, quality checked, and aligned. The resulting 
sequences representing the partial sequence of ITS region of 
approximately 500 bp in length were deposited in the NCBI 
GenBank database.

2.4  API ZYM test for determination of enzymatic 
extracellular activities

For the API ZYM test, the fungal mycelia were grown on 
MEA plates. After 4 days of incubation (30 °C), a mycelium 
from agar plates was used to prepare a suspension in a saline 
solution. Four pieces of mycelium of each culture were 
placed in 1 mL of sterile saline solution and homogenized 
until uniform mycelia suspension was obtained. Biochemical 
tests were performed using the API ZYM kit (bioMérieux, 
USA) according to the manufacturer’s instructions.

The incubation of the strips was performed at 30 °C. The 
color readings were performed using the API ZYM color 
scale, supplied by the manufacturer ranging from 0 (nega-
tive) to 5(maximum).

2.5  Inoculum preparation

The inoculum was prepared by growing the mycelia on MEA 
plates. MEA, used for inoculum preparation, composed of 
malt extract broth (20 g/L) and agar (15 g/L), was previously 
sterilized and poured into Petri dishes (Petri dishes 90 mm 
in diameter). Mycelia discs (2 × 2 cm) were cut out of the 
mycelia growing on MEA and aseptically transferred into 
the center of different agar plates which contained selec-
tive substrate for testing enzymatic activity. The plates were 
incubated at 30 °C, in the dark, for 4–6 days. For the inocu-
lation of SFM, SBM, BSG, and SCR, four mycelium discs 

(1 × 1 cm) were cut from the same Petri dish with MEA and 
transferred into Erlenmeyer flasks that contained a wetted 
substrate.

2.6  Qualitative test for detection of enzyme activity

Selective agar medium plates (malt extract 17 g/L and agar 
15 g/L) supplemented with selective substrates (1.0 g/L) 
were used for the detection of enzyme activities. For cel-
lulases (CMCase and Avicelase) activity, CMC-carboxym-
ethylcellulose and Avicel (microcrystalline cellulose) were 
added separately, for amylase soluble starch, for pectinase 
pectin from apple and for xylanase beech wood xylan were 
added. The plates were incubated at 30 °C in the dark for 
4–6 days. After incubation, agar plates were flooded with 
Gram’s iodine (2.0 g KI and 1.0 g  I2 in 300 mL distilled 
water) for 5 min. Clear zones around mycelium indicated 
enzyme activity [26].

For the determination of laccase production, 0.05% 
guaiacol was added to the malt extract broth with 1.5% 
agar–agar. The plates were incubated in dark at 30 °C for 
2–4 days. The presence of dark/brown color under and/or 
around mycelia was considered a positive result for guaiacol 
oxidation and laccase production.

2.7  Solid‑state fermentation and enzymes 
production

For solid-state fermentation, SFM, SBM, BSG, and SCR 
were used as waste substrates for mycelium growth and 
enzyme production. The substrates were wetted to obtain 
final moisture content of 70% and each substrate was 
weighed and placed in 300-mL Erlenmeyer flasks. After 
autoclaving (121 °C, 20 min) and cooling, the flasks were 
inoculated with mycelium (four mycelium discs (1 × 1 cm) 
of approx. 15% of the inoculum). Incubation was carried out 
at 30 °C in a dark for 6 days. Extraction of enzymes was per-
formed in a rotary shaker (190 rpm, 30 min, 25 °C) by mix-
ing the fermented media with 50 mL of 0.1 M acetate buffer 
pH 5.0. After centrifugation (6000 rpm, 15 min, 4 °C), the 
obtained supernatant was used as a crude enzyme extract 
and was further analyzed for laccase, amylase, pectinase, 
xylanase, and cellulase (CMCase and Avicelase) activities.

2.8  Quantitative test for enzyme activity

The determination of laccase activity was based on the oxi-
dation of guaiacol. This assay was performed according to 
the procedure described by Jović and coworkers [24].

