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Abstract: Heavy metal contamination has emerged as a global environmental concern, with tannery
effluents serving as a significant source of these pollutants. The discharge of tannery effluents (TEs)
into natural ecosystems has given rise to a spectrum of catastrophic risks, exacerbating concerns
related to public health, safety, and environmental integrity. This current study focuses on the
mycoremediation of the heavy metals present in TE, employing the mycelia of Pleurotus opuntiae, an
environmentally sustainable solution. The toxicity of TE was rigorously characterized by evaluating
a range of physicochemical parameters in accordance with the American Standard and Testing
Methods. Subsequently, various diluted concentrations of effluent (25%, 50%, 75% and 100%) were
incorporated into MDA media to assess the tolerance index (TI) of P. opuntiae. Notably, the highest TI
was observed in the 25% and 50% TE concentrations, while no growth was observed in the 75% and
100% groups due to the exceptionally elevated heavy metal content. P. opuntiae demonstrated
remarkable efficacy in heavy metal removal, with the most substantial reductions recorded in the
25% diluted effluent (91.3% Pb, 72.2% Cr and 66.5% Zn), closely followed by the 50% diluted
effluent. The highest intracellular bioaccumulation was observed for Pb (17.2 µg/g), outperforming Cr
(14.5 µg/g) and Zn (8.5 µg/g) in mycelia grown in 25% diluted effluent. To elucidate the detoxification
mechanisms underlying metal removal, various characterizations of the mycelium were conducted,
including SEM, FTIR, and XRD analyses. Furthermore, LC–MS analysis shed light on the pivotal
role of metabolites in regulating heavy metals within the physiological metabolism of P. opuntiae.
Moreover, an upsurge in the concentration of the stress marker, metallothionein, and augmented
activity of antioxidant enzymes, like SOD, CAT, LPO and GSH, collectively suggested the significant
role of antioxidants in mitigating reactive oxygen species (ROS) and heavy metal toxicity. These
comprehensive findings provide a solid foundation for understanding the mechanisms responsible
for heavy metal removal by P. opuntiae and pave the way for the development of effective remediation
strategies for decontaminating the effluents discharged by the leather industry, contributing to the
preservation of our environment and to public well-being.

Keywords: heavy metals; tannery effluents; mycoremediation; tolerance index; bioaccumulation;
metallothionein; antioxidant enzymes

1. Introduction

Environmental pollution is one of the most significant issues facing the world today,
and this problem is worsening every day as a result of industrial activity [1,2]. The tannery
industries (TIs) are crucial to Indian trade and employ those from economically under-
privileged populations [3]. India is the second most populated nation in the world, and
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tannery industries account for around 15% of its overall economy [4]. Due to the release
of massive amounts of toxic contaminants and hazardous wastes, TIs are also regarded as
being among the most polluting industries [5,6]. Nevertheless, the most challenging issue
facing the global community is how to adequately handle these toxins. The tanning process
in the TIs produces large amounts of toxic and highly colored effluents and also utilizes
enormous amounts of water and other chemicals [7,8]. Many hazardous metals, like nickel,
zinc, lead, and chromium, are present in the wastewater released from Tis, along with
other toxic chemicals and phenolic derivatives that can have a deleterious effect on living
things [9]. Thus, the elimination of heavy metals from wastewater is an environmental
and public necessity. Accordingly, several physicochemical treatment methods, namely
chemical precipitation, inverse osmosis, coagulation, ion exchange, membrane filtration,
and adsorption processes, have been employed to mitigate environmental pollutants [10].
Nevertheless, these traditional approaches might result in the release of secondary pollu-
tants during the repair process, have significant operative expenses, or be inefficient in the
exclusion of heavy metals at ppm levels [11,12]. Therefore, an alternative, easy, environ-
mentally benign, and economical cleanup solution is urgently needed. The bioremediation
of toxic substances via different microorganisms or their metabolites has received a lot of
attention. Algae, bacteria, and fungi [13–17] are amongst the microorganisms employed
in the process of bioremediation. However, fungi are preferred in this investigation as
they are the most significant bioremediation agents. Fungi are proficient in waste removal
because of their adaptability in hostile environments, the metal-binding capabilities of
their cell walls, their high tolerance to metals, and their ability to produce huge amounts
of biomass [18]. Macrofungi or mushrooms can function as a highly efficient biosorbents
alternative to plants and other microbes in terms of eliminating toxic heavy metals from the
soil and wastewater, and this eco-friendly process is referred to as mycoremediation [19–21].
Additionally, some mushrooms contain extremely potent enzymatic machinery that secretes
extracellular enzymes and is capable of biodegrading and bioremediating recalcitrant and
resistant contaminants with great efficacy [22].

Pleurotus opuntiae is a typical filamentous fungus with a high level of environmental
adaptation [23]. Although many studies have concentrated on the effectiveness of heavy
metal removal, more research is still needed to fully comprehend its accumulation and
tolerance mechanisms. Pleurotus opuntiae was used as a test strain in this study. Numerous
physiological changes were measured, along with the effectiveness of its development
and its elimination of heavy metals. Furthermore, to facilitate the groundwork for cre-
ating fungal wastewater treatment technology, the current effort sought to investigate
the tolerance potential and accumulation capacity of heavy metals by fungi and their
underlying mechanisms.

Considering the qualities of mushrooms led to their selection for use in the decon-
tamination of tannery effluent (TE) obtained from a leather industry situated in Kanpur,
Uttar Pradesh, India. Different physicochemical characteristics (such as pH, turbidity,
electrical conductivity, BOD, alkanity, and total hardness), as well as various heavy metal
concentrations including Mg, Pb, Cr, and Zn, were also measured in TE. In order to per-
form bioremediation, various concentrations of medium containing TE were inoculated
with Pleurotus opuntiae mycelium under in vitro conditions, and the fungus’ mycelia were
assessed following TE treatment.

2. Materials and Methods
2.1. Collection of Sample

In the present study, samples were obtained from the leather industry in Kanpur, Uttar
Pradesh, India. The tannery effluent (TE) was carefully collected in sterile plastic containers.
Subsequently, the effluent was promptly brought to the laboratory under cold conditions
to facilitate further analysis.



Water 2024, 16, 1313 3 of 17

2.2. Characterization of Effluent

The TE samples were examined to determine several physicochemical parameters and
heavy metal concentrations. Our work followed the standard methods prescribed by the
American Public Health Association, the American Water Works Association, and the Water
Pollution Control Federation for the examination of water and wastewater [24]. Different
parameters, such as pH, turbidity, and electrical conductivity, were measured via a portable
pH meter, nephelometer, and digital conductivity meter, respectively. To assess alkalinity
and total hardness, we employed titration methods with the help of methyl orange and
Eriochrome black-T indicators, respectively. The biological oxygen demand (BOD) was also
calculated using the conventional APHA procedure. The level of total solids, encompassing
both suspended and dissolved solids, was assessed by subjecting the sample to a hot air
oven, with temperatures ranging from 100 ◦C to 105 ◦C. Further, the concentrations of
sulphate, ammonia, chloride, nitrate, and phosphate were measured via the established
standards described in APHA regulations [24]. The heavy metal concentrations present
in the effluent were analyzed by utilizing an atomic absorption spectrophotometer (AAS)
(A–Analyst 700, PerkinElmer, Waltham, MA, USA).

2.3. Fungal Culture Maintenance

The Pleurotus species culture was acquired from the Directorate of Mushroom Re-
search (DMR), Solan, India, and then maintained on malt dextrose agar (MDA) media at
pH 6–6.5 and 25 ± 2 ◦C and periodically sub-cultured.

