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Abstract

The biological solubilization of hematite particles (125 µm diameter) by Aspergillus niger, Aspergillus 
terreus, Eupenicillium ludwigii and Fusarium sporotrichioides grown in Czapek Dox medium was 
evaluated in batch cultures. The highest values of solubilized iron were 74.2±4.2 and 49.3±8.19 
mg L-1 in culture filtrates of A. niger and Eup. ludwigii, respectively, after growing these fungi in the 
presence of 2% (w/v) hematite. A. niger and Eup. ludwigii were tested for siderophore and organic 
acid production. Both fungi produced hydroxamate siderophores. The production of organic acids 
was also seen and formation of iron-organic acid complexes in hematite-contacted media of A. niger 
and Eup. ludwigii was possible. The total cellular free amino acids decreased in hematite-contacted 
fungi indicating the involvement of amino acids in the biosynthesis of enzymes responsible for either 
siderophore production or the synthesis of storage-iron proteins. Scanning electron microscopy 
examination of A. niger and Eup. ludwigii pellets challenged with 1% hematite revealed that iron-
organic acid complexes were aggregated onto the hyphae of A. niger and Eup. ludwigii. IR spectra 
of such treatments indicated the presence of the functional groups –OH, –NH, –COO– and –C=O, 
which might adsorb Fe(III) ions. These results are of potential importance in the field of biotechnology, 
particularly in biomining.
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Introduction

Hematite is the mineral form of iron(III) oxide (Fe2O3). 
In nature, hematite is a common mineral component 
of soils, sediments, aquifers and geologic materials 
(Zachara et al. 2001). Hematite is formed as a 
secondary weathering product, and may exist as 
inter-grain cements, particle coatings of complex 
and varied compositions, and in discrete amorphous 
or crystalline phases (Schwertmann & Taylor 1989). 
Hematite is mined for its iron content. Conventional 
extraction techniques are very expensive due to energy 
requirements of the process and capital inputs. The 
environmental pollution from conventional technologies 
due to extreme heat or toxic chemicals is also a major 
concern. In comparison with chemical metallurgy, 
biomining offers a promising and a novel solution to 
these problems of conventional extraction (Devasia & 
Natarajan 2004). Biomining is the extraction of specific 
metals from their ores by microorganisms (Siddiqui et 
al. 2009). It is commercially exploited in the recovery 
of copper and uranium, and is also used for increasing 
the recovery of finely disseminated gold from refractory 
ores like pyrite and arseopyrite (Brierly 2000). 

Fungi and heterotrophic bacteria, under aerobic and 
anaerobic conditions, are able to release metals from 
various materials including copper-nickel concentrates, 
low grade copper ores, uranium from granites, 
manganese and potassium from leucite, iron from 
hematite, limonite, and goethite and lateritic nickel ores 

(McCready 1986; Khalid et al. 1991; Groudev 1987; 
Tzeferis et al. 1994). Many species of free-living and 
symbiotic fungi are capable of transforming insoluble 
metal compounds into soluble derivatives (Gadd 2000). 
Fungi can be used to dissolve iron-rich ores such as 
goethite, limonite or hematite. Most of the species tested 
are members of the genera Aspergillus and Penicillium 
(Brandl 2001; Groudev 1987). Penicillium spp. are able 
to remove iron from its ore mineral (Sabat & Gupta 
2009) and from iron-nickel-chromium alloys (Siegel 
et al. 1990). Trichoderma harzianum can solubilize 
Fe2O3 with both chelation and reduction (Altomare et 
al. 1999). Fungi may interact with metal-containing 
ores in a variety of ways depending on their tolerance 
of specific metals and ability to influence the mobility 
of target metals (Fomina et al. 2005). Metals may be 
mobilized via several mechanisms, including acidolysis 
(proton promoted), complexolysis (ligand promoted) 
and reductive mobilization. Additionally, some fungi 
can produce siderophores for iron, but in many strains 
leaching occurs due to the production of primary and 
secondary metabolites with metal chelating properties 
(e.g. carboxylic acids, amino acids and phenolic 
compounds) which attack mineral surfaces (Burford 
et al. 2003; Burgstaller & Schinner 1993; Gadd 1999; 
Ghorbani et al. 2007; Manley & Evans, 1986; Muller et 
al. 1995). Moreover, some fungi can excrete enzymes 
such as phosphatases that release metal ions from 
insoluble phosphates (Morley et al. 1996). The fungal 
hyphae may also function as a sink for soluble metal 
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species (Burgstaller & Schinner 1993). Filamentous 
fungi and yeasts can accumulate heavy metals such as 
Zn, Cu, Cd, Mn and radionuclides from polluted water 
in substantial quantities (Volesky & Holan 1995). This 
study examined the ability of some fungi to leach iron 
from hematite. 

