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Abstract

Endophytic fungi are recognized for their capacity to produce bioactive metabolites, yet
their metabolic output is strongly modulated by preservation strategies. This study eval-
uated the influence of three long-term preservation methods—PDA slants with mineral
oil (PB), Castellani’s method (PC), and filter paper with mineral oil (PF)—on the pro-
duction of phenolic compounds and antioxidant activity by the Amazonian endophytes
Cophinforma mamane and Aspergillus niger. Post-reactivation morphological analyses re-
vealed method-dependent changes in colony pigmentation, texture, and sporulation in-
tensity. PB preservation induced the most vigorous growth and enhanced sporulation in
A. niger. For extracellular metabolites (AcOEt extracts), PB yielded the highest total phenolic
content in A. niger (258.24 mg GAE/g), whereas PF and PC favored C. mamane (154.48 and
153.33 mg GAE/g). For intracellular ethanolic extracts, PB was most effective for C. mamane,
producing 206.19 mg GAE/g for total phenols and the highest antioxidant activities
(ECs0 = 1.40 mg/mL and FRAP = 95.61 pmol TE/g). HPLC-DAD identified protocatechuic
acid as the predominant compound, which was especially abundant in PC and PF-preserved
A. niger (60.76 and 85.38 ug/mg, respectively). Multivariate correlations indicated syringic
(r = 0.53) and p-coumaric (r = 0.63) acids as the main contributors to antioxidant poten-
tial. These findings demonstrate that preservation methods may positively or negatively
modulate fungal biosynthetic capacity, underscoring the importance of species-specific
preservation protocols for maintaining metabolic stability in culture collections.

Keywords: phenolic compounds; antioxidant activity; preservation techniques; Amazonian
biodiversity; secondary metabolites; endophytic fungi

1. Introduction

Endophytic fungi colonize plant tissues without causing disease symptoms or morpho-
logical alterations and can be isolated from various plant organs, including leaves, stems,
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branches, and roots [1]. The interactions between endophytes and their host plants are com-
plex, and evidence suggests that such symbioses can stimulate the production of secondary
metabolites by the host, including alkaloids, phenolic compounds, and terpenoids [2—4].
This biosynthetic capacity has attracted considerable interest, as endophytic fungi are
emerging as sustainable alternatives for production of plant-derived metabolites, thereby
reducing pressure on endangered plant species and enabling scalable biotechnological
applications [5-7].

The Amazon biome is a prime reservoir of microbial diversity, globally recognized for
its extraordinary biodiversity and rich flora, which have long been used by local commu-
nities for medicinal purposes [8,9]. Plant species from this region host a vast community
of endophytic fungi. Among these, specific isolates such as Aspergillus niger (from Myrcia
guianensis) and Cophinforma mamane (from Fridericia chica) have shown particular promise,
exhibiting significant antioxidant, antimicrobial, and cytotoxic potential attributed to the
presence of bioactive molecules, especially phenolic compounds [7,10-14].

Phenolic compounds are a class of metabolites particularly noteworthy for their an-
tioxidant properties, which are determined by the number and position of hydroxyl groups
bound to the aromatic ring [15]. These molecules neutralize free radicals, thereby miti-
gating oxidative damage [16]. In addition to their antioxidant capacity, phenolics display
anti-inflammatory activity and contribute to the prevention of chronic diseases. Within
plants, they also act as signaling molecules and modulators of defense mechanisms [17-19].

A critical aspect in the study and utilization of these fungal biofactories is their preser-
vation, which is essential to ensure long-term viability and the retention of biosynthetic
capacity [20-22]. Preservation techniques must maintain not only fungal viability but also
morphological, physiological, and genetic stability. The three methods tested in this study
were selected for their distinct principles and widespread use: PDA slants with mineral oil
(PB), a standard subculturing method valued for its simplicity and low cost [23]; Castellani’s
method (PC), which employs sterile distilled water to limit metabolic activity [24]; and
preservation on filter paper with mineral oil (PF) [25,26]. While PB and PF rely on mineral
oil to create an anoxic barrier, PC uses water immersion. These different approaches may
exert unique physiological stresses on fungi that could significantly alter their secondary
metabolism. These preservation methods are commonly employed for fungi of agricultural,
medicinal, and biotechnological relevance [27,28].

Despite the widespread use of culture preservation methods, there is little knowledge
about how long-term storage under different conditions affects the morphological stability
and metabolic performance of endophytic fungi, especially those isolated from biodiverse
tropical environments of the Amazon region. Understanding these effects is essential,
since preservation-induced metabolic alterations can compromise the reproducibility of
secondary metabolite production and the reliability of microbial collections that support
biotechnological innovation. Given this gap, this study was undertaken to evaluate how
distinct preservation methods influence the morphology and production of phenolic com-
pounds in the Amazonian endophytes Cophinforma mamane and Aspergillus niger, aiming to
identify strategies that maintain their biosynthetic potential over time.

2. Materials and Methods
2.1. Reagents and Chemicals

The materials used in this study included culture media, solvents, and analytical-grade
reagents. Potato Dextrose Agar (PDA) was purchased from Kasvi (Sao José dos Pinhais,
Brazil), and yeast extract was supplied by Himedia (Thane, India). Sodium chloride
(>99.0%, analytical grade) was obtained from Synth (Sao Paulo, Brazil). Methanol (>99.8%,
analytical grade), ethanol (EtOH, >99.5%), dimethyl sulfoxide (DMSO, >99.9%), and ethyl
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acetate (AcOEt, >99.8%, analytical grade) were acquired from Honeywell | Riedel-de Haén
(Seelze, Germany). Dextrose (>99.5%), iron (III) chloride (>97%), and Folin—Ciocalteu
reagent were obtained from Dindmica (Indaiatuba, Brazil). Whatman® cellulose qualitative
filter paper (grade 1) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Acetonitrile (HPLC grade) was purchased from J.T. Baker (Philadelphia, PA, USA),
and formic acid (HPLC grade) from LGC Biotecnologia (Cotia, Brazil). Chloroform (HPLC
grade), 2,2-diphenyl-1-picrylhydrazyl (DPPH, >98%), 2,4,6-tripyridyl-s-triazine (TPTZ,
>98%), Trolox (97%), gallic acid (>99%), caffeic acid (>98%), quinic acid (100%), chloro-
genic acid (>95%), protocatechuic acid (>97%), resorcinol (>99%), catechin (>98%),
4-hydroxybenzoic acid (99%), vanillin (99%), syringic acid (>95%), p-coumaric acid
(>98%), chicoric acid (>95%), schaftoside (>95.0%), taxifolin (>90%), 3,5-dimethoxy-
4-hydroxycinnamic acid (97%), salicylic acid (>99%), rutin (>94%), and rosmarinic acid
(>98%) were all obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Endophytic Fungi

The endophytic fungus Cophinforma mamane was previously isolated from the leaves of
the Amazonian species Fridericia chica by De Melo Pereira et al. [11] and has been preserved
in the Central Microbiological Collection of the Amazonas State University (CCM/UEA,
located in Manaus, Amazonas, Brazil), under the code CCM-UEA-F0869 since 2019. The
endophytic fungus Aspergillus niger was previously isolated from the leaves of Myrcia
guianensis by Banhos et al. [10] and has been preserved at CCM-UEA under the code
CCM-UEA-F0437 since 2011.

