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Environ. Sci. Technol. 1996, 30, 1618—1628

Microbial Reduction of
Crystalline Iron(l1l) Oxides:
Influence of Oxide Surface Area
and Potential for Cell Growth

ERIC E. RODEN*T AND
JOHN M. ZACHARA?

Department of Biological Sciences, The University of Alabama,
Box 870344, Tuscaloosa, Alabama 35487-0344, and Earth and
Environmental Sciences Center, Battelle Pacific National
Laboratory, MS K3-61, Richland, Washington 99352

Quantitative aspects of microbial crystalline iron-

(111) oxide reduction were examined using a dissimilatory
iron(lll) oxide-reducing bacterium (Shewanella alga
strain BrY). The initial rate and long-term extent of
reduction of a range of synthetic iron(lll) oxides
were linearly correlated with oxide surface area. Oxide
reduction rates reached an asymptote at cell
concentrations in excess of ~1 x 10%m? of oxide
surface. Experiments with microbially reduced goethite
that had been washed with pH 5 sodium acetate

to remove adsorbed Fe(ll) suggested that formation
of a Fe(ll) surface phase (adsorbed or precipitated)
limited the extent of iron(lll) oxide reduction. These
results demonstrated explicitly that the rate and
extent of microbial iron(I1l) oxide reduction is controlled
by the surface area and site concentration of the
solid phase. Strain BrY grew in media with synthetic
goethite as the sole electron acceptor. The quantity
of cells produced per micromole of goethite reduced
(2.5 x 10%) was comparable to that determined previ-
ously for growth of BrY and other dissimilatory Fe(lll)-
reducing bacteria coupled to amorphous iron(lIl)
oxide reduction. BrY reduced a substantial fraction
(8—18%) of the crystalline iron(lll) oxide content of

a variety of soil and subsurface materials, and
several cultures containing these materials were
transferred repeatedly with continued active Fe(lll)
reduction. These findings indicate that Fe(lll)-
reducing bacteria may be able to survive and produce
significant quantities of Fe(ll) in anaerobic soil and
subsurface environments where crystalline iron(ll1)
oxides (e.g., goethite) are the dominant forms of Fe-

(111) available for microbial reduction. Results suggest
that the potential for cell growth and Fe(ll) generation
will be determined by the iron(lll) oxide surface site
concentration in the soil or sediment matrix.
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Introduction

Reduction of iron(l1l) oxides has an important influence
on the geochemistry of anaerobic soils and sediments (1—
3), and recent studies have demonstrated that direct
microbial (i.e., enzymatic) catalysis is responsible for most
of the Fe(ll1) reduction occurring under non-sulfidogenic
anaerobic conditions (3, 4). Amorphous iron(ll1) oxide is
considered to be the predominant form of Fe(lll) reduced
in these environments (3), because very little of the iron in
crystalline iron(lll) oxides (e.g., goethite, hematite) has
appeared available for reduction by Fe(lll)-reducing bac-
teria (5—7). However, in many soils, sediments, and
subsurface materials crystalline iron(l1l) oxides are more
abundant than amorphous iron(l11) oxide (8). Reduction
of even a minor amount of these compounds could
significantly influence the inorganic geochemistry of such
environments by causing the release of soluble Fe2* and
other adsorbed species (e.g., phosphate, trace metals) or
by providing a reactive Fe(ll) surface capable of participating
in secondary redox or mineral-forming reactions.

Although particle size and surface area have been
implicated as major factors controlling the susceptibility
of various iron(lll) oxides to microbial reduction (3, 9),
explicit experimental evidence for this assertion is not yet
available. Increased understanding of how these and other
factors may control the rate and extent of microbial
reduction of different iron(l1l) oxide phases is important
given the influence this process has on the geochemistry
of anaerobic environments and particularly in light of recent
reports which suggest that microbial iron(l11) oxide reduc-
tion may play an important role in the degradation of various
kinds of organic contaminants (10—16). In this study, we
examined the microbial reduction of several differentiron-
(111) oxides using the dissimilatory Fe(lll)-reducing bac-
terium Shewanella alga strain BrY (17) (hereafter referred
to as strain BrY) as a test organism. We sought to
quantitatively assess the influence of iron(l11) oxide surface-
related factors on the initial rate and long-term extent of
microbial iron(l11) oxide reduction. In addition, we evalu-
ated the potential for bacterial growth with synthetic and
soil-born crystalline iron(l11) oxides as electron acceptors.

Materials and Methods

Growth Mediaand Cultivation. Strain BrY was maintained
on tryptic soy agar slants (30 g L~ tryptic soy broth (TSB),
15 g L1 agar; Difco Laboratories, Detroit, M) incubated
aerobically at 30 °C and routinely cultured in liquid TSB
medium on a rotary shaker (150 rpm) at 37 °C.

The composition of basal medium used for iron(111) oxide
reduction experiments was (mM): NH4CI (28.0), KH,PO,
(4.4), CaCl,-2H,0 (1.0), and 1,4-piperazinediethanesulfonic
acid (PIPES) (10.0). The medium was supplemented with
10 mL each of vitamin and trace mineral solutions described
previously (7). Unless specified otherwise, sodium lactate
(5 or 30 mM) served as the electron donor for Fe(lll)
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reduction experiments. The pH of the basal medium
(including lactate) was adjusted to 7.0 prior to dispensing
it into anaerobic pressure tubes (Bellco Glass, Vineland,
NJ) or serum bottles containing the appropriate quantity
of iron(l11) oxide. The medium was bubbled for 5—10 min
with N, that had been passed through a column of hot
reduced copper to remove traces of O,. The tubes or vials
were capped with thick butyl rubber stoppers, crimp sealed,
and autoclaved (121 °C, 20 min). Fe(lll) reduction experi-
ments were conducted at 30 or 35 °C in the dark.

Preparation and Characterization of Iron(l11) Oxides.
Amorphous iron(l11) oxide was prepared by neutralizing a
0.4 M solution of FeCl3-6H,0 with 1 M NaOH and washing
with distilled water (18). The amorphous Fe(lll) gel was
used wet, except for one experiment for which a portion
of the gel was freeze-dried and passed through a 100 um
sieve prior to addition to Fe(lll)-reducing medium. This
procedure led to the formation of 2-line ferrihydrite, as
revealed by a high degree of particle aggregation and broad
X-ray diffraction peaks at 2.5 and 1.4 A, consistent with
those described by Schwertmann and Cornell (19).

Three different goethites (a-FeOOH) of varying surface
areawere synthesized. Medium surface area (MSA) goethite
was formed by adjusting the pH of a 0.4 M solution of FeCl3--
6H,0 to 13 with 4 N NaOH and incubating the suspension
at 70 °C for 16 h (19). Low surface area (LSA) goethite was
produced from a portion of the same suspension used to
form MSA goethite, with the exception that the suspension
was aged at 70 °C for 3 days. Both LSA and MSA goethite
were washed by centrifugation until the ClI~ concentration
was <0.5 mM. The oxides were then freeze-dried and
passed through a 100-um sieve. High surface area (HSA)
goethite was synthesized by slow (48 h) air oxidation of
FeCl, (50 mM) in a circumneutral bicarbonate (5 mM)-
buffered solution (20). The resulting suspension was
washed free of salt by dialysis, freeze-dried, and passed
through a 100-um sieve. The different goethites were
examined by X-ray diffraction (XRD) and showed no
evidence of crystalline impurities. Broadening of XRD
diffraction maxima was observed for the MSA and HSA
goethite consistent with their particle size (21).

