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The fungus Beauveria caledonica was highly tolerant to toxic metals and solubilized cadmium, copper, lead,
and zinc minerals, converting them into oxalates. This fungus was found to overexcrete organic acids with
strong metal-chelating properties (oxalic and citric acids), suggesting that a ligand-promoted mechanism was
the main mechanism of mineral dissolution. Our data also suggested that oxalic acid was the main mineral-
transforming agent. Cadmium, copper, and zinc oxalates were precipitated by the fungus in the local envi-
ronment and also in association with the mycelium. The presence of toxic metal minerals often led to the
formation of mycelial cords, and in the presence of copper-containing minerals, these cords exhibited enhanced
excretion of oxalic acid, which resulted in considerable encrustation of the cords by copper oxalate hydrate
(moolooite). It was found that B. caledonica hyphae and cords were covered by a thick hydrated mucilaginous
sheath which provided a microenvironment for chemical reactions, crystal deposition, and growth. Cryo-
scanning electron microscopy revealed that mycogenic metal oxalates overgrew parental fungal hyphae, leaving
a labyrinth of fungal tunnels within the newly formed mineral matter. X-ray absorption spectroscopy revealed
that oxygen ligands played a major role in metal coordination within the fungal biomass during the accumu-
lation of mobilized toxic metals by B. caledonica mycelium; these ligands were carboxylic groups in copper

phosphate-containing medium and phosphate groups in pyromorphite-containing medium.

Fungi, which are a major and often dominant component of
the microbiota in soils and mineral substrates, are important as
decomposer organisms, animal and plant symbionts and patho-
gens, and spoilage organisms of natural and synthetic materi-
als, and they play an important role in biogeochemical cycles of
elements (7, 17, 18). Certain fungal processes solubilize metals
from minerals and bound locations, thereby increasing metal
bioavailability, whereas other fungal processes immobilize
metals and reduce their bioavailability (7, 18). Flexible myce-
lial growth strategies and the ability to produce and exude
organic acids, protons, and other metabolites make fungi im-
portant biological weathering agents of natural rock, minerals,
and building materials (7, 16, 18). As mineral components
contain considerable quantities of metals, as well as other
elements which are biologically unavailable, the influence of
such processes on metal mobility are of economic and envi-
ronmental significance and may be important in the treatment
or natural attenuation of contaminated soil (17).

Metal mobilization by fungi can occur as a result of several
mechanisms, including acidolysis (proton promoted), complex-
olysis (ligand promoted), reductive mobilization, and the my-
celium functioning as a sink for soluble metal species (8).
These processes include proton efflux and the production of
siderophores [for Fe(III)], but in many strains leaching occurs
due to the production of primary and secondary metabolites
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with metal-chelating properties (e.g., carboxylic acids, amino
acids, and phenolic compounds); thus, there are both proton-
and ligand-mediated mechanisms of mobilization that play an
integral role in chemical attack of mineral surfaces (7, 8, 19, 36,
39).

Most previous studies have focused on the dissolution and
transformation of calcium-containing minerals (calcium phos-
phates, carbonate, and sulfate) by fungi (7, 33, 49). Free-living
saprotrophic soil fungi and ericoid and ectomycorrhizal fungi
have also been studied for their abilities to dissolve toxic metal-
bearing minerals (34, 37, 42, 43, 44). However, potentially
entomopathogenic fungi, such as Beauveria species, have been
neglected, and there is no information on the mineral-solubi-
lizing and -transforming potential of this group of fungi. This is
hardly surprising as most research has concentrated on the
relationship of the fungus with an insect host and its pathoge-
nicity for the host and on implications for plant protection and
biological control. However, there is now compelling evidence
that this group of fungi is able to exploit almost all ecophysi-
ological niches and can exhibit a capacity for saprotrophy,
necrotrophy, and biotrophy. Beauveria caledonica, which was
first isolated from Scottish moorland soil, was found to be
saprotrophically active and a significant biological competitor
in soil (3). It is now known that Beauveria species not only are
able to infect a wide range of insects and grow as soil sapro-
phytes but also can survive as plant endophytes. The latter
phenomenon supports the bodyguard hypothesis that proposes
that plants may gain advantages from the presence of other
organisms, such as fungi, that provide a defense against herbi-
vores (5, 15, 48, 51). Fungi similar to entomopathogenic spe-
cies (Verticillium sp.) were some of the main components of
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Antarctic microbial endolithic communities within the gypsum
crust (27). It can be suggested that this group of fungi may
colonize successfully any econiche where insects can exist, such
as soil, plants, mushrooms, rocks, minerals, and building ma-
terials. Their unique ability to exploit a wide range of habitats,
as well as their biochemical potential, may therefore underpin
a more significant role in geochemical changes in the terrestrial
environment than has hitherto been appreciated.

The aim of this work was therefore to examine the ability of
the entomopathogenic fungus B. caledonica to tolerate, solu-
bilize, and transform toxic metal minerals, as well as the phys-
icochemical mechanisms involved in such transformations and
metal accumulation by the biomass.

MATERIALS AND METHODS

Organism, origin, and identification. The fungal strain used was isolated from
lawn soil (United Kingdom) and was provided by D. Genney (CEH Merlewood
collection). In a preliminary screening of several fungal soil isolates for the ability
to dissolve and transform toxic metal minerals, this isolate exhibited a unique
potential compared to other strains, and so in further studies we focused on its
identification and mineral transformation ability.

