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ABSTRACT

The impact of zinc on the reductive dissolution of hematite by the dissimilatory metal-reducing bacterium
Shewanella putrefacien6N32 was studied in batch culture mode. Experiments were conducted with
hematite (2.0 g L) in 10 mM PIPES (pH 6.8) and,Hs the electron donor under nongrowth conditions
(108 cell mL™1), spiked with zinc (0 to 0.23 mM), and incubated for 5 days. Experiments were also con-
ducted with ferric citrate (2.0 mM) and nitrate (1.43 mMANOL 1) to evaluate the effect of zinc with
soluble electron acceptors. A 50% inhibitory concentratioggfl@as defined as the zinc concentration

that decreased the extent of electron acceptor consumption by 50% compared to a no-zinc biotic control.
The total zinc IGq values for hematite, ferric citrate, and nitrate reduction were 0.21, 0.28, and 0.049
mM, respectively. The free zinc (Zh) ICso values for hematite, ferric citrate, and nitrate reduction were
0.13, 0.00016, and 0.049 mM, respectively. The lo’" s, for ferric citrate was attributed to citrate
complexation of zinc. The free Zh ICsq for aerobic cell growth on lactate in zinc-containing defined
growth medium was 0.050 mM. Differences between fre€ 265 values for soluble and solid phase
electron acceptors indicate that zinc adsorption to hematite and cell surfaces may control inhibition dur-
ing solid-phase iron reduction. Greater zinc tolerance observed during solid phase iron reduction com-
pared to soluble electron acceptors may be attributed to the formation of biofilms on hematite surfaces,
resulting in higher zinc tolerance compared to freely dispersed cells.
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INTRODUCTION duction by at least two mechanisms: via direct toxicity
or lethality to the DMRB, or via modification of the ox-
THE microsiAL REbUCTION Of Fe(lll) has been recog- ide and/or DMRB surfaces by sorbed zinc, which may
nized as a promising process for the bioremediatiefffect DMRB—oxide contact or DMRB-oxide electron
of heavy metals and radionuclides within contaminateeansfer (Roden and Urrutia, 2002). To differentiate be-
aquifers (Lovleyet al, 1996; Fredricksomt al, 1998; tween the proposed mechanisms of inhibition, similar ex-
Roden and Urrutia, 1999; Urrutiet al, 1999). Recent periments were conducted using soluble electron accep-
research has focused on the use of dissimilatory met@lrs, specifically ferric citrate and nitrate, for comparative
reducing bacteria (DMRB) to promote the mobilizatiopurposes.
or immobilization of selected contaminants through the
reductive dissolution or precipitation of these metals and
associated iron oxides (Zachm’aal., 1998, 2002; Bur- EXPERIMENTAL PROTOCOLS
gos et al, 2002). Many studies have documented
metal—-microbe interactions (Baath, 1989; Kushner, 199%icroorganism and culture conditions
Gadd, 1996; Warren and Haack, 2001), but few recent . ,
studies (Coopeet al, 2000; Parmaet al, 2001) have Shewanella putrefaciefSN32 was provided courtesy

specifically focused on the impact of metals (zinc an‘?f D_r. David_BaIkwiII (Sub_surche Microbial C_:ulture Col-
nickel) on iron reduction by the DMRBhewanella pu- lection, Florida State University. putrefaciensCN32

trefaciens This Gram-negative facultative anaerobe caffaS isolated from an anaerobic subsurface core sample
reduce crystalline (Coopet al, 2000: Zacharat al, (250 m below ground surface) from the Morrison Forma-

2001: Royeret al, 2002a, 2002b) and poorly crystallindiOn in northwestern New Mexico (Fredricksen al,

iron oxides (Fredricksoret al, 2001), soluble Fe(lll) 1998). The cultures were grown aerotg}mally on tryptic soy

complexes (Litet al, 2001), nitrate, and a variety of toxicProth without dextrose (TSB-D) at 20°C. Ce”f were har-

metals and radionuclides such as Cr(VI) (Feneodl, VveSted by centrifugation (4,900g, 10 min, 20°C) from

2000; Wielingzet al, 2001), U(VI) (Brooket al, 2003), & 16-n-old culture (late log phase) under nongrowth con-

and Tc(VIl) (Wildunget al, 2000; Liuet al, 2002a). d|t|on§ (no added inorganic nutrients or wtgmms_ during
Heavy metals are known to affect bacteria in a nurﬁxperlments). The cells were washed three times in 10 mM

ber of ways including altering key enzymes regu|atinb,.4—p|per§z|ned|ethanosulf01j|c acid (P“DE,S; 18.8),
intracellular transport (Welp and Brummer, 1997a) or eﬂ'th the final wash undergoing deoxygenation t,o remove
changing essential cations on carboxyl and phosphofgfFidual oxygen. Cell pellets were resuspended in 5-15 mL
reactive sites on the cell wall (Feit al, 2001). Previ- O deoxygenated 10 mM PIPES buffer in an anaerobic
ous studies related to heavy metal toxicity have focusEg@mper (Coy; Grass Lakes, MI) under aHy (ca.

on the influence of metals on microbial growth (Shuttle2!-9:2-5%) atmosphere and the cell density was deter-
worth and Unz, 1991; Samit al, 2001) or respiration mined by absorbance at 420 nm. Cells were assumed to

(Knight et al, 1997) and on metal accumulation or prel€ cylindrical shape (9'1%”1 diamelter.by 4um length)
cipitation on microbial surfaces (Poulsehal, 1997). With @ mass of 6.4 10~°mg cell"* (Liu et al, 2002b).

