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Abstract The extremely acidophilic, Fe(IlI)-reducing
heterotrophic bacterium Acidocella aromatica strain PFBC
was tested for its potential utility in bioreduction of highly
toxic heavy metal, hexavalent chromium, Cr(VI). During
its aerobic growth on fructose at pH 2.5, 20 uM Cr(VI) was
readily reduced to Cr(IIl), achieving the final Cr(VI) con-
centration of 0.4 uM (0.02 mg/L), meeting the WHO drink-
ing water guideline of 0.05 mg/L. Despite of the highly
inhibitory effect of Cr(VI) on cell growth at higher con-
centrations, especially at low pH, Cr(VI) reduction activ-
ity was readily observed in growth-decoupled cell suspen-
sions under micro-aerobic and anaerobic conditions. Strain
PFBC was not capable of anaerobic growth via dissimila-
tory reduction of Cr(VI), such as reported for Fe(Ill). In
the presence of both Cr(VI) and Fe(IIl) under micro-aer-
obic condition, microbial Fe(IIl) reduction occurred only
upon complete disappearance of Cr(VI) by its reduction to
Cr(III). Following Cr(VI) reduction, the resultant Cr(II),
supposedly present in the form of cationic Cr”I(OHz)g+,
was partially immobilized on the negatively charged cell
surface through biosorption. When Cr(III) was externally
provided, rather than microbially produced, it was poorly
immobilized on the cell surface. Cr(VI) reducing abil-
ity was reported for the first time in Acidocella sp. in this
study, and its potential role in biogeochemical cycling of
Cr, as well as its possible utility in Cr(VI) bioremediation,
in highly acidic environments/solutions, were discussed.
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Introduction

Chromium (Cr) is a widely used, important element hav-
ing a diverse range of usages, such as in alloy production,
leather processing, pigment development, catalyst pro-
duction, and refractories (Jacobs and Testa 2005). On the
other hand, Cr is considered a priority pollutant in many
countries. Cr-containing effluents and solid wastes are a
by-product in mining, metallurgical, and chemical indus-
trial operations (Dhal et al. 2013). Although its valences
from —2 to 46 are known, Cr generally exists primarily in
the form of Cr(VI) and Cr(IIl). Except for the rarely found
Cr(0), other oxidation states of Cr are unstable and thus not
found in natural environments. The most common forms
of Cr(VI) are oxyanions, hydrogen chromate (HCrVIO4’)
and chromate (Cerf’), with their relative abundance
depending on pH (Hawley et al. 2005). In the absence of
complexing agents, other than H,O or OH™, Cr(IIl) exists
as Crll! (H20)2+ and its hydrolysis products depending on
pH (Cornelis et al. 2005). Cr(VI) oxyanions are known to
be far more toxic and mobile than Cr(III), with the former
classified as a human carcinogen by the US Environmental
Protection Agency (EPA) (Hawley et al. 2005). Reduction
of Cr(VI) to less toxic/mobile Cr(III) is, therefore, a favora-
ble approach in Cr treatment strategy.

Conventional Cr treatment approaches are exempli-
fied by the use of chemical reducing agents such as sulfur
compounds (e.g. sulfur dioxide gas, SO,; sodium bisulfite,
NaHSO;) and iron salts [e.g. iron(Il) chloride, FeCl,;
iron(Il) sulfate, FeSO,] at acidic pHs, followed by neutrali-
zation to form Cr(IIl) precipitates, Cr(OH);. However, the
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shortcomings encountered by these techniques include the
generation of large amount of iron-sludge and the emis-
sion of secondary pollutants (e.g. SO, gas). Moreover, both
sulfur compounds and iron salts are generally not suitable
for treatment of dilute Cr(VI) solutions (Barrera-Diaz et al.
2012).

