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a  b  s  t  r  a  c  t

Hexavalent  chromium  (Cr(VI))  is  a toxic  environmental  contaminant  which  detoxification  consists  in
reduction  to Cr(III).  In this  work,  the  Cr(VI)-resistant  and  reducing  Ochrobactrum  tritici 5bvl1  produced
phosphate  nanoparticles  upon  exposure  to Cr(VI)  and Fe(III),  effectively  removing  chromium  from  solu-
tion. Under  Cr(VI)  stress,  higher  siderophore  production  by strain  5bvl1  was  observed.  Cr(VI)  toxicity
was  decreased  in presence  of Fe(III),  increasing  the  growth  and  Cr(VI)-reduction  rates  in cell cultures,
lowering the  amount  of morphologically  compromised  cells  and promoting  chromium  immobilization  as
insoluble  extracellular  phosphate  complexes.  The  formation  of  phosphate  nanoparticles  increased  with
Cr(VI)  and  Fe(III)  concentrations  and  was  also  stimulated  by Ni(II).  Under  these  experimental  conditions,
nanoparticle  formation  occurred  together  with  enhanced  inorganic  phosphate  consumption  by cells  and
hosphate complexes increased  polyphosphate  kinase  (PPK)  activity.  NMR  analysis  of the  particles  showed  the  presence  of
both  polyphosphate  and phosphonate  together  with  orthophosphate,  and  FT-IR  supported  these  results,
also  showing  evidences  of  Cr(III)  coordination.  This  work  demonstrated  that  O. tritici  5bvl1  possesses
protection  mechanisms  against  chromium  toxicity  other  than  the presence  of  the  Cr(VI)  pump  and  SOD
related  enzymes  previously  described.  Future  assessment  of  the molecular  regulation  of  production  of
these  nanoparticles  will  open  new  perspectives  for remediation  of  metal  contaminated  environments.
. Introduction

Hexavalent chromium (Cr(VI)) is a carcinogenic environmen-
al contaminant [1]. Remediation of contaminated soils and waters
s achieved by reducing Cr(VI) to the less toxic and less soluble
rivalent chromium (Cr(III)) using microorganisms [2].

Several Cr(VI)-resistant bacteria species have been isolated in
ecent years. Cr(VI)-resistance is a consequence of the summed
ffects of various strategies, which include Cr(VI) reduction to
r(III) aerobically or anaerobically [3–6], repair of damaged DNA,
roteins and lipids, free-radical scavenging enzymes and the efflux
f Cr(VI) from the cytoplasm [7],  or downregulation of the sulfate
ransport system, responsible for chromate uptake [8].  Among the
ost resistant microorganisms are the strains Brevibacterium sp.
rT-13 [9],  Ochrobactrum intermedium SDCr-5 [10] and Ochrobac-
rum tritici 5bvl1 [11].

∗ Corresponding author at: Department of Life Sciences, FCTUC, University of
oimbra, 3001-401 Coimbra, Portugal. Tel.: +351 239 824024; fax: +351 239 855789.

E-mail address: pvmorais@ci.uc.pt (P.V. Morais).
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oi:10.1016/j.jhazmat.2011.10.005
© 2011 Elsevier B.V. All rights reserved.

The efflux of chromate is performed by the membrane-potential
dependent ChrA membrane transporter [12], a protein coded by the
chrA gene, present in Pseudomonas aeruginosa (plasmid pUM505)
[13], in Cupriavidus metallidurans (plasmid pMOL28) [14] and in O.
tritici 5bvl1 (transposon TnOtChr)  [15]. In this last microorganism,
transposon TnOtChr contains the operon chrBACF, which also codes
a regulatory protein, ChrB, responsible for the induction of the chrA
gene and a superoxide dismutase (SOD), ChrC [15].

Metal sequestration and precipitation occurs in several bacte-
ria, but the contribution of this phenomenon to cell survival under
metal stress is not fully understood. Microbiological metal pre-
cipitation in extracellular phosphate complexes was previously
reported as important in uranium or chromium bioremediation
strategy [2,16].  Recently, after Cr(VI) reduction by bacterial consor-
tia, Cr(III) was found coordinated octahedrically to phosphate in the
biofilm [17]. In contrast, phosphate solubilization by plant growth-
promoting bacteria under metal stress leads to a higher heavy metal

bioavailability which results in uptake by plants [18]. In recent
reports, polyphosphates and phosphonates were found in abun-
dance in marine sediments, and suggested to originate from benthic
microorganisms, in response to redox potential changes [19]. Until

dx.doi.org/10.1016/j.jhazmat.2011.10.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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by Turkey’s multiple comparison and linear trend post-tests.

2.5.3. Effect of other metals and paraquat
2 R. Francisco et al. / Journal of Ha

oday however, there is a lack of evidences linking polyphosphates
o the metal-phosphate extracellular aggregates produced by bac-
eria.

