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Abstract

Basidiomycetes produce a wide range of bioactive metabolites, yet the effects of fungal
co-cultivation on phenolic composition and associated biological properties remain poorly
understood. This study investigated the phenolic composition and antioxidant, photopro-
tective, and anti-tyrosinase activities of mycelial extracts obtained from four basidiomycetes
cultivated either alone or in paired cultures. Phenolic compounds were characterized by
HPLC, and the identified metabolites were further evaluated using target prediction, enrich-
ment analyses, PASS prediction, ADME profiling, and toxicity assessment. Nine phenolic
compounds were identified across ten cultivation systems. Catechin and syringic acid
were detected only in selected paired cultures, indicating that fungal interactions altered
phenolic composition. The highest antioxidant activities were observed for P. sanguineus
and T. polyzona cultivated alone, while SPF reached 39 in P. ostreatus, T. polyzona, Lenti-
nus + Pycnoporus, and Pycnoporus + Trametes. Tyrosinase inhibition reached 92.7% in the
axenic culture of P. ostreatus and remained above 90% in selected co-cultures. Computa-
tional analyses identified enrichment of biological processes related to oxidative stress
and UV responses, as well as pathways including PI3K-Akt, FoxO, HIF-1, and p53. PASS
prediction indicated that catechin, quercetin, and myricetin showed the highest probabil-
ities for antioxidant activity, inhibition of lipid peroxidation and NADPH oxidase, and
melanin synthesis inhibition, while ADMET predicted good solubility and high gastroin-
testinal absorption for most of the identified metabolites. Fungal interactions altered the
phenolic composition of basidiomycete mycelia and influenced their biological activities,
indicating that co-cultivation may be a useful strategy for modulating the production of
bioactive metabolites.
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1. Introduction

Fungal metabolism can change in response to environmental influences, such as
variations in pH and temperature, low nutrient availability, lighting conditions [1], and
competition among species [2,3]. Competition is the most common interaction among
white-rot fungi in the environment, occurring through competition for territory and nu-
trients, which can alter fungal physiology and metabolic activity. These environmental
and biotic factors can influence fungal physiology and regulate the synthesis of secondary
metabolites, including phenolic compounds and other bioactive molecules with ecological
and biotechnological relevance [4].

In an attempt to gain control over substrates shared with other species, mycelial inter-
actions can promote changes in mycelial morphology and trigger physiological responses
that improve competitive fitness [5]. Changes can include regulation of oxidative stress and
the production of secondary metabolites involved in the defensive response during com-
petitive interactions [6]. Fungal co-cultivation has been recognized as a strategy to activate
metabolic pathways that are poorly expressed under axenic conditions, including signal
molecules, growth inhibitors, toxins, and by-products [7]. As a result, co-culture systems
emerge as an approach for discovering new bioactive compounds and enhancing metabolite
synthesis with potential pharmaceutical, nutraceutical, and cosmetic applications [8].

Basidiomycete fungi are known to frequently produce phenolic compounds as sec-
ondary metabolites, which can be detected in fruiting bodies [9], mycelium [10], and in
the cultivation medium or substrate [11]. Phenolic acids and flavonoids, which exhibit
antioxidant, anti-inflammatory, and antimicrobial activities [12,13], have also been linked
to photoprotective effects and modulation of melanogenesis-related pathways, including
tyrosinase inhibition [14-16]. However, the diversity and concentration of phenolics vary
with fungal species and strain, cultivation conditions, and substrate composition [17,18].
Due to these properties, fungal extracts rich in phenolic compounds have potential for
industrial applications, highlighting the importance of understanding the factors that
influence their production.

In mushroom-producing fungi, the vegetative mycelium and the fruiting body may
differ in their metabolic profiles and chemical composition [19,20]. Although studies
on fruiting bodies predominate in the literature, the production of vegetative mycelium
as a source of bioactive compounds can be advantageous when compared with fruiting
bodies [21]. Mycelium can be produced in less time and in large quantities through fermen-
tative bioprocesses in bioreactors. Cultivating fungi as vegetative mycelium in bioprocesses
allows tighter control of temperature, oxygenation, culture medium composition, and other
cultivation parameters, as well as improved control over contamination, thereby optimizing
the production of bioactive compounds [22]. Such production strategies exhibit lower vari-
ability, are reproducible, and enable simple recovery of mycelial biomass, contributing to
process scalability [23]. These characteristics make mycelial cultivation a suitable platform
for investigating factors that modulate the production of fungal bioactive compounds.

Interactions among basidiomycetes can affect secondary metabolite production and,
depending on the species involved, can lead to increases, decreases, or the emergence of
compounds absent in monocultures [24-26]. For phenolic compounds, these responses
are often expressed as changes in the occurrence and relative abundance of individual
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compounds rather than as increases in total phenolic content [27,28]. Such qualitative
changes may alter biological properties even when total phenolic levels remain unchanged.
Although phenolic content and antioxidant activity are frequently evaluated in co-culture
systems, the specific phenolic compounds associated with these responses are rarely char-
acterized. As a result, little is known about how interaction-induced changes in phenolic
composition affect biological properties. This gap is particularly evident in basidiomycete
co-cultures, where studies that combine phenolic characterization with antioxidant, photo-
protective, and anti-tyrosinase evaluations remain scarce, limiting understanding of how
changes in phenolic composition relate to biological activity.

The white-rot basidiomycetes Lentinus crinitus, Pleurotus ostreatus, Pycnoporus san-
guineus, and Trametes polyzona differ in their reported metabolite profiles and biological
activities [10,29-31]. Their taxonomic diversity, metabolic distinctiveness, and biotechno-
logical relevance make them suitable models for investigating how interspecific interactions
influence phenolic composition and associated biological properties.

This study presents an analysis of how fungal interactions affect metabolite compo-
sition and bioactive potential, integrating phenolic profiling with biological and in silico
analyses in basidiomycete co-cultures.

Therefore, this study aimed to evaluate changes in phenolic composition induced by co-
cultivation of four white-rot basidiomycetes and to investigate their potential relationship
with antioxidant, photoprotective, and anti-tyrosinase activities. In silico analyses were
used to explore the biological relevance of the identified phenolic compounds.

2. Results
2.1. Total Phenolic Content and Phenolic Profile of Axenic and Co-Culture Extracts

The phenolic composition of the mycelial extracts varied substantially among axenic
and co-culture systems (Table 1). In general, monocultures exhibited higher total phenolic
contents than paired cultures, especially P. sanguineus and T. polyzona, which showed the
highest concentrations among the evaluated systems.

Table 1. Phenolic compounds (ug g*1 DW) of the mycelial biomass from basidiomycetes cultivated
alone or in paired cultures.

Myricetin

: : P Protocatechuic Gallic S . p-Coumaric . .
Benzoic Acid Vanillin . . Syringic Acid . Catechin Quercetin
iy Acid Acid yrng y Acid - (5,281,672) Total
(243) (1183) * 72)* @70 * (10,742) (637.542) * (9064) * (5,280,343) h
D ic E bE dB aE 3.1+02
LC 47+01¢ 44£02 57+0.1¢ 13.50+ 0.0 nd 52+0.6 nd 16.9 +0.6° gA 535+02
PO 60.5 +0.224 47 40094 59 +0.1<E 26.3 + 0.4 B nd nd nd nd nd 97.4 £ 0.6
PS nd tr 41.8+0.1bA 17.8 +0.5°C nd nd nd 52.1 4 0.923A nd 111.7 £1.7
hug 5.7 +0.29C 45+00°B 37.6 +0.028 16.0 + 0.6 PP nd 430 4+ 0.0¢C nd 14.8 + 0.0 G nd 83.0+0.3
LC +PS 42+009E 470094 nd 15.6 + 0.4 PD nd 5.9 +0.1A nd 39.5 +0.02B nd 69.9 + 0.6
LC +TP nd 45+0.098 nd 16.7 +0.52C nd 5.1+ 0.098 119 +0.0B 15.1 + 0.0 PG nd 53.4 £ 0.5
LC + PO 5.0 +0.0P nd 73 +049D 17.5 4+ 0.6 °C 49+0.1¢A 51+00¢B 132403 15.7 + 0.0 bF nd 68.6 +1.2
PS + TP 3.8 +0.0¢F 44+00¢C 25.0 + 0.7 b€ 14.7 + 0.1 P nd 44+02¢C 7.0 + 0.0 9€ 36.8 +0.12C nd 96.2 + 0.9
PO +PS 8.5+ 0.5bB 454008 nd 18.6 4 0.6 2C 444004 44401 nd nd nd 399 +21
PO + TP nd 43+004C 8.0 +0.1<P 410+ 1424 nd 41+004C nd 18.0 + 0.0 PP nd 745 + 3.0

* (PubChem ID). Values represent the mean =+ standard deviation. According to the Scott-Knott test, means
indicated by distinct letters show a statistical difference (p < 0.05). Lowercase letters on the same row indicate
significant differences in the concentrations of phenolic compounds. Uppercase letters in the same column indicate
significant differences in mono and co-cultures. nd = not detected, tr = trace. LC = Lentinus crinitus, PO = Pleurotus
ostreatus, PS = Pycnoporus sanguineus, and TP = Trametes polyzona.

The chromatographic analysis revealed differences in the diversity and concentra-
tion of phenolic compounds of the mycelial biomasses (Table 1). Five phenolic acids,
three flavonoids, and one phenolic aldehyde were identified in the mycelial extracts. The
flavonoid myricetin was detected exclusively in the monoculture of L. crinitus, while cate-
chin occurred exclusively in the mycelium extracts of some paired cultures. On the other
hand, quercetin was detected in all mycelial extracts except in the P. ostreatus monoculture
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and Pleurotus + Pycnoporus co-culture. Gallic acid was present in all extracts, with the
highest concentration detected in the Pleurotus + Trametes co-culture (41 pg g=1). This value
was 1.5- and 2.5-fold higher than those observed in the respective monocultures.

Among the strains cultivated alone (Table 1), L. crinitus showed the highest diversity
of phenolic compounds (7 compounds); however, it had the lowest total phenol content
(53.5 ug g~ 1). Pycnoporus sanguineus mycelial biomass exhibited the lowest diversity of
detected compounds (three compounds) but the highest content of phenols (111.7 ug g~ 1),
mainly protocatechuic acid (41.8 ug g~!) and quercetin (52.1 ug g~ 1).

