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Abstract
Enrichments with [Fe(II)EDTA]2� as electron donor and nitrate or nitrite as electron acceptor were established
using an inoculum from a bioreactor performing denitrification. A nitrate-reducing, [Fe(II)EDTA]2� oxidizing strain
was isolated and named strain BDN-1. The G+C content of strain BDN-1 was 67%, and the organism was closely
affiliated to Paracoccus denitrificans, P. pantotrophus and P. versutus by 16S rRNA sequence comparison. Results from
DNA–DNA hybridization, rep-PCR, and whole cell protein analysis gave congruent results confirming the genotypic
and phenotypic differences between strain BDN-1 and the other species of Paracoccus. From these results, we
considered strain BDN-1 as a novel species for which we propose the name Paracoccus ferrooxidans. Apart from
[Fe(II)EDTA]2�, BDN-1 could also use thiosulfate and thiocyanate as inorganic electron donors. Nitrate, nitrite, N2O,
[Fe(II)EDTA �NO]2� and oxygen could be used by strain BDN-1 as electron acceptors. Repeated transfer on a culture
medium with bicarbonate as the sole carbon source confirmed that strain BDN-1 was a facultative autotroph.
[Fe(II)EDTA]2� oxidation dependent denitrification was also performed by other Paracoccus species, that were closely
affiliated to P. ferrooxidans.
r 2005 Elsevier GmbH. All rights reserved.

Keywords: Denitirification; FeEDTA; Iron oxidation; Paracoccus; rep-PCR
Introduction

The iron cycle is one of the most important
biogeochemical cycles. The role of microorganisms in
the iron cycle is interesting for both its microbiological
and geochemical significance. Apart from the use as
e front matter r 2005 Elsevier GmbH. All rights reserved.
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trace metal, iron can also be used as electron donor or
acceptor by a number of microorganisms. Microbiolo-
gists have extensively studied dissimilatory iron-redu-
cing bacteria, which use ferric iron as electron acceptor
in anoxic environments [23,29]. Although, microbial
iron oxidation is not an energetically favourable
reaction for microbial growth, its role was studied in
environments like acid mine drainage [5]. As a
consequence, acidophilic iron-oxidizing bacteria, such
as Acidothiobacillus ferrooxidans [2], have been widely
studied. However, neutrophilic iron oxidizers received

www.elsevier.de/syapm
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little attention; due to the belief that iron oxidation was
mainly a chemical process at neutral pH. Using gradient
systems, Emerson and Moyer [11] found that micro-
aerophilic bacteria could perform iron oxidation at the
oxic–anoxic interface. Moreover, in nature, microbial
iron oxidation at neutral pH was observed in the plant
rhizosphere [12] and in freshwater habitats, where water
moves from anoxic to oxic zones at low oxygen tension
[22] and use oxygen as their terminal electron acceptor
when the environment is oxygen limited or micro-
aerobic. These bacteria are generally believed to be
associated with iron reducing microorganisms in closely
spaced but different zones, leading to an efficient iron
cycling [13]. Edwards et al. [8] have isolated psychro-
philic bacteria from the deep-sea that can oxidize iron
micro-aerobically and anaerobically with nitrate as
electron acceptor. Straub et al. [40] and Benz et al. [1]
have reported nitrate-dependent iron oxidation by
mesophilic bacteria. These denitrifiers used ferrous iron
as electron donor for the reduction of nitrate. Reports
have also been made about phototrophic iron oxidation
[9]. So far, all neutrophilic iron oxidizers studied are
chemolithoheterotroptrophs using organic substrates as
a carbon source, with some exceptions of autotrophic
iron oxidizers, like Gallionella ferruginea [16].

Microbiologists who studied the microbial iron
oxidation used mostly insoluble Fe(II) as electron
donor. Straub et al. [40] and Benz et al. [1] used FeSO4

in 30mM bicarbonate medium, which formed white
precipitates of iron carbonate or iron phosphate.
Edwards et al. [8] used FeS and FeS2, in addition to
FeCO3 and FeCl2 � 4H2O, as Fe(II) sources. Emerson
and Moyer [11] used FeS in a gradient system. All these
iron sources are insoluble (except FeCl2 � 4H2O) and
poorly available for microbial oxidation. Fe(II) can be
made more soluble in aqueous solution by chelating it
with inorganic chelators such EDTA, NTA, etc. and
therefore more easily be utilized as electron donor by
microorganisms. So far, microbiologists have not
studied the microbial oxidation of chelated Fe(II).
However, effect of chelators, such as NTA, was studied
for Fe(III) reduction by Lovely et al. [24], which
indicated that the rate of Fe(III)NTA reduction was
higher than the crystalline Fe(III) oxides. In addition,
the bacteria that were able to reduce chelated Fe(III)
were not able to reduce ferrihydrite [19].

