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Microbial Reduction of Fe(III) and
Sorption/Precipitation of Fe(II) on
Shewanella putrefaciens Strain
CN32

C H O N G X U A N L I U , * J O H N M . Z A C H A R A ,

YU R I A . G O R B Y, J I M E . S Z E C S O D Y, A N D

C H R I S T O P H E R F . B R O W N

Pacific Northwest National Laboratory, P.O. Box 999,

MSIN K8-98, Richland, Washington 99352

The influence of Fe(II) on the dissimilatory bacterial
reduction of an Fe(III) aqueous complex (Fe(III)-c itrateaq)
w as investigated using Shew anella putrefac iens strain
CN32. The sorption of Fe(II) on CN32 follow ed a Langmuir
isotherm. Least-squares fitting gave a maximum sorption
capacity of Qmax ) 4.19 × 10-3 mol/1012 cells (1.19 mmol/
m2 of cell surface area) and an affinity coeffic ient of log
K ) 3.29. The grow th yield of CN32 w ith respect to
Fe(III)aq reduction show ed a linear trend w ith an average
value of 5.24 ((0.12) × 109 cells/mmol of Fe(III). The
reduction of Fe(III)aq by CN32 w as described by M onod
kinetics w ith respect to the electron acceptor concentration,
Fe(III)aq, w ith a half-saturation constant (Ks) of 29 ((3)
mM and maximum grow th rate (µmax) of 0.32 ((0.02) h-1.
How ever, the pretreatment of CN32 w ith Fe(II)aq significantly
inhibited the reduction of Fe(III)aq, resulting in a lag
phase of about 3-30 h depending on initial cell concentrations.
Low er initial cell concentration led to longer lag phase
duration, and higher cell concentration led to a shorter one.
Transmission electron microscopy and energy dispersive
spectroscopy revealed that many cells carried surface
prec ipitates of Fe mineral phases (valence unspecified)
during the lag phase. These prec ipitates disappeared after
the cells recovered from the lag phase. The cell inhibition
and recovery mechanisms from Fe(II)-induced mineral
prec ipitation w ere not identified by this study, but several
alternatives w ere discussed. A modified M onod model
incorporating a lag phase, Fe(II) adsorption, and aqueous
complexation reactions w as able to describe the
experimental results of microbial Fe(III)aq reduction and
cell grow th w hen cells w ere pretreated w ith Fe(II)aq.

Introduction

Dissim ilatory iron-reducing bacteria (DIRB) are im portan t

to the biogeochem ical cycling of iron in anoxic sedim en ts

and groundwaters (1-4). DIRB can also degrade both natural

(4-7) and syn thetic (8-10) organ ic m aterials and indirectly

in fluence the fate and transport of polyvalen t m etals, trace

elem en ts, and radionuclides (3, 11-13).

There are m any factors that in fluence the rate of iron (III)

oxide reduction by DIRB. These factors include the follow-

ing: direct con tact between organ ism s and iron oxides

(14-16); crystallin ity, particle size and surface area, and phase

iden tity of the iron(III) oxides (1, 14, 17-21); sorp tion of

ferrous iron (22-26); ferrous iron biom ineralization (23, 24);

presence of electron shuttles such as hum ic substance (23,

24, 27, 28); and organ ic ligands that enhance iron oxide

dissolution or Fe(II) solubilization (18, 29).

This study and a recen t publication (25) have found that

Fe(II) sorbs to DIRB cells. However, a clear assessm en t of the

effects of Fe(II) biosorption on the Fe(III) reduction rate has

not been reported. Biosorption of Fe(III) on bacterial surfaces

was reported to prom ote Fe(III) m ineral precip itation (30),

but whether the precip itated Fe(II) affects bacterial growth

and Fe(III) reduction has not been established. In iron(III)

oxide suspensions, an evaluation of the im portance of Fe(II)

biosorption is com plicated by the com plexity of the DIRB-

iron(III) oxide biophysical association , com petitive in terac-

tions between the cell and oxide surfaces, and poten tial

ternary in teraction . Urrutia et al. (25) found that the reduction

rate of goeth ite by Shewanella alga (BrY) was slowed by

Fe(II) addition , suggesting that Fe(II) sorp tion to DIRB

inhibited bacterial reduction . However, the in terpretation

of those results was com plicated by the fact that Fe(II) was

m ore strongly sorbed to goethite and that m ass transfer of

Fe(II) from the cells to goeth ite m ay have occurred. Arecen t

study (22) found that the reduction rate of goethite was slowed

by Fe(II) sorp tion . These lim ited observations em phasize

the need to understand the im pact of the biosorption of

Fe(II) on the reduction of Fe(III) by DIRB because the process

invariably occurs in the environm ent and, under certain

circum stances, m ay be rate lim iting.

The Monod rate expression (31) is often used to describe

m icrobial growth and single substrate degradation kinetics.

It has also been extended to include cases where electron

acceptors are lim iting the growth rate (dual Monod kinetics)

(32, 33). The dual Monod kinetic expression has been widely

applied in reactive transport m odels to describe the rates of

m icrobial growth with respect to substrate and electron

acceptor concen trations (33-44). However, the applicability

of the Monod m odel with respect to electron acceptor

concen tration has not been independen tly tested against

experim en tal data for bacterial Fe(III) reduction . In fact,

saturation -type kinetics have on ly been observed for

iron (III) oxide reduction at low solid concen trations (14, 18).