Heavy metals such as zinc, copper, and cobalt are Fr%_n oxide

sential micronutrients for micro-organisms at low con-

centrations M range) (Raven, 1984), but when these An iron oxide powder was obtained from J.T. BaIQ

beneficial concentrations are exceeded, microbial emeated to 550°C in air overnight before use to remove re

zyme activity can be permanently altered. Zinc is a corsidual carbon, and identified by X-ray diffraction and

mon ground water pollutant, and has been found Mossbauer spectroscopy to be hematiteF€é03) of

ground waters at U.S. Department of Energy (DOE) fgreater than 99% purity. The hematite had an average

cilities at concentrations exceeding 10.7 mM total zinparticle diameter of 1.0um measured by laser diffrac-

easily the highest heavy metal concentration reported (Rén and a specific surface area of 9.04gn! measured

ley and Zachara, 1992). Other studies have reported zinycfive-point N-BET (Jeoret al, 2001). The zero point

concentrations of 5.0 mM (Lighthaat al, 1983) and 7.0 of charge was pH 8.5, as determined by electrophoretic

mM (Duecket al, 1986) in polluted soils. mobility and proton titrations (Jeoet al, 2001). The
The purpose of this research was to investigate the kématite surface site density for Fe(ll) was 5.1 sites per

fects of zinc on the biological reduction of hematite bym? based upon adsorption of Fe(ll) (Jeziral, 2001).

the DMRBS. putrefacien€N32. The initial hypothesis Hematite was added to anaerobic PIPES buffer at least

was that zinc could inhibit solid-phase biological iron re24 h prior to any experiment to allow for hydration.
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Bioreduction experiment preparation hydrogen ion concentrations assuming solution equilib-
A “master reactor’ aporoach was used to prepare I‘ihlm was established. The calculation of free metal ac-
. PP brep f}vity using MINTEQA2 has been used in several stud-
experiments (Royeet al, 2002a) to ensure conS|stenIes (Shuttleworth and Unz, 1991, 1993) for

chemical anq bi.ological condit.ions. All preparations WelSetal-microbe systems contain}ng high'cell concentra-
performed within an anaer_op|c chamber. A master rea{?céps. Reactors were prepared in clear glass serum bot-
tor was prepared by combining the electron acceptor s (250 mL) containing between 100 to 200 mL of so-

the inoculum in a 120-mL serum bottle. All solutions (e><]—

cept the zinc stock) were prepared in 10 mM PIPES (pHPO“ media, crimp sealed with thick butyl rubber
; - . Stoppers and aluminum caps, and sealed serum bottles
6.8). Before zinc addition, three 10-mL aliquots were ré- """, . o .
; L . . were incubated in the dark at 20°C on orbital shakers out-
moved, which served as biotic no-zinc controls. Zinc was ;
. Sjde of the anaerobic chamber. Larger reactor volumes
incrementally added to the master reactor from an acig-

o . 1 (Compared to 10 mL used during hematite bioreduction)
ffied and.(_jeoxygenated ani;olghon (1,000 mg L nsured that adequate sample volume existed throughout
AAS certified standard) along with an equal volume 03

0.1 N NaOH (for pH maintenance). For each zinc co luration of experiment. After incubation times of ca. 0,
. X .5, 3.75, and 6 h, reactors were sampled within the
centration tested, 10 mL of the suspension was transferie . o : .
S ..~ anaerobic chamber by piercing the septa with a sterile
to 20 mL amber serum bottles (in triplicate), sealed W'th'rq‘eedle and svringe. Samples were analvzed for dissolved
the anaerobic chamber (97.5:2.8Y), and incubated in yringe. P y

the dark at 20°C on orbital shakers (150 rpm) outside g)r?u(jllzj,Hmssolved zinc, viability of freely dispersed cells,
the anaerobic chamber for up to 5 days. Hydrogen from '
the anaerobic chamber atmosphere was used as the q{ﬁﬁhte bioreduction

tron donor in all experiments except for the DMRB

growth experiments where lactate (30 mM) was used. TheExperiments were performed in 10 mM PIPES (pH

pH of the experiments never varied outside the range®8) containing 1.43 mM NON L~* (added as KNg),
6.6—7.0. a final cell density of 1®cells mL~%, and variable con-

centrations of zinc (0 to 0.46 mM). Reactor preparation
and reactor sampling were performed using the same
techniques as the ferric citrate experiments. Samples were
Experiments were performed with 2.0 g'thematite collected after incubation times of ca. 0, 5, 11, 21, and
(25 mM Fe(lll) LY, final cell density (target) of 0 31 h, and were used to measure nitrate—nitrogen, dis-
cells mL™%, and zinc concentrations ranging from 0 t@olved zinc, viability of freely dispersed cells, and pH.
0.23 mM. After incubation times of 1, 2, 3, 4, and 5 days,
reactors were sacrificed for the measurement of dissoMa#RB growth
and 0.5 N HCI extractable (“adsorbed plus dissolved” as
defined in Jeoret al, 2003) Fe(ll), dissolved and 0.5 N
HCI extractable zinc, pH, and freely dispersed cell vi
bility. Cell viability was operationally defined using th
LIVE/DEAD® Badight™ bacterial viability kit (Molec-
ular Probes; Eugene, OR).

