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Summary

Nitrospira are the most widespread and diverse
known nitrite-oxidizing bacteria and key nitrifiers in
natural and engineered ecosystems. Nevertheless,
their ecophysiology and environmental distribution
are understudied because of the recalcitrance of
Nitrospira to cultivation and the lack of a molecular
functional marker, which would allow the detection of
Nitrospira in the environment. Here we introduce
nxrB, the gene encoding subunit beta of nitrite
oxidoreductase, as a functional and phylogenetic
marker for Nitrospira. Phylogenetic trees based on
nxrB of Nitrospira were largely congruent to 16S ribo-
somal RNA-based phylogenies. By using new nxrB-
selective polymerase chain reaction primers, we
obtained almost full-length nxrB sequences from
Nitrospira cultures, two activated sludge samples,
and several geographically and climatically distinct
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soils. Amplicon pyrosequencing of nxrB fragments
from 16 soils revealed a previously unrecognized
diversity of terrestrial Nitrospira with 1801 detected
species-level operational taxonomic units (OTUs)
(using an inferred species threshold of 95% nxrB
identity). Richness estimates ranged from 10 to 946
coexisting Nitrospira species per soil. Comparison
with an archaeal amoA dataset obtained from the
same soils [Environ. Microbiol. 14: 525-539 (2012)]
uncovered that ammonia-oxidizing archaea and
Nitrospira communities were highly correlated across
the soil samples, possibly indicating shared habitat
preferences or specific biological interactions among
members of these nitrifier groups.

Introduction

Nitrification, the microbially catalysed oxidation of
ammonia to nitrate, is a key process of the biogeochemical
nitrogen cycle in virtually all aerobic ecosystems. Aside
from its crucial role in nature, nitrification is essential in
biological wastewater treatment for the removal of excess
nitrogen (Daims and Wagner, 2010) but causes problems
in agriculture by mobilizing nitrogen in fertilized soils
(Prosser, 2011). Nitric oxide and nitrous oxide are gaseous
by-products of nitrification and belong to the most potent
greenhouse gases (Stein, 2011). In-depth biological knowl-
edge of nitrification will thus be required to achieve a
sustainable agriculture and reliable sewage treatment
and to better assess the impact anthropogenic nitrogen
deposition has on the nitrogen cycle (Gruber and Galloway,
2008).

The first step of nitrification (ammonia oxidation to nitrite)
is catalysed by chemolithoautotrophic ammonia-oxidizing
bacteria (AOB) and archaea (AOA), whereas the second
step (nitrite oxidation to nitrate) is carried out by
chemolithoautotrophic nitrite-oxidizing bacteria (NOB).
Because nitrifiers are generally recalcitrant to cultivation,
molecular methods have been the tools of choice to detect
and quantify these organisms in most studies on nitrifica-
tion in natural or engineered systems. Widely used
approaches to directly detect nitrifiers are 16S ribosomal
RNA (rRNA) sequencing and fluorescence in situ hybridi-
zation (FISH) with rRNA-targeted oligonucleotide probes
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(reviewed by Daims ef al., 2009). In addition, the gene
coding for the alpha subunit of ammonia monooxygenase
(amoA), which is present in all known AOB and AOA
(Rotthauwe et al., 1997; Purkhold efal.,, 2000; Pester
et al, 2011), has found wide application as a functional
marker gene for ammonia oxidizers (e.g. Juretschko et al.,
1998; Francis et al., 2005; Leininger et al., 2006; Tourna
etal, 2008; Gubry-Rangin etal., 2011; Pester etal.,
2012). Afunctional marker gene, whose evolution was not
heavily influenced by lateral gene transfer, is also a useful
phylogenetic marker. Such marker genes enable the con-
comitant detection and identification of uncultured
members of a microbial guild based on their placement in
phylogenetic trees. This criterion is met by amoA, which
furthermore provides a higher phylogenetic resolution than
16S rRNA for the differentiation of closely related ammonia
oxidizers (Purkhold et al., 2000; Pester et al., 2012).

In sharp contrast to the ammonia oxidizers, the ecology
of NOB has surprisingly received little attention in nitrifi-
cation research. The resulting knowledge gap needs to be
filled because nitrite oxidation is the major known biologi-
cal source of nitrate, a key electron acceptor for anaerobic
respiration and one of the most abundant forms of fixed
nitrogen in terrestrial and aquatic ecosystems (e.g.
Gruber, 2004). The genus Nitrospira, which belongs to the
distinct phylum Nitrospirae (Ehrich etal., 1995), com-
prises the most diverse and environmentally widespread
known NOB that are also the dominant nitrite oxidizers in
most wastewater treatment plants (e.g. Watson et al,,
1986; Juretschko etal, 1998; Daims etal, 2001;
Lebedeva et al., 2005). This genus consists of at least six
phylogenetic lineages (Daims etal., 2001; Lebedeva
et al., 2008; 2011), whose mainly uncultured members
show pronounced divergence at the 16S rRNA level
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(sequence similarities between lineages are < 94%).
Although an encompassing set of Nitrospira-specific 16S
rRNA-targeted FISH probes exists (Juretschko etal.,
1998; Schramm et al., 1998; Daims et al., 2001; Maixner
et al., 2006; Foesel et al., 2008), the diversity within this
genus hampers the design of Nitrospira-specific rRNA-
targeted polymerase chain reaction (PCR) primers that
would cover all known lineages. Published PCR primers,
some based on modifications of FISH probes, target only
particular Nitrospira lineages and/or do not reliably dis-
criminate against non-target organisms (e.g. Dionisi et al.,
2002; Freitag et al., 2005; Maixner et al., 2006). No func-
tional gene has been established yet as marker for detect-
ing and identifying Nitrospira or other NOB except
Nitrobacter (see below). Thus, the knowledge of NOB
ecology is very limited partly because of the lack of spe-
cific molecular tools for detecting uncultured Nitrospira
(and other NOB) in environments that are not easily ame-
nable to FISH, like most soils, and for monitoring the
metabolic activity of NOB based on the expression of
specific functional genes.

The best candidate to become a specific functional
marker for NOB is the key enzyme of nitrite oxidation,
nitrite oxidoreductase (NXR). This membrane-associated
enzyme occurs in two phylogenetically distinct forms,
one cytoplasmic type found in the NOB Nitrobacter,
Nitrococcus and Nitrolancetus (Sorokin et al., 2012), and
one periplasmic type found in Nitrospira and Nitrospina
(Spieck and Bock, 2005; Licker etal., 2010; 2013)
(Fig. 1). Both NXR forms belong to the complex iron—
sulphur molybdoenzyme (CISM) family (Rothery et al.,
2008) and consist of an alpha (NxrA), beta (NxrB) and
gamma (NxrC) subunit (Spieck et al., 1998; Licker et al.,
2010). While NxrA contains the substrate-binding site, the
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Fig. 1. Schematic illustration, based on NxrB phylogeny, of the known NXR lineages and their affiliation to nitrate reductases (NarH). The
coverage and specificity of the Nitrospira nxrB-targeted PCR primers designed in this study and of Nitrobacter nxrB-targeted primers
(NxrB-1F/R) developed previously (Vanparys et al., 2007) are indicated by brackets. Green brackets indicate the reported primer pair
specificity. Blue brackets indicate potential coverage of non-target organisms of primer pairs due to missing or weak base mismatches in at
least one of the primer target regions of the respective genes. Brackets for the same primer pair are grouped by boxes. For a detailed
phylogenetic analysis of NxrB and related proteins, please refer to Liicker and colleagues (2013).
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Table 1. Newly designed PCR primers targeting the nxrB genes of Nitrospira.

