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Abstract

The prokaryotic community in a Fe-As co-precipitation product from a groundwater storage
tank in Bangladesh was investigated over a 5-year period to assess the diversity of the
community and to infer biogeochemical mechanisms that may contribute to the formation and
stabilisation of co-precipitation products and to Fe and As redox cycling. Partial 16S rRNA
gene sequences from Bacteria and Archaea, functional markers (mcr4 and dsrB ) and iron-
oxidizing Gallionella-related 16S rRNA gene sequences were determined using denaturing
gradient gel electrophoresis (DGGE). Additionally, a bacterial 16S rRNA gene library was
also constructed from one representative sample. Biogeochemical characterization
demonstrated that co-precipitation products consist of a mixture of inorganic minerals,
mainly hydrous ferric oxides, intimately associated with organic matter of microbial origin
that contribute to the chemical and physical stabilization of a poorly ordered structure.
DGGE analysis and PCR-cloning revealed that the diverse bacterial community structure in
the co-precipitation product progressively stabilized with time resulting in a prevalence of
methylotrophic Betaproteobacteria, while the archaeal community was less diverse and was
dominated by members of the Euryarchaeota. Results show that Fe-As co-precipitation
products provide a habitat characterized by anoxic/oxic niches that supports a
phylogenetically and metabolically diverse group of prokaryotes involved in metal, sulphur
and carbon cycling, supported by the presence of Gallionella-like iron-oxidizers,
methanogens, methylotrophs, and sulphate-reducers. However, no phylotypes known to be

directly involved in As(V) respiration or As(III) oxidation were found.



Introduction

Arsenic (As) tops the US Agency for Toxic Substances and Diseases Registry’s list of
dangerous elements because of its high toxicity and prevalence in the environment.
According to the US Environmental Protection Agency and the World Health Organization,
the maximum recommended concentration of As in drinking water is 10 pg/L, but as many as
35-40 million people in Bangladesh and West Bengal (India) are exposed to As
concentrations >50 ug/L [6]. In these countries, drinking water generally derives from
groundwater, in order to reduce the high incidence of waterborne diseases caused by the high
microbial contamination of surface waters [59, 54].

Arsenic toxicity is determined by its speciation, which in turn is linked to redox
conditions, while As mobility and concentrations in water are controlled by factors affecting
adsorption/desorption and precipitation/dissolution processes, such as pH, redox potential,
nature and concentration of cations, and availability of surface adsorbing sites. In natural
waters, arsenate, arsenite and methylated arsenic compounds are found as the dominant As
species [59]. In aerobic environments, arsenate (As(V) as HyAsO4 and HAsO4”) is the
predominant inorganic form, whereas more toxic arsenite (As(IIl) as H3AsO3 and H,AsO3)
prevails under anoxic conditions. While arsenate mobility is limited by chemisorption to the
surface of several common minerals, such as iron (Fe) and aluminium oxy(hydr)oxides,
arsenite is effectively adsorbed by a fewer minerals and less strongly retained on the surfaces
[59]. The strong affinity of Fe oxy(hydr)oxides towards As and the formation of Fe-As co-
precipitation products have been widely studied, and the co-precipitation of Fe
oxy(hydr)oxides including As and/or other contaminants is a method commonly exploited in
As removal plants [26, 67].

In most As affected zones of Bangladesh, groundwater is characterized by low redox
potential and high concentrations of other solutes besides As, including Fe(Il) [6]. Under
these conditions, the formation of Fe-As co-precipitation products following groundwater
extraction is a widespread phenomenon observed whenever the water is extracted from the
ground and stored in any kind of reservoir exposed to the air. This phenomenon is also
traditionally exploited for natural Fe and As attenuation [57]. However, in large groundwater
reservoirs, often represented by closed containers, the oxygen diffusion through the water
mass could be slow, and at low oxygen concentrations the reaction rates of As(Ill) and Fe(II)
oxidation are substantially increased by microbial processes, compared to abiotic chemical

reactions [5].



Due to the natural abundance of As in the environment, many prokaryotes have adapted to
detoxify or utilise high As concentrations. Representatives from several bacterial genera,
such as Bacillus, Escherichia, Staphylococcus, Clostridium and Desulfovibrio [53] have been
shown to develop resistance to As compounds, based on different plasmid or genomic ars
gene encoded detoxification systems [46, 58]. In addition, a diverse range of other
prokaryotes, including anaerobic methanogenic Archaea and aerobic Bacteria can also form
methylated As compounds [53, 45]. Arsenic may also serve as an electron acceptor or donor
for either dissimilatory arsenate-reducing prokaryotes or arsenite-oxidizing prokaryotes,
respectively [69]. Prokaryotic populations associated with As transformations have been
characterized from oxic environments [44] and anoxic freshwater sediments naturally
contaminated with As [18, 68, 14].

Arsenic mobility is influenced by co-precipitation or adsorption on minerals such as
Fe oxy(hydr)oxides and consequently iron-associated bacteria may indirectly affect As water
concentrations. Under microaerophilic conditions, aerobic Fe(Il) oxidizers form Fe minerals
that may bind As and co-precipitate [33, 9], whereas anaerobic Fe(Il) oxidizers are the most
important catalysts for the generation of Fe biogenic minerals under anoxic conditions [62].
Prokaryotic Fe and As oxidations also promote and stabilize co-precipitation resulting in
scavenging of As from water, archaeal and bacterial reducing metabolisms using labile
organic matter may induce As release [54]. The concentration of As in drinking water is
further affected by the interaction of microorganisms with minerals that may change surface
properties and modify the solid/solution partition of the element.