In m any cases, on ly a lim ited fraction of the iron(III) oxide

provided as an electron acceptor can be reduced by DIRB

due to various factors described above and others that are

unknown. Under such circum stances, saturation-type kinet-

ics have not been observed (e.g., refs 21-24).

This study had two objectives. The first was to indepen-

den tly establish the in fluence of Fe(II) biosorption on the

dissim ilatory m icrobiologic reduction rate of Fe(III). To avoid

the com plications of com petitive sorption reactions in a

m ultiphase system (e.g., m icrobes and iron oxides) and other

poorly understood in terfacial phenom ena, Fe(III)aq (as the

citrate com plex) was used as the electron acceptor. Citrate

m ain tains the solubility of Fe(III) in aqueous phase and

in fluences the distribution of Fe(II) between the aqueous

phase and DIRB cells through the form ation of aqueous

com plexes. The second objective was to test the applicability

of the Monod kinetic m odel with respect to electron acceptor

concen tration and to develop a kinetic m odel describing the

coupled effect of Fe(II) biosorption on DIRB reduction rate.

The experim en tal conditions were sim ple and designed to

(i) independen tly estim ate sorption and reduction kinetic

param eters and (ii) experim en tally m easure their coupling.
* Corresponding author phone: (509)376-0129; fax: (509)376-3650;
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Experimental Procedures

Bacteria. Shewanella pu trefaciens strain CN32 (Subsurface

Microbial Culture Collection ) was provided courtesy of Dr.

David Boone (Portland State University). Strain CN32 was

isolated from an anaerobic subsurface core sam ple (250 m

beneath the surface) obtained from the Morrison Form ation

in northwestern New Mexico. The details of culturing

procedures and CN32 cell harvest were described elsewhere

(23, 24). CN32 cells were routinely cultured aerobically in

tryptic soy broth (TSB), 30 g/ L (Difco Laboratories, Detroit,

MI), and harvested by cen trifugation from TSB cultures. The

cells were then washed with 1,4-p iperazinediethanesulfon ic

acid (PIPES) buffer (pH 7) purged with O2-depleted N2 [N2

gas was passed through a tube con tain ing heated copper

filings to reduce O2 concen tration in the N2 gas to below

detection lim it (50 ppb)] to rem ove residual TSB. Harvested

CN32 cells were resuspended in PIPES buffer to the required

concen trations for sorption experim en ts and in m edia

buffered with PIPES for iron reduction experim en ts.

Sorption Experiments. The sorption experim ents deter-

m ined the equilibrium distribution of Fe(II) between the

aqueous phase and CN32. The experim en tal sorp tion iso-

therm was used to analyze the effects of sorption on the

bacterial reduction rate expression . In the sorption experi-

m en ts, CN32 cells were m ixed with a range of Fe(II)

concen trations (0.01-6.00 m M) in Falcon tubes with PIPES

buffer (pH 7.0, 30 m M of PIPES) in an anaerobic cham ber

(Coy Laboratory Products, Inc., Ann Arbor, MI). The sorption

m easurem en ts were perform ed without lactate or other

electron donors (3, 27). All sam ples were equilibrated for 24

h with con tinuous m ixing (100 rpm ). Kinetic experim en ts

indicated that the biosorption reaction reached equilibrium

in less than 30 m in . After 24-h equilibration , the bacterial

suspensions were filtered (0.2 µm ), and the filtrate was

acidified (1 N HCl). Fe(II) in the acidified filtrates was

m easured by the ferrozine assay (20). The sorbed concentra-

tion was calculated by the difference between the Fe(II)tot

and final aqueous Fe(II) concen tration .

Four sets of sorption experim en ts were perform ed with

three differen t cell concen trations. The first two sets of

sorption experim en ts had cell concen trations of 2 × 108 and

7 × 107 cells/ m L, respectively, and Fe(II)tot concen trations of

0.50, 1.00, 2.00, 4.00, and 6.00 m M. The other two sets of

experim en ts had cell concen trations of 5 × 108 and 7 × 107

cells/ m L, respectively, with two m ore poin ts at the lower

end of the Fe(II) concen tration range (0.01 and 0.025 m M).

Ferric-Citrate Reduction Experiments. The culture

m edium that was used for the ferric-citrate reduction

experim ents was described elsewhere (23, 24). The com posi-

tion of the m edium was (m M) as follows: NH4Cl (25.0), Na2-

HPO4 (0.44), KCl (1.20), CaCl2‚2H2O (0.61), MgSO4‚7H2O (1.1),

NaCl (1.5), and MnSO4‚H2O (0.27). The m edium was buffered

to pH ≈7.0 with PIPES (30 m M) buffer, purged with

O2-depleted N2 gas, stoppered with butyl rubber closures,

and crim p sealed. L-Lactate (Sigm a Chem icals) was used as

a carbon source and electron donor.