Hematite (Fe,O3; powder) was purchased from Baker
Chemical Co. The hematite was heated at 750 °C for 2 h,
allowed to cool, and passed through a 100-um sieve prior
to addition to Fe(lll)-reducing medium. X-ray diffraction
analysis confirmed the identity and high degree of crystal-
linity of this material.

The amount of Fe(l11) that could be extracted from the
different iron(l1l) oxides with (i) 0.25 M hydroxylamine
hydrochloride in 0.25 M HCI and (ii) ammonium oxalate
was determined as described below. The total Fe content
(umol g oxide 1) of the oxides was determined by dissolving
them in 12 N HCI and analyzing the Fe content of diluted
portions of the extract as described below.

The surface area of the different freeze-dried iron(lll)
oxides was determined by multipoint BET analysis with N,
as the adsorbate. It was not possible to determine the
surface area of the amorphous Fe(l11) gel by BET analysis.
So that results obtained with this material could be included
in quantitative analyses of the rate/extent of microbial iron-
(111) oxide reduction as a function of oxide surface area, we
adopted avalue of 600 m2g~1 based on extensive discussions
and recommendations given in refs 22 and 23. This value
is similar to that of 500 m? g~! determined by Zinder et al.

(24) for comparable amorphous iron(l11) oxide preparations
by particle size measurements.

The different iron(l11) oxides were examined by trans-
mission electron microscopy (TEM) to determine the typical
size range of individual particles and to assess the degree
of particle aggregation. Unstained whole mounts of oxides
suspended in distilled water were prepared on formvar and
carbon-coated 200-nm copper grids and examined with a
Phillips 400-TEM working at 120 kV. To obtain a standard
measure of particles size for oxides of different morphology,
length—width measurements were inserted into the simple
formula (e.g., see ref 25):

average particle size = (length x width)'2

Soil and Subsurface Materials. Previously characterized
(26—28) soil and subsurface materials containing iron(l1l)
oxides were also used in Fe(l11) reduction experiments. The
natural materials fell into two categories on the basis of
their mineralogy and the nature of the particle association
of the iron(lll) oxide fraction: (i) iron(lll) oxide-coated
quartzitic sands and (ii) iron(I11) oxide/layer silicate mix-
tures. The iron(lll) oxide-coated sands (Dover, Milford,
and Oyster) were Pliocene and Pleistocene Age Atlantic
coastal plain sediments collected from gravel pitsin Virginia
and Delaware. Theiron(l1l) oxide/layered silicate mixtures
were obtained from ultisols in Tennessee (Holston/Cloud-
land, Typic Fragiudult; designated HC) and North Carolina
(Cecil/Pacolet, Typic Hapludult; designated CP). The soils
differ intheir clay mineralogy with the HC being dominated
by 2:1 layer silicates and the CP being dominated by
kaolinite; the HC consequently exhibited a much higher
cation exchange capacity than the CP. Samples from
different horizons of the soils were used: HC-90 (BT, 80—
12 cm), HC-92 (E, 15—30 cm), HC-93 (B¢, 40—80 cm), HC-
95(C, 120—190cm), CP-70(BC, 40—90 cm), CP-71 (Ap,0—15
cm), and CP-72 (B;, 15—40 cm). The amount of Fe(lIl)
extractable by hydroxylamine hydrochloride, ammonium
oxalate, and dithionite—citrate was determined as described
below. Additional properties of these materials are reported
elsewhere (26—28).

Fe(111) Reduction Experiments with TSB Grown Cells.
Previous studies (29) have shown that strain BrY produces
large quantities of iron(l1l) reductase during late expo-
nential/early stationary growth phase in aerobic TSB
medium. A series of Fe(lll) reduction experiments was
therefore conducted using late exponential phase (16 h)
TSB-grown strain BrY cells. In most cases, unwashed,
undiluted N-sparged cell suspensions were prepared
directly from the TSB cultures under sterile conditions. This
approach allowed sterile acquisition of a large number of
cells that were free of the chelator citrate typically present
in liquid Fe(ll1)-reducer culture media. For some experi-
ments, TSB-grown cells were collected by centrifugation
(7500g, 10 min, 4 °C), resuspended in anaerobic PIPES buffer
(10 mM, pH 7), centrifuged again, and resuspended in
anaerobic buffer prior to use as inoculum. Aliquots (0.1—-2
mL) of washed and unwashed cell suspensions were added
to pressure tubes containing sufficient Fe(lll)-reducing
medium to yield a total culture volume of 10 mL. Unless
specified otherwise, the initial cell density in these cultures
was A2 x 108 mL™1, as estimated by the relationship between
the Asoo Of TSB cultures and direct cell counts (see below)
of washed and unwashed cell suspensions prepared from
the cultures. All cell additions, transfers, and culture

VOL. 30, NO. 5, 1996 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1619



samplings were performed with sterile syringes and needles
that had been flushed with sterile, O,-free N.

Growth with Goethite Reduction. Growth experiments
with MSA goethite (500 mmol L) as the sole electron
acceptor and lactate (5 mM) or H; (30 mL) as the sole
electron donor were conducted in 100-mL culture bottles.
Starting with an inoculum of TSB-grown cells, strain BrY
was transferred five times in lactate—MSA goethite medium
prior to conducting the growth experiments. Transferswere
achieved by adding a 1-mL inoculum from an existing
culture to 10 mL of fresh medium. The inoculum used for
the final growth experiments was a culture containing an
initial lactate concentration of only 3mM, so thatan electron
donor-free control culture could be obtained. The H,—
MSA goethite medium contained 10 mM malate as a carbon
(but not electron donor) source (30). The cultures were
sampled for Fe(ll), lactate, and cell numbers at 2—4-day
intervals over an 18-day static incubation at 35 °C.

Analytical Techniques. Total Fe(ll) in the cultures was
determined by extraction (1-2 h) with 0.5 M HCI and
measurement of Fe(ll) in a 0.2-um membrane-filtered
portion of the extract with 5—10 mL of FerroZine (1 g L™%)
in 50 mM HEPES buffer (pH 7) (5). Dissolved Fe(ll) was
determined by passing a portion of culture through a 0.2-
um membrane filter directly into 5—10 mL of FerroZine.
Total dissolved Fe was determined by adding a portion of
filtered culture to 5—10 mL of FerroZine followed by the
addition of 0.25 mL of 10% hydroxylamine hydrochloride
to reduce all Fe to Fe(Il). The amount of Fe(ll) adsorbed
to iron(lll) oxide surfaces after incubation with BrY was
estimated by adding asample (0.5 mL) of culture (containing
ferrihydrite or goethite) to 2 mL of N,-bubbled 1 M sodium
acetate (pH 5) contained in asealed, N,-flushed serum vial.
After a 24-h extraction in the dark at 28 °C on a 100 rpm
rotary shaker, a 0.2-um filtered portion of the extract was
assayed for Fe(ll) with FerrozZine. Adsorbed Fe(ll) was
calculated as the difference between acetate-extractable
and dissolved Fe(ll).

