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Abstract A heterotrophic arsenite-oxidizing bac-
terium, strain 2WW, was isolated from a biofilter
treating arsenic-rich groundwater. Comparative anal-
ysis of 16S rRNA gene sequences showed that it was
closely related (98.7 %) to the alphaproteobacterium
Aliithoeflea aesturari strain N8, However, it was
physiologically different by its ability to grow at
relatively low substrate concentrations, low tempera-
tures and by its ability to oxidize arsenite. Here we
describe the physiological features of strain 2WW and
compare these to its most closely related relative, A.
aestuari strain N8T. In addition, we tested its effi-
ciency to remove arsenic from groundwater in com-
bination with Pf-ferritin. Strain 2WW oxidized
arsenite to arsenate between pH 5.0 and 8.0, and from
4 to 30 °C. When the strain was used in combination
with a Pf-ferritin-based material for arsenic removal
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from natural groundwater, the removal efficiency was
significantly higher (73 %) than for Pf-ferritin alone
(64 %). These results showed that arsenite oxidation
by strain 2WW combined with Pf-ferritin-based
material has a potential in arsenic removal from
contaminated groundwater.

Keywords Arsenite oxidation - Arsenic -
Aliihoeflea - Ferritin - Groundwater

Introduction

Arsenic (As) is present in various environments,
originating from either natural or anthropogenic
sources. In aquatic systems, arsenic is primarily
present as arsenite, As(IIl), under anaerobic condi-
tions, or as arsenate, As(V) under aerobic conditions.
Bacteria play an important role in arsenic transforma-
tions, thus influencing arsenic mobility, bioavailabil-
ity and toxicity (Smedley and Kinniburgh 2002). The
oxidation state of arsenic is crucial, because it affects
its mobility and the efficiency with which it can be
removed in remediation processes. As(V) tends to
associate with oxyhydroxides and clay minerals, and is
therefore less mobile than As(III).

Both forms of arsenic are toxic to biological
systems and they induce distinct types of cellular
damage. Because of its structural analogy to phos-
phate, As(V) can enter the cells via phosphate
membrane transport systems and disrupt metabolic
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reactions that require phosphorylation; As(IIl) is
transported into the cell by aquaglyceroporins and
exerts its toxicity by binding thiol groups in proteins,
impairing their function (Oremland and Stolz 2003).
Nevertheless, certain bacteria have evolved mecha-
nisms to resist arsenic, allowing them to grow in
environments containing levels of arsenic that would
be toxic to most other organisms. Microbial resistance
to concentrations greater than 10 mM As(III) and
100 mM As(V) is regarded as very high, while
resistance to 300-500 mM As(V) or 30 mM As(III)
is a hyper tolerance property (Jackson et al. 2003). It
has also been reported that arsenic resistance property
is not limited to the arsenic contaminated sites, as
several highly resistant isolates have been isolated
from environmental samples having very low or
negligible arsenic content (Gosh and Sar 2013).

Arsenic resistance strategies include active extru-
sion of As(IIl) from the cell as well as As(III)
oxidation. The extrusion is based on the presence of
an arsenite efflux system encoded by the two unrelated
families of arsenite transporters (arsB and ACRp)
(Achour et al. 2007). As(IIT) oxidation is a detoxifi-
cation mechanism, but also an energy-generating
reaction that bacteria perform in chemolitho-au-
totrophic or -heterotrophic growth (Stolz et al. 2002;
Lugtu et al. 2009). As(III) oxidation is a widespread
mechanism in phylogenetically different bacteria
comprising members of the Aquificales and Thermus,
as well as Alpha-, Beta- and Gammaproteobacteria,
such as Alcaligenes, Thiomonas, Herminiimonas,
Agrobacterium, Polaromonas and Pseudomonas
(Cavalca et al. 2013a), isolated from arsenic-contam-
inated soils (Chitpirom et al. 2009; Bachate et al.
2012) and groundwaters (Liao et al. 2011).

Human exposure to arsenic typically occurs
through drinking water and the World Health Orga-
nization (WHO) has revised the limit for total arsenic
in drinking water to 10 pg L™' (WHO, 2001). Arsenic
adsorption onto iron-based sorbents (i.e., iron oxides,
and zero and bivalent-valent iron nanoparticles) has
been developed to counteract arsenic contamination of
water (Mondal et al. 2006; Corsini et al. 2014b). The
adsorption phase often requires a pre-oxidation of
As(IIT) to As(V), as As(III) is less easily removed by
the positively charged surfaces of sorbents. Utilization
of As(Ill)-oxidizing bacteria is considered a cost-
effective and eco-friendly alternative to the use of
chemical oxidants (Ito et al. 2012).

