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	        ABSTRACT
In Peru, white-rot lignicolous fungi represent a biotechnological resource with high potential 
for the bioremediation of environments contaminated with heavy metals, offering an ecological 
alternative to traditional physicochemical methods. This study aimed to evaluate the capacity 
of four strains: Ganoderma applanatum, Pycnoporus sanguineus, Schizophyllum commune, 
and Pleurotus ostreatus to remove copper and zinc from aqueous media at three metal 
concentrations. The cultures were maintained for 14 days under controlled conditions; 
mycelial growth and biomass production were measured, and removal efficiency was 
determined by flame atomic absorption spectrophotometry. The results revealed significant 
differences among strains and concentrations. S. commune and P. ostreatus showed greater 
mycelial growth and biomass production, whereas G. applanatum and P. sanguineus stood 
out for their high metal removal capacity. Removal efficiencies reached values of 92.10–
96.77% for copper and 91.88–99.05% for zinc, confirming the ability of these fungi to remove 
heavy metals from aqueous systems. The findings demonstrate the potential of lignicolous 
fungi as a sustainable alternative for bioremediation, contributing to the development of 
clean technologies applicable to the treatment of effluents contaminated with heavy metals. 
The use of lignicolous fungi in bioremediation processes could reduce operational costs, 
minimize secondary environmental impacts, and promote nature-based solutions, thereby 
strengthening sustainable environmental management strategies in the Peruvian context.

1. INTRODUCTION

Human activities and industrial expansion have significantly intensified the 
release of persistent organic pollutants and heavy metals into the environment, 
leading to soil and water degradation, ecosystem alterations, and considerable 
risks to human health (Zare et al. 2024, Majumdar 2024). This phenomenon is 
closely associated with the growth of mining, metallurgical, electroplating, and 
manufacturing activities, as well as with the inadequate treatment of industrial 
effluents and acid mine drainage, which are recognized as among the main sources 
of water pollution worldwide.

In countries with intensive extractive activities, such as Peru, the discharge 
of untreated or partially treated effluents represents a persistent environmental 
challenge, particularly in regions influenced by mining operations, where elevated 
concentrations of heavy metals are frequently reported in surface and groundwater.

           Nature Environment and Pollution Technology
An International Quarterly Peer-Reviewed Open Access Journal

p-ISSN: 0972-6268 e-ISSN: 2395-3454 2026Vol. 25 No. 4 Article ID D1923

RESEARCH ARTICLE https://doi.org/10.46488/NEPT.2026.v25i04.D1923                     OPEN ACCESS  

  ARTICLE HISTORY

Received: 19-03-2026
Revised:    11-05-2026
Accepted: 20-05-2026

   KEYWORDS

White-Rot lignicolous fungi  
Ganoderma applanatum   
Pleurotus ostreatus   
Pycnoporus sanguineus   
Schizophyllum commune   
Removal of heavy metals

   CITE THIS ARTICLE

Ruiz Tello, A.L., Ruiz-Rengifo, L., Ánge-
les-Suazo, J.M., Carrasco Llaique, 
C.V. and Gutiérrez-Collao, J.E., 2026. 
Removal of copper and zinc from aque-
ous media using white-rot lignicolous 
fungi, Nature Environment and Pollution 
Technology, 25(4), D1923. https://doi.
org/10.46488/NEPT.2026.v25i04.D1923

   COPYRIGHT & LICENCE

© 2026 The Authors
Open Access under CC BY 4.0.

PUBLISHED BY

mailto:jairo.gutierrez@unat.edu.pe


2 Analiz Lola Ruiz Tello et al.

Nature Environment and Pollution Technology  • Vol. 25, No. 4, 2026                                                                                        

In this context, the increasing release of heavy metals 
such as copper (Cu) and zinc (Zn) into aquatic environments 
represents a critical environmental threat. Due to their 
persistent and non-biodegradable nature, these elements tend 
to accumulate in the environment and become incorporated 
into trophic chains, promoting processes of bioaccumulation 
and biomagnification. As a consequence, they can alter 
ecological interactions, affect evolutionary processes, and 
contribute to the decline or disappearance of endemic species 
(Sanyal et al. 2015, Luna et al. 2020, Paria et al. 2022). 
Moreover, even at relatively low concentrations, Cu and Zn 
interfere with essential biological functions and can cause 
chronic toxic effects in both aquatic organisms and humans 
(Singh & Singh 2024).

In response to this issue, conventional physicochemical 
effluent treatment methods present significant limitations, 
including high operational costs, reduced efficiency in 
complex contaminant mixtures, and the generation of 
secondary pollutants such as sludge (Chen et al. 2022, Gao 
et al. 2024, Harish et al. 2024). However, these approaches 
often fail to provide sustainable and cost-effective solutions, 
particularly in developing regions where technological and 
economic constraints persist.

These limitations have driven increasing interest in 
biological alternatives, which are characterized by lower 
environmental impact and greater adaptability. Among 
them, processes such as biosorption, biotransformation, 
and biomineralization have demonstrated considerable 
potential for the removal of heavy metals (Módenes et al. 
2013, González-González et al. 2022). Nevertheless, their 
performance remains highly dependent on environmental 
conditions, biomass characteristics, and contaminant 
concentrations.

Among emerging biotechnological strategies, fungi 
have been widely recognized for their effectiveness in 
bioremediation due to their high tolerance to heavy metals, 
their capacity for mycosorption and bioleaching, and the 
presence of multiple functional groups (–OH, –NH₂, –
COOH) on their cell surface that facilitate metal binding (Lei 
et al. 2018, Li et al. 2019, Amin et al. 2024, Zare et al. 2024).

Within this group, white-rot lignicolous fungi stand out 
due to their extracellular enzymatic system, composed of 
laccases, manganese peroxidases, and lignin peroxidases. This 
system not only enables the degradation of lignocellulosic 
compounds but also contributes to interactions with heavy 
metals through biosorption, bioaccumulation, and redox-
mediated processes (Singh & Singh 2024, Kato et al. 2024, 
Zehra & Meena 2025, Singh et al. 2025).

Several studies have demonstrated their potential in 
heavy metal removal. For instance, strains of Pleurotus 

ostreatus have shown high tolerance to copper and significant 
removal efficiency in aqueous systems, along with the 
induction of ligninolytic enzymes under metal stress (Gao 
et al. 2024). Similarly, other white-rot fungi have achieved 
removal efficiencies exceeding 70% for metals such as 
lead, cadmium, and nickel under controlled conditions 
(Sharma et al. 2020). However, these studies are often 
limited to single-metal systems or controlled laboratory 
conditions that do not fully represent the complexity of real  
effluents.

Despite more than two decades of research in this field (Lu 
et al. 2020), critical gaps persist regarding the comparative 
evaluation of multiple lignicolous strains under factorial 
experimental designs that incorporate different metals and 
environmentally relevant concentrations. Furthermore, 
the rapid decline of ligninolytic activity in aqueous 
environments remains a significant limitation that has not been  
sufficiently addressed (Langer et al. 2021, Hultberg & 
Golovko 2024).

Within this framework, the present study aims to 
comparatively evaluate the removal capacity of four strains 
of white-rot lignicolous fungi for Cu and Zn in aqueous 
solutions simulating contaminated effluent scenarios. This 
research seeks to generate robust experimental evidence 
that supports the application of these microorganisms as 
sustainable, efficient, and cost-effective biotechnological 
alternatives for industrial wastewater treatment in Peru.

This study provides a novel comparative evaluation of 
native Peruvian lignicolous fungal strains under a factorial 
experimental design, assessing their removal capacity for Cu 
and Zn at environmentally relevant concentrations.

2. MATERIALS AND METHODS

2.1. Study Area

The study was conducted in the Mycology and Propagation 
Technology Laboratory of the Universidad Nacional Agraria 
de la Selva, located in the Rupa Rupa district, Leoncio 
Prado province, Huánuco region (Fig. 1). The geographic 
coordinates of the study area are 76°00′17″ west longitude 
and 9°18′18″ south latitude, at an altitude of 660 m above 
sea level.

