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Abstract
Background  The problem of searching for environmentally friendly regulators of the biosynthetic activity of edible 
and medicinal mushrooms is crucial for creating highly effective biotechnologies. One such regulator is light. This 
study aimed to compare and evaluate the fatty acid profile and fat quality indices of lipids from the mycelial mass of 
Pleurotus eryngii under various light-emitting diode (LED) and laser light irradiation regimes.

Methods  To determine the effect of artificial light on the biosynthetic activity of P. eryngii, an artificial lighting system 
based on LED matrices with wavelengths of 470 nm (blue), 530 nm (green), and 650 nm (red), as well as an argon 
gas laser as a coherent visible light source at 488 nm, was used. For all experimental variants, the energy density on 
the surface of the samples was set to the same, providing an energy dose of 240 mJ/cm2. Irradiation was carried 
continuously.

Results  Twenty-seven fatty acids were identified in the studied P. eryngii mycelial mass samples, including nine 
saturated fatty acids (SFAs), eight monounsaturated fatty acids (MUFAs) and ten polyunsaturated fatty acids (PUFAs). 
The control sample (without irradiation) contained the lowest number of fatty acids (fourteen). With irradiation in 
all modes, a decrease in the amount of SFA and the formation of new MUFA and PUFA with a chain length of C20-
C24, which were absent in the control, were observed. Blue light stimulated the synthesis of significant amounts of 
α-linolenic acid (C18:3ω-3). The ratios of ΣPUFA/ΣSFA, ΣPUFA/ΣMUFA and ΣPUFAω-6/ω-3 in the mass of mycelium 
irradiated with blue light were within the optimal values for the human diet.

Conclusions  The selected mycelial photoactivation modes using low-intensity laser and LED light of different 
spectral composition and coherence may have potential in the biotechnology of submerged cultivation of P. eryngii 
to obtain mycelial mass with an improved fatty acid profile, which can be considered as a useful source of lipids.
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Introduction
One of the priority areas of modern biotechnology is the 
development and implementation of innovative meth-
ods for cultivating edible and medicinal macromycetes 
to obtain a wide range of commercially valuable biotech-
nological products [1–3]. Modern research confirms 
that edible and medicinal macromycetes can synthesise 
many biologically active substances with high biomedical 
potential [1, 4, 5]. Based on the mycelial mass and cul-
ture liquid of medicinal macromycetes, functional food 
products, nutraceuticals, new-class drugs—the so-called 
“fungal medicinal products”—biopreparations with fun-
gicidal and bactericidal activity, and cosmetics are being 
developed [2, 6, 7]. One such biotechnologically valuable 
or culinary mushroom species is P. eryngii, also known as 
the king oyster mushroom. Due to its high protein and 
dietary fiber content and the presence of water-soluble 
vitamins, minerals, essential fatty acids, and amino acids, 
this species is a high-quality and low-calorie food and an 
alternative deputy to meat, fish, and vegetables [8–11]. 
Moreover, in the fruiting bodies and mycelia of P. eryn-
gii, bioactive components, such as polysaccharides [12–
14], sterols [15], polyphenols, terpenes [15, 16], which 
have antioxidant, antihyperlipidemic, antidiabetic, anti-
inflammatory and immunostimulating activities have 
been identified [14, 17, 18]. Given its beneficial effects on 
human health, the fruiting bodies and mycelial mass of P. 
eryngii can be used as potential sources for the develop-
ment of functional foods or nutraceuticals [9, 11, 15, 16].

Advances in mushroom biotechnology, particularly in 
the mushroom cultivation industry, focus on optimiz-
ing the use of mushroom resources to drive economic 
growth and enhance human well-being [1, 19]. When 
cultivating producers of biologically active metabolites, 
it is important to focus efforts on establishing param-
eters for obtaining the desired final product. The search 
for eco-friendly regulators of the biosynthetic activity of 
macromycetes remains a relevant task. One of such regu-
latory factors can be considered low-intensity laser and 
LED light. While significant progress has been made in 
using artificial light in plant growing, the bioregulatory 
effect of this factor on the biosynthetic activity of macro-
mycetes remains insufficiently studied, and the choice of 
optimal modes of their use requires further justification. 
Understanding the effects of artificial low-intensity light 
on fungal metabolism may positively impact the develop-
ment of bioprocesses that focus on the targeted synthe-
sis of specific bioactive compounds. Several researchers 
have studied the spectral sensitivity of P. eryngii for fruit-
ing and the antioxidant activity of fruiting body extracts 
[20, 21]. However, growing mushroom fruiting bodies 
requires a relatively long period, resources, and labor. An 
alternative approach is submerged fermentation, which 
enables the rapid and cost-effective production of the 

final product while also being more environmentally sus-
tainable [22]. Replacing edible mushroom fruiting bodies 
with cultured mycelia obtained through submerged cul-
tivation holds significant potential for food production 
applications [3].

Modern research confirms the potential of artificial 
light to enhance the efficiency of edible and medicinal 
mushroom cultivation technologies [23–27]. However, 
its primary application has been to increase fruiting body 
yield, while its use in submerged cultivation remains 
largely unexplored. In natural environments, fungi adapt 
to light exposure through metabolic changes, particularly 
in fatty acid composition. In this context, unsaturated 
fatty acids play a critical role, potentially influencing 
fungi’s photoreception ability [28]. However, the effect 
of artificial light on the lipid composition of the culti-
vated mycelial mass remains insufficiently studied. In this 
aspect, the study of the effect of LED and laser light on 
the metabolism of P. eryngii seems to be a promising task 
for the targeted regulation and intensification of the cul-
tivation process of this valuable fungus species.

