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Effect of dextrose concentration on melanin-mediated immobilization of CuO
nanoparticles by Cladosporium sp.
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Abstract

The increasing use of copper oxide nanoparticles (CuO-NPs) in industry and their improper environmental release have raised
concerns regarding soil toxicity. Various microorganisms, particularly dark septate endophytes (DSE) fungi, possess specialized
mechanisms to tolerate metallic pollutants, including melanin-mediated immobilization and antioxidant defense systems. This
study aimed to determine the effect of dextrose concentration on melanin production and evaluate its relationship with tolerance
and the antioxidant response of the DSE fungus Cladosporium sp. UAM12 exposed to CuO-NPs (~50 nm). Using a central
composite design (CCD), the effects of CuO-NP and dextrose concentration on biomass production, melanin synthesis, and
copper sorption were analyzed. Melanin synthesis was optimized at 60 g L1 dextrose and 160 mg L' CuO-NPs. High dextrose
levels increased biomass production but reduced fungal tolerance to CuO-NPs. After 14 days, CuO-NPs did not significantly
affect the biomass yield (Yxg), but delayed dextrose consumption between 2 and 12 days. DOPA-melanin production showed a
significant positive correlation with copper sorption, with approximately 80% of the total copper in biomass being sequestered
in the cell wall. Increased activity of superoxide dismutase and peroxidases contributed to mitigating CuO-NP-induced oxidative
stress. These findings contribute to understanding some biochemical strategies of Cladosporium sp. UAM12 to resist the toxicity
of CuO-NPs, highlighting its potential for use in bioremediation processes in matrices contaminated with metallic NPs.
Keywords: dark septate endophytic fungi, copper sorption, oxidative stress, antioxidant defense.

Resumen

El uso creciente de nanoparticulas de 6xido de cobre (NP-CuO) en la industria y su disposicion inadecuada al ambiente han
generado preocupaciones respecto a la toxicidad del suelo. Diversos microorganismos, particularmente los hongos endéfitos
septados oscuros (DSE), tienen mecanismos especializados para tolerar contaminantes metalicos, incluyendo la inmovilizacién
mediada por melanina y los sistemas de defensa antioxidante. Este estudio tuvo como objetivo determinar el efecto de la
concentracién de dextrosa en la produccién de melanina y evaluar su relacién con la tolerancia y la respuesta antioxidante
del hongo DSE Cladosporium sp. UAM12 expuesto a NP-CuO (~50 nm). Utilizando un disefio compuesto central (DCC), se
analizaron los efectos de la concentracién de NP-CuO y de dextrosa sobre la produccion de biomasa, la sintesis de melanina y la
sorcién de cobre. La sintesis de melanina se optimizé con 60 g L! de dextrosa y 160 mg L de NP-CuO. La alta concentracién
de dextrosa aumentd la produccién de biomasa, pero redujo la tolerancia del hongo a las NP-CuO. Después de 14 dias, las NP-
CuO no afectaron significativamente el rendimiento celular (Yxg), pero retrasaron el consumo de dextrosa entre 2 y 12 dias.
La producciéon de DOPA-melanina tuvo una correlacién positiva y significativa con la sorcién de cobre, encontrando cerca del
80% del cobre total en biomasa secuestrado en la pared celular. El aumento en la actividad superéxido dismutasa y peroxidasa
contribuy6 a mitigar el estrés oxidativo inducido por las NP-CuO. Estos hallazgos contribuyen a comprender algunas estrategias
bioquimicas en Cladosporium sp. UAM12 para resistir la toxicidad de las NP-CuO, destacando su potencial para su uso en
procesos de biorremediacién de matrices contaminadas con NPs metdlicas.

Palabras clave: hongos endéfitos septados oscuros, sorcién de cobre, estrés oxidativo, defensa antioxidante.
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1 Introduction

Nanoparticles (NPs), characterized by their size
smaller than 100 nm, exhibit unique physicochemical
properties that make them useful across many fields,
including environmental remediation, medicine,
electronics, and agriculture. Copper NPs have gained
particular interest because, in addition to being cost-
effective and readily available, they are versatile, offer
excellent electrical conductivity, and are compatible
with diverse materials (Saleem et al., 2024). Copper
oxide NPs (CuO-NPs) are especially used in
agriculture, where they are applied in fertilizers and
pesticides. Due to their widespread use, toxicity is
a major concern associated with the indiscriminate
application of NPs in agriculture, which, along with
the risk of accumulation in the soil, makes them
an environmental contaminant. Global production of
CuO-NPs was estimated at about 1600 tons in 2025,
with roughly 36 tons ending up in the soil (Tripathi et
al., 2024).

Although copper is an essential micronutrient,
the release of CuO-NPs nanoparticles into soil and
other environmental matrices can become toxic at high
concentrations by inducing oxidative stress (Tripathi
et al., 2024). Soil microorganisms, including bacteria
and fungi, play key roles in helping plants tolerate
abiotic stress. Particularly, fungi have remarkable
mechanisms for metal detoxification that include
biosorption, intracellular sequestration, exclusion,
and active transport (Kumar er al., 2015; Khan et
al., 2019). Dark septate endophytes (DSE) are a
diverse group of root-associated fungi commonly
found in plants exposed to stressful conditions
such as drought, salinity, and heavy metal (HM)
contamination (Malicka et al., 2022). The dark
pigmentation of their mycelium results from the
melanin accumulation in the cell wall, with DHN-
melanin  (1,8-dihydroxynaphthalene) and DOPA-
melanin (L-3,4-dihydroxyphenylalanine) being the
two main types (Malicka et al., 2022; Suthar et al.,
2023). Melanins are polymers of extremely complex
structure, formed by heterologous polyaromatic
compounds of indoles or polyphenols (Yu et al.,
2026). Most DSE have both melanin-dependent and
melanin-independent HM-detoxification mechanisms,
including cell wall immobilization, intracellular
complexation and compartmentalization, reactive
oxygen species (ROS) scavenging, and extracellular
metal efflux (Malicka et al., 2022). However,
intracellular accumulation of HMs inevitably triggers
excessive ROS production, resulting in oxidative
stress that alters metabolism, damages biomolecules
(proteins, lipids, and DNA), and can lead to
programmed cell death. Consequently, oxidative
stress is considered a primary driver of HM-induced

