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Abstract

Filamentous fungi have been proved to have a pronounced capability to recover metals from mineral ores. However, the metal
recovery yield is reduced due to toxic effects triggered by various heavy metals present in the ore. The current study highlights the
fungal adaptations to the toxic effects of metals at higher pulp densities for the enhanced bio-recovery of aluminum from low-
grade bauxite. In the previous studies, a drastic decrease in the aluminum dissolution was observed when the bauxite pulp density
was increased from 1 to 10% (w/v) due to the high metal toxicity and low tolerance of Aspergillus niger and Penicillium
simplicissium to heavy metals. These fungi were adapted in order to increase heavy metal tolerance of these fungal strains and
also to get maximum Al dissolution. A novel approach was employed for the adaptation of fungal strains using a liquid growth
medium containing 5% bauxite pulp density supplemented with molasses as an energy source. The mycelia of adapted strains
were harvested and subsequently cultured in a low-cost oat-agar medium. Batch experiments were performed to compare the
aluminum leaching efficiencies in the direct one-step and the direct two-step bioleaching processes. FE-SEM analysis revealed
the direct destructive and corrosive action by the bauxite-tolerant strains due to the extension and penetration of the vegetative
mycelium filaments into the bauxite matrix. XRD analysis of the bioleached bauxite samples showed a considerable decline in
oxide minerals such as corundum and gibbsite. Results showed a high amount of total Al (>98%) was successfully bioleached
and solubilized from low-grade bauxite by the adapted fungal strains grown in the presence of 5% pulp density and molasses as a
low-cost substrate.
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Introduction

Aluminum (Al) is widely used in the aerospace, architectural
construction, and marine and chemical industries, as well as
many domestic uses, because it is light, conductive, and
corrosion-resistant metal [1]. Primary Al is produced from
bauxite ore through Bayer’s process; however, this method
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is not applicable in the processing of low-grade bauxite be-
cause of low alumina extraction and massive red mud produc-
tion [2].

Bioleaching of metals from the low-grade ores has
emerged as an efficient, economical, and eco-friendly process
compared to the existing traditional processes such as Bayer’s
process and chemical (mineral acid-base) leaching [3-5].
Bioleaching with heterotrophic fungi and their metabolites
(organic acids, amino acids and enzymes etc.) has been exten-
sively studied for the extraction of metals [2, 6-8]. It is being
considered as the most cost-effective alternative because the
use of fungi as a cell factory for the organic acids production
has several advantages, including ease in cultivation, high
fermentation productivity, agro-industrial by-product utiliza-
tion as low-cost substrates, and enhancing the organic acids
production capability through genetic manipulation, metabol-
ic engineering, and optimizing the culture conditions [9—-13].

The filamentous fungi Aspergillus and Penicillium are con-
sidered organic acid production cell factories and have shown
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a pronounced potential for metal bioleaching due to their abil-
ity to produce citric, oxalic, and gluconic acids [14-16]. These
organic acids are proven metal leaching agents forming
chelates/complexes and are successfully used for the recovery
of valuable metals [17]. In the literature, few studies are re-
ported on marine-derived fungi for the metal-leaching process
[18]. These fungi are being considered as one of the important
sources for the production of bioactive compounds in biotech-
nological applications [19]. Although they have been explored
to a much lesser extent, these strains have shown the superi-
ority over their terrestrial counterparts for the production of
secondary metabolites [20, 21]. In this context, marine-
derived fungi Aspergillus niger and Penicillium simplicissium
were used in the present study for the bioleaching of alumi-
num from the bauxite ore.

Metal leaching by heterotrophic fungi generally involves
the combination of the direct impact due to the physical force
exerted by the extension of hyphae and an indirect process due
to the action of amino acids, organic acids, and other metab-
olites at low pH. These metabolites liberate hydrogen ions,
and the metals are solubilized by their displacement from the
ore through hydrogen ions and also due to the formation of
soluble metal complexes and chelates [22, 23].

