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Abstract 

Background:  Mining activities can lead to the generation of large quantities of heavy metal laden wastes which 
are released into the environment in an uncontrolled manner, causing widespread contamination of the ecosystem. 
Bioremediation is an innovative and promising technology available for removal and recovery of heavy metals from 
polluted environments.

Methods:  Field experiments based on a Latin Square Design were employed in this study in order to determine the 
effectiveness of oyster mushroom (P. ostreatus) as a bioremediation agent for the sequestration of pyritic heavy metals 
from mine dumps.

Results:  Compared with the background values of heavy metals in virgin forest soil, concentrations of Mn2+; Cr2+; 
Pb2+; Fe3+; and Cd2+ were substantially enriched in the study sites. The propagation of oyster mushroom in wheat 
straw substrate and heavy metal-polluted pyritic mine waste, reduced considerably the concentrations of mobile 
heavy metals in the waste by 1.2 mg kg−1 (98%); 2.0 mg kg−1 (79%); 13.1 mg kg−1 (93%); 7.7 mg kg−1 (78%); and 
6.5 mg kg−1 (88%) for Mn2+; Cr2+; Pb2+; Fe3+; and Cd2+, respectively. Results have shown that the greatest threat 
to the ecology in the mine dump sites is currently posed by Cd2+; Fe3+; and Pb2+, while the least ecological threat 
comes from the concentrations of Mn2+.

Conclusions:  The mean levels of reductions in heavy metal concentrations in pyritic mine waste after mycoreme-
dial interventions observed in the current study clearly indicate that, in bio-sorption, P. ostreatus is more efficient in 
sequestering Mn2+; Fe3+; and Cd2+, in that order. The oyster mushroom is less efficient in the bio-sorption of Cr2+ and 
Fe3+ from heavy metal polluted mine waste.
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Background
Mining is one of the main income earners of the Zimba-
bwean economy. It contributes up to 20% of Zimbabwe’s 
gross domestic product. Apart from its contribution to 
exports, the mining industry plays an important role in 
providing essential mineral-based raw materials to the 
local manufacturing industry [1]. Over the last cen-
tury the generation of overburden material has grown 

dramatically with the increasing demand for miner-
als and metals in the world market and the decreasing 
metal ore grades being mined in Zimbabwe. As a result, 
metal mining activities have generated large volumes 
of toxic and harmful residues for long periods at min-
ing and processing sites [2]. Since the efficiency of the 
extraction process is always less than 100%, a high pro-
portion of ore that contains uneconomic material with 
variable amounts of metallic minerals which can be 
mobilized into the terrestrial environment is discarded 
[2–4].

Bioremediation is an innovative and promising tech-
nology available for removal and recovery of heavy 
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metals from polluted environments. It involves the 
microbe-mediated process for clearance of contami-
nants [5]. The role of mushroom in biosorption of heavy 
metals into its biomass is well documented, and under-
standing its propagation on contaminated materials has 
numerous biotechnological implications for bioreme-
diation of mine dump sites [6].

The microbial cell walls, which mainly consist of poly-
saccharides, lipids and proteins, offer many functional 
groups that can bind heavy metal ions, and these include 
carboxylate, hydroxyl, amino and phosphate groups [7]. 
Selection of the microbes for bioremediation of contami-
nated environments should be done based on an under-
standing of mechanisms involved in the adsorption and 
mobilization of heavy metals and trace elements in the 
soil to restore soil health [3].

With the growth of gold and nickel mining industry in 
the Bindura area of central Zimbabwe, there has been a 
considerable increase in the discharge of gold mining 
waste to the environment. In addition to that, the low 
efficiency of the mechanical and chemical gold extraction 
processes has caused a mine dump pile-up of discarded 
metalliferous mine residues, which can mobilize heavy 
metals into the terrestrial and aquatic environments with 
deleterious impacts [2, 8]. Heavy metals can pose long-
term environmental and health implications because of 
their non-biodegradability and persistence. In view of 
this, the study investigates the potential of mushroom 
propagated on mine dumps for the biosorption of heavy 
metals.

Methods
Site description
Location and weather conditions
The aim of the current study was to establish the possibil-
ity of use of oyster mushroom as a green technology for the 
bioremediation of mine dumps contaminated with pyritic 
heavy metals. The study area located in the immediate 
vicinity of the mining town of Bindura in central Zimbabwe 
(17°18′S 31°20′E; 1070 m above sea level, Fig. 1) consists of 
gold and nickel mine waste and tailings dumps. Bindura 
town is spread over an area of 200 km2, supporting a popu-
lation of 46,275 [9]. The area lies in agro-ecological region 
two with an annual rainfall total of 800 mm. The seasons are 
characterized by rainy summers (November to April) and 
short dry winters (May to July). The average annual air tem-
perature of the area is 23 °C with an average minimum and 
maximum temperature of 12 and 30 °C, respectively [10].

The Bindura mining area falls under the gold belt forma-
tions (complexes of metamorphosed basaltic and andesitic 
lavas and sediments) which are important sources of min-
erals in Zimbabwe. Pyrite is the dominant sulphide of the 
gold bearing rocks in the geological formations [11–13].

Bindura town is sandwiched by four major gold mines 
(Bindura, Trojan, Freda-Rebecca and Renny; Fig. 1). Mine 
waste dumps were formed as a result of disposal of spoils 
from the open pit mines. The mine dumps are irregularly 
shaped and are characterized by horizontal terraces with 
steep edge slopes of 5–30° and a depth of approximately 
20–100  m. The primary minerals are nickel, gold and 
platinum [11–13].

