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Abstract
The mycelial biomass of basidiomycetes is a promising source of compounds and represents an alternative for industrial 
and biotechnological applications. Fungi use light as information and hold photoresponse mechanisms, in which sensors 
respond to light wavelengths and regulate various biological processes. Therefore, this study aimed to investigate the effects 
of blue, green, and red lights on the growth, chemical composition, and antioxidant and antimicrobial activity of Lentinus 
crinitus mycelial biomass. The chemical composition of the mycelial biomass was determined by chromatographic methods, 
antioxidant activity was analyzed by in vitro assays, and antimicrobial activity was investigated by the microdilution assay. 
The highest mycelial biomass yield was observed under blue-light cultivation. Many primordia arose under blue or green 
light, whereas the stroma was formed under red light. The presence of light altered the primary fungal metabolism, increasing 
the carbohydrate, tocopherol, fatty acid, and soluble sugar contents, mostly mannitol, and reducing the protein and organic 
acid concentrations. Cultivation under red light increased the phenol concentration. In contrast, cultivation under blue and 
green lights decreased phenol concentration. Benzoic and gallic acids were the main phenolic acids in the hydroalcoholic 
extracts, and the latter acids increased in all cultures under light, especially red light. Mycelial biomass cultivated under 
red light showed the highest antioxidant activity in the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The ferric reducing 
antioxidant power (FRAP) method showed that all light wavelengths increased the antioxidant activity of mycelial biomass, 
with the highest value under red light. Moreover, the β-carotene/linoleic acid co-oxidation (BCLA) assay demonstrated that 
the antioxidant activity was affected by light cultivation. Mycelial biomass grown under all conditions exhibited antibacte-
rial and antifungal activities. Thus, mycelial biomass cultivation of L. crinitus under light conditions may be a promising 
strategy for controlling the mycelial chemical composition and biomass yield.
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1  Introduction

Basidiomycetes are known to possess various metabolites 
with biological activities, such as antioxidant [1], antimi-
crobial [2], antitumor [3], and anti-inflammatory [4]. Most 
of these compounds can be obtained from mycelial bio-
mass [5], basidiocarps and their segments, such as stipe and 
pileus [6], cultivation medium [7], and the spent mushroom 
substrate [8]. Mushrooms are appreciated worldwide for 
their flavor and nutritional composition, including proteins, 
essential amino acids, carbohydrates, fibers, vitamins, and 
minerals [9]. However, mushroom bioactive compounds are 
becoming popular due to the growing demand for healthy 
living standards and better human health, cosmetics, and 
nutritional resources [10, 11].

Understanding the effects of light on the physiology 
and metabolism of basidiomycetes can positively impact 
research to develop bioprocesses that focus on bioactive 
compounds. Fungal growth and metabolism can change in 
response to different environmental conditions, such as pH, 
temperature, light, nutrient availability, and competition 
among species [12]. Fungi use light as information about 
environmental conditions [13–16]. Different fungal photo-
receptors respond to various light signals of a wide range 
of wavelengths via blue light-sensitive flavin, green light-
sensitive retinal, and red light-sensitive tetrapyrrole recep-
tors [17]. Photoreceptor characteristics are highly conserved 
in fungi [18]. When chromophores absorb light energy, they 
trigger a light-dependent signaling pathway that affects the 
gene expression pattern of the organism [13]. Therefore, 

there is increasing interest in understanding how light affects 
fungal life and metabolism, encouraging research on light 
stimuli of mycelial biomass [19], with the formation of pri-
mordia and the development of fruiting bodies [20, 21].

Lentinus crinitus (L.) Fr. (Basidiomycota, Polyporaceae) 
is known for its antioxidant activity [6], microbial growth 
inhibition [2], antitumor polysaccharides [22], bioaccumu-
lating iron [23] and lithium [24], and decolorizing dyes [25]. 
This white-rot fungus has a pantropical distribution [26] and 
is a protein source for Brazilian, Colombian, Peruvian, and 
Venezuelan Amazon indigenous [27]. Blue light affects car-
bohydrate-active enzyme production in L. crinitus mycelial 
biomass [28]. However, no reports on the effects of different 
wavelengths on the metabolism and chemical composition 
of L. crinitus mycelial biomass are available. Therefore, this 
study aimed to investigate the effects of blue, green, and red 
lights on the growth, chemical composition, and antioxidant 
and antimicrobial activities of L. crinitus mycelial biomass.

2 � Materials and methods

2.1 � Biological material

Lentinus crinitus (L.) Fr. U9-1 strain from the Universidade 
Paranaense collection was used in this study. The strain was 
registered in the National System of Genetic Patrimony 
Management and Associated Traditional Knowledge (Sis-
Gen) under the code AF1FC65. The U9-1 strain was culti-
vated in 20 g L−1 malt extract agar (MEA, Kasvi, São José 
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dos Pinhais, PR, Brazil) at 28 ± 1 °C in the dark after the 
cryopreservation recovery [29]. We used six 6-mm-diameter 
MEA disks containing mycelia to inoculate the liquid culti-
vation medium for mycelial biomass growth.

2.2 � Production of mycelial biomass

Lentinus crinitus mycelia were grown in conical flasks 
(250 mL) containing 100 mL of 20 g L−1 malt extract liquid 
medium autoclaved at 121 °C for 20 min [28]. After inocu-
lation, the flasks were maintained for 21 days at 28 ± 1 °C 
in a biochemical oxygen demand incubator (SS Scientific, 
Londrina, PR, Brazil) without agitation, and under differ-
ent light wavelengths or in the dark (control). The light in 
the incubator was a set of light-emitting diodes (LED) with 
wavelengths from 455 to 475 nm (blue), 515 to 530 nm 
(green), and 620 to 630 nm (red). The light-photon flux 
density inside the incubator was measured using a portable 
quantum photosynthetically active radiation meter (Hydro-
farm, Pataluma, CA, USA) set at 20 μmol m−2 s−1 [19]. 
Mycelial biomass was harvested on the last day of cultiva-
tion by filtration using a Whatman® filter paper grade 1 and 
dried in an air-circulating oven at 60 °C until a constant mass 
was obtained. The total dried mycelial biomass was frozen in 
liquid nitrogen, ground, homogenized, and stored at − 20 °C.

2.3 � Chemical characterization of mycelial biomass

2.3.1 � Nutritional value

The macronutrient composition, such as protein, fat, ash, and 
carbohydrate content of the mycelial biomass, was deter-
mined according to the Association of Official Analytical 
Chemists (AOAC) [30]. The crude protein content (N × 4.38) 
was identified using the Macro–Kjeldahl method. The crude 
fat was determined by extracting a known mass of powdered 
sample with petroleum ether using a Soxhlet apparatus. Ash 
content was determined by the incineration of the mycelial 
biomass at 600 ± 15 °C. Total carbohydrates were calcu-
lated using the formula: (total carbohydrates = 100 − [gpro-
tein + gfat + gash]), where the gprotein is grams of protein, 
gfat is grams of fat and gash is grams of ash. The results 
are expressed in grams per 100 g (dry weight). The energy 
was calculated according to the regulation (EU) number 
1169/2011 of the European Parliament and the Council 
of 25 October 2011, on the provision of food information 
to consumers, as kcal per 100 g using the formula: (dry 
basis) = (4 × [gprotein + gcarbohydrates]) + (9 × gfat).

2.3.2 � Free sugars

The soluble sugar content was determined using a high-
performance liquid chromatography (HPLC) system with a 

refraction index detector (Knauer, Smartline System 1000) 
[31]. The peak was identified by comparing the relative 
retention time (Rt) with that of an authentic standard. The 
quantification was performed using melezitose as an inter-
nal standard (IS; Sigma-Aldrich, St. Louis, MO, USA), 
and calibration curves were constructed from authentic 
standards. The results were processed using Clarity soft-
ware (Data Apex, Prague, Czech Republic) and expressed 
in grams per 100 g (dry basis).

2.3.3 � Organic acids

Organic acids were determined by ultrafast liquid chroma-
tography (UFLC; Shimadzu 20A series) coupled with a 
photodiode array detector [32]. Organic acids were quan-
tified by comparing the peak area recorded at 215 nm 
with the calibration curves obtained from the commercial 
standards of each compound. The results are expressed in 
grams per 100 g (dry weight).