Primer Sequence (5-3") Target site? Amplicon size (bp) Specificity

nxrB14f ATA ACT GGC AAC TGG GAC GG 14-33 1245 Nitrospira lineages |, II, and V°
nxrB1239r TGT AGATCG GCT CTT CGA CC 1239-1258

nxrB19f TGG CAA CTG GGA CGG AAG ATG 19-39 1239 All Nitrospira lineages®®
nxrB1237r GTA GAT CGG CTC TTC GAC CTG 1237-1257

nxrB169f TAC ATG TGG TGG AAC A 169-184 485 All Nitrospira lineages
nxrB638r CGG TTC TGG TCR ATC A 638-653

a. Positions relative to the nxrB (NIDE3256) gene of N. defluvii (Liicker et al., 2010).
b. Different annealing temperatures were required for nxrB amplification from the tested Nitrospira cultures and environmental samples.

c. Did not amplify nxrB of Hyrtios proteos (marine sponge) symbionts.

NxrB and NxrC subunits channel electrons derived from
nitrite towards the membrane-bound respiratory chain. In
addition, NxrC functions as membrane anchor of the
holoenzyme. In pioneering studies, PCR primers targeting
the nxrA or nxrB genes of Nitrobacter were developed and
tested (Vanparys etal, 2007; Poly et al., 2008; Wertz
etal, 2008). Both genes were useful to differentiate
closely related Nitrobacter strains in pure cultures and soil
samples. However, the primers do not cover the nxr
genes of other NOB such as Nitrospira (Wertz et al.,
2008) (Fig. 1).

Until recently, nxrA or nxrB-targeted primers for
Nitrospira could not be developed because of lacking
genome sequences from this genus. This situation has
improved since one Nitrospira genome has been fully
sequenced (Lucker etal, 2010) and a second draft
genome sequence has been obtained (H. Koch, A.
Galushko, M. Albertsen, C. Dorninger, A. Schintimeister,
S. Lucker, A. Richter, E. Spieck, P.H. Nielsen, M. Wagner
and H. Daims, unpubl. data). In this study, we used these
genome sequences to design novel PCR primers that
target the nxrB gene of Nitrospira and demonstrate that
they cover all known lineages of this genus. Phylogenetic
analyses of nitrospiral nxrB demonstrated consistent
topologies to 16S rRNA trees, showing that nxrB is a
useful functional and phylogenetic marker for the most
diverse and widespread group of NOB. Moreover, a pro-
tocol and analysis pipeline for amplicon pyrosequencing
of partial nxrB genes of Nitrospira were established and
used to analyse the Nitrospira communities in geographi-
cally distant soils.

Results

nxrB is a functional and phylogenetic marker for
Nitrospira

The major goal of this study was to establish a functional
marker gene assay that targets NOB of the genus
Nitrospira. In silico screening of the three NXR subunits in
all published genomes of NOB revealed that for all subu-
nits, paralogs exist in at least some species. As sequence

homology of NxrB paralogs within a given strain was
highest (Table S1), nxrB was selected for primer design
and evaluation. Based on the alignment of the two nearly
identical nxrB copies found in the Ca. Nitrospira defluvii
genome (Licker etal., 2010) and several partial nxrB
sequences from the Nitrospira moscoviensis draft
genome (Koch et al., unpubl. data), a first primer pair
covering almost the entire nxrB gene was designed
(nxrB14f/nxrB1239r, Table 1). By using this primer pair,
almost full-length nxrB genes (1245 of 1289 bp in Ca.
N. defluvii) were amplified from Ca. N. defluvii (Nitrospira
lineage 1), N. moscoviensis (lineage Il), Ca. Nitrospira
bockiana (lineage V), activated sludge from two full-scale
wastewater treatment plants in Vienna, and Austrian
beech and primeval forest soils. No amplicons were
obtained from biomass of the other cultured Nitrospira
[Nitrospira marina and Nitrospira strain Ecomares 2.1
(both lineage IV) and Nitrospira calida (lineage VI)]. To
achieve a broader coverage of the genus Nitrospira, a
second primer pair (nxrB19f/nxrB1237r, Table 1) was
designed based on the extended dataset, which included
the new nxrB sequences obtained by using the first primer
pair. Use of these primers resulted in the amplification of
1239 bp-long nxrB fragments from N. marina, Nitrospira
strain Ecomares 2.1, N. calida and from enrichments of
NOB from two Russian hot springs (Gorjachinsk and
Uzon). Thus, this primer pair covered the nxrB genes of
the tested representatives from all Nitrospira lineages
except lineage lll, for which no culture has been described
and an environmental sample containing these NOB was
not available.

Neither of the two primer pairs allowed the successful
and specific nxrB amplification from all tested Nitrospira
cultures and environmental samples by using a single
annealing temperature in PCR. Instead, the success of
PCR varied with the cultures or samples and the applied
annealing temperatures (58-68°C for primers nxrB14f/
nxrB1239r and 48-59°C for primers nxrB19f/nxrB1237r).
These results indicate that the primers likely have unknown
base mismatches to their respective binding sites in the
nxrBgenes of different Nitrospira. Therefore, these primers
should be applied with care in environmental studies,
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although they proved highly useful to extend our nxrB
reference database by almost full-length sequences.
Based on this extended dataset, we finally designed a
third primer pair (nxrB169f/nxrB638r, Table 1) that
targets internal conserved regions of all retrieved
Nitrospira nxrB sequences. With this primer pair, 485 bp-
long nxrB fragments were successfully amplified from all
tested Nitrospira spp. and from a pooled sample of ten
Namibian soils by using the same PCR conditions (anneal-
ing at 56.2°C) in all reactions. In addition, it was the only
primer combination that yielded nxrB amplicons from the
marine sponge Hyrtios proteus. Based on its broadest
coverage and applicability for next-generation amplicon
sequencing (see below), we propose to use this primer pair
for environmental surveys. However, the forward primer
(nxrB169f) has no base mismatches to the nxrB of
Nitrospina, Nitrococcus and Nitrolancetus and to the nxrB-
like gene of Ca. Methylomirabilis oxyfera, as well as to
some nitrate reductase subunit beta (narH) genes. The
reverse primer (nxrB638r) has three mismatches to
the nxrB of Nitrospina and to some narHtowards the 5’-end
of the primer, possibly not preventing extension from
the 3’-end during PCR. Therefore, use of this primer pair
may lead to the unspecific amplification of non-Nitrospira
genes if the PCR stringency is too low. The in silico
specificities of the new nxrB-targeted primers are illus-
trated in Fig. 1.