Materials and methods

Fungal isolates, media and preparation of hematite

The fungal species Aspergillus niger, Aspergillus 
terreus, Eupenicillium ludwigii and Fusarium 
sporotrichioides were isolated from sewage sludge 
of a wastewater treatment station located in Shebein 
El-koom, Menoufia Governorate, Egypt. The fungal 
isolates were identified by the Regional Center for 
Mycology and Biotechnology, Al-zhar University, Cairo, 
Egypt. Sewage sludge contains large quantities of 
heavy metals indicating that indigenous fungi may be 
more tolerant to heavy metals such as iron. The fungi 
were cultured on Czapek Dox (CD) medium with the 
following composition (g L-1 in distilled water): sucrose, 
30; NaNO3, 2.0; KH2PO4, 1.0; MgSO4.7H2O, 0.5; KCl, 
0.5; FeCl3.6H2O, 0.001. Between 15-20 g L-1 of agar 
(Merck, Germany) was added for solid media. 

Raw, naturally occurring hematite (Fe2O3) was provided 
by the Geology Department, Faculty of Science, 
Menoufia University, Egypt. It was crushed, ground 
and screened to select particles with 125 and 315 µm 
diameters, and then stored until use.

Screening of fungal isolates for solubilization activity  
The fungal isolates were screened for solubilization 
of hematite in batch cultures (Gharieb et al. 1998). 
Suspensions of hematite at 0, 0.5, 1.0 and 2.0 % (w/v) 
(125 µm particle diameter) in 50 mL of FeCl3-free CD 
media adjusted to pH 5.5 by a pH meter (Hanna HI 8519 
pH meter) were autoclaved in closed bottles. Three 
replicate flasks were inoculated with 0.5 mL fungal-
spore suspension (7×104 spores/mL) and incubated on 
an orbital shaking incubator (Jeio Tech SI-900 R, Korea) 
at 120 rpm and 27±1 oC. After 7 days, mycelia were 
removed from the medium and the concentrations of 
soluble iron were determined by atomic absorption 
spectrophotometry (Thermo Jarrel Ash Co, USA) with 
an air-acetylene flame at the National Liver Institute, 
Menoufia University, Menoufia, Egypt. The instrument 
calibration was checked periodically by a using 
standard iron solution.

Hematite solubilization by the culture filtrates of 
fungi
The capacity of culture filtrates from A. niger and 
Eup. ludwigii to solubilize hematite over 240 min was 
tested. Hematite particles (315 µm particle diameter) 
were prepared by washing three times with ddH2O to 
remove soluble iron and were then dried at 80 oC for 3 
h. To each replicate flask containing 20 mL of culture 
filtrate, 0.5 g of hematite particles was added. Flasks 

were incubated at 120 rpm and 27±1oC for up to 240 
min. Soluble iron content was analyzed after 15, 30, 60, 
120, 180 and 240 min.  