@ Springer

Here, we compare the physiological characteristics,
arsenic metabolism and genes of Aliihoeflea sp. strain
2WW and its most closely-related relative Aliihoeflea
aestuarii strain N8T (Roh et al. 2008). Furthermore,
the removal of arsenic from natural ground water was
assessed in a combined system consisting of cells of
strain 2WW and Pf-ferritin-based material (hereafter
referred as Pf-ferritin), which is a nano-iron storage
protein obtained from Pyrococcus furiosus (Jacobs
et al. 2010).

Materials and methods
Bacterial strains

Strain 2WW was isolated from an arsenic contami-
nated groundwater present in an aerobic biofilter, after
an enrichment procedure on As(II) (Corsini et al.
2014a). The genome of Aliihoeflea sp. strain 2WW
was sequenced (Cavalca et al. 2013b). Strain 2WW
was deposited in The Netherlands Culture Collection
of Bacteria (NCCB) under the accession number
NCCB 100463. A. aestuarii strain N8™ (DSM 19536)
was obtained from the German Culture Collection of
Microorganisms and Cell Cultures (DSMZ).

Growth conditions

Strain 2WW was tested for chemolithotrophic growth
supported by As(III) as electron donor, in hetero-
trophic and autotrophic conditions. Chemolitho-het-
erotrophic growth was performed in basal mineral
medium with low phosphate content (BBWM) sup-
plemented with different amounts (0.04, 0.2 and 0.4 %
w/v) of yeast extract (YE) (BBWM-Y). Chemolitho-
autotrophic growth was performed in BBWM supple-
mented with NaHCOs; (9.5 mM) and devoid of
vitamins (BBWM-C). Blanks were run in the absence
of As(III). See the Electronic Supplementary Material
for additional details on BBWM composition and
preparation. All experiments were performed in
triplicate in 20 mL fresh medium with 5 % (v/v)
two-day old inoculum grown in BBWM-Y or in
BBWM-C. The experiments were conducted at 30 °C
with shaking at 150 rpm. The specific growth rate (L)
was calculated using the formula (Pirt 1975):

"= l/ODo X (OD( — OD())/(T[ — To)
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where p (h™") is the specific growth rate of the initial
bacterial concentration within a given time; OD, and
ODy represent the ODggonm, Of the culture at time t and
time 0, respectively; and T, and T, represent corre-
sponding times (h). The specific growth rate was
determined at different times for each type of media,
and the mean specific growth rate (i) was calculated.

Physiological characterization

Strains 2WW and N8" were maintained in glycerol
stocks at —70 °C. Precultures were grown at 28 °C in
BBWM-Y (0.2 % w/v YE) at 30 °C. The motility was
checked by phase-contrast microscopy. Gram staining
was conducted according to standard procedures on
overnight grown cells. Catalase and oxidase activities
were determined by observing bubble production in a
3 % (v/v) hydrogen peroxide solution and by using
tetra-methyl-para-phenylenediamine,  respectively.
Phenotypic data of strains 2WW and N8" were
determined by the API 20 NE identification system
(BioMerieux, France). Growth was scored after 24 and
48 h incubation at 30 °C. The tests were repeated on
two separate occasions.

The use of alternative electron donors was tested
under aerobic conditions in BBWM-C separately
supplemented with: thiosulfate (2 mM), elemental
sulphur (6 g L"), acetate (6 g L™"), gluconate (6 g
Lfl), glucose (6 g Lfl), glutamate (6 g Lfl), ben-
zoate (6 g Lfl) and toluene (6 g Lfl).

As(II) (0.075-0.750 ¢ L™") and As(V) (0.150-
18.75 g L™ ") resistance of the strains was evaluated by
determining the Minimum Inhibitory Concentration
(MIC) in BBWM-Y (0.2 % w/v YE).

The effect of temperature (5-30 °C), pH (5.0-8.0)
and osmotic pressure (0.1-10 % w/v NaCl) on the
growth of the strains was examined in BBWM-Y
(0.2 % w/v YE).

