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Summary

The cohort of the ammonia-oxidizing archaea
(AOA) of the phylum Thaumarchaeota is a diverse,
widespread and functionally important group of
microorganisms in many ecosystems. However, our
understanding of their biology is still very rudimen-
tary in part because all available genome sequences
of this phylum are from members of the Nitro-
sopumilus cluster. Here we report on the complete
genome sequence of Candidatus Nitrososphaera
gargensis obtained from an enrichment culture, rep-
resenting a different evolutionary lineage of AOA fre-
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quently found in high nhumbers in many terrestrial
environments. With its 2.83 Mb the genome is much
larger than that of other AOA. The presence of
a high number of (active) IS elements/transposases,
genomic islands, gene duplications and a complete
CRISPR/Cas defence system testifies to its dynamic
evolution consistent with low degree of synteny
with other thaumarchaeal genomes. As expected,
the repertoire of conserved enzymes proposed to be
required for archaeal ammonia oxidation is encoded
by N. gargensis, but it can also use urea and possibly
cyanate as alternative ammonia sources. Further-
more, its carbon metabolism is more flexible at the
central pyruvate switch point, encompasses the
ability to take up small organic compounds and
might even include an oxidative pentose phosphate
pathway. Furthermore, we show that thaumarchaeota
produce cofactor F420 as well as polyhydroxyal-
kanoates. Lateral gene transfer from bacteria and
euryarchaeota has contributed to the metabolic
versatility of N. gargensis. This organisms is well
adapted to its niche in a heavy metal-containing
thermal spring by encoding a multitude of heavy
metal resistance genes, chaperones and mannosylg-
lycerate as compatible solute and has the genetic
ability to respond to environmental changes by signal
transduction via a large number of two-component
systems, by chemotaxis and flagella-mediated
motility and possibly even by gas vacuole formation.
These findings extend our understanding of thaumar-
chaeal evolution and physiology and offer many test-
able hypotheses for future experimental research on
these nitrifiers.

Introduction

The discovery of ammonia-oxidizing archaea (AOA) after
more than 100 years of nitrification research (Kénneke
etal., 2005; Treusch etal, 2005) has dramatically
changed our perception of the diversity (Francis ef al.,
2005), abundance (Leininger etal, 2006) and niche
adaptations (Martens-Habbena etal, 2009; Gubry-
Rangin et al., 2011; Verhamme et al., 2011) of nitrifying
microbes in the environment. 16S rRNA- and amoA-


mailto:wagner@microbial-ecology.net
mailto:wolfgang.streit@uni-hamburg.de
mailto:wolfgang.streit@uni-hamburg.de

based surveys of AOA revealed an astonishing diversity of
members of this guild with hundreds of predicted species
(Schleper et al., 2005; Gubry-Rangin et al., 2011; Pester
et al., 2012) belonging to several major clades (Fig. S1A)
within the newly described phylum Thaumarchaeota
(Brochier-Armanet et al., 2008; Spang etal., 2010).
Among them, the Nitrosopumilus (also called group l.1a
or marine group ) and the Nitrososphaera clusters includ-
ing its recently described sister cluster (Pester et al.,
2012) (collectively referred to as group I.1b or soil group)
seem to be most abundant in aquatic and terrestrial envi-
ronments respectively. Till today only a few enrichment
cultures (Hatzenpichler et al., 2008; de la Torre et al.,
2008; Jung et al.,, 2011; Lehtovirta-Morley et al., 2011;
French etal., 2012; Kim etal, 2012; Mosier etal.,
2012a,b) and two pure cultures (Kénneke et al., 2005;
Tourna et al., 2011) of AOA are available for physiological
and molecular experiments. So far, only closely related
members from the Nitrosopumilus cluster (Hallam et al.,
2006a; Walker et al., 2010; Blainey et al., 2011; Kim et al.,
2011; Urakawa et al.,, 2011; Mosier et al., 2012a,c) and
a few short fosmid sequences from members of the
Nitrososphaera cluster (Treusch et al., 2005; Bartossek
etal, 2010; 2012) have been investigated genomically
(Fig. S1A; Table 1), revealing that AOA exploit a surpris-
ingly different enzymatic repertoire for energy and carbon
metabolism compared with their ammonia-oxidizing bac-
terial counterparts. For example, members of the Nitro-
sopumilus cluster lack homologues for hydroxylamine
oxidoreductase or cytochromes css; and css4 typically
found in ammonia-oxidizing bacteria (AOB), suggesting
an alternative substrate conversion pathway and different
components for electron transport, likely including copper
binding proteins (Walker et al., 2010). Furthermore, thau-
marchaeota of the Nitrosopumilus cluster apparently
use a modified version of the 3-hydroxypropionate/4-
hydroxybutyrate pathway for autotrophic carbon fixation
(Berg et al., 2007; 2010a) instead of the Calvin—Benson—
Bassham cycle common to all known AOB. However,
a comprehensive understanding of the physiology and
evolutionary history of Thaumarchaeota will require com-
parative genomic analyses with members of the other
evolutionary lines of descent within this phylum.

Here we report on the first complete genome of an
AOA from the Nitrososphaera cluster. The 2.83 Mb
genome sequence of Candidatus Nitrososphaera gargen-
sis (Fig. S1B and C; please note that the Candidatus
designation was omitted in the following text to improve
readability) was reconstructed from an enrichment culture
obtained from a microbial mat growing in an outflow pond
(45°C) of a terrestrial hot spring (Lebedeva et al., 2005;
Hatzenpichler et al., 2008). Thus, N. gargensis occupies a
fundamentally different niche to those AOA previously
investigated on the genomic level as also reflected by
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Table 1. General features of the N. gargensis genome in comparison with those of other published thaumarchaeal genomes.

Nitrosopumilus
salaria BD31

Nitrosoarchaeum Nitrosoarchaeum
limnia BD20

koreensis MY 1

Nitrosoarchaeum
limnia SFB1

Cenarchaeum
symbiosum A

Nitrosopumilus

Nitrososphaera

gargensis

maritimus SCM1

Organism

Nitrosopumilus

Nitrosopumilus

Nitrosopumilus

Nitrosopumilus Nitrosopumilus

Nitrosopumilus cluster,

Nitrososphaera cluster,

Affiliation

cluster, group cluster, group

cluster, group cluster, group

group l.1a cluster, group

group I.1b

Sediment with

Low-salinity

Soil rhizosphere of

Low-salinity

Sponge symbiont

Tropical fish tank,

Microbial mat (outflow

Habitat

variable salinity

Mesophilic

sediment
Mesophilic

Caragana sinica

Mesophilic

sediment
Mesophilic

21-23°C
Mesophilic

pond of Garga spring)
Moderate thermophilic

Mesophilic

Temperature range

(46°C optimum)
Enrichment culture

Enrichment Enrichment

Enrichment culture

Enrichment

Natural enrichment

Pure culture

Origin of genome

culture

culture
1.86 (343)

culture

(sponge host)

2.05 (1)

sequences
Genome size in Mb, number

1,57 (171)

1.61 (1)

1.77 (76)

1.65 (1)

2.83% (1)

of contigs

in brackets

G+C content
ORPHANS®

34%
n.d.c

33%
n.d.c

33%
23%

32%
22%

58%
30%

34%
15%

48%
32%

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 3122-3145

16S-23S rRNA genes
Separate 5S rRNA

42

45

44 45

40°

Number of tRNAs

a. The N. gargensis genome contains a large tandem duplication of a genomic fragment that is 16 966 bp in length.

b. Predicted proteins without homology (E-value < 10~*) to other proteins excluding those predicted for organisms from same phylum.

c. The genome sequence was not available when the ORPHAN analysis was performed.

It should be noted that N. gargensis possesses some tRNAs with non-canonical introns (for details, see Supporting information), which might explain the relatively low number of detected tRNAs.

d.
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Fig. 1. Dot plot representation of the pairwise alignments of the

N. gargensis, N. maritimus and N. koreensis genomes. Alignments
were performed on the six-frame amino acid translation of the
genome sequences using the Promer program in the MUMmer
3.28 package (Kurtz et al., 2004). In all plots, a dot indicates a
match (of at least six AA) between the two genome sequences
being compared, with forward matches coloured in red and reverse
matches coloured in blue.

its optimal growth temperature of 46°C. Interestingly
however, very close relatives of N. gargensis have also
been detected in various soils where they often thrive
at a considerable abundance (Pester et al., 2011; 2012).
Consistently, the soil isolate Nitrososphaera viennensis
(Tourna etal.,, 2011) has 97.5% 16S rRNA and 95.6%
AmoA (corresponding to 86.3% identity on the nucleotide
level) sequence identity to N. gargensis.

Manual annotation of the N. gargensis genome showed
on the one hand a gene set for ammonia oxidation and

CO:; fixation similar to previously studied thaumarchaeota,
but on the other hand revealed a very dynamically evolv-
ing genome with frequent gene duplication and lateral
gene transfer events contributing to an unexpected physi-
ological versatility.