Utilization of microbial Cr(VI) reduction ability is con-
sidered an alternative approach to Cr treatment. Cr(VI)
can be microbially reduced either directly via meta-
bolic (enzymatic) activity, or indirectly via production
of reductants. The former direct mechanism is exempli-
fied by aerobic Cr(VI) reduction by NADH-dependent,
soluble chromate reductase activity found intracellularly
in Bacillus spp. (Camargo et al. 2003; Soni et al. 2013),
Pseudomonas (Ps.) putida (Ishibashi et al. 1990; Park
et al. 2000), Arthrobacter spp. (Megharaj et al. 2003;
Elangovan et al. 2010), Microbacterium sp. (Soni et al.
2013), Thermus scotoductus (Opperman and van Heerden
2007), Leucobacter sp. and Exiguobacterium sp. (Sarangi
and Krishnan 2008), Pannonibacter phragmitetus (Xu
et al. 2012), while involvement of constitutive membrane-
bound enzyme was also suggested in Bacillus subtilis
(Mangaiyarkarasi et al. 2011). Direct anaerobic Cr(VI)
reduction involves activities of both soluble (e.g. hydro-
genase) and membrane-associated (e.g. cytochrome c;)
enzymes in Desulfovibrio (D.) vulgaris and Desulfomi-
crobium norvegicum (Lovley and Phillips 1994; Michel
et al. 2001; Chardin et al. 2002). Furthermore, dissimi-
latory Cr(VI) reducers include Shewanella spp. (Guha
et al. 2003; Belchik et al. 2011), Enterobacter cloacae
(Wang et al. 1989), Desulfotomaculum reducens (Tebo
and Obraztsova 1998), Escherichia coli (Shen and Wang
1993) and Pantoea agglomerans (Francis et al. 2000).
Other bacterial genera capable of Cr(VI) reduction include
Pannonibacter (Chai et al. 2009), Ochrobactrum (He
et al. 2009), Acinetobacter (Zakaria et al. 2007), Deino-
coccus (Fredrickson et al. 2000), Alcaligenes, Cupriavi-
dus, Corynebacterium (Dey and Paul 2010), Rhodococ-
cus (Patra et al. 2010), Achromobacter (Zhu et al. 2008),
Serratia (Joutey et al. 2014), Amphibacillus (Ibrahim
et al. 2012), Lysinibacillus (He et al. 2011), Geobacter,
and Sulfurospirillum (Chovanec et al. 2012). Furthermore,
indirect Cr(VI) reduction occurs through microbially gen-
erated reducing compounds, such as Fe(Il) in Shewanella
sp. (Wielinga et al. 2001; Fendorf and Li 1996) and sulfur
compounds in Acidithiobacillus (At.) spp. (sulfite, thiosul-
fate, and polythionates; Sisti et al. 1996; Quilntana et al.
2001; Allegretti et al. 2006).

Considering that pollutions with heavy metals (including
Cr) are often found in highly acidic waters, understanding
roles played by acidophilic extremophiles on biogeochemi-
cal cycling of such metal pollutants is potentially impor-
tant. While vast amount of studies on Cr(VI) bioreduction
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are available with neutrophils, the information about aci-
dophilic extremophiles is yet highly limited. In fact, so far
Acidiphilum (A.) cryptum is the only extreme acidophile
reported to directly catalyze Cr(VI) reduction (Cummings
et al. 2007); involvement of two potential Cr(VI) reduc-
tion mechanisms, namely, intracellular NADPH-depend-
ent Cr(VI) reductase and periplasmic c-type cytochromes
(ApcA) was suggested for this acidophilic bacterium (Mag-
nuson et al. 2010).

Recently, a novel species of extremely acidophilic, mes-
ophilic Alphaproteobacteria, Acidocella (Ac.) aromatica,
was proposed for three obligately heterotrophic bacterial
strains, WJB-3, LGS-3, and PFBC (Jones et al. 2013). The
type strain PFBC grows aerobically on a limited range of
substrates (such as fructose, acetate, and several aromatic
compounds), and is not capable of Fe(Il) oxidation. Strain
PFBC catalyzes Fe(III) reduction under both micro-aerobic
and anaerobic conditions, however, the strain does not grow
anaerobically via Fe(Ill) respiration. Strains of Ac. aro-
matica were tolerant to nickel by about two orders of mag-
nitude greater than those of other Acidocella spp., though
similar levels of tolerance to other metals were reported
(Jones et al. 2013).