As(III) oxidation assay

The effect of temperature (5, 15 and 30 °C) and pH
(5.0, 6.0, 7.0 and 8.0) on the oxidation of As(II) by
growing cells of strain 2WW was evaluated. A two-
day old culture grown in BBWM-Y (YE 0.2 % w/v) at
30 °C was used as inoculum (5 % v/v), The As(III)
oxidation experiment was carried out in triplicate
flasks each containing 20 mL of BBWM-Y

supplemented with 75 mg L™" As(II). Three flasks
without As(IIT) were also inoculated to compare the
growth of the microorganisms in the absence of
As(V) or As(IIl). Three control flasks without inocu-
lum were prepared in order to check for abiotic
transformations of As(III). All flasks were incubated
under aerobic conditions on a rotary shaker at
150 rpm. At successive incubation times, 2 mL of
cell suspension were collected to determine growth by
absorbance spectroscopy at 600 nm and to analyze
total As, As(III) and As(V) content by inductively
coupled plasma mass spectrometry (ICP-MS) (Agilent
Technologies, Santa Clara, CA, USA) as described
below. The specific growth rate of strain 2WW was
determined as above described.

DNA extraction

Genomic DNA was isolated from the reference strain
N8 and strain 2WW using the Microbial DNA
Extraction Kit (Mo Bio Laboratories Inc., Carlsbad,
CA, USA) according to the manufacturer’s protocol.
The yield and quality of DNA were analysed by
agarose gel electrophoresis.

PCR amplification of 16S ribosomal rRNA
and arsenic-related genes

PCR reactions of 16S rRNA were performed using
primers 27F and 1495R (Weisburg et al. 1991).
Amplification of arsenite oxidase gene aioA was
performed with primers aoxBM1-2F and aoxBM3-
2R according to the protocol of Quéméneur et al.
(2008). Amplification of the arsenate reductase gene
arsC was conducted with primers P52F and P323R
according to Bachate et al. (2009). Amplifications of
arsB,ACR3(1)and ACR3(2) genes coding for different
types of As(IIl) efflux pump, were conducted with
primer pairs darsB1F/darsB1R, dacrlF/dacr4R and
dacrSF/dacr4R, respectively, according to Achour
et al. (2007). Additional details on PCR conditions
are provided in the Electronic Supplementary Material.

Comparative sequence analysis of arsenic-related
genes

Arsenic gene sequences aioA, ACR3(1) and ACR3(2)

were compared to sequences available in GenBank
using BlastX (Altschul et al. 1990). Phylogenetic

@ Springer
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analysis of the deduced amino acid sequences was
performed using MEGA software version 4 (Tamura
et al. 2007). Phylogenetic trees were constructed using
the neighbor-joining distance method based on p-dis-
tance. A total of 1000 bootstrap replications were
calculated. The nucleotide sequence data were depos-
ited in the EMBL database under the accession
numbers: HF565048, HF570940 and HF570939 for
the 16S rRNA, ACR3(2) and AioA of strain 2WW,
respectively; and HG000666 for ACR3(1) of strain
Ng™.

Arsenic removal kinetics of Pf-ferritin

Pf-ferritin was provided by BiAqua B.V. (The Nether-
lands). Pf-ferritin is a thermostable protein from the
hyperthermophilic archaeon Pyrococcus furiosus, and
it is loaded with nanoscale ferric iron particles (Jacobs
et al. 2010), and stabilized onto sand, used as a carrier
(2.74 mg ferritin g~' dry sand). The Pf-ferritin has
been developed for phosphate removal from water
(Jacobs et al. 2010).

Due to analogy with phosphates, in the present
study it was tested for the ability to adsorb inorganic
arsenic forms. As(IIl) and As(V) adsorption capacity
of Pf-ferritin was tested in artificial system by adding
12.8 g L' Pf-ferritin and 50 mL of Milli-Q water,
spiked with 200 pg L~ As(II) or As(V), chosen on
the base of arsenic content of the groundwater used in
the present study. Experiments were carried out in
polypropylene tubes for 48 h in shaking condition at
150 rpm at 15 °C. 10 mL of suspension were col-
lected every 24 h for 1 week, centrifuged, syringe-
filtered through 0.22 um filters (Millipore), and
treated as described below for arsenic species quan-
tification at ICP-MS.

Arsenic removal assay by combined system:
Pf-ferritin and bacterial cells

The assays were conducted in a system composed of
Pf-ferritin and cells of strain 2WW. The arsenic
removal efficiency of the combined system and of its
single components was evaluated in an artificial
system (Milli-Q water supplemented with 200 pg
Lt As(IIT)) and in natural system (arsenic-contami-
nated groundwater), sampled from a public-supply
well in the province of Cremona (Italy). Physico-
chemical characterization revealed that the