2.2. White-Rot Lignicolous Fungal Strains

Four fungal strains were studied: Ganoderma applanatum, 
Pleurotus ostreatus, Pycnoporus sanguineus, and Schizo-

phyllum commune. All specimens were collected from the 
Reserved Forest of the Universidad Nacional Agraria de la 
Selva and the Botanical Garden of Tingo María, located in 
the central Peruvian rainforest.
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removal capacity without causing complete growth inhibition 
(Anastopoulos & Kyzas 2015, Baldrian 2003). Therefore, 
the selected levels represent realistic scenarios of moderate 
to high contamination and allow for comparability with the 
international literature.

2.4. Preparation and Plating of Solid Media

For the primary isolation of fungal strains, malt extract agar 
(50 g) and potato dextrose agar (39 g) were used to prepare 
1.5 L of medium, each prepared separately. The components 
were dissolved under constant stirring and brought to a boil 
for 10 minutes until complete homogenization was achieved. 
Subsequently, the media were sterilized in an autoclave at 
121°C and 15 psi for 15 minutes.

After sterilization, the media were transferred to a laminar 
flow chamber previously disinfected with UV radiation for 15 
minutes. Ceftriaxone (0.3 g per total prepared volume) was added 
as an antibacterial agent, and the mixture was homogenized prior 
to plating to minimize the risk of contamination.

2.5. Disinfection and Establishment of Axenic Cultures

Fresh selected fruiting bodies were superficially cleaned 
and cut into fragments of approximately 0.5 × 0.5 cm. 
Disinfection was carried out following the protocols of 
Córdova (2010) and Ríos-Ruiz and Ruiz-Rengifo (1993), 
using sodium hypochlorite (NaOCl) diluted 1:10 for 1 
minute, followed by three consecutive rinses with sterile 
distilled water. The fragments were dried on sterile filter 
paper and placed at the center of 90 mm Petri dishes 
containing potato dextrose agar and malt extract agar.

The samples were coded, photographed, and packaged in 

situ, and then transported to the laboratory, where they were 
dried for a period of 24–72 hours (depending on the strain) 
at a temperature of 60 °C (Robledo 2006, Ryvarden 2007). 
Fungal identification was performed based on macroscopic 
characteristics and comparison with reference catalogs 
“Hongos de Allpahuayo-Mishana”; therefore, it should be 
considered a preliminary identification (Mata 1999, Mata 
et al. 2003).

2.3. Experimental Design

Four fungal strains (G. applanatum, P. sanguineus, S. 

commune, and P. ostreatus), two contaminants (copper and 
zinc), and three concentrations per contaminant (10 mg L⁻¹, 
30 mg L⁻¹, and 50 mg L⁻¹) were studied. Additionally, three 
replicates were evaluated for each of the 24 treatments.

The evaluated concentrations (10, 30, and 50 mg L⁻¹) 
were selected considering ranges reported for mining and 
metallurgical effluents, where Cu and Zn concentrations 
can vary widely depending on the degree of prior treatment. 
Studies on acid mine drainage and metallurgical effluents 
have documented metal concentrations ranging from 5 to 
>100 mg L⁻¹, especially in partially treated or neutralized 
systems (Johnson & Hallberg 2005, Fu & Wang 2011).

Likewise, research on fungal biosorption frequently 
employs initial concentrations between 10 and 100 mg L⁻¹ 
to assess tolerance and removal efficiency under controlled 
conditions (Gadd 2009, Kapoor & Viraraghavan 1995).

In particular, concentrations of 10–50 mg L⁻¹ have 
been used in studies with ligninolytic fungi to determine 

 

Fig. 1: Study area location. 
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The plates were sealed with Parafilm and incubated at 
27°C in darkness until mycelial growth was observed. All 
procedures were conducted under aseptic conditions in a 
laminar flow hood.

2.6. Preparation and Activation of Fungal Inoculum

Inoculum standardization is essential to ensure reproducibility 
in biosorption and biotransformation studies (Kapoor & 
Viraraghavan 1995, Gadd 2009). For strain activation, 
Sabouraud dextrose broth, a carbon-rich medium due to its 
high dextrose content, was used because it promotes growth 
in the exponential phase and metabolic activation associated 
with increased expression of ligninolytic enzyme systems 
(Baldrian 2003).

For the preparation of 1 L of Sabouraud broth, 40 g of 
dextrose and 10 g of peptone were used, and the volume 
was brought to 1 L with distilled water. The medium was 
sterilized in an autoclave (121°C, 15 min), and once cooled, 
ceftriaxone (0.2 g L⁻¹) was added. The axenic mycelium 
was subcultured into flasks containing this medium and 
incubated for 5 days at room temperature to obtain cultures 
in the exponential phase.

Prior to inoculation in the Mineral Salts Minimal Medium 
(MSMM), the biomass was homogenized and quantified by 
dry weight following standard methodologies for fungal 
growth studies (Suh et al. 2001). This standardization 
allowed the initial density to be expressed in g L⁻¹ and 
ensured uniformity among experimental treatments.

2.7. Mineral Salts Minimal Medium (MSMM)

The Mineral Salts Minimal Medium (MSMM) was prepared 
by dissolving 5.23 g of K₂HPO₄, 1.91 g of KH₂PO₄, 0.09 g 
of MgSO₄, and 1 g of (NH₄)₂SO₄ in distilled water, adding 1 
mL of trace element solution, and adjusting the final volume 
to 1000 mL. The trace element solution (1 L) consisted of 
20 mg of boric acid, 30 mg of zinc sulfate, 1 mg of copper 
sulfate, 3 mg of sodium molybdate, 10 mg of iron sulfate, 
and 2.6 mg of magnesium sulfate, all dissolved in distilled 
water to complete the final volume. For the induction phase, 
the MSMM was supplemented with glucose (0.25 g L⁻¹) 
and 0.1% yeast extract to promote metabolic activation of 
the microorganism.

2.8. pH Control and Culture Conditions

The initial pH of the MSMM was adjusted to 5.5 ± 0.1 
using 0.1 M HCl or NaOH prior to sterilization. pH is a 
determining factor in the ionic speciation of Cu²⁺ and Zn²⁺ 
and in the efficiency of fungal biosorption (Fu & Wang 2011, 
Anastopoulos & Kyzas 2015). Values between 4.5 and 6.0 
favor the interaction between functional groups on the cell 

wall (–OH, –COOH, –NH₂) and metal cations, minimizing 
abiotic precipitation (Gadd 2009).

2.9. Chemical Source of Metals and Evaluated 
Concentrations

Copper and zinc were added as copper sulfate pentahydrate 
(CuSO₄·5H₂O) and zinc sulfate heptahydrate (ZnSO₄·7H₂O), 
respectively, both of analytical grade. These salts were 
selected due to their high solubility and frequent use in 
biosorption studies (Kapoor & Viraraghavan 1995, Fu & 
Wang 2011).

2.10. Induction, Incubation, and Experimental Controls

The metal-supplemented media were sterilized and 
distributed into flasks, which were then inoculated with 7.5 
mL of previously activated and standardized culture. The 
flasks were incubated for 14 days, a period determined based 
on studies reporting that the active phase of biosorption 
and bioaccumulation occurs within the first two weeks 
(Baldrian 2003, Gadd 2009). Preliminary assays confirmed 
stabilization of biomass and residual metal concentration 
by day 14.

It is important to note that all experimental units were 
inoculated with fungal biomass; therefore, abiotic controls 
(MSMM + metal without inoculum) were not included in 
the experimental design. Consequently, the study focuses 
on evaluating the overall removal efficiency in biological 
systems, without experimentally distinguishing between 
biological and physicochemical removal mechanisms such 
as precipitation or passive adsorption.

2.11. Determination of Metals by FAAS

The residual concentration of Cu and Zn in the supernatant was 
determined by flame atomic absorption spectrophotometry (FAAS) 
using a SpectrAA 55B atomic absorption spectrophotometer 
(Varian Inc., USA). FAAS is a widely validated technique for 
metal analysis in aqueous matrices (Welz & Sperling 1999). 
Measurements were performed at 324.8 nm for Cu and 213.9 
nm for Zn using an air–acetylene flame.

Calibration curves were constructed with coefficients 
of determination (R²) greater than 0.995. Analytical quality 
control included reagent blanks and triplicate measurements 
to ensure precision. 

