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Ammonia-oxidizing archaea (AOA) are among the most abundant
microorganisms and key players in the global nitrogen and carbon
cycles. They share a common energy metabolism but represent a
heterogeneous group with respect to their environmental distribu-
tion and adaptions, growth requirements, and genome contents. We
report here the genome and proteome of Nitrososphaera viennensis
EN76, the type species of the archaeal class Nitrososphaeria of the
phylum Thaumarchaeota encompassing all known AOA. N. viennensis
is a soil organism with a 2.52-Mb genome and 3,123 predicted protein-
coding genes. Proteomic analysis revealed that nearly 50% of the
predicted genes were translated under standard laboratory growth
conditions. Comparison with genomes of closely related species of
the predominantly terrestrial Nitrososphaerales as well as the more
streamlined marine Nitrosopumilales [Candidatus (Ca.) order] and the
acidophile “Ca. Nitrosotalea devanaterra” revealed a core genome of
AOA comprising 860 genes, which allowed for the reconstruction of
central metabolic pathways common to all known AOA and expressed
in the N. viennensis and “Ca. Nitrosopelagicus brevis” proteomes. Con-
comitantly, we were able to identify candidate proteins for as yet un-
identified crucial steps in central metabolisms. In addition to unraveling
aspects of core AOA metabolism, we identified specific metabolic inno-
vations associated with the Nitrososphaerales mediating growth and
survival in the soil milieu, including the capacity for biofilm formation,
cell surface modifications and cell adhesion, and carbohydrate conver-
sions as well as detoxification of aromatic compounds and drugs.

ammonia oxidation | proteomics | archaea | comparative genomics |
biofilm

en years of extensive research on ammonia-oxidizing archaea

(AOA) have provided important insights into their environ-
mental distribution, ecophysiology, and general genome content.
AOA belong to the archaeal phylum Thaumarchaeota (1, 2) and are
a major component of many microbial communities, with abun-
dances up to 107 cells per 1 mL in sea waters (3, 4) and even 100-fold
more per gram of soil (5, 6). They perform a key role in global ni-
trogen cycling but also participate in carbon cycling and production
of metabolites essential to many members of the microbial and
eukaryotic community (7-9). Since their discovery in 2005 (10, 11),
about a dozen strains have been enriched under aerobic and auto-
trophic conditions, and some were obtained in pure laboratory cul-
tures. About an equal number of full or nearly complete genome
sequences are now available, allowing the first comparative analyses
of their core and variable gene repertoires (12, 13). Despite their vast
distribution and large numbers in the environment, AOA are delicate
organisms with which to work. Their small cell sizes, slow growth
rates, and autotrophic (or mixotrophic) growth mode on low
concentrations of ammonia as energy source (compared with
their bacterial counterparts) have limited the ecophysiological and
metabolic characterization of these oligotrophic organisms (12, 14, 15).
Nitrososphaera viennensis, isolated from soil, represents the first de-
posited type strain of the class Nitrososphaeria within the phylum
Thaumarchaeota that encompasses all known AOA (16, 17) and is

WWww.pnas.org/cgi/doi/10,1073/pnas. 1601212113

one of the best studied AOA from soil. The growth characteristics
of N. viennensis on ammonia and urea as energy sources have been
described (16), as well as its dependence on small organic acids for
growth (16), resistance to common nitrification inhibitors (18, 19),
production of NO and contribution to greenhouse gas emissions
(20, 21), thaumarchaeal ether-lipid components (22), and typical
archaeal S-layer structure with p3 symmetry (17).

Despite this accumulated knowledge on N. viennensis and other
AOA, many fundamental questions about their core and variable
metabolism and niche differentiation remain unanswered. Al-
though it is generally assumed that the archaeal version of ammonia
monooxygenase encoded in all studied AOA is responsible for the
first step of ammonia oxidation, the second step to nitrite produc-
tion and the contributing cofactors and electron carriers have still
not been identified. Moreover, although a unique and highly energy
efficient aerobic pathway of carbon assimilation conserved in all
AOA has been biochemically investigated in the marine strain
“Candidatus (Ca.) Nitrosopumilus maritimus” (23), regulation
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mechanisms that maintain the balance over the key metabolic
processes of nitrogen and carbon assimilation have not been eluci-
dated. In addition, adaptive features of different AOA to their re-
spective ecological niches have not been investigated, which are
needed to understand their metabolic flexibility and their reaction to
changing environmental conditions. A better understanding of the
ecosphysiology of terrestrial AOA compared with their ammonia-
oxidizing bacteria (AOB) counterparts that coexist in the same
habitats would help to elucidate the relative contribution of both
AOA and AOB to nitrogen (and carbon) turnover in soils. This
knowledge of AOA (eco)physiology is not only of fundamental
ecological interest but also might eventually be of importance for
mitigation strategies aimed at reducing N,O emissions in agricul-
ture, since AOB but not AOA can produce significant amounts
of N,O as a side reaction of ammonia oxidation or via the ni-
trifier denitrification pathway (21, 24, 25).

