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HIGHLIGHTS

« We studied the microbial community composition of a household sand filter for arsenic removal from groundwater.
« Mn-oxidizing bacteria were enriched in a distinct filter layer.

« The microbial community on the filter was dominated by nitrifying microorganisms.

« Abiotic iron oxidation prevailed over biotic Fe(Il) oxidation.

« The formation of Mn oxides contributed to abiotic As oxidation and immobilization by sorption to Fe oxides.
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Household sand filters are used in rural areas of Vietnam to remove As, Fe, and Mn from groundwater for
drinking water purposes. Currently, it is unknown what role microbial processes play in mineral oxide
formation and As removal during water filtration. We performed most probable number counts to quan-
tify the abundance of physiological groups of microorganisms capable of catalyzing Fe- and Mn-redox
transformation processes in a household sand filter. We found up to 10%cellsg™' dry sand of
nitrate-reducing Fe(Il)-oxidizing bacteria and Fe(Ill)-reducing bacteria, and no microaerophilic
Fe(Il)-oxidizing bacteria, but up to 10° cells g~! dry sand Mn-oxidizing bacteria. 16S rRNA gene amplicon
sequencing confirmed MPN counts insofar as only low abundances of known taxa capable of performing
Fe- and Mn-redox transformations were detected. Instead the microbial community on the sand filter
was dominated by nitrifying microorganisms, e.g. Nitrospira, Nitrosomonadales, and an archaeal OTU affil-
iated to Candidatus Nitrososphaera. Quantitative PCR for Nitrospira and ammonia monooxygenase genes
agreed with DNA sequencing results underlining the numerical importance of nitrifiers in the sand filter.
Based on our analysis of the microbial community composition and previous studies on the solid phase
chemistry of sand filters we conclude that abiotic Fe(Il) oxidation processes prevail over biotic Fe(II) oxi-
dation on the filter. Yet, Mn-oxidizing bacteria play an important role for Mn(II) oxidation and Mn(III/IV)
oxide precipitation in a distinct layer of the sand filter. The formation of Mn(lll/IV) oxides contributes to
abiotic As(IIl) oxidation and immobilization of As(V) by sorption to Fe(Ill) (oxyhydr)oxides.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In many regions of South and South-East Asia, groundwater
aquifers contain high concentrations of arsenic (As) (Mandal and
Suzuki, 2002; Muehe and Kappler, 2014). Due to the chronic health
effects associated with prolonged exposure to As-rich drinking
water, the world health organization set the drinking water limit

* Corresponding author at: Department of Civil, Environmental, and Geo-Engi-
neering, University of Minnesota, 500 Pillsbury Drive S.E., Minneapolis,
MN 55455-0116, USA.

E-mail address: sbehrens@umn.edu (S. Behrens).

http://dx.doi.org/10.1016/j.chemosphere.2015.05.032
0045-6535/© 2015 Elsevier Ltd. All rights reserved.

to 10pgL™! in 1993. Groundwater aquifers in South and
South-East Asia often also contain high concentrations of dissolved
iron (Fe) and manganese (Mn), which affect the taste and visual
nature of the drinking water (Buschmann et al., 2007; Hug et al.,
2008; Winkel et al., 2011). In rural areas of Vietnam, household
sand filters have been established as cost-efficient and effective
solution for the removal of As, Fe, and Mn from groundwater
(Fig. 1). Previous studies have shown that at groundwater Fe/As
ratios above 250 (weight based), sand filters can effectively reduce
As concentrations in the filtered water to levels below 10 ugL™!
(Berg et al., 2006; Nitzsche et al., 2015).
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Fig. 1. Household sand filters used for arsenic, iron, and manganese removal from groundwater in Vietnam. (A) Shows a typical sand filter widely used in the Red River Delta
in Vietnam. The sand filter consists of two basins stacked on top of each other. The upper basin is filled with sand and the lower basin serves as water storage container. The
groundwater is pumped from a shallow tube well onto the filter, trickles though the sand column, and is collected in the bottom tank. (B) Top view on the sand filled upper
basin and (C) water trickling into the storage container via holes in the bottom of the upper sand filled basin. (D) Schematic cross section of the sand filter showing a depth
profile of the filter sand which is colored due to the precipitation and coating of sand particles with red-brown Fe(Ill) (oxyhydr)oxides (depth of 0-23 cm) and black Mn(IV)
oxides (depth of 23-28 cm). The bottom sand layer (depth of 28-32 cm) shows the initial color of the filter sand. Diagram shows a depth profile of accumulated As, Fe, and Mn
in the different colored sand layers quantified by XRF (Nitzsche et al., 2015). Blue boxes show concentrations of As, Fe, Mn, NO3, NH; and DOC in the groundwater before and

after filtration (b.d.l. = below detection limit) (Nitzsche et al., 2015).

The geochemical processes for the removal of As, Fe, and Mn
from anoxic groundwater in aerated sand filters are well known:
Dissolved Fe(ll) is oxidized which leads to the formation of poorly
soluble Fe(Ill) (oxyhydr)oxide minerals on the sand particles
(Jessen et al., 2005; Voegelin et al., 2014). Fe(Il) oxidation at neutral
pH can result from homogeneous oxidation of dissolved Fe(Il) by
oxygen, heterogeneous oxidation of Fe(II) driven by catalytic sur-
faces reactions, and under microaerophilic oxygen concentrations
by microbial Fe(Il) oxidation (van Beek et al., 2012; Melton et al.,
2014b). The abiotic Fe oxidation also causes co-oxidation of
As(III) to As(V) which equally well or even more strongly adsorb
to the newly formed Fe(Ill) (oxyhydr)oxide precipitates at pH >8
than As(III) (Dixit and Hering, 2003). Homogeneous Mn oxidation
by oxygen at neutral pH is relatively slow, so that the formation
of soluble Mn(III/IV) oxides occurs mainly as result of heteroge-
neous and microbial Mn oxidation (Tebo et al., 2004; Learman
et al., 2011; Luan et al.,, 2012). Both Mn(Ill) and Mn(IV) oxides
can function as oxidants for Fe(Il) (Postma, 1985; Villinski et al.,
2001) and As(Ill) (Tournassat et al., 2002; Ying et al., 2012). The
formation of Mn oxides on the sand filter will therefore improve
As and Fe removal from the filtered water (Nitzsche et al., 2015).
A black Mn oxide layer developed when most of the reduced Fe
and As has been removed from the groundwater (Nitzsche et al.,
2015). The Mn oxide layer is therefore indicative for a transition
zone below which Fe and As concentrations in the filtered water
are considerably reduced.

Although much is known about the abiotic processes contribut-
ing to the performance of sand filters and their As, Fe, and Mn
removal efficiency (Voegelin et al., 2014; Nitzsche et al., 2015),

the composition of the microbial community and the potential
contribution of different physiological groups of microorganisms
to the removal of As, Fe, and Mn have not been investigated for
household sand filters in Vietnam to date. Anoxic groundwater
becomes aerated during filtration and oxic/anoxic interfaces at
the surface of sand particles might allow Fe(Il)-oxidizing bacteria
to successfully compete with slower abiotic Fe(Il) oxidation rates
at reduced oxygen concentrations (Emerson and Moyer, 1997).
Microbial As(Ill) respiration and/or detoxification mechanisms
could affect As redox speciation on the filter and simultaneously
sustain and secure the survival of a metabolically diverse microbial
community (Oremland and Stolz, 2003). In addition, the slow
kinetics of purely abiotic surface-catalyzed Mn(Il) oxidation sug-
gests that Mn(Il)-oxidizing bacteria might be contributing to Mn
removal in sand filters (Tebo et al., 2004; Voegelin et al., 2014).
Previous studies have mostly relied on conventional molecular
techniques (e.g. DGGE, T-RFLP) to describe the diversity and distri-
bution of microorganisms in lab or full-scale biofilters for the
simultaneous removal of As, Fe, Mn or ammonium (NH}) from
groundwater (Li et al., 2013; Yang et al., 2014), but no studies on
sand filters used in actual households are available.