The growth experim ents were perform ed with in itial CN32

concen trations of 106-107 cells/ m L, 20-25 m M Fe(III)-

citrate as an electron acceptor, and 30 m M lactate as an

electron donor. The ratio between Fe(III) reduction and

lactate degradation is approxim ately 4:1; lactate is oxidized

to acetate and CO2 by CN32 under Fe(III)-reducing conditions

(23, 24). Excess lactate was used to preven t electron donor

lim itation . Citrate, a com plexing agen t, stabilizes Fe(III) in

the aqueous phase. Citrate also form s Fe(II) com plexes with

higher stability constan ts [Fe(II)-citrate, log K ) 5.68;

Fe(II)-H-citrate, log K) 9.91 (45)] than the cell surface (log

K ) 3.29). Aqueous sam ples were acidified (1 N HCl) and

analyzed by the ferrozine assay. The concen tration of CN32

cells was im m ediately coun ted after sam pling using the

Acridine Orange Direct Coun t (AODC) m ethod.

The growth m edium [e.g., Fe(III)-citrate (aq)] in selected

experim en ts was spiked with 1-2 m M Fe(II) (FeCl2) to

exam ine the in fluence of biosorbed Fe(II) on the Fe(III)

reduction rate. The Fe(II) concen tration was chosen to

saturate the cell surfaces based on the m easured sorption

isotherm (th is study) after consideration for Fe(II) aqueous

com plexation . The Fe(II) sp ike provided excess iron to the

m edium over citrate. All reduction experim en ts were per-

form ed with PIPES buffer (pH 7) and at 25 °C.

Transmission Electron Microscopy. Sam ples for trans-

m ission electron m icroscopy (TEM) were prepared in an

anaerobic glovebox to avoid oxidation of Fe(II). Cell suspen-

sions were cen trifuged at 5000g for 5 m in using a tabletop

cen trifuge. Harvested cells were washed 3 tim es in an

anaerobic solution of 30 m M PIPES buffer at pH 7. Droplets

of washed cell suspensions were placed upon Form var-

carbon support film s on copper grids. Excess liquid was

wicked away using a sm all p iece of filter paper, and sam ples

were dried in the anaerobic glovebox. Dehydrated sam ples

were sealed in air-tight cann ing jars for transport to the

electron m icroscope. Sam ples were exposed to aerobic

conditions for less than 1 m in while being transferred to the

high vacuum sam ple cham ber of a JEOL 2010 TEM. The

unstained preparations were exam ined with an acceleration

voltage of 200 kV. The elem en tal com position of cell-

associated precipitates was obtained using energy dispersive

spectroscopy (EDS) (Oxford Instrum en ts).

Results and Discussion

Sorption. The sorbed Fe(II) concen trations in all four sets

of experim en ts were norm alized to a cell num ber of 1012

cells (Figure 1). The sorption isotherm was approxim ately

linear for aqueous Fe(II) concen trations below 10-4 M; it

then gradually leveled off at higher concen tration , consisten t

with the Langm uir sorption behavior. The experim en tal data

were first fitted to a m ixed Langm uir-Freundlich sorption

isotherm (dotted line, R 2 ) 0.935, 3 param eters: Qm ax, b, and

n ) using nonlinear least-squares regression . The fitted results

indicated that the sorption reaction could be well ap-

proxim ated by the Langm uir isotherm (n ) 1.026). The data

then were refitted to Langm uir isotherm (solid line, R 2 )

0.934, 2 param eters: Qm ax and b). The least-squares fitting

gave a m axim um sorption capacity of Qm ax ) 4.19 × 10-3

m ol/ 1012 cells and an affin ity constan t between CN32 and

Fe(II) of K ()1/ b) ) 103.29 M-1. The values of Qm ax and K were

close to those fitted from the m ixed Langm uir-Freundlich

sorption isotherm : Qm ax ) 4.14 × 10-3 m ol/ 1012 cells and K

) 103.38 M-1. The Freundlich sorp tion isotherm (q )

FIGURE 1. Isotherm for Fe(II) sorption on S. putrefaciens, strain
CN32.
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KFCFe(II)
1/ n

), which was previously used to describe Fe(II)

sorp tion to S. alga (BrY) (25), gave an in ferior fit to the

observed data. A possible explanation for th is difference is

that the concentration range used in the previous experim ents

m ay not have been high enough to reach the saturation .

Nonetheless, the m axim um sorption capacity (Qm ax) esti-

m ated by ref 25 was 0.1 m m ol Fe(II)/ g of dry BrYcells, which

is about 4.5 × 10-3 m ol/ 1012 cells using a ratio of 45 g dry

weight/ 1012 cells provided by the authors (25). This value

was close to our estim ate for CN32 (Qm ax ) 4.19 × 10-3 m ol/

1012 cells).

The estim ated Langm uir sorption capacity (Qm ax) yields

a saturation value of 2.5 × 109 Fe(II) ions/ cell. If we assum e

that CN32 has cylindrical shape with a size of 0.5 µm diam eter

× 2 µm length, then Qm ax translates in to an adsorption density

of 1.19 m m ol/ m 2. This num ber greatly exceeds the cation

sorption capacity of iron (III) oxides (e.g., 4-27 µm ol/ m 2 on

goethite) (46). The surface-induced precip itation of Fe(II)

solids could lead to a high, apparen t biosorption capacity.

However, in anaerobic PIPES buffer, Fe(OH)2 is the on ly

known poten tial precipitate, and therm odynam ic calculation

excludes hom ogeneous precip itation assum ing that the free

energy data are correct. The com puted solubility of Fe(OH)2

is about 79 m M at pH 7 (using log Ksp ) -15.1 for Fe(OH)2

from ref 45), which is an order of m agn itude higher than our

highest Fe(II)aq.

