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Chapter 5

Simultaneous Microbial Reduction of Iron(l11) and
Arsenic(V) in Suspensions of Hydrous Ferric
Oxide

* Adapted from Campbell, et a. 2006. Environmental Science and Technology, vol. 40, no.
19, pp 5950-5955.

5.1 Abstract

Bacterial reduction of arsenic(V) and iron(I11)-oxides influences the redox cycling
and partitioning of arsenic (As) between solid and aqueous phases in sediment-porewater
systems. Two types of anaerobic bacterial incubations were designed to probe the
relative order of As(V) and Fe(l11)-oxide reduction and to measure the effect of adsorbed
As species on the rate of iron reduction, using hydrous ferric oxide (HFO) as the iron
substrate. In one set of experiments, HFO was pre-equilibrated with As(V) and
inoculated with fresh sediment from Haiwee Reservoir (Olancha, CA), an As-impacted
field site.  The second set of incubations consisted of HFO (without As), Ag(l11)- and
As(V)- equilibrated HFO incubated with Shewanella sp. ANA-3 wild-type (WT) and
ANA-3AarrA, a mutant unable to produce the respiratory As(V) reductase. Of the two
pathways for microbial As(V) reduction (respiration and detoxification), the respiratory
pathway was dominant under these experimental conditions. In addition, As(lIl)
adsorbed onto the surface of HFO enhanced the rate of microbial Fe(l11) reduction. Inthe

sediment and ANA-3 incubations, As(V) was reduced simultaneously or prior to Fe(lll),
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consistent with thermodynamic calculations based on the chemical conditions of the

ANA-3 WT incubations.

5.2 Introduction

Arsenic (As) causes severe hedlth effects when ingested, and evidence for this
type of poisoning is apparent in countries such as Bangladesh, where millions of people
are affected by drinking As-contaminated groundwater (NRC 1999; NRC 2001;
Nordstrom 2002; Smedley and Kinniburgh 2002). In Bangladesh and many other As-
impacted areas, As commonly co-occurs with iron (Fe) minerals in sediments as an
adsorbed species, and the fate of Fe and As are often closely linked (McGeehan and
Naylor 1994; Dixit and Hering 2003; Akai et al. 2004). As mobility can be affected by
redox chemistry (i.e., the cycling between the +I11 and +V oxidation states), and also by
sediment transformations, particularly the reductive dissolution of Fe(l11) (hydr)oxides.

Microorganisms can mediate redox cycling of both As and Fe (Newman et al.
1998; Nickson et a. 2000; Oremland and Stolz 2003). Microbially-driven As redox
transformations have been observed in laboratory and field studies (Ahmann et al. 1997;
Zobrist et al. 2000; Oremland and Stolz 2003; Islam et a. 2004). There are two known
microbia pathways for reduction of As(V) to Ag(lll). The respiratory pathway (arrA
pathway) couples the oxidation of an organic substrate to As(V) reduction, resulting in
cell growth (Cervantes et al. 1994; Laverman et al. 1995; Dowdle et al. 1996; Newman et
al. 1998; Malasarn et a. 2004). The detoxification pathway (arsC pathway) is used by
the cell to convert As(V) to Ag(lll), which is actively transported out of the cell; this

process requires ATP (Cervantes et al. 1994).
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Dissimilatory Fe reducing bacteria (DIRB) are wide-spread and considered to be
the primary agent in the reductive dissolution of Fe minerals in sedimentary
environments (Lovley et al. 1991; Smedley and Kinniburgh 2002; Akai et a. 2004). Less
crystalline Fe phases with higher surface areas are more susceptible to biological
reduction (Roden and Zachara 1996; Jones et a. 2000; Roden 2003; Hansel et a. 2004;
Roden 2004). Furthermore, rates of reductive dissolution are affected by Fe mineralogy
and accumulation of Fe(ll) reaction products. As the parent mineral is reduced, reaction
products, including sorbed or precipitated Fe(ll), accumulate on the mineral surface,
slowing the reduction rate (Urrutia and Roden 1998; Urrutia et al. 1999; Hansel et al.
2004; Roden 2004; Royer et al. 2004). The observed rates and products of these
microbial reactions depend on experimental conditions such as bacterial strain, initial Fe
mineral, and flow-through or batch incubation.

