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Abstract

A strain of thermophilic fungus Aspergillus fumigatus was cultured with K-bearing minerals to determine if microbe–min-
eral interactions enhance the release of mineralic potassium. Experiments were carried out in two settings, one with the min-
eral grains and the fungal cells in direct contact, and the other employing a membrane (pore size 0.22 lm) to separate the two.
Measurements over a period of 30 days showed that, irrespective of the experimental setup, the concentration of free K in the
culture was drastically higher than those in any of the control experiments where no living organism was present. Moreover,
the occurrence of mineral–cell physical contact enhanced potassium release by an additional factor of 3 to 4 in comparison to
the separation experiments. For contact experiments, Electron Probe Microanalysis revealed the formation of mycelium–min-
eral aggregates, and Atomic Force Microscopy imaging further indicated the possible ingestion of mineral particles by the
fungus cells. Contrasting to what was observed and expected in control experiments, the potassium solubilization rate showed
a positive dependence upon pH when fungi and minerals were mixed directly, and exhibited no correlations with solution
acidity if cell–rock contact was restrained. These results appear to suggest that A. fumigatus promoted potassium release
by means of at least three likely routes, one through the complexation of soluble organic ligands, another appealing to the
immobile biopolymers such as the insoluble components of secretion, and the third related to the mechanical forces in asso-
ciation with the direct physical contact between cells and mineral particles.
� 2007 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Microbial participation in mineral–water interactions is
ubiquitous and often critical to the geochemical cycles of
nutrients. It is no exception for potassium, a rock forming
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element and an essential soil nutrient that performs a mul-
titude of important biological functions to maintain plant
growth and health (Cassidy, 1970; Besford and Maw,
1975; Leeper and Uren, 1993). The amount of potassium re-
quired by plants is much greater than any other soil-sup-
plied nutrient except nitrogen. However, plants cannot
directly use mineralic potassium unless it is released by
weathering or dissolved in soil water.

Numerous studies have documented the release of K dur-
ing the degradation of silicate minerals by bacteria (Chen and
Chen, 1960; Monib et al., 1984; Avakyan, 1984; Rozanova,
1986; Groudev, 1987; Malinovskaya, 1988, 1990; Mel’nik-
ova et al., 1990; Friedrich et al., 1991; Welch et al., 1999).
For instance, Chen and Chen (1960) observed 25–87% in-
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creases of potassium concentrations in growth media when
certain bacteria were cultured with K-bearing minerals.
Monib et al. (1984) and Groudev (1987) further confirmed
that bacteria indeed can solubilize K and Si from silicate min-
erals such as orthoclase and mica. Another study by Lian
(1998) reported an 8% and 16% increase of aqueous K when
feldspar and illite, respectively, were cultured with a soil bac-
terium. It was postulated that the reactions responsible for
microbially promoted potassium solubilization may involve
acidolysis, enzymolysis, capsule absorption, and complexa-
tion by extracellular polysaccharides (Avakyan, 1984; Roza-
nova, 1986; Malinovskaya, 1988, 1990; Mel’nikova et al.,
1990; Friedrich et al., 1991; Welch et al., 1999). For example,
after studying K release from feldspar and illite by silicate
bacteria, Lian (1998) and Lian et al. (2002) proposed a staged
model suggesting first the formation of bacterium-mineral
complexes upheld by extra-cellular polysaccharides, fol-
lowed by mineral dissolution and potassium solubilization
in the microenvironments within the complexes where lower
pH and the presence of organic ligands promote interfacial
reactions. The formation of bacterium-mineral complexes
may also facilitate the contact between microbial cells and
mineral crystals to increase reaction surface area and time.
The authors further suggested that, for phyllosilicate such
as illite, smaller organic ligands may force into the interlayer
spacing to drive out the potassium.