2.3.4 � Fatty acids

The fatty acid methyl ester (FAME) profile was deter-
mined after the transesterification of the lipid fraction by 
gas–liquid chromatography with a flame ionization detec-
tor coupled to a capillary column using a YOUNG IN 
Chromass 6500 GC System instrument equipped with a 
split/splitless injector, flame ionization detector (FID), and 
Zebron-Fame column [33]. The different fatty acids were 
identified by comparing the relative retention times of the 
samples of interest with the commercial standards. The 
results were processed using Clarity DataApex software 
(version 4.0; Prague, Czech Republic) and expressed as 
the relative percentage of each fatty acid.

2.3.5 � Tocopherols

The tocopherol content was determined following the pro-
tocol described by Barros et al. [32]. The analysis was 
performed using the same HPLC system as described 
for soluble sugars, coupled with a fluorescence detector 
(FP-2020; Jasco) programmed for excitation at 290 nm 
and emission at 330 nm. Tocopherols were identified by 
chromatographic comparisons with the standards, and 
the quantification was based on the fluorescence signal 
response of each standard using the IS method (IS solution 
in hexane and tocol, 50 µg mL−1). Tocol (Matreya, Pleas-
ant Gap, State College, PA, USA) was used as an IS. The 
results are expressed in micrograms per 100 g (dry basis).
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2.4 � Phenolic and related compounds

The phenolic composition of the hydroalcoholic and metha-
nolic extracts of the mycelial biomass was evaluated. For 
hydroalcoholic extract preparation, mycelial biomass (3 g) 
was mixed with 15 mL ethanol and water (4:1) and incubated 
at 50 °C for 45 min [34]. The mixture was then centrifuged 
at 4400×g at 10 °C for 20 min, and the supernatant was 
recovered and re-extracted as described previously. Next, the 
supernatants were combined, and the extract (100 mg mL−1) 
was diluted in ethanol and water (4:1) to 20, 40, 60, and 
80 mg mL−1 and stored at − 20 °C for further analysis. Phe-
nolic compounds were assessed using an HPLC system (Shi-
madzu, LC-20A Prominence) coupled with a UV–Vis detec-
tor (Shimadzu, SPD-20A) [35]. The extracts (40 mg mL−1) 
were filtered using a 0.22-µm pore membrane, and a 20 µL 
sample was injected into the equipment. The compounds 
were detected at 280 and 320 nm.

For methanolic extract preparation, the mycelial biomass 
(1.5 g) was stirred with methanol and water (4:1, 30 mL) at 
− 20 °C for 6 h, sonicated for 15 min, and filtered through a 
Whatman no. 4 filter paper. The residue was then extracted 
with two additional 30 mL portions of methanol and water 
solution. The combined extracts were evaporated at 40 °C 
under reduced pressure to remove methanol. The aqueous 
phase was subjected to liquid–liquid extraction with diethyl 
ether (3 × 30 mL) and ethyl acetate (3 × 30 mL). The organic 
phases were evaporated to dryness at 40 °C, dissolved in 
water and methanol (4:1, 1 mL), and filtered through a 
0.22-μm disposable LC filter disk for HPLC analysis. The 
phenolic compounds were determined using the above-men-
tioned UFLC system. The diode-array detection (DAD) was 
performed using 280 and 370 nm wavelengths.

The phenolic compounds of the hydroalcoholic and 
methanolic extracts were characterized according to their 
UV spectra and retention times and compared with authen-
tic standards. For quantitative analysis, calibration curves 
were prepared using different standard compounds [36]. The 
results were expressed in μg g−1 (dry basis).

2.5 � Total phenolic content

The total phenol content in the mycelial biomass extracts 
was determined using the Folin–Ciocalteu method [37]. 
Samples (0.3 mL) of the extracts were mixed with 2.5 mL 
of 10% Folin–Ciocalteu reagent (volume basis) and 2.0 mL 
of 7.5 g L−1 sodium carbonate. The mixtures were incubated 
at 50 °C for 15 min, and the absorbance was determined 
at 760 nm (SpectraMax Plus 384, Molecular Devices, San 
Jose, CA, USA). A mixture of ethanol and water (4:1) was 
used as analytical control. The concentration of phenols was 
calculated against a gallic acid standard curve (10–700 µM). 

The results were expressed as μg of gallic acid equivalents 
(GAE) per 100 mg of mycelial biomass (dry basis).

2.6 � Antioxidant activity of mycelial biomass

The antioxidant activity of the hydroalcoholic extracts of the 
mycelial biomass was determined by DPPH (2,2-diphenyl-
1-picrylhydrazyl) free radical scavenging assay, ferric reduc-
ing antioxidant power (FRAP), and β-carotene/linoleic acid 
co-oxidation (BCLA). The extracts were diluted in ethanol 
and water (4:1) to 20, 40, 60, 80, and 100 mg mL−1. The 
antioxidant activity of the methanolic extract was deter-
mined using the thiobarbituric acid-reactive substance 
(TBARS) method.

2.6.1 � DPPH radical‑scavenging activity assay

On a 96-well plate, an aliquot of 0.01 mL of each extract 
dilution was mixed with 29 mL of 60 μM DPPH prepared in 
methanol. The mixture was incubated at 22 °C for 30 min in 
the dark, and the absorbance was measured at 515 nm (Spec-
traMax Plus 384, Molecular Devices, San Jose, CA, USA). 
The analytical control was prepared by replacing the extract 
with ethanol. The concentration necessary to reduce 50% 
of DPPH free radicals (IC50) in a sample was determined 
from the correlation between the absorbance and sample 
concentration [38]. Quercetin was used as a positive control.

2.6.2 � Ferric reducing antioxidant power (FRAP) assay

The FRAP reagent was prepared by mixing 25 mL of acetate 
buffer (300 mM, pH 3.6), 2.5 mL of 10 mM 2,4,6-tri(2-
pyridyl)-s-triazine (TPTZ), and 2.5 mL of 20 mM ferrous 
chloride solution. Next, on a 96-well plate, 0.01 mL of the 
diluted extracts was mixed with 0.29 mL of FRAP reagent. 
The reaction mixture was incubated at 35 °C for 30 min, and 
the absorbance was measured at 595 nm (SpectraMax Plus 
384, Molecular Devices, San Jose, CA, USA). The percent-
age of antioxidant activity was calculated by comparison 
with a standard curve of ferrous sulfate (500–2000 μM). 
Trolox was used as a positive control [39].

2.6.3 � β‑Carotene/linoleic acid co‑oxidation (BCLA) assay

On a 96-well plate, an aliquot of 0.02 mL of each extract 
dilution was mixed with 0.280 mL of BCLA and incubated 
at 35 °C. For each 10 min up to 120 min of reaction, the 
absorbance was determined at 470 nm (SpectraMax Plus 
384, Molecular Devices, San Jose, CA, USA). Trolox was 
used as the positive control. The results are expressed as the 
percentage inhibition of β-carotene oxidation. The reduc-
tion in absorbance of the system without antioxidants was 
considered 100% oxidation [40].
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2.6.4 � Thiobarbituric acid reactive substances (TBARS) assay

TBARS was performed as described by Kostić et al. [41]. 
Porcine (Sus scrofa L.) brains were obtained from officially 
slaughtered animals, dissected, and homogenized in ice-cold 
Tris–HCl buffer (20 mM, pH 7.4) to yield a 1:2 (m/v) brain 
tissue homogenate. The brain homogenate was centrifuged 
for 10 min at 3000 g. An aliquot (100 µL) of the supernatant 
was incubated with different concentrations of the sample 
solutions (200 µL) in the presence of FeSO4 (10 mM; 100 
µL) and 100 µL ascorbic acid (0.1 mM; 100 µL) at 37 °C for 
1 h. The reaction was stopped by adding trichloroacetic acid 
(28% m/v, 500 µL), followed by thiobarbituric acid (TBA, 
2% m/v, 380 µL). The mixture was incubated for 20 min at 
80 °C. Finally, the samples were centrifuged at 3000×g for 
10 min to remove the precipitated proteins, and the absorb-
ance of the malondialdehyde–thiobarbituric acid complex in 
the supernatant was determined at 532 nm. The inhibition 
ratio was calculated using the following equation: inhibition 
ratio (%) = [(A − B)/A] × 100, where A and B are the absorb-
ance of the control and sample solutions, respectively. The 
results were expressed as IC50 values (mg mL−1, sample 
concentration providing 50% antioxidant activity). Trolox 
(Sigma-Aldrich, St. Louis, MO, USA) was used as a posi-
tive control.