The amount of As released into solution due to the bacterial reductive dissolution
of Fe (hydr)oxides has been shown to depend on As oxidation state and Fe mineralogy
(Ahmann et al. 1997; Langner and Inskeep 2000; Zobrist et al. 2000; Islam et a. 2004;
van Geen et al. 2004; Herbel and Fendorf 2005). The oxidation state of As at the onset of
Fe reduction is crucial to As mobility, since As(V) and As(I11) sorption and complexation
can be significantly different at environmentaly relevant pH values when competing
sorbates, such as phosphate, are present (Dzombak and Morel 1990; Dixit and Hering
2003). Asaresult, whether As(V) is reduced prior to Fe(l11) may partially determine the
amount of As mobilized into sediment porewaters. In addition, while the rates of Fe(l11)
and As(V) reduction are affected by Fe mineralogy, the effect of adsorbed As species on

rates of Fe reduction has not been investigated.
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This study addresses the relative order of microbial As(V) and Fe(l11) reduction,
as well as the effect of sorbed As species on rates of Fe reduction. Two microcosm
studies were performed with a synthetic iron oxyhydroxide slurry and incubated with
bacteria from two types of microbial inocula. One inoculum was fresh sediment
containing the ambient microbial community from Haiwee Reservoir (Olancha, CA),
where Fe- and As-rich sediment have been deposited as aresult of in situ, full-scale water
trestment (Kneebone 2000; Kneebone et al. 2002). Arsenic in Haiwee sediment is
primarily adsorbed to a poorly crystalline Fe(l11) oxyhydroxide phase. Iron and Asin the
sediment porewaters are strongly correlated, consistent with reductive dissolution. In the
solid phase, As(V) was detectible only in the surficial sediment with As present as As(l11)
throughout the sediment column (Kneebone et al. 2002; Malasarn et al. 2004). The other
type of inoculum was a well-studied |aboratory strain, Shewanella sp. strain ANA-3 wild-
type (WT), and a mutant strain with a deletion of the arrA gene. ANA-3 WT is capable
of both Fe and arsenate reduction. ANA-3 is a reasonable model organism since an
isolate of native arsenate-reducing bacteria from Haiwee Reservoir sediments was found
to be a strain of Shewanella bacteria, also capable of Fe and As reduction (unpublished
data).

Inocula of Haiwee sediment or ANA-3 were incubated with hydrous ferric oxide
(HFO), an amorphous Fe(111) oxyhydroxide similar to the Fe phase in Haiwee Reservoir
sediments (Kneebone et al. 2002; Cooper et al. 2005). For experiments with Haiwee
sediment inoculum, HFO was equilibrated with As(V) prior to inoculation and
experiments were conducted with varying organic substrates (lactate, acetate, or no added

organic carbon). For experiments with ANA-3, HFO was equilibrated with either As(V)
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or As(I11) before inoculation or used without exposure to As. The order of microbial
As(V) and Fe(lll) reduction, the effects of organic substrates on As(V) and Fe(lll)
reduction, and the effect of adsorbed As(V) and As(l11) on microbial Fe(ll1) reduction

were examined.

5.3 Materialsand Methods

5.3.1 Reagents

All chemicals used were reagent grade and used without further purification.
Solutions were prepared with 18 MQ-cm deionized water (Barnstead, Nanopure infinity)
and stored in plastic containers that had been washed in 10% oxalic acid. For bacterial
incubations, all solutions were autoclaved before use with the exception of the
bicarbonate buffer, which was filter-sterilized (0.2 pum pore size) and added to the
autoclaved medium. The bacterial minimal growth medium (Appendix C) was buffered
with 50 mM bicarbonate and had a total phosphate concentration of 50 UM and an ionic

strength of 0.06 M.

5.3.2 Preparation of HFO and As-equilibrated HFO

HFO was prepared by the drop-wise addition of 0.5 M NaOH to 0.05 M Fe(NOs);3
until the solution stabilized at pH 8 (Schwertmann and Cornell 1991). The suspension
was equilibrated for >3 h under constant stirring, adjusting any pH drift as necessary with

0.5 M NaOH. The HFO was then washed three times with sterile water and centrifuged
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at 7000xg for 10 minutes. The HFO was not autoclaved after synthesis to avoid changes
in mineralogy.