Hematite bioreduction

Cells were prepared as above; however, the M1 de-
fined growth medium (Myers and Nealson, 1988) was
'dised for the final two aerobic rinses to remove residual
©®I'SB-D. Rinsed cells were inoculated at a0’ cells
mL~1 into reactors containing the M1 medium, 30 mM
lactate, and variable concentrations of zinc (0 to 3.06 mM
o ] ] total zinc) and were grown aerobically on a rotary shaker
Ferric citrate bioreduction (150 rpm). Cell concentrations were measured by ab-
Ferric citrate reduction was tested in solutions coforbance at 420 nm after incubation times of 0 and 21 h.

taining 2 mM ferric citrate (dissolved in 10 mM PIPES)APSorbance values were compared to abiotic, no-zinc
4 mM citric acid, a final cell density of §@ells mL~1, controls.

and variable concentrations of zinc (0 to 1.38 mM),
in 10 mM PIPES. Solution pH of 6.8 was maintaine
with 3 N NaOH or 3 N HCI. A 3:1 molar ratio of cit- Experiments were performed to determine the sorption
rate:Fe(lll) was selected to prevent the formation aff zinc to 1@ pasteurized cells mi! (140 n? g1 sur-
amorphous ferric hydroxide based on speciation calcuface area; Feiet al, 1997; Sokolowt al, 2001), 2.0 g
tions made with MINTEQAZ2 (Allisoret al, 1991) us- L~ hematite (9.04 fg~! surface area; Jeoet al,

ing published thermodynamic data (Let al, 2001; 2001), and both viable and sterilized suspensions con-
Smith and Martell, 1997). The program was run at fixeining 2.0 g L1 hematite plus 1¥cells mL~1. Zinc con-

inc sorption
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centrations ranged from 0.02 to 0.69 mM total zinc. Stefield being 2.64x 10~4 cn?) for each sample (one per
ilized cells were pasteurized at 63°C for 30 min prior t@actor) using 64 magnification with the aid of a Zeiss
inoculation. The effectiveness of this sterilization procepifluoresence microscope (Zeiss; Jena, Germany). Cells
dure was confirmed usirBadight. The viable cells plus not visibly attached to hematite particles were counted as
hematite suspensions contained between 0.088 and Grdely dispersed cells (Langley and Beveridge, 1999).
mM Fe(ll). All sorption experiments were performed aCell viability counts for cells physically adhered to
pH 6.8 within the anaerobic chamber in triplicate usingematite (i.e., localized biofilms) were not counted due
experimental procedures described above including &uncertainties of consistent stain uptake by cells within
equilibration time of 5 days. Duplicate measurements bfofilms. Previous studies have fouBedight staining
extractable and dissolved metal concentrations for eaghcorrelate positively with plate counting techniques
sample from each reactor were taken (for a total of (Virta et al, 1998; Autyet al, 2001) and our plate counts

6) using methods described below. compared favorablyp(> 0.05) withBadight freely dis-
] ) persed cell counts under experimental conditions tested
Analytical techniques (hematite bioreduction containing variable zinc).

Fe(ll) was reported as dissolved and extractable.
dissolved Fe(ll), samples were filtered (@@ cellulose
acetate) and Fe(ll) was measured by ferrozine (1.96 mMThe quantification of zinc inhibition during aerobic
ferrozine in 50 mM HEPES, pH 8.0; Stookey, 1970). Seell growth and the anaerobic respiration of hematite, fer-
lution pH of the filtrate was determined in the anaerobitc citrate and nitrate b$s. putrefacieniCN32 was as-
chamber using a combination pH electrode. For egessed using microbial toxicity definitions developed by
tractable Fe(ll), an unfiltered sample was acidified witBaniet al (2001). Specifically, we defined inhibition as
HCI to achieve a final solution normality of 0.5 N. Thehe percent change of bioreduction extent due to zinc ad-
solution was mixed for ca. 24 h, filtered (Quen), and dition relative to its biotic no-zinc control. This defini-
Fe(ll) in the filtrate was measured by ferrozine. Dissolveibn may be expressed as:
and total zinc was measured from the corresponding dig; i ition —
solve.d and ex?ractable Fe(ll) filtrate samples by flame Bioreduction Extent with Zinc
atomic absorption spectrometry (AAS) after preservation ( Bioreduction Extent without Zin
with conc. HNQ. Nitrate was measured by a Hach 2010

spectrometer (Hach Company, Loveland, CO) using th . .
high range nitrate (030 mg ) Test ‘n Tube method Where the bioreduction extent was measured after 5 days

522 Ao recucion of hematte by 025 M ol [2TALE 0 1 10 et ctete o o o nrte,
amine hydrochloride in 0.25 M HCI (HA-HCI) (Roden P y

and Zachara, 1996: Hachel al, 2001) with variable times when the pseudofirst-order rates were still opera-

. . . Lo tive [i.e., plots of InC/Cp) highly linear; initial rates yet
zinc (0 to 0.23 mM) showed zinc did not S|gn|f|cantl3{O decrease]. In addition, data analyses comparing biore-
(p > 0.05) affect Fe(ll) production.

The Badight bacterial viability kit includes mixtures duction extent values to bioreduction rate values yielded

of green fluorescent nucleic acid stain SYTO 9 and rggsen_hally identical 16, estimates. For aerobic growth
: ; ; T experiments, the extent of growth was measured after 21
fluorescent nucleic acid stain propidium iodide (PI). Th

A ‘ . ) 0
SYTO 9 stain generally labels all bacteria while the P The inhibitory concentration of zinc required for 50%

stain penetrates only bacteria with damaged membrarﬁ%gucnon in microbial activity (I6) was calculated ac-

causing a displacement of the SYTO 9 stain (Boelos cording to the equation: 50%

al., 1999). Thus, viability is defined and determined ICso = 10(#[%) 2)
solely on cell membrane integrity. Nonviable cells were P

counted by their fluorescent red color, while viable cellwherefy is the y-axis intercept of the log zinc vs. linear
were counted by their fluorescent apple green color (Sax@rcent inhibition regression line agd is the slope of

et al, 2001; Huet al, 2003; Teitzel and Parsek, 2003)the log zinc vs. linear percent inhibition regression line.
A 30-uL aliquot of a stain mixture containing 20 PI “Free” zinc (Zrf*) concentrations reported were esti-
and 10uL SYTO 9 stock solutions dissolved in 1 mLmated using MINTEQAZ2 (Allisoret al, 1991) specia-
MilliQ water was added to 1 mL of unfiltered bacteriation analysis based upon published thermodynamic data
containing suspension. A 10- sample was removed (Smith and Martell, 1997; Liet al, 2001). Zinc speci-
from the treated 1-mL sample and placed on a glass slai®n analyses, determined using zinc cyclic voltamme-
beneath a 4.84 chrover slip. Cell viability was calcu- try (CV-50W Voltammetric Analyzer by Bioanalytical
lated based upon the average from five field counts (ed8iistems, West Lafayette, IN), indicated?Zrwas the