DNA extraction, purification, PCR, and sequencing. Mycelium was scraped
into a 2.5-ml bead beating tube with 1 ml of a buffer solution comprising sodium
dodecyl sulfate (5%, wt/vol), Tris (50 mM), NaCl (50 mM), and EDTA (10 mM)
(pH 8.0). Cells were disrupted by using a mini-bead beater (Biospec Products,
Inc., Bartlesville, Okla.) for 45 s. Following bead beating, the tubes were centri-
fuged at 14,000 X g for 5 min, and the DNA in the supernatant was extracted with
phenol-chloroform. The DNA was then ethanol precipitated and further purified
by using a Roche PCR clean-up kit (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s instructions. Extractions were per-
formed in duplicate with negative controls.

The eukaryotic internal transcribed spacer region was amplified by using
primers ITS1F and ITS4, and the expected product size was approximately 650
bp (52). PCRs were performed in duplicate with controls in 50-wl mixtures
containing 5 pl of 10X PCR buffer, 3 mM MgCl,, each deoxynucleoside triphos-
phate at a concentration of 200 uM, 1.25 U of Tag polymerase (QIAGEN
GmbH, Hilden, Germany), each primer (Invitrogen Life Technologies, Paisley,
United Kingdom) at a concentration of 1 pM, 25 mg of bovine serum albumin
ml~ !, and ~20 ng of template DNA. The cycling parameters were as follows:
initial denaturation at 94°C for 1 min 25 s, followed by 35 cycles of 95°C for 35 s,
52°C for 55 s, and 72°C for 1 min and then a final elongation step of 72°C for 10
min. Amplified DNA fragments were visualized by ethidium bromide staining on
1% agarose gels.

PCR products were further purified with the Roche PCR clean-up kit (Roche
Diagnostics GmbH). Duplicate purified PCR products were then sequenced by
using Applied Biosystems Big-Dye chemistry with an Applied Biosystems model
3100 automated capillary DNA sequencer (DNA Analysis Facility, Department
of Molecular and Cellular Pathology, Ninewells Hospital, University of Dundee,
Dundee, Scotland) (http://www.humangenetics.org.uk/dnaseq.htm). Approxi-
mately 550 bp of sequence information was obtained for the internal transcribed
spacer region of each duplicate fungal isolate. The identity was determined by
comparing the sequence data with the GenBank database. The sequence of the
isolate exhibited the highest level of homology (99%) with B. caledonica (acces-
sion number U19043).

Media and culture conditions. The organism was maintained at 25°C on
modified Melin-Norkrans agar medium, which contained (per liter) 0.5 g of
(NH,),HPO,, 0.3 g of KH,PO,, 0.14 g of MgSO,, - TH,0, 0.05 g of CaCl, - 6H,0,
0.025 g of NaCl, 10 g of p-glucose, 0.001 g of glutamic acid, 0.0001 g of thiamine,
and 14 g of agar no. 1 (Lab M, Bury, United Kingdom). Before the agar was
added and before autoclaving, the pH of the liquid medium was adjusted to 5.5
with 1 M HCI. All mineral solubilization experiments were carried out by using
modified Melin-Norkrans agar supplemented with the appropriate metal com-
pounds at the desired final concentrations. The metal compounds were oven
sterilized for 36 to 48 h at 95°C.

Metal compounds. Commercial preparations of Cd;(PO,), (Alfa),
Cu;(PO,), : 2H,O (Fluka), Cu,O (BDH, Poole, United Kingdom) (naturally
occurring as cuprite), Zns;(PO,), - 2H,O (Alfa) (naturally occurring as hopeite),
Pb3(PO,), (Alfa), PbCO; (BDH) (naturally occurring as cerussite), Pb;O, (Al-
drich) (red lead), and PbS (Aldrich) (naturally occurring as galena) were used.
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Lead chlorophosphate or pyromorphite [Pbs(PO,);Cl] was synthesized by mixing
solutions of Pb, P, and Cl in stoichiometric proportions (5:3:1); 200 ml of 0.5 M
Pb(NOs;), was mixed with 200 ml of a solution containing 0.3 M Na,HPO, and
0.1 M NaCl at approximately 90°C. When it was cool, the precipitate was
separated by filtration, washed with deionized water, and dried at 60°C (44).
Samples of the pyromorphite obtained were examined by using X-ray powder
diffraction (XRPD) to confirm their homogeneity.

Growth and mineral solubilization. (i) Preparation of metal-amended plates
and inoculation. The fungus was grown on 20 cm® of modified Melin-Norkrans
agar in 90-mm-diameter petri dishes with metal compounds added to a final
metal concentration equivalent to 15 mM (42, 43). Metal phosphates and Pb;O,
were added to a final concentration of 5 mM. Cu,O was added to a final
concentration of 7.5 mM, PbS and PbCO; were added to a final concentration of
15 mM, and Pb5(PO,);Cl was added to a final concentration of 3 mM in order
to equalize metal concentrations in molar terms. Prior to inoculation, 84-mm-
diameter disks of sterile cellophane membrane were placed aseptically on the
surface of the agar in each petri dish (43). Inoculation was carried out by using
7-mm-diameter disks of mycelium cut from the leading edge of colonies which
had been maintained on modified Melin-Norkrans agar at 25°C for at least 14
days. The fungus was inoculated onto each metal compound (at least three
replicates) and incubated at 25°C for 2 months. The sizes of the colonies and of
any clear zones present were measured every 3 to 4 days.