After the final wash, the HFO was resuspended in an As solution and equilibrated
overnight with constant stirring. For the sediment incubations, 15 g of HFO was
resuspended in 1 L of 0.05 M NaHASO, (Sigma) at pH 7.2. For the ANA-3 incubations,
5 g of HFO was suspended in 0.5 L of 0.02 M NayHASO, and 3 g of HFO was suspended
in 0.5L of 0.02 M NaAsO, (Sigma) at pH 8.0. These conditions ensured that all available
surface sites for As sorption were saturated with As at the given pH. In all cases, the
HFO was washed twice with sterile water to remove excess As that was not sorbed and
resuspended in bacterial minimal medium to a final slurry composition summarized in
Table 5.1. The pH was adjusted to 7.2 for the sediment incubations, and pH 8 for the
ANA-3 incubations with 0.5 M NaOH prior to inoculation. In the case of HFO without
any adsorbed As, the solid was resuspended directly in bacterial medium after the initia
washing and adjusted to pH 8. Uninoculated controls were maintained over the course of
the experiment to ensure that no contamination was introduced in the synthesis, washing,

distribution, and sampling of the HFO Slurries.

5.3.3 Incubation Experiments

The HFO suspension was transferred under sterile conditions to acid-washed and
autoclaved plastic bottles with a screw-cap lid; 200 mL of HFO slurry was added to each
bottle. The bottles were transferred to an anaerobic chamber (80% N2, 15% CO,, 5% Hy)
and equilibrated for 24 h with the lid loosely covering the bottle mouth to allow for

passive gas exchange before inoculation. The bottles were inoculated in the anaerobic
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chamber and then incubated in the dark a 30°C in the anaerobic chamber for the
remainder of the experiment. The bottles were not stirred during incubation, but were
shaken vigorously prior to each sampling. All experiments were repeated in triplicate. In
each experiment, an additional bottle was left uninoculated as a control, and sampled in

an identical manner.

Table5.1. Summary of Experimental Conditions

Inoculum Solid mol s Solid-to- pH Carbon Carbon
Per guro Solution Source (mM)
ratio (g/L)
Haiwee Sediment HFO/AS(V) 0.002 2.0 7.2 Lactate 19
HFO/AS(V) 0.002 2.0 7.2  Acetate 17
HFO/AS(V) 0.002 2.0 72 No 0
carbon
added
Shewanella sp. strain HFO/AS(V) 0.001 2.8 8.0 Lactate 14
ANA-3WT
HFO/AS(I11) 0.003 2.7 8.0 Lactate 14
HFO/no As — 19 8.0 Lactate 14
Shewanella sp. strain HFO/AS(V) 0.001 2.8 8.0 Lactate 14
ANA-3 darrA

5.3.3.1 Incubations with Haiwee Sediment

Bacterial minima medium was amended with lactate, acetate, or left unamended
(no added carbon source). The slurry consisted of HFO pre-equilibrated with As(V).
The bottles were inoculated with fresh sediment from Haiwee Reservoir (2 g wet

sediment/200 mL dlurry), extracted from a core (5-10 cm depth) and homogenized in the
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anaerobic chamber. Control bottles consisted of inoculation with pasteurized sediment or
autoclaved sediment, but both controls showed both As and Fe reduction. Formaldehyde
prevented further reduction in autoclaved sediment control bottles (data not shown),
suggesting that the reduction was microbially catalyzed. Uninoculated bottles did not
show evidence of growth. Aliquots were taken from the bottles approximately every 12 h
for 112 h, and analyzed as described below.
5.3.3.2 Incubationswith ANA-3

Incubations were also performed using a laboratory isolate, Shewanella sp. strain
ANA-3 WT, and mutant ANA-3AarrA, which has a deletion of the respiratory arrA gene
(Saltikov and Newman 2003). Slurries were prepared with HFO with adsorbed As(V),
HFO with adsorbed A(l111), or HFO only (no As). ANA-3 WT was inoculated into
bottles with HFO/As(V), HFO/As(I11) and HFO. The ANA-3 AarrA mutant was
inoculated into bottles containing HFO/AS(V), as a control for respiratory arsenate
reduction. Lactate was included in all bottles as the electron donor. Bottles were
inoculated with 10° total cells initially, corresponding to 500 cellsmL. Samples were
taken approximately every 12 h for 131 h. The pH was monitored with pH indicator

strips (EM, ColorpHast) at the time of each sampling.