2.12. Analytical Determinations

2.12.1. Evaluation of Radial Growth on Solid Media
The radial growth of the fungal strains was evaluated on solid 
media consisting of potato dextrose agar (PDA) and malt 
extract agar (MEA). For each treatment, a 5-mm-diameter 
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mycelial disc was taken from the actively growing edge of 
a previously established culture and placed at the center of 
90-mm-diameter Petri dishes.

The plates were incubated at 27 ± 2°C under dark 
conditions. Colony diameter was measured daily for 15 
days using a sterile millimeter ruler with a precision of 1 
mm. In each plate, two perpendicular measurements were 
taken along axes passing through the inoculation center, 
and the average of both was calculated to estimate daily 
radial growth.

Radial growth (mm) was determined as the distance from 
the point of inoculation to the active edge of the mycelium. 
When the colony reached the edge of the plate, growth was 
considered complete, and the maximum value corresponding 
to the internal radius of the plate was recorded.

Additionally, macroscopic characteristics such as 
coloration, surface texture (cottony, waxy, or compact), 
presence of concentric zoning, mycelial density, and 
expansion pattern (dispersed or compact) were recorded. These 
observations were conducted descriptively and documented 
photographically to complement the quantitative analysis.

2.12.2. Determination of Fungal Biomass
After 14 days of incubation, the fungal biomass was 
recovered by centrifugation and filtration of the supernatant. 
The material was then dried in an oven until a constant weight 
was reached and quantified gravimetrically to determine the 
mycelial biomass corresponding to each copper and zinc 
concentration. Finally, an aliquot of the filtered supernatant 
was analyzed by FAAS to assess the fungi’s capacity to 
remove copper and zinc.

Cell density was determined from the dry weight of the 
mycelial biomass. To do this, the biomass was separated 
from the liquid medium by centrifugation at 3500 rpm for 15 
minutes. It was then filtered using pre-weighed filter paper 
and placed in an oven at 80°C until a constant weight was 
reached. The following equation was applied (López 1998):

	 B = 
𝑋𝑋� − 𝑋𝑋�

𝑉𝑉
                 	 ...(1)

Where: B represents the biomass (g L⁻¹), X₁ refers to the 
weight of the filter paper, and X₂ refers to the weight of the 
filter paper with biomass, and V is the volume of the culture 
medium (in liters) used for biomass determination

2.12.3. Determination of Removal Efficiency
Removal efficiency was determined based on the percentage 
reduction between the initial and final concentrations of 
copper and zinc in the aqueous medium contained in the 
flasks, using Equation 2, according to each applied treatment 
(Marcovecchio et al. 1991).

	 RE =(
𝐼𝐼𝐼𝐼-FC

IC
)× 100               	 ...(2)

Where: RE represents the removal efficiency (%), IC 
refers to the initial concentration (mg L⁻¹), and FC refers to 
the final concentration (mg L⁻¹).

2.13. Data Analysis

The data were analyzed using a completely randomized 
three-way ANOVA (4 × 2 × 3), considering fungal strain (4 
levels), metal type (2 levels), and concentration (3 levels) 
as factors, with three replicates per treatment (n = 72). Main 
effects as well as two-way and three-way interactions were 
evaluated. Prior to analysis, assumptions of normality (Shap-
iro–Wilk test) and homogeneity of variances (Levene’s test) 
were verified. When significant differences were detected 
(p < 0.05), Tukey’s multiple comparison test was applied.

3. RESULTS AND DISCUSSION

3.1. Radial Growth and Macroscopic Characterization 
of Fungal Strains

The radial growth of Ganoderma applanatum, Pycnoporus 

sanguineus, Schizophyllum commune, and Pleurotus 

ostreatus was evaluated on potato dextrose agar (PDA) 
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Fig. 2: Radial growth of fungal strains in two culture media.



6 Analiz Lola Ruiz Tello et al.

Nature Environment and Pollution Technology  • Vol. 25, No. 4, 2026                                                                                        

and malt extract agar (MEA). The growth curves shown in  
Fig. 2 exhibited a typical sigmoidal pattern, characterized by 
an initial lag phase, an exponential phase, and a stationary 
phase, consistent with the dynamics of mycelial expansion 
in solid cultures.

Two-way analysis of variance (species × culture medium) 
revealed significant differences in radial growth attributable 
to the species factor (p < 0.001), while the effect of the 
medium depended on the strain, showing a significant 
species × medium interaction (p < 0.05). This indicates that 
the response to the type of substrate is modulated by the 
intrinsic physiology of each fungus.

S. commune exhibited the highest radial growth rate, 
reaching 45 mm by day 11 on PDA and by day 9 on MEA, 
corresponding to an average rate of approximately 4– 
5 mm day⁻¹ during the exponential phase. In contrast, G. 

applanatum showed the slowest growth, failing to cover 
the entire plate within the same experimental period. P. 

sanguineus and P. ostreatus displayed intermediate rates, 
with vigorous development on both media.

In comparative terms, Figs. 3 and 4 show that PDA 
favored a faster initial mycelial expansion in fast-growing 
strains, whereas MEA promoted greater continuity and 
stability in growth, particularly in P. sanguineus and S. 

commune. These differences suggest variations in the 
utilization of complex carbon sources and metabolic 
efficiency among species.

From a macroscopic perspective, clear differences in 
colony morphology were observed. S. commune displayed 
dispersed growth on PDA and more compact mycelium on 
MEA. P. sanguineus initially showed a waxy texture on both 
media, becoming cottony on MEA and later developing 

 
Fig. 3: Radial growth of fungal strains on malt extract agar (MEA) medium: a) Ganoderma applanatum. b) Pycnoporus sanguineus. c) Schizophyllum 

commune. d) Pleurotus ostreatus.

 
Fig. 4: Radial growth of fungal strains on potato dextrose agar (PDA) medium a) Ganoderma applanatum. b) Pycnoporus sanguineus. c) 

Schizophyllum commune. d) Pleurotus ostreatus.
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concentric lines with pink to reddish hues. G. applanatum 
developed waxy mycelium on PDA and a more homogeneous 
and vigorous growth on MEA. P. ostreatus exhibited uniform 
and consistent growth on both media.

The observed differences in radial growth and mycelial 
morphology have direct implications for subsequent 
biotechnological performance. Strains with higher mycelial 
expansion rates, such as S. commune and P. sanguineus, 
exhibit a larger active surface area and higher hyphal density 
in a shorter time, potentially increasing the availability of 
cell wall functional groups (–OH, –COOH, –NH₂) involved 
in metal biosorption processes.

Likewise, the metabolic stability observed on MEA 
suggests a greater capacity for physiological maintenance, a 
condition relevant for coping with metal stress in the Mineral 
Salts Minimal Medium supplemented with Cu and Zn. In this 
regard, prior growth behavior serves as an indirect indicator 
of physiological vigor and potential tolerance to the 10– 
50 mg L⁻¹ concentrations evaluated in the removal assay.

Therefore, the characterization of radial growth not only 
allowed verification of the viability and purity of the strains 
but also provided a basis for their selection and differential 
performance in the 4 × 2 × 3 factorial design applied in the 
bioremediation stage.

3.2. Fungal Biomass

Table 1 presents the results of the Shapiro–Wilk normality 
test for the fungal biomass variable (g L⁻¹). The W value of 
0.94 indicated an acceptable fit to the normal distribution (p 
> 0.05), allowing the application of the three-way ANOVA.

The analysis of variance (Table 2) showed a coefficient 
of variation of 30.34%, indicating moderate variability 
among treatments. The adjusted coefficient of determination 
(R²_adj = 0.51) suggests that the model explained 51% of 
the observed variability in fungal biomass.

Significant differences were detected among strains (p 
< 0.05), while the main effects of metal and concentration 
were not significant (p > 0.05). The fungus × concentration 
and metal × concentration interactions were significant 
(p < 0.05), whereas the fungus × metal and fungus × 
metal × concentration interactions were not significant  
(p > 0.05).

 
Fig. 5: Tukey test for the effect of fungal strains on fungal biomass (g L⁻¹).

Table 1: Shapiro–Wilk normality test for the fungal biomass variable.

Variable Mean (g L⁻¹) SD (g L⁻¹) W*

Fungal biomass 1.93 0.84 0.94

SD: Standard deviation.