To make our phylogenetic analysis of Nitrospira nxrB as
comprehensive as possible, we screened the NCBI,
IMG/M, CAMERA and MG-RAST databases for additional
publicly available entries of this gene, which cover at least
the length of the shortest nxrB fragments as retrieved with
the nxrB169f/nxrB638r primer pair. One nxrB sequence
from an Alaskan permafrost soil metagenome (IMG/M-ID
2124908044) was the only hit with an identity below 97%
to any nxrB sequence in our seed database and was
included in our database.

A prerequisite for a functional and phylogenetic marker
is a congruent evolutionary history with the 16S rRNA of
the respective organisms. This condition is based on the
assumption that the 16S rRNA phylogeny closely mirrors
the true organismal phylogeny (Woese, 1987). To obtain a
comprehensive and up-to-date 16S rRNA-based phylog-
eny of Nitrospira, we used all Nitrospira-related entries in
the non-redundant SILVA 111 database (Pruesse et al.,
2007) that fulfilled the SILVA quality criteria and were at
least 1440 bp in length. Based on the nxrB and 16S rRNA

databases, we calculated neighbor joining, maximum par-
simony, maximum likelihood and Bayesian inference
phylogenetic trees, which were combined in one consen-
sus tree for each marker. The six 16S rRNA-based, pre-
viously proposed phylogenetic lineages within the genus
Nitrospira (Daims et al., 2001; Lebedeva et al., 2008;
2011) were corroborated by our 16S rRNA-based analysis
using the updated sequence database (Fig. S1). Accord-
ing to the criteria used earlier (Daims etal., 2001), a
Nitrospira lineage should be monophyletic in all 16S
rRNA-based trees calculated by different algorithms and
should have high bootstrap support in the majority of
trees, while the 16S rRNA sequence identity between the
members of different lineages should be below 94%.
Remarkably, no additional lineages could be defined
based on these criteria and the updated dataset.
However, several sequences fell between the six stable
lineages and formed clusters with weak bootstrap support
(Fig. S1). These clusters may fulfill the criteria for stable
lineages in future analyses if more high-quality 16S rRNA
gene sequences related to Nitrospira become available.

A comparison of the nxrB and 16S rRNA-based con-
sensus trees revealed congruent topologies with high
bootstrap support for all lineages that contained charac-
terized nitrite-oxidizing Nitrospira as anchor points
(Fig. 2A). Only Nitrospira lineage Il, represented by one
monophyletic group in the 16S rRNA-based tree, was
split in three distinct but closely related lineages in
the nxrB tree with high bootstrap support for most of
these branches (Fig. 2A). Lineage Il encompassed N.
moscoviensis, Nitrospira clones from two Austrian forest
soils, the nitrite-oxidizing enrichment BS10 and the nxrB
sequence from an Alaskan permafrost soil metagenome
(Fig. 2A and B). The more complex topology of lineage I
in the nxrB tree may result from a higher phylogenetic
resolution of nxrB and indicate that this lineage consists of
several subgroups, which were not clearly resolved by the
16S rRNA-based phylogenetic reconstruction (Figs 2A
and S1). Moreover, according to the nxrB analysis lineage
Il is paraphyletic, suggesting that lineage | evolved from
an ancestor in lineage Il (Fig. 2A). Alternatively, the
branching pattern of the nxrB tree might reflect a
functional diversification of nxrB within lineage Il, which
splits this clade because of functionally rather than
phylogenetically caused sequence dissimilarities and
groups some members of lineage Il with lineage I. We can
also not exclude lateral gene transfer of nxrB between

Fig. 2. Comparison of nxrB- and 16S rRNA-based phylogenies of (A) nitrite-oxidizing Nitrospira and (B) detailed view of the Nitrospira nxrB
phylogeny. A detailed view of the Nitrospira 16S rRNA-based phylogeny is provided in Fig. S1. The Uzon hot spring and Nullarbor cave
clusters (panel A) lack sequences in the respective other dataset. Both panels show majority rule consensus trees. Bootstrap support is
indicated at individual branches. In total, 1197 and 1427 unambiguously aligned nucleotide positions were used in the nxrB and 16S rRNA
analysis, respectively, and branches leading to shorter sequences are indicated by dotted lines. The scale bar indicates 10% (panel A) or 5%

(panel B) estimated sequence divergence.
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linages Il and I. Two nxrB sequences from thermophilic
Nitrospira enrichments from the Uzon Caldera,
Kamchatka (Russia), formed a distinct cluster (Fig. 2A
and B), indicating that they might represent a novel
Nitrospira lineage. Indeed, a 16S rRNA sequence
retrieved from one of these enrichments (Kamchatka
clone Ns4a) fell into the genus Nitrospira, but did not
cluster with significant bootstrap support with any estab-
lished Nitrospira lineage in the phylogenetic analyses
carried out here (Fig. S1) and previously (Lebedeva et al.,
2011). However, the enrichments may contain more than
one Nitrospira strain, and it remains unclear whether the
nxrB and 16S rRNA sequences originated from the same
strain. A comparison of the 16S rRNA and nxrB branching
patterns was not possible for Nitrospira lineage Il
because no nxrB sequence from this lineage was avail-
able (Fig. 2A). Aside from these uncertainties, the recon-
structed phylogenies of the Nitrospira nxrB and 16S rRNA
genes were overall highly congruent, and thus we con-
clude that nxrB is a useful functional and phylogenetic
marker for nitrite-oxidizing Nitrospira.

The topology of the nxrB consensus tree was based on
near full-length nxrB sequences. Subsequently, this tree
was extended by adding shorter sequences, which had
been obtained by PCR using the primer pair nxrB169f/
nxrB638r, cloning and Sanger sequencing. One short
nxrB sequence from Alaskan permafrost soil, retrieved
during the aforementioned metagenomic database
search, was also added. This sequence from permafrost
soil, and the nxrB of enrichment BS10, clustered with nxrB
sequences from two different Austrian forest soils
(Fig. 2B). Because enrichment BS10 and 16S rRNA gene
sequences retrieved from the same two Austrian forest
soils fell into Nitrospira lineage Il in the 16S rRNA-based
analysis (Fig. S1), this whole cluster was assigned to
lineage Il in the nxrB tree, too (Fig. 2B). In contrast, nxrB
sequences obtained from Namibian soils formed three
new clusters, two of which branched off between
Nitrospira lineages | and Il and the third one close to the
root of the Nitrospira nxrB tree (Fig.2B). The nxrB
sequences retrieved from the marine sponge H. proteus
clustered together with the nxrB sequences of Nitrospira
lineage IV, which reportedly contains sponge-associated
Nitrospira (Taylor et al., 2007; Off et al., 2010). However,
because the Namibian soil and the sponge nxrB
sequences cannot be linked to any 16S rRNA gene
sequences at present, it remains unclear whether the
respective Nitrospira represent novel lineages of this
genus or should be assigned to lineages defined previ-
ously based on 16S rRNA phylogeny.