5.3.4 Analytics

At each time point, samples were removed from the bottles and processed as
follows. For determination of dissolved concentrations, 1 mL of sample was filtered
through a microcentrifuge filter with a 0.2 um pore size (Costar, nylon Spin-x) in the

glove box; filtered samples were analyzed for lactate, acetate, As(l11), As(V), Fe(l1), and
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total dissolved Fe. For determination of total concentrations, 20 uL of concentrated
phosphoric acid was added to 1 mL of sample to dissolve the HFO. Ten pL of sample
was added to 90 pL of 1 M HCI in a 96-well plate for total Fe(ll) analysis and the
remainder of the sample was analyzed for |lactate, acetate, As(l11), and As(V). At thefirst
and last time point, an additional 0.375 mL of slurry was removed and acidified for total
Fe analysis. Tota and dissolved Fe(l1) and total Fe (Fe(ll) + Fe(l11)) were measured by
the ferrozine method (Stookey 1970) on a 96-well plate prepared in the anaerobic
chamber, and analyzed immediately. The limit of detection for all iron anaysis was
10uM. All other samples were frozen at -80°C until analysis by high performance liquid
chromatography (HPLC, Waters 2487 detector, 715plus autosampler, 515 HPLC pump).
HLPC analysis was conducted using a Hamilton PRP-X300 column in series with a
BioRad Aminex HPX-87H column, heated to 50°C, with a 30 mM phosphate mobile
phase at 0.6 mL/min flow rate. As(V), Ag(lll), lactate and acetate were detected by
absorbance at 210 nm. The detection limit for As(I11) and As(V) was 100 uM.

A sediment core was sectioned anoxically and dried at 70°C for 2 days. The dry
sediment was fumigated with HCI in a desiccator for 8 hours to remove inorganic carbon.
The residue was then analyzed for organic carbon by CHN analysis (University of

California Davis Stable Isotope Facility).

5.3.5 Thermodynamic calculations
The thermodynamic driving force (AG) for both arsenate reduction and Fe
reduction coupled to lactate oxidation was calculated based on experimental conditions

observed in the ANA-3 WT/HFO/AS(V) time course. The coupled reactions of arsenate



5-10

or iron reduction to lactate oxidation were obtained from the appropriate redox half

reactions with dominant dissolved species at pH 8 (Table 5.2).

Table 5.2. Reactions and constants used for thermodynamic calculations. Constants

were taken from reference (Latimer 1952).

AG°

Redox Half Reactions log K (kJ/mol)
CH3CHOHCOO + 2H,0 = 5H* + CH;COO + HCO; + 4€ -5.81
am-Fe(OH)3¢ + € + 3H" = Fe” + 3H,0 16.2
HASO,” + 4H" + 26 = H3AsO;+ H,0 28.21
Coupled Reactions
CH3CHOHCOO + 2 HASO,” + 3H" = CH3COO + HCO; + 2H3As0; + 2 H,0 50.41 -287.2
4 am-Fe(OH)3g + CH;CHOHOO + 7H* = 4 F&®* + CHyCOO + HCO; + 10H,0 58.99 -336.24
Values of AG at 25°C were calculated from the expression:

AG=AG’ +RT(In 10) log Q = AG® +5.7081 log Q (5.1)
where

Q, = [CH,COO][HCO, ][H,ASO,]? (52)

' [CH,CHOCHOO |[HASO,” J4{H*}® '
for the As(V) reduction reaction, and
- - 2+ 14
Q, = [CH,COO][HCO, ][Fe™] (5.3)

~ [CH,CHOCHOO |{H*}’

for the HFO reduction reaction, where the activity of HFO is assumed to be 1, and {H"}

corresponds to the measured pH. Total concentrations (dissolved plus adsorbed) of

As(V), Ag(lIl), lactate, acetate, and Fe(ll) were measured at each time point. Total

lactate and acetate concentrations were directly substituted into the equations, since their
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total and dissolved concentrations were approximately equal. The pH remained between
7.9-8.1 for the entire incubation, and therefore { H*} was assumed to be 10°® for all time
points. The bicarbonate concentration was assumed to be constant and in equilibrium
with the COyg present in the glove box gas mixture at pH 8. The ionic strength was 0.06
M.

Since dissolved concentrations of HzAsOs; HAsO,*, and Fe** were below the
detection limits of the analytical methods, MINEQL+ (Schecher and McAvoy 1998) was
used to calculate these concentrations based on experimental measurements.