Fig. 1  Location of study sites
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The four mine dumps are located in a vast area drained 
by the Mazowe–Pote river systems, which is a part of the 
greater Zambezi river catchment in Zimbabwe (Fig.  1). 
The mine dumps occupy micro-catchment areas that 
drain north-eastwards into the Mazowe and Pote rivers. 
The mobilization of heavy metals from the mine dumps 
with comparatively steel slopes (5–30°) into the river sys-
tems has a potential of contaminating the environment in 
the Mazowe–Pote river system. The area has a thriving 
mixed farming system that supplies the metropolitans of 
Bindura, Chinhoyi and Harare with a variety of agricul-
tural produce.

Description of the mine dump sites bioremediation 
experiments
Collection of uncontaminated soil for comparison
The background contaminant concentration values were 
obtained in soil samples collected from a virgin for-
est about 5 km upstream of the mine dump sites within 
the Mazowe–Pote river system (Fig. 1). The soil samples 
were collected from 20 randomly selected sites under for-
est canopy using a shovel (0–20 cm depth). The samples 
were thoroughly mixed by hand in sterilized gloves in 
a 50  L plastic bucket and dried under shed. Composite 
samples were collected from the dried soil for laboratory 
analyses.

Identification of the mushrooms for bioremediation
The species Pleurotus ostreatus Jacq.et Fr is a common 
oyster edible mushroom. It is now grown commercially in 
Zimbabwe and around the world for food. Oyster mush-
rooms can also be used industrially for mycoremediation 
of heavy metal-polluted environments [4]. The samples 
of the mushroom spawn were confirmed by a mycologist 
in the Biological Sciences department at the University of 
Zimbabwe.

Preparation of the substrate and dried mushroom for the 
mine dump site experiments
The wheat straw substrate for the field experiments was 
collected from a food oyster mushroom farmer in Harare 
as spent mushroom compost. The dried shredded mush-
room which was used as P. ostreatus spawn source is a 
product of mushroom production at the same unit. The 
dried mushroom fruit was placed in shredding machine 
before soaking in clean water to 50% moisture content 
for the field trial. The wheat straw substrate was hammer-
milled and soaked in clean water that was mixed with 
formalin (2 parts water: 1 part formalin) for 24 h to elimi-
nate wild fungus spores and bacteria. The substrate was 
then squeezed of its excess water to achieve 50% residual 
moisture content. The wheat straw substrate and shred-
ded mushroom were then placed in separately sterilized 

50 litre plastic containers and transported to the four 
mine dump sites for the field experiments.

Experimental design and treatments
Field experiments were employed in this study in order 
to determine the effectiveness of oyster mushroom as 
a bioremediation agent for the sequestration of pyritic 
heavy metals from mine dumps. The field experiments 
were carried out at each of the four selected mine waste 
dumps (Trojan, Freda-Rebecca, Renny and Bindura 
mines; Fig. 1).

The Latin square design was employed in the current 
study to control the variation in the experiments related 
to rows and columns in the mine dump sites. Each treat-
ment was replicated five times. The following treatments 
were used in the experiments: Uncontaminated gar-
den soil (treatment 1, control); contaminated dump site 
waste (treatment 2); dried oyster mushroom + contami-
nated dump site soil (treatment 3); sterilized wheat straw 
substrate +  contaminated dump site soil (treatment 4); 
sterilized wheat straw substrate  +  dried oyster mush-
room (mushroom spawn) + contaminated dump site soil 
(treatment 5).

Fifty pits arranged in the Latin square experimental 
design on each selected dump site were dug measuring 
1  m by 1  m with a depth of 0.20  m. The entire pit was 
lined with 250 mµ black polyvinyl sheeting, which was at 
least 10 cm wider and longer than inside dimensions of 
the pit to allow for the plastic to be laid over the top of 
the walls by weights.

For treatment 1 (the control), randomly allocated pits 
were completely filled with uncontaminated virgin forest 
soil without any amendments. For treatment 2, the con-
taminated mine waste excavated from pits were returned 
into the respective pits without the oyster mushroom 
spores. In treatment 3, half of the excavated mine waste 
was thoroughly mixed with an equal amount of dried 
shredded mushroom using a sterilized wooden stick and 
returned into the pit. The dried shredded mushroom was 
replaced with the same amount of wheat straw substrate 
in treatment 4. In treatment 5, a third on dry weight basis 
constituted the excavated mine waste material; a third 
by sterilized wheat straw substrate and a third by dried 
shredded mushroom (with spores) were thoroughly 
mixed in a sterilized plastic bin and returned into the 
respective dump site experimental pits.

All the replicates were irrigated with drinkable water 
until 50% moisture level was achieved. Each replicate was 
covered with black plastic sheeting after adding the water 
in order to maintain constant moisture levels and devel-
opment of the mushroom fruit bodies in treatments. The 
constant moisture level was maintained until the end of 
the study at 8 weeks.
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Sampling and laboratory analyses
A non-biased systematic linear sampling method was 
used to collect replicate pit samples for the evaluation 
of the concentrations of the heavy metals at the four 
mine waste dump sites at the beginning and end of the 
mine dump experiments. The pit samples collected from 
a depth of 0–20 cm for each treatment at each selected 
mine dump site were taken to a laboratory and dried in 
an oven at 450 °C for 48 h. The concentrations of heavy 
metals (Mn2+, Cr2+, Pb2+, Fe3+ and Cd2+) in the samples 
were determined following the procedures described by 
Jiang et  al. 2011 [14]. The heavy metal concentrations 
were determined using an atomic absorption spectro-
photometer Varian Spectr AA200 in acetylene–air flame 
with GTA 100 atomiser (Labequip, Canada). The digested 
samples of soil were simultaneously prepared with blank 
sample contents of distilled water through the complete 
procedure, analysed and then used for correction of the 
analytical signals. Working standard solutions were pre-
pared by suitable dilution (0.25, 0.5, 1, 3 and 5 ppm) of 
the ICP multi-element standard solution supplied by 
Merck Millipore (Darmstadt, Germany). The calibration 
was performed with a blank and standard solution sam-
ples and detection limits (LOD) were determined with a 
standard deviation of blank solutions. The ranges of the 
calibration curves were selected to match the expected 
concentrations of all the selected heavy metal elements of 
the samples studied.