Cellulase (CMCase and Avicelase), amylase, xylanase, 
and pectinase activities were measured by a reduction of 
3,5-dinitrosalicylic acid in the presence of reducing sugar 
released by enzymatic hydrolysis of cellulose, starch, xylose, 
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and pectin, respectively, according to the method of Miller 
[27]. The calculations were performed based on the standard 
curves prepared using appropriate reducing sugar (glucose, 
xylose) and d-galacturonic acid. The assays for hydrolytic 
enzyme activity determination were performed as described 
earlier [28].

Enzyme activity (E.A., IU/g) of solid substrate for each 
enzyme was calculated according to the equation:

where E.A. is enzyme activity (U/mL), V is buffer volume 
used for enzyme extraction (mL) and ms is a mass of solid 
substrate (g).

2.9  Enzymatic hydrolysis and bioethanol 
production

The crude enzyme cocktail of the most potent isolate, 
selected with accordance to the previously obtained results, 
was used for the hydrolysis process of the lignocellulose 
substrate in order to evaluate the bioethanol production 
potential. Hydrolysis was performed in Erlenmeyer flasks 
(100 mL) using 5% (w/v) of a lignocellulosic waste substrate 
(previously autoclaved 121 °C, 1.2 bar, 20 min) at 50 °C 
for 72 h in a rotary shaker (130 rpm). After the hydrolysis, 
the reaction mixture was centrifuged (6000 rpm, 10 min) 
and clear supernatant was used for the detection of reduc-
ing sugars. The concentration of total reducing sugars was 
determined by DNS method in aliquots before and after 
hydrolysis as equivalent to previously determined glucose 
concentration [27]. The obtained hydrolysate was used for 
bioethanol production by waste brewer’s yeast Saccharo-
myces cerevisiae [20]. For yeast fermentation, 3% of the 
yeast inoculum was used. The brewer’s yeast was previously 
grown in malt extract broth (24 h, at 30 °C). The fermenta-
tion was carried out for 48 h at 30 °C.

The ethanol concentration was determined based on the 
density of alcohol distillate at 20 °C and expressed in weight 
percent (w/w) [28].

The ethanol yields were calculated according to these 
equations:

where YE is ethanol yield per sugar consumed (g/g);

where ɳ (%) is fermentation efficiency calculated on theo-
retical ethanol value;

(1)E.A. (IU∕g) = E.A.(U∕mL) × V∕ms

(2)YE(g∕g) = Ethanol(g∕L)∕consumend sugar(g∕L)

(3)
�(%) =

(

YE(g∕g)∕theorectical ethanol value 0.51g∕g
)

× 100

(4)
Productivity(gL∕h) = Ethanol(g∕L)∕time of fermentation (h)

2.10  Statistical analysis

The results of enzyme activities are mean values of three 
replicates ± standard errors. The means were compared by 
analysis of variance (ANOVA). One-way ANOVA followed 
by Tukey test was applied to evaluate the effect of each sub-
strate for the particular enzyme production by specified 
WRF. Differences were considered significant at p < 0.05. 
Data analysis was performed using OriginPro 8.5.

3  Results and discussion

3.1  Identification of isolated white‑rot fungi

WRF were preliminary identified based on morphologi-
cal characteristics. Regarding morphological character-
istics, F. fomentarius TMF2 formed wooly white cottony 
colonies with light creamy brown colonies on the MEA. B. 
adusta TMF1 formed white loose cottony aerial mycelium 
that was made of white fast-growing colonies. S. commune 
TMF3 formed wooly white mycelium spread over the entire 
substrate.

All tested white-rot fungal isolates belonged to the 
Basidiomycetes phylum. The WRF strains, designed as 
Fomes fomentarius TMF2, Bjerkandera adusta TMF1, and 
Schizophyllum commune TMF3, were identified as Fomes 
fomentarius, Bjerkandera adusta, and Schizophyllum com-
mune based on a sequence that includes the internal tran-
scribed spacer region (ITS) sequence, located between the 
18S and 5.8S rRNA and 5.8 rRNA coding genes. This region 
is widely used for analyzing fungal diversity in environmen-
tal samples [29]. The obtained sequences were deposited 
in the NCBI-GenBank database under the following acces-
sion numbers: MW327505 for B. adusta, MW327506 for 
S. commune, and MW327504 for F. fomentarius. The spe-
cies identification based on the sequence was performed by 
using nucleotide BLAST search as integrated on the NCBI 
webpage, and by using nucleotide collection database. All 
species were identified based on high (over 99.5%) sequence 
similarity with only one species from the database.