Results and discussion

General genomic features and examples of gene
family expansions

A closed genome sequence was obtained from a
N. gargensis enrichment culture, which still contained
several contaminating bacteria (Fig. S2). The N. gargen-
sis genome shows large differences to the previously
published genomes of this phylum which all originated
from members of the Nitrosopumilus cluster (Hallam
et al., 2006a,b; Walker et al., 2010; Blainey et al., 2011;
Kim et al., 2011; Mosier et al., 2012a,c). For example, with
its 2 833 868 bp and 3566 predicted open reading frames
(ORFs) it represents by far the largest thaumarchaeal
genome and also differs from those of the free-living
members of the Nitrosopumilus cluster by its higher
overall G+C content (48.4%) and a high number of orphan
genes partially explaining the larger genome size
(Table 1). Furthermore, more than 2300 predicted pro-
teins of N. gargensis do not fall in clusters of orthologous
groups (COGs) when compared with the in silico pro-
teome of the other thaumarchaeota (Fig. S3A). Likewise,
while members of the Nitrosopumilus cluster with the
exception of Cenarchaeum symbiosum exhibit pro-
nounced genome synteny with each other, no larger syn-
tenic regions were observed between the N. gargensis
genome and those of other thaumarchaeota (Fig. 1). Alto-
gether, these findings are consistent with the phylogenetic
placement of N. gargensis into a separate thaumarchaeal
lineage and suggest that the gene complement of repre-
sentatives of the Nitrososphaera cluster is significantly
different from that of Nitrosopumilus cluster members.
We also explored whether a comparative COG analysis
(Fig. S3B) would provide indications for a high number of
shared orthologues between N. gargensis as moderate
thermophile and the recently discovered thermophilic
Caldiarchaeum subterraneum that was proposed to rep-
resent a new archaeal phylum but also shares some
features with members of the Thaumarchaeota (Nunoura
etal, 2011). Interestingly however, C. subterraneum
shared more orthologues with a member of the Crenar-
chaeota than with either N. gargensis or Nitrosopumilus
maritimus alone or with both of these thaumarchaeota
together. Thus, this finding does not provide further
support for an affiliation of C. subterraneum with the
Thaumarchaeota, but much more detailed analyses
ideally including deep branching members of the Thau-
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marchaeota will be necessary to clarify this debate
(Brochier-Armanet et al., 2012).

In the following sections, we present and discuss
selected genomic features of N. gargensis, including
aspects of its informational processing machinery, inte-
grative elements and virus defence system, energy and
carbon metabolism, transporters as well as some addi-
tional unexpected features and adaptations. The detailed
annotation of all discussed genes can be found in
Tables S1-S5.

As previously reported, N. gargensis encodes a similar
set of information processing genes like the other thau-
marchaeota (Spang etal., 2010; Table S3) supporting
the notion of the evolutionary distinctiveness of this
phylum. However, in contrast to members of the Nitro-
sopumilus cluster some informational processing genes
of N. gargensis are present in higher copy number. For
example, whereas thaumarchaeota of the Nitrosopumilus
cluster possess only one or rarely two homologue(s) of
the cell division cycle protein cdc6/ORC that is sug-
gested to be involved in selection and binding of replica-
tion origin and cell cycle control (e.g. Zhang et al., 2009;
Akita et al., 2010), genes for three homologues of this
protein were identified in the N. gargensis genome. The
presence of several cdc6 gene copies might indicate
additional replication origins as these genes are often,
although not always, located adjacent to replication
origins (Kelman and Kelman, 2004; Robinson and Bell,
2007). In fact, in several cren- and euryarchaeota, the
operation of multiple replication origins has been verified
experimentally (Robinson etal, 2004; Norais etal.,
2007). Furthermore, homologues of the archaeal tran-
scription initiation factor TFB are encoded 11 times in the
N. gargensis genome, all of which group into a mono-
phyletic cluster with the respective proteins from the
members of the Nitrosopumilus cluster (which possess
5-8 copies; data not shown). TFB gene family expansion
has been reported in several archaeal lineages and has
recently been experimentally connected to niche adapta-
tion capability in haloarchaea (Turkarslan et al., 2011). It
is tempting to propose a similar mechanism in thaumar-
chaeota with N. gargensis as the currently most complex
representative.

Molecular chaperones (Large etal., 2009) represent
another group of proteins that have experienced gene
duplication events in N. gargensis. For instance, the
genome encodes six paralogues coding for archaeal ther-
mosomes (group |l chaperonin proteins), a more distantly
related xenologue coding for an additional putative
archaeal thermosome as well as at least eight Hsp20-like
chaperones. This is in contrast to members of the Nitro-
sopumilus cluster that contain less archaeal thermo-
somes (2-3) and Hsp20-like chaperones (2-5). Although
several archaea have experienced gene duplications of
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molecular group Il chaperones (Macario et al., 2004), the
high copy number of these proteins in N. gargensis is
remarkable and comparable only with the large genomes
of few Methanosarcina species that in addition contain
active group | chaperonins generally found in bacteria
(Klunker et al., 2003; Macario et al., 2004). These findings
indicate that N. gargensis has a high requirement for
assistance in the folding of newly synthesized or dena-
tured proteins aiding in versatile stress response (Macario
et al., 2004).

Integrative elements, CRISPR defence system

More than 75 transposase genes including pseudogenes
with transposase signatures are present in the N. gargen-
sis genome and can be assigned to at least three different
types of transposases (Table S4) that are associated with
insertion sequence families 1S605, IS1 and 1S4 (Filée
et al,, 2007). Interestingly, the IS element (1332 bp) of
N. gargensis belonging to group 1S4 (subgroup ISH3)
herein tentatively referred to as ISNga1 occurs 14 times in
the genome. All copies have 100% nucleotide identity to
each other, and contain a single ORF (ISH3 transposase)
and a terminal inverted repeat of 14 bp as well as flanking
repeats (5bp) indicating recent transposon activity.
Although most of the ISNga1 elements occur in poorly
conserved genomic regions, several elements appear to
have inserted into protein-encoding genes indicating that
they significantly contribute to genome evolution of this
organism. Noteworthy, ISNga1-12 is located in a 33.5 kb
region that might represent a provirus (or derivative
thereof) as it is flanked by an integrase, which is encoded
next to a lys-tRNA gene (Table S5). It appears possible
that ISNga1 has been introduced into the genome of
N. gargensis along with the integration of this putative
genetic element. Furthermore, six other putative inte-
grases were found, some of which are located in genome
regions mainly encoding small hypothetical proteins.
These regions range from about 9000 bp to 33 500 bp
and could represent putative proviruses, integrated plas-
mids or derivates thereof, as well as other islands of high
genomic plasticity. Three of the putative integrase-
encoding genes are located in proximity of tRNA genes.

Interestingly, a CRISPR/Cas (clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated
genes) viral defence system (Sorek et al., 2008; Horvath
and Barrangou, 2010; Al-Attar et al., 2011) was identified
in the N. gargensis genome (Table S1). CRISPRfinder
(Grissa et al., 2007) also detected putative CRISPR loci in
the genomes of N. maritimus and Nitrosopumilus salaria
(see also Mosier et al., 2012a), but we could not identify
associated cas genes, which are required for viral
defence, in the latter genomes. Furthermore, in contrast
to N. gargensis the predicted CRISPR sequences

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 3122-3145
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Fig. 2. Predicted carbon metabolism of N. gargensis (see also Fig. S4 for further details on respective EC numbers and annotation class as
well as Table S1 for gene annotations). Enzymatic reactions for which candidate genes could be identified in the genome of N. gargensis and
which contain homologues in genomes of thaumarchaeota of the Nitrosopumilus cluster are highlighted by solid black arrows. Reactions for
which N. gargensis encodes candidate enzymes that are absent from thaumarchaeota of the Nitrosopumilus cluster (but might be present on
fosmids isolated from soil) are shown with red arrows. For reactions presented with white arrows, specific candidate genes have not been
identified. 'Related PHA synthases (type Ill) of haloarchaeota synthesize polyhydroxybutyrate and/or
3-polyhydroxybutyrate-co-3-hydroxyvalerate. 2N. gargensis encodes two unrelated urea transporters one of which is specific to

thaumarchaeota of the Nitrososphaera cluster.

comprising the spacer—repeat units of N. maritimus and
N. salaria might rather belong to ORFs encoded in those
regions which are conserved between closely related
organisms. The CRISPR locus of N. gargensis comprises
2763 bp and consists of 36 repeat/spacer sequences.
According to a recent reclassification of the diverse
CRISPR-Cas systems into three major types (I-lll)
(Makarova et al., 2011), N. gargensis harbours a type |
system that is proposed to function in virus defence by
directly targeting DNA. Interestingly, some spacers show
remote similarities to putative provirus regions in the
N. gargensis genome as well as to the recently published
putative provirus of N. viennensis (Krupovic et al., 2011).

