This article was downloaded by: [Tshwane University of Technology]
On: 29 January 2014, At: 07:09

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number:
1072954 Registered office: Mortimer House, 37-41 Mortimer Street,

London W1T 3JH, UK

Beomicrotio
Jouma

0y

Geomicrobiology Journal
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/ugmb20

Reductive Dissolution of
Ferric Iron Minerals by
Acidiphilium SJH

Toni A. M. Bridge, D. Barrie Johnson

& School of Biological Sciences University of
Wales Bangor, Gwynedd, United Kingdom
Published online: 29 Oct 2010.

To cite this article: Toni A. M. Bridge, D. Barrie Johnson (2000) Reductive
Dissolution of Ferric Iron Minerals by Acidiphilium SJH, Geomicrobiology Journal,
17:3, 193-206

To link to this article: http://dx.doi.org/10.1080/01490450050121161

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all

the information (the “Content”) contained in the publications on our
platform. However, Taylor & Francis, our agents, and our licensors
make no representations or warranties whatsoever as to the accuracy,
completeness, or suitability for any purpose of the Content. Any
opinions and views expressed in this publication are the opinions and
views of the authors, and are not the views of or endorsed by Taylor
& Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information.
Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities
whatsoever or howsoever caused arising directly or indirectly in
connection with, in relation to or arising out of the use of the Content.

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access



http://www.tandfonline.com/loi/ugmb20
http://dx.doi.org/10.1080/01490450050121161

Downloaded by [Tshwane University of Technology] at 07:09 29 January 2014

and use can be found at http://www.tandfonline.com/page/terms-and-

conditions



http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tshwane University of Technology] at 07:09 29 January 2014

Geomicrobiology Journal, 17:193-206, 2000 & & Fp
Copyright © 2000 Taylor & Francis
0149-0451/00 $12.00 + .00

TAY,
S] :)v\Q

4 o
“upgea V10

Reductive Dissolution of Ferric Iron Minerals
by Acidiphilium SJH

TONI A. M. BRIDGE
D. BARRIE JOHNSON

School of Biological Sciences
University of Wales
Bangor, Gwynedd, United Kingdom

The acidophilic heterotrophic eubacterium Acidiphilium SJH was shown to catalyze the
reductive dissolution of a wide range of ferric iron-containing minerals (akageneite,
goethite, jarosite, natrojarosite, and amorphous ferric hydroxide) and of the mixed fer-
rous/ferric mineral magnetite. The specific rates of dissolution varied with the structural
stabilities of the minerals, such that amorphous ferric hydroxide was the most rapid and
Jarosite and akageneite were the slowest of the minerals tested. The reductive dissolution
of both amorphous ferric hydroxide and magnetite was faster in pH 2.0 than in higher
pH (2.8-3.0) cultures, even though Acidiphilium SJH has a pH optimum close to pH 3.
Contact between bacteria and ferric mineral was not necessary for reductive dissolu-
tion to occur. Adding EDTA or diethylenetriamine pentaacetic acid to bacterial cultures
accelerated the solubilization of goethite and amorphous ferric hydroxide. Although
cell-free spent media and heat-killed Acidiphilium SJH also appeared to enhance min-
eral dissolution (indicated by formation of soluble Fe’*), this was far less extensive
than that in active bacterial cultures, and no iron reduction was observed in the ab-
sence of viable cells. Experimental results suggested that Acidiphilium SJH accelerates
the reductive dissolution of ferric iron minerals by way of an indirect mechanism, in
which bacterial reduction of soluble ferric iron causes a shift in equilibrium between
solid phase (mineral) and soluble ferric iron, thereby causing further dissolution of the
mineral.