cell death in microorganisms (Lu et al, 2021;
Priyadarshini et al., 2021). To counteract the ROS-
induced damage, many DSE fungi possess efficient
antioxidant systems composed of enzymatic and
non-enzymatic components that together regulate
intracellular ROS levels (Ban et al., 2023). Melanin-
dependent processes further enhance tolerance by
reducing free metal ion concentrations in the vicinity
of hyphae, supporting growth under high HM levels
and providing an extracellular detoxification barrier
that limits metal uptake into cells (Potisek er al.,
2021). Melanin effectively reduces the bioavailability
of metal ions by binding them through the diverse
functional groups present in its heterocyclic rings (Ban
et al.,2023; Suthar et al., 2023). Its chemical structure
enables the stabilization of free radicals and unpaired
electrons, leading to the neutralization of excess
reactive oxygen species (ROS) induced by heavy
metal exposure, thereby mitigating the oxidative stress
associated with intracellular accumulation (Singh et
al., 2021).

In general, a correlation has been observed
between high melanin content and antioxidant activity
in DSE fungi, resulting in increased tolerance to
heavy metals (Ban et al., 2012; Zhan et al., 2011).
The most important factor in improving melanin
production in DSE fungi is the choice of carbon
and nitrogen sources. Organic nitrogen sources (such
as peptones) are better than inorganic ones because,
in addition to nitrogen, they provide peptides and
amino acids that are precursors or inducers of
melanin synthesis. Likewise, the concentration of
the carbon source plays a fundamental role in
regulating fungal metabolism by providing the energy
necessary for the synthesis of precursors involved
in the metabolic pathways associated with melanin
biosynthesis (Yu et al., 2026). In melanized fungi, the
main precursors include tyrosine derivatives and L-
DOPA, involved in the synthesis of DOPA-melanin,
as well as acetyl-CoA intermediates associated with
the formation of DHN-melanin (Lin and Xu, 2023).
Thus, the availability of a carbon source provides the
metabolic resources necessary for the activation of
these biosynthetic pathways. For instance, for large-
scale melanin production by Auricularia auricula,
glucose, tyrosine, peptone, and CaCOj3 significantly
increased production (Sun et al., 2016). In another
study with Aspergillus nidulans, an increase in glucose
concentration (1.62%) and the use of vinasse (0.81%)
significantly improved (more than twofold) melanin
production (Campanhol et al., 2023).

Among DSE, Cladosporium species frequently
colonize roots, enhance plant stress tolerance, and
have been applied for biosorption of azo dyes
(Jimenez-Gonzalez et al. 2024), as well as in phyto-
and bioremediation of HMs and metallic NPs (Ban
et al., 2012; Raut et al., 2021). These fungi can
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help sequester metals in root cell walls as insoluble
complexes, thereby limiting translocation to aerial
tissues (Malicka et al., 2022). However, the precise
role of melanin in this protective process remains
incompletely understood (Ban et al., 2012; Berthelot
et al., 2020), highlighting the need for further research
on the biochemical properties and metal-binding
capacity of fungal melanin.

In this context, we hypothesize that increased
dextrose concentration improves melanin synthesis
in Cladosporium sp., thereby strengthening its
antioxidant defense system and improving tolerance
to CuO-NPs-induced stress. Thus, the study aimed
to assess the influence of dextrose concentration in
melanin production and its relationship with CuO-
NPs tolerance and antioxidant enzyme activity in
Cladosporium sp. For this purpose, we measured
melanin production, copper bioaccumulation, and
antioxidant enzyme activity over time under a
range of CuO-NPs concentrations to assess the
potential of DSE fungi for bioremediation of matrices
contaminated with metal nanoparticles.

2 Methods and materials

2.1 Microorganism

The DSE fungus Cladosporium sp. UAMI12 was
isolated from Dodonaea viscosa seedlings cultivated
in vitro in Murashige-Skoog (MS) medium and
is therefore considered as an endophyte of this
shrub. The strain was preserved on potato dextrose
agar (PDA) medium at 4°C, molecularly identified,
and deposited in the Biological Control Department
Collection (SENASICA, Mexico).

2.2 Central composite design (CCD)

The effect of the initial concentration of dextrose (G-
0922685, Meyer) and CuO-NPs (<50 nm, 544868,
Sigma-Aldrich) on biomass and melanin production,
and Cu sorption in the mycelium was evaluated
using a central composite design (CCD) in Sabouraud
medium (VM1043038-312, Microbiology). Dextrose
and CuO-NP concentrations were tested within the
ranges of 11.7-68.3 g L' and 15-300 mg LI,
respectively. For incorporation into the medium, CuO-
NPs were dispersed in distilled water (1 g L1 and
sonicated at 305 W for 15 min at 25 °C (SOLTEC).
An aliquot of the suspension corresponding to the final
concentration was added to the culture medium prior
to sterilization (15 psi, 120 °C). All experiments were
done in triplicate. The coded independent variables
and their real values are shown in Table S1. The results
of the CCD allowed us to draw the following quadratic

model (Eq. 1):

y=Bo+Bx1 + B2+ B +B2 +B5 (1)

Where y is the predictive response according to the
model, By corresponds to the intercept coefficient,
Bx1 vV Bx are the coefficients of the linear effect,
Bx1x2 1s the interaction coefficient and ﬁ)zd ﬁ)zcz are the
coefficients of the quadratic effect; x| and x, are the
coded values for dextrose and CuO-NPs, respectively.