Metal recovery yield is reduced at higher pulp densities due
to toxic effects triggered by various heavy metals present in
the ore. They exert toxic effects in numerous ways via
blocking the functional groups of enzymes [24, 25]. Metal
tolerance can be defined as the ability of the microorganism
to survive metal toxicity through one or more mechanisms
devised in direct response to the metal(s) concerned [3, 26].
The presence of heavy metals causes the induction of physio-
logical and morphological adaptation strategies including the
production of intracellular/extracellular enzymes, extracellu-
lar sequestration such as chelation and cell wall binding, in-
tracellular physical sequestration of metal by binding to pro-
teins or other ligands to prevent it from damaging the metal-
sensitive cellular targets, suppressed influx, enhanced metal
efflux, metal binding to cell walls, intracellular sequestration
and complexation, and extracellular metal sequestration and
precipitation [27-29]. Fungal metal tolerance varies from
strain to strain depending on their sources or sites of isolation,
their competence to the toxicity of the specific metal, and also
its concentration [30, 31]. However, mostly indigenous fungal
strains isolated from heavy metal-contaminated sites are ex-
tensively studied to get the metal-resistant strains showing
significant tolerance for high heavy metal concentrations
[32-34].

Several studies have been reported showing the ability of
the fungal strains to survive in high concentrations of toxic
heavy metals by adaptation or mutation [3, 35, 36]. The adap-
tation occurs due to phenotypic plasticity and mutation
followed by natural selection. Such an approach can be ad-
justed in order to achieve heavy metal-tolerant strains, for the
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enhanced bio-recovery of metals [35-37]. According to the
literature, successful bioleaching studies on the spent catalyst
were carried out using an adapted strain of A. niger that was
formerly exposed to Ni, Mo, and Al (single-metal ions and
also a mixture of such metal ions) [3, 38].

Fungal strains need some metals in definite concentrations
for their metabolic activities, including the production of or-
ganic acids, enzymes, and other metabolites. Though, all the
metals, either essential or non-essential, will have a tendency
to demonstrate toxicity at definite levels [36]. Bioleaching of
Al at higher bauxite pulp densities is hampered due to the poor
tolerance of the strains to toxic metals, which propose the
necessity for the adaptation of the fungal strains which can
tolerate high concentrations of metals. In the current study, the
adaptation of fungal strain was carried out in order to increase
the bioleaching efficiency and also to reduce the inhibitory
effects of various toxic metals present in bauxite ore. The
fungal strains were adapted using 5% bauxite pulp density in
a liquid growth medium containing molasses as a low-cost
carbon substrate. Batch experiments were conducted in a di-
rect one-step and direct two-step bioleaching processes using
1% bauxite pulp density. Tolerance training strategies for fun-
gal adaptation to high metal concentrations proved to be more
appropriate to obtain an enhanced bio-recovery of aluminum
from the low-grade bauxite ore.

Material and methods
Mineral ore and fungal strains

Baucxite ore, collected from Alcoa, SP, Brazil, was pulverized
to 180 wm and sterilized by autoclaving at 121 °C for 15 min.
The Ascomycota fungi A. niger and P. simplicissimum were
isolated from marine algae Padina sp. collected at the Sao
Sebastido beach, located at the Northern coast of Sdo Paulo
state, Brazil [20].

Fungal strains were identified by conventional and molec-
ular approaches. Fungal macromorphology was studied using
colony observation through a stereomicroscope (Leica MZ6,
Wetzlar, Germany) and micromorphology examination via a
light microscope (Leica DM LS, Wetzlar, Germany) using
wet mounts stained with Cotton Blue. Molecular identifica-
tion was performed by sequencing the 28S rDNA (D1/D2
region) and/or ITS1-5.8S-ITS2 rDNA regions coupled with
phylogenetic analyses and identification sequences for each
fungal strain [39].

Culture media for spore inoculum and organic acids
production

For the comparison purpose, two different agar media were
tested for the better fungal spore production at low cost
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including commercial potato dextrose agar and cost-effective
oat-agar medium in triplicate. The solid media were prepared
and were autoclaved at 121 °C for 15 min. The cultured fungi
on the solid medium were incubated at 28 °C for 5 days. The
mature spores were harvested and dispensed in a saline solu-
tion to be counted using the Neubauer counting chamber. The
composition of oat-agar solid media was: oat 30 g, agar 15 g,
H,O 1 L, and pH 5.

Cane molasses was used as a cost-effective carbon source
for the organic acids production. Raw molasses were obtained
from Zillo Lorenzetti S.A Groupo Zilor, Macatuba city of Sao
Paulo State, Brazil, and the suspended impurities were re-
moved through filtration. The initial total sugar content of
the crude molasses was 60% (52% sucrose and 8% reducing
sugars), and it was adjusted to 15 g L™ (total sugar concen-
tration) by diluting it with tap water. The medium for organic
acids production contained (g Lfl) molasses 100, NH4Cl 4.0,
KH,PO,4 1.0, MgSO4-7H,0 0.25. The pH of the medium was
adjusted to 4.5 with HCI (0.1 mol L™") [40]. This liquid me-
dium was autoclaved at 121 °C for 15 min.