Energy metabolism

Nitrososphaera gargensis can grow chemolithoau-
totrophically by aerobic oxidation of ammonia to nitrite

and concomitant fixation of inorganic carbon as demon-
strated by catalysed reporter deposition fluorescence in
situ hybridization (CARD-FISH)-microautoradiography
experiments of an enrichment culture (Hatzenpichler
etal, 2008). Genomic analyses of N. gargensis con-
firmed its chemolithoautotrophy (Table S1) but also high-
lighted unexpected variations of this metabolic theme. For
example, N. gargensis is not dependent on freely avail-
able ammonia but can also produce ammonia (and CO,)
from urea and possibly even from cyanate (Fig. 2) as it
encodes a urease and a cyanate hydratase, which con-
tains all residues forming the active site of this enzyme in
Escherichia coli (Walsh et al., 2000). Conversion of urea
to nitrite by the N. gargensis enrichment culture has been
verified experimentally (data not shown) and was also
shown for its close relative N. viennensis (Tourna et al.,
2011). Interestingly, however, a cyanate hydratase is not
present in other thaumarchaeota and it is located in

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 3122-3145



the genome of N. gargensis close to a formate/nitrite
transporter family member, which inferred from this
colocalization might represent a cyanate transporter
(Czyzewski and Wang, 2012) (alternatively cyanate
could also be transported by N. gargensis by an ABC-
type cyanate/nitrite/nitrate transporter). Surprisingly, the
N. gargensis cyanate hydratase is most closely related to
a homologue in the nitrite oxidizer Nitrospira defluvii
(LUcker et al., 2010) which also encodes a closely related
transporter in the same operon (Fig. 3). The colocalization
of the cyanate uptake and conversion module suggests
that the respective genes can easily be transferred
together (Fig. 3) and that N. gargensis has exchanged
these genes with nitrifiers sharing a similar niche.

The exact mechanism of the oxidation of ammonia to
nitrite in thaumarchaeota is still unresolved both concern-
ing the enzymes involved as well as the intermediates
formed (Klotz and Stein, 2008; Schleper and Nicol, 2010).
In AOB, ammonia oxidation follows a two-step mechanism
via the intermediate hydroxylamine catalysed by the activ-
ity of ammonia monooxygenase (AMO) and hydroxy-
lamine oxidoreductase (HAQ) (Prosser, 1989; Arp et al.,
2007). Like in all published thaumarchaeal genomes
(Hallam et al., 2006a; Walker et al., 2010; Blainey et al.,
2011; Kim et al., 2011; Mosier et al., 2012a,c), the N. gar-
gensis genome encodes an AMO, which is distantly related
to the bacterial version, but a HAO homologue could not be
identified. In all AOB, the AMO is encoded by amoA, B and
C that occur in one operon of conserved gene order (Arp
etal, 2007) and these organisms might additionally
contain unlinked copies of amoC (Norton et al., 2002).
Homologues of amoA, B and C genes of the Nitro-
sopumilus and Nitrosocaldus clusters are arranged in a
different gene order (Fig. 4) and contain an additional ORF
in proximity to amoA that was referred to as ORF38 or
amoX (Schleper et al., 2005; Treusch et al., 2005; Bar-
tossek et al., 2012). Interestingly, the amoA, Band Cgenes
of N. gargensis and N. viennensis are not in close proxim-
ity or arranged in a gene cluster except for the association
of amoA and amoX (Fig. 4). An additional amoC gene copy
(97% amino acid identity to the other AmoC) was identified
distantly located in the genome (Fig. 4).

Furthermore, it has been postulated that multicopper
proteins of thaumarchaeota might be involved in ammonia
oxidation (Bartossek etal., 2010; Walker et al., 2010).
Nitrososphaera gargensis encodes six multicopper pro-
teins, two of which were classified as nitrite reductases
(NirK) generally involved in the reduction of NO,™ to NO.
NirK has not only been found in denitrifying organisms, it
also occurs in AOB (Arp etal., 2007) and other AOA.
Metatranscriptome analyses of thaumarchaeota (Holli-
baugh etal., 2011; Radax etal, 2012; Stewart et al.,
2012) showed that nirK homologues range among the
most highly transcribed genes and a potential function of
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NirK in archaeal ammonia oxidation has recently been
proposed in Schleper and Nicol (2010). Besides the nirK
homologues, no other genes typically involved in denitri-
fication could be identified.

Electron transfer chain

Nitrososphaera gargensis encodes a complete respira-
tory chain consisting of complexes 1-5, which is used
for energy generation and reverse electron transport
(Table S1). In consistency with thaumarchaeota of the
Nitrosopumilus cluster, N. gargensis lacks homologues
of cytochrome c¢ proteins and might instead transfer
electrons derived from ammonia oxidation via small blue
(type 1) copper proteins to a quinone reductase (Walker
etal., 2010). Like in N. maritimus, in N. gargensis one of
these proteins contains two cupredoxin and five trans-
membrane domains and might represent a candidate for
such a quinone reductase (Walker etal., 2010). Thau-
marchaeota (Urakawa et al., 2011) including N. gargen-
sis have only 11 genes encoding different subunits of
type 1 NADH dehydrogenase (two of which are dupli-
cated in N. gargensis) but lack close homologues of the
peripheral subunits E, F and G that are generally
required as canonical electron input module. However,
thaumarchaeota contain several FAD/NAD(P) binding
oxidoreductases that have similarity to the FAD binding
domain of Na‘*-translocating NADH-quinone reductase
subunit F (NgrF) which serves as electron entry site for
sodium-translocating NADH:quinone reductases (type Il
NADH dehydrogenase) (Turk etal., 2004; Verkhovsky
and Bogachev, 2010). Although thaumarchaeal FAD/
NAD(P) binding oxidoreductases lack the typical 2Fe-2S
ferredoxin-type domain of NqrF, these could represent
interesting candidate genes for alternative electron input
modules acting in concert with separately encoded small
ferredoxins present in all genome-sequenced thaumar-
chaeota. On the other hand, it should be noted that
genomes of most archaea and several bacteria do not
encode subunits E, F and G of complex | and some of
them use alternative non-homologous NADH dehydroge-
nases (Schéafer etal., 1996; 1999; Gomes et al., 2001;
Melo etal., 2004; Pereira etal., 2004; Patridge and
Ferry, 2006; Moparthi and Hagerhall, 2011). For
example, N. gargensis and the other thaumarchaeota
might use a membrane-associated single subunit type Il
NADH dehydrogenase [23% AA identity of N. gargensis
homologue to Acidianus ambivalens noxA (Gomes et al.,
2001; Bandeiras et al., 2002)].

Central carbon metabolism

In accordance with all other published thaumarchaeal
genomes, N. gargensis encodes all key genes of the
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Fig. 4. Ammonia monooxygenase (amo) gene order of N. gargensis compared with ammonia-oxidizing bacteria (AOB), the close relative
Candidatus Nitrososphaera viennensis and thaumarchaeota of the Nitrosopumilus and Nitrosocaldus clusters respectively. (C) The different
arrangement of amoA and amoX genes in the genome of N. viennensis compared with N. gargensis appears to originate from an inversion of
these and more than 100 flanking genes. Gene boxes are not drawn to scale.

3-hydroxypropionate/4-hydroxybutyrate carbon fixation
pathway (Berg etal., 2007; 2010a,b; Berg, 2011) and
probably operates a modified version of it (Hallam et al.,
2006b; Berg etal., 2007; 2010a,b) (Figs2 and S4,
Table S1, and Supporting information). Notably, it has
recently been shown for Metallosphaera sedula that
succinyl-CoA (in addition to a minor amount of acetyl-
CoA) is the main carbon fixation product of this pathway
that can directly enter the tricarboxylic acid (TCA) cycle
(Estelmann et al., 2011).

Nitrososphaera gargensis harbours candidate enzymes
for all steps of an oxidative TCA (Figs 2 and S4, Table S1),
but it remains unclear whether it can exploit classical TCA
bypass reactions as only one enzyme — isocitrate lyase —
catalysing the first step of the glyoxylate shunt could
be identified in the genome. Furthermore, the substrate
specificity of the 2-oxoacid:ferredoxin oxidoreductases
(OFOR) — present in a single copy in all sequenced thau-
marchaeota and encoded by a fused alpha and gamma
and a separate beta subunit gene — remains to be eluci-
dated. In composition and sequence, this two-subunit
enzyme is most similar to pyruvate:ferredoxin oxidore-
ductase of several other aerobic archaea (Kerscher and
Oesterhelt, 1981; Zhang etal, 1996). Characterized
OFORs of Sulfolobus sp. have broad substrate specificity
towards diverse oxoacids (Zhang etal., 1996; Fukuda
and Wakagi, 2002; Park et al., 2006). Thus, it appears
possible that the thaumarchaeal OFOR substitutes the
function of the 2-oxoglutarate dehydrogenase that cataly-
ses the decarboxylation of 2-oxoglutarate to succinyl-CoA
in many bacteria, which is lacking in thaumarchaeota
including N. gargensis. But even an incomplete TCA cycle
could be sulfficient to support autotrophic growth of N. gar-
gensis and yield all intermediates required for biosynthe-
sis as shown for AOB (Wood et al., 2004; Hommes et al.,
2006; Arp etal., 2007). Furthermore, succinyl-CoA as
putative primary carbon fixation product of thaumar-
chaeota is ideally suited for an organism without a

2-oxoglutarate:ferredoxin oxidoreductase as it represents
this enzyme’s reaction product (in the oxidative direction
of the TCA cycle).