3.2  Detection of enzyme activities using the API 
ZYM

The examination of the hydrolytic enzyme activities of all 
tested isolates was done using the API ZYM test (Table 1). 
This test is simple, rapid, and reliable and is widely used 
for identifying various hydrolytic enzymes present in novel 
strains [30].

All tested WRF showed a broad range of extracellular 
enzyme activities. Beta glucosidase activity was very high 
for these isolates, indicating that these fungi have a good 
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potential for cellulose degradation [31]. Acid phosphatase 
was negative for F. fomentarius TMF2 and S. commune 
TMF3 but strong for B. adusta TMF1. F. fomentarius TMF2 
and S. commune TMF3 produced α- and β-galactosidase and 
mannosidase, suggesting potential for enzymatic hydrolysis 
of different carbohydrates. Esterase C4, esterase lipase C8, 
leucinearylamidase, and valinearylamidase were present at 
medium levels at B. adusta TMF1 while cystinearylamidase 
was found at a low level at F. fomentarius TMF2 and B. 
adusta TMF1.

Very high levels of lipase C 14 were detected in F. fomen-
tarius TMF2 and S. commune TMF3.

The API ZYM test confirmed that the enzymatic system 
of the isolated WRF is diverse.

3.3   Detection of enzyme activity using 
a qualitative test for hydrolases and laccase

F. fomentarius TMF2, B. adusta TMF1, and S. commune 
TMF3 were able to grow on CMC, Avicel, pectin, starch, 
xylan, and guaiacol agar plates. For F. fomentarius TMF2 
and S. commune TMF3, extracellular hydrolytic enzyme 
activities were observed already after 2 days of mycelium 
growth, while for B. adusta TMF1 strain was noticed after 
4–5 days of incubation.

The occurrence of a halo zone around the mycelium indi-
cated the area of the substrate hydrolysis and thus the pres-
ence of the specific enzyme (Fig. 1). These strains were able 
to utilize both types of cellulose, CMC as a soluble form of 
cellulose and Avicel as microcrystalline cellulose, because 

Table 1  The API ZYM test for white-rot fungal isolates F. fomentar-
ius TMF2, S. commune TMF3, and B. adusta TMF1

0–5, the color readings were performed using the API ZYM color 
scale, supplied by the manufacturer ranging from 0 (negative) to 5 
(maximum).

Enzymes (API ZYM) F. fomen-
tarius 
TMF2

S. commune
TMF3

B. adusta
TMF1

Control 0 0 0
Alkaline phosphatase 2 2 3
Acid phosphatase 0 0 4
Esterase C4 0 1 3
Esterase lipase C8 0 3 3
Leucine arylamidase 3 0 4
Valinearylamidase 0 4 4
Cystinearylamidase 0 4 1
Naphthol-AS-BI phosphohy-

drolase
2 2 2

N-Acetyl-β-glucosaminidase 0 2 3
Lipase C14 5 5 0
Trypsin 3 2 4
Chymotrypsin 5 0 1
β-Galactosidase 3 3 2
β-Glucuronidase 2 2 1
α-Glucosidase 2 1 2
β-Glucosidase 5 4 4
α-Galactosidase 4 4 0
`α-Mannosidase 3 4 1
α-Fucosidase 3 0 0

Fig. 1  Agar plate pictures containing specific growth substrates to test the enzymatic activity of novel WRF strains F. fomentarius TMF2, B. 
adusta TMF1, S. commune TMF3
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of their synergistic endoglucanase and exoglucanase sys-
tems, which is typical for WRF [32]. F. fomentarius TMF2 
and B. adusta TMF1 mycelia were very dense and within the 
mycelium growth was the inner clearance zone that indicated 
amylase, pectinase, and xylanase activity. A similar zone of 
clearance for Fomes sp. was reported by Hadda and cowork-
ers [32]. The very dense mycelium of B. adusta TMF1 on 
starch, pectin, and xylan substrates made it impossible to 
identify the zone of clearance (Fig. 1), but after removing 
the mycelium, the amylase, pectinase, and xylanase activi-
ties could be detected as a very clear zone through the entire 
growth surface (Fig. 1).