F8hta analysis

)x 100 (1)
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dominant zinc species for the experimental conditionsons indicated that ferrihydrite formation would be ther-
Measured soluble and total zinc concentrations and phbdynamically favorable in 10 mM PIPES at pH 6.8 with
were used as input for MINTEQAZ2 calculations of frea 1:1 molar ratio of citrate:Fe(lll) (2 mM ferric citrate),
Zn2* to account for sorption to cells and hematite.  therefore, a 3:1 molar ratio was obtained by adding 4 mM
Zinc sorption isotherms were presented using the Fi@tric acid. Under these conditions, MINTEQAZ2 calcula-

undlich adsorption isotherm equation: tions indicated the formation of zinc—citrate was most fa-
1 vorable (90.8 to 93.3% of total zinc), while free?Zrac-
LOG q = LOG K; + FLOG C (3) counted for only 0.053 to 0.076% of the total zinc for the

whereq is the equilibrium adsorbent phase concentra-

tion, Ks is the Freundlich adsorption capacity facton 1/ 0.4
is the Freundlich intensity factor, adtis the dissolved @ -
phase equilibrium concentration.

0.3
RESULTS

Hematite bioreduction

| Extractable

Felll) [mM]
i
k3
e
HElE HDM
I-‘l.rl-

For the purpose of this study, zinc toxicity was qua &

tified as the inhibition of the biological reduction of thZ 0.1 - A A &
provided electron acceptor (hematite, ferric citrate, or 1 = A Y
trate) byS. putrefacian€€N32. For hematite, this effect
was based upon a decrease in 0.5 N HCI extractable | 0.0
sorbed plus dissolved) Fe(ll) produced after a 5-day 0 24 48 72 a6 120
cubation period. While others have shown the inabili Time [Hr]
of 0.5 N HCl to extract all Fe(ll) associated with hemati._
(Jeonet al, 2001; Hansett al, 2004), “total” Fe(ll) and 100
zinc using 3.0 or 6.0 N HCI extraction was not measul [ E -n "§ _ %
due potential interferences caused by hematite dissi __ BT e R L
tion (Jeonet al, 2003). Extractable Fe(ll) productiona £ &0 = or--0
@)a function of added zinc (Fig. 1A) revealed that the r¢ ®
and 5-day extent of biogenic Fe(ll) production was ¢ ; 60 é
pendent on the presence of total zinc. Abiotic contre = |:|
(results not shown) resulted in no Fe(ll) production. T = ' g
tal zinc concentrations less than 0.13 mM resulted in % 40 j
ther no change or increased Fe(ll) production relative g o0 ooEmMZic & i
the biotic no-zinc control. Only the highest zinc conce £ 20 e [:j“E :Iiﬁ: =
tration tested (0.23 mM) resulted in 36% decreased Fe 5 8 O13mid i
; ; _— . = 4 DFmMIc

production relative to the biotic no-zinc control. o - o0 = Binlic h-Zire Conteol

Increasing zinc concentrations generally decreas ] i
freely dispersed cell viability over time (Fig. 1B). For th 0 24 48 72 o5 120
biotic no-zinc control (Fig. 1B), 82% of the freely dis Time [Hr]

persed cells were viable after 5 days. No viable cells .-

mained in the presence of 0.23 mM zinc after 5 days. Thgure 1. (A) 0.5 N HCI extractable Fe(ll) productiorB)(
average total number of dispersed (viable and nonviabiglely dispersed cell viability, foBadight LIVE/DEAD cell
cells counted was 1.32 10° + 4.63 X 10’ colony- counts as a function of time (0 to 5 days) for the biological re-

forming units (CFU) mL?, respectively. duction of 2 g ! hematite at pH 6.8 in 10 mM PIPES. Total
zinc concentration ranged from 0 mM for the biotic and abiotic
Ferric citrate bioreduction controls to 0.23 mMShewanella putrefacier@N32 was used

) ) o (18 cells mL~1) under nongrowth conditions. Abiotic controls
Experiments were performed with ferric citrate to evajyith hematite produced 0.0 mM Fe(ll). Biotic controls without
uate the inhibitory effect of zinc using a soluble insteagkmatite produced 0.003 mM Fe(ll). Values are means of three

of solid-phase electron acceptor. MINTEQA2 calculaeplicates fstandard deviation).

ENVIRON ENG SCI, VOL. 23, NO. 4, 2006
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100 —H concentration (0.00027 mM) as calculated using
A ﬁ T ® L 4 MINTEQAZ2 (Fig. 2B). Badight counts (results not
80 - m shown) revealed that freely dispersed cell viability was
£ 60 - A . not significantly affeqed (all cognts greater tha}n 99% vi-
5 ;:% o) (ﬁ able after 6 h) for dissolved zinc concentrations up to
c w40 - é 1.38 mM. However, an ancillary experiment using 6.88
8 S mM total zinc yielded no viable cells. Higher zinc con-
g B 20 ® ’% o centrations decreased the 6-h extent of ferric citrate re-
€3 ngt’r!fec'"ate duction compared to its corresponding biotic no-zinc con-
X g 01 é AHematite trol (Fig. 2).
m 20 - é @ Aerobic Growth . . .
Nitrate bioreduction
-40 Experiments were performed with nitrate to evaluate
2.0 -1.0 0.0 1.0 the effect of zinc using a soluble electron acceptor that
Log Total Zinc [mM] does not contain a high ligand concentration (i.e., citrate).
S. putrefaciensan reduce nitrate in the absence of oxy-
100 — gen with hydrogen as the electron donor (Kim and Pi-
B o Ferric Citrate P cardal, 1999; Coopeat al, 2000). The effect of zinc in-
80 gﬂ::;f“e EIJ$ * hibition on the 9-h extent of nitrate reduction (Fig[2;
- & Acrobic Growth symbols) indicates low concentrations of zinc did not
- § 60 1 QS_ Lo stimulate nitrate reduction, consistent with ferric citrate
g S 40 | D results. Zinc concentrations greater than 0.02 mM de-
8 c D L 4 creased the extent of nitrate reduction compared to its
e} % 20 0) 2 corresponding biotic no-zinc control. Viability of freely
€3 ) dispersed cells (1.48 108 + 3.43x 10’ CFU mL™ %)
R 5
m