Keywords Acidiphilium, acidophilic bacteria, iron minerals, iron-reducing bacteria,
magnetite

In most environments, ferric iron is highly insoluble and occurs in a variety of amorphous
and crystalline mineral forms (Nealson 1983; Johnson 1995). The major exception to this are
extremely acidic environments (pH < 2.5) where appreciable concentrations of soluble fer-
ric iron may occur, such as in streams draining coal and metal mines, and some geothermal
areas. The redox potential (E °) of the ferrous/ferric couple also varies with pH; for example,
atpH 2 the E°is +0.77 V, while at pH 7 (in bicarbonate-containing environments) the E° is
+~0.2 V (Ehrenreich and Widdel 1994). In thermodynamic terms, ferric iron is therefore
an attractive electron sink to oxygen, particularly in environments that are extremely acidic.

The ability of neutrophilic bacteria to reduce ferric iron to ferrous has been known for
some time. Some fermentative iron-reducing bacteria use ferric iron as a minor (though
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variable) electron sink during fermentation; for example, Bacillus spp., Vibrio sp., and the
strict anaerobe Pelobacter carbinolicus (Ottow and Glathe 1971; Jones et al. 1984; Lovley
et al. 1995). Iron-reducing bacteria that can couple the oxidation of hydrogen or organic
substrates exclusively to the reduction of ferric iron have also been described, including
the facultative anaerobe Shewanella putrefaciens (Nealson and Myers 1992) and the strict
anaerobe Geobacter metallireducens (Lovley et al. 1993). Neutrophilic iron-reducing bac-
teria have also been shown to cause the reductive dissolution of some ferric iron minerals.
Shewanella spp. can reduce both amorphous and crystalline solid-phase ferric iron miner-
als (Arnold et al. 1988; Roden and Zachara 1996), and S. putrefaciens can also cause the
reductive dissolution of the mixed-valence mineral magnetite (Kosta and Nealson 1995).
Cummings et al. (1999) recently reported the isolation and preliminary characterization
of a novel iron-reducing bacterium (Ferribacterium limneticum) isolated from a fresh-
water lake sediment contaminated with mineral tailings. This prokaryote is also obligately
anaerobic.

Microbiological studies of extremely acidic environments have tended to focus pre-
dominantly on the microbial dissimilatory oxidation of iron and sulfur, principally be-
cause of the central importance of these reactions in the bioprocessing of metal ores
(Rawlings 1997). However, there have been several reports of iron reduction brought about
by acidophilic microorganisms. Brock and Gustafson (1976) reported that the mesophilic
chemolithotrophic bacteria Thiobacillus ferrooxidans and Thiobacillus thiooxidans, and
the thermophilic archaean Sulfolobus acidocaldarius, could all couple the oxidation of
elemental sulfur to the reduction of ferric iron; however, whether or not this was an energy-
transducing reaction that could support the growth of these acidophiles was not confirmed.
Later work by Pronk et al. (1992) confirmed that 7. ferrooxidans was capable of growth
under anaerobic conditions, using ferric iron as sole electron sink. The ability to reduce
ferric iron to ferrous has also been reported for moderately thermophilic iron-oxidizing
bacteria; Sulfobacillus spp. and Acidimicrobium ferrooxidans can couple the oxidation of
organic substrates to the reduction of ferric iron under strictly anoxic conditions, reac-
tion that supports the growth of these eubacteria in the absence of oxygen (Bridge and
Johnson 1998).

Other microorganisms found in extremely acidic, metal-rich environments include
mesophilic, heterotrophic bacteria, for example, Acidiphilium, Acidocella, and Acidomonas
spp. (Johnson 1998). Johnson and McGinness (1991) demonstrated that the ability to reduce
soluble ferric iron to ferrous was widespread among heterotrophic acidophiles, although
the propensity for iron reduction varied greatly between the different isolates examined.
One of the most efficient of the iron-reducing heterotrophs tested was an Acidiphilium-
like isolate coded SJH. Ferric iron can act as sole electron sink for this isolate, support-
ing its growth in strictly anoxic conditions, although that growth rate was much less
than the rate observed under aerobic conditions. Reduction of ferric iron and growth
of Acidiphilium SJH have been found to be closely correlated (r = 0.99) under micro-
aerobic conditions (Bridge 1995). Preliminary experiments by Johnson and McGinness
(1991) indicated that this acidophile could reduce some solid-phase ferric iron com-
pounds, and Johnson and Bridge (1997) later showed that Acidiphilium SJH could bring
about the reductive dissolution of “ochre” deposits from streams impacted by acid mine
drainage.