2.3 Kinetic assays

To analyze the interaction between the fungus and
CuO-NPs under the conditions identified by the CCD,
kinetic tests of biomass and melanin production, as
well as dextrose consumption, were performed. For
this, the strain was inoculated (1.68 x 10* spores cm?)
on the surface of Petri dishes with modified Sabouraud
medium (with a total dextrose concentration of 60
g L) with or without CuO-NPs (160 mg L!). The
assays were conducted in triplicate for 14 days (27 °C),
taking a sample (0.95 cm? disks) from each dish every
48 h.

The specific growth rate (i) was estimated using
Eq. 2, using data corresponding to the first 10 days of
culture, since growth was no longer exponential after
this period.

B
In( ) =n- =10 @
Where B is the fungal biomass quantified in dry weight
(DW); fp and ¢ are the times at which exponential
growth begins and ends, respectively. By performing a
linear regression of the growth data, expressed in terms
of In (B/By) vs. (t - tp), the value of u corresponds to the
slope of the straight line during the exponential phase
(2 to 10 days). The doubling time (#;7) was estimated
from the u values obtained for each condition using
the relationship f; = In (2)/u. Cell yield (Yxs) was
estimated by relating the biomass produced (AX) to
the dextrose consumed (AS) at the final time of the
culture (14 days).

2.4 Analytical methods

2.4.1 Biomass

Fresh biomass from each Petri dish was removed with
a spatula, suspended in 50 mL of distilled water, and
heated at 100 °C for 10 min to remove residual culture
medium. The biomass was then filtered through a
cellulose filter (11 um, Whatman), oven-dried at
60 °C for 24 h (WTC, Binder), and weighed to
determine the biomass dry weight. Fungal tolerance
to CuO-NPs was assessed by calculating the mean
inhibitory concentration (ICsp), defined as the CuO-
NP concentration that inhibits 50% of mycelial growth
(Ban et al., 2012).
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Cell defragmentation was performed to separate
the cell wall from the hyphae (Zhan et al., 2015).
Biomass was removed from the culture medium, and
the fresh weight (FW) was recorded. For each assay,
100 mg of fresh biomass was mixed with 20 mL of
extraction buffer containing 1 mM DL-dithiothreitol,
50 mM Tris-HCI (pH 7.5), and 0.25 M sucrose. The
suspension was centrifuged at 3000 rpm for 15 min
(5810-R, Eppendorf), and the resulting pellet (cell
wall fraction) was microwave-digested for subsequent
copper quantification.

2.4.2  Dextrose consumption

Dextrose concentration was determined using the
phenol-sulfuric acid method (DuBois et al., 1956). A
sample of biomass-free culture medium (the volume
corresponding to a 0.95 cm® disc) was melted in
a water bath (10 min, 100 °C). Then, 2 mL of
the sample were mixed with 1 mL of 5% (w/v)
phenol solution and 5 mL of concentrated HySOj.
The reaction mixture was allowed to stand at room
temperature for 20 min. Total sugar concentration was
quantified spectrophotometrically at 480 nm (UV-VIS
19001, Shimadzu), using dextrose (0—-10 mg L1 as
the calibration standard.

2.4.3 Copper in biomass

About 100 mg of dried fungal biomass (60°C, 24 h)
were completely digested (200°C, 15 min) in a closed-
vessel microwave digestion system (MARSXpress,
CEM) using a mixture (5:4 v/v) of 69% HNOs3
(Instra-Analyzed, J.T. Baker) and deionized (DI)
water (18 MQ cm’!, PureLab-Q Elga). The digested
samples were filtered through 0.45 um cellulose filters
(Whatman), and the final volume was adjusted to 10
mL with DI water. Total Cu content in the biomass was
determined by flame—atomic absorption spectrometry
(AA-6300, Shimadzu) at 324.8 nm using an air—
acetylene flame. Standard curves (0-10 ug mL™')
were prepared from a Cu standard solution (1000 ug
mL-!, Hycel) diluted in 1% HNO;. To determine the
solubilization rate of the copper contained in the CuO-
NPs (160 mg L), the concentration of dissolved
Cu in an abiotic control of the culture medium was
analyzed.

2.4.4  Analysis of the type of melanin produced

To determine the type of melanin produced by
the fungus, kojic acid (K3125, Sigma-Aldrich) and
tricyclazole (45808, Supelco) were used as melanin
inhibitors. Kojic acid was dissolved in distilled water
and incorporated into the culture medium prior to
sterilization to achieve a final concentration of 3 g L™!.
A solution of tricyclazole (1 g L™!) was prepared in

96% ethanol and added to the sterile culture medium
to obtain a final concentration of 50 mg L.

For the assay, a conidial suspension of
Cladosporium sp. (1.68 x 10* spores per cm?) was
inoculated on the surface of Petri dishes containing
modified Sabouraud medium, either without or with
CuO-NPs (160 mg L. Cultures were incubated
at 27 °C for 14 days, in triplicate. The resulting
biomass from each condition was quantified in DW
and processed for melanin content analysis.