(ii) Abiotic test. The ability of commercial oxalic acid (BDH) to solubilize
Zn3(PO,),, Cd;(PO,),, Cus(PO,),, and Pbs(PO,);Cl was also tested. The tests
were carried out by using the same petri dish microcosms with 20 cm® of modified
Melin-Norkrans agar with metal compounds added to final metal concentrations
equivalent to 15 mM. Cadmium, copper, and zinc phosphates were added to a
final concentration of 5 mM, and Pb5(PO,);Cl was added to a final concentration
3 mM. Oxalic acid (0.1 ml) was added at concentrations up to 1 M to wells bored
in the agar (diameter, 7 mm).

(iii) Estimation of solubilizing ability. The main criterion used for mineral-
solubilizing ability was the diameter of the solubilization area (clear halo) in the
agar underneath and/or around a colony used previously in studies of fungal
phosphate-solubilizing ability and mineral transformation (42, 43).

(iv) Biomass and metal analysis. Colonies were removed from replicate agar
plates by peeling the biomass from the dialysis membrane. The mycelia were
oven dried at 80°C until a constant weight was reached and, after the dry weight
was measured, were digested (0.05 g) in 3.0 ml of concentrated HNO; at 115°C
overnight in a digestion block (Grant Instruments, Shepreth, United Kingdom).
After appropriate dilution with double-distilled H,O, the metal ion contents of
the solutions were analyzed by using a Pye Unicam SP9 atomic absorption
spectrophotometer with comparisons to appropriate standard solutions in acid-
ified double-distilled H,O.

(v) Metal tolerance. Growth of the fungus was evaluated by determining the
extension of a colony and the dry weight since the extension of a colony alone
does not take into account the density of the fungal mycelium (11). The tolerance
results were expressed as a tolerance index (TI) based on the dry weights of
fungal biomass, as follows: TI = (dry weight of treated mycelium/dry weight of
control mycelium) X 100%.

Organic acid analysis. For analysis of organic acid excretion, the organism was
grown in a liquid static culture in 12 cm® of modified Melin-Norkrans medium
(as described above, without agar) in sterile plastic flat flasks with a total volume
50 ml and a growth area 25 cm? (CellStar tissue culture flasks; Greiner Bio-One,
Kremsmunster, Austria). Static cultures were used rather than submerged shake
cultures because (i) this method better simulated the environmental conditions
for fungal biogeochemical activity in nature and (ii) this method gave better
results for metal transformation due to the preservation of undisturbed fungal
mycelium and its microenvironment in which the mineral solubilization and
transformation processes occurred. Cu,O was added to a final concentration of
7.5 mM, Pbs(PO,);Cl was added to a final concentration of 3 mM, and
Zn3(PO,), and Pb;0, were added to a final concentration of 5 mM. Inoculation
was carried out with 7-mm-diameter disks of mycelium cut from the leading
edges of colonies which had been maintained on modified Melin-Norkrans agar
at 25°C for at least 14 days. The fungus was incubated at 25°C for 60 days, and
at least three replicates were used. Growth, mineral solubilization, and transfor-
mation were observed macro- and microscopically.

Metal phosphates and Pb;O, were added to a final concentration of 5 mM.
Cu,O was added to a final concentration of 7.5 mM, PbS and PbCO; were added
to a final concentration of 15 mM, and Pbs(PO,);Cl was added to a final
concentration of 3 mM in order to equalize metal concentrations in molar terms.

During fungal growth, aliquots (1 ml) of the liquid cultures were removed and
used for analysis of organic acid (carboxylic acid) production. The analysis was
carried out using a high-performance liquid chromatography system comprising
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FIG. 1. Ability of B. caledonica to tolerate and dissolve toxic metal
minerals. (A) Tolerance indices (TI) calculated from the biomass
yields on mineral-containing and mineral-free agar media (dry weight
of treated mycelium/dry weight of control mycelium X 100%). (B) Sol-
ubilization of minerals in agar media expressed as solubilization zone
diameters. The values are means derived from at least four replicate
determinations. The error bars indicate standard errors of the means;
where error bars are not shown, they were less than the graph dimen-
sions.

a Waters (Watford, Herts, United Kingdom) 600E system controller, a Waters
490E programmable multiwavelength detector, a Waters U6K pump, and a
Waters 7171 plus autosampler controlled by Millipore (Waters) Millennium
chromatography software. Sulfuric acid (8 mM; Aristar, BDH) was used to elute
fractions from an Aminex HPX-87H high-performance liquid chromatography
organic acid analysis ion-exclusion column (Bio-Rad, Richmond, Calif.). To
remove free metal species, samples were treated with ion-exchange resin (AG
50W-X8 100-200 hydrogen form resin; Bio-Rad). Both samples and eluant were
prefiltered through 0.45-wm-pore-size membrane filters (cellulose acetate; 13-
mm-diameter syringe filter; Alltech Associates Ltd., Carnforth, United King-
dom), and then 20-pl portions of triplicate samples were eluted for 30 min.
Oxalic acid production was also analyzed enzymatically by using a commercial kit
(Sigma Diagnostics catalog no. 591-D; Sigma-Aldrich Company Ltd., Poole,
Dorset, United Kingdom).