Laccase activity was noticed after 24 h of mycelium 
incubation for F. fomentarius TMF2 and B. adusta TMF1 
and after 48 h of incubation for S. commune TMF3 using 
guaiacol as an oxidizing reagent. The brown color under the 
mycelia indicated the presence of laccase (Fig. 1).

3.4  Solid‑state fermentation and enzymes 
production

In solid-state fermentation (SSF), the most important step 
is the selection of appropriate lignocellulosic substrate for 
WRF growth and enzyme synthesis [3]. Literature data 
showed that various lignocellulosic waste substrates, such 
as sugarcane bagasse, wheat straw, wheat bran, or corn 
stover could be applied for the enzyme production by WRF 
[13, 33–35]. Among them, wheat bran is the most used sub-
strate for WRF enzyme induction. For example, wheat bran 
was used for cellulase, xylanase, and laccase production by 
Fomes sp. [36, 37], and for cellulase production by S. com-
mune [38], while wheat straw was used for cellulase synthe-
sis by B. adusta [39].

The literature data about the simultaneous production of 
laccase and hydrolytic enzymes on BSG, SCR, SFM, and 
SBM by WRF is still very scarce. In this study, the pro-
duction of cellulases (CMCase and Avicelase), amylase, 
pectinase, xylanase, and laccase by three tested isolates on 
these lignocellulosic waste substrates was evaluated. The 
results showed that all used substrates could support WRF 
growth and enzyme synthesis. However, some differences 
were observed in terms of the suitability of the substrates 
to stimulate the synthesis of specific enzymes by each WRF 
tested (Tables 2, 3, 4).

For F. fomentarius TMF2, SFM seemed to be the most 
potent lignocellulosic waste substrate for induction of both 
laccase and hydrolase production (Table 2). This substrate is 
usually used for microbial amylase production by the genus 
Bacillus [40], but it was also used as a substrate for the 
simultaneous production of various hydrolases (cellulases 
(CMCase and Avicelase), amylase, pectinase, and xylanase) 
by actinomycetes Streptomyces fulvissimus CKS7 isolated in 
our group [28]. Thermophilic fungus Humicola lanuginosa 
was used for cellulase production during SSF of SFM [41]. It 
has not been shown until this study that a strain of F. fomen-
tarius could grow on sunflower meal and synthesize extra-
cellular laccase. Compared with Trametes versicolor laccase, 
produced in submerged fermentation using 2% (w/v) sun-
flower stems [42], higher laccase activity was reported in our 
study (35 IU/L vs. 2.45 IU/g). Slightly lower F. fomentarius 
TMF2 laccase activity was obtained on BSG (2.28 IU/g), 
while activities on SBM and SCR were significantly lower.

F. fomentarius TMF2 showed also the highest amylase 
activity (27.29 IU/g) on SFM, compared to other tested 
substrates. Pectinase and xylanase produced by F. fomen-
tarius TMF2 on SFM reached activity of 10.86 IU/g and 

Table 2  Enzyme production (IU/g) on waste substrates (SSF, 6 days, 30 °C) by F. fomentarius TMF2

a,b,c Symbols within columns having the same letters are not significantly different from each other (Tukey test, p < 0.05).