Nitrososphaera gargensis contains all genes that code
for gluconeogenic enzymes involved in the synthesis of
fructose-6-phosphate (Figs 2 and S4, Table S1). During
autotrophic growth, gluconeogenesis might start from
succinyl-CoA or acetyl-CoA. Succinyl-CoA can be oxi-
dized to malate and/or oxaloacetate. Phosphoenolpyru-
vate (PEP) can directly be synthesized from oxaloacetate
by the ATP-dependent PEP carboxykinase of N. gargen-
sis, an enzyme present in other thaumarchaeota as well
and phylogenetically clustering with bacterial homologues
(data not shown), but absent from all other archaea that
contain analogous PEP carboxykinases. Theoretically,
N. gargensis has an alternative route of PEP synthesis
using NAD(P)-dependent malic enzyme to produce pyru-
vate and pyruvate phosphate dikinase for converting it
further to PEP (Siebers and Schénheit, 2005), but this
route is energetically less favourable. Whereas the latter
enzyme is present in all thaumarchaeota, the malic
enzyme only occurs in N. salaria and Nitrosoarchaeum
limnia BD20. Gluconeogenesis could also start from
acetyl-CoA in N. gargensis and the other thaumar-
chaeota, if they are capable of synthesizing pyruvate
from acetyl-CoA with their 2:0xoacid-ferredoxin oxidore-
ductase operating in the reductive direction. However, this
appears unlikely as this reaction does not usually occur
during aerobic growth (Berg et al., 2010a; Fuchs, 2011).
From PEP, all intermediate steps yielding glyceraldehyde-
3-phosphate according to the classical reversal of
glycolysis are present in N. gargensis. The subsequent
reaction from glyceraldehyde-3-phosphate via fructose-
1.6-bisphosphate to fructose-6-phosphate might be cata-
lysed by a single bifunctional fructose-1.6-bisphosphate
(FBP) aldolase/phosphatase as suggested recently (Say
and Fuchs, 2010). In contrast to thaumarchaeota of the
Nitrosopumilus cluster, N. gargensis lacks a homologue
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of known phosphoglucose isomerases that catalyse the
final step of gluconeogenesis from fructose-6-phosphate
to glucose-6-phosphate. Considering the high diversity of
phosphoglucose isomerases in archaea (e.g. Hansen
etal., 2001; 2005; Verhees etal., 2001; Jeong etal.,
2003), however, it is likely that another sugar isomerase
with a cupin domain substitutes the missing function in
N. gargensis.

In N. gargensis genes coding for enzymes involved
in the non-oxidative pentose phosphate pathway are
present (Figs 2 and S4, Table S1), which can be used for
the generation of pentose sugars as reported for a few
archaea (Soderberg, 2005; van de Werken et al., 2008;
and Supporting information). In contrast to most other
archaea, homologues of key genes for the alternative
ribulose monophosphate pathway (Soderberg and Alver,
2004; Soderberg, 2005) could not be detected in N. gar-
gensis and are absent from other thaumarchaeota
as well.

While hexose degradation via the Entner Doudoroff
pathway or glycolysis could not be confirmed for N. gar-
gensis (Supporting information), this organism might
unexpectedly possess a functional oxidative pentose
phosphate pathway (Figs 2 and S4, Table S1) that has not
been demonstrated yet to operate in other archaea
(van de Werken et al., 2008) and appears to be absent
from other thaumarchaeota as well. Specifically, N. gar-
gensis encodes a putative 6-phosphogluconolactonase
(Supporting information) and two paralogous genes
(one of which is fragmented) coding for putative 6-
phosphogluconate dehydrogenase (Fig. S5), a key
enzyme of the oxidative pentose phosphate pathway
that bridges its oxidative and non-oxidative part.
Furthermore, although the second key enzyme of this
pathway, NADH-dependent glucose-6-phosphate dehy-
drogenase, was not found, one of the genes coding for
6-phosphogluconate dehydrogenase is located in proxim-
ity to two other genes putatively involved in the pentose
phosphate pathway, a ribose-5-phosphate isomerase
and a putative F420-dependent oxidoreductase/
dehydrogenase. The latter enzyme is closely related to a
functionally characterized F420-dependent glucose-6-
phosphate dehydrogenase of Mycobacterium smegmatis
(Purwantini and Daniels, 1996) (Supporting information).
Whereas this function has been verified in several addi-
tional mycobacteria and Nocardia sp., F420-dependent
glucose-6-phosphate dehydrogenase activity was not
detected in other organisms possessing a homologous
enzyme (Purwantini et al., 1997). The cofactor F420 plays
an important role as an electron carrier in methanogen-
esis (Deppenmeier, 2002), but also occurs in some other
organisms (Lin and White, 1986; Selengut and Haft,
2010). Interestingly, reduced F420 is used by mycobac-
teria for an antioxidant defence system (Hasan et al.,

2010) and protection from nitrosative damage (Purwantini
and Mukhopadhyay, 2009). Consistent with the finding of
an F420-dependent enzyme, N. gargensis encodes all
key genes for the synthesis of this cofactor (we identified
these genes also in all other thaumarchaeal genomes)
and typical F420 emission spectra were recorded
from single N. gargensis cells (Fig. 5B). Remarkably,
N. gargensis produces significant amounts of F420
as its characteristic blue fluorescence can be detected
microscopically.

Interestingly, all thaumarchaeota including N. gargensis
encode a polyhydroxyalkanoate synthase (Figs 2 and S4,
Table S1), the key enzyme for the production of polyhy-
droxyalkanoates (PHAs), which are widely distributed
carbon polyester storage compounds of bacteria but
seemed to be confined within the archaea to the haloar-
chaea (Grage et al., 2009; Poli etal., 2011). The PHA
synthase of thaumarchaeota is encoded by two overlap-
ping genes (phaEC). The phaC subunit shows highest
similarity to the respective subunit of haloarchaeal and
bacterial type Il PHA synthases (Rehm and Steinblichel,
1999; Lu et al., 2008; Han et al., 2010; Poli et al., 2011). In
contrast to other thaumarchaeota, the N. gargensis
genome harbours three additional phaC genes that are
not clustered with the phaEC operon, with 31-37% AA
sequence identity to phaC17 [a feature that has also
been described in Haloferax mediterranei (Han et al.,
2010)]. Synthesis of PHAs in thaumarchaeota likely
starts from the carbon fixation pathway intermediate
3-hydroxybutyryl-CoA (Figs 2 and S4). We also experi-
mentally confirmed the production of PHA (putatively
polyhydroxybutyrate) by N. gargensis and N. viennensis
using Raman microspectroscopy (Fig. 6) possibly reflect-
ing unbalanced growth conditions (Anderson and Dawes,
1990). Although a close homologue of so far character-
ized PHA depolymerases is absent from thaumarchaeota,
the presence of several hydrolases in N. gargensis sug-
gests the possibility of PHA degradation.

Peculiarities of the carbon metabolism of N. gargensis

Although on a first glimpse the central carbon metabolism
of N. gargensis appears to be similar to thaumarchaeota
of the Nitrosopumilus cluster, it is noteworthy that N. gar-
gensis seems more flexible not only in the uptake (see
below) but also in the production and conversion of the
central metabolite pyruvate (Figs 2 and S4, Table S1) that
strongly enhances growth in its close relative N. viennen-
sis (Tourna et al., 2011). As mentioned above, N. gargen-
sis has a gene with homology to malic enzyme that
catalyses the reversible conversion of malate to pyruvate
and could thus be involved in gluconeogenesis and ana-
plerosis. Furthermore, N. gargensis but not the other
thaumarchaeotes encodes a putative pyruvate oxidase/

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 3122-3145
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Fig. 5. Fluorescence (A) and phase contrast microscopy (B) of Nitrososphaera gargensis enrichment culture (lane 1), Methanospirillum
hungatei DSM 864 (lane 2) and Nitrosomonas europaea Nm50 (lane 3). Bar equals 10 um. The methanogen and N. gargensis displayed the
typical F420 fluorescence while no fluorescence was visible for N. europaea cells. (C) The presence of F420 was confirmed by recording
Lambda scans from individual cells of M. hungatei (red), N. gargensis (blue) and N. europaea (green) using a confocal laser scanning
microscope with a 405 nm diode for excitation. The displayed spectra were smoothed by Fourier transformation. For each organism 10 highly
similar single-cell emission spectra were recorded and a representative spectrum is shown.

dehydrogenase, which produces acetate or acetyl-
phosphate from pyruvate. In addition, and again in
contrast to other studied thaumarchaeotes, N. gargensis
encodes an alanine dehydrogenase that catalyses the
reversible deamination of alanine to pyruvate (Figs 2, S4
and S6, and Supporting information). As N. gargensis
possesses several amino acid and an oligo/dipeptide
transporter, alanine might thus represent an important
source for pyruvate for this organism. Alternatively,
alanine formation from pyruvate that can also be cata-
lysed by this enzyme (see Supporting information) might
not only be important for protein biosynthesis but could
also have a role in ammonia storage and ammonia toxicity
alleviation.