The pH and moisture levels in the experimental pits were 
measured using a Kecheng Medidor-009 digital pH and 
moisture metre (Jiangsu Kecheng Optoelectronic, China).

The mushroom fruit bodies were harvested at the end 
of the experiment (at 8 weeks) and sun-dried until resid-
ual moisture was 50%. Dried mushroom samples were 
analysed using an atomic absorption spectrophotometer 
following the procedures described by Jiang et  al. 2011 
[14].

Germination percentage test for in situ experiment
Replicate pits at each dump site were planted with sugar 
bean seed (Phaseolus vulgaris L.) after the remediation 
experimental period had lapsed. An in-row spacing of 
10 cm by an inter-row of 30 cm was used for planting the 
seeds and each replicate was planted with 24 bean seeds 
(8 seeds in the in-row × 3 seeds in the inter-row lines). 
The planted plots were kept moist and analysed for ger-
mination at 7 days after sowing.

Single‑factor and comprehensive heavy metal pollution 
assessment at mine dump sites
The single-factor index method was employed to evaluate 
the pollution of the selected heavy metals, but research 
has shown that the single-factor index cannot express 

accurately the comprehensive impact caused by each 
kind of heavy metals. The Nemerow index method takes 
not only the extreme value but also the environmen-
tal quality index based on weighted multi-factors. The 
method can reflect the degree of soil pollution caused by 
various heavy metals. To assess the degree of heavy metal 
contamination, the pollution index (PI) for each heavy 
metal and Nemerow integrated pollution index (NIPI) 
[15] for the five heavy metals (Mn2+, Cr2+, Pb2+, Fe3+ and 
Cd2+) were attributed to each sample. The PI was deter-
mined as follows:

where PI is the pollution index of the pollutant i at the 
mine dump site; Ci is the measured concentration value 
of the heavy element i; Si is the concentration value of the 
respective metal in the uncontaminated virgin forest soil. 
In the current study, the Nemerow integrated (multi-fac-
tor) pollution index (NIPI) was expressed as

where NIPI is Nemerow integrated pollution index at 
location i; Pi max and Pi ave represent the maximum and 
average values of PI, respectively. Based on Nemerow 
multi-factor pollution index, the environmental quality is 
divided into five levels shown in Table 1.

The current research employed the potential (Ei
r) and 

comprehensive potential (RI) ecological risk indices 
described in detail by Hakanson [16] and Douay et  al. 
[17] to evaluate the potential ecological risk of heavy 
metals. In order to establish the Ei

r and RI values, the sin-
gle heavy metal pollution index was computed using the 
following model:

where Ci
f
 is the contamination factor; Ci

D is the degree of 
contamination (that is the quantified value of a particu-
lar heavy metal in contaminated material); Ci

R is refer-
ence value, which is the background value of a particular 
heavy metal of virgin forest soil.

The comprehensive potential ecological risk index (RI) 
was calculated using the following equations:

(1)PI =
Ci

Si
,

(2)NIPI =

√

(

P2
i max+ P2

i ave
)

2
,

(3)Ci
f
=

Ci
D

Ci
R

,

(4)Ei
r = Ti

f
× Ci

f

(5)RI =

n
∑

i=1

Ei
r ,
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where Ei
r is the potential ecological risk coefficient; T i

f  is 
the biological toxic factor of a single element, which is 
determined for Mn = Fe = Cr = 2, Pb = 5 and Cd = 30 
[16]. The potential (Ei

r) and comprehensive potential (RI) 
ecological risk ratings are divided into five levels shown 
in Table 1.

Statistical analyses
Treatment effects on heavy metal concentrations in mine 
waste and oyster mushroom fruit bodies and trends in 
mine dump waste pH were performed using General-
ized One-Way ANOVA of completely randomized blocks 
in Latin square design [18]. Flux data on concentrations 
of heavy metals were log-transformed if needed, to nor-
malize the distributions before the statistical analysis. 
Differences between treatment means were considered 
significant at p  ≤  0.05 as determined by Fisher’s pro-
tected least significant difference test.

Results and discussion
Concentrations of heavy metals and pH in mine dumps 
after growing oyster mushroom
The mine dump waste at each of the four study sites in 
central Zimbabwe (Fig. 1) was characterized by consider-
ably high heavy metal concentrations (Fig. 2), low organic 

matter content (Table 1) and high levels of waste acidity 
(low pH values, Fig. 3). Compared with the background 
values of heavy metals in virgin forest soil, concentra-
tions of Mn2+, Cr2+, Pb2+, Fe3+ and Cd2+ in mine dump 
waste were substantially (p < 0.05) enriched in the study 
sites (Fig. 2). The propagation of oyster mushroom for the 
bioremediation of heavy metal pollution in pyritic mine 
dump waste at the selected four mining sites significantly 
(p < 0.05) reduced the concentrations of the heavy metals 
in the mine dump waste at the end of the study (Fig. 2). 
Mean concentrations of the heavy metals (Fig. 2) and pH 
(Fig. 3) in treatment five plots were comparatively simi-
lar to those recorded in the control replicates at the end 
of the experiment. The differences between pH values for 
the control plots (uncontaminated virgin forest soil) and 
the plots treated with of P. ostreatus (treatment 5) in the 
heavy metal-contaminated mine waste were 0.5–0.9 pH 
units.

All experimental plots on pyritic mine dump waste 
that did not receive viable P. ostreatus spawn were con-
siderably acidic with pH values ranging between 1 and 
3.2 which were significantly (p  <  0.05) lower than the 
pH values of unpolluted virgin forest soil (pH 5.7–6.0) 
(Fig.  3). Acidity in plots that were treated with wheat 
straw substrate, dried oyster mushroom and water appli-
cations (treatment 5) consistently approached neutral pH 
values after declining by 52–84% when compared with 
experimental pits without oyster mushroom growth over 
8 weeks.