Currently, there are no available data in the literature 
on the specific influence of LED and laser light on the 
fatty acid profile of P. eryngii under submerged culture 
conditions. Meanwhile, consumer interest in the fatty 
acid composition of various food products is steadily 
increasing. Since the human body requires essential fatty 
acids that cannot be synthesized internally and must be 
obtained through diet, edible and medicinal mushrooms 
are emerging as promising candidates for the develop-
ment of functional foods, nutraceuticals, and dietary 
supplements [9, 29, 30]. Along with protein, lipids play 
an important role in nutrition, and their value increases 
with increasing polyunsaturated fatty acid content. It is 
well-known that polyunsaturated fatty acids with chain 
lengths of C18 to C22 play an important role in basic 
metabolism and have a high potential for beneficial 
effects on the human body [31, 32].

In this context, investigating the factors that regulate 
the fatty acid profile of edible mushrooms is highly rel-
evant. The fat content of mushrooms is low. According to 
several authors [31, 32], the lipid content in the mycelium 
of cultivated mushrooms can reach no more than 15%. 
However, they contain unsaturated fatty acids, which 
account for more than 70% of the total fatty acid content. 
The lipids of basidiomycetes contain the same fatty acids 
that are found in other eukaryotic organisms. The fatty 
acid composition of lipids is represented by a homolo-
gous series of saturated and unsaturated acids. The pre-
dominant unsaturated fatty acids, as a rule, are linoleic 
(C18:2ω−6) (from 30 to 40% or more of the total fatty acids) 
and oleic acid (C18:1ω−9) (10‒20%), which are necessary 
for the synthesis of prostaglandins, and among the satu-
rated fatty acids, such as palmitic acid (C16:0) (20‒30% 
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of the total fatty acids). Other acids are found in smaller 
amounts [33–35].

Considering the nutritional and pharmacological value 
of P. eryngii and its potential for developing of functional 
food products, we conducted a study to explore the pos-
sibility of regulating the fatty acid composition of its 
mycelial mass through photoregulation.

The current study aimed to investigate the impact of 
LED and laser light on the qualitative and quantitative 
composition of fatty acids, as well as the quality indices 
of lipids in the mycelial mass of the biotechnologically 
important mushroom species P. eryngii.

Materials and methods
Mushroom sample and cultivation conditions
The subject of the research was a pure culture of the edi-
ble basidiomycete P. eryngii var. ferula IBK 2035, which 
is preserved in the Mushroom Culture Collection at the 
M.G. Kholodny Institute of Botany, National Academy 
of Sciences of Ukraine (acronym IBK) (occurrence data-
set available: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​b​i​f​​.​o​r​​g​/​o​c​​c​u​​r​r​e​n​c​e​/​2​5​8​0​3​6​9​4​
8​4, accessed on March 30, 2024). The taxonomic status 
of P. eryngii var. ferula IBK 2035 has been confirmed at 
the species level using molecular genetic methods and 
deposited in the NCBI database available at GenBank 
(accession number: MN646251.1) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​
.​n​i​​h​.​​g​o​v​​/​n​u​​c​c​o​r​​e​/​​M​N​6​4​6​2​5​1​.​1). According to the Index 
Fungorum database, P. eryngii var. ferulae is considered 
a synonym of P. eryngii (http://www.indexfungorum.org, 
accessed on March 30, 2024). In addition, in previous 
studies, we established the main cultural and morpholog-
ical characteristics of the IBK 2035 strain, which can be 

used to control its purity in the vegetative stage of growth 
at all stages of cultivation [36].

Cultivation of the mycelial mass was carried out in 
0.5  L Erlenmeyer flasks, containing 100 mL of the liq-
uid medium glucose-peptone-yeast (GPY), g/L: glucose 
– 25.0; peptone – 3.0; yeast extract – 2.0; KH2PO4 – 1.0; 
K2HPO4 – 1.0; MgSO4·7H2O – 0.25; pH 6.0. Cultivation 
in submerged culture conditions by shaking on an orbital 
shaker at 120 rpm at 26 ºC for 12 days in darkness.

The impact of artificial low-intensity irradiation using leds 
and laser on the fatty acid composition of mycelial mass
The effect of artificial low-intensity irradiation on the 
fatty acid composition of P. eryngii ІВК 2035 mycelia 
was studied following a previously described procedure 
[37]. The graphical scheme of the investigations is pre-
sented in Fig. 1. To investigate the effect of LED light on 
the biosynthetic activity of P. eryngii mycelium, including 
its fatty acid profile, an artificial lighting system based 
on light-emitting diode matrices developed by the Insti-
tute of Physics of the National Academy of Sciences of 
Ukraine (Kyiv, Ukraine) was used in combination with 
an LHN-106M1 argon ion laser [37]. LEDs emitting 
light with wavelengths of λ = 470  nm (blue), λ = 530  nm 
(green), and λ = 650 nm (red) were used as LED sources.

As a source of coherent visible light, an LHN-106M1 
argon ion laser was used, and wavelength selection was 
achieved through a Litrow prism. This allowed the laser 
to generate monochromatic radiation at 488  nm. In all 
variants of experiments, the conditions of equal energy 
doses of light effects on the vegetative mycelium were 
chosen so that for all light sources, the energy density on 
the surface of the sample was the same and amounted to 

Fig. 1  Graphical visualization of the main steps carried out in the investigations
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240  mJ/cm2 in our experiments. The calculated param-
eters of the lighting system are given in the Supplemen-
tary Materials (Supplementary Table 1). Flasks with 
mycelia were irradiated continuously. When choosing 
the exposure time, we assumed that a possible mecha-
nism responsible for the biological activity of light is ini-
tiated by the absorption of a single photon of the LED 
and laser radiation with a disruption of the biological 
system. Taking this into account, the exposure time was 
chosen so that the number of falling photons was practi-
cally the same when treating the mycelium with light of 
different wavelengths. Nonirradiated (control) and irradi-
ated mycelium were used to study the effect of light on 
fatty acids and aromatic compounds. After irradiation, 
the mycelia were sown in an amount of 10% by volume 
in an Erlenmeyer flask containing 100 mL of the liquid 
medium GPY. After 12 days of cultivation, four grams 
of mycelial mass was taken for the determination of the 
fatty acid profile and the aromatic components.