2.7 � Antimicrobial activity of mycelial biomass

For the antibacterial assays, the methanolic extracts of L. 
crinitus mycelial biomass were used against the gram-
positive bacteria Staphylococcus aureus subsp. aureus 
Rosenbach (ATCC 11632), Bacillus cereus Frankland and 
Frankland (clinical isolate), Listeria monocytogenes (Murray 
et al.) Pirie (ATCC 35152), and the gram-negative bacteria 
Escherichia coli (Migula) Castellani and Chalmers (ATCC 
25922), Salmonella enterica subsp. enterica (ex Kauffmann 
and Edwards) Le Minor and Popoff serovar Typhimurium 
(ATCC 13311), Enterobacter cloacae subsp. cloacae (Jor-
dan) Hormaeche, and Edwards, subsp. nov. (ATCC 35030).

For antifungal assays, the methanolic extracts of L. crini-
tus mycelial biomass were used against six micromycetes, 
including Aspergillus fumigatus Fresenius (human isolate), 
Aspergillus niger van Tieghem (ATCC 6275), Aspergillus 
versicolor (Vuillemin), Tiraboschi (ATCC 11730), Talaro-
myces funiculosus (Thom) Samson et al. (synonym = Peni-
cillium funiculosum Thom) (ATCC 36839), Trichoderma 
virens (Miller et al.) von Arx (ATCC 9645), and Penicillium 
aurantiogriseum Dierckx (synonym = Penicillium verruco-
sum var. Cyclopium (Westling) Samson, Stolk, & Hadlok) 
(food isolate).

Microdilution was performed as described by Soković 
et  al. [42]. The results were presented as the extract 

concentration that completely inhibited microbial growth 
(i.e., minimum inhibitory concentration, MIC), determined 
through the colorimetric microbial viability assay, and 
the minimum bactericidal and fungicidal concentration 
(MBC and MFC, respectively) values. The food preserva-
tives sodium benzoate (E211) and potassium metabisulfite 
(E224) and commercial antimicrobials, such as strepto-
mycin for bacteria and bifonazole for fungi, were used as 
positive controls.

2.8 � Statistical analysis

For mycelial biomass yield, the assays were followed by 
a completely randomized design and consisted of four 
treatments with ninety replications. All other analytical 
tests were performed in triplicates. The results were evalu-
ated using analysis of variance (ANOVA), and the differ-
ences among the means (p ≤ 0.05) were determined by the 
Scott–Knott test.

3 � Results

3.1 � Production of mycelial biomass

Fungal cultivation under different light wavelengths 
increased mycelial biomass compared to that under dark 
cultivation. The most significant increase in the myce-
lial biomass yield was observed under the blue light 
(7.2 ± 0.3 g L−1), with an increase of 118% compared to 
the dark (3.3 ± 0.3 g  L−1) cultivation. Moreover, under 
the green (6.8 ± 0.3 g L−1) and red (4.6 ± 0.3 g L−1) light, 
cultivations of mycelial biomass increased by 106% and 
39%, respectively.

Similarly, mycelial morphology seemed to change 
under light cultivation compared to dark cultivation 
(Fig. 1). Here, the mycelial biomass remained in vegeta-
tive growth for 21 days. Under light cultivation, primor-
dium or stroma formation was observed in regions of more 
compact and pigmented mycelia that normally precede the 
emergence of primordia (Fig. 1). The stroma arose under 
blue and green light on the fourth day of cultivation, fol-
lowed by primordium emergence on the seventh day. On 
the tenth day, the flasks under blue light showed more 
(9.6 ± 6.0 units) and larger (around 2 cm large) primordia 
than flasks under green light (8.3 ± 6.0 units). In contrast, 
mycelial biomass under red light did not form primordia; 
however, compared to other groups, mycelial biomass 
under red light presented a greater stroma formation on 
the 15th day of cultivation with continued stromal growth.
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3.2 � Chemical characterization of mycelial biomass

Mycelial biomass cultivated under light conditions altered 
the macronutrient composition (Table 1). Specifically, the 
carbohydrate content increased under all light wavelengths, 
mainly under blue and green light. Additionally, mycelial 
biomass presented higher energy values under blue and 
green light than under dark cultivation, whereas mycelial 
biomass showed the lowest energy level under red light. In 
contrast, light did not affect fat content compared to dark 
cultivation. Compared to dark cultivation, mycelial biomass 
cultivation under light conditions decreased the protein con-
tent by 33%, 29%, and 15% for the blue, green, and red light, 
respectively.

Compared to that in dark cultivation, under blue and 
green light, the mycelial biomass increased soluble sugar 
contents by 1.1-fold and 1.4-fold, respectively (Table 1). 
For example, mannitol was 1.2-fold and 1.3-fold higher in 
mycelial biomass under blue and green light, respectively. 
However, only green light increased the trehalose content by 
1.6-fold compared to that under dark cultivation.

Under dark cultivation, mycelial biomass had a higher 
organic acid concentration than under light conditions, with 
a high prevalence of citric and quinic acids (Table 2). Under 
cultivation in the dark, the mycelial biomass had 1.4-fold 
more organic acids than in blue and red light cultivation 
and 1.6-fold more organic acids than in green light culti-
vation. However, under light cultivation, mycelial biomass 

Fig. 1   Mycelial biomass of Lentinus crinitus cultivated in malt extract medium (20 g L−1) at 28 °C for 21 days under dark (a) or continuous blue 
(b), green (c), or red (d) light

Table 1   Macronutrient 
composition, energy value, 
and soluble sugars of Lentinus 
crinitus mycelial biomass 
cultivated in the dark and under 
different light wavelengths

Values represent the mean ± standard deviation (dry basis). Dark = cultivation without light, Blue = cultiva-
tion under blue light (455–475 nm), Green = cultivation under green light (515–530 nm), and Red = cultiva-
tion under red light (620–630 nm). Different letters in the same row indicate significant differences accord-
ing to the Scott–Knott test (p ≤ 0.05)

Parameter Cultivation condition

Dark Blue Green Red

Ash (g 100 g−1) 2.78 ± 0.06a 2.61 ± 0.06b 2.35 ± 0.01c 2.79 ± 0.05a

Protein (g 100 g−1) 11.8 ± 0.6a 7.9 ± 0.07c 8.4 ± 0.1c 10.0 ± 0.3b

Fat (g 100 g−1) 1.00 ± 0.03a 0.97 ± 0.08a 0.95 ± 0.02a 0.87 ± 0.01a

Carbohydrate (g 100 g−1) 84.5 ± 0.5c 88.5 ± 0.1a 88.3 ± 0.1a 86.3 ± 0.2b

Energy (kcal 100 g−1) 393.9 ± 0.1c 394.4 ± 0.5b 395.3 ± 0.1a 393.2 ± 0.1d

Sugars (g 100 g−1)
 Mannitol 9.3 ± 0.3d 11.1 ± 0.1b 12.00 ± 0.01a 9.9 ± 0.2c

 Trehalose 3.27 ± 0.08b 3.31 ± 0.06b 5.36 ± 0.08a 3.3 ± 0.2b

 Total soluble sugars 12.5 ± 0.4d 14.0 ± 0.2b 17.35 ± 0.08a 13.3 ± 0.4c
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presented citric acid as the major organic acid, except under 
red light, where quinic acid was the major organic acid.

Concerning to the total tocopherol content (Table 3), the 
mycelial biomass cultivated under green or red light pre-
sented the highest concentration, 3.9-fold and 3-fold higher, 
respectively, than that under dark cultivation. Conversely, 
the mycelial biomass showed a 1.3-fold lower total tocoph-
erol content under blue light than under dark cultivation. 
The major tocopherol isomer in mycelial biomass was 
γ-tocopherol, followed by α-tocopherol. Under green and 
red light cultivation, mycelial biomass was 4.6-fold and 3.8-
fold higher for γ-tocopherol, respectively, than under dark 
cultivation.