Here we report on the isolation and characterization
of a novel denitrifying bacterial strain that can oxidize
Fe(II) chelated to EDTA at neutral pH. The organism
was isolated from a bioreactor, which was operated at
30 1C and neutral pH, and performed denitrification in
an aqueous FeEDTA solution [27]. Ethanol was supplied
as electron donor for the reduction of nitrate to N2.
Maas et al., had reported, although ethanol was an
energetically favourable electron donor, [Fe(II)EDTA]2�

can also serve as electron donor for the biological
reduction of nitrate [20,27]. The main aim of our study
was to isolate and characterize microorganisms perform-
ing denitrification-dependent [Fe(II)EDTA]2�oxidation
from this bioreactor. The results clearly showed that the
new isolate preferentially use soluble Fe(II) chelated to
EDTA, and not Fe(II) precipitates. For the first time the
ability of Paracoccus strains to oxidize iron at neutral pH
is reported.
Materials and methods

Culture medium and conditions

Anoxic bicarbonate (5 g/l) buffered media was used
with NH4Cl 0.28 g/l, K2HPO4 0.25 g/l, MgSO4 � 7H2O
0.1 g/l, CaCl2 � 2H2O 0.01 g, and yeast extract 0.1 g/l.
After autoclaving and cooling under argon, 1ml of trace
element solution [44] was added per litre culture
medium, and the pH was adjusted to pH 7. Serum
bottles of 30 or 100ml volume were filled with 10 or
30ml mineral medium, respectively. Subsequently, the
inoculum (with the dilution 1:10) was added anaerobi-
cally. Substrates were injected aseptically with syringes
to final concentrations of 25mM [Fe(II)EDTA]2�,
5mM nitrate or 5mM nitrite. EDTA, nitrite and nitrate
were added as sodium salts. Hydrogen and N2O were
flushed in the headspace, when they were used as
substrates. The bottles were incubated at 30 1C.

Inoculum, enrichment and isolation

The inoculum used for the enrichment was obtained
from a lab-scale denitrifying reactor, which was
originally inoculated with the biomass from a full-scale
biological fluidized bed reactor that treated surface
water for nitrate removal [27]. The culture medium of
the lab-scale bioreactor contained 50mM
[Fe(II)EDTA]2�, MgSO4 � 7H2O 0.1 g/l, CaCl2 � 2H2O
0.01 g/l, NH4Cl 0.28 g/l, KH2PO4 0.25 g/l, NaHCO3

5.4 g/l, and trace elements solution [43]. Nitrate was
supplied as sodium nitrate at a concentration of 5mM,
and ethanol was provided as electron donor at a
concentration of 7mM. The bioreactor was operated
at 30 1C.

In order to enrich for iron oxidizing-denitrifying
bacteria, two different enrichments were performed, i.e.,
one with 5mM nitrate and the other with 5mM nitrite
as electron acceptors. In total, 25mM [Fe(II)EDTA]2�

was used as electron donor in both the enrichments. The
medium contained 100mg/l yeast extract in the total
volume of 10ml. Approximately, 1ml of inoculum was
added. The positive enrichment cultures were trans-
ferred every 3–4 days. Growth was monitored by protein
determination. In addition, the concentration of nitrate,
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nitrite and iron was measured using colorimetric assays
as mentioned below.

For the isolation of pure cultures from the enrich-
ment, the agar dilution methodology was used [31].
Enrichment cultures were diluted in 0.9% (w/v) agar in
the so-called Hungate tubes and incubated at 30 1C.
Individual colonies were picked and transferred twice to
fresh agar tubes before assuming pure. The purity of the
isolate was further substantiated by microscopic ob-
servation and by DGGE analysis of PCR-amplified 16S
rRNA gene fragments [42].

Reference organisms used in this study

The type strains of Paracoccus denitrificans (NCCB
80056 and DSM 413), Paracoccus pantotrophus (NCCB
82005 and DSM 2944) and Paracoccus versutus (NCCB
80062) were obtained from the Netherlands Culture
Collection of Bacteria (NCCB, Utrecht, The Nether-
lands). Paracoccus strains KS1 (DSM 11072), KS2
(DSM 11104), and KL1 (DSM 11073) were obtained
from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Braunschweig, Germany).
The bacteria were first grown in the culture medium
recommended by the culture collection organizations,
and later transferred to the medium as described above.
Isolate BDN-1 was deposited in the Netherlands Culture
Collection of Bacteria (NCCB, Utrecht, The Nether-
lands) under number NCCB 100066.