Both fungal strains were maintained according to the preservation protocols estab-
lished by the Central Microbiological Collection (CCM/UEA), which include three methods:
the Castellani method (PC), filter paper discs with mineral oil (PF), and PDA slants with
mineral oil (PB). The abbreviations correspond to PC = Castellani preservation method,
PF = filter paper with mineral oil, and PB = PDA slants with mineral oil.

In the Castellani method (PC) [24], mycelial fragments (5 x 5 mm) are aseptically
transferred into sterile glass flasks containing 6 mL of autoclaved distilled water and sealed
with rubber stoppers. This water-based preservation maintains viability by limiting nutrient
availability and slowing metabolic activity. For PDA slants with mineral oil (PB) [29], the
fungal strains are cultivated on sterile PDA slants and incubated at 28 °C for seven days.
After confirming the purity of the culture, sterile mineral oil is gently added to fully cover
the agar surface, forming a protective barrier that reduces desiccation and oxygen exposure
during long-term storage. In the filter paper disc method (PF) [30], sterile discs moistened
with potato dextrose broth are inoculated and incubated in Petri dishes at 28 °C for seven
days. Once visible mycelial growth develops, the discs are transferred to 1.5 mL microtubes,
overlaid with sterile mineral oil, and stored in labeled drawers within the collection. This
technique allows rapid reactivation and easy handling of preserved isolates.

Both C. mamane and A. niger were reactivated by transferring a fragment of the stock
culture to Petri dishes containing PDA, followed by incubation in a microbiological growth
chamber (BOD) at 28 °C for 5 to 7 days. After the incubation period, the macroscopic
morphology of the colonies (including obverse and reverse color, texture, topography, margin,
and sporulation) was visually characterized and photographed for comparative analysis.

2.3. Production of Fungal Metabolites

For each preservation method and fungal species, three independent biological repli-
cates were established. Three fungal mycelial fragments (5 x 5 mm) removed from PDA
plates were inoculated into 250 mL Erlenmeyer flasks containing 150 mL of potato dex-
trose broth (PDB), supplemented with 0.2% yeast extract and 0.5% NaCl, adjusted to
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pH 5.0. Cultures were incubated under static conditions at 30 °C for 14 days, following the
methodology of Gurgel et al. [7].

Metabolite extraction from the fermented broth was performed using ethyl acetate
in a 1:1 ratio (broth: solvent). The mixture was agitated in an orbital shaker (KS-15,
Edmund Biihler GmbH, Bodelshausen, Germany) at 120 rpm and 28 °C for 4 h, according
to the method described by Gurgel et al. [7], and the ethyl acetate phase was concentrated
using a rotary evaporator. The mycelium was subsequently extracted three times with
150 mL of ethanol. After vacuum filtration, the ethanolic extract was concentrated under
reduced pressure using a rotary evaporator, based on the methodology described by
Banhos et al. [10]. Both extracts were stored at —18 °C until further analysis.

2.4. Total Phenolic Compounds (TPC)

Phenolic compounds were quantified using the Folin-Ciocalteu method [31], employ-
ing extracts diluted at a 1:10 ratio (w/v) in ethanol. The assay was performed by mixing
0.25 mL of the extract solution with 2.75 mL of 3% Folin—-Ciocalteu reagent and 0.25 mL
of 10% sodium carbonate. The mixture was vortexed and incubated for 60 min at room
temperature (25 °C), protected from light. Absorbance was then measured at 765 nm using
a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). A calibration curve pre-
pared with gallic acid was used to quantify total phenolic content. Results were expressed
as milligrams of gallic acid equivalents per gram of extract (mg GAE/g). All analyses were
performed in triplicate.

2.5. Antioxidants Assays

The antioxidant potential was assessed using the 2,2-diphenyl-1-picrylhydrazyl
(DPPHe) radical scavenging assay, as originally described by Brand-Williams et al. [32].
The DPPHe solution was prepared at a concentration of 0.06 mmol/L in methanol on the
same day of the assay and protected from direct light. The test was conducted using a
microplate spectrophotometer (Spectramax® Plus 384, Molecular Devices, San Jose, CA,
USA), with samples diluted in methanol according to Duarte-Almeida et al. [33]. After
25 min of incubation in the dark, absorbance was measured at 517 nm. Ascorbic acid and
quercetin were used as positive antioxidant standards. The percentage of DPPHe radical
scavenging was calculated based on the difference in absorbance between the sample
(Abssample) and control (Abscontrol)- The effective concentration required to scavenge 50%
of DPPHe radicals (EC5) was determined by linear regression using Statistica™ version
14.0.1.8 software (TIBCO, Palo Alto, CA, USA).

Antioxidant activity was also evaluated using the ferric reducing antioxidant power
(FRAP) assay, as described by Benzie and Strain [34], with modifications. The FRAP reagent
was composed of 100 mL of acetate buffer (0.3 mM), 10 mL of TPTZ solution (10 mM),
and 10 mL of ferric chloride solution (20 mM). For the assay, 2.45 mL of FRAP reagent
was incubated with 0.35 mL of each extract sample at 37 °C for 30 min, protected from
light. Absorbance was measured at 595 nm using a UV-Vis spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan). Extract samples were tested at 10 mg/mL. A standard calibration
curve was prepared using Trolox in 10% DMSO. Results were expressed as micromoles of
Trolox equivalents per gram of extract (umol TE/g). Ascorbic acid was used as a positive
control at a concentration of 40 pg/mL, and 10% DMSO was used as the blank. All analyses
were performed in triplicate.

2.6. HPLC Analysis of Phenolic Compounds

Phenolic compounds were analyzed following the methodology described by Whelan
et al. [35], with modifications. The analyses were performed using a UHPLC system
(Nexera XR, Shimadzu, Kyoto, Japan) equipped with a diode array detector (DAD, SPD-
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M20A, Shimadzu). The mobile phase consisted of 10% acetonitrile and 90% aqueous
formic acid solution (0.1%), with a flow rate of 1.0 mL/min. The stationary phase was
a Spherisorb ODS2 column (80 A, 5 um, 4.6 mm x 150 mm; Waters, Milford, CT, USA).
Samples were solubilized in the mobile phase at a concentration of 1.0 mg/mL and filtered
through a 0.45 um PVDF membrane filter. The injection volume was 10 pL. Three detection
wavelengths were monitored: 254 nm, 280 nm, and 320 nm. Standard compounds were also
diluted in the mobile phase to construct individual calibration curves for the quantification
of the following phenolics: chlorogenic acid, caffeic acid, schaftoside, quinic acid, quercetin,
gallic acid, protocatechuic acid, resorcinol, catechin, 4-hydroxybenzoic acid, syringic acid,
p-coumaric acid, chicoric acid, taxifolin, 3,5-dimethoxy-4-hydroxycinnamic acid, salicylic
acid, rutin, and rosmarinic acid. Fungal cultures were grown in triplicate (biological
replicates), and each extract was analyzed by HPLC-DAD also in triplicate. Results are
expressed as mean =+ standard deviation for all assays.