O. tritici strain 5bvl1 was used in this work as a model. This strain
as isolated from a Cr(VI)-contaminated wastewater treatment
lant [20], and is one of the most Cr(VI)-resistant microorgan-

sms known [11], as opposed to O. tritici SCII24T [21]. Strain 5bvl1
ossesses capacity to reduce Cr(VI) and was shown in the cur-
ent work to form insoluble extracellular nanoparticles in presence
f this metal, provided Fe(III) was also available. Consequently,
he goals of this work include the study of the chemical struc-
ure of the nanoparticles, and of its metal dependence. To achieve
hese goals, siderophore production was followed in presence of
r(VI), nanoparticles were characterized by SEM-EDS, FT-IR and
1P NMR, and total phosphate present in nanoparticles and growth
edium was quantified and correlated to the concentrations of
etals present in solution. Polyphosphate kinase (PPK) activity of

ell extracts was tested on cells exposed to metals. Physiological
ssays were also performed in order to determine if the presence
f iron and nanoparticle formation improved the Cr(VI) resistance
nd reduction abilities of the model strain.

. Experimental

.1. Bacteria strains

O. tritici strain 5bvl1 was isolated from activated sludge in a
hromium-contaminated area [20]. The type strain O. tritici SCII24T

as obtained from LMG  Culture Collection (Gent, Belgium) and is
r(VI)-sensitive. The strains were maintained at −80 ◦C in Nutrient
roth (Difco) containing 15% (w/v) glycerol.

.2. Growth conditions and Cr(VI) quantification in resistance
ssays

The strain was cultured in buffered mineral medium (MMH)
12] using double-distilled water (ddH2O) and incubated at 30 ◦C.
rowth was determined by optical density (O.D.) at 600 nm.  The
lass apparatus was previously washed with concentrated HNO3 to
emove trace amounts of iron and washed thoroughly with ddH2O.
he assays performed with iron contained 100 �M FeCl3 while
ron-deprived assays contained less than 2 �M Fe. Chromium was
sed either as sodium dichromate (Na2Cr2O7) or sodium chromate
Na2CrO4), ranging from 0 to 4 mM.  Cr(VI) concentration in cul-
ure was followed using the diphenylcarbazide method [22]. Total
hromium present in cell pellets was quantified using the same
ethod after re-oxidation of Cr(III) with KMnO4 [22]. All assays
ere performed in triplicate and are expressed as averages, with

tandard deviation.

.3. Siderophores

Strain 5bvl1 was tested positive for siderophore production in
hrome Azurol S (CAS) agar medium incubated at 30 ◦C. The strain
as then tested for the presence of soluble siderophores in MMH

nd for the presence of membrane-bound siderophores. The assays
onsisted of inoculated MMH  with 2 mM Cr(VI) as chromate or
ichromate, and with or without FeCl3. Soluble siderophores were
ested with CAS, Arnow’s assay, for catechol-type siderophores, and
tkin’s assays, for hydroxamate-type siderophores, as described by

lark [23]. Membrane-bound ochrobactin-like siderophores were
xtracted with ethanol from cells recovered from the culture (2 ml)
24]. The extract was concentrated by evaporation, applied on CAS
gar medium, and plates were incubated at room temperature for
us Materials 198 (2011) 31– 39

48 h before digitalization, densitometry analysis and normaliza-
tion.

2.4. Scanning electron microscopy with X-ray microanalysis
(SEM-EDS)

Strain 5bvl1 was  grown for 72 h in MMH  with 2 mM Cr(VI) as
chromate or dichromate, and either under iron deficiency, or with
100 �M Fe(III). Cell samples were prepared and solidified in blocks
of Spurr resin (TAAB) as previously described [12]. Samples were
thin sectioned, applied to a copper grid and analysed by a Jeol
JSM 6301F scanning electron microscope coupled with EDS  (Oxford
INCA 350).

2.5. Nanoparticle metal-dependent formation

Cells suspensions were obtained from cultures that reached sta-
tionary phase after 72 h, at 30 ◦C, in MMH  under iron deficiency and
supplemented with 0.25 mM Na2CrO4. Cells were concentrated,
washed and resuspended in MMH  medium. Nanoparticle metal-
dependence was tested on cell suspensions in 20 ml  MMH  medium
with an initial O.D. of 2.0.