@ Springer

groundwater was anoxic (with a redox potential (Eh)
value of —113 mV, and no dissolved oxygen) and had
the following characteristics: temperature of 15.8 °C;
pH value of 7.6; CaCO; 282 ug L™'; organic C
2.11 pg L' dissolved S-S0, 267 ng L' dissolved
P-PO, 312 pug L™'; dissolved N-NO; 685 pg L™";
dissolved N-NH, 2680 pg L™"; dissolved Fe 760 pg
L~" and dissolved Mn 97 pg L™". Arsenic concentra-
tion in the groundwater was 171 pg L™" with AsIII as
the main As species. Preparation and inoculation of
resting cells were performed as specified in the
Electronic Supplementary Material. Experiments
were carried out in triplicate for 48 h in shaking
condition at 150 rpm at 15 °C, at pH 7.58, according
to the in situ parameters of the sampled groundwater,
and at pH 6.41 for Milli-Q water system. A final cell
density of 10" cell mL ™" and 12.8 g L™ of Pf-ferritin
were used. Abiotic controls with 12.8 g L™" of Pf-
ferritin were prepared. Biotic controls without Pf-
ferritin with cell density of 107 cell mL™" were
prepared to check for the As(III) oxidation capacity of
the strain. At the end of the experiments, 10 mL of cell
suspensions were collected, centrifuged, syringe-fil-
tered through 0.22 pm filters (Millipore), and treated
for arsenic species quantification at ICP-MS, as
described below.

Analytical methods

Total As was determined in samples previously
acidified with HNO;3. For the measurement of As
speciation, As(V) and As(III) species were separated
on the basis of their selective retention on a WATERS
Sep-Pak Acell Plus QMA cartridge (Waters, MA,
USA). As(V) is retained in the cartridge, while As(I1I)
passes through and is collected. The procedure was
performed according to Kim et al. (2007). Total As,
As(III), As(V) contents were determined in the
artificial system and in the groundwater by ICP-MS.
Dissolved Mn, Fe and P content were determined in
the groundwater by ICP-MS.

Standards of As for concentrations ranging from 0
to 1 mg L' were prepared from sodium arsenite
NaAsO, (Sigma) solution, while standards of Mn, Fe
and P concentrations ranging from 0 to 1.5 mg L™
was prepared from a multi standard solution (Agilent
Technologies). For all the measurements by ICP-MS
an aliquot of a 2 mg L' of an internal standard
solution (45 Sc, 89Y, ]59Tb, Agilent Technologies) was
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added to samples and the calibration curve to give a
final concentration of 20 pg L™". The instrument was
tuned daily with a multi-element tuning solution for
optimised signal-to-noise ratio.

Statistical analysis

Data represent the mean values obtained from at least
three replicates. The values were subjected to two-
tailed ¢ test (P < 0.05) and to one-way analysis of
variance (ANOVA) with Tukey-b test using SPSS
Statistics for Windows, ver. 20.0 (IBM Corp., Armonk,
NY).

Results and discussion
Physiological traits of strains 2WW and N8

Physiological characterization of strains 2WW and
N8T was performed regarding either common or
arsenic-related features (Table 1).

Colonies of strain 2WW on agar plates were
circular and pale cream and cells were Gram-negative
stained, motile and rod-shaped. Strain 2WW was
oxidase, catalase and urease positive. Fermentation of
glucose and hydrolysis of aesculin, gelatin and p-
nitrophenyl-B-D-galactopyranoside (PNPG) did not
occur. These characteristics were shared also by N8T
type strain, in accordance with the description by Roh
et al. (2008). Differently from strain N 87, strain 2WW
was arginine hydrolase negative. The carbon sources
utilized by strain 2WW for growth included lactate,
glucose, gluconate, adipate, and malate. Arabinose,
mannose, mannitol, and N-acetyl-glucosamine were
weakly utilized for growth. Strain 2WW showed a
lower temperature threshold for growth (5 °C) than
N8T, which did not start growing until 17 °C. Strain
2WW grew in the presence of up to 8 % (w/v) NaCl,
whereas strain N8" grew up to 10 % (w/v) NaCl. The
two strains were able to grow at comparable pH
values. Yeast extract as sole carbon and energy source
supported the growth of both strains. Differently from
strain N8”, strain 2WW presented very weak growth
on complex medium such as tryptic soy broth (TSB).

Although the two strains were isolated from
sediment and groundwater samples, they were strictly
aerobic strains. Their presence in sediment and water
may be related to the occurrence of oxic niches in

these suboxic/anoxic environments (Reise 2002).
Aquifers are considered dynamic environments in
terms of oxic-anoxic states due to seasonal variation in
the depth distribution of groundwater and to digging
wells operation (Fan et al. 2008).

Both strains were resistant to As(V) with MIC
values of 18.75 g L~!, and less resistant to As(III) with
MIC values of 0.375 and 0.225 g L™ for 2WW and
N8T strains, respectively.