Table 2: Analysis of variance for the fungal biomass variable.

Source of variation df SS MS p

Fungus 3 17.43 5.81 <0.0001

Metal 1 0.05 0.05 0.7088

Concentration 2 1.25 0.62 0.1746

Fungus × Metal 3 0.67 0.22 0.5879

Fungus × Concentration 6 5.57 0.93 0.0244

Metal × Concentration 2 3.87 1.93 0.0064

Fungus × Metal × Concentration 6 4.22 2.04 0.0780

Error 48 16.52 0.34  

Total 71 49.57    

SS: Sum of squares. MS: Mean squares.
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reveal statistically significant differences among specific 
strain–metal–concentration combinations, as all treatments 
shared the same statistical grouping.

Fig. 6 indicates that biomass in the presence of copper 
and zinc was statistically similar, confirming the absence of a 
significant metal effect, as supported by the ANOVA results.

Similarly, Fig. 7 shows that the concentrations of 10, 
30, and 50 mg L⁻¹ did not produce significant differences in 
biomass, indicating that fungal growth was not significantly 
affected within the tested range.

Although the combinations P. ostreatus–copper–50 mg 
L⁻¹ and P. sanguineus–copper–50 mg L⁻¹ showed higher 
numerical biomass values, these differences were not 
statistically significant according to Tukey’s test. Therefore, 
no specific treatment can be considered superior, and the 
results suggest a general physiological tolerance of the 
strains to the evaluated conditions rather than a treatment-
specific effect.

Overall, while the ANOVA detected significant effects 
for the factor fungus, the lack of significant differences at the 
treatment level indicates that biomass remained statistically 
similar across specific combinations of fungus, metal, and 
concentration.

3.3. Removal Efficiency

Table 4 presents the results of the Shapiro–Wilk normality 
test for the removal efficiency variable (%). The statistic W 
= 0.96 (p > 0.05) indicated that the normality assumption 
was met, allowing the application of the three-way ANOVA.

Table 3: Tukey test for the effect of treatments on the fungal biomass 
variable.

Fungal strain Metal type Concentration 
(mg L⁻¹)

Fungal biomass 
(g L⁻¹)

S. commune Zinc 30 0.85a
G. applanatum Zinc 50 0.85a
S. commune Copper 50 0.98a
S. commune Copper 30 1.02a
P. sanguineus Copper 30 1.29a
S. commune Zinc 50 1.29a
S. commune Copper 10 1.33a
S. commune Zinc 10 1.64a
P. sanguineus Zinc 50 1.82a
G. applanatum Copper 50 1.82a
G. applanatum Copper 30 1.87a
P. sanguineus Copper 10 2.00a
G. applanatum Zinc 30 2.05a
G. applanatum Zinc 10 2.09a
P. ostreatus Zinc 10 2.09a
P. ostreatus Copper 30 2.09a
G. applanatum Copper 10 2.22a
P. ostreatus Copper 10 2.31a
P. sanguineus Zinc 30 2.40a
P. ostreatus Zinc 30 2.44a
P. ostreatus Zinc 50 2.62a
P. sanguineus Zinc 10 2.75a
P. ostreatus Copper 50 3.24a
P. sanguineus Copper 50 3.33a

 
Fig. 6: Tukey test for the effect of metal type on fungal biomass (g L⁻¹).

Fig. 5 shows numerical differences in average biomass 
among fungal strains, with P. ostreatus presenting higher 
mean values and S. commune lower values. However, 
Tukey’s multiple comparison analysis (Table 3) did not 

 
Fig. 7: Tukey test for the effect of metal concentration on fungal  

biomass (g L⁻¹).

Table 4: Shapiro–Wilk normality test for the removal efficiency variable.

Variable Mean (%) SD (%) W*

Removal efficiency 95.48 2.15 0.96

SD: Standard deviation.
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The analysis of variance (Table 5) showed a coefficient 
of variation of 0.64%, indicating high experimental precision 
and minimal dispersion among replicates. Likewise, the 
adjusted coefficient of determination (R²_adj = 0.92) 
indicated that the model explained 92% of the observed 
variability, confirming a high explanatory capacity of the 
evaluated factors and their interactions.

Highly significant effects (p < 0.0001) were detected for 
the main factors fungus, metal, and concentration as well as 
for all two-way interactions and the three-way interaction 
(fungus × metal × concentration). This indicates that removal 
efficiency does not depend solely on each factor individually, 
but rather on the specific combination of fungal strain, 
metal type, and concentration level, revealing a differential 
behavior of the biological system under each experimental 
condition.

Fig. 8 shows that P. ostreatus (95.94%), S. commune 
(95.84%), and P. sanguineus (95.76%) exhibited statistically 
similar efficiencies, all higher than G. applanatum (94.37%), 
suggesting a greater average removal capacity in the first 
three strains.

Fig. 9 shows that the type of metal significantly 
influenced removal efficiency, with zinc being removed more 
efficiently than copper. This difference may be associated 
with differences in the physicochemical behavior of each 
metal in solution; however, no mechanistic analyses were 
performed in this study to confirm the underlying processes.

Table 5: Analysis of variance for the removal efficiency variable.

Source of variation df SS MS p

Fungus 3 29.98 9.99 <0.0001

Metal 1 88.13 88.13 <0.0001

Concentration 2 79.44 39.72 <0.0001

Fungus × Metal 3 16.70 5.57 <0.0001

Fungus × Concentration 6 43.21 7.20 <0.0001

Metal × Concentration 2 28.78 14.39 <0.0001

Fungus × Metal × Concentration 6 25.47 4.25 <0.0001

Error 48 17.72 0.37  

Total 71 329.4   

SS: Sum of squares. MS: Mean squares.

 
Fig. 8: Tukey test for the effect of fungal strains on removal efficiency (%).

 
Fig. 9: Tukey test for the effect of metal type on removal efficiency (%).
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Fig. 10 shows that the highest efficiencies were achieved 
at 50 mg L⁻¹, suggesting a concentration-gradient effect. 
Greater metal availability increases the driving force for 
mass transfer, and a higher initial concentration may enhance 
overall removal capacity until saturation is approached; 
however, the specific mechanisms involved were not 
evaluated.

The analysis of the three-way interaction (Table 6) 
revealed that the highest efficiencies (>98%) were obtained in 
the combinations S. commune–zinc–50 mg L⁻¹ (98.92%) and 
P. ostreatus–zinc–50 mg L⁻¹ (99.05%), both belonging to the 
top statistical group. These results confirm the high removal 
capacity for zinc at elevated concentrations and position 
these strains as promising candidates for bioremediation 
applications in matrices with high metal loads.

However, despite the high efficiencies observed, the 
absence of abiotic controls prevents complete exclusion of 
the contribution of physicochemical processes, such as metal 
precipitation or passive adsorption. Therefore, the observed 
decrease in metal concentration may be attributed to both 
biological and non-biological mechanisms.

The study was based on a single endpoint measurement 
after 14 days of incubation, without intermediate temporal 
evaluation. This limitation prevents the assessment of 
removal rates and the identification of potential multiphase 
behavior. Therefore, the dynamics of metal removal over 
time cannot be determined. Future studies should incorporate 
kinetic modeling, mechanistic analyses, and experiments 
using real wastewater matrices to better understand the 
removal processes and validate large-scale applicability.

Tables 7 and 8 present the residual concentrations (Cf) 
of copper and zinc determined by FAAS. For both metals, 

 
Fig. 10: Tukey test for the effect of metal concentration on removal efficiency (%).

Table 6: Tukey test for the effect of treatments on removal efficiency.