Substrate Laccase (IU/g) Amylase (IU/g) Pectinase (IU/g) Xylanase (IU/g) CMCase (IU/g) Avicelase (IU/g)

SFM 2.45 ± 0.04a 27.29 ± 0.42a 10.86 ± 0.62a 16.84 ± 0.45a 1.49 ± 0.10a 1.02 ± 0.07b

BSG 2.28 ± 0.06a 11.11 ± 0.18b 1.02 ± 0.08b 15.88 ± 0.24a 1.42 ± 0.11a,b 1.43 ± 0.08a

SBM 0.91 ± 0.08b 10.08 ± 0.18b 9.34 ± 0.60a 5.70 ± 0.11b 1.00 ± 0.04c,b 0.98 ± 0.05b

SCR 0.21 ± 0.02c 0.55 ± 0.03c 1.63 ± 0.04b 0.89 ± 0.04c 1.32 ± 0.12a,b 0.66 ± 0.03c

Table 3  Enzyme production (IU/g) on waste substrates (SSF, 6 days, 30 °C) by B. adusta TMF1

a,b,c,d Symbols within columns having the same letters are not significantly different from each other (Tukey test, p < 0.05).

Substrate Laccase (IU/g) Amylase (IU/g) Pectinase (IU/g) Xylanase (IU/g) CMCase (IU/g) Avicelase (IU/g)

SFM 1.13 ± 0.05b 7.25 ± 0.16b 10.61 ± 0.07b 12.88 ± 0.17b 3.71 ± 0.18a 1.06 ± 0.11a,b

BSG 1.44 ± 0.04a 11.47 ± 0.19a 4.96 ± 0.15c 18.39 ± 0.13a 2.76 ± 0.16b 1.26 ± 0.19a

SBM 0.47 ± 0.02c 5.35 ± 0.05c 23.73 ± 0.27a 5.06 ± 0.13c 0.44 ± 0.04c 0.18 ± 0.04c

SCR 0.24 ± 0.03d 1.19 ± 0.06d 1.57 ± 0.04d 1.21 ± 0.11d 0.95 ± 0.06c 0.53 ± 0.07b,c
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16.84 IU/g, respectively, and these values were also the 
highest among all tested substrates. However, these values 
were not significantly higher than the pectinase activity on 
SBM (9.34 IU/g) and xylanase activity obtained on BSG 
(15.88 IU/g), suggesting these three substrates were suit-
able for pectinase and xylanase production by F. fomentarius 
TMF2.

Spent coffee waste, as lignocellulosic material, induced 
a very low enzyme activity, especially for laccase and pec-
tinase (0.21 IU/g and 1.02 IU/g, respectively). However, 
SCR showed to be a suitable substrate for CMCase produc-
tion by F. fomentarius TMF2 with 1.32 IU/g, which was not 
significantly lower than values obtained on SFM and BSG 
(1.42 IU/g and 1.49 IU/g, respectively). Keeping in mind its 
composition, these results were expected.

Literature data showed that coffee pulp, coffee husk, and 
spent coffee grounds were mainly used as substrates for 
WRF growth [9, 43]. The different chemical composition 
of these coffee by-products affects the fungal growth and 
the absorption of nutrients necessary for enzyme synthesis 
[12]. The most studied WRF, with the potential to grow on 
different coffee waste substrates, belong to genus Pleurotus 
[43]. However, there is a lack of literature data about Basidi-
omycetes growth on coffee waste substrates.

B. adusta TMF1 and S. commune TMF3 showed a similar 
pattern of response to substrates used for stimulation of dif-
ferent enzyme synthesis (Tables 3 and 4). The laccase activi-
ties of 1.44 IU/g and 2.79 IU/g produced by B. adusta TMF1 
and S. commune TMF3, respectively, obtained on BSG as a 
substrate were significantly higher than laccase activities on 
other waste substrates. The literature data generally reports 
lower laccase activities produced by these WRF species. 
For example, testing the ligninolytic potential of B. adusta 
under different growth conditions, Tripathi and coworkers 
[44] found laccase activity of 64 U/L only in nutrient-rich 
medium, after 20 days of growth under static conditions. 
These authors suggested that laccase activity was inducible 
in this WRF. There are studies that reported no laccase activ-
ity in B. adusta [45, 46].

Pariatamby and Nithiya [47] reported laccase activ-
ity ~ 1.0 IU/g for S. commune after 7 days of growth on BSG. 
In the study of Zhu and coworkers, no laccase activity was 

detected for S. commune during 30-day SSF on Jerusalem 
artichoke stalk [17]. However, literature data also reported 
higher values of laccase activity under optimized conditions 
[48].