Bacterial cell walls disp lay a strong affin ity for a wide

variety of aqueous m etal cations (e.g., refs 47-56). The

functional groups on cell walls, carboxyl (R-COO-) and

phosphryl(R-POO-) appear to be the dom inan t binding sites

(53, 55, 57, 58). On Bacillus subtilis, the divalen t m etals Cu 2+,

Pb 2+, and Cd 2+ were com plexed by carboxylic groups at

neutral pH, with affin ity constan t (log K) around 3-4.5 and

capacity of 0.12 m m ol/ g (55). Although there are no previous

reports of Fe(II) biosorption affin ity with bacteria (53), our

results suggest that Fe(II) was com plexed by surface carboxyl

groups on the m em brane surface because the estim ated

affin ity constan t for Fe(II) (log K) 3.3) and sorption capacity

(4.19 × 10-3 m ol/ 1012 cells ≈ 0.10 m m ol/ g) were close to

those reported for other divalen t m etals on carboxylic groups,

and the single-site Langm uir m odel fitted the sorption data

well.

DIRB Yield with the Fe(III) Reduction. The apparent yield

of CN32 cell growth with Fe(III) reduction followed an

approxim ate linear trend (Figure 2). The yield was defined

as the am ount of cell growth resulting from Fe(III) reduction .

The average yield value was 5.24 × 109 cells/ m m ol of Fe(III).

This value com pares favorably to ones calculated from the

literature where differen t form s of Fe(III), electron donors,

and DIRB were used (Table 1). The observed linear trend for

cell yield allowed direct application of the Monod kinetic

m odel to describe cell growth and its effects on the Fe(III)

reduction .

DIRB Reduction of Ferric-Citrate. AMonod kinetic rate

expression was developed with respect to electron acceptor

concen tration Fe(III) and cell growth that was applied to the

experim en tal data (Figure 3). The electron donor (lactate)

was in excess (30 m M) in all experim en ts. The m odel was

m athem atically described as follows:

In eqs 1-3, TFe(III) is the total Fe(III) concen tration , TFe(II) is

the total Fe(II) concen tration , CX is the cell concen tration ,

t is the tim e, µm ax is the m axim um growth rate, Y is the cell

yield with respect to Fe(III) reduction , and Ks is the half-

saturation constan t with respect to total Fe(III).

The param eter Y was determ ined from the yield curve

(Figure 2). The param eters Ks and µm ax were estim ated by

m in im izing the least-squares errors between calculated TFe(II)

and m easured Fe(II)(tot) data using a m odified Levenberg-

Marquardt non linear fitting m ethod (59). The best fit to the

Fe(II)(tot) data (Figure 3a,b) gave Ks ) 29 (( 3) m M and µm ax

) 0.32 ((0.02) h-1 (num bers in paren theses are one standard

TABLE 1. Growth Yield with Respect to Fe(II I) Reductiona

bacteria electron donor type of Fe(III) yield (×109 cells/mmol of Fe(III)) source

GS-15 acetate amorphous iron(III) oxide 4.3 (6)
GS-15 phenol amorphous iron(III) oxide 5.5 (9)
GS-15 p-cresol amorphous iron(III) oxide 5.7 (9)
S. alga (BrY) lactate goethite 2.2 (21)
S. alga (BrY) H2 goethite 2.0 (21)
S. putrefaciens (CN32) lactate aqueous Fe(III) 5.2 this work

a The yield values were calculated from the cell number increase during the growth phase divided by the amount of Fe(II) produced over that
time period.

FIGURE 2. CN32 cell grow th yield w ith the reduction of Fe(III)-
citrate as an electron acceptor under various initial conditions: (1)
20 mM ferric-citrate and 2.2 × 106 cells/mL; (2) 20 mM ferric-
citrate, 2.2 × 106 cells/mL, and 1.6 mM FeCl2; (3) 24 mM ferric-
citrate and 1.0 × 106 cells/mL (4.0 mM FeCl2 spiked w hen cells
reached 9.5 × 107 cells/mL); (4) 24 mM ferric-citrate, 1.0 × 106

cells/mL, and 1.0 mM FeCl2 (another 2.0 mM FeCl2 spiked w hen
cells reached 4.8 × 107 cells/mL); (5) 22 mM ferric-citrate and 7.4
× 107 cells/mL; (6) 22 mM ferric-citrate, 7.4 × 107 cells/mL, and
2 mM FeCl2.

Fe(III) reduction

dTFe(III)

d t
) -

(µm ax/ Y)CXTFe(III)

Ks + TFe(III)

(1)

cell growth

dCX

d t
)

µm axCXTFe(III)

Ks + TFe(III)

(2)

Fe(II) production

dTFe(II)

d t
) -

dTFe(III)

d t
(3)
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deviation ). The m easured cell concen tration in Figure 3a

was sim ulated by the m odel. The Monod kinetic relationship

well described the tim e-varian t bioevolution of Fe(II)(tot) and

cell growth with tim e (Figure 3). However, the m agn itude of

the estim ated half-saturation constan t, Ks, was high as

com pared with the surface site concen tration of CN32 as

determ ined from the Fe(II) sorp tion isotherm (4.19 µM per

106 cells/ m L). The high Ks value indicated that a m inor,

com plexed Fe(III) species was being used as the substrate

for iron reduction by CN32. Assum ing the existence of that

specific species with its concen tration expressed as CFe(III),

the true Ks
Fe(III)

value in Monod m odel would be Ks
Fe(III)

≈

KsCFe(III)/ TFe(III), where CFe(III) , TFe(III).