The occurrence of bacterially promoted potassium release
suggests that a similar effect should also come about in fun-
gus-mineral interactions (Blum et al., 2002; Weiner and
Dove, 2003). Although the geo-microbiological potential of
fungi has not been fully appreciated (Sterflinger, 2000), a
number of studies have already documented the active roles
of fungi in the weathering of minerals such carbonates (Staley
et al., 1981; Verrecchia, 1990; Wollenzien et al., 1995; Verrec-
chia and Dumont, 1996), phosphates (Kucey, 1983, 1988;
Cunningharn and Kuiack, 1992; Nahas, 1996; Whitdaw,
1999; Reyes, 1999; Reyes et al., 1999; Narsian and Patel,
2000; Ademola and Geoffrey, 2005), and silicates (Hallbauer
and Jahns, 1977; Mehta et al., 1979; Rossi, 1979; Barker et al.,
1997; Banfield et al., 1999). Accelerated potassium release
from aluminosilicate minerals by fungi was observed as well
(Wallander and Tonie, 1999; Yuan et al., 2000; Glowa et al.,
2003; Yuan et al., 2004). For example, Wallander and Tonie
(1999) found that the availability of soluble potassium from
biotite and feldspars was correlated to the biomass of fungus
in a community composed of Paxillus involutus, Suillus varie-

gates, and the seedlings of Pinus sylvestris. Yuan et al. (2000)
reported that ectomycorrhizas could mobilize potassium
from clay minerals and thus speed up the progress of potas-
sium uptake by plants. Yuan et al. (2004) further studied
the effect of four fungal strains, Pisolithus XC1, Pisolithus

sp., P. microcarpus, and Cenococcum geophilum SIV collected
from the roots of eucalyptus, on the degradation of phlogo-
pite and vermiculite. Their results showed that all four strains
were able to weather the mineral phases and release elemental
potassium. Glowa et al. (2003) compared the ability of fun-
gus Piloderma in extracting potassium from biotite, micro-
cline, and chlorite and found this species was able to
acquire potassium from all three minerals with biotite being
the more biodegradable.
In this study, we report potassium release from a min-
eral assembly of K-feldspar and illite by thermophilic fun-
gus Aspergillus fumigatus. This strain was chosen because,
among several others cultivated and isolated from a com-
post sample, it grew fast and showed a particularly strong
physical affinity toward K-bearing minerals (see experimen-
tal section for details). Unlike true thermophiles whose
growth conditions need to be above 20 �C, A. fumigatus

can grow at temperatures as low as 12 �C (Hudson,
1986). Commonly, this species is found in composts of var-
ious types, but it is also one of the most abundant fungi col-
onizing rock surfaces (See review by Sterflinger, 2000 and
reference therein) and a frequent, although not dominant,
component of fungal flora in soils (Tansey and Jack,
1976). It is shown that A. fumigatus is able to degrade al-
most all components of organic waste including sugars,
fatty acids, proteins, cellulose, pectin, and xylan (Fogarty,
1994). Although little literature data are available (to the
best of our knowledge) to document its importance in geo-
chemical processes, the wide occurrence, broad temperature
tolerance, and strong ability of biodegrading suggest a pos-
sible potent role of this species in mineral weathering. In the
present study, we investigate its potential to solubilize
potassium from K-rich minerals. The goal is to determine
if this species is able to accelerate potassium release and
the possible reaction pathways responsible for the biologi-
cal impact if a positive effect is observed.

2. MATERIALS AND METHODS

2.1. Isolation, selection, and identification of fungal species

Ten grams of compost sample collected from a waste dis-
posal center were first immersed in 100 mL sterile saline
solution (0.8% NaCl). An aliquot of 0.1 mL of the suspen-
sion was then pipetted into a Petri dish containing a modi-
fied potato dextrose agar (PDA). The Petri dish was
subsequently incubated at 45 �C for 48–72 h. The PDA (nat-
ural pH, autoclaved at 121 �C for 20 min) was made by dis-
solving 200 g potato extract, 20 g glucose, 5 g peptone, and
18 g agar in a liter distilled deionized water (DDW). Upon
completing the incubation, a number of large colonies were
separated and cultured individually with 5 g mineral powder
in 100 mL liquid medium (PDA less agar) on a shaker at
45 �C and 120 r/min for 7 days. Visual inspection afterward
revealed that the strain TH003 grew the most rapidly. In
addition, no bare mineral grains remained at the bottom
of the flask containing TH003, indicating the occurrence
of a strong physical interaction between the mycelia and
mineral particles. For this reason, TH003 was selected as
our experimental strain for this study.