0 1 was variable under nitrate-reducing conditions with in-
0 | creasing zinc concentrations (Fig. 3); however, the
5 est zinc concentration (0.46 mM zinc) resulted<it%

40 : : viable cells remaining.

6.0 4.0 2.0 0.0 2.0
Log Free Zn*" [mM]

10—
Figure 2. Inhibition of the extent of bioreduction usi&g pu- -
trefaciensfor 2 g L=1 hematite, 2 mM ferric citrate, 1.43 mM E‘ a0
NOs-N, andS. putrefaciensierobic growth in M1 media as a-&
function of @) log total zinc, B) log free Z@+. Free ZA* de- '&
termined from MINTEQAZ calculations based on measured d:2 &y
solved zinc concentrations and pH. Values are means of tr' g’
replicates {standard deviation). =
240 - e - EIL‘I_!ZL‘ {1+ _|E||': Conirol
R2) o a I:I:I'I;._-'rr:.:élr:
|, mil 21
E ﬁ 0 16 m Zinc
. . i o 0 ] D13 mM Zing
lowest and highest total zinc concentrations tested (0 [~ A ;gg n-mgu-g
and 1.38 mM, respectively). The dominant Fe(lll) specig_ * DAEmN o
in this system was Fe(lll)—citrate (99.9%), similar to tF 0 L ¢
ASM-I model results found by Liet al (2001). e
@ The results shown in Fig. 2(symbols) demonstrate 0 5 10 1:IrT1E| |§If:|l 25 30 35

that low concentrations of zinc did not stimulate ferr..

(?'trate bioreduction (_|.e., no nggatl_ve valugs for_mh'bffigure 3. Freely dispersed viable cells as a function of time
tion), as observed with hematite bioreduction [Figs. 1fyts 31 h) for the biological reduction of nitrate with variable
and 2 (A symbols)]. Because of the high citrate coryinc. Solution consisted of 10 mM PIPES, 1.43 mM3NO
centration (6 mM), even the highest dissolved zinc cogdded as KNg), 1f cells mL~1 at pH 6.8. Values are means
centration (0.46 mM) resulted in a very low free?Zn of three replicates{standard deviation).
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DMRB growth by MINTEQA2 was 0.00016 mM. For the cell growth

: . experiments, MINTEQA2 calculations found zinc pref-
Aerobic growth experiments were conducted to dEteé'rentiall associated with lactate and $&Qpresent in
mine whether zinc would inhibit the growth $f putrefa- y

ciensCN32, and to establish whether the inhibition co the M1-defined growth media, yielding ansfalue of

) +
centration was similar to concentrations observed for othhbe'rO 50 mM free Z&".

respiration conditions (i.e., hematite, nitrate, and ferric ci inc sorpti
. : . ption
rate bioreduction). Growth experiments were conducted for
21 h, corresponding to the early stage stationary growth.The distribution of zinc between solid (hematite and
The defined growth medium (M1) (Myers and Nealsog€ell surfaces) and solution phases is important due to
1988) allowed the determination of free 2ZZnusing COmpetitive sorption or passivation effects that may oc-
MINTEQAZ2. Calculated free Zi concentrations ranged cur during hematite bioreduction. Individual experiments
between 5.8 and 30.8% of the measured dissolved zinc cogre performed to determine the zinc sorption capacity
centrations under conditions tested. For total zinc concéliS. putrefacien€N32, hematite, and hematite plus cells
trations between 0 to 2.75 mM (corresponding fre&*Znon a surface area basis. Nonviable cells were pasteurized
concentrations displayed in Fig. 4), inhibition of aerobitp ensure no Fe(ll) production occurred. Freundlic
growth of S. putrefacien€N32 increased with increasedisotherms for zinc sorption (Fig. 5) indicate that, fof€
free Zr#* concentrations. The highest level of inhibitiomaximum dissolved zinc concentration of 0.55 mM,
(90%) occurred at the highest fre?Zigoncentration (0.85 more zinc sorbed to pasteuriz8d putrefacieng0.0079
mM Zr2* or 2.75 mM dissolved zinc). The zinc concenmmol zinc nT?) than to hematite (0.0053 mmol zinc
tration resulting in 50% inhibition of aerobic cell growthm™?), pasteurized cells plus hematite (0.00052 mmol zinc
(ICs0, growt) OCcUrred at 0.050 mM free Zhbased on the m~32), or viable cells plus hematite (0.00051 mmol zinc
regression equation established (Fig. 4). m~2). Hematite plus viable cells had a greater Freundlich
sorption intensity factor (f/ 0.421) than hematite plus
pasteurized cells (0.243), suggesting a greater zinc sorp-
tion capacity at high dissolved zinc concentrations. The
The 1Gso values presented in Table 1 help to quantifgdditive sum of the individual hematite and pasteurized
and compare the effects of zinc addition under the ex-
perimental conditions tested. Results show total zinc in-
hibition was greater for the two soluble electron acce  1qQ
tors, ferric citrate and nitrate, compared to solid-pha
hematite (Fig. 2A). Decreased biological activity (i.e
consumption of electron acceptors) occurring at low 80 1
zinc concentrations indicated a greater inhibitory effecs
Nitrate bioreduction was most sensitive to zinc, with ¢ 5 60 1
ICsg value of 0.049 mM total zinc. The dgvalues were «
0.21, 0.28, and 0.30 mM total zinc for hematite, ferr <
citrate, and cell growth experiments, respectively. _
The 1G5, values were also calculated using freéZn 2
concentrations (Fig. 2B). For nitrate bioreductiorg
MINTEQAZ calculations indicated total zinc concentre g
tions were equal to the dissolved zinc concentratior -
while free Zr#™ concentrations were equal to ca. 99.4¢ 0 e .
of the dissolved zinc concentrations. 'I_'hus,_ they If@r_ 25 20 15 10 05 00
free Zr** was 0.049 mM. For hematite bioreduction 2
the lower dissolved zinc concentrations were due Log Free Zn™ [mM]