The main objective of this study was to determine the prokaryotic community
composition of Fe-As co-precipitation products formed naturally in a groundwater storage
tank located in an arsenic contaminated area in South-West Bangladesh. Samples of Fe-As
co-precipitation products were taken over a period of five years and analysed by bacterial and
archaeal 16S rRNA gene PCR-DGGE and PCR-cloning to identify dominant prokaryotes,
and evaluate prevalent microbial and chemical mechanisms controlling As speciation and

cycling during groundwater storage.

Methods

Site characteristics

The study area is located in South-West Bangladesh, Khulna Division, Satkhira District
(22°44°39.4"N; 89°05°44.8"E), where groundwater As levels are in the range 100-200 ng/L.

A 2000-litre volume black plastic groundwater storage tank located on the upper floor of a
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hospital building, to supply water to several bathrooms, typical for the area, was chosen for
this study. The tank was filled directly from a groundwater tube well by an electric pump,
automatically activated by the lowering of the water level (1 m). Hence, a minimum of nearly
I m water and layer of about 10-15 cm of co-precipitation product were always present in the

tank.

Water sampling and chemical characterisation

Water samples were collected from the inlet pipe into the reservoir tank annually between
2005 and 2009. A series of sub-samples were immediately acidified with concentrated HCI to
avoid precipitation, and another series were untreated and stored in completely filled
polyethylene bottles. Untreated water samples were analysed potentiometrically for pH with a
pH meter (model micro pH-2001, Crison Instruments) and for electrical conductivity with a
conductometer (micro CM 2201, Crison Instruments) with a platinum electrode. The major
dissolved cations and arsenic species were determined in the acidified subsamples by ICP-
AES (IRIS II Advantage, Thermo Jarrell Ash), while chloride, sulphate and nitrate were
determined on untreated subsamples by ion chromatography (Dionex DX 50, 2 mm system,
AS9 analytical column with AG9 guard column, eluent: 9 mM sodium carbonate, flux rate:
0.25 ml min™). Dissolved phosphorus and ammonium were determined colorimetrically [51]
on the acidified subsamples, and dissolved organic carbon (DOC) and total dissolved

nitrogen (TdN) were determined with a TOC analyser (Elementar Vario TOC cube).

Co-precipitation product sampling and chemical characterization

Iron-As co-precipitation products were also sampled from the groundwater storage tank
during the same period, and transferred in acid-washed polyethylene bottles, completely
filled without head space. After cold shipping to the laboratory, co-precipitation product sub-
samples were stored at 4°C for chemical characterization, and 2 or 3 replicate co-precipitate
samples were stored at -20°C for DNA extractions.

The co-precipitation products were characterised for the elemental composition after
aqua regia digestion (nitric acid and hydrochloric acid a volume ratio of 1:3) of the freeze-
dried samples, and determination of the major inorganic components by ICP-AES. Arsenic
was determined with the same instrument after hydride generation. The total nitrogen,
organic and inorganic carbon concentrations were determined with a Carlo Erba NA Protein
2100 elemental analyzer, with or without removal of the inorganic carbon with HCI treatment

of the freeze-dried sample.



The organic fraction present in the co-precipitation products was separated by
extraction from the fresh samples with 0.5 M HCI/0.3 M HF to solubilise iron and silica
precipitates. The inorganic constituents were easily solubilised and a colourless,
mucilaginous material was separated by centrifugation at 1600 x g, washed with deionised
water several times, until ca. pH 2, and then freeze-dried. The ash content was below 2%.
The organic fraction was characterised using FT-IR and ?C-NMR spectroscopy. The FT-IR
spectra were recorded on a Perkin Elmer 16F PC FT-IR spectrophotometer; the pellets were
prepared by pressing under vacuum 1 mg of organic material with 400 mg of KBr
(spectrometry grade) and spectra acquired at 4 cm™ resolution and 64 scans were averaged.
Liquid-state "*C-NMR spectra were recorded at 50.3 MHz on a Varian Gemini 200
spectrometer by dissolving 100 mg of each sample in 1 mL of 0.5 M NaOD. The spectra
were obtained using inverse-gated decoupling with an acquisition time of 0.2 s, a 45° pulse
angle and relaxation time of 2 s; total acquisition time was 24 h [12]. The free induction
decays were processed by applying 50 Hz line broadening and baseline correction. In order to
estimate the carbon composition of the organic fraction quantitatively, the ">*C-NMR spectra
were divided and integrated across the following ranges: 0-50, 50-65, 65-105, 105-160 and
160-185 ppm.

Scanning electron microscopic analysis

Co-precipitation product samples for SEM were fixed at 4°C for 12 h with 2.5%
glutaraldehyde, dehydrated with a series of ethanol baths (50-100% vol/vol) and chemically
dried with hexamethyldisilazane [3]. Samples were coated with gold using a sputtering diode

and observed under a Cambridge S-360 SEM.

DNA extraction

Total DNA was extracted from co-precipitation products using a modified DNA isolation
procedure described by Zhou et al. [76]. Essentially, DNA was extracted from 0.6 g of frozen
material by mechanical disruption with 1 g sterilised (after 170°C for 4 h) zirconia-silica
beads in a sodium phosphate-buffered SDS solution [25] using a FastPrep 24 instrument (MP
Biomedicals). The DNA pellet was re-suspended in 50 puL of sterile DNase treated water
(Sigma) and the quantity and quality of extracted DNA was evaluated using a NanoDrop ND-
1000 spectrophotometer (Nanodrop Technologies) and agarose gel electrophoresis.

Quantified DNA was stored at -80°C until required for molecular analysis.