2.4.5 Melanin extraction and purification

To extract melanin, about 100 mg of fresh biomass
was boiled in distilled water (50 mL) for 10 min
to remove residual culture medium. The sample was
then oven-dried (60°C, 24 h), and its dry weight
was recorded (Beltran-Garcia et al., 2014). The dried
biomass was treated with 2 M NaOH (100°C, 3 h)
in a digestion block (DRB200, Hach). The resulting
mixture was filtered through a cellulose filter (11 ym,
Whatman), and the filtrate was acidified with 3 M HCl
(X45D16, Macron) to pH 2. The precipitated melanin
was collected by centrifugation (5000 rpm, 20 min)
and purified by acid hydrolysis with 6 M HCI (100
°C, 2 h) to remove residual carbohydrates and proteins.
The obtained precipitate was centrifuged again (5000
rpm, 20 min) and washed with a 1:10 (v/v) mixture
of ethanol (96%) and chloroform (Reagent Grade, J.T.
Baker) to remove lipids, followed by washing with
distilled water and an additional centrifugation step
(5000 rpm, 15 min). The purified melanin was oven-
dried (60°C, 24 h), dissolved in 0.1 M NaOH, and
its absorbance was measured spectrophotometrically
at 400 nm. Quantification was performed using a
standard curve (0-170 ug mL~™') prepared with
synthetic melanin (M8631, Sigma-Aldrich).

2.4.6 Antioxidant activity

To evaluate the effect of CuO-NPs on the fungal
antioxidant capacity, the activity of antioxidant
enzymes —catalase, peroxidases, and superoxide
dismutase— was determined. For enzyme activity
analyses, the fungus was inoculated onto the culture
medium overlaid with a polycarbonate membrane
(0.4 um, Merck). Every 48 h, each Petri dish was
sectioned into seven quadrants of 6.25 cm?; the
biomass from each section was carefully separated
from the membrane using a spatula and used to prepare
crude enzyme extracts.

2.4.7 Crude enzyme extracts (CEE)

Approximately 100 mg of fresh biomass were ground
in liquid nitrogen and homogenized in 1 mL of sodium
phosphate buffer (50 mM, pH 7) containing 5 uL
of a protease inhibitor cocktail (P2714, Sigma). The
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homogenates were centrifuged (14000 rpm, 4 °C, 15
min), and the resulting supernatants were designated
as CEE. Enzymatic activities in the CEE were
quantified spectrophotometrically as described below.
Protein concentration in the CEE was determined
at 595 nm using the Bradford method (Bradford,
1976), with a commercial kit (500-0006, Bio-Rad) and
bovine serum albumin (A-7906, Sigma-Aldrich) as the
standard (0—10 mg L'1).

2.4.8 Superoxide dismutase (SOD, EC 1.15.1.1)

Superoxide dismutase (SOD) activity was quantified
using the method of Beyer and Fridovich (1987). One
mL of a mixture prepared with nitro-blue tetrazolium
(NBT 110 uM), Triton X-100 (0.05%), and EDTA (4
mM) was added with 30 uL. of CEE. The mixture was
added with 20 uL of riboflavin (1 mM) and 1 mL of L-
methionine (20 mM). In the blank, CEE was replaced
by phosphate buffer (50 mM, pH 7). The mixture
was incubated for 10 min at room temperature, and
absorbance was measured at 560 nm. One unit of SOD
activity is defined as the amount of enzyme required to
inhibit NBT reduction by 50% at 26°C and pH 6.5.

2.4.9 Catalase (CAT, EC 1.11.1.6)

Catalase (CAT) activity was determined using the
method of Aebi (1984). The CEE (200 uL) was mixed
with 1 mL of 20 mM H,O; in sodium phosphate buffer
(50 mM, pH 7.0). In the blank, H,O, was replaced by
the same buffer. Enzyme activity was determined by
measuring the decrease in absorbance at 240 nm every
30 s for 5 min, using a molar extinction coefficient
(€) of 39.4 mM! cm™! (Aebi 1984). One unit of CAT
activity is defined as the amount of enzyme required
to decompose 1 umol of H,O, per minute at 26°C and
pH7.

2.4.10 Peroxidases (G-POX, EC 1.11.1.7)

Guaiacol peroxidase (G-POX) activity was determined
according to the method of Kim and Yoo (1996). The
CEE (100 pL) was mixed with 780 uL of sodium
phosphate buffer (50 mM, pH 7.0) and 80 uL of
H>0; (20 mM); in the blank, HyO, was replaced by
phosphate buffer. The reaction was started by adding
40 pL of guaiacol (1%, v/v), and the increase in
absorbance at 450 nm was recorded every 30 s for
5 min. The activity was calculated using a € of 26.6
mM-! cm™! (Chance and Maehly, 1955). One unit of
G-POX activity is defined as the amount of enzyme
that catalyzes the formation of 1 ymol of tetraguaiacol
per minute at 26 °C and pH 7.

2.4.11 Statistical analysis

Data obtained from the CCD were analyzed by
ANOVA. Pearson’s correlation coeflicients were

calculated to test the linear relationship among
dependent variables. Data were tested by one-way
ANOVA, and the comparison of the means was
done using a Tukey test (@ = 0.05). Results are
presented as mean + standard deviation (SD), and
statistically significant differences are indicated by
different letters. Statistical analyses were conducted
using SAS (version 9.1.3, SAS Institute Inc.) and
STATISTICA (version 7.0, USA) software.

3 Results and discussion

3.1 Dextrose and CuO-NP effect on growth
and copper sorption

Different concentrations of dextrose and CuO-NPs
were evaluated to establish the optimal experimental
conditions for subsequent assays. The results of
biomass, melanin and Cu sorption (Table S1) obtained
from the CCD were analyzed by ANOVA. The
analysis identified the variables that significantly
influence these three responses in Cladosporium sp.
UAM12. Based on the corresponding ANOVA (Tables
S2, S3 and S4) for each response variable, three
second-order equations for Cu sorption (Eq. 3),
melanin production (Eq. 4), and biomass production
(Eq. 5) were obtained:

Cu(mg g') = 4.181 - 0.063x; +0.716x,
—0.190x1x2 — 0.478 x% — 0.042 x3 3)
Melanin(mg g'l) =1.581 + 1.120x