:\r/]l(l:lile'l'aESGiZ Sorlptl(l)nf ontoh her(rjlaftlte Za\’:]d Ce”?{’ arlyljgure 4. Inhibition of S. putrefaciengrowth (21 h) as a func-
Q caicuiations showed Iree concentra o5 of free zA* addition in M1 growth media at 20°C. Inhi-

tions were equal to ca. 99.7% of the d|s§olve_d ZINC CO¥fion calculated as 420 nm absorbance difference between zinc
centrations. The free 2h ICs for hematite bioreduc- containing samples and no-zinc controls. Fre& Ztetermined

tion was 0.13 mM. For the ferric citrate experiments, theom MINTEQA2 speciation calculations based on measured
free Zr*™ concentrations were significantly less than theissolved zinc concentrations and pH. Solid line represents least
total zinc concentrations due to high citrate concentrsguare regressiorR{ = 0.939). Dashed lines represent 95%
tions. The free Z#" 1C5 for ferric citrate as determined confidence interval.

ICso values

.
K4
v

%Inhib = 29.62'[LOG(Free Zn?)] + 8855 -
R =0.939

of Gro

itio

40 1

20 1
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Table 1. Summary of 50% inhibition concentrations £§C
Process Zinc Equation K5 R?
Hematite reduction Total Zinc %lInhis 129.5*LOG Zinc+ 137.6 0.21 mM 0.925
Free Z@+P %Inhib = *LOG Zn2* 127.2 0.13 mM 0.842
Nitrate reduction Total Zinc %lInhibk= *LOG Zinc + 174.4 0.049 mM 0.840
Free z@+b %lInhib = *LOG Zn?* 174.6 0.049 mM 0.840
Ferric citrate reduction Total Zinc %lnhib *LOG Zinc + 70.98 0.28 mM 0.984
Free Z@*P %Inhib = *LOG Zn2* 189.6 0.00016 mM 0.981
Cell growth Total Zinc %Inhib= *LOG Zinc + 69.96 0.30 mM 0.951
Free Z@+P %Inhib = *LOG Zn?* 88.55 0.050 mM 0.939

(2>

(72>

aDose-response relationship where 50% reduction in microbial activity or response occurred relative to a no-zinc control.
bFree Zi#* concentrations (Fig. 2B) determined from MINTEQA?2 speciation model (Alésah, 1991) using published ther-

modynamic data (Smith and Martell, 1997; etual., 2001).

cell isotherms (dashed line within Fig. 5) was greater thdispersed viable cells and the extent of Fe(ll) production
the combined systems containing both hematite and ceallsring hematite bioreduction (Fig. 1) for a given zinc
(both pasteurized and viable), implying that surface sit®ncentration remains unclear. Our data suggest that vi-
blockage for the combined system may occur. Sorbeattle cell counts were not necessarily a positive indicator
surface areas were estimated as 9.64gmi hematite of bioreduction performance. For example, extractable
(Jeoret al, 2001) and 140 gL cells (Feiret al, 1997; Fe(ll) for the biotic no-zinc control and 0.13 mM zinc
Sokolovet al, 2001) using 0.064 g1 cells, with cell addition were similar (0.206 and 0.242 mM; Fig. 1A);
mass estimated using an average cell weight of<6.4however, Fe(ll) production for 0.13 mM zinc were ob-
10719 mg dry wt. celf® for S. putrefacien€€N32 (Liu tained with significantly fewer freely dispersed viable
et al, 2002b). A summary of the Freundlich isotherm paells (33 compared to 82%; Fig 1B). These differences
rameters (i.e., equation lines and residuals) is presensegjgest that direct microbial toxicity by zinc may not be
in Table 2. The “maximum” sorbed metal concentratiorthe primary mechanism responsible for the inhibition ef-

were calculated based on the maximum dissolved zifects observed.

concentrations measured using the equations in Table 2While the data presented in Fig. 1B does suggest di-
Thus, maximum refers to the highest sorbed concentraet toxicity occurs in the presence of zinc, that data also

tion attained under these experimental conditions.