This paper describes the reductive dissolution of a variety of ferric iron-containing min-
erals by Acidiphilium SJH and reports the differential rates of reductive mineral dissolution
brought about by this acidophile under laboratory conditions. In addition, experimental work
aimed atelucidating the mechanism of mineral dissolution by Acidiphilium SJH is described.
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Methods

Bacterial Cultures

Acidiphilium SJH was originally isolated from a subterranean, acidic (pH 2.3), metal-
rich stream located within a derelict pyrite mine (Cae Coch) in north Wales (Johnson
et al. 1979). Phylogenetically (from base sequence analysis of its 16S rRNA gene) the
isolate is most closely related (among sequenced bacteria) to Acidiphilium cryptum, with
which it shares 97.8% sequence similarity (F. F. Roberto, Idaho National Engineering and
Environmental Laboratory, Idaho Falls; personal communication); Acidiphilium SJH also
has many physiological characteristics in common with other Acidiphilium spp. (Johnson,
unpubl. data). Unless specified otherwise, Acidiphilium SJH was grown in liquid medium
containing the following concentrations (g/L) of components: (NH4)>SOy, 0.15; MgSOy,
0.50; KCl, 0.05; KH,POy, 0.05; Ca(NO3),, 0.01; yeast extract, 0.2. Glycerol (at 10 mM)
was added as carbon and energy source, and the medium was adjusted to pH 2.0 with 25%
(v/v) sulfuric acid. For all experiments (except those in which specific iron reduction rates
were measured) Acidiphilium STH was grown in 250-ml conical flasks containing 100 ml
of medium and was then incubated, unshaken, at 30°C.

Preparation of Ferric Iron Minerals

Samples of amorphous ferric hydroxide, goethite (a-FeOOH) and akageneite (3-FeOOH)
were prepared by alkali precipitation from a ferric chloride solution, using the methods
described by Atkinson et al. (1977) and Lovley and Phillips (1986). The basic iron sulfate
minerals jarosite [KFe,(SO4),(OH)g ] and natrojarosite [NaFe;(SO4)>(OH)g] were produced
biologically by using the type strain of 7. ferrooxidans (Lazaroff et al. 1982). Hematite was
obtained from a geological museum sample (provided by Dr. David Jenkins, University
of Wales, Bangor) and ground to a fine powder by using a Heiko vibrating mill. Finally,
the mixed ferrous/ferric iron mineral, magnetite, was purchased from Merck UK Ltd. Each
compound was dried, ground, analyzed by X-ray diffraction analysis and compared with
published data (Brindley and Brown 1984) to confirm its identity.

Determination of Specific Rates of Ferric Iron Reduction
and Reductive Dissolution

Specific rates of reduction of soluble ferric iron and reductive dissolution of ferric iron-
containing minerals were determined by using cell suspensions of cultures grown to early
stationary phase. Acidiphilium SJH was grown in liquid medium containing 25 mM ferric
sulfate; the cells were harvested by centrifugation, washed in iron-free liquid medium, and
re-centrifuged. The bacteria were then redispersed in a small volume of liquid medium,
and the protein concentration of the cell suspension was measured. The washed cells were
finally put into 30-ml universal bottles and iron-free liquid medium was added. Ferric sulfate
was added to some of the bottles, to give a final concentration of 25 mM soluble ferric iron.
Ferric iron-containing minerals were added to other bottles to give a final concentration
of 0.5% (w/v) in each case. At the start of the experiment each universal bottle contained
20 ml of cell suspension with a protein concentration of 0.5 mg/ml. The bacteria/mineral
suspensions were incubated at 30°C, and soluble ferrous iron concentrations were measured
at regular intervals.
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Effect of Cell Contact on the Dissolution of Amorphous Ferric
Hydroxide by Acidiphiliuom SJH