Eighteen fatty acids, including saturated (SFA), monoun-
saturated (MUFA), and polyunsaturated fatty acids (PUFAs), 
were identified in mycelial biomass (Table 4). SFAs were 
predominant, and the highest percentage (66%) was detected 
in mycelial biomass cultivated under green and red light. 
However, PUFAs were the most prevalent (26%) under blue 

light compared to the control and other light cultivation con-
ditions. The major compounds in all light cultivars were 
palmitic (C16:0), oleic (C18:1n9c), and linoleic (C18:2n6c) 
acids. However, under light conditions, the mycelial biomass 
increased, in general, the amount of each fatty acid com-
pared to dark cultivation. For example, the amount of pal-
mitic acid was greater in mycelial biomass cultivation under 
green and red light (51%) than in the dark (43%) cultivation. 
Likewise, the amount of linoleic acid was more significant 
in the mycelial biomass cultivated under blue light (26%) 
than under green, red light (14%), or dark (21%) cultivation.

3.3 � Phenolic and related compounds

Five phenolic compounds were identified in the hydroal-
coholic extracts of the mycelial biomass (Table 5). Under 
dark cultivation, benzoic acid was the predominant phenolic 
compound. In contrast, gallic acid was the major phenolic 
compound under light cultivation. The benzoic acid con-
tent under dark cultivation was 4-fold, 5.4-fold, and 4.3-fold 
higher than that under blue, green, and red light cultivation, 
respectively. Additionally, the gallic acid content of mycelial 
biomass cultivated under red light was fourfold and twofold 
higher than that under dark, and blue and green light condi-
tions, respectively. The p-coumaric acid content was also 
higher under red light cultivation, approximately 1.8-fold 
higher than under dark cultivation, and 1.6-fold higher than 
in the other light cultivations. The syringic acid content was 
also slightly higher under blue light and dark conditions. 
However, vanillin concentrations did not differ between dark 
and light cultivation.

In the methanolic extract (Table 5), p-hydroxybenzoic 
acid was the major compound produced under light cultiva-
tion (Table 5). However, the p-hydroxybenzoic acid content 
in the mycelial biomass cultivated in the dark was almost 
3-fold higher than that under blue light and 2.6-fold and 
2-fold higher than that under green and red light cultivation, 

Table 2   Organic acids 
composition of Lentinus crinitus 
mycelial biomass cultivated 
in the dark and under different 
light wavelengths

Values represent the mean ± standard deviation (dry basis). Dark = cultivation without light, Blue = cultiva-
tion under blue light (455–475 nm), Green = cultivation under green light (515–530 nm), and Red = cultiva-
tion under red light (620–630 nm). Different lowercase letters in the same row and uppercase letters in the 
same column indicate significant differences according to the Scott–Knott test (p ≤ 0.05)
tr traces

Compound (g 100 g−1) Cultivation condition

Dark Blue Green Red

Oxalic acid 2.13 ± 0.02aC 0.73 ± 0.04cC 0.74 ± 0.02cB 1.57 ± 0.07bC

Quinic acid 10.89 ± 0.02aB 9.10 ± 0.05cB 8.49 ± 0.06dA 9.94 ± 0.08bA

Shikimic acid 0.043 ± 0.004aD 0.033 ± 0.001cD 0.022 ± 0.001dC 0.043 ± 0.001bD

Citric acid 15.02 ± 0.07aA 9.38 ± 0.04bA 8.54 ± 0.01cA 8.13 ± 0.02 dB

Fumaric acid tr tr tr tr
Total 28.09 ± 0.07a 19.3 ± 0.1c 17.80 ± 0.07d 19.68 ± 0.01b

Table 3   Tocopherols composition of Lentinus crinitus mycelial bio-
mass cultivated in the dark and under different light wavelengths

Values represent the mean ± standard deviation (dry basis). 
Dark = cultivation without light, Blue = cultivation under blue light 
(455–475  nm), Green = cultivation under green light (515–530  nm), 
and Red = cultivation under red light (620–630  nm). Different let-
ters in the same row indicate significant differences according to the 
Scott–Knott test (p ≤ 0.05)
nd not detected

Compound 
(µg 100 g−1)

Cultivation condition

Dark Blue Green Red

α-Tocopherol 20.0 ± 0.3a 7.5 ± 0.2b 20 ± 2a 4.8 ± 0.3b

β-Tocopherol nd nd nd nd
γ-Tocopherol 84 ± 1c 74.3 ± 0.9d 388 ± 1a 318.0 ± 0.7b

δ-Tocopherol nd nd nd nd
Total 104 ± 1c 82 ± 1d 408 ± 3a 322.7 ± 0.4b
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Table 4   Fatty acids composition 
of Lentinus crinitus mycelial 
biomass cultivated in the 
dark and under different light 
wavelengths

Values represent the mean ± standard deviation (dry basis). Dark = cultivation without light, Blue = cultiva-
tion under blue light (455–475 nm), Green = cultivation under green light (515–530 nm), and Red = cultiva-
tion under red light (620–630 nm). Different lowercase letters in the same row and uppercase letters in the 
same column indicate significant differences according to the Scott–Knott test (p ≤ 0.05)
SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids

Compound (%) Cultivation condition

Dark Blue Green Red

Caproic acid (C6:0) 0.182 ± 0.008bG 0.136 ± 0.003dF 0.61 ± 0.01aH 0.487 ± 0.001bI

Caprylic acid (C8:0) 0.146 ± 0.004bG 0.044 ± 0.001dF 0.129 ± 0.006 cJ 0.169 ± 0.006aJ

Capric acid (C10:0) 0.164 ± 0.001bG 0.061 ± 0.001dF 0.197 ± 0.002aJ 0.173 ± 0.001bJ

Undecylic acid (C11:0) 0.225 ± 0.002aG 0.081 ± 0.004cF 0.122 ± 0.001bJ 0.25 ± 0.02aJ

Lauric acid (C12:0) 0.25 ± 0.02aG 0.100 ± 0.003cF 0.108 ± 0.001 cJ 0.144 ± 0.004bJ

Myristic acid (C14:0) 0.60 ± 0.02bF 0.495 ± 0.005cF 0.76 ± 0.07aH 0.85 ± 0.01aH

Pentadecylic acid (C15:0) 1.83 ± 0.03cE 1.7 ± 0.1cE 2.70 ± 0.08aE 2.12 ± 0.02bF

Palmitic acid (C16:0) 43.3 ± 0.6bA 46 ± 2bA 50.9 ± 0.2aA 50.5 ± 0.2aA

Palmitoleic acid (C16:1) 0.29 ± 0.004aG 0.24 ± 0.01bF 0.23 ± 0.01bJ 0.23 ± 0.02bJ

Margaric acid (C17:0) 0.53 ± 0.008cF 0.51 ± 0.02cF 0.780 ± 0.001bH 1.5 ± 0.1aG

Stearic acid (C18:0) 5.2 ± 0.2bD 3.40 ± 0.02cD 5.64 ± 0.04aD 3.58 ± 0.03cD

Oleic acid (C18:1n9) 21.6 ± 0.4aB 17.7 ± 0.5cC 19.9 ± 0.2bB 20.1 ± 0.4bB

Linoleic acid (C18:2n6) 21.22 ± 0.08bC 26 ± 2aB 13.9 ± 0.2cC 14.40 ± 0.05cC

Arachidic acid (C20:0) 0.53 ± 0.01aF 0.29 ± 0.01cF 0.39 ± 0.01bI 0.39 ± 0.02bI

Heneicosylic acid (C21:0) 0.16 ± 0.01bG 0.118 ± 0.006cF 0.166 ± 0.007bJ 0.362 ± 0.007aI

Behenic acid (C22:0) 1.76 ± 0.03aE 1.03 ± 0.09bF 1.17 ± 0.01bG 1.64 ± 0.05aG

Tricosylic acid (C23:0) 0.26 ± 0.01bG 0.177 ± 0.001cF 0.185 ± 0.006 cJ 0.36 ± 0.02aJ

Lignoceric acid (C24:0) 1.72 ± 0.05cE 1.92 ± 0.05bE 2.1 ± 0.1bF 2.77 ± 0.03aE

SFA 56.9 ± 0.4b 56.0 ± 2b 66.0 ± 0.4a 65.3 ± 0.4a

MUFA 21.9 ± 0.4a 18.0 ± 0.5c 20.1 ± 0.1b 20.3 ± 0.4b

PUFA 21.2 ± 0.1b 26.0 ± 2a 13.9 ± 0.2c 14.4 ± 0.1c

Table 5   Phenolic acids and related compounds of hydroalcoholic and methanolic extracts from Lentinus crinitus mycelial biomass cultivated in 
the dark and under different light wavelengths