Analytical methods
Determination of siderophores
The filtrates of the tested fungi contacted with 1% 
(w/v) of hematite in the absence or presence of FeCl3 
were analyzed spectrophotometrically to determine 
siderophore production. FeCl3 is used as an indicator 
for determination of hydroxamates (Neilands 1981); 
the solution becomes red or purple in the presence 
of the chelating agent. Three mL of 2% FeCl3 solution 
was added to 1 mL of culture filtrate, and the reaction 
was examined immediately using a UV-visible 
spectrophotometer (Unico 4802 UV/VIS Double Beam 
Spectrophoto-meter, BDH) at a peak between 420 and 
450 nm.

For determination of carboxylates, 1 mL of 250 µM 
CuSO4 and 2 mL of acetate buffer at pH 4 were added 
to 1 mL of culture filtrate. The copper complex formed 
was quantified between 190 and 280 nm using a UV-
visible spectrophotometer (Shenker et al. 1992).

Determination of citric and oxalic acids 
The culture filtrates of A. niger and Eup. ludwigii were 
pooled from the replicates of each fungus and diluted 
ten times with ddH2O and the concentrations of citric 
and oxalic acids produced were determined using high 
performance liquid chromatography (HPLC) with a 
variable wavelength detector at 210 nm (Agilent 1100 
HPLC system with VWD Detector) using an OA-1000 
Alltech column S/N 5927915. The flow rate of the eluent 
0.01 N H2SO4 was 1 mL min-1.

Determination of cellular free amino acids
Preparation of cell-free extracts for amino acids 
analysis was carried out. Dried mycelia of A. niger and 
Eup. ludwigii from solutions with or without (control) 
hematite were ground with an approximately equal 
weight of clean-cold sand using a mortar and pestle 
and extracted with 100 mM Tris-HCl buffer (pH 8.6). 
The slurry was centrifuged at 6,000 rpm for 15 min. 
The cellular free amino acids in the supernatant were 
analyzed using an amino acid auto analyzer (LC 
3000 Eppendrof Biotronik) at the Regional Center for 
Mycology and Biotechnology, Al-zhar University, Cairo, 
Egypt. 

Scanning electron microscopy (SEM) studies 
Mycelial pellets from the control and 1% (w/v) hematite 
treatments after 7 days were analyzed using scanning 
electron microscopy (SEM, JEOL JSM-5500LV) with an 
accelerating voltage of 5 Kv.

Infrared spectroscopy (IR) analysis 
IR spectra of A. niger and Eup. ludwigii biomass 
(grown in the absence and presence of 1% hematite) 
were recorded in a Fourier-transform infrared (FTIR) 
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spectrometer (Nicolet Nexus 670, Thermo Nicolet 
Corporation, USA) at the National Research Center, 
Cairo, Egypt. Infrared spectroscopy used the potassium 
bromide (KBr) disc technique. Powdered biomass 
samples were thoroughly mixed with dry KBr in the 
ratio 1:10 by weight and pellets were formed using a 
pellet press.

Statistical analysis
The quantitative values obtained were expressed as the 
mean ± standard error of the mean. Total variation was 
estimated by one-way analysis of variance (ANOVA). 
Differences with a P-value of <0.05 were considered 
statistically significant. Post hoc analysis of group 
differences was performed by Fisher’s Least Significant 
Difference (LSD) test.

Results
Hematite solubilization by fungal isolates 
A. niger, A. terreus, Eup. ludwigii and F. sporotrichioides 
were the most abundant fungal species in the sewage 
sludge. The ability of an isolate to solubilize insoluble 
hematite was monitored by the release of free iron ions 
and by clearing of the medium, which was obvious 
after about 4 d for A. niger and Eup. ludwigii and 
after ~ 6 d for A. terreus. The color did not disappear 
completely from the medium of F. sporotrichioides. The 
soluble iron content increased with increasing hematite 
concentration up to 2% (P<0.001). A. niger and Eup. 
ludwigii most actively solubilized hematite (Table 1). 
The content of soluble iron in the growth medium of 

these fungi in the presence of 2% (w/v) hematite was 
74.2±4.2 and 49.3±8.19 mg L-1, respectively. 