2.4. Establishing Tolerance Index of Pleurotus opuntiae

The tolerance potential of P. opuntiae towards different diluted concentrations of
tannery effluent (TE) was demonstrated via the plate assay method. In order to perform
the plate assay, MDA media were first inoculated with 0.5 cm diameter fungal mycelium
plugs and then mixed with varying concentrations of effluent (25%, 50%, 75%, and 100%).
Conversely, MDA plates with no effluent concentration were represented as the control.
Subsequently, the plates were incubated at 25 ± 2 ◦C for 9 days to examine the fungal
growth and photographed on each day throughout the incubation’s time frame. The
screening was conducted in triplicate for each diluted concentration. The tolerance index
(TI) was then calculated as the ratio of fungal growth under the exposure of effluent to the
control (with no effluent) over the same time interval [25].

TI = Rm/Rc (1)

where TI = tolerance index; Rm = radius of the fungal hyphae grown under the exposure of
effluent; and Rc = radius of control fungal hyphae.

2.5. Experimental Design for Mycoremediation of Tannery Effluent

To perform mycoremediation, TE was diluted with distilled water (DW) in several
ratios, including 25% TE + 75% DW, 50% TE + 50% DW, 75% TE + 25% DW, and pure
or 100% TE. This was performed in Erlenmeyer flasks of 250 mL, containing 100 mL of
malt dextrose broth (MDB) media. In each medium containing a varied percentage of
TE, an agar plug of the strain with a 0.5 cm diameter was excised from the periphery,
inoculated, and then permitted to grow for 28 days at 25 ± 2 ◦C and 180 rpm. For this
study, each percentage of TE was assessed in triplicate. In addition to pure and different
diluted effluents, a control group (without TE) was also constructed.

After 28 days of incubation, mycelium and the culture media were collected from
each concentration of TE groups and from the control group for heavy metal analysis. The
mycelia were recovered via a filtration method, utilizing Whatman filter paper no. 1, and
the dried biomass was quantified following oven drying at 60 ◦C for 24 h. Thereafter, the
mycelium obtained from each group was stored at −80 ◦C for further analysis. To analyze
heavy metal removal and bioaccumulation, mycelia and culture medium were digested
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on a hot plate at 130 ◦C through a mixture of diacid in 3:1 ratio of HNO3 and H2SO4. The
concentration of heavy metals was measured by an atomic absorption spectrophotometer
(AAS) (A- Analyst 700, PerkinElmer, Waltham, MA, USA) by following standard proto-
cols [26]. The removal rate (R%) and the bioaccumulation efficiency (B) of fungus were
calculated via the equations given below. These are (2) and (3), respectively.

R% = (Ci − C f )100/Ci (2)

B = (Ci − C f )V/M (3)

where, Ci and Cf represent the initial and final heavy metal concentration (mg/L); V: vol-
ume of the solution (L); and M: Fungal biomass’s dry weight (g).

2.6. SEM, FTIR, and XRD Analysis

The influence of heavy metal stress on the external morphology of fungi was studied
by employing scanning electron microscopy (SEM) [27]. The fungal hyphae were scraped
off from the edge and fixed with a solution containing 0.1 M of phosphate buffer (pH
7.4) and 3% glutaraldehyde before being incubated for 12 h at 4 ± 2 ◦C. Following the
performance of a 15 min dehydration sequence in ethanol solutions at 70%, 80%, 90%, and
in three times at 100%, the samples were then rinsed thrice with 0.1 M of phosphate buffer
(pH 7.4). The samples were then dried in a desiccator at 25 ± 2 ◦C, coated with carbon, and
characterized via Jeol-EPMA scanning electron microscopy (JXA-8100, Tokyo, Japan).

The type of functional groups that facilitate the uptake of heavy metals onto the surface
of P. opuntiae has been assessed using the Fourier Transform Infra-Red (FTIR) approach,
following the method elucidated by Gola et al. [28]. At the end of the experiment, the
fungal mycelia were taken out and freeze-dried at −85 ◦C under strong vacuum conditions
by utilizing a freeze dryer. Thereafter, 100 mg of KBr powder was combined evenly with
1 mg of finely ground, lyophilized fungal mycelia. All the tests were conducted utilizing a
PerkinElmer (USA) FT-IR/FIR frontier spectrometer operating in the 500–3500 cm−1 range.

The crystalline structure of fungal biomass under exposure to heavy metal stress was
identified through X-ray diffraction (XRD). For this, the obtained fungal mycelium was
freeze-dried and then crushed into a fine powder for use in an XRD examination (Rigaku,
Tokyo, Japan, SmartLab 3KW).

2.7. LC-MS Analysis

After treatment, the mycelium was subjected to metabolite analysis using an ACQ-
TQD#QBB1152 triple-quadrupole tandem mass spectrometer. LC was conducted using
a C18 reverse-phase column (150× 4.6, 2.6 µm), and the mobile-phase solvents of ace-
tonitrile/water (5:95, v/v), 5 mM ammonium acetate (95:5 H2O: Acetonitrile, pH 6.5),
acetonitrile, and methanol were used for elution for 40 min. The injection volume of the
sample was 5 µL, and the mobile-phase flow ramp rate was maintained at 0.30 mL min−1.
The desolvation temperature was adjusted to 350 ◦C, the source temperature to 120 ◦C, and
the cone voltage to 30 V. Both the ES+ and ES− ionization modes were used to record MS
data in the mass range of m/z 150–2000 from 0 to 40 min. At various retention durations,
all eluted peaks were noted. Following that, mass spectrometry was used to characterize
the fractions. This study was conducted at the Sophisticated Analytical Instrumentation
Facility (SAIF) of the CSIR-Central Drug Research Institute (CDRI), Lucknow, India.

2.8. Analysis of Metallothionein Concentrations in Fungal Mycelium

The metallothionein concentration present in the fungal mycelium was measured using
Ellman’s reagent via a spectrophotometric method following the procedure of Viarengo
et al. [29]. For this, mycelium was homogenized in three volumes of homogenization buffer,
containing 0.55 mol/L sucrose, 0.01% β-Mercaptoethanol, 0.02 mol/L Tris-Hcl buffer, and
5 × 10−3 mol/L PMSF. It was then centrifuged at 10,000× g for half an hour at 4 ◦C to
obtain a supernatant comprising metallothionein. Thereafter, we added 1 mL of chilled
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ethanol (100%) and chloroform (80 µL) for every 1 mL of the resultant supernatant. After
centrifuging the samples for 10 min at 6000× g, three volumes of chilled ethanol were
mixed into the supernatant and the solutions were kept at −20 ◦C for 60 min. Again,
the supernatant was centrifuged at 6000× g for 10 min. The obtained pellets were rinsed
with chloroform (1%) and ethanol (87%), and then centrifuged one more time at 6000× g
for 10 min. The pellets were dried and reconstituted in Tris HCl and EDTA (pH 7). We
combined 5,5-dithiobis (nitrobenzoic acid) with the precipitated metallothionein fraction.
The product was then kept at an ambient temperature for 30 min. A UV spectrophotometer
was used to measure the concentration of reduced sulfhydryl at 412 nm of absorbance.
Also, a standard curve, using glutathione (GSH) as a standard, was used to calculate the
amount of MTs present in the samples.

2.9. Analysis of Antioxidants Enzymatic System in HM Containing Mycelia

The antioxidant enzymes were examined by homogenizing the fungal mycelium in
0.1 M of chilled phosphate-buffered saline (pH 7.0) using a glass homogenizer (Potter-
Elvehjem) outfitted with a Teflon pestle. The homogenized mycelium was centrifuged
at 2500 rpm for 10 min at 4 ◦C, and the obtained supernatant was centrifuged again at
12,000× g for 20 min at 4 ◦C. The supernatants were then kept at −80 ◦C for future exami-
nation. The total proteins were estimated using the method described by Lowry et al. [30].
The activity of superoxide dismutase (SOD) in fungal mycelium was determined using
the procedure described by Das et al. [31]. The SOD activity unit was specified in the
U/mgprotein.