The most suitable substrate for amylase production by 
B. adusta TMF1 and S. commune TMF3 was BSG with 
measured activities of 11.47 IU/g and 10.98 IU/g, respec-
tively. Moderate amylase activities were obtained on SFM 
and SBM, while SCR was the least appropriate substrate for 
inducing amylase production. It is interesting to note that 
the enzymatic potential of B. adusta was mainly associated 
with the decomposition of lignocellulose biomass, while in 
this study we showed, for the first time, that amylases pro-
duced by this species could degrade starch to simple sugars. 
Shimazaki and coworkers [49] reported amylase activities 
after 9 days of cultivation S. commune under shaking con-
ditions from 0.69 to 30.0 IU/mL, depending on the carbon 
source. The highest activity was obtained with 5% wheat 
bran as a carbon source and it was higher than the highest 
activity obtained in our study (30.0 IU/mL vs. 10.98 IU/g). 
Starch content in wheat bran varies from 9 to 26% [50] and 
this is higher content than present in all different substrates 
used in our study. Therefore, even higher amylase activities 
produced by S. commune TMF3 could be expected after cul-
tivation on a richer substrate.

The most suitable substrate for pectinase production by 
B. adusta TMF1 and S. commune TMF3 was SBM (Tables 3 
and 4). This could be expected given that the pectin content 
in SBM is higher than in the other tested substrates [51].

Ganbarov and coworkers [52] studied pectinase produc-
tion of five fungi belonging to the genus Bjerkandera on 
wheat bran during SSF. Two of these five fungi (B. adusta 41 
and B. fumosa 97) had a lower pectinase activity, than pec-
tinase activity obtained in our study (22.1 IU/g and 10.3 vs. 
23.73 IU/g), while higher pectinase activities were reported 
at B. adusta 1 (25.4 IU/g), B. adusta 40 (54.1 IU/g), and B. 
fumosa 22 (44.7 IU/g) strains.

Within this study, 9.25 IU/g for pectinase activity of 
S. commune TMF3 was noted on the SBM. Mehmood 
et al. [53] reported a higher value of produced pectinase 
(480.45 IU/g) than in our study, by growing S. commune 
on optimized solid medium citrus waste— mosambi peels 

Table 4  Enzyme production 
(IU/g) on waste substrates (SSF, 
6 days, 30 °C) by S. commune 
TMF3

a,b,c,d Symbols within columns having the same letters are not significantly different from each other (Tukey 
test, p < 0.05).

Substrate Laccase Amylase Pectinase Xylanase CMCase Avicelase
(IU/g) (IU/g) (IU/g) (IU/g) (IU/g) (IU/g)

SFM 1.22 ± 0.04b 6.88 ± 0.07b 5.22 ± 0.11b 13.21 ± 0.18b 2.51 ± 0.13a 1.60 ± 0.09a

BSG 2.79 ± 0.07a 10.98 ± 0.19a 4.23 ± 0.06c 17.47 ± 0.09a 1.21 ± 0.11b 0.55 ± 0.04b

SBM 0.52 ± 0.04c 4.73 ± 0.10c 9.25 ± 0.14a 1.86 ± 0.22d 0.68 ± 0.10c 0.56 ± 0.04b

SCR 0.38 ± 0.04c 1.72 ± 0.05d 1.90 ± 0.08d 6.23 ± 0.29c 0.78 ± 0.09b,c 0.89 ± 0.12b
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(sweet limetta). Interestingly, during SSF on Jerusalem 
artichoke stalk, pectinase activity for S. commune was not 
detectable [17]. It is important to note that enzyme activity 
in our study was determined only after 6 days of growth and 
no optimization has been performed, and that could contrib-
ute to their relatively low observed pectinase activity.

The highest levels of xylanase activities of 18.39 IU/g 
and 17.47 IU/g produced by B. adusta TMF1 and S. com-
mune TMF3, respectively, were measured on BSG as sub-
strate (Tables 3 and 4). A high level of xylanase activity 
by S. commune was also reported in the work of Gautam 
and coworkers [54]. Another study showed that S. commune 
could produce xylanase in submerged fermentation, while 
growing on bamboo, sugarcane bagasse, and banana stem, 
for 15 days. The obtained xylanase activity was very low on 
bamboo and banana stem, while on sugarcane bagasse this 
activity reached the value of ~ 1.2 IU/mL.