Adaptation of the fungal strains with bauxite

Firstly, the adaptation of fungi at different concentrations of
bauxite pulp densities (1-10%) (w/v) was evaluated.
However, no germination of the fungal spores was observed
when the bauxite pulp density was augmented beyond 5%
(w/v), probably due to the very toxic inhibitory effects caused
by high concentrations of toxic heavy metals.

For the adaptation process, fungal growth tests were
achieved over a series of repeated (three times) sub-culturing
using 100-mL sterilized molasses medium with 5% (w/v)
bauxite pulp density inoculated with fungal spores (1 x 10
spores/mL). The fungal spores with sterilized bauxite sample
were incubated in an orbital shaker-incubator under previous-
ly established optimal conditions, such as temperature 30 °C
for 15 days with an agitation speed of 130 rpm. The fungal
spores were germinated in the form of filamentous mycelium,
and after 10 days, the spores were germinated using the my-
celium biomass as a solid growth medium. The mature spores
were harvested and cultured in the oat-agar solid medium
which was further used for the bioleaching process.

Bioleaching experiments in shake flasks

Bioleaching experiments were performed using 100-mL mo-
lasses medium dispensed in 250-mL Erlenmeyer flask con-
taining 1% (w/v) bauxite pulp density and inoculated with
1-mL (1 x 107 spores) spore suspension. The same set of ex-
periments was repeated using 5% bauxite pulp density. Two
different bioleaching approaches were established to achieve
the highest aluminum recovery. Thus, the batch experiments
were conducted in a direct one-step and direct two-step

bioleaching processes using 1% bauxite pulp density. For
comparison, control sterile flasks were mounted in the ab-
sence of fungal spores. All the experiments were performed
in duplicates by monitoring the pH and the bioleached Al
concentration continuously until the last day of the
experiment.

Direct one-step (D1) bioleaching

The molasses medium, previously autoclaved at 121 °C for
15 min, was inoculated with fungal spores (1 x 107 spores),
and 1% (w/v) sterilized bauxite sample was added to it. The
fungus with sterilized bauxite sample was incubated in an
orbital shaker-incubator (C25KC incubator-shaker, New
Brunswick Scientific, Edison, N.J., USA) at a rotation speed
of 130 rpm for 10 days and at 30 °C.

Direct two-step (D2) bioleaching

Spores of A. niger and P. simplicissimum were first cultured in
the sterilized molasses medium in the absence of bauxite and
incubated at 30 °C in an orbital shaker-incubator at 130 rpm.
After 3 days, a sudden decrease in pH was observed due to the
large production of organic acids (logarithmic stage), the ster-
ilized bauxite (1%) was added to the culture, and the incuba-
tion was sustained until the 10th day.

Determination of bioleached aluminum

The concentration of the aluminum in the leachate was deter-
mined by flame atomic absorption spectroscopy (Agilent
Technologies, 200-Series AA) at a wavelength of 309.3 nm
with a background correction.

Characterization of the bauxite ore

High-resolution field emission scanning electron microscope
(FE-SEM; JEOL model 7500F) was used to examine the sur-
face morphology of raw and the bioleached bauxite samples.
An energy-dispersive X-ray (EDX) spectrometer (Thermo
Scientific, model Ultra Dry) was used for the mineralogical
composition. X-ray diffraction (XRD) technique was carried
out using SIEMENS model D5000, DIFFRAC PLUS XRD
Commander, to determine the mineralogical composition of
the bauxite sample. Fourier transform infrared (FTIR) absorp-
tion spectrometer (VERTEX 70 with DLaTGS detector,
Bruker, Germany) was used to record the infrared absorption
spectra of raw and various bioleached bauxite samples.
Attenuated total reflection (ATR) is a random sample system
practiced in combination with infrared spectroscopy which
permits samples to be examined directly in the solid or liquid
state without further preparation. The spectra were recorded
between 4000 and 400 cm .
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Results and discussion
Production of spores on solid media

The production of fungal spores was tested on two different
solid media including oat-agar and commercially available
potato dextrose agar. According to the results, the oat-agar
medium gave higher spore production with the characteristic
color of the fungal colony. In the case of A. niger, about
5.52x 10® spores/mL was produced in oat-agar and 3.45 x
10® spores/mL using potato dextrose agar medium. The num-
bers of P. simplicissimum spores counted on oat-agar medium
reached 5.02 x 10® spores while on potato dextrose agar
reached 1.95 x 10® spores. The spores produced on oat-agar
medium were more than sufficient and covered the whole
solid media surface as shown in Fig. 1. Moreover, oat-agar
medium is cost-effective, simple, and easy to prepare without
any addition of glucose, sucrose, or dextrose as compared to
commercially available potato dextrose agar. The produced
fungal spores on oat-agar medium were further applied for
the production of organic acids using liquid medium augment-
ed with molasses as a carbon substrate.