As(IIl), elemental sulfur or thiosulphate did not
supported chemolithoautotrophic growth of both
strains. Differently from strain 2WW, which was able
to oxidize As(IIl) in heterotrophic conditions, strain
N8T was unable to perform As(IIl) oxidation. Both
strains did not reduce As(V).

Effect of pH and temperature on As(IIl) oxidation
by growing cells of strain 2WW

Strain 2WW oxidized 75 mg L! As(II) at different
temperatures (Fig. S1) and pH values (Fig. S2). In the
presence of As(IIl) the strain did not grow more than in
its absence, evidencing that the As(IIl) oxidation
reaction was not used for gaining energy, but for
detoxification purposes. As(Il) was oxidized to
As(V) in the early exponential growth phase. After
the complete oxidation to As(V), the ODggo value
increased between 24 and 32 h of incubation time,
evidencing that the depletion of As(III) decreased the
toxicity level of the medium, thus relieving the strain, in
accordance with the MIC values for both arsenic
species (Table 1). The oxidation was complete within
24 h at 30 °C and within 96 h at 15 °C. Partial
oxidation (75 %) of As(IIl) occurred in 15 daysat5 °C,
indicating that strain 2WW is a psychrotolerant As(III)-
oxidizer. To date, partial As(IIT) oxidation has been
demonstrated in Sinorhizobium strain M14 at 10 °C
(40 % of 375 mg Lt AsIIl) (Drewniak and Sklo-
dowska 2007), in Bordetella sp. strain SPB-24 and in
Achromobacter sp. strain SPB-31 at 8 °C (20 % of
75 mg L! AslIl) (Bachate et al. 2012), and complete
oxidation of 300 mg L~ As(Ill) in Polaromonas strain
GM1 at 4 °C (Osborne et al. 2010). Temperature
influenced the specific growth rate of strain 2WW
regardless of the presence of As(IIl). Specific growth
rate (h™") of cells growing with As(IIT) were 0.006, 0.13
and 0.23 at 5, 15 and 30 °C, respectively; whereas it
was 0.006, 0.16 and 0.24 for cells growing in absence of
As(III) at 5, 15 and 30 °C, respectively.
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Table 1 Physiological
characterization of

Aliihoeflea sp. strain 2WW
(NCCB 100463) and the
Aliihoeflea aestuarii type
strain N8™ (DSM 19536)

+ positive; — negative;

w weak reaction;

* chemolithoautotrophic
condition; § heterotrophic

condition

As(III) oxidation occurred between pH 5.0 and 8.0
at 48 h of incubation: it was complete at pH 6.0, 7.0
and 8.0, while it was partial (46 %) at pH 5.0, when
bacterial growth was affected, similarly to Bordetella
sp. and in Achromobacter sp. strains previously

Characteristic

2WW NgT

Morphology
Gram reaction
Motility

Rod-shaped Rod-shaped
Negative Negative
+ +

Temperature range for growth (°C) 5-30 17-37

NaCl % (w/v) range for growth

pH range of growth
Nitrate reduction
Indole production
Arginine hydrolase
Urease

Oxidase

Catalase

Fermentation of glucose

Aesculin hydrolysis
PNPG hydrolysis
Gelatine hydrolysis
Assimilation of

Glucose

Arabinose

Mannose

Mannitol

Citrate

Phenylacetic acid

Capric acid

N-acetyl-glucosamine

Gluconate

Adipic acid

Malate

Lactate

Yeast extract

MIC As(V)

MIC As(III)
Growth on”

As(11D)

0

(805>~

Oxidation of As(ITI)®

Reduction of As(V)*

0.1-8.0 0-10.0
5.0-8.0 5.0-8.0

+ o+ o+
+ + 4+ +

£ £ £ +
_l’_

++ 4+ + =
o+ + + + =

Jr
18.75 g L™!
0.375 g L™!

18.75 g L™!
0225 g L™!

reported (Bachate et al. 2012).

@ Springer

As(III) was never oxidized to As(V) in abiotic
controls, thus evidencing the role of the strain in
arsenic conversion in Milli-Q water and in natural
groundwater (data not shown).

These arsenic-related features of strain 2WW
reported so far, make it a potential candidate to be
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Brevundimonasintermedia strain As3.33 (AY64629)
—+: Brevundimonas sp. 35AGlII (AGE12042)
E Stenotrophomonas maltophilia R551-3 (ACF51685)
Stenotrophomonas sp. T528 (ACC94150)
Ochrobactrumanthropi ATCC 49188 (ABS15906)
Aliihoeflea aestuarii N8"

Beijerinckia indica (YP001833246)
Paracoccus denitrificans PD1222 (ABL71414)

ARC3(1)

0.1

Fig. 1 Phylogenetic relationships of deduced amino acid
sequences of arsenite efflux pump genes ACR3(/) and
ACR3(2) retrieved from Aliihoeflea sp. strain 2WW and
Aliihoeflea aestuarii strain N8T (in bold). The evolutionary

used in bioremediation systems that couple biological
oxidation and removal of arsenic by sorbent materials.