Microbial activities in extremely acidic environments
such as acid mine drainages are mostly recognized with
chemolithotrophic prokaryotes which utilize Fe(Il) or/and
reduced inorganic sulfur compounds (RISCs). Nonetheless,
heterotrophic acidophiles are ubiquitously present by inter-
acting with chemolithotrophs in such environments, with
Acidiphilium spp. being among the most frequently found
Fe(Ill)-reducing heterotrophs (Johnson and McGinness
1991; Coupland and Johnson 2008). Among the four spe-
cies recognized for the genus Acidocella, strains of Ac. aro-
matica were isolated from acid samples of different origins
(Jones et al. 2013), indicating that this species may also
account for the major heterotrophic constituent in highly
acidic environments.

In this study, acidophilic extremophile, Ac. aromatica
PFBC was tested for its Cr(VI) reduction ability and its
subsequent immobilization to elucidate its role in Cr geo-
biochemical cycle in highly acidic environments.

Materials and methods
Microorganism

Ac. aromatica PFBC (NCCB 100456; DSM 27026) was
routinely cultured aerobically in 300 mL Erlenmeyer flasks
containing 100 mL of heterotrophic basal salts (HBS)
media [per L; 450 mg (NH,),SO,, 50 mg KCI, 50 mg
KH,PO,, 500 mg MgSO,-7H,0, 14 mg Ca(NO;),-4H,0
and 142 mg Na,SO,: pH 3.0 with H,SO,] with 10 mM
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fructose and 0.025 % (w/v) tryptone soya broth (TSB).
Flasks were incubated at 30 °C on a rotary shaker at
100 rpm.

Cr tolerance test and Cr(VI) reduction experiment
during aerobic growth of Ac. aromatica PFBC

Cells were pre-grown (pH 3.0; as described above), har-
vested at the late-exponential phase by centrifugation
(12,000 g, 10 min at 30 °C), washed twice, and inocu-
lated in 300 mL flasks containing fresh media of the same
composition (pH adjusted to 2.5 or 4.0, with H,SO,). The
initial cell density was set to 1.0 x 107 cells/mL. Fil-
ter-sterilized Cr stock solutions [as Na,Cr"’0,-4H,0 or
Cr''(NO;);-9H,0] were added to the media to final Cr(VI)
concentrations of 10, 20, 50 or 200 uM, or to final Cr(III)
concentration of 1.0, 1.5, 2.0, 5.0, 10 or 25 mM. The flasks
were aerobically incubated shaken at 100 rpm, 30 °C. Sam-
ples were regularly taken to monitor cell density (using
bacterial counting chamber) and concentrations of Cr(VI)
and total Cr. All experiments were conducted in duplicates.

Cr(V]) reduction experiments using cell suspension
of Ac. aromatica PFBC under micro-aerobic condition

Cells were pre-grown (pH 3.0; as described above), har-
vested at the late-exponential phase by centrifugation
(12,000 g, 10 min at 30 °C), washed twice, and re-suspended
(to a final cell density of 1.0 x 10 or 1.0 x 10" cells/mL) in
50 mL of fresh HBS media containing 10 mM fructose and
0.025 % (w/v) TSB (pH 2.5 with H,SO,). Stock solution of
Cr(VI) [or Cr(IIT) as control] was added to the above media
to a final concentration of 200 uM. To evaluate the effect of
presence of Fe on Cr(VI) reduction, Fe stock solutions [as
Feé” (SO4)53 - nH0 or Fe”SO4~7H20] were added to the
media to a final Fe(IlT) or Fe(Il) concentration of 1,000 uM.
To establish micro-aerobic conditions, Falcon tubes (50 ml)
containing the above 50 ml cell suspensions were incubated
at 30 °C without shaking. Samples were regularly taken to
monitor concentrations of Cr(VI), total Cr, Fe(Il) and total
Fe. All of the experiments were conducted in duplicates.