Oxalate (10 mL of 28 g L~ ammonium oxalate/15 g L™!
oxalic acid, pH 3.0; 5) extractions of 20—50-mg portions of
the synthetic iron(l11) oxides or iron(l11) oxide-containing
soil materials were conducted in dark vials for 4 h at room
temperature; the contents of the vials were mixed with a
magnetic stir bar during extraction. Hydroxylamine hy-
drochloride (10 mL of 0.25 M NH,OHHCI in 0.25 M HCI;
6) and citrate—dithionite (10 mL of 0.2 M sodium citrate/
0.35 M acetic acid, pH 4.8 plus 0.5 g of sodium dithionite;
31) extractions of 20—50-mg portions of synthetic or soil
iron(l11) oxides were conducted at room temperature for
1 h with magnetic stirring. The Fe(lll) concentration in
these extracts and diluted portions of 12 N HCI digests was
determined by reducing Fe(lll) with hydroxylamine (over-
night incubation at room temperature) and measuring Fe-
(1) with FerroZine.

Lactate concentrations were determined by HPLC (32).
Cell numbers in the lactate—MSA goethite growth cultures
were quantified by taking advantage of the fact that
crystalline iron(l1l) oxides such as goethite are rapidly
dissolved by oxalate in the presence of Fe(ll) (33). One-
milliliter portions of the cultures were fixed with 0.1 mL of
25% glutaraldehyde (in a 20-mL glass vial), and 9 mL of
0.2-um filtered oxalate (same composition as above) was
added. Immediately after mixing, 1 mL of the suspension
was transferred to 9 mL of filtered oxalate. One milliliter
of a filtered, anaerobic solution of ferrous ethylenediam-
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monium sulfate (100 mM) was added, and the vials were
swirled periodically for 10 min until all of the goethite
particles had dissolved. Five milliliters of the resulting
solution was transferred to a 25 mm diameter filter tower,
0.5 mL of filtered acridine orange solution (0.1%) was added,
and the contents of the tower were mixed by swirling. After
3—4 min, the solution in the tower was filtered through a
black 0.2-um nucleopore filter, and the number of cells on
the filter was determined by epiflourescence microscopy.
Cell numbers in suspensions of unwashed and washed
TSB-grown BrY cells were determined by diluting the
suspensions 100-fold and counting the number of cells in
50-uL portions of the dilutions by acridine orange staining
and epiflourescence microscopy as described above.

Results

Control Experiments. We checked for the presence of
organic Fe chelators in the TSB growth medium used as
inoculum for many of the experiments conducted in this
study, as such compounds could potentially affect the rate/
extent of microbial iron(111) oxide reduction. The addition
of TSB (0.15% wt/vol, equal to the standard addition used
in other experiments) to sterile medium containing either
20 mmol L~ amorphous Fe(lll) or 200 mmol L™t MSA
goethite resulted in the solubilization of a minor amount
of Fe (3.2 £ 2.3 and 16.4 + 7.9 uM for the two oxides,
respectively; error represents range of duplicate tubes), 23—
29% of which was present as dissolved Fe?™. Anequivalent
amount of EDTA solubilized 30—90-fold more Fe (112 +
10.2 and 1517 + 180 uM for amorphous Fe(lll) and MSA
goethite, respectively; 2—5% present as Fe?").

Addition of TSB to medium inoculated with washed BrY
cells increased the initial rate of amorphous Fe(lll) and
MSA goethite reduction by 27 and 41%, respectively. By
comparison, a 3-fold lower amount of EDTA (0.05%) caused
asubstantially greater enhancement of the rate of reduction
of these two oxides (75% and 139%, respectively) (Roden
and Zachara, unpublished data).

Previous studies of iron(lll) oxide reduction by strain
BrY (30) and other dissimilatory Fe(lll)-reducing bacteria
(e.g., refs 7 and 34) have been conducted in bicarbonate-
buffered medium. To check whether or not the sulfonic
acid groups of the PIPES buffer used in this study could
promote iron(l11) oxide reduction in a manner analogous
to that of the carboxylic acid groups of metal chelators
such as ethylenediaminetetraacetic acid (EDTA) or nitrilo-
triaceticacid (NTA), we compared Fe(lll) reduction by TSB-
grown BrY cells in PIPES- versus bicarbonate-buffered
lactate—MSA goethite medium. Initial rates of MSA goethite
reduction in PIPES- and bicarbonate-buffered medium
(0.906 + 0.066 and 0.807 + 0.064 umol of Fe L™ min~3,
respectively) were not significantly different from one
another (t-test, p < 0.05). The amount of Fe(lll) reduced
after a 30-day incubation was also similar in the two types
of buffer (10.78 + 2.21 and 9.53 + 0.94 mmol of Fe L™,
respectively).

Effect of Iron(l1l) Oxide Concentration and Surface
Area on Initial Rates of Fe(l11) Reduction. A preliminary
comparison of amorphous Fe(lll); MSA goethite, and
hematite reduction by TSB-grown BrY cells showed that
~20 times more amorphous Fe(l1l) than goethite and ~50
times more goethite than hematite was reduced over a 5-day
incubation period (data not shown). This trend was
qualitatively consistent with the trend of decreasing particle
size and increasing surface area of these oxides (Table 1).



TABLE 1

Characteristics of Synthetic Iron(lll) Oxides

typical particle surface
oxide morphology  size range (nm) area (m? g

amorphous Fe(lll)  isometric? 2—62 600
2-line ferrihydrite  aggregated 240.8
HSA goethite lath 15-30 153.3
MSA goethite lath 50-70 55.2
LSA goethite lath 100—200 31.0
hematite spheroid 100—200 5.4

% Fe(lll)? extracted by

initial Fe(Ill) reduction % Fe(lll)
NH,OH oxalate rate¢ (nmol m=2min=%)  reduced by BrY?

100 100 0.227 £+ 0.062 4414+ 0.6
115 2.0 0.040 £ 0.003 19.8+ 1.0
0.754 0.805 0.371 £ 0.029 12.6 +£ 0.3
0.075 0.118 0.237 £ 0.023 27+0.1
0.028 0.075 0.317 £ 0.015 15+02

0.077 0.052 0.243 £ 0.059 0.64 £ 0.03

a2 From ref 19, consistent with observations made in this study. ? Relative to total Fe content determined by dissolution with 12 N HCI. ¢ Derived
from least-squares regression analysis of the linear portion (n = 3—6) of the initial Fe(lll) reduction rate vs iron(lll) oxide concentration plots shown
in Figure 1. The 5—100 mmol L™ concentration range was used for all of the oxides except amorphous Fe(lll) and hematite, for which concentration
ranges of 1-10 and 10—50 mmol L%, respectively, were used. Error terms refer to the standard error of the slope of the regression line. ¢ Slope
of the linear least-squares regression lines shown in Figure 4. Error terms refer to the standard error of the slope of the regression line.
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FIGURE 1. Initial rates of iron(lll) oxide reduction by TSB-grown
BrY cells at different initial Fe(lll) concentrations. Error bars indicate
=+ the standard error of the slope of the linear least-squares regression
of Fe(ll) concentration versus time for each Fe(lll) concentration;
error bars not visible are smaller than the size of the symbol. The
different symbols in the MSA goethite panel represent results of
two separate experiments.

