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Abstract
Background  Fomitopsis pinicola is one of the most common fungi found in temperate zone of Europe, widely 
distributed spread in Asia and North America. Fungus has a wide range of therapeutic activity: antitumor, 
antimicrobial, anti-inflammatory, antidiabetic, antifungal, hepatoprotective, hemostatic action. A number of studies 
have confirmed the significant antioxidant activity of F. pinicola fruiting bodies. However, the controlled cultivation 
conditions that influence fungal growth and metabolite production of F. pinicola, particularly the mycelial growth 
and biosynthesis of metabolites in its culture broth, as well as the antioxidant activity of its mycelium, remain poorly 
understood.

Results  This study investigated the impact of cultivation conditions on F. pinicola mycelium growth, phenols 
synthesis and antioxidant activity. Difference in the biosynthetic activity of F. pinicola under tested cultivation 
conditions was established. A highest value of 2,2-diphenyl-1-picryl-hydrazyl (DPPH•) inhibition (78.2 ± 0.9%) was 
found for a mycelium cultivated at 30 ºC, while cultivation at a lower temperature (20 ºC) was suitable for biomass 
growth (8.5 ± 0.3 g/L) and total phenolic content (TPC) 11.0 ± 0.6 mg GAE/g. Carbon and nitrogen sources in a 
cultivation broth significantly influenced the studied characteristics. Xylose supported the highest DPPH• inhibition 
(89.91 ± 0.5%) and TPC (16.55 ± 0.4 mg GAE/g), while galactose yielded the best biomass (4.0 ± 0.3 g/L). Peptone was 
the most effective nitrogen source for obtaining the mycelium with high potential of DPPH• radical inactivation 
(90.42 ± 0.5%) and TPC (17.41 ± 0.5 mg GAE/g), while the maximum biomass yield (7.8 ± 0.6 g/L) was found with yeast 
extract in cultivation medium. F. pinicola demonstrated the ability to grow and produce bioactive metabolites across 
a wide pH range from 2.5 to 7.5. Shaking cultivation resulted in the highest TPC (21.44 ± 0.10 mg GAE/g), though the 
same level of antioxidant activity (93%) was achieved under both shaking and static cultivation on the 7th and 28th 
days, respectively.

Conclusion  Controlling cultivation parameters makes it possible to regulate the metabolic and biochemical 
processes of F. pinicola, facilitating the balance needed to obtain optimal biomass, phenols and antioxidant activity. 
The findings show the potential to increase phenol production by 2.25 and 2.23 times under shaking and static 
conditions, respectively, while maintaining a high level of activity.
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Introduction
Macrofungi, particularly basidiomycetes and ascomy-
cetes, have become a subject of great interest to mod-
ern biotechnologists. The valuable biological activity 
of macrofungi, along with their important secondary 
metabolites, has attracted widespread attention from 
researchers. The health-improving effects of macrofungi 
and their potential in preventing various diseases due 
to their wide range of pharmacological activities ˗ such 
as anticancer, antioxidant, antimicrobial, antiviral, anti-
inflammatory, antihyperlipidemic, antidiabetic, antide-
pressant, antiallergic, hepatoprotective, neuroprotective, 
cytotoxic, and immunomodulatory ˗ have been thor-
oughly covered in numerous recent reviews [1–6]. The 
wide variety of fungi with medicinal properties is cer-
tainly impressive. However, some fungi, like Ganoderma, 
Cordyceps, Pleurotus, Trametes, Lentinula, Hericium, 
and Inonotus species, are more researched, while others 
are less studied. Fomitopsis pinicola (Sw.) P. Karst. (Red-
belted Conk, Red-belted Bracket) attracts attention due 
to various biological compounds (enzymes, glycosides, 
heteroglycan, triterpenes, polysaccharides, polyphenols, 
steroids) and their derivatives, which have beneficial 
effects, as reviewed by Bishop [7], Zahid et al. [8], and 
Gafforov et al. [9].

F. pinicola is one of the most common fungi found in 
temperate zone of Europe, widely distributed spread in 
Asia and North America. In terms of its ecology, this fun-
gus is a parasite and saprotroph that causes brown rot of 
mainly coniferous species, as well as wood belonging to 
the genera of Alnus and Betula [9].

The fruiting bodies of F. pinicola have long been used 
in folk medicine. To this day, there are references to its 
useful properties, such as anti-inflammatory and blood-
stopping effects, as well as its use for treating liver disor-
ders, headaches, and nausea [10].

Various extracts of the fruiting bodies of F. pinicola 
are being studied by scientists to assess their therapeutic 
potential. Studies have focused on a very relevant prop-
erty – its anticancer activity. This activity of F. pinicola 
fruiting bodies has been demonstrated in vitro on various 
cell lines [11–19] as well as in vivo (14, 15). Some studies 
investigated the cytotoxic potential of F. pinicola on HeLa 
cells [20, 21] as well as SMMC-7721 cells [21].