Arsenic genotyping of strains 2WW and N8*

The presence of different operons encoding genes for
arsenic transformation was assessed in the two strains.
Strains 2WW and N8" possessed different types of
arsenite efflux pumps ACR3(2) and ACR3(1), respec-
tively, whereas the arsB gene was not detected.
According to Castillo and Saier (2010), ACR3-type
As(III) efflux pumps are present as footprints of ars
operons in those strains lacking arsB. The deduced
amino acid sequence of the ACR3(2) gene of strain

——— Nitratireductorindicus C115 (ZP11156163)
strain 2WW
Hoeflea sp. CH14 (AF142458)

_|: Sulfitobacter sp. EE-36 (ZP00956210)
Polymorphum gilvum SL003B-26A1 (ADZ69372)

Sinorhizobium sp. As5-6 (CAY64640)

Acinetobacter baumannii ATCC 17978 (YP001084484)
Pseudomonas putida W619 (ACA75624)
Bacillus anthracis str. Ames (AAP26993)
— Aeromonas salmonicida A449 (YP001140486)
"L Aeromonas hydrophila ATCC 7966 (YP856262)
Mycobacterium smegmatis MC2155 (YP885564)

_+:Mlcrococcus luteus (CAK55223)

Arthrobacter sp. (YP829713)

Thiobacillusdenitrificans (YP315184)
% E Herminiimonas arsenicoxydans (YP001100235)
Ralstonia eutropha H16 (YP726641)

Pseudomonas stutzeri TS44 (ACB15142 )

Rhodosplirillum centenum SW (ACJ00364)

Pelagibacterium halotolerans B2 (YP004900101)
ARC3(2)

history was inferred using the Neighbor-Joining method. Solid
circles are bootstrap values between 75 and 100; the open circles
are bootstrap values between 50 and 74 (out of 1000 iterations).
The bar indicates 1 % sequence difference

2WW was highly homologous (97 % positive) to
arsenite transporter of Hoeflea sp. strain CH14 (acc.
num. AFI42458) (Fig. 1). The deduced amino acid
sequence of the ACR3(1) gene of strain N8" had 93 %
homology to arsenite transporter of Ochrobactrum
anthropi ATCC 491 (acc. num. ABS15906) (Fig. 1).
The phylogenetic analysis clearly separated the ACR3
sequences into the two types: ACR3(1) of strain N8*
grouped with those of Brevundimonas and Stenotro-
phomonas species, whereas ACR3(2) of strain 2WW
clustered together with those of other Alphaproteobac-
teria retrieved in deep seawaters and hot springs mud
(Huo et al. 2012; Lai et al. 2012). Bacteria presenting
arsenic operons or arsenic-related genetic footprints

@ Springer



Antonie van Leeuwenhoek

Hydrogenophaga sp. CL (ABJ55854)

Starkeya novella D (YP003693220)

Thiobacillus sp. S1 (ABJ55851)

Ancylobacter dichloromethanicus As3-1b (CBY79896)
Ancylobacter sp. OL1 (ABJ55852)

Xanthobacter autotrophicus (YP001418831)
Nitrobacter hamburgensis X14 (YP571843)

—E Mesorhizobium sp. DM1 (ABD35887)
Aminobacter sp. 86 (ABY19334)

strain 2WW
Bosea sp. WAO (ABJ55855)
Ochrobactrum tritici (ACK38267)
Agrobacterium tumefaciens (ABB51928)
Rhizobium sp. (CCF22055)
arsenite-oxidizing bacterium NT-26 (AAR05656)
Ralstonia sp. 22 (ABY19329)
Alcaligenes faecalis (AAQ19838)
Herminiimonas arsenicoxydans (YP001098817)

Thiomonas arsenivorans (ABY19316)

—
01

Fig. 2 Phylogenetic relationships deduced amino acid
sequence of arsenite oxidase gene aioA of Aliihoeflea sp. strain
2WW (in bold). The evolutionary history was inferred using the
Neighbor-Joining method. Solid circles are bootstrap values

are normally retrieved either from contaminated and
pristine environments (Cai et al. 2009), indicating the
ancient origin of arsenic metabolisms from primordial
cells.