PCR conditions

PCR amplifications were performed in a DNA Engine Dyad Thermal Cycler gradient block
(M1J Research). For PCR-DGGE, total bacterial 16S rRNA genes were amplified directly
from the co-precipitation product DNA, while Archaea, methanogen and Gallionella-like
iron-oxidizing bacteria 16S rRNA genes, dsrB (dissimilatory sulphite reductase) and mcrA4
(methyl-coenzyme M reductase) genes were amplified by a nested PCR approach (Table 1).
All PCR primers used in this study are listed in Table 1 and reaction conditions were as
previously described [4, 18, 69, 72, 70]. The PCR mixtures were contained in a total volume
of 50 uL, 0.4 pmol pL ™" of primers (Eurofins MWG Operon), 1 uL of co-precipitation
product DNA template, 1 x reaction buffer (Bioline), 1.5 mM MgCl,, 1.5 U Biotag DNA
polymerase (Bioline), 0.25 mM each dANTP (Promega Corporation), 10 ug bovine serum
albumin (BSA; Promega Corporation). The reaction mixtures for PCR of dsrB and mcrA
were as above, except 2.5 mM MgCl, was added. All second rounds of nested PCR were all

performed without BSA.

DGGE analysis

Denaturing gradient gel electrophoresis (DGGE) was carried out as previously described [72]
using a DCode™ Universal Mutation Detection System (Bio-Rad Laboratories) with a
gradient between 30 and 60%. Electrophoresis was at 200 V for 5 h (with an initial 10 min at
80 V) at 60°C in 1 x TAE buffer. DGGE gels were stained with SYBR Gold nucleic acid gel
stain (Invitrogen) for 30 min and viewed under UV. Gel images were captured with a Gene
Genius Bio Imaging System (Syngene). All mcr4 genes were amplified without a GC clamp
and analysed on 25-50% denaturant gradient gels [73]. DGGE bands of interest were excised,
re-amplified by PCR, sequenced as described previously [71, 55] and searched for sequence
similarities in the NCBI database using nucleotide BLAST analysis [1]. DGGE profiles were
analysed as described [74] using the software Community Analysis Package version 3.1
(Pisces Conservation Ltd). It should be noted that initial DGGE analysis of bacterial 16S
rRNA genes from replicate samples of Fe-As co-precipitation products for each sample year
produced identical Bacteria and Gallionella-like 16S rRNA gene DGGE profiles and
therefore all subsequent PCR-DGGE analysis (Bacteria, Archaea and specific functional

groups) were undertaken on one representative sample per year.

Bacterial 16S rRNA gene library and phylogenetic analysis



DNA from the co-precipitation product sampled in 2008, chosen on the basis of PCR-DGGE
screening, was used to construct a bacterial 16S rRNA gene library. Bacterial primers 27F
and 1492R [37] were used to amplify almost the complete 16S rRNA gene using the
following amplification program: 94°C (5 min), 5 cycles of 94°C (1 min), 50°C (1 min),
72°C (2 min), followed by 30 cycles of 94°C (1 min), 55°C (1 min), 72°C (2 min), completed
with an additional 10 min at 72°C. Replicate amplification products were purified with the
QIAquick PCR Purification Kit (Qiagen), pooled and ligated into the linear Plasmid Vector
pCR4 supplied with the TOPO TA CloningR Kit for Sequencing (Invitrogen) and
subsequently transformed into One Shot Chemically Competent Escherichia coli (Invitrogen)
by heat shock following the manufacturer’s protocol. Positive transformants were screened
for correct size of the insert by direct PCR using primers M13F and M13R and plasmid

inserts were sequenced using M13F primer by Macrogen (http://www.macrogen.co.kr).

Sequence chromatographs were analyzed using the Chromas Lite software package

version 2.01 (http://www.technelysium.com.au/). Sequences were checked for chimeras with

Bellerophon software [29] and searched for sequence similarities in databases using
nucleotide BLAST analysis [1]. All nucleotide sequences were aligned using ClustalX [66]
with sequences retrieved from the database. Alignments were edited manually using BioEdit
Sequence Alignment Editor version 7.0.9.0 [21] and regions of ambiguous alignment were
removed. The phylogenetic relationships between pairs of 16S rRNA gene sequences were
determined using distance and implemented in MEGA4 [65]. The LogDet distance analysis
[42] constructed using minimum evolution was used as the primary tool for estimating
phylogenetic relationships, but other methods including p-distance and Jukes—Cantor with
minimum evolution and neighbour-joining were also carried out, which yielded similar tree
topologies. All distance trees were bootstrapped 1000 times to assess support for nodes.
All 16S rRNA, mcrA and dsrB gene sequences retrieved during this study were
deposited in the EMBL database (http://www.ebi.ac.uk/embl/) under accession numbers

HES577673 to HE577789.



Results

Water chemical characteristics

The mean water pH was 7.2 and electrical conductivity 840 pS cm™, reflecting the presence
of dissolved electrolytes (Table 2). The major dissolved cations were Ca”", Na", Mg*", Si**
and Fe’" with lower amounts of trace elements. Dissolved anions were mainly represented by
chloride (55 mg/L) and phosphorus, with a relatively low concentration of sulphate (~1
mg/L). The average arsenic concentration was 64.7 ug/L with very little change during the
2005 to 2009 sampling period. Dissolved organic carbon (8.82 mg/L) and TdN (5.31 mg/L)
were in the higher ranges reported in studies performed in different parts of Bangladesh [24].
Nitrogen was mainly in the form of dissolved ammonium (3.61 mg/L) and/or bound to
soluble organic molecules, as suggested by the difference between TdN and ammonium
concentrations, while neither nitrate nor nitrite anions were detected. Overall, during the
study period the range and quantity of solutes in the analysed waters remained relatively

constant.