Fungal strain Metal type Concentration 
(mg L⁻¹)

Removal 
efficiency (%)

G. applanatum Zinc 10 91.88ª
G. applanatum Copper 10 92.10ab
P. sanguineus Copper 10 92.11ab
P. ostreatus Copper 30 92.80abc
P. ostreatus Copper 50 93.98bcd
S. commune Copper 50 94.03cd
S. commune Copper 30 94.15cd
G. applanatum Copper 30 94.22cde
P. sanguineus Zinc 10 94.44cdef
S. commune Copper 10 95.04defg
P. sanguineus Copper 30 95.15defg
S. commune Zinc 10 95.43defg
P. ostreatus Zinc 10 95.54defgh
G. applanatum Copper 50 95.78defghi
G. applanatum Zinc 30 96.09efghij
G. applanatum Zinc 50 96.12efghij
P. ostreatus Copper 10 96.33fghij
P. sanguineus Copper 50 96.77ghijk
P. sanguineus Zinc 30 97.44hijkl
S. commune Zinc 30 97.49ijkl
P. ostreatus Zinc 30 97.96jkl
P. sanguineus Zinc 50 98.65kl
S. commune Zinc 50 98.92l
P. ostreatus Zinc 50 99.05l

although the residual concentration increases with higher 
initial concentrations, the final values remain well below 
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the initial levels, confirming the high removal capacity of 
the evaluated strains.

For copper, final concentrations ranged from 0.37 to  
0.79 mg L⁻¹ at 10 mg L⁻¹; from 1.46 to 2.16 mg L⁻¹ at  
30 mg L⁻¹; and from 1.62 to 3.01 mg L⁻¹ at 50 mg L⁻¹. 
At the lowest concentration, P. ostreatus recorded the 
lowest residual value (0.37 mg L⁻¹), while at 50 mg L⁻¹, 
P. sanguineus showed the lowest final concentration  
(1.62 mg L⁻¹), suggesting greater removal performance under 
higher metal loads.

In contrast, P. ostreatus and S. commune exhibited 
values close to 3 mg L⁻¹ at 50 mg L⁻¹, which may indicate 
a decrease in removal efficiency at higher concentrations, 

possibly associated with system limitations under these  
conditions.

In the case of zinc, residual concentrations were generally 
lower than those recorded for copper. At 50 mg L⁻¹, P. 

ostreatus (0.47 mg L⁻¹) and S. commune (0.54 mg L⁻¹) 
showed the lowest final concentrations, while G. applanatum 
presented the highest value (1.94 mg L⁻¹). This pattern is 
consistent with the statistical analysis, which demonstrated 
a higher overall removal efficiency for zinc.

The residual concentration increased with rising initial 
concentration while removal efficiencies remained above 
94%. This behavior is consistent with concentration-
dependent removal patterns reported in the literature; 
however, no specific mechanism can be confirmed based 
on the present data. Removal efficiencies ranged between 
91.88% and 99.05% across all tested treatments.

Overall, the results demonstrate that all four strains 
exhibit a high removal capacity for both copper and zinc, 
with differential responses depending on the type of metal 
and the initial concentration. This is consistent with the 
significant interactions detected in the three-way ANOVA 
and reinforces the biotechnological potential of the evaluated 
system.

The high removal efficiencies of Cu and Zn observed 
in this study confirm the potential of the evaluated strains 
as bioremediation agents in contaminated aqueous systems. 
However, the statistical analysis highlights a key aspect that 
goes beyond simple percentage comparisons: the three-way 
ANOVA showed that all main effects and all interactions 
(strain × metal, strain × concentration, metal × concentration, 
and strain × metal × concentration) were highly significant 
(p < 0.0001). This implies that removal efficiency does not 
depend solely on the strain or the metal individually, but 
on the specific combination of both and the concentration 
level tested.

The strain × metal interaction indicates that each fungus 
responds differently to Cu and Zn. For example, while P. 

ostreatus and S. commune showed higher efficiencies against 
Zn at 50 mg L⁻¹, Ganoderma applanatum exhibited relatively 
lower values under the same treatment, highlighting 
differential affinities among species. This behavior suggests 
that the composition and density of active sites in the cell 
wall, as well as the specific physiology of each strain, 
influence the selective uptake of metal cations.

3.4. Discussion

Radial growth results of G. applanatum, P. sanguineus, S. 

commune, and P. ostreatus showed significant differences 
among species and culture media, confirming the 
physiological and metabolic variability characteristic of 

Table 7: Final copper (Cu) concentration as a function of fungal strain and 
initial concentration.

Fungal strain Initial 
concentration 
(mg L⁻¹)

Mean (mg 
L⁻¹) ± SD

Min Max

G. applanatum 10 0.79 ± 0.09 0.69 0.86

30 1.73 ± 0.20 1.50 1.88

50 2.11 ± 0.06 2.06 2.18
P. sanguineus 10 0.79 ± 0.16 0.61 0.91

30 1.46 ± 0.14 1.30 1.56

50 1.62 ± 0.10 1.52 1.71
S. commune 10 0.50 ± 0.08 0.41 0.56

30 1.76 ± 0.08 1.68 1.84

50 2.98 ± 0.11 2.89 3.11
P. ostreatus 10 0.37 ± 0.08 0.29 0.45

30 2.16 ± 0.07 2.08 2.21

50 3.01 ± 0.13 2.87 3.10

Table 8: Final zinc (Zn) concentration as a function of fungal strain and 
initial concentration.

Fungal strain Initial 
concentration 
(mg L⁻¹)

Mean (mg 
L⁻¹) ± SD

Min Max

G. 

applanatum

10 0.81 ± 0.08 0.74 0.89

30 1.17 ± 0.32 0.88 1.52

50 1.94 ± 0.15 1.77 2.06
P. sanguineus 10 0.56 ± 0.09 0.47 0.64

30 0.77 ± 0.07 0.70 0.83

50 0.68 ± 0.23 0.41 0.82
S. commune 10 0.46 ± 0.01 0.44 0.47

30 0.75 ± 0.09 0.65 0.83

50 0.54 ± 0.22 0.30 0.70
P. ostreatus 10 0.45 ± 0.02 0.43 0.47

30 0.61 ± 0.07 0.54 0.68

50 0.47 ± 0.16 0.36 0.66
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white-rot lignicolous fungi. These differences are associated 
with their capacity to utilize carbon and nitrogen sources 
and regulate extracellular enzymes such as laccases and 
manganese peroxidases, which are essential for ligninolytic 
metabolism (Zehra & Meena 2025).

Under metal-free conditions, the highest radial growth in 
nutrient-rich media such as PDA and MEA agrees with Imtiaj 
et al. (2008), who reported optimal mycelial expansion for S. 

commune in media with easily assimilable carbon sources. 
Similarly, Sastre-Ahuatzi et al. (2007) demonstrated that 
glucose- or potato-based media promote rapid activation of 
primary metabolism in basidiomycetes, resulting in higher 
radial growth rates. In this context, P. ostreatus exhibited 
fast and uniform growth, consistent with Krupodorova et 
al. (2024), reflecting high metabolic plasticity and efficient 
adaptation to simple substrates. In contrast, G. applanatum 
showed slower growth, likely due to energy allocation toward 
secondary metabolism and ligninolytic enzyme production, 
as reported for Ganoderma species (Kato et al. 2024).

In the presence of Cu and Zn, significant interactions 
among species, metal type, and concentration indicate that 
mycelial response depends on the specific combination of 
factors. This behavior is consistent with Baldrian (2003), who 
reported that high copper concentrations may inhibit fungal 
growth through oxidative stress, while moderate levels can 
induce laccase activity. Likewise, Gadd (2009) explained 
that Cu and Zn exhibit dual roles as essential micronutrients 
and toxic elements, affecting membrane integrity, proteins, 
and redox balance at high concentrations. Zinc generally 
shows lower redox activity, whereas copper can promote 
reactive oxygen species formation, explaining its stronger 
inhibitory effect. In agreement with Fomina & Gadd (2014), 
the results suggest metal-specific tolerance mechanisms 
such as extracellular chelation, cell wall immobilization, 
and intracellular compartmentalization.

It is important to note that radial growth was used here as 
an indicator of physiological tolerance rather than removal 
capacity. Thus, while these results confirm the ability of 
strains to maintain growth under metal stress, they do not 
directly demonstrate bioremediation performance.

In this context, fungal biomass provides a more direct 
link between tolerance and potential removal capacity. 
Fungal strains are widely recognized for their resistance and 
adaptability to heavy metals (Lei et al. 2018, Li et al. 2019, 
Amin et al. 2024, Zare et al. 2024). In the present study, 
biomass remained stable or even increased under several 
fungus–metal–concentration combinations, indicating that 
growth was not significantly limited within the evaluated 
range. The highest biomass values were recorded for P. 

ostreatus, P. sanguineus, and G. applanatum, particularly at 

intermediate metal concentrations, suggesting the absence of 
critical inhibition of primary metabolism. Similar responses 
have been reported in ligninolytic fungi, where moderate 
metal levels can induce adaptive metabolic activity, including 
increased enzyme production (Baldrian 2003).