Statistical analysis. Minitab for Windows 12 (release 12.1) was used for
statistical analysis. At least three replicate determinations were used in experi-
ments.

Analysis of mineral transformation products. Following light microscopic
observations, scanning electron microscopy (SEM)-based techniques, including
environmental SEM (ESEM) and cryo-SEM, were used to analyze metal-mineral
transformations.

(i) ESEM high-vacuum mode. Conventional SEM has been successfully used
to study metal oxalates precipitated by fungi (43). However, the precipitation of
secondary mycogenic minerals on the surfaces of fungal hyphae is less well
understood due to the loss of mineral precipitates during conventional prepara-
tion techniques. We used air drying to study crystal formation on hyphae during
their growth on medium amended with insoluble minerals. The samples were
then coated with 30 nm of Au-Pd by using a Cressington 208 HR sputter coater
and were examined with a Philips XL.30 environmental scanning electron micro-
scope field emission gun operating at an accelerating voltage of 15 or 25 kV.
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(ii) ESEM wet mode. A Philips XL.30 environmental scanning electron micro-
scope field emission gun was used to study fully hydrated samples in their natural
environment. The main environmental SEM capabilities relevant to our study
were (i) secondary electron imaging in gas or water vapor at a full SEM resolu-
tion of at least 2 nm; (ii) imaging of wet samples with no dehydration; (iii)
observation of the sample in its natural environment; (iv) no sample preparation
required; and (v) X-ray analysis of nonconductive samples.

(iii) Cryo-SEM. Cryo-preparation of fungal specimens is one of the best ways
to preserve fragile mycelium for SEM study and allows observation of both
interior and exterior structures of cryo-fractured samples. A specimen was held
in the jaws of a sample holder, and Tissue-Tek, which acts as a glue when it is
frozen, was smeared around the base of the sample. Liquid N, was placed under
a vacuum in the freezing chamber (Alto2500) until it became solid (slush). The
chamber was then brought back to atmospheric pressure, and the sample was
immediately plunged into the chamber and a vacuum was reapplied. The sample
was withdrawn from the chamber just before the N, resolidified. The sample was
then transferred under a vacuum to the preparation chamber. After fracturing,
the sample was warmed to —95°C for 5 min to remove the surface water. After
sublimation, the sample was cooled to —115°C prior to coating with approxi-
mately 5 nm of Au-Pd. Samples were examined by using an Hitachi S-4700 field
emission gun scanning electron microscope operating at an accelerating voltage
of 5 kV.

(iv) EDXA. Mineral precipitates in the media and in mycelia were analyzed by
using energy-dispersive X-ray analysis (EDXA) and a Philips XL30 environmen-
tal scanning electron microscope field emission gun.

(v) XRPD analysis. All the products of mineral transformation by the fungus
in the media and in mycelia were analyzed by X-ray powder diffraction (XRPD).
The samples were sprinkled onto low-background silicon crystal holders and
scanned from 2 to 75° 2@ with a Siemens D5000 diffractometer by using cobalt
Ko radiation selected with a diffracted beam monochromator. Each sample was
counted for 1 s per step by using a step size of 0.02°. The slits used were 1°
divergence, 1° antiscatter, and a 0.6-mm receiving slit. The broad peak centered
at around 7A was diffraction from the plastic sample holder surround. Phases
were identified by reference to patterns in the powder diffraction file.

(vi) Copper oxalate hydrate solubility. Mycogenic copper oxalate hydrate
crystals were soluble in NH,OH but not in acetic acid, HCI, or HNOj3, which
allowed us to calculate the ratio of the moolooite crystals precipitated on the
mycelium to the total copper accumulated by fungal biomass.

X-ray absorption spectroscopy of fungal biomass. (i) Copper. X-ray absorp-
tion spectra at the Cu K-edge were collected at Station 7.1 at the CLRC Dares-
bury Synchrotron Radiation Source operating at 2 GeV with an average current
of 140 mA by using a vertically collimating plane mirror and a sagitally bent
focusing Si(111) double crystal monochromator detuned to 80% transmission to
minimize harmonic contamination. Sample data were collected with the station
operating in the fluorescence mode by using a nine-element solid-state Ge diode
detector with high-count-rate XPRESS processing electronics; spectra of model
compounds were collected in the transmission mode. The monochromator was
calibrated by using a 5-ug Cu foil. Experiments were performed by using a liquid
nitrogen-cooled cryostat. Single scans were collected for the model compounds,
and three or four scans were collected and summed for each sample.

(ii) Lead. X-ray absorption spectra at the Pb L(III)-edge were collected at
Station 16.5 at the CLRC Daresbury Synchrotron Radiation Source operating at
2 GeV with an average current of 150 mA by using a vertically focusing mirror
and a sagitally bent focusing Si(220) double crystal monochromator detuned to
70% transmission to minimize harmonic rejection. Data were collected with the
station operating in the fluorescence mode by using an Ortec 30 element solid-
state Ge detector. The monochromator calibration was checked by using a
Pb3(PO,), standard. Experiments were performed in a liquid nitrogen-cooled
cryostat. Spectra of model compounds were collected in the transmission mode.
Single scans were collected for the model compounds, and three or four scans
were collected and summed for each sample.