2.5.1. Effect of iron
To evaluate the iron nanoparticle formation dependence, assays

were performed with cell suspensions containing 2 mM Na2CrO4
and FeCl3 concentrations of 0, 50, 100, 150, 200, 250 and 300 �M.
Assays were incubated at 30 ◦C during 96 h and sampled (2 ml) at
set time intervals. Cr(VI) was quantified from samples as described
in Section 2.2.  Reduction rates were compared by one-way ANOVA
analysis followed by Dunett’s multiple comparison post-test. Cells
were resuspended in 1 ml  ddH2O and subjected to sucrose gra-
dient centrifugation (4 ◦C, 3220 × g, 30 min), with the following
2 ml  sucrose phases, from bottom to top: 70%, 45%, 30%. The pellet
formed was further purified after resuspension in 500 �l ddH2O
and centrifugation against a 1:1 85% sucrose phase (16,100 × g,
15 min). The 45% sucrose phase contained most cells, while the
85% sucrose phase contained a pellet of purified metal-rich aggre-
gates. Total intracellular phosphate and phosphate from aggregates
were quantified using an ascorbic acid method [25] after 2 washes
with ddH2O (3220 × g, 15 min), resuspension in 1 ml  ddH2O and
HCl digestion at 120 ◦C, during 45 min. All assays were performed in
triplicate and averages of three values were plotted with standard
deviations. Graphs and statistical analysis were performed using
GraphPad Prism v5.0 for windows, GraphPad software, San Diego,
California, USA, www.graphpad.com.

2.5.2. Effect of chromium
To evaluate the chromium nanoparticle formation dependence,

assays were performed with cell suspensions containing 300 �M
FeCl3 and Na2CrO4 concentrations ranging from 0 to 5 mM.  Free
phosphate ions present in the suspension and phosphate from the
nanoparticles were quantified as described in Section 2.5.1. Cr(VI)
was quantified for the O. tritici strain 5bvl1 assays. The different
responses were compared by one-way ANOVA analysis followed
All samples were processed and analysed as in Section 2.5.1.
Assays containing an initial concentration of 1 mM  of: paraquat,
NaAsO2 (As(III)), HAsNa2O4 (As(V)) or NiCl2 (Ni(II)) were compared
with 1 mM Cr(VI).

http://www.graphpad.com/
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Fig. 1. A. Cr(VI) reduction rate of O. tritici 5bvl1 cultures with 100 �M FeCl3 and increasing concentrations of chromate or dichromate. 5bcr: chromate; 5bfecr: chromate and
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ron;  5bcr2: dichromate; 5bfecr2: dichromate and iron. Symbols: (�) 2 mM Cr(VI); 

ritici  5bvl1 cultures with increasing Cr(VI) concentrations and 100 �M FeCl3, after 

r2  = dichromate, and Fe = assays with 100 �M FeCl3. Symbols: (�) total reduced ch

.6. PPK activity

O. tritici 5bvl1 cell samples were obtained from MMH  cultures,
ither metal-free (control) or supplemented with 2 mM Cr(VI) and
00 �M FeCl3. The presence of polyphosphate granules in samples
as checked with a Neisser stain [26], while cell crude extracts
ere tested for PPK activity. Cell extracts were obtained by soni-

ation from cells suspensions in Tris–HCl buffer pH 7.0, followed
y centrifugation (4 ◦C, 3220 × g) to remove cell debris, and were
reated with a protease inhibitor cocktail tablet (Roche). PPK activ-
ty was measured as described by Mullan et al. [27], through
he metachromatic reaction of toluidine blue with polyphosphate.
ssays were performed in triplicate and are expressed as averages,
ith standard deviation.

.7. Spectroscopic analysis

.7.1. 31P NMR
Purification of extracellular aggregates from strain 5bvl1 cul-

ures in MMH  with 2 mM Cr(VI) and 100 �M FeCl3 was performed
s in Section 2.5.1. Samples were washed and subsequently resus-
ended in 350 �l 2H2O (99.97%) for 31P NMR  analysis. This volume
as added to a 5 mm NMR  tube, and a solution of H3PO4 85% in a

apillary tube, which was inserted into the 5 mm NMR  tube, was
sed as a chemical shift standard (0.0 ppm). Due to the overall low
olubility of the samples, extensive signal averaging (number of
cans ≥1,000,000) was required for each NMR  spectrum. Typical
cquisition parameters included an acquisition time of 50 mil-
iseconds (ms), corresponding to 2048 points covering a spectral

idth of 24.5 kHz. Before Fourier transformation a 50 Hz Lorentzian
podization function was applied to the free induction decay (FID)
o improve signal to noise ratio.

.7.2. FT-IR
To perform FT-IR analysis, extracellular aggregates were puri-

ed as in Section 2.5.1. One sample was washed with ddH2O and
yophilized and another was washed with acetone to wash away
ontaminant cells and phospholipids, and finally dried at 70 ◦C.
tandards were obtained by lyophilizing solutions of pure Graham’s
alt, or mixtures containing CaCl2, FeCl3 or CrCl3. FT-IR analysis
nd spectra acquisition and manipulation were performed on a
ruker Equinox 55 FT-MIR in ATR mode, using the Bruker Opus 4.0
oftware at the University of Nebraska-Lincoln, USA. Spectra were

btained over the mid-IR region (4000–750 cm−1) at a resolution of

 cm−1. To increase signal to noise, each spectrum was  collected as
n average of 64 scans, apodized with the Blackman–Harris 3-Term
unction and then Fourier-transformed. The spectra were baselined
orrected and reported as the zero order data.
 mM Cr(VI); (�) 4 mM Cr(VI). B. Total reduced Cr(VI) and insoluble chromium in O.
 Assays: NCr(2)(Fe), where N = Cr(VI) concentration (2–4 mM), Cr = chromate while
m; ( ) total insoluble chromium.