Although structural characterization was not performed, 
functional groups (–COOH, –OH, –NH₂) in fungal cell 
walls composed of chitin, glucans, and proteins have been 
reported in the literature as potential sites for metal binding; 
however, these interactions were not directly evaluated in 
this study (Fomina & Gadd 2014, Gadd 2009). In this sense, 
biomass plays a key role, as it determines the number of 
available binding sites (Fomina & Gadd 2014). Additionally, 
fungi have been reported to combine mechanisms such as 
surface biosorption, intracellular bioaccumulation, and 
extracellular precipitation; however, these processes should 
be considered as potential mechanisms, since they were not 
directly evaluated here (Gadd 2009). For P. ostreatus, high 
biomass likely reflects its metabolic plasticity and enzymatic 
capacity (Baldrian 2003), which has also been associated 
with enhanced metal removal (Araújo et al. 2023, Acosta 
et al. 2024).

These observations are consistent with removal behaviors 
described in the literature, which are often explained through 
biosorption-related frameworks. However, such mechanisms 
were not directly assessed in this study. Biosorption typically 
involves processes such as physical adsorption, ion exchange, 
complexation, and precipitation, and is influenced by factors 
including pH, temperature, biomass loading, and initial metal 
concentration (Magdum & Itankar 2026).

Consistent with these observations, removal efficiency 
results demonstrated significant differences between metals 
and their interactions with strain and concentration. The 
higher removal of Zn compared to Cu (p < 0.0001) may be 
associated with their chemical behavior: Zn²⁺ forms less 
stable coordination complexes, while Cu²⁺ has higher affinity 
for nitrogen-containing groups and greater competition for 
active sites (Lei et al. 2018, Li et al. 2019). This chemical 
difference supports the observed pattern of higher Zn 
removal efficiency.

The metal × concentration interaction and the three-
way interaction further indicate that increasing initial 
concentration does not affect all strains uniformly. In several 
cases, removal efficiency increased at 50 mg L⁻¹, suggesting 
a concentration-gradient effect in which a higher driving 
force may enhance overall removal performance; however, 
the specific processes involved were not determined (Lei et 
al. 2018, Amin et al. 2024).

Although comparisons with other studies (Albert et al. 
2018, Dey et al. 2020, Chen et al. 2022) should consider 
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differences in experimental conditions such as pH, 
temperature, and contact time, the factorial design used here 
allows robust internal comparisons. Importantly, ANOVA 
results indicated that neither metal type nor concentration 
significantly affected biomass within the 10–50 mg L⁻¹ range, 
highlighting the physiological tolerance of all strains under 
metal stress (Harish et al. 2024).

While previous studies report additional metabolic 
capabilities for S. commune, such as nanoparticle biosynthesis 
(Bragta et al. 2025) and degradation of recalcitrant compounds 
(Augustine & Abraham 2025), these processes were not 
directly evaluated in this study and should be interpreted as 
potential rather than demonstrated mechanisms.

From an applied perspective, these findings provide 
preliminary evidence of the potential of lignicolous fungi for 
heavy metal removal under controlled laboratory conditions. 
However, it is important to note that the experiments were 
conducted using synthetic aqueous solutions, which do not 
fully replicate the complexity of real industrial or mining 
effluents. Factors such as mixed-metal interactions, organic 
matter content, pH variability, and scaling conditions may 
significantly influence removal performance. Therefore, 
further studies using real wastewater matrices and pilot-scale 
systems are required to validate the practical applicability of 
these fungal strains in mining-impacted environments in Peru.

Overall, the results demonstrate a clear relationship 
between radial growth, biomass production, and removal 
efficiency: radial growth reflects physiological tolerance, 
biomass determines the availability of binding sites, and 
removal efficiency results from the interaction between 
biological capacity and metal chemistry. This integrative 
approach confirms that metal removal is a multifactorial 
process dependent on strain, metal type, and concentration, 
reinforcing the biotechnological potential of lignicolous 
fungi (Lei et al. 2018, Li et al. 2019, Amin et al. 2024).

A limitation of this study is that the mechanisms of metal 
removal were not directly evaluated. Although processes 
such as biosorption, bioaccumulation, and enzymatic 
transformation are widely reported in ligninolytic fungi, no 
specific analyses were conducted in this work to confirm 
their occurrence. The present results demonstrate a reduction 
in metal concentration in the aqueous phase; however, the 
exact removal pathways cannot be determined. Future 
studies should include mechanistic approaches such as 
metal quantification in fungal biomass, FTIR or SEM-EDS 
analyses, enzymatic activity assays, and adsorption isotherms 
to better elucidate the processes involved.

Although the results demonstrated high removal 
efficiencies and stable biomass production across treatments, 
several methodological limitations should be considered 

when interpreting the findings. One of the main limitations 
of this study is the absence of abiotic controls, which restricts 
the ability to quantitatively differentiate between biological 
removal mechanisms, such as biosorption, bioaccumulation, 
and enzymatic transformation, and physicochemical 
processes including precipitation or passive adsorption. 
Consequently, while the observed metal removal is strongly 
associated with fungal activity, a minor contribution of non-
biological processes cannot be completely excluded.

Additionally, the mechanisms underlying metal removal 
were not directly evaluated. Although ligninolytic fungi 
are widely reported to remove metals through multiple 
pathways, no specific analyses were conducted in this study 
to confirm the occurrence of these processes. Therefore, 
while a significant reduction in metal concentration in the 
aqueous phase was observed, the exact removal pathways 
remain undetermined.

Another limitation lies in the taxonomic identification 
of the fungal strains. The identification was based on 
macroscopic characteristics and comparison with reference 
catalogs, which should be considered preliminary. Although 
the selected taxa correspond to well-documented genera 
with distinctive morphological traits (e.g., Ganoderma, 

Pleurotus, Pycnoporus, and Schizophyllum), the possibility 
of misidentification at the species level cannot be entirely 
ruled out due to the absence of molecular confirmation (e.g., 
ITS rDNA sequencing).

Despite these limitations, the consistency of the 
experimental responses and the statistically significant 
effects detected in the factorial analysis support the validity 
of the observed trends. These findings provide a reliable basis 
for further investigation into the bioremediation potential of 
these fungi.

Future research should incorporate abiotic controls, 
continuous monitoring of pH, and molecular identification 
techniques to improve both mechanistic understanding 
and taxonomic resolution. In addition, mechanistic 
approaches such as metal quantification in fungal biomass, 
FTIR or SEM-EDS analyses, enzymatic activity assays, 
and adsorption isotherms are recommended to elucidate 
the specific pathways involved in metal removal and to 
strengthen the applicability of these fungal systems in 
environmental bioremediation.

One of the main limitations of this study is that all 
experiments were conducted under controlled laboratory 
conditions using synthetic aqueous solutions. While this 
approach allows for precise evaluation of fungal responses 
to specific metals and concentrations, it does not fully 
represent the physicochemical complexity of real wastewater 
systems. In natural and industrial settings, the presence of 
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multiple contaminants, fluctuating environmental conditions, 
and potential inhibitory compounds may alter fungal 
performance. Consequently, the results should be interpreted 
as indicative of potential rather than direct evidence of field 
applicability.

4. CONCLUSIONS

This study demonstrates the feasibility of using lignicolous 
fungi (G. applanatum, P. sanguineus, S. commune, and 
P. ostreatus) for the bioremediation of copper- and zinc-
contaminated water. All strains achieved high removal 
efficiencies (>91%), with a maximum of 99.05%, indicating 
strong metal retention under the tested conditions. No 
single strain showed absolute superiority, as all exhibited 
comparable performance, though S. commune and P. 

ostreatus displayed faster mycelial growth, suggesting higher 
physiological tolerance.

Fungal biomass was highest in P. ostreatus, P. sanguineus, 
and G. applanatum, particularly at intermediate metal 
concentrations, though variability among replicates (CV = 
30.34%) highlights the influence of individual adaptation, 
colonization heterogeneity, and nutrient fluctuations. Future 
studies should standardize inocula, increase replicates, and 
control physicochemical conditions more strictly.