(iii) EXAFS spectrum analysis. Background-subtracted extended X-ray ab-
sorption fine-structure (EXAFS) spectra were analyzed in EXCURV9S8 by using
full curved wave theory (1, 22). Phase shifts were derived in the program from ab
initio calculations by using Hedin-Lundqvist potentials and von Barth ground
states (25). Fourier transforms of the EXAFS spectra were used to obtain an
approximate radial distribution function around the central atom (the absorber
atom); the peaks of the Fourier transform could be related to shells of surround-
ing back scattering atoms characterized by atom type, number of atoms in the
shell, the absorber-scatterer distance, and the Debye-Waller factor, 202 (a mea-
sure of both the thermal motion between the absorber and the scatterer and the
static disorder or range of absorber-scatterer distances). The data were fitted for
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FIG. 2. (A to D) Morphological responses of marginal zones of B. caledonica colonies to toxic metal minerals after 3 weeks of growth at 25°C.
(A) Loose control mycelium on mineral-free medium; (B and C) dense mycelium grown on media containing lead phosphate (B) and cuprite (C);
(D) hyphal cords encrusted by copper oxalate hydrate crystals on medium containing copper phosphate. (A to C) Scale bars = 50 wm; (D) scale
bar = 1,000 wm. (E and F) Light microscopic images of the transformation of zinc phosphate into zinc oxalate dihydrate by B. caledonica in liquid
static culture. (E) Zinc phosphate particles adsorbed by the fungal mycelium after 7 days of growth at 25°C; (F) crystals of zinc oxalate dihydrate
in the same mycelium after 10 days of growth at 25°C. Scale bars = 20 pm.

each sample by defining a theoretical model and comparing the calculated
EXAFS spectrum with the experimental data. Shells of backscatterers were
added around the central atom, and by refining an energy correction £, (the
Fermi energy), the absorber-scatterer distance, and the Debye-Waller factor for
each shell, a least-squares residual (the R factor [2]) was minimized. Where
appropriate, multiple scattering effects were included in the fits (23).

RESULTS

B. caledonica was highly tolerant to all toxic metal-contain-
ing minerals tested, and the tolerance index values were all
around 100% (Fig. 1A). However, the morphological patterns
of the marginal zones of the colonies were significantly altered
by the presence of toxic metal minerals in solid medium (Fig.
2). In general, toxic metal minerals (e.g., lead phosphate and
cuprite) induced mycelial aggregation or the so-called phalanx
growth strategy and resulted in a very dense mycelium com-
pared to the control growth pattern (Fig. 2A to C). The pres-
ence of copper phosphate in the medium resulted in atypical
formation of mycelial cords (aggregations of longitudinally
aligned hyphae) (Fig. 2D).

According to the data for mineral solubilization in agar and

microscopic examination of changes in the metal-containing
minerals, B. caledonica was able to solubilize all of the insol-
uble minerals tested to some degree (Fig. 1B). Copper phos-
phate, cuprite, zinc phosphate, and lead tetraoxide were fully
solubilized in whole-petri-dish microcosms, and portions of the
minerals were transformed into secondary mycogenic precipi-
tates. The order for the ability to solubilize the other minerals
was as follows: lead carbonate > lead phosphate > cadmium
phosphate > pyromorphite > lead sulfide (Fig. 1B).
Complementary experiments with liquid media containing
zinc phosphate, cuprite, and lead tetraoxide revealed that B.
caledonica produced considerable amounts of organic acids
(Fig. 3). In all cases, including the control, the fungus excreted
millimolar amounts (0.6 to 2 mM) of oxalic acid during growth
in static liquid culture. The presence of toxic metal-containing
minerals led to the formation of citric acid after 10 to 20 days
of growth and, in the case of zinc phosphate, acetate during the
first 10 days of growth (Fig. 3) and malic acid (0.1 mM) (data
not shown). On the 20th day of growth, the citric acid concen-
tration reached 7 and 13 mM with zinc phosphate and cuprite,
respectively (Fig. 3). Between the 7th and 10th days of static



VoL. 71, 2005

1.5
A == xalate

g Control
E 1]
.
C
©
9
& 05 |
2
(@]

0 . - - -

0 10 20 30 40 50 60 70
Time (d)
14
C =l xalate

g 2 Cu,0 —Q— citrate
£ 10 4
kel
" B 4
&
(4}
2 6
)
e 4
@]

2

0 O— , . ;

0 10 20 30 40 50 60 70
Time (d)

Organic acid (mM)

OXALIC ACID OVEREXCRETION IN MINERAL TRANSFORMATIONS 375
8
% B == oxalate
s Zn4(POy), O citrate
E 6 Ia —&—acetate
— |
o §§ I|I
3] ]
™ 4 | | s
Q | | s Q
B »
E) 3 |'I III ) /
o 2 |II é)/
1 g | :
0 - -
2 0

0 10 0 30 40 5 60 70
Time (d)
0.8
0.7 D ~B—oxalate
Pb;0, —O—citrate
06
0.5
0.4
03 /Q
0.2
0.1
0 —O— O - T
0 10 20 30 40 50 60 70O
Time (d)

FIG. 3. Organic acid production by B. caledonica in liquid static cultures on mineral-free control medium (A) and media containing zinc
phosphate (B), cuprite (C), and lead tetraoxide (D). The values are means derived from at least three replicate determinations. The error bars
indicate standard errors of the means; where error bars are not shown, they were less than the dimensions of the symbols.

growth, B. caledonica transformed zinc phosphate particles
adsorbed to the mycelium into zinc oxalate dihydrate crystals,
and the level of oxalate excreted remained approximately 0.6
mM (Fig. 2E and F and 3).