3. Results

3.1. Effect of iron on bacterial growth in presence of Cr(VI)

Different toxicities are attributed to the two  anionic forms
of Cr(VI), dichromate and chromate, with the first one showing
the highest toxicity [12]. In iron-deficient MMH,  strain 5bvl1 was
markedly more sensitive to dichromate and growth was almost
totally inhibited with 2 mM Na2Cr2O7 (4 mM Cr(VI)), comparatively
to 4 mM Na2CrO4. The addition of 100 �M FeCl3 to the growth
medium resulted in higher optical densities (O.D.) in stationary
phase for all assays without clearly increasing the growth rate
(variation <10%). However, in presence of 2 mM Na2Cr2O7, growth
performed better than under iron deficiency, with a rate increase of
84.4%. The media containing Fe(III) showed cell aggregation, partic-
ularly visible with 2 mM Cr(VI). In those experimental conditions,
a green sediment formed, which was  not detected in the absence
of iron.

3.2. Cr(VI) reduction

Reduction rates occurred at maximal speed after the end of
the exponential phase of growth and started to decrease after the
reduction of 1–1.5 mM Cr(VI).

The reduction rates of cells grown in presence of Cr(VI), both
as chromate or dichromate, were always higher when iron was
present (Fig. 1A). The highest reduction rate obtained in cultures
was of 15.4 ± 1.4 �M/h  in 2 mM chromate and 100 �M FeCl3. Iron
caused a higher rate increase in cultures with chromate, except at
4 mM Cr(VI), where it allowed cultures with dichromate to increase
rates from zero to 4.5 ± 0.2 �M/h.

The maximum total amount of Cr(VI) reduced by strain 5bvl1
in culture varied between 1400 and 1700 �M after 190 h (Fig. 1B).
Higher Cr(VI) concentrations resulted in lower values but the pres-
ence of iron improved those results. In the assays performed under
iron shortage, total reduced Cr(VI) was visibly inhibited at 4 mM
chromate, As for dichromate assays, under iron shortage, inhibition
was strong at 3 mM Cr(VI) and total at 4 mM Cr(VI). In presence of
iron, inhibition was  only detected in the dichromate assays at the
highest Cr(VI) concentration tested (4 mM).

The amount of insoluble chromium in cultures, under iron short-
age, was residual (<10%) at all tested Cr(VI) concentrations. In
cultures with Fe(III), at 2 mM Cr(VI), chromium immobilization

occurred simultaneously to Cr(VI) disappearance, and Cr that was
reduced matched Cr found in an insoluble form, at any given time of
incubation. Higher concentrations of Cr(VI) in cultures with Fe(III)
inhibited the immobilization: in 50–60% at 3 mM Cr(VI), and almost
100% at 4 mM Cr(VI) (Fig. 1B).
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ig. 2. Membrane-bound siderophore production. Spot intensities generated in CAS
gar medium per culture O.D. at different growth phases. Symbols: (�) middle of
xponential phase; ( ) end of exponential phase; (�) stationary phase.

.3. Presence of siderophores

No soluble siderophores were found in the medium in any tested
onditions.

In contrast, the membrane extracts of all cells cultured with-
ut Fe(III) generated positive reaction on CAS medium. The most
ntense reactions were generated by samples from middle expo-
ential growth phase (Fig. 2). The highest siderophore production
as from culture samples containing Cr(VI) and no Fe(III). The

bsence of Cr(VI) in medium with Fe(III) led to the lowest pro-
uction of siderophores. However, samples with Fe(III) and Cr(VI)
howed a siderophore production comparable to the assay per-
ormed in absence of both metals.