~0.015x2 — 0.223x1x2 + 0.085 x7 + 0.522 x5 (4)
Biomass(mg) = 132.777 +22.215x; — 13.478x,
—15.025x10 — 20.027 x7 — 2.222 3 (5)

Where x; and x; are the encoded values for dextrose
and CuO-NPs concentration, respectively; x1x;
represents the interaction between both variables;
xf and x% correspond to the quadratic effects of
dextrose and CuO-NPs, respectively. The coefficients
of determination for equations 3 (R?= 0.984), 4 (R>=
0.973), and 5 (R%>= 0.955) indicate strong agreement
between the predicted and experimental values. These
results confirm the reliability of the models for
describing trends in the three variables. Although
the interaction term (x;x;) and the quadratic term
(x%) in the melanin production model did not show
statistically significant effects (p > 0.05), they were
maintained in the equation because their contribution
to a good fit of the quadratic model prediction (R* =
0.973). This allowed a more accurate description of
melanin production behavior, considering the possible
combined effects and the nonlinear relationship
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Figure 1. Response surface plots predicting melanin production (A) and Cu sorption (B) by Cladosporium sp.
UAMI12 as a function of initial CuO-NPs and dextrose concentrations.

between the evaluated variables (dextrose and CuO-
NPs) within the experimental range. Although the
biomass model (Eq. 5) was satisfactory, melanin
synthesis and Cu sorption are the primary mechanisms
enabling Cladosporium sp. to tolerate CuO-NPs.
Therefore, these two responses were prioritized to
define and optimize the experimental conditions, and
Egs. 3 and 4 were used to generate the response
surface curves shown in Fig. 1.

For melanin production (Fig. 1A), the response
surface showed an ascending ridge, indicating that
dextrose concentration was the only independent
variable with a statistically significant linear effect
(p < 0.05), while interaction and quadratic terms
were retained to accurately plot the response surface.
In contrast, the response surface for Cu sorption
(Fig. 1B) also exhibited an ascending trend, with
CuO-NPs concentration identified as the factor
significantly influencing this response. The canonical
analysis allowed to identify CuO-NP and dextrose
concentrations that enhance both melanin production
and Cu sorption.

For sorption, the model predicted that
supplementing the medium with 210 mg L' CuO-
NPs and 35 g L dextrose would yield 5.06 mg
¢! biomass. However, the tolerance curve showed
that 200 mg L' CuO-NPs inhibited fungal growth
by 50% at this dextrose concentration, indicating
that the predicted optimal sorption may compromise
fungal viability. For melanin, the canonical analysis
suggested that 160 mg L' CuO-NPs combined with
60 g L' dextrose increased production 3.7-fold
compared to controls (1.39 + 0.19 mg g”! biomass).
Similarly, a fractional factorial design in A. nidulans
showed that increasing glucose concentration from
10 to 16 g L' enhanced melanin production 2.3-

fold (Campanhol et al., 2023), confirming the positive
effect of carbon availability on pigment biosynthesis.
Experimental validation further supported that carbon
source concentration significantly influences pigment
synthesis, including melanin, consistent with previous
findings (Sun et al., 2016). The results also indicate
that melanin content in Cladosporium sp. hyphae
correlates with Cu sorption. It should be noted that
increased fungal growth does not necessarily lead
to higher pigment yields, as melanin is a secondary
metabolite synthesized during the late growth phase
(Suthar et al., 2023).

3.2 Effect of dextrose on CuO-NP tolerance
and melanin production

The conditions predicted by the CCD were
experimentally validated by independent experiments
conducted outside the original experimental design
range, varying the concentration of dextrose (20,
40 and 60 g L'l) and CuO-NPs (0-300 mg L.
Results in Sabouraud medium supplemented with
dextrose showed that both dextrose and CuO-NPs
concentration significantly influenced biomass and
melanin production in Cladosporium sp. (Fig. 2). The
model predicted that 80 mg L' CuO-NPs combined
with 56 g L' dextrose would yield 170 mg of
biomass. However, the tolerance curve at 60 g L!
dextrose revealed that 70 mg L' CuO-NPs reduces
biomass by 29.5%. Conversely, the NP concentration
optimized for melanin synthesis (160 mg L) did
not inhibit growth by >50%, regardless of dextrose
concentration. Thus, precise CuO-NP concentration
definition is critical for evaluating their toxic effects
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Figure 2. (A) Half inhibitory concentration (ICsg) for CuO-NPs and (B) melanin production by Cladosporium sp.
UAMI12 after 14 days at 27 °C, as a function of initial CuO-NPs and dextrose concentrations.

and detoxification mechanisms without compromising
fungal growth. The results revealed a dose-dependent
interaction between carbon availability, melanin
synthesis, and CuO-NP tolerance (Fig. 2). Contrary to
the hypothesis that high carbon concentrations would
strengthen stress responses, increasing dextrose to 40
and 60 g L™! resulted in a reduced tolerance to CuO-
NPs, decreasing the ICsg to values near 200 mg L-!
(Fig. 2A). In contrast, with 60 g L~! dextrose, melanin
accumulation increased significantly in the presence
of NP within a range of 100-200 mg L~!, reaching
maximum production at 100 and 150 mg L™! CuO-NP
(Fig. 2B). Based on these results, further assays were
conducted using 60 g L~! dextrose and 160 mg L™
CuO-NPs.

The decreased tolerance to CuO-NPs in the
presence of high dextrose concentrations could be
attributed either to increased oxidative stress or to
catabolite repression (Yu et al., 2026). As previously
reported, high glucose availability can increase
glucose oxidase activity, leading to the accumulation
of HyO, (Wang et al., 2006; Salgado-Bautista et
al., 2020). Consequently, simultaneous exposure to
high dextrose concentrations and CuO-NPs could
subject Cladosporium sp. UAMI12 to a greater
ROS accumulation, overloading its basal antioxidant
defenses. The above suggests that, to counteract this
double stress, the fungus may be redirecting its
biochemical machinery towards melanin biosynthesis.