Co-precipitation product characteristics

The chemical composition of the co-precipitation products (Table 3) reflected that of the
incoming water, although different proportions of most elements were detected. The solid
mainly consisted of iron (37% of the total dry mass), probably in the form of poorly ordered
oxides and hydroxides [57]. Calcium (6.0%) and phosphorus (2.7%) were the most abundant
other elements, and arsenic constituted ca. 0.23% of the co-precipitation product.
Considerable amounts of barium, zinc, magnesium were also detected, together with lower
concentrations of potassium, sodium, manganese and copper. Carbon represented on average
4.7% of the total mass, most of which was in organic form; total nitrogen was 0.39% and
sulphur around 0.02%.

The FT-IR spectrum of the organic material (Figure 1A) showed the presence of an
aliphatic fraction, suggested by bands centred at 2920 and 2850 cm™ (-CH;3 and —CH,-
stretching, respectively) and by a band at 1450 cm™ (-CH,- and -CH3 bending). The band at
1650 could be attributed to C=C stretching of aromatic rings, while the prominent peak at
1538 cm™ (N-H bending of amide II groups) suggests presence of proteinaceous residues. In
contrast the weak shoulder at 1720 cm™, together with the small peak at nearly 1200 cm’’
indicates a low presence of C=0O groups. The asymmetric C-O stretching and the C-OH
bending of tertiary alcohols at 1236 cm™, together with the peak at 1150 cm™ and the broad

band at 1050-1020 cm™ suggest a large presence of saccharidic material.
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Figure 1B shows the liquid state *C-NMR spectrum of the extracted organic material,
suggesting an important contribution of alkyl C with signals at 16, 29 and 31 ppm,
accounting for 44.1% of C. The signals at 57 ppm are attributed to C-N carbons of
proteinaceous residues and to O-CH3 C (7.8%), while the 63-105 ppm region is characteristic
of saccharidic C. However, the proportion of the aromatic C was low (13.9%), and similarly
that of phenolic-OH groups, suggesting the absence of lignin-derived phenols. Conversely,
the 165-185 ppm pattern attributed to C=O C of carboxyl and amide groups was more
intense, and split into various signals, with higher intensity for those at lower chemical shift.
The interpretation of the FT-IR and *C NMR spectra is based on data reported in Celi ef al.

[11], and references therein.

Scanning electron microscopy

The SEM examination of the co-precipitation product (Figure 2) revealed the presence of
poorly-ordered metal oxides crossed by distinct helical bacterial structures that resemble the
stalks of Gallionella ferruginea [35]. Scanning electron micrographs show that these
prokaryotes are diffused in the co-precipitation product and have granular structures on their
surface (Figure 2B), which may represent ferric iron deposits. Previous investigations of
Gallionella species have demonstrated that stalks of these bacteria typically become
encrusted with poorly ordered iron oxide precipitates [34, 35]. SEM analysis showed that
stalks were the prevalent prokaryotic structures, although some cocci-like structures were
also observed (data not shown). However, the absence of other obvious prokaryotic forms in
SEM pictures may be ascribed to the preparation procedures potentially altering the

architecture and composition of samples.

Prokaryotic community in the Fe-As co-precipitation products

Bacterial and archaeal community structures of the Fe-As co-precipitation products sampled
from the bottom of the water tank during 2005 and 2009 were determined by 16S rRNA gene
PCR-DGGE and PCR-cloning. Initial PCR-DGGE analysis on replicate samples of the Fe-
As co-precipitate (data not shown) demonstrated that the prokaryotic community was
homogenous throughout the 10-15 cm co-precipitate layer at the bottom of the tank and

therefore further analysis was only undertaken on one representative sample per year.

Bacterial community structure assessed by PCR-DGGE
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Bacterial DGGE profiles for each co-precipitation product sample were relatively complex
(average of 20 bands), and often dominated by 2 to 6 brightly stained bands and several other
less intense bands (Figure 3A). Analysis of excised and sequenced DGGE bands
demonstrated at least 15 different bacterial phylotypes belonging to four different phyla
(Proteobacteria, Chloroflexi, Nitrospirae and candidate division SR1), as well as other
unclassified bacteria related to novel sequences found in suboxic sediments or contaminated
soils (Table 4), suggesting a diverse bacterial population. Interestingly, many of the bacterial
phylotypes detected were related to known bacterial genera (91-100% sequence similarity;
Table 4) and some were very closely related to described bacterial species (>97% sequence
similarity).

Cluster analysis of the bacterial DGGE profiles revealed a clear change in the
bacterial community during the 5-year (2005 to 2009) study period after 2007
(Supplementary figure S1) with a succession in the dominant phylotypes (Figure 3A; Table
4). Samples from 2005-2006 were dominated by Nitrospirae, Alphaproteobacteria and
unclassified bacteria, while during the years 2007-2009 co-precipitation products became
dominated by phylotypes affiliated to the Betaproteobacteria, including bacteria belonging to
(96-99% sequence similarity) Methylovorous, Gallionella and Hydrogenophaga species. In
addition, the DGGE analysis also suggests a progressive stabilization of the bacterial
population with time, as very similar DGGE band profiles were obtained for the last two
years. Some bacterial phylotypes were present throughout the whole of the sampling period
and these sequences (e.g. DGGE bands B1, B11 and B21) were related to novel bacteria from
the candidate division SR1 and members of the genera Hyphomicrobium and Methylocystis

(Alphaproteobacteria).