DNA extraction and quantification

The DNA from the bacterial culture was extracted
with the Soil DNA Extraction Kit (MOBIO Labora-
tories, USA) according to the procedure described by
the manufacturer. The quality of the extracted DNA
was analyzed by agarose gel electrophoresis. The
concentration of the DNA was measured with the
PicoGreen dsDNA Quantitation Kit (Molecular Probes,
Leiden, The Netherlands) according to manufacture’s
instruction. Subsequently, the DNA was used as a
template in the different PCRs.

PCR amplification of 16S rRNA gene fragments

Primers 341F with GC-clamp and 907R were used to
generate PCR products for DGGE analysis [38], while
primers GM3 and GM4 were used to produce the nearly
complete 16S rRNA gene fragments for phylogenetic
analysis [3]. PCR amplifications were performed in
100 ml volumes containing 5–100 ng of template DNA,
10 ml of 10-times concentrated Taq buffer, 250 mM of
each deoxynucleoside triphosphate, 25 pmol of each
primer and 2.5U of Taq DNA polymerase (Amersham
biosciences, Roosendaal, The Netherlands). PCR pro-
ducts were analyzed by electrophoresis in 1% (w/v)
agarose gels, which were stained with ethidium bromide
and destained with Milli-Q water.
DNA sequencing and phylogenetic analysis

The DNA fragment obtained with primer pair GM3
and GM4 was sequenced by the company BaseClear
(Leiden, The Netherlands). The sequence of 1418 bp was
first compared to sequences stored in GenBank. There-
after, the phylogenetic affiliation of the isolate was
inferred using the ARB software program [26]. Briefly,
the sequence was imported into the ARB database and
aligned using the automatic aligner. After visual
inspection of the alignment a neighbor joining tree was
calculated using Escherichia coli as an outgroup. The
accession number of the nearly complete 16S rRNA
gene of strain BDN-1 is AY954687.
rep-PCR

rep-PCR [43] was performed with two different
primers, i.e., BOX A1R (50-CTACggCAAggCgACgCT-
gACg-30) and GTG5 (50-gTggTggTggTggT-30) [33] using
a thermal cycler (Biometra, Germany). The amplifica-
tion reaction was performed in a final volume of 25 ml
using 50 ng genomic DNA, 5 ml 5X Gitschier buffer,
0.2 ml BSA (20mg/ml), 2.5 ml DMSO, 1,25 ml dNTPs
(25mM each), 1 ml primer (0.3 mm), and 0.4 ml Taq DNA
polymerase (5U/ml). The following PCR conditions
were used: 2min at 95 1C, followed by 30 cycles of 94 1C
for 3 s, 92 1C for 3 s, 55 1C for 1min for BOX and 49 1C
for 1min for GTG5, 65 1C for 8min and a final
extension of 65 1C for 8min [33].

In total, 600 ng of PCR product was analyzed on
1.5% (w/v) agarose gel, which was electrophoresis in a
cold room for 14 h at 65V. The gel was stained with
ethidium bromide and photographed using the Gel Doc
2000 system (BioRad, Hercules, CA, USA).
SDS-PAGE and enzyme assays

Denaturing SDS-PAGE of whole-cell protein (in cell
free extract obtained by sonication) was performed on
12% polyacrylamide gels according to Laemmli et al.
[21]. The gels were stained using SYPRO Orange
(BioRad, Hercules, CA, USA). A total of 10 ml of
SYPRO Orange was added to 50ml of 7.5% (v/v) acetic
acid, in which the gels were stained for 30min with
gentle agitation and destained in 50ml 7.5% (w/v) acetic
acid for 30 s. The images of protein patterns were
visualized on a UV-transilluminator and captured with a
Gel-Doc 2000 system (BioRad, Hercules, CA, USA).
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Analytical methods

Nitrate was measured colorimetrically at 420 nm after
reaction of 40 ml sample (concentration range of
0.1–5mM nitrate) with 0.2ml 5% (v/v) salicylic acid in
98% (v/v) sulfuric acid and 2ml cold (4 1C) 4M NaOH
[4]. Nitrite was measured nitrite was measured color-
imetrically at 540 nm after reaction (30min) of 1ml
sample (concentration range of 0.002–0.04mM nitrite)
with 1ml 1% (v/v) sulfanilic acid in 1M HCl and 1ml of
0.1% (v/v) N-naphtyleethylenediamine in a 4ml dis-
posable cuvette [15]. Estimation of [Fe(II)EDTA]2� was
quantified photometrically at 510 nm after chelating
with 6mM o-phenanthroline in 1.5M sodium acetate
buffer, in a test volume of 1ml (modification of the
method described in Ref. [14]). Biomass protein was
estimated by means of the Lowry method [25]. The cells
were disrupted before protein analysis by adding one ml
of 1M NaOH to the cell pellets (samples); vortexing and
then boiling for 5min at 100 1C. DNA–DNA hybridiza-
tion and subsequent determination of G+C content was
performed according to Marmur et al. [28] and De Ley
et al. [6]. The headspace gas of the enrichments and
batch cultures were analyzed for N2 and N2O qualita-
tively using on-line gas chromatography as described
previously by Otte et al. [30].