As an initial test of the influence of total oxide surface area
on the rate/amount of Fe(ll) production from an individual
iron(111) oxide, we followed Fe(ll) accumulation in media
containing 500 versus 50 mmol of MSA goethite L=1 (2450
m? L=t versus 245 m? L~! of MSA goethite). Approximately
10-fold more Fe(ll) was produced in the former cultures
over a 2-week period (data not shown).

Kinetic experiments employing a broad concentration
range of different iron(lll) oxides were conducted to
examine the relationship between total oxide surface area
and Fe(l1l) reduction rate. Initial rates of Fe(lll) reduction
were linear over a 24-h incubation period for all iron(l1l)
oxides tested (data not shown). For each of the iron(lll)
oxides, the initial rate of reduction was proportional to the
initial Fe(I11) concentration (Figure 1). Complete saturation
of Fe(l1l) reduction rate with respect to Fe(l11) concentration
was not observed, although in most cases rates of Fe(lll)
reduction rates began to level off at the highest Fe(l11) levels.
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FIGURE 2. Initial rate of reduction of hematite (solid triangle pointing
right), LSA goethite (M), MSA goethite (®), HSA goethite (4), 2-line
ferrinydrite (w), and amorphous iron(lll) oxide (A) in medium
containing the same initial concentration of each iron(lll) oxide
plotted against oxide surface area. Error bars indicate + the standard
error of the slope of the linear least-squares regression of Fe(ll)
concentration versus time; error bars not visible are smaller than
the size of the symbol. The solid lines are the result of linear
regression analyses, excluding the results for 2-line ferrihydrite.

When normalized to iron(l11) oxide surface area, initial
rates of hematite; LSA, MSA, and HSA goethite; and
amorphous Fe(lll) reduction were similar, whereas the
initial rate of the highly aggregated 2-line ferrihydrite was
considerably lower (Table 1). These results are reflected in
the linear correlation between initial Fe(I11) reduction rate
and iron(l1l) oxide surface area (excluding 2-line ferrihy-
drite) when all the oxides were present at the same starting
concentration (10—100 mmol of Fe L™1) (Figure 2). Because
of the log—log relationship between average oxide particle
size (defined as the mid-value of the typical particle size
range listed in Table 1) and surface area (log surface area
= 0.324 — 1.07 x log average particle size, r2 = 0.85), a
logarithmic relationship between initial Fe(lll) reduction
rate and average oxide particle size was evident (data not
shown).

Effect of Cell Numbers on Fe(lll) Reduction Rate.
Medium containing 20 mmol L= amorphous Fe(lll) gel or
200 mmol L~ MSA goethite was inoculated with washed
cells to yield a range of cell densities of 2.7 x 107—2.2 x 10°
mL~1, and the initial rate of Fe(l1l) reduction was determined
over a 4-h incubation; the tubes were incubated on their
sides on a 100 rpm rotary shaker to facilitate interaction of
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FIGURE 3. Initial rates of amorphous iron(lll) oxide (M) and MSA
goethite (@) reduction in cultures having a range of washed, TSB-
grown BrY cell densities. Initial concentrations of amorphous Fe(lIl)
and MSA goethite were 20 and 200 mmol L™, respectively. Error
bars show =+ the standard error of the slope of the linear least-
squares regression of Fe(ll) concentration versus time for each cell
density. Error bars not visible are smaller than the size of the symbol.

cells with oxide surfaces. The relationship between Fe(l11)
reduction rate and BrY cell density approximated a
hyperbolic function (Figure 3), with the rate of Fe(lll)
reduction leveling off as cell density approached 10° mL~1.
This cell density corresponded to ~1 x 10° cells/m2 of iron-
(111) oxide surface area for both amorphous Fe(l11) and MSA
goethite, which were added to the test medium to achieve
approximately the same amount of oxide surface area per
unit volume (1 m2mL™1). Based on these results, for the
range of Fe(l1l) concentrations included in the calculation
of surface area-normalized Fe(l11) reduction rates (see Table
1), the concentration of cells/m? oxide surface ranged from
50 to 140% of the saturating concentration. This indicates
that an excess of cells may not have been present at the
highest oxide concentrations, a suggestion consistent with
the fact that Fe(l11) reduction rate:available oxide surface
area ratios showed in some cases a modest (up to 50%)
decrease within the region of the plots chosen to calculate
surface area-normalized Fe(lll) reduction rates.

Effect of Oxide Surface Area on the Long-Term Extent
of Fe(lll) Reduction. Total Fe(ll) concentrations were
measured after 30 days of incubation to determine the long-
term extent (as a percentage of the initial Fe(lll) concen-
tration) of Fe(lll) reduction in the various iron(l1l) oxide
cultures. A30-day period was chosen based on preliminary
experiments with amorphous Fe(l11) gel and MSA goethite,
which indicated that Fe(l11) reduction ceased after ~3 weeks
of incubation. For a given oxide, a consistent fraction of
the Fe(l11) initially present in the cultures was reduced, as
reflected by the linear correlation between total Fe(ll)
production and initial iron(l11) oxide concentration (Figure
4). An uncertainty in the hematite reduction results
deserves mention in this regard. The long-term extent of
hematite reduction in media having initial Fe(lll) concen-
trations in excess of 250 mmol L did not follow the linear
relationship observed at lower concentrations. This devia-
tion may have resulted from damage incurred to the cells
during collision of the dense hematite particles (with
bacteria attached to them) with the walls of the culture
tubes during vigorous shaking prior to sample removal.
Such cell damage was suggested by initial Fe(l1l) reduction
rate studies in cultures with >250 mmol L~* hematite: initial
rates of Fe(ll) production in these cultures were linear for
the first 10 h but declined considerably thereafter, in
contrast to the other hematite concentrations in which Fe-
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of the regression lines in Figure 4; error bars (standard error of these
slopes) are smaller than the symbols. The solid line is the result of
linear regression analysis.

(1) production was linear over a 24-h period. Only the
tubes having initial Fe(lll) concentration of <250 mmol
L~1were considered in the linear regression shown in Figure
4,

The long-term extent of iron(l11) oxide reduction was
linearly related to the specific surface area of the different
oxides (Figure 5). Analogous to the initial Fe(l1l) reduction
rate data, a logarithmic relationship between extent of
reduction and average particle size was evident (data not
shown). The extent of amorphous Fe(lll) gel reduction
(44%) was comparable to that observed previously for strain
BrY (30) and other dissimilatory Fe(lll) reducers and Fe-
(111)-reducing enrichment cultures (5—7, 34). The extent
of MSA goethite reduction was also comparable to the extent
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FIGURE 6. Reduction (by fresh TSB-grown BrY cells) of prereduced
MSA goethite that had been washed with either 1 M sodium acetate
(pH 5) or 10 mM PIPES buffer (pH 7). The results are the means of
single determinations of total (dissolved plus adsorbed) Fe(ll) (0.5
N HCl extraction) or duplicate cultures; error bars bracket the range
of the duplicate samples.

of goethite reduction by other dissimilatory Fe(l11)-reducing
bacteriaand Fe(lll)-reducing enrichment cultures reported
previously (5—7). The extent of 2-line ferrihydrite reduction
was in agreement with what would be expected based on
its surface area, indicating that its initial slow rate of
reduction was not reflective of a long-term resistance to
reduction.