Bacterial 168 rRNA gene library

Based on DGGE results, the sample of 2008 was selected to construct a bacterial 16S rRNA
gene library of the stabilised co-precipitation product community in order to obtain more
phylogenetic resolution and sample coverage. Ninety-six clones containing plasmid inserts
were originally chosen at random and sequenced. Sequences were analysed for sequence
quality and after exclusion of poor quality sequences and chimeras, 70 clones were further
analysed. Phylogenetic analysis indicated that the 16S rRNA gene sequences representing
species of the Proteobacteria, Nitrospirae, Bacteroidetes, Verrucomicrobia, Chlorobi,
Chloroflexi, Acidobacteria, candidate divisions OP11/OD1/SR1 and other unclassified
bacteria, largely in agreement with major taxa identified by bacterial PCR-DGGE (Figure
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3A; Table 4). The most abundant phylotypes were found to be within the Proteobacteria
(Figure 4), accounting for 63% of the gene library, with Betaproteobacteria having the
highest number of representative clones (35 clones) within this phylum. A large number of
proteobacterial sequences were closely related to methyl-/methanotrophic bacteria within the
Beta- and Gammaproteobacteria (Figure 5), assigned to the orders Methylophilales and
Methylococcales, respectively. Other proteobacterial sequences were closely related to
members of the metabolically diverse Burkholderiales, and novel sequences from the
Betaproteobacteria, as well as some sequences assigned to Deltaproteobacteria previously
reported to be present in iron-rich environments and anaerobic reactors (Figure 5).

The second most dominant group of bacteria (17%; Figure 4) belonged to members of
the “former” candidate division OP11 [30], which has now been split into three distinct
division level clades: SR1 (Sulfur River 1), OD1 (OP11-derived 1) and the “revised” OP11
divisions [23]. The OP11/OD1/SR1 group constitutes one of the most widely distributed
candidate divisions in environmental surveys and has been retrieved from a variety of anoxic
and suboxic habitats [7, 23].

Despite the detection of structures morphologically analogous to Gallionella stalks
with SEM (Figure 2) and light microscopy (data not shown), and the high similarity to
Gallionella-like bacteria detected by PCR-DGGE (Figure 3A; Table 4), no Gallionella
sequences were found in the bacterial 16S rRNA gene library. This observation may be
explained by the different biases of the two sets of bacterial 16S rRNA gene primers used for
PCR-cloning and PCR-DGGE [28]. For example, Li et al. [39] demonstrated that Gallionella
was preferentially amplified by using primers targeting V1-V3 and V3-V5 hypervariable
regions with respect to V8, and subsequent analysis of primer 1492R using the RDP PROBE
MATCH software (http://rdp.cme.msu.edu/) demonstrated that it only matched 14% (13 hits

out of 92 relevant 16S rRNA gene sequences with complete 3’ end) of the
Betaproteobacteria order Nitrosomonadales database sequences. However, it should be noted
that only a relatively low number of published 16S rRNA gene sequences have complete data

at the 3” end.

Archaeal community structure assessed by PCR-DGGE

Although the archaeal community within the co-precipitation products was much less diverse
than the bacterial community (Figure 3B), distinct changes in the archaeal DGGE profiles
were observed, in line with those seen in the bacterial profiles, once again indicating a

succession of the dominant phylotypes (Supplementary Figure S2). The 2007-2009 profiles
13



were relatively stable and dominated by members of the Euryarchaeota, related to sequences
previously found in an iron-rich microbial mat (Table 5). However, prior to this stabilisation
the archaeal community was initially dominated by methanogen-related sequences in 2005

and novel Crenarchaeota in 2006.

Specific prokaryotic functional groups

Since PCR-DGGE and PCR-cloning gave different results regarding the detection of
Gallionella, specific Gallionella-targeted primers [70] were used to confirm the presence and
diversity of Gallionella-like bacteria in Fe-As co-precipitation product samples over the
sampling period (Figure 6A). Gallionella-specific 16S rRNA gene DGGE analysis clearly
demonstrated that Gallionella were present in all co-precipitation products with the exception
of sample 2005. All bands obtained were excised and sequenced, and were assigned to the
same bacterial phylotype, with a high sequence similarity (99 to 100%, Table 5) to a
Gallionella-like sequence previously retrieved from an iron-rich wetland soil [70]. In
addition, the sequences retrieved by Gallionella-specific PCR-DGGE were also related (96%
sequence similarity) to the Gallionella-like sequence (band B10) identified by bacterial PCR-
DGGE (Figure 3A; Table 4).

To demonstrate that anoxic conditions/niches suitable for prokaryotes with reducing
metabolisms can also exist within the Fe-As co-precipitation product, specific PCR-DGGE
approaches were used to target terminal-oxidising Bacteria and Archaea. Methanogenic
Archaea were detected in Fe-As co-precipitation product samples using both specific 16S
rRNA (Methanosarcinales and Methanomicrobiales; Figure 6B; Table 5), while sulphate-
reducing bacteria were targeted using dsrB gene primers (Figure 6C; Table 5). PCR-DGGE
analysis showed that during the sample period the specific methanogen population stabilised
with time and was dominated by novel sequences belonging to the Methanomicrobiales,
similar (94% sequence similarity) to sequences previously found in acidic peatlands [10]. By
contrast, the sulphate-reducing bacterial population remained almost constant throughout the
study period, and novel dsrB sequences were distantly related (80-83% sequence similarity)
to sequences from Desulfarculus baarsii and clones retrieved from polluted groundwaters
[75]. The presence of methanogenic Archaea were further confirmed in samples from year
2008 and 2009 by the detection of mcrA genes (Table 5) belonging to unidentified
methanogen mcrA clusters previously found in rice field soils [13] and acidic peatland bog

[61].
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Discussion

The primary aim of this work was to investigate the prokaryotic community in a Fe-As co-
precipitation products from a groundwater storage tank during a 5-year period to identify and
elucidate the stability of the population and to obtain an indication of the prevalent biotic
mechanisms that may contribute to Fe and As redox cycling and subsequent soluble As levels
in drinking waters. The chemical composition of the groundwater sampled was relatively
stable during the study period (2005-2009), with standard deviations well within 10% for
most inorganic elements, including As. Arsenic concentrations were higher than the
maximum recommended concentration of As in drinking water (10 ug/L), and were in the
highest frequency class (50-200 pg/L) reported for the wells of Satkhira district [6], posing a
serious threat to human health.