The green intermediates, i.e. the nitrosyl complex,
were identified by absorption spectroscopy; it shows an
absorption peak at 435 nm (for [Fe(II)EDTA.NO]2�)
and one at 342 nm (for [Fe(III)EDTA]�). Schneppen-
sieper et al. described this identification method [39].
Electron microscopy

Cells used for electron microscopy were fixed in 0.1%
(w/v) glutaraldehyde on ice for 4 h. Fixed cells were
washed with 0.1M sodium cacodylate pH 7.2 (CAC) and
post fixed for 2 h in a solution of 1% (w/v) osmium
tetroxide and 5% (w/v) sodium bichromate in CAC
buffer at room temperature. Subsequently, the specimens
were stained overnight in 0.5% (w/v) uranyl acetate.
After dehydration in a graded ethanol series the speci-
mens were embedded in Epon (Serva). Ultrathin sections
were made on a LKB ultramicrotome and examined with
a Philips CM10 transmission electron microscope.
Results

Enrichment and isolation of [Fe(II)EDTA]
2�

oxidizing-denitrifying microorganisms

In the enrichment with nitrate as electron acceptor,
the [Fe(II)EDTA]2�oxidation coupled nitrate reduction
appeared to be very fast initially, i.e., the culture
medium turned rapidly, within 24 h, from colourless to
brown. After successive transfers of the cultures, the
nitrate-dependent [Fe(II)EDTA]2� oxidation became
slower as could be seen from the transient appearance
of the green intermediate Fe(II)EDTA �NO2� complex
for a few hours. Complete ferrous oxidation occurred in
2–3 days. The stoichiometric reaction is

10½FeðIIÞEDTA�2� þ 2NO3
� þ 12Hþ

! 10½FeðIIIÞEDTA�� þN2 þ 6H2O:

In case of enrichments with nitrite, the stoichiometric
nitrite-dependent [Fe(II)EDTA]2� oxidation reaction is

10½FeðIIÞEDTA�2� þ 2NO2
� þ 8Hþ

! 10½FeðIIIÞEDTA�� þN2 þ 4H2O:

Headspace analysis of both enrichments showed that
the intermediate N2O did not accumulate. While the
chemical controls showed no reduction of nitrate,
chemical controls with nitrite resulted in the formation
of the complex [Fe(II)EDTA �NO]2�, but no further
reduction of this complex or oxidation of
[Fe(II)EDTA]2� was observed. Biological
[Fe(II)EDTA]2� oxidation was much slower when
100mg/l yeast extract was omitted as a carbon source;
it took 7–10 days for completion.

The microbial diversity analysis of inoculum and two
enrichments using DGGE of PCR amplified 16S rDNA
fragments, showed differences in the population be-
tween three samples (result not shown).

Both nitrate and nitrite-reduction positive enrich-
ments were taken for isolation. [Fe(II)EDTA]2�/NO�2
agar dilution tubes showed colonies, which were picked
from the higher dilution of 109, and inoculated in the
nutrient medium with [Fe(II)EDTA]2� and nitrite. One
out of two colonies showed growth in the liquid
medium. The isolate was further purified by repeated
dilutions in agar and subsequently in liquid medium.
The isolate was observed for homogeneity of the
colonies and checked microscopically for its purity.
DGGE analysis of PCR-amplified 16S rRNA gene
fragments showed only one band, confirming the purity
of the isolate (results not shown). The new strain was
named as strain BDN-1.

Identification and characterization of strain BDN-1

The nearly complete 16S rRNA gene of strain BDN-1
was amplified and sequenced. The phylogenetic tree
showed a close affiliation of strain BDN-1 with different
type strains of the genus Paracoccus (Fig. 1). Strain
BDN-1 was closely related to P. versutus, P. denitrifi-

cans, P. pantotrophus and to Paracoccus strains AS001
[7], KS1 and KL1 [34]. The strains KS1 and KL1
were later described as P. pantotrophus species. High
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Fig. 1. Neighbor joining tree based on 16S rRNA sequences showing the phylogenetic affiliation of isolate BDN-1. E. coli was used

as out-group. The scale bar indicates 20% sequence difference.