Among the paired cultures, the combinations Lentinus + Pleurotus and Pycnoporus
+ Trametes contained the greatest compound diversity (seven). Furthermore, Pycnoporus
+ Trametes had the highest total phenol content (96.2 ug g~!), while Pleurotus + Trametes
had the second-highest phenol content (74.5 ug g~!). The paired cultures containing
Pleurotus showed lower phenolic content than the respective monocultures. In contrast, the
monoculture of P. ostreatus was among the cultures with the fewest phenolic compounds
identified (four) but had the second-highest (p < 0.05) total phenol content (97.4 pg g~ 1),
with benzoic acid (60.5 pg g~ 1) as the primary compound.

The flavonoid catechin and the phenolic acid syringic acid were detected only
in paired fungal cultures, indicating that fungal interactions can induce their produc-
tion. Co-cultivation of Lentinus + Pleurotus showed significant concentrations of catechin
(13.2 ug g 1) and syringic acid (4.9 ug g~'). When the mycelial biomass of P. ostreatus
and P. sanguineus was cultivated alone, no p-coumaric acid was detected. In contrast, the
production of p-coumaric acid was induced during the co-cultivation of the two species.
However, the highest (p < 0.05) concentration of p-coumaric acid was observed in the
co-cultivation of Lentinus + Pycnoporus (5.9 ug g 1).

2.2. Antioxidant Activity of Axenic and Co-Culture Extracts

The antioxidant activity of the axenic and co-culture extracts varied according to the
fungal combination and assay employed (Table 2). In general, monocultures exhibited
stronger antioxidant activity than paired cultures, with particularly high antioxidant activity
observed for P. sanguineus and T. polyzona, which showed the highest reducing power, DPPH
scavenging activity, and FRAP values.

Table 2. Total phenol content and antioxidant activity of the mycelial biomass of basidiomycetes
cultivated alone or in paired cultures.

Total Phenols DPPHe FRAP BCLA
(ug GAEmg1) (IC5p in mg mL-1) (umol Fe?* g—1) (%)

Lentinus crinitus 31.96 £ 1.104 130.40 + 1.97 4 9.47 +0.04 ¢ 57.00 + 1.97 b
Pleurotus ostreatus 32.01 +0.014 133.00 + 1.83 ¢ 7.85+0.058 56.00 & 0.89 b
Pycnoporus sanguineus 72.27 +0.83 P 76.45 + 0.45 P 28.30 + 0.46 P 75.00 +3.332
Trametes polyzona 78.21 +0.432 64.40 + 0.64 2 34.63 +0.16 2 51.05 + 5.03 €
Lentinus + Pycnoporus 29.75 + 1.30 4 147.00 4+ 1.83 ¢ 1053 +0.114 35.77 £ 4.754
Lentinus + Trametes 20.64 +0.65 € 184.00 4= 4.83 f 7.86 +£0.138 2420 +242¢
Lentinus + Pleurotus 2115+ 097 ¢ 217.00 +7.21h 6.50 + 0.08 h 21.00 +£3.39f
Pycnoporus + Trametes 4348 +1.03 ¢ 123.00 £1.32°¢ 18.85 £0.77 ¢ 27.57 £2.80¢
Pleurotus + Pycnoporus 21.72+1.39°¢ 236.00 +9.23 1 7.00 £0.11h 39.00 +2.31 ¢
Pleurotus + Trametes 29.81 +1.00 4 19420 + 1.73 8 8.50 + 0.05 f 40.54 + 4424

Values represent the mean =+ standard deviation (dry basis). Different letters in the same column indicate signifi-
cant differences according to the Skott-Knott test (p < 0.05; n = 3). ICsy = half-maximal inhibitory concentration.
Positive controls: Quercetin ICsp = 0.02 + 0,1 mg mL~! (DPPH.), Trolox ICs = 10.5 4 0.9 umol Fe*? g~! (FRAP).
Trolox B-carotene bleaching inhibition = 89.80 & 4.13% (BCLA).
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In general, paired cultures showed lower reducing power than the respective mono-
cultures (Table 2). Among the evaluated systems, the T. polyzona monoculture exhibited the
highest reducing power, followed by P. sanguineus.

None of the extracts achieved the DPPH radical-scavenging capacity of quercetin, the
positive control. Among the fungal extracts, the monoculture of T. polyzona showed the
highest scavenging activity (Table 2). In contrast, all paired cultures displayed lower activity
than the corresponding monocultures in the DPPH assay. The strongest reduction was
observed for the Pleurotus + Pycnoporus combination, whose scavenging capacity decreased
by 44% and 68% compared with P. ostreatus and P. sanguineus grown alone.

The FRAP results followed a pattern similar to that observed in the other antioxidant
assays, with lower iron-reducing capacity in most co-culture extracts (Table 2). The highest
FRAP value was observed for the T. polyzona monoculture, exceeding the Trolox control
by approximately 3.3-fold. High reducing capacity was also observed in the P. sanguineus
monoculture and the Pycnoporus + Trametes co-culture, both of which exceeded the positive
control. Despite this, the Pycnoporus + Trametes combination exhibited lower reducing
activity than the respective monocultures, with reductions of 33% and 45% relative to
P. sanguineus and T. polyzona, respectively.

In the f-carotene/linoleic acid assay, none of the extracts reached the inhibition
level observed for the Trolox control (89.8%) (Table 2). Nevertheless, the P. sanguineus
monoculture showed the highest inhibition of lipid peroxidation among the evaluated
fungal systems. Co-cultivation generally reduced the protective effect against oxidative
degradation when compared with the corresponding monocultures. The most significant
reduction was observed for the Lentinus + Pleurotus combination, whose inhibitory capacity
was reduced by 63% relative to each fungus cultivated alone.

Considering all the antioxidant assay results, they did not show the same response
pattern across all extracts, suggesting that co-cultivation influenced the distinct antioxidant
properties of the mycelial biomass.

2.3. Photoprotective Properties of Axenic and Co-Culture Extracts

The photoprotective responses of the axenic and paired culture extracts, including
SPF and UVA/UVB ratio values, are presented in Tables 3 and 4. The extracts showed
concentration-dependent photoprotective activity, and several exhibited both high SPF
values and strong UVA protection. The highest photoprotective responses were observed
for the P. ostreatus and T. polyzona monocultures and for the Pycnoporus + Trametes co-culture.

Table 3. Sun protection factor (SPF) of the mycelial biomass extract from basidiomycetes grown alone
or in paired cultures.

Extract Concentration (mg mL—1)

10 20 30 50
Lentinus crinitus 7.69 + 0.24 €0 15.44 4+ 0.12 9F 22.90 + 0.30 <G 30.24 + 0.51 PE 35.22 + 0.15 2P
Pleurotus ostreatus 15.00 £ 0.45 9A 30.83 £ 0.14 <4 38.70 & 0.10 PA 39.33 + 0.00 24 39.33 + 0.00 24
Pycnoporus sanguineus 7.18 + 0.08 ¢F 14.55 + 0.44 4G 22.62 +0.51 <G 29.17 + 0.16 °F 33.69 + 0.28 2F
Trametes polyzona 14.69 + 0.53 44 29.61 4+ 0.68 B 37.46 +0.19 PB 39.13 + 0.122A 39.33 4+ 0.00 24
Lentinus + Pycnoporus 9.52 4 0.20 ¢ 2025+ 04890 30.33 + 0.36 P 38.02 4 0.08 PB 39.30 4+ 0.01 24
Lentinus + Trametes 5.32 + 0.07 ¢F 11.93 + 0.16 42 17.69 + 0.43 < 23.37 + 0.31 PH 28.83 & 0.37 3G
Lentinus + Pleurotus 7.04 + 0.35 ¢E 14.54 + 0.18 96 22.05+0.17 <H 28.56 =+ 0.43 PG 34.26 + 0.09 2E
Pycnoporus + Trametes 11.74 + 0.66 4B 24.08 +0.27 <€ 34.72 +0.80 b€ 39.03 4 0.08 24 39.33 4+ 0.00 24
Pleurotus + Pycnoporus 7.57 4+ 0.31 ¢P 15.83 4 0.09 9F 24.04 +0.04 F 32.15 + 0.59 PP 37.34 4+ 0.222B
Pleurotus + Trametes 7.97 4+ 0.36 €D 16.38 + 0.25 9E 25.37 + 0.31 <E 33.10 £ 0.31 b€ 36.50 + 0.95 aC

Values represent the mean + standard deviation. According to the Scott-Knott test, means indicated by distinct
letters show a statistical difference (p < 0.05). Lowercase letters on the same row indicate significant differences in
the SPF of distinct extract concentrations. Uppercase letters in the same column indicate significant differences in
mono and co-cultures.

https://doi.org/10.3390 /molecules31152569


https://doi.org/10.3390/molecules31152569

Molecules 2026, 31, 2569

6 of 29

Table 4. UVA /UVB ratio and UVA protection of the mycelial biomass extract from basidiomycetes

grown alone or in paired cultures.

UVA/UVB Ratio and Anti-UVA Protection

10 mg mL—1 20 mg mL-1 30 mg mL—1 40 mg mL1 50 mg mL—1

Lentinus crinitus o.sguj;eor.i(z)lr D091 ag.go db 093 [jj:l g£1 < 095 51 8}?0 bE1.05 Iﬂjzlg.go ab

Plewrotus ostreatus 0.94 thEl 3;?1 < 098 &?r.go e 119 [ﬂi 8;?1 A 154 a;lg.gz bA 184 Iﬂi 8;?2 aA

Trametes polyzona 0.67&) g£0 071 (i gé)o dI O.Séufgeg.iglr 102 [jj[ltor.ga, b 1.28 [jj:l 3;)1 aC

Lentinus + Pycnoporus 117 ag.go A 119 Ijjzl gfo A 119 ijl g.;n A 133 thEl t(i.aoo P 159 I:jtlt?rfl aB

Lentinus + Trametes 0.85+000°F  086+0009  0.88+0.00H  089+000°F  093+001F
Superior Superior Superior Superior Ultra

Pycnoporus + Trametes 095 a:lg? 099 [:IJ:I g.a?o 4 1.08 Ijﬁtoré?l 126 ézlg.gz bC 157 atgfl aB

Pt P OF 00 O DGR 0gomT Mgon

Plewrotus + Trametes 0.72 é:o(()).doo ¢ 0.73 50?,'30 <G 0.73GiO c())(.101 < 078 é:o(()).g1 PH 090 [#1 torgl aG

Values represent the mean + standard deviation. According to the Scott-Knott test, means indicated by distinct
letters show a statistical difference (p < 0.05). Lowercase letters on the same row indicate significant differences in
the UVA /UVB ratio of distinct extract concentrations. Uppercase letters in the same column indicate significant
differences in mono and co-cultures. Classification of UVA protection according to Boots’ star rating [32].