While removal was confirmed via FAAS, this study 
did not directly assess mechanisms such as biosorption, 
bioaccumulation, or enzymatic activity. Nonetheless, the 
results provide robust evidence of the strains’ capacity to 
reduce metal concentrations, establishing a foundation for 
mechanistic studies, kinetic evaluations, and process scale-up 
in bioremediation applications.

It is important to highlight that the absence of kinetic data 
represents a limitation of this study, as the use of a single 
endpoint measurement does not allow evaluation of removal 
dynamics over time. Future research should include kinetic 
analyses to better understand the rate and mechanisms of 
metal removal.

A kinetic analysis is recommended for future studies to 
better understand the removal dynamics.

5. REFERENCES
Acosta, I., Rodríguez, A., Cárdenas, J.F., Martínez, V.M. and Torre, M.E., 

2024. Eliminación de cadmio de soluciones acuosas mediante diferentes 
biosorbentes. En: Jha, A. K, Kumar, N. (eds.) Toxicidad del cadmio en 

el agua. Springer Water. Springer, Cham. [DOI]
Albert, Q., Leleyter, L., Lemoine, M., Heutte, N., Rioult, J.P., Sage, 

L., Baraud, F. and Garon, D., 2018. Comparison of tolerance and 
biosorption of three trace metals (Cd, Cu, Pb) by the soil fungus Absidia 
cylindrospora. Chemosphere, 196, 386–392. [DOI]

Amin, I., Nazir, R. and Rather, M.A., 2024. Evaluación de la tolerancia 
a múltiples metales pesados de hongos del suelo para la eliminación 

simultánea de metales peligrosos. World J Microbiol Biotechnol, 40, 
175. [DOI]

Anastopoulos, I. and Kyzas, G.Z., 2015. Progress in batch biosorption of 
heavy metals onto algae. Journal of Molecular Liquids, 209, 77–86. 
[DOI]

Araújo, N., Justino, M., Marinho, G. and Rodrígues, K., 2023. Action of 
fungi in the removal of metals from wastewater and environmental 
compartments: a review. AIDIS Journal of Environmental Engineering 

and Sciences: Research, Development and Practice, 16(1), 361–385. 
[DOI]

Augustine, J. and Abraham, J., 2025. Utilization of Schizophyllum commune 
for the biodegradation of chlorhexidine gluconate and Benzalkonium 
chloride: an innovative approach to environmental remediation. Discov 

Sustain, 6, 574. [DOI]
Baldrian, P., 2003. Interactions of heavy metals with white-rot fungi. Enzyme 

and Microbial Technology, 32(1), 78–91. [DOI]
Bragta, D., Garg, P., Chaudhary, S., Madhok, G., Negi, S., Panwar, S., 

Singh, A., and Kumar, R., 2025. Eco-friendly biosynthesis of ZnO 
nanoparticles using fungus Schizophyllum commune and their hybrid 
with chitosan for enhanced UV-A photocatalytic degradation of 
tetracycline. Chemosphere, 387, 144666. [DOI]

Chen, L., Zhang, X., Zhang, M., Zhu,Y. and Zhuo, R., 2022. Removal of 
heavy-metal pollutants by white rot fungi: mechanisms, achievements, 
and perspectives. Journal of Cleaner Production, 354, 131681. [DOI]

Córdova, H., 2010. Desinfección y cultivo de Aurciularia auricula (L.: Fr.) 

Under y Auricularia delicata (Fr.) Henn a partir de Basidiocarpo y 

Basidiosporas. Tingo María.
Dey, P., Malik, A., Mishra, A., Singh, D.K., Bergen, M. and Jehmlich, N., 

2020. Mechanistic insight to mycoremediation potential of a metal 
resistant fungal strain for removal of hazardous metals from multimetal 
pesticide matrix. Environmental Pollution, 262, 114255. [DOI]

Fomina, M. and Gadd, M., 2014. Biosorption: current perspectives on concept, 
definition and application. Bioresource Technology, 160, 3–14. [DOI]

Fu, F. and Wang, Q., 2011. Removal of heavy metal ions from wastewaters: 
a review. Journal of Environmental Management, 92(3), 407–418. [DOI]

Gadd, G.M., 2009. Biosorption: critical review of scientific rationale, 
environmental importance and significance for pollution treatment. 
Journal of Chemical Technology and Biotechnology, 84(1), 13–28. [DOI]

Gao, X., Wei, M., Zhang, X., Xun, Y., Duan, M., Yang, Z., Zhu, M., Zhu, 
Y. and Zhuo, R., 2024. Copper removal from aqueous solutions by 
white rot fungus Pleurotus ostreatus GEMB-PO1 and its potential in co-
remediation of copper and organic pollutants. Bioresource Technology, 
395, 130337. [DOI]

González-González, R. B, Sharma, P., Singh, S. P, Américo-Pinheiro, J.H.P., 
Parra-Saldívar, R., Bilal, M. and Iqbal, H.M.N., 2022. Persistencia, 
peligros ambientales y mitigación de contaminantes residuales 
farmacéuticamente activos de matrices de agua. Ciencia Ambiente 

Total, 821, 153329. [DOI]
Harish, B.S., Lekshmi, K.M. and Jayapal, M., 2024. Eliminación simultánea 

de metales pesados y producción de enzimas fúngicas. En: Uppuluri, 
KB, Selvasembian, R. (eds.) Bioprospección de hongos multitarea para 

un entorno sostenible. Springer, Singapur. [DOI]
Hultberg, M. and Golovko, O., 2024. Uso de aserrín para la producción de 

enzimas ligninolíticas por hongos de podredumbre blanca y eliminación 
de fármacos. Bioprocess Biosyst Eng., 47, 475–482. [DOI]

Imtiaj, A., Jayasinghe, C., Lee, G.W., Kim, H.Y., Shim, M.J., Rho, 
H-S., Lee, H.S., Hur, H., Lee, M.W., Lee, U-Y. and Lee, T.S., 
2008. Physicochemical requirement for the vegetative growth of 
Schizophyllum commune collected from different ecological origins. 
Mycobiology, 36(1), 34–9. [DOI]

Johnson, D.B. and Hallberg, K.B., 2005. Acid mine drainage remediation 
options: A review. Science of The Total Environment, 338(1–2), 3–14. 
[DOI]

Kapoor, A. and Viraraghavan, T., 1995. Fungal biosorption - an alternative 

https://doi.org/10.1007/978-3-031-54005-9_8
https://doi.org/10.1016/j.chemosphere.2017.12.156
https://doi.org/10.1007/s11274-024-03987-z
https://doi.org/10.1016/j.molliq.2015.05.023
https://doi.org/10.22201/iingen.0718378xe.2023.16.1.82387
https://doi.org/10.1007/s43621-025-01453-w
https://doi.org/10.1016/S0141-0229(02)00245-4
https://doi.org/10.1016/j.chemosphere.2025.144666
https://doi.org/10.1016/j.jclepro.2022.131681
https://doi.org/10.1016/j.envpol.2020.114255
https://doi.org/10.1016/j.biortech.2013.12.102
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1002/jctb.1999
https://doi.org/10.1016/j.biortech.2024.130337
https://doi.org/10.1016/j.scitotenv.2022.153329
https://doi.org/10.1007/978-981-97-4113-7_12
https://doi.org/10.1007/s00449-024-02976-8
https://doi.org/10.4489/MYCO.2008.36.1.034
https://doi.org/10.1016/j.scitotenv.2004.09.002


15

Nature Environment and Pollution Technology • Vol. 25, No. 4, 2026

www.neptjournal.com

treatment option for heavy metal bearing wastewaters: a review. 
Bioresource Technology, 53(3), 195–206. [DOI]

Kato, H., Miura, D., Kato, M. and Shimizu, M., 2024. Metabolic mechanism 
of lignin-derived aromatics in white-rot fungi. Appl Microbiol 

Biotechnol, 108, 532. [DOI]
Krupodorova, T., Barshteyn, V., Tsygankova, V., Sevindik, M. and Blume, 

Y., 2024. Strain-specific features of Pleurotus ostreatus growth in vitro 
and some of its biological activities. BMC Biotechnol, 24(39). [DOI]

Langer, G. J, Bubkamp, J., Terhonen, E. and Blumenstein, K., 2021. Capítulo 
10: Hongos que habitan en tejidos leñosos de árboles. En: Asiegbu, 
F. O., Kovalchuk, A. (eds.) Microbiología forestal. Academic Press, 
Nueva York.