Only asmall fraction (<10%) of total Fe(Il) was accounted
for by dissolved Fe2* in various iron(l11) oxide cultures after
30-day incubation. On a shorter time scale (24-h incuba-
tion), the ratio of dissolved:total Fe(ll) declined from 10—
25% in goethite and 2-line ferrihydrite cultures with initial
Fe(lll) concentrations of 1—10 mmol L=1to <5% in cultures
with =250 mmol of Fe(Ill) L=, In each instance, the major
portion of the Fe(ll) produced was either incorporated into
an adsorption complex or a precipitate on the iron(l11) oxide
surface. Evidence for Fe?™ adsorption was obtained by
extracting the oxides with O,-free 1 M sodium acetate (pH
5) (35, 36), which liberated 64, 58, 71, and 74% of the 0.5
M HCl-soluble Fe(Il) present in the 2-line ferrihydrite, LSA
goethite, MSA goethite, and HSA goethite cultures, respec-
tively, after 24-h incubation.

Our observations of Fe?* accumulation on iron(l11) oxide
surfaces suggested the possibility that saturation of surface
hydroxyl groups with adsorbed Fe(ll) or formation of a
surface-coating phase could limit microbial Fe(lll) reduc-
tion. This hypothesis was evaluated by washing previously
reduced (by strain BrY) MSA goethite with pH 5 sodium
acetate to remove adsorbed Fe(ll) and comparing the rate
of reduction of this material by fresh TSB-grown cells to
that of reduced goethite washed with pH 7 PIPES buffer.
Washing with sodium acetate removed approximately 75%
of the 0.5 M HCl-extractable Fe(ll) from the reduced
goethite, whereas washing with PIPES buffer removed <10%
of the Fe(ll). The sodium acetate-extractable Fe(ll) (~1.4
mmol L~1) was close to the divalent cation sorption capacity
(1.2 mmol LY for MSA goethite at this suspension
concentration (2.5 x 102 m2 L~1) using the value measured
for Pb2* (37) by assuming a site density of 3 sites nm=2. A
much larger amount of the sodium acetate-washed goethite
was reduced (=1 mmol L) over a 3-day period compared
to the PIPES-washed material (0.2 mmol L) (Figure 6),
indicating that the presence of adsorbed Fe(ll) limited the
extent of goethite reduction. The total quantity of Fe(ll)
formed in the sodium acetate-washed goethite cultures after
30-day incubation (1.7 mmol L~1) was comparable to that
present in the PIPES-washed cultures (1.9 mmol L™1) and
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FIGURE 7. Reduction of Fe(lll) in subsurface (Oyster, Milford, Dover)
and soil (HC, CP) materials by TSB-grown BrY cells. Panel A: Oyster
(@), Milford(m), and Dover (). Panel B: HC-90 (m), HC-92 (®), HC-93
(#), and HC-95 (A). Panel C: CP-70 (m), CP-71 (@), and CP-72 (4).
Results are means of single determinations on duplicate cultures
containing 1—2.5 g of material; error bars bracket the range of the
duplicate samples; error bars not visible are smaller than the size
of the symbol. The dashed lines in each panel indicate the range
of ammonium oxalate-extractable and/or hydroxylamine hydrochlo-
ride-extractable Fe(lll) in the materials.

to (as a percent of total Fe) the Fe(ll) content of the original
reduced MSA goethite suspension.

Reduction of Soil and Subsurface Materials. Significant
guantities of Fe(Il) (5—15 mmol L) accumulated in media
containing soils and subsurface materials that had been
inoculated with TSB-grown BrY cells (Figure 7). The total
amount of Fe(l1l) reduced was 5—50-fold greater than that
extractable by either hydroxylamine hydrochloride or
ammonium oxalate (Table 2), indicating reduction of
crystalline Fe(lll) phases. BrY reduced comparable amounts
of Fe(lll) in surface soil (e.g., HC-92, E horizon; CP-71, A,
horizon), subsoils (e.g., CP-70), and deeper geologic ma-
terials (Oyster, Dover, and Milford) characteristic of aquifer
sediments. While the percent of Fe(lll) reduced by BrY in
the soil materials (HC and CP) correlated with the percent
of Fe(lll) extracted by hydroxylamine (r2 = 0.93, excluding
HC-92), other correlations for the entire materials set were
notevident (properties considered in addition to extractable
Fe(lll) content included: surface area, % clay, cation
exchange capacity, and organic matter content). The
Oyster, HC-90, and CP-70 cultures were transferred 15 times
with continued active Fe(lll) reduction.

Growth of Strain BrY with Goethite Reduction. Lac-
tate—MSA goethite cultures originally inoculated with TSB-
grown BrY cells were transferred five times with continued
active Fe(lll) reduction. The fraction of MSA goethite
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TABLE 2

Characteristics of Subsurface (Oyster, Milford,
Dover) and Soil (HC, CP) Materials

% Fe(lll)? extracted by o Fe(lll) dominant

DCB Fe(lll)2  hydroxyl- reduced Fe(lll) oxide
material (gmol Fe g%  amine oxalate by BrY¢  phase
QOyster 545 0.84 3.3 18.3 feroxyhite
Milford 183 2.13 4.7 12.2 goethite
Dover 1454 0.54 0.2 12.9 hematite
HC-90 673 0.23 0.3 10.7 goethite
HC-92 175 2.64 1.0 20.5 goethite
HC-93 708 0.23 0.3 12.7 goethite
HC-95 611 0.18 0.3 8.2 goethite
CP-70 349 0.56 0.7 20.6 hematite
CP-71 814 0.42 0.6 18.9 hematite
CP-72 752 0.45 0.2 17.6 hematite

2 Dithionite—citrate buffer-extractable Fe(lll). ? (Extracted Fe(lll) - DCB
Fe(lll)) x 100. ¢ (Total Fe(ll) produced after 21-day incubation -~ DCB
Fe(lll)) x 100.
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FIGURE 8. Growth of strain BrY in lactate—MSA goethite (A) or
H,—MSA goethite (B) medium inoculated with cells that had been
grown in lactate—MSA goethite medium. The concentration of Fe-
(1) in the medium was 500 mmol L. Results are means of single
determinations on duplicate cultures; error bars bracket the range
of the duplicate samples. Inset in panel A shows the relationship
between Fe(ll) production and lactate consumption during the growth
of BrY in lactate—MSA goethite medium.

reduced did not decrease with successive transfers (mean
+ SD = 2.5 + 0.2%; n = 6), demonstrating that the TSB
present in the original culture did not enhance the long-
term extent of goethite reduction by BrY. In both lactate—
and H,—MSA goethite cultures, the production of Fe(ll)
was accompanied by an increase in cell numbers (Figure
8). Lactate consumption was concurrent with cell growth
and Fe(ll) production (Figure 8A). The ratio of Fe(ll)
produced to lactate consumed (2.8; Figure 8A, inset) was
somewhat lower (30%) than that expected (4.0) for the
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oxidation of lactate to acetate and CO, coupled to Fe(lll)
reduction, suggesting significant incorporation of carbon
into cell biomass. The amount of Fe(ll) produced (=8 mmol
L™1) in these cultures containing <5 mM lactate was lower
than the 12—15 mmol of Fe(ll) L~! produced in cultures
containing 30 mM lactate (Figure 4), presumably due the
carbon requirements for cell growth.