The presence of solubilization zones in abiotic (fungus-free)
agar systems in petri dishes containing cadmium, copper, and
zinc phosphates and pyromorphite when different concentra-
tions of oxalic acid were used allowed us to estimate which
approximate total oxalate concentrations could cause the sol-
ubilization haloes formed by B. caledonica in the agar micro-
cosms (data not shown). It seemed that fungal solubilization of
cadmium phosphate and pyromorphite could be equivalent to
the excretion of nearly 50 wmol of oxalic acid into the agar by
B. caledonica and that for zinc and copper phosphate solubi-
lization the values could be even higher.

Overexcretion of oxalic acid by the fungus led to the trans-
formation of all metal minerals into metal oxalates (Fig. 4 and
5). B. caledonica turned cadmium phosphate into tabular crys-
tals of cadmium oxalate (Fig. 4A and 5A); all copper-contain-
ing minerals tested into twinned fourling crystals of copper
oxalate hydrate (moolooite) (Fig. 4B and 5B); zinc phosphate
into twinned bulbous crystals of zinc oxalate dihydrate (Fig. 4C
and 5C); and all lead compounds tested into single prismatic
crystals of lead oxalate and dendritic aggregates of crystals
(Fig. 4D and E and 5D).

During growth of B. caledonica in the presence of copper
phosphate or cuprite, it was often observed that moolooite
crystals precipitated in the bottom of the petri dish, forming

concentric ring patterns (data not shown). These patterns were
very similar to Liesegang patterns, which are formed by a
complex interplay of diffusion, chemical reaction, and precip-
itation during reaction-diffusion processes (26). The mecha-
nism of Liesegang ring formation is based on prenucleation
supersaturation of the medium; nucleating particles deplete
their surroundings of product, which causes a drop in the local
level of supersaturation such that the nucleation rate in the
neighborhood decreases, leading to spacing between regions of
nucleation that gives rise to rings (26). For Liesegang phenom-
ena, the ratio of the width of the nth ring to the distance
between the center of the system and the nth ring is constant,
and calculations of this ratio for moolooite precipitates gave a
constant value, which confirmed the reaction-diffusion nature
of the process mediated by the fungus in our system.

For cadmium-, copper-, and zinc-containing minerals, pre-
cipitation of metal oxalates was observed not only in the agar
but also on the fungal mycelium above the dialysis membrane
(Fig. 2D and 6). Oxalate crystals could be entrapped in fungal
hyphae (Fig. 6C), and when grown on copper phosphate, the
mycelial cords formed by B. caledonica were encrusted with
moolooite crystals (Fig. 2D and 6A). Scanning electron micros-
copy (wet-mode ESEM) revealed that crystals were embedded
in the well-hydrated mucilaginous sheath that covered the fun-
gal biomass (Fig. 6B and D) and that crystals overprecipitated
around fungal hyphae, leaving a net of fungal tunnels within
the mineral phase (as determined by cryo-SEM with cryofrac-
turing) (Fig. 6E and F).
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FIG. 4. SEM images of air-dried Au-Pd-coated metal oxalate crystals extracted from the agar media after growth of B. caledonica on toxic metal
minerals. (A) Cadmium oxalate formed in the presence of cadmium phosphate; (B) copper oxalate hydrate (moolooite) formed in the presence
of copper phosphate; (C) zinc oxalate dihydrate formed in the presence of zinc phosphate; (D to F) lead oxalate formed in the presence of lead
phosphate (D), lead tetraoxide (E), and lead carbonate (F). The insets in panels A to D are light microscopic images of the same metal oxalates
in the agar before extraction. (A) Scale bar = 500 wm; (B) scale bar = 15 um; (C to F) scale bars = 100 pm.

Metals mobilized by B. caledonica were accumulated not
only within extracellular crystalline oxalate precipitates but
also within the fungal biomass. Analysis of crystal-free myce-
lium grown on agar containing zinc phosphate and pyromor-
phite showed that hyphae accumulated zinc and lead at levels
around 3 and 6 mg g (dry weight) of biomass ™!, respectively.
When the organism was grown on copper phosphate-contain-
ing medium, the level of copper that was accumulated by the
moolooite-precipitating mycelium was approximately 100 mg g
(dry weight) !, which was more than 10 times the values for
zinc and lead. Well-structured moolooite crystals precipitated
on the mycelium comprised approximately 35% of the total
copper accumulated by the mycelium.