Although melanin is not essential for primary
growth, it acts as a key protective barrier against
oxidative damage (Lin and Xu, 2023). This
mechanism aligns with the behavior observed in other
tolerant microorganisms, where biomass components
and surface structures play a fundamental role in
the adsorption and sequestration of HM to prevent
intracellular damage (Cabrales-Gonzilez et al.,
2022). This structural defense is evidenced by the
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maximum accumulation of melanin with 60 g L~!
dextrose combined with 100-150 mg L™' CuO-NPs.
It is noteworthy that, despite the reduction in ICsg
with high dextrose concentrations, the tolerance of
Cladosporium sp. UAM12 remains high compared to
other fungi. For instance, 50 mg L™! Ag-NPs caused
severe growth inhibition (70-90%) in Cladosporium
cladosporoides and Aspergillus niger (Pulit et al.,
2013), and 38 mg L' CuO-NPs inhibited 90% of
growth in Candida albicans (Garcia-Marin et al.,
2022). In contrast, the optimized condition (160 mg
L~! CuO-NPs) found in this study allowed both high
growth and NP detoxification. This highlights the high
efficiency of melanin-mediated copper sequestration
in the cell wall and the antioxidant enzyme responses
triggered in this DSE.

3.3 Growth and adaptive response of
Cladosporium sp. to CuO-NPs

Kinetic assays were conducted in the presence of
160 mg L' CuO-NPs to assess the adaptation
and tolerance of Cladosporium sp. under moderate
stress (below ICsp). The NPs (<50 nm) contain
approximately 62% copper, of which about 36%
is soluble in the culture medium (pH ~5.5). No
significant differences in biomass production were
recorded, with maximum values reached with or
without CuO-NPs after 10 days of culture (Fig.
3A). However, NPs induced a delay in dextrose
consumption between 2 and 12 days, with a rate of
4.26 + 0.15 mg mL"! day™! compared to 5.63 + 0.44
mg mL! day! in the control (0-10 days). Despite
this delay, no significant differences were found in
total dextrose consumption (~88%) after 14 days. At
the end of the culture, melanin synthesis increased 1.6-
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Figure 3. (A) Biomass production (filled circles) and dextrose consumption (open circles), and (B) melanin synthesis
by Cladosporium sp. UAM12 grown for 14 days in the absence () and presence (+) of CuO-NPs (160 mg L').

Table 1. Specific growth rate (u), doubling time (tq) and cell yield (Yxs) of 14-day cultures of Cladosporium sp.
without (-) and with (+) CuO-NPs (160 mg Lh. =

Treatment u (day’l) 14 (days) Yxs (mg mg’l)
(<) CuO-NPs  0.410 +£0.017* 1.69 +0.07° 0.48 + 0.032
(+) CuO-NPs  0.328 + 0.009> 2.11 + 0.06 0.52 £ 0.032

*Data with different letters by column indicate significant differences (p < 0.001). Values correspond to the mean value of three
replicates + standard deviation values.

fold in the presence of NPs compared to controls (6.73
+0.24 mg g'! biomass). Whereas melanin production
in the control proceeded at a constant rate from 4 to 14
days (0.59 + 0.01 mg g! day™!), cultures exposed to
CuO-NPs exhibited two different phases: a slow phase
from 4 to 10 days (0.42 + 0.05 mg g! day™!) followed
by a rapid phase from 10 to 14 days (2.00 + 0.15 mg
g day!) (Fig. 3B).

Based on the growth and substrate consumption
kinetics, the specific growth rate (1), doubling time
(tq), and the final cell yield (Yxs) of Cladosporium sp.
were estimated (Table 1). The presence of CuO-NPs
reduced p by 19.9%, resulting in a 10.1 h (0.42 days)
increase in tq. Nevertheless, the final Yxg value did
not differ significantly between treatments. The fact
that there were no significant differences in biomass
production because of CuO-NPs indicates that
Cladosporium sp. tolerates moderate stress conditions.
The delay in dextrose consumption observed between
2 and 12 days is consistent with the gradual release
of Cu?* ions into the medium. Since the amount
of Cu®* released is directly related to the initial
NP concentration, the delay in dextrose consumption
could reflect the progressive ion accumulation in the
mycelium (Singh ez al., 2021).

Despite the growth delay, the fungus overcame
copper stress after 12 days, coinciding with a marked
increase in melanin synthesis. Similar responses
have been reported in other DSE fungi. For

example, E. pisciphila exposed to 150 mg L' Cd**
showed a 1.3-fold increase in melanin production
compared to metal-free cultures (Zhan et al., 2011).
Gaeumannomyces cylindrosporus accumulated 5.2-
fold more melanin under Pb>* stress compared to
controls (1.8 mg g'1 biomass) (Ban et al., 2012). These
findings, together with the present study, reinforce the
role of melanin as a defense mechanism against HM-
induced stress, acting as a physical barrier that limits
toxicity (Juarez-Maldonado et al., 2021).

3.4 Melanin and the control of oxidative
stress

Copper was solubilized from CuO NPs in Sabouraud
medium at a rate of 17.08 +0.15 mg L! day"!, directly
influencing the sorption by Cladosporium sp. Over 14
days, the fungus accumulated up to 3.18 = 0.55 mg
¢! biomass, with 80.1 + 4.9% immobilized in the cell
wall. Furthermore, melanin production was inhibited
by kojic acid but not by tricyclazole (data not shown),
indicating that Cladosporium sp. UAM12 primarily
synthesizes DOPA-melanin (a type of eumelanin).
Similarly, Buszman et al. (2006) identified mainly
eumelanin in C. cladosporioides and identified only
a small proportion of pheomelanin. This type of
melanin is synthesized via the L-DOPA pathway,
which uses tyrosine as a precursor, and kojic acid
inhibits the synthesis by blocking the formation of
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Figure 4. Effect of kojic acid (3 g L!) on melanin
synthesis inhibition in Cladosporium sp. after 14 days
of culture in Sabouraud medium containing 60 g L-!
dextrose. (A) Control without kojic acid; (B) culture
with kojic acid; (C) culture with kojic acid and CuO-
NPs (160 mg L.