.4. SEM-EDS

In all samples, most cells possessed 1–2 dense intracellular
ranules containing phosphorus, oxygen and calcium. Under iron

eficiency, cell samples were devoid of extracellular structures,
oth in presence or absence of Cr(VI), and more morphologi-
ally compromised cells were observed (Fig. 3A). Rare extracellular
ggregates were found in absence of Cr(VI) and presence of Fe(III),

ig. 3. Extracellular aggregates formed in O. tritici 5bvl1 cultures exposed to iron and Cr
 mM Cr(VI) (chromate); B – cultures with 100 �M FeCl3 and 2 mM Cr(VI) (chromate); C
dichromate). E and F – EDS spectra of extracellular aggregates respectively found in (B) o
us Materials 198 (2011) 31– 39

containing O, P, Fe, Mg  and Ca (Fig. 3C). In contrast, cells grown
in presence of Cr(VI) and supplemented with 100 �M FeCl3 pro-
duced a great amount of dark green amorphous (confirmed by
X-ray diffraction) and dense extracellular aggregates (Fig. 3B and
D). These aggregates were composed of P, O,  Ca, Fe, Cr and low
amounts of Mg  and Na (Fig. 3E and F). Under these experimental
conditions, cytosol and membranes of morphologically uncompro-
mised cells were free of detectable quantities of iron and chromium,
while morphologically compromised cells possessed low quantities
of chromium in intracellular denser areas enriched in P and Ca.

3.5. Metal-dependent formation of phosphate-containing
aggregates

As EDS spectra provided evidences of the presence of phos-
phate, quantification of inorganic phosphate (Pi) present in the
purified dense extracellular particles formed in presence of Fe(III)
and Cr(VI) was  made. The phosphate quantity present in the extra-
cellular aggregates was  found to increase with Fe(III) and Cr(VI)
concentrations, both for strain 5bvl1 and O. tritici type strain (Fig. 4).

When testing the effect of Fe(III) on the cell suspensions capac-
ity to produce phosphate-rich extracellular aggregates, in presence
of 2 mM Na2CrO4, the highest Pi amount present in extracellular
aggregates was  found at the highest Fe(III) concentration tested
(300 �M),  Under those experimental conditions, the Pi quantity
obtained from 2 ml  of medium after 96 h of incubation was  of
0.42 ± 0.11 �mol  for strain 5bvl1 and of only 0.28 ± 0.06 �mol for
the O. tritici type strain. In contrast, under iron deficiency, the Pi
quantity was of 0.07 ± 0.02 �mol  and 0.03 ± 0.01 �mol for strain
5bvl1 and O. tritici type strain, respectively (Fig. 4A). Extracellu-
lar Pi in both strains was approximately the same up to 200 �M
FeCl3 (0.23 ± 0.12 �mol  for strain 5bvl1 against 0.18 ± 0.01 �mol

for the type strain after 96 h of incubation), but became higher for
strain 5bvl1 at higher Fe(III) concentration (0.29 ± 0.07 �mol  for
strain 5bvl1 against 0.14 ± 0.01 �mol  for the type strain at 250 �M
Fe(III)).

(VI). Arrows show extracellular aggregates containing Cr and Fe. A – cultures with
 – cultures with 100 �M FeCl3; D – cultures with 100 �M FeCl3 and 2 mM Cr(VI)
r (D).
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The PPK activity assay revealed that polyphosphate production
 300 �M FeCl3. (B): ��(fl) – no Cr(VI); �(dl) – 1 mM Cr(VI); �(fl) – 2 mM Cr(VI); �(
 mM Cr(VI); �(fl) – 1 mM paraquat; �(dl) – 1 mM NaAsO2; �(fl) – 1 mM K3AsO4; �(
nzyme kinetics model (A and B) or by applying a second order smoothing polynom

When testing the effect of Cr(VI) in the presence of 300 �M
e(III), the phosphate content of strain 5bvl1 extracellular aggre-
ates increased with the Cr(VI) concentration (Fig. 4B). The highest
i amount after 72 h was of 0.29 ± 0.02 �mol  for strain 5bvl1 and
.21 ± 0.01 �mol  for the type strain in presence of 5 mM Cr(VI),
hile no Pi was detected in absence of Cr(VI).

Of the tested Cr(VI) metal substitutes (As(III), As (V), Ni(II), and
araquat), only Ni(II) was able to cause the production of insolu-
le extracellular aggregates containing phosphate, but in a lower
uantity than Cr(VI) (Fig. 4C).

.6. Intracellular phosphate

In presence of 2 mM Cr(VI), the total intracellular phosphate
ncreased when FeCl3 was added to the medium. Intracellular
hosphate of 2 ml  samples started at 0.014 ± 0.001 �mol, then
apidly increased before stabilizing after 24 h. The iron con-
entrations that caused the highest intracellular increases were
50 �M FeCl3 for strain 5bvl1 (0.065 ± 0.014 �mol  after 96 h) and
50–300 �M FeCl3 for the type strain (0.064 ± 0.002 �mol  after 96 h
nd 0.088 ± 0.005 �mol  after 48 h, respectively), with increases
uperior to 4 fold of the initial value. In the absence of iron, the max-
mum values of total intracellular phosphate were for strain 5bvl1
.052 ± 0.011 �mol  and for O. tritici type strain 0.049 ± 0.004 �mol,
oth obtained after 24 h incubation.