The arsenate reductase gene arsC was not amplified
in strain 2WW nor in N8T, indicating that the ability of
the strains to resist high As(V) concentrations (MIC of
As(V) 18.75 ¢ L™") was not related to the ability to
reduce As(V) to As(IIl). For these microorganisms,
alternative As(V) resistance mechanisms might rely
on the absence of an efficient As(V) transporter
(Bertin et al. 2011), or on arsenic sequestration in
exopolysaccharides matrix as in Herminiimonas
arsenicoxidans (Muller et al. 2007). On the contrary,
the As(III) resistance level comparable for both strains
(MIC of As(IIT) 0.375 and 0.225 g L~! for 2WW and
N8T strains respectively), could rely on extrusion of
As(IIT) by ACR3(2) and ACR3(1). Bacteria might have
evolved As(III) resistance mechanisms before
As(V) during the early stages of life, as As(Ill) is the
major form of arsenic in reductive environments
(Kruger et al. 2013), such as those prevalent during

@ Springer

Hoeflea phototrophica (ZP02167371)

between 75 and 100; the open circles are bootstrap values
between 50 and 74 (out of 1000 iterations). The bar indicates
1 % sequence difference. The sequence of Hoeflea phototroph-
ica (ZP02167371) was used as an outgroup

early Earth. Our findings suggest that As(IIl) efflux
pumps in Aliihoeflea spp. strains 2WW and N8 are
not related to As(V), but to As(III) resistance.

A gene fragment corresponding to aioA was found
in strain 2WW in accordance with its ability to oxidize
As(II) heterotrophically, but not in strain NgT
(Fig. 2). The deduced amino acid sequence was
89 % homologous to a large subunit of the arsenite
oxidase of an As(IIl)-oxidizing bacterium (strain
NT26, acc. num. AAR05656) and 88 % similar to
Ochrobactrum tritici (acc. num. ACK38267) and
87 % similarity to that of Agrobacterium tumefaciens
52 (acc. num. ABB51928). Phylogenetic analysis of
deduced amino acid sequences indicated that the
sequence of strain 2WW clustered together with
Alphaproteobacteria members of Brucellaceae and
Rhizobiaceae families (Fig. 2). The close affiliation of
aioA to arsenite oxidase of members of Brucellaceae
and Rhizobiaceae families rather than to that of known
Phyllobacteriaceae (i.e., Mesorhizobium and Ami-
nobacter) could suggest the occurrence of horizontal
gene transfer (HGT) among these bacteria. Lieutaud
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Fig. 3 Adsorption kinetics of Pf-ferritin in Milli-Q water
supplemented with 200 pg L™" As(III) (a) and in As-contam-
inated groundwater (b) at 15 °C (mean =+ std. dev.). The red
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World Health Organization for drinking water (10 ug L™");
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Fig. 4 Effect of Pf-ferritin on As(III) oxidation of resting cells
of Aliihoeflea sp. 2WW strain in Milli-Q water supplemented
with 200 pg L™! As(IIT) (a, b and ¢) and in As-contaminated
groundwater (d, e and f) at 15 °C (mean =+ std. dev.). The red

et al. (2010) proposed HGT in prokaryotic communi-
ties to explain the strong similarities of AioA proteins
in Ralstonia spp. and in Achromobacter sp. strain SYS,
suggesting that Ralstonia acquired the corresponding
gene cluster from another betaproteobacterium. Sub-
sequently, Heinrich-Salmeron et al. (2011) found that
HGT of the aioA gene occurred between bacteria
belonging to different classes or phyla, such as in
Agromyces and Bosea, two unrelated bacteria belong-
ing to Actinobacteria and Alphaproteobacteria,

line indicates the maximum threshold of As allowed by the
World Health Organization for drinking water (10 ug L™");
filled circle total As, open circle As(Il); grey circle As(V)

respectively. The phylogenetic analysis of aioA gene
of strain 2WW agrees with this hypothesis.