To gain deeper insights into the central metabolism of AOA and
specific adaptations of the terrestrial group, we have performed a
manual annotation of the genome of N. viennensis, the type strain
of the phylum Thaumarchaeota, and determined its proteome
under standard growth conditions. In a comparative genomic
analysis with seven closed genomes of Thaumarchaeota (26-31),
we have dissected the conserved gene repertoire of AOA and
compared this with the expressed proteome of N. viennensis and
“Ca. Nitrosopelagicus brevis” (30). This comparative analysis al-
lows us to narrow down the minimal active gene set of AOA, re-
construct central metabolic pathways, including possible regulatory
mechanisms, and identify candidates for potential missing steps in
the core energy metabolism of AOA. In addition, we identify and
discuss in the context of their ecophysiology the gene complement
specific to N. viennensis and the terrestrial strains.

Results and Discussion

With 2.52 Mb and 3,123 predicted protein-coding genes, the
N. viennensis genome is similar in size to the other genomes of the
Nitrososphaerales [formerly group I.1b (17, 28, 29)] and larger
than genomes of the other major order “Ca. Nitrosopumilales”
(formerly group I.1a) that are mostly marine strains and range in
size from 1.23 to 1.85 Mb (26, 27, 30, 32-38) [except marine
symbiont “Ca. Cenarchaeum symbiosum”, with 2.05 Mb (39)].

The proteome of late exponential-phase cultures of N. viennensis
was analyzed on an LC-Orbitrap Mass Spectrometer. Total cellular
lysates were fractionated in membrane-enriched and cytoplasmic
fractions by ultracentrifugation to enrich and enable identification
of otherwise poorly represented membrane-associated proteins.
From the combined datasets, we recovered a total of 1,503 proteins,
representing 48% of all predicted proteins encoded in the
N. viennensis genome (Dataset S1). The absolute number of proteins
identified in the proteome of N. viennensis was considerably higher
than 1,012 proteins reported recently for (early stationary phase)
cultures of the marine AOA Ca. N. brevis (30). The expressed pro-
teome of Ca. N. brevis, however, represented a greater fraction (70%)
of all proteins predicted from its genome (1,445 coding sequences) as
expected from its more streamlined genome that results in a smaller
size of its nonconserved (shell) gene complement. Assuming that the
larger gene repertoire of N. viennensis is a consequence of its adap-
tations to a diverse range of environmental changes and stresses in
soil, we do not expect expression of a higher protein complement of
the genome under stable laboratory culture conditions.

The Core Gene Repertoire of AOA. Clusters of orthologous groups
(COGs) of proteins were defined for seven closed genomes of free-
living Thaumarchaeota representing the order Nitrososphaerales
and the two candidate orders Ca. Nitrosopumilales and “Ca. Nitro-
sotaleales” (formerly clades I.1b, I.1a, and I.la-associated, re-
spectively) (features of the genomes are summarized in Table S1).
This dataset included, in addition to N. viennensis, “Ca. Nitro-
sosphaera gargensis” (28) and “Ca. Nitrososphaera evergladensis”
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(29) of the order Nitrososphaerales; Ca. N. maritimus (26), “Ca.
Nitrosoarchaeum koreensis” (27), and Ca. N. brevis, a marine strain
for which a proteome dataset is also available (30), from the order
Ca. Nitrosopumilales; and “Ca. Nitrosotalea devanaterra”, an aci-
dophilic soil strain that, according to its divergence from other
strains, probably represents a separate order, Ca. Nitrosotaleales,
associated with Ca. Nitrosopumilales (31) (the Candidatus desig-
nation of the strains was omitted below to improve readability). This
comparison enabled us to identify a conserved core set of 860
protein families (Fig. 1 and Dataset S2) (i.e., families shared by all
analyzed genomes and likely representing the “core” gene repertoire
of AOA; from here on, they are referred to as core COG families).
Among these core COG families, we encountered all of the highly
conserved information processing genes (involved in replication,
transcription, translation, etc.) that are signatures of the phylum
Thaumarchaeota (as outlined in ref. 2). A summary of the func-
tional categories of the core COG families is depicted in Fig. S1.
Members of the core COG families represent a large fraction of the
expressed proteome in both available proteomic datasets, composing
48.8% of the identified proteins in N. viennensis (733 in a total of
1,503) (Fig. 1) and 67.3% in N. brevis (681 in 1,012 identified pro-
teins), whereas 611 were expressed in both (Dataset S1). Both pro-
teomic datasets were generated from cultures grown in defined media
[as defined for each organism (17, 30)] under ammonia-oxidizing
conditions. Comparative analysis of the genomic and proteomic
datasets highlights and confirms the common processes supporting the
aerobic, autotrophic ammonia-oxidizing lifestyle in these representa-
tives, although they stem from two distinct orders associated with
radically different ecological habitats (12, 13, 40). This conservation
among the core protein families enabled us to raise hypotheses about
missing steps in shared metabolisms and dissect highly specialized
distinct functions in the variable (accessory) genomes (see below).