Discussion

Control Experiments. The addition of 0.15% (wt/vol) TSB
to sterile medium solubilized only a minor amount of
amorphous Fe(lll) and MSA goethite compared to that
solubilized by an equivalent amount of EDTA, which
suggests indirectly that the quantity of Fe(lll) chelating/
reducing agents introduced to iron(l1l) oxide-containing
media during inoculation with TSB-grown cells was mini-
mal. Considering this low degree of Fe(lll) solubilization,
itis likely that the modest enhancement of Fe(l11) reduction
rates (27—41%) observed with TSB addition was due to a
nutritional rather than a Fe(lll)-chelating effect such as
that observed with compounds like EDTA and NTA in our
own (Roden and Zachara, unpublished data) and many
other studies of microbial iron(111) oxide reduction (3). These
results, together with the finding that the long-term extent
of MSA goethite reduction did not decrease with successive
transfers of BrY out of TSB-containing medium, indicate
that the presence of TSB did not promote Fe(l11) reduction
through a ligand binding/Fe(l1l) dissolution process. In
addition, the fact that the initial rate and long-term extent
of MSA goethite reduction were the same in PIPES- and
bicarbonate-buffered medium indicates that the PIPES
buffer also did not stimulate Fe(lll) reduction through a
chelating effect. Thus, patterns of microbial iron(ll1) oxide
reduction observed in this study can be attributed primarily
to interactions of the bacteria with the surfaces of the
different iron(l11) oxide phases.

Surface Area Control of Fe(lll) Reduction Rate. Our
experiments demonstrated that the initial rate of reduction
of individual iron(l11) oxides was dependent on the amount
of oxide surface area present in the medium (Figure 1).
Similar findings were reported by Arnold et al. (38) for
hematite reduction by S. putrefaciens (Pseudomonas sp.
200). Collectively, these findings are not unexpected if one
assumes that something approaching an excess of cells,
relative to available oxide surface area, was present in the
medium (true for the lower Fe(lll) levels based on results
shown in Figure 3; see above), and if direct association of
bacteria with surface sites on the oxide is required to initiate
solid-phase Fe(lll) reduction (7, 38—40). Rates of Fe(lll)
reduction began to level off at the highest Fe(lll) levels
(Figure 1), and in most cases the data approximated a
Michaelis-type relationship analogous to that proposed
previously (38, 41), although complete saturation of Fe(lll)
reduction rate with respect to Fe(lll) concentration was
not observed.

In examining the kinetics of hematite reduction by S.
putrefaciens, Arnold et al. (38) added a chelator (NTA) to
the medium at varying levels, and hence the relationship
between Fe(lll) reduction rate and total Fe(lll) available
for reduction (i.e., the sum of solid-phase oxide surface
area and soluble Fe(l11)) could not be specified. However,
other experiments in that study suggested that hematite
dissolution by NTA was minimal and that direct bacteria—



oxide attachment was required for Fe(l1l) reduction even
in the presence of NTA. Thus, the authors argued that
hematite reduction kinetics were controlled by the reactive
mineral surface area, a conclusion supported and expanded
upon by the results presented here for additional iron(l1l)
oxides.

The initial rate of reduction of different iron(l11) oxides
present at the same molar concentration was correlated
with their specific surface area (Figure 2), a finding which
follows logically from the observation that the initial
reduction rate of individual iron(l11) oxides was correlated
with the amount of oxide surface area made available to
the bacteria (Figure 1). These results provide explicit
experimental evidence for the hypothesized (3, 9) relation-
ship between iron(lll) oxide surface area and reduction
rate across a range of oxide particle types. An exception
to the general trend occurred with 2-line ferrihydrite. This
solid was highly aggregated and was reduced relatively
slowly even though it possessed a higher surface area than
any of the goethites (Table 1). Particle aggregation may
change the fraction of total surface area that is readily
accessible (physically) to the bacteria, a change that would
not necessarily be reflected in simple N, adsorption
measurements of surface area but that could have a major
influence on rates of bacterial attachment and Fe(lll)
reduction.

A recent study (4) of manganese(lV) oxide reduction by
S. putrefaciens strain MR-1 (31) showed that highly crystal-
line, low surface area pyrolusite was reduced more slowly
than amorphous, relatively high surface area 6-MnO..
However, the relationship between manganese(lV) oxide
reduction rate and surface area was not linear, as the
pyrolusite was reduced only four times more slowly than
0-MnQO,, even though its surface area was more than 250
times lower. In addition, Arnold et al. (38) found that the
difference in reduction rate between two forms of hematite
was 2—3-fold less than that predicted based on their specific
surface areas. These findings, along with our results with
2-line ferrihydrite, indicate that factors such as crystal
structure, morphology, and free energy as well as particle
aggregation may in some instances have an important
influence on rates of microbial metal oxide reduction.
Together these considerations lend credence to the cau-
tionary statements of Arnold et al. (38) regarding the use
of specific surface area as a quantitative indicator of amount
of iron(l11) oxide surface available for microbial adhesion
and subsequent Fe(ll1) reduction.

In spite of the above caveats, our results (Figure 2) suggest
that specific area provides at least a gross indicator of the
relative abundance of iron(l11) oxide surface available for
microbial attachment and reduction. This apparent de-
pendence on surface area provides a functional explanation
for the major differences in the reduction rate of various
types of iron(111) oxides observed in this and many previous
studies (3), and in particular for differences in the rates of
amorphous versus crystalline (e.g., goethite, hematite) iron-
(111) oxide reduction. Because both the concentration of
surface sites present for enzymatic contact and the solubility
of the iron(l11) oxides correlate positively with surface area,
we cannot quantitatively differentiate their relative role in
controlling initial iron(111) oxide reduction rates. However,
our results indicate qualitatively that surface site concen-
tration is the most significant factor.