The working strain was identified through its colony, cell
morphology, and genomic sequence. The colonies of
TH003, showing a bulging center and fluffy surface and
emitting a moldy odor, reached 60 to 66 mm in diameter
within 5 days of growth. The color of the colonies was oliva-
ceous with a gray tint, and the back of the plate was yellow-
ish-brown. Microscopic observations (Fig. 1) revealed the
presence of septas in the hyphae. The conidiophore is rela-
tively long and appears to have a vesicle at the top. The ves-



Fig. 1. A microphotograph of the conidial fructification of the
strain TH003 (400·).
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icles, 20–30 lm in diameter, have smooth walls and mono-
stratal conidial fructifications. The conidium looks crude,
having a spheroidal or globular shape with an approximate
dimension of 2.5–3 lm across. These morphological charac-
teristics and the color scheme of the colonies seem to fit the
description of species A. fumigatus (Qi, 1997).

The genomic DNA of TH003 was extracted using a
commercially available extraction kit (Genomic DNA Puri-
fication Kit 713, Shenergy Biocolor Biotech Ltd., Shanghai)
following previously published methods (Bruns et al., 1991;
Donnell, 1992). The PCR (polymerase chain reaction)
amplification of a segment of the 18S-28S rDNA was car-
ried out using a forward primer (50-GGAAGTAAAA
GTCGTAACAAGG-30) and a reverse primer (50-
TCCTCCGCTTATTGATATGC-30) by a thermal cycler
(MJ Research PTC-100). The PCR products were purified
and sequenced commercially. The resultant sequence was
submitted (Accession No. DQ459328) to the GenBank
database (www.ncbi.nlm.nih.gov) and analyzed following
the method described by Altschul et al. (1997). The results
showed that the sequence of TH003 matched 100% to the
strain SRRC of A. fumigatus.

2.2. Mineral phases

The mineral assembly used in this study was a K-rich
shale (Table 1) collected from a Late Cambrian formation
Table 1
Mineralogical and chemical compositions of the shale

Mineralogical composition (%) by XRDa

K-feldspar Plagioclase Quartz
65.50 23.90 6.02

Chemical composition (%) by XRFb

SiO2 Al2O3 K2O Na2O Fe2O3

67.80 18.76 9.00 3.28 0.17

a X-ray diffractometry, Rigaku D/Max-2200, CuKa at 40 kV and 30 m
b X-ray fluorescence spectrometry, Panalytical Axios PW4400.
in Hunan, China. The rock sample was crushed and sieved
to collect grains <400 mesh (approximately 37 lm). The
prepared rock powder had a surface area of approximately
0.86 m2/g measured by a laser particle analyzer (Jingxin JL-
1155).

2.3. Experimental settings for microbe–mineral interactions

Three setups were constructed to explore different as-
pects of the fungus–mineral interactions. One allowed the
mineral phases to have direct contact with the fungal cells
(contact experiments) and the other to interact only with
the fungi’s metabolic product (separation experiments).
The third one was aimed at determining the maximum
amount of mineral grains that could be aggregated by the
mycelia.

All experiments were carried out in 250 mL triangular
flasks containing 100 mL liquid medium (PDA less agar).
Contact experiments were conducted by mixing 5 g of min-
erals into the medium, sterilizing at 121 �C for 20 min, fol-
lowed by inoculation of 10 mL of spore suspension
(1.0 · 106/mL). Separation experiments followed the same
procedure except that the mineral powder was enclosed in
a membrane bag (0.22 lm pore size). The flasks containing
the final mixtures were incubated on a shaker at 45 �C and
120 r/min for 30 days. A total of 45 flasks were prepared for
each type of experiment. The third set of experiment was
similar to the first except that different amounts of minerals
(1 through 12 g) were used. The mixtures were incubated at
the same conditions as in the other two settings until no vis-
ible changes in the flasks were observed (about two weeks).

Three control experiments were carried out parallel to
the experimental runs. Control I was identical to contact
experiments but with autoclaved spores. Controls II and
III used DDW instead of the liquid medium, with and with-
out autoclaved spores, respectively. To be consistent with
the conditions of the experimental runs, the pH values of
the control experiments were adjusted continuously to
match the measurements of the contact experiments ob-
tained at the times of each sampling.