Conserved Central Carbon Metabolism in AOA. All pathways of the
central carbon metabolism including the genes (canonical and
putative) participating in the hydroxypropionate/hydroxybutyrate
CO, fixation pathway (23, 41), tricarboxylic acid (TCA) cycle,
gluconeogenesis, and nonoxidative pentose phosphate pathways
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Fig. 1. Simplified Venn diagram illustrating the numbers of COGs shared
between marine Ca. Nitrosopumilales (COGs shared between N. maritimus
and N. brevis and between either of them and the other categories), soil Ca.
Nitsosopumilales (COGs shared between N. koreensis and the other categories),
Ca. Nitrosotaleales (COGs shared between N. devanaterra and the other cate-
gories), and Nitrososphaerales [COGs shared between N. viennensis, N. gargensis,
and N. evergladensis (either among all three or pairwise) and between either of
them and the other categories]. Proteins that were not grouped into COGs are
represented as specific proteins for each organism. Not all combinations of
shared COGs are represented in this Venn diagram. Numbers in parentheses
indicate the numbers of clusters detected in the experimentally determined
proteomes of N. viennensis and N. brevis, respectively. Genome abbreviations
are Nbrev, N. brevis; Ndev, N. devanaterra; Never, N. evergladensis; Ngar,
N. gargensis; Nkor, N. koreensis; Nmar, N. maritimus; and Nvie, N. viennensis.
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Fig. 2. Reconstruction of the predicted central carbon metabolism modules in AOA emphasizing the conservation of the core pathway enzymes and carriers
and features of the Nitrososphaerales. Canonical enzymes belonging to the core COGs are depicted in light gray boxes, whereas candidate enzymes according
to the work by Spang et al. (28) are in dark gray boxes. COGs conserved among Nitrososphaerales are depicted in orange boxes, and COGs present in some of
the analyzed genomes are in blue (refer to the color key in Fig. 3). Proteins catalyzing all displayed reactions were detected in the proteome of N. viennensis
by proteotypic peptides. Gene accession numbers and enzyme abbreviations are listed in Dataset S2.

are present in all analyzed AOA genomes and both proteomes,
verifying the conserved metabolic features of the phylum (Datasets
S1 and S2). A full reconstruction of the central carbon metabolism
based on our comparative analysis is given in Fig. 2, distinguishing
the core AOA gene repertoire (genes labeled in gray) from genes
with a more limited distribution (orange and blue). Notably,
Nitrososphaerales seem to be particularly versatile with respect to
interconversions of the key metabolite pyruvate (28, 29), as indi-
cated by the presence of a pyruvate/phosphate dikinase, converting
pyruvate to phosphoenolpyruvate (PEP), a putative pyruvate
dehydrogenase/oxidase converting it to acetate, and an alanine
dehydrogenase (Dataset S2).

All Thaumarchaeota harbor candidate enzymes for all steps of
an oxidative TCA cycle, the functionality of which in vivo is,
however, debated. In particular, the substrate specificity of the
2-oxoacid:ferredoxin oxidoreductase (NVIE_029480-NVIE_029490),
the candidate enzyme for conversion of both pyruvate and 2-oxo-
glutarate to acetyl-CoA and succinyl-CoA, respectively, remains
unknown (42), and its functioning in both steps of the cycle might be
unlikely. Moreover, classical TCA bypass routes seem to be incom-
plete or noncanonical, as only one candidate enzyme (isocitrate ly-
ase) catalyzing the first step of the glyoxylate shunt could be
identified in the genome and is also detected in the proteome
(Datasets S1 and S2).

As shown for Metallosphaera sedula (43) and proposed by
Konneke et al. (23) for the AOA N. maritimus, succinyl-CoA is
probably the primary carbon fixation product in the hydroxy-
propionate/hydroxybutyrate pathway. Notably, N. viennensis and

Kerou et al.

other Nitrososphaerales contain a putative malic enzyme apart
from the PEP carboxykinase, which could connect the C4/C3
compound pool in the absence of a full oxidative TCA cycle
under autotrophic growth. For a better understanding of AOA
central carbon metabolism (and other metabolisms), it will be
crucial to perform biochemical analyses to verify and/or deter-
mine substrate specificities of the predicted components.
Although this analysis and other genomic and physiological
investigations support the assumption that AOA are, in princi-
ple, autotrophic ammonia oxidizers, the possibility of alternative
metabolisms was indicated by studies showing growth of AOA
without apparent ammonia oxidation activity (44, 45) and the
finding of transporters for organics (13) as well as incorporation
studies of amino acids (46). However, despite the large amount of
transporters encoded in the genome of N. viennensis (13), we have
so far not been able to identify alternate energy or carbon sources
in growth experiments. In addition, Kim et al. (47) have convinc-
ingly shown that the dependency of N. viennensis and other strains
on small amounts of organic acids (16, 17, 48) can be overcome by
reducing reactive oxygen species in the medium. Consequently,
based on growth experiments and genomic predictions, all AOA
currently in pure culture can grow strictly autotrophically.