F. pinicola has been reported to have a broad spectrum 
of antimicrobial activity. Extracts of its fruiting bodies 
inhibited the growth of various bacteria: Escherichia coli 
[17, 22], Staphylococcus aureus [17, 22, 23], Bacillus sub-
tilis [22–24], B. cereus [25], Klebsiella pneumoniae, and 
Pseudomonas aeruginosa [22]. F. pinicola mycelium has 
suppressed the growth of B. subtilis and E. coli, while its 

culture liquid has inhibited the growth of these two bac-
teria as well as S. aureus [26]. Extracts of its fruiting bod-
ies have also exhibited activity against fungal pathogens: 
Fusarium inflexum and F. heterosporium [27], Saccharo-
myces cerevisiae, Candida albicans, Penicillium chrys-
ogenum, and Aspergillus fumigatus [22]. The antifungal 
activity of F. pinicola mycelium has been observed in dual 
culture, showing complete overgrowth on the mycelium 
of Chrysosporium keratinophilum and Penicillium griseo-
fulvum [28], as well as on strains of Candida albicans and 
Pichia kudriavzevii [29]. Additionally, it has exhibited 
partial replacement on Aspergillus niger and a deadlock 
after mycelial contact with Penicillium polonicum [30].

Some reports have been devoted to the anti-inflamma-
tory [31], chemo-preventive [16], and antidiabetic [32] 
properties of F. pinicola carpophore extracts. It has also 
been found that F. pinicola extract is a powerful tool for 
the prevention and therapy of injured liver and kidney 
cells [33].

Another important topic of research has been the 
study of the antioxidant potential of fungi. The source 
of energy for biological processes in living organisms is 
the oxidation process. Reactive nitrogen species (RNS) 
and, first of all, reactive oxygen species (ROS) are free 
radicals that can destroy healthy cells in the body. Excess 
production of ROS or loss of natural antioxidant protec-
tion, or in other words, an imbalance in the formation 
of free radicals, is known as oxidative stress. This excess 
of ROS can cause oxidation of lipids, DNA or proteins, 
being a major factor in aging and the development of a 
number of different degenerative diseases in humans 
[34]. Prevention and treatment of these diseases, includ-
ing cardiovascular, oncological and central nervous sys-
tem diseases, can be achieved using biologically active 
substances with antioxidant potential contained in fungi. 
The significant antioxidant activity of F. pinicola fruit-
ing bodies has been established by various methods in 
numerous studies [12, 16, 18, 19, 35–38]. Among the 
various methods for determining the antioxidant poten-
tial of biological samples, the rapid, simple and inexpen-
sive DPPH• method has been noted [39, 40]. Phenols and 
polyphenols scavenge reactive oxygen species (ROS) in a 
variety of ways, including inactivating metals, scavenging 
oxygen, or inhibiting free radicals [41]. The widely used 
Folin-Ciocalteu method has offered high sensitivity and 
has measured a broad spectrum of phenolic compounds, 
making it well-suited for analyzing complex phenolic 
mixtures in various biological samples using common lab 
equipment [42–44]. Various phenolic compounds such as 
epicatechin, catechin and quercetin dihydrates [36], gal-
lic acid [19, 36], p-hydroxybenzoic acid, protocatechuic 
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acid, vanillin [19], chlorogenic acid, syringic acid, ellagic 
acid [45, 46] have been found in the extracts of F. pinicola 
fruiting bodies. Polysaccharides isolated from F. pini-
cola mycelium and its fermentation broth have also been 
shown to antioxidant activity [12].

Controlled culture conditions have been found to affect 
fungal growth and metabolite production. However, the 
mycelium growth of F. pinicola, as well as metabolite 
biosynthesis in its culture broth, are poorly understood. 
The influence of culture conditions on F. pinicola growth 
[46–48], exopolysaccharide [46], and endoglucanase [49] 
production were investigated by submerged cultivation. 
This research has aimed at assessing the impact of culti-
vation conditions on F. pinicola growth and the potential 
to enhance antioxidant activity as well as TPC.

Materials and methods
Strain
Fomitopsis pinicola, srtain 1523, was kindly obtained 
from the IBK Mushroom Culture Collection of the M.G. 
Kholodny Institute of Botany of the National Academy of 
Sciences of Ukraine [50] as pure culture on Malt Extract 
Agar (MEA, Thermo Fisher Scientific, USA) slant and 
stored at 4 ºC.