The aim of the present study therefore was a comprehensive
and quantitative analysis of the composition and depth distribu-
tion of the microbial community in a sand filter, used by a rural
household in Vietnam. More specifically, we performed most
probable number (MPN) counts to quantify the number of micro-
aerophilic and nitrate-reducing Fe(Il)-oxidizing bacteria,
Fe(Ill)-reducing bacteria, as well as Mn(Il)-oxidizing, and
Mn(IV)-reducing bacteria in both water samples and different
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depth layers of the sand filter. MPN counts were correlated to
X-ray fluorescence (XRF) data on the distribution of Fe and Mn in
the sand filter. 454 pyrosequencing of 16S rRNA gene amplicons
of bacteria and archaea was used to analyze the microbial commu-
nity composition in different depth layers of the sand filter, the
groundwater, the filtered water, and the original sand used to con-
struct the filter. Quantitative PCR (qPCR) using general and
group-specific primers for selected 16S rRNA gene taxa and func-
tional genes was also applied and used to independently verify
results of the MPN and amplicon sequencing analyses.

2. Material and methods
2.1. Sand filter description

The study was performed on a representative sand filter in the
village Van Phuc, Province Hanoi, in Vietnam (Fig. 1). The investi-
gated sand filter is representative for sand filters used in
Northern Vietnam in terms of shape, size, material, filter velocity,
filter usage and capacity for As and Fe removal (M. Berg personal
communication, Berg et al., 2006; Nitzsche et al., 2015). The sand
filter is located in an area with As groundwater concentrations
<100 ug L~! (Berg et al., 2008). The sand filter was built at the
end of the 1990s and since then, has been used by one family sev-
eral times per day (Nitzsche et al., 2015). The sand basin dimen-
sions were 83cm x 57cm x 52cm and the basin contained
approximately 0.20 m> of fine gravel to very fine sand (Voegelin
et al., 2014). The sand was collected from the local river banks of
the Red River and was in use for more than 8 years prior to sam-
pling. The sand filter significantly reduces As, Fe, and Mn concen-
trations in the filtered groundwater as described in detail
previously (Nitzsche et al., 2015) (Fig. 1D). Groundwater filtration
leads to the accumulation of As, Fe, and Mn at different depth lay-
ers in the sand, which are also characterized by distinct color
changes ranging from; red-brown poorly crystalline Fe(Ill) oxyhy-
droxides (0-23 cm depth, from here on referred to as “red layer”),
to black Mn oxide minerals (24-28 cm, from here on referred to as
“black layer”), to a white sand layer at the bottom of the filter (28-
32 cm, from here on referred to as “white layer”, which had the
appearance of the original sand used to construct the filter
(Nitzsche et al., 2015)) (Fig. 1D). A depth distribution of total As,
Fe, and Mn in the sand filter determined by XRF can be found in
Fig. 1D. The highest concentrations of As (260 mgkg™!) and Fe
(49 g kg~!) were quantified in the top 2 cm of the red layer and
decreased with filter depth down to the white layer (As 6 mg kg™!
and Fe 8 gkg ). Arsenic and Fe concentrations showed a linear
correlation throughout filter depth. Mn concentrations were high-
est (1135mgkg™') in the black layer (Nitzsche et al., 2015).
Further details on the bulk and micro-scale characterization of
the solid phase of the filter, the effect of filter usage practices on
As removal efficiency, the microbiological water quality, and the
geochemical composition of the groundwater and filtered water
have been described in detail in Voegelin et al. (2014) and
Nitzsche et al. (2015).

2.2. Sand filter sampling

Sampling of the sand filter for microbial community analysis
was performed in 2012. The sand filter was chosen to complement
previous studies on the geochemistry and performance conducted
of the same sand filter by Voegelin et al. (2014) and Nitzsche et al.
(2015) who focused solely on As, Fe, and Mn removal efficiency
form the groundwater.

Groundwater samples (from here on referred to as sand filter
“inflow water”) and samples from the freshly filtered water (from
here on referred to as sand filter “outflow water”) were collected in
sterile 50 mL tubes and immediately cooled on ice during transport
to the lab for MPN analysis. Water samples (100 mL each) for DNA
extractions were filtered through polyethersulfone (PES) mem-
brane filters (0.22 pm Express® Plus Membrane, Millipore). The
samples were collected at three consequent days in duplicate
and the filters were cooled on ice during transport to the
laboratory.

Sand from the filter was collected for geochemical analyses,
MPN counts, and DNA extraction by manually digging a hole using
a plastic scoop in the middle of the sand filter. Bulk sand samples
were then taken from six different depths (0-2 cm, 8-10 cm, 14-
16 cm, 20-22 cm, 24-28 cm, and 28-32 cm) by pushing three
50 mL plastic tubes (standard sized screw cap, sterile Falcon tubes)
per layer horizontally into the exposed sand profile. Three samples
from the original sand were also collected in 50 mL plastic tubes.
All sand samples were immediately cooled on ice for transport.
Upon arrival at the laboratory of Hanoi University (Vietnam) water
and sand samples were either frozen at —20 °C (for DNA extrac-
tion), or stored at 4°C (for MPN inoculation and geochemical
analyses).

2.3. Geochemical characterization of the filter sand

Water content, pH, and total organic carbon (TOC) were deter-
mined from the filter sand as described in the supporting informa-
tion (SI).

2.4. Most-probable-number (MPN) counts

MPN counts were performed on inflow and outflow water sam-
ples, sand collected from the different filter depths, and the origi-
nal sand. MPNs on liquid medium were set up in 96-well plates
for the quantification of nitrate-reducing Fe(Il)-oxidizing bacteria
(NredIOB), Fe(llI)-reducing bacteria (IRB), Mn(II)-oxidizing bacteria
(MOB), and Mn(IV)-reducing bacteria (MRB) as described in Melton
et al. (2014a), Straub et al. (2005), and Tebo et al. (2007).
Microaerophilic Fe(Il)-oxidizing bacteria (mIOB) were quantified
in agar gradient tubes (Emerson and Merrill Floyd, 2005).
Detailed descriptions of the medium recipes for the different phys-
iological groups, substrate concentrations, incubation conditions,
and proof of bacterial growth are provided in the SI. Cell numbers
(cells g~! dry sand) from the positive MPN wells/tubes were calcu-
lated using the software program KLEE applying confidence limits
of Cornish and Fisher (1938) and the bias correction after Salama
(1978) as previously described (Klee, 1993).