Values represent the mean ± standard deviation (dry basis). Dark = cultivation without light, Blue = cultivation under blue light (455–475 nm), 
Green = cultivation under green light (515–530 nm), and Red = cultivation under red light (620–630 nm). For each extract, different lowercase 
letters in the same row and uppercase letters in the same column indicate significant differences according to the Scott–Knott test (p ≤ 0.05)
nd not detected

Compound (µg g−1) Hydroalcoholic extract from cultivation condition

Dark Blue Green Red

Benzoic acid 51.4 ± 0.1aA 12.6 ± 0.7bB 950 ± 40cB 12 ± 0.4bB

Gallic acid 20.4 ± 0.3 dB 40 ± 0.3cA 44.3 ± 0.3bA 85.2 ± 2.4aA

p-Coumaric acid 6 ± 0.1cC 6.5 ± 0.1bC 6.5 ± 0.1bC 10.7 ± 0.1aB

Syringic acid 5.6 ± 0.1aC 5.6 ± 0.1aC 5 ± 0.1bD 5 ± 1bC

Vanillin 4.3 ± 0.1aD 4.3 ± 0.1aD 4.3 ± 0.1aD 4.3 ± 0.1aC

Compound (µg g−1) Methanolic extract from cultivation condition

Dark Blue Green Red

Protocatechuic acid 107 ± 1aC 79.2 ± 0.6bC 75.1 ± 0.6cC 43.9 ± 0.3dD

p-Hydroxybenzoic acid 302 ± 2aB 105.2 ± 0.1 dB 114.4 ± 0.5cB 152 ± 2bB

p-Coumaric acid 73.3 ± 0.5aD 55.96 ± 0.07dD 61.2 ± 0.5bD 58.9 ± 0.1cC

Total phenolic compounds 482 ± 2aA 240.4 ± 0.4cA 250.7 ± 0.5bA 255 ± 2bA

Cinnamic acid 27.7 ± 0.3bE 16.4 ± 0.2cE 50.6 ± 0.7aE 15.1 ± 0.1dE
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respectively. The mycelial biomass cultivated in the dark 
also had 1.4-fold higher protocatechuic acid than that under 
blue and green light and 2.4-fold higher than that under red 
light cultivation. Although cinnamic acid was present in 
smaller amounts in all light cultivations, the mycelial bio-
mass cultivated under green light had 1.8-fold more cin-
namic acid than that in the dark and more than 3-fold higher 
levels of cinnamic acid than that under blue and red light 
cultivation.

The total phenols quantified in the hydroalcoholic extracts 
of the mycelial biomass cultivated under light conditions 
ranged from 140 to 300 µg GAE 100 mg−1 (Table 6). The 
highest phenol content (p ≤ 0.05) was observed in the 
mycelial biomass cultivated under red light (300 µg GAE 
100 mg−1), presenting a 33% increase compared to the con-
trol (220 µg GAE 100 mg−1). However, under blue (200 µg 
GAE 100 mg−1) or green (140 µg GAE 100 mg−1) light cul-
tivation, the phenol content of the mycelial biomass was 13% 
and 67% lower, respectively, than under dark cultivation.

3.4 � Antioxidant activity of mycelial biomass

Cultivation in red light provided the mycelial biomass 
extracts with the highest (p ≤ 0.05) capacity to scavenge 
the DPPH radical (76.7 mg mL−1), a 57% increase when 
compared to cultivation in the dark (120.4 mg mL−1). On the 
other hand, cultivation under blue and green light reduced 
the antioxidant activity of the extracts by DPPH method with 
an IC50 value of 136.1 mg mL−1 and 133.1 mg mL-1, respec-
tively, a 10% reduction compared to under dark cultivation 
(Table 6).

Cultivation under light conditions also increased antioxi-
dant activity by the FRAP method when compared to the 
positive control (Trolox) and dark cultivation (Table 6). The 

highest activity (23.0 µmol Fe+2 g−1) was observed under 
red light, which was 2.3- and 2.4-fold higher than Trolox 
(10.5 µmol Fe+2 g−1) and under dark (9.7 µmol Fe+2 g−1) cul-
tivation, respectively. The antioxidant activity by the FRAP 
method was also higher than that of the control and under 
blue (11.0 µmol Fe+2 g−1) and green (11.5 µmol Fe+2 g−1) 
light cultivation, with an increase in the antioxidant activ-
ity under dark cultivation by 14% and 19%, respectively, 
although there were no significant differences (p > 0.05) 
between them. The mycelial biomass extracts cultivated 
under light protected 43% (red light) to 72% (blue light) 
of the β-carotene against oxidation (Table 6). However, the 
extracts under blue and green light cultivation did not dif-
fer (p > 0.05), and under dark cultivation, red light reduced 
the protective capacity of β-carotene. These results indicate 
that the antioxidant activity of this method is classified from 
intermediate to high, showing the great potential of mycelial 
biomass extracts to avoid lipid oxidation.

3.5 � Antimicrobial activity of mycelial biomass

The mycelial biomass extracts showed bacteriostatic activ-
ity against all evaluated bacterial strains, with MIC values 
ranging from 0.5 to 4 mg mL−1 (Table 7). Regarding the 
commercial additives used, MIC values ranged from 0.5 to 
4 mg mL−1 for E211 and E224. Mycelial biomass cultivation 
under light conditions did not affect the bacteriostatic activ-
ity of the extracts, except under red light, where the MIC 
value against S. aureus was higher than that under dark cul-
tivation. Compared to E211, mycelial biomass under dark, 
blue, and green light cultivation had MIC values that were 
50% lower against S. aureus. On the other hand, mycelial 
biomass grown in the dark and under all wavelengths had 
equal MIC values against B. cereus, E. coli, and E. cloacae, 

Table 6   Antioxidant activity 
of Lentinus crinitus mycelial 
biomass cultivated in the 
dark and under different light 
wavelengths by total phenolic 
content, DPPH⋅, FRAP, BCLA, 
and TBARS methods

Values are indicated as the mean ± standard deviation (dry basis). Dark = cultivation without light, 
Blue = cultivation under blue light (455–475  nm), Green = cultivation under green light (515–530  nm), 
and Red = cultivation under red light (620–630 nm). Different letters in the same row indicate significant 
differences according to the Scott–Knott test (p ≤ 0.05; n = 3). IC50 half-maximal inhibitory concentration. 
Positive controls: quercetin IC50 = 0.02 ± 0.1  mg  mL−1 (DPPH⋅), trolox IC50 = 10.5 ± 0.9  µmol Fe+2  g−1 
(FRAP). Trolox β-carotene bleaching inhibition = 89.80 ± 4.13% (BCLA). Trolox IC50 = 23 ± 1  µg  mL−1 
(TBARS)
DPPH⋅ 2,2-diphenyl-1-picrylhydrazyl, FRAP ferric reducing antioxidant power, BCLA β-carotene/linoleic 
acid co-oxidation; TBARS, thiobarbituric acid reactive substance

Antioxidant activity Cultivation condition

Dark Blue Green Red

Total phenolic content (µg 
GAE 100 mg−1)

220 ± 20b 200 ± 20c 140 ± 10d 300 ± 50a

DPPH⋅ (IC50 in mg mL−1) 120.4 ± 0.9b 136.1 ± 0.6c 133 ± 4c 76.7 ± 0.6a

FRAP (µmol Fe + 2 g−1) 9.7 ± 0.1c 11.0 ± 0.8b 11.5 ± 0.3b 23.0 ± 0.3a

BCLA (%) 77 ± 7a 74 ± 8a 73 ± 10a 46 ± 28a

TBARS (IC50 in mg mL−1) 0.261 ± 0.004c 0.222 ± 0.005a 0.247 ± 0.009b 0.315 ± 0.008d
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and higher values against L. monocytogenes and S. enterica. 
Compared with E224, mycelial biomass cultivated in the 
dark and under all light wavelengths had MIC values higher 
against all bacterial strains, except for B. cereus, where the 
MIC value was 75% lower. The mycelial biomass extracts 
showed bactericidal activity against all bacterial strains 
(Table 7). Mycelial biomass cultivation under all light con-
ditions did not affect the bactericidal activity of the extracts, 
except under red light, where the MBC value was twofold 
higher than that under dark cultivation against S. aureus. 
Furthermore, the mycelial biomass extracts showed lower 
killing effects than streptomycin (MIC range from 0.04 to 
0.2 mg mL − 1) on all bacterial strains (Table 7).