Determination of fatty acid composition of mycelial mass
Extraction of fatty acids from the lipid fraction of the 
crushed mycelial mass P. eryngii was carried out with a 
mixture of chloroform/methanol/water 2:2:1.8 (v/v/v) 
according to the Bligh and Dyer method. After extraction, 
the lipid fraction was dissolved in 1 mL of hexane and 
subjected to methylation using 3–5 drops of a 30% solu-
tion of sodium methoxide in methanol. Chromatography 
of fatty acid methyl esters was carried out on a “Kristaly-
uks-4000 M” gas chromatograph with a flame-ionization 
detector (FID). The separation of the substances under 
study was carried out on a Zebron ZB-WAX capillary 
column with a stationary phase of 100% polyethylene gly-
col (length 30 m, internal diameter 0.32 mm, stationary 
phase layer (0.25  μm). The chromatography conditions 
were as follows: the column temperature ranged from 50 
to 220 °C at a rate of 4 °C/min; the evaporator tempera-
ture was 230 °C, the detector temperature was 250 °C, the 
inlet pressure of the special purity nitrogen column was 
0.8 atm, the blowing rate onto the detector was 30 cm3/
min, the discharge rate from the column was 10 cm3/min, 
the volumetric flow rate of air was 300 cm3/min, and the 
hydrogen flow rate was 30 cm3/min. Chromatographic 
information was processed using the Netchromwin 
program.

Calculation of fat quality indices
Fat quality indices, including the ΣPUFA/ΣSFA, ΣPUFA/
ΣMUFA, and ΣPUFA ω-6/ω-3 ratios, atherogenic index 
(AI) [38], nutritive value index (NVI), thrombogenic 
index (TI) [39], and hypocholesterolemic (h)/hypercho-
lesterolemic (H) fat acids, were calculated based on the 
results of fatty acid profiling of the mycelial mass under 
different irradiation regimes [40]. They were calculated 

according to the following equations: AI was calculated 
using Eq. 1, NVI was calculated using Eq. 2, TI was calcu-
lated using Eq. 3, h/H was calculated using Eq. 4:

	
AI = (C12 : 0 + 4 × C14 : 0 + C16 : 0)

ΣMUFA + ΣPUFA
� (1)

	
NVI = (C18 : 0 + C18 : 1)

C16 : 0
� (2)

	

TI = (C14 : 0 + C16 : 0 + C18 : 0)[ (0.5 × MUFA) + (0.5 × Σω − 6)
+ (3 × Σω − 3) + (Σω − 3/Σω − 6)

]
� (3)

	

h/H =







C18:1ω−9 + C18:1ω−7
+ C18:2ω−6 + C18:3ω−6
+ C18:3ω−3 + C20:3ω−6
+ C20:4ω−6 + C20:5ω−3
+ C22:4ω−6 + C22:5ω−3
+ C22:6ω−3







/ (C14:0 + C16:0)� (4)

Statistical analysis
The cultivation, sampling, and analysis were performed 
in triplicate. The results of the quantitative content of 
fatty acids in the mycelium samples were considered the 
average value between the three replicates. Factor anal-
ysis was used to identify the basic structure of the fatty 
acid profile of the mycelial mass of the edible medici-
nal mushroom and to identify important factors. Factor 
analysis was performed via principal component analy-
sis using the interactive web computing platform Jupyter 
Notebook.

Results
Fatty acid composition and fat quality indices
A comparative analysis of lipid fractions of the mycelial 
mass of P. eryngii made it possible to establish varia-
tions and differences in the fatty acid profile depending 
on the irradiation mode (Table 1). The chromatograms of 
the fatty acid composition of the mycelial mass P. eryngii 
under various irradiation modes are presented in Supple-
mentary Tables 2‒6.

A total of twenty-seven fatty acids were identified in 
the studied samples of P. eryngii mycelial mass, of which 
nine were SFAs, eight were MUFAs, and ten were PUFAs 
(Table  1). Fourteen fatty acids were identified in the 
control sample (without irradiation). It should be noted 
that there was a general tendency that for all irradiation 
modes used, an increase in the amount of fatty acids was 
observed relative to the control. Twenty fatty acids were 
identified in the mycelium sample irradiated with blue 
light, twenty-five fatty acids were identified with green 
light, and twenty-four fatty acids were identified with red 
light irradiation (Table 1).
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The content of SFA was highest in the control sample 
(without irradiation) and reached 29.63%. Under all the 
tested irradiation modes, the number of SFAs decreased; 
the lowest value of 17.87% was recorded for mycelial 
mass irradiated with blue light, and the highest value of 
25.93% was recorded for mycelial mass irradiated with 
red light (Fig. 2).

The main component of SFA in all variants of the stud-
ied samples was palmitic acid, and its amount varied 
from 12.38% when the samples were irradiated with blue 
LED light to 14.25% when the samples were irradiated 
with laser light. SFA lauric acid (C12:0) and myristic acid 
(C14:0) are among the most atherogenic agents contribut-
ing to hypercholesterolemia. In all studied samples, these 
SFAs were not detected or were present at low concen-
trations (C14:0: 0.352–0.794%), which can be considered a 
positive factor when consuming the mycelial mass of P. 
eryngii as a food product.