.7. Soluble extracellular phosphate
The extracellular phosphate concentration of the growth
edium used decreased when cells were exposed to Cr(VI) and

00 �M Fe(III) (Fig. 5A). At Cr(VI) concentrations of 1–3 mM,  the
i decrease reached approximately 0.13 mM (0.26 �mol  Pi in 2 ml
 mM Cr(VI); �(fl) – 4 mM Cr(VI); ��(dl) – 5 mM Cr(VI). (C): �(dl) – no Cr(VI); �(fl) –
 mM NiCl2. Curves were fitted to the data either by nonlinear regression, using an
rve.

MMH). At higher Cr(VI) concentrations, the final Pi concentration
of the medium was higher.

In presence of Cr(VI) substitutes, phosphate depletion was  less
effective (Fig. 5B). As(V) failed, and paraquat caused a deple-
tion inferior to 0.05 mM Pi during the whole incubation period.
As(III) caused after 48 h a phosphate disappearance comparable to
paraquat. Ni(II) caused an effect similar to Cr(VI), reaching 0.10 mM
of Pi depletion.

3.8. Cr(VI) reduction rates by cell suspensions

With 2 mM Cr(VI) and increasing iron concentrations, no
increase to the Cr(VI) reduction rates of cell suspensions were
observed, both for strain 5bvl1 and the type strain (Fig. 6A) as
most experimental conditions did not show statistically significant
differences with the control (0 �M Fe(III)). On the other hand, in
presence of 300 �M Fe(III), the reduction rates of strain 5bvl1 cell
suspensions increased linearly with increasing Cr(VI) concentra-
tions, showing no inhibition, unlike cell cultures (Fig. 6B). At 5 mM
Cr(VI), the reduction rate obtained was of 17.7 �M/h.

3.9. PPK activity

The presence of abundant polyphosphate granules produced by
5bvl1 and O. tritici type strain in presence of Fe(III) and Cr(VI) was
confirmed with a Neisser stain, in contrast to cells grown without
those metals.
of extracts of cells grown in presence of Cr(VI) and Fe(III) was
enhanced, reaching 10.05 ± 3.56 mg/L of standard polyphosphate
equivalent (Fig. 7), while the polyphosphate produced in absence
of these metals was very low (0.92 ± 6.32 mg/L).
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the polyphosphate standards, and between 1300 and 1200 cm−1,
in the range of one of the standard peaks. The following weak sig-
nals were attributed to the residual presence of acetone and water:
ig. 7. PPK assay. Polyphosphate formation after 15 min, using cell extracts. Sym-
ols: (�) cells grown in absence of Cr(VI) and Fe(III); ( ) cells grown in 2 mM Cr(VI)
nd 100 �M FeCl3; (�) reaction buffer.

.10. Spectroscopic analysis

31P NMR  analysis of the green extracellular aggregates resulted
n a spectrum with phosphorus peaks at 17 ppm, −4 ppm, −14 ppm,
nd −24 ppm (Fig. 8) corresponding respectively to phospho-
ates, orthophosphate, pyrophosphate or end-chain phosphates,
nd polyphosphate middle-chain phosphates [19,28]. The sharp-
ess of the signals indicates that those soluble compounds were
ost probably not complexed to metal ions, in particular the
iddle-chain phosphates [28]. Any extensive addition of DCl to

romote further dissolution of the aggregates resulted in hydrol-
sis and concomitant increase of the resonance at −4 ppm, due to
rthophosphate.
The FT-IR spectra of purified extracellular aggregates washed
ith water or with acetone differed remarkably (Fig. 9). The water-
ashed samples presented only 2 peaks in the analysed range.

he first, at approximately 1640 cm−1, also present in the dark
increasing FeCl3 concentrations; Symbols: (�) O. tritici 5bvl1; ( ) O. tritici type
 O. tritici 5bvl1 cell suspensions in presence of 300 �M FeCl3 and increasing Cr(VI)
trend is significant (P < 0.0001; slope 3.108, R2 = 0.8277).

green Cr(III)-PolyP control and in the acetone-washed sample, is,
according to the literature, caused by the presence of Cr(III) hydrox-
ides (Cr–O–H bond vibration), and is absent if chromium is in
the hexavalent oxidation state [29]. The second was a broad sig-
nal at 1040 cm−1, similar to what was  previously reported in soil
sediments rich in phosphates [30]. The acetone-washed sample
possessed more peaks. The most intense were close to those of
the controls, between 1200 and 800 cm−1. Weaker signals were
detected between 1500 and 1300 cm−1, outside the signal range of
Fig. 8. 31P NMR of soluble phosphate compounds after acid treatment of extra-
cellular aggregates. Peak attribution (left to right): phosphonate, orthophosphate
reference, orthophosphate, pyrophosphate or end-chain phosphate, and middle-
chain phosphates.
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t ∼1700 cm−1 (C O stretching or free water bending vibrations),
etween 1500 and 1300 cm−1 (CH3 or hydration water bend-