Zeta-potential measurement

Ac. aromatica PFBC cells (1.0 x 10'° cells/mL), incu-
bated with 200 pM Cr(VI), Cr(Ill), or without Cr for
200 h, were collected (12,000 g, 10 min), washed twice
and re-suspended in 10 ml of 1 mM KCI solution (pH 2.0
with H,SO,) to final cell density of 1.0 x 103 cells/mL.
The zeta-potential values of the Ac. aromatica PFBC cell

surface were measured using ZETASIZER Nano series
(Malvern), by automatically adjusting the pH values at 2.0,
3.0, 4.0, 5.0 and 6.0 with 0.25 M HCI and 0.25 M NaOH
(MPT-2 Multi Purpose Titrator; Malvern).

Solution analysis

Liquid samples were filtered using a 0.20-um cartridge filter
to determine concentrations of total Cr (ICP-AES; SEIKO
Vista-MPX), Cr(V]) (diphenylcarbazide method; Noroozifar
and Khorasani-Motlagh 2003), and Fe(II)/total Fe (O-phen-
anthroline method with ascorbic acid as reducing agent).

X-ray absorption fine structure (XAFS)

Following the Cr(VI) reduction experiment (200 h) using
1.0 x 10" cells/mL cell suspensions (as described above),
cells were collected by centrifugation (12,000 g, 10 min),
washed twice with HBS media (pH 2.5 with H,SO,) to
avoid any residual Cr contamination from the original
media, and freeze-dried overnight. Cell tablets for XAFS
analysis were prepared using the same amount of cells by
a tablet press machine at 10 MPa for 5 min. X-ray absorp-
tion spectra were collected on Kyushu University beam
line (BLO6) at Kyushu Synchrotron Light Research Center
(SAGA-LS; 1.4 GeV storage ring with a circumference
of 75.6 m). The measurements were conducted at the Cr
K-edge and data were collected in transmission mode at
the energy range from 5,660 to 7,500 eV. The data were
also collected in fluorescence mode to compare the Cr-Kal
peak intensity (5,418 eV) of different cell samples: for this
purpose, cell tablets were prepared using the same amount
of cells to exhibit the identical Zn-Ka3 peak intensity at
8,462.8 eV (no Zn was added in bacterial media and any
other solutions throughout the experiment). Energy selec-
tion was accomplished by a double crystal Si (1, 1, 1)
monochromator. Intensities of incident and transmitted
X-ray were measured by ion chamber. Fluorescent intensi-
ties were measured by silicon drift X-ray detector. Standard
chemicals, Na,Cr"’0, -4H,0, Cri’03 and Cr'"’OOH were
mixed with boron nitride (BN) at the ratios of 34.8, 73.0
and 65.3 times, respectively, for XAFS measurement.

Results and discussion

Cr(VI) tolerance and Cr(VI) reduction during aerobic
growth of Ac. aromatica PFBC

During aerobic growth on 10 mM fructose, strain PFBC
readily reduced Cr(VI), especially at lower pH (Fig. 1).
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Fig. 1 Changes in Cr(VI) concentrations (solid lines) and cell den-
sities (broken lines) during aerobic growth of Ac. aromatica PFBC
on 10 mM fructose, at pH 2.5 (filled circle, open circle) and pH 4.0
(filled square, open square). Solid (filled circle, filled square) and
open (open circle, open square) symbols indicate inoculated and ster-
ile control cultures, respectively. Data points are mean values from
duplicate cultures; error bars depicting averages are not visible as
these were smaller than the data point symbols in all cases

Since changes in total soluble Cr concentrations were only
marginal (data now shown), Cr(VI) reduced by strain PFBC
remained mostly in the soluble form of Cr(III). While the
optimal pH for strain PFBC is reported to be 3.8 (with the
growth pH range of 2.5-5.0; Jones et al. 2013), Cr(VI)
reduction by strain PFCB was found more significant at
sub-optimal pH of 2.5 than pH 4.0 (Fig. 1); though this
observation is likely partly due to the chemical property
of Cr(Ill) species being more stable under highly acidic
solutions (Rai et al. 1989). At pH 2.5, the initial Cr(VI)
concentration of 20 uM decreased effectively to 0.4 uM
(0.02 mg/L) during aerobic cell growth (Fig. 1), satisfying
the WHO guideline on Cr(VI) concentration in drinking
water (0.05 mg/L; www.who.int/water_sanitation_health/
dwq/chemicals/chromiumsum.pdf).