Catalase (CAT) activity was calculated using the Aebi [32] method, which showed
that the enzyme could break down H2O2 to produce H2O and molecular oxygen. The unit
of the CAT assay was indicated in Pkat/mg of protein.

The reduced glutathione (GSH) assay was carried out using the method described by
Moron et al. [33], and the lipid peroxidation (LPO) assay was carried out using the method
provided by Zhu et al. [34]. The units of LPO were expressed in nmoles/mg protein.

2.10. Statistical Analysis

All the experiments were conducted in triplicate to enhance the analytical accuracy of
the variables, the data were analyzed statistically using OriginPro 9.8 software (Version
2021) with a one-way analysis of variance (ANOVA), and the mean values were compared
by performing a Tukey test (p ≤ 0.05).

3. Results and Discussion
3.1. Physicochemical Analysis of TE

The numerous physicochemical parameters employed revealed that the TE was highly
hazardous, as shown in Table 1. The pH of the TE was slightly acidic (6.5), which might have
been due to the chemicals employed in the processing of skins and hides. Also, the presence
of fine leather flakes in the effluent resulted in a high concentration of suspended solids, one
which was above the permissible limits set by USEPA [35] and CPCB [36]. The suspended
particles also impacted the reproduction process of aquatic life, resulting in rising aquatic
organism mortality. According to a report [37], the high chloride concentrations in the
effluent may be attributed to the fact that chlorides are heavily infused into tannery effluent,
entering in huge quantities in the form of sodium chloride for hide and skin preservation.
The TE had significantly greater concentrations of nitrate and phosphate. Increased levels
of nitrate and phosphate are key factors in the growth of algal blooms, which lower the
content of dissolved oxygen in water. Also, algal blooms increase ammonia and CO2
production, which leads to negative impacts on aquatic life [38]. The presence of several
minerals and harmful metals is indicated by high TDS values. This presence can impair
aquatic life by lowering the water clarity, which lessens the amount of sunlight received by
water bodies, thus decreasing photosynthetic activity [39].
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Table 1. Physicochemical characterization of TE.

Physicochemical Parameters Tannery Effluent USEPA (2002) a WHO (2008) b CPCB (2013) c

pH 6.5 ± 0.42 5.0–9.0 6.0–9.0 6.0–9.0
Total solids

(mg/L) 2097 ± 43.86 - 1500 -

Total suspended solids
(mg/L) 473.33 ± 23.02 35 - 100

Total dissolved solids (mg/L) 658.33 ± 6.80 - - 2100
Turbidity (NTU) 27.43 ± 0.70 - - -

Electrical conductivity (S/cm) 1.23 ± 0.25 - - -
Alkanity (mg/L) 540.96 ± 30.0 - - -

Total hardness (mg/L) 1410 ± 15.52 - - -
Phosphate (mg/L) 28.17 ± 0.34 1.0 - 5

Nitrate (mg/L) 505.89 ± 10.90 10 50.0 10
Ammonia (mg/L) 126.5 ± 1.67 1.0 1.50 -
Sulphate (mg/L) 36.95 ± 0.17 - - 1000.0
Chloride (mg/L) 947.2 ± 23.4 - - 600

BOD (mg/L) 751.13 ± 21.61 - - 30.0
Mg (mg/L) 149.25 ± 0.88 - - -
Cr (mg/L) 58.2 ± 0.07 - 0.05 2.0
Pb (mg/L) 7.06 ± 0.032 0.05 0.01 0.1
Zn (mg/L) 3.52 ± 0.005 2.0 0.05 5.0

Notes: a U.S. Environmental Protection Agency, Act 2002; b World Health Organization, Geneva, 2008; c Central
Pollution Control Board, 2013.

Additionally, various heavy metals, including lead (Pb), chromium (Cr), and zinc
(Zn), were observed in TE after AAS analysis. All the metals present in TE were found
in extremely high concentrations, surpassing the permitted limits recommended by the
USEPA in 2002, the WHO in 2008, and the CPCB in 2013. This rendered TE extremely
dangerous. Moreover, chromium is generally found in high concentrations in tannery
effluent because it is used for marking and surfacing leathers and also utilized for dying
leather products [40]. Higher Cr concentrations induce catastrophic consequences such as
anemia, lymphocytosis, eosinophilia, renal, and bronchial diseases. Its high concentration
may damage fish gills and lead to genotoxic and mutagenic effects in living systems [41,42].
TE has high concentrations of toxic metals and is accountable for their toxicity. Thus, it
becomes necessary to decontaminate the effluent before discarding it into water bodies.
Herein, we tried to eliminate toxic heavy metals from the TE via a cost-effective and
sustainable process i.e., mycoremediation utilizing the macrofungi known as P. opuntiae.

3.2. Effect of TE Concentrations on P. opuntiae Growth

The fungal mycelia grown with different percentages of TE have shown varying levels
of growth. It is obvious from Figure 1a that mycelium could not grow on the media
containing 100% (raw) effluent. A high concentration of various hazardous metals might
have been present in raw effluent, having a negative impact on the mycelial growth and
not allowing mycelia to develop and survive (Figure 1a). However, the mycelia that were
cultured on the media containing 50% TE (Figure 1c) and 25% TE (Figure 1d) exhibited
robust and continuous growth when compared with the mycelia cultured on 75% TE
(Figure 1b) (growing at a much slower speed). The dilution of TE resulted in a decrease
in the concentration of various metals present in effluent, which allowed mycelia to reach
their normal growth rates in the diluted effluents, such as those with 25% and 50% TE
concentrations, and this also permitted mycelia to effectively accumulate metal from the TE
and assisted in their normal growth. The presence of a higher metal content in the 75% TE
solution in comparison to the 50% and 25% diluted effluent might be responsible for the
limited growth of mycelia with distorted hyphae morphology; however, the maximum
growth was recorded in the control group.
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Further, the impact of heavy metals on fungal growth was mapped via a tolerance
index. When the TI value ranged to 0, it showed that growth was completely inhibited by
metals; TI < 1 displayed high tolerance; a TI value of 1 showed a level of growth that was
similar to that of the control; however, TI > 1 showed an absolute fungal growth that was
greater than that of the control [26]. Figure 2 displayed the tolerance index (TI) of P. opuntiae
under varying concentrations of TE. The maximum TI value of 0.95 was observed in a 25%
TE concentration at 72 h of the incubation period, while the TI of P. opuntiae in 50% TE
concentration was observed to be only 0.58 at 72 h. After 72 h, the TI value declined slightly
as it reached a climax for the rapid phase in both the 25% and 50% TE concentrations.
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Figure 2. Representing the TI of P. opuntiae in 25% and 50% tannery effluent (TE), mycelium of P.
opuntiae were grown in liquid media for 9 days at 25 ± 2 ◦C and 180 rpm.

3.3. Quantifying Removal Rate and Bioaccumulation of Heavy Metals Using P. opuntiae

The removal rate of heavy metals when using P. opuntiae was established under
aqueous culture conditions. In Figure 3a, the results show that the highest removal rate for
Pb (91.3%) was observed when the solution exposed to a 25% TE concentration, whereas the
rates were 72.2% and 66.5% for Cr and Zn, respectively. However, in a 50% TE concentration,
the removal rates for Pb, Cr, and Zn were recorded as being 62.3%, 53.2%, and 55.8%,
respectively. Since the control mycelium was grown without metal, the control data were
not given.
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Further analysis revealed that the removal of heavy metal was primarily facilitated via
an intracellular bioaccumulation mechanism. Hence, the bioaccumulation of heavy metals
by the fungal mycelium was depicted in Figure 3b. In the current study, the maximum
degree of bioaccumulation was observed for Pb (17.2 µg/g), rather than for Cr (14.5 µg/g)
or Zn (8.5 µg/g), in the mycelium grown in solutions with 25% TE concentrations. A similar
trend of bioaccumulation was also observed in the fungal mycelium when exposed to a
50% TE concentration. i.e., the uptake of Pb and Cr by the fungal mycelium was statistically
significant in comparison to the uptake of Zn metal ions. A decrease in Zn uptake was
observed, which was likely due to the presence of lower concentrations of Zn in the media.