ng vibrations), and at 1215–1230 cm−1 (C–C stretching vibration)
31]. The intense signal at approximately 1080 cm−1 is typical of
hosphorylated compounds or exopolysaccharide (EPS) C–O vibra-
ions [32]. All other peaks are related to phosphate compounds.
t 1300–1250 cm−1, the sample presented weak peaks while the
olyphosphate standards showed a strong one (1260–1285 cm−1).
his is a region attributed to the P O stretching bond vibration
33,34] of pyrophosphate and polyphosphates, especially intense
or metaphosphates such as the 6(PO3) standard that was  used
34–36]. Because inorganic phosphate does not produce signals
n that region [37,38],  the weak signals obtained in the sample
ndicate the presence of pyrophosphate or of linear polyphos-
hate molecules, which yield low peak intensities due to high
olecular stability and therefore lower P–O bond length variations

37]. The strong peak at 1100–1150 cm−1, which in the sample
ppears to have been shifted to a higher frequency, is generally
ttributed to P–O asymmetric stretching mode of free phosphate,
olyphosphate or metaphosphate [36]. The most intense peaks at
80–1080 cm−1 are characteristic of P–O–R bond vibrations, such
s P–O–C symmetric stretching that occur in phospholipids or DNA
33]. However, none of those molecules are present in the sample,
ecause of the acetone wash, and of the absence of DNA bases char-
cteristic peaks [39]. The sharp signal at 980 cm−1 is close to the
hosphate signals of ATP in the 950–930 cm−1 region [40], and of
ignals that occur in complexes of chromium with linear polyphos-
hate, metaphosphate or pyrophosphate [37]. The pair of peaks at
50–950 cm−1 occurs in phosphate–Cr(III) complexes and H2PO4

−

P–O–H asymmetric and symmetric stretching vibrations), being
bsent from polyphosphate–Cr(III) complexes [37,38]. The weak
ignal between 805 and 740 cm−1, also present in the controls used,
s usually attributed to metaphosphates P–O–P rings [36] but also
ccurs in linear polyphosphate–Cr(III) complexes [37].

. Discussion

Metal ion quelation by anions such as sulfide or phosphate
as been previously described in bioremediation processes, and
esults in surface deposition or intracellular accumulation, effec-
ively decreasing metal ion bioavailability in the environment
2,41,42]. As an example, precipitation and biosorption of uranium

r chromium were shown to occur in extracellular phosphate
omplexes [2,16,17]. On the other hand, polyphosphate pro-
uction capacity was found to be determinant for intracellular
ercury accumulation in certain microorganisms [43]. In O. tritici
us Materials 198 (2011) 31– 39 37

strain 5bvl1, both processes are present and part of the Cr(VI)
defense strategy, causing the extracellular deposition of metals
into phosphate particles, regulated by iron and associated to the
polyphosphate-production capacity.

The siderophores of O. tritici 5bvl1, as for Ochrobactrum sp. SP18
[24], were associated to membranes and in strain 5bvl1 increased
under Cr(VI) stress. This was also reported on Shewanella oneidensis
MR-1, where Cr(VI) caused the upregulation of iron transporters,
siderophores, and storage proteins [44,45].  Moreover, the presence
of Fe(III) in cultures with Cr(VI) did not inhibit siderophore produc-
tion that should have occurred. Siderophore increased production
under Cr(VI) stress may decrease toxicity by providing more iron as
a cofactor of redox proteins such as SOD or enzymes with chromate-
reductase activity [46]. Given that nanoparticles, which included Fe,
depended on the presence of Fe(III), siderophore production was
likely needed to gain the Fe necessary to the formation of these
structures.

The importance of iron in Cr(VI) resistance strategy was con-
firmed. In cell cultures, Fe(III) increased the growth rate of strain
5bvl1, allowed growth at otherwise toxic Cr(VI) concentrations and
increased the Cr(VI) reduction rates. Since iron did not increase (nor
decreased) the reduction rates in cell suspensions, we  conclude that
Cr(VI) reduction in cultures was associated to cell multiplication
and protection. Iron was therefore not involved in abiotic Cr(VI)
reduction and there was no competition for a common reductase.
In cell suspensions, the increase in Cr(VI) concentrations caused a
linear increase in the reduction rates. The better performance of
cell suspensions compared to cultures is likely due to the lower
energy amount committed to cell proliferation and instead used
for protection.

The presence of insoluble extracellular phosphate aggregates
containing chromium (and also iron and calcium) was depen-
dent of iron, and resulted in the efficient removal of chromium
from solution by strain 5bvl1. This process was not responsible
for Cr(VI) reduction since reduction without sedimentation was
observed. Chromium immobilization in insoluble particles was a
metabolic process inhibited by high Cr(VI) concentrations, and not
a consequence of passive biosorption [47–50] or uptake [2,16].
Therefore, extracellular phosphate particle formation seems to be a
cell response to Cr(VI) stress under beneficial Fe(III) concentrations,
and not caused by membrane damage or disruption. In fact, the
presence of iron in the culture medium also decreased the number
of morphologically aberrant cells, which typically appear in Cr(VI)
stressed cells [12,51].