The total DNA of F. pinicola was extracted follow-
ing the method described by Dellaporta [51]. The 18  S 
region of the internal transcribed spacer (ITS) of ribo-
somal DNA (rDNA) was amplified by polymerase chain 
reaction (PCR) using specific primers ITS1 (5′-TCC GTA 
GGT GAA CCT GCG G-3′) and ITS4 (5′-TCC TCC 
GCT TAT TGA TAT GC-3′) [52].

The PCR products purification was carried out on a 
commercial basis by Macrogen Europe (Amsterdam, 
Netherlands). Sequence identity was verified using 
the Basic Local Alignment Search Tool (BLAST) at the 
National Center for Biotechnology Information (NCBI, 
Bethesda, MD, USA). The sequence obtained was submit-
ted to GenBank with the accession number PQ184654.

Inoculum preparation
Mycelium of F. pinicola was transferred to Petri dish with 
Glucose Peptone Yeast Agar (GPYA) contained of g/L: 
25.0 glucose, 3.0 yeast extract, 2.0 peptone, 1.0 K2HPO4, 
1.0 KH2PO4, 0.25 MgSO4 × 7H2O, and 10.0 agar. This 
agar-free medium (GPYB) was used for submerged culti-
vation under static and shaking conditions.

Erlenmeyer flasks (250 mL) containing 50 mL of GPYB 
medium each were sterilized by autoclaving for 15  min 
at 121  °C. Each flask with medium was inoculated with 
three 8-mm-diameter mycelial plugs cut with a sterile 
drill from GPYA Petri dishes from a seven-day-old cul-
ture of F. pinicola for future surface static cultivation.

Seven-day-old F. pinicola mycelium from a GPYA 
Petri dish was ground using a homogenized MPW-120 

(Mechanika Precyzyjna, Warszawa, Poland) under 
sterile conditions to prepare an inoculum, which was 
transferred as 5 mL aliquots to each flask for further cul-
tivation on an orbital shaker at 120 rpm. Inoculated flasks 
were incubated in the dark at 25 °C.

Impact of cultivation conditions by using a single-factor 
test
To determine the effect of incubation temperature, flasks 
with GPYB were inoculated with three mycelial discs and 
incubated for 14 days of cultivation under static condi-
tions in different thermostats at temperatures of 20  °C, 
25 °C, and 30 °C.

To determine the effect of incubation time, flasks 
containing GPYB were inoculated with the prepared 
inoculum according to the cultivation method used and 
incubated at 25  °C. Incubation time was evaluated by 
monitoring the dynamics of fungal growth: was evaluated 
by monitoring the dynamics of fungal growth: from 7 to 
35 days with intervals of 14 days under static conditions, 
and from 3 to 11 days with intervals of 2 days under 
constant shaking. The pellet size was measured using a 
digital CCD camera and analyzed with Optimas image 
analysis software.

To study the effect of pH levels, flasks containing GPYB 
were inoculated with three mycelial discs and incubated 
under static conditions at 25  °C for 14 days at different 
pH levels (ranging from 2.5 to 7.5, with 0.5 intervals). The 
GPYB medium was previously adjusted with 1  M HCl 
and 1 M NaOH and measured using a digital pH meter.

To study the effect of carbon and nitrogen sources, a 
base medium consisting of (g/L): 10.0 glucose, 0.4 aspara-
gine, 1.0 KH₂PO₄, and 0.5 MgSO₄·7 H₂O was used. Glu-
cose in the base medium was replaced by an equivalent 
carbon content of the respective carbon source (man-
nitol, arabinose, xylose, fructose, galactose, dextrose, 
lactose, maltose, sucrose, cellulose, or soluble starch). 
Asparagine was similarly replaced with an equivalent 
content of the respective nitrogen source (sodium nitrate, 
ammonium nitrate, ammonium sulfate, urea, L-aspara-
gine, or peptone). The pure carbon or nitrogen per liter 
of medium was calculated based on the molecular weight 
of the substances and the percentage of the carbon or 
nitrogen element in the molecule. Flasks with prepared 
medium were inoculated with three mycelial discs and 
incubated 14 days of cultivation under static conditions 
at 25 °C.

Biomass determination
After the incubation period, the mycelium was separated 
from the medium by filtration through Whatman filter 
paper No. 4, washed with distilled water, and dried to 
a constant weight at 85  °C. The growth of fungi during 
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cultivation was determined as mycelial biomass (g/L) in 
absolute dry weight (a.d.w.).

Extract preparation
The mycelium separated from the medium was washed 
with dH2O, and dried at 60  °C. One g of the crushed 
mycelium was extracted with 10 mL of ethanol (96%) 
under orbital shaking (100 rpm) for 48 h at room temper-
ature. The supernatant, obtained after centrifugation for 
10 min at 4500 rpm, was collected and filtered through a 
25 μm pore size filter (class 4 filter paper). The obtained 
sample was kept at 4 °C not more than one week prior to 
evaluation for antioxidant activity (AOA) and total phe-
nolic content (TPC).