The equilibrium time of hematite solubilization was 
about 2 hours for A. niger and Eup. ludwigii (Table 2). 
The soluble iron content in the culture filtrates of A. 
niger and Eup. ludwigii after 2 hours equilibrium time 
was 4.21±0.12 and 2.81±0.11 mg L-1, respectively.

Production of siderophores
Qualitative screening for the production of 
siderophores (Table 3) indicated that A. niger and Eup. 
ludwigii produced hydroxamates but not necessarily 
carboxylates. Positive reactions using 2% FeCl3 were 

Table 1. Soluble iron in fungal culture filtrates after 7 days in CD liquid media containing hematite. 

Solubilized iron (mg L-1)

Hematite (%) Aspergillus niger Aspergillus terreus Eupenicillium ludwigii Fusarium sporotrichioides

0 0.8 ± 0.08 2.50 ± 0.29 0.28 ± 0.09 2.9 ± 0.52

0.5 33.6 ± 1.80* 13.3 ± 0.66* 19.1 ± 1.95* 6.4 ± 0.55*

1 49.1 ± 3.97* 24.5 ± 0.86* 26.4 ± 0.32* 10.2 ± 0.95*

2 74.2 ± 4.20* 31.3 ± 2.40* 49.3 ± 8.19* 13.3 ± 0.33*

* indicates significant increase (P<0.001) when compared to control. The data are mean values of 3 replicates ± SEM.

Table 3. Presence of peaks for hydroxamate (420-450 nm) and carboxylate (190-280 nm) production by fungi after 7 days in 
absence and presence of hematite and FeCl3.

Siderophore production

Siderophore FeCl3 Hematite Eupenicillium ludwigii Aspergillus niger

Hydroxamates Absent Absent + +

Present Absent + +

Absent Present + +

Carboxylates Absent Absent + +

Present Absent – +

Absent Present – –

Table 2. Hematite solubilization over time by the fungal 
filtrates of Aspergillus niger and Eupenicillium ludwigii.

Time (min) Aspergillus niger Eupenicillium 
ludwigii

15 0.47 ± 0.18 0.21 ± 0.03

30 2.28 ± 0.28 1.56 ± 0.13

60 3.11 ± 0.04 2.38 ± 0.08

120 4.21 ± 0.12 2.81 ± 0.11

180 4.28 ± 0.08 2.92 ± 0.13

240 4.33 ± 0.04 3.04 ± 0.06

The data are mean values of 3 replicates ± SEM.
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Table 4. Oxalic and citric acid (mg mL-1) presence in culture filtrates of Aspergillus 
niger and Eupenicillium ludwigii following 7 day growth with and without 1% hematite.

Eupenicillium ludwigii Aspergillus niger

Hematite (1%) Citric acid Oxalic acid Citric acid Oxalic acid 

Absent 1.78 0.22 ND 7.4

Present 1.62 ND ND 3.7

Australasian Mycologist (2013) 31, 45-52

Table 5. Cellular free amino acids (µg mg-1) in Aspergillus niger and Eupenicillium 
ludwigii grown with or without 1% hematite.