Kinetics of arsenic removal from water
by Pf-ferritin

The arsenic adsorption of Pf-ferritin was tested in an
artificial system, Milli-Q water, to which 200 pg L™
As(IlT) or As(V) was added. Pf-ferritin was able to
remove 96 % As(III) and 99 % As(V) from water after
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7 days of incubation, showing higher affinity for 2 = | &% S
As(V) than As(IIl) (Fig. 3). When As(IIl) was the 2 Ae | VIV g
initial As species in solution, As(V) was detected after g % =) b5
2 days of incubation, suggesting an abiotic oxidation of § Re | V.V E
As(IIl). As(V) was adsorbed completely after 7 days. % % =) %
Our observations indicated that nano-iron loaded onto = Ra| V.V ng
Pf-ferritin has As(III) oxidizing activity, in accordance E = =3 2
with results previously reported by Katsoyiannis et al. é Aa-|va 3
(2008) related to zero-valent nano-iron. E) = ior QS@ ED
B':, AlAoc | v o E
Arsenic removal from water by a combined system = . % g
of Pf-ferritin and bacterial cells & S| = & 2
= |
Q > £
In the absence of Pf-ferritin, resting cells of strain % A - 8 E §
2WW oxidized almost 200 pg L™ As(III) in one day % o - _02,
in Milli-Q water (Fig. 4a), whereas complete oxida- § Sald = g
tion occurred in 2 days in groundwater (Fig. 4d). This % . o 2 f
indicated that the strain possessed the ability to g Y I §
convert As(IIT) to As(V), but not that the metalloid = o o 2
was adsorbing on cell surfaces or to accumulate it % § 8o B 8 = o
within the cell. Although adsorption mechanisms by g ~ s g %
arsenic resistant bacteria have been recently claimed § E § 5 ';:1 _%
as practical application for metalloid removal (Aryal é . o &8
and Liakopoulou-Kyriakides 2014), the application of é c;; o, & E g
strain 2WW can be envisaged only in conjunction with % a) 8 & z g
sorbent materials for arsenic removal from water. g N . 2 Z ‘g
Pf-ferritin removed up to 96 % of As in 7 days 2 g‘ S 2 £ £
@ png L™ As left in solution) from Milli-Q water 3 . § ;%
(Fig. 4b). The removal efficiency of Pf-ferritin was g % g *‘.,\% § -
strongly reduced (64 % removal) when tested in o A - = s g
natural groundwater, leaving 68 pg L™ arsenic in ‘§ . o S 8
solution (Fig. 4e). As evidenced in the kinetics study 'g e18c S a E g
in Milli-Q water, Pf-ferritin was able to completely g _ - = 2
oxidize As(II) to As(V) in groundwater within 3 days E Sl 2 Q\f £
as indicated by the decrease of As(III) and increase of L . < o g
In a combined system of Pf-ferritin and bacterial E R @ é
cells, the removal efficiency of Pf-ferritin in Milli-Q S 2 NS \8/ s
water was 97 versus 96 % for Pf-ferritin alone %b S Bl g 2
(Fig. 4c). However, in groundwater the presence of % o a %} b= g
the As(II)-oxidizing strain 2WW significantly 8 inll el 5 %
enhanced the removal efficiency (73 versus 64 %) § el l® W& § 2
(Fig. 4f). Nevertheless, the synergistic effect of the 2 CHRRECEN Bl = z%
two components did not lower the As level below the s 75 = f Z,
WHO level (10 pg L"), leaving 50 ug L' in ;’: % 5 5 £
solution. With the combined system, the rate of e + 2o
As(III) oxidation was increased in both Milli-Q water a g £ § 2|43 8
and natural groundwater. This suggested that the = E EJ é z |5 23
activity of As(IIl) oxidation carried out by the strain e g ol IR S
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moderately counterbalanced the competition between
arsenic and other ions present in groundwater, mainly
phosphates.

The efficiency of As removal can be affected by
several factors. Among the operational conditions,
dosage and size of sorbent and agitation rate must be
carefully taken into account (Kao et al. 2013). More-
over, the removal efficiency can decrease due to the
presence in solution of competing components such as
oxy-anions or bacterial cells. The potential competition
of oxy-anions present in groundwaters is documented in
the literature (Lievremont et al. 2003, Corsini et al.
2014b), whereas the possibility that As(Il) oxidizing
bacteria have a negative effect on arsenic retention by
sorbents is still debated (Kim et al. 2010; Huang et al.
2011). The sharp decrease of phosphates present in
groundwater after 24 h incubation with Pf-ferritin
(Table 2) suggested that the decrease of the arsenic
removal from groundwater is possibly related to com-
petitive interactions between other coexisting ions
rather than to the presence of 2WW cells in solution.

Conclusions

This study demonstrates the ability of strain 2WW to
oxidize As(III) in a wide range of temperature and pH,
in Milli-Q water as well as natural groundwater. The
combined system of bacterial cells and Pf-ferritin was
successful in the removal of arsenic from groundwa-
ter. Unfortunately, the removal was not efficient
enough to meet the threshold concentration of 10 pg
L~" drinking water enforced by the WHO, probably
due to competition of phosphates for adsorption sites.
Different operational conditions are under investiga-
tion and will help to improve the effectiveness of the
system in the arsenic removal.
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