The AOA Core Genomic Repertoire Involved in Ammonia Oxidation.
Based on the genomic and proteomic data, we have recon-
structed the possible pathways of energy metabolism (via am-
monia oxidation) and ammonia assimilation as they are found
in all investigated thaumarchaeal genomes and translated in
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N. viennensis (Fig. 3 and Dataset S2, gene accession numbers of
N. viennensis). Among the core protein families involved in energy
metabolism are the ammonia monooxygenase (AMO) subunits
A, B, and C, which are homologs of the bacterial counterparts. A
gene for a fourth potential membrane-associated subunit that we
earlier referred to as ORF38 (11) or amoX (49) is linked to
amoA in all sequenced genomes. The AmoC protein family in-
cludes a single homolog in the Ca. Nitrosopumilales genomes
but is enlarged in the soil-dwelling Nitrososphaerales and AOB
(28, 29, 50), with N. viennensis encoding six homologs (72-96%
amino acid identity). The core AmoC COG includes two copies
in Nitrososphaerales (AmoC3 and C6 in N. viennensis). The
additional homologs either belong to COGs shared between
the Nitrososphaerales genomes (AmoC4,C5) or cluster with the
organism-specific COGs (AmoC1,C2), reflecting possible reg-
ulatory or stress response functions. Transcription studies in the
AOB Nitrosomonas europaea implicate a role of additional amoC
copies in the recovery from ammonia starvation or other types of
stress by ensuring the stability of the AMO holoenzyme (51, 52).
The A, B, and X subunits were detected in both proteomic
datasets, whereas the core C subunit was only detected in
the N. brevis proteome. AmoB was the second most abundant
protein in the N. viennensis proteome (Dataset S1), supporting
observations on the environmental abundance (or ease of de-
tection) of this subunit from metaproteomic studies (53).

Although the identity of the enzyme(s) for the second step in
ammonia oxidation remains unknown, hydroxylamine has been
verified as an intermediate compound in N. maritimus (54).
Currently, models for ammonia oxidation in AOA and AOB
assume that the active site of the AMO is located on the peri-
plasmic side of the membrane (21, 24, 26, 55). Consequently, it is
suggested that the following oxidation of the intermediate hy-
droxylamine should also take place in the (pseudo)periplasmic
space of AOA (i.e., in the space between the cytoplasmic
membrane and the S-layer). An extracellular location of the
oxidation of hydroxylamine into nitrite is bioenergetically fa-
vorable, because it contributes to the establishment of the proton
gradient across the cell membrane via the release of scalar
protons in the periplasmic space (24, 55). The intracellular oxi-
dation of hydroxylamine would instead require the transport of
the highly reactive and toxic hydroxylamine into the cytoplasm
and the secretion of nitrite outside the cell, which seems, at least
theoretically, unfavorable. The immediate implication of those
considerations is that the enzyme(s) participating in the oxidation
of hydroxylamine would be secreted as shown for the hydroxyl-
amine oxidoreductase (HAO) in AOB.

We assume that all core and accessory enzymes in the energy
metabolism would be among the core COGs in our analysis, and
therefore, we searched for enzymes capable of performing oxido-
reductase reactions among the core protein families. Naturally, this
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(m 7 [ COG conserved in Nitrososphaerales
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2 E @ presentin all, but not among core COGs

, most nitrogenous compounds in cell

Dashed lines indicate binding/regulation. Dotted lines
indicate absent reaction, which is included here for
clarity. All depicted proteins except the urea trans-
porters were detected in the proteome of N. viennensis.
Gene accession numbers are in Dataset S2. The presence
and function of urea transporters (UT and SSS) and
urease (Ure) as well as the two Amt ammonium trans-
porters have been presented earlier (refs. 16 and 13,
respectively) and are not discussed here.

search is limited to the fraction of core COGs for which a function
could be proposed, but we did not limit our search to putative
candidates predicted to be membrane associated or secreted.

Five protein candidates were identified, which include two
putative F420-dependent luciferase-like monooxygenase pro-
teins (NVIE_004930 and NVIE_015060), with a domain found
in flavin monooxygenases catalyzing mostly the oxidation of al-
dehydes in various pathways. Both proteins are present in high
amounts in the proteomes of N. viennensis and N. brevis, sug-
gesting an important role in the metabolism of those organisms. A
putative NADPH-dependent F420 reductase (NVIE_027500) and
two putative FAD- and FAD/NAD(P)-dependent oxidoreductases
(NVIE_016850 and NVIE_007970) were also expressed in both
proteome datasets. The predicted localization of these five enzymes
is cytoplasmic (Materials and Methods), making them incompatible
with the extracellular ammonia oxidation hypothesis. However,
secreted proteins do not always possess a signal peptide, and studies
of archaeal signal peptides are scarce; we cannot rule out the
possibility that some of these enzymes are secreted via nonclassical
protein secretion pathways (56).

The production of significant amounts of F420 by AOA was
earlier verified by Spang et al. (28). The genes for the bio-
synthesis of this cofactor are among the core COGs, supporting
the proposed important role of this cofactor in AOA metabolism
(28). As noted by Spang et al. (28), reduced F420 generated by
an F420 glucose-6-phosphate dehydrogenase in mycobacteria
has a protective role against reactive nitrogen species (57).
Thus, a similar F420-dependent mechanism might operate in
AOA. Recently, a membrane-attached small cupredoxin from
N. maritimus with a type 1 copper center (T1Cu) was shown to
have reversible NO oxidation/NO,~ reduction activity in vitro
(58), indicating a need for detoxification of extracellularly produced
reactive nitrogen species. Biochemical analyses will be needed to
clarify whether F420 is involved in detoxification, is part of the
archaeal hydroxylamine:ubiquinone redox module (HURM), cata-
lyzing the oxidation of hydroxylamine (see below), or participates
in both functions.