The results indicate that the mining activities at the 
four study sites in the Bindura mining region of Zimba-
bwe have the potential to mobilize significant amounts of 
heavy metals into surface environments of the Mazowe–
Pote river catchments (Fig.  1). In the current study, the 
possibility of an accumulation of heavy metals in crop 
plants on arable lands around the Bindura area is of great 
concern due to the probability of food contamination 
through the soil–plant root interface [15].

The variations in the concentrations of the heavy metals 
in the mine dump waste for the various experimental pits 
are attributed to the heavy metal biosorption capacity of 
the mushroom biomass. In a related study on concentra-
tions of heavy metals in species of mushrooms growing 
in the East Black Sea region, Demirbas [19] reported a 
higher capability of mushroom to bio-accumulate heavy 
metal contaminants in their fruit bodies. The P. ostreatus 
is suspected to have initially exhibited a marked tolerance 
towards the elevated concentrations of the heavy metals 

Table 1  Nemerow multi-factor pollution, potential 
and  comprehensive ecological indices. Source: Hakanson 
[16] and Douay et al. [17]

Nemerow multi-factor pollution index, NIPI

NIPI ranges Pollution grades

≤0.7 Clean

0.7 < NIPI ≤ 1 Cautionary

1 < NIPI ≤ 2 Light pollution

2 < NIPI ≤ 3 Medium pollution

NIPI > 3 Heavy pollution

Potential (Ei
r
) and comprehensive (RI) ecological harm indices rating 

for the heavy metal

E
i
r
 range RI range Ecological pollution grades

<40 <150 Light ecological risk

40–79 150–299 Middle ecological risk

80–159 300–600 Strong ecological risk

160–320 >600 Very strong ecological risk

>320 <150 Extremely strong ecological risk

(See figure on next page.) 
Fig. 2  Concentrations of heavy metals in mine dump waste before and after treatment with oyster mushroom. Trt treatment, A/Trt after treatments, 
B/Trt before treatments, LSL local safe limits, Lsd least significant difference, Cv coefficient of variation
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(Fig.  2) and adverse conditions of high acidity (Fig.  3) 
in the mine dump waste recorded in this study. Related 
studies on mycoremediation have indicated that contam-
inant heavy metals can be biosorbed by mushroom bod-
ies at binding sites found in the cellular structure [20]. In 
the current study, it is suggested that among the various 
reactive compounds associated with fungal cell walls, the 
extracellular polymeric substances reported by Gutierrez 
et al. [21] were of particular importance and are known 
to have significant effects on acid–base properties and 
metal adsorption [22–24]. The considerable reduction 
in the concentrations of heavy metals in the experimen-
tal plots that successfully supported vigorous growth of 
the basidiomycetes (Fig. 4) clearly implies that the inves-
tigated mushroom species is an efficient bio-exlusor of 

Mn2+, Cr2+, Pb2+, Fe3+ and Cd2+ from their growing 
environments.

Considerable reductions of the heavy metal concen-
trations (Fig.  2) in the experimental pits that supported 
successful colonization and growth of the oyster mush-
room coincided with comparatively near neutral pH val-
ues and had the highest mushroom fruit body yield and 
heavy metal uptake (Fig.  4). This clearly demonstrated 
that the successful propagation of the oyster mushroom 
in the mine dump waste has bioremediative outcomes in 
the decontamination of mine overburden material. It has 
been reported previously that pH is one of the variables 
influencing the bioavailability and transport of heavy 
metals in the waste, and heavy metal mobility decreases 
substantially with increasing soil pH due to the precipita-
tion of hydroxides, carbonates or the formation of insolu-
ble organic complexes [25]. Consequently, dump site pits 
that received viable oyster mushroom spawn and ground 
wheat straw substrate recorded significant pH increases 
accompanied by considerable reductions in the concen-
trations of the mobile heavy metals (Fig. 2).

The applications of shredded mushroom to pyritic 
mine waste without wheat straw substrate in treatment 3 
resulted in smaller, though significant (p < 0.05), reduc-
tions in the mean levels of the pyritic heavy metals in 
the mine waste at all four sites. The absence of the wheat 
straw substrate in the use of P. ostreatus as bioremedia-
tion material for the biosorption of pyritic heavy metals 
in mine dump waste (treatment 3), when compared with 
the reductions in treatment 5, brought down the content 
of the selected heavy metals (except for Pb2+ whose con-
centration declined by 85%) by much smaller values of 
0.2 mg kg−1 (11%), 1.2 mg kg−1 (45%), 4.9 mg kg−1 (48%), 
2.3 mg kg−1 (27%) for Mn2+, Cr2+, Fe3+ and Cd2+, respec-
tively, at the end of the experiment (Fig. 2).

The mean levels of reductions in heavy metal con-
centrations in pyritic mine waste after mycoremedial 
interventions observed in the current study clearly indi-
cate that, in biosorption, P. ostreatus is more efficient in 
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sequestering Mn2+ (98%), Fe3+ (93%) and Cd2+ (88%), in 
that order. The biosorption of Cr2+ (79%) and Fe3+ (78%) 
from heavy metal-polluted mine waste (Fig.  2) is less 
efficient. The Mn2+, Fe3+, Cd2+ biosorption efficiency of 
P. ostreatus observed at the four study sites was further 
confirmed by the current results when concentrations 
of the respective heavy metals at the end of the experi-
ment were compared with local safe limits (LSL, locally 
accepted safe concentration limits for a heavy metal) of 
the heavy metal concentrations in soil (Fig.  2). In this 
respect, the oyster mushroom’s capacity as a biosorbent 
of Mn2+, Fe3+ and Cd2+ from pyritic mine waste dumps 
was re-confirmed by the fact that their concentrations 
after bioremediation (treatment 5) at the four study 
sites were lower than the LSL by 1.92  mg  kg−1 (20%), 
1.43 mg kg−1 (39%) and 1.65 mg kg−1 (55%), respectively.