Bioleaching studies with adapted fungal strains
Effect of aluminum dissolution

The fungal strains were adapted to increase the Al dissolution
and to adapt the fungal strains to the toxic effects of the metals
present in the bauxite. Due to the tolerance training of
A. niger, comparatively, the bio-recovery of Al reached
561 mg/100 mL in the direct one-step and 558 mg/100 mL
in the direct two-step bioleaching process respectively as
depicted in Fig. 2a and b. It can be noted that the Al dissolu-
tion is higher in the direct one-step process from the direct
two-step bioleaching process. Moreover, the dry biomass
weight in the direct one-step was (1.63 g/100 mL) much more
than in the direct two-step process (1.11 g/100 mL). It can be
assumed that under this adaptive behavior, A. niger developed

Fig. 1 Pictorial presentation of
(1) A. niger and (2)

P. simplicissimum spore produc-
tion using a potato dextrose agar
and b oat-agar medium

a continuously strong tolerance with increasing metal concen-
trations [36]. Therefore, we observed higher Al dissolution
using the adapted strain compared to non-adapted strains
[18]. According to the best of our knowledge, no study has
yet been reported in the literature using a liquid medium for
the adaptation of the fungal strains. The liquid medium en-
sures the regular contact between the fungal biomass and the
released toxic metals from the bauxite. Metals are capable of
exerting detrimental effects by means of their strong coordi-
nating capabilities. These toxic effects involve the blockage of
biologically important functional groups and denaturation of
enzymes. Such effects may possibly be inhibited through
complexation and ore precipitation of the heavy metals [41].
According to Baker and Walker [42], the inhibition processes
become significantly more effective at the higher metal con-
centration which supports the better tolerance development
under this condition.

The adapted strain of P. simplicissimum showed a re-
markable increase in the Al dissolution due to the in-
creased tolerance to the metal toxicity. On the 5th day,
Al dissolution reached 566.52 mg/100 mL in the direct
one-step process when the pH was at the lowest (3.42)
and in the direct two-step process, it reached 564.72 mg/
100 mL on the 2nd day of incubation at a pH of 4.39 as
demonstrated in Fig. 3 a and b. It is evident from the
direct one-step process that a strong negative correlation
exists between the pH and Al dissolution, indicating that
as the pH of the medium decreases due to the production
of the biogenic acids, amino acids, and enzymes, the Al
dissolution increases. The decrease in the pH of the me-
dium during the fungi growth is attributed to four process-
es [14]: (1) the release of protons through the proton-
translocating plasma membrane ATPase, (2) the exchange
of protons during the absorption of nutrients, (3) the se-
cretion of organic acids, and (4) the production of carbon
dioxide by the respiratory activity of the fungus.
Comparatively, in the direct one-step process, the dry bio-
mass weight was (1.421 g/100 mL) higher than in the
direct two-step process (1.02 g/100 mL).
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Fig. 2 Variation of pH during the
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During the course of time, Al dissolution was de-
creased continuously in the direct two-step process, sim-
ply because of the alkaline nature of bauxite and or the
precipitation of the Al complexes due to the pH increase.
No aluminum oxalate crystals were detected by XRD
analyses because of its presence in the amorphous precip-
itate [43]. The production of alkaline metabolites after the
S5th day of cultivation indicates that the dissimilation of
amino acids and ammonia release were enhanced signifi-
cantly [44].

The bio-recovery of Al as a function of time during
two different direct bioleaching processes is depicted in
Fig. 4. For A. niger, the bio-recovery of Al during the
direct one-step process reached 97.47% on the 5th day
and in the direct two-step process, it attained 97.00% on
the 1st day of incubation as shown in Fig. 4a. For the
P. simplicissimum, in the direct one-step process, Al dis-
solution reached its maximum (98.35%) on the 5th day of
incubation, and in the direct two-step process, it attained
the value of 98.04% on the 2nd day of incubation as
demonstrated in Fig. 4b. High Al dissolution by the
adapted fungi can be attributed to the high tolerance and
the adaptability of these fungal strains to the bauxite ore
sample at the given pulp density.