Conservation of Multicopper Proteins in AOA. It has been repeatedly
proposed that a multicopper oxidase (MCO) could be the ar-
chaeal counterpart to the bacterial HAO or participate in the
archaeal HURM (Fig. 3), as multiple MCOs that are predicted
to be membrane associated or secreted were discovered in all
AOA genomes (12, 21, 26, 55). However, none of the MCOs
were found among the core COGs in this analysis. To examine
the distribution of this protein family further, we conducted a
thorough phylogenetic analysis on all available AOA genomes
and representative genomes of other archaeal phyla and AOB/
nitrite-oxidizing bacteria (details are in SI Results and Discus-
sion and Table S2). The phylogenetic analysis reveals four
well-supported major lineages of two-domain MCOs with type 1
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(T1Cu) and trinuclear type 2/type 3 copper centers (labeled ions, including copper (Cu®*), this pair of genes (MCO plus the ZIP
MCO1-4 in Fig. 4). MCO1 comprises only sequences from family permease) could be involved in copper sequestration pro-
thaumarchaeal genomes, whereas MCO4 (with an additional blue  vided that the MCO is secreted. The absence of both genes in
copper domain) is present only in Nitrososphaerales and the genera ~ N. devanaterra further supports a functional link of the two and could
Nitrosopumilus and Nitrosoarchaeum. MCO2 and MCO3 comprise  be explained by the particularly low pH conditions that this archacon
nonthaumarchaeal sequences (with one exception) (Fig. S2 showsan  encounters in the environment, which likely influences the bio-
uncollapsed tree). MCO1 orthologs are present in all described availability of copper in these soils (59) and might impose different
AOA, with the sole exception of N. devanaterra. All AOA (except  copper uptake strategies. Alternatively, this MCO could still repre-
N. devanaterra) encode a transporter of the Zinc-Iron Permease  sent the missing module in ammonia oxidation (HURM in Fig. 3),
(ZIP) family immediately adjacent to MCO1 and on the same strand ~ whereas in the acidophile N. devanaterra, a substitution by a different
(except for Nitrosotenuis chungbukensis MY2 and Nitrosotenuis uzo-  enzyme might have occurred due to pH constraints. Such cases of
nensis N4, where the gene is unlinked). The co-occurrence pattern  nonorthologous gene replacements in acidophiles have already been
indicates a functional link and coregulation between these two  reported. For example, a completely novel type of tetrathionate
proteins, which are also reflected in a shared evolutionary history  hydrolase essential for the dissimilatory oxidation of inorganic sulfur
(Fig. S3 shows the permease tree). Given that transporters of the  compounds has been exclusively found in acidophilic Bacteria and
ZIP family are involved in the transport of a range of divalent cat-  Archaea (60).
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Fig. 4. Maximum likelihood tree (after automatic model selection with IQ-Tree, version 1.4.2) of multicopper proteins found in all available AOA genomes
(25 in total) and Aigarchaeota genomes and selected genomes from AOB and nitrite-oxidizing bacteria. NirK is as identified in ref. 61. The two uncollapsed
clades contain exclusively genes from AOA and are represented in almost all 25 species (MCO1 is not in N. devanaterra, and NirK is not in C. symbiosum and
N. yellowstonii). More details and strain abbreviations are in the text and S/ Materials and Methods. Values at nodes represent ultrafast bootstraps («UF-boot »).
BC, additional blue copper domain.
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The second major lineage represents the putative NO-forming
nitrite reductase (NirK) family enzymes in both AOA and AOB
(61), containing sequences with only two cupredoxin domains
and T1, T2 Cu centers. NirK is broadly distributed in AOA with
the exceptions of the symbiont C. symbiosum (39), for which
evidence for capability of chemolithoautotrophic growth is still
missing, and Nitrosocaldus yellowstonii (12), for which the full
genome is not published. Nevertheless, NirK (or a noncanonical
NirK) has been suggested to assist in the process of ammonia
oxidation (14, 21, 26), because NO (the product of the NirK
reaction) is essential for ammonia oxidation in AOA (18, 21, 62).
In support of this hypothesis, NirK is found highly expressed on
the mRNA level in cultivated AOA and environmental samples
(63-65) and was identified in the N. viennensis proteome
(NVIE_000530).

The AOA Core Proteome Involved in Ammonia Assimilation. Com-
ponents of the ammonia assimilation machinery are mostly con-
served among the analyzed genomes, but some genomic features
differ between the three orders of AOA being compared (Fig. 3).
All sequenced AOA encode two copies of glutamine synthetase
(GS), but only one is among the core COGs. Glutamate de-
hydrogenase (GDH), the other key enzyme involved in the regu-
lation of the glutamine/glutamate pool in the cell, also clusters
within the core COGs, and both proteins (GDH and GS) are
found in the proteomics datasets from N. viennensis and N. brevis.
A homolog of glutamate synthase (GOGAT) was not identified in
any of the analyzed genomes. The GS/GOGAT pathway usually
exhibits higher affinity for ammonia, which might reflect an ad-
justment of AOA to higher intracellular substrate concentrations
(discussion is in SI Results and Discussion).