Acidiphilium SJH was grown in batch cultures in which the bacteria and amorphous ferric
hydroxide were physically separated. Visking dialysis tubing (24 mm diameter; Medicell
Ltd., London, UK) was boiled for 5 min in a solution containing 0.5% (w/v) ethylenediamine
tetraacetic acid (EDTA) and 2% (w/v) sodium bicarbonate, which was followed by a second
5-min boiling in distilled water to remove metal ions and ensure a uniform pore size. The
tube was then filled with 10 ml of a 2% suspension of amorphous ferric hydroxide in liquid
medium, the ends were tied, and the sac was placed in 250-ml conical flasks containing
90 ml of liquid medium. Culture media were heat-sterilized, inoculated with Acidiphilium
SJH, and incubated without shaking at 30°C for as long as 12 days. Changes in both total
iron and ferrous iron concentrations were recorded.

Effect of Culture pH on the Dissolution of Amorphous Ferric
Hydroxide and Magnetite

Acidiphilium SJH was grown in batch culture in liquid medium containing 0.2% (w/v)
amorphous ferric hydroxide, adjusted to either pH 2.0 or 2.8 with sulfuric acid. Changes in
culture pH and concentrations of total iron and ferrous iron were measured over a period
of 12 days. Acidiphilium SJH was also grown in batch cultures of liquid media containing
0.1% (w/v) magnetite, with pH adjusted initially to either pH 2.0 or 3.0. Cultures were
incubated for as long as 22 days, and the ferrous iron and total iron concentrations were
measured at regular intervals.

Dissolution of Amorphous Ferric Hydroxide by Killed Bacterial Biomass
and Cell-Free Spent Medium

Cultures of Acidiphilium SJH were grown in liquid medium containing 25 mM soluble
ferric sulfate for 6 days, by which time most of the iron had been reduced to the ferrous
form. One culture was then sterilized by heat treatment (120°C for 20 min), whereas the
cells were removed from the other by membrane filtration (0.2-um pore size, cellulose
nitrate filters; Millipore Ltd., Bedford, MA). Both treated cultures were then supplemented
with 0.2% (w/v) amorphous ferric hydroxide and incubated for another 10 days at 30°C,
during which the concentrations of total iron and ferrous iron were monitored. A separate
sterile control of fresh liquid medium supplemented with 25 mM ferrous sulfate was also
incubated.

Effect of Chelating Agents on the Reductive Dissolution of Ferric
Iron Minerals by Acidiphilium SJH

The effects of the metal chelators EDTA and diethylenetriamine pentaacetic acid (DPTA)
on the reductive dissolution of goethite by Acidiphilium SJH was assessed in unshaken
batch cultures. Liquid medium containing 0.2% (w/v) goethite and either EDTA (final
concentration 5 mM) or DPTA (final concentration 2.5 mM) were inoculated with acid-
washed (10 mM sulfuric acid) Acidiphilium SJH grown to early stationary phase. Control
cultures containing no metal-chelating agents were also prepared. All cultures were adjusted
to pH 2.0 with sulfuric acid and were incubated at 30 °C for as long as 48 days. Concentrations
of total soluble iron were measured at regular intervals during this time. The effect of
5 mM EDTA on the specific rate of reductive dissolution of amorphous ferric hydroxide
was also determined, using the method described above. Cell suspensions of stationary
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phase cells were washed, concentrated, resuspended in liquid media, and amended with
0.5% (w/v) amorphous ferric hydroxide and 5 mM EDTA. The bacterial suspensions were
then incubated at 30°C and the total soluble iron concentrations were measured at regular
intervals.

Analytical Methods

Ferrous iron concentrations were measured with the ferrozine reagent (Lovley and Phillips
1987); total iron concentrations were measured by atomic absorption spectrophotome-
try. Protein concentrations were determined by the Folin-Lowry method (Lowry et al.
1951), using bovine serum albumin as standard. The pH values of cultures and media
were recorded with a pHase Rapid Renew glass electrode (Merck Ltd.) fitted to an EIL
pH meter. X-ray diffraction analysis of finely ground mineral samples was carried
out with equipment supplied by Philips Ltd., scanning over the range 2-50° at a rate of
1° 26/min.