Pleurotus ostreatus and T. polyzona showed high SPF (>39) maintained at the highest
extract concentrations (Table 3). The paired culture Lentinus + Pycnoporus exhibited a higher
SPF than the corresponding monocultures, exceeding 30 at 30 mg mL~1, and remained
elevated at the highest concentrations. The Pycnoporus + Trametes co-culture showed higher
SPF values than P. sanguineus monoculture. The other paired cultures showed distinct SPF
responses depending on the fungal combination, with reductions more pronounced in the
Lentinus + Trametes co-culture.

The UVA /UVB ratio increased with extract concentration in all evaluated systems
(Table 4). Although differences among fungal combinations were observed, most extracts
exhibited Ultra UVA protection at the highest concentrations. The highest UVA/UVB
ratios were observed for the P. ostreatus monoculture, reaching 1.84 at 50 mg mL~!. High
ratios were also found for the Lentinus + Pycnoporus and Pycnoporus + Trametes co-cultures,
which remained classified as Ultra throughout most of the evaluated concentrations. Lower
UVA/UVB values were observed for the P. sanguineus monoculture and for the Lenti-
nus + Pleurotus co-culture, especially at lower concentrations, where the extracts were
mainly classified as Good or Superior. At the same time, several paired cultures maintained
strong UVA protection despite differences in SPF values.

The photoprotective characteristics of the extracts were not uniform among the fungal
combinations. Some paired cultures maintained high UVA protection even when the SPF
values differed from those observed for the fungi cultivated alone, suggesting that fungal
interaction may influence distinct photoprotective properties of the extracts.

2.4. Anti-Tyrosinase Activity of Axenic and Co-Culture Extracts

All extracts showed high tyrosinase inhibitory activity, ranging from 75.0% to 92.7%
(Figure 1). The highest inhibition percentages were observed in the P. ostreatus monoculture
(92.7 £ 0.05%) and the Lentinus + Pycnoporus co-culture (92.0 £ 0.50%), both in the same
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statistical group. High inhibitory activity was also observed for the Pycnoporus + Trametes
(88.9 £ 0.60%) and Pleurotus + Pycnoporus (87.9 £ 0.40%) co-cultures. Overall, some paired
cultures exhibited stronger anti-tyrosinase activity than the corresponding monocultures,
indicating that fungal interaction affected the inhibitory potential of the extracts. Differences
in tyrosinase inhibition among the cultivations did not fully correspond to the antioxidant
patterns observed in the previous assays, suggesting distinct responses associated with
fungal interactions.

100
80
60 A

40

Tyrosinase inhibition (%)

204

¢ < J J
N P© & < (I,g" e LK 0,3‘9 o
v N\ NY < < <

Figure 1. Tyrosinase inhibitory activity (%) of mycelial extracts obtained from axenic and paired
cultures of basidiomycetes at 2 mg mL~!. Different lowercase letters indicate statistically significant
differences among the extracts according to the Scott—Knott test (p < 0.05). Values are expressed
as mean =+ standard deviation. LC = Lentinus crinitus, PO = Pleurotus ostreatus, PS = Pycnoporus
sanguineus, and TP = Trametes polyzona.

2.5. Molecular Target Prediction and GO Enrichment Analysis

To explore possible biological relationships associated with the compound profile
identified in the extracts from the different mycelial cultures, molecular target prediction
and enrichment analyses were performed.

Predicted molecular targets for the phenolic compounds identified in the fungal
extracts varied between axenic and paired cultures. Flavonoids, particularly quercetin,
catechin, and myricetin, were associated with a broader target profile than the remaining
compounds. Subsequent enrichment analyses identified associations between these targets
and biological processes related to oxidative stress, inflammation, apoptosis, cell signaling,
and UV-associated cellular responses.

Gene Ontology (GO) enrichment analysis showed differences among the axenic and
paired cultures (Tables 5 and 6; Figure 2). Many terms related to oxidative stress, UV
response, inflammation, apoptosis, and cellular stress appeared repeatedly throughout
the evaluated fungal cultivation. These findings showed partial correspondence with the
antioxidant, photoprotective, and anti-tyrosinase in vitro assays.

Table 5. Selected enriched GO biological processes for axenic cultures.

Extract GO Term GOID FDR Functional Category
L. crinitus response to oxidative stress GO:0006979 4.00 x 1077 Antioxidant
L. crinitus cellular response to oxidative stress G0:0034599 1.63 x 107° Antioxidant
L. crinitus cellular response to UV-A GO:0071492 3.34 x 107° UV response
L. crinitus inflammatory response GO:0006954 392 x 107 Inflammation
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Table 5. Cont.
Extract GO Term GOID FDR Functional Category
L. crinitus regulation of inflammatory response GO:0050727 1.58 x 1076 Inflammation
L. crinitus regulation of apoptotic process GO:0042981 433 x 1073 Apoptosis
L. crinitus response to stress GO:0006950 4.00 x 1077 Cellular stress
P. sanguineus response to oxidative stress GO:0006979 1.20 x 1076 Antioxidant
P. sanguineus cellular response to oxidative stress GO:0034599 3.40 x 10 Antioxidant
P. sanguineus cellular response to UV-A GO:0071492 2.10 x 107 UV response
P. sanguineus inflammatory response GO:0006954 4.80 x 107° Inflammation
P. sanguineus regulation of inflammatory response GO:0050727 1.90 x 10~° Inflammation
P. sanguineus regulation of apoptotic process GO:0042981 2.80 x 1074 Apoptosis
P. sanguineus response to stress GO:0006950 1.60 x 107° Cellular stress
T. polyzona response to oxidative stress GO:0006979 8.70 x 10~7 Antioxidant
T. polyzona cellular response to oxidative stress GO:0034599 2.10 x 107 Antioxidant
T. polyzona cellular response to UV-A GO:0071492 1.80 x 10> UV response
T. polyzona inflammatory response GO:0006954 5.10 x 107 Inflammation
T. polyzona regulation of inflammatory response GO:0050727 2.40 x 107 Inflammation
T. polyzona regulation of apoptotic process G0:0042981 3.10 x 1074 Apoptosis
T. polyzona response to stress GO:0006950 1.70 x 1072 Cellular stress
Table 6. Selected enriched GO biological processes for paired cultures.
Extract GO Term GOID FDR Functional Category
L. crinitus + P. ostreatus response to oxidative stress GO:0006979  3.80 x 10~ Antioxidant
L. crinitus + P. ostreatus cellular response to UV-A GO:0071492 140 x 107> UV response
L. crinitus + P. ostreatus inflammatory response GO:0006954 290 x 10~ Inflammation
L. crinitus + P. ostreatus regulation of apoptotic process GO:0042981  1.90 x 104 Apoptosis
L. crinitus + P. sanguineus response to oxidative stress GO:0006979 2,90 x 1077 Antioxidant
L. crinitus + P. sanguineus cellular response to UV-A GO:0071492  1.10 x 1075 UV response
L. crinitus + P. sanguineus inflammatory response GO:0006954 220 x 107 Inflammation
L. crinitus + P. sanguineus regulation of apoptotic process GO:0042981  1.50 x 10~* Apoptosis
L. crinitus + T. polyzona response to oxidative stress GO:0006979  2.60 x 10~7 Antioxidant
L. crinitus + T. polyzona cellular response to UV-A GO:0071492  9.70 x 10~ UV response
L. crinitus + T. polyzona inflammatory response GO:0006954  2.00 x 10~° Inflammation
L. crinitus + T. polyzona regulation of apoptotic process GO:0042981  1.30 x 1074 Apoptosis
P. ostreatus + P. sanguineus cellular response to UV-A GO:0071492 144 x 1073 UV response
P. ostreatus + P. sanguineus ~ regulation of inflammatory response ~ GO:0050727  3.47 x 102 Inflammation
P. ostreatus + P. sanguineus regulation of apoptotic process GO:0042981 534 x 10~° Apoptosis
P. ostreatus + T. polyzona response to oxidative stress GO:0006979  2.80 x 1077 Antioxidant
P. ostreatus + T. polyzona cellular response to UV-A GO:0071492  1.00 x 1075 UV response
P. ostreatus + T. polyzona inflammatory response GO:0006954  2.30 x 10~ Inflammation
P. ostreatus + T. polyzona regulation of apoptotic process GO:0042981  1.60 x 1074 Apoptosis
P. sanguineus + T. polyzona response to oxidative stress GO:0006979  2.70 x 107 Antioxidant
P. sanguineus + T. polyzona cellular response to UV-A GO:0071492  9.20 x 10~ UV response
P. sanguineus + T. polyzona inflammatory response GO:0006954  2.10 x 10~ Inflammation
P. sanguineus + T. polyzona regulation of apoptotic process GO:0042981  1.40 x 10~* Apoptosis

Among the axenic cultures (Table 5), L. crinitus, P. sanguineus, and T. polyzona showed

similar enrichment profiles, with significant GO terms related to response to oxidative stress,

cellular response to oxidative stress, inflammatory response, regulation of inflammatory

response, and regulation of apoptotic process. Terms associated with cellular response to

UV-A were also identified for these extracts. In contrast, no statistically significant GO

enrichment was observed for the P. ostreatus monoculture at the established significance

threshold (FDR < 0.05), despite its strong photoprotective and anti-tyrosinase activities

observed in vitro.
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Figure 2. Heatmap showing the distribution of enriched Gene Ontology (GO) biological processes
grouped into functional categories for axenic and paired cultures of the evaluated basidiomycetes. Val-
ues represent log10(n + 1)-transformed frequencies of significantly enriched GO terms (FDR < 0.05).

The paired cultures also exhibited enriched GO terms associated with oxidative stress,
UV response, inflammation, and apoptosis, although differences among fungal combi-
nations were observed (Table 6). Co-cultures involving L. crinitus and T. polyzona con-
centrated a greater number of enriched biological processes and generally showed lower
FDR values, especially for oxidative stress and UV-associated responses. In contrast, the
Pleurotus + Pycnoporus combination showed fewer significantly enriched terms than the
other paired cultures. The heatmap in Figure 2 summarizes the distribution of the func-
tional categories identified in the evaluated systems, with cellular stress/apoptosis and
inflammation/immune response appearing more frequently among the enriched terms.

The enrichment results observed among the fungal combinations were associated with
differences in predicted cellular responses, mostly processes related to oxidative stress
regulation and cellular stress adaptation.