2.4. Experimental sample analysis

Mineral grains collected at the end of experiments were
air-dried and analyzed by EPMA (electron probe micro-
analysis, Shimadu-1600, 25 kV, 0.25 nA), EDS (energy dis-
perse spectroscopy, Genesis EDAX, 25 kV, 0.45 nA, and
0.1 lm beam spot diameter), and TEM (transmission elec-
tron microscopy, JEOL JEM-2000FX II, 180 KV,
Montmorillonite Illite
2.38 2.18

CaO TiO2 MgO MnO H2O
0.16 0.04 0.03 0.02 0.25

A, and 3�/min scan rate.

http://www.ncbi.nlm.nih.gov
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experiments) during a 30-day period of incubation.
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0.6 lA). Mycelia grown 30 days in the presence of minerals
were examined by ContactModeTM AFM (atomic force
microscope, DI NanoScope IIIa, J scanner, Si3N4 probe).

Potassium contents in the growth media were analyzed
by AAS (atom absorption spectrometry, Perkin-Elmer
PE-5100). Three flasks were taken out from the incubator
every other day and aliquots of 10 g of the culture-mineral
mixture were sampled from each one of them. The samples
were centrifuged at 8000 rpm for 10 min to collect the
supernatant. The remaining solid mycelium–mineral resi-
dues were then transferred into a triangular flask containing
100 mL of 1 M ammonium acetate solution. The flask was
shaken at 120 r/min for 30 min at 25 �C, followed by centri-
fugation at 8000 rpm for 10 min to collect the second super-
natant. The first and second supernatants were mixed and
filtered by 0.45 lm filter paper before AAS analysis. The
average values of the three samples were reported as the
final K concentrations.

3. EXPERIMENTAL RESULTS

3.1. Release of K during fungus–rock interactions

The amount of potassium released in the presence of A.

fumigatus at any given time in the 30-day incubation period
was one to two orders of magnitude higher than that in any
of the control experiments (Table 2 and Fig. 2). A compar-
ison of contact and separation experiments indicated that
direct interaction between mycelia and minerals further en-
hanced potassium solubilization by a factor of 3 to 4
(Fig. 2). In both experimental settings, the potassium con-
centrations increased steadily with time in the first 16–20
days, and then flattened out afterwards. The overall in-
crease in the amount of accumulated potassium from day
2 to day 30 was about 400–500%. Meanwhile, the pH of
the culture trended in an opposite direction, decreasing
from a physiological value of �6.5 to an acidic condition
Table 2
pH and potassium concentrations in experimental and control runs

Incubation (day) Direct experiments Indirect exp

pH K (ppm) pH

2 6.42 75.0 6.40
4 6.61 124.6 6.50
6 6.35 186.6 6.32
8 6.28 215.4 6.24

10 6.10 245.8 5.96
12 5.70 259.2 5.45
14 4.82 275.4 5.01
16 3.94 322.2 3.81
18 3.58 328.1 3.64
20 3.43 329.0 3.51
22 3.30 328.8 3.32
24 3.21 326.6 3.22
26 3.18 324.4 3.10
28 3.20 322.6 3.15
30 3.16 323.0 3.11
of close to 3. In contrast to the parabolic-like behavior of
K release, the pH change was sigmoidal irrespective of
the experimental setup. That is, pH moved slowly in the
beginning and the ending weeks but dropped rapidly
between day 10 and day 20. It appeared that the fastest
decrease in pH, from �6 to � 4, took place between day
10 and 16.

While no significant changes occurred for the total
amount of potassium in the presence A. fumigatus in the
last 10 days of incubation, the K concentration continued
to increase in all three control experiments (Fig. 2). More
potassium seemed to be released in control experiments I
(liquid medium with autoclaved fungi) relative to II
(DDW with autoclaved fungi) and III (DDW only). The
difference between control II and III was virtually
unnoticeable.
eriments Control experiments

K (ppm) pH K (ppm)

I II III

18.4 6.42 0.4 0.1 0.1
21.0 6.61 0.4 0.2 0.1
27.4 6.35 0.8 0.2 0.2
33.2 6.28 1.0 0.4 0.5
39.0 6.10 1.1 0.7 0.8
43.6 5.70 1.8 1.2 1.0
50.4 4.82 2.5 1.8 1.6
60.4 3.94 3.9 2.5 2.7
89.0 3.58 4.6 2.9 2.8
98.2 3.43 5.1 3.3 3.4

101.4 3.30 6.2 4.0 3.8
100.8 3.21 7.7 5.4 5.1
100.0 3.18 9.0 6.6 6.1
99.6 3.20 10.2 7.8 7.5
99.0 3.16 12.7 8.3 8.6
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3.2. Formation of mycelium–mineral aggregates

Individual mycelia with a light yellowish color and a
spherical shape reached a size of approximately 0.2–1.0 cm
in diameter in two weeks. It looked as if the entangled hy-
phae served as a porous and adhesive matrix, into which
the rock grains were embedded to form mycelium–mineral
aggregates. It appeared that the maximum amount of min-
erals that could be taken in by the mycelia was approxi-
mately 10 g as any additional grains were detected as bare
particles on the bottom of the flasks by visual inspection.