5,6-dihydroxyindole-2-carboxylic acid by tyrosinase
(Berthelot et al., 2020; Suthar et al., 2023).

Kojic acid (3 g L™!) reduced melanin production
in Cladosporium sp. UAMI2 by ~26% (4.62 =
0.20 vs. 6.26 + 0.27 mg g! biomass in controls)
without affecting growth, shifting pigmentation from
brownish-black to brownish-green, thereby confirming
reduced melanin synthesis (Fig. 4). Under these
conditions, exposure to 160 mg L' CuO NPs
suppressed biomass by ~95%, highlighting the
protective role of DOPA-melanin. The recovery of
Cladosporium sp. from copper toxicity (Fig. 3A) is
likely associated with the immobilization of ~80%
of the accumulated metal in the cell wall, where
melanin plays a key protective role. This suggests that
enhanced melanin content in the cell wall restricts
intracellular bioaccumulation of Cu?* ions released
during 14 days of culture, thereby mitigating toxicity
and conferring an adaptive advantage (Suthar et al.,
2023).

The heavy metal sorption capacity of melanized
fungi is highly dependent on the complex
physicochemical properties of eumelanin. Its
chemical structure includes indole rings, quinones,
carboxylates, and amides, as well as a paramagnetic
center generated by homogeneously distributed o-
semiquinone radicals (Singh et al., 2021). These
free radicals significantly enhance the melanin
affinity for metal ions by enabling a diverse array
of chemical and magnetic interactions. For instance,
in C. cladosporioides, both magnetic and chemical
interactions between eumelanin free radicals and Cu”*
ions have been observed (Buszman et al., 2006). These
interactions effectively sequester Cu®* ions within
the fungal cell wall, thereby reducing intracellular
accumulation and conferring tolerance against stress
induced by MNP. This cell wall retention mechanism
is consistent with our results and similar findings in
Exophiala salmonis exposed to 150 mg L' CuO-
NPs, where 91.1% of the accumulated Cu (~1.80 mg
g’]) was retained in the cell wall (Ban et al., 2023).
Furthermore, the strong positive correlation (Pearson
= 0.932) observed between melanin production and
Cu sorption in a range of CuO-NP concentrations (15—
150 mg L'!; Fig. S1) further supports that melanin-

mediated sequestration is fundamental to fungal
tolerance under MNP stress.

Since melanin plays a key role in limiting the
entry of Cu?* ions into the cell, its inhibition also
reduces fungal tolerance to CuO-NPs. This effect
was observed in Cladosporium sp. UAMI12 cultures
exposed to 160 mg L' CuO-NPs in the presence
of kojic acid, where growth was almost completely
inhibited (Fig. 4C). Similar trends have been reported
in other DSE fungi, where the inhibition of melanin
synthesis decreases tolerance to HMs (Berthelot et
al., 2020; Potisek et al., 2021). However, a recent
study on six DSEs showed that melanin inhibition did
not significantly affect Cd or Zn tolerance but altered
the pattern of metal accumulation (Berthelot er al.,
2020). Increased intracellular metal uptake leads to
ROS overproduction, which, if not controlled, reduces
fungal tolerance (Potisek ef al., 2021). In this study,
the severe growth inhibition of Cladosporium sp.
UAMI12 in the presence of CuO-NPs and kojic acid
confirms that Cu tolerance in this strain is strongly
dependent on melanin synthesis. The above could be
directly related to the role of melanin as a first-line
defense mechanism by binding Cu to the cell wall,
thereby preventing its intracellular accumulation and
reducing metal toxicity.

3.5 Antioxidant response in Cladosporium
sp.

Superoxide dismutase (SOD) and G-POX activity in
Cladosporium sp. were significantly stimulated in the
presence of CuO-NPs (Fig. 5); SOD activity reached
a maximum level (14.5-fold higher than the control)
after 6 days (Fig. 5SA), whereas G-POX activity had a
maximum (3.3-fold above the control) after 12 days
of culture (Fig. 5B). CAT activity showed a significant
increase (1.8-fold) only after 14 days and exhibited a
gradual rise independent of the presence of NPs (Fig.
5C). Once a fraction of Cu enters the cell (19.9 +
4.9% in this study), the inevitable consequence is the
overproduction of ROS, leading to redox imbalance;
if uncontrolled, this imbalance culminates in oxidative
stress (Ban et al., 2023). Antioxidant enzymes such
as SOD, G-POX, and CAT play central roles in
mitigating ROS damage, and their increased activity
in Cladosporium sp. UAMI2 reflects an adaptive
tolerance mechanism (Potisek et al., 2021). The
upregulation of these enzymes underscores their role
in mitigating the effects of intracellular Cu** ions
(~0.63 mg g'! biomass, based on cell wall retention).
Pollutants such as MNPs, often undergo redox
cycling, generating free radicals and ROS through
successive oxidation—reduction reactions. These
radicals readily react with O, generating -O;”
and other ROS (Peralta-Pérez and Volke-Sepilveda,
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Figure 5. Specific activities of (A) superoxide dismutase (SOD), (B) peroxidase (G-POX), and (C) catalase (CAT)
in Cladosporium sp. UAM12 after 14 days of growth in the absence (—) and presence (+) of CuO-NPs (160 mg L'!).