2.6. KEGG Pathway Enrichment Analysis

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis
revealed pathways related to oxidative stress, inflammation, cell signaling, cellular stress
response, and apoptosis in the fungal extracts obtained from axenic and paired cultures
(Table S1 and Figure 3).

Among the axenic cultures, L. crinitus, P. sanguineus, and T. polyzona have several
common pathways, including chemical carcinogenesis-reactive oxygen species, PI3K-Akt
signaling, HIF-1 signaling, and FoxO signaling (Table S1). The p53 signaling pathway was
detected in P. sanguineus and T. polyzona, whereas the P. ostreatus monoculture differed from
the other fungi by the occurrence of HIF-1 signaling, autophagy, p53 signaling, and cysteine
and methionine metabolism pathways.
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P. ostreatus + P. sanguineus

P. ostreatus + T. polyzona

P. sanguineus + T. polyzona

P. ostreatus

P. sanguineus

Most paired cultures exhibited enrichment patterns similar to those observed for
L. crinitus, P. sanguineus, and T. polyzona, with recurrent representation of PI3K-Akt, HIF-1,
FoxO, p53, and oxidative stress-related pathways. An exception was the Pleurotus + Py-
cnoporus co-culture, which was associated with AGE-RAGE signaling, arachidonic acid
metabolism, and lipid and atherosclerosis pathways, resulting in a greater representation
of inflammation-related categories.

Distribution of enriched KEGG pathways by functional category

L. crinitus

T. polyzona

r0.2

Selected KEGG pathway frequency (logio(n + 1))

T
e
-

Figure 3. Heatmap showing the distribution of enriched KEGG pathways grouped into functional cat-
egories for axenic and paired cultures of the evaluated basidiomycetes. Values represent log10(n + 1)-
transformed frequencies of enriched pathways.

Figure 3 exhibits the distribution of the enriched KEGG pathways grouped into func-
tional categories. Cell signaling/survival and oxidative stress categories were the most
frequent, whereas inflammation-related pathways were more prominent in the Pleuro-
tus + Pycnoporus co-culture.

2.7. Prediction of Biological Activities by PASS

Several antioxidant-related activities were predicted for the phenolic compounds
identified in the basidiomycete extracts (Table 7). In addition to antioxidant activity and
free radical scavenging, predictions were made for inhibition of lipid peroxidase, NADPH
oxidase, and melanin.

Predicted antioxidant-related activities were observed for all identified compounds
(Table 7). Catechin, quercetin, and myricetin stood out by presenting the highest Pa
values for both antioxidant activity and free radical scavenging, whereas vanillin and the
phenolic acids generally showed lower probabilities. Nevertheless, positive predictions
were obtained for most compounds, suggesting that several of the identified phenolics may
contribute to antioxidant-related activities.

Predictions related to lipid peroxidase inhibition were obtained for most of the identi-
fied compounds. The highest Pa values were observed for catechin, myricetin, quercetin,
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and vanillin, whereas phenolic acids showed moderate probabilities. Quercetin and
myricetin showed the highest probabilities for NADPH oxidase inhibition, followed by
gallic, syringic, and protocatechuic acids.

Predictions related to melanin inhibition were obtained for p-coumaric acid, catechin,
quercetin, myricetin, and protocatechuic acid. The highest probabilities were observed
for catechin, quercetin, and myricetin. Overall, the PASS results indicate that flavonoids
had the broadest and highest predicted bioactivity spectrum among the identified pheno-
lic constituents.

Table 7. PASS-predicted biological activities of phenolic compounds identified in basidiomycete
myecelial extracts.

Type of Predicted Activity (Pa > Pi)

. Lipid NADPH .
Compounds Antioxidant Fgeci‘i;dlssl Peroxidase Oxidase 11\1:[ ﬁ%ﬁriltlonr
& Inhibitor Inhibitor
Benzoic acid - 0.372 > 0.020 0.370 > 0.044 0.355 > 0.007 -
Vanillin 0.403 > 0.012 0.546 > 0.008 0.711 > 0.005 0.305 > 0.011 -
Protocatechuic acid 0.401 > 0.012 0.420 > 0.030 0.516 > 0.015 0.488 > 0.004 0.310 > 0.011
Gallic acid 0.520 > 0.006 0.570 > 0.007 0.554 > 0.012 0.509 > 0.004 -
Syringic acid 0.403 > 0.012 0.619 > 0.005 0.559 > 0.012 0.520 > 0.004 -
p-Coumaric acid 0.553 > 0.005 0.627 > 0.005 0.529 > 0.014 - 0.433 > 0.004
Catechin 0.810 > 0.003 0.842 > 0.002 0.888 > 0.003 - 0.548 > 0.044
Quercetin 0.872 > 0.003 0.811 > 0.003 0.788 > 0.004 0.928 > 0.002 0.538 > 0.003
Myricetin 0.924 > 0.003 0.832 > 0.002 0.836 > 0.003 0.939 > 0.001 0.503 > 0.003
Pa = probability of activity; Pi = probability of inactivity. Only activities with Pa > Pi were considered. Activities
are presented only when Pa > 0.30. According to PASS recommendations, Pa > 0.70 indicates a high probability of
experimental activity, 0.50 < Pa < 0.70 indicates a moderate probability, and Pa < 0.50 indicates a low probability
of activity. The symbol (-) indicates that no relevant prediction was obtained according to the selected criteria.
2.8. ADME Prediction
Quercetin and catechin met all drug-likeness criteria evaluated in this study (Table 8).
Myricetin showed the largest number of violations, exceeding the recommended limits
for TPSA and hydrogen-bond donor groups. In contrast, the phenolic acids and vanillin
generally failed only the Ghose and Muegge filters, primarily due to their lower molecular
weights. All compounds were predicted to be soluble or very soluble in water, and
bioavailability scores remained within a relatively narrow range (0.55-0.85).
Table 8. SwissADME-predicted physicochemical properties, pharmacokinetic profiles, and drug-
likeness characteristics of phenolic compounds identified in basidiomycete mycelial biomass.
Parameters BZIingic Vanillin Prot(Ksit(elchuic Gallic Acid S}XICI: e p -Cxté?:iaric Catechin Quercetin Myricetin
Weliv[fllecmar 122.12 152.15 154.12 170.12 198.17 164.16 290.27 302.24 318.24
ght (g/mol)
Fraction Csp? 0.00 0.12 0.00 0.00 0.22 0.00 020 0.00 0.00
Num. rotatable 1 > 1 1 3 > 1 1 1
bonds
Num. H-bond 2 3 4 5 5 3 6 7 8
acceptors
Num. FH-bond 1 1 3 4 2 2 5 5 6
onors
Refl‘r’fﬁ‘i’; 33.40 40.34 37.45 39.47 48.41 45.13 74.33 78.03 80.06
ty
LTPISDA 37.30 A2 46.53 A2 77.76 A? 97.99 A2 75.99 A2 57.53 A2 110.38 A2 131.36 A2 151.59 A2
08 o/w
(WLOG/P) 138 121 0.80 050 111 138 122 1.99 1.69
C"nse“jus Log 144 1.20 0.65 021 0.99 1.26 0.83 123 0.79
Log S (ESOL) ~2.20 -1.82 -1.86 ~1.64 ~1.84 ~2.02 -2.22 -3.16 -3.01
S;lu?lhiy 7.66 x 10! 232 2.14 3.90 2.84 158 174 0.21 0.31
n'tgolI/Ii 627 x 1073 1.52x 1072 1.39 x 1072 229x1072 144 %1072 965x107%  598x107%  698x107*  9.88x107*
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Table 8. Cont.
P Benzoic e Protocatechuic : . Syringic p-Coumaric . . Myvriceti
arameters Acid Vanillin Acid Gallic Acid Acid Acid Catechin Quercetin yricetin
Qualitative Very Very Very Very
water solubility Soluble soluble soluble soluble soluble Soluble Soluble Soluble Soluble
GI absorption High High High High High High High High Low
BBB permeant Yes Yes No No No Yes No No No
P-gp substrate No No No No No No Yes No No
gYPlAz No No No No No No No Yes Yes
inhibitor
.CY.PZ.C9 No No No No No No No No No
inhibitor
CYP2C19 No No No No No No No No No
inhibitor
%ﬁaér No No No No No No No Yes No
%}Eﬁﬁ No No Yes Yes No No No Yes Yes
Log K
(skin —5.72cm/s —6.37 cm/s —6.42cm/s —6.84cm/s —6.77 cm/s —6.26 cm/s —7.82cm/s —7.05cm/s —7.40 cm/s
permeation)
Lipinski rule Yes Yes; Yes; Yes; Yes Yes Yes Yes 1 vinesti n:
(Pfizer) 0 violation 0 violation 0 violation 0 violation 0 violation 0 violation 0 violation 0 violation OoHa> g :
3 vioﬁ(t)ions: > violfgzions 3 Violﬁiczior\s: P vioII;(iionS'
Ghose rule MW < 160 MW <16 MW < 160 MR <40 Yes Yes Yes Yes Yes
MR < 40 #at 20 MR < 40 #at 20
#atoms < 20 atoms < #atoms < 20 atoms <
No
Ve(lgélgﬂe Yes Yes Yes Yes Yes Yes Yes Yes 1 violation:
TPSA > 140
No
Ighgan rul‘e Yes Yes Yes Yes Yes Yes Yes Yes 1 violation:
(Pharmacia) TPSA > 1316
No
No No No No No No . Lo
Muenge rule 1 violation: 1 violation: 1 violation: 1 violation: 1 violation: 1 violation: Yes Yes %I‘,]é?ia:({gg
(Bayer) MW <200 MW <200 MW < 200 MW <200  MW<200 MW <200 rton
Bioayailability 0.85 0.55 0.56 0.56 0.56 0.85 0.55 0.55 0.55

MW, molecular weight; TPSA, topological polar surface area; Log P, lipophilicity; Log S, aqueous solubility; GI,
gastrointestinal; BBB, blood-brain barrier; P-gp, P-glycoprotein. Drug-likeness was evaluated using the Lipinski,
Ghose, Veber, Egan, and Muegge filters implemented in SwissADME.

The oral bioavailability radar highlighted differences among the identified phenolic
compounds (Figure 4). None of the metabolites adjusted entirely within the optimal
physicochemical space defined by the model. The most frequent deviation was related
to the Csp3 fraction, which remained below the recommended range for all compounds.
Myricetin also exceeded the recommended TPSA limit, whereas quercetin was positioned
close to the upper boundary of the acceptable range.