At different initial Cr(VI) concentrations tested, the
inhibitory effect of Cr(VI) and Cr(III) on microbial growth
was generally more significant at pH 2.5 than at pH 4.0.
The presence of 200 pM Cr(VI) completely inhibited
growth of strain PFBC, whereas elevated concentrations
of Cr(Ill) (up to 1,000 uM) did not show any inhibitory
effect on its growth at both pHs (Fig. 2). Similarly, it was
reported that as low as 50 uM Cr(VI) completely inhibits
aerobic growth of Acidiphilum sp., whereas Cr(Ill) at the
same concentration has very little effect (Cummings et al.
2007). Strain PFBC (so as other Ac. aromatica strains)
was reported to be tolerant to elevated concentrations of
a variety of metals, with minimal inhibitory concentra-
tions (MICs) of 300 mM AI(III), 172 mM Fe(II), 200 mM
Mn(I), 200 mM Ni(II), and 300 mM Zn(II), and relatively
sensitive to Cu(Il) (MIC; 5 mM) at pH 3.0 (Jones et al.
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Fig. 2 Inhibitory effect of Cr(VI) and Cr(III) on aerobic cell growth
of Ac. aromatica PFBC at pH 2.5 (white bars) and pH 4.0 (gray
bars). Data points are mean values from duplicate cultures
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Fig. 3 Effect of Fe on Cr(VI) reduction in cell suspension (1.0 x 10°
cells/mL) of Ac. aromatica PFBC at pH 2.5 using 10 mM fructose
as electron donor. Changes in concentrations of Cr(VI) (a) and Fe(Il)
(b) are shown. Cultures contained Cr(VI) only (filled circle, open
circle), Cr(VI) plus Fe(Ill) (filled square, open square), Cr(VI) plus
Fe(l) (filled triangle, open triangle) or Cr(IIl) plus Fe(Ill) (filled dia-
mond, open diamond). Solid or open symbols indicate cell suspen-
sions or sterile control cultures, respectively. Data points are mean
values from duplicate cultures

2013). Compared to other metal species, Cr(VI) was shown
indeed highly toxic to strain PFBC. Cr(VI) tolerance and
Cr(VI) reduction ability are not necessarily interrelated,
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since Cr(VI) can be reduced by both Cr(VI)-sensitive and
resistant strains and not all Cr(VI)-resistant bacteria are
able to reduce Cr(VI) (Dhal et al. 2013). This trend was
shown also the case with strain PFBC.

While strain PFBC was capable of Cr(VI) reduction
during aerobic as well as micro-aerobic growth, it failed
to grow under anaerobic condition using Cr(VI) as the
sole electron acceptor (Y. M., unpublished result). Like-
wise, Cr(VI) reduction was shown not linked to energy
conservation in Acidiphilum sp. (Cummings et al. 2007).
The facts that anaerobic Cr(VI) reduction does not support
the growth of strain PFBC and that Cr(VI) was reduced
more readily at its sub-optimal growth pH of 2.5 [at which
Cr(VI) exhibits greater inhibitory effect on cell growth],
implies that Cr(VI)-reduction activity by strain PFBC may
involve an inducible detoxification process responding to
lower pHs [and thus higher Cr(VI) toxicity effect]. Cr(VI)
reduction was also reported to be an inducible reaction in
Shewanella (Sh.) oneidensis (Viamajala et al. 2002; Bel-
chik et al. 2011).