2012). The early increase in SOD activity (during
the first 6 days) in cultures exposed to CuO-NPs
confirms that this enzyme serves as a primary defense
mechanism in Cladosporium sp. by regulating -Oy~
levels and counteracting Cu®* induced oxidative
stress. From the sixth day onward, melanin synthesis
increased while SOD activity declined, resulting in a
strong negative correlation between both parameters
in the presence of 160 mg L' CuO-NPs (Fig. S2).
A pronounced decrease in SOD activity was found
when melanin levels rose from 1.3 to 2.6 mg g’!
biomass (Pearson = -0.950), followed by a slower
decline as melanin increased from 2.6 to 10.8 mg g”!
(Pearson = -0.807). The most significant reduction
in SOD activity (Fig. 5SA) coincided with the period
of accelerated melanin production (10-14 days) (Fig.
3B), supporting the idea that melanin progressively
plays a predominant antioxidant role, limiting Cu?*
uptake and alleviating intracellular stress. Comparable
responses have been reported in Acrocalymma vagum
and Seyralidium lignicola exposed to Cd** (Hou et
al., 2020), and G. cylindrosporus under Pb2+exposure
(Ban et al., 2012).

As the dismutation of -O,~ by SOD generates
H;0,, this ROS must be further degraded to by
catalase and peroxidases to prevent -OH formation via
the metal-catalyzed Fenton reaction, thereby avoiding
oxidative stress (Peralta-Pérez and Volke-Sepiilveda,
2012). The increased G-POX activity found under
NP-induced stress suggests that Cladosporium sp. can
effectively regulate cellular redox balance. Notably, a
marked rise in CAT activity compared to the control
coincided with a decline in G-POX activity after 12
days (Fig. 5C). This shift may be explained by the
low affinity of CAT for H>O», so this enzyme removes
high concentrations of H,O, (in the mM range). At
such levels, CAT rapidly decomposes H,O, due to
its ability to function as both hydrogen donor and
acceptor (Vega-Garcia et al., 2018; Potisek et al.,
2021). This increase in CAT activity could therefore
result from enhanced H,O,; accumulation resulting
from prolonged exposure of the mycelium to Cu”*
ions, suggesting a protective mechanism against ROS-

induced damage. Peroxidases exhibit higher affinity
for HyO, than CAT, typically in the micromolar
range (Vega-Garcia et al., 2018). In particular, G-POX
plays a central role in HyO, detoxification under both
normal and stress conditions, due to its relatively high
activity in intracellular, extracellular, and cell wall
compartments. The induction of this enzyme has been
widely reported under environmental stress, including
HMs (Zandi and Schnug, 2022). For instance, E.
salmonis exposed to 150 mg L' CuO-NPs showed
2.7- and 4.5-fold increases in SOD and peroxidase
activities, respectively, compared with controls (Ban
et al., 2023). Similarly, increased CAT activity has
been observed in fungi exposed to HM, such as G.
cylindrosporus treated with Pb** (Ban er al., 2012)
and Cadophora sp. under Cd>%* stress (Potisek et al.,
2021).

Collectively, our findings help to elucidate
the mechanisms underlying the high tolerance
of Cladosporium sp. UAMI12 to CuO-NPs,
demonstrating a synergistic action between melanin
accumulation and antioxidant enzyme activity.
Melanin plays a key role in mitigating oxidative
stress by immobilizing Cu?* within the fungal cell
wall, thereby preventing excessive ROS formation.
At the same time, the upregulation of antioxidant
enzymes, particularly SOD and G-POX, acts as an
adaptive response against oxidative stress. Although
further studies on the antioxidant system of this
strain are required —given that ROS production
can vary depending on nanoparticle properties and
culture conditions— understanding these physiological
strategies provides a basis for using this fungus in
environmental applications.

Furthermore, the ability of Cladosporium sp.
UAMI2 to effectively sequester Cu>* ions offers
a promising prospect for the development of
bioremediation systems. The fungal biomass could be
used as a biosorbent material for the removal of HM
from contaminated liquid effluents, employing fixed-
bed columns or stirred-tank bioreactors. In addition
to engineered bioremediation, the ecological nature of
Cladosporium sp. UAM12 as a DSE fungus highlights
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its potential for endophyte-assisted phytoremediation.
DSE colonization enhances the plant growth and
immobilizes metal ions within the fungal hyphae,
creating physical barriers that protect the host plant
(Cao et al., 2023). Given that Cladosporium sp.
UAMI12 was isolated from Dodonaea viscosa —
where it significantly enhances the plant growth
under lead stress, partly by mitigating oxidative
damage (unpublished data)— this strain represents a
highly viable candidate for remediating contaminated
agricultural soils. Based on its antioxidant defense
and melanin-mediated metal retention, the application
of this DSE fungus could be a valuable strategy
to increase crop productivity while simultaneously
minimizing the transfer of HM and MNPs into the
food chain.

Conclusions

This study demonstrates that, although high dextrose
availability stimulates biomass yield and DOPA-
melanin synthesis in Cladosporium sp. UAMI2,
it also reduces tolerance to CuO-NPs due to the
likely combination of dextrose-induced endogenous
oxidative stress with NP toxicity. However, optimizing
these variables (60 g L' dextrose and 160 mg
L1 CuO-NPs) allows for the activation of an
efficient defense mechanism. Under these specific
conditions, melanin accumulation acts synergistically
with antioxidant enzymes, particularly superoxide
dismutase and peroxidases, to sequester most of the
soluble copper in the cell wall and mitigate oxidative
damage. These physiological mechanisms confer upon
Cladosporium sp. UAMI12 a high tolerance to CuO-
NPs compared to other DSE fungi, highlighting
the importance of an adequate nutritional balance
when using this type of fungi for the bio- or
phytoremediation of environments contaminated with
metallic NPs.
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