Antioxidant activity and total phenolic content 
determination
Antioxidant activity was determined by application of 
commonly used a stable free radical such as 2,2-diphenyl-
1-picryl-hydrazyl (DPPH•) [39] and expressed the inhibi-
tion percentage of DPPH• scavenging. Ascorbic acid was 
used as a positive control, dH2O and the extract without 
DPPH• as a negative control. The TPC was measured 
using the Folin–Ciocalteu method [42]. The TPC was 
determined using the gallic acid as the standard for quan-
titatively estimating phenolic compounds in the sample 
and is expressed as gallic acid equivalents (GAE) in mil-
ligrams per gram of the sample. Gallic acid was used as a 
positive control, and all reagents without the extract as a 
negative control. The detailed procedure of both analyses 
was presented in our previous study [53].

Statistical analysis
The average results of all studies were obtained in three 
replications, each of which included at least three studies. 
The values were expressed as mean ± standard deviation 
(SD), and differences at p-value ≤ 0.05 were assumed sig-
nificant calculated using analysis of variance (ANOVA) 

with the Excel statistical package. The Pearson correla-
tion coefficients (r) for biomass, TPC, and AOA under 
different cultivation conditions of F. pinicola were deter-
mined using the online statistical software available at 
https://www.statskingdom.com/.

Results
The effect of incubation temperature on fungal biomass, 
TPC and AOA
Experiments with pure cultures of F. pinicola were per-
formed under different basic cultivation conditions. A 
difference in the F. pinicola biomass, TPC and AOA was 
observed under the tested incubation temperatures, as 
shown in Fig.  1 (A, B). The highest DPPH• inhibition 
(78.2 ± 0.9%) was found for extract of mycelium cultivated 
at 30  ºC, while an incubation temperature of 20  ºC was 
more suitable for biomass production (8.5 ± 0.3 g/L) and 
TPC (11.0 ± 0.6 mg GAE/g). After 14 days of cultivation, 
the pH of the medium decreased from 6 to 3, remain-
ing consistent regardless of the cultivation temperature 
(Fig. 1A).

The effect of incubation period on fungal biomass, TPC and 
AOA
A noticeable difference in biomass, TPC and AOA of 
F. pinicola under shaking and static conditions in the 
growth dynamics was observed (Fig.  2). Under shak-
ing conditions, the highest amount of mycelial biomass 
was recorded on the 9th day of cultivation (Fig.  2A). 
Seven days of incubation was optimal for achieving the 
best DPPH• activity (Fig.  2B). The maximum TPC was 
observed on the 5th and 7th days, with no significant 
statistical difference under shaking conditions (Fig.  2A). 
Under static conditions, the highest amount of myce-
lial biomass was recorded on the 9th day of cultivation 
while the best TPC (Fig. 2C) and AOA were observed on 
the 28th day of cultivation (Fig. 2D). It should be noted 
that shaking resulted in the highest TPC (21.44 ± 0.10 mg 

Fig. 1  Effect of temperature on F. pinicola biomass production, TPC, final pH (A) and DPPH radical scavenging activity (B) on 14th day of static cultivation. 
Bars represent the standard deviation (SD) (n = 3, biological replicates)
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GAE/g) (Fig. 2A), but the same level of AOA (93%) was 
observed under both shaking and static cultivation on 
the 7th and 28th days, respectively (Fig. 2B and D). This 
result is significant because it suggests that while shaking 
enhances phenolic extraction, the antioxidant capacity is 
not influenced by the cultivation method, indicating that 
factors other than phenolic content might contribute to 
AOA.

During fungal growth, the pH of the culture medium 
changed (Fig.  2A and C). The range of pH changed in 
the culture media under both shaking and static condi-
tions was similar, but the lowest pH was observed on 
day 9 (pH = 2.8) when grown on a shaker, and on day 28 
(pH = 2.6) under static conditions.

The effect of cultivation condition on the morphology of 
fungus
The morphology of F. pinicola differed significantly dur-
ing submerged cultivation, depending on the presence 
or absence of agitation. Under shaking conditions, F. 
pinicola grew in the form of compact spherical granules 
(pellets) consisting of clusters of hyphae of varying sizes 
(from 0.1 to 0.5 mm in diameter), depending on the dura-
tion of cultivation (Fig. 3A-C). Under static conditions, F. 

pinicola formed a uniform mycelial mat with a consistent 
texture and a white-cream color, with pubescent myce-
lium created by aerial hyphae on the surface of the liquid 
media (Fig. 3D).