Genomic copy numbers of nxrB varied from two copies
found in the sequenced genome of Ca. N. defluvii to six
copies found by PCR screening in N. marina, and all
copies from the same species where phylogenetically

closely related (Fig.2B). The ranges of nucleic acid
sequence identity among the nxrB copies of the same
species were considerably different, with a maximum
identity of 99.9% observed in Ca. N.defluvii and a
minimum identity of 96.7% observed in N. moscoviensis
and in strain Ecomares 2.1. However, nxrB genes were
always more divergent between different species than
within the same genome (Table S2). This pattern gener-
ally applied also at the amino acid level, although few
NxrB copies had a slightly higher amino acid identity
across species than within the same organism (Table S3).
Pairwise comparison of the nxrB and 16S rRNA gene
identities between different Nitrospira revealed that nxrB
is less conserved than the 16S rRNA (Fig. 3). For both
genes, N. marina and Nitrospira strain Ecomares 2.1 were
most closely related with 99.1% sequence identity of the
16S rRNA gene and ~95% nucleic acid identity of nxrB
(Table S2). The high 16S rRNA identity and similar fatty
acid profiles of these two organisms (Keuter et al., 2011)
are contrasted by the stronger tendency of strain
Ecomares 2.1 to produce extracellular polymeric sub-
stances and form biofilm and by the much higher nitrite
tolerance of this culture compared with the type strain of
N. marina (Watson et al., 1986; Keuter et al.,, 2011). In
absence of DNA-DNA hybridization data or sequenced
genomes, which would allow the calculation of the
average nucleotide identity (Richter and Rossello-Mora,
2009), it is currently not possible to assess whether
N. marina and strain Ecomares 2.1 represent the same or
different Nitrospira species. Taking 99% sequence identity
of 16S rRNA as an approximate threshold below which
microbes can be assigned with a high probability to dif-
ferent species (Stackebrandt and Ebers, 2006), we
propose based on the comparison depicted in Fig. 3 that
nxrB sequences with less than 95% nucleic acid
sequence identity likely represent different Nitrospira
species. Considering 95% nxrB identity as species-level
cut-off, our Nitrospira nxrB reference database contained
25 species-level OTUs.

High Nitrospira richness in a selection of geographically
distant soils

To assess the applicability of nxrB as functional and
phylogenetic marker for Nitrospira in ecological studies,
we investigated the diversity of this gene in a selection of
geographically and climatically distinct soils by using
the primer pair nxrB169f/nxrB638r and 454 amplicon
sequencing. In particular, we aimed to test whether the
primers would mainly retrieve Nitrospira nxrB genes and
no other, unspecific amplicons and whether the approach
could detect novel Nitrospira representatives. In addition,
our goal was to obtain first insights into the diversity of
terrestrial Nitrospira as these organisms have barely been
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Fig. 3. Pairwise sequence identity
comparison of the nxrB copies and 16S rRNA
genes from enriched or isolated Nitrospira.
Data points representing pairwise
comparisons of gene copies from the same
organism are enclosed by a rectangle. Data
points representing pairwise comparisons of
gene copies from N. marina and Nitrospira
strain Ecomares 2.1, whose classification as
the same or different species is unclear, are
encircled by an ellipsis. Sequences with less
than 99% identity at the 16S rRNA level are
considered to belong to different species
(Stackebrandt and Ebers, 2006). The
organisms included in this analysis are listed
in Table S2.
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studied in soils and not yet by a specific deep-sequencing
approach. The analysed soils encompass locations in
Southern Africa (Namibia), Central America (Costa Rica),
Central Europe (Austria) and the Arctic (Greenland)
(Table S4). Our quality screening resulted in 101 844
high-quality reads with a median sequence length of
452 bp (read lengths ranged from 390 to 490 bp) and
identified 34 chimeras at the 97% nucleic acid identity
clustering level, which represented 213 nxrB reads in
total. Phylogenetic classification of these reads using the

Bayesian classifier of the mothur software and the nxrB/
narH dataset (Fig. 1) revealed that for each soil, on
average 94% of the reads were affiliated to Nitrospira
nxrB (Table 2). This large fraction clearly documents the
high selectivity of the primer pair nxrB169f/nxrB638r for
nxrB of Nitrospira under the applied PCR conditions.
Merely in two soils from Costa Rica only 53 and 66% of
the sequence reads were affiliated to Nitrospira nxrB. The
obtained non-Nitrospira nxrB reads were related to other
groups within the CISM enzyme family. For example,

Table 2. Pyrosequencing results and observed or estimated numbers of OTUs based on reads that were affiliated to Nitrospira nxrB.

95/90/80% nxrB identity

Number of Number of
Geographic unaffiliated Nitrospira nxrB Good’s Number of Chao1 richness ACE richness
location Sample reads reads coverage?® observed OTUs estimator estimator
Namibia Dry woodland #06 37 3316 0.978 212/107/24 287/125/26 369/134/28
Dry woodland #11 85 800 0.899 184/97/23 279/126/24 285/119/27
Dry woodland #16 64 9023 0.982 576/191/27 739/216/28 733/207/29
Arable soil #04 119 15137 0.987 645/222/29 907/241/31 857/247/35
Arable soil #08 814 9463 0.984 511/196/28 658/217/28 658/222/28
Arable soil #14 722 5173 0.976 422/171/29 558/186/29 534/190/30
Fallow soil #01 74 3621 0.975 295/123/22 384/133/25 378/139/24
Fallow soil #10 43 492 0.888 109/67/14 192/92/14 185/114/14
Fallow soil #17 1191 21813 0.991 764/253/34 946/284/35 937/280/35
Fallow soil #23 360 3479 0.972 312/143/25 465/198/26 399/164/26
Costa Rica Rain forest 1037 1156 0.997 8/6/4 10/7/4 14/9/4
Arable soil 769 1480 0.990 44/26/13 59/32/15 80/43/18
Austria Riparian forest 148 4454 0.991 149/52/11 190/63/11 192/61/11
Spruce forest 587 6630 0.998 63/28/12 74/33/13 72/32/14
Arable soil 50 4629 0.995 86/44/17 129/74/27 128/116/77
Greenland Tundra soil 54 5024 0.998 53/19/7 58/19/7 62/20/9

a. Calculated from the number of OTUs (at 95% nxrB identity level) represented by only one quality-controlled 454 read (N;) and the total number
of quality-controlled 454 reads (N) as 1 — (Ny/N).
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several of these reads fell between the nxrB forms of
Nitrospira and Nitrospina gracilis (but clearly outside the
known genus Nitrospira) or were affiliated with putative
bacterial and archaeal narH genes (data not shown).