A literature survey showed that studies about Bjerkandera 
sp. xylanase production on waste substrates are extremely 
scarce. Only Qirouz-Castaneda and coworkers [28] reported 
xylanase production by this WRF on several waste substrates 
with maximum xylanase-specific activity of 0.4 IU/mg of 
proteins obtained using oak dust for B. adusta growth.

S. commune TMF3 and B. adusta TMF1 produced a max-
imum of cellulase activity (2.51 IU/g and 3.71 IU/g respec-
tively) during the growth on SFM. Literature data about cel-
lulase production by S. commune during SSF are very rare 
with exception of the work of Zhu and coworkers [17]. In 
their study, S. commune was grown on a Jerusalem artichoke 
stalk (mixed with Mandels’ salt solution) during 30 days and 
produced cellulases. Maximum of endoglucanase activity, 
15.2 IU/g, was reached after 20 days of incubation. In the 
study of Qirouz-Castaneda [28], B. adusta was grown on a 
solid agar plate with 2% wheat straw and produced maxi-
mum CMCase activity of 2.4 IU/mg proteins. It is important 
to note that all of these results are difficult to compare due 
to the different methods for fungal growth and due to the 
different reported expressions of cellulase activities.

3.5  Enzymatic hydrolysis

Based on the results obtained within this study, the novel 
isolated strain B. adusta TMF1 was selected as the opti-
mal (with regard to the possessing enzymatic potential) for 
evaluating the bioethanol production potential. Thus, the 
crude enzyme cocktail produced by the B. adusta TMF1 
was used for the hydrolysis of two lignocellulosic substrates, 
BSG, and corn stover. After 72 h of hydrolysis, the maxi-
mum reducing sugars yield was 5.16 mg/mL for BSG and 
4.94 mg/mL for corn stover.

Enzymatic hydrolysis is a very important step in bioetha-
nol production. Different enzymes are included in the deg-
radation of lignocellulosic biomass. The main component 

of lignocellulose, cellulose, is often very recalcitrant to bio-
degradation to monomeric sugars. Literature survey showed 
that chemical pre-treatments of lignocellulosic substrates 
improve the digestibility of lignocellulosic material; and 
thus, the higher amount of reducing sugars could be released 
during hydrolysis [55]. Lu and coworkers [56] obtained 
higher reducing sugars yield than that in our study (0.42 g/g 
vs. 0.11 g/g (4.94 mg/mL) after hydrolysis using pretreated 
corn stover with dilute sulfuric acid, while 5.5 mg/mL of 
reducing sugars was obtained in the work of Li et al. [57] 
using alkali pretreatment of corn stover with additional 
homogenization. Also, in the case of BSG, some studies 
indicate that thermomechanical pretreatment at different 
pressure levels could increase hydrolysis yield [58]. Ravin-
dran and coworkers [59] reported a lower yield of obtained 
reducing sugars using native BSG (79.67 mg/g BSG) as in 
our study 103.20 mg/g BSG (5.16 mg/mL), while acid and 
alkali-treated BSG had the highest reducing sugars yield 
(208.78 mg/g BSG and 228.25 mg/g BSG.) A similar trend 
was reported using corn stover as a substrate for hydrolysis. 
The yield of reducing sugars (13.65 g/L) was observed in 
Pleurotus sajor-caju pretreated corn stover samples after 
enzymatic hydrolysis of 60 h [35] which was higher than 
the obtained value in this study.

There is a lack of literature data concerning the applica-
tion of the enzymatic potential of B. adusta in lignocellu-
losic hydrolysis. It should be noted that, for the first time, we 
showed that a crude enzyme cocktail, produced by B. adusta, 
could be involved in lignocellulosic hydrolysis. No pretreat-
ment of lignocellulosic substrates was performed prior to 
hydrolysis, in order to evaluate the enzymatic potential of the 
member of Bjerkandera genus for lignocellulosic hydrolysis. 
Nevertheless, further experiments, with additional pretreat-
ment of the lignocellulosic substrate, are necessary for more 
efficient hydrolysis, under the circular economy approach.