Fer was determined at t=0. Fe(I11) at each time point was determined by:

Fe(I11) = Fer — Fe(l1) (5.4)

From Dzombak and Morel (Dzombak and Morel 1990), [=Fe"OH] = 0.2 Fer and
[=Fe*OH] = 0.005 Fer and the specific surface area for HFO is assumed to be 600 m%g.
The value of 0.2molgwe/Molee IS a general average, with values for arsenic sorption
between 0.05-0.18 molgie/molre. Based on isotherm studies (Chapter 3) with HFO
synthesized identically to this study, 0.12molge/molee more accurately describes the
sorption site capacity for arsenic in this system. Assuming that the ratio of strong-to-
wesak sites is the same as the general vaue from Dzombak and Mord (i.e., [EFe*OH] /

[=Fe"¥OH] = 0.025), the site density is:
[=Fe"“OH] = 0.117 Fer (5.5)
[=Fe"OH] = 0.0029 Fer (5.6)

Only ferrihydrite was alowed to precipitate in the model. The ionic strength was

caculated from the bacterial medium salts concentration, and was found to be 0.06M.
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The double-layer FeOH sorption model was used to calculate the amount of sorbed and
dissolved As(V), As(l1l), and Fe(ll) species at each time point. The intrinsic surface
complexation constants used in the model are given in Table 5.3. Activity coefficients
were calculated in MINEQL+, using the Davies equation correction for ionic strength.
The contribution of lactate and acetate complexation are neglected in these calculations,
since complexation with As(I11), As(V), and Fe(Il) species is weak (Urrutia and Roden

1998).

Table5.3. Intrinsic surface complexation constants used in the MINEQL + model

Surface Reaction log K Reference
(1=0M, 25°C)
As(V) reactions
=FeOH + AsO,* + 3H" = =FeH,As0, + H,0 29.31 (Dzombak and Morel
1990)
=FeOH + AsO,* + 2H" = =FeHASO; + H,0 2351 (Dzombak and More!
1990)
=FeOH + AsO,* = =FeOHASO,* 10.58 (Dzombak and More!
1990)
Ag(I11) reactions
=FeOH + AsO;* + 3H" = =FeH,As0; + H,0 38.76 (Dzombak and Morel
1990)
Fe(ll) reactions
=Fe"*OH + Fe** = =Fe"*OFe" + H" -2.98 (Appelo, Van der
Weiden et . 2002)
=Fe"OH + Fe** ==Fe*OFe" + H* -0.95 (Appelo, Van der
Weiden et . 2002)
=Fe"“OH + Fe?* = =Fe"*OFeOH + 2H"* -11.55 (Appelo, Van der

Weiden et al. 2002)
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5.4 Results

The two experimental time courses in this study were designed to investigate the
effects of organic substrates on As(V) and Fe(I11) reduction and adsorbed As species on
the rate of Fe(ll1) reduction. Dissolved concentrations of Fe and As were undetectable
throughout the course of both microcosm experiments. Thus, Fe(ll), As(V), and As(l11)

were predominantly associated with the solid phase.

5.4.1 Incubations with Haiwee Sediment

Both As(V) and Fe(lll) were reduced in al of the incubations inoculated with
Haiwee sediment (Figure 5.1). Reduction of As(V) began before Fe(l11) reduction and
ceased after 40-60 h in the lactate- and acetate-amended bottles. Even though the rate
and extent of reduction varied with carbon amendment, the onset of As(V) reduction
preceded Fe(l11) reduction in all cases. For part of the time course, reduction of As(V)
and Fe(l11) proceeded simultaneously, after which As(V) reduction ceased and Fe(l1l)
reduction continued until the termination of the experiment.

The rate and extent of As(V) and Fe(lll) reduction depended on the type of
organic substrate, with the greatest amount of reduction occurring in the lactate-amended
bottles. Arsenate reduction was achieved within 50 h with lactate, 70 h with acetate, and
proceeded from 20 h until the termination of the experiment in the unamended bottles.
Although As(V) was not completely reduced, the termination of As(V) reduction in the
lactate-amended bottles occurred concurrently with the complete consumption of lactate
(~45 h). Fe(lll) reduction continued even after the lactate was exhausted, but as the

experiments with the unamended bottles show, some As(V) and Fe(l11) reduction can
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occur without organic carbon amendment. About 13-14% of the Fe(l11) was reduced in
the lactate- and acetate-amended bottles, while 8% of the Fe(lll) was reduced in the

unamended bottles.
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Figure 5.1. Measured total concentrations of As(l11), As(V), Fe(ll) and organic carbon
for sediment incubations @) and b) amended with lactate, c) amended with acetate, and d)
without a carbon amendment. The HFO was pre-equilibrated with As(V), and inocul ated
with fresh sediment from Haiwee Reservoir, introducing a natural bacterial community to
the durry. The error bars represent one standard deviation of measured concentrations of

triplicate samples, and if not visible, are smaler than the symbol. For experimental
conditions, see Table 5.1.