Furthermore, after mycoremediation, it was found that all the metals present in TE
were successfully eliminated from the diluted TE by employing P. opuntiae. However, effec-
tive removal and bioaccumulation were observed only in 25% and 50% TE concentrations.
This could have been because of the reduced metal concentration in the diluted effluent,
making the mycelium more effective at accumulating the metals from the effluent and
aiding in its development and physiological function. In contrast, higher metal concen-
trations in other diluted TEs (75%) and at the raw concentration might have hindered the
growth of the fungal mycelium, thus reducing its bioaccumulation potential. Similar results
were also obtained by employing P. ostreatus to remove heavy metals from coal washery
effluent [43]. Macrofungi respond to metal stress in the environment by generating stress
compounds that are both proteinous and non-proteinous in nature. The mycelium has
been reported to release stress factors that aid in sequestering the accumulated metal ions
in their vacuoles. Metallothionein (MT), phytochelatins (PCs), glutothionine (GSH), and
plastocyanin are the stress components most frequently generated by fungi. Several reports
have also suggested that whether the organisms have the capacity to accumulate heavy
metal ions mainly depends on the heavy metal concentrations that occur in their growing
environments [44–46]. The uptake of different heavy metals by fungi has also appeared
to vary with metal ion type. According to Sazanova et al. [47], the high concentrations of
many metals appeared to prevent fungal growth due to a number of physical abnormalities,
including cell membrane destruction, the induction of lipid peroxidation, the production
of ROS, the suppression of respiration, the alteration of enzyme activity, and damage to
protein structures and DNA [48]. The results of the current investigation indicated that the
amount of multi-metal concentration and the kind of metal ion had a substantial impact on
the multi-metal accumulation and its removal by P. opuntiae.

3.4. Analysis of Surface Morphology of Pleurotus opuntiae Mycelium after Mycoremediation

The surface morphologies of the fungal mycelia that appeared with and without TE
exposure were examined under a scanning electron microscope. Figure 4a–c represent the
image of control mycelium (without TE exposure). Figure 4d–f depict the image of the
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mycelium grown in a 25% TE concentration whereas, Figure 4g–i represent the image of
the mycelium exposed to a 50% TE concentration. In Figure 4a–c, the control micrograph
showed an uneven meshwork of elongated, ribbon-like hyphae, with entangled branches
that were made of porous structures without any physical damage. Similar morphology
was also observed in the 25% TE exposed P. opuntiae mycelium. On the cotnrary, P. opuntiae
grown in a 50% TE concentration exhibited swollen hyphae that are undetectable, densely
packed, lack voids, and provide a smooth surface (Figure 4g–i). This could be a detoxifica-
tion mechanism since mycelia aggregation minimizes the surface area of cells exposed to
harmful metals. The aggregated mycelia might have lessened direct contact between the
toxic metal and the cell, reducing their vulnerability to adverse effects. This might have
led to increased accumulation in the mycelium, thus promoting the mycoremediation of
TE. Similar conclusions have been drawn from numerous investigations where alterations
were seen, in contrast to the control group [23,49].
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3.5. FTIR Analysis

The type of functional groups that occurred on P. opuntiae cell walls before and after
TE exposure were examined using FTIR analysis in order to ascertain the influence of
heavy metal on cell wall properties. The alterations in the vibrational frequencies of FTIR
spectra unveiled the role of cell walls in the elimination of heavy metals. Figure 5a–c
showed the FTIR spectra of P. opuntiae after exposure to different concentrations of TE (i.e.,
50% and 25% TE) and control, respectively. In control spectra, the band ranges between
3500 cm−1–3000 cm−1 displayed a sharp absorption peak of N-H and O-H stretching [50].
This absorption peak was also observed in mycelium grown in 25% TE, but N-H stretching
was absent in 50% TE mycelium. Further, the inclusion of C-H stretching vibrations at
2926 and 2852 cm−1 in the metal ion adsorption process was not very apparent. Only a
weak shift was observed at 780–782 cm−1, 1314.7–1313.8 cm−1, and 1399–1401 cm−1 when
comparing the level before to that after the treatment of TE, specifying the interference of
amino, carboxyl, and hydroxyl groups during absorption process. The absorption peak at
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1100 cm−1, representing C-O and C-O-C groups of polysaccharides, shifted slightly after
exposure to TE. Two new sharp peaks were identified within the 500–1000 cm−1 regions of
the PbO group and Cr=O group in both the diluted groups (Figure 5b,c).
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control (c).

The shifting of absorption peaks indicated the involution of many functional groups
present in fungal biomass during mycoremediation [51]. The type of functional groups
involved varied on the fungus species, the origin of isolation, the method of processing the
biomass, and solution chemistry [49,52]. Hence, it could be concluded that the inclusion of
functional groups with negative charges (such as hydroxyl and carbonyl groups) provides
electrostatic interactions for the binding of positively charged metal ions to cell walls for
heavy metal removal [53].

3.6. XRD Analysis

XRD was employed to identify the mineral compositions that occur as a precipitate on
the fungal mycelium. Moreover, XRD analysis enabled the ascertainment of the structure
of the sample, i.e., whether it was amorphous or crystalline. Figure 6c shows the XRD
spectra of the control fungal mycelium. Before TE treatment, the spectra showed only one
large peak at about 20◦, indicating that the mycelium was amorphous before treatment.
However, in Figure 6a,b, the mycelium showed a crystalline structure due to the appearance
of diffraction peaks after exposure to different concentrations of effluent. In this study, we
found that the heavy metals present in the effluent, such as Pb and Cr, were biomineralized
to PbO and CrO3, respectively, by Pleurotus opuntiae. Further, the high-intensity peaks
of PbO and CrO3 were observed in the mycelium grown in 50% TE rather than in the
25% diluted group due to the presence of high concentration of heavy metals. Similar
findings were also observed when Cr(VI) ion was reduced to Cr2O3 using A. flavus CR500
and A. fumigatus [54,55]. Further, the diffraction peaks of Pb complexes corresponded to
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lead oxalate and lead hydroxyphosphate when utilizing P. polonicum and P. chrysoporium,
respectively [56,57].
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3.7. LC-MS Analysis

The LC-MS chromatographs of P. opuntiae are shown in Figure 7a, which represents
the retention time in minutes of each metabolite present in the fungal mycelium. The peaks
seen in the chromatograms were studied using the yeast database in order to determine
their components. By comparison, Figure 7a shows that there was a total of 7938 peaks in
the control mycelium, while there were 22,132, and 11,653 peaks in the mycelium grown
in 25% and 50% effluent concentrations, respectively. Figure 7b shows the amount of
some specific metabolites in P. opuntiae mycelium, and these decreased or increased in
comparison to the control and the effluent-exposed mycelium. This was likely due to
the regulatory effect of heavy metals on the physiological metabolism of P. opuntiae. In
particular, the retention time of 32.0–34.0 min demonstrated a higher degree of relative
ionic strength intensity in the positive ionization mode in the mycelium after exposure
to effluent concentrations of 50%. At the retention duration of 34.7 min, a molecule with
m/z value of 710.77 was observed. Moreover, most of the molecules actively appeared in
the mycelium that was exposed to the 25% dilution concentration of effluent, where four
molecules with m/z values 315.28, 415.30, 205.07, and 221.16 indicated a strong intensity
of ionic strength at 25.9 min, 16.9 min, 28.8 min, and 19.9 min, respectively. Further, a
molecule with an m/z value of 315.28 was observed in the control mycelium, with higher
ionic intensity seen at a retention time of 29.3 min. Some studies have concluded that
phytochelatins (PC) play a pivotal role in heavy metal detoxification, and the mechanism
of heavy metal bioaccumulation via PC has been observed in many metal-resistant fungal
kingdoms. Additionally, several studies have also reported that PCs bind to heavy metals
and facilitate the transport of excess metal ions into the vacuole or periplasmic space for
storage, thereby reducing cellular toxicity. This phenomenon is essential for maintaining
cell homeostasis in the presence of heavy metal stress. Thus, the mechanism of metal
accumulation might therefore be summarized from the findings of this current study [58].
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3.8. Metallothionein Concentration in P. opuntiae after Mycoremediation