The BOILED-Egg model distribution of the compounds is shown in Figure 5. Benzoic
acid, vanillin, protocatechuic acid, gallic acid, syringic acid, p-coumaric acid, catechin, and
quercetin were located within the region associated with high gastrointestinal absorption.
Myricetin was the only compound positioned outside this area. Benzoic acid, vanillin,
and p-coumaric acid were also predicted to cross the blood-brain barrier. Catechin was
classified as a P-glycoprotein substrate, whereas the remaining compounds were predicted
as non-substrates.

Predicted interactions with cytochrome P450 enzymes were observed for a subset
of the identified compounds (Table 8). Quercetin was associated with CYP1A2, CYP2D6,
and CYP3A4 inhibition. Myricetin showed predicted inhibition of CYP1A2 and CYP3A4,
whereas protocatechuic and gallic acids were associated only with CYP3A4. No CYP inhi-
bition was predicted for benzoic acid, vanillin, syringic acid, p-coumaric acid, or catechin.

Benzoic acid was associated with the highest predicted skin permeability (Log
Kp = —5.72 cm/s), whereas catechin showed the lowest value (Log Kp = —7.87 cm/s). The
other compounds were distributed between these limits (Table 9).
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Figure 4. Bioavailability radar profiles generated by SwissADME for the phenolic compounds iden-
tified in basidiomycete myecelial extracts. The radar summarizes six physicochemical properties
associated with oral bioavailability: lipophilicity, size, polarity, solubility, flexibility, and saturation.
The pink area represents the ideal range for each property. (a) Benzoic acid; (b) vanillin; (c) proto-
catechuic acid; (d) gallic acid; (e) syringic acid; (f) p-coumaric acid; (g) catechin; (h) quercetin; and

(i) myricetin.

Table 9. ProTox-III-predicted oral toxicity, organ toxicity, and toxicological endpoints of phenolic
compounds identified in basidiomycete mycelial extracts.

o
E 2
g £ £ 2 g k: £ £
] = o] =g g g3 = @ |
Parameter 8 = =] =S Rk 5% 9 2 =
g< 5 g< o< 5< S < = g B
2 > g i - O & 3
“: !
Oral toxicity prediction
Pregifgte/ig’m 290 1000 2000 2000 1700 2850 10,000 159 159
o redicted 11 v v v v v VI I I
oxicity class
Organ toxicity (% probability)
Hepatotoxicity A(Csti\)’e Inactive (52) Inactive (59) Inactive (61) Inactive (58) Inactive (51) Inactive (72) Inactive (69) Inactive (69)
Neurotoxicity Inactive (73) Inactive (59) Inactive (86) Inactive (88) Inactive (76) Inactive (71) Inactive (90) Inactive (89) Inactive (89)
;s Active Active Active Active Active Active Active Active .
Nephrotoxicity (56) (53) (61) (69) (66) (66) (62) (62) Active (62)
Cardiotoxicity Inactive (52) Inactive (79) Inactive (90) Inactive (89) Inactive (91) Inactive (98) Inactive (99) Inactive (99) Inactive (99)
Rizp;(lirg:;ry Inactive (70) Inactive (98) Inactive (58) A(Csté‘)/e Inactive (77) Inactive (62) A(C7té‘),e A(%t?l)‘),e Active (83)
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Table 9. Cont.

g
3 < = =
= g = o 2 =1 g = =
] = ot =3 ] ET S 8 s
Parameter é s E g é S é i é 5 é % § i
= n
g L “ o =
&
Toxicity endpoint (% probability)
Carcinogenicity Inactive (74) Inactive (60) A((%\)/e Ac5t6i;/e Inactive (70) Inactive (50) Inactive (51) A(cgge Active (68)
Immunotoxicity Inactive (99) Inactive (55) Inactive (99) Inactive (99) Inactive (97) Inactive (91) Inactive (96) Inactive (87) Inactive (86)
Mutagenicity Inactive (99)  Inactive (98)  Inactive (97)  Inactive (94)  Inactive (93)  Inactive (93)  Inactive (55) A%‘B’e Active (51)
Cytotoxicity Inactive (86) Inactive (83) Inactive (90) Inactive (91) Inactive (97) Inactive (81) Inactive (84) Inactive (99) Inactive (99)

LDsj, median lethal dose. Toxicity classes were assigned according to ProTox-III: Class I, fatal if swallowed
(LDsg < 5); Class 11, fatal if swallowed (5 < LDsy < 50); Class 111, toxic if swallowed (50 < LDs5 < 300); Class IV,
harmful if swallowed (300 < LDsj < 2000); Class V, may be harmful if swallowed (2000 < LDsy < 5000); and Class
VI, non-toxic (LDsg > 5000). Active indicates a predicted toxicological effect, and inactive indicates the absence of
the predicted effect.
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Figure 5. BOILED-Egg model generated by SwissADME for the phenolic compounds identified in
basidiomycete mycelial extracts. Compounds located in the white region (egg white) are predicted
to be passively absorbed by the gastrointestinal tract; those located in the yellow region (yolk)
are predicted to permeate the blood-brain barrier (BBB). Blue dots indicate P-glycoprotein (P-gp)
substrates and red dots indicate non-substrates.

2.9. Toxicity Prediction

The toxicity profiles predicted by ProTox-III are presented in Table 9. Predicted oral
LDs( values ranged from 159 to 10,000 mg/kg body weight. Catechin showed the highest
LDs value and was classified as toxicity class VI (non-toxic), whereas p-coumaric acid was
assigned to class V (may be harmful if swallowed). Vanillin, protocatechuic acid, gallic
acid, and syringic acid were classified as class IV (harmful if swallowed). Benzoic acid,
quercetin, and myricetin presented the lowest predicted LDsj values and were classified as
toxicity class III (toxic if swallowed).

Nephrotoxicity was predicted for all evaluated compounds, with probabilities rang-
ing from 53% to 69% (Table 9). Respiratory toxicity alerts were observed for gallic acid,
catechin, quercetin, and myricetin, whereas hepatotoxicity was predicted only for benzoic
acid. Most compounds were predicted as inactive for neurotoxicity, cardiotoxicity, immuno-
toxicity, and cytotoxicity. Carcinogenicity alerts were predicted for protocatechuic acid,
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gallic acid, quercetin, and myricetin, while mutagenicity was predicted only for quercetin
and myricetin.

3. Discussion

Co-cultivation altered the phenolic composition of the mycelial extracts in a man-
ner that depended on the fungal combination. Although most paired cultures exhibited
lower total phenolic content than their corresponding monocultures, several interactions
promoted the appearance of compounds not detected under axenic conditions. Catechin
and syringic acid were identified exclusively in selected co-cultures, whereas p-coumaric
acid emerged during the interaction between P. ostreatus and P. sanguineus. These findings
indicate that fungal interactions influenced the qualitative composition of phenolics more
strongly than total phenolic accumulation. Previous studies have shown that interactions
between fungi may modify secondary metabolism through competitive or signaling pro-
cesses, leading to changes in metabolite profiles [31]. In the present study, the emergence of
phenolics absent in axenic cultures suggests that co-cultivation altered metabolic regulation,
leading to the induction or suppression of specific compounds. Some of the compounds
induced during co-cultivation, including catechin and p-coumaric acid, have been asso-
ciated with antioxidant, photoprotective, and tyrosinase-inhibitory activities. Therefore,
changes in phenolic composition may have biological consequences that extend beyond
simple differences in total phenolic content. Although the underlying mechanisms were
not investigated, the observed shifts in phenolic composition indicate that interspecific
interactions can substantially reshape the chemical profile of fungal mycelia.

Gallic acid was the only phenolic compound detected in all evaluated extracts, indi-
cating that its production was maintained regardless of the fungal species or cultivation
system. In contrast, quercetin occurrence varied among the cultures and was absent from
the P. ostreatus monoculture and the Pleurotus + Pycnoporus co-culture. The exclusive de-
tection of catechin and syringic acid in paired cultures is particularly noteworthy, as these
compounds were not produced when the fungi were cultivated separately. The paired
culture Pleurotus + Pycnoporus induced p-coumaric acid production, whereas the highest
concentration of this compound was observed in Lentinus + Pycnoporus. The co-cultivation
of Lentinus + Pleurotus increased the concentration of protocatechuic acid compared with
the respective monocultures. In general, the remaining co-culture combinations reduced,
inhibited, or had no effect on phenolic compound concentrations. Thus, the effects of co-
cultivation on phenolic production depended on the fungal species involved. The increase
or decrease in individual compounds may reflect biochemical responses triggered during
mycelial interactions.

Sutkowska-Ziaja et al. [33] evaluated the concentrations of 5 phenolic compounds in 6
Ganoderma species and found marked differences among species. Ganoderma applanatum
presented all the evaluated compounds, while G. resinaceum and G. carnosum contained
only three. In contrast to the present study, protocatechuic acid was the only compound
detected in all species. Carvajal et al. [34] identified pyrogallol, gallic, protocatechuic, and
benzoic acids in both the mycelium and fruiting body of Agaricus brasiliensis, although their
concentrations varied according to the developmental stage. Together, these studies show
that phenolic composition varies among fungal species and developmental stages. Com-
parisons with the present study should be made with caution, as previous investigations
have primarily evaluated monocultures rather than fungal co-cultivation systems.

The diversity of phenolics in the mycelium extracts varied. While L. crinitus presented
the largest number of identified phenolic compounds, it showed the lowest total phenolic
content among the axenic cultures. The opposite was observed for P. sanguineus, which
presented the highest total phenolic content and a less diverse phenolic profile. This
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contrast was also evident in some paired cultures. Nowacka et al. [35] reported similar
findings, in which Fomes fomentarius exhibited the highest total phenolic content among the
evaluated mushrooms, despite Hyphodontia paradoxa containing a broader range of phenolic
acids. These observations show that extracts rich in total phenolics are not necessarily those
with the greatest diversity of identified compounds. It should also be considered that the
present study focused exclusively on phenolic compounds associated with the mycelial
biomass. Metabolites released into the culture medium were not evaluated and may also
contribute to the biological properties of fungal cultures.

Changes in the phenolic profile of the extracts may also influence their biological
properties. For this reason, the antioxidant activity of the monocultures and paired cultures
was evaluated in relation to both the total phenolic content and the individual compounds
identified by chromatographic analysis.