Table 1  Fatty acid composition of the mycelial mass of Pleurotus eryngii under different modes of irradiation with LED and laser light
No. Fatty acids Irradiation modes, nm

Control LED Laser

λ = 470 λ = 530 λ = 650 λ = 488
Saturated Fatty Acids (SFA), content %
1. Myristic acid (С14:0) ND 0.794* 0.241* 0.352* ND
2. Pentadecanoic acid (С15:0) ND ND 0.8534* 0.254* 0.342*
3. Palmitic acid (С16:0) 14.03 12.82 12.38 13.16 14.25
4. Margaric acid (С17:0) 0.1310 0.769 0.173 0.094 0.642
5. Stearic acid (С18:0) 9.183 1.919 1.513 5.44 1.148
6. Arachidic acid (С20:0) 4.429 ND▲ 1.801 3,801 1.416
7. Behenic acid (С22:0) ND ND 1.9598* ND ND
8. Tricosanoic acid (С23:0) 1.865 1.569 1.527 1.840 ND▲

9. Lignoceric acid (С24:0) ND ND 0.3221* 0.990* 0.502*
Monounsaturated Fatty Acids (MUFA), content %
10. Myristoleic acid (С14:1 ω−5) ND 0.999* ND 0.269* ND
11. cis-10-pentadesenoic acid (С15:1) ND 1.078* 1.160* 1.654* ND
12. Palmitoleic acid (С16:1ω−7) 0.7182 4.640 2.735 4.389 5.426
13. сis-10- heptadecenoic acid (С17:1) 1.357 1.231 1.218 1.054 1.886
14. Oleic acid (C18:1ω−9) 18.79 24.99 21.24 22.19 21.12
15. Gondoic acid (C20:1ω−9) ND 0.651* 0.382* 1.186* 0.249*
16. Erucic acid (C22:1ω−9) ND 1.873* 1.495* 1.054* 1.634*
17. cis-15-tetracosenoic acid (С24:1ω−9) ND 0.220* 0.142* 0.2154* 0.452*
Polyunsaturated Fatty Acids (PUFA), content %
18. Linoleic acid (C18:2ω−6) 39.03 3.315 40.06 33.88 1.688
19. γ-linolenic acid (С18:3ω−6) 2.036 2.819 3.311 2.355 2.868
20. α-linolenic acid (С18:3ω−3) 5.70 36.32 1.643 1.056 41.51
21. Eicosadienoic acid (С20:2ω−6) ND 1.264* 1.572* 1.441* 1.811*
22. Arachidonic acid (С20:4ω−6) ND 0.649* 0.921* ND 0.014*
23. cis-5,8,11,14,17-eicosapentaenoic acid (С20:5ω−3) ND ND 0.766* ND 1.149*
24. cis-11,14,17-eicosatrienoic acid (С 20:3ω−3) 1.016 ND▲ 1.463 1.291 ND▲

25. cis-8,11,14-eicosatrienoic acid (С20:3ω−6) 1.152 ND▲ 0.843 0.141 1.263
26. cis-13,16-docosadiendienoic acid (С22:2ω−6) 0.458 0.4137 0.224 0.485 0.554
27. cis-4,7,10,13,16,19- docosahexaenoic acid (С22:6ω−3) ND 1.331* ND 1.405* ND
Notes: ND – not determined. «*» – newly formed fatty acids compared to the control. «▲» – fatty acids lost compared to the control

Fig. 2  The total content of saturated fatty acids (SFAs), monounsaturated 
fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) in the mycelia 
of Pleurotus eryngii IBK 2035 under different irradiation modes
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In the mycelium of P. eryngii MUFAs and PUFAs 
make up the majority of the total amount of fatty acids 
(Table  1). Analysing the increase in the amount of fatty 
acids under different irradiation modes, it should be 
noted that there is a significant difference in the quali-
tative composition the formation of new MUFAs with a 
chain length of C20‒C24 under all irradiation modes. In 
the mycelial mass after irradiation, ω-9 MUFAs, oleic 
acid (C18:1ω−9), gondoic acid (C20:1ω−9), and erucic acid 
(C22:1ω−9), which are essential fatty acids, were identified. 
It should be noted that the amount of oleic acid increased 
under all irradiation modes; the maximum amount was 
recorded when the sample was irradiated with blue LED 
light (24.99%). Gondoic acid and erucic acid were absent 
in the control samples but were synthesized under all 
irradiation modes. Linoleic acid (C18:2ω−6) and α-linolenic 
acid (C18:3ω−3) were the main PUFAs in the studied sam-
ples. Blue light induced the synthesis of a significant 
amount of α-linolenic acid (C18:3ω−3) in the mycelial mass 
and inhibited the formation of linoleic acid (C18:2ω−6) rel-
ative to the control and other modes used (Table  1). In 
addition, irradiation under all modes contributed to the 
enrichment of the qualitative composition of PUFAs. The 
following PUFAs were synthesized under all irradiation 
modes: eicosadienoic acid (C20:2ω−6), arachidonic acid 
(C20:4ω−6), cis-5,8,11,14,17 eicopentaenoic acid (C20:5ω−3), 
and cis-4,7,10,13,16,19-docosahexaenoic acid (C22:6ω−3), 
which were absent in the control samples. Two PUFAs 
cis-11,14,17-eicosatrienoic acid (C20:3ω−3) and cis-8,11,14-
eicosatrienoic acid (C20:3ω−6), were lost upon irradiation 
with blue light compared to the control.

The ratios ΣPUFA/ΣSFA, ΣPUFA/ΣMUFA, and 
ΣPUFAω-6/ω-3 are commonly used parameters to eval-
uate the nutritional value and healthfulness of a food 

product for human consumption. A balanced dietary 
intake of ΣPUFAs and ΣSFAs is important for regulating 
serum cholesterol levels. In general, ΣPUFA/ΣSFA values 
greater than 0.45 are recommended for use in the human 
diet to prevent the development of cardiovascular disease 
and some chronic diseases. In the studied mycelial mass 
samples, this indicator ranged from 1.62 (650 nm) to 2.7 
(488  nm) (Table  2), so this parameter, regardless of the 
irradiation mode, fell within the recommended range.