Both strains tested, 5bvl1 and O. tritici type strain, were able to
form extracellular phosphate aggregates in presence of both Fe(III)
and Cr(VI) (or Ni(II)), but only strain 5bvl1 acted as an efficient
and sustainable phosphate remover at high Cr(VI) concentrations.
At high Cr(VI) concentrations (5 mM),  the type strain appeared to
rapidly release intracellular phosphate while this was not com-
pensated by an uptake of free phosphate. This may  be a response
to toxicity, in consequence of its lack of chromate pump and of
other protective proteins coded by the TnOtChr transposon [12,15].
In strain 5bvl1, the final amount of phosphate removed from the
medium corresponded to the phosphate quantity found in extra-
cellular aggregates, and the process seemed to consist in a fast
phosphate uptake from the medium and a progressive release as
insoluble extracellular aggregates. Concerning this, Ni(II) had an
effect comparable to Cr(VI), unlike paraquat, which leads to the
conclusion that generated reactive oxygen species alone are not
sufficient for extracellular aggregates production. Interestingly, a
previous work [15] showed that paraquat also failed to induce

TnOtChr operon transcription.

Bacterial intracellular polyphosphate granules have been
associated to several functions: Pi and cations reservoir,
metal chelation, resistance to environmental stress, bacterial
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ransformation, capsule formation, virulence, quorum sensing,
daptation to nutritional stringencies, and survival in stationary
hase of growth [16,52,53].  Pavlov et al. [54] also demonstrated
he polyphosphate ability to form a non-proteinaceous transmem-
rane cation-selective channel. In the presence of Fe(III) and Cr(VI),

ntracellular phosphorus-rich granules were in fact detected in
ncompromised cells of strain 5bvl1, but Cr was never detected in
hose structures, and rather found in extracellular aggregates. Cells
ultured under those experimental conditions formed cellular
ggregates strongly reactive to the Neisser stain, while cells not
xposed to these metals were planktonic and Neisser-negative,
ailing to produce extracellular granules. This correlates with the
bservation of Rashid et al. [52], which linked polyphosphate to
iofilm formation in P. aeruginosa.

Recent reports have linked phosphatase activity to metal bio-
recipitation as phosphate complexes [41]. Although we cannot
iscard this activity for phosphate (re)acquisition, our results

nstead demonstrate a connection between PPK activity and
hromium bioprecipitation. Exposure to Cr(VI) and Fe(III) increased
he production of polyphosphate from ATP, indicating the presence
f more active PPK than in the absence of metal ions [27,55]. There-
ore, the PPK activity increase, in strain 5bvl1, can be correlated to
he phosphate uptake and the formation of phosphate-rich extra-
ellular aggregates. This is in agreement with the upregulation of
torage proteins observed by Chourey et al. [44,45] in S. oneidensis
R-1, when subjected to Cr(VI).
The presence of polyphosphate in the extracellular aggregates

as confirmed by 31P NMR  and FT-IR, which, together with EDS,
efined their chemical composition and structure. 31P NMR  showed
he presence of phosphonates, orthophosphate, polyphosphate,
nd possibly some pyrophosphate [19,28]. Since 31P NMR  essen-
ially detects solubilized phosphate compounds, only uncomplexed
i and polyphosphate (short chains) were possible to detect. The
resence of phosphonates, together with polyphosphate, has been
elated in sea sediments to microbiological activity [19]. FT-IR
evealed the presence of an intense signal typical of EPS C–O vibra-
ions, which may  be the consequence of biofilm formation [32].
he most important FT-IR signals present support the presence
f both linear polyphosphate, possibly some pyrophosphate, and
norganic phosphate coordinated to Cr(III). Interestingly, both the
ample of extracellular aggregates and the polyphosphate–Cr(III)
ontrol presented the same green color.

. Conclusion

The most innovative aspect of this paper is the demonstration
f the production by strain 5bvl1 of extracellular polyphosphate
hich participate in Cr(III) hydroxides chelation that result from

acterial Cr(VI) reduction, and its dependence of iron under Cr(VI)
tress. In O. tritici strain 5bvl1, with exception of the chr genes
esponsible for Cr(VI) resistance, all the genes involved in the pro-
esses mentioned above are still unknown.

This work brings new information concerning the chromium
oxicity protection mechanisms of O. tritici strain 5bvl1 in addi-
ion to the already described ChrA Cr(VI) pump and SOD related
nzymes. According to the results obtained in this work, future
nvestigation on the processes and genes involved in Cr(VI) removal

ill prove useful for the use of this strain in bioremediation.
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