Aspergillus niger Eupenicillium ludwigii

Amino acid Control + Hematite Control + Hematite 

Phosphoserine 3.32 5.93 2.36 2.06

Aspartic acid 2.46 0.46 3.36 1.59

Threonine 1.29 ND 3.35 1.32

Serine 2.41 1.10 5.02 2.09

Glutamic acid 3.76 0.68 7.27 3.73

Glysine 0.66 0.13 1.16 0.58

Alanine 5.85 1.50 7.02 4.11

Valine 2.37 0.73 4.46 2.21

Cystine 0.31 0.05 0.77 0.18

Methionine 2.10 0.66 3.98 2.02

Leucine 5.06 0.72 6.98 3.36

Tyrosine 2.70 1.42 4.34 1.82

Phenylalanine 2.49 0.51 3.73 1.39

β-Alanine 1.16 1.31 1.30 1.31

Histidine 1.82 ND 0.88 0.09

Lysine 4.74 ND 3.74 1.63

Arginine 150 0.81 11.49 1.13

1-Methyl-Histidine ND ND 0.18 ND

Ornithine 2.58 3.30 2.10 1.85

Cystathionine 1.98 0.34 2.39 0.82

β-aminoisobutyric 0.80 0.79 0.50 0.41

γ-amino-N-Butyric 5.64 1.44 3.32 2.02

Carnocine 3.32 2.59 3.06 2.59

Taurine 0.02 ND 1.41 1.17

α-Aminoadipic A. 0.36 0.89 ND ND

Phosphoethanolamine 1.58 4.08 1.35 1.60

Total content 209.5 29.6 85.6 41.2

evident and characteristic peaks appeared between 
420 and 450 nm. Peaks were detected in the presence 
or absence of FeCl3 as well as in the presence of 
hematite and absence of FeCl3. On the other hand, 
carboxylates were produced by A. niger in the absence 

of hematite and FeCl3 and in the 
absence of hematite and the 
presence of 1 mg L-1 FeCl3. Eup. 
ludwigii produced carboxylates 
but only in the absence of hematite 
and FeCl3. 

Production of citric and oxalic 
acids
The results of organic acid 
production (Table 4) are presented 
in relation to culture medium 
content (mg mL-1). Secretion of 
citric acid by A. niger was not 
detected either in the absence or 
presence of hematite. In contrast, 
citric acid was secreted by Eup. 
ludwigii in the absence (1.78 mg 
mL-1) and presence (1.62 mg mL-1) 
of hematite. 

Oxalic acid was produced by A. 
niger in the absence and presence 
of hematite in the medium, but 
secretion was significantly higher 
in the former (7.4 mg mL-1) than 
in the presence of hematite (vs. 
3.7 mg mL-1). Oxalic acid was 
only detected by Eup. ludwigii if 
hematite was present.  

Determination of cellular free 
amino acids
The total free amino acids in cells 
of A. niger and Eup. ludwigii were 
qualitatively and quantitatively 
estimated (Table 5). Endogenous 
amino acids in A. niger and Eup. 
ludwigii significantly decreased 
when in contact with 1% hematite. 
The total content of free amino 
acids in the control (non-hematite-
contacted) of A. niger was 209.5 
µg mg-1, but this decreased to 
29.6 µg mg-1 in the hematite-
contacted cells. Total free amino 
acids in cells of Eup. ludwigii 
were 85.6 and 41.2 µg mg-1 in the 
absence and presence of hematite, 
respectively. Phosphoserine, 
β-alanine, α-aminoadipic acid and 
phosphoethanolamine increased 
in A. niger cells, and β-alanine and 
phosphoethanolamine increased in 
Eup. ludwigii cells when exposed 

to hematite. Threonine, histidine, lysine and taurine were 
not detected in A. niger cells, and 1-methyl histidine was 
not seen in Eup. ludwigii cells in the presence of hematite. 
Glycine, serine and alanine significantly decreased in 
hematite-contacted A. niger and Eup. ludwigii.       
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Scanning electron microscopy
Pellets of A. niger and Eup. ludwigii (Fig. 1) had visible 
particulates predominantly aggregated onto the fungal 
mycelia following incubation in hematite-containing CD 
medium. 

Infrared spectroscopy analysis
Infrared spectroscopic (IR) analysis of A. niger and 
Eup. ludwigii biomass (grown in absence and presence 
of 1% hematite) was carried out to investigate the 
mechanism that might be involved in the adsorption 
of iron. Vibration frequencies and their corresponding 
functional groups are presented in Table 6. A. niger 
grown in hematite medium lost a band at 1540.05 
cm-1 that corresponded to an –NH group compared 
to the control, and the –OH and –NH bands shifted 
from 3442.49 cm-1 to 3421.20 cm-1, while –C=O and 
–COO– bands shifted from 1649.33 cm-1 to 1627.65 cm-