Table 1. G+C content and DNA–DNA hybridization of strain BDN-1 with closely related Paracoccus

Strain G+C mol% DNA homology %

BDN 1 P. denitrificans DSM 11072 KS1 P. pantotrophus P. versutus

BDN 1 67.9

P. denitrificans 69.3 41

DSM 11072 (KS1) 66.7 46 25

P. pantotrophus 67.7 43 Nd Nd

P. versutus 67.1 32 38 27 Nd

DSM 11073 (KL1) 67.9 38 25 38 Nd 43

Nd, not determined.
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similarity scores were obtained with the 16S rRNA
sequences of P. versutus (99.77% sequence similarity), P.

denitrificans (99.29% sequence similarity) and P. panto-

trophus (99.34% sequence similarity).
For further confirmation of the species identity of

strain BDN-1, three different methods were used. At
first DNA–DNA hybridization with those strains that
were closely affiliated (similarity of 98% and more) to
strain BDN-1 by 16S rRNA sequence comparison was
performed. The results showed that strain BDN-1 had a
very low DNA–DNA hybridization value (o 60%) with
all the selected strains (Table 1).

In addition, rep-PCR, a technique for studying the
genetic relationships among closely related microorgan-
isms [34] was performed. BDN-1 along with the 3 type
strains P. pantotrophus, P. denitrificans and P. versutus
were taken for rep-PCR. The fingerprints of the rep-
PCR products in agarose gel showed that strain BDN-1
had a distinct band pattern when compared with those
of the type strains of genus Paracoccus (Fig. 2).
Furthermore, the whole cell protein profile of cells of
strain BDN-1 grown in the medium with succinate and
nitrite differed from the protein profiles of the three type
strains grown in the same medium (result not shown).

Cells of strain BDN-1 were Gram-negative, non-
motile, and facultative anaerobic. They showed poly-
morphism in their cell morphology; when grown
anaerobically in mineral medium, the cells were coccoid,
but grown aerobically in a rich culture medium, like
peptone broth, they became rod shaped and formed
chains (result not shown). The strain was catalase,
urease and oxidase positive. The growth temperature of
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Fig. 2. rep-PCR profiles of strain BDN-1 and different

Paracoccus strains using GTG-5 primers Lane 1: P. panto-

trophus lane 2: strain BDN-1; lane 3: P. versutus; lane 4:

P.denitrificans; lane 5: nucleic acid markers.
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strain BDN-1 was between 10–45 1C, with 30 1C as
optimal temperature and a pH range from 5.0 to 8.5,
with pH 7.0 as optimal pH. Strain BDN-1 used
thiosulfate and hydrogen as electron donors, both
aerobically as well as anaerobically. Thiocyanate was
oxidized under anaerobic and microaerobic conditions.
Nitrate, nitrite, N2O and [Fe(II)EDTA �NO]2� (with
[Fe(II)EDTA]2� and ethanol as electron donors) were
used as electron acceptors. Table 2 shows the ability of
strain BDN-1 to use different organic substrates under
aerobic and anaerobic conditions along with the organic
substrate utilization of three type strains [35]. All
anaerobic cultures had nitrate as electron acceptor.
There are some differences in substrate utilization for
cells of BDN-1 grown either under aerobic or anaerobic
conditions (such as serine, hystidine, lactate and
gluconate). Strain BDN-1 did not use [Fe(III)EDTA]�

or amorphous Fe(III) oxides as electron acceptor.
Manganese could not be used as electron donor. Fe(II)
chelated to NTA was oxidized by strain BDN-1, which
was confirmed by repeated transfers.

Anaerobic oxidation of [Fe(II)EDTA]
2�

and

thiosulfate by strain BDN-1

Strain BDN-1 was tested for its ability to oxidize
[Fe(II)EDTA]2� with ethanol as carbon source, and nitrate
or nitrite as electron acceptors. As shown in Fig. 3, with
a supplement of 1mM ethanol as carbon source,
[Fe(II)EDTA]2� was oxidized within 48h. The protein
yield obtained from nitrate-dependent [Fe(II)EDTA]2�

oxidation was 6.6mg protein/mol of nitrate and from
nitrite-dependent [Fe(II)EDTA]2� oxidation was 4.8mg
protein/mol of nitrite. The yield obtained in both these
batch experiments was in line with the amount of ethanol
available as a carbon source [17].

With bicarbonate as carbon source, [Fe(II)EDTA]2�

oxidation dependent nitrite reduction took 7 days for
completion (Table 3). Strain BDN-1 was repeatedly
transferred in the medium with bicarbonate as carbon
source and [Fe(II)EDTA]2� as electron donor to check
its autotrophic growth. Autotrophic growth of strain
BDN-1 was also checked under anaerobic condition
with 5mM thiosulfate as electron donor and 5mM
nitrate as electron acceptor. The results showed that
3.3mM of thiosulfate was oxidized for complete
reduction of nitrate in 9 days (Fig. 3C), confirming the
ability of strain BDN-1 to grow on bicarbonate as sole
carbon source.