2.7. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) for homogeneous samples,
followed by Tukey’s test to identify significant differences (p < 0.05). All statistical analyses
were performed using Statistica™ 14.0.1.8 software (TIBCO, Palo Alto, CA, USA). Corre-
lations between individual phenolic compounds, antioxidant activity (DPPH and FRAP),
and total phenolic content were assessed using Pearson’s correlation coefficient (p < 0.05)
using the same statistical software.

Principal component analysis (PCA) was also used to analyze the data and study
the relationships between the two endophilic fungi species in three different preservation
methods and the production of secondary metabolites (phenolic composition and antioxi-
dant activity). All analyses were performed using SPSS software version 29.0 (SPSS IBM,
Chicago, IL, USA).

3. Results
3.1. Morphological Features of Reactivated Fungi

Reactivation of C. mamane CCM-UEA-F0869 on PDA was successful for all preservation
methods tested: filter paper discs in sterile mineral oil (PF), PDA slants covered with sterile
mineral oil (PB), and Castellani’s method (PC), with evident fungal growth observed in
all cases (Figure 1). However, the notable morphological variation observed among the
preservation methods was the coloration on the reverse side of the colonies, which was
intensified according to the mycelial vigor of the culture (Figure 1A). Colonies derived
from PB preservation exhibited a distinct dark gray pigmentation, which was slightly less
pronounced in PC-preserved cultures and significantly diminished in those reactivated
from PF. Despite these differences, no variation was observed in colony texture (cottony),
topography (flat) or margin (irregular), which remained consistent across all treatments.

On the obverse side of the colonies (Figure 1B), additional differences were apparent.
Colonies preserved using PC displayed a homogeneous and well-developed mycelial
network, with moderate pigmentation and dense aerial hyphae. In contrast, colonies from
PB preservation exhibited darker central pigmentation and more irregular distribution of
mycelium. The PF-derived colonies, although viable, appeared visibly lighter and more
translucent. Their color pattern was initially whitish but gradually developed a grayish
tone over time, which is common in most species of this genus.

Similarly, A. niger CCM-UEA-F0437 was reactivated successfully under all preserva-
tion methods (Figure 2). As observed with C. mamane, the preservation technique had
a notable impact on the morphological characteristics of the fungus. Colonies derived
from PB preservation exhibited darker intracellular pigmentation and a distinctly powdery
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texture, indicative of increased sporulation and more mycelial vigor. On the obverse side
(Figure 2A), PB-derived colonies also displayed a rougher surface and a faint grayish
tint, in contrast to colonies from PC and PF preservation, which exhibited less intense
pigmentation and a more homogeneous texture.

PC

Figure 1. Endophytic fungus C. mamane CCM-UEA-F0869 after 7 days of growth on potato dex-
trose agar (PDA), derived from fungi preserved using filter paper discs in sterile mineral oil (PF),
slanted PDA covered with sterile mineral oil (PB), and Castellani’s method (PC). (A) Colony obverse;
(B) Colony reverse.

Figure 2. Endophytic fungus A. niger CCM-UEA-F0437 after 7 days of growth on potato dextrose agar
(PDA), derived from fungi preserved using filter paper discs in sterile mineral oil (PF), slanted PDA
covered with sterile mineral oil (PB), and Castellani’s method (PC). (A) Colony obverse; (B) colony reverse.

On the reverse side (Figure 2B), PB-preserved cultures displayed intense central
darkening, contrasting with the lighter, evenly distributed pigmentation of PC colonies
and the intermediate, translucent appearance of PF. Radial striations were visible across all
preservation methods but appeared sharper in PC and PF, indicating more uniform hyphal
growth, configuring rugged topography in all colonies. Overall, PB preservation seemed to
promote more vigorous colonies, powdery texture, and enhanced sporulation—while PC
and PF better preserved structural stability and uniform growth.

3.2. Total Phenolic Content (TPC)

The total phenolic content (TPC) showed significant variation depending on the fungal
species, preservation method, and extraction solvent (Table 1).

For C. mamane CCM-UEA-F0869, ethyl acetate (AcOEt) extracts from PF- and
PC-preserved cultures exhibited the highest and statistically comparable TPC values
(154.48 and 153.33 mg GAE/g, respectively; p < 0.05), while PB-preserved cultures yielded
a significantly lower content (86.14 mg GAE/g). In contrast, for ethanolic (EtOH) extracts,
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PB preservation resulted in the highest TPC (206.19 mg GAE/g), markedly surpassing
the significantly lower and statistically similar values observed for PF and PC (32.65 and
34.61 mg GAE/g, respectively).

Table 1. Total phenolic content of ethyl acetate (AcOEt) and ethanol (EtOH) extracts from endophytic
fungi C. mamane CCM-UEA-F0869 and A. niger CCM-UEA-F0437 was preserved using three different
methods (PFE, PB, PC).

Fungi Extract PF (mg GAE/g) PB (mg GAE/g) PC (mg GAE/g)
C. mamane; AcOEt ~ 154.48 2A +2.27 86.14 P + 0.78 153.33 38 £ 3.35
C. mamane; EtOH 32.65 PP £ 0.68 206.19 3B £+ 2.62 34.61°P +0.93

A. niger; AcOEt 48.29C £+ 1.26 258.24 A 4 1.99 254.68 A £ 5.17

A. niger; EtOH 62.62 3B 4 1.44 39.55 P 4+ 1.47 54.73PC 4+ 1.12

Results are expressed as mean + standard deviation (n = 3). Different letters indicate significant differences
at p < 0.05 according to Tukey’s test: lowercase letters compare preservation methods (PF, PB and PC), while
uppercase letters compare fungal species and extract types (AcOEt from liquid culture vs. EtOH from mycelium).
Preservation methods: PF, filter paper discs in sterile mineral oil; PB, slanted potato dextrose agar covered with
sterile mineral oil; PC, Castellani’s method.

In A. niger CCM-UEA-F0437, the AcOEt extracts from PB- and PC-preserved cul-
tures consistently showed the highest TPC levels (258.24 and 254.68 mg GAE/g, respec-
tively), significantly exceeding those obtained from PF. For EtOH extracts, TPC values
were overall more moderate and less variable, with PF (48.29 mg GAE/g), followed by PC
(54.73 mg GAE/g) and PB (39.55 mg GAE/g).

When comparing the two fungal species, A. niger exhibited significantly higher TPC
values in AcOEt extracts across PB and PC preservation methods, suggesting a greater
capacity for extracellular phenolic production under these conditions. However, under PF
preservation, C. mamane showed higher TPC in the AcOEt extract, indicating a stronger
response under this specific condition.

Interestingly, the opposite trend was observed for the EtOH extracts, which primarily
represent intracellular phenolics (e.g., those stored within the mycelium, such as resorcinol
and gallic acid [36,37]). Here, C. mamane outperformed A. niger under PB preservation
(206.19 vs. 39.55 mg GAE/g), suggesting a species-specific enhancement in intracellular
phenolic biosynthesis. These contrasting patterns highlight not only the influence of
preservation and extraction methods but also the metabolic plasticity of each fungal strain.
Such findings reinforce the importance of tailoring preservation strategies to the biological
characteristics of the species and the target metabolite class (intra- vs. extracellular).

3.3. Antioxidant Activity
3.3.1. DPPH Radical Scavenging Assay

The antioxidant activity (AA%) of fungal extracts at a concentration of 10 mg/mL was
evaluated using the DPPH radical scavenging assay (Table 2).