The effect of carbon courses on fungal biomass, TPC and 
AOA
Various commonly used carbon sources were selected 
for comparative studies to determine which ones pro-
mote rapid growth and which contribute to metabolite 
synthesis. A significant influence of carbon sources on 
the studied characteristics of obtained mycelium was 
observed (Fig.  4). Xylose supported the highest DPPH• 
inhibition (89.91 ± 0.5%) (Fig.  4B) and phenols produc-
tion (16.55 ± 0.4 mg GAE/g), while the best biomass yield 
(4.0 ± 0.3  g/L) was achieved with galactose (Fig.  4A). A 
similar biosynthetic potential (in terms of biomass pro-
duction and TPC) was noted when using fructose, dex-
trose, and galactose. The final pH remained relatively 
stable, varying slightly from 2.8 to 3.1 (Fig. 4A).

Fig. 2  Effect of incubation period on F. pinicola biomass production, TPC, final pH (A, C) and DPPH radical scavenging activity (B, D) under shaking and 
static conditions, respectively. Bars represent the standard deviation (SD) (n = 3, biological replicates)
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Fig. 4  Effect of carbon sources (at the same concentration 34.83% of carbon in base medium) on F. pinicola biomass production, TPC, final pH (A) and 
DPPH radical scavenging activity (B) under static conditions. Bars represent the standard deviation (SD) (n = 3, biological replicates)

 

Fig. 3  Morphology of F. pinicola (for all three biological replicates) in the form of pellets under shaking on 3 (A), 7 (B), 11 (C) days and of mycelial mat 
under static conditions on 28 days of the growth (D) on glucose peptone yeast broth, scale bar = 1 cm (A, B, C), 2 cm (D)
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The effect of nitrogen sources on fungal biomass, TPC and 
AOA
A significant effect of nitrogen sources on the studied 
characteristics was also found. Peptone was the most 
effective for DPPH• radical inactivation (90.42 ± 0.5%) 
(Fig.  5B) and TPC (17.41 ± 0.5  mg GAE/g), while the 
maximum biomass yield (4.0 ± 0.3 g/L) was achieved with 
yeast extract (Fig. 5A). The final pH varied slightly, rang-
ing from 2.7 to 2.9 (Fig. 5A).

The effect of initial pH on fungal biomass, TPC and AOA
F. pinicola was able to grow and produce biomass with 
AOA and TPC across a wide pH range from 2.5 to 7.5 
(Fig.  6). It is noteworthy that the studied fungus also 

demonstrated the aforementioned ability in strong acidic 
conditions. A very low pH of 2.5 was optimal for AOA 
(91.61 ± 0.2%), TPC (31.92 ± 0.5  mg GAE/g), as well as 
biomass production (10.5 ± 0.5 g/L). The final pH showed 
only slight variation, ranging from 2.6 to 3.6.

Correlation between fungal biomass, TPC, and AOA
The Pearson coefficient (r) was used to assess the poten-
tial correlation between biomass, TPC, and AOA in F. 
pinicola. The results demonstrated a positive relation-
ship in all trials (Table  1). A very strong correlation 
(r = 0.80 − 1.0) was found between TPC and AOA under 
most of the investigated conditions, including varia-
tions in carbon and nitrogen sources, static and shaking 

Fig. 5  Effect of nitrogen sources (at the same concentration 0.71% of nitrogen in base medium) on F. pinicola biomass production, TPC, final pH (A) and 
DPPH radical scavenging activity (B) under static conditions. Bars represent the standard deviation (SD) (n = 3, biological replicates)
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conditions, and pH. Biomass also showed a strong cor-
relation with TPC under specific conditions, such as tem-
perature and static cultivation.

Key cultivation condition of fungal for TPC and AOA
Single-factor influence analysis allowed us to establish 
the key parameters necessary for the cultivation of F. 
pinicola to optimize growth, TPC, and AOA. By adjust-
ing critical factors, we were able to enhance the TPC and 
AOA of the studied fungus. Specifically, replacing glu-
cose in the nutrient medium with xylose, lowering the 
initial pH to 3.5, and cultivating the fungus at 30 °C, both 

with and without agitation, significantly increased TPC 
yield while maintaining high AOA (Table 2).