2.5. DNA extraction

Prior to DNA extraction frozen sand cores were cut into sections
using a band saw and only sand from the inner part of each core
layer was used for molecular analysis after thawing and homoge-
nization. For sequencing and qPCR analyses, DNA from water sam-
ples (concentrated biomass on membrane filters) and filter sand
were extracted using the PowerWater® and PowerSoil® DNA
[solation Kits (MoBio Laboratories), respectively. Extraction proto-
cols followed the manufacturer’s instructions. For sequencing of
16S rRNA gene amplicons from the filter sand, DNA was also
extracted following the soil DNA extraction protocol published
by Zhou et al. (1996) with further purification of the obtained
genomic DNA using the QIAEX II Agarose Gel Extraction kit
(QIAGEN). DNA extractions of the sand were performed in
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duplicates for each sample and extraction method and later the
extracted DNA was pooled. DNA extracts of duplicate water sam-
ples taken at three consecutive days were pooled before further
analyses. DNA concentration and quality were determined spec-
trophotometrically (NanoDrop 1000, Thermo Scientific) and by
agarose gel electrophoresis.

2.6. Sequencing of 16S rRNA gene amplicons

Bacterial 16S rRNA genes were amplified using the primers 27F
(5'-AGAGTTTGATCMTGGCTCAG-3') (Lane, 1991) and 534R (5'-ATT
ACCGCGGCTGCTGGC-3") (Muyzer et al., 1993; Liu et al., 2007) tar-
geting the V1-V3 region of the 16S rRNA gene. The V6-V8 region of
the archaeal 16S rRNA gene was amplified using the primers 958F
(5'-AATTGGANTCAACGCCGG-3') (DeLong, 1992) and 1392R (5'-A
CGGGCGGTGTGTRC-3') (Pace et al., 1986). Primers 27F and 958F
contained Roche 454 pyrosequencing barcodes and adaptor A, pri-
mers 534R and 1392R contained adaptor B. PCR reactions were
performed in duplicates for each sample and each of the two
DNA extracts using the FastStart High Fidelty PCR reagents
(Roche) PCR conditions are described in the supporting informa-
tion. PCR products were pooled in equimolar concentrations. The
quality of the amplified DNA was confirmed on an Experion® auto-
mated electrophoresis system (Bio-Rad). Prior to sequencing, the
PCR products were quantified using the Quant-iT™ PicoGreen®
dsDNA assay kit (Invitrogen) and a QuantiFluor®-ST fluorometer
(Promega). 454 pyrosequencing was performed on a Roche GS
Junior Sequencer (454 Life Sciences) according to the manufac-
turer’s instructions for amplicon sequencing. We sequenced a syn-
thetic ‘mock’ community of known species composition containing
Archaea and Bacteria to evaluate the efficiency and accuracy of
library preparation, pyrosequencing, and amplicon classification.
Following sequence analysis we were able to correctly assign
sequence reads and reproduce the composition of the ‘mock’ con-
trol community.

2.7. Sequence analysis

Quality control, alignment and classification of the sequencing
data were performed using the software package MOTHUR, version
v.1.32.0 (Schloss et al., 2009). Pyrosequencing noise and chimeras
were removed with the in MOTHUR implemented algorithms
PyroNoise (Quince et al., 2009) and UCHIME (Edgar et al., 2011)
as described previously (Schloss et al., 2011). Sequences shorter
than 200 bp and sequences with homopolymers longer than 8 bp
were removed from the dataset. The remaining sequences were
aligned against the SILVA SSU Ref rRNA database (v.102) (Pruesse
et al., 2007) and pre-clustered with the single-linkage algorithm
applying a threshold of 2% (Huse et al., 2010). A distance matrix
was created and sequences were assigned to operational taxo-
nomic units (OTUs) based on 97% sequence identity using the aver-
age neighbor algorithm (Schloss and Westcott, 2011). Sequences
were classified using the Naive Bayesian Classifier (Wang et al.,
2007) and the SILVA reference taxonomy applying a minimum
bootstrap confidence cutoff of 60%. Random subsampling was per-
formed to normalize the dataset to the sample with the lowest
number of reads (for bacteria n=2703 and for archaea n=2527).
Cluster analysis on samples was performed using an Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) algorithm
and was based on calculated Bray-Curtis dissimilarities between
the samples (Bray and Curtis, 1957). Rarefaction curves, the rich-
ness estimator Chaol, the abundance-based coverage estimator
(ACE), and the diversity indices Shannon (H) and Simpson (D) were
calculated based on 97% sequence similarity using MOTHURs
implementation DOTUR (Schloss and Handelsman, 2005).
Heatmaps were created by importing relative abundance data of

relevant taxa of the different samples into RStudio, version
v0.98.501 and normalized by calculating Z-scores. The Z-score rep-
resents the number of standard deviations the relative abundance
of taxa in a specific sample differ from the mean relative abun-
dance of that taxa in all samples.

Pyrosequencing reads were deposited at the European
Nucleotide Archive under accession number PRJEB8996.

2.8. Quantitative polymerase chain reaction (qPCR)

Quantitative PCRs were performed using general 16S rRNA gene
primers for Bacteria and Archaea, and specific 16S rRNA gene pri-
mers for the taxa Nitrospira, Gallionellales, and Geobacteraceae. In
addition functional gene qPCRs targeting bacterial and archaeal
ammonia monooxygenases (amoA) were performed. qPCR primer
sequences, gene-specific plasmid standards, and details of the ther-
mal programs are given in the SI (Table SI 1). qPCR reactions were
carried out in 20 pL volume containing 10 pL 1x SsoFast™ Eva
Green® Supermix (Bio-Rad), gene specific primers (concentrations
given in Table SI 1), PCR water, and 2 pL of either standard plasmid
DNA (ten-fold dilution series) or sample DNA (10-100 ng uL~1).
Thermal programs were run on an iQ5 real-time PCR detection sys-
tem (Bio-Rad). Each DNA extract was quantified in triplicates and
gene copy numbers were calculated from two independent DNA
extracts. Raw data were background subtracted using the iQ™5
optical system software 2.0 (Bio-Rad Laboratories) and exported
from the iCyler system and analyzed using the software
Real-Time PCR Miner (Zhao and Fernald, 2005). Further data anal-
ysis and gene copy number calculations were done as described by
Behrens et al. (2008).

3. Results
3.1. Characterization of the sand filter, groundwater and filtered water

The filter sand as well as the groundwater, and the filtered water
have been well characterized in two recent studies (Voegelin et al.,
2014; Nitzsche et al., 2015). Additionally, we determined pH, water
content, and TOC of the filter sand in this study (Table SI 2). The pH
did not change significantly with filter depth and ranged between
7.5 and 7.6. The water content was highest in the black Mn(III/IV)
oxide layer (19.5%3.2%) and ranged between 5.0+ 1.2% and
11.6 £ 1.5% in the other sand layers. The water content of the origi-
nal sand was 0.3 +0.2%. The total organic carbon content was
always below 0.1 weight% throughout the whole filter.