FE-SEM analysis of bioleached bauxite

The SEM micrographs of bioleached bauxite with adapted
A. niger after the direct one-step and direct two-step bioleaching
process are shown in Fig. 5 a and b. Comparatively, the direct
one-step process gave the maximum Al recovery due to the
combined actions of fungal mycelia and the produced organic
acids. The corrosive chemical reactions due to the produced or-
ganic acids, strong chelating/complex formation properties,
physical forces exerted by fungal hyphae, and reduced pH are
all the suitable factors that lead to the maximum eroding and
weathering of bauxite sample during the direct bioleaching pro-
cess. FE-SEM micrographs of bioleached bauxite with adapted
P. simplicissimum are shown in Fig. 5 ¢ and d.

On close inspection, SEM examination of the
bioleached bauxite with adapted A. niger attack showed
spores and hyphae (vegetative mycelium filaments) of
the fungus as depicted in the Fig. 6. According to
Broderick and Greenshields [45], the average diameter
size of A. nmiger spore is 3-5 pm, and the average
length of hyphae filaments is 50 um which is clearly
evident in Fig. 6. This fact, in addition to organic acid
production, suggested a combination of the direct and
indirect mechanism of action on the bauxite by an

Fig. 3 Variation of pH and Al
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Fig. 4 Bio-recovery of Al as a
function of time using adapted
strains of a A. niger and b

P. simplicissimum in control and
two different bioleaching
conditions

Aluminum recovery (%)

Time (Days)

Il Controlled Il Controlled
[ Direct one-step b ] Direct one-step
Il Direct two step Il Direct two step

Aluminum recovery (%)
(2]
o
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adapted strain of A. niger. Significant differences can be
observed in the micromorphology of bioleached bauxite
samples by the combined actions of fungal mycelium in
combination with the action of produced organic acids,
enzymes, and amino acids. Moreover, the produced or-
ganic acids are proven chelating agents which also re-
duce the pH of the medium. The lower pH helps in the
solubilization of Al, and thus, the bauxite sample suffers
a drastic change in its surface morphology [46].

EDX analysis of bioleached bauxite with the adapted strains

The energy-dispersive X-ray (EDX) analysis of bioleached
bauxite sample showed only the presence of O, Mg, Al, Si,
and P. All the other elements including Fe, Na, Cl, K, and Ca
were absent, assuming that they were leached completely
from the matrix [47, 48]. The EDX spectrum of the bioleached

Fig. 5 High-resolution field
emission scanning electron
microscope (FE-SEM) micro-
graphs of bioleached bauxite with
adapted A. niger a direct one-step
and b direct two-step and

P. simplicissimum ¢ direct one-
step and d direct two-step
bioleaching process

20,000
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bauxite sample with adapted A. niger after direct one-step and
direct two-step process is shown in Fig. 7 a and b. We consider
the results relevant mainly seeing the data scarcity about fungi
for the metal-leaching process. However, a limitation of this
study concerns performing the experiments in duplicates. On
the other hand, we have evidence of the standard deviation,
and the experimental errors of the duplicates were at mini-
mum. Thereby, further studies would be useful to enlarge
the understanding of enhanced bio-recovery of aluminum
from low-grade bauxite using adapted fungal strains.

The adaptation of the P. simplicissimum to the higher baux-
ite pulp densities has a positive direct effect on its tolerance.
Several elements that were left intact in the bauxite sample
after the bioleaching process with unadapted strains were
found to be leached out completely with the adapted strains.
This could be attributed to the high tolerance and adaptation of
the fungal strain to the high concentrations of the metals
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GB LOW WD 5.lmm 11:19:46
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IQ-UNESP  8/23/2017
GB LOW WD 5.0mm 11:33:0
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Fig. 6 High-resolution field
emission scanning electron
microscope (FE-SEM) micro-
graphs of bioleached bauxite with
adapted A. niger in the direct two-
step bioleaching process showing
vegetative filaments and spores

,000 2.00kV SEI

liberated from the bauxite sample during the bioleaching pro-
cess. According to Valix and Loon [36], iron in high concen-
trations has toxic effects on P. simplicissimum, but with the
fungal adaptation, this problem was overcome by mutation or
precipitation of the iron complexes, and the strain developed a
continuously strong tolerance with increasing metal concen-
tration up to 2000 ppm. In the present study, the organic acids

10pm IQ-UNESP

-—
2.00kV SEI

IQ-UNESP 8/23/2017
GB_LOW WD 4.9mm 11:17:19

8/23/2017

GB_LOW WD 4.9mm 11:17:47

produced by P. simplicissimum are proven chelating agents
and also have the ability to form stable metal complexes [49].
Moreover, the fungal biomass can also act as a sink to actively
accumulate or passively immobilize the free Al** ions into
microbial cell wall via biosorption [50]. The EDX spectrum
of bioleached bauxite with adapted P. simplicissimum is
depicted in the Fig. 7 ¢ and d.