Our experiments demonstrated that different culti-
vation conditions significantly influenced the biomass 
production, TPC, and AOA of F. pinicola. Notably, while 

Table 1  Coefficient (r) established between biomass, TPC, and AOA of F. pinicola
Correlation Temperature Sources pH Cultivation

carbon nitrogen static shaking
Biomass/TPC 0.9486 0.4916 0.2919 0.6281 0.8445 0.1703
Biomass/AOA 0.4513 0.6731 0.1713 0.6522 0.7143 0.4447
TPC/AOA 0.1456 0.8451 0.8937 0.8002 0.9334 0.9531

Table 2  Effect of key cultivation conditions of F. pinicola on AOA 
and TPC
Cultivation conditions (30 ºC, xylose, 
pH 3.5)

TPC, mg GAE/g DPPH• 
inhibition, 
%

7 days under shaking condition 48.3 ± 0.67 93.13 ± 0.40
28 days under static condition 37.0 ± 0.59 92.00 ± 0.21

Fig. 6  Effect of initial pH on F. pinicola biomass production, TPC (A) and DPPH radical scavenging activity (B) under static conditions. Bars represent the 
standard deviation (SD) (n = 3, biological replicates)
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shaking enhanced phenolic extraction, however opti-
mal antioxidant activity was achieved across a range of 
conditions.

Discussion
Recently, increased education and information about 
the benefits of antioxidants, driven by media, mod-
ern studies, and health professionals, have raised con-
sumer awareness and demand. There is a growing shift 
toward preventive healthcare, with people increasingly 
focused on maintaining health through diet and dietary 
supplements. This trend has led to a higher demand 
for antioxidant-rich foods and supplements. Consum-
ers are becoming more aware of the role of antioxidants 
in preventing oxidative stress-related diseases, such as 
cardiovascular diseases, cancer, and neurodegenera-
tive disorders [54, 55]. Also, antioxidants are known for 
their anti-aging properties [56, 57], which are highly 
sought after in both the dietary supplement and cosmet-
ics industries. These factors collectively contribute to the 
increasing demand for natural antioxidants across vari-
ous industries, including food and beverages, cosmetics, 
and pharmaceuticals. The use of synthetic antioxidants is 
becoming less desirable due to potential health risks [58], 
prompting manufacturers to seek natural alternatives. 
Additionally, concerns about the environmental and 
health impacts of synthetic chemicals [59] are further 
driving the demand for natural antioxidants. The shift 
towards sustainable and eco-friendly practices has led 
to a growing preference for natural antioxidants, which 
are often derived from renewable sources and produced 
using environmentally friendly methods. Moreover, cul-
tural influences and traditional knowledge from regions 
with a history of using natural antioxidants (e.g., the 
Mediterranean diet) are spreading globally, contributing 
to their increased demand [60]. The clear advantages of 
natural antioxidants underscore the urgency of identify-
ing effective natural sources.

Macrofungi, including basidiomycetes, produce vari-
ous biologically active compounds such as polyphenols, 
polysaccharides, vitamins, ergothioneine, and glutathi-
one, all of which exhibit significant antioxidant proper-
ties [61, 62]. These natural compounds protect cells from 
oxidative stress, making them valuable in both nutritional 
supplements and pharmaceuticals [63]. Mycelium with 
antioxidant activity can be incorporated into functional 
foods, beverages, and dietary supplements. The grow-
ing consumer interest in natural and healthy ingredients 
is creating favorable conditions for the development and 
increased demand for these products in various markets. 
Ensuring that mycelium-based products meet safety and 
efficacy standards is critical to their market success. The 
use of generally accepted methods of cultivation, such 
as submerged fermentation and the use of bioreactors, 

allows obtaining mushroom mycelium with the desired 
stable properties [64]. Submerged static cultivation (also 
called as surface cultivation) of basidiomycete mycelium 
offers several advantages and involves specific biotech-
nological aspects that make it a valuable method for pro-
ducing fungal biomass and bioactive compounds. This 
cultivation can better mimic the natural environment 
of basidiomycetes, potentially leading to the production 
of compounds that are not synthesized or are produced 
in lower amounts in liquid cultures. It was shown that 
static cultivation of Xylaria feejeensis was more suitable 
for manifestation of antioxidant activity as well as for 
TPC formation [65]. Also, submerged static cultivation 
typically requires less sophisticated equipment than sub-
merged fermentation, making it a cost-effective option 
for producing mycelium, especially at a smaller scale. 
Despite the available biotechnological opportunities to 
increase the desired beneficial properties of fungi, there 
is a significant lack of information regarding the poten-
tial increase in the antioxidant activity of basidiomycete 
mycelia under controlled conditions. This study focused 
on evaluating the effect of cultivation conditions on the 
growth of F. pinicola in order to enhance AOA as well as 
TPC under submerged static cultivation in flask.