Variability in concentrations with time were observed in TdAN and DOC with values in
the higher range of those reported previously in studies from different areas of Bangladesh
[24]. In our study the high concentrations of TdN were mainly represented by ammonium N,
since oxidised N forms were not detected indicating anoxic conditions within the water tank.
Positive correlations between DOC and As water profiles have previously been found in
ponds and surface waterbodies [24, 49]; therefore, the high DOC content observed in the
present study may favour As release to groundwater.

Such high concentration of Fe, As and other dissolved compounds within the
groundwater would determine the formation and composition of the co-precipitation products
in the tank. Here we report that the co-precipitation products were represented by complex
mixtures of inorganic precipitates, mainly hydrous ferric oxides, intimately mixed with
organic matter. Chemical equilibrium models and experimental data suggested the
precipitation of hydrous Fe oxides together with As and P, and the formation of Fe-O-P and
Fe-O-As bonds prevented the transformation into crystalline Fe oxides [67]. In addition,
important amounts of organic matter dominated by proteinaceous residues were present in the
co-precipitation product. Carbohydrate structures were also present at higher concentrations
than usually found in soils and sediments [36], while aromatic carbon groups (lignin derived
compounds) were almost absent. This chemical signature suggests that the organic material
co-precipitated with the mineral components is of prokaryotic origin with little contribution
of plant derived compounds. Furthermore, the organic material showed a low degree of
decomposition, as the 1720 cm™ band signifying carboxyl groups in the FT-IR spectrum was
virtually absent, and the signals in the 165-185 ppm region ("?C-NMR) were due to amide

groups rather than carboxyls, suggesting a viable prokaryotic population. The low degree of
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decomposition and type of material does suggest that microorganisms have developed
through the formation of a polysaccharidic biofilm tightly linked to the Fe-mineral phase
enhancing both prokaryotic biochemical activity and physico-chemical protection of the
organic matter [32]. In turn, this organic component would also contribute to the physical
stabilisation of the poorly ordered structure of the co-precipitation product, resulting in the
long-term preservation of a highly active surface area and As retention capacity [68].

The presence of a sustained microbial population within the co-precipitation products
is supported by the water chemical composition. In particular, the high concentrations of
DOC and other essential elements could represent a potential source of nutrients for
microbial communities even after water withdrawal, although it would be expected that the
As-rich environment and the limited oxygen availability through the water volume could
reduce microbial metabolic potential [24, 27, 49]. Therefore, the water storage system studied
here presents the chemical and biological potential for the development of a wide range of
microbial metabolisms.

PCR-DGGE analysis revealed that from 2005 to 2009 there was a distinct change in
the bacterial community structure with a succession in the dominant taxa from
Alphaproteobacteria and Nitrospirae in 2005 and 2006 to Betaproteobacteria from 2007 to
2009. The relevance of Betaproteobacteria in the co-precipitation product in the last years
was confirmed by clone library analysis of 2008 sampling. This is in accordance with others
who have reported a predominance of Proteobacteria in arsenic contaminated groundwaters
[64], shallow waters [17] and sediments [38].

The consistent presence of Gallionella-like bacteria in the co-precipitate throughout
the sampling period highlights the organism’s potential role in As cycling by increasing the
chemical stability of co-precipitation products and As immobilization. The role and
effectiveness of Gallionella in As removal from water by producing biogenic iron oxides and
potentially oxidizing As (III) has been demonstrated in several studies. For example,
Katsoyannis and Zouboulis [34] showed simultaneous removal of As during Fe oxidation by
Gallionella ferruginea, while Battaglia-Brunet et al. [5] determined the influence of As(III)
and Fe(Il) oxidizers on As removal from contaminated waters. Bruneel et al. [9]
demonstrated the involvement of Gallionella ferruginea in As natural remediation process in
waters from mine tailings, and Ohnuky et al. [52] reported that a Gallionella sp. was the
predominant microorganism in a microhabitat from discharged mine waters contaminated by

As.
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Gallionella may successfully compete for Fe (II) and As (III) oxidation with chemical
reactions due to the circumneutral conditions of this system [16, 48], and the low oxygen
availability Battaglia-Brunet et al. [5]. Microaerophilic Fe(Il)-oxidizing Gallionella species
are neutrophilic and develop at the interface between oxic and anoxic environments, because
of the short half-life of soluble Fe(Il) in aerobic circumneutral environments [60, 22]. For
these reasons Gallionella have been considered as indicators of steep oxygen gradients in
sediments, contributing by scavenging oxygen and allowing anaerobic bacteria to exist closer
to the zone of Fe(Il) microbial oxidation [60]. Thus in the co-precipitation products studied
here, the constant presence of Gallionella-like bacteria may successfully oxidize Fe (II) and
As (III), and promote steep oxygen gradients. The presence of oxic/anoxic niches was
confirmed by the DNA-based analysis of the associated microbial community, which showed
the presence of both obligate aerobes and anaerobes.