In the lactate-amended bottles, the changes in lactate and acetate concentration

exceeded the values expected based on the stoichiometry of Fe(ll) and AS(lII)
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production. Since the sediment inoculum introduced a mixed microbial community, it is
possible that some consumption of lactate proceeded through aternative pathways not
involving Fe(l11) or As(V) reduction, such as nitrate or manganese reduction.

Reduction of As(V) and Fe(lll) was observed in the unamended microcosm
inoculated with Haiwee Reservoir sediment, indicating that the bacteria were able to
utilize the ambient carbon from the small amount of sediment introduced with the

inoculum. The carbon content of the sediment is 2.8% on adry weight basis.

5.4.2 Incubationswith ANA-3

As(V) and Fe(l1l) were simultaneously reduced in the incubations with ANA-3
WT with HFO/AS(V) (Figure 5.2a). As(V) reduction was achieved within 40 h of
incubation, athough it was not completely converted to As(lll). HFO reduction
continued throughout the course of the experiment. No As(V) reduction was observed in
the ANA-3 AarrA mutant incubation on HFO/AS(V), and acetate production (Figure
5.2c) was coupled to Fe(lll) reduction (Figure 5.3). Ag(l1l) concentrations remained
constant over time in experiments where ANA-3 WT was incubated with HFO/AS(111).
In al incubations with ANA-3, conversion of |lactate to acetate was observed consi stent
with previous observations (Saltikov et al. 2003). Although acetate concentrations were
less than expected, lactate was consumed stoichiometrically based on As(I11) and Fe(ll)
production (Table 5.5). Fe(l1l) reduction was observed in all incubations with ANA-3
but the rates of Fe(lll) reduction varied in the different incubations (Figure 3). The

mutant ANA-3 AarrA showed the lowest rate of Fe(lll) reduction. With ANA-3 WT,
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more Fe(l11) reduction was observed with HFO was pre-equilibrated with either As(V) or

Ag(111) than with HFO aone.
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Figure5.2. Measured total concentrations of As(V), Ag(111), Fe(Il), lactate and acetate in
incubations with (a,b) ANA-3 WT incubated with As(V)-equilibrated HFO, (c) ANA-3
AarrA mutant incubated with As(V)-equilibrated HFO, (d) ANA-3 WT incubated with
Ag(111)-equilibrated HFO, (e) ANA-3 WT incubated with HFO (no As). ANA-3 WT or
AarrA mutant was inoculated into the appropriate HFO dlurry at a fina cell density of
500 cell/mL dlurry. For experimental conditions, see Table 5.1.



5-18

00 00 00 0T x 0%- 0T x2L'T 0T x LT +OT x89 +OT X V'€ 00 (1nsv

00 00 00 +OT X 9T 0T x0'8 00 +OT X ¥'9- +OT X ¥'T +OT X9V (ABV
+OT x8T +O0T x8'T 00 +OT x2S +OT x2S 00 +0T x L +OT x 2L 00 (104

(111)ed se)

- - 0T x 2V - - ¢0T xT9 - - ¢0T x 79 O4H
0T XTT +0T x8C 00 0T x2T +OT x0'€ 00 +OT x¥'C 0T x 09 0 aleRoe
0T x 0'8- ¢0T x97¢ ¢0T x8¢C +0T x0°8- ¢0T x9C ¢0T x8¢C 0T x¥'¢- ¢0T x2¢C ¢0T x 8¢ areloe|

‘AInbey low reuyy [ow femul ‘AInboy low reuly [ow feru ‘AInboy [ow feut} [ow el
Aluo O4H (111)sv/04H (ABV/O4H