Determining the optimal cultivation conditions, 
including temperature, pH, nutrient availability, and oxy-
gen levels, is a key biotechnological approach to enhanc-
ing mycelium with specific properties, in particular 
AOA [65–69]. Fungal cultivation is primarily focused 
on energy and biomass production. For F. pinicola, the 
best cultivation conditions were found to be 25  °C, pH 
2.5, with galactose, yeast extract, and a cultivation dura-
tion of 9 to 35 days under submerged shaking or static 
conditions, respectively. The highest TPC in F. pinicola 
mycelium was achieved at 25  °C, pH 2.5, using xylose, 
peptone, and a cultivation period of 5–7 or 28 days under 
submerged shaking or static conditions, respectively. For 
AOA, a more suitable temperature was 30  °C, with pH 
3.5–5.0, using the same carbon and nitrogen sources, and 
the same cultivation period as for TPC production. Since 
different phenols are major contributors to AOA [41, 70, 
71], some parameters that optimize phenols production 
also enhance AOA. This is in line with the report by Abo-
Elmagd [67], which showed that the highest antioxidant 
potential of Chaetomium madrasense under different 
cultivation conditions, such as temperature, pH, carbon 
and nitrogen sources, as well as incubation period, cor-
relates positively with the maximal phenolic content.

Based on our experimental results, some differences 
in optimal cultivation parameters necessary for fungal 
growth, total polyphenol production, and AOA acqui-
sition in F. pinicola were established. Generally, this 
finding can be explained by the different biological and 
environmental requirements for each process [72]. These 
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processes are interrelated, but often require different 
conditions to achieve maximum effect. Each process has 
distinct optimal parameters because they reflect different 
metabolic states of the fungus. The optimal conditions 
for fungal growth focus on maximizing biomass by pro-
viding ideal cultivation conditions that support rapid and 
efficient cellular processes. In contrast, the optimal con-
ditions for metabolite production which possesses bio-
logical activity often involve inducing stress responses, 
nutrient limitation, and specific environmental cues that 
trigger the synthesis of secondary metabolites.

The similarities in the optimal pH and temperature for 
fungal growth and TPC formation, and the differences in 
AOA, could be explained by the specific biochemical and 
physiological factors involved in each process. Produc-
tive fungal growth and polyphenol formation require the 
same optimal pH and temperature conditions, probably 
due to interrelated metabolic pathways, enzyme activity 
and cellular homeostasis [72]. In contrast, the values of 
pH and temperature reqiered for displaying of AOA of 
F. pinicola mycelium may be due to the specific stability, 
reactivity, and redox behavior of antioxidant compounds, 
as well as the need to effectively interact with ROS [73].

The significant effect of incubation period on TPC and 
AOA of F. pinicola mycelium obtained under stirring 
and static cultivation conditions was revealed. This can 
be explained by several key factors such as oxygen avail-
ability, nutrient distribution, shear stress, cell density and 
growth phase. Stirring accelerates these factors, leading 
to earlier peaks in AOA, while static conditions lead to a 
slower, but prolonged increase in antioxidant production.

It should be noted that a pH range from 2.5 to 5.0 con-
tributed to the highest level of TPC and AOA of F. pini-
cola mycelium. The biosynthesis of phenolic compounds 
in fungi involves specific enzymes, such as phenylalanine 
ammonia-lyase (PAL), which is crucial in the phenylpro-
panoid pathway [74]. A pH range of 2.5 to 5.0 could pro-
vide the ideal conditions for these enzymes to function 
efficiently, leading to increased production of phenolic 
compounds which may be more active. The solubility and 
stability of phenolic compounds can be pH-dependent 
[75]. Acidic pH levels may contribute to higher extrac-
tion efficiency and phenols accumulation in the myce-
lium enhancing their ability to scavenge free radicals 
and exhibit AOA. Under acidic conditions, the fungus 
may experience increased oxidative stress, prompting 
the production of antioxidants as a protective measure. 
This could explain why both phenol levels and AOA peak 
within this pH range. Different antioxidant mechanisms, 
such as hydrogen atom transfer or single-electron trans-
fer, can be more or less effective depending on the pH 
[76]. The acidic pH range might favor the specific mech-
anism (probably most efficient electron transfer) that F. 
pinicola uses for its antioxidant defense, leading to higher 

observed activity. It is known that F. pinicola naturally 
grows on coniferous wood, which can create an acidic 
environment due to the decomposition of organic mat-
ter and the presence of acidic compounds like tannins. 
The fungus might be evolutionarily adapted to thrive and 
produce secondary metabolites in such acidic conditions, 
reflecting its natural ecological niche.

The established strong correlation indicates that phe-
nolic compounds are likely the primary contributors to 
the AOA within the system. A similar observation was 
found in another study [77]. Phenols play one of a key 
role in neutralising free radicals and protecting against 
oxidative stress [78]. In addition, the consistent correla-
tion across different conditions might reflect an inher-
ent biological strategy where organisms boost phenolic 
production as a response to environmental stress (e.g., 
changes in nutrient availability or pH). This also can 
mean, that phenols play a critical role in the organism’s 
adaptation and survival strategies. The prospect of a 
strong correlation between TPC and AOA under various 
cultivation conditions is well-supported and presents sig-
nificant opportunities for biotechnological applications. 
If phenol production is a key determinant of antioxidant 
activity, genetic engineering or selective breeding efforts 
can focus on enhancing phenol biosynthesis pathways. 
This could lead to organisms or crops with superior anti-
oxidant properties, useful in agriculture and biotech-
nology. Additionally, the ability to predict AOA based 
on phenol content across various conditions can lead to 
more standardized and consistent product quality, which 
is crucial in commercial applications.