The ethyl acetate extracts of C. mamane CCM-UEA-F0869 exhibited high antioxidant
activity, with statistically comparable values for the PF and PC preservation methods
(84.66% and 84.52%, respectively), while the PB extract showed a slightly lower AA%
(80.99%). In contrast, among the ethanol extracts, PB preservation resulted in the highest
AA% (82.08%), followed by PC (77.73%), with PF yielding the lowest value (54.31%).

For A. niger CCM-UEA-F0437, AcOEt extracts showed the highest AA% under the PF
method (87.07%), whereas PB-preserved cultures produced the lowest activity (41.89%),
with PC presenting intermediate values (61.58%). In EtOH extracts, PB and PC resulted in
similarly high AA% (70.40% and 69.04%, respectively), both significantly higher than the
PF-derived extract (58.52%).
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Table 2. Antioxidant activity of ethyl acetate (AcOEt) and ethanol (EtOH) extracts from C. mamane
CCM-UEA-F0869 and A. niger CCM-UEA-F0437 preserved using three different methods (PF, PB and
PC), evaluated by DPPH radical scavenging assay.

PF PB PC
Fungi Extract
AA (%) CE50 (mg/mL) AA (%) CE50 (mg/mL) AA (%) CE50 (mg/mL)
C. mamane; AcOEt  84.66 2B + 0.65 5.22 80.99 bA +0.31 2.80 84.523A 4 054 3.55
C. mamane; EtOH 54.31 P 4+ 0.82 8.95 82.08 24 +0.35 1.40 77.73 B +0.31 3.55
A. niger; AcOEt 87.07 2A 4+ 0.30 2.87 41.89 € +0.62 13.56 61.58 PP 42,05 7.08
A. niger; EtOH 58.52 bC + 0.31 7.98 70.40 3B + 1.44 6.48 69.04 2€ £+ 1.02 6.91

Results are expressed as antioxidant activity (AA%) and effective concentration (ECsg) required to scavenge
50% of DPPHe radicals. Results are also expressed as mean =+ standard deviation (n = 3). Different letters
indicate significant differences at p < 0.05 according to Tukey’s test. Lowercase letters represent differences among
preservation methods (PF: filter paper discs in sterile mineral oil; PB: PDA slants covered with sterile mineral oil;
PC: Castellani’s method), while uppercase letters indicate differences between fungal species and extract types.
Quercetin was used as the reference standard for the DPPH assay (AA = 98%; ECsp = 8 pug/mL).

Analysis of EC5 values revealed further distinctions. In C. mamane, both AcOEt
and EtOH extracts preserved under PB showed the lowest ECs, values (2.80 mg/mL and
1.40 mg/mL, respectively), indicating the highest antioxidant efficiency. For A. niger, the AcOEt
extract had the greatest antioxidant efficiency under PF preservation (ECsg = 2.87 mg/mL),
while the PB method resulted in the poorest performance (ECsy = 13.56 mg/mL). For the
EtOH extracts, PB and PC showed similarly lower ECs; values (6.48 mg/mL and 6.91 mg/mL,
respectively) than PF (7.98 mg/mL), consistent with the AA% data.

Overall, C. mamane demonstrated higher antioxidant efficiency in ethanol extracts
preserved with PB (ECsp = 1.40 mg/mL), suggesting enhanced intracellular metabolite
accumulation under this method. In contrast, A. niger exhibited stronger extracellular
antioxidant activity in AcOEt extracts under PF preservation (ECsg = 2.87 mg/mL), pointing
to differential metabolic responses between species and extract types. These findings
emphasize that the antioxidant potential of endophytic fungi is not only species-dependent
but also highly sensitive to preservation and extraction strategies, with each condition
favoring the biosynthesis or retention of specific antioxidant compounds.

3.3.2. Ferric Reducing Antioxidant Power (FRAP) Assay

In the FRAP assay, notable differences were observed in the antioxidant capacity of
the evaluated extracts. For C. mamane CCM-UEA-F0869, AcOEt extracts from PF and PC
preservation methods showed similar antioxidant capacity (90.20 and 89.06 umol TE/g,
respectively), whereas PB resulted in significantly lower value (72.85 pmol TE/g). In
contrast, the EtOH extract exhibited reduced antioxidant power under PF (19.95 umol
TE/g), followed by a moderate increase with PC (46.47 pmol TE/g); notably, PB yielded the
highest value for this fungus (95.61 umol TE/g), surpassing even its own AcOEt extracts.

In A. niger CCM-UEA-F(0437, antioxidant capacity was generally lower compared
to C. mamane. The AcOEt extracts showed moderate activity levels, with PC producing
the highest value (48.28 umol TE/g), significantly greater than PF (25.17 umol TE/g) and
PC (24.51 umol TE/g). Conversely, the EtOH extracts displayed the lowest antioxidant
power across all comparisons, with PF being the preservation method associated with the
weakest response (5.56 pmol TE/g). A comprehensive summary of the FRAP assay results
is presented in Table 3.

These results further highlight the species-dependent nature of antioxidant potential
and the strong influence of extraction solvent and preservation method. While C. mamane
responded better to PB preservation when extracted with ethanol—showing the highest
FRAP value (95.61 umol TE/g)—A. niger demonstrated superior antioxidant performance
in AcOEt extracts preserved using PC (48.28 pmol TE/g).
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Table 3. Antioxidant activity of ethyl acetate (AcOEt) and ethanol (EtOH) extracts from C. mamane
CCM-UEA-F0869 and A. niger CCM-UEA-F0437 preserved using three different methods (PF, PB,
PC), evaluated by the FRAP method.

Fungi Extract

C. mamane; AcOEt
C. mamane; EtOH
A. niger; AcOEt 25.17B + 231 24.51°P +0.09 48.28 3B +1.04
A. niger; EtOH 5.56 P + 0.09 39.832C 4 1.03 19.83 € £ 0.59

Results are expressed as micromoles of Trolox equivalents per gram of extract. Results are also expressed as
mean =+ standard deviation (n = 3). Different letters indicate significant differences at p < 0.05 according to
Tukey’s test. Lowercase letters represent differences among preservation methods (PF: filter paper discs in sterile
mineral oil; PB: PDA slants covered with sterile mineral oil; PC: Castellani’s method), while uppercase letters
indicate differences between fungal species and extract types. Ascorbic acid (40 ug/mL) was used as the reference
antioxidant standard (FRAP = 163.1 umol TEq/g).

PF (umol TE/g)

90.20 2A 4+ 0.86
19.95<C + 0.35

PB (umol TE/g)

72.85bB 1 186
95.61 24 4+ 0.91

PC (umol TE/g)

89.06 22 + 0.95
46.47 PB + 0.62

Additionally, in both species, EtOH extracts exhibited greater sensitivity to the preser-
vation protocol. While the absolute values for AcOEt extracts also varied, the relative per-
formance ranking of the preservation methods (e.g., PC and PF yielding higher TPC in C.
mamane, PB being superior for A. niger) was more conserved across replicates and assays for
these extracellular metabolites. This suggests that the biosynthesis and stability of antioxidant
compounds are differently regulated in each fungal species, and that extracellular metabolites
(preferentially extracted with AcOEt) may be more resilient to preservation-induced metabolic
shifts than intracellular ones (typically extracted with EtOH).