3.2. Microbial biomass distribution

In order to approximate total cell numbers and microbial bio-
mass distribution in the sand filter we quantified bacterial and
archaeal 16S rRNA gene copy numbers by qPCR (Fig. 2A).
Bacterial 16S rRNA gene copy numbers ranged from 53 x 10°
to 3+2 x 10® 16S rRNA gene copies g~! dry sand. Archaeal 16S
rRNA gene copy numbers ranged from 74 x10° and
43 +3 x 10° 165 rRNA gene copies g~! dry sand. The depth distri-
bution of both, bacterial and archaeal 16S rRNA gene copy num-
bers, followed the same trend. The sum of bacterial and archaeal
16S rRNA gene copy numbers only slightly changed in the first
16 cm of the sand filter (2 to 3 x 108 16SrRNA gene copies g~!
dry sand). Total 16S rRNA gene copy numbers then dropped to
6 x 10° 16S rRNA gene copies g~! dry sand in the layer from 20
to 22 cm and increased again to 3 x 108 16SrRNA gene copies
¢! dry sand toward the bottom of the sand filter (28-32 cm)
(Fig. 2A). Archaeal 16S rRNA gene copies contributed with 3-16%
to the total 16S rRNA gene copies quantified in the different sand



K.S. Nitzsche et al./ Chemosphere 138 (2015) 47-59 51

A Gene copy number [g™" dry sand]
10° 10' 102 10® 10* 10° 10° 107 10°
0-2cm O
£ 810cm —_——0n
S 14-16cm O
2 20-22¢m o1 e
24-28 cm e
28-32cm ——
B Gene copy number [g'dry sand]
10° 10" 102 10® 10* 10° 10° 107 108
0-2cm oo @
8-10cm O L)
=
S 14-16c¢cm SO —e
o
& 20-22cm o
[T
24-28 cm (o —
28-32cm S @ °
c Gene copy number [g-'dry sand]
10° 10" 10* 10% 10* 105 10° 107 10°
0-2cm B =
£ 8-10 cm o <o
S 14-16cm o ——o
2 2022¢m o o
24-28 cm —0 e
28-32cm — o

Fig. 2. Gene copy numbers per gram dry sand of the filter. (A) 16S rRNA gene copy
numbers of Bacteria (gray diamonds), Archaea (white diamond), and total 16S RNA
gene copy numbers (black circles, sum of 16S rRNA gene copy numbers of Bacteria
and Archaea). (B) 16S rRNA copy numbers of Geobacteraceae (gray diamond),
Gallionellales (white diamond), and Nitrospira sp. (black circle). (C) Functional gene
copy numbers of bacterial (gray diamond) and archaeal (white diamond) ammonia
monooxygenases. Given are mean values and the upper and lower range of two
independent DNA extractions each quantified in triplicate qPCR reactions.

filter layers. The ratio of archaeal to bacterial 16S rRNA gene copies
increased with filter depth (0.03-0.2) and was highest below the
black Mn(III/IV) oxide layer. The original sand contained 7 x 107
total 16S rRNA gene copies g~! dry sand of which only 1%
accounted for archaeal 16S rRNA gene copies.

3.3. MPNs

MPN counts for NredIOB and IRB ranged from 10? to 10® and
10% to 10%cells g ! dry sand, respectively (Fig. 3A). We did not
observe any growth of microaerophilic IOB in gradient tubes in
any of the sand filter samples. MPN counts for MOB were highest
in the black layer from 24 to 28 cm (>3 x 10% cells g~! dry sand)
(Fig. 3B). In all other sand filter layers MOB MPN counts did not
exceed 10%cellsg™! dry sand. MPN counts for MRB slightly
decreased from 10°cellsg~! dry sand in the upper filter part
(0-16 cm) to 10 cellsg~! dry sand below 20 cm. In the MPNs
inoculated with inflow water and outflow water no growth of
IOB, IRB, and MOB could be detected but MRB accounted for
102 cells L in the inflow water (data not shown). In the original
sand all five different physiological groups were quantified to be
present with 10! cells g~! dry sand (data not shown).

3.4. Microbial community composition

A total of 138,590 16S rRNA gene pyrosequencing reads were
obtained from 9 different samples after quality processing of the
raw sequence data with MOTHUR (samples from 6 different sand
filter layers, the inflow and outflow water, and the original sand).
In total 69,221 bacterial and 69,369 archaeal sequences with read
lengths ranging from 230 to 280 bp were used for operational tax-
onomic unit assignment using a sequence similarity of 97% (Tables
SI 3 and 4). Analysis of the synthetic ‘mock’ community revealed
that bacterial and archaeal sequence reads could be correctly clas-
sified and that we were able to reproduce the composition of the
‘mock’ control community by our sequence analysis pipeline.

Rarefaction analyses are summarized in Fig. SI 1. Sequencing
retrieved 50-60% of the bacterial richness and 33.6-85.7% of the
archaeal richness estimated by Chaol. Based on different
alpha-diversity indexes (Shannon and Simpson), the microbial
diversities in the upper sand filter layers (down to 22 cm) were
lower than within (24-28 cm) and below the black Mn(III/IV) oxide
layer (28-32 cm) (Tables SI 3 and SI 4). The red layers from 0 to
22 cm contained on average 526 +58 different bacterial OTUs,
while in and below the black Mn(Ill/IV) oxide layer the number
of OTUs assigned was almost twice as high (989 + 107 OTUs).
Archaeal OTU numbers followed the same trend. They were with
25 £ 3 OTUs almost three times lower in the red layer than in the
black and white sand layers, where 74 + 6 OTUs were detected.
Alpha diversity indexes also revealed a higher bacterial and
archaeal diversity in the inflow and outflow water samples, and
the original sand compared to the microbial community diversity
of the different sand filter layers (Tables SI 3 and SI 4).

Microbial community compositions among the sand filter sam-
ples, the water inflow and outflow water samples, and the original
sand were compared using UPGMA cluster analysis based on calcu-
lated Bray-Curtis dissimilarities between the samples (Fig. 4). A
clear shift in the bacterial and archaeal community structures
was observed among the sand filter samples taken at different fil-
ter depth with the most pronounced differences in microbial com-
munity structure between the sand filter layers above and below
the Mn(III/IV) oxide layer at 24-28 cm. While the inflow and out-
flow water samples clustered together and were distinctly set off
the sand samples, the microbial community structure of the origi-
nal sand sample most closely resembled the bottom white sand
layer of the filter.

3.5. Bacterial diversity

OTUs assigned to the phyla Proteobacteria (33 +3% relative
sequence abundance) and Nitrospirae (36 +6%) were the most
abundant bacterial taxa in the sand filter (Fig. 4A). Together their
relative abundance accounted for 70-75% of all bacterial 16S
rRNA gene sequences in the red layers (0-22 cm), and 55% and
60% in the black (24-28 cm) and white (28-32 cm) sand layers,
respectively. The dominant class among the Proteobacteria in the
sand filter were the Betaproteobacteria comprising the families
Nitrosomonadaceae, = Comamonadaceae, and  Rhodocyclaceae
(Fig. 5A). OTUs assigned to the ammonia-oxidizing Nitrosomonas
were the dominant Nitrosomonadaceae population in the red sand
layers (0-22 cm) (Fig. 5A). Taxa belonging to the betaproteobacte-
rial families Comamonadaceae (such as Delftia) and Rhodocyclaceae
were most abundant in a distinct sand filter layer from 20 to 22 cm.
In total 16 OTUs were assigned to the phylum Nitrospirae of which
one OTU accounted for 95 + 3% of all Nitrospirae sequences in the
sand filter (Fig. SI 2). This particular OTU was most closely related
to the nitrite-oxidizer “Candidatus Nitrospira defluvii” (99%
sequence identity). The dominant Nitrospira defluvii-related OTU
was most abundant in the red sand layers (Fig. 5A). Although we
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also detected Nitrosomonas and Nitrospira in the black and
white sand filter layers, as well as in the water samples and the
original sand, they were most dominant in the red sand filter
layers.