Mushroom substrate is a kind of lignocellulose material 
which supports the growth, development and fruiting of 
mushroom [2, 4, 20]. Previous studies by Demirbas [19], 
Gavrilescu [6], Kojta and Zhang [26] have reported that 
an ideal substrate will contain enough nitrogen and carbo-
hydrate for rapid mushroom growth. In the current study, 
substrate conditions present in treatment 3 lacked the car-
bohydrate component necessary for the supply of energy 
and organic carbon for mushroom biomass synthesis.

The propagation of P. ostreatus in environments that 
supplied the necessary conditions for normal growth 
of the mushroom (mushroom  +  substrate  +  contami-
nated soil) was able to bring down the initial high con-
centrations of pyritic heavy metals. The application of 
mushroom  +  substrate to heavy metal-polluted pyritic 
mine waste (treatment 5), when compared with the ini-
tial levels, reduced considerably the concentrations of 
mobile heavy metals in the waste by 1.2 mg kg−1 (98%), 
2.0 mg kg−1 (79%), 13.1 mg kg−1 (93%), 7.7 mg kg−1 (78%) 
and 6.5  mg  kg−1 (88%) for Mn2+, Cr2+, Pb2+, Fe3+ and 
Cd2+, respectively, at the end of the study.

Although some heavy metals like Mn2+, Cr2+, Fe3+ and 
Cd2+ are required for growth of plants in trace amounts, 
they may damage plants if present beyond their maxi-
mum permissible limits [27]. Recent studies have shown 
that heavy metal uptake by the oyster mushroom into 
the cell across the cell membrane as intracellular uptake 
is dependent on the cell metabolism [3, 28]. This type of 
heavy metal uptake from mine dump waste by the oyster 
mushroom requires energy expenditure by the mushroom 
cells. Since the mushroom is heterotrophic, it uses the 
organic substrate as the source of energy. While sunlight 
provides an energy source for plants, mushrooms derive 
all of their energy and growth materials from their growth 
medium, through biochemical decomposition processes. 
Consequently, combinations of the viable mushroom 
spawn in dried mushroom and the wheat straw as source 
of energy for the active uptake of the heavy metals from 
mine dump waste in treatment 5 experimental pits were 
followed by considerable reductions of the heavy metal 
concentrations to be within safe limits (Fig. 2). The appli-
cation of P. ostreatus as a biosorbent is not only depend-
ent on its biosorptive capacity, but also how easy it is to 
regenerate and reuse oyster mushroom biomass. How-
ever, the intracellular heavy metal absorption by the 
mushroom cells can only mean that the absorbed heavy 
metals are disposed off through destructive treatment.

Treatments that received the substrate  +  contami-
nated waste showed smaller biosorption capacity of 
the heavy metals (treatment 3). The substrate acted 
as the source of nutrients for the indigenous soil fun-
gal strains at the respective sites for the biosorption 
of the heavy metals. Essentially, the substrate is the 
organic matter (Table  2) that helps in the promotion 
of bio-adsorption of the heavy metals on the surface 
of organic matter [22]. However, the role of substrate 
alone without the use of the mushroom (P. ostreatus) 
was not significant enough to cause a considerable 

Table 2  Organic matter content in mine dump waste before and after treatment with oyster mushroom

Trt treatments, Lsd least significant difference, CV coefficient of variation

Superscripts indicate mean separations that are significant

Trts Organic matter content in mine dump waste before and after treatments (%)

Freda-Rebecca mine Trojan mine Renny mine Bindura mine

Before trt After trt Before trt After trt Before trt After trt Before trt After trt

1 9.3a 9.4a 9.3a 9.3a 9.4a 9.4a 9.3a 9.3a

2 3.2b 3.4b 3.1b 3.2b 3.4b 3.3b 3.1b 3.2b

3 3.1b 5.3c 3.3b 5.8c 3.2b 6.1c 3.1b 5.9c

4 3.3b 4.8d 3.4b 4.7d 3.1b 4.9d 3.0b 4.5d

5 3.2b 8.1e 3.3b 7.8e 3.2b 7.9e 3.1b 7.8e

Lsd 0.5 0.4 0.7 1.5 0.8 1.1 0.6 1.2

CV (%) 11.0 7.0 13.0 4.0 10.0 9.0 5.0 8.0
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decrease in the heavy metal concentration levels in 
replicate pits that received substrate +  contaminated 
(treatment 3).

Local safe limits, mushroom yield and uptake of heavy 
metals after bioremediation
Except for Mn2+, results have shown that the concen-
trations of the selected heavy metals (Mn2+, Cr2+, Pb2+, 
Fe3+ and Cd2+) in the pyritic mine dump waste before 
the introduction of the bioremediations were consistently 
higher than the recommended LSL in soils (Fig. 2). Mean 
levels of the pyritic heavy metals in the mine dump waste 
were 2.2  mg  kg−1 (5 times), 12.6  mg  kg−1 (21 times), 
5.4 mg kg−1 (3 times) and 4.4 mg kg−1 (2 times) in excess 
of the recommended LSL for Cr2+, Pb2+, Fe3+ and Cd2+ 
concentrations in mine waste before mycoremediation, 
respectively. In this study, mean concentrations of pyritic 
heavy metals in the mine dump material rated against the 
recommended LSL before mycoremediation followed the 
trend Pb2+ > Cr2+ > Fe3+ > Cd2+.

If untreated, the heavy metal contaminants are able to 
infiltrate deep and pollute the groundwater as well as the 
surface water [2, 17, 29]. Heavy metals in the soil may 
subsequently enter the human food web through plants 
and can constitute some risk to the ecosystem as they 
tend to bio-accumulate and can be transferred from one 
food chain to another in the local Mazowe–Pote catch-
ment area (Fig. 1) and beyond.