For the purpose of argument, let us assume that the free
energy of formation of an iron(l11) oxide (AG®) influences
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FIGURE9. Oxalate-extractable (A) and hydroxylamine hydrochloride-
extractable (B) Fe content of hematite (solid triangle pointing right),
LSA goethite (M), MSA goethite (®), HSA goethite (4), 2-line
ferrihydrite (¥), and amorphous iron(lll) oxide (a) plotted against
oxide surface area. The lines correspond to least-squares linear
regression fits to the data.

its microbial reducibility by controlling its solubility and
other properties of the oxide surface such as the energetics
of electron transfer, the strength of Fe?™ adsorption, and
the rate of Fe?* detachment. The observation of a
curvilinear relationship between surface area and proton-
promoted iron(lll) oxide dissolution rate (21), despite a
linear correlation between site concentration and surface
area, suggests that solid-phase energetic considerations are
important for nonreductive dissolution. The curvilinear
dissolution rate behavior is an effect of smaller size
crystallites (21), which exhibit higher solubility as a result
of greater structural disorder and surface tension effects
(42). Our extraction results with oxalate and hydroxylamine
hydrochloride also demonstrated an exponential relation-
ship between the amount of Fe(lll) solubilized and iron-
(111) oxide surface area (Figure 9). In contrast, we observed
a generally linear relationship between initial microbial
Fe(l1l) reduction rate and surface area (Figure 2). Ther-
modynamic calculations (including particle size corrections
for the AG® of the smaller sized oxides according to ref 42)
indicate that the free energy change for lactate oxidation
coupled to microbial reduction of LSA goethite, MSA
goethite, or hematite is 2—4 times lower than for reduction
of amorphous iron(l1l) oxide or HSA goethite (data not
shown). However, these oxides exhibited comparable
surface area-normalized initial rates of reduction (Table
1). Together these results suggest that the AG® of the above
oxides was of secondary importance in controlling initial
rates of microbial reduction.

We speculated that if oxide surface site concentration
limited the initial rate of Fe(lll) reduction, it should be
possible to saturate the surface of iron(l11) oxides with cells
such that further increases in cell numbers would not lead
to a proportional increase in Fe(lll) reduction rate. The
relationship between Fe(lll) reduction rate and BrY cell
density (Figure 3) suggested that a progressive saturation
of reduction sites on the iron(l11) oxides did occur. These
results are analogous to those obtained for the abiotic
reductive dissolution of iron(lll) oxides by ascorbate, the
rate of which becomes saturated at high concentrations of

VOL. 30, NO. 5, 1996 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1625



reductant and is limited by the amount of ascorbate
adsorbed to the oxide surface (43, 44). They are also
analogous to studies of chelator (e.g., EDTA) adsorption to
and dissolution of iron(ll1) oxides, in which a hyperbolic
relationship between the magnitude of chelator adsorption
and/or Fe(lll) dissolution rate and the initial chelator
concentration in solution has been observed (45—47). It
should not be inferred from these observations, however,
that the cells saturated the iron(l1l) oxide surface in the
sense that organic ligands such as ascorbate or EDTA do,
because TEM examination of MSA goethite cultures (48)
has revealed that the cells are significantly larger than the
oxide particles, which themselves tend to coat the surface
ofthe cells. Nonetheless, if the attachment ofiron(l11) oxide
surfaces to bacterial cell surfaces is assumed to be the critical
step in initiating the reduction process and if this attach-
ment is viewed as a process akin to ligand adsorption, the
parallel between our results and the ligand adsorption—
oxide reduction/dissolution studies is not unexpected and
is consistent with a conceptual model of microbial iron(111)
oxide reduction as a surface-controlled process analogous
to well-established models of abiotic metal oxide dissolution
(43, 49, 50).

Control of the Long-Term Extent of Iron(lll) Oxide
Reduction. Ourexperimentwith microbially reduced MSA
goethite (Figure 6) that had been washed with pH 5 sodium
acetate suggested that Fe(l1) sorption limited the long-term
extent of microbial Fe(ll1) reduction. Thus, the correlation
between the extent of Fe(lll) reduction and iron(l11) oxide
surface area (Figure 5) may tentatively be interpreted as a
surface concentration/saturation phenomenon such that
the amount of a given oxide that can be reduced depends
on its surface site concentration as a repository for
solubilized Fe(ll). We hypothesize that the reduction
process is deactivated as surface sites become saturated
with sorbed Fe(ll). This phenomenon provides a mecha-
nistic explanation for previously observed differences in
the long-term susceptibility of iron(l11) oxides of differing
degrees of crystallinity (and presumably, different surface
areas) to microbial reduction (5—7). It may also account
for the persistence of nonmicrobially-reducible Fe(lll) in
freshwater aquatic sediments (5), which was shown recently
to be in the form of crystalline iron(l11) oxides (51).

While our results did not allow identification of the
“sorption complex” responsible for site saturation, they
are more consistent with an adsorption rather than a solid-
phase formation reaction. Although the ultimate end
product of amorphous Fe(lll) reduction by dissimilatory
Fe(lll)-reducing bacteria in culture is ultrafine-grained
magnetite (7, 34, 52), magnetite formation lags behind the
initial period of Fe(lll) reduction (D. Lovley, personal
communication), suggesting that magnetite formation is
preceded by ferrous iron saturation of the oxide surface.
This process may pose the major limitation on amorphous
Fe(111) reduction prior to conversion of the remaining Fe-
(1) into the mixed iron(Il)—iron(Ill) magnetite. This
speculation is supported by the fact that no magnetic
material (as judged by a lack of attraction to a strong hand-
held magnet) was present in the 30-day-old amorphous
Fe(l1) cultures depicted in Figure 4. Inaddition, there was
no magnetic material observed in any of the crystalline
iron(111) oxide cultures, indicating that formation of mag-
netite coatings on these oxides was not responsible for
cessation of microbial Fe(l11) reduction. Itshould be noted,
however, that Coughlin and Stone (53) observed strong
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Fe(ll) adsorption to goethite and, citing work by others,
suggested that Fe(ll) adsorption may in fact ultimately lead
to the formation of a superficial layer of spinel-type
structures (Fe3O4) on crystalline iron(lll) oxides. The
formation of such structures would likely block further Fe-
(111) reduction, at least at circumneutral pH (54). Itis also
possible that precipitation of other solid-phase Fe(lIl)
compounds e.g., Fe(OH),, FeCO3;, Fe3(PO4),) on iron(ll)
oxide surfaces, some of which may be solubilized by pH 5
sodium acetate, could have been involved in the cessation
of microbial Fe(lll) reduction in our experiments.

The renewed capacity for MSA goethite reduction upon
washing with pH 5 sodium acetate suggests that the
reduction process can be reactivated if sorbed Fe(ll) and/
or surface Fe(ll)—mineral precipitates are removed. This
assertion is significant in that the extent and episodicity of
iron(l11) oxide reduction in soils and sediments may be
influenced by reactions with associated phases and ligands
that compete for and complex the evolved Fe(ll). For
example, preliminary experiments indicate that the as-
sociation of Fe(ll) with chelators such as EDTA and NTA
is responsible for enhancing the long-term extent of
amorphous Fe(l1l) and MSA goethite reduction (Roden and
Zachara, unpublished data).