Comparative analysis of strain BDN-1 with closely

related Paracoccus species for [Fe(II)EDTA]
2�

oxidation

Batch experiments were conducted to study the
potential of closely related Paracoccus strains to use
[Fe(II)EDTA]2� as an electron donor. The result
showed that all of the tested Paracoccus strains could
use [Fe(II)EDTA]2� as electron donor for the reduction
of nitrate and nitrite. In the batch experiments with
10mM [Fe(II)EDTA]2� and 2mM nitrite, the concen-
tration of the non-oxidized [Fe(II)EDTA]2� after 7 days
of incubation with different Paracoccus strains is shown
in Table 3. The results also showed chemical oxidation
of [Fe(II)EDTA]2� in the control. 1.8mM of
[Fe(III)EDTA]� was measured in the control after 24 h
and also [Fe(II)EDTA �NO]2� complex was formed.
However, this complex was not further reduced. In the
samples with bacterial cells this complex was reduced to
dinitrogen (results not shown), which was also coupled
with [Fe(II)EDTA]2� oxidation. Apart from
[Fe(II)EDTA]2�, ferrous iron precipitate (in the medium
with bicarbonate) as described by Straub et al. [40], was
tested for oxidation by strain BDN-1 and other



ARTICLE IN PRESS

Table 2. Organic substrates used by strain BDN-1 and three type strains

Substrates BDN-1 Aerobic

Aerobic Anaerobic P. denitrificans P. versutus P. pantotrophus

Acetate + + + + +

Acetone � � � � +

Adipate NA NA + � +a

Arabinose + + + � �

Citrate � � +a + �

Formate � � +a + �

Fructose + + + + +

Galactose + + + + �

Gluconate + � NA NA +

Glucose + + + + +

Glycerol + + + + �

Glycogen � � � + +

Histidine + � NA NA +

Isoleucine � + NA NA +

Lactate + � NA NA +

Lactose � � NA NA �

Leucine � � NA NA +

Mannose � � + + +

Methanol + + + + �

Oxalate � � NA NA �

Propionate + + NA NA +

Pyruvate + + NA NA +

Serine + � + + �

Succinate + + + + +

NA, data not found in the published literature [35].
aSubstrates used only aerobically and not anaerobically.
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Paraccoccus strains. No iron oxidation was observed
even after 4 weeks.

Electron microscopy of strain BDN-1

Cells of BDN-1 grown in the culture medium with
[Fe(II)EDTA]2� as electron donor, showed fibril-like
structures around the cell wall, when analyzed by
transmission electron microscopy (Fig. 4A). Such
structures were absent in cells grown with succinate as
electron donor (Fig. 4B). The fibril-like structures were
associated with some iron precipitates or oxides. The
nature of these fibril-like structures was not identified.
Cells of strain BDN-1 grown in the medium with
succinate showed polyhydroxybutyrate (PHB) accumu-
lation (see Fig. 4B). Apart from the fibril-like structures,
the cell wall of strain BDN-1 looked similar to that of
other Paracoccus strains [36].
Discussion

The experiments for enriching nitrate- and nitrite-
dependent [Fe(II)EDTA]2�, oxidizers initially was faster
(24 h) and then slowed down (2–3 days). Traces of
ethanol present in the inoculum might be the reason for
faster [Fe(II)EDTA]2 oxidation, which then depleted, as
the cultures were transferred. The change in the
microbial diversity between inoculum and enrichment
cultures could be because of this difference in the
ethanol availability.

The initial 16S rRNA similarity study showed that
strain BDN-1 was very close to the P. denitrificans

cluster (Fig. 1). A further study, confirmed strain BDN-
1 as a new species within the genus Paraccocus by results
obtained with three different methods. The DNA–DNA
homology between the selected species and strain BDN-
1 were below 60%, which is considered as common
species boundary by Rossello-Morá and Amann [37]. In
addition, differences in rep-PCR and whole cell protein
profiles showed that strain BDN-1 was a new species in
the genus Paracoccus. Therefore, the new name P.

ferrooxidans was proposed for strain BDN-1.
Characteristics of strain BDN-1 were to some extent

similar to the type strains P. denitrificans, P. pantotro-

phus and P. versutus. The polymorphism in the cell
morphology as observed in strain BDN-1 was also
previously reported for other Paracoccus strains [36]. P.

denitrificans was urease positive like strain BDN-1. All
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Fig. 3. (A) Growth of strain BDN-1 with 25mM

Fe(II)EDTA2�, 5mM nitrate and 1mM ethanol. (B) Growth

of strain BDN-1 with 25mM Fe(II)EDTA2�, 5mM nitrite and

1mM ethanol. (C) Growth of strain BDN-1 with 5mM

thiosulfate and 5mM nitrate. Symbols in (A) and (B): ~
Fe(III) mM; m protein mg/ml; ethanol (mM). Symbols in C:

’ thiosulfate, m nitrate.