We were unable at th is poin t to speculate on the iden tity

of the substrate Fe(III) species because the speciation of the

Fe(III)-citrate system is not well resolved. Two differen t

therm odynam ic m odels have been proposed for com plexed

species between Fe(III) and citrate in the Fe(III)-citrate

system based on poten tiom etry (ASM-I and ASM-II; Table

2), but neither has been spectroscopically validated. These

two therm odynam ic m odels were separately input in to the

therm odynam ic database of the MINTEQA2 code and used

for speciation calculations. The calculations indicated that

free Fe(III) was m uch too low in concen tration (<10-10 M)

to function as a viable electron acceptor. The two m odels

predict differen t speciation at the pH of the bioreduction

studies; Fe(III)citrate was the dom inan t species with ASM-I,

while FeOHcitrate- and Fe(OH)3(citrate)2
6- were dom inan t

with ASM-II. The two m odels also predict differen t speciation

changes as Fe(III) is reduced [e.g., with changes to the

Fe(III):citrate ratio] because of the differen t stoichiom etries

of citrate in the com plexes. It is not known which of these

m odels, if any, is correct.

Our kinetic m odel (con tain ing eqs 1-3) well described

the experim en tal data (Figure 3) without incorporation of

Fe(II) speciation and sorption effects. When the speciation

of Fe(II) was com puted using MINTEQA2 through the course

of the bioreduction experim ents using the reactions in Tables

2 and 3, it was found that the speciation of Fe(II) and the

predicted concen tration of sorbed Fe(II) were very differen t

depending on which of the two ferric-citrate therm odynam ic

m odels were used (ASM-I or ASM-II). With ASM-I, the

dom inan t Fe(II) species through the course of experim en t

was com puted to be Fe(II)citrate (>97%). The sorbed

concen tration of Fe(II) was com puted to be sm all (4 µM/ 107

TABLE 2. Aqueous Speciation Models for the Fe(II I)-Citrate System

model reaction log Ka citation

ASM-I
Fe3+ + citrate3- ) Fe(III)citrate0 13.43 (45, 72)

ASM-II
Fe3+ + citrate3- + H+ ) Fe(III)Hcitrate+ 14.33 (73)
Fe3+ + 2citrate3- ) Fe(III)citrate2

3- 19.12 (73)
Fe3+ + 2citrate3- + H+ ) Fe(III)Hcitrate2

- 23.46 (73)
Fe3+ + 2citrate3- + 2H+ ) Fe(III)H2citrate2

+ 26.38 (73)
Fe3+ + citrate3- + H2O - H+ ) Fe(III)OHcitrate- 9.98 (73)
Fe3+ + 2citrate3- + H2O - H+ ) Fe(III)OHcitrate2

4- 13.42 (73)
Fe3+ + 2citrate3- + 2H2O - 2H+ ) Fe(III)(OH)2citrate2

5- 6.36 (73)
Fe3+ + 2citrate3- + 3H2O - 3H+ ) Fe(III)(OH)3citrate2

6- -0.62 (73)
Fe3+ + citrate3- + 2PO4

3- + 4H+ + H2O ) Fe(OH)(H2PO4)2(H-citrate)2- 26.27 (74)
Fe3+ + citrate3- + PO4

3- + 3H+ + H2O ) Fe(OH)(H2PO4)(H2-citrate)0 27.36 (74)
Fe3+ + 2citrate3- + 2PO4

3- + 5H+ + H2O ) Fe(OH)(H2PO4)2(H-citrate)2
4- 38.30 (74)

a Log K values were corrected to zero ironic strength using Davies activity coefficient equation.

FIGURE 3. Experimental and modeling results for CN32 grow th and
Fe(III) reduction (show ing Fe(II) production). (a) Fe(II) production
and cell grow th; (b) Fe(II) production w ith a different initial cell
concentration. The Fe(II) concentrations in panels a and b w ere
fitted using a M onod model w ith tw o parameters (half-saturation
coefficient, Ks ) 29 ( 3 mM ; maximum grow th rate, µmax ) 0.32
( 0.02 h-1). The yield value, Y () 5.24 ( 0.12 (× 109 cells/mmol of
Fe(III)), used in the model w as determined from Figure 2. The cell
concentration in panel a w as simulated by the model.

TABLE 3. Thermodynamic Information for Fe(II) Used in
Speciation Calculations

reaction log K source

Fe2+ + citrate3- ) Fe(II)citrate- 13.43 (45)
Fe2+ + citrate3- + H+ ) Fe(II)Hcitrate0 9.91 (45)
Fe2+ + acetate- ) Fe(II)acetate+ 1.40 (45)
Fe2+ + lactate- ) Fe(II)lactate+ 1.82 (14)
Fe2+ + H2O - H+ ) Fe(II)OH+ -9.50 (45)
Fe2+ + 2H2O - 2H+ ) Fe(II)(OH)2

0 -20.57 (45)
Fe2+ + 3H2O - 3H+ ) Fe(II)(OH)3

- -13.19 (45)
Fe2+ + SO4

2- ) Fe(II)SO4
0 2.25 (45)