‘(Jow;/ AINbS o1RPIR I0 BKIR| {7

‘low/ AInbe sy Z {jow/ Alnbe a4 T) 121841 Ul (2) pue (T) suoirenbs ul A1BWOIY210IS 10} 8Z1fewlou 01 Sius feAInbs ul passaldxe
9.Je U0 112J3ua0u09 Ul sabueyd 'sjuswl Liedxe WS020J01W £-YN W Ul SUOIIRIIUSOUCD [eul) pue eiiul Jo uosiedwo) '§'GgalgqeL




5-19

4 -
—8— ANA-3WT on HFO/AS(V)
357 —B— ANA-3 WT on HFO/AS(I1)
3] —— ANA-3WT on HFO
—&— ANA-3 mutant on HFO/As(V)
25"
s
E
= 2
7
15 1
1 _
05 -
— 4
0 T T T T T 1
0 20 40 60 80 100 120 140

hours

Figure 5.3. Measured total concentrations of Fe(Il) for ANA-3 WT grown on HFO pre-
equilibrated with As(V), As(Il1), or HFO only (no As), and ANA-3 AarrA mutant on
HFO pre-equilibrated with As(V). The rates of Fe(l1) production after 40 h of incubation
are 0.024 mM Fe/h for ANA-3 WT on HFO/As(V), 0.028 mM Fe/h for ANA-3 WT on
HFO/AS(111), 0.009 mM Fe/h for ANA-3 WT on HFO only, and 0.003 mM Fe/h for
ANA-3 AarrA mutant. The presence of As(I11) adsorbed onto HFO enhances the rate of
Fe(l11) reduction.

5.5 Discussion

5.5.1 Utilization of terminal electron acceptors (TEA)

In both sediment and ANA-3 microcosm experiments, As(V) reduction occurs
concurrently or even prior to Fe(lll) reduction. In the ANA-3 WT microcosms, the
utilization of As(V) as aterminal electron acceptor prior to or concurrently with Fe(ll1) is
consistent with calculations of the thermodynamic driving force for As(V) and Fe(l1l)

reduction coupled with lactate oxidation. For conditions where the reactant As(V) and
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the products As(l11) and Fe(ll) are predominantly sorbed to HFO, As(V) reduction is
more favorable than Fe(l11) reduction throughout the course of the experiment (Table
5.6), even as AG becomes less favorable for both reactions as they progress. Decreased
driving force (less negative AG) has been calculated in other Fe systems, where Fe(Il)
accumulation decreases the driving force for bacterial reduction of hematite over time
(Royer et a. 2004). In the ANA-3 microcosms, As(V) was not reduced completely to
AS(111), indicating that the residual As(V) may have been limited by kinetic factors such

asinaccessibility of residual As(V), rather than thermodynamic considerations.

Table5.6. Thermodynamic driving force calculation results for ANA-3 WT microcosm.

Time AG As(V) AG yro
(hours) (kJ/mol) (kJ/moal)
19 -200 -189
35 -144 -143
59 -133 -130

Thermodynamics alone do not aways predict the utilization of TEAS in these
types of reactions, since other factors such as enzyme kinetics may influence the rates
and extent of TEA consumption. However, the thermodynamic calculations presented
here show that the effects of chemical reactions such as adsorption can gresatly affect the
energetics of the system.

Our study illustrates the importance of considering the speciation of As and Fe
associated with the solid phase both in assessing the full extent of As(V) and Fe(l1l)

reduction and in comparing the energetics of As(V) and Fe(lll) reduction.  In other
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studies where As and Fe were measured only in the dissolved phase, Fe(ll) either
accumulated in solution prior to the increase in dissolved As(I11), or As and Fe(ll) were
released simultaneously into solution (McGeehan and Naylor 1994; Ahmann et al. 1997;
Zobrist et al. 2000; Islam et al. 2004). However, the amount of Fe and Asin solution is
dependent not only on the extent of reduction of each element but also the extent to
which they are sorbed onto the solid phase. Therefore, measurement of both dissolved
and solid phase redox speciation is necessary to follow the energetics of the reactions.
Although the bicarbonate, As, and Fe concentrations used in the microcosms are
higher than would be generally found in natural systems, the HFO used in this study is a
reasonable laboratory model for the Fe floc deposited in Haiwee sediments. Thus, the
observed order of terminal electron acceptor utilization may be expected for Haiwee
sediment. Our laboratory results are consistent with field observations at Haiwee
Reservoir, where As(V) was converted to As(I11) in the surficial sediments and Fe(l11)
reduction occurred deeper in the sediment column (Kneebone et al. 2002). In addition,
the arrA gene was identified in Haiwee sediments (Malasarn et al. 2004) indicating that
the respiratory pathway of As(V) reduction may be important. This suggests that the
redox transitions observed in Haiwee sediments are due to microbial As(V) and Fe(l11)

reduction.