As suggested by the Good’s coverage parameter
(Good, 1953), which was above 0.97 for most of the
analysed soils (Table 2), the sequencing depth was suffi-
cient to cover a large fraction of the Nitrospira richness at
the approximate species level (95% nxrB nucleic acid
identity) in these soils. However, in several cases, non-
parametric richness estimators predicted numbers of
species-level OTUs that were substantially higher than
the observed OTU numbers (Table 2). Intriguingly, a high
Nitrospira species-level OTU richness was detected in
most of the soil samples (Table 2). For example, for the
two Namibian soils with more than 15000 sequence
reads the non-parametric richness estimators predicted
up to 946 Nitrospira species-level OTUs (Table 2). With
90% nucleic acid sequence identity as OTU threshold, the
average numbers of estimated OTUs in the Namibian
soils were still as high as 181 (Chao1) or 182 (ACE).

Novel Nitrospira species are present in the
analysed soils

At a nucleic acid sequence identity level of 95% the nxrB
sequence reads obtained from the different soils
represented 1801 different species-level OTUs, which
increased the known diversity of Nitrospira species by two
orders of magnitude compared with the nxrB seed data-
base established by Sanger sequencing. A large fraction
(68%) of these nxrB sequence reads fell into one of the
previously defined Nitrospira lineages and soil clusters
already represented in the nxrB database (Fig. 2B). Most
of these sequence reads belonged to the Austrian forest
soil cluster within Nitrospira lineage 1l (sequences from
the Austrian riparian and spruce forest soils as well as the
Greenland tundra soil) or belonged to Namibia soil clus-
ters 1 and 2 (sequences from all Namibian soils and the
Austrian arable soil) (Table S5). The remaining 32% of the
obtained nxrB sequence reads fell outside the already
established nxrB lineages/soil clusters. At a nucleic acid
sequence identity level of 95%, these nxrB sequence
reads represented 908 species-level OTUs. These novel
nxrB were also clustered at 80% sequence identity, a
value chosen arbitrarily to get a better overview of this
large sequence diversity. This grouping resulted in 31
novel ‘454 clusters’ that were dispersed throughout the
Nitrospira nxrB consensus tree, with the exception of
lineage IV (Fig. 4). Many of these 454 clusters (13 of 31)
shared a common ancestor with Nitrospira lineage V,
whereas the second largest group (12 of 31) branched off
between Nitrospira lineages | and Il (Fig. 4). Interestingly,
the Costa Rican rain forest and arable soils were both

dominated by this novel nxrB diversity, with 454 cluster 1
(related to Namibian soil cluster 2) and 454 cluster 3
(related to N. moscoviensis) being the most abundant
detected Nitrospira nxrB in these samples. All Namibian
soils and the tundra soil from Greenland also showed a
considerable relative abundance of novel nxrB types, in
particular 454 cluster 8 in Namibian soils and 454 clusters
12 and 16 in the tundra soil (Table S5). These novel 454
clusters shared a common ancestor with Nitrospira
lineage V (Fig. 4).

Discussion

Despite their ecological and biotechnological importance,
Nitrospira are barely studied nitrifiers. Whereas most
research on these organisms has focused on the repre-
sentatives living in wastewater treatment plants, only few
studies started to explore the ecology of Nitrospira in
natural ecosystems (Freitag et al., 2005; Lebedeva et al.,
2005; Attard et al., 2010; Haaijer et al., 2013). Here we
introduce the nxrB gene as a functional marker for the
detection and identification of Nitrospira in environmental
samples. Aside from being a specific functional marker,
nxrB provides a robust phylogenetic framework to distin-
guish uncultured Nitrospira even at the sublineage level
and to discover novel diversity within this genus. Based
on the reference sequences from cultured Nitrospira, we
could define a nucleotide sequence identity cut-off
(95%), which is useful to distinguish Nitrospira species by
using nxrB as marker gene. However, because of the
sequence divergence among the paralogous nxrB copies
(Table S2), OTU formation based on nxrB identity thresh-
olds above 95% could lead to an overestimation of
Nitrospira diversity at the subspecies level. Furthermore,
the range of nxrB copy numbers in different Nitrospira
genomes (Fig. 2B) should be taken into account when
using nxrB as target gene for quantitative PCR (gqPCR)
analyses of Nitrospira. This issue of gPCR is not restricted
to nxrB but applies to all markers with varying gene copy
numbers, such as amoA (Norton et al., 2002) and the 16S
rRNA gene (Farrelly et al., 1995). Only a very limited set of
nxrB sequences had been available as basis for the
design of new nxrB-targeted PCR primers, but by using
an iterative primer design process two primer pairs were
developed for which excellent coverage of Nitrospira nxrB
genes could be experimentally demonstrated. With these
primers, numerous novel representatives outside the pre-
viously known Nitrospira clades from various soils and a
marine sponge were recovered (Figs 2 and 4), and an
next generation sequencing-based pipeline for the analy-
sis of environmental nxrB was established.

Nitrospira are generally considered to be obligate
autotrophic nitrite oxidizers with only limited mixotrophic
capabilities (Watson etal, 1986; Ehrich etal, 1995;
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Daims etal., 2001). Although this restricted lifestyle
appears to limit the number of ecological niches available
to these organisms, a surprisingly high diversity of coex-
isting Nitrospira was detected in most of the soils investi-
gated by nxrB amplicon pyrosequencing (Table 2). This
interesting phenomenon should be addressed in future
studies aimed to elucidate the physiological versatility of
uncultured terrestrial Nitrospira and the factors that shape
their community structure. In this context, an interesting
perspective arises from the mutualistic symbiosis
between ammonia and nitrite oxidizers (Stein and Arp,
1998). One may speculate that the community composi-
tion of ammonia oxidizers partly determines that of the
co-occurring nitrite oxidizers (and vice versa) if the inter-
actions between members of these guilds are specific
enough to have such selective power. For example, dif-
ferent Nitrospira are known to prefer different nitrite con-
centrations in their microenvironment (Maixner etal.,
2006). This property may favor co-occurrence with those
AOB or AOA whose ammonia oxidation kinetics ensures
that Nitrospira are locally provided with nitrite at their
respective concentration optima. Specific interactions
between nitrifiers may also include the exchange of
organic compounds or growth factors or the acquisition of
inorganic nutrients, especially if one of the partners lacks
important biosynthetic pathways. For instance, the
genome of the AOB Nitrosomonas europaea does not
code for siderophore synthesis, whereas it contains mul-
tiple genes of siderophore receptors (Chain et al., 2003).
These receptors may bind siderophores produced by
NOB such as Nitrobacter and Nitrospira (Starkenburg
et al., 2006; Licker et al., 2010). If specific interactions
partly define the ecological niches of symbiotic nitrifiers,
this might increase the total number of niches and could
be one factor supporting a high nitrifier diversity. Moreo-
ver, ecophysiological or biogeographical constraints on
the distribution of an ammonia or nitrite oxidizer clade
may influence the distribution of the preferred symbiotic
partners from the other functional group. This possible
scenario adds complexity to community structure analy-
ses of nitrifiers, as it implies that surveys of only one
nitrifier guild (for example, only AOA) may not provide all
data needed to explain the observed distribution and
abundance patterns. The aforementioned interactions
between nitrifiers have not been demonstrated in terres-
trial ecosystems yet. However, to illustrate the potential of
analysing both functional groups, we compared the nxrB
dataset obtained in this study to the thaumarchaeal amoA
dataset that was derived previously (Pester et al., 2012)
from exactly the same soil samples and DNA extractions.
Procrustes analysis uncovered that AOA and Nitrospira
communities were highly correlated across the soil
samples for both OTU presence/absence [r=0.95
(P=0.001)] as well as OTU relative abundance [r=0.93