3.4. HPLC Analysis of Individual Phenolic Compounds

The phenolic compound profile, quantified by HPLC, revealed clear differences be-
tween fungal species and extract types. The main findings are summarized in Table 4.

Protocatechuic acid (PA) was the predominant and most frequently detected com-
pound, present in nearly all samples. Its concentration was particularly high in the AcOEt
extracts of A. niger. For instance, in the PB-preserved culture, the concentration of PA
(52.72 pg/mg) was an order of magnitude higher (approximately 12 times) than the next
most abundant individual phenolic, salicylic acid (4.40 pug/mg), confirming its role as the
overwhelmingly dominant metabolite.

Table 4. Individual phenolic compounds quantified by HPLC (ug/mg) in ethyl acetate (AcOEt)
and ethanol (EtOH) extracts of the endophytic fungi C. mamane CCM-UEA-F0869 and A. niger
CCM-UEA-F0437 preserved using three different methods (PF, PB and PC).

Fungi
s PM GA PA RES HBA SyA p-CA SA
C. mamane; — pp - 9.62 & 4.24 bA - 278 £1.07*A  0.68+£026°A 039 +0.0404 -
AcOEt
C ﬂ%”é’t”e" PB 11240073  839+241bA - 253+ 06722 049 +£0.14°A 049+ 0264 -
C A’zac’)”E”:’e; PC  082+021°®  10.85+250bA - 307420824  1.09+0.82°4 03640094 -
C. mamane; bA a
FOH PF - 7.23 + 0.39 5.69 + 0.51 - - - -
C. mamane; bA
FOH PB 0214007 - - - - - -
C. mamane; 2A bA ) _ } ~ }
s PC 0524013 6.57 + 0.04
Aomiger; pp()594014A 8538 4 19.49 3 - 260 +1.822A (0384 0.02°24 - -
AcOEt
i;:égEe:; PB 040+ 0.11Y% 5272 +3512A - 19340414 022 40.0324 § 440 +1.25
Amger; oo 04310159 60.76 4 14.87 34 - 161406324 029 +0.072A - -

AcOEt
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Table 4. Cont.

Fungi

Extract PM GA PA RES HBA SyA p-CA SA

A. niger; _ bA aA aA - - -
EtOH PF 6.80 = 0.99 10.83 = 6.39 0.96 £ 0.06

A. niger; _ bA A bA - - -
EtOH PB 7.05£1.20 9.32+3.81 0.88 = 0.05

A. niger; B _ A bA _ _ -
EtOH PC 0.84 £ 0.01 0.84 4 0.01

Results are expressed as mean =+ standard deviation (n = 3). Different letters indicate significant differences at
p < 0.05 (Tukey’s test). Lowercase letters indicate differences among preservation methods (PM)—PF: filter
paper discs in mineral oil; PB: slanted PDA covered with mineral oil; PC: Castellani’s method, while uppercase
letters indicate differences between fungal species and extract types (AcOEt or EtOH). HPLC-detected phenolics:
GA, gallic acid; PA, protocatechuic acid; RES, resorcinol; HBA, 4-hydroxybenzoic acid; SyA, syringic acid;
p-CA, p-coumaric acid; SA, salicylic acid. The last column shows the sum of all quantified phenolics.

In addition to abundant PA, other compounds such as salicylic acid (SA) were identi-
fied in the AcOEt extract from PB preservation, while resorcinol (RES) was detected in the
EtOH extracts.

In C. mamane, the AcOEt extracts displayed a more diverse phenolic profile, with
the presence of PA, 4-hydroxybenzoic acid (HBA), syringic acid (SyA), and p-coumaric
acid (p-CA). In contrast, the EtOH extracts exhibited a simpler composition, primarily
dominated by PA and RES in the PF-preserved samples. In PB-preserved cultures, only
trace amounts of gallic acid (GA) were detected.

3.5. Correlation Analysis and Principal Component Analysis

A correlation analysis was performed to evaluate the relationship between the antioxi-
dant assays (DPPH and FRAP), the total phenolic compounds (TPC), and the identified
phenolics, to identify which specific phenolic compounds may be contributing to the ob-
served antioxidant responses. This integrative approach provides a more mechanistic
interpretation of the data by linking chemical composition to biological activity (Table 5).

Table 5. Pearson correlation coefficients between antioxidant activities (DPPH, FRAP), total phenolic
content (TPC), and individual phenolic compounds identified in ethyl acetate and ethanol extracts
from the endophytic fungi C. mamane CCM-UEA-F0869 and A. niger CCM-UEA-F0437.

DPPH FRAP TPC
DPPH 1.00 0.67 * —0.18
FRAP 0.67 * 1.00 0.42*
TPC —0.18 0.42* 1.00
GA 0.39 0.36 0.19
PA —0.08 —0.23 0.35
RES —-0.32 —0.53 * —047 %
HBA 0.35 0.31 0.28
SyA 0.43 * 0.53 * 0.28
p-CA 0.49 * 0.63* 0.09
SA —0.59 * —0.22 0.51*

Abbreviations: DPPH = radical scavenging activity; FRAP = ferric reducing antioxidant power; TPC = total
phenolic content; GA = gallic acid; PA = protocatechuic acid; RES = resorcinol; HBA = 4-hydroxybenzoic acid;
SyA = syringic acid; p-CA = p-coumaric acid; SA = salicylic acid. * Correlations are significant (p < 0.05).

The analysis revealed which compounds are potentially responsible for the measured
antioxidant capacity. Notably, syringic acid and p-coumaric acid exhibited significant posi-
tive correlations with DPPH (SyA: r = 0.43; p-CA: r = 0.49) and even stronger associations
with FRAP (SyA: r = 0.53; p-CA: r = 0.63). In contrast, resorcinol displayed a moderate
but significant negative correlation with both FRAP (r = —0.53) and TPC (r = —0.47). Inter-
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estingly, salicylic acid exhibited a strong and significant negative correlation with DPPH
(r = —0.59) but a significant positive correlation with TPC (r = 0.51).

To integrate information regarding phenolic compounds and antioxidant activity,
a Principal Component Analysis (PCA) was carried out to obtain a reduced number of
linear combinations of the variables that explain the greater variability in the data. The
corresponding loading plots that established the relative importance of each variable are
shown in Figure 3. This multivariate approach revealed global patterns and key associations
among variables, explaining 68.3% of the total variance. The projections of the analyzed
variables in the principal components (PCs) are the weighted sum of the original variables
(Figure 3A). The first principal component (PC 1, 44.0% of the variance) was strongly
correlated with several individual phenolic compounds (GA, HBA, SyA and p-CA) and
antioxidant capacity (DPPH and FRAP methods). However, it was negatively correlated
with RES. The second principal component (PC 2, 24.3% of the variance) was positively
correlated with TPC and two individual phenolic compounds (PA and SA).