Producing mycelium from basidiomycetes with ben-
eficial properties involves selecting the right strains, 
fine-tuning growth conditions and applying modern 
biotechnological methods. The ability of the studied 
F. pinicola strain to grow, produce total phenols, and 
exhibit antioxidant activity under all experimental con-
ditions (except with sodium nitrite) underscores its sig-
nificant biotechnological potential for producing valuable 
secondary metabolites. Our next research step will be 
focused on creating conditions that support secondary 
metabolite production. The results of adjusting the cul-
tivation conditions – considering three factors: tem-
perature, carbon source, and pH – demonstrated the 
effectiveness of this approach. The findings show the 
potential to increase phenolic compounds production by 
2.25 and 2.23 times under shaking and static conditions, 
respectively, while maintaining a high level of activity. 
Final conclusions can be drawn after modeling with all 
factors and experimentally confirming the model’s effec-
tiveness. Dresh et al. [48] found that the optimal temper-
ature for F. pinicola colony growth was strain-dependent: 
25 °C was ideal for eight strains, while 32 °C was optimal 
for two strains.
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The optimal temperature of 20 ºC and the use of yeast 
extract as a nitrogen source for F. pinicola growth align 
with the findings of Choi et al. [12]. In those studies, glu-
cose was identified as the optimal carbon source, and 
a pH range of 5.5 − 6.5 was suitable for F. pinicola bio-
mass production. However, their study was limited to a 
pH range of 4.0 to 8.0 over four days, while our research 
encompassed a broader pH range and a longer duration. 
It should be noted that the same temperature and pH lev-
els were suitable for F. pinicola growth and exopolysac-
charide production, which aligns with our findings that 
certain cultivation conditions support both biomass and 
metabolite production.

Du et al. [47] found that the best carbon and nitrogen 
sources for mycelial growth of F. pinicola were soluble 
starch and yeast paste, with an ideal culture temperature 
of 31 °C and an optimal pH of 6.0. The optimal tempera-
ture of 30 ºC and an extended static cultivation period of 
20 days were found to be suitable for enhancing AOA and 
TPC in the mycelium of Xylaria feejeensis [65], which is 
consistent with our results. In contrast to our findings, 
pH 6.0, dextrose, and yeast extract supported the AOA 
of X. feejeensis, indicating the species-specific nutritional 
needs and physiology of this fungus.

The morphology of F. pinicola colonies on agar media 
has been presented in the literature [79]. Studying the 
morphology of fungal colonies in submerged culture is 
essential, as even minor changes in fungal morphology 
are well known to result in significant fluctuations in 
product yield, which can affect mass transfer and mixing 
[80]. It’s also necessary to maintain a specific morpholog-
ical structure in order to optimize the production of the 
desired metabolites [81–83]. To the best of our knowl-
edge, this is the first report describing the growth mor-
phology of F. pinicola in the form of pellets and a mycelial 
mat under submerged cultivation conditions. These are 
typical morphologies for basidiomycetes growth under 
shaking and static conditions, respectively. Observing 
these differences provides insights into how environmen-
tal factors like oxygen availability and nutrient diffusion 
affect fungal growth. Shaking promotes better oxygen-
ation and uniform nutrient distribution in the culture 
medium [83, 84], whereas static conditions can result in 
oxygen limitation, especially in the deeper parts of the 
mycelial mat. Morphological differences in response to 
these conditions help in understanding how fungi adapt 
to changes in oxygen and nutrient availability, which is 
crucial for optimizing industrial fermentation processes.

Conclusion
Growth, phenols synthesis and antioxidant activity of the 
mycelium of F. pinicola are determined by the complex 
relationship between the genetically conditioned proper-
ties of the fungus, its adaptive abilities, and physiological 

mechanisms of life. The study highlights the importance 
of physicochemical cultivation conditions of F. pinicola 
mycelium for the production of biomass with antioxidant 
properties and high phenolic compounds content.

Understanding the balance between different cultiva-
tion parameters is essential to optimize the cultivation 
of F. pinicola. Controlling cultivation parameters makes 
it possible to regulate the metabolic and biochemical 
processes of the fungus, helping to achieve a balance in 
obtaining optimal amounts of biomass and antioxidant 
activity of phenols. This balance is critical for future pros-
pects for medical and industrial applications where con-
sistent production of bioactive compounds is required.
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