Effect of Fe on Cr(VI) reduction in Ac. aromatica PFBC
cell suspension under micro-aerobic condition

The initial Cr(VI) concentration was set to 200 uM (10
times greater than the previous experiment) to distinguish
between different chemical and microbial Cr(VI) reduc-
tion effects in strain PFBC cell suspensions (1.0 x 10°
cells/mL). In the absence of Fe, approximately 50 uM
Cr(VI) was microbially reduced in about 70 h (Fig. 3a).
Addition of Fe(Il) instantly, chemically reduced 200 uM
Cr(VI) completely, as shown in the Fe(Il) oxidation-
Cr(V]) reduction coupling reaction Eq. (1), based on the
standard redox potential values for Egs. (2) and (3) (Cor-
nelis 2005).

HCV'0) + 3Fe?™ + 7HY =t + 3Rt + 4H,0 (1)

HCr"0; + 7HT + 3e™ = Cr’t + 4H,0

(2
Eo(vs NHE) = 135V

Fe’t + e~ = Fe’* Ey(vs NHE) = 0.77 V (3)

The amount of Fe(Il) immediately oxidized to Fe(III)
(370 uM) during complete reduction of 200 uM Cr(VI) was
less than its theoretical value of 600 uM; this was prob-
ably caused by a slight difference in sampling time. After
the complete chemical reduction of Cr(VI) to Cr(Ill) by
Fe(Il), the concentration of Fe(Il) in PFBC cell suspen-
sions started to re-increase. In contrast, Fe(Il) concentra-
tion started to decrease in sterile controls, due to chemical

oxidation of Fe(Il) to Fe(Ill) (Fig. 3b). This observation
indicates that strain PFBC initiated Fe(IlI) reduction, by
responding to the disappearance of Cr(VI). When Fe(III)
instead of Fe(II) was added, Cr(VI) reduction by PFBC
cell suspensions was slightly facilitated (Fig. 3a). However,
since slow chemical Cr(VI) reduction was seen by Fe(III)
addition even in sterile controls (Fig. 3a), this was likely
caused by the presence of a trace amount of Fe(Il) in the
Fe(III) solution added. Since no apparent increase in Fe(Il)
concentration was observed in this case, strain PFBC was
shown not to be able to reduce Fe(Ill) in the presence of
Cr(VI). When Cr(III) instead of Cr(VI) was initially added
in the media together with Fe(III), microbial reduction of
Fe(III) to Fe(Il) initiated from the beginning (Fig. 3b). The
results obtained here under micro-aerobic condition thus
suggest the following: Fe(IIl) reduction by strain PFBC
is strictly suppressed by the presence of Cr(VI), and thus
Cr(VI) reduction initiates only upon complete disappear-
ance of Cr(VI) by its reduction to Cr(III).

In neutrophilic bacteria, the presence of Cr(VI) was
reported to affect dissimilatory nitrate reducing activ-
ity differently in three nitrate reduces possessing differ-
ent nitrate reductases [Geobacter (G.) metallireducens, D.
desulfuricans, and Sulfurospirillum (S.) barnesii]: growth
of G. metallireducens on nitrate was completely inhibited
by Cr(VI). D. desulfuricans growth on nitrate media was
initially delayed in the presence of Cr(VI), but ultimately
reached comparable to the Cr(VI)-free control, follow-
ing the transformation of Cr(VI) to Cr(IIl). In contrast,
S. barnesii growth on nitrate was not affected by Cr(VI)
(Chovanec et al. 2012). In the case of acidophilic Fe(III)-
reducing heterotrophs, Acidocella sp. and Acidiphilum
sp., they share similar characteristics in that; (i) they are
both aerobes, (ii) Fe(Ill) reduction is observed under both
micro-aerobic and anaerobic conditions, (iii) though anaer-
obic growth via Fe(Ill) respiration has not been substanti-
ated (Jones et al. 2013). Nonetheless, as was the case with
three neutrophilic nitrate reducers (Chovanec et al. 2012),
it is possible that the two acidophilic Fe(III)-reducers pos-
sess different Fe(III) reduction mechanisms, since the pres-
ence of Cr(V]) affected differently on their Fe(Ill)-reduc-
ing activities. In A. cryptum, addition of Fe(Ill) resulted
in much more significant Cr(VI) reduction compared to
direct enzymatic Cr(VI) reduction, showing its capability
in Fe(III) reduction in the presence of Cr(VI). The presence
of oxygen hardly affected its Cr(VI) reduction (Cummings
et al. 2007). In strain PFBC, reduction of either Fe(III) or
Cr(VI) progressed in the presence of oxygen. However,
strain PFBC preferentially utilized Cr(VI) as electron
acceptor until depletion before Fe(Ill) reduction initiated,
though the bacterium was shown incapable of growth via
Fe(III) or Cr(VI) respiration.
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Cr(V]) reduction and the following Cr(III)
immobilization in Ac. aromatica PFBC high cell density
suspension