When considering the ΣPUFA indicator in the diet bal-
ance, it is necessary to take into account such important 
indicators as ΣPUFAω-3 and ΣPUFAω-6. A high propor-
tion of ΣPUFAs is not necessarily beneficial for health 
unless it is balanced for Σω-6/ω-3 PUFAs. This ratio is an 
indicator of the hypocholesterolemic index. ΣPUFAsω-3 
play a major role in the regulation of the thrombogenic 
index (TI), whereas ΣPUFAω-6 dominate the atherogenic 
index (AI). The AI, TI, and h/H indices are well-known 
indicators of the atherogenic, thrombogenic, and hypo- 
or hypercholesterol potential of fatty acids, respectively, 
and they are widely used to assess the nutritional quality 
of the lipid fraction of foods [32, 39].

A healthy food product should be characterized by 
low AI and TI values and a high h/H index. In the diet, 
a ΣPUFAω-6/ω-3 ratio less than 4.0 indicates desir-
able amounts of ω-3 and ω-6 fatty acids and a reduced 
risk of cardiovascular disease. In our study, the ratio of 
ΣPUFAω-6/ω-3 corresponded to such standards only 
for mycelia irradiated with blue light (Table  2). This is 
because blue light stimulated the synthesis of α-linolenic 
acid (C18:3ω−3), which significantly affected the ΣPUFAω-
6/ω-3 index. The lowest AI value (0.17) was recorded 
when the samples were irradiated with green and laser 
light. The AI in the control and when irradiated with blue 
LED and red light did not differ (0.19).

TI indicates the relationship between the sum of the 
main SFAs and the sum of the main classes of MUFAs, 
with the former considered pro-atherogenic (promot-
ing the adhesion of lipids to the cells of the circulatory 
system) and the latter inhibiting plaque aggregation and 
reducing the level of esterified fatty acids and cholesterol. 
In the mycelium samples studied, a decrease in TI values 
was observed under all irradiation modes relative to the 
control; the lowest values were recorded for mycelia irra-
diated with blue light.

The h/H index reflects the effect of certain fatty acids 
on cholesterol metabolism. Higher h/H values in terms 
of nutritional value are considered beneficial for human 
health. The h/H indices obtained in this study ranged 
from 4.62 to 5.5, with maximum values recorded under 
blue and green light.

Thus, the analysis of the results obtained shows that 
when the mycelium is irradiated, the main indicators 
shift within the limits of optimal values for the human 

Table 2  Fat quality indices of lipids obtained from the mycelial 
mass Pleurotus eryngii IBK 2035
Item Control 470 nm 530 nm 650 nm 488 nm
ΣSFAs 29.63a 17.87 20.77 25.93 18.30
ΣMUFAs 20.87b 35.68a 28.37 32.01 30.77
ΣPUFAs 49.39 46.11 50.80 42.05b 50.85a

ΣPUFA/ΣSFA 1.67 2.58 2.4 1.62b 2.7a

ΣPUFA/ΣMUFA 2.4a 1.29b 1.79 1.3 1.65
PUFAω-3 6.72 37.65 3.87b 3.75 43.21a

PUFAω-6 42.68 8.46 46.53a 38.30 7.64b

ΣPUFAω-6/ω-3 6.35 0.22 12.12a 10.21 0.17b

NVI 2.0 2.1 1.8 2.1 1.6
AI 0.19a 0.19a 0.17b 0.19a 0.17b

TI 0.45a 0.26 0.29 0.41 0.1b

h/H 4.83 4.64 5.5a 4.62b 4.89
Note: Values are the means of three determinations. ΣSFAs: total saturated 
fatty acids; ΣMUFAs: total monounsaturated fatty acids; ΣPUFAs: total 
polyunsaturated fatty acids; NVI: nutritive value index; AI: atherogenic 
index; TI: thrombogenic index; h/H: ratio of hypocholesterolemic (h)/
hypercholesterolemic (H) index fatty acids. A and b within a row represent the 
highest and lowest significant (p < 0.05) values, respectively
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diet; the samples irradiated with blue light were the most 
effective. The highest NVI value was typical for myce-
lia irradiated with blue and red light (Table  2). There-
fore, we can conclude that irradiation with low-intensity 
LED light and a laser affects the fatty acid profile of the 
P. eryngii mycelial mass. Changes occurred in both the 
quantitative and qualitative composition of the com-
ponents. The results obtained confirm that the mycelial 
mass of P. eryngii obtained from all tested regimes can be 
considered beneficial in terms of the fatty acid profile and 
healthy lipid composition indicators.

The saturated fatty acids C12:0 and C14:0, which con-
tribute to hypercholesterolemia, were not detected or 
were present at low concentrations, which indicates that 
mushroom mycelia consumption is a positive factor. 
The ΣPUFAω-6/ω-3 ratios in our studies for irradiated 

mycelium were close to the recommended values. The 
ΣPUFA/SFA, ΣPUFA/MUFA, and ΣPUFAω-6/ω-3 indi-
ces of the mycelial mass irradiated with blue light are 
within the optimal values for the human diet.

Principal component analysis (PCA)
PCA extracts data that distinguish different groups 
and simplifies the estimation procedure by eliminating 
irrelevant data. As a result of performing a factor anal-
ysis using the principal component method, it was estab-
lished that the first principal component provides a 96.7% 
representation of the variability of the fatty acid profile of 
P. eryngii under various modes of irradiation with LEDs 
and laser light. Therefore, there is no need to consider the 
following main components. A graphical representation 
of the first principal component is shown in Fig. 3, Sup-
plementary Table 7).

According to the analysis shown in Fig.  3, blue light, 
both LED and laser, had the greatest effect on the fatty 
acid profile of the mycelial mass of P. eryngii. In addition, 
Fig. 4 shows the contribution of each fatty acid to factor 
loadings under the most effective irradiation modes.