The EXAFS spectrum and Fourier transform of fungal bio-
mass grown on copper phosphate with numerous moolooite crys-
tals were very similar to those of the copper oxalate hydrate
standard, which confirmed that copper was coordinated by car-
boxylic ligands in the mycelium (Fig. 7A to C; Cu K-edge EXAFS
parameters are not shown). There were three clear peaks in the
Fourier transform, and the spectrum could be fitted with effec-

tively the same parameters. In the copper oxalate hydrate stan-
dard, the outer shells were slightly better defined, which may have
been an effect of grain size in the sample or a slight degree of
noncrystallinity, suggesting that there were amorphous carboxylic
complexes of copper within the mycelium.

The EXAFS spectra and Fourier transforms of fungal bio-
mass grown on both pyromorphite- and lead tetraoxide-con-
taining media could be fitted with two shells of oxygen scatter-
ers at slightly different distances, reflecting lead coordination
by oxygen ligands [Fig. 7D to F; Pb L(III)-edge EXAFS pa-
rameters are not shown]. There was improvement in the fit of
pyromorphite-grown biomass after addition of a further shell
of phosphorus scatterers, implying that there was phosphate
coordination within the mycelium.

DISCUSSION

The present study was the first study in which the mineral-
solubilizing and -transforming abilities of B. caledonica, a rep-
resentative of the entomopathogenic group of fungi, were eval-
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FIG. 5. Typical XRPD patterns for metal oxalate crystals precipitated by B. caledonica in agar media or in the mycelium. (A) Cadmium oxalate formed on medium containing cadmium
phosphate; (B) copper oxalate hydrate (moolooite) formed on medium containing copper phosphate or cuprite; (C) lead oxalate formed on medium containing lead phosphate, lead tetraoxide,
lead sulfide, lead carbonate, and pyromorphite; (D) zinc oxalate dihydrate formed on medium containing zinc phosphate. The vertical bars indicate the peak positions and relative intensities
for standard XRPD patterns of metal oxalates as given in the International Centre for Diffraction Data powder diffraction file. The standards used were cadmium oxalate (PDF-14-0712), copper
oxalate hydrate (PDF-21-0297), lead oxalate (PDF-14-0803), and zinc oxalate dihydrate (PDF-25-1029). Typical spectra are shown from one of several plots.
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FIG. 6. SEM images of moolooite precipitation by B. caledonica hyphae and cords when the organism was grown on agar medium containing
copper phosphate. (A and C) High-vacuum-mode ESEM images of air-dried Au-Pd-coated samples; (B and D) wet-mode ESEM images of
hydrated samples, revealing a thick mucilaginous sheath covering the mycelium and crystals; (E and F) cryo-SEM images of cryopreserved and
cryofractured samples providing experimental evidence of the presence of the parental fungal hyphae within a mycogenic mineral. (A) Scale bar
= 100 pm; (B) scale bar = 50 pm; (C and D) scale bars = 20 wm; (E and F) scale bars = 5 um.

uated. This organism was able to solubilize and transform a
wide range of cadmium-, copper-, zinc-, and lead-containing
insoluble minerals. Only one example of fungal dissolution of
a lead-containing mineral (pyromorphite) has been described
for Aspergillus niger (44). Amazingly, B. caledonica dissolved
and transformed into lead oxalates all lead-containing minerals
tested (pyromorphite and lead phosphate, carbonate, sulfide,
and tetraoxide). It seems likely that the major mechanism of
mineral dissolution was ligand promoted. The fungus excreted

substantial concentrations of acetic, citric, and oxalic acids
during growth in the presence of toxic metal minerals. The
nature and amount of organic acids excreted by fungi are
mainly influenced by the pH and buffering capacity of the
environment, the carbon, phosphorus, and nitrogen sources,
and the presence of certain metals (8, 13, 19, 30, 31, 32). Toxic
metals may increase oxalate excretion by fungi; e.g., the pres-
ence of copper uniformly stimulated organic acid production
by brown rot basidiomycetes (10). The presence of zinc phos-
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FIG. 7. (A) Cu K-edge X-ray absorption near-edge structure (XANES) spectra of a copper phosphate standard (line a), a moolooite standard (line b), and B. caledonica biomass grown on
medium containing copper phosphate (line c); (B) corresponding EXAFS spectra (solid lines) and fits (dotted lines) of the three samples; (C) Fourier transforms of the spectra and fits. (D) Pb
L(III)-edge XANES spectra of a lead oxalate standard (line a), a lead tetraoxide standard (line b), a pyromorphite standard (line ¢), B. caledonica biomass grown on medium containing lead
tetraoxide (line d), and B. caledonica biomass grown on medium containing pyromorphite (line e¢); (E) corresponding EXAFS spectra (solid lines) and fits (dotted lines) of the five samples;
(F) Fourier transforms of the spectra and fits. The amplitude of the lead tetraoxide Fourier transforms was reduced for ease of comparison.
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phate in the medium markedly influenced citric acid produc-
tion by A. niger (45). In the present study, cuprite and zinc
phosphate caused a dramatic increase in citric acid synthesis.
An examination of the dynamics of organic acid synthesis and
the amounts of the organic acids showed that the overexcretion
of oxalate played the main role in mineral solubilization and
transformation processes. Oxalic acid is a well-known chelating
agent that has been widely studied because of its ability to
dissolve different minerals, from natural rocks to dental ce-
ment (4, 29, 38, 40, 45, 53). In contrast to other low-molecular-
weight carboxylic acids with low complexing abilities that erode
minerals in acid solution by protonolysis (e.g., acetic and lactic
acids), oxalic acid is able to mobilize metals very efficiently at
neutral pH and even in basic solutions (38).