Fe2+ + H2PO4
- ) Fe(II)H2PO4

+ 22.25 (45)
Fe2+ + HPO4

2- ) Fe(II)HPO4
0 15.95 (45)

Fe2+ + CO3
2- ) Fe(II)CO3

0 4.47 (45)
Fe2+ + HCO3

2- ) Fe(II)HCO3
+ 12.32 (45)
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cells/ m L, <10% of the sorption sites) because citrate out-

com peted the cell surface for Fe(II). Sign ifican tly m ore free

Fe(II) (>1 m M) was com puted to exist over the in term ediate

stages of Fe(III) reduction [2-19 m M Fe(II)T produced] with

ASM-II because of the inclusion of dual citrate com plexes

[Fe(III)(OH)3(citrate)2
6-] in the speciation schem e that was

m ore com petitive for citrate than was Fe(II). Over th is

in term ediate stage of Fe(III) reduction , the cell surfaces were

com puted to be saturated with sorbed Fe(II). Thus, if ASM-II

com bined with the Davies convention for activity coefficien ts

were a reasonable speciation m odel for the ferric-citrate

system (note, the application of the Davies m odel to highly

charged com plexes is problem atic), it m ay be concluded that

Fe(II) biosorption has m in im al effects on both the rate of

cell growth and Fe(III) reduction . This conclusion seem s

con trary to previous literature reports.

Effects of Fe(II) Spike on Fe(III) Reduction Rate. Adding

a concen tration of Fe(II) that was sufficien t to saturate the

surface of CN32 at the in itiation of the bioreduction experi-

m en t had a sign ifican t im pact on Fe(III) bioreduction and

cell growth rates. Both of these showed a lag phase of about

20 h (Figure 4) as com pared with the non-Fe(II)-sp iked

experim en t (Figure 3), indicating an inhibiting effect of

Fe(II). However, after about 20 h of lag phase, the cells began

to grow and reduce the Fe(III)aq in m anner com parable to

those for the unspiked experim en ts. The reduction rate in

the exponen tial growth phase was on ly slightly lower in

Fe(II)-sp iked experim en t (Figure 4) than without Fe(II) sp ike

(Figure 3), while the cell growth rates were alm ost iden tical

(Figures 3a and 4a).

An induction period for the anaerobic bacterial degrada-

tion of organic com pounds is not uncom m on (60-63). During

th is period, the bacteria adapts its m acrom olecular com -

position (consisting of cell envelope, protein , RNA, and DNA)

to prepare for degradation (64-67). The lag phase in

Fe(II)-spiked experiments indicated that cells with membrane-

bound Fe(II) need a sim ilar induction period to reduce

Fe(III). However, the m olecular cause and m echan ism m ay

be differen t. Additional studies of th is lag phase and cell

recovery are presen ted in the next section .

Because of the sim ilarity of the Fe(III) reduction and cell

growth curves (excluding lag phase) in experim en ts with

(Figure 4) and without (Figure 3) Fe(II) spike, we first m odeled

the Fe(II)-sp iked case by explicitly adding a lag phase to the

Monod m odel used in Figure 3 (eqs 5-7). The lag function

was defined as (39, 68)

With th is lag function , a m odified Monod m odel can be

expressed as (m odel 1)

Using the Monod param eters determ ined from Figure 3, we

fitted th is m odified Monod m odel to the Fe(II) production

curves (m odel 1 in Figure 4) by adjusting t lag. The fitted t lag

was 25 h in Figure 4a and 30 h in Figure 4b. The higher in itial

cell concen tration had shorter lag period. Cell growth (Figure

4a) and the Fe(II) production (Figure 4a,b) were well described

by this m odel, although the observed Fe(III) reduction rates

were slightly lower than those calculated in the exponen tial

growth phase.

The reduction rate decrease in the exponen tial growth

phase in Fe(II)-sp iked cases m ay relate to an inhibiting effect

of Fe(II). The biosorp tion of Fe(II) m ay affect Fe(III) cell

binding in ways that in terfere with the electron transfer

process. Both divalen t and trivalen t m etals can be com peti-

tively sorbed on cell m em branes (53). The in itial saturation

of the cell surface with Fe(II) m ay consum e surface binding

sites for Fe(III), reducing the chance for direct enzym atic

con tact with Fe(III).

To evaluate the possible effect of Fe(II) com petitive

inhibition on the calculated reduction rates, we added an

Fe(II) com petitive inhibition term to the m odified Monod

m odel with a lag function (eqs 5-7). The poten tial effect of

sorbed Fe(II) m ay be derived from enzym e kinetics with

com petitive inhibition :

A m athem atical expression for reactions described by eq

8 coupled with a lag function can be expressed as

FIGURE 4. Experimental and modeling results for CN32 grow th and
Fe(III) reduction (show ing Fe(II) production). Experimental conditions
in panels a and b are the same as in Figure 3, panels a and b,
respectively, except here the cell suspensions w ere initially spiked
w ith 1 mM FeCl2. M odel 1 used the same parameters as in Figure
3 modified by a lag phase. The fitted lag times in Figure 4, panels
a and b w ere 25 and 30 h, respectively. M odel 2 used the same
parameters as in Figure 3 and a term to account for Fe(II) competitive
inhibition. The fitted lag times in panels a and b w ere 16 and 20
h, respectively, and affinity reduction parameter Ki ) 0.35 for both
cases.