The highest antioxidant activity among the evaluated fungi was detected for P. san-
guineus and T. polyzona monocultures, regardless of the assay employed. These species also
exhibited high concentrations of phenolic compounds, with P. sanguineus having the highest
total phenolic content. Krupodorova et al. [36] reported a positive correlation between
phenolic content and antioxidant activity for mycelial extracts of 30 macrofungi cultivated
under submerged conditions. Nevertheless, the antioxidant activity of the extracts cannot
be interpreted solely on the basis of total phenols, since other compounds with antioxidant
activity, such as terpenoids, organic acids, and polysaccharides, are produced by fungi [37].
Krupodorova et al. [36] also observed associations between antioxidant activity and both
phenolic compounds and polysaccharides in mycelial extracts.

The antioxidant response of the paired cultures differed from the changes observed
in phenolic composition. Although co-cultivation altered the phenolic profile and led to
the emergence of compounds not detected in monocultures, most paired cultures exhib-
ited lower antioxidant activity than their corresponding axenic cultures. The decrease
in antioxidant activity was consistently observed across all assays, despite the different
reaction mechanisms involved. This pattern indicates that co-cultivation affected multi-
ple components that contribute to the antioxidant capacity of the extracts, rather than a
specific antioxidant pathway. Therefore, the changes in phenolic composition observed in
paired cultures were not necessarily associated with improved antioxidant performance,
highlighting the importance of the balance and relative abundance of bioactive metabolites
rather than the presence of individual compounds alone. Similar discrepancies between
phenolic content and antioxidant activity have been reported in other fungal interaction
systems. When Chen et al. [38] co-cultivated Cordyceps takaomontana with two soil fungi,
for example, an increase in antioxidant activity in co-cultures was observed despite a
reduction in total phenolic content in one interaction. The same cultures showed increased
triterpenoid accumulation, suggesting that fungal interactions may simultaneously affect
different groups of antioxidant metabolites.

Gallic acid and quercetin were among the most abundant phenolic compounds de-
tected in the extracts. The compounds are associated with antioxidant activity in mush-
rooms and other natural products [39,40]. Catechin and syringic acid, detected only in
some paired cultures, are also known for their radical-scavenging and reducing-agent prop-
erties [41]. However, the presence of these compounds alone was insufficient to explain the
antioxidant responses observed among the extracts, since co-cultivation frequently reduced
antioxidant activity despite changes in phenolic composition. Nevertheless, the induction
of catechin in selected co-cultures indicates that fungal interactions may favor the synthesis
of compounds with antioxidant properties, even when the resulting extracts do not exhibit
higher overall antioxidant activity.
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In addition to their antioxidant properties, phenolic compounds have been associated
with absorption of ultraviolet radiation and protection against photoinduced oxidative
damage [42]. Therefore, the photoprotective potential of the axenic and paired-culture
extracts was also evaluated.

Mycelial extracts exhibited pronounced photoprotective activity, particularly at the
highest concentrations. P. ostreatus and T. polyzona monocultures showed the highest SPF
values (~39), while the Lentinus + Pycnoporus and Pycnoporus + Trametes co-cultures also
displayed high photoprotective performance. In addition, most extracts were classified
as Ultra at the highest concentrations according to the Boots star rating system. These
findings highlight the potential of basidiomycete mycelium as a source of compounds with
broad-spectrum photoprotective properties.

The high SPF values observed for the extracts are consistent with previous reports.
Wontcheu Fotso et al. [14] reported SPF values above 30 for extracts of Inonotus obliquus
rich in polyphenols and flavonoids. In contrast, lower SPF values have been reported
for mycelial extracts of other basidiomycetes evaluated by the same spectrophotometric
method, including Trametes versicolor (SPF 2.17), Laetiporus sulphureus (SPF 3.30), and Gano-
derma applanatum (SPF 9.03) [43]. In the present study, gallic acid, quercetin, catechin, and
p-coumaric acid were detected among the phenolic constituents of the extracts. Among
these compounds, catechin and p-coumaric acid have been associated with UV absorption
and protection against photoinduced oxidative damage, which may have contributed to
the photoprotective responses observed in some co-cultures [44]. The high SPF values
observed for some extracts indicate substantial UV absorption; however, SPF determination
under spectrophotometric conditions provides information on the optical properties of the
extracts and does not account for factors that influence photoprotective performance in
topical formulations.

Unlike its effect on antioxidant activity, co-cultivation did not negatively affect the
photoprotective activity of the extracts. Some paired cultures, such as Lentinus + Pycnoporus
and Pycnoporus + Trametes, showed SPF values as high as their respective monocultures.
This suggests that interactions between species during co-cultivation affect antioxidant and
photoprotective activities in distinct ways.

In addition to UVB protection, the extracts also presented UVA protection, a desirable
characteristic in photoprotection. The paired cultivation of Lentinus + Pycnoporus expanded
the photoprotective spectrum. Even at the lowest concentration tested, where the co-culture
extract already statistically exceeded its respective monocultures’ SPF, the UVA/UVB ratio
reached the “ultra” protection level (Tables 3 and 4) according to Boots’ criteria [32]. This
may indicate that the biotic stress generated by the mycelial confrontation [5] not only
stimulated the biosynthetic pathway of chromophores that confer UVB protection, but
also induced the accumulation of metabolites such as quercetin, whose production was
significantly increased in Lentinus + Pycnoporus (Table 1), capable of absorbing longer
wavelengths [42].

On the other hand, some co-cultures reduced the amplitude of UVA protection, as
in the Lentinus + Trametes and Lentinus + Pleurotus combinations. Both also showed a
reduction in antioxidant activity and in the diversity of phenolic compounds. This set of
modifications indicates that metabolic alterations depend on the species in the co-culture,
and the result may be greater or lesser photoprotective activity.

The mycelial biomass of the evaluated basidiomycetes contains compounds capable
of acting directly in cutaneous photoprotection. The fact that these SPF and UVA absorp-
tion indices were achieved using crude extracts, without the need for complex molecular
purification steps, highlights the potential of fungal cultivation as a source of bioactive
compounds for cosmetic applications [16,45]. However, the practical use of these extracts
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in photoprotective formulations requires further investigation, including studies on photo-
stability, safety, formulation compatibility, and biological efficacy. Therefore, co-cultivation
may represent a useful biotechnological strategy for generating metabolically diverse
extracts with potential for future cosmetic development.

Regarding tyrosinase inhibition, all extracts showed high tyrosinase inhibitory activity,
with particular emphasis on the monoculture of P. ostreatus and the paired culture Lentinus
+ Pycnoporus, which promoted inhibition close to 100%. However, the results suggest that
the tyrosinase inhibition observed in the fungal extracts occurs through distinct phyto-
chemical pathways that depend on the cultivation system. In the P. ostreatus monoculture,
the inhibition appears to be mediated by its high benzoic acid content, a class whose
p-hydroxybenzoic derivative acts specifically as a reversible competitive inhibitor at the en-
zyme’s active site [46]. In the Lentinus + Pycnoporus co-culture, the same level of enzyme in-
hibition appears to have occurred through an alternative synergistic mechanism. Although
the benzoic acid content was reduced, there was a significant increase in the p-coumaric
acid content. p-Coumaric acid also acts as a potent competitive inhibitor of tyrosinase
due to its structural analogy with the natural substrate L-tyrosine [15]. This induction,
associated with the significant accumulation of quercetin in the pair, demonstrates that co-
culture stress can activate distinct metabolic pathways. These observations are reinforced
when the anti-tyrosinase activity of the P. sanguineus monoculture is evaluated. In this
extract, no benzoic or p-coumaric acid was detected, resulting in the lowest anti-tyrosinase
activity. However, the inhibitory effect might be due to the content of protocatechuic
acid and quercetin [47]. In addition, catechin, detected exclusively in selected co-cultures,
has been associated with tyrosinase inhibition and modulation of melanogenesis-related
pathways [48], suggesting that multiple phenolics may have contributed to the inhibitory
activity observed in paired cultures.

The photoprotective and anti-tyrosinase activities observed in the present study are
interesting when considered together. Exposure to UV radiation is one of the main factors
stimulating melanogenesis, a process in which tyrosinase plays a central role [44]. In this
context, a combination of UV protection and tyrosinase inhibition may help control pho-
toinduced skin pigmentation. Similar approaches have been explored for fungal-derived
ingredients for cosmetic applications, including studies with mycelial extracts exhibit-
ing both photoprotective and anti-tyrosinase properties [43,49]. The combination of these
activities in basidiomycete extracts increases their potential for dermocosmetic applications.

The in vitro assays showed that the fungal extracts combined antioxidant activity,
photoprotective potential, and tyrosinase inhibition. Since these effects may involve re-
lated cellular responses, GO biological processes and KEGG pathways associated with the
experimental endpoints were examined among the predicted molecular targets. The se-
lected categories included processes related to oxidative stress, UV response, inflammation,
apoptosis, and cellular adaptation to stress. Thus, the computational analyses were used as
supporting evidence to interpret the biological activities observed experimentally.

Among the selected GO categories, processes related to oxidative stress and UV
response were frequent in both axenic and paired cultures. Terms such as response to
oxidative stress, cellular response to oxidative stress, and cellular response to UV-A were
consistent with the experimental profiles of the extracts, particularly those exhibiting high
antioxidant activity, elevated SPF values, and broad-spectrum UV protection. This associa-
tion is biologically plausible because UV radiation can affect cellular redox homeostasis
and activate stress-response pathways, whereas phenolic compounds may modulate these
processes by multiple cellular targets [50,51].

GO categories related to inflammation, apoptosis, and cellular stress also appeared
among the selected terms. These processes occurred together with oxidative stress- and UV-
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associated categories, which are relevant because UV-induced damage often involves redox
imbalance, inflammatory signaling, and apoptotic responses [51]. Although inflammation
and apoptosis were not evaluated experimentally, their presence among the selected GO
terms suggests that some identified phenolics may be linked to broader cellular responses
to environmental stress.

The KEGG analysis identified pathways associated with the same biological themes
highlighted by the GO categories, including oxidative stress responses, apoptosis, cell
survival, and cellular adaptation to stress. These pathways were present in most fun-
gal cultures and were consistent with the antioxidant and photoprotective activities ob-
served experimentally.

Among the recurrent KEGG pathways, PI3K-Akt (Phosphatidylinositol 3-kinases/ protein
kinase B) and FoxO (forkhead box subfamily of transcription factors) signaling were
represented in both axenic and paired cultures. These pathways are involved in cellular
responses to UV-induced damage, oxidative stress, and redox regulation [51,52]. Their
occurrence across multiple fungal systems was consistent with experimentally observed
antioxidant and photoprotective activities and suggests that some of the identified phenolic
compounds may interact with molecular targets associated with cellular stress responses.