Microscopic analysis by EPMA further revealed the
adhesion of minerals on cell surfaces and the tendency of
increasing attachment with longer incubation time
(Fig. 3). After 7 days of growth, the surfaces of hyphae were
completed covered by mineral grains (Fig. 3B). At the end
of the 30-day incubation, the spaces between hyphae were
Fig. 3. EPMA micrographs showing the adhesion of mineral particles on
after 2 (A), 7 (B), and (30) days of incubation.
almost completely filled with minerals (Fig. 3C). Mean-
while, any remaining hyphae looked thin and undernour-
ished, presumably due to the dearth of nutrients and the
deterioration of environmental conditions inside the flasks.
EDS analysis showed that, in comparison to the pristine
minerals (Fig. 4C), surfaces of the aggregated mineral par-
ticles contained additional elements in P, S, and Cl (Fig. 4A
and B), indicating the presence of organic substances. Fur-
ther examination of the minerals by TEM (Fig. 5) showed
the presence of surface coatings as well as the smoothening
of sharp corners on the grains, signifying the accumulation
of biopolymers and the occurrence of dissolution on the
minerals.

A close-up view (Fig. 6) of the mycelia unveiled that the
surfaces of the hyphae were rough with submicron-sized
spherical or ellipsoidal knobs. EDS analysis of the protru-
sions showed the presence of mineral components Si and
the mycelia of TH003 as well as the changes in the size of hyphae



Fig. 4. EPMA micrographs and EDS analyses of the mineral grains incubated with TH003 for 30 days (A and B) and the pristine rock sample
(C). Notice that the reacted minerals are covered by a layer of porous substance presumably derived from the secretion and decomposition of
the organisms.
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Al, but the spectra differed from those of the aggregated
mineral grains (Fig. 4) in that the intensities of these ele-
ments were much weaker, suggesting that these bulging fea-
tures may be mineral fragments enclosed in the cells.
Contact Mode� AFM scanning (Fig. 7) was not able to
move the protrusions, further indicating that it is unlikely
they were attached to the exterior surfaces of the cell walls.

4. DISCUSSION

The measurements of K concentration (Table 2) unam-
biguously indicate that the presence of A. fumigatus

strongly enhances the release of potassium from the mineral
phases. However, entangled with the increase of K concen-
tration is a consistent decrease of pH in the culture media
throughout the experiments. While it is reasonable to as-
sume that the pH decrease results largely from the accumu-
lation of secreted organic acids by the organism, it is not
immediately clear how important the falling pH is relative
to other microbe–mineral interactions for potassium solubi-
lization. It is therefore necessary to make an effort to sepa-
rate the pH effect from the microbial impact to the
experimental observations.

4.1. Dependence of K solubilization kinetics upon pH and

time

Given the mineralogical makeup of the shale used in this
study (Table 1), it is conceivable that the reactions respon-
sible for the release of potassium involve primarily K-feld-



Fig. 5. TEM images of the fresh mineral grains (A) and the samples incubated with TH003 for 2 (B), 7 (C), and 30 (D) days. Notice the
surface coatings and the rounded corners on the reacted particles.
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spar and illite. Incidentally, the following discussion will be
focused on the dissolution of these two minerals.