Table 3. [Fe(II)EDTA]2� oxidation with nitrite as electron

acceptor by BDN-1 and closely related Paracoccus strains

Strains Initial

[Fe(II)EDTA]2�

(mM)

Final

[Fe(II)EDTA]2�

(mM)

Paracoccus

denitrificans (DSM

413)

10 6.5

Paracoccus

pantotrophus

(DSM 2944)

10 4.2

Paracoccus

versutus (DSM

80062)

10 5.8

KS1(DSM 11072) 10 3.9

KL1(DSM 11073) 10 5.5

BDN-1

chemical control

10 4.1

10 8.2

Initial concentration of nitrite was 2mM. [Fe(II)EDTA]2� concentra-

tion was estimated at the end of 7-day incubation.
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the three type strains use thiosulfate and hydrogen, as
electron donors like strain BDN-1. However, utilization
of thiocyanate was not reported for these three type
strains. Only one species, Paracoccus thiocyanatus was
reported to use thiocyanate as electron donor, which
had less than 98% 16S rRNA similarity with strain
BDN-1.
The utilization of organic substrates by strain BDN-1
was not similar to the type strains. Table 2 shows the
substrates utilization of strain BDN-1 and three type
strains. There was some overlapping between strain
BDN-1 and the three type strains in their substrate
range, but significant differences (such as citrate,
acetone, etc.) do occur. Some substrates, such as,
histidine, lactate and gluconate, were used by strain
BDN-1 only under aerobic condition and not under
anaerobic condition. Such differential use of organic
substrates under aerobic and anaerobic conditions has
previously been observed in other Paracoccus strains
(see Ref. [35] and Table 2). There are different possible
reasons including the position in the electron transport
chain at which the substrate donates the electrons,
products of the substrates being inhibitory to denitrify-
ing enzymes, or a requirement for oxygen in the
reaction. Some substrates can be used anaerobically
only under limiting concentrations, which cannot be
achieved in batch cultures (personal communication
L.A. Robertson). To fully understand the phenomenon,
a detailed investigation of the biochemistry of each
substrate in strain BDN-1 would be necessary, some-
thing which is outside the scope of this study. For
taxonomic purposes, the observation is sufficient.

The batch experiments with [Fe(II)EDTA]2�as elec-
tron donor both with and without an organic carbon
source (e.g., ethanol or yeast extract) suggested, that
strain BDN-1 is a facultative autotroph. This was
further confirmed by the growth of strain BDN-1 in
thiosulfate/nitrate medium with bicarbonate as the sole
carbon source (Fig. 3C).
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Fig. 4. (A) Transmission electron microscopic photograph of cells of strain BDN-1 grown in iron-oxidizing medium. (B)

Transmission electron microscopic picture of cells of strain BDN-1 grown in succinate/nitrite medium. Bar is 0.5 mm.
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In both aerobic and anaerobic microbial iron oxida-
tion, chemical oxidation of iron, which competes with
the biological reaction, cannot be excluded. From the
present study, it is clear that the chemical control with
nitrate/[Fe(II)EDTA]2� does not show any reaction.
However, the chemical control with nitrite/
[Fe(II)EDTA]2� clearly gave a spontaneous reaction,
forming [Fe(II)EDTA �NO]2� complex. A similar reac-
tion was observed by Maas et al. [27] in their study
of nitrite dependent [Fe(II)EDTA]2� oxidation with
mixed cultures. Previous studies on denitrification-
dependent iron oxidation by Straub et al. [40] and Benz
et al. [1] also had discussed how nitrite might chemically
react with ferrous iron (ferrous iron was supplied as
ferrous sulfate in bicarbonate buffered medium in
these studies) in the absence of cells. Those studies
also concluded chemical oxidation of ferrous iron
happened only when nitrite concentration was higher
than 1mM and that, initially oxidation of ferrous iron
occurred rapidly and later slowed down. Similar results
were observed in the present study with [Fe(II)EDTA]2�

and nitrite in the absence of cells. In the chemical
control with 2mM nitrite and 10mM [Fe(II)EDTA]2�,
approximately 1.8mM of Fe(III)EDTA was measured
after 24 h (Table 3). The nitrite was reduced to form
green [Fe(II)EDTA-NO]2� complex that was not
reduced further unlike the samples with the bacterial
cells.