By analysing the fatty acid profile of the mycelial mass 
using PCA, we can confidently state that blue light, both 
laser and LED, induced the synthesis of a significant 
amount of α-linolenic acid (C18:3 ω−3) in the mycelial mass 
and inhibited the formation of linoleic acid (C18:2 ω−6) rel-
ative to the control and other modes used (Fig. 4). Based 
on the obtained PCA data, it can be concluded that 
assessing the variability of the fatty acid profile of this 
mushroom, it is sufficient to control the content of only 
these two fatty acids.

A significant increase in the amount of α-linolenic 
acid (C18:3ω−3) and a decrease in the amount of linoleic 
acid (C18:2ω−6) in the mycelial mass of the mushroom sig-
nificantly influenced the ΣPUFAω-6/ω-3 index. In our 
study, the ratio of ΣPUFAω-6/ω-3 corresponded to the 
standards of optimal values for the human diet for myce-
lium irradiated with blue light (Table  2). Additionally, 
the ΣPUFA/SFA, ΣPUFA/MUFA, and ΣPUFAω-6/ω-3 
indices of the mycelial mass irradiated with blue light are 
within the optimal values for the human diet.

Discussion
Currently, solving problems associated with obesity and 
metabolic disorders in a significant part of the popula-
tion remains relevant. In this regard, edible mushrooms, 
including P. eryngii, can be considered potential candi-
dates for the development of functional food products 
and nutraceuticals [8, 41–43]. One of the environmen-
tally friendly regulators of morphogenesis and metabolic 
pathways in fungi is light [44].

During evolution, fungi have formed a photoregula-
tory system, mycochrome, which is characterized by the 

Fig. 4  Graphical representation of the estimates for the fatty acid profile 
of the mycelial mass in factor loadings

 

Fig. 3  Graphical representation of the estimates for PC1 under various ir-
radiation modes
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dependence of several stages of morphogenesis and phys-
iology on the duration and intensity of light exposure 
[45]. For most macromycetes, light is an important source 
of both temporal and spatial information regarding envi-
ronmental changes [46]. Additionally, light can serve as 
an indicator of various environmental stresses, such as 
exposure to genotoxic ultraviolet (UV) radiation, oxida-
tive stress, increasing temperature, or decreasing humid-
ity [47, 48]. The photoreception of various fungi has been 
studied for over 150 years, and it has been established 
that fungi’s responses to light can be both rapid, such as 
phototropism, and long-term. The mechanisms of light 
perception by fungi are considered by several researchers 
as an effective tool for increasing the functional activity 
of fungal cells [44, 49]. Despite the significant variability 
of photobiological responses in fungi, researchers have 
identified universal mechanisms of photostimulation 
[44, 50–52]. It has been demonstrated that short-term 
exposure to laser and LED light (from several seconds to 
tens of minutes) can significantly increase the functional 
activity of cells of both animal and plant origin [44, 53]. 
At the same time, the long-term effects of light exposure 
depend mainly on genetic reprogramming of the fungal 
genome and involve changes in gene expression patterns. 
A key question is how such coordinated activation and 
repression of hundreds of genes is achieved [51, 54]. The 
issue of photoreception of light energy in the mycelium 
and the mechanisms of reactions occurring after absorp-
tion of light photons remains complex and continues to 
be intensively studied. It is known that fungal light sen-
sors are chromoproteins - low-molecular compounds 
that absorb light in certain parts of the spectrum and ini-
tiate protein reactions. Some specialized photoreceptive 
proteins or protein complexes with diverse structures, 
mechanisms of action, and photosensitivity have been 
identified in fungi [27].

Photoreceptors detect light and generate a signal 
that propagates within the cell and stimulates a cellu-
lar response. Their light-absorbing cofactors, known 
as chromophores, are heterocyclic organic molecules 
that can capture photons of light [51, 55]. Fungal pho-
toreceptors often contain multiple protein domains that 
perform different functions. Typically, a photoreceptor 
domain is either attached or located close to a chromo-
phore and can chemically interact with it when exposed 
to light [56]. The first step in the perception of light by 
a fungal organism is a physical reaction: the absorption 
of photons by an organic chromophore molecule. This 
initiates a light-dependent signalling pathway that causes 
conformational changes in the protein and subsequent 
signal transduction into biochemical reactions that affect 
gene expression [51]. To date, photoreactions of more 
than 100 fungal species belonging to different taxonomic 
groups have been studied. Particular attention is paid to 

studying the perception of light signals by fungi and their 
transformation into morphological, physiological and 
metabolic reactions [20, 23–25, 27, 57–60].

The mechanisms of perception of blue, near UV, green 
and red light by fungi have been studied [44, 50]. It has 
been established that the processes of spore germination, 
mycelial development and growth, formation of anamor-
phic and teleomorphic stages, as well as changes in the 
chemical composition of the mycelium and fruiting bod-
ies, can be regulated by certain light regimes [44, 50, 61, 
62]. It is now known that fungi perceive light signals in a 
wide range of wavelengths using various photoreceptors. 
Fungi can perceive near ultraviolet, blue, green, red, and 
far-red light due to the presence of up to 11 photorecep-
tors and corresponding signalling cascades that control a 
significant part of the genome. These mechanisms allow 
fungal organisms to adapt to changes in environmen-
tal conditions [48]. To date, the following types of blue 
light receptors have been identified: White Collars (WC), 
Vivid (VVD), Cryptochrome and Photolyase [44, 56]. WC 
proteins are the most studied fungal light receptors. The 
second group of blue light photoreceptors - Vivid pro-
tein (VVD), which is widespread in the fungal kingdom. 
The third group of blue light receptors is represented by 
specialized proteins of the Cryptochrome and Photolyase 
families, discovered only in the 1990s. Their functions are 
still less studied in detail compared to WC and VVD [56].