(P=0.001)] (Fig. S2). We then examined correlations in
abundance of species-level OTUs within and between
AOA and Nitrospira in the Namibian soils, which represent
different soil management regimes in the same geo-
graphic area and climate (Fig. 5). As expected from the
high correlation observed in the Procrustes analysis,
several OTUs were highly correlated between the two
groups. Positive correlations between single amoA and
nxrB OTUs (e.g. amoA 043 and nxrB 0014) might indicate
either shared habitat preference or a mutualistic interac-
tion between the two organisms, and negative correla-
tions (e.g. nxrB 0480/0027) might result from either
divergent habitat preference or strong antagonism. Posi-
tive correlations between multiple amoA and nxrB OTUs
(e.g. amoA 011/029 and nxrB 1732/0428/1269/128) might
indicate a more complex interaction involving a number of
factors such as weak competition, and niche partitioning
either due to spatial structuring, due to different preferred
ammonium or nitrite levels (Maixner et al., 2006) or due to
heterogeneous alternative metabolisms. Positive correla-
tions between nxrB OTUs but with no thaumarchaeal
amoA OTUs (e.g. nxrB 0548/0055, or nxrB 0029/0012/
0003) might indicate that these OTUs are involved in
specific interactions with AOB, which were not analysed in
this study. Alternatively, these OTUs might even be
engaged in alternative metabolisms other than nitrite oxi-
dation. Correlation network analysis such as presented
here raises a number of fascinating alternative interpreta-
tions that cannot be resolved without more biological
information (Stecher et al., 2013).

The Nitrospira richness detected in most Namibian soil
samples was much higher than the richness in the non-
Namibian soils (Table 2). As the Namibian soils were
sampled at different sites in dry woodland, arable land
and fallows, no specific habitat type or soil treatment
regime could be linked to the high Nitrospira diversity
detected in these samples. The apparent difference in
richness might be caused by unknown environmental
factors, biological mechanisms and the different sample
size. However, interpretations of microbial community
surveys should also consider possible methodical biases.
Typical 454-pyrosequencing errors like homopolymer mis-
counts (Margulies et al., 2005) can lead to overestimation
of microbial diversity if OTUs are defined using high
sequence identity thresholds (> 97%) (Kunin et al., 2010).
Here we can largely exclude this bias because high nxrB
diversity was found even with a relatively low OTU clus-
tering threshold of 90%, where the influence of sequenc-
ing errors should be small. Moreover, our analysis
pipeline contains quality screening and trimming of
sequences (Chou and Holmes, 2001), filtering by
frameshift detection, and manual sequence curation and
chimera exclusion steps, which further decrease the
impact of common 454 pyrosequencing errors (Pester
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Fig. 5. Correlation network of amoA and nxrB OTUs in Namibian soils. Pairwise correlation coefficients were calculated and positive
correlations (> 0.8) are indicated as black edges and negative correlations (< —0.8) as red edges. Nodes are OTUs of amoA (square) or nxrB
(diamond) and are colored according to phylogeny presented here and in Pester and colleagues (2012).

et al., 2012). Consistently, the low diversity found in the (Table S6), thus likely represent rare Nitrospira species,
Costa Rican rain forest soil (Table 2) shows that the although we cannot exclude that some of these rare
analysis was not generally biased towards detecting infla- OTUs may result from undetected sequencing errors in
tionary diversities. Most of the OTUs, which were repre- single reads. Another possible, but also unlikely cause
sented by only one or two quality-controlled 454 reads of the observed richness differences could be DNA

© 2013 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
Environmental Microbiology, 16, 3055-3071



3066 M. Pester et al.

extraction biases. Because all characterized Nitrospira
have a Gram-negative cell wall with a wide periplasmic
space and a thin peptidoglycan layer (e.g. Watson et al.,
1986), and the same DNA extraction protocol was applied
to all soils for pyrosequencing (Table S4), Nitrospira cell
lysis efficiencies should have been similar for all samples.
The possibility that extracellular polymeric substances,
which often enclose Nitrospira microcolonies in aquatic
biofilms (Spieck et al., 2006), selectively impeded DNA
extraction from some strains cannot be evaluated at
present because nothing is known about the tendency of
terrestrial Nitrospira to form extracellular polymers. A
more likely source of bias could be extracellular DNA,
whose persistence is increased by adsorption to soil par-
ticles and varies with soil mineralogy and water content
(Blum et al., 1997). If DNA degradation was retarded in
the Namibian soils, for example, due to lower water
content, the detected richness may comprise both current
and previous Nitrospira community members, whereas
this ‘archiving effect’ would be less pronounced in other
soils with higher DNA degradation rates. Short DNA frag-
ments persist for extended periods rather than long DNA
molecules in soil (Blum et al., 1997). Thus, the issue of
extracellular DNA may be particularly significant for cur-
rently widely used amplicon pyrosequencing techniques
that handle only relatively short PCR products (which can
be obtained from short template molecules). Our analysis
could have been affected also by a still-incomplete primer
coverage of the extant Nitrospira nxrB diversity or by other
biases of PCR such as differential amplification (reviewed
by von Wintzingerode et al., 1997). Such problems are
not specific to nxrB and can never be completely excluded
in PCR-based microbial community analyses using func-
tional or phylogenetic marker genes.