The overall dissolution of potassium feldspar in acidic
environments may be described by simplified reactions such
as

2KAlSi3O8 þ 2Hþ þ 9H2O ¼ Al2Si2O5ðOHÞ4
þ 4H4SiO4ðaqÞ þ 2Kþ ð1Þ

or

KAlSi3O8 þHþ þ 7H2O ¼ AlðOHÞ3 þ 3H4SiO4ðaqÞ þKþ;

ð2Þ

depending upon the solution chemistry. Without defining
elemental reactions, Eqs. (1) and (2) offer no indication of
the dissolution mechanism. For example, no information
can be derived from these expressions in terms of where
on the mineral surfaces the H+ attacks and how the
Si(Al)–O framework of feldspar is disrupted throughout
the reaction. However, voluminous observations consis-
tently indicate that the release of potassium is one of
the first steps (if not the first) of the overall dissolution
process. For instance, surface titration data suggest that
alkali metals in feldspars are released from the crystal lat-
tice through an ion exchange process (e.g., H+ or H3O+
for Na+ or K+) during dissolution (see review by Blum
and Stillings, 1995 and references therein), and the cation
exchange mechanism appears to be reversible and to
affect the outermost 2 or 3 unit cells under most experi-
mental conditions. Such understanding can be readily
rationalized in light of the crystal structure of feldspars
which may be viewed as pairs of zigzag chains of
Si(Al)–O tetrahedra that run parallel to the a axis. Look-
ing into the a-axis (i.e. on the (100) face), one sees that
each individual pair constitutes a four-membered ring in
which two adjacent corners are occupied by tetrahedra
pointing upward and the other two downward. These
rings are arranged in such a way that an elongated voids
form between four of them and two cations such as K+

and Na+ are caged in the open space as interstitial ions.
In the presence of aqueous cations such as H+, rapid ion
exchange can take place to result in the release of the
interstitial metals. Available experimental data suggest
that the cation exchange is relatively rapid (within min-
utes) and is thought to precede the disruption of the
Si(Al)–O framework. However, how the cations below
the uppermost surface layers are transported through
the feldspar lattice is not well understood.

Illite is a typical 2:1 phyllosilicate mineral with metal
ions such as K+ (along with Na+ and Ca2+) functioning



Fig. 6. An EPMA micrographs of individual hyphae of TH003 (top) and the EDS analyses of two knobs on the cell surface (A and B).
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as charge balancing interlayer cations, analogous to the al-
kali metals in feldspars. Accordingly and similar to feld-
spars, the release of K is not regarded as a rate limiting
step for illite dissolution. Simplified expressions such as

KAl2ðSi3AlÞO10ðOHÞ2 þHþ þ 9H2O

¼ 3AlðOHÞ3 þ 3H4SiO4ðaqÞ þKþ ð3Þ

may be considered a representation for illite dissolution un-
der acidic conditions. Although not carrying as high a
capacity as other clay minerals such as montmorillonite
and vermiculite do (Garrels and Christ, 1965), ion exchange
is an important reaction in the overall dissolution process
of illite (see review by Nagy, 1995 and references therein).
In fact, ion exchange associated with illite dissolution has
long been suggested as a mechanism for potassium release
in soils (Feigenbaum and Shainberg, 1975).
Assuming metal cation-proton exchange is the primary
mechanism responsible for potassium release from K-feld-
spar and illite at acidic conditions without biological partic-
ipation, we may use the following rate expression (to a first
degree of approximation) to describe the potassium
solubilization:

d½Kþ�=dt ¼ k½Hþ�n ð4Þ

where [K+] and [H+] are the concentrations of potassium
and proton, t is time, k is rate constant, and n is the reaction
order with respect to proton. The logarithmic form of Eq.
(4) gives

logðd½Kþ�=dtÞ ¼ �npHþ log k: ð5Þ

Eq. (5) indicates that the releasing rate of K should be in-
versely related to pH if no parallel reactions other than pro-
ton exchange are in play.



Fig. 7. A deflection AFM image of individual hyphae of TH003
showing the protrusions (pointed to by the arrow) on the cell
surfaces.
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Plots of log(d[K+]/dt) vs. pH for the control experiments
(Fig. 8, top) convincingly show the anticipated inverse rela-
tionship. It appears that the average rates (i.e., mean rates at
the times of each sampling, d[K+] = [K+]i ppm and dt = i

days) are less scattered than the instantaneous rates (i.e.,
rates between successive samplings, d[K+] = [K+]i+2-[K+]i
ppm and dt = 2 days). The same relationship manifests also
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in control experiments (h: control I; n: control II; ,: control III).
Error bars indicate the standard deviations (one r) of the
calculated rates.
on the plot of d[K+]/dt vs. the length of incubation (Fig. 8,
bottom) in view of the decreasing pH in the course of experi-
ments. In a sharp contrast, the potassium releasing rate in the
contact experiment (Fig. 9, top left) reveals a positive depen-
dence upon pH, although the instantaneous rate seems to
decrease faster with falling pH relative to the average rate.
In the case of separation experiments, however, no dominant
trend is visible, indicating that the rate has a much weaker
dependence upon pH if at all (Fig. 9, top right). The similar
differences between control, contact, and separation
experiments are well exhibited in the relationship between
d[K+]/dt and the length of incubation (Figs. 8 and 9, bottom).
For example, the rates increase with time in all three control
experiments and decrease in the course of the contact experi-
ments, but do not correlate with time in any easily identifiable
fashion in the separation experiments.