The mycelial biomass extracts were effective against all fun-
gal strains, with MIC values ranging from 0.5 to 1 mg mL−1 

(Table 7). The mycelial biomass extracts had lower MIC values 
for all fungal strains than did bifonazole (Table 7). However, the 
MIC value of mycelial biomass extracts produced under light 
wavelengths did not differ from that of dark cultivation. The 
same tendency was observed for MFC (Table 7). The mycelial 
biomass extracts were effective against all fungal strains with 
MFCs ranging from 1 to 2 mg mL−1, while the positive control, 
bifonazole, exhibited MIC ranging from 0.1 to 0.2 mg mL−1.

4 � Discussion

Cultivation under different light conditions affects myce-
lial biomass growth, chemical composition, and antioxi-
dant and antimicrobial activities. The response system to 

Table 7   Antimicrobial activity of methanolic extracts from Lentinus crinitus mycelial biomass cultivated in the dark and under different light 
wavelengths and the positive controls sodium benzoate (E211), potassium metabisulfite (E224), streptomycin, and bifonazole

Dark = cultivation without light, Blue = cultivation under blue light (455–475  nm), Green = cultivation under green light (515–530  nm), and 
Red = cultivation under red light (620–630 nm)
MIC minimal inhibitory concentration, MBC minimal bactericidal concentration, MFC minimal fungicidal concentration

Microorganism Antimicrobial activity (mg mL−1) from cultivation condition

Dark Blue Green Red E211 E224 Streptomycin Bifonazole

Bacterial strain MIC
MBC

MIC
MBC

MIC
MBC

MIC
MBC

MIC
MBC

MIC
MBC

MIC
MBC

MIC
MBC

Staphylococcus aureus 2 2 2 4 4 1 0.04 –
4 4 4 8 4 1 0.1 –

Bacillus cereus 0.5 0.5 0.5 0.5 0.5 2 0.1 –
1 1 1 1 0.5 4 0.2 –

Listeria monocytogenes 2 2 2 2 1 0.5 0.2 –
4 4 4 4 2 1 0.3 –

Escherichia coli 1 1 1 1 1 0.5 0.2 –
2 2 2 2 2 1 0.3 –

Salmonella enterica 2 2 2 2 1 1 0.2 –
4 4 4 4 2 1 0.3 –

Enterobacter cloacae 2 2 2 2 2 0.5 0.2 –
4 4 4 4 4 0.5 0.3 –

Fungal strain MIC
MFC

MIC
MFC

MIC
MFC

MIC
MFC

MIC
MFC

MIC
MFC

MIC
MBC

MIC
MFC

Aspergillus fumigatus 0.5 1 0.5 0.5 1 1 – 0.15
1 2 1 1 2 1 – 0.2

Aspergillus niger 0.5 0.5 0.5 0.5 1 1 – 0.15
1 1 1 1 2 1 – 0.2

Aspergillus versicolor 0.5 0.5 0.5 0.5 2 1 – 0.1
1 1 1 1 2 1 – 0.2

Talaromyces funiculosus 0.5 0.5 0.5 0.5 1 0.5 – 0.20
1 1 1 1 2 0.5 – 0.25

Penicillium aurantiogriseum 0.5 0.5 0.5 0.5 2 1 – 0.1
1 1 1 1 4 1 – 0.2

Trichoderma virens 0.5 0.5 1 0.5 1 0.5 – 0.15
1 1 2 1 2 0.5 – 0.2
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blue light, known as white-collar (WCC), is already known 
in fungi, whose proteins function as photoreceptors and 
transcription factors, affecting the expression of several 
genes [43]. Homologs of genes encoding WCC system 
proteins have been described in several basidiomycetes 
[18]. Red light response systems involving phytochrome 
receptors were initially described in Aspergillus nidulans. 
Their function is related to significant changes in gene 
expression, which culminate in development and second-
ary metabolism alterations [44]. Lavin et al. [45] evaluated 
the genomes of 47 basidiomycetes and verified at least one 
highly conserved phytochrome receptor gene in 41 species. 
Green light-sensitive receptors have also been described in 
ascomycetes, and are rhodopsin-like membrane receptors 
that contain a retinal-like chromophore linked to an opsin 
apoprotein [46]. However, rhodopsins have been described 
in a few basidiomycetes, and their function in fungi is still 
not fully understood [47]. Reports on the fungal response 
to light and the results of our study on the light response 
of mycelial biomass indicate that L. crinitus responds to 
light due to the presence of a photoresponse system that 
might trigger signal transduction pathways that alter gene 
expression, affect cellular metabolism, and mycelial bio-
mass growth.

To the best of our knowledge, this study is the first to 
report the effects of light on mycelial biomass growth in 
L. crinitus. We verified primordium formation under blue 
and green light cultivation, indicating a possible trigger for 
the change in mycelial biomass growth from the vegetative 
to the reproductive phase. Our results are similar to those 
reported for P. ostreatus [48], in which blue light culti-
vation induced fruiting body formation in defined solid 
medium. In Lentinus tigrinus cultivated under blue light, 
there was a reduction in the time required for primordium 
formation and an increase in the number of fruiting bod-
ies [49]. In our study, L. crinitus first primordia appeared 
on the seventh cultivation day under blue light, with 
an increase in primordium number after ten cultivation 
days. Although mycelial biomass was cultivated in liquid 
medium, the response to light was verified as a shift from 
vegetative to reproductive mycelia.

Many factors regulate the fungal life cycle, including 
the presence or absence of light [50]. The effect of light 
on the transition from vegetative to reproductive myce-
lial growth has already been described, with blue light 
reported as the most favorable for fruiting body formation 
in several species [51]. Blue light is essential for stimulat-
ing primordium formation in Cordyceps militaris, whereas 
red light has the opposite effect [52]. Moreover, blue light 
is responsible for the transition from primordia to fruiting 
bodies in Pleurotus eryngii cultivation, acting on signaling 
and regulating gene expression [53]. Cultivating P. eryngii 
under blue or red light is responsible for the differential 

expression of almost 4000 genes that might be involved in 
morphogenesis, increased respiratory activity, and signal 
transduction function, among others [21]. During L. crini-
tus mycelial biomass cultivation under all lights, but not 
in the dark, water droplets condensed on the flask walls, 
which may be related to the increase in respiratory activity 
[21]. Our results suggest that light cultivation, especially 
blue and green light, induces light-responsive gene action 
that stimulates L. crinitus primordium formation.

Our results showed an increase in mycelial biomass yield 
when cultivated under all light conditions, particularly blue 
light. Damaso et al. [49] evaluated the effect of different 
light intensities on mycelial biomass growth, fruiting body 
production, and antioxidant activity of L. tigrinus. They 
reported that mycelial biomass cultivated under blue light 
had a larger diameter (89 mm) than that cultivated under 
red light (81 mm). In contrast, P. eryngii mycelial biomass 
yield was lower under light cultivation, with a significant 
reduction under blue light cultivation [54]. According to the 
authors, the reduction in mycelial biomass may be related to 
higher blue light energy in the visible spectral range, which 
is harmful to mycelia [54]. Thus, mycelial biomass growth 
seems light-wavelength-dependent for each species.

Edible mushrooms are a good source of nutrients, pri-
marily because of their high protein, carbohydrate, and low 
fat content [55]. In addition, basidiocarps and mycelial bio-
mass have different bioactive compounds and, therefore, 
have potential as functional foods [56]. Our study is the first 
to report the effects of light on the chemical composition, 
secondary metabolism, and antioxidant activity of L. crinitus 
mycelial biomass.