A remarkable feature of N. gargensis is the presence
of two paralogous genes encoding the key enzyme
mannosyl-3-phosphoglycerate synthase that is involved
in the two-step synthesis of the compatible solute
mannosylglycerate of a few, mostly (hyper)thermophilic
archaea and bacteria from GDP mannose (Empadinhas
etal., 2001, Empadinhas and da Costa, 2006; 2008;
2011) (Figs 2, S4 and S7). These microbes use manno-
sylglycerate for cellular osmotic adjustment and thermal
protection (Neves etal., 2005), which is particularly
interesting as N. gargensis is a moderate thermophile
(Hatzenpichler et al., 2008). This feature is apparently

more common in the Nitrososphaera and Nitrosocaldus
clusters (but absent in the Nitrosopumilus cluster) as
mannosyl-3-phosphoglycerate synthase genes are also
present on environmentally retrieved fosmids carrying
genome fragments from members of these clades
(acc. BAE95227, CAD42692, CAF28675) (Quaiser
etal, 2002). However, the synthesis of this com-
patible solute requires a second enzyme, mannosyl-3-
phosphoglycerate phosphatase, which is not encoded by
N. gargensis. In this respect it is worth mentioning that
one of the two mannosyl-3-phosphoglycerate synthase
genes of N. gargensis and the one encoded by soil
fosmid 29i4 are located next to an uncharacterized
phosphatase belonging to the superfamily of haloacid
dehalogenases that encompasses canonical mannosyl-
3-phosphoglycerate phosphatases (Burroughs etal.,
2006). Thus, it seems possible that N. gargensis and
some other thaumarchaeota are capable of producing
mannosylglycerate.

Transport

The genome of N. gargensis encodes at least 116 puta-
tive full-length transporter proteins (Table S2), which are
the structural elements of approximately 90 transport
systems (some of them consisting of several proteins)

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 3122-3145
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Fig. 6. Raman spectroscopy reveals PHA storage in thaumarchaeotes. Spectra of N. gargensis cells without (red) and with (blue) typical
peaks of polyhydroxyalkanoates that include the signature peak at 1734 cm™ (Gelder et al., 2008) slightly shifted to 1739 cm™' in N. gargensis.
Both spectra were normalized by their phenylalanine peak. In addition, a spectrum from a N. viennensis cell also containing the typical PHA
peaks is shown (green). For comparison a PHA reference spectrum from Crenothrix polyspora is displayed in black. The signature peak shift
reflects varying abundances of amorphous versus crystalline PHA in different cells (Izumi and Temperini, 2010). Consequently, the analysed
N. gargensis and N. viennensis contained mostly amorphous PHA consistent with the absence of the crystalline PHA signature peak at around
434 cm™ (Murakami et al., 2007). Only a fraction of the N. gargensis cells in the enrichment culture showed indications for storage of

polyhydroxyalkanoates.

and represent 41 transporter families (Busch and Saier,
2002; Saier et al., 2006; 2009). Furthermore, all crucial
components of the general secretion (Sec) and twin-
arginine translocation (Tat) pathways have been identified
(Supporting information). Normalized to its genome size
the number of transporter proteins is around average for
an archaeon, with about 40 transporter per Mb of genome
(Paulsen et al., 2000; Albers et al., 2007), and compares
well with other autotrophic members of this domain
(which on average do not differ from heterotrophic
archaea regarding transporter-coding gene density; Ren
et al., 2004; 2007) although electrochemical potential-
driven transporters are underrepresented (Supporting
information). Among the N. gargensis transport proteins,
those belonging to the ATP binding cassette (ABC) super-
family are the most represented (n=238) and are the
constituent of 12 transport systems. The complement of
transport systems in N. gargensis is roughly reminiscent
of other thaumarchaeota but 41 of the N. gargensis trans-
port proteins do not have a homologue in the other
genomes.

Nitrososphaera gargensis possesses transporters for
ammonia, urea and cyanate (discussed above), which we
predict as substrates for its energy metabolism. In detalil,
N. gargensis contains three transporters of the ammonia
channel transporter (Amt) family. Interestingly, these thau-
marchaeal genes have been shown to be among the most
highly transcribed ones in three independent metatran-
scriptome studies (Hollibaugh et al., 2011; Radax et al.,
2012; Stewart et al., 2012). These transporters may be
ammonia or CO, gas channels or serve for ammonium or
even methylammonium transport (Zheng et al., 2004;
Andrade and Einsle, 2007; Fong et al., 2007; Loqué et al.,
2007; Musa-Aziz et al., 2009) and most likely are impor-
tant for nitrogen assimilation and possibly for sensing/
regulation in N. gargensis (Lorenz and Heitman, 1998;
Yakunin and Hallenbeck, 2002). Nitrososphaera gargen-
sis possesses in addition the genes for two urea trans-
porters. Those genes are located close to the urease
gene cluster. One of these urea transporters is homolo-
gous to the predicted urea transporter of C. symbiosum
(Hallam etal., 2006a) and is an electrochemical
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potential-driven transporter belonging to the solute:so-
dium symporter (SSS) family. The second urea trans-
porter is particularly interesting as it belongs to the urea
transporter (UT) family that has not been documented so
far in archaea (Levin et al., 2009) and is only present in
the close relative N. viennensis (Tourna et al., 2011). Phy-
logenetic analysis suggests that N. gargensis acquired
this transporter from a bacterial donor (Fig. S8). It is
interesting to note that similar transporters are present in
AOB as well as in Desulfovibrio vulgaris, whose UT trans-
porter has been structurally and functionally characterized
recently (Levin etal.,, 2009) and was found to be a
channel. The functional difference between the two urea
transporters of N. gargensis is, however, currently
unclear.

Another remarkable feature of the transporter comple-
ment is the presence of 26 transport systems that
might be involved in the uptake of organic molecules
[among which the major facilitator superfamily (MFS) is
the most represented] and which complements the
higher flexibility of N. gargensis in the central carbon
metabolism. Among these transporters 15 do not have a
homologue in other thaumarchaeota suggesting broader
scavenging capabilities of N. gargensis. For example,
four putative amino acid uptake systems are present
and two of these are not found in published thaumar-
chaeal genomes. In addition, N. gargensis also pos-
sesses, like the other thaumarchaeota, an oligo/
dipeptide transport system of the ABC superfamily as
well as several aminopeptidases (methionyl-, leucyl-
and a putative alanyl-aminopeptidase, Ngar_c01308,
Ngar_c34750, Ngar_c35070), which could be used to
release amino acids from the imported peptides. The
uptake of amino acids or peptides may help reducing the
energy cost of protein synthesis in this autotrophic
organism, but could also serve for acquisition of sub-
strates for anaplerotic reactions.

In addition, N. gargensis has two closely related trans-
port systems, which belong to the bile acid/arsenite/
riboflavin transporter (BART) superfamily, which are
absent from the other thaumarchaeota. Phylogenetic
analysis places these two transporters within the ACR3
family where they form a previously unrecognized
cluster with other archaeal and bacterial sequences
(Fig. S9). Two members of the ACR3 family were shown
to be arsenite exporters, and uncharacterized family
members might be involved in the transport of organic
molecules while the bile acid sodium symporter (BASS)
family shows broad specificity for organic substrates
(Mansour etal.,, 2007). It is particularly noteworthy
that a BASS transporter found in plants is a sodium-
dependent pyruvate transporter (Furumoto et al., 2011)
and the presence of uncharacterized BART transporters
in Nitrososphaera species might thus be linked to the
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pyruvate dependence of N. viennensis (Tourna etal.,
2011).

In addition, N. gargensis has a putative sugar trans-
porter (MFS superfamily), which is absent from other
thaumarchaeal genomes. Furthermore, it might take up
glycerol and sulfonates (but no indications for degrada-
tive enzymes were found) via similar transporters previ-
ously described in N. maritimus (Walker et al., 2010).
Since N. gargensis possesses several enzymes puta-
tively involved in glycerol-P conversions (Fig. 2), it is
tempting to speculate that glycerol enhances growth of
this organism.

Motility, chemotaxis and two-component systems

Similar to many archaea and the thaumarchaeon
N. limnia, N. gargensis is equipped with numerous
motility-associated genes (Table S1). First of all, it
encodes all genes required to assemble an archaeal
flagellar apparatus that is composed of the flagellar fila-
ment, the motor, and its switch and a flagellum could be
observed by electron microscopy (Fig. 7A). The biosyn-
thesis and assembly of archaeal flagella as well as the
structural protein(s) and some accessory proteins share
homology with bacterial type IV pili (Thomas et al., 2001;
Bardy etal, 2004; Szabd etal, 2007a), which are
involved in surface adhesion, cell-cell contact, autoag-
gregation, twitching motility and DNA uptake (Craig and
Li, 2008; Albers and Pohlschroder, 2009; Ellen etal.,
2010; Pohlschroder et al., 2011). The fla gene cluster of
N. gargensis contains six genes including one gene for
structural flagellin subunit FlaB/FlaA as well as the flag-
ellar accessory genes flaG, flaF, flaH, flaJ and flal
(Fig. 7B). In addition, three copies of the membrane
peptidase FlaK, which is involved in the preprocessing
of flagellins, could be identified in the genome. Overall,
the fla genes of N. gargensis show similarities to the
type Il cluster (fla2) of Sulfolobales, which is character-
ized by the presence of a single flaB/flaA gene (Faguy
et al., 1996; Albers et al., 2003; Szabo et al., 2007b) and
genes for the accessory subunits FlaC, FlaD/E as well
as by a conserved gene order of flaG and flaH (Albers
et al., 2003; Desmond et al., 2007). Although the flagella
gene cluster of N.limnia is closely related to that in
N. gargensis the former one differs by the presence of
four flaB copies (Fig. 7B).