4.2. Importance and implications of the fungus–mineral

physical interactions

A compilation of literature data on the kinetics of K-
feldspar dissolution in inorganic acids shows that the rate
is linearly correlated with pH with a negative slope of 0.5
(Blum and Stillings, 1995). A review of illite dissolution
studies indicates that a similar dependence is also in place
with an average slope of �0.2 (sees Nagy, 1995, and refer-
ence therein). Along these lines, the negative dependence of
potassium releasing rate upon pH observed in the control
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experiments of the present study is well consistent with pre-
vious understanding of feldspar and illite dissolution.

Both the positive correlation and the lack of dependence
between potassium solubilization kinetics and pH conditions
seen in the presence A. fumigatus (Fig. 9, top) however war-
rant further discussion. We don’t believe this suggests that
neutral pH favors the release of potassium by biochemical
reactions or that protons are not involved in the dissolution
process. Rather, we suggest that processes other than direct
attacks by H+ on mineral surface sites begin to make bigger
contributions once the microbe is involved. The experimen-
tal results obtained in this study alone may not be enough
to help pinpoint these processes. Nevertheless, it is clear that
multiple interactions concerning different aspects of micro-
bial activities and metabolites are taking effect.

There are at least three possible pathways for fungi to
enhance mineral dissolution. (1) Acid leaching. Organic
acids secreted during metabolism or associated with the
decomposition of metabolic wastes decrease the pH of the
ambient environments. The higher acidity then leads to
weakening chemical bonds in minerals and thus promotes
mineral dissolution (Banfield et al., 1999; Harley and Gil-
kes, 2000). (2) Chemical degradation (Burford et al.,
2003). Organic ligands in metabolites (Callot et al., 1987;
Lee and Parsons, 1999; Adamo and Violante, 2000) attack
mineral surfaces directly or form complexes with aqueous
species to shift equilibrium (Barker et al., 1997). For A.

fumigatus, these two reactions can proceed in association
with a number of organic compounds such as acetic, fuma-
ric, glyoxylic, and itaconic acids that are reportedly associ-
ated with the fungal metabolism (see review by Sterflinger,
2000 and references therein). (3) Mechanical fragmentation
of rock particles (Jongmans et al., 1997). Mycelia find their
way into the interior of minerals through the extension of
hyphae (hence unique to fungal organisms) to acquire
nutrition. The physical forces can fracture mineral grains
to decrease particle sizes and generate fresh and more reac-
tive surfaces. In the contact experiments, all three mecha-
nisms can be operative. For separation experiments,
however, only routes (1) and (2) are in action.

In the present study, it does not seem that metabolically
induced pH decrease alone (i.e. route 1) makes significant
contributions to potassium solubilization, given that the
K contents in the absence of fungal activities are at least
an order of magnitude lower than those in the presence of
active fungi even though the pH conditions are maintained
similar (Table 2, Fig. 2). This implies that, for separation
experiments, smaller or soluble components of the extracel-
lular biopolymers (i.e. those that are not limited by the
membrane) are largely responsible for the K release. It is
thus reasonable to suggest that the K solubilization therein
is fulfilled primarily through route 2, ligand promoted min-
eral dissolution.

It is reported that the upper and lower pH limit for the
growth of A. fumigatus is 3 and 8, respectively (Panasenko,
1976; Hung and Trappe, 1983). Given that the optimal pH
range for majority of fungi is usually between 5 and 6 (Dix
and Webster, 1995), we can assume that our working strain
grows at a fast pace in the beginning of the experiments
when the pH is around 6, but gradually loses the momen-
tum of multiplication with decreasing pH, depleting nutri-
ents, and accumulating toxic metabolites. The growth
eventually comes to (or near) an end when the pH reaches
the lower limit of 3. The fact that the acidity levels out near
pH 3 in the experiments (Fig. 2) indicates in all likelihood
that the input of organic acid to the system has come to a
halt, a suggestive sign to the termination of the cells’
metabolism.