The metallothionein concentration was measured in the fungal mycelium after expo-
sure to different diluted concentrations of effluents at various points in time (i.e., on the
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8th, 13th, 18th, 23rd, and 28th days). Metallothionein is a metal-binding protein with a
high cysteine content that protects against heavy metal toxicity [59]. Figure 8 demonstrates
that the metallothionein levels increased in fungal mycelia cultured in 50% TE as well
as in the 25% diluted group. However, the maximum concentration was found in the
50% dilution group, which could be ascribed to the presence of excessive levels of heavy
metals. Furthermore, as the exposure time increased, the concentration reached its peak on
the 28th day. A defense mechanism against metal accumulation in the fungal mycelium
could be the cause of the elevated metallothionein concentration. The greatest level of
accumulation of most heavy metals was seen in mycelia that were exposed to 50% TE,
possibly due to these samples having the highest metallothionein protein synthesis rate in
order to shield the cells from the detrimental effects of heavy metals. The concentrations in
the control groups did not change significantly, remaining consistent until the end of the
day. According to a report, the presence of Cu and Cd increased the transcription level of
the metallothionein genes in Hebeloma cylindrosporum [60]. Similar kinds of outcomes were
also observed in the fungus Beauveria bassiana after exposure to heavy metals [61].

Water 2024, 16, x FOR PEER REVIEW 14 of 18 
 

 

50% dilution group, which could be ascribed to the presence of excessive levels of heavy 
metals. Furthermore, as the exposure time increased, the concentration reached its peak 
on the 28th day. A defense mechanism against metal accumulation in the fungal mycelium 
could be the cause of the elevated metallothionein concentration. The greatest level of ac-
cumulation of most heavy metals was seen in mycelia that were exposed to 50% TE, pos-
sibly due to these samples having the highest metallothionein protein synthesis rate in 
order to shield the cells from the detrimental effects of heavy metals. The concentrations 
in the control groups did not change significantly, remaining consistent until the end of 
the day. According to a report, the presence of Cu and Cd increased the transcription level 
of the metallothionein genes in Hebeloma cylindrosporum [60]. Similar kinds of outcomes 
were also observed in the fungus Beauveria bassiana after exposure to heavy metals [61]. 

 
Figure 8. Concentration of metallothionein in the fungal mycelium grown in media containing 
different dilutions of effluent at several time intervals. Values followed by different alphabets in 
the same figure differ significantly (p < 0.05). 

3.9. Effect of TE Stress on Antioxidant Enzymatic system of Fungi 
Antioxidants are a crucial part of the cellular immune system due to their capacity to 

scavenge reactive oxygen species (ROS) [62]. SOD, LPO, and CAT are associated with the 
class of induced enzymatic antioxidant systems that lessens the effects of oxidative stress 
[63], whereas GSH is an essential non-enzymatic antioxidant protein that detoxifies non-
essential metals via the production of distinct, low-molecular-weight chelators [64,65]. In 
the present study (Figure 9a–d), increased activity of SOD, CAT, and GSH was observed 
in the fungal mycelium grown at a 25% effluent concentration. However, the activity of 
SOD reached a maximum value of 5.8 U/mg protein, and the activity of CAT reached a 
maximum value of 1.59 Pkat/mg, in the mycelium grown in a 25% effluent concentration 
on the 28th day. Moreover, the mycelium grown in 50% effluent displayed the enhanced 
activity of SOD, CAT, and GSH during the initial exposure period. Thereafter, the activity 
of these enzymes lessened, falling at the end of the period. In the case of LPO, the myce-
lium that was subjected to effluent concentrations of 50% and 25% exhibited fluctuation 
and reached its highest level on the final day of the exposure period. 

Figure 8. Concentration of metallothionein in the fungal mycelium grown in media containing
different dilutions of effluent at several time intervals. Values followed by different alphabets in the
same figure differ significantly (p < 0.05).

3.9. Effect of TE Stress on Antioxidant Enzymatic System of Fungi

Antioxidants are a crucial part of the cellular immune system due to their capacity
to scavenge reactive oxygen species (ROS) [62]. SOD, LPO, and CAT are associated with
the class of induced enzymatic antioxidant systems that lessens the effects of oxidative
stress [63], whereas GSH is an essential non-enzymatic antioxidant protein that detoxifies
non-essential metals via the production of distinct, low-molecular-weight chelators [64,65].
In the present study (Figure 9a–d), increased activity of SOD, CAT, and GSH was observed
in the fungal mycelium grown at a 25% effluent concentration. However, the activity of
SOD reached a maximum value of 5.8 U/mg protein, and the activity of CAT reached a
maximum value of 1.59 Pkat/mg, in the mycelium grown in a 25% effluent concentration
on the 28th day. Moreover, the mycelium grown in 50% effluent displayed the enhanced
activity of SOD, CAT, and GSH during the initial exposure period. Thereafter, the activity
of these enzymes lessened, falling at the end of the period. In the case of LPO, the mycelium
that was subjected to effluent concentrations of 50% and 25% exhibited fluctuation and
reached its highest level on the final day of the exposure period.
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4. Conclusions

The mechanisms for the removal and accumulation of multiple heavy metals by P.
opuntiae were systematically studied under the exposure of tannery effluent at different
dilution concentrations. The stain could show maximum tolerance index values at the
25% and 50% diluted groups and removed a maximum of 91.3% of Pb and 72.2% and
66.5% of Cr and Zn, respectively, from the 25% diluted effluent. Notably, Pb showed the
highest degree of bioaccumulation, followed by Cr and Zn. SEM, FTIR, and XRD analysis
revealed the detoxification mechanism involved in metal removal, such as accumulation,
adsorption onto the cell wall via functional groups, and surface precipitation. However,
bioaccumulation proves more advantageous than adsorption in wastewater treatment, as
it circumvents the issue of desorption. Moreover, LC-MS analysis revealed the role of the
metabolites involved in the regulation of heavy metals in the physiological metabolism of P.
opuntiae. In addition, the elevated concentrations of stress markers, namely metallothionein,
and active antioxidant enzymes such as SOD, CAT, LPO, and GSH withstood the oxidative
stress brought on by heavy metal toxicity. The current study emphasizes the negative
effects of tannery effluent owing to the presence of numerous heavy metals above their
permissible levels, while also highlighting that the efficacy of remediation could also be
boosted by diluting the effluent. Thus, these findings suggest that mycoremediation could
be a sustainable approach for decontaminating an effluent by utilizing Pleurotus opuntiae.



Water 2024, 16, 1313 15 of 17

Author Contributions: Conceptualization, M.P.S. and P.Y.; Methodology, P.Y. and V.M.; software, T.K.;
Investigation, P.Y. and T.K.; Writing—Original Draft Preparation, P.Y., V.M. and T.K.; Writing—Review
& Editing, M.P.S., U.K.S., E.V. and P.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available in article.