The major populations in the inflow and outflow water samples
were associated with OTUs belonging to the phyla Proteobacteria
(20% inflow/25% outflow), Cyanobacteria (13%/5%), Nitrospirae
(6%/11%), and the candidate divisions OP3 and OD1 (together
17%/26%) (Fig. 4A). While sequences of Proteobacteria and
Nitrospirae-related OTUs were also found in significant abundance
on the sand filter, sequences of OTUs belonging to the phyla
Cyanobacteria and the candidate divisions OP3 and OD1 were most
abundant in the water samples (Fig. 5A). OTUs belonging to the
candidate divisions OD1 were also present in the original sand.
The original sand was dominated by sequences of OTUs
affiliated to the phyla Proteobacteria (43%), Bacteroidetes (11%),
Actinobacteria (10%), and Acidobacteria (8%) (Fig. 4A). The
prevalent proteobacterial OTUs in the original sand belonged to
the orders Rhizobiales (Alphaproteobacteria), Burkholderiales
(Betaproteobacteria), and Xanthomonadales (Gammaproteobacteria).
The Bacteroidetes were represented by OTUs affiliated to the
Chitinophagaceae (order Sphingobacteriales) (Fig. 5A).

Across all samples between 7% and 17% of the obtained bacte-
rial sequence reads could not be classified on the phylum level.

3.6. Archaeal diversity

Most archaeal OTUs in the sand filter were assigned to the phy-
lum Crenarchaeota while sequences of OTUs belonging to the phy-
lum Euryarchaeota dominated in the water samples (Fig. 4B). The
most abundant sequences in the filter sand were affiliated to the
Soil Crenarchaeotic Group (SCG). Unclassified sequences within
the SCG were highly abundant in the red sand filter layers
(84 + 4%). The black and white sand filter layer were dominated
by sequences of OTUs affiliated to the ammonia-oxidizing
Nitrososphaera (61 +2%), which were also present in the original
sand (53%) (Fig. 5B and Fig. SI 3).

In the inflow and outflow water samples the most abundant 16S
rRNA gene sequence tags were classified into OTUs belonging to
the euryarchaeal classes Methanomicrobia (60% inflow/48%
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Fig. 5. Heatmaps of the most abundant taxa in the water, the filter sand, and the
original sand. (A) bacterial and (B) archaeal taxa with at least >1% relative sequence
abundance in one sample. Coloring according to Z-score. Z-scores represent the
number of standard deviations a value differs from the mean and were used to
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respective taxonomic group were found. Taxonomic groups are given
on the phylum, order, family or genus level (Cyanob. Subsection
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outflow), Halobacteria (13%/12%), the Miscellaneous Crenarchaeotic
Group (MCG; 6%/7%), and the Thermoplasmata (3%/19%) (Fig. 4B).
OTUs affiliated to the Methanosarcinales clade GOM-Arc-1 were
the dominant population in the inflow and outflow water samples
(59%/47%, respectively). The Deep Sea Euryarchaeotic Group (DSEG)
of the Halobacteriales accounted for 12% and 10% of the inflow and
outflow water archaeal 16S rRNA gene sequences (Fig. 5B). OTUs
belonging to the order Thermoplasmatales were detected at rela-
tively high abundance in the original sand (30%), the white sand fil-
ter layer (15%), and the outflow water samples (18%) (Fig. 4B).

3.7. Quantification of individual taxa and functional genes

Quantitative PCRs with 16S rRNA gene group specific primers
for the order Gallionellales and the family Geobacteraceae were per-
formed to approximate the number of mIOB and IRB, respectively,
in order to independently verify results obtained by MPN counts
and pyrosequencing. 16S rRNA gene copy numbers g~' dry sand
ranged from 1 x 102 to 1 x 10* for the Gallionellales and 2 x 102
to 2 x 10* for the Geobacteraceae throughout the different layers
of the sand filter. Both taxa could not be detected in the layer from
20 to 22 cm (Fig. 2B).

Pyrosequencing of 16S rRNA gene tags revealed that the filter
sand is dominated by sequences of OTUs belonging to the
ammonia-oxidizing bacterial taxa Nitrosomonas and the
nitrite-oxidizing bacterial taxa Nitrospira. Furthermore, a relative
high sequence abundance of ammonia-oxidizing archaea belonging
to the thaumarchaeal taxa of unclassified SCG and Nitrosophaera
have also been observed. In order to independently confirm the rel-
ative abundances of the different nitrifier groups in the filter sand,
we performed qPCR assays using 16S rRNA gene group specific pri-
mers for Nitrospira sp. and functional gene specific primers for the
bacterial and archaeal amoA genes (Fig. 2B and C). In accordance
with the pyrosequencing results Nitrospira sp. 16S rRNA gene
copy numbers were higher in the red sand layers (0-22 cm) than
in the black (24-28 cm) and white (28-32cm) sand layers
(Fig. 2B and Fig. SI 4). In the red sand layers Nitrospira sp. 16S
rRNA gene copy numbers ranged from 4 to 7 x 10”7 gene copies
g~ ! dry sand. Toward the bottom of the sand filter (28-32 cm)
Nitrospira sp. 16S rRNA gene copy numbers decreased by more than
an order of magnitude to 3 x 10° genes g~ ! dry sand (Fig. 2B). In the
original sand 6 x 10° Nitrospira sp. 16S rRNA gene copies g~ ' dry
sand were quantified (data not shown).

Bacterial amoA gene copy numbers fluctuated between 1 x 10°
and 2 x 10° gene copies g~' dry sand throughout the sand filter
depth profile (Fig. 2C). Bacterial amoA gene copy numbers were
on average an order of magnitude higher in the red sand layers
than in the black and white sand layers. Thereby bacterial amoA
gene copy numbers followed the relative sequence abundance
and distribution of Nitrosomonas related OTUs in the filter sand
(Fig. 2C and Fig. SI 4). Archaeal amoA gene copy numbers ranged
from 3 x 10° to 8 x 107 gene copies g~! dry sand in the sand filter.
While archaeal amoA gene copy number slightly increase within
the red sand layers from 2 x 107 in the top layer (0-2cm) to
8 x 107 in the layer from 20 to 22 cm, the lowest archaeal amoA
gene copy number were quantified in the back layer (3 x 106 -
genes g~ ! dry sand). In the white layer at the bottom of the sand
filter archaeal amoA gene copies increased again to 2 x 107 -
gene copies g~ ! dry sand. Thereby the abundance and distribution
of archaeal amoA gene copy numbers in the sand filter to a large
extend resembles the relative abundance of thaumarchaeal 16S
rRNA genes (unclassified SCG and Nitrososphaera) in the sand filter
(Fig. 2C and Fig. SI 4). The original sand contained 3 x 10°> and
4 x 108 bacterial and archaeal amoA gene copy numbers g~ dry
sand, respectively (data not shown).
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The fact that we quantified higher gene copy numbers for
Nitrospira sp. 16S rRNA and archaeal amoA genes compared to bac-
terial and archaeal 16S rRNA gene copy numbers might be due to
primer specificity and the presence of multiple 16S rRNA gene
operons and amoA genes in the genomes of a specific 16S rRNA
gene taxa and functional gene groups, respectively.