Results

Specific Rates of Reduction of Soluble and Solid-Phase
Ferric Iron by Acidiphilium S/H

Acidiphilium SJH was able to catalyze the reductive dissolution of all of the ferric iron-
containing minerals tested (except hematite), although the rates of solubilization varied
considerably (Figure 1). Under the experimental conditions used, ferrous iron production
was linear over a period of at least 5.25 h, and because the concentrations of protein in each
of the bacteria/mineral mixtures were identical and did not change during this time (data
not shown), the line graphs in Figure 1 give a direct comparison of the specific rates of
iron reduction with the different minerals. The reductive dissolution of amorphous ferric
hydroxide was much more rapid than all of the crystalline iron minerals and, as anticipated,
the fastest rates of iron reduction were found with soluble ferric iron rather than solid-phase
ferric minerals. Calculations of the specific rates of iron reduction by Acidiphilium SJH are
given in Table 1.

TABLE 1 Specific rates of reduction of soluble
ferric iron and ferric iron-containing minerals by
Acidiphilium SJH (mean + SD)

Specific rate of Fe3* reduction

Iron form (ug -min~! -mg~! protein)
Soluble Fe3* 1.46 + 0.46
Amorphous Fe(OH); 0.76 = 0.10
Magnetite 0.33 = 0.04
Goethite 0.17 = 0.05
Natrojarosite 0.17 £ 0.01
Akaganeite 0.08 = 0.05
Jarosite 0.06 = 0.02
Hematite no significant dissolution

n = 4, except for natrojarosite, where n = 2.
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FIGURE 1 Reduction of (a) soluble ferric iron (®), amorphous ferric hydroxide (©), mag-
netite (a), goethite (v), (b) natrojarosite (m), jarosite (o), akaganeite () and hematite (¢) by
Acidiphilium SJH. Cells were grown to early stationary phase, and harvested suspensions
(containing identical protein concentrations) were incubated in the presence of 25 mM ferric
iron or 0.5% (w/v) iron mineral at 30°C. Glycerol (10 mM) was added as electron donor,
and changes in ferrous iron concentrations measured with the ferrozine reagent. Each point
represents the mean of four cultures (two in the case of natrojarosite), and error bars show
standard deviations.
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Mechanism of Reductive Dissolution of Amorphous
Ferric Hydroxide by Acidiphilium SJH

Several experiments were carried out to elucidate the mechanism whereby Acidiphilium
SJH accelerated the reductive dissolution of ferric iron minerals. Because the fastest rate
of reduction was found with amorphous ferric hydroxide (Figure 1), we used this com-
pound for the majority of subsequent experiments. Preventing direct contact between the
bacteria and solid-phase ferric hydroxide (by containing the latter in a dialysis sac) caused
the rate of mineral dissolution to be lower than in those where contact was allowed, al-
though solubilization of ferric hydroxide was still considerably greater in the former cul-
tures than in sterile controls (Figure 2). The data in Figure 2 show changes in total soluble
iron concentrations with time in inoculated and control cultures. Measurements of ferrous
iron concentrations (not shown) showed that all of the soluble iron in inoculated cultures
was present in the ferrous form, whereas in the uninoculated cultures it was exclusively
ferric iron.