1. The IR spectra of Eup. ludwigii grown with hematite 
showed disappearance of a band at 1081.76 cm-1 

corresponding to –C–O, and a band at 3419.95 cm-1 
corresponding to –OH, and –NH shifted to 3406.63 
cm-1, while a band at 1870.56 cm-1 corresponding to 
–C=C shifted to 1886.09 cm-1. New bands appeared 
in the spectra of Eup. ludwigii grown with hematite at 

1556.2 cm-1, 1492.11 cm-1 and 1459.92 cm-1, indicating 
the presence of an –NH (amide) group, a –C–C group 
and a –CH group, respectively.

Discussion

Iron is an essential element for microorganisms. Many 
microbes have mechanisms that enable access to iron 
from poorly soluble forms (Martino et al. 2004). A. niger 
and Eup. ludwigii had the highest iron solubilization 
from hematite, which may be attributed to an efflux 
of protons, siderophores and/or organic acids into 
the culture medium. However, oxalic acid produced 
by A. niger was lower in the growth media containing 
1% hematite than the control, which may be due to 
complex formation of oxalic acid with Fe3+. Protons 
can be pumped into the external medium by the proton 
translocating ATPase of the plasma membrane (Morley 
et al. 1996) and/or by organic acid production such as 
citric and oxalic acids, which are the major products of 
A. niger grown in liquid medium (Kubicek & Rohr 1986). 
In addition to providing protons, organic acid anions 
are usually capable of forming complexes with the 
metal cation, thus affecting cation mobility and toxicity 
(Sayer & Gadd 1997; Gharieb & Gadd 1999). Organic 

Fig. 1. Scanning electron micrographs of mycelial pellets of (A) A. niger, (B) Eup. ludwigii grown on CD medium for 7 days in 
the absence of hematite, and (C) A. niger and (D) Eup. ludwigii grown in the presence of 1% (w/v) hematite (bars = 10 µm). 
Accumulations of iron-organic acid complexes are visible on the fungal hyphae following hematite exposure.

A B

C D
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acids are strong natural chelators of trivalent cations 
such as Al3+ and Fe3+ (Ghorbani et al. 2007; Van Hees et 
al. 2001). Dutton & Evans (1996) concluded that oxalic 
acid may increase the availability of metal ions such 
as iron and calcium. Additionally, Van de Merbel et al 
(1994) reported that A. niger produced 13 g oxalic acid 
L-1 from 20 g sugar L-1 in 45 h. On the other hand, citric 
acid was not detected either in control or hematite-
treated filtrate from this fungus. Lack of citric acid 
might be due to unfavorable experimental conditions, 
since pH < 2 was reported to be a prerequisite for citric 
acid accumulation by Kubicek & Rohr (1986), who 
demonstrated that a pH shift in the culture medium 
toward or above neutrality resulted in considerable 
accumulation of oxalic acid by A. niger. 

Under conditions of extreme iron stress, fungi 
produce low-molecular-weight (500-1000 Da) ferric 

iron chelators known collectively as siderophores 
(Guerinot 1994; Höfte 1993; Riquelme 1996; Van Der 
Helm & Winkelmann 1994; Winkelmann 1993). Most 
of the fungal siderophores are hydroxamates and the 
most common are ferrichromes (Crichton 1991). The 
production of hydroxamates and carboxylates by A. 
niger and Eup. ludwigii potentially indicate a role in 
iron solubilization, transport and storage. Ferrichromes 
are produced by Aspergillus spp., Penicillium spp., 
Neurospora sp., Microsporum spp. and Trichophyton 
spp. (Hubbard 1989; Howard 1999). Ferrichromes 
may also function in the intracellular storage of iron 
particularly in ascomycetes and basidiomycetes 
(Matzanke 1994; Shashidhar et al. 2005).  

The significant decrease in the endogenous free pool of 
amino acids following contact with hematite indicates 
the potential role of amino acids in solubilization of the 
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Table 6: Infrared spectroscopy absorption bands and corresponding possible groups for Aspergillus niger and Eupenicillium 
ludwigii biomass grown with and without 1% hematite.