Because nitrifiers maintain a high cellular ribosome
content even during prolonged starvation periods or when
chemically inhibited (Wagner etal., 1995; Morgenroth
etal.,, 2000), quantified amounts of rRNA or probe-
conferred fluorescence intensity after rRNA-targeted
FISH do not correlate with the metabolic activity of these
organisms. Past research showed that nxrB transcription
increased markedly after addition of nitrite to a starved
culture of Ca. N. defluvii, whereas the rRNA levels were
high during and after prolonged starvation periods (Lucker
etal,, 2010). These data suggest that nxrB mRNA is a
better indicator of Nitrospira activity than rRNA, and thus
the use of nxrB as genetic marker opens interesting new
perspectives for future studies on the metabolic activity
of uncultured nitrite-oxidizing Nitrospira. The Nitrospira
nxrB-targeted primers ideally complement previously pub-
lished nxrB primers specific for Nitrobacter (Vanparys
etal., 2007) (Fig. 1), so that these two important NOB
groups can be studied concomitantly in soil and other
ecosystems. A crucial task will now be the design and

evaluation of additional nxrB primers targeting the other
known NOB lineages (Fig. 1). We are confident that the
use of nxrB as marker will eventually accelerate research
on NOB in a similar manner as amoA has boosted a large
number of studies on ammonia oxidizers, leading to a
more complete picture of the nitrifiers than available
today.

Experimental procedures
Cultured Nitrospira and environmental samples

All cultures and environmental samples, which were
screened for Nitrospira nxrB genes, are listed together with
sampling details and DNA extraction methods in Table S4.
Briefly, nxrB sequences were retrieved from pure cultures of
N. moscoviensis, N. marina, N. calida, from highly enriched
cultures of Ca. N. defluvii and Ca. N. bockiana, from nitrite-
oxidizing enrichment cultures from hot springs in the Uzon
Caldera, Kamchatka, Russia (Lebedeva et al., 2011), and
from an additional Nitrospira culture (enrichment BS10, B.
Nowka, S. Off, H. Daims and E. Spieck, unpublished). Fur-
thermore, nxrB sequences of uncultured Nitrospira were
obtained from tissue of the marine sponge H. proteus, two
full-scale wastewater treatment plants in Vienna, Austria, and
from a selection of geographically and climatically distinct
pristine and agricultural soils.

PCR ampilification and cloning

PCR amplification of partial 16S rRNA genes of Nitrospira
spp. was carried out according to Maixner and colleagues
(2006). Three PCR protocols based on different primer pairs
(Table 1) were used to amplify nxrB fragments of various
lengths from 5 to 100 ng of genomic DNA, which was
extracted from environmental samples, or from heated cell
extracts of Nitrospira pure or enrichment cultures. The follow-
ing PCR reaction mixture was applied: 1 uM of each primer,
2 mM MgCl,, 0.2 mM of each dNTP, 10 ng pl™" bovine serum
albumin (optional), 1.25U Taq DNA polymerase and
1 x reaction buffer [all reagents were obtained from
Fermentas, St Leon-Rot, Germany, except primers (Thermo
Scientific, Ulm, Germany)]. Template DNA was initially dena-
tured at 95°C for 5 min followed by 35 cycles of denaturation
(95°C, 40 s), primer annealing (temperature depending on
the primer pair, see below, 40 s) and elongation (72°C, 90 s),
with 10 min of final extension at 72°C. With primer pair
nxrB14f/nxrB1239r, annealing temperatures between 58 and
68°C were applied in different PCR reactions. With primer
pair nxrB19f/nxrB1237r, annealing temperatures between 48
and 59°C were applied in different PCR reactions. For primer
pair nxrB169f/nxrB638r, the annealing temperature was
56.2°C in all reactions except the PCRs for 454 amplicon
sequencing (50°C, see below). The size of the PCR products
was checked by agarose gel electrophoresis. For cloning,
PCR products were loaded on a low-melting preparative
agarose gel (1.5%, Biozym Sieve GeneticPure Agarose,
Biozym, Hess. Oldendorf, Germany), and bands of the
expected size were cut out using a micro-haematocrit tube
(Brand, Wertheim, Germany). Gel pieces were melted at
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70°C, diluted with 100 pl of ultra-pure water, and the retrieved
PCR products were cloned in Escherichia coli by Topo TA
cloning (Life Technologies, Paisley, UK). Cloned inserts of the
right size were Sanger-sequenced by using the BigDye Ter-
minator Cycle Sequencing Kit v3.1 and an ABI 3130xI
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions.

Screening of public databases for Nitrospira nxrB

Based on near full-length Nitrospira nxrB sequences that
were retrieved by PCR in this study, we screened public
repositories for additional Nitrospira nxrB sequences by
tblastx analysis (Camacho et al., 2009). To define a bit score
threshold for the specific retrieval of Nitrospira nxrB
sequences, each entry of the Nitrospira nxrB in-house ‘seed’
database was used as Basic Local Alignment Search Tool
query against all other in-house Nitrospira nxrB sequences
and a set of outgroup genes. This outgroup comprised the
most closely related narH-like genes from the marine
metagenome HOTS (NCBI acc. ABEF01052189), from
Natronomonas pharaonis DSM 2160 (NCBI acc. NC_
007426.1), from Hydrogenobaculum strain YO4AAS1 (NCBI
acc. NC_011126) and the nxrB (formerly annotated as
narH) of Candidatus Kuenenia stuttgartiensis (NCBI acc.
CT573072). The highest bit score of the outgroup entries
+10% (to make the search more conservative) was then
used as the bit score threshold for the tblastx search. To
account for sequence divergence among the known
Nitrospira nxrB sequences, the bit score threshold was deter-
mined separately for each entry of the seed nxrB database.
Thereafter, each Nitrospira nxrB entry was used as query,
one by one and with its own bit score threshold, for screening
the NCBI non-redundant and environmental databases
(Benson et al., 2011), the IMG/M database (Markowitz et al.,
2008), the CAMERA database (Sun etal, 2011) and the
MG-RAST database (Meyer et al., 2008) (status June 2012).
All sequences showing > 97% nucleic acid sequence identity
with a seed database entry were not considered further to
reduce sequence redundancy.

Phylogenetic analysis of nxrB and 16S rRNA genes

Phylogenetic analysis of nxrB and 16S rRNA gene
sequences was done using 1197 and 1427 unambiguously
aligned nucleotide positions respectively. For reconstruction
of the nxrB phylogeny, nucleic acid sequences were preferred
over deduced amino acid sequences because of their higher
phylogenetic resolution (Tables S2 and S3). No nxrB or 16S
rRNA sequence conservation filters were applied to achieve
the best possible phylogenetic resolution within the genus
Nitrospira. Phylogenetic trees were reconstructed using (i)
neighbor joining with Jukes—Cantor distance correction within
the PHYLIP package (Felsenstein, 1989), (i) maximum parsi-
mony within PHYLIP, (iii) maximum likelihood (RAXML v7.2.8)
(Stamatakis, 2006) and (iv) Bayesian phylogeny inference
(MrBayes 3.1 and 3.2) (Ronquist et al., 2012). Bayesian infer-
ence was run with 8.0 Mio and 1.2 Mio generations for the
nxrB and 16S rRNA gene tree and resulted in standard devia-
tions of 0.047 and 0.007 respectively. A consensus tree was
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constructed from the output of the different treeing methods
according to the majority rule, which defines that a cluster
must occur in at least two of the four inferred trees to appear
in the consensus tree (PHYLIP). Branch lengths of the consen-
sus tree were inferred by the Fitch algorithm using a Jukes—
Cantor-corrected distance matrix (PHYLIP). Bootstrap support
for neighbor joining, maximum likelihood and maximum par-
simony trees was determined using 1000, 1000 and 100
re-samplings respectively. Sequences that covered a smaller
portion of the nxrB or 16S rRNA gene were added to the
consensus trees, without changing the overall tree topology,
using the parsimony interactive tool of ARB (Ludwig et al.,
2004). An ARB database containing all obtained nxrB
sequences, and the nxrB consensus tree is provided in
File S1.