Blue light photoreceptors such as White Collar-1 and 
White Collar-2 (WC-1/2) have been experimentally 
shown to regulate gene expression and globally restruc-
ture cellular metabolism in fungi [48, 63–66]. Proteins 
similar to WC-1 and WC-2 have been identified in the 
genomes of many species of ascomycetes, basidiomy-
cetes, and zygomycetes. They are responsible for the 
photoresponse of fungi to light. It is suggested that WC 
complexes arose early in the evolution of fungi, acting as 
both photoreceptors and transcription factors [51, 55].

Genes responsible for blue light photoreception 
have been identified in basidiomycetes such as Copri-
nus cinereus and Lentinula edodes [64, 66]. Kanda et al. 
(2007) identified photoregulatory genes controlling tyros-
inase enzymatic activity in macromycetes such as Agari-
cus bisporus, L. edodes, and Polyporus arcularius [67]. 
Nakano et al. (2010) first identified 15 genes with upreg-
ulated and 13 genes with downregulated expression in 
response to blue light in the vegetative mycelium of Pleu-
rotus ostreatus [68]. Fungal genomes also contain genes 
for other photoreceptors. Red light perception is medi-
ated by phytochromes, molecules that until recently were 
thought to be unique to plants [45, 46]. Phytochromes 
responsible for red and far-red light perception were 
first discovered in Aspergillus nidulans and Neurospora 
crassa. They are high-molecular proteins containing mul-
tiple domains for light reception and signal transduction. 
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A unique feature of phytochromes is their absence in 
vertebrates, while they are widespread in plants, bacte-
ria, and fungi [56, 69]. Recently, retinal-based opsin sys-
tems have been discovered whose biological functions 
require further study. Opsins are membrane-bound pro-
teins with seven transmembrane helices responsible for 
the perception of green light [48, 56]. They are essential 
components of vision in vertebrates, including humans, 
but their role in fungal photoreception remains poorly 
understood. Spectral sensitivity analysis suggests that 
flavin-related compounds are present in the photorecep-
tors of Schizophillum commune, Coprinopsis congregatus 
and P. ostreatus [70, 71]. However, identification of the 
different types of photoreceptors and their mechanisms 
of action in macromycetes requires further in-depth 
molecular and biochemical studies. In this way, the ques-
tion of the structure, physicochemical properties and 
functionality of light-sensing biomolecules remains open. 
The diversity of photoreactions in different fungal species 
indicates the existence of a wide range of photoreceptor 
molecules, which explains the different photosensitivity 
among species and taxonomic groups.

Thus, the analysis of experimental works aimed at 
studying the mechanisms of photoreception in fungi con-
firms that light can be an effective tool for targeted regu-
lation of morphogenesis and biological activity of fungi, 
which certainly opens up opportunities for the develop-
ment of new environmentally friendly intensive tech-
nologies for their cultivation. Therefore, when cultivating 
the fruiting bodies of some species of edible macromy-
cetes, blue light is used to stimulate growth and initiate 
the formation of fruiting bodies [72–75]. Research on the 
photoresponse mechanisms of P. eryngii under blue light 
exposure was carried out by a group of researchers [76]. 
Three main metabolic pathways have been identified 
that regulate the formation and growth of fruiting bodies 
when exposed to blue light, namely, the carbon metabo-
lism, glycolysis/gluconeogenesis, and amino acid biosyn-
thesis pathways [76]. Similar results for photostimulation 
of primary cells via blue light metabolic pathways were 
found in P. ostreatus [77]. This allows us to conclude that 
metabolic pathways are photostimulated in response to 
light exposure.

It is currently known that the magnitude of the final 
effect of short-term low-intensity laser radiation depends 
on the initial physiological state of the irradiated object, 
which is determined by its redox potential (a shift towards 
a more oxidized state is associated with stimulation of 
cell activity, and a shift towards a more reduced state is 
associated with its suppression). Due to light exposure, 
the redox potential of the cell is normalized [78]. The 
more pronounced the irradiation effect is, the more the 
redox potential of the cell is shifted to the reduced side. 
Moreover, one of the important components of the cell’s 

redox system is the cell’s unsaturated fatty acids, which 
are the substrate for the additional creation of free radi-
cals in the cell under the influence of radiation.

Based on the above, we can assume that one of the 
mechanisms that ensures the ability of fungi to photore-
ceive different types of light is the corresponding changes 
in their fatty acid profile and the degree of unsatura-
tion of cellular lipids. To understand the biological phe-
nomena associated with the photoresponse of edible 
mushrooms, it is critical to precisely control both the 
wavelength and intensity of light. However, conventional 
light sources such as fluorescent lamps have a wide range 
of wavelengths, making it difficult to determine the effect 
of a specific wavelength range.

Advances in red, green, and blue LED technology have 
made it possible to use specific portions of the optical 
spectrum with precise control of the emission intensity. 
Additionally, when assessing the biochemical impact 
of light on mushrooms, it is necessary to consider the 
energy of the light quantum, the intensity of the light flux, 
the dose, and the spectral composition of light. From this 
point of view, LEDs can provide, even at low and medium 
intensities, spectral density (energy per single frequency 
interval) that is not available to other sources. With LED 
light, efficient irradiation can be achieved by suppressing 
unnecessary wavelengths and reducing energy costs by 
reducing unnecessary heat generation [72, 79].

Recently, the photobiological effect of LEDs on the bio-
synthetic activity of some species of edible mushrooms 
has been experimentally studied in vitro [58, 80–82]. In 
previous studies, we investigated the effect of LED and 
laser light at doses of 45–230 mJ/cm2 on the morphogen-
esis and biosynthetic activity of some biotechnologically 
important species [83–85].