L(t) ) [) 0 t e t lag

) 1 t > t lag
(4)

dCFe(III)

d t
) -L(t)

(µm ax/ Y)CXTFe(III)

Ks + TFe(III)

(5)

dCX

d t
) L(t)

µm axCXTFe(III)

Ks + TFe(III)

(6)

dTFe(II)

d t
) -

dTFe(III)

d t
(7)

cell + Fe(III) S cell - Fe(III) f

Fe(II) + cell S Fe(II) - cell (8)

dTFe(III)

d t
) -L(t)

(µm ax/ Y)CXTFe(III)

Ks + TFe(III) + KiKFe(II)-cellKs
Fe(III)

CFe(II)

(9)
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where CFe(II) is the aqueous Fe(II) concen tration ; CFe(II)-citrate,

CFe(II)-Hcitrate, CFe(II)-lactate, CFe(II)-acetate, and CFe(II)-cell are the

concen trations of com plexed Fe(II) species; KFe(II)-cell is the

binding constan t between Fe(II) and the cell estim ated from

the sorption isotherm ; and Ki is inhibition coefficien t

accoun ting for partial reduction of Fe(III) affin ity with the

cell by Fe(II) sorp tion . Other param eters are as described

before.

Equations 9-12 and the five equilibrium equations for

Fe(II)-citrate, Fe(II)-Hcitrate, Fe(II)-lactate, Fe(II)-acetate,

and Fe(II)-cell were added to com plete the m odel (m odel

2 in Figure 4). The am biguities between ASM-I and ASM-II

were bypassed by not explicitly considering Fe(III) speciation;

Fe(III)-citrate was sim ply considered a 1:1 com plex. Thus,

the citrate concen tration available for Fe(II) com plexation

equaled the Fe(II) concen tration , and acetate and lactate

were com puted from the linear stoichiom etry of the bio-

reduction reaction . The lag tim e (t lag) and Ki in eqs 9-12

were estim ated from the Fe(II) production profiles with the

Fe(II) sp ike. The fitted Ki was 0.35, and t lag ) 16 h in Figure

4a and 20 h in Figure 4b. Model 2 better described Fe(II)

production than did m odel 1, but m odel 1 provided a better

description of cell growth. Generally, the differences between

the two m odified Monod m odels were sm all.

Fe(II)-Induced Lag Phase and Fe Mineral Precipitation

on Cell Surfaces. The addition of Fe(II) during the exponential

growth phase did not term inate the Fe(III) reduction and

cell growth regardless of whether the in itial condition was

one without or with an Fe(II) sp ike (Figure 5a). However,

Fe(III) reduction and cell growth decreased in the experim ent

that received two repeated Fe(II) additions when the cell

suspension reached 4.8 × 107 cells/ m L (solid circles and

triangles in Figure 5a). There was no effect of Fe(II) addition

on growing cells at 108 cells/ m L (open circles and triangles

in Figure 5a) where cells started growth from conditions

without Fe(II). These results im plied that the tim ing of Fe(II)

addition or cell num ber was an im portan t factor con trolling

Fe(II)-induced inhibition . The sign ificance of cell num ber,

specifically, was confirm ed by using higher in itial cell

concen trations (7.4 × 107 cells/ m L, Figure 5b). The lag phase

duration decreased to 3 h with higher cell concen tration .

Fe m ineral precipitation was observed on the cell surfaces

during the lag phase. TEM im ages of cells from ferric-citrate

suspension without Fe(II) sp ike showed no Fe enrichm en t

or precip itation on cell surfaces (Figure 6a). However, when

the cell suspension was in itially spiked with Fe(II), heavy

enrichm en t of Fe or Fe m ineral precip itation on som e cell

surfaces was observed (Figure 6b). Other cells in the Fe(II)-

sp iked suspensions did not con tain surface precip itates and

appeared iden tical to Figure 6a. The sam ple for Figure 6b

was collected about 2 h after Fe(II) sp iking (solid circles and

triangles in Figure 5a). After 15 h, but still in lag phase, Fe

was still precip itated on som e cell surfaces (Figure 6c) in th is

sam e experim en t. However, the im age showed the presence

of sm all (100 nm ) m em brane vesicles that arise from outer

m em brane of th is Gram -negative bacterium (Figure 6c).

These vesicles m ay be form ed as a poten tial m eans of cell

m em branes in shedding the Fe precip itation . Sam ples

collected from the exponen tial growth phase of th is sam e

experim en t showed that all cells were free of surface

precip itates (e.g., like Figure 6a), indicating that growth and

Fe(III) reduction com m enced when the precip itates were

som ehow rem oved.

Fe m ineral precip itation was therm odynam ically feasible

based on equilibrium Fe speciation calculations for the

ferric-citrate system using both ASM-I and ASM-II. Calcu-

lated results using MINTEQA2 with both databases suggested

that the ferric-citrate was supersaturated with respect to

ferrihydrite (log(IQ/ Ksp) > 5) at pH 7 both without and with

FeCl2 spike. The cell surfaces could provide nucleation sites

to prom ote ferrihydrite precipitation (30). However, practical

experience with the ferric-citrate/ DIRB system indicates that

the precip itation of ferrihydrite does not occur for extended

period. The ferric-citrate system con tain ing Fe(II) at con-

cen tration >1 m M [either from Fe(III) reduction or Fe(II)

sp ike] was calculated to be supersaturated with respect to

m agnetite and Cl- and SO4-green rusts using therm o-

dynam ic data from ref 69. The ferric-citrate/ DIRB suspen-

sions were calculated to be supersaturated with respect to

these phases un til the Fe(III) concen tration decreased to

below 0.5 m M. Green ish brown solution color was observed

(ferric-citrate was dark brown) when FeCl2 was spiked to

the suspension or when Fe(II) was produced through

bioreduction . The green ish brown color transform ed to dark

green ish brown , and then becam e clear when all the Fe(III)

was reduced. The green ish color suggested that green rusts

m ight be the observed Fe precip itates on cell surfaces.