A key parameter in determining rates of dissolution of amorphous and crystalline ferric
iron minerals by Acidiphilium SJH was culture pH (Figure 3). In cultures adjusted initially
to pH 2.8, no dissolution of ferric hydroxide was observed in sterile cultures, and (at this pH)
the addition of Acidiphilium SJH resulted in an additional 2 mM soluble iron during 12 days
of culture incubation (Figure 3a). In contrast, although the mean concentrations of soluble
iron in bacteria-free cultures set at pH 2.0 were 1.5 mM greater after 12 days than at the

15 g

[Fe] (mM)

14

Time (d)

FIGURE 2 The effect of bacterial/mineral contact on the dissolution of amorphous ferric
hydroxide by batch cultures of Acidiphilium SJH. Bacteria were grown in unshaken flasks
containing ferric hydroxide that was held in dialysis sacs (“no contact”) or free in the
culture suspension (“contact”). (®) + Acidiphilium STH/contact; (a) + Acidiphilium STH/no
contact; hollow symbols (O, A) are from corresponding sterile control cultures. Each point
represents the mean value of triplicate cultures, and error bars are standard deviations.
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FIGURE 3 The effect of medium pH on the dissolution of (a) ferric hydroxide and (b)
magnetite by batch cultures of Acidiphilium SJH. (a) Cultures adjusted initially to pH 2.0;
(®) cultures adjusted initially to pH 2.8 [Fe(OH)3] or 3.0 (magnetite); hollow symbols (0, A)
are from corresponding sterile control cultures. Each point represents the mean value of
triplicate cultures, and error bars are standard deviations.
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start of the experiment, those in cultures inoculated with Acidiphilium SJH had increased
by ~10 mM. As with the dialysis sac experiment, soluble iron in inoculated cultures was
exclusively ferrous iron, whereas that in the sterile cultures was in exclusively ferric iron.
Similar trends were observed in the case of magnetite (Figure 3b), for which the reductive
dissolution after 23 days of incubation, determined from differences in concentrations of
soluble iron, was approximately eightfold greater in cultures adjusted initially to pH 2.0 than
in those set at 3.0. Because of the poor buffering capacity of the medium used, the reductive
dissolution of ferric iron minerals often resulted in increased pH values; for example, those
in the magnetite-containing cultures set originally at pH 2.0 rose to a mean value of pH 2.7
over the 22-day incubation period.

Whether the reductive dissolution of ferric iron minerals by Acidiphilium SJH was
enzymatic, catalyzed by the production of extracellular products (which may again be
enzymes), or both, was tested by comparing the solubilization of ferric hydroxide by
heat-killed cultures and cell-free spent media with a control containing basal salts and
an equivalent amount of ferrous sulfate. The results, shown in Figure 4, indicate that min-
eral dissolution was enhanced by both heat-killed cultures and cell-free medium, and in both
cases rates were similar to those observed when using live batch cultures of Acidiphilium
SJH (Figure 2). The data in Figure 4 have been adjusted to account for the initial solu-
ble iron present in each case. In contrast to cultures containing viable cells, the soluble
iron produced from the dissolution of ferric hydroxide by sterile spent Acidiphilium SJH
medium was exclusively ferric iron; there was no evidence of any reduction of iron in these
cultures.

[Fe] solubilized (mM)

Time (h)

FIGURE 4 Dissolution of amorphous ferric hydroxide in filtered (0.2-um pores; ®) and
autoclaved (120°C, 15 min; a) spent media of Acidiphilium SJH, grown to stationary phase.
Control flasks (m) contained sterile liquid medium to which 23 mM Fe(Il) was added.
The graph shows the increase in total soluble iron, as measured by atomic absorption
spectrophotometry, with time. Each point represents the mean value from duplicate flasks,
and error bars are standard deviations.
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Effect of Chelating Agents on Mineral Dissolution by Acidiphilium SJH

The comparative effects of 5 mM EDTA and 2.5 mM DPTA on the dissolution of goethite
by Acidiphilium SJH are shown in Figure 5. After 48 days of incubation, the dissolution of
goethite in cultures containing both Acidiphilium SJH and EDTA was about twice that in
those containing EDTA alone and this, in turn, was ~50% more than in cultures containing
Acidiphilium SJH and no chelating agent. Enhanced goethite dissolution by Acidiphilium
SJH was also observed when DPTA was added to cultures, though the effect was less
pronounced, possibly because of the lower concentration of DPTA used. In this case, mineral
dissolution by Acidiphilium SJH (DPTA-free cultures) was found to be superior to that
brought about by the chelating agent alone. The effect of EDTA on the dissolution of
amorphous ferric hydroxide by Acidiphilium SJH was less pronounced than with goethite
(Table 2). As with the other experiments using harvested cell suspensions (Figure 1), the
increase in soluble iron concentrations was linear during the relatively short (4-h) incubation
period, so specific rates of mineral dissolution could be readily evaluated.