Besides the fla genes, N. gargensis possesses at least
one pili gene cluster that shows remote similarity to the
two characterized pili operons (ups and bas pili operons)
of Sulfolobus solfataricus P2 (Zolghadr et al., 2007; 2011;
Fréls et al., 2008). The cluster of N. gargensis encom-
passes a putative membrane bound type IV pili protein
(basF-like) and a type IV pilus assembly ATPase (basE-
like) that belong to the same protein families like FlaJ and
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Fig. 7. A. EM picture of N. gargensis showing a flagellum.
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B. Organization of flagellar and chemotaxis genes in thaumarchaeota. Flagellum-associated genes (flaB, flaG, flaF, flaH, flaJ, flal) are shown
in light blue, chemotaxis genes are shown in dark blue (MCP, methyl-accepting chemotaxis protein; cheA, histidine kinase; cheY, response
regulator; cheW, adapter protein; cheC, cheD, cheR, cheB, adaptation proteins) and the gene for the transcriptional regulator TrmB is shown
in white. Genes coding for unknown proteins are shown in grey. A Il sign indicates separated genome regions.

Flal respectively (Ghosh and Albers, 2011). Furthermore,
an uncharacterized protein and two putative pilin proteins
with similarity to the BasA and UpsA proteins of S. solfa-
taricus P2 could be identified. Archaeal pili have been
suggested to play a role in DNA acquisition (Ajon et al.,
2011), the uptake of extracellular substrates (Zolghadr
et al., 2011) and/or cell aggregation (Pohlschroder et al.,
2011).

Interestingly, in contrast to crenarchaeota but similar to
euryarchaeota and N. limnia (Desmond etal.,, 2007;
Blainey et al., 2011), N. gargensis harbours all genes for
chemotaxis (cheR, cheD, cheC, cheA, cheB, cheY,
cheW) that are encoded in a single gene cluster next to
the fla genes (Fig. 7B). In addition, 25 histidine kinase-like
proteins (nine of which are membrane-associated) and 23
putative signal transduction response regulators were
identified. Many of these histidine kinase and response
regulator-encoding genes are located in close proximity to
each other suggesting that they are involved in two-
component signal transduction pathways allowing N. gar-
gensis to respond to various environmental stimuli.
Whereas N. limnia has a comparable number of genes
putatively involved in signalling cascades including the
genes associated with chemotaxis (n=52), other thau-
marchaeota of the Nitrosopumilus cluster encode signifi-
cantly less signal transduction proteins [N. maritimus
(n=24), Nitrosoarchaeum koreensis (n = 26) and C. sym-
biosum (n=6)]. From a phylogenetic perspective it is
interesting to note that crenarchaeota (Ashby, 2006) and
korarchaeota do not encode two-component systems
which is consistent with the notion that AOA are members

of a separate phylum (Brochier-Armanet et al., 2008;
Spang et al., 2010).

Gas vesicles

In contrast to all other thaumarchaeota, N. gargensis con-
tains one gene cluster encoding the gas vesicle proteins
GvpA, J, K, L, F and G (in this order) and a distantly
located homologue of GvpD. In addition, the locus
includes a small hypothetical protein that might represent
a N. gargensis-specific gas vesicle protein and a protein
with a CobQ/CobB/MinD/ParA-like nucleotide binding
domain directly upstream of the gene cluster (Table S1).
Although N. gargensis does not contain homologues of
GvpM and GvpO that belong to the eight proteins required
for gas vesicle formation in haloarchaea (also present in
Bacillus megaterium) (Li and Cannon, 1998; Offner et al.,
2000), it might still be able to synthesize gas vesicle
proteins in analogy to gas vesicle-carrying cyanobacteria
that also lack gvpM and gvpO and have smaller gvp
operons (Pfeifer, 2006). So far, gas vesicles have not
been observed in the enrichment culture (by screening
many TEM images) and the ability of N. gargensis to
produce gas vesicles has thus to be verified. In this
respect it is, however, interesting to mention that the gas
vesicle genes are flanked by genes encoding two signal
transduction histidine kinases (one of which is membrane
bound) and one associated response regulator which
might suggest that gas vesicle production of N. gargensis
is regulated by a two-component system and is depend-
ent on specific environmental conditions.
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Heavy metal resistance

Nitrososphaera gargensis has been enriched from a
runoff basin of the Garga spring, a slightly alkaline
(pH 7.9) hot spring located in the Baikal rift zone, Russia
(Lebedeva et al., 2005). The concentration of several
heavy metals in this spring is between 2- and 2000-fold
higher than in pristine freshwater or marine environments
(Table S6). Consistently, N. gargensis is well adapted to
living in a habitat containing heavy metals as it encodes
multiple resistance mechanisms including at least 21
putative metal ion efflux proteins belonging to 10 different
transporter families. Most noteworthy, eight of these puta-
tive metal efflux proteins, representing five transporter
families, do not have a homologue in any of the other
sequenced thaumarchaeota.

The high concentration of nickel in the Garga spring
correlates well with the presence of six putative nickel
transporter genes in the N. gargensis genome (Support-
ing information). All these transporters are absent in
C. symbiosum and only one of them is present in N. mar-
itimus, N. limnia and N. koreensis. Some of these N. gar-
gensis transporters (CDF-type) might also play a role in
tolerance to the relatively high levels of zinc and cobalt in
the Garga spring. Nitrososphaera gargensis possesses
in addition homologues of the CorA and CorC proteins
which function together as a Co efflux system and may
confer Co?* resistance (Gibson et al., 1991). Another per-
mease in the N. gargensis genome which belongs to the
Ca?":cation antiporter family and which is absent from
thaumarchaeota of the Nitrosopumilus cluster might also
be a heavy metal efflux pump and confer resistance to
Zn?* and/or Co?* ions (Shigaki et al., 2005).

The genome of N. gargensis encodes two NADPH-
dependent FMN reductases and at least four nitroreduct-
ases that could have a chromate reductase activity
(Schroder et al., 2003; Ramirez-Diaz et al., 2008) (see
also iron uptake in Supporting information) and are
thought to be determinants of chromate resistance in bac-
teria (Ramirez-Diaz et al., 2008). This might therefore
explain the presence of N. gargensis in an environment
containing a high level of chromium (Table S6).

In accordance with the high concentration of copper in
the Garga spring (Table S6) N. gargensis possesses a
copper-translocating P-type ATPase (CopA homologue),
which may be involved in copper tolerance (Chan et al.,
2010) (Supporting information). Another putative copper
transport system (CopC—CopD) is present in N. gargensis
and all other thaumarchaeota and might provide
additional resistance to copper (Silver and Ji, 1994; Lee
et al., 2002).

Lithium and cesium, which are toxic to both micro-
and macroorganisms (Inaba et al., 1994; Avery, 1995;
Mechold et al., 2006; Zhang et al., 2006), are also much
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more concentrated in the Garga spring than in other
aquatic systems (Table S6). Cesium is the most toxic of
the alkali metals and notably for an organism living in an
alkaline habitat its toxicity increases with pH (Perkins and
Gadd, 1995). Resistance to Li* in E. coliis partly mediated
by Na*/H* antiporters (Inaba et al., 1994; Liu et al., 2005)
and it is reasonable to assume that resistance to Cs*
might also be conferred by monovalent cation efflux
systems such as K*/H* antiporters (Avery, 1995). There-
fore, it is interesting to note that N. gargensis possesses
at least seven monovalent cation/H* antiporters and
seems well adapted to living in the presence of high
lithium and cesium concentrations. Notably, all these
antiporters belong to the monovalent cation:proton
antiporter-2 (CPA2) family that is less abundant (0-5
copies) in all other archaeal genomes (Ren et al., 2004;
2007).