Fig. 7 Energy dispersive X-ray
(EDX) spectrum of bioleached
bauxite with adapted A. niger af-
ter a direct one-step, b direct two-
step and with adapted

P. simplicissimum, ¢ direct one-
step and d direct two-step
bioleaching process o
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FTIR analyses of raw and bioleached bauxite samples
with adapted strains

The FTIR spectra of original, controlled, and bioleached baux-
ite samples are shown in Fig. 8 a; however, almost no differ-
ences were observed in these spectra. The spectral bands
appearing at 3400-3600 cm ' are owing to hydroxyl groups
(AI-O-H) stretching of gibbsite and kaolinite [51]. The bands
at 1629-1641 cm ™' can be associated to the AI-O—H bending
vibrations. The bands detected at 979, 1043, 1028, 1029, and
1031 cm™" are caused by Al-O—H deformation vibrations and
are characteristic of gibbsite present in the bauxite ore [52].
The bands near 450 cm ™' are attributed to the stretching vi-
brations (Al-Si—O) of aluminosilicates [53].

XRD analyses of the raw and bioleached bauxite samples

The X-ray diffraction (XRD) technique was applied to
examine the mineralogical composition of the raw and
bioleached bauxite samples. According to the XRD data,
raw bauxite ore contains oxide minerals including corun-
dum (AL,O3), gibbsite (Al,03-3H,0), hematite (Fe,03),
spinel (MgAl,0,), and silicate minerals such as kaolinite
(AL,Si,05(OH),). Interestingly, only the peaks for spinel,
kaolinite, and hematite are visible, and most of the peaks

a
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Fig. 8 a Fourier transform infrared (FTIR) spectra of raw, controlled, and
various bioleached bauxite samples and b X-ray diffraction (XRD) pat-
tern of (1) raw bauxite sample, (2) after direct one-step and (3) after direct
two-step bioleaching process

@ Springer

for corundum and gibbsite were absent in the bioleached
samples, confirming the maximal bio-recovery and en-
hanced dissolution of Al in such forms. The
diffractograms of the bioleached bauxite treated in the
direct one-step and direct two-step process are different
from each other. Since higher Al solubilization capacity
was observed in the direct one-step process as compared
to the direct two-step process owing to more corrosion
and weathering of the bauxite sample. The XRD patterns
of the bauxite ore samples are depicted in the Fig. 8b.

Conclusions

In the bioleaching process, the metal recovery yield is reduced
due to toxic effects triggered by various heavy metals present
in the ore. However, the inhibitory effects of various toxic
metals present in bauxite ore at higher pulp densities can be
minimized by the tolerance training of the fungal strains. In
this study, marine-derived fungi A. niger and
P. simplicissimum were adapted using a liquid growth medi-
um supplemented with molasses containing 5% bauxite pulp
density for the enhanced bio-recovery of aluminum from low-
grade bauxite. The mycelia of adapted strains were harvested
and subsequently cultured in a low-cost oat-agar medium.
Aluminum bioleaching efficiency in the direct one-step and
direct two-step process supplemented with cost-effective mo-
lasses medium and 1% bauxite pulp density was considerably
enhanced using the adapted fungal strains. According to the
results obtained, more than 98% of the total Al was bioleached
in the direct two-step bioleaching process using the adapted
fungal strains. FE-SEM analyses of the bioleached bauxite
sample confirmed the presence of the fungal spores and my-
celium on the weathered and corroded bauxite surface. XRD
analyses revealed the diminishment of oxide minerals (corun-
dum and gibbsite) in the bioleached samples, and the EDX
spectrum disclosed the complete absence of several elements
including Fe, Na, Cl, K, and Ca after the bioleaching process.
In conclusion, marine-derived A. niger and P. simplicissimum
demonstrated an improved capability to withstand the metal
toxic effects and to bioleached maximum Al from low-grade
bauxite after an induced-tolerance training.
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