Analysis of ferrous iron using the ferrozine reagent was not possible in these exper-
iments; the chelating agents interfered with the assay (data not shown) so the speciation
of iron could not be established. Attempts using other colorimetric (e.g., phenanthroline)
and titrimetric (e.g., ceric sulfate) reagents also proved ineffective (data not shown). Micro-
scopic examination of cultures indicated that Acidiphilium SJTH was not adversely affected
by the concentrations of EDTA and DPTA used in these experiments.

Discussion

The acidophilic heterotrophic bacterium Acidiphilium SJH is able to catalyze the reductive
dissolution of a wide range of ferric iron-containing minerals. The relative rates of mineral
dissolution appear to correlate with the structural stability of the mineral. For example, the
standard free energy of formation (A G °) of ferric hydroxide is —91 kJ/mol, whereas values
for goethite and hematite are —489 and —739 kJ/mol, respectively (Arnold et al. 1986; Lide
1995). Similar trends have been noted with pure cultures of the fermentative neutrophile
Clostridium butyricum (Munch and Ottow 1980) and in mixed populations in constructed
wetlands (Tarutis and Unz 1995). Neutrophilic Shewanella spp. have been shown to cause
the reductive dissolution of both goethite and hematite (Arnold et al. 1988; Roden and
Zachara 1996).

Data from the experiments described in this report suggest that Acidiphilium SJH accel-
erates mineral dissolution by way of an indirect mechanism. In contrast to the neutrophilic

TABLE 2 Effect of 5 mM EDTA on the
dissolution of amorphous ferric hydroxide by
Acidiphilium SJH (mean + SD)

Specific rate of mineral

Treatment dissolution
Inoculated, +EDTA 0.73 £ 0.09¢
Inoculated, —EDTA 0.63 £ 0.03¢
Uninoculated, +EDTA 0.68 + 0.10°
Uninoculated, —EDTA 0.08 = 0.017

n = 3 for all cultures.
“Fe solubilized, pg - min~'- mg™! protein.
bFe solubilized, g - min~'.
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FIGURE 5 The effect of (a) 5.0 mM EDTA and (b) 2.5 mM DPTA on the dissolution
of goethite by Acidiphilium SJH. (@) Inoculated cultures containing chelating agent; ()
uninoculated cultures containing chelating agent; (a) inoculated cultures without chelating
agent; (A) uninoculated cultures without chelating agent. Each point represents the mean
value of triplicate cultures, and error bars are standard deviations.
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bacteria C. butyricum, Bacillus polymyxa, and S. putrefaciens, contact between bacteria and
ferric mineral was not necessary for mineral dissolution to occur. The fact that ferric hy-
droxide was solubilized by Acidiphilium SJH at a slower rate when the two were physically
separated could have resulted from the dialysis sac decreasing the diffusion of chemically
solubilized ferric iron from the sac to the outer bacteria-containing solution. Culture pH had
a major impact on ferric mineral dissolution by Acidiphilium SJH, the cultures at very low
pH (2.0) being far superior to those at pH 2.8-3.0. This was not attributable to a direct effect
of pH of the growth and activity of Acidiphilium SJH, the pH optimum of which is ~3.0
(D.B. Johnson, unpubl. data). Chemical dissolution of amorphous ferric hydroxide was also
more pronounced at pH 2.0 than at 2.8, though the soluble iron produced was exclusively
in the ferric form. Soluble ferric iron is very readily reduced to ferrous iron by Acidiphilium
SJH under conditions of limited aeration. This would cause a shift in equilibrium between
solid-phase and soluble ferric iron, resulting in more chemical dissolution of the mineral,
as follows:

Fe(OH); — Felt ... (+Acidiphilium STH) — Fell ...