If this is true, the lack of rate-pH correlation in the sep-
aration experiments (Fig. 9, top right) may suggest that
potassium solubilization is not necessarily related to the
well-being and the growth rate of fungi. This further indi-
cates that the bio-molecules involved in chemical degrada-
tion do not have to come from metabolism. We
hypothesize that, while a falling pH retards biological activ-
ity to lead to a reduction in cells’ secretion, decomposition
of extra-cellular biopolymers and the autolysis of the myce-
lia (Fig. 3C) regenerate organic acids to replenish the pool
of ligands, sustaining the chemical degradation reactions
and leaving the K releasing rate largely independent of
the decrease in pH and bio-activity. The lack of active bio-
logical involvement thus implies that chemical degradation
is primarily a ‘‘biologically induced’’ mineral dissolution
process, parallel to the ‘‘biologically induced’’ mineraliza-
tion defined by Lowenstam (1981) and Mann (2001).

In the meantime, the K concentrations in the contact
experiments are three to four times higher than those in
the separation experiments at any given pH (Table 2 and
Fig. 2), and the solubilization rate exhibits a definitive po-
sitive correlation with pH. These indicate that the mi-
crobe–mineral physical interactions may have invoked
additional processes to release K. The nature of the new
processes can be both physical and chemical. Physically,
the organism may disintegrate mineral grains (i.e. route 3)
and ingest the smaller particles, as suggested by the EPMA
(Fig. 6) and AFM observations (Fig. 7). It is also possible
that physical motion of the cells enhances transport pro-
cesses, such as diffusion, to move detached mineral compo-
nents away from surfaces into solutions. Chemically, the
microbe–mineral entanglement, as exemplified by the myce-
lium–mineral aggregates (Fig. 3), allows immobile bio-poly-
mers, either membrane-bound proteins and lipids or the
organic functional groups in the insoluble extra-cellular
substances around the cells, to establish continual reactions
with mineral surfaces. It is plausible that sustained reac-
tions extract more K from the mineral phases. If these
immobile bio-polymers contain macromolecules that carry
enzymatic ability to selectively catalyze the chemical reac-
tions that release K, the solubilization process essentially
becomes a ‘‘biologically controlled’’ dissolution (see Mann,
2001).

The positive dependence of K solubilization rate upon
pH in the contact experiments implies that the new pro-
cesses may have a strong involvement of the bio-activity
of the fungi. When the microbes slow down their metabo-
lism with falling pH, the cells’ bodily action and the supply
to the immobile biopolymers begin to diminish. Such an
occurrence would exert an adverse effect on both the phys-
ical and the chemical aspect of the established mycelium–
mineral interactions. Consequently, on the assumption that
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the release of K is facilitated by living cells, we should see a
decreasing potassium releasing rate with descending pH
(opposite to what takes place in inorganic environments),
as demonstrated by the experimental measurements (Figs.
8 and 9).

5. CONCLUSIONS

Interactions of A. fumigatus with K-bearing minerals re-
lease potassium through three different reaction pathways.
The first involves the smaller and soluble components of
the secretion, the second concerns the insoluble part of
the macromolecules and membrane-bound biopolymers,
and the third may be related to the physical activities of
the cells including direct ingestion of mineral particles.
While the interactions of free aqueous bio-molecules with
minerals do not seem to require active involvement of fun-
gal activities, the routes that entail the participation of
immobile organic matrices and cell–mineral physical con-
tact appear to have a strong dependence upon the vitality
of the microbes and therefore are correlated to the optimal
living conditions of the organisms.

The significance of microbe–mineral physical contact
observed in the present study may have important implica-
tions. It suggests that microbially mediated mineral weath-
ering cannot be approximated by simple dissolution
reactions with the participation of organic or biochemical
molecules. While the pH decrease resulting from metabolic
activities and the complexation reactions involving organic
ligands derived from metabolites and biomass decomposi-
tion are active participants in microbe–mineral interactions,
the immobile biopolymers (either attached to the cell sur-
faces or insoluble secretion), combined with cell–mineral
mechanical interactions, may be a more forceful agent,
leading to an effective destruction and transformation of
minerals in biogeochemical processes.
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