3.6  Bioethanol production

For ethanol production, previously obtained BSG and corn 
stover hydrolysates were used. After 48 h of fermentation 
by waste brewer’s yeast S. cerevisiae, the obtained ethanol 
concentrations were 0.94 g/L with fermentation efficiency 
of 35.72% for BSG and 0.86 g/L of ethanol with 34.13% of 
fermentation efficiency for corn stover (Table 5).

Recently published studies about ethanol production 
using BSG showed higher values of obtained ethanol con-
centration (from 8.3 to 17.3 g/L) [60–63] than in this study 
(0.94 g/L). The main reason for lower ethanol concentration 
is the lower concentration of reducing sugars in the starter 
fermentation broth. Also, in these studies, the pre-treatment 
of BSG was done to remove lignin and to allow an easier 
way for enzyme attack and saccharification. In addition, in 
these studies, commercial enzymes were used for hydrolysis 
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with higher activity than in-house produced enzymes in this 
study. The concentration of produced bioethanol could be 
higher if pentoses and hexoses, as reducing sugars, could be 
fermented by yeast or some other fermentative microorgan-
ism [64].

Similar was observed using corn stover as the substrate 
for hydrolysis. The higher bioethanol yield, than in our study, 
of 57.8% was obtained from the corn stover pretreated with 
white-rot fungi Ceriporiopsis subvermispora after 35 days of 
treatment, while untreated corn stover showed lower ethanol 
yield compared to our study (15.90% vs. 35.72%) [65]. On 
the other hand, in the study of Ding and coworkers [35], 
lower ethanol yields were reported (0.096 g/g, 0.076 g/g, 
and 0.124 g/g of BSG vs. 0.414 g/g BSG) using white-rot 
fungi Coriolopsis gallica, Trametes versicolor, and Pleu-
rotus sajor-caju for corn stover pretreatment, respectively.

Nevertheless, it should be noted that in this study we 
showed for the first time that crude enzyme mix produced 
by a novel isolate B. adusta TMF1 could be used for ligno-
cellulosic hydrolysis and ethanol production. Although the 
obtained results are lower than in most published studies, 
application of pre-treatment and optimization of the hydroly-
sis process, as well as yeast fermentation, should be consid-
ered and performed in the following period.

4  Conclusions

In this study, the enzymatic potential of three newly isolated 
WRF strains was examined during the growth on different 
agricultural waste substrates. According to obtained results, 
SFM, SBM, SCR, and BSG were found to be potent sub-
strates for the production of industrially important enzymes 
by tested fungal isolates. However, their potency varied in 
the induction of specific enzymes, mainly caused by sub-
strates’ composition, but was also strain dependent.

The newly isolated F. fomentarius TMF2 was able to 
grow and produce various hydrolases and laccases with 
maximum activities obtained on SFM. The BSG was a very 
potent substrate for amylase and pectinase production by B. 
adusta TMF1 and S. commune TMF3, while on SBM maxi-
mum of pectinase activity for B. adusta TMF1 was reported. 
The SCR were the least potent substrate for all tested white-
rot fungi isolates.

Both obtained hydrolysates, BSG and corn stover, were 
used for bioethanol production. Although the ethanol yield 
is relatively low, this study indicates that the crude enzyme 
cocktail produced by novel WRF isolate B. adusta TMF1 
has potential for hydrolysis of lignocellulosic materials in 
bioethanol production.
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Table 5  Fermentation 
parameters of bioethanol 
production

Substrate for hydrolysis Reducing 
sugars (g/L)

Consumed 
sugars (g/L)

Ethanol (g/L) YE (g/g) ɳ (%) Produc-
tivity 
(gL/h)

BSG 5.16 2.27 0.94 0.414 35.72 0.0196
Corn stover 4.94 2.13 0.86 0.404 34.13 0.017
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