In PFBC cell suspensions, there was an immediate drop in
Cr(VI) concentration by 17 %, accompanied with a sud-
den decrease in total Cr concentration by approximately
10 % (Fig. 4). After that, microbial Cr(VI) reduction con-
tinued readily until 48 h after the incubation, followed by
a slow, chemical Cr(VI) reduction by the presence of fruc-
tose (Fig. 4; as was also seen with sterile controls, Garcia
et al. 2006; Leita et al. 2011). Along with Cr(VI) reduc-
tion, total Cr was continuously removed from the solution
in PFBC cell suspensions, eventually up to 35 % in 140 h
(Fig. 4). Since no precipitates were visible throughout the
experiment, it was anticipated that Cr was immobilized
through biosorption on the cell surface, either in the form
of Cr(VI) or Cr(Ill). To investigate the Cr immobiliza-
tion mechanism, PFBC cells incubated with either Cr(VI)
or Cr(IIT) were collected to be analysed by XAFS. Cr K
X-ray absorption edges were measured in Cr(VI) standard
(Na,Cr''0, 4H,0), Cr(Ill) standards (Cri’0;, Cr"OOH),
cells incubated with either Cr(VI) or Cr(IIl), and Cr-free
cells (Fig. 5). Cr(VI) standard was readily differentiated
from Cr(Ill) standard, based on the presence of a distinct
pre-edge peak at 5,993 eV with the former (Fig. Sa—c;
Sparks 2002). None of the cell samples tested showed the
Cr(V]) pre-edge peak in their XANES spectra (Fig. 5d—f).
Accordingly, it was evident that not only cells incubated
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Fig.4 Cr(V]) reduction (broken lines) and total Cr removal
(solid lines) in Ac. aromatica PFBC high cell density suspensions
(1.0 x 10" cells/mL) (filled circle, filled triangle), and in sterile con-
trols (open circle, open triangle). Initially 200 uM of Cr(VI) (filled
circle, open circle) or Cr(Ill) (filled triangle, open triangle) were
added in the media and incubated under micro-aerobic condition
at pH 2.5, using 10 mM fructose as electron donor. Data points are
mean values from duplicate cultures; errors bars depicting averages
are not visible as these were smaller than the data point symbols in
all cases
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Fig. 7 The zeta-potential-pH behavior of Ac. aromatica PFBC cells
over a pH range from 2 to 6. Prior to the zeta-potential measurement,
cells were incubated for 200 h with Cr(VI) (filled square), Cr(III)
(filled triangle), or without Cr (filled diamond)

with Cr(III), but also those incubated with Cr(VI), immo-
bilized solely Cr(III) on the cell surface through biosorp-
tion. The amount of Cr(III) immobilized onto the cell sur-
face was, however, significantly different depending on if
Cr(IIT) was microbially produced or externally provided:
Only 5 % of externally provided Cr(Ill), whereas 40 % of
microbially produced Cr(III), were adsorbed onto the cell
surface in 140 h (Fig. 4). This trend also corresponded
to the results obtained from fluorescence XANES spec-
tra (Fig. 6). The three cell samples measured by XANES
were shown to contain the same amount of cells, since
the Zn-Ka3 peak intensities at 8,462.8 eV were almost
identical (Fig. 6a). However, a significant difference in
the Cr-Kal peak intensities at 5,418 eV was apparent
(Fig. 6b), confirming that microbially produced Cr(IIl),
but not externally provided Cr(IIl) was readily adsorbed
onto the cell surface.