Acknowledgments: I would like to express my heartfelt thanks to Shraddha Vishwakarma (Research
Scholar), Centre of Bioinformatics, University of Allahabad for fruitful discussions on LC-MS analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tadesse, G.L.; Guya, T.K.; Walabu, M. Impacts of tannery effluent on environments and human health: A review article. Adv. Life

Sci. Technol. 2017, 54, 10.
2. Yadav, A.; Yadav, P.; Raj, A.; Ferreira, L.F.R.; Saratale, G.D.; Bharagava, R.N. Tannery wastewater: A major source of residual or-

ganic pollutants and pathogenic microbes and their treatment strategies. In Microbes in Agriculture and Environmental Development;
CRC Press: Boca Raton, FL, USA, 2020; pp. 245–264.

3. Yadav, A.; Mishra, S.; Kaithwas, G.; Raj, A.; Bharagava, R.N. Organic pollutants and pathogenic bacteria in tannery wastewater
and their removal strategies. In Microbes and Environmental Management; Studium Press (India) Pvt. Ltd.: New Delhi, India, 2016;
pp. 104–130.

4. Raj, A.; Kumar, S.; Haq, I.; Kumar, M. Detection of tannery effluents induced DNA damage in mung bean by use of random
amplified polymorphic DNA markers. Int. Sch. Res. Not. 2014, 2014, 727623. [CrossRef] [PubMed]

5. Yadav, P.; Yadav, A.; Srivastava, J.K.; Raj, A. Reduction of pollution load of tannery effluent by cell immobilization approach
using Ochrobactrum intermedium. J. Water Process Eng. 2021, 41, 102059. [CrossRef]

6. Saxena, G.; Chandra, R.; Bharagava, R.N. Environmental pollution, toxicity profile and treatment approaches for tannery
wastewater and its chemical pollutants. Rev. Environ. Contam. Toxicol. Vol. 2017, 240, 31–69.

7. Dixit, S.; Yadav, A.; Dwivedi, P.D.; Das, M. Toxic hazards of leather industry and technologies to combat threat: A review. J. Clean.
Prod. 2015, 87, 39–49. [CrossRef]

8. Nur-E-Alam, M.; Mia, M.A.S.; Ahmad, F.; Rahman, M.M. An overview of chromium removal techniques from tannery effluent.
Appl. Water Sci. 2020, 10, 205. [CrossRef]

9. Das, C.; Naseera, K.; Ram, A.; Meena, R.M.; Ramaiah, N. Bioremediation of tannery wastewater by a salt-tolerant strain of
Chlorella vulgaris. J. Appl. Phycol. 2017, 29, 235–243. [CrossRef]

10. Sao, K.; Pandey, M.; Pandey, P.K.; Khan, F. Highly efficient biosorptive removal of lead from industrial effluent. Environ. Sci.
Pollut. Res. 2017, 24, 18410–18420. [CrossRef]

11. Wingenfelder, U.; Hansen, C.; Furrer, G.; Schulin, R. Removal of heavy metals from mine waters by natural zeolites. Environ. Sci.
Technol. 2005, 39, 4606–4613. [CrossRef]

12. Miransari, M. Hyperaccumulators, arbuscular mycorrhizal fungi and stress of heavy metals. Biotechnol. Adv. 2011, 29, 645–653.
[CrossRef]

13. Poornima, M.; Kumar, R.S.; Thomas, P.D. Isolation and molecular characterization of bacterial strains from tannery effluent and
reduction of chromium. Int. J. Curr. Microbiol. Appl. Sci. 2014, 3, 530–538.

14. Jiang, J.; Liu, H.; Li, Q.; Gao, N.; Yao, Y.; Xu, H. Combined remediation of Cd–phenanthrene co-contaminated soil by Pleurotus
cornucopiae and Bacillus thuringiensis FQ1 and the antioxidant responses in Pleurotus cornucopiae. Ecotoxicol. Environ. Saf. 2015, 120,
386–393. [CrossRef] [PubMed]

15. Liu, S.H.; Zeng, G.M.; Niu, Q.Y.; Liu, Y.; Zhou, L.; Jiang, L.H.; Tan, X.F.; Xu, P.; Zhang, C.; Cheng, M. Bioremediation mechanisms
of combined pollution of PAHs and heavy metals by bacteria and fungi: A mini review. Bioresour. Technol. 2017, 224, 25–33.
[CrossRef] [PubMed]

16. Bano, A.; Hussain, J.; Akbar, A.; Mehmood, K.; Anwar, M.; Hasni, M.S.; Ullah, S.; Sajid, S.; Ali, I. Biosorption of heavy metals by
obligate halophilic fungi. Chemosphere 2018, 199, 218–222. [CrossRef] [PubMed]

17. Piccini, M.; Raikova, S.; Allen, M.J.; Chuck, C.J. A synergistic use of microalgae and macroalgae for heavy metal bioremediation
and bioenergy production through hydrothermal liquefaction. Sustain. Energy Fuels 2019, 3, 292–301. [CrossRef]

18. Ezzouhri, L.; Castro, E.; Moya, M.; Espinola, F.; Lairini, K. Heavy metal tolerance of filamentous fungi isolated from polluted sites
in Tangier, Morocco. Afr. J. Microbiol. Res. 2009, 3, 35–48.

19. Damodaran, D.; Balakrishnan, R.M.; Shetty, V.K. The uptake mechanism of Cd (II), Cr (VI), Cu (II), Pb (II), and Zn (II) by mycelia
and fruiting bodies of Galerina vittiformis. BioMed Res. Int. 2013, 2013, 149120. [CrossRef] [PubMed]

20. Kulshreshtha, S.; Mathur, N.; Bhatnagar, P. Mushroom as a product and their role in mycoremediation. AMB Express 2014, 4, 1–7.
[CrossRef]

https://doi.org/10.1155/2014/727623
https://www.ncbi.nlm.nih.gov/pubmed/25937990
https://doi.org/10.1016/j.jwpe.2021.102059
https://doi.org/10.1016/j.jclepro.2014.10.017
https://doi.org/10.1007/s13201-020-01286-0
https://doi.org/10.1007/s10811-016-0910-8
https://doi.org/10.1007/s11356-017-9413-7
https://doi.org/10.1021/es048482s
https://doi.org/10.1016/j.biotechadv.2011.04.006
https://doi.org/10.1016/j.ecoenv.2015.06.028
https://www.ncbi.nlm.nih.gov/pubmed/26117363
https://doi.org/10.1016/j.biortech.2016.11.095
https://www.ncbi.nlm.nih.gov/pubmed/27916498
https://doi.org/10.1016/j.chemosphere.2018.02.043
https://www.ncbi.nlm.nih.gov/pubmed/29438949
https://doi.org/10.1039/C8SE00408K
https://doi.org/10.1155/2013/149120
https://www.ncbi.nlm.nih.gov/pubmed/24455671
https://doi.org/10.1186/s13568-014-0029-8


Water 2024, 16, 1313 16 of 17

21. Koutrotsios, G.; Larou, E.; Mountzouris, K.C.; Zervakis, G.I. Detoxification of olive mill wastewater and bioconversion of olive
crop residues into high-value-added biomass by the choice edible mushroom Hericium erinaceus. Appl. Biochem. Biotechnol. 2016,
180, 195–209. [CrossRef]

22. Singh, V.K.; Singh, M.P. Bioremediation of vegetable and agrowastes by Pleurotus ostreatus: A novel strategy to produce edible
mushroom with enhanced yield and nutrition. Cell. Mol. Biol. 2014, 60, 2–6.

23. Yadav, P.; Mishra, V.; Kumar, T.; Rai, A.K.; Gaur, A.; Singh, M.P. An Approach to Evaluate Pb Tolerance and Its Removal
Mechanisms by Pleurotus opuntiae. J. Fungi 2023, 9, 405. [CrossRef] [PubMed]

24. APHA. Standard Methods for the Examination of Water and Wastewater, 20th ed.; American Public Health Association: Washington,
DC, USA; American Water Works Association: Washington, DC, USA; Water Environmental Federation: Washington, DC,
USA, 1998.