0.0
o .
DISCUSSION D et e
o ) o -1.0 1 ©  Hematite+Viable Cells
The inhibitory effects of zinc are well documented it 5 O Hematte

the literature, specifically with toxicological studies of @| _ | " Additive Hematite-Fast Cells
filamentous bacteria (Shuttleworth and Unz, 1991) ar £| § 20 1
sulfate reducing bacteria (Poulsehal, 1997; Sanket E g
al., 2001; Utgikaret al, 2001, 2002) where zinc was (_E) » 3.0 1
shown to inhibit cell growth. A summary of zinc inhibi- g| €
tion values from these and other studies is presented 8 4.0 -
Table 3. Our aerobic growth study indicafesputrefa- 3
ciensCN32 growth was also sensitive to the presence 50
free Zr#*. Mechanistically, toxicity has previously beer ' 30 2'0 1‘ 0
reported as closely associated with free metal activi LOG Dissolved Zinc [mM]

(Knight and McGrath, 1995; Chaudsi al, 1999, 2000;

0.0

Ritchie et al, 2001). B-type metal cations such as Zlnﬁigure 5. Distribution of zinc for (0) 2.0 g L~ hematite, 18

(Stumm and Morgan, 1996), can also inhibit microb

Pp%\steurized cells mit, (A) 10° pasteurized cells nt?, (O)

via complexation with carboxyl and phosphoryl surfacg ¢ |-1 hematite, 18 viable cells mc2, (O) 2.0 g L

sites. on cell walls (Feiet al, 2001). However, Wh”e_”_“' hematite, and dashed line represents additive sum of hematite
crobial growth results clearly demonstrate the toxicity @ind pasteurized cell isotherms. Symbols represent mean values
zinc, the large discrepancies between the number of fre@ly= 6) (=standard deviation).
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Table 2. Summary of Freundlich isotherm parametdos 5-day zinc sorption in 10 mM PIPES, pH 6.8 (Fig. 5).

Adsorp. MaX
Sorbent Equatidh [mmol zinc M3 R?
Hematité LOG q = 0.632*LOGC — 2.111 0.00554 0.788
Pasteurized. putrefaciengf LOG q = 0.349*LOGC — 2.013 0.007~ 0.932
Hematite pasteurized LOG = 0.243*LOGC — 3.219 0.00052 0.850
S. putrefacierfssf
Hematite viable+ putrefacieng? LOG g = 0.421*LOGC - 3.179 0.00051 0.957
S putrefacien$f.9
Additive hematite+ pasteurized LO@ = 0.425*LOGC — 1.778 0.013 —

S putrefaciens

a/alues derived using Freundlich isotherm equation: IOELOG K + 1/n LOG C, with K¢ the Freundlich adsorption capac-
ity factor and Iri the Freundlich adsorption intensity factor.

bFreundlich isotherm equation.

®Maximum values based on maximum dissolved zir@.55 mM (Fig. 5).

d2.0 g L~ hematite with estimated surface area of 9.64n? (Jeonet al, 2001).

€Cells pasteurized to ensure nonviability and no biogenic Fe(ll).

fEstimated from 1¥cells mL~2 concentration of cells at 64 10~19mg cell-1 (Liu et al, 2002b). Surface area estimated as 140
m?g~1 (Feinet al, 1997; Sokoloet al, 2001).

9Results from no-amendment with-zinc hematite bioreduction experiments. Total biogenic Fe(ll) ranged from 0.088-0.30 mM.

hAdditive sum of individual hematite and pasteurized cell isotherms.

suggests other mechanisms such as sorption of Fe(ll)Urz, 1991). Our results were consistent with the “Type
Zn?* onto the cell or hematite surfaces or the formatidii dose—response effects described by Walpl (Welp
of localized “biofilms” on the surface of the hematiteand Brummer, 1997b), where zinc or other micronutri-
[such as incomplete monolayer coverage; Haesell, ents stimulated a biological response at low concentra-
2004) may be responsible. For example, zinc was foutidns while subsequently inhibiting the response at higher
to preferentially adsorb onto (nonviable) cells comparembncentrations. The microbial hormesis response ob-
to suspensions containing either hematite or a mixturesgrved may be due to the alleviation of a localized zinc
(nonviable) cells and hematite (Fig. 5 and Table 2). Whitieficiency impairing enzyme activity (Raven, 1984), dis-
metal binding affinities have been reported as propamption of potassium uptake and efflux resulting in in-
tional to hydraulic radius, waters of hydration, andreased metabolic respiration (Webster and Gadd, 1996),
valance (Trivedi and Axe, 2000), zinc bindingSopu- or the induction of a localized pH change allowing trace
trefaciensCN32 (Fig. 5) was similar to the binding ca-nutrients to become more bioavailable (Welp and Brum-
pacity reported foB. subtilis(0.70 mM g*; Beveridge mer, 1997b).
and Murray, 1976). The high degree of zinc adsorption None of the above explanations, however, can account
onto the hematite may have induced “surface passivar the differences between the increase in hematite biore-
tion” (Urrutia et al, 1999; Roden and Urrutia, 2002) orduction occurring with a corresponding decrease in freely
the hematite, resulting in lowering the bioavailabity oflispersed viable cells, especially at zinc concentrations
“high” energy surface reductive sites found on hematitehere stimulation of Fe(ll) production occurred. For ex-
(Hacherlet al, 2001). ample, 0.050 mM total zinc increased the 5-day Fe(ll)
Interestingly, hematite bioreduction at low concentrgroduction in the hematite system by 14% relative to the
tions of zinc (below ca. 0.10 mM) resulted in a slight inbiotic no-zinc control (Fig. 1A), while the corresponding
crease in 5-day biogenic Fe(ll) production compared freely dispersed viable cell population decreased by 39%
its corresponding biotic no-zinc control (Fig. 1A and B)Fig. 1B). The dispersed cells may respond to the pres-
The ability of heavy metals to stimulate a biological preence of zinc by increasing their metabolic activity, so
cess at low concentrations while becoming toxic at higheruch that biological output (reduction of hematite) of the
concentrations has previously been termed hormesinaining live, viable cells is greater than the unaffected
(Luckey, 1991). For example, zinc stimulation of microeontrol cells (i.e., fewer cells operating at faster rate).
bial activity (at subtoxic concentrations) was reported to An alternative explanation may be the difference be-
relieve nutrient deficiencies (Welp and Brummer, 1997Iyween metabolic activity and resistance to zinc for freely
and increase microbial growth rates (Shuttleworth arispersed cells compared to cells adsorbed onto hematite.