After a cluster analysis, three different groups were formed (Figure 3B). One group
was formed by the C. mamane ethyl acetate extracts, regardless of the preservation method.
These samples were positioned on the positive side of the PC1 axis, characterized by
higher 4 different phenolic compounds (HBA, GA, SyA and p-CA) and antioxidant capacity
(DPPH and FRAP). Another group comprised the A. niger fungus ethyl acetate solvents,
regardless of preservation method, and were located on the positive side of the PC2 axis.
The samples were positively related to TPC and two individual phenolic compounds (PA
and SA). Finally, the last group was formed by all ethanol extracts, regardless of the fungal
species and the preservation method. These samples were positioned on the negative side
of the PC1 axis and were positively related to Resorcinol (RES). In addition, the influence
of the preservation medium on the type of individual phenolic compounds evaluated, as
well as the antioxidant activity, was not observed.
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Figure 3. Cont.
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Figure 3. Principal Component Analysis (PCA) biplot of antioxidant activities and phenolic com-
pounds in fungal extracts. (A)—Projection of initial variables. Abbreviations: DPPH (radical scaveng-
ing activity); FRAP (ferric reducing antioxidant power); TPC (total phenolic content); GA (gallic acid);
PA (protocatechuic acid); RES (resorcinol); HBA (4-hydroxybenzoic acid); SyA (syringic acid); p-CA
(p-coumaric acid); SA (salicylic acid). (B)—Projection of fungi samples. Designations: Endophytic
fungi: Cm (C. mamane CCM-UEA-F0869); An (A. niger CCM-UEA-F0437). Extraction solvents: AcOEt
(ethyl acetate); EtOH (ethanol). Preservation methods: PF (filter paper discs in sterile mineral oil); PB
(PDA slants covered with sterile mineral oil); PC (Castellani’s method).

4. Discussion
4.1. Fungal Morphology Preserved Under Different Media

A primary goal of microbial culture collections is to preserve fungal strains in a
viable state over the long term while maintaining their original genetic, physiological, and
morphological characteristics. This ensures their value for future applications in research,
education, and biotechnology. For filamentous fungi, routine subculturing from aged to
fresh media remains one of the most common preservation techniques [23], as adopted
by CCM/UEA.

In this study, both C. mamane CCM-UEA-F0869 and A. niger CCM-UEA-F0437 were
successfully reactivated from all three preservation methods tested (PF, PB, and PC), con-
firming their viability under long-term storage. This aligns with previous findings by
Al-Bedak et al. [38], who reported high fungal survival using methods, such as periodic
subculturing and mineral oil storage. However, despite successful reactivation, a system-
atic qualitative assessment revealed clear morphological differences among preservation
treatments—particularly in pigmentation intensity on the reverse side of colonies and
sporulation patterns on the obverse. These variations underscore that preservation not
only affects viability but may also induce physiological stress or metabolic shifts that alter
phenotypic traits. Therefore, choosing an appropriate preservation method must consider
not only the ability to maintain viability but also the morphological and metabolic stability
of each fungal strain.

For C. mamane, the Castellani method (PC) best preserved morphological integrity,
evidenced by characteristic gray pigmentation and cottony texture (Figure 1B), in agree-
ment with Gurgel et al. [7], who first described its morphology. Similarly, in A. niger, PC
maintained key features such as the cottony-to-velvety texture transition and development
of aerial mycelium (Figure 2B), consistent with the description of Gurgel [14]. These results
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suggest that the PC method offers a favorable microenvironment, limiting air exposure
and reducing dehydration and oxidative stress through the physical barrier created by the
storage medium [24,39]. Maintaining internal humidity is crucial to prevent premature
sporulation and desiccation. In addition, a pigmentation gradient was noted between
preservation methods in both fungi: darker gray in PB, intermediate in PC, and lighter
in PE. These differences may reflect stress responses induced by preservation conditions.
Long-term storage under mineral oil has been linked to morphological alterations [40,41],
potentially due to oil peroxidation under inadequate handling (e.g., UV exposure or over-
heating), which generates toxic free radicals [42]. Such effects have been documented
in sensitive systems such as in vitro embryo cultures, where peroxidized oil impairs cell
development [43]. This may account for the darker pigmentation and powdery appearance
observed in PB-preserved samples, possibly indicating stress-induced sporulation [44].
Additionally, progressive desiccation may occur even under optimal conditions, reinforcing
the need for periodic subculturing to preserve long-term fungal viability.

4.2. Influence of Preservation and Extraction Methods on Total Phenolic Content

Total phenolic content varied significantly depending on fungal species, preservation
method, and extraction solvent (Table 1). In C. mamane CCM-UEA-F0869, the PF and PC
preservation methods were more effective in maintaining TPC in AcOEt extracts, which are
associated with extracellular metabolites [45,46]. In contrast, EtOH extracts showed higher
TPC when preserved with PB, suggesting enhanced retention of intramycelial phenolic
compounds, as previously reported [47-49]. These findings indicate a functional association
between preservation and extraction strategies: PF and PC favor the recovery of extracellu-
lar phenolics via AcOEt, while PB is more efficient for intracellular metabolites extracted
with EtOH [50]. In A. niger CCM-UEA-F0437, AcOEt extracts from PB and PC showed the
highest TPC; however, with PF, the yields were markedly lower, highlighting the species’
sensitivity to preservation conditions regarding extracellular metabolite production. In
divergence, EtOH extracts showed smaller TPC variation across methods, with PF showing
only a 37% increase over PB, while AcOEt extracts varied by up to 81%, suggesting more
stable intramycelial phenolic production.

These contrasting patterns underscore the importance of aligning preservation and
extraction methods to the metabolic characteristics of each fungal strain. The results also
reinforce the need for future studies to explicitly report preservation strategies, as they may
directly influence secondary metabolite profiles.

4.3. Impact of Preservation Conditions on Intra- and Extracellular Antioxidant Metabolites

The antioxidant activity of the fungal extracts was influenced by species, extraction
solvent, and preservation methods. In the DPPH assays (Table 2), the endophytic fun-
gus C. mamane CCM-UEA-F0869 consistently exhibited high radical scavenging activity
(AA > 80%) in ethyl acetate extracts (extracellular metabolites), with ethyl acetate extracts
(extracellular metabolites) consistently showing high PB preservation, yielding the greatest
efficiency (lowest ECsp). In contrast, ethanol extracts (intracellular metabolites) varied
more: while PF and PC showed moderate activity, PB led to the highest AA% (82.08%)
and the lowest ECsg (1.40 mg/mL), suggesting that preservation influences intracellular
antioxidant metabolite retention.

Furthermore, the high antioxidant activity in PB-preserved EtOH extracts, despite
a less diverse phenolic profile, suggests the presence of non-phenolic antioxidants. We
hypothesize that PB preservation may induce the accumulation of intracellular, non-polar
metabolites such as sesquiterpenes or fatty acids [51,52]. Ethanol, due to its polarity and
ability to disrupt cell membranes, is particularly effective at extracting such intracellular
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components from the mycelium compared to ethyl acetate, which is more selective for
metabolites already secreted into the culture broth.

In the case of A. niger CCM-UEA-F0437, AcOEt extracts from PF had the highest
antioxidant activity (ECsg = 2.87 mg/mL), while PB resulted in the lowest antioxidant
performance. EtOH extracts showed less variation, though PF again yielded the weakest
antioxidant activity. These findings emphasize that preservation methods can differentially
affect intra- and extracellular metabolites.

When comparing with previous studies, our C. mamane PC/AcOEt extracts showed
lower antioxidant capacity than reported by Gurgel et al. [7], possibly due to differences
in medium composition (e.g., yeast extract concentration), inoculum vigor, or long-term
subculturing effects—supporting the hypothesis of strain degeneration over time [53].