Aspergillus niger  (Control) Aspergillus niger (+ Hematite)
Frequency (cm-1) Functional group Frequency (cm-1) Functional group

3442.49 –OH, –NH 3421.20 –OH, –NH
2924.04 –CH 2923.54 –CH
1870.92 –C=C 1872.82 –C=C
1649.33 –C=O, COO– 1627.65 –C=O, COO-

1540.05 –NH 1081.82 –C-O
1082.56 –C–O 778.10 –CH
777.02 –CH 690.47 –CH
691.76 –CH 457.17 –CH
458.23 –CH – –

Eupenicillium  ludwigii (Control) Eupenicillium  ludwigii (+ Hematite)
Frequency (cm-1) Functional group Frequency (cm-1) Functional group

3419.95 –OH, –NH 3406.63 –OH, –NH
2923.97 –CH 2922.38 –CH
2853.59 –CH 2852.62 –CH
1870.56 –C=C 1886.09 –C=C
1620.83 –C=O, COO– 1622.53 –C=O, COO –

1081.76 –C–O 1556.21 –NH
777.41 –CH 1492.11 –C–C
691.89 –CH 1459.92 –CH
459.15 –CH 1079.82 –C–O

– – 778.15 –CH
– – 692.19 –CH
– – 522.95 –CH
– – 455.83 –CH
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ore. On the other hand, the distinctive higher content 
of phosphoserine, β-alanine, α-aminoadipic acid and 
phosphoethanolamine in A. niger may indicate a role of 
these amino acids in adaptation to iron. Some amino 
acids are reported to be significantly increased in 
copper-treated cells of Candida famata (Manzano et 
al. 2000) and in copper-contacted cells of Fusarium 
oxysporum (Abd El-Rahman 2005). The absence of 
amino acids such as threonine, histidine, lysine, taurine 
and 1-methyl histidine in the presence of hematite might 
suggest the depletion of these amino acids pools for 
the synthesis of macromolecules that may be involved 
in iron solubilization and the consequent tolerance 
(Neilands 1995). The synthesis of storage-iron proteins 
such as mycoferritin by ascomycetes was reported 
by Shashidhar et al. (2005). Mycoferritin contains the 
amino acids lysine, histidine and threonine, which 
would explain the disappearance of these amino acids 
in hematite-contacted fungi in our study.   

Scanning electron microscopy indicated the adsorption 
of iron-organic acid complexes on the hyphae of A. 
niger and Eup. ludwigii grown in CD media containing 
1% hematite. Copper oxalate appeared on the surface 
of the wood and around the hyphae of Poria placenta 
grown on wood treated with copper (Sutter et al. 1984). 
The formation of oxalates containing potentially toxic 
metal cations may provide a mechanism whereby 
oxalate producing fungi can tolerate environments 
containing high concentrations of toxic metals (Gadd 
2001).  

The results of IR spectra suggested that functional 
groups which might adsorb Fe3+ ions are of the type 
–OH, –NH, –COO– and –C=O. Similar functional 
groups were observed in the biosorption of Fe(III) by 
Streptomyces rimosus biomass (Selatina et al. 2004) 
and the biosorption of Cd(II), Pb(II) and Hg(II) by 
Penicillium oxalicum and Tolypocladium sp. (Svecova 
et al. 2006).

Conclusion
This work shows that iron may be leached from hematite 
by A. niger and Eup. ludwigii in the laboratory. The use of 
both fungi in leaching of iron ores and minerals provides 
a potentially efficient, economical and environmentally 
benign alternative to conventional hydrometallurgical 
operations. The fungi are able to grow on low-cost 
materials such as industrial or natural biological wastes 
with few supplements. In addition, this approach has 
environmental significance for extraction of iron from 
some toxicants such as asbestos, where iron plays a 
crucial role in its toxicity. Further work is needed to 
realize this potential under field conditions.
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