Speciation calculations indicated that the spiking of the

ferric-citrate m edium with Fe(II), as perform ed to study the

inhibiting effect of Fe(II), m ight disp lace som e Fe(III) from

the citrate com plex by com petitive m ass action . This

disp laced Fe(III) would be reactive with Fe(II) in green rust

dCX

d t
) -L(t)

µm axCXTFe(III)

Ks + TFe(III) + KiKFe(II)-cellKs
Fe(III)

CFe(II)

(10)

dTFe(II)

d t
) -

dTFe(III)

d t
(11)

TFe(II) ) CFe(II) + CFe(II)-citrate + CFe(II)-Hcitrate +

CFe(II)-lactate + CFe(II)-acetate + CFe(II)-cell (12)

FIGURE 5. Effect of Fe(II) addition on Fe(II) production and cell
grow th. (a) Fe(II) production and cell grow th w ith/w ithout an initial
Fe(II) spike and w ith Fe(II) spike during the exponential grow th
phase. (b) 24 mM ferric-citrate/DIRB system (7.4 × 107 cells/mL)
w ith and w ithout Fe(II) spike.
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form ation . Further studies are underway to iden tify these

m ineral form s.

Fe(II) sorp tion and the surface precip itation of an

Fe(II)/ Fe(III) m ixed solid m ay block or in terfere with the

electron transfer from CN32 to aqueous Fe(III). The surface

precip itates [if Fe(III) con tain ing] m ight also function as

electron acceptors with differen t fundam ental reduction

rates. CN32 reduces m agnetite at a m uch slower rate than

aqueous Fe(III) (70, 71). The observed lag phase could result

from either surface blocking or change in electron transfer

pathway. At high cell concen tration , there appeared to be

excess surface area to accom m odate Fe(II) sorp tion and Fe

m ineral precip itation . Thus, som e cells were coated with

m ineral precip itates while others were not. The uncoated

cells could function norm ally to reduce aqueous Fe(III)

providing explanation for our observations of shorter lag

periods at higher cell concen trations. Aphysiologic response

of the cell to Fe m ineral precip itation via a shedding-type

m echan ism m ight be instrum en tal to the cells’ recovery

(Figure 6c). However, its growth/ shedding m echan ism and

im portance to the cell’s recovery are, as yet, unclear.

Implications to Solid-Phase Fe(III) Reduction and

Natural Environments. This study has shown that Fe(II)

adsorbs to the surface of S. pu trefaciens and that m ineral

precip itation on the DIRB surface m ay in terfere with the

bioreduction of Fe(III)aq. Sim ilar phenom ena m ay also occur

when the Fe(III) form is a solid-phase oxide. We have observed

Fe(II)aq concen trations ranging between 1 and 5 m M in iron-

(III) oxide bioreduction experim en ts and also the form ation

of Fe(II)-con tain ing m ineral precip itations on iron oxide

surfaces (23, 24). Whether Fe(II)-con tain ing m inerals pre-

cip itate on cell surfaces and whether Fe(II) sorp tion and

precip itation sign ifican tly in fluence iron(III) oxide biore-

duction rem ain a poin t of con jecture. Fe(II) evolves slowly

in iron(III) oxide bioreduction experim ents, possibly allowing

or triggering physiologic response of the DIRB to m in im ize

inhibiting effects of Fe(II). Biosorption and Fe(II)-con tain ing

m ineral precip itation are also accom pan ied by com petitive

FIGURE 6. TEM images of CN32 sampled at different times after spiking a ferric-citrate medium w ith FeCl2. (a) Cells w ithout Fe(II) spike.
(b) Cells in lag phase (2 h after FeCl2 spike in Figure 5a). Electron dense materials are Fe mineral precipitates. (c) Cells about to recover
from lag phase (15 h after FeCl2 spike; still in lag phase). Electron dense materials are Fe precipitates. Cell surface structure show s evidence
of vesicle formation.
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sorption of Fe(II) to and Fe(II) m ineralization on the residual

oxide. These processes couple in com plex fashion to produce

in tegrated effects that have not been well studied.

Fe(II)aq is a com m on species in anaerobic sedim en t

porewater and groundwater. Our results showed that S.

putrefaciens was able to recover from Fe(II)-induced inhibi-

tion and also to sustain Fe(III) reduction as Fe(II) ac-

cum ulates. This recovery capability is apparen tly critical to

the long-term sustenance of bacterial iron(III) oxide reduction

in the environm ent. However, kinetic m odels of this com plex

biogeochem ical process need to consider these recovery

effects, e.g., the lag phase, particularly if DIRB are to be

stim ulated or added to subsurface system s for rem ediation

purposes.
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