Conclusions and outlook

Manual annotation of the N. gargensis genome confirmed
that the gene set for ammonia oxidation and CO, fixation
is conserved in different thaumarchaeal lineages, but also
revealed many features not yet found in other thaumar-
chaeota. Like several other thermophiles, N. gargensis
likely produces mannosylglycerate as compatible solute.
Furthermore, it is well equipped for sensing changing
environmental conditions by its array of two component
systems and has the genetic potential to relocate itself by
active swimming and possibly by using gas vacuoles. It
also encodes an impressive collection of resistance
mechanisms that will confer a selective advantage for
living in the spring runoff waters that contain high concen-
trations of various heavy metals. Unfortunately, no infor-
mation on cyanate concentrations in the spring water is
currently available. Cyanate can be formed as metabolic
by-product, but can also originate from anthropogenic
activities (Koshiishi et al., 1997; Kraus and Kraus, 1998)
and from the spontaneous photooxidation of cyanide
(Nowakowska et al., 2006), which is produced largely by
plants (Peiser etal, 1984) and could thus represent
an interesting substrate in several environments. We will
explore in an experimental follow-up study whether
cyanate can indeed be used by N. gargensis as alterna-
tive energy source. In addition, N. gargensis has more
flexibility regarding its central carbon metabolism than
other thaumarchaeota including a putative oxidative
pentose phosphate pathway and the capability to use a
variety of organic compounds including alanine, glycerol,
pyruvate and even cyanate. If also present in other
members of this clade, this metabolic flexibility, which
is also consistent with the recently reported strong
growth stimulating effect of pyruvate for N. viennensis
(Tourna et al., 2011), might be an essential factor for the
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competitive success of the Nitrososphaera cluster in
many terrestrial environments. It will be exciting to explore
further whether members of this lineage can grow mixo- or
possibly even heterotrophically as recently suggested for
a close relative of N. gargensis thriving in an industrial
waste water treatment plant (MuBmann et al., 2011).

Experimental procedures

Biomass production for genome sequencing and
experimental analyses

The ammonia-oxidizing N. gargensis enrichment culture con-
taining approximately 90% of this organism (compared with
DAPI-stained cells) according to CARD-FISH using probe
RHGA702 (Hatzenpichler et al., 2008) was grown in modified
mineral medium (Hatzenpichler et al., 2008; Pitcher et al.,
2010) with 0.5 mM NH,CI. A total of 4.51 of medium was
prepared in 5 | bottles and inoculated with 50 ml of an active
preculture. Incubation was carried out in the dark at 46°C for
3 weeks with moderate stirring (150 r.p.m.). The pH was
adjusted to 7.8 and kept constant by daily titration using 15%
(w/v) NaHCOs. The consumption of ammonia was regularly
measured by test sticks (Merck KGaA, Darmstadt, Germany)
followed by readjusting the substrate concentration by adding
small amount of a 5 M sterile stock solution. In total, 3—-4 mM
NH,CI was oxidized before cells were harvested by centrifu-
gation (14 000 g) and washed in 0.9% NaCl. Several 51
bottles were collected and the pellet was stored at —20°C until
further treatment. In the enrichments used in this study, a
single archaeal OTU [99% 16S rRNA sequence homology
to N. gargensis studied by Hatzenpichler et al. (2008)] was
present according to 16S rRNA analysis.

Electron microscopy

For observation by electron microscopy, cells from a 51
culture were collected at 15 000 g, washed in 0.9% NaCl and
fixed with 2.5% (v/v) glutaraldehyde and 1% (w/v) osmium
tetroxide as described by Spieck and Lipski (2011). After
dehydration embedding was performed in Spurr. The dried
samples were sectioned with a diamond knife, collected on
copper grids and double-stained with 2% uranylacetate in
distilled water and 2% lead citrate for 10 min respectively.
Examination was carried out with a transmission electron
microscope (Zeiss model Leo 906E with a CCD camera
model 794). For whole-cell preparations a few millilitres of
the culture was centrifuged (15 000 g), the harvested cells
dropped on a copper grid, dried and stained with uranyl
acetate in distilled water (2%).

Raman spectroscopy

For Raman microspectroscopy, enrichments of N. gargensis
and N. viennensis were dried onto aluminum slides, washed
with ddH,O and placed dry under a confocal LabRAM HR800
Raman microspectrometer (Horiba, Germany) equipped with
a 50 mW 532.17 nm laser. Before the samples were ana-
lysed, the system was aligned using a silica reference with a

distinct Raman peak at 520 cm™. Cells for Raman analysis
were chosen by morphology (for N. gargensis) in the live-
view mode of the Labspec software, ver. 5.25.15 (Horiba)
using an Olympus 100 x MPlan N objective (NA 0.9,
Olympus, Japan). The exposure time for all cells was set to
40 s with the laser intensity dimmed to 50% by an intensity
filter to prevent photo damage. The confocal pinhole was set
to 300 um, leading to an axial resolution of about 3 um.
Raman spectra were acquired between 400 and 1800 cm™.
Raman spectra were baseline-corrected, normalized and
exported to a file format readable by Excel (Microsoft).

Detection of F420

Formaldehyde-fixed cells of Methanospirillum hungatei (DSM
864), Nitrosomonas europaea Nm50 and the N. gargensis
enrichment culture were applied to a microscopic slide and let
dry. The slides were briefly dipped into deionized water to
wash away residual salts and air-dried again. For image
acquisition the slides were placed directly or embedded
in 50% glycerol in PBS (30 mM sodium phosphate pH 5,
390 mM NaCl) under a LMD 7000 (Leica, Germany)
equipped with a BGR for LMD filter cube, a 63 x air objective
for dry samples or a 100 x oil immersion objective for embed-
ded samples. Of the BGR for LMD filter cube only the BP
420/30 excitation was used. All images of the different
samples were acquired with the same settings with the LAS
software package (version 3.6, Leica) delivered with the
instrument. Lambda scans were acquired with a Leica SP5X
confocal laser scanning microscope using the 405 nm diode
for excitation.

Sequencing, gap closure, annotation and
bioinformatic tools

DNA for 454 sequencing was isolated using the peqGOLD
Bacterial DNA Kits (peglab Biotechnology GmbH, Erlangen,
Germany). The 454 shotgun sequencing was carried out
according to the manufacturer’'s protocols (Roche Applied
Science, Mannheim, Germany) and yielded approximately
200 Mb sequence information. The raw 454 reads were
assembled using the 454 de novo Newbler Assembly
software, which yielded 6705 contigs with a length up to
370 784 nt (4.8 Mb non-redundant sequence information).
For scaffolding a metagenomic fosmid library was con-
structed according to the manufacturer's protocols in
pCC1FOS with E. coli EPI300 as heterologous host (Epicen-
tre Biotechnologies, Madison, USA) using DNA isolated by
classical methods with chemical and enzymatic cell lysis
followed by phenol chloroform extraction and a final dialysis
(Sambrook and Russell, 2001). In total, 2500 clones were
picked and stored at —70°C. End sequencing of 500 randomly
chosen fosmid clones by Sanger sequencing allowed to
physically map 88 contigs into one large scaffold with a size
of 2.8 Mb. PCR-based techniques (Schmeisser et al., 2009)
were used to close the remaining gaps using genomic DNA
as template. All manual editing steps were performed using
the GAP4 software package v4.5 and v4.6 (Schiex etal,
2003). Coding sequences (CDS) and ORFs were predicted
with YACOP (Tech and Merkl, 2003) using the ORF finders
Glimmer, Critica and Z-curve. All CDS were manually curated
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and verified by comparison with the publicly available data-
bases SwissProt (Magrane and UniProt Consortium, 2011),
InterproScan via EMBL (Cochrane et al.,, 2009), GenBank
(Benson et al., 2011), COG (Tatusov et al., 1997) and Prosite
(Sigrist et al., 2010) using the annotation software ERGO
(Overbeek et al., 2003) as well as the comparative genome
analysis and manual functional annotation platform Micro-
scope (Vallenet et al., 2006; 2009). CRISPR loci were iden-
tified using CRISPRFinder (Grissa et al., 2007). All genes
discussed in the paper have been manually annotated using
a slightly modified version of the annotation parameters
described in Licker and colleagues (2010). These included
the annotation of coding sequences (CDS) that had an amino
acid identity = 35% and sequence coverage > 75% to pro-
teins in the SwissProt/Trembl database (Magrane and
UniProt Consortium, 2011) as homologous to proteins with
known function (class 2). Protein sequences with an amino
acid identity between 25% and 35% have been annotated as
putative homologue to a protein with a specific function or as
member of a protein family (class 3). CDS with lower
sequence identities to proteins in the mentioned databases
and/or with protein coverage below 75% were annotated as
hypothetical proteins (eventually with conserved domains if
detected) (class 4). Furthermore, additional information from
protein signatures of the InterPro database (Hunter et al.,
2009), from the COGs database (Tatusov et al., 1997) as well
as enzyme profile data provided by PRIAM (Claudel-Renard
et al., 2003) and HAMAP (Lima et al., 2009) were taken into
account to refine the annotation of proteins of all annotation
classes presented above. Transporter gene annotations were
carried out by additionally taking into account the information
provided in the transporter classification database (Saier
et al., 2006; 2009). Detailed information on the annotated
genes ordered by functional category can be found in
Tables S1-S5.

The completed 2.83 Mb genome has been submitted to
GenBank under Accession Number CP002408.