4. Discussion

4.1. Diversity, distribution, and abundance of Fe-, Mn-, and
As-oxidizing and -reducing bacteria

In this study we investigated the composition and distribution
of the microbial community in a household sand filter used for
the simultaneous removal of As, Fe, and Mn from contaminated
groundwater. A dominant fraction of the sand filter bacterial
community belonged to the Proteobacteria (o-, p-, and
y- Proteobacteria), Nitrospira, and Acidobacteria. These phyla have
also been found to account for significant fractions of microbial
communities from sand filters of full scale drinking water treat-
ment plants (Pinto et al.,, 2012; White et al., 2012; Feng et al.,
2013; Lin et al., 2014).

Based on theoretical calculations Voegelin et al. (2014) con-
cluded that Fe(II) oxidation on the sand filter is dominated by auto-
catalytic and surface-catalyzed Fe(Il) oxidation on ferrihydrite
coated sand, whereas microbial Fe(Il) oxidation was suggested to
be of minor importance for the effective removal of As and Fe. In
the context of the results presented in this study it is important
to note that the detection or relative abundance of a 16S rRNA gene
using DNA based analyses does not allow for conclusions to be
drawn about the viability and activity of the corresponding
microbial populations. However, the fact that we did not quantify
any microaerophilic Fe(Il)-oxidizing, and only low numbers
of nitrate-reducing Fe(Il)-oxidizing, Fe(Ill)-reducing, and
Mn(IV)-reducing bacteria by MPN analysis, pyrosequencing, and
gPCR is in accordance with the findings of Voegelin et al. (2014).
Nonetheless, the presence of microbial taxa capable of catalyzing
Fe and Mn redox reactions in the sand filter and their growth in
MPN dilution cultures document that the sand filter is a habitable
environment for Fe- and Mn-respiring microorganisms. Any
changes to the water geochemistry, oxygen or organic carbon con-
centrations could promote the growth and activity of these organ-
isms with potential consequences for Fe and Mn redox
transformation and As removal efficiency of the sand filter
(Kleinert et al., 2011).

Black Mn(III/IV) oxides accumulated in a distinct layer of the
sand filter (24-28 cm). Voegelin et al. (2014) speculated that the
slow kinetics of purely abiotic surface-catalyzed Mn oxidation
might allow Mn(II)-oxidizing bacteria to take a key role in Mn
removal in the sand filter. In fact, our MPN counts confirmed the
presence of more than 3 x 10® Mn(lI)-oxidizing bacteria g dry
sand in the black sand filter layer. Mn(Il)-oxidizing bacteria are
ubiquitous in nature and have been suggested to prefer environ-
ments where Mn redox cycling is rapid and without the build-up
of Mn(II) or Mn(IlI/IV) (Tebo et al., 2005). In the sand filter, newly
formed Mn(Ill/IV) can react quickly with reduced As and Fe and
become reduced again in the process seemingly providing a prefer-
ential habitat for Mn(II)-oxidizing bacteria. Although the oxidation
of Mn(II) to either Mn(III) or Mn(IV) oxides is thermodynamically
favorable, Mn(Il)-oxidizing bacteria have been shown to oxidize
Mn enzymatically or non-enzymatically coupled to mixotrophic
or heterotrophic growth with some or no energetic benefits for
the organism (Ghiorse, 1984). Mn(II)-oxidizing bacteria have been
identified in different phylogenetic groups in the bacterial domain
and previous studies on freshwater and marine habitats classified

Mn(Il)-oxidizing bacterial isolates belonging to Alpha-, Beta-,
Gammaproteobacteria, Firmicutes, and Actinobacteria (Tebo et al.,
2005). For example; two Mn(ll)-oxidizing bacterial cultures have
been isolated from an alfisol soil (Sullivan and Koppi, 1993) and
phylogenetically diverse bacterial and archaeal communities have
been found in association with ferromanganese nodules in soil and
sediment samples (Stein et al., 2001; Carmichael et al., 2013; Tully
and Heidelberg, 2013). However, very limited information is avail-
able about microbial mechanisms and microorganisms mediating
Mn oxidation in soils (He et al, 2008; Yang et al., 2013).
Consistently, we did not identify any OTUs related to known
Mn-oxidizing bacteria in the pyrosequencing libraries of the sand
filter samples. Furthermore, none of the identified OTUs in the sand
filter appeared to be exclusively enriched in the black, Mn(III/IV)
oxide-rich sand layer suggesting that biotic Mn oxidation in the
sand filter is most likely mediated by a phylogenetically diverse
microbial community that is metabolically flexible and not solely
dependent on Mn oxidation for energy generation. However, previ-
ous studies have reported that Leptothrix might play a major role in
the removal of Mn in lab and full-scale biofilters (Li et al., 2013;
Yang et al., 2014).

The microbial community composition and distribution in the
sand filter are governed by the very close spatial correlation of
accumulated As with ferrihydrite-like Fe(Ill) precipitates and sepa-
rately accumulated concretions of Mn(III/IV) oxides on coated sand
grains. The mineral coating of sand particles has been shown to
play an important role for sand filter colonization and microbial
activity (Giilay et al., 2014). Fe and As concentrations are highest
in the top sand layer (0-2 cm) and decrease with filter depth
(Fig. 1) (Nitzsche et al., 2015). Further down in the filter the
remaining As, Fe, and also NH; and NO; will be retained in a
Mn(III/IV) oxide rich sand filter layer probably as a result of com-
bined surface-catalyzed and microbial Mn(II) oxidation. Mn oxida-
tion does not occur in the presence of NH; and NO; because
nitrification is energetically more favorable than Mn oxidation
(Vandenabeele et al., 1995; Gouzinis et al., 1998). Therefore, the
Mn oxide-rich sand layer at 24-28 cm represents a geochemical
boundary layer leading to a measurable decrease of As and Fe, con-
centrations in the underlying sand layers and the effluent water.
This geochemical transition zone has caused the development of
distinct microbial communities in the red sand layers (0-22 cm)
above and the white sand layer below (28-32 cm) the Mn oxide
boundary layer. As mentioned above, the Mn oxide layer could
be distinguished from the other sand filter layers by higher num-
bers of viable and culturable Mn(II)-oxidizing bacteria as quanti-
fied in MPN dilution series. Since reduced As, Fe, and nitrogen
species can also abiotically reduce Mn oxides, biotic Mn oxidation
and growth of Mn(Il)-oxidizing bacteria will only occur once
As, Fe, and NO3 concentrations have been sufficiently reduced
(Vandenabeele et al., 1995).