5.5.2 Respiratory and Detoxification Pathways
The ANA-3 AarrA mutant in an HFO/As(V) slurry did not reduce any As(V)
(Figure 5.2 C), although both ANA-3 WT and ANA-3AarrA mutant are capable of As(V)

reduction for the purpose of detoxification using the ArsC reductase. Therefore, the
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detoxification pathway did not play a significant role in this incubation. The threshold for
expressing the ars detoxification genes is >100 uM As(V), while the arr respiratory
genes are expressed at As(V) concentrations of 100 nM (39). Dissolved concentrations
of As(V) were below the detection limit of 100 uM and, therefore, aso below the
threshold for ars expression. Thus, detoxification should not be a significant pathway for
As(V) reduction, consistent with the experimental observations.

In the sediment microcosms, the reduction of arsenate ceased after approximately
40 h of incubation in lactate-amended bottles, which corresponds to the complete
consumption of lactate. The correlation between AS(V) reduction and lactate
consumption is indicative of the respiratory pathway and suggests it may be dominant in
the sediment microcosms aswell. Thisis consistent with previous studies suggesting that
rates of As(V) reduction via the detoxification pathway may be slower than the
respiratory pathway in other bacterial strains (Jones et al. 2000).

It is evident that bacteria can reduce As(V) for respiration or detoxification even
under conditions where As(V) is predominantly adsorbed to or associated with an Fe
mineral matrix (Ahmann et a. 1997; Jones et al. 2000; Langner and Inskeep 2000;
Zobrist et a. 2000; Herbel and Fendorf 2005).  The arsenate reductase ArrA is thought
to be located in the periplasm of the bacterial cell on the basis of genetic similarities to
other known proteins (Krafft and Macy 1998; Saltikov and Newman 2003) and to require
a phosphate transporter to translocate dissolved As (i.e., after desorption from the solid)
into the periplasm. This would imply that the dissolved As(V) in our experiments,

although below the detection limit, was sufficient to support the observed microbial
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reduction. However, the question remains as to whether a bacterial cell can directly

utilize adsorbed As(V) or requires desorption of As(V) from the solid phase.

5.5.3 Effect of sorbed Ason Fe(l11) reduction

The presence of adsorbed As(111) increased the rate of Fe reduction in the ANA-3
WT microcosm experiments. In the incubations with HFO/As(V), sorbed As(V) was
reduced to As(l11) within approximately 40 h. Once most of the As(V) was reduced (>40
h) and Ag(111) was the dominant species adsorbed onto the HFO, the rate of Fe reduction
was comparable to the HFO/As(I11) case (0.024 mM Fe/h for HFO/As(V) microcosm and
0.028 mM Fe/h for the HFO/AS(I11) microcosm) from 40 h to 130 h. The HFO-only and
HFO/AS(V)/mutant incubations show substantially less Fe reduction (0.009 and 0.003
mM Fe/h, respectively) than observed in the HFO/As(V) and HFO/AS(111) microcosms,
which indicates that sorbed A(111) enhances the bacterial reduction of HFO.

The rate of microbial reduction of Fe(l11) oxyhydroxides depends on the surface
area and crystalinity of the oxide mineral (Jones et al. 2000; Zobrist et al. 2000; Hansel
et al. 2004). Changes in these properties could be related to the observed differences in
rates of Fe reduction. The time scale of this experiment (~4 days) is considerably less
than the timescale of ~15 days over which substantial re-crystallization of HFO, with or
without adsorbed As, was observed in abiotic batch experiments (Ford 2002). In flow-
through experiments, however, atransition from HFO to lepidocrocite has been observed
within 2 days of incubation with bacteria (Benner et a. 2002; Hansel et al. 2003). The
absence of dissolved As in our study suggests that surface area did not decrease

substantially over the course of the experiment.
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The enhancement of microbial Fe reduction observed when As(111) was adsorbed
on the HFO substrate was unexpected and may have significant environmental
implications. Bacterial reduction of As(V) to As(I11) may increase the rate of reductive
dissolution of poorly crystaline Fe hydroxides, possibly leading to an increase in As

mobility into groundwater in sediment systems.
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