25. Valix, M.; Tang, J.Y.; Cheung, W.H. The effects of mineralogy on the biological leaching of nickel laterite ores. Miner. Eng. 2001, 14,
1629–1635. [CrossRef]

26. Valix, M.; Loon, L.O. Adaptive tolerance behaviour of fungi in heavy metals. Miner. Eng. 2003, 16, 193–198. [CrossRef]
27. Chen, S.H.; Ng, S.L.; Cheow, Y.L.; Ting, A.S.Y. A novel study based on adaptive metal tolerance behavior in fungi and SEM-EDX

analysis. J. Hazard. Mater. 2017, 334, 132–141. [CrossRef] [PubMed]
28. Gola, D.; Dey, P.; Bhattacharya, A.; Mishra, A.; Malik, A.; Namburath, M.; Ahammad, S.Z. Multiple heavy metal removal using an

entomopathogenic fungi Beauveria bassiana. Bioresour. Technol. 2016, 218, 388–396. [CrossRef] [PubMed]
29. Viarengo, A.; Ponzano, E.; Dondero, F.; Fabbri, R. A simple spectrophotometric method for metallothionein evaluation in marine

organisms: An application to Mediterranean and Antarctic molluscs. Mar. Environ. Res. 1997, 44, 69–84. [CrossRef]
30. Lowry, O.H.; Rosenbrough, N.G.; Farr, A.L.; Randall, R.G. Protein measurements with folin phenol reagent. J. Biol. Chem. 1951,

193, 265–275. [CrossRef] [PubMed]
31. Das, K.; Samanta, L.; Chainy, G.B.N. A modified spectrophotometric assay of superoxide dismutase using nitrite formation by

superoxide radicals. Ind. J. Biochem. Biophys. 2000, 37, 201–204.
32. Aebi, H. Catalase in vitro. In Methods Enzymology; Colowick, S.P., Kaplane, N.O., Eds.; Academic Press: Cambridge, MA, USA,

1984; Volume 105, pp. 121–127.
33. Moron, M.S.; Depierre, J.W.; Mannervik, B. Levels of glutathione, glutathione reductase and glutathione S-transferase activities in

rat lungs and liver. Biochem. Biophys. Acta 1979, 582, 67–78. [CrossRef] [PubMed]
34. Zhu, Z.; Wei, G.; Li, J.; Qian, Q.; Yu, J. Silicon alleviates salt stress and increases antioxidant enzymes activity in leaves of

salt-stressed cucumber (Cucumis sativus L.). Plant Sci. 2004, 167, 527–533. [CrossRef]
35. Environmental Protection Act, Standards for Effluent Discharge Regulations. General Notice No. 44. of 2003. 2002. Available

online: http://faolex.fao.org/docs/texts/mat52519.doc (accessed on 13 March 2023).
36. Central Pollution Control Board. Pollution Assessment: River Ganga. Status of Grossly Polluting Industries, GPI; Central Pollution

Control Board: New Delhi, India, 2013.
37. Bosnic, M.; Buljan, J.; Daniels, R.P. Pollutants in Tannery Effluents, Regional Program for Pollution Control in the Tanning Industry in

South-East Asia S. RAS/92/120; United Nations Industrial Development Organization: Vienna, Austria, 2000; pp. 1–567.
38. Khan, F.A.; Ansari, A.A. Eutrophication: An ecological vision. Bot. Rev. 2005, 71, 449–482. [CrossRef]
39. Sugasini, A.; Rajagopal, K. Characterization of physicochemical parameters and heavy metal analysis of tannery effluent. Int. J.

Curr. Microbiol. Appl. Sci. 2015, 4, 349–359.
40. Lofrano, G.; Meriç, S.; Zengin, G.E.; Orhon, D. Chemical and biological treatment technologies for leather tannery chemicals and

wastewaters: A review. Sci. Total Environ. 2013, 461, 265–281. [CrossRef] [PubMed]
41. Chowdhary, P.; Yadav, A.; Singh, R.; Chandra, R.; Singh, D.P.; Raj, A.; Bharagava, R.N. Stress response of Triticum aestivum L. and

Brassica juncea L. against heavy metals growing at distillery and tannery wastewater contaminated site. Chemosphere 2018, 206,
122–131. [CrossRef] [PubMed]

42. Mishra, S.; Bharagava, R.N. Toxic and genotoxic effects of hexavalent chromium in environment and its bioremediation strategies.
J. Environ. Sci. Health Part C 2016, 34, 1–32. [CrossRef] [PubMed]

43. Vaseem, H.; Singh, V.K.; Singh, M.P. Heavy metal pollution due to coal washery effluent and its decontamination using a
macrofungus, Pleurotus ostreatus. Ecotoxicol. Environ. Saf. 2017, 145, 42–49. [CrossRef] [PubMed]

44. Yang, S.; Sun, X.; Shen, Y.; Chang, C.; Guo, E.; La, G.; Zhao, Y.; Li, X. Tolerance and removal mechanisms of heavy metals by
fungus Pleurotus ostreatus Haas. Water Air Soil Pollut. 2017, 228, 1–9. [CrossRef]

45. Turkekul, I.; Elmastas, M.; Tüzen, M. Determination of iron, copper, manganese, zinc, lead, and cadmium in mushroom samples
from Tokat, Turkey. Food Chem. 2004, 84, 389–392. [CrossRef]

46. Basile, A.; Sorbo, S.; Aprile, G.; Conte, B.; Cobianchi, R.C. Comparison of the heavy metal bioaccumulation capacity of an
epiphytic moss and an epiphytic lichen. Environ. Pollut. 2008, 151, 401–407. [CrossRef]

47. Sazanova, K.; Osmolovskaya, N.; Schiparev, S.; Yakkonen, K.; Kuchaeva, L.; Vlasov, D. Organic acids induce tolerance to zinc-and
copper-exposed fungi under various growth conditions. Curr. Microbiol. 2015, 70, 520–527. [CrossRef]

48. Morcillo, P.; Esteban, M.Á.; Cuesta, A. Heavy metals produce toxicity, oxidative stress and apoptosis in the marine teleost fish
SAF-1 cell line. Chemosphere 2016, 144, 225–233. [CrossRef] [PubMed]

https://doi.org/10.1007/s12010-016-2093-9
https://doi.org/10.3390/jof9040405
https://www.ncbi.nlm.nih.gov/pubmed/37108860
https://doi.org/10.1016/S0892-6875(01)00181-9
https://doi.org/10.1016/S0892-6875(03)00004-9
https://doi.org/10.1016/j.jhazmat.2017.04.004
https://www.ncbi.nlm.nih.gov/pubmed/28407540
https://doi.org/10.1016/j.biortech.2016.06.096
https://www.ncbi.nlm.nih.gov/pubmed/27387415
https://doi.org/10.1016/S0141-1136(96)00103-1
https://doi.org/10.1016/S0021-9258(19)52451-6
https://www.ncbi.nlm.nih.gov/pubmed/14907713
https://doi.org/10.1016/0304-4165(79)90289-7
https://www.ncbi.nlm.nih.gov/pubmed/760819
https://doi.org/10.1016/j.plantsci.2004.04.020
http://faolex.fao.org/docs/texts/mat52519.doc
https://doi.org/10.1663/0006-8101(2005)071[0449:EAEV]2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2013.05.004
https://www.ncbi.nlm.nih.gov/pubmed/23735721
https://doi.org/10.1016/j.chemosphere.2018.04.156
https://www.ncbi.nlm.nih.gov/pubmed/29738902
https://doi.org/10.1080/10590501.2015.1096883
https://www.ncbi.nlm.nih.gov/pubmed/26398402
https://doi.org/10.1016/j.ecoenv.2017.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28704692
https://doi.org/10.1007/s11270-016-3170-y
https://doi.org/10.1016/S0308-8146(03)00245-0
https://doi.org/10.1016/j.envpol.2007.07.004
https://doi.org/10.1007/s00284-014-0751-0
https://doi.org/10.1016/j.chemosphere.2015.08.020
https://www.ncbi.nlm.nih.gov/pubmed/26363324