Only genomes of Nitrososphaerales encode alanine dehydro-
genases (Fig. 3) (28, 29). The amination of pyruvate could be a
possible mechanism of ammonia storage or alleviation of am-
monia toxicity or could also represent another primary nitrogen
assimilation process as in AOB and other bacteria (66, 67).

Members of the PII superfamily of signal transduction proteins,
key players in nitrogen regulation, are overrepresented in all ana-
lyzed AOA genomes with five to six homologs. These proteins have
been shown to integrate information regarding the carbon/nitrogen
ratio and energy status of the cell and regulate the ammonia uptake
and use in response to changes in the extracellular nitrogen avail-
ability (68). This function is achieved by binding the key molecules
2-oxoglutarate and ATP/ADP/AMP and subsequently regulating a
broad collection of target proteins (e.g., Amt family transporters,
GS, and others) (68). The overrepresentation of these regula-
tory proteins in thaumarchaeal genomes, their relatively con-
served genetic linkage to amt in a number of AOA, and the high
relative abundance in the proteome of N. viennensis (five ho-
mologs detected of six encoded in the genome and three among
the top 50 most abundant proteins) (Dataset S1) reinforce the
putative central role of these molecules in maintaining a tight
regulation and balance over the key metabolic processes of
nitrogen and carbon assimilation.

Environmental Adaptations of the Terrestrial Organisms. A closer
look at 1,195 COGs shared between the Nitrososphaerales ge-
nomes (present in at least two of three) (Fig. 1) enabled us to
identify distinguishing characteristics of this mostly terrestrial
lineage. The consistently larger genome sizes compared to the
marine organisms, together with an apparently conserved core
metabolism suggest a variety of environmental adaptations (see
below). A total of 789 of the shared COGs are of unknown
function, and proteins assigned to 411 of them are identified in
the proteome, making up one-third of the dataset.

An additional 324 COGs are shared between members of
the Nitrososphaerales and the soil-dwelling organisms of the
Ca. Nitrosopumilales (i.e., V. koreensis) and Ca. Nitrosotaleales

E7942 | www.pnas.org/cgi/doi/10.1073/pnas.1601212113

(N. devanaterra) (sum of 209, 39, and 76 shared COGs, respectively,
in Fig. 1). Among these COGs, we encounter protein families
related to detoxification, motility, chemotaxis, and cell surface
modifications, the importance of which as soil adaptations is
elaborated in the subsequent paragraphs.

Osmotic Regulation, CO, Uptake, and Detoxification in Terrestrial
AOA. The presence of a putative mannosyl-3-phosphoglycerate
synthase in the Nitrososphaerales-specific protein families indi-
cates their capability to synthesize the compatible solute mannosyl-
glycerate from mannose-6-phosphate (Fig. 2). This enzyme was
detected in the N. viennensis proteome, suggesting the production
of this osmotic regulator, which also functions as a thermopro-
tectant in hyperthermophiles (69).

N. viennensis, N. evergladensis, and N. devanaterra encode a
y-class carbonic anhydrase (CA) homolog (NVIE_017960) (Fig.
2), which contains an N-terminal signal peptide indicating its
extracellular localization. This enzyme is responsible for the re-
versible hydration of CO, to bicarbonate and widely distributed
in both autotrophic and heterotrophic organisms. It mainly ful-
fills the role of COj/bicarbonate transport between tissues/
compartments and maintains the CO, partial pressure in a range
favorable for the activity of carboxylating enzymes (70). The
presence and localization of this enzyme in N. viennensis suggest
a role in facilitating carbon transfer into the cell by extracellu-
larly converting bicarbonate to CO,, which can subsequently
diffuse through the cell membrane. At a stable intracellular pH
of 7, equilibrium favors rehydration to bicarbonate, which can
then be used by carbon fixation enzymes, such as the acetyl-CoA/
propionyl-CoA carboxylase. An analogous role has been pro-
posed for CA homologs (of mostly the a and p classes) in AOBs,
where under carbon-limiting conditions the activity of CA cor-
related with the rate of CO, fixation (71). In the case of terrestrial
AOA, CA might constitute an adaptation to the discontinuous soil
environment, where local and frequent changes in CO, pressure
and pH can lead to low CO, availability. In contrast, marine AOA
encode a sodium-bicarbonate family transporter (13) and would
not require a CA homolog, since bicarbonate is the predominant
form of inorganic carbon in marine environments. As this gene
does not occur in N. gargensis (isolated from a biofilm), it might
constitute a bona fide adaptation to the terrestrial lifestyle of soil
AOA, which remains to be validated upon availability of
more genomes.