Activity of iron-oxidizing bacteria increased the stability of the iron arsenic co-
precipitation product, promoting the formation of biogenic iron oxides and, potentially,
arsenite oxidation. Conversely, the release of As and Fe from the co-precipitation product
into water depended on anaerobic prokaryotes. Candidate divisions SR1 and ODI1, both
formerly belonging to the OP11 candidate division, were a significant component of the co-
precipitation product community (i.e. 17% of the clones; Figure 4) throughout the sampling
period (Figure 3; Table 4). Bacteria belonging to these candidate divisions have been
retrieved in many anoxic and suboxic iron- and sulphur-rich environments, and Borrel et al.
[7], investigating the potential ecological role of SR1 and OP11 members, postulated that
some members might be involved in dissimilatory Fe(IIl) reduction. This may also be the
case in the co-precipitation product studied here, in which these bacteria could occupy anoxic
niches or zones within the precipitates. Despite the wide distribution of SR1, OD1 and OP11
candidate divisions, including their detection in contaminated sediments, this is the first time
that they have been detected in As-rich environments.

Deltaproteobacteria were not detected with bacterial PCR-DGGE but represented 3%
of the 16S rRNA gene library, and could promote co-precipitation product solubilisation.
Islam et al. [31] demonstrated that Deltaproteobacteria could play a role in Fe and As
reduction and release of these elements from sediments, but this capacity is severely limited
by the availability of electron donors. The consistent presence of methanogens and sulphate
reducers alongside aerobic bacteria further confirms the intimate association of aerobic and
anaerobic micro-niches in this system. Methanogenic Archaea and sulphate reducers play an

important role in As-methylation, causing As loss by volatilization. Furthermore, Liu et al.
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[41] demonstrated that the methanogen Methanosarcina barkeri is able to reduce iron oxides.
Thus the presence of methanogens and sulphate-reducers may compromise the stability of the
co-precipitation products and release As and Fe. On the other hand, the high percentage of
aerobic methylophilic/methanotrophic bacteria, which is in agreement with other
investigations on As-contaminated mine-drainage water, groundwater and sediments [5, 27,
63], and their ability to consume a wide range of C; compounds, such as methane, methanol,
and methylated sulfur species [2, 40], could indicate a metabolic advantage of such bacteria
to develop in As-rich environments, possibly due to their capacity to utilize methylated

arsenic compounds.

Conclusions

The groundwater filling the storage tank system studied here contained high concentrations of
As, Fe and dissolved organic compounds. The formation of a large amount of microbial
organic material, intimately bound to the mineral matrix, appears to determine a physical and
chemical stabilisation of the co-precipitation products and, hence, reduces the amount of As
present in the water. The chemical environment with circumneutral conditions and low
availability of oxygen was suitable for a relatively wide range of microbial metabolisms
which more likely prevailed for As and Fe redox reactions over the chemical processes.
Although the metabolic capabilities of phylotypes cannot be directly determined from the
phylogenetic relationship to cultured species, our results suggest that co-precipitation
products provide a habitat for a phylogenetically and metabolically diverse group of
prokaryotes involved in metal, sulphur and carbon cycling, supported by the presence of
Gallionella-like iron-oxidizers, methanogens, methylotrophs, and sulphate-reducers. We
propose that these prokaryotes indirectly drive the fate of As within the system. However,
surprisingly, no phylotypes known to be directly involved in As(V) respiration or As(III)
oxidation were found.

The microbiology of the Fe-As co-precipitation products was consistent with
observations that Fe(Il)-oxidizing bacteria are important in the development and stability of
iron oxides. In addition, results suggest the co-existence of oxic and anoxic environments
which may also promote Fe and As reduction and therefore mobilization of As into the water
and/or volatilization as methylated compounds. The equilibrium among the several microbial
metabolisms potentially present in the As-contaminated water and associated co-precipitate
could be a key factor contributing to the control of As chemical speciation and solid/liquid

partitioning in groundwater reservoirs, and therefore, human exposure. Further investigations
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should aim to evaluate if methylophilic bacteria identified in this system have a direct role in

the evolution of As species.
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Figure Legends
Figure 1.

FT-IR (A) and liquid-state *C NMR spectra (B) of the extracted organic material present in
the Fe-As co-precipitation products. The main functional groups composing the organic

material have been reported in both spectra.

Figure 2.
(A) SEM of Fe-As co-precipitation products showing abundant bacterial stalks,
morphologically analogous to Gallionella. (B) SEM magnification of Gallionella-like stalks.

White arrows indicate nucleation of iron oxides on Gallionella-like stalks.

Figure 3.

(A) Bacteria and (B) Archaea 16S rRNA gene targeted PCR-DGGE analysis of Fe-As co-
precipitation products. Lanes represent different sampling years from 2005 to 2009; lanes
marked M, DGGE marker [71]. Numbered bands were excised and sequenced (Tables 4 and
5).

Figure 4.
Taxonomic affiliation of bacterial 16S rRNA genes recovered from Fe-As co-precipitation

products sampled in 2008.

Figure 5.

Phylogenetic tree showing the relationship of the Proteobacteria 16S rRNA gene sequences
in the bacterial clone library from the Fe-As co-precipitation products sampled in 2008 to
their nearest environmental and pure culture sequences. The tree was obtained using
Minimum Evolution and LogDet distance with 850 bases of aligned 16S rRNA gene
sequences and rooted with representative sequences of the Alphaproteobacteria; Anaplasma
marginale (CP001079), Rhizobium etli (CP001074) and Hirschia baltica (CP001678).
Bootstrap support values over 50% (1000 replicates) are shown. Sequences retrieved in this

study are in bold.