Microaerophilic Fe(Il)-oxidizing and Fe(Ill)-reducing bacteria
were not present or only at relatively low cell numbers g~! dry
sand. MPN counts of Fe(Ill)-reducing bacteria and 16S rRNA gene
copy numbers for the Geobacteraceae were in good agreement
ranging between 10> and 10* cells g~! dry sand. Although anaero-
bic growth of Fe(Ill)-reducing bacteria in anoxic micro niches in an
overall oxic sand filter is conceivable, the low carbon content of the
filter most likely restricts the growth of heterotrophs. While mem-
bers of the Gallionellales as representative group of microaerophilic
Fe(I)-oxidizing bacteria could be detected by gqPCR (10? to
10 cells g ! dry sand) we did not observe growth of microaerophi-
lic Fe(Il)-oxidizing bacteria in gradient tubes in a MPN dilution
series. Gallionellales 16S rRNA sequences are consistently abundant
in clone libraries from Fe mats (Gault et al., 2011; Hegler et al.,
2012; Kato et al., 2012; Roden et al., 2012; Fleming et al., 2014)
but they have also been found in sand filters for the treatment of
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drinking water (de Vet et al., 2009; Giilay et al., 2013) or ground-
water rich in As (Gorra et al., 2012; Li et al.,, 2013; Yang et al.,
2014). However, in a recent study by (Fleming et al., 2014) on
the ecological succession of Fe(Il)-oxidizing bacteria in a freshwa-
ter wetland, a redundancy analysis of physicochemical parameters
with  Fe(Il)-oxidizing bacteria abundance indicated that
Gallionellales abundance declined in line with high concentrations
of total Fe, Mn and DOC (Fleming et al., 2014). While DOC concen-
trations on the sand filter were low, the high Fe and Mn concentra-
tions in the top layers of the sand filter might have constrained
the growth of Gallionella-related microaerophilic Fe(Il)-oxidizing
bacteria in the sand filter.

In accordance with the MPN and qPCR results, we also found
only a low relative sequence abundance of OTUs related to known
Fe(Il)-oxidizing bacteria in the pyrosequencing libraries of the sand
filter samples (<0.2%, data not shown). However, modeling and
co-precipitation experiments conducted by Berg et al. (2006) sug-
gested that the efficiency of As removal in sand filters cannot fully
be explained by the abiotic oxidation of Fe by atmospheric oxygen
and the sorption and co-precipitation of As redox species onto and
with the formed Fe(lll) (oxyhydr)oxides on the sand particles.
Therefore, the authors speculated that conditions present in the fil-
ter, but not considered by their modeling approach, are responsible
for additional As(IIl) oxidation, such as redox processes involving
Mn (Chiu and Hering, 2000; Tournassat et al., 2002; Voegelin
et al., 2014) and the presence of As-oxidizing microorganisms
(Ike et al., 2008; Kao et al., 2013). Homologs of genes encoding a
respiratory arsenite oxidase (aioA) have been found in phylogenet-
ically diverse microbial taxa including members of Alpha-, Beta-,
Gammaproteobacteria, Bacteroidetes, Actinobacteria, Firmicutes,
Aquificae, Deinococcus-Thermus, Chlorobi, Chloroflexi, Nitrospira,
and Crenarchaeota (Yamamura and Amachi, 2014). aioA-like genes
have been amplified from a variety of As-rich environments
(Inskeep et al., 2007; Hamamura et al., 2009; Quemeneur et al.,
2010; Sultana et al., 2012; Price et al., 2013), but they also been
detected in soil or sediments containing background levels of As
(Lami et al., 2013; Yamamura et al.,, 2013). OTUs belonging to
Proteobacteria, Nitrospira, and Crenarchaeota comprising poten-
tial arsenite respirers were also present in the pyrosequencing
libraries of the sand filter samples. Interestingly, a PCR with
broad-specificity aioA primers provided evidence for the pres-
ence of aerobic arsenite-oxidizing bacteria in the sand filter
(K.S. Nitzsche, unpublished data).

4.2. Diversity, distribution and abundance of nitrifying
microorganisms

The sand filter community was to a large extent dominated by
nitrifying bacteria and archaea (Figs. 4 and 5). Their occurrence is
consistent with the drop in NH} from 6.4 mg L™! in the groundwa-
ter to 1.6 mg L~ in the filtered water and a corresponding increase
in NO3 (up to 19 mg L' in the outflow water). Ammonium oxida-
tion to NO3; and subsequent NO3 oxidation to NO3 has been
demonstrated in previous studies of sand filters (Chiew et al.,
2009; Murphy et al, 2010; Mangoua-Allali et al., 2012; Baig
et al, 2013). While ammonia-oxidizing Archaea (unclassified
SCG and Nitrososphaera) were more abundant than
ammonia-oxidizing Bacteria (Nitrosomonas) (Fig. SI 4), the high rel-
ative abundance of a Nitrospira defluvii-related OTU (Fig. SI 2) sug-
gests that NO3 oxidation in the sand filter is mainly associated
with this taxonomic group.

Previous studies reported that Nitrospira, rather than
Nitrobacter, dominate NO; oxidation under conditions with low
NH; and NO3 concentrations because Nitrospira have a higher
affinity for NH; and a higher growth yield (Blackburne et al.,
2007). The high Nitrospira abundance found in this study

corresponds to populations described in recent studies on biologi-
cal water treatment and full-scale biofilters (Martiny et al., 2005;
de Vet et al., 2009; Pinto et al., 2012; Feng et al., 2013; Li et al.,
2013; Lautenschlager et al., 2014; Wang et al., 2014). Nitrospira
represents the most widespread group of known NO3-oxidizing
bacteria found in many different aquatic and terrestrial environ-
ments, including Fe water-pipes, drinking water treatment sys-
tems, and wastewater treatment plants (Daims et al., 2001).
However, knowledge on the ecophysiology of the mainly uncul-
tured, slow-growing Nitrospira is limited and only two genome
sequences have been obtained to date from “Candidatus N. deflu-
vii” (Liicker et al., 2010) and a draft genome sequence of N.
moscoviensis (Koch et al., 2014). Interestingly, the genome of
“Candidatus N. defluvii” contains besides an arsC-type arsenate
reductase, as functional component of a potential As resistant
mechanism, also an aioA-like respiratory arsenite oxidase gene
(Liicker et al., 2010). However, the growth of NO3-oxidizing bacte-
ria by aerobic arsenite oxidation has not been demonstrated.
Recently, growth of N. moscoviensis with hydrogen as electron
donor has been shown, suggesting a chemolithoautotrophic life-
style of bacterial NO3-oxidizers outside the nitrogen cycle (Koch
et al,, 2014). In the sand filter the abundance of Nitrospira sp.
was higher in the As- and Fe-rich, red sand layers than in the filter
layers below in which total As and Fe concentrations were lower
(Fig. 2B and Fig. SI 4). Based on the existing genomic evidence it
is intriguing to speculate that Nitrospira might also be capable of
growing via arsenite oxidation in the sand filter thereby contribut-
ing to the As removal efficiency of the sand filter supporting the
observation by Berg et al. (2006) who could not fully explain the
removal efficiency by abiotic As-Fe-mineral-redox interactions.
On the other hand, the abundant Nitrospira population in the sand
filter could also be a consequence of an effective arsC-conferred As
resistance mechanism which gives them a selective advantage over
other populations at elevated As concentrations unless enough
NO> was available.