HIF-1 (Hypoxia-Inducible Factor 1) and p53 (tumor suppressor protein) signaling
pathways were also identified in both axenic and paired cultures. The p53 pathway
participates in cellular responses to UV-induced damage and apoptosis [53,54], whereas
HIF-1 signaling is associated with adaptation to oxidative and inflammatory stress [55].
The occurrence of these pathways, together with GO categories related to oxidative stress,
UV response, inflammation, and apoptosis, indicates that similar biological functions were
represented in both enrichment analyses. Although these associations were derived from
computational predictions, they were compatible with the antioxidant, photoprotective,
and tyrosinase-inhibitory activities observed experimentally.

PASS predictions were generally compatible with experimentally observed biological
activities and highlighted differences among the identified phenolic compounds [56,57].
Antioxidant activity, free radical scavenging, inhibition of lipid peroxidation, inhibi-
tion of NADPH oxidase, and melanin inhibition were among the most frequently pre-
dicted activities.

All identified phenolic compounds exhibited predicted antioxidant-related activities,
with the highest probabilities observed for catechin, quercetin, and myricetin. Catechin
deserves particular attention because it was detected exclusively in paired cultures and
showed high probabilities for antioxidant activity, free radical scavenging, lipid peroxidase
inhibition, and melanin inhibition. Flavonoids were generally associated with the broadest
spectrum of predicted activities [58], whereas vanillin and most phenolic acids showed
lower probabilities. These predictions were compatible with the experimentally observed
antioxidant and tyrosinase-inhibitory activities and suggest that flavonoids may contribute
to the biological properties of the fungal extracts.

Most identified phenolic compounds were predicted to have good aqueous solubility
and high gastrointestinal absorption. Catechin and quercetin fulfilled all drug-likeness cri-
teria, whereas myricetin showed less favorable properties because of its higher polarity [59].
Predicted interactions with P-glycoprotein and cytochrome P450 enzymes were limited for
most metabolites. These predictions provide complementary information on the physico-
chemical and pharmacokinetic characteristics of the identified phenolic compounds [60].

The toxicity predictions varied among the identified phenolics. Catechin showed
the highest predicted LDs5p and was the only compound classified as non-toxic, whereas
quercetin, myricetin, and benzoic acid were assigned to toxicity class III. Moderate proba-
bilities of nephrotoxicity were predicted for all metabolites, while respiratory toxicity and
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carcinogenicity were limited to specific compounds. These results suggest that the safety
profile may differ substantially among the phenolics detected in the fungal extracts [61].
As the compounds were evaluated individually, interactions among metabolites present
in the extracts were not considered. Therefore, the predictions describe the toxicological
potential of the identified phenolics rather than the safety of the extracts as a whole.

In summary, co-cultivation modified the phenolic composition of the fungal extracts
and led to the emergence of compounds not detected in axenic cultures. These changes were
accompanied by antioxidant, photoprotective, and tyrosinase-inhibitory activities, high-
lighting the potential of fungal interactions as a strategy for obtaining bioactive metabolites
of cosmetic interest. The computational analyses provided complementary information that
helped contextualize the experimentally observed biological activities and identify poten-
tial biological processes and pathways associated with the detected phenolic compounds.
Further studies will contribute to the validation and application of these fungal metabolites.

4. Materials and Methods
4.1. Fungal Strains and Inoculum Production

Four basidiomycete strains, Lentinus crinitus U9-1, Pleurotus ostreatus U12-4, Pycnoporus
sanguineus U13-4, and Trametes polyzona U16-5 from the Paranaense University culture
collection were used in this study. The mycelial biomass was grown in 20 g L~ malt extract-
agar (MEA) at 28 & 1 °C for 7 days. Mycelial plugs (6 mm diameter) obtained from actively
growing MEA cultures were used as inoculum for axenic and co-culture experiments.

4.2. Mycelial Biomass Production in Axenic and Co-Culture Systems

Axenic and paired cultures were established as described by Avelino et al. [62]. The
fungi were cultivated in 250 mL Erlenmeyer flasks containing 100 mL of malt extract
medium (20 g L~1), previously sterilized at 121 °C for 20 min. The inoculum consisted of
six MEA discs with mycelium, three of each fungus in the co-cultures, and six of one species
in monocultures. All the flasks were incubated at 28 & 1 °C without agitation for 22 days.
The cultivation period was selected based on previous studies using the same fungal strains
under similar conditions [62]. The mycelial biomass was recovered by filtration (Whatman
grade 1 filter paper) and dried at 60 °C until constant weight for biomass determination.
After drying, the entire mycelial biomass from each culture was macerated in a mortar
under liquid nitrogen until a fine, homogeneous powder was obtained. The resulting
powder was then used for the extraction procedures. Dry biomass production data are
presented in Supplementary Table S2.

4.3. Preparation of Mycelial Biomass Extracts

Bioactive compounds from the mycelial biomass (3 g) were extracted with 15 mL of
80% ethanol for 45 min at 50 °C [63]. Next, the mixture was centrifuged at 4400x g at 10 °C
for 20 min, and the supernatant was recovered and re-extracted as described previously.
Finally, the supernatants were combined and stored at —80 °C for further analysis.

4.4. Total Phenolic Content

The total phenolic content in the mycelial biomass extracts was determined as de-
scribed by Singleton et al. [64]. The extracts (100 mg mL~!) were diluted in 80% ethanol up
to 40, 60, and 80 mg mL~!. Samples (0.3 mL) of the extracts were mixed with 2.5 mL of
10% Folin-Ciocalteu reagent and 2.0 mL of 7.5 g L™! sodium carbonate. The mixture was
incubated for 15 min at 50 °C, and the absorbance was determined at 760 nm (SpectraMax
Plus 384, Molecular Devices, San Jose, USA). A mixture of ethanol and water (4:1) was used
as an analytical control. Total phenolic content was calculated against a gallic acid standard
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curve (10-700 uM). The results were expressed as ug of gallic acid equivalents (GAE) per
mg of mycelial biomass (dry basis).

4.5. Phenolic Compounds Determination

Phenolic compounds were assessed using an HPLC system (LC-20A Prominence,
Shimadzu, Kyoto, Japan) coupled with a UV-Vis detector (SPD-20A, Shimadzu, Kyoto,
Japan), according to Palacios et al. [65]. Separation was conducted on a reverse-phase C-18
column (25 cm X 4,6 mm X 5 um, Shim-pack CLC-ODS (M), Shimadzu, Kyoto, Japan). The
solvents used were 0.1% acetic acid in water (solvent A) and 0.1% acetic acid in acetonitrile
(solvent B) [62]. The elution (flow rate 1 mL min’l) gradient consisted of 100% A; 95%
A and 5% B over 2 min; 70% A and 30% B over 25 min; 10% A and 90% B over 23 min;
100% B over 10 min; and 100% A over 3 min. The column temperature was maintained at
40 °C. The extracts (40 mg mL~!) were previously filtered (0.22 um pore membrane), and
a 20 puL sample was injected in duplicate into the equipment. The phenolic compounds
in hydroalcoholic extracts were detected at 280 and 320 nm, characterized by their UV
spectra and retention times, and compared with authentic standards. Quantification
was performed using external calibration curves prepared from authentic standards of
gallic acid, protocatechuic acid, syringic acid, p-coumaric acid, benzoic acid, catechin,
quercetin, myricetin, and vanillin as described by Fernandes et al. [66]. HPLC quantification
was performed using two independent biological replicates for each treatment, and each
extract was analyzed in duplicate injections. The results were expressed as ug per g (dry
basis). Calibration curves, coefficients of determination (R?), limits of detection (LOD), and
limits of quantification (LOQ) for all standards are presented in Supplementary Table S3.
Representative chromatograms of standards and extracts are shown in Supplementary
Figures 51-S11.

4.6. Antioxidant Activity of Mycelial Biomass Extracts

The mycelial biomass extracts were diluted in 80% ethanol up to 40, 60, 80, and
100 mg mL~! and used in the determination of the antioxidant activity by DPPH (2,2-
diphenyl-1-picrylhydrazyl) free radical scavenging assay, ferric reducing antioxidant power
(FRAP) assay, and (3-carotene/linoleic acid co-oxidation (BCLA) method.

4.6.1. DPPH Radical-Scavenging Assay

An aliquot (0.01 mL) of each extract dilution was mixed with 0.29 mL of 60 uM DPPH
prepared in methanol on a 96-well plate. The mixture was kept for 30 min at 22 °C in the
dark. The change in absorbance was determined at 515 nm (SpectraMax Plus 384, Molecular
Devices, San Jose, CA, USA). An analytical control was prepared by replacing the extract
with ethanol. The concentration required to reduce 50% of DPPH free radicals (ICs) was
determined from concentration-response curves [10]. Quercetin, used as a positive control,
was evaluated at concentrations ranging from 0 to 60 uM (in 10 uM increments), and its
ICs5¢ value was calculated using the same approach.

4.6.2. Ferric Reducing Antioxidant Power (FRAP) Assay

Initially, the FRAP reagent, containing 25 mL of acetate buffer (300 mM, pH 3.6),
2.5 mL of 10 mM TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) aqueous solution, and 2.5 mL of
20 mM ferrous chloride aqueous solution, was prepared. A sample (0.01 mL) of the extract
dilutions was mixed with 0.29 mL of FRAP reagent on a 96-well plate. The reaction was
incubated at 35 °C for 30 min, and the absorbance was measured at 595 nm using the
same equipment described above. The percentage of antioxidant activity was calculated by
comparing it with a standard curve of ferrous sulfate (500-2000 uM). Trolox was used as a
positive control [10].
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4.6.3. p-Carotene/Linoleic Acid (BCLA) Assay

Aliquots (0.02 mL) of each extract dilution were mixed with 0.280 mL of a 3-carotene-
linoleic acid mixture in a 96-well plate. The reaction was incubated at 35 °C. The absorbance
was determined at 470 nm using the same equipment mentioned earlier, every 10 min for up
to 240 min of the reaction. Trolox was used as a positive control. The results were expressed
as a percentage of inhibition of 3-carotene oxidation. The reduction in absorbance of the
system in the absence of antioxidants was considered 100% oxidation [10].