The PB method was particularly ineffective for preserving antioxidant activity in
A. niger AcOEt extracts, despite maintaining high TPC. This discrepancy may appear
from enzymatic degradation of secreted metabolites in solid cultures under oil, while
intracellular compounds remain more protected. In contrast, PC and PF may better inhibit
enzymatic activity, preserving both intra- and extracellular fractions [42,43].

The FRAP assay supported these patterns (Table 3). For C. mamane, AcOEt extracts
had consistently high reducing power under PF and PC, while PB again favored EtOH
extracts, mirroring TPC data. In A. niger, AcOEt extracts showed moderate FRAP values
(higher in PC), whereas EtOH extracts had overall lower antioxidant activity, particularly
under PF.

Comparative analysis with literature data [12,13] suggests a decline in biosynthetic
output, likely due to cumulative subculturing. The marked impact of preservation and
extraction strategies, especially in A. niger, highlights their relevance—on par with medium
and culture conditions—in shaping metabolite profiles. These findings support the use of
optimization frameworks like OSMAC [54,55] to enhance bioactive compound yields.

4.4. Influence of Preservation Conditions on Fungal Phenolic Diversity

HPLC analysis (Table 4) revealed that both the diversity and concentration of phenolic
compounds were strongly influenced by fungal species, extraction solvent, and preserva-
tion method. In C. mamane CCM-UEA-F0869, protocatechuic acid was the predominant
metabolite, consistently detected across most extracts—suggesting metabolic stability under
varying conditions. Protocatechuic acid is well documented to exhibit several bioactiv-
ities, including antioxidant, anti-inflammatory, neuroprotective, and anticancer [56,57].
Notably, protocatechuic acid was absent in the PB-preserved EtOH extract. In A. niger
CCM-UEA-F0437, PA was also the main phenolic, particularly abundant in AcOEt extracts,
with concentrations exceeding those in C. mamane. This reinforces the role of protocatechuic
acid as a key metabolite in this fungal species. In A. niger, PA was also absent from one
preservation method (PC) when extracted with ethanol. The fact that the only extracts
that did not present PA were ethanol extracts, combined with the fact that all extracts with
higher concentrations of PA were extracted with ethyl acetate, reinforces the higher efficacy
of this methodology to extract protocatechuic acid.

An important observation was the discrepancy between total phenolic content and
HPLC-quantified compounds—especially in PB/EtOH extracts of C. mamane, where high
TPC values contrasted with low individual phenolic detection. This may reflect the presence
of phenolics not included among the HPLC standards, or of non-phenolic reducing agents
(e.g., sesquiterpenes or fatty acids) [51]. In contrast, A. niger AcOEt extracts showed strong
agreement between TPC and HPLC data obtained. The lack of correlation between the main
detected phenolic compound (protocatechuic acid) and TPC values is evidence that there
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are non-detected phenolics present in the extract. These phenolics could be detected in
future studies with the use of more advanced detection methods, such as mass spectroscopy.

Chemical diversity was greater in AcOEt than in EtOH extracts. PB preservation
yielded unique profiles in both fungi, including the exclusive detection of salicylic acid in
A. niger and the highest compound diversity in C. mamane. This suggests that the phys-
iological stress imposed by the PB method—Ilikely anoxia and resource limitation un-
der mineral oil—actively shifts metabolic flux within the shikimate acid pathway. The
shikimate pathway is a well-known hub for specialized metabolism in fungi, capable of
generating a wide array of phenolic compounds, lipids, and pigments through its core
intermediates and branch points [58]. Specifically, the synthesis of salicylic acid points to a
preferential activation of the biosynthetic branch leading to this specific stress-responsive
compound, possibly at the expense of other branches producing metabolites like proto-
catechuic acid, which was absent in the corresponding EtOH extract. The overall increase
in diversity in C. mamane further implies that PB stress triggers a broader, non-specific
deregulation of its secondary metabolome, a common adaptive response in fungi facing
suboptimal conditions.

Finally, the absence of compounds like caffeic acid—previously reported in C. ma-
mane and linked to its antioxidant action [13]—may indicate loss of metabolic capacity
due to strain degeneration [53], reinforcing the value of cryopreservation methods for
maintaining biosynthetic potential in biotechnologically relevant fungi [59]. Overall, these
results show that preservation methods not only impact metabolite yield but also shape
chemical composition, directly influencing extract functionality and potential applications.
A preliminary analysis of the relationship between the chemical profiles and bioactivities
revealed a notable disconnect: while protocatechuic acid was the most abundant phenolic
across most extracts, its presence did not directly correlate with the observed antioxidant
potency. Instead, specific compounds like syringic acid and p-coumaric acid appeared to be
stronger drivers of antioxidant activity, a relationship that is statistically validated in the
following chemometric analysis.

4.5. Chemometric Insights into Antioxidant Drivers and Metabolite Correlations

The correlation analysis revealed a significant positive relationship between total
phenolic content (TPC) and FRAP values, while TPC showed little to no correlation with
DPPH. This aligns with previous findings that link FRAP—based on single electron transfer
(SET)—more directly with the reducing power of phenolic compounds [60,61]. In contrast,
DPPH, which operates via mixed HAT/SET mechanisms, can respond to a broader spec-
trum of antioxidant metabolites, including non-phenolic compounds [62]. Thus, while
FRAP better captures phenolic-driven activity, DPPH likely reflects both phenolic and
non-phenolic contributions.

A key finding that emerges from this analysis is the apparent disconnect between
metabolite abundance and antioxidant efficacy. Protocatechuic acid (PA), despite being the
most frequently detected and abundant phenolic compound, showed a neutral correlation
with both DPPH and FRAP assays. This observation provides a critical insight: chemical
abundance is not a direct proxy for bioactivity.

The explanation lies in the structure-activity relationships of phenolic compounds.
Among the individual phenolics, syringic acid and p-coumaric acid showed strong positive
correlations with both FRAP and DPPH, highlighting their role as the major antioxidant
contributors. Their chemical structures—bearing methoxy and hydroxyl groups in specific
arrangements—enable efficient radical stabilization and electron donation [63,64]. In
contrast, the specific dihydroxy structure of protocatechuic acid, while contributing to TPC,
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may possess a less favorable redox potential for the specific reactions underpinning these
antioxidant assays compared to the more potent syringic and p-coumaric acids.

Principal component analysis (PCA) visually confirmed this functional divergence.
Syringic and p-coumaric acids clustered tightly with DPPH and FRAD, reinforcing their
central role in the antioxidant response. In contrast, protocatechuic acid and TPC formed
a distinct group, isolated from the main antioxidant clusters. This pattern indicates that
while PA is a dominant component of the metabolic profile, it does not account for most of
the observed antioxidant performance in this system, underscoring that high concentration
alone does not guarantee high activity, particularly if other potent contributors are present
or if synergistic effects are absent [65-67].

Conversely, resorcinol showed a negative correlation with TPC and FRAP, suggesting
a distinct biosynthetic origin via the polyketide pathway [68], in contrast to shikimic
acid-derived compounds like protocatechuic acid or p-coumaric acid [69]. Its presence
may indicate a reallocation of cellular resources under specific conditions. Preservation
stress, particularly from the PB method, likely forces the fungus to prioritize rapid energy
production and membrane integrity [70]. In this scenario, the polyketide pathway yielding
resorcinol might be favored as a more direct or less energy-demanding response compared
to the multi-step shikimate pathway for antioxidant phenolics [68], effectively shifting the
metabolic output towards stress survival compounds over specialized antioxidants.