Based on the zeta-potential measurement, the surface of
PFBC cells was negatively charged (—3.9 eV) at pH 2.5 in
the absence of Cr (Fig. 7). Since Cr(VI) and Cr(IIl) sup-
posedly exist in solution as HCr"’0,~ and Cr/(H,0);™,
respectively, at pH 2.5 (Hawley et al. 2005; Cornelis et al.
2005), negatively charged cells likely absorb the cation,
Cr'"(H,0)3" preferentially to anion, HCr"’0,~. After incu-
bation with Cr(VI), cells readily reduced Cr(VI) to Cr(IIl),
followed by immobilization of Cr(II) on the cell surface
through biosorption, whereas immobilization of externally
provided Cr(IIl) was only negligible (Fig. 4). The results
obtained from the zeta-potential measurement also sup-
port the finding: The surface charge of PFBC cells shifted
to more positive after incubation with Cr(VI) (—0.66 eV),
compared to after incubation with externally provided
Cr(IIT) (—3.0 eV) at pH 2.5. The overall trend was consist-
ent at the pH range tested (Fig. 7).

Although bio-reduced Cr(IIl) was reported to precipitate
as Cr(OH); in cultures of some neutrophils (e.g. Ps. synxan-
tha; McLean et al. 2000), a more complex fate of Cr(III) has
been also revealed as an integral part of the biogeochemical
cycle of chromium: Cr(VI) reduction in the presence of cel-
lular organic metabolites formed both soluble and insoluble
organo-Cr(II) complexes and it was suggested that produced
Cr(Il) is primarily complexed to NAD™, DNA, and other
cellular components inside bacteria (Puzon et al. 2005). Del-
eterious effect caused by elevated concentrations of Cr(III)
on Shewanella sp. MR-4 was alleviated by formation of
less toxic and soluble organo-Cr(II) complexes, resulted in
increased cell survival and extended Cr(VI) reduction activ-
ity of the bacterium, although which in turn precluded pre-
cipitation of Cr(IIT) (Bencheikh-Latmani et al. 2007). Based
on such previous observations about organo-Cr(III) complex
formation, it is well likely that in the case of strain PFBC,
microbially reduced Cr(III) species were able to readily from
complex with organic ligands available on the cell surface
including extracellular polymeric substances (EPS), to result
in Cr(IlI) immobilization. Externally provided Cr(IIl), on
the other hand, was shown not well-immobilized on the cell
surface, indicating that complexation between Cr(IlI) and
organic ligands on the cell surface were promoted through
the microbial Cr(VI) reduction process.

Conclusion

This study reports the presence of direct Cr(VI) reduction
ability and its subsequent immobilization in Acidocella sp.
Contribution of other Fe(Ill)-reducing microbes in indirect
Cr(VI) reduction is expected to be significant via produc-
tion of highly reactive Fe(Il) ions, accounting for the domi-
nant Cr(VI) reduction mechanism compared to direct enzy-
matic Cr(VI) mechanism. However, an insight of this study
found that reduction of Fe(Ill) is strictly suppressed in the
presence of Cr(VI) in Ac. aromatica: In this case, produc-
tion of Fe(II) does not contribute to Cr(VI) reduction when
both electron acceptors are simultaneously present in the
environment. However, under the conditions where avail-
ability of Fe(Ill) and Cr(VI) alternates, both direct (enzy-
matic) and indirect [via production of Fe(II)] Cr(VI) reduc-
tion processes should come into effect accordingly.

The rate of Cr(VI) reduction maybe generally slower
with acidophiles than with neutrophiles. Nonetheless,
together with the observations from A. cryptum, the results
of this study suggests that Cr(VI) reduction and its sub-
sequent immobilization via biosorption may widely take
place among acidophilic herterotrophs, playing important
roles in Cr biogeochemistry in highly acidic environments,
also showing their potential applicability in Cr(VI) biore-
mediation in highly acidic environments.

@ Springer
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