Genomes of soil-associated Nitrososphaerales encode a higher
number of genes belonging to the glyoxalase/bleomycin resistance/
dioxygenase superfamily (SSF54593; 9 in N. viennensis and 14 in
N. evergladensis as opposed to 3-6 in the Ca. Nitrosopumilales
genomes and 6 in both N. gargensis and Nitrosotalea), an obser-
vation that stands true for some soil AOB genomes as well (e.g.,
11 in Nitrosospira multiformis). This superfamily contains proteins
involved in antibiotic resistance and degradation of aromatic
compounds, an essential trait for soil organisms (72) and a likely
function of at least some of the thaumarchaeal homologs. Six
homologs are present in the proteome. An additional member of
this superfamily is glyoxalase I, an enzyme involved in the glyoxal
pathway for detoxification of methylglyoxal, which converts this
toxic product of central carbon metabolism [also shown to be
produced in archaea by dephosphorylation of glyceraldehyde-3-
phosphate catalyzed by triose-P-isomerase (73)] to lactate, a pre-
cursor of F420 biosynthesis (74). Interestingly, glyoxalase II (the
second enzyme of the glyoxal pathway) is a metallo-beta-lactamase
fold-containing protein (PF00753), a number of which are also
encoded in the genomes of Thaumarchaeota, suggesting the pos-
sible existence of this pathway.

Evidence for Exopolysaccharide Production and Cell Surface

Modification Pathways in Nitrososphaerales. Nitrososphaerales en-
code an extensive gene repertoire for exopolysaccharide production
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and cell surface modification pathways, which is a prerequisite of
biofilm formation (Fig. 5 and Dataset S2). Compared with the
Ca. Nitrosopumilales, they have expanded gene families of
glycosyl transferases (GTs) represented by the CAZy families
GT1 (PF04101), GT2 (PF00535), and GT4 (PF00534). GTs are
involved in the modification of lipids and proteins by the synthesis
and covalent attachment of polysaccharides and the biosynthesis
of high-molecular weight heteropolymeric exopolysaccharides
(75, 76). A number of the GTs in N. viennensis are related to the
putative Vectorial Glycosyl Polymerization transporters (4.D.1), a
family of transporters that couples polysaccharide biosynthesis with
membrane translocation. The carbohydrate esterase family 4 (CE4;
13-15 in N. viennensis and N. evergladensis compared with 1-4 in
all others) (Fig. 5 and Dataset S2) includes enzymes re-
sponsible for the hydrolysis of N- or O-linked acetyl groups from
N-acetylglucosamine or acetylxylose residues, respectively,
which comprise the subunits of polymeric compounds such as chi-
tin, peptidoglycan, and xylan (77). The majority of the thaumarch-
aeal homologs encode signal peptides and are predicted to be
extracellular or membrane attached (Dataset S2). Additionally, all
sequenced AOA possess an E-type oligosaccharyl-transferase
AgIB (NVIE_025270), indicating the ability to perform N-linked

Domain description

Extracellular Polymeric Substances (EPS) biosynthesis and Cell Surface Modification
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glycosylation (75, 76), and a Multidrug/Oligosaccharidyl-
lipid/Polysaccharide (MOP) flippase. The above-mentioned
protein families (GT, CE4, MOP, and AglB) feature prominently
in the cell surface modification and extracellular polymeric sub-
stances (EPS) production pathways of biofilm-forming bacteria and
archaea (75, 76, 78-80). Genes involved in these pathways are
often organized in operons (76, 78-80), and in N. viennensis we can
identify at least six gene clusters encoding genes with related
functions (Fig. S4), a number of which are detected in the
proteome (Fig. 5).

Although the molecular mechanisms of biofilm formation among
the archaea remain largely unknown (81), production and modifi-
cation of various types of EPS are essential processes in biofilm
development and the establishment of cellcell and cell-surface
interactions (82). These complex phenotypes entail the existence of
pathways for acetamidosugar biosynthesis (UDP-Glu, UDP-Gal,
GDP-Man, UDP-GIcNAc, and UDP-ManNAc), oligosaccharide
assembly on an appropriate carrier (usually dolichol), membrane
translocation, polymerization, and modification (Fig. 5 and Dataset
S2). Distribution patterns of key enzymes for the pathways in-
volved reveal distinct capacities for the different thaumarchaeal