According to the literature, the fruiting bodies of P. 
eryngii are characterized by a high content of unsatu-
rated fatty acids. Fifteen fatty acids have been identified 
in the fruiting bodies, of which ten are SFAs and five are 
MUFAs and PUFAs. For the fruiting bodies of P. eryngii, 
the PUFAs/SFAs and PUFAs/MUFAs ratio ranged from 
4.05 to 6.84 respectively, indicating the high nutritional 
value of this species [86]. In our study, 27 fatty acids 
were identified in the mycelial mass samples of P. eryngii, 
including nine SFAs, eight MUFAs, and ten PUFAs. The 
control sample (without irradiation) contained the lowest 
number of fatty acids (fourteen). For the cultured myce-
lium, the maximum PUFA/SFA ratio did not exceed 2.8, 
and the PUFA/MUFA ratio was within 1.7, recorded dur-
ing blue light irradiation (Table 2).

Previous publications have investigated the effects of 
LEDs and laser light on the growth characteristics and 
biosynthetic activity of valuable species of the culinary 
and medicinal mushrooms in vitro: L. edodes [37] and 
Hericium erinaceus [87]. The irradiation of the mycelia 
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of the studied species with blue (λ = 470 nm, λ = 488 nm) 
and red (λ = 650  nm) light significantly impacted the 
mushroom growth characteristics. Light inoculum treat-
ment led to a reduction in the lag phase and an increase 
in the strain’s growth rate. The highest biomass yield was 
recorded when irradiated with blue light. In addition, 
irradiation of mycelia with blue (470 nm; 488 nm), green 
(530  nm), and red (650  nm) light increased the synthe-
sis of both extra- and intracellular polysaccharides. The 
most effective irradiation modes for all species were blue 
LED and laser light.

A comparative analysis of the lipid fraction of the 
mycelial mass of all studied species made it possible to 
establish a general positive trend in changes in the fatty 
acid profile under LED and laser irradiation. It should 
be noted that when the mycelia were irradiated in all 
modes, the qualitative composition of the mycelial mass 
improved, and the SFAs content decreased. At the same 
time, the amount of newly formed PUFAs and MUFAs 
increased.

These fluctuations in the content of SFAs, MUFAs, and 
PUFAs can be considered the result of inducible enzy-
matic reactions. In response to the influence of an exter-
nal factor—irradiation—fungal cells synthesize inducible 
enzymes, in this case, desaturases, which catalyze the 
conversion of single bonds between carbon atoms in acyl 
chains (C–C) into double bonds (C = C).

For the L. edodes culture, a significant difference was 
noted in the qualitative composition of the mycelial mass: 
irradiation with red light produced short-chain acids C6–
C12, while irradiation with green light induced the syn-
thesis of long-chain acids C20–C24 [37]. In addition, the 
greatest changes in the aromatic profile of the mycelial 
mass and culture liquid were recorded upon irradiation 
with green light. The content of aromatic components 
increased by 24.6 times in the mycelial mass and by 38.5 
times in the culture liquid. The results obtained suggest 
the possibility of using low-intensity LED light for tar-
geted regulation of the biosynthetic activity of biotech-
nologically important species of edible and medicinal 
mushrooms to improve their consumer characteristics 
[37].

In the context of global efforts toward sustainable 
development, culinary and medicinal mushrooms are 
becoming promising producers for creating functional 
foods, nutraceuticals, dietary supplements, and designer 
foods, including probiotics and prebiotics. However, real-
izing their full potential requires a deeper understanding 
of how various factors, including low-intensity artificial 
light, affect their morphogenesis, growth characteristics, 
and metabolic processes. Considering that light is an eco-
friendly source that can be used to regulate various stages 
of biotechnological processes, further research on the 

intricate relationship between light and fungal physiology 
is necessary.

According to Sande [32], the fatty acid profile of P. 
eryngii fruiting bodies has a low SFA content (215.2–
382.8  mg/100  g dry weight) and high MUFA and 
PUFA levels (127.3‒68.4  mg/100  g dry weight and 
870.1‒1344.1  mg/100  g dry weight, respectively). In 
addition, indicators of the nutritional quality of the lipid 
fraction (AI was 0.17‒0.19; TI was 0.34‒0.49; h/H was 
6.47‒5.52).

The presence of a significant amount of PUFAs, 
including essential ones, in the mycelial mass of P. eryn-
gii allows it to be classified as a useful source of lipids. 
According to the literature, the consumption of unsatu-
rated fatty acids, especially long-chain polyunsaturated 
fatty acids, is necessary to reduce blood cholesterol levels 
and to regulate cellular physiology [88, 89]. Several fatty 
acids, such as oleic, linoleic, α-linolenic, and arachidonic 
acids, contained in the mycelial mass are essential for 
human metabolism [90]. In addition, the mycelial mass of 
P. eryngii contains various pharmacologically active com-
pounds that can significantly enhance the nutraceutical 
effect of this species [91–93].

Thus, the results of the photoreaction studies in P. 
eryngii indicate the possibility of implementing the use 
of LEDs and laser light of a certain wavelength to regu-
late biosynthetic activity to obtain mycelium with an 
increased content of unsaturated fatty acids. However, 
further studies are needed to establish effective irradia-
tion modes.

Conclusions
Environmentally friendly methods for targeted regulation 
of the fatty acid profile of the mycelial mass of the com-
mercially important edible mushroom P. eryngii using 
low-intensity LEDs and laser light of varying coherence 
and spectral composition are proposed. Short-term low-
intensity irradiation in the visible region of the spectrum 
stimulates the synthesis of monounsaturated and polyun-
saturated fatty acids and improves the nutritional quality 
of the lipid fraction of the mycelial mass of P. eryngii.

The selected photostimulation modes can be used for 
submerged cultivation of king oyster mushrooms. By 
studying the photosensitivity of P. eryngii, new scientifi-
cally based experimental results were obtained, which 
together complement and expand our understanding of 
the photoreception processes of macromycetes.
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