Water 2024, 16, 1313 17 of 17

49. Liu, Z.F.; Zeng, G.M.; Zhong, H.; Yuan, X.Z.; Jiang, L.L.; Fu, H.Y.; Ma, X.L.; Zhang, J.C. Effect of saponins on cell surface
properties of Penicillium simplicissimum: Performance on adsorption of cadmium (II). Colloids Surf. B Biointerfaces 2011, 86, 364–369.
[CrossRef] [PubMed]

50. Chen, S.H.; Cheow, Y.L.; Ng, S.L.; Ting, A.S.Y. Mechanisms for metal removal established via electron microscopy and spec-
troscopy: A case study on metal tolerant fungi Penicillium simplicissimum. J. Hazard. Mater. 2019, 362, 394–402. [CrossRef]

51. Yuan, X.Z.; Jiang, L.L.; Zeng, G.M.; Liu, Z.F.; Zhong, H.; Huang, H.J.; Zhou, M.F.; Cu, K.L. Effect of rhamnolipids on cadmium
adsorption by Penicillium simplicissimum. J. Cent. South Univ. 2012, 19, 1073–1080. [CrossRef]

52. Walker, G.M.; Weatherley, L.R. Adsorption of dyes from aqueous solution—The effect of adsorbent pore size distribution and dye
aggregation. Chem. Eng. J. 2001, 83, 201–206. [CrossRef]

53. Aytar, P.N.A.R.; Gedikli, S.E.R.A.P.; Buruk, Y.E.L.I.Z.; Cabuk, A.; Burnak, N. Lead and nickel biosorption with a fungal biomass
isolated from metal mine drainage: Box–Behnken experimental design. Int. J. Environ. Sci. Technol. 2014, 11, 1631–1640. [CrossRef]

54. Kumar, V.; Dwivedi, S.K. Hexavalent chromium reduction ability and bioremediation potential of Aspergillus flavus CR500 isolated
from electroplating wastewater. Chemosphere 2019, 237, 124567. [CrossRef]

55. Dhal, B.; Pandey, B.D. Mechanism elucidation and adsorbent characterization for removal of Cr (VI) by native fungal adsorbent.
Sustain. Environ. Res. 2018, 28, 289–297. [CrossRef]

56. Zhao, W.W.; Zhu, G.; Daugulis, A.J.; Chen, Q.; Ma, H.Y.; Zheng, P.; Liang, J.; Ma, X.K. Removal and biomineralization of Pb2+ in
water by fungus Phanerochaete chrysoporium. J. Clean. Prod. 2020, 260, 120980. [CrossRef]

57. Xu, X.; Hao, R.; Xu, H.; Lu, A. Removal mechanism of Pb (II) by Penicillium polonicum: Immobilization, adsorption, and
bioaccumulation. Sci. Rep. 2020, 10, 9079. [CrossRef]

58. Damodaran, D.; Shetty, K.V.; Mohan, B.R. Effect of chelaters on bioaccumulation of Cd (II), Cu (II), Cr (VI), Pb (II) and Zn (II) in
Galerina vittiformis from soil. Int. Biodeterior. Biodegrad. 2013, 85, 182–188. [CrossRef]

59. Cobbett, C.; Goldsbrough, P. Phytochelatins and metallothioneins: Roles in heavy metal detoxification and homeostasis. Annu.
Rev. Plant Biol. 2002, 53, 159–182. [CrossRef]

60. Ramesh, G.; Podila, G.K.; Gay, G.; Marmeisse, R.; Reddy, M.S. Different patterns of regulation for the copper and cadmium
metallothioneins of the ectomycorrhizal fungus Hebeloma cylindrosporum. Appl. Environ. Microbiol. 2009, 75, 2266–2274. [CrossRef]
[PubMed]

61. Kameo, S.; Iwahashi, H.; Kojima, Y.; Satoh, H. Induction of metallothioneins in the heavy metal resistant fungus Beauveria bassiana
exposed to copper or cadmium. Analusis 2000, 28, 382–385. [CrossRef]

62. Zhang, F.Q.; Wang, Y.S.; Lou, Z.P.; Dong, J.D. Effect of heavy metal stress on antioxidative enzymes and lipid peroxidation
in leaves and roots of two mangrove plant seedlings (Kandelia candel and Bruguiera gymnorrhiza). Chemosphere 2007, 67, 44–50.
[CrossRef] [PubMed]

63. Xu, J.; Zhu, Y.; Ge, Q.; Li, Y.; Sun, J.; Zhang, Y.; Liu, X. Comparative physiological responses of Solanum nigrum and Solanum
torvum to cadmium stress. New Phytol. 2012, 196, 125–138. [CrossRef] [PubMed]

64. Das, M.; Saudagar, P.; Sundar, S.; Dubey, V.K. Miltefosine-unresponsive Leishmania donovani has a greater ability than miltefosine-
responsive L. donovani to resist reactive oxygen species. FEBS J. 2013, 280, 4807–4815. [CrossRef]

65. Scaeteanu, G.V.; Săndulescu, E.B.; Alistar, C.F.; Croitoru, C.M.; Madjar, R.M.; Alistar, A.; Gîlea, G.C.; Stavrescu, M. A short note on
water quality and some biodiversity components in Gurban valley, Giurgiu country. AgroLife Sci. J. 2023, 12, 167–180.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.colsurfb.2011.04.021
https://www.ncbi.nlm.nih.gov/pubmed/21565472
https://doi.org/10.1016/j.jhazmat.2018.08.077
https://doi.org/10.1007/s11771-012-1111-5
https://doi.org/10.1016/S1385-8947(00)00257-6
https://doi.org/10.1007/s13762-013-0354-5
https://doi.org/10.1016/j.chemosphere.2019.124567
https://doi.org/10.1016/j.serj.2018.05.002
https://doi.org/10.1016/j.jclepro.2020.120980
https://doi.org/10.1038/s41598-020-66025-6
https://doi.org/10.1016/j.ibiod.2013.05.031
https://doi.org/10.1146/annurev.arplant.53.100301.135154
https://doi.org/10.1128/AEM.02142-08
https://www.ncbi.nlm.nih.gov/pubmed/19233951
https://doi.org/10.1051/analusis:2000280382
https://doi.org/10.1016/j.chemosphere.2006.10.007
https://www.ncbi.nlm.nih.gov/pubmed/17123580
https://doi.org/10.1111/j.1469-8137.2012.04236.x
https://www.ncbi.nlm.nih.gov/pubmed/22809437
https://doi.org/10.1111/febs.12449

	Introduction 
	Materials and Methods 
	Collection of Sample 
	Characterization of Effluent 
	Fungal Culture Maintenance 
	Establishing Tolerance Index of Pleurotus opuntiae 
	Experimental Design for Mycoremediation of Tannery Effluent 
	SEM, FTIR, and XRD Analysis 
	LC-MS Analysis 
	Analysis of Metallothionein Concentrations in Fungal Mycelium 
	Analysis of Antioxidants Enzymatic System in HM Containing Mycelia 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Analysis of TE 
	Effect of TE Concentrations on P. opuntiae Growth 
	Quantifying Removal Rate and Bioaccumulation of Heavy Metals Using P. opuntiae 
	Analysis of Surface Morphology of Pleurotus opuntiae Mycelium after Mycoremediation 
	FTIR Analysis 
	XRD Analysis 
	LC-MS Analysis 
	Metallothionein Concentration in P. opuntiae after Mycoremediation 
	Effect of TE Stress on Antioxidant Enzymatic System of Fungi 

	Conclusions 
	References