Results in Fig. 4 show that mushroom fruit body yield 
dynamics consistently follow trends observed in the 
biosorption of the selected heavy metals in treatments 
that received the complete conditions for the success-
ful colonization and growth of P. ostreatus (treatment 
5). Analyses of the results (Fig.  4) have consistently re-
confirmed the trend that the macrofungus is a more effi-
cient biosorbent of Mn2+ and Fe3+ when compared with 
the absorption of other heavy metals from polluted mine 
waste dumps. Current study results have indicated that 
heavy metal sequestration by P. ostreatus differed signifi-
cantly (p > 0.05) across the treatments.

The bioremediation of the pyritic mine dump mate-
rial through propagation of P. ostreatus on the waste in 
treatment 5 substantially reduced the content of the 
heavy metals to almost the same levels as those found in 
the uncontaminated virgin forest soil (Fig.  2). Previous 
studies by Aydinalp and Marinova [30] have concluded 
that mushroom biomass accumulations and various 
environmental factors such as pH (Fig.  3), organic mat-
ter (Table 2), type of substrate, geochemistry of substrate 
and distance from the source of pollution can affect the 
metal content in mushrooms.

Organic matter content at mine dump site before and 
after bioremediation
The propagation of oyster mushroom on mine dump 
waste and wheat straw substrate considerably (p < 0.05) 
increased the accumulation of organic matter in the 
waste (Table  2). When compared with the control 
(organic matter in virgin forest soil), the content of 
organic matter in the waste of the pits that were success-
fully colonized by P. ostreatus (treatment 5) differed by 
only 1.4 percentage points (9.3 and 7.9% organic matter 
content, respectively). Fairly low content of organic mat-
ter (3.1–3.4%) was recorded consistently in replicates that 
were not colonized by the myco-fungus (treatment 2).

Pollution rating for a single heavy metal at mine dump 
sites
A quantitative analysis of single heavy metal pollution 
index was conducted at each study site using the Neme-
row integrated pollution index (NIPI, Eq.  2) values. A 
comparative analysis of the data presented in Tables 3, 4 
and 5 shows that the NIPI values in the mine dump waste 
were highly dependent (p  <  0.05) on the colonization 
and growth of the mushroom. The NIPI values for Mn2+, 
Cr2+, Pb2+, Fe3+ and Cd2+ varied considerably between 
treatment replicates after the employment of various 
combinations of P. ostreatus, organic substrate and the 
contaminated mine dump material (Tables 4, 5). The NIPI 
values fell within the ranges of uncontaminated to heavy 
pollution. The lowest NIPI values of 0.11–1.65 were 

Table 3  Nemerow pollution index (NIPI), potential (Ei
r
) and comprehensive (RI) ecological harm indices before bioreme-

diation

Heavy metal Trojan mine Freda-Rebecca mine Renny mine Bindura mine

NIPI E
i
r

RI NIPI E
i
r

RI NIPI E
i
r

RI NIPI E
i
r

RI

Mn2+ 0.9 46.0 170.0 0.8 45.0 174.0 0.9 44.0 171.0 0.9 43.0 172.0

Cr2+ 3.2 60.0 289.0 3.6 62.0 286.0 3.0 63.0 290.0 3.4 60.0 278.0

Pb2+ 4.6 170.0 659.0 4.9 174.0 653.0 4.7 172.0 658.0 4.5 175.0 662.0

Fe3+ 4.1 90.0 455.0 3.9 89.0 462.0 3.8 91.0 453.0 3.7 90.0 458.0

Cd2+ 2.6 100.0 356.0 2.4 103.0 358.0 2.5 102.0 360.0 2.6 100.0 355.0
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recorded in the replicates that received the bioremedial 
combinations of sterilized wheat straw substrate + dried 
oyster mushroom (treatment 5), indicating heavy metal 
contamination reduction to levels in ranges of clean to 
light pollution. When NIPI values for replicates in treat-
ment 2 (contaminated waste without P. ostreatus) were 
compared with NIPI values in treatment 5, results indi-
cated that the propagation of P. ostreatus on pyritic mine 
dump waste reduces pollution threats of Cr2+ and Pb2+. 
The application of P. ostreatus as bioremediation mate-
rial reduces the individual heavy metal pollution threat in 
mine dump waste from medium pollution (2.63–2.64) to 
clean and uncontaminated waste (0.36–0.58) for the Fe3+ 
and Cd2+ contaminants (Tables 4, 5).

The largest reduction in the NIPI was observed in 
the concentration of Pb2+ in the mine waste where 
initial average NIPI of 15.57 (indicating heavy pollu-
tion levels) at the four mine dump sites dropped to 
1.26 (light pollution level) after bioremediation using 
P. ostreatus (Tables  4, 5). The results of the current 
study have shown that the use of P. ostreatus at mine 
dump site reduces the heavy metal pollution degrees 
in the order Cr2+  >  Pb2+  >  Fe3+  >  Cd2+  >  Mn2+. In 
ascending order, this trend was reversed in the order 

Mn2+  <  Cd2+  <  Fe3+  <  Pb2+  <  Cr2+ in the NIPI indices 
after successful propagation of the oyster mushroom in 
the waste (treatment 5). This implies that the greatest 
pollution threat from a single heavy metal was posed by 
Cr2+ after treatment of mine waste with oyster mush-
room. This clearly implies that the vigorous biosorption 
of a particular heavy metal (Cr2+) by P. ostreatus may 
not necessarily be followed by the detoxification levels of 
Cr2+ into the clean ranges of pollution rating.

It has been reported in this study that the concentra-
tion of Pb2+ in the mine dump waste before employment 
of mycoremediation scored the highest difference when 
compared with the LSL for the heavy metal (Fig. 2). This 
trend in the Nemerow pollution index for the individual 
heavy metal was, as expected, maintained.