Cell Growth Coupled to Crystalline Iron(lll) Oxide
Reduction. Strain BrY was previously shown to obtain
energy for cell growth by coupling the oxidation of lactate
or H, to the reduction of amorphous Fe(l11) (30). The results
presented here (Figure 8) demonstrate that BrY can also
grow by coupling the oxidation of lactate and H; to the
reduction of synthetic goethite. Although several Bacillus,
Clostridia, and Pseudomonas strains (55—59), a Coryne-
bacterium strain (60), and sediment enrichment cultures
(18, 39, 61-63) have been shown to reduce significant
guantities of goethite and/or hematite during growth in
complex glucose-based medium, in all of these cultures
Fe(111) reduction was a minor pathway for electron disposal
during metabolism of fermentable substrates (3). Two
organisms, Geobacter metallireducens (7, 64) and S. pu-
trefaciens (65, 66), capable of obtaining energy for growth
from the reduction of amorphous Fe(l11) have been shown
to reduce small amounts of goethite and hematite in
anaerobic growth medium (7, 38). However, neither of
these organisms was tested for the ability to grow and
transfer on a medium containing these iron(l11) oxides. A
recent study demonstrated the growth of S. putrefaciens
with magnetite (Fe;O,4) as an electron acceptor at pH 6
(54), acondition which may readily occur in some anaerobic
soils and sediments. Our demonstration of growth of BrY
with goethite thus expands the list of crystalline iron(l11)
oxides that can serve as electron acceptors for the growth
of Fe(lll)-reducing bacteria. The potential for growth with
goethite or hematite is likely to have broad environmental
significance as these are the most common forms of
crystalline iron(l11) oxides present in soil and sedimentary
environments (8).

The quantity of Fe(ll) (=10 mmol L~1) produced during
growth of BrY in media with 500 mmol L~! goethite was
several times lower than that produced by BrY (30), G.
metallireducens (7), or Desulfuromonas acetoxidans (34)
during growth in media with comparable concentrations
(100—200 mmol L) of amorphous Fe(lll). Accordingly,
the number of cells produced during growth on goethite
was an order of magnitude lower. However, when nor-
malized to the amount of Fe(l11) reduced during the active



growth phase of the cultures, the quantity of cells produced
with MSA goethite as the electron acceptor (2.5 x 10%/umol
of Fe) was comparable to that observed during growth of
BrY and other dissimilatory Fe(lll)-reducing bacteria with
amorphous Fe(lll) (3.8—6.4 x 10%/umol of Fe; 7, 30, 34).
These findings suggest that a consistent amount of energy
for growth is generated during iron(lll) oxide reduction
regardless of the form of oxide being utilized, and together
with our other results imply that the potential for Fe(ll1)-
reducing bacteria to grow and reproduce in situ will be
limited by the site concentration of whatever iron(l11) oxides
are present in the soil or sediment matrix. As noted
previously, differentiron(l11) oxides have very different free
energies of formation and solubility, and the conclusion of
a common energy yield for microbial Fe(lll) reduction
independent of iron(lll) oxide structure contradicts this
thermodynamic reality. More refined studies, including
careful consideration of the end products of Fe(lll) reduc-
tion, are required to elaborate the energetics of microbial
reduction of different iron(l11) oxides.

Implications for Natural Systems. Consistent with the
ability of BrY to reduce significant quantities of synthetic
crystalline iron(l1l) oxides, studies with natural soil and
surface materials indicated that strain BrY reduced iron-
(111) oxides operationally defined as crystalline by the
different extractions (Table 2). Given our observation that
Fe(ll) sorption might limit iron(lll) oxide reduction by
surface saturation (Figure 6), we speculated that BrY should
have reduced a greater fraction of the iron(l11) oxide pool
in natural materials with accessory phases capable of
sorbing Fe(ll) in competition with iron(l11) oxide surfaces
(e.g., in soils CP and HC). Moreover, we speculated that
iron(lll) oxide reduction would be greatest in the HC
materials as these contained 2:1 layered silicates with high
divalent cation adsorption capacity. These hypotheseswere
not affirmed by the experimental data (Table 2), and in
general, good correlations between the extent of Fe(lll)
reduction and solid-phase properties were not evident with
our existing data base. With respect to the Fe(ll) sorption
process, it may be that iron(l1l) oxides are the strongest
sorbents because of the high stability of the Fe(ll1l)—O—
Fe(ll) interaction (67). Thus, iron(11l) oxide surfaces may
become saturated with Fe(ll) before appreciable sorption
to other phases occurs. It is clear that more challenging
measurements of other properties such as (1) the surface
area, solubility, and degree of crystallinity of the iron(lll)
oxide fraction; and (2) the identity and concentration-
variant sorption capacity of other Fe(ll) sorbent phases
will be required to interpret controls on microbial Fe(lll)
reduction in natural materials.

Itwas notable, however, that the amount of microbially-
reducible Fe(l11) in the natural materials (~10—20% of DCB
Fe(l11)) was comparable to the amount of HSA goethite
reduced by BrY. The CP and HC soils are known to contain
Al-substituted goethites and hematites (28). Aluminum
substitution yields goethites of small particle size and high
surface area (68, 69) and yields crystallites of greater disorder
and higher solubility (42, 70), factors both of which may
influence their microbial reducibility. The HSA goethite
and Al-substituted goethites of comparable surface area
are probably good models for natural, crystalline iron(l11)
oxides that are characterized by high surface area and
compositional impurities (69, 71—75). These properties of
natural crystalline iron(lll) oxides may allow them to
function as more effective electron acceptors for dissimila-

tory Fe(lll)-reducing bacteria than has been previously
recognized.

Although it was not possible to determine cell numbers
in our soil iron(111) oxide cultures due to interference from
the sand or clay matrix, the finding that the cultures could
be transferred repeatedly with continued active Fe(lll)
reduction indicates that BrY was able to obtain energy for
growth from the reduction of these natural crystalline iron-
(111) oxides. Together with our results with synthetic
goethite, these findings suggest that Fe(ll1)-reducing bac-
teria may be able to grow and remain active over extended
periods of time in anaerobic soil and sedimentary environ-
ments where crystalline iron(l11) oxides are the dominant
forms of Fe(lll). This assertion is supported by the recent
observation that a major portion of the crystalline iron(l11)
oxide content of aquifer sediments was reduced within the
oldest (~15 years) region of a landfill leachate contaminant
plume in Denmark (76). It is possible that continual
removal of surface-associated Fe(ll) (e.g., complexation by
organic compounds present in the landfill leachate passing
through the aquifer sediments) was responsible for en-
hancing the long-term extent of crystalline Fe(ll1) reduction
in this subsurface environment. These processes may have
importantimplications regarding the release of soluble Fe2*+
(a common inorganic groundwater contaminant) as well
as the capacity for organic contaminant oxidation coupled
to microbial iron(l11) oxide reduction in subsurface envi-
ronments (10, 13), and the potential for generation and/or
loss of reactive Fe(ll) surfaces capable of catalyzing organic
contaminant-degrading redox reactions such as reduction
of nitro-substituted aromatic compounds (77) and reductive
dehalogenation of chlorinated organic contaminants (Y.
Gorby, manuscript in preparation). More detailed studies
of factors controlling the rate, long-term extent, and end-
products of microbial reduction of various iron(l11) oxides
present in chemically complex soil and sedimentary
environments are required to support both field determi-
nations of dissolved and solid-phase geochemical distribu-
tions as well as assessments of the direct or indirect
contaminant degradation potential offered by microbial
iron(l11) oxide reduction.
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