Lei, J., Guo, Q., Yao, W., Duan, T., Chen, P. and Zhu, W., 2018. 
Bioconcentration of organic dyes via fungal hyphae and their derived 
carbon fibers for supercapacitors. Journal of Materials Chemistry, 
6(23), 10710–10717. [DOI]

Li, Y., Zou, G., Yang, S., Wang, Z., Chen, T., Yu, X., Guo, Q., He, R., 
Duan, T. and Zhu, W., 2019. Integration of bio-inspired adsorption and 
photodegradation for the treatment of organics-containing radioactive 
wastewater. Chemical Engineering Journal, 364, 139–145. [DOI]

López, C., 1998. Transformación de tetracloroetano (TcCA) mediada por 

biopelículas de Pseudomonas aeruginosa (Doctoral dissertation, Tesis 
de Maestría en Biotecnología y Bioingeniería, Escuela de Post Grado, 
Universidad Nacional de Trujillo, La Libertad, Perú).

Lu, N., Hu, T., Zhai, Y., Qin, H., Aliyeva, J. and Zhang, H., 2020. Fungal 
cell with artificial metal container for heavy metals biosorption: 
equilibrium, kinetics study and mechanisms analysis. Environmental 

Research, 182, 109061. [DOI]
Luna, D.C., Vieira, I.F., Aquino, M., Quintão, Y.F. and do Carmo, 

M., 2020. Exposure to inorganic environmental contaminants and 
damage to human health. Brazilian Journal of Health Review, 3(4), 
10353–10369. [DOI]

Magdum, P. and Itankar, N., 2026. Environmental remediation and 
sustainable approaches to heavy metal removal: a comprehensive 
review of biosorption techniques. Nature Environment and Pollution 

Technology, 25(1), B4334. [DOI]
Majumdar, A., 2024. Phytoremediation of heavy metal pollutants 

using fungi. In: Madhav, S., Gupta, G.P., Yadav, R.K., Mishra, R., 
Hullebusch, E.v. (eds) Phytoremediation. Springer, Cham. [DOI]

Marcovecchio, J.E., Moreno, V.J. and Pérez, A., 1991. Metal accumulation 
in tissues of sharks from the Bahía Blanca estuary, Argentina. Marine 

Environmental Research, 31(4), 263–274. [DOI]
Mata, M., 1999. Macrohongos de Costa Rica (Vol. 1). INBio.
Mata, M., Halling, R. and Mueller, G.M., 2003. Macrohongos de Costa 

Rica (Vol. 2). INBio.
Módenes, A.N., Espinoza-Quiñones, F.R., Lavarda, F.L., Colombo, A., 

Borba, C.E., Leichtweis, W.A. and Mora, N.D., 2013. Remoção dos 
metais pesados Cd (II), Cu (II) e Zn (II) pelo processo de biossorção 

utilizando a macrófita Eicchornia crassipes. Rem: Revista Escola de 

Minas, 66(3), 355–362. [DOI]
Paria, K., Pyne, S. and Chakraborty, S.K., 2022. Optimization of heavy 

metal (lead) remedial activities of fungi Aspergillus penicillioides 
(F12) through extra cellular polymeric substances. Chemosphere, 
286(3), 131–874. [DOI]

Ríos-Ruiz, R.A. and Ruiz-Rengifo, L., 1993. Aislamiento y cultivo del hongo 

comestible Pleurotus afin ostreatus (Jacq. ex Fr) Kumm en Tingo María. 

Folia Amazónica, 5(1–2), 5–14. [DOI]
Robledo, G., 2006. Taxonomía, Ecología y Diversidad de poliporos. Cusco, 

Perú: Instituto Multidisciplinario de Biología Vegetal.
Ryvarden, L., 2007. Fundamentos taxonómicos en identificación de 

Poliporaceos y Ascomicetos Tropicales y Neotropicales. Oslo, Noruega: 
Synopsis Fungorum, 1.

Sanyal, P., Chakraborty, S.K. and Ghosh, P.B., 2015. Phytoremediation 
of sewage-fed wetlands of East-Kolkata, India – A case study. 
International Research Journal of Environment Sciences, 4(1), 80–89. 
Available at: https://www.isca.in/IJENS/Archive/v4/i1/14.ISCA-
IRJEvS-2014-247.pdf.

Sastre-Ahuatzi, M., Téllez-Téllez, M., Díaz-Godínez, G., Montiel-González, 
A.M., Díaz, R. and Sánchez, C., 2007. Mycelial growth of strains of 
Pleurotus ostreatus developed on agar and its correlation with the 
productivity in pilot production farm. Industrial Microbiology Braz. 

J. Microbiol., 38(3). [DOI]
Sharma, K.R., Giri, R. and Sharma, R.K., 2020. Lead, cadmium and nickel 

removal efficiency of white–rot fungus Phlebia brevispora. Letters in 

Applied Microbiology, 71(6), 637–644. [DOI]
Singh, V.K. and Singh, R., 2024. Role of white rot fungi in sustainable 

remediation of heavy metals from the contaminated environment. 
Micology, 15(4), 585–601. [DOI]

Singh, S., Singh, N.P., Agrawal, S. and Kumar, A., 2025. Unleashing the 
potential of white-rot fungi mycelium for functional biomaterials 
development. Discov Mater, 5, 96. [DOI]

Suh, J.H., Kim, D.S. and Song, S.K., 2001. Inhibition effect of initial Pb2+ 
concentration on Pb2+ accumulation by Sacharomyces cerevisiae and 
Aureobasidium pullulans. Bioresource Technology, 79(1), 99–102. 
[DOI]

Welz, B. and Sperling, M., 1999. Atomic Absorption Spectrometry (3rd ed.). 
Wiley-VCH, Weinheim/New York.

Zare, P., Giyahchi, M. and Moghimi, H., 2024. Mycosorption and 
mycoremediation: fungi as the tools for heavy metal removal. In: 
Uppuluri, K.B., Selvasembian, R. (eds) Bioprospecting of Multi-tasking 

Fungi for a Sustainable Environment. Springer, Singapore. [DOI]
Zehra, A. and Meena, M., 2025. Aprovechamiento de hongos endófitos 

para una fitorremediación eficaz: mecanismos y aplicaciones. En: 
Meena, M., Zehra, A., Swapnil, P., Seth, C. S. (eds.) Sostenibilidad 

metabólica de los endófitos. Microorganismos para la sostenibilidad, 
vol. 52. Springer, Singapur. [DOI]

https://doi.org/10.1016/0960-8524(95)00072-M
https://doi.org/10.1007/s00253-024-13371-4
https://doi.org/10.1186/s12896-024-00834-9
https://doi.org/10.1039/C8TA02655F
https://doi.org/10.1016/j.cej.2019.01.169
https://doi.org/10.1016/j.envres.2019.109061
https://doi.org/10.34119/bjhrv3n4-256
https://doi.org/10.46488/NEPT.2026.v25i01.B4334
https://doi.org/10.1007/978-3-031-60761-5_9
https://doi.org/10.1016/0141-1136(91)90016-2
https://doi.org/10.1590/50370-44672013000300013
https://doi.org/10.1016/j.chemosphere.2021.131874
https://doi.org/10.24841/fa.v5i1-2.217
https://www.isca.in/IJENS/Archive/v4/i1/14.ISCA-IRJEvS-2014-247.pdf
https://www.isca.in/IJENS/Archive/v4/i1/14.ISCA-IRJEvS-2014-247.pdf
https://doi.org/10.1590/S1517-83822007000300035
https://doi.org/10.1111/lam.13372
https://doi.org/10.1080/21501203.2024.2389290
https://doi.org/10.1007/s43939-025-00288-6
https://doi.org/10.1016/S0960-8524(00)00094-8
https://doi.org/10.1007/978-981-97-4113-7_11
https://doi.org/10.1007/978-981-96-4004-1_7