Potential and comprehensive ecological risk assessment 
for the heavy metals
The potential (Eqs.  3, 4) and comprehensive (Eqs.  4, 5) 
ecological risk indices were used in the current study as 
diagnostic tools for pollution control purposes, and are 
the basis for attaching special attention for the specific 
contaminants Mn2+, Cr2+, Pb2+, Fe3+ and Cd2+ within 
the mine dump sites.

Table 4  Nemerow indices after bioremediation at Trojan and Freda-Rebecca mine dump sites

Superscripts indicate mean separations that are significant

Trt Trojan mine Freda-Rebecca mine

Mn2+ Cr2+ Pb2+ Fe3+ Cd2+ Mn2+ Cr2+ Pb2+ Fe3+ Cd2+

Trt1 – – – – – – – – – –

Trt2 0.83a 6.78a 15.72a 2.63a 2.64a 0.81a 6.76a 15.42a 2.66a 2.71a

Trt3 0.45b 3.75b 2.22b 1.38b 1.91b 0.48b 3.74b 2.26b 1.39b 1.79b

Trt4 0.68a 6.78a 15.72a 2.64a 2.64a 0.74a 6.73a 15.64a 2.43a 2.60a

Trt5 0.11d 1.55d 1.20d 0.58c 0.36c 0.17d 1.62c 1.30d 0.59b 0.38c

Lsd (5%) 0.18 1.91 0.80 0.20 0.46 0.32 1.98 0.56 0.43 1.25

Cv% 9.80 3.60 5.20 7.10 4.30 5.20 4.20 8.30 8.20 9.10

Table 5  Nemerow indices after bioremediation at Renny and Bindura mine dump sites

Superscripts indicate mean separations that are significant

Trt Renny mine Bindura mine

Mn2+ Cr2+ Pb2+ Fe3+ Cd2+ Mn2+ Cr2+ Pb2+ Fe3+ Cd2+

Trt1 – – – – – – – – – –

Trt2 0.79a 6.72a 15.71a 2.65a 2.69a 0.76a 6.81a 15.43a 2.56a 2.70a

Trt3 0.44b 3.75b 2.26b 1.28b 1.93b 0.42b 3.78b 2.27b 1.36b 1.78b

Trt4 0.67a 6.79a 15.74a 2.63a 2.66a 0.66a 6.75a 15.59a 2.53a 2.64a

Trt5 0.11c 1.54c 1.21c 0.68c 0.38c 0.18c 1.65c 1.33c 0.57c 0.39c

Lsd (5%) 0.16 1.89 0.95 0.44 0.93 0.20 0.25 0.40 0.38 0.25

Cv% 4.40 7.00 6.40 6.60 9.10 4.70 5.20 8.10 7.10 8.00
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Varying the combinations of P. ostreatus spawn carry-
ing matter, wheat straw substrate with mine dump waste 
significantly (p < 0.05) influenced the degrees of potential 
(Ei

r) and comprehensive (RI) ecological harm indices for 
the selected heavy metals at the four study sites (Tables 3, 
6, 7). The Ei

r and RI values ranged between 46–100 and 
170–659, respectively, before treatment with oyster 
mushroom.

The Ei
r and RI ranges clearly indicate that the potential 

and comprehensive ecological risk levels were light (for 
Mn2+) to very strong (for Pb2+) before the employment 
of bioremediation measures in the experimental mine 
dump pits (Table  7). The employment of bioremedia-
tion measures in the treatment of heavy metals reduced 
considerably the RI values in the mine dump waste 
(treatments 3 and 5; Tables 3, 8). The calculated compre-
hensive potential ecological risk (RI) indices before the 
bioremediation of the waste showed that the mine dump 
waste was lightly (Mn2+), mildly (Cr2), strongly (Fe3+ and 
Cd2+) and very strongly (Pb2+) polluted (Tables 7, 8). The 
comprehensive potential ecological risk indices after the 
bioremediation using P. ostreatus in treatment 5 were 
found in the order of Mn2+ < Cr2+ < Cd2+ < Fe3+ < Pb2+. 
This implies that the greatest threat to the ecology in the 

Mazowe–Pote River catchment areas is currently being 
posed by Cd2+, Fe3+ and Pb2+ heavy metals from the 
mine dump sites. The least ecological threat comes from 
the concentrations of Mn2+ in the mine dump sites.

The RI values for the mine waste after bioremediation 
in treatment 5 ranged from 100 to 122, indicating a safe 
comprehensive ecological harm index. In plots that had 
not received mushroom growth, the RI values ranged 
from 143 for Mn2+ (light ecological risk) to 663 for Pb2+ 
(very strong ecological risk). The results of the study 
show that P. ostreatus was able to sequestrate the pyritic 
heavy metals where the combination of wheat straw sub-
strate + dried mushroom + contaminated soil was used 
as bioremediation material.

Sugar bean seed germination tests on mine dumps 
after bioremediation
The fitness of the bio-treated mine dump waste to sup-
ply normal conditions for the germination and growth 
of plants was tested by planting sugar bean seed (P. vul-
garis L.) in the experimental pits at each mine dump site. 
Results have shown that germination percentages in rep-
licates pits depended considerably (p < 0.05; Table 9) on 
success of colonization and growth of oyster mushroom 

Table 6  Potential ecological risk indices after bioremediation at Trojan and Freda-Rebecca mine dump sites