A similar scenario of slightly enhanced chemical dissolution and greatly enhanced
biological dissolution was observed with magnetite, though the time course involved was
far greater than with amorphous ferric hydroxide, for reasons described above. Ferric iron
minerals are known to be more soluble in low-pH than in near-neutral solutions, because of
the adsorption of protons to the mineral surface, which causes ferric iron to be released from
the lattice structure (Wieland et al. 1988). The rate-limiting step in the reductive dissolution
of iron minerals is that of FeJyiy pase — Felorupe» areaction that can be accelerated by adding
iron-chelating compounds such as EDTA and DPTA. Addition of these chelating agent to
cultures of Acidiphilium SJH enhanced goethite dissolution compared with that in cultures
containing either bacteria or chelating agent alone, as would be predicted from the proposed
mechanism of mineral dissolution by Acidiphilium SJH. Iron-complexing agents such as
EDTA and nitrilotriacetic acid have been used frequently in the study of iron reduction by
neutrophilic bacteria. Arnold et al. (1988) found that the specific rates of dissolution of
goethite and hematite by S. putrefaciens increased ~15- and 6-fold, respectively, when
1.86 mM EDTA was added. A much smaller effect of accentuated goethite dissolution
by EDTA was found with Acidiphilium SJH; however, dissolution of ferric iron minerals
by chelating agents is known to be slower in acidic solutions because the chelate is more
protonated at low pH values (Laitinen and Harris 1975).

Iron reduction by Acidiphilium SJH appears to be mediated by an enzyme system as-
sociated with the bacterial cells. No iron reduction activity was found in heat-killed cells
or in cell-free spent media. The location of this “iron reductase” is not known at present,
though logically (given the insolubility of ferric iron at the cytoplasmic pH of Acidiphilium
spp.) it would be outside of the cell membrane, for example, in the periplasmic space of
these Gram-negative bacteria. An intriguing finding was that Acidiphilium SJH appears
to produce a heat-stable extracellular compound that accelerates the dissolution of ferric
iron-containing minerals but does not catalyze iron reduction. A variety of organic acids
(e.g., citric, oxalic, ascorbic) can act as nonspecific chelators of iron, whereas other materials
(most notably siderophores) are very specific, high-affinity chelators of the metal. However,
extensive analyses of spent media of Acidiphilium SJH have failed to identify a metabolite,
such as an organic acid, that might be responsible for the enhanced dissolution of iron
mineral.

The reductive dissolution of magnetite by Acidiphilium SJH is particularly interesting.
Magnetite (which, in contrast to the other iron minerals used, contains a mixture of both
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ferrous and ferric ions) is an end product of dissimilatory iron reduction by Geobacter met-
allireducens and some other neutrophilic bacteria (Lovley 1991) and was once considered
not to be further reduced by microorganisms. However, S. putrefaciens is known to bring
about the reductive dissolution of magnetite in mildly acidic (pH 5-6) cultures (Kosta and
Nealson 1995). Abiotic dissolution of magnetite by sulfuric acid is congruent at pH < 1,
with ferrous and ferric iron being released in the ratio 2:1. However, at pH > 1, abiotic
dissolution of this mineral is incongruent; iron is predominantly released as ferrous, and
a layer of maghemite (y-Fe,;O3) forms on the mineral surface. Maghemite is thermody-
namically more stable than magnetite, and its formation results in a decrease in the rate of
mineral dissolution (White et al. 1994). The amount of ferrous iron present in magnetite-
containing cultures of Acidiphilium SJH at the end of the incubation period was greater than
that originally present in the mineral itself (>90% of the mineral iron was by then present
as soluble ferrous iron), indicating that the dissolution of this mineral by the bacteria again
involved iron reduction. The reduction of ferric iron released from the magnetite would
have precluded the formation of surface coatings of maghemite, thereby facilitating con-
gruent reductive dissolution of the mineral rather than the partial incongruent dissolution
that occurs in abiotic solutions.
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