Fungi such as phytopathogens and wood rotters are often
reported to overexcrete oxalic acid (9, 13, 20, 35, 41). It has
been suggested that oxalic acid is involved in nonenzymatic
initiation of wood cell wall depolymerization through the pro-
duction of free radical species in the early stages of both lignin
and cellulose degradation by wood-rotting fungi (20, 35). Plant
pathogens can generate and secrete into their surroundings
millimolar concentrations of oxalate (9, 41), and such oxalic
acid production during plant infection has been implicated as
a primary determinant of pathogenicity (13). One of the main
functions of oxalate secretion by Sclerotinia during plant patho-
genesis is the suppression of active oxygen generation, which
compromises the defense responses of the host (9). Beauveria
germ tubes penetrate the leaf cuticle in an endophytic rela-
tionship just as they penetrate the cuticle of insects during
entomopathogenesis (48). Oxalate overexcretion by Beauveria
probably plays a role in facilitating the penetration processes
similar to the role that oxalate overexcretion plays in phyto-
pathogenic and/or wood-rotting fungi.

Solubilization of cadmium-, copper-, zinc-, and lead-contain-
ing minerals increases toxic metal mobility and therefore the
apparent bioavailability of the minerals to the fungus. How-
ever, B. caledonica was extremely metal tolerant. One aspect of
toxic metal tolerance, which was easily observed even with the
naked eye, was a change in mycelial growth. Mycelial aggre-
gation represented by the phalanx (or slow dense) strategy is
well known for its protective function and has been observed
for fungi colonizing toxic metal-contaminated domains (16). In
the present study, depending on the nature of the insoluble
mineral, B. caledonica adopted the phalanx (slow dense) strat-
egy and even the cord-forming (reallocation) strategy (17),
with the result that it tolerated the toxic metal stress but main-
tained a high biomass yield. Other mechanisms of fungal de-
fense against metal toxicity are chemical, biochemical, and
physiological, including extracellular metal sequestration and
precipitation, metal binding to the walls, intracellular seques-
tration and complexation, and compartmentation or volatiliza-
tion (18). As revealed by X-ray absorption spectroscopy, both
copper and lead within the B. caledonica mycelium were coor-
dinated by oxygen ligands. Copper was coordinated by carbox-
ylic groups, a considerable proportion of which were derived
from oxalate and were either crystalline or amorphous. Lead,
which was mobilized from pyromorphite, was coordinated by
phosphate groups within the biomass. It is known that poly-
phosphate granules, which are localized in fungal vacuoles,
may be important in intracellular homeostasis and can incor-
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porate metal cations, including those of potentially toxic metals
(6). It could be suggested that an excess of mobile lead was
sequestered by an excess of phosphorus species mobilized after
pyromorphite dissolution, perhaps resulting in some secondary
lead phosphate formation but with some lead possibly located
within polyphosphates.

Metal toxicity may be reduced if the mobilized toxic metal
forms complexes with organic ligands excreted by the fungus
and especially if toxic metals are precipitated as highly insol-
uble oxalates (18). The induction of oxalic acid efflux corre-
lated closely with copper tolerance in brown rot fungi (21), and
overexcretion of oxalic acid probably contributed to the metal
tolerance exhibited by B. caledonica in the present study.

The existence of mucilaginous sheaths around hyphae has
been reported for a wide range of fungi, and the functions of
these sheaths include protection and attachment. In our study,
the sheath provided a matrix for fungus-mineral interactions
and metal transformations, harboring mineral-weathering and
metal-chelating agents and resulting in crystal growth and dep-
osition of secondary mycogenic minerals, such as calcium and
copper oxalates, and, with sorption phenomena, presumably
affected the diffusion of mobile metal species (12, 14, 24, 28,
47, 50). In our wet-mode ESEM study, all the processes of
metal diffusion and precipitation of metal oxalates occurred in
this well-hydrated mucilaginous microenvironment, which was
impossible to observe by conventional SEM in high-vacuum
mode. Moreover, the overexudation of oxalate by B. caledonica
led to so much crystal growth within the fungal colony that
newly formed mycogenic crystalline aggregates covered the
parental hyphal net. Using cryo-SEM, we demonstrated for the
first time a new aspect of the interactions between fungal and
mineral matter, i.e., the presence of hyphae within mycogenic
minerals. This finding may highlight a role for oxalate-overex-
creting fungi in the evolution of certain minerals.

In biotechnological terms, it is possible that entomopatho-
genic fungi could be used for commercial applications other
than just pest control. The unique mineral-transforming ability
and toxic metal tolerance of B. caledonica could have applica-
tions in some bioremediation and bioleaching processes. The
potential of B. caledonica for overproduction of oxalic acid in
amounts comparable to the amounts produced by A. niger
under controlled conditions (46) could have some benefits for
biological production of oxalic acid. It may be time to pay
attention to the much wider and complex ecological and bio-
technological significance of this group of fungi.
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