Superscripts indicate mean separations that are significant

Trt Trojan mine Freda-Rebecca mine

Mn2+ Cr2+ Pb2+ Fe3+ Cd2+ Mn2+ Cr2+ Pb2+ Fe3+ Cd2+

Trt1 – – – – – – – – – –

Trt2 143a 281a 657a 448a 342a 141a 283a 659a 447a 340a

Trt3 110b 149b 310b 136b 141b 113b 147b 313b 137b 139b

Trt4 142a 279a 655a 449a 336a 142a 277a 659a 451a 336a

Trt5 100c 110c 123c 113c 111c 102c 111c 122c 114c 113c

Lsd (5%) 11 23 33 18 42.1 12 22 34 16 41

Cv% 10 4 5 7 4 5 4 8 8 9

Table 7  Potential ecological risk indices after bioremediation at Renny and Bindura mine dump sites

Superscripts indicate mean separations that are significant

Trt Renny mine Bindura mine

Mn2+ Cr2+ Pb2+ Fe3+ Cd2+ Mn2+ Cr2+ Pb2+ Fe3+ Cd2+

Trt1 – – – – – – – – – –

Trt2 141a 282a 658a 451a 343a 143a 285a 662a 449a 344a

Trt3 112b 137b 317b 133b 145b 115b 146b 316b 139b 142b

Trt4 141a 281a 656a 453a 339a 144a 273a 663a 453a 338a

Trt5 101c 112c 125c 114c 114c 100c 114c 121c 117c 114c

Lsd (5%) 12 24 34 19 43 13 24 36 18 43

Cv% 4 7 6 6.6 9 5 5 8 7 8
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in the waste. When compared with the control (virgin 
forest soil), there were small, but significant (p  <  0.05; 
Table 9) differences in sugar bean seed germination per-
centages (0–6 germinated seeds) for pits treated with 
dried shredded mushroom  +  wheat straw substrate 
(treatment 5). Seed germination percentages in waste 
that was successfully colonized by P. ostreatus (treatment 
5) ranged from 75 to 92%. This clearly implies that the 
propagation of the oyster mushroom in mine dump waste 
is capable of detoxifying the environment by reducing the 
concentrations of heavy metals and increasing the pH 
values to be within ranges of safe ecological risks.

Disposal of bioremediation material
A major challenge for the commercialization of mycore-
mediation has been the disposal of contaminated 
mushroom biomass especially in the case of repeated 
propagation where large amounts of biomass may be 
produced. The biomass has to be stored, disposed of or 
utilized in an appropriate manner so as not to pose any 
environmental risk [25]. Controlled combustion and 
gasification of biomass can yield a mixture of producer 
gas and/or pyrogas which can be used to generate ther-
mal and electrical energy. The bio-treated waste can be 

composted and compacted in order to reduce its volume 
before reuse. Heavy metals such as Fe and Mn are plant 
essential metals. The high concentrations of these met-
als in the harvested biomass can be diluted to acceptable 
concentrations by combining the biomass with clean bio-
mass in formulations of fertilizer and fodder [2].

Conclusions
The current study presents an analysis of heavy metal pol-
lution and the possibility for use of a basidiomycetes P. 
ostreatus in the bioremediation of mine dump waste at 
four selected mine dump sites around the mining town of 
Bindura in central Zimbabwe. The greatest threat to the 
ecology in the Mazowe–Pote River catchment areas is cur-
rently posed by Cd2+, Fe3+ and Pb2+ heavy metals from 
the mine dump sites. The least ecological threat comes 
from the concentrations of Mn2+ in the mine dump sites. 
The considerable reduction in the concentrations of heavy 
metals in the experimental pits that successfully supported 
vigorous growth of the basidiomycetes clearly implies that 
the investigated mushroom species is an efficient bio-exlu-
sor of Mn2+, Cr2+, Pb2+, Fe3+ and Cd2+ from their grow-
ing environments. The propagation of P. ostreatus can be 
employed as a restoration measure for the soil ecosystems 

Table 8  Comprehensive potential ecological harm index after the bioremediation

Superscripts indicate mean separations that are significant

Treatments Trojan mine Freda-Rebecca mine Renny mine Bindura mine

E
i
r

RI E
i
r

RI E
i
r

RI E
i
r

RI

Trt1 – – – – –

Trt2 170a 456a 172a 459a 175a 460a 166a 460a

Trt3 56b 211b 57b 220b 59b 210b 58b 213b

Trt4 182a 453a 182a 458a 181a 457a 180a 454a

Trt5 36c 113c 34c 119c 39c 109c 39c 117c

Lsd (5%) 10 15 12 9 8 11 12 8

Cv% 9 11 11 9 15 7 10 11

Table 9  Seed germination test for bio-treated mine dump waste

Superscripts indicate mean separations that are significant

Trts Trojan mine dump Freda-Rebecca mine dump Renny mine dump Bindura mine dump

Planted 
seeds

Gmd % Gmd Planted 
seeds

Gmd % Gmd Planted 
seeds

Gmd % Gmd Planted 
seeds

Gmd % Gmd

1 24 24a 100 24 24a 100 24 24a 100 24 24a 100

2 24 0b 0 24 0b 0 24 0b 0 24 0b 0

3 24 5c 21 24 6c 25 24 5c 21 24 4c 17

4 24 2b 8 24 0b 0 24 2b 13 24 0b 0

5 24 18d 75 24 20d 83 24 19d 79 24 22d 92

Lsd (5%) – 3 – – 2 – – 3 – – 2 –

CV% 12 9 10 8 7 10 9 5 5 7 4 11
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contaminated by heavy metals at the mine dump sites. In 
the biosorption of the heavy metal pollutants, P. ostreatus is 
more efficient in sequestering Mn2+, Fe3+ and Cd2+, in that 
order. The biosorption of Cr2+ and Fe3+ from heavy metal-
polluted mine waste is less efficient. The propagation of P. 
ostreatus as bioremediation material reduces the individual 
heavy metal pollution threat in mine dump waste from 
medium pollution to clean and uncontaminated waste. The 
use of oyster mushroom propagation in heavy metal decon-
tamination of mine dump waste presents an opportunity to 
employ renewable green technologies in the remediation of 
contaminated environments.
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