Our results showed that the protein content of the myce-
lial biomass (7.9–11.8 g per 100 g) was similar to that found 
in previous studies with L. crinitus basidiocarps. In the lit-
erature, the protein content of L. crinitus basidiocarps varied 
from 9.8 g [57] to 13.0 g [6] per 100 g, being the pileus 
(14.4 g per 100 g) richer than the stipe (9.5 g per 100 g) [2]. 
However, mycelial biomass cultivated under light reduced 
the protein content of L. crinitus. The effect of light cultiva-
tion on protein and amino acid metabolism in basidiomy-
cetes has been previously reported. RNA sequencing studies 
revealed that Cerrena unicolor under different light condi-
tions had differential gene expression, especially the down-
regulation of multiple genes, including putative enzymes 
involved in protein and amino acid synthesis [58]. Transcrip-
tome analysis of P. eryngii primordium differentiated into a 
fruiting body after blue light stimulation demonstrated that 
multiple genes related to amino acid biosynthesis are regu-
lated [53].

The soluble sugar content in the mycelial biomass of 
L. crinitus differed from that of the basidiocarps. Culti-
vation under light increased the soluble sugar content of 
mycelial biomass. Previous studies showed that L. crinitus 
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basidiocarps had a trehalose predominance, being 3.13 g per 
100 g in the pileus and 3.2 g per 100 g in the stipe [2] and 
3.5 g per 100 g in the whole basidiocarp [6]. However, myce-
lial biomass cultivated under light contained 3- to 4-times 
more sugars, mostly mannitol. Cultivation under green light 
resulted in the greatest increase in sugar content in the myce-
lial biomass, and the trehalose content was 1.5-times higher 
than that in the basidiocarps. In comparison, the mannitol 
content was 67-times higher than that of basidiocarps. It is 
worth noting that the mycelial biomass sample may contain 
some free sugars from the culture medium that could not 
be removed during extract preparation [59]. However, the 
increase in the sugar content after light cultivation indicated 
a significant difference in this parameter. Mannitol is found 
in many fungal spores, basidiocarps, and vegetative mycelia. 
This polyol plays a central role in stress resilience, involving 
osmoregulation and reactive oxygen species scavengers [60]. 
For Agaricus bisporus [61] and Volvariella volvacea [62], 
mannitol accumulation is related to resistance to saline stress 
and adaptation to low-temperature conditions, respectively. 
Furthermore, morphogenesis in A. bisporus seems to depend 
on mannitol metabolism since the enzyme activity involved 
in sugar metabolism increases during basidiocarp develop-
ment [61]. Therefore, we can infer that mannitol plays a 
role in L. crinitus resistance to stress caused by prolonged 
exposure to light, but this requires further investigation.

These results suggest that light exposure of L. crini-
tus mycelial biomass affects fungal primary metabolism, 
reduces protein content, and increases carbohydrates and 
soluble sugars. Data on light-induced changes in C. unicolor 
gene expression demonstrated that enzymes involved in car-
bohydrate and amino acid metabolism were down-regulated 
[58], which could be associated with changes in primary 
metabolite production. Transcriptome studies of Pleurotus 
ostreatus revealed that basidiocarps under blue light cul-
tivation had increased expression of enzymes involved in 
glycolysis and the pentose phosphate pathway, contribut-
ing to more significant growth. In contrast, under red-light 
cultivation, the activation of these metabolic pathways is 
weakened [20].

The mycelial biomass of L. crinitus was lower than that 
of total organic acids than the basidiocarps. Compared with 
the pileus [2] and the whole basidiocarp [6], the content of 
organic acids was 4.5- and 4-times lower in mycelial bio-
mass. However, the stipe showed 1.5 times fewer organic 
acids. In the mycelial biomass, we observed a predominance 
of citric acid but did not detect malic acid. However, the 
malic acid content in the basidiocarp was more than 5-times 
higher, and no citric acid was reported. Despite the differ-
ences among the growth stages, the reduction in citric and 
oxalic acid content when the mycelial biomass was grown 
in light also suggests a light effect on the primary metabo-
lism of L. crinitus. Less pyruvate is directed toward citric 

acid biosynthesis when some fungi are cultivated under light 
[63]. Pawlik et al. [58] observed a downregulation of enzyme 
expression involved in pyruvate metabolism and the tricar-
boxylic acid cycle when C. unicolor was cultivated under 
green light. For L. crinitus, the most significant reduction in 
organic acid content also occurred under green light cultiva-
tion, although blue and red lights also reduced the organic 
acid content.

Our study also detected the presence of quinic and shi-
kimic acids in mycelial biomass, but these compounds were 
not found in L. crinitus basidiocarp [2, 6]. Quinic and shi-
kimic acids are metabolically related to aromatic amino acid 
synthesis. In addition, they are chiral starting materials for 
the production of influenza virus neuraminidase inhibitors 
[64]. In the mycelial biomass of L. crinitus, quinic acid was 
the second most abundant, lower than that of citric acid. 
Previous studies have reported shikimic acid accumulation 
in the mycelial biomass of P. ostreatus cultivated under 
blue light, mainly because of the increased expression of 
rate-determining enzymes in the shikimate pathway and 
enzymes in the glycolysis and pentose phosphate pathways 
[65]. In addition to the many studies on the effect of light on 
amino acid biosynthesis enzyme expression, these findings 
may indicate a light effect on the shikimate pathway of L. 
crinitus.

Vitamin E content in the mycelial biomass of L. crini-
tus was different from that previously described for basidi-
ocarps. While α- and γ-tocopherol isoforms were detected 
in the mycelial biomass, only β-tocopherol was detected 
in the basidiocarp. Because α- and β-tocopherol are pro-
duced separately in the tocopherol biosynthesis pathway 
[66], distinct pathways are active in the fruiting body and 
mycelial biomass of L. crinitus. Studies have indicated that 
the isoforms present in different species can vary. In the 
basidiocarp and mycelial biomass of Pleurotus ostreatoro-
seus, α- and β-tocopherol were detected [59]; in Laetiporus 
sulphureus, α-, β-, and γ-tocopherol isoforms were detected 
[67], whereas in Armillaria mellea, only δ-tocopherol was 
detected [41]. The tocopherol content in wild and cultivated 
mushrooms can vary between 50 and 300 µg per 100 g (dry 
basis) [68]. Mycelial biomass from Lepista nuda cultivated 
in different culture media was 20–200 µg per 100 g of 
γ-tocopherol [69]. In P. ostreatoroseus mycelial biomass, 
the α-tocopherol content was 9 µg per 100 g [59], twice that 
of L. crinitus mycelial biomass under dark and green light 
cultivation. The effect of green and red light on increasing 
tocopherol content and blue light on reducing tocopherols 
suggests that light affects tocopherol synthesis pathways. 
The hydroquinone ring of tocopherols is derived from the 
shikimate pathway [66], which is affected by light in the 
mycelial biomass of L. crinitus. However, further analysis is 
required to elucidate the mechanisms underlying the regula-
tion of light.
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The fatty acid profile of L. crinitus mycelial biomass dif-
fers from that of the basidiocarps. While SFAs prevailed in 
the mycelial biomass cultivated under dark or light condi-
tions, PUFAs were the predominant class in basidiocarp [2, 
6]. Blue light cultivation increased linoleic acid content in 
the mycelial biomass but reduced oleic acid content. Green 
and red light cultivation also decreased the MUFA content. 
Previous studies of ascomycetes have shown that light affects 
lipid metabolism [70]. In our study, the primary metabolism 
of L. crinitus was modified by light, and the metabolism 
of fatty acids was different when the mycelial biomass was 
cultivated under light. The reducing power required for the 
fatty acid synthesis pathway depends directly on the avail-
ability of acetyl-CoA, which in turn can be produced by 
citrate conversion. As previously discussed, the tricarboxylic 
acid pathway is altered by light in L. crinitus, which could 
be reflected in fatty acid metabolism [43].

Our results showed that light cultivation affected the 
total phenol content and antioxidant activity of the mycelial 
biomass. Few studies have evaluated the effects of light on 
the secondary metabolism of mycelial biomass of basidi-
omycetes [13]. Cultivation of L. crinitus under red light 
increased phenol accumulation in the mycelial biomass, 
whereas blue and green light cultivation had the opposite 
effect. When L. tigrinus was under light, there was a 3- and 
fourfold increase in the phenolic content of the mycelial 
biomass in red and blue light cultivation, respectively, com-
pared to dark cultivation [49]. In Inonotus obliquus, blue 
and red light reduced the total phenols by 25% and 49%, 
respectively [71]. In Inonotus rheadae, blue light cultivation 
increased total phenols, but green and red light reduced phe-
nol content [72]. Comparing the phenol content among fungi 
is difficult, as phenolic compounds may vary due to different 
aspects of cultivation, such as light, species or strain, and 
extraction forms.