Similarly, salicylic acid (SA) showed limited correlation with antioxidant activity, likely
due to its indirect mechanism of action (e.g., signaling functions rather than direct radical
scavenging) [71,72]. Thus, this acid showed a significant positive correlation with TPC
(r = 0.51) but a strong negative correlation with DPPH (r = —0.59). This contrast highlights
that SA is not a primary driver of the observed radical scavenging activity. Its role is likely
more aligned with signaling functions, and its accumulation may indicate a metabolic state
distinct from the one that maximizes the production of potent antioxidants like syringic and
p-coumaric acids. In addition, this metabolic state may be associated with the production of
other non-detected phenolic compounds that may even be present in high concentrations,
therefore contributing to creating a correlation between SA and TPC, even if SA itself is not
present in high concentrations.

Beyond identifying key antioxidant drivers, our results invite speculation on the un-
derlying metabolic interactions shaped by preservation. The strong positive correlation of
syringic acid (SyA) and p-coumaric acid (p-CA) with antioxidant activity, contrasted with
the neutral role of the abundant protocatechuic acid (PA)—a key intermediate in the shiki-
mate pathway—suggests a potential metabolic branching point. Preservation stress may
differentially regulate specific downstream steps within the phenylpropanoid pathway.

For instance, the PB method’s anoxic stress in C. mamane might not suppress the early
shikimate pathway (hence high PA) but could upregulate later steps such as methylation
and hydroxylation, favoring the production of SyA and p-CA. These latter compounds
possess superior antioxidant potency due to their methoxy and propenyl groups that
enhance radical stabilization [63,64]. Furthermore, the negative correlation of resorcinol
with phenolic-driven activity hints at a competitive metabolic relationship.

While resorcinol can be synthesized via polyketide synthase (PKS) systems, its accu-
mulation under certain preservation conditions may indicate a shift in cellular resources
or a stress response that diverts precursors away from the shikimate pathway or its
antioxidant-rich phenylpropanoid branches. Although our study confirms preservation-
induced metabolic reprogramming, future work using transcriptomics is needed to validate
the regulation of these specific pathway branches and to elucidate any synergistic or
antagonistic relationships between the compounds identified. Furthermore, to directly
deconvolute the contribution of the identified phenolics to the overall antioxidant activity,
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future pharmacological studies should measure the antioxidant capacity of pure syringic
acid, p-coumaric acid, and protocatechuic acid standards, both individually and in com-
bination. This would allow for the experimental confirmation of their relative potency
and the identification of any synergistic or antagonistic interactions that may influence the
bioactivity of the complex fungal extracts.

Together, these results reinforce a crucial conclusion: antioxidant activity is better
explained by the presence of specific and potent phenolics—especially syringic and p-
coumaric acids—than by the total phenolic load or the prevalence of any single, abundant
metabolite. This clarifies why a predominant compound like PA can exhibit neutral cor-
relations, as its metabolic role or chemical mechanism may be distinct from driving the
primary antioxidant responses measured here.

4.6. Limitations and Practical Applications

While this study provides compelling evidence for the influence of preservation meth-
ods on fungal metabolomes, some limitations should be acknowledged. The HPLC analysis,
although informative, was restricted to a specific set of phenolic standards. The application
of untargeted metabolomic approaches (e.g., LC-MS) would enable a more comprehensive
understanding of the metabolic shifts induced by different preservation methods. More-
over, the exact molecular mechanisms underlying the observed metabolic reprogramming
remain hypothetical and should be further validated through transcriptomic or enzymatic
activity analyses.

Despite these limitations, our findings hold important practical implications. For
culture collections and biotechnology laboratories, this work offers clear and specific
guidelines. Although the conclusions are limited to the fungal species studied, additional
research across other genera is necessary to determine which preservation methods maxi-
mize the production of extracellular or intracellular phenolic compounds, depending on
the aims of each investigation. This study demonstrates that a simple and cost-effective
modification of the preservation protocol can substantially enhance the recovery of valuable
metabolites without altering cultivation conditions. By tailoring preservation strategies to
the fungal species and the target metabolite class (intracellular or extracellular), researchers
can more reliably conserve and exploit the biosynthetic potential of fungal collections for
drug discovery, biotechnology, and other industrial applications.

5. Conclusions

This study systematically demonstrates that preservation method, fungal species, and
extraction solvent are critical, interdependent factors shaping the metabolic profile and
antioxidant activity of endophytic fungi. Key findings reveal that no single preservation
method is universally optimal. The PB method enhanced radical scavenging (DPPH) in
C. mamane, while the PC method better preserved morphological integrity and improved
ferric reducing (FRAP) capacity. Furthermore, we identified syringic acid and p-coumaric
acid as key antioxidants, underscoring that total phenolic content is a poor predictor of
activity, especially when measured using the DPPH method.

Critically, our research fills a gap in the literature by suggesting that preservation strate-
gies do more than maintain viability—they actively modulate fungal metabolism, potentially
suppressing specific bioactive metabolites. This insight is crucial for microbial culture collec-
tions and research on natural products, as it positions the preservation protocol not as a mere
storage step, but as a key variable for optimizing the recovery of functional metabolites.

The main practical application of this work is providing clear, actionable guidelines
for culture collection management and bioprospecting. Thus, we suggest employing PB
preservation to target intracellular antioxidants from C. mamane, while using PC preservation
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to maintain morphological integrity and stable extracellular metabolite profiles. Furthermore,
we advocate adopting a strategy of ‘metabolite-targeted preservation'—maintaining strains
via multiple methods—to maximize the diversity and reliability of the metabolomic inventory.

While this study provides a robust framework, its limitations—focusing on two species
and phenolic antioxidants—define the path for future research. Expanding this approach
to a broader range of fungal taxa, preservation systems, and target metabolite classes
(e.g., antimicrobials, anticancer agents) is essential to build predictive models that fully
harness fungal metabolic plasticity. Ultimately, by strategically selecting and diversifying
preservation protocols, we can maximize the biotechnological yield from fungal resources,
accelerating their application in pharmacology and agriculture.
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Abbreviations

The following abbreviations are used in this manuscript:

PC Castellani preservation method
PF Filter paper with mineral oil
PB PDA slants with mineral oil

AcOEt  Ethyl acetate

EtOH Ethanol

DMSO  Dimethyl sulfoxide

PDA Potato dextrose agar

PDB Potato dextrose broth

DPPH  2,2-Diphenyl-1-picrylhydrazyl
FRAP  Ferric reducing antioxidant power
ECsyg Effective concentration

AA Antioxidant activity

TPTZ 2,4,6-Tripyridyl-s-triazine
TPC Total phenolic content

GAE Gallic acid equivalent

TE Trolox equivalent
GA Gallic acid
PA Protocatechuic acid

RES Resorcinol
HBA 4-Hydroxybenzoic acid
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SyA Syringic acid
p-CA  p-Coumaric acid

SA Salicylic acid

PCA Principal components analysis
CcCM Microbiological Collections Center
SET Single electron transfer

HAT Hydrogen atom transfer
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