4.7. Photoprotective Activity
4.7.1. Determination of Sun Protection Factor (SPF)

The extract was used to determine the sun protection factor, as described by Oliveira
et al. [67]. The extract was diluted in ethanol: water (80:20, v/v) at concentrations of 10, 20,
30, 40, and 50 mg mL 1. The absorbance of each dilution was determined in triplicate at
wavelengths from 290 to 320 nm in 5 nm increments using a SpectraMax Plus 384 microplate
reader (Molecular Devices, San Jose, CA, USA). An ethanol: water (80:20, v/v) solution was
used as the blank.

SPF values were calculated according to Equation (1):

320
SPF = CF Y EE(A)I(A)Abs(A) 1)

290
where CF is the correction factor (10), EE(}) is the erythemal effect spectrum, I(7) is the
solar intensity spectrum, and Abs(A) is the absorbance of the sample at wavelength A [68].

4.7.2. Determination of the UVA /UVB Ratio

The UVA /UVB ratio was calculated from the mean absorbance values in the UVA (320-
400 nm) and UVB (290-320 nm) regions, as described by Wu et al. [69]. Higher UVA/UVB
ratios indicate greater UVA protection relative to UVB protection. The absorption spectrum
of each dilution of the extract was determined in triplicate at wavelengths from 290 to
400 nm, with increments of 5 nm, using a SpectraMax Plus 384 microplate reader (Molecular
Devices, San Jose, CA, USA). Ethanol was used as an analytical control. The UVA/UVB
ratios were calculated according to Equation (2):

400 400
AN/ [ dA

— J320 320

UVA/UVB = 22 20 @)

290 A(/\)d/\/fwo dA

where A(A) is the average absorbance at each wavelength, and dA is the wavelength interval
between measurements. The extracts were classified according to the Boots Star Rating
System [43] as follows: <0.20, too low for a UVA claim; 0.21-0.40, minimum; 0.41-0.60,
moderate; 0.61-0.80, good; 0.81-0.90, superior; and >0.90, ultra.

4.8. Tyrosinase Inhibitory Activity

Tyrosinase inhibitory activity was evaluated by a microscale colorimetric assay using
L-DOPA (L-3,4-dihydroxyphenylalanine) as substrate. For the assay, the mycelial extracts
were dissolved in 50% (v/v) DMSO at concentrations of 10, 20, 30, 40, and 50 mg mL~L,
corresponding to final concentrations of 2, 4, 6, 8, and 10 mg mL ! in the reaction mixture.
Preliminary assays showed high tyrosinase inhibition across the tested concentration range
(2-10 mg mL~!), with inhibition values consistently exceeding 70%. Therefore, 2 mg
mL~! was selected as the lowest effective concentration for comparative analyses among
treatments. The reaction system was established in 96-well microplates using 100 mM
phosphate buffer (pH 6.8). Each well received 80 uL of phosphate buffer, 40 uL of extract
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solution, and 40 pL of tyrosinase solution (250 U mL~1). The mixture was pre-incubated
at 30 °C for 15 min prior to the addition of the substrate L-DOPA (5 mM) [70]. A second
incubation was carried out under the same conditions for the chromogenic development of
dopachrome. Absorbance readings were performed at 475 nm using a microplate reader
(SpectraMax Plus 384, Molecular Devices, San Jose, CA, USA). Reaction mixtures without
extract (enzyme control) and without substrate (blank) were used as analytical controls.
Analyses were conducted in triplicate, and the percentage of inhibition was calculated
according to Equation (3):

Inhibition (%) = (W} x 100 (3)

where AbsC is the absorbance of the control reaction, and AbsE is the absorbance of the
reaction containing the extract.

4.9. Molecular Target Prediction, Gene Ontology, and KEGG Enrichment Analyses

Phenolic compounds identified by HPLC in the mycelial extracts were used to predict
molecular targets. Canonical SMILES (Simplified Molecular Input Line Entry System)
were obtained from PubChem https://pubchem.ncbi.nlm.nih.gov/ (accessed on 20 April
2026) and submitted to the SwissTargetPrediction platform [71,72] to identify Homo sapiens
putative molecular targets associated with each chemical profile. The predicted targets
obtained for each axenic and co-culture extract were compiled and used for functional
enrichment analysis.

To identify biological processes potentially associated with antioxidant activity, ox-
idative stress response, inflammation, UV response, apoptosis, and cellular stress-related
mechanisms, Gene Ontology (GO) biological processes enrichment was performed using
PANTHER [73]. Additionally, to identify metabolic and signaling pathways associated
with the compounds detected in the extracts, KEGG pathway enrichment analysis was per-
formed using Enrichr [74]. Only significantly enriched GO terms and KEGG pathways were
considered for interpretation (false discovery rate, FDR < 0.05 or adjusted p-value < 0.05).

Biologically relevant and representative terms were selected, whereas broader or
poorly informative terms were not considered in order to reduce redundancy in the analysis.
The resulting GO terms and KEGG pathways were then organized according to their main
biological associations, including oxidative stress and antioxidant response, inflammation
and immune response, apoptosis and cell damage, cellular stress, signaling pathways, and
cell survival. Heatmaps were generated from the frequencies of selected GO terms and
KEGG pathways within each functional category, using a log10(n + 1) transformation.

4.10. Prediction of Biological Activities (PASS)

The biological activities of the phenolic compounds identified in the mycelial extracts
were predicted using the PASS Online platform (Prediction of Activity Spectra for Sub-
stances; https:/ /www.way2drug.com/passonline/ (accessed on 20 April 2026). Canonical
SMILES (Simplified Molecular Input Line Entry System) of each identified compound in the
different basidiomycete extracts were obtained from PubChem and submitted individually
to PASS Online [57].

The software predicts the biological activity of natural or synthetic compounds based
on structure—-activity relationships by considering pharmacological characteristics, mecha-
nisms of action, metabolic interactions, and enzyme-associated transport processes [56].
PASS estimates the probabilities of activity (Pa) and inactivity (Pi) for each predicted bio-
logical activity by comparing the submitted chemical structures with a database of known
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bioactive compounds. A prediction was considered active when the Pa value exceeded the
corresponding Pi value [56]. Pa and Pi values range from 0.000 to 1.000.

Based on the biological properties experimentally evaluated in this study, predicted
activities associated with antioxidant potential and regulation of melanogenesis were se-
lected for further analysis, including antioxidant activity, free radical scavenging, lipid
peroxidase inhibition, NADPH oxidase inhibition, and melanin inhibition. Only activities
with Pa > Pi were considered biologically relevant. Predicted activities were interpreted
according to the PASS recommendations: Pa > 0.70 indicates a high probability of experi-
mental activity; 0.50 < Pa < 0.70 indicates a moderate probability; and Pa < 0.50 indicates
a lower probability of activity.

4.11. In Silico Pharmacokinetic Analysis (ADME)

The pharmacokinetic properties of the phenolic compounds identified in the mycelial
extracts were predicted using the SwissADME online tool http://www.swissadme.ch/
(accessed on 21 April 2026) [59]. The ADME (absorption, distribution, metabolism, and
excretion) properties of the compounds were predicted to provide information on phar-
macokinetics, drug similarity, and medicinal chemistry [59]. Canonical SMILES of the
compounds were submitted individually to evaluate physicochemical properties, pharma-
cokinetic behavior, and drug-likeness.

The analysis included molecular descriptors such as molecular weight, fraction Csp?,
number of rotatable bonds, hydrogen-bond donors and acceptors, molar refractivity, topo-
logical polar surface area (TPSA), lipophilicity (consensus LogP), and aqueous solubility
(LogS). Pharmacokinetic parameters related to gastrointestinal absorption, blood-brain
barrier permeation, P-glycoprotein substrate prediction, inhibition of cytochrome P450
isoforms (CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4), skin permeability (Log
Kp), and bioavailability score were also obtained.

Drug-likeness and oral bioavailability were evaluated using the criteria implemented
in SwissADME, including the Lipinski, Ghose, Veber, Egan, and Muegge filters. These
filters assess the suitability of compounds for oral administration based on physicochemical
properties such as molecular weight, lipophilicity, polarity, hydrogen-bonding capacity,
molecular refractivity, and molecular flexibility. The Bioavailability Radar and BOILED-Egg
models were additionally used to predict oral absorption, blood-brain barrier permeation,
and P-glycoprotein-mediated transport [59].

4.12. In Silico Toxicity Prediction

The toxicity profiles of the phenolic compounds identified in the mycelial extracts
were analyzed using the ProTox-III web server https:/ /tox.charite.de/protox3/ (accessed
on 21 April 2026) [61]. Canonical SMILES of individual phenolic compounds were sub-
mitted separately to ProTox-III. Oral toxicity, toxicity class prediction, and organ-specific
endpoints were assessed, including hepatotoxicity, nephrotoxicity, neurotoxicity, cardiotox-
icity, and respiratory toxicity. Endpoints associated with carcinogenicity, immunotoxicity,
mutagenicity, and cytotoxicity were also considered.

4.13. Statistical Analysis

Twenty independent biological replicates were produced for each cultivation system.
Analytical determinations were performed in triplicate unless otherwise stated. Data
obtained for phenolic compounds, antioxidant activity, photoprotective properties, and
anti-tyrosinase activity were subjected to analysis of variance (ANOVA), and means were
compared using the Scott-Knott test at a 5% significance level (p < 0.05). Statistical analyses
were performed using Sisvar version 5.8 [75].
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5. Conclusions

This study demonstrated that axenic and paired cultivation of basidiomycetes influ-
ences both the phenolic composition and the biological properties of mycelial extracts.
Co-cultivation modified the phenolic profiles of the fungi and promoted the occurrence
of compounds not detected under axenic conditions, indicating that interactions among
the four basidiomycetes can influence secondary metabolite production. The extracts
exhibited antioxidant activity, broad-spectrum photoprotection, and strong tyrosinase
inhibition, highlighting their potential as sources of bioactive compounds of cosmetic
interest. Computational analyses provided complementary information and suggested
associations between the identified phenolics and biological processes associated with
oxidative stress responses, UV adaptation, and melanin regulation. Together, these re-
sults show that fungal co-cultivation can alter the phenolic composition of basidiomycete
mycelia and indicate that co-cultivation of basidiomycetes may be a useful strategy for
obtaining extracts enriched in bioactive metabolites with potential relevance to cosmetic
and biotechnological applications.
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polyzona; Figure S6: Representative HPLC chromatogram of phenolic compounds identified in the
mycelial extract of the Lentinus crinitus and Pycnoporus sanguineus co-culture; Figure S7: Representa-
tive HPLC chromatogram of phenolic compounds identified in the mycelial extract of the Lentinus
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