Phylogenetic analyses

Predicted amino acid sequences of selected genes were
automatically aligned with reference sequences using the
multiple sequence alignment tool Clustal2W (Larkin et al.,
2007) provided by the European Bioinformatics Institute
(EMBL-EBI) (Goujon etal., 2010) and manually corrected
with the sequence editor BioEdit (Hall, 1999). If not men-
tioned otherwise, phylogenetic trees were constructed using
the maximum likelihood software PhyML (Guindon et al.,
2010) (default parameters and 100 bootstraps) and visual-
ized with the tree-drawing program NJPlot (Perriere and
Gouy, 1996).

Genome synteny comparisons

Pairwise alignments for dot plot representations were per-
formed on the six-frame amino acid translation of the genome
sequences of Nitrososphaera gargensis, N. maritimus and
N. koreensis using the Promer program in the MUMmer 3.23
package (Kurtz et al., 2004). For all analyses default param-
eters were applied; that is, exact matches longer than six
amino acids were identified, adjacent exact matches were
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joined if separated by a gap no longer than 30 amino acids,
the resulting clusters were further processed if the total length
of their matches was longer than 20 amino acids and then
aligned using a BLOSUM®62 amino acid substitution matrix.

Calculation of COGs for Venn diagrams

The predicted proteome sequences of selected genomes
(M. sedula, Halobacterium salinarum, C. subterraneum,
N. maritimus, C. symbiosum, N. koreensis and N. limnia)
except for N. gargensis were retrieved from the July 2012
release of the NCBI RefSeq database (Pruitt et al., 2012).
Bidirectional best sequence similarities were obtained from
the SIMAP database (Rattei et al, 2010) using two cut-off
values: maximal E-value = 1e7'% minimal coverage of both
proteins by local alignment =70%. Bidirectional best hits
(BBH) between all genomes were clustered into COGs using
a SIMAP-based implementation of the COGtriangles algo-
rithm (Kristensen et al., 2010). Due to the small number of
involved genomes, also isolated BBH not part of any triangle
were treated as COGs.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Additional interesting features of the N. gargensis genome.

Fig. S1. A. Phylogeny of thaumarchaeota including N. gar-
gensis. Majority consensus trees based on the 16S rRNA
gene (1067 nucleic acid positions conserved in >50% of
all archaea) as inferred by maximum likelihood, distance
and maximum parsimony methods. The bars represent 10%
Jukes—Cantor corrected sequence divergence. Dots indicate
bootstrap support above 80% as inferred by maximum likeli-
hood. Abbreviations: SAGMCG-1, South African gold mine
crenarchaeotic group 1; HWCG lll, hot water crenarchaeotic
group lll. Names of described thaumarchaeota within the
clades are listed. *Genome sequence not yet available/
published. Tree modified from Pester and colleagues (2011).
B and C. Electron micrographs of N. gargensis showing its
morphology and ultrastructure. (B) Single cells are arranged
to small aggregates and reveal a regular structure of the
surface layer. Cells are stained with uranylacetate. (C)
Ultrathin section showing the thick cell wall and electron
dense structures in the cytoplasm.

Fig. S2. Phylogenetic maximum likelihood tree of bacterial
16S rRNA sequences from the enrichment culture Ga 9-2.
Bootstrap values are given in % from 1000 replicate resa-
mplings; only bootstrap values higher than 80% are shown.
16S rRNA gene clones from the enrichment are labelled in
red and bold. If the respective 16S rRNA gene sequence
was also found in the 454 metagenome data set this is also
indicated. The scale represents base substitutions per
nucleotide. Specific oligonucleotide probes were designed
for the Thermaerobacter-related (probe GaBI830, GGT CAA
ACC CAC CCA CAC) and Betaproteobacteria-affiliated
(RHG1130, AGT GCC CAC CTC TCG CGT) 16S rRNA
sequences. Both probes were evaluated via Clone FISH
(Schramm et al., 2002) and used at 35% formamide in the
hybridization buffer. The probes were applied together with
the general bacterial probe mix EUB338mix (Daims et al.,
1999) using established protocols (Daims etal, 2005).
The two newly designed probes stained all bacterial cells
detected by the EUB338mix (data not shown) suggesting
that the other contaminants occurred at an abundance
below the detection limit of FISH or were not amenable to
the applied FISH protocol, e.g. due to low ribosomal
numbers.

Fig. S3. Venn diagrams showing the numbers of COGs
shared between the predicted proteomes of N. gargensis,
N. maritimus, N. limnia, N. koreensis and C. symbiosum (A)

as well as between the predicted proteomes of N. gargensis,
N. maritimus, the euryarcheon Halobacterium salinarum, the
crenarchaeon Metallosphaera sedula and Caldiarchaeum
subterraneum (B) (see Experimental procedures for details of
COG determination). Proteins that were not grouped into
COGs are represented as specific proteins for each organ-
ism. Numbers in brackets behind species names indicate
total number of predicted proteins.

Fig. S4. Predicted carbon metabolism of N. gargensis.
Enzymatic reactions for which candidate genes could
be identified in the genome are highlighted by solid arrows.
Depending on homology conservation of the predicted
proteins to described proteins in other organisms, the
arrows and EC numbers are marked in either black [> 35%
AA similarity to characterized proteins (class 2)] or
grey [putative proteins with respective function (class 3)].
White dashed arrows and EC numbers indicate reactions
for which no putative candidate genes were found in the
N. gargensis genome, based on homology searches to
known enzymes involved in the respective steps. Pro-
teins labelled with a red asterisk are absent from
other published thaumarchaeal genomes. *Related PHA
synthases (type lll) of haloarchaeota synthesize polyhy-
droxybutyrate and/or 3-polyhydroxybutyrate-co-3-hydroxy-
valerate. Annotations of all corresponding genes are listed
in Table S1.

Fig. S5. Maximum likelihood phylogenetic analysis of one of
the predicted 6-phosphogluconate dehydrogenase enzymes
of N. gargensis compared with related enzymes of archaea
and bacteria based on an alignment of 293 amino acid posi-
tions (50% insertion/deletion filter and 100 bootstraps). The
fragmented paralogous 6-phosphogluconate dehydrogenase
of N. gargensis forms a monophyletic cluster together with
the former enzyme (not shown). The scale bar refers to 20%
estimated sequence divergence. *Protein has been charac-
terized and shown to participate in oxidative pentose phos-
phate pathway (Chistoserdova et al, 2000). **Function of
this protein in Bacillus subtilis is obscure as this organism
contains a canonical 6-phosphogluconate dehydrogenase
(Zamboni et al., 2004).

Fig. S6. Amino acid biosynthetic pathways of Nitroso-
sphaera gargensis. Only selected catabolic pathways are
shown. tRNA genes, aminopeptidases and some selected
transporters are displayed, too. Nitrososphaera gargensis-
specific enzymes refer to enzymes not found in the genomes
of other thaumarchaeotes publically available until October
2010. For more information, see respective section in Sup-
porting information.

Fig. S7. Maximum likelihood phylogenetic analysis of almost
all (closely related proteins were excluded) mannosyl-3-
phosphoglycerate synthases based on an alignment of
384 amino acid positions (removal of ambiguously aligned
sites, 100 bootstraps). The scale bar refers to 20% estimated
sequence divergence. Archaea are labelled in purple,
eukaryotes are labelled in dark green and bacteria are shown
in black.

Fig. S8. Phylogeny of the urea transporter from the UT
family of N. gargensis using selected reference sequences.
Maximum likelihood phylogenetic analysis based on 266
aligned amino acid positions (alignment based on Clustal2w
with removal of ambiguously aligned regions in this poorly
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conserved protein, 50% insertion/deletion filter and 100
bootstraps). The scale bar refers to 20% estimated sequence
divergence. Archaea are labelled in purple. Eukaryotes are
shown in green.

Fig. S9. Phylogeny of the BART superfamily including the
two paralogues of N. gargensis and selected reference
sequences. Maximum likelihood analysis based on 289
amino acid positions (alignment based on Clustal2w with
removal of ambiguously aligned regions in this poorly con-
served protein, 50% insertion/deletion filter and 100 boot-
straps). Only bootstrap support > 30% is indicated. The scale
bar refers to 50% estimated sequence divergence. Archaea
are labelled in purple. Eukaryotes are shown in green. The
tree is rooted with the UBS1 family (unknown BART
superfamily-1 family), the third member of the BART super-
family. ACRS3, arsenite resistance-3; BASS, bile acid sodium
symporter. Transported substrates: ‘arsenite, 2arsenite/
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antimonite efflux, *taurocholate/Na* symport, “bile acid/Na*
symport, ®estrone-3-sulfate/dehydropiandrosterone sulfate/
Na* symport, Sdehydropiandrosterone sulfate/estrone-3-
sulfate/prenenolone  sulfate/sulfoconjugated  taurolitho-
cholate/Na* symport, “glucosinolate, 8pyruvate/Na* symport.
Table S1. Genes encoding proteins of diverse metabolic
pathways.

Table S2. Genes encoding transporter proteins.

Table S3. Selected genes encoding informational process-
ing proteins.

Table S4. IS elements and transposase genes.

Table S5. Integrases and putative associated genomic
islands.

Table S6. Concentration of selected chemical elements in
the Garga spring. For comparison concentrations of these
elements in pristine marine (Turekian, 1968) and freshwater
samples (see references in the table) are listed.
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