ENVIRON ENG SCI, VOL. 23, NO. 4, 2006
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Table 3. Summary of relevant zinc inhibition results.
Zinc 50%

Species Evaluation process inhibitfon Source
E. coli Bioluminescence in artificial 0.051 mM (Ritchat al, 2001)

soil solution
E. coli Bioluminescence in sewage sludge 0.686038 mM (Chaudriet al, 1999)
P. fluorescens Bioluminescence in sewage sludge 01T mM (Chaudriet al, 1999)
Rhizotox-c Bioluminescence in sewage sludge 0RZBP9ZE mM (Chaudriet al, 2000)
Thiothrix Cell growth 0.0019,0.05¢ mM (Shuttleworth and

Unz, 1991)

Nitrosomonas Ammonium oxidation in soil 171 mg k¢g soil (Fruhlinget al, 2001)
communis
F. candida Reproduction in soll 6839 g~ ! soil (VanGestel and
Hensbergen, 1997)
SRB Microbial community sulfate 0.25 mM (Utgikaat al, 2001)
reduction in acid mine
drainage
Heterogeneous Microbial community 115 mgkge (Welp, 1999)
soil microbial dehydrogenase activity in 0.0029 MM
population contaminated soil
D. desulfuricans Microbial sulfidogenesis 0.20 mM (Poulsen al., 1997)
S. putrefaciens
CN32 Nitrate reduction 0.049 mM Current study
Ferric citrate reduction 0.28 mM
Cell growth 0.30 mM

aDose—response relationship where 50% reduction in microbial activity or response occurred relative to a no Zn(ll) control.
bTotal zinc within the soil.

¢Soluble zinc measured within the soil solution.

dUnidentified culture of sulfate reducing bacteria found within acid mine drainage.

eDifferences between metals soil and pore water concentrations occur due to variable affinity of metals to soil materials.
fConcentration where inhibition of sulfidogenic activity started.

The viability of adsorbed cell biofilms within our systermowest in the substrata (Teitzel and Parsek, 2003). Thus,
were not estimated due to limitations associated witte believe zinc may be preferentially bound onto the
Badight stain on cell aggregations; however, we frezells—hematite matrix (i.e., cell biofilms formed on
guently observed large hematite aggregatedOum hematite surfaces) within our system, resulting in a mech-
width, often much larger) surrounded by biofilm cell aganism of zinc detoxification for freely dispersed cells
gregations. Early work by Costersenal (1995) found within our system. Additionally, it should be noted that
biofilm cells more resistant to antibacterial agents thamth a solid-phase electron acceptor (hematite), available
their freely dispersed counterparts. These differencesduction sites could become rate limiting, while this
were attributed to sigma factors repressing genes whiglectron acceptor limitation would likely not happen with
resulted in a clear difference in cell phenotype. For ea-dissolved electron acceptor. In other words, the “net bi-
ample, bacterial biofilms have been shown to form ewlogical output” of the system may not be controlled by
opolysaccharides (EPS) (Schnettal, 1995; Huanget the total viable cell concentration but by the viable cell
al., 2000). EPS generated by the biofilms formed on tleencentration directly attached to the oxide surface.
hematite surfaces could preferentially bind zinc (Teitz&/hile these explanations are speculative, observations
and Parsek, 2003), preventing contact between zinc aupporting these arguments may be derived from the data.
planktonic cells, and thus becoming a preventative mech-The bioreduction of soluble electron acceptors (nitrate
anism against zinc detoxification. This complexatioand ferric citrate) appeared more sensitive (i.e., inhibi-
could result in a zinc gradient within the biofilm, withtion occurring at lower concentrations of zinc) to free
highest zinc concentration found in the periphery ar#h?* than solid-phase hematite (Fig. 2B). Bioreduction
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of ferric citrate was found to be most sensitive to free SUMMARY

Zn2* (ICs of 0.00016 mM); however, the estimates of

free Zrf* in the presence of 6 mM citrate demonstrate The results of this study further the understanding of
uncertainties regarding the formation and stability cotike inhibitory effects of zinc on the biological reduction
stants of the zinc—citrate complexes (ldtial, 2001). of hematite, ferric citrate, and nitrate by the DMISB
Speciation calculations for the nitrate experiments, hoyutrefaciensCN32. Zinc toxicity taS. putrefacien€N32
ever, show that fewer solution chemicals may complexas apparent during both aerobic cell growth and nitrate
with zinc. For example, the formation of ZniDand bioreduction experiments. The similarity between the
ZnOH* amounted to only 0.24 and 0.32% of the totdtee Zr#* I1Csq for both cell growth and nitrate reduction
zinc concentrations, respectively, for all conditiondemonstrate the lethality of free Znto cellular respi-
tested. The similarity between d§values for between ration and growth. However, differences in free?Zn
nitrate bioreduction (0.049 mM; Fig. 2B) and aerobitCsp value between soluble (ferric citrate, nitrate, and
growth (0.050 mM) suggest a similar mechanism of zimexygen) and solid-phase (hematite) electron acceptors
lethality occurs in these experiments. Interestingly, thieay be attributed to a combination of surface sorption or
ICso value for hematite bioreduction was higher (i.e., zinattenuation of zinc onto hematite or cell surfaces, and
less toxic) than observed for other treatments. Zinc wability of biofiims formed on the hematite to have a
found to have a high affinity to pasteurized cells in theigher degree of zinc tolerance compared to freely dis-
absence of hematite\(symbols, Fig. 5). These condi-persed cells.

tions are similar to nitrate reduction where the cells pro-

vided the only surface for zinc to partition onto. The dif-

ference between the additive sum of individual ACKNOWLEDGMENTS
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