Our study also showed that ammonia-oxidizing archaea might
play an important role in nitrification in the sand filter in addition
to the well-known Proteobacteria. OTUs closely related to the
ammonia-oxidizing Nitrosophaera and other soil Thaumarchaeota
(unclassified SCG) were found to represent a significant part of
the total archaeal population in the sand filter (Fig. 5B). The role
of archaeal ammonia-oxidizers in groundwater filters for the
removal of As, Fe, and, Mn is largely unknown at this time.
However, previous studies have shown that members of the
archaeal phylum Thaumarchaeota play a crucial ecological role in
global nitrogen and carbon cycling (Karner et al., 2001; Francis
et al., 2005; Park et al., 2006; Pester et al., 2011). Leininger et al.
(2006) found that archaeal nitrifiers are more abundant than bac-
terial nitrifiers in different soils. The dominance of archaeal
ammonia-oxidizers over bacterial ammonia-oxidizers in soils like
in our sand filter might be explained by adaptation to low
NHj-concentrations and an autotrophic or potentially mixotrophic
lifestyle (Spang et al., 2012). It is worth noting that the two dom-
inant ammonia-oxidizing archaeal OTUs were differently dis-
tributed with sand filter depth. While the relative abundance of
sequences belonging to the OTU of ‘unclassified SCG' was
high in the red sand layers and decreased in the lower black
Mn(IlI/IV) oxide rich layer and the white sand layer, the
Nitrosophaera-related OTU showed the opposite distribution with
a strong increase in relative sequence abundance in the black
and white sand layers. It seems like niche occupation by
different 16S rRNA gene-based lineages of Thaumarchaeota
ammonia-oxidizing archaea might be affected by the distribution
of As, Fe, and, Mn, and the availability of NH; in the sand filter.
The lower As concentrations in the black and white layer could
have promoted the growth of Nitrosophaera in these sand filter
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layers. The genome of “Candidatus Nitrosophaera gargensis”
revealed that this organism is well adapted to its niche in a heavy
metal-containing thermal spring by encoding a multitude of heavy
metal resistance genes but neither the presence of an As resistance
mechanism nor the capability for respiratory arsenite oxidation
could be confirmed by genome annotation (Spang et al., 2012).

4.3. Sand filter colonization

Overall, the sand filter microbial community was distinctly dif-
ferent from the groundwater microbial community. Although
microorganisms from the groundwater were found in the sand fil-
ter, the microbial community of the filter still most closely resem-
bled the microbial community of the original sand used to
construct the filter, even after 8 years of continuous operation.
The microbial community in the filtered water was very similar
to the microbial community of the groundwater which might be
due to the high flow rate (2.6 Lmin~') and short residence time
(<30 min) of the groundwater in the sand filter (Voegelin et al.,
2014) limiting the exchange and transition between planktonic
and surface associated microbial populations. Recent studies on
biologically active sand filters have shown that sand filter micro-
bial biofilms are stable and resistant to perturbations and fluctua-
tions in the source water community (Pinto et al., 2012; Lin et al.,
2014). However, other engineered microbial communities have
been shown to be more dynamic, quickly responding to alterations
in the chemical and biological source water composition
(Kaewpipat and Grady, 2002; Moons et al., 2009). Stable biofilm
formation on sand particles might convey higher tolerance to As,
Fe, and Mn concentrations among sand filter colonizing microbial
populations compared to their freely suspended counterparts
(Simdes et al., 2009). In this context, continued exposure of micro-
bial communities to high metal concentrations has been suggested
to contribute to the occurrence and spread of antibiotic resistance
factors in bacteria, with potential human and environmental
health implications (Baker-Austin et al., 2006).

4.4. Summary

We set out to describe the composition and distribution of the
microbial community in a sand filter used for the removal of As,
Fe, and Mn from anoxic groundwater. We found that microorgan-
isms capable of growing by catalyzing Fe and Mn redox transfor-
mation can be enriched from different sand layers although their
relative abundance was relatively low throughout the whole filter.
Mn(II)-oxidizing bacteria were found to be enriched in a distinct
sand filter layer. Biotic Mn oxide formation is likely to play a key
role in Mn removal but also contributes to the effective retention
of As, Fe, and NH} on the sand filter. Microbial taxa comprising spe-
cies potentially capable of direct arsenite oxidation were also
found to be present in the sand filter. Overall, the sand filter com-
munity was clearly dominated by NO3-oxidizing bacteria of the
phylum Nitrospira and by ammonia-oxidizing archaea of the phy-
lum Thaumarchaeota suggesting an important contribution of
microbial nitrification to NH} removal from the filtered groundwa-
ter. Although the mere detection and quantification of microbial
taxa does not ascertain that the corresponding microorganisms
are metabolically active, our analysis of the microbial community
composition of the sand filter suggests that As and Fe redox trans-
formations in the filter are to a large extent driven by abiotic pro-
cesses while NH; and Mn oxidation are mainly biotic. In
conclusion, it is the intricate interplay of biotic and abiotic redox
transformation processes that contribute to the efficiency of the
sand filter and the removal As, Fe, Mn, and NH} from the
groundwater.

4.5. Implications

An understanding of the microbial processes in the sand filter
that affect the geochemistry of the filtered water is critical for tech-
nology implementation and to assure consistent water quality.
However, to what extent the insights on biological water treatment
processes obtained from this study can be transferred to other sand
filters will strongly depend on local water geochemistry, the compo-
sition of the sand used to construct the filter, and the structure and
function of the seeding microbial community that comes with it.

Our findings might be relevant for the application of sand filters
in centralized drinking water distribution systems (DWDS). Sand
filter colonization presents a possible survival strategy for micro-
bial communities in DWDS and these microbial communities
might represent both a remediation strategy but also a potential
risk for maintaining drinking water quality via sand filters.
Managing sand filter microbial communities might constitute an
effective alternative to control the degradation and removal of
emerging bioreactive and persistent chemicals from diverse
sources that are becoming more frequently detected in water
resources in the pg L~! and pg L~! range (anthropogenic micropol-
lutants) (Benner et al.,, 2013). On the other hand, biofilters as
microbial habitat might constitute a potential source for undesir-
able microorganisms (e.g. pathogenic bacteria, corrosion or odor
causing bacteria) into the downstream DWDS. Therefore it is
essential to identify the forces (i.e. filter configuration, local water
geochemistry) that shape the microbial community structure and
its distribution within sand filters in order to derive strategies for
safe and effective filter operation.
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Appendix A. Supplementary material

The SI includes detailed descriptions of the material and meth-
ods used for the geochemical characterization of the filter sand, the
MPN counts, and the preparation of the amplicon libraries. The SI
includes the following tables and figures: Table SI 1. Standards,
vectors, primers and thermal profiles used in qPCR assays for dif-
ferent target genes; Table SI 2. pH values, water content and total
organic carbon of the sand collected at different filter depths;
Table SI 3. Richness estimators and diversity indices based on
97% sequence identity calculated for bacterial 16S rRNA amplicon
libraries obtained from water samples, sand samples from different
filter depth, and the original filter sand; Table SI 4. Richness esti-
mators and diversity indices based on 97% sequence identity calcu-
lated for archaeal 16S rRNA amplicon libraries obtained from water
samples, sand samples from different filter depth, and the original
filter sand; Fig. SI 1. Rarefaction curves for 16S rRNA amplicon
libraries of the different water, filter sand, and original sand sam-
ples; Fig. SI 2. Relative abundance of sequences belonging to
OTUs of the phylum Nitrospirae from the different water, filter
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sand, and original sand samples; Fig. SI 3. Relative abundance of
sequences belonging to OTUs of the Soil Crenarchaeotic Group
(SCG) in the different water, filter sand, and original sand samples;
Fig. SI 4. Relative sequence abundance of the genus Nitrosomonas
sp. the genus Nitrospira sp., the order “Candidatus
Nitrososphaera” and the unclassified SCG throughout the filter.
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemosphere.
2015.05.032.
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