Amplicon pyrosequencing and data analysis

Amplicons of nxrB for pyrosequencing were generated
using the primer pair nxrB169f/nxrB638r according to the
procedure described above. The only modifications included
a smaller cycle number (30) to reduce potential PCR biases
(von Wintzingerode et al., 1997) and a lower annealing tem-
perature (50°C) to account for possible base mismatches
between the primers and unknown nxrB in environmental
samples. The lower annealing temperature still resulted in a
single PCR product of the expected size. Replicate nxrB
amplicons from at least two independent DNA extractions
from each soil (0.25 g of soil per extraction) were pooled
before sequencing to diminish within soil heterogeneity.
Barcoding of amplicons by oligonucleotide ligation at both
ends, preparation of sequencing libraries and bioinformatics
analysis followed the procedures described in detail previ-
ously (Pester et al., 2012). Modifications were (i) that only
454 reads > 390 nt were analysed (97% of the obtained
high quality reads) and (ii) that taxonomic classification was
done using the Bayesian classifier provided by the mothur
software package (Schloss etal, 2009). 454 reads
sequenced from both ends were pooled for all analyses
because they overlapped by at least 61% (more than 295
overlapping bp out of 485 possible bp). To discriminate
against errors introduced by pyrosequencing, high-quality
sequences were initially clustered at 97% identity level
(Kunin et al., 2010), and cluster representatives were further
screened for insertion/deletion errors using frameshift
detection by an in-house adaptation of FrameD (Schiex
etal, 2003; Pester etal, 2012). The FrameD-based
approach corrects each read individually and does not rely
on the ‘majority rule’ like the standard denoising programs.
Furthermore, the latter were recently shown to change
reads in a manner inconsistent with the known spectrum of
pyrosequencing errors and resulted in addition of sequence
information to shorter reads that was often dissimilar from
what had been removed by quality filtering steps (Gaspar
and Thomas, 2013). Detection of chimeras was performed
using Uchime (Edgar et al., 2011) and querying against the
nxrB reference database established in this study. Candi-
date chimeras were added to the reference database and
checked by phylogenetic analysis of independent 5’- and
3’-end sections of the respective sequences using the par-
simony interactive tool in ARB (Ludwig et al.,, 2004). As a
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final quality check, remaining sequences were further
clustered at the approximate species level of 95% nxrB
sequence identity, and cluster representatives were aligned
against the nxrB reference database. Alignments were
manually curated to reduce artificial diversity caused by
alignment errors.

Statistical analyses

For Procrustes analyses and correlation networks, the amoA
(Pester etal., 2012) and nxrB (this study) datasets were
subsampled without replacement at 400 reads (below the
size of the smallest library), and either OTU presence/
absence or relative abundance was used to compute square-
root transformed Bray—Curtis distances between samples.
Procrustes analysis was performed using the vegan package
in R (Peres-Neto and Jackson, 2001; Oksanen et al., 2012;
R-Core-Team, 2013). In order to generate a correlation
network for Namibian soil samples, all amoA and nxrB OTUs
that were detected in at least half of the Namibian soil
samples (5 of 10) and had > 1% relative abundance in at
least one sample were selected, and Pearson correlation
coefficients were computed for all pairwise combinations.
Statistical significance of each correlation was determined by
randomization (1000 permutations), and resulting P-values
were corrected for multiple comparisons using the false dis-
covery rate method in R (Benjamini and Hochberg, 1995).
Correlation coefficients with at least 0.8 or less than —0.8 and
with a P < 0.05 were used to construct a force-directed cor-
relation network in Cytoscape (Smoot et al., 2011).

Accession numbers

16S rRNA gene and nxrB sequences obtained by Sanger
sequencing have been deposited at GenBank under
accession numbers KC836093-KC836105 and KC884854-
KC884938 respectively. The nxrB sequences obtained by
454 sequencing were submitted to the Sequence Read
Archive (SRA) at GenBank under accession number
SRA0473083.
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Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. 16S rRNA gene-based phylogeny of the genus
Nitrospira including cultured and uncultured representatives.
Cultured Nitrospira and environmental sequences that are
indicated in boldface served as anchor points in the
comparison of nxrB and 16S rRNA gene-based Nitrospira
phylogenies (Fig. 2 in the main text). A majority rule consen-
sus tree is shown. Bootstrap support is indicated at individual
branches. In total, 1427 unambiguously aligned nucleotide
positions were used in this analysis and branches leading to
shorter sequences are indicated by dotted lines. The scale
bar indicates 5% estimated sequence divergence.
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Fig. S2. Procrustes analysis. Comparison of ordinations of
amoA (red) and nxrB (black) datasets was determined using
either (A) presence/absence or (B) relative abundance based
Bray—Curtis distance. Black lines connect the same sample
in the two ordinations. The small distances between the same
samples indicate a high correlation between the two datasets
[r=0.95 (P=0.001) for presence/absence, r=0.93 (P=
0.001) for relative abundance].

Table S1. NxrA, NxrB and NxrC copy numbers and amino
acid identities of nitrite-oxidizing bacteria with a sequenced
genome.

Table S2. Range of nucleic acid sequence identities
between the different nxrB copies within and between the
analysed Nitrospira enrichments and pure cultures.

Table S3. Range of amino acid sequence identities between
the different NxrB copies within and between the analysed
Nitrospira enrichments and pure cultures.

Table S4. Environmental samples and cultured Nitrospira
analysed in this study.

Table S5. Distribution and relative abundances of Nitrospira-
related nxrB amplicons in various soils. Clusters with > 10%
relative abundance are printed in bold. The phylogenetic
positions of the novel ‘454 clusters’ are shown in Fig. 4 in the
main text.

Table S6. Fraction of rare Nitrospira nxrB OTUs, which are
represented by only one or two quality-controlled 454 reads,
in relation to the total number of obtained OTUs at 95% nxrB
sequence identity in the individual analysed soils.

File S1. Nitrospira nxrB ARB database encompassing the
consensus tree and the source alignment of the nxrB refer-
ence sequences.
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