Phenolic compounds exhibit extensive antioxidant 
activity and can act as reducing agents, hydrogen donors, 
singlet oxygen scavengers, and have metal-chelating 
potential [73]. Therefore, their accumulation in fungal 
tissues is of great interest. However, phenol levels may 
vary among different fungal species and growth stages. 
Our results demonstrate phenol accumulation in the myce-
lial biomass of L. crinitus cultivated in a liquid medium 
under light, a simple and affordable way to produce fun-
gal biomass, which can be an advantageous alternative to 
mushroom production. However, most studies on fungal 
antioxidant compounds refer to the fruiting body and only 
a few of the mycelial biomass, making it difficult to com-
pare the results.

Characterization of phenolic extracts by HPLC showed that 
light affected the composition of phenolic compounds. Ben-
zoic acid was the most abundant compound in the dark. How-
ever, gallic acid was the most abundant under light cultivation 

conditions. There are no reports on the effect of light on the 
profile of phenolic compounds in the mycelial biomass. Nev-
ertheless, these findings indicate that light can affect the shiki-
mate pathway by altering the synthesis of secondary metabo-
lites. However, our results are comparable to those of other 
basidiomycetes grown under dark conditions. Heleno et al. 
[74] reported the absence of p-coumaric acid in the myce-
lial biomass of Ganoderma lucidum. However, we identified 
p-coumaric acid in L. crinitus mycelial biomass under dark 
and light cultivation, and the highest content was 58.9 µg g−1 
in the mycelial biomass under red light cultivation. Carvajal 
et al. [75] evaluated the antioxidant activity of Agaricus bra-
siliensis mycelial biomass and fruiting bodies and identified 
a higher amount of benzoic and syringic acid in the mycelial 
biomass (4-day cultivation) and gallic acid in the fruiting body 
and mycelial biomass (8-day cultivation). These compounds 
have also been identified in the mycelial biomass of L. crinitus.

Our results indicated higher concentrations of gallic acid 
(180%) and p-coumaric acid (195%) in the mycelial biomass 
of L. crinitus under red light cultivation than those described 
in comparative studies of fresh mushrooms and their myce-
lial biomass [76]. Although the compound concentrations 
varied, gallic and p-coumaric acids were not detected in 
Lentinula edodes. In contrast, protocatechuic acid was pre-
sent in fresh mushroom and mycelial biomass (0.00036 
and 0.00073 µg mg−1, respectively). The fresh mushroom 
and mycelial biomass of A. bisporus contained gallic acid 
(0.06276 and 0.03077 µg mg−1, respectively) and p-cou-
maric acid (0.00231 and 0.00366 µg mg−1, respectively).

The antioxidant activity of the mycelial biomass extracts 
showed that light affected their ability to scavenge DPPH 
radicals and reduce iron. Red light promoted the highest 
antioxidant activity among the analyzed methods. The great-
est increase in antioxidant activity in the mycelial biomass 
of L. crinitus cultivated under light was correlated with the 
total phenol content, indicating that the greater the accu-
mulation of phenols in the mycelial biomass, the lower the 
half-maximal effective concentration (EC50). DPPH radical 
reduction depends on the structural conformation of the anti-
oxidant compound, as it interacts by reducing DPPH, and 
the number of reduced molecules is related to the number of 
hydroxyls available in the evaluated compound [77]. In gal-
lic acid, the three hydroxyl groups can reduce the six DPPH 
radicals. Thus, the antioxidant activity of this molecule is 
associated with its structure [78].

There are very few reports on the effect of light on the 
antioxidant activity of mycelial biomass, making it dif-
ficult to compare results. Damaso et al. [49] evaluated the 
activity and scavenging potential of DPPH free radicals of 
L. tigrinus cultivated under LED light and reported that 
light reduced antioxidant activity. González-Palma et al. 
[79] evaluated the antioxidant capacity of P. ostreatus at 
various growth stages, such as in the vegetative mycelium, 
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primordium, and fruiting body, using different aqueous 
and methanolic extracts. These authors reported that the 
methanolic extract of the fruiting body and primordium 
showed a greater ability to reduce DPPH when compared 
to the mycelial biomass; however, light conditions were 
only used to stimulate the fructification of P. ostreatus. 
Dundar et al. [80] evaluated the radical scavenging activity 
in the mycelial biomass of P. ostreatus in submerged cul-
ture, which showed the highest activity at 71.29 mg mL−1 
when cultivated in the absence of light. Cultivation of L. 
crinitus under light increased the iron-reducing power of 
mycelial biomass, and the most significant increase was 
observed under red light cultivation. There are no reports 
on the effect of light in reducing the potential of mycelial 
biomass extracts from other fungi.

The mycelial biomass extracts of L. crinitus exhibited 
broad antimicrobial activities. However, cultivation under 
different light conditions did not affect the biological activity 
(p > 0.05). Previous studies have demonstrated the antimicro-
bial activity of extracts from the stipe, pileus [81], and whole 
basidiocarp of L. crinitus [2]. Both basidiocarp and their 
parts extracts showed bacteriostatic activity superior to that 
of mycelial biomass extracts against the same bacteria. The 
MIC values for the basidiocarp extract, for example, ranged 
from 0.12 to 0.499 mg mL−1 [2], while the MIC value for the 
mycelial biomass extract was between 0.5 and 4 mg mL−1. 
Similar results were observed for the pileus, and the stipe 
extracts, whose MIC values against the same bacteria ranged 
from 0.20 to 0.40 mg mL−1 and from 0.125 to 0.40 mg mL−1, 
respectively [81]. The same tendency was observed for bac-
tericidal, fungistatic, and fungicidal activities of the basidi-
ocarp and its parts compared with the mycelial biomass.

The antimicrobial activity of basidiomycetes may be 
related to several compounds from primary and secondary 
metabolism, such as organic acids, phenolic compounds, 
peptides, and steroids [82]. Although light affects the pro-
duction of several compounds in the mycelial biomass of 
L. crinitus, its antimicrobial activity is not affected by light 
conditions. However, further studies are needed to evaluate 
the compounds that contribute to the antimicrobial activity 
of the mycelial biomass.

Our study demonstrated that different light cultivations 
could increase the number of compounds of interest in the 
mycelial biomass. This finding opens new perspectives for 
future studies and provides new alternatives to phenolic 
compound production from mycelial biomass.

5 � Conclusions

The mycelial biomass of L. crinitus under blue or green 
light cultivation increases the mycelial biomass yield and 
stimulates primordium and stroma formation. However, 

blue or green light conditions reduce the protein content 
and total organic acid production. Under blue light culti-
vation, carbohydrates, PUFAs, p-coumaric acid, FRAP, 
and TBARS antioxidant activity increased. Under green 
light cultivation, energy, carbohydrates, and sugars, such 
as mannitol, trehalose, γ-tocopherol, SFAs, and cinnamic 
acid, were increased. Under red light cultivation, SFAs, 
gallic acid, total phenolic content, and DPPH and FRAP 
antioxidant activity increased. Under dark cultivation 
(control), ash, proteins, and total organic acids, such as 
oxalic, quinic, shikimic, citric acid, α-tocopherol, MUFAs, 
and phenolic acids, including benzoic, syringic, protocate-
chuic, p-hydroxybenzoic, and p-coumaric acids increased. 
The fat content, phenolic acids, such as vanillin, BCLA 
antioxidant activity, and antimicrobial activity of mycelial 
biomass were not affected by cultivation under dark or 
light conditions.

Although photoreceptors have not yet been identified 
in L. crinitus, light appears to act as a signaling agent 
that affects primary and secondary fungal metabolism. 
The effects of different light wavelengths on L. crinitus 
mycelial biomass production, primordium-inducing mor-
phogenesis, chemical composition, metabolism, and anti-
oxidant activities highlight the need for further studies. 
Nevertheless, cultivation under different light wavelengths 
can optimize the production of mycelial biomass and anti-
oxidant compounds to meet the interests of the market and 
biotechnological, pharmaceutical, and food industries.
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