In addition, the observed microbial reduction of
nitrate by the enrichment cultures and by cells of strain
BDN-1 showed the intermediate nitrosyl complex prior
to the further denitrification. The question is therefore
whether microbial nitrite reduction was faster than
chemical nitrite reduction in the presence of cells. The
yield obtained in the batch experiment with
[Fe(II)EDTA]2�/NO�3 and [Fe(II)EDTA]2�/NO�2 with
1mM ethanol as carbon source was close to the
expected yield calculated based on the method described
by Heijnen et al. [17], which suggested that nitrite
reduction was dominated by biological denitrification in
the presence of cells.
Although strain BDN-1 was confirmed to be a new
species, [Fe(II)EDTA]2� oxidation seemed to be per-
formed by other closely related Paracoccus members as
well (Table 3). So far, there was no evidence in the
literature of [Fe(II)EDTA]2� oxidation by members of
the genus Paracoccus. Straub et al. [40] tested, a few
commonly known denitrifying strains for iron oxida-
tion. Ferrous iron was supplied as FeSO�4, which
precipitated as ferrous carbonate or ferrous phosphate
in the mineral medium with 30mM bicarbonate. The
results showed that, out of three bacterial strains tested,
only Thiobacillus denitrificans gave positive results
on iron oxidation with bicarbonate as carbon source.
P. denitrificans, and T. denitrificans showed no result. In
the present study, all the Paracoccus strains used
[Fe(II)EDTA]2�as electron donor but not iron precipi-
tates, indicating that the use of ferrous iron as electron
donor depended up on the speciation and solubility of
ferrous iron. Most of the iron-oxidizing microbial
species reported can use ferrous carbonate precipitate
or ferrous sulfide as electron donors [8,11,39]. The
present results on preferential use of [Fe(II)EDTA]2�

over iron precipitates by Paracoccus strains indicate that
there may exists many more nitrate-dependent oxidizers
of ferrous iron which were not identified for iron
oxidation mainly because of their incapability to use
insoluble ferrous iron precipitates. The redox potential
(Eh) of non-chelated precipitated Fe2+/Fe3+ (from
�100 to +200mV as given in Refs. [1,41] is not very
different from the redox potential of [Fe(II)EDTA]2�/
[Fe(III)EDTA]� (+100mV see Ref. [32]) at neutral pH.
However, the high solubility of Fe(II) chelated to EDTA
might make it more suitable for microorganisms to use it
as electron donor than the Fe(II) precipitates (i.e.,
ferrous carbonate).

Similar results were found when Fe(III) was tested as
electron acceptor, where iron reducing bacteria capable
of reducing chelated iron, were not able to reduce
ferrihydrite [19]. Lovely et al. [24] had reported that
NTA not only increase the rate that microbially
reducible, poorly crystalline Fe(III)-oxides are reduced,
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but it may also make available Fe(III) present in
crystalline Fe(III)- oxides which would not be reduced
in the absence of NTA. It will be interesting to
investigate whether such an effect is there also on
microbial iron oxidation by addition of EDTA and
other chelators.

The electron microscope photographs gave initial
results of fibril-like structures on the cell wall of strain
BDN-1 cells with [Fe(II)EDTA]2� as electron donor.
These structures have not been detected before in
Paracoccus species or other iron oxidizing bacteria.
Previous studies showed, iron-oxidizing bacteria, like
Leptothrix discophora, produces a sheath containing
proteins with a high affinity for cations such as Fe2+

[10], and some other bacteria produces exopolysacchar-
ide capsules to bind metals [18], but no fibril-like
structures. The nature of these fibrils and their role in
[Fe(II)EDTA]2� oxidation will be investigated in the
future.

The results presented in this study clearly confirmed
that strain BDN-1 belongs to the genus Paracoccus, and
is described as a new species named Paracoccus

ferrooxidans. P. ferrooxidans can grow using
[Fe(II)EDTA]2� as electron donor, which was confirmed
by repeated transfers on culture medium with bicarbo-
nate as sole carbon source. Other Paracoccus type
strains closely affiliated to strain BDN-1 by 16S rRNA
sequences also performed denitrification-dependent
[Fe(II)EDTA]2� oxidation. Preferential use of soluble
Fe(II) chelated to ligands like EDTA, by strain BDN-1
and related species suggests that there might be more
microorganisms capable of using iron as electron donor
depending upon iron speciation and solubility. Future
study should be focussed on [Fe(II)EDTA]2� mimicing
the organic chelators in nature and whether the
naturally occurring organic chelators have the similar
dissolution effect on microbial iron oxidation.
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