Figure 6.
(A) Gallionella 16S rRNA gene, (B) methanogen 16S rRNA gene, and (C) dsrB gene
targeted PCR-DGGE analysis of Fe-As co-precipitation products. Lanes represent sampling
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years from 2005 to 2009; lanes marked M, DGGE marker [71]. Numbered bands were

excised and sequenced (Table 5).

Supplementary Figure S1
PCR-DGGE (A) and cluster analysis (B) of bacterial 16S rRNA gene profiles of Fe-As co-
precipitation products from a water storage tank in Bangladesh. Lanes represent different

sampling years from 2005 to 2009; lanes marked M, DGGE marker [71].

Supplementary Figure S2
PCR-DGGE (A) and cluster analysis (B) of archaeal 16S rRNA gene profiles of Fe-As co-
precipitation products from a water storage tank in Bangladesh. Lanes represent different

sampling years from 2005 to 2009; lanes marked M, DGGE marker [71].
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Figure 5

51 Pilburger See lake water clone PIB-36 (AMS49447)
B Lake Pavin clone MeB0A10 (GU472577)
Iron-reducing sediment enrichment clone FEA_2_D7 (FJ802334)
Fe-As co-precipitate clone E9 (2 clones;

Iron-rich sedimentary rock clone MIZ16 (4B179507)
Arsenic contaminated aguifer clone NMA28 (GU183613)
Iron-rich microbial mat clone hfmB024 (AB600400)
Methyiotenerasp. 301 (CPO02056)

Guanting Reservoir clone 63-45 (DQE33508)

Methyiotenera mobilis JLWS (DQ287786)

Acid mine drainage clone G8 (DQ480474)

%' Lake Washington sediment clone pLW-11 (DQ0OBEI54)
Movile cave water clone MC1_165_100 (EUB62580)
Methylophitus jeisinger/ DSMB813 (A8193725)

Methyiophiins quayleiMT (AY772089)
Fe-As co-precipitate clone BS
Fe-As co-precipitate clone A5 (5 clones)
Fe-As co-precipitate clone B11 (2 clones)
Fe-As co-precipitate clone A9 (2 clones)
Fe-As co-precipitate clone B12 (15 g
Methyiovarns givcosotaphus DSMBS74 (F R?33?D2
Methyiovorns mays C (AY486132)
Methyiobacilius fageliatus KT (DQ287787)
Methyiobaciiius glycogenes DSMSE8S (FR733701)
Fe-As co-precipitate clone D6
Iron-rich deposit clone FDO7 (AB354616)
Iron-manganese nodule clone JHWHS198 (EF492937)
Iron-rich microbial mat clone hfmB027 (ABE00403)
Rice field soil clone HM117 (AMI09860)
@ Marathonas Reservoir clone VE0S-118-BAC (GQ340339)
Activated sludge clone R4.13-43 (8B280392)
Heavy metal contaminated soil clone 40L1_5 (GQ342371)
Fe-As co-precipitate clone G9 (3 clones)
Lake Kinneret sediment clone AVS-83 (4M151946)
Hydrocarbon contaminated soil clone CM3G11 (AMI36266)
@ - ron-oxidising enrichment clone MWE_C44 (FJ391507)
[: Nirosospiva muitformis ATCC25196 (L35509)
Wetiyioversatissp. cat (CU3S04SP)
ethyioversabiissp. c
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B Curvibacter delicatus 146 (NR_028713)
1 Agquamaonas fontana AQ11 (8B120965)
Rhodoferax sp. IMCC1723 (DQE64242)

£
- s Rhodoferax fewireducens T118 (AF435948)
2 Fe-As co-precipitate clone F5 (2 clones)
4 Ell Antarctic sediment clone KD8-125 (AY218684)
Fe-As co-precipitate clone E3 (2 clones)
o Iron-rich coal mine particle clone IRON_SNOW_NB_H1_P1 (FREE7762)

Coal tar contaminated grounchwater clone JMYB36-104 (FJ810585)
& Heavy metal contaminated sediment clone 661259 (DQ404804)
Heavy metal contaminated soil clone 20ES8N (GQ342336)
s21r Iron-rich seep clone 1S-55 (GQ339172)
Iron-rich microbial mat clone hfmB01S (ABE00393)
N Anammox reactr clone KIST-JJY033 (EFE54702)
Fe-As i clone G1
Fe-As co-precipit te clone F7 (4 clones)
— Methyfococvus MelmopmmsACM%SS (X73819)
. drB5 (AF215632)
Methyiococens capsu/ams Bath (X72771)
= Gold mine groundhvater clone BE16FAD31601GDW _hotel-36 (DQOBS732)
= Methylococcussp. SYUBT (AM401581)
10’ Gold rnlne groundwater clone HAUD-MB13 (AB113599)
DSM2348 (X70955)

1m) D as alkaliphiins Z-0531 (DQ309326)
ter meltally G315 (NR_025835)

76

@«

D i ASRB2 (NR_028662)
- Coal mine clone BaclV_clone5 (FNS70316)
Soil aggregate clone BacC-s_075 (EU335163)
Anaerobic reactor clone 33a (FJ462123)
Fe-As co-precipitate clone B1 (3 clones)
19~ Rice field soil clone CM49 (AM310029)
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M 2006 2007 2008 2009 M M 2005 2006 2007 2008 2009 Q] 2005 2006 2007 2008 2009 [Vl

- . -~ Pd

33




Supplementary Figure S1
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Supplementary Figure $2
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