Nvie
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MICROBIOLOGY

Oligosaccharyl transferase STT3 subunit (AgIB)
Lysylphosphatidylglycerol synthetase/glycosyltransferase AglD
MORP flippase (TCDB 2.A.66.2) superfamily and other families involved in cell wall
biogenesis and export of polysaccharides
Glycosyl transferase families (GT) 1, 2, 4, 28, family 2-like
Six-hairpin glycosidases 3/4
Glycoside hydrolase families 5, 14 1/2
Sialidase (neuraminidase) - family proteins 2/6
Polysaccharide deacetylase (CE4) 6/13
Galactose, PG binding-like & PG-binding lysin domain 1/5
Dolichyl-phosphate-mannose-protein mannosyltransferase (GT family 39) - 11
Polysaccharide biosynthesis protein, CapD-like domain & Capsule polysac.
biosynthesis protein B
N-acetylneuraminic acid synthase, N-terminal e -
CDP-glycerol glycerophosphotransferase -
Acetamidosugar bio e genes: bio e 0 DP DP-Ga DP-Ma DP A DP-Ma Ac, dTDP a ose
glutamine-fructose-6-phosphate transaminase (gimS) 1/2
phosphoglucomutase, first 3 domains (gimM) 2/2
UDP-GIcNAc diphosphorylase/GIcNAc-1-P N-acetyltransferase (GImU) bact. type 17
UDP-N-acetylglucosamine 2-epimerase (wecB) 2/2
UDP-N-acetyl-D-mannosaminuronate dehydrogenase (wecC) 4/4
Galactose-1-phosphate uridyl transferase, N-terminal (galT) 171
UDP-glucose 4-epimerase (galE) 01
Other NAD-dependent putative sugar epimerases/dehydratases ] -
Mannose-6-phosphate isomerase, type || 2/2
Nucleotide-diphospho-sugar transferases [ 7/15
Bifunctional glucose-6-phosphate/mannose-6-phosphate isomerase, C-terminal -
dTDP-L-rhamnose biosynthesis genes (4 in total) -
0 & Adhesio
autotransporter adhesin 3/4
coagulation factor 5/8 type domain 0/3
PKD domains 2/3
Large exoproteins involved in heme utilisation and adhesion 1/5
hyalin - 3/4
YVTN beta-propeller repeats 12
fibronectin ] 11
S-layer domain e 12
type IV related pili cluster 2/3
Archaellum: archaeal flagelin 2/3

Downloaded at Palestinian Territory, occupied on December 29, 2021

Fig. 5. Distribution of polysaccharide biosynthesis and adhesion-related domains in the analyzed AOA genomes. Shading reflects the expansion of the
respective gene family/domain: darker shades of red represent an increasing number of homologs, and white represents absence of the respective category in
the genome. The number of homologs detected in the proteome of N. viennensis, out of the total number of homologs in the N. viennensis genome, are
listed in the last column. An extended version of this table, including the numbers and the protein family accession numbers, can be found in Dataset S2.
Nbrev, N. brevis; Ndev, N. devanaterra; Never, N. evergladensis; Ngar, N. gargensis; Nkor, N. koreensis; Nmar, N. maritimus; and Nvie, N. viennensis.
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orders [e.g, a deoxythymidine diphosphate (dTDP)-rhamnose
biosynthesis pathway in Ca. Nitrosopumilales] (Fig. 5).

Targets and Role of Cell Surface Modifications in Terrestrial AOA.
Little is known regarding the targets for cell surface modifica-
tions in Thaumarchaeota. The S-layer proteins and archaella
components (archaellins) have been shown to be heavily glyco-
sylated in archaea, with the degree and type of glycosylation varying
greatly among species (83). In N. viennensis and N. evergladensis,
the two putative S-layer subunits present in all Thaumarchaeota
and identified in high abundance in the proteomics dataset
(NVIE_016730 and NVIE_016740) are encoded adjacent to a se-
ries of genes involved in polysaccharide production and modifica-
tion. Both S-layer proteins contain four and five canonical
N-glycosylation sequons (N-X-S/T motifs) respectively, suggesting
that they might be heavily modified.

Interestingly, the modification of S-layer proteins seems to be
of a highly dynamic nature in Archaea and can be modified re-
versibly in response to altering environmental conditions (84).
Glycosylation seems to have an adaptive role, enabling the alter-
ation of cell surface properties (e.g., charge distribution, hydration
layer, or interaction between cell surface proteins) to provide
protection, promote survival against rapidly changing environ-
mental conditions, and establish inter- or intraspecies interactions
(82, 85). Moreover, the large S-layer subunit conserved in all
Thaumarchaeota clusters in two different COGs representing the
two orders Ca. Nitrosopumilales and Nitrososphaerales, suggest-
ing adaptations to the different environmental habitats at a single-
protein level (Fig. 5 and Dataset S2).

Additional evidence for cell surface modification mechanisms
comes from the fact that all sequenced AOA encode an
archaeosortase/exosortase family transpeptidase (also detected
in the proteome). This family is found in Bacteria and Euryarchaea,
where it correlates with biofilm-forming strains and has been
implicated in biofilm formation (86, 87). Distinct subfamilies
recognize specific C-terminal sorting signals in target proteins
(which include the S-layer proteins) and mediate their mem-
brane translocation, proteolysis, and covalent attachment to the
membrane, usually accompanied by extensive posttranslational
modifications (86, 87).

Motility and Cell Adhesion Mechanisms in Terrestrial AOA. Motility-
associated genes are encoded in all investigated genomes of the
genus Nitrososphaera as well as in N. devanaterra (17, 28, 29, 31)
(Fig. 5). These organisms possess gene clusters dedicated to
chemotaxis, biosynthesis, and assembly of an archaellum and a
type IV-related pili cluster. Cell appendages have been impli-
cated in biofilm formation and surface adhesion (reviewed in ref.
88), and it is interesting to speculate an equivalent function in
AOA given the genomic repertoire in support of the capacity for
biofilm formation. We observed both types of cell appendages
during morphological characterization of the strain using trans-
mission EM and SEM (17).

All AOA isolated from soil encode a large number of pre-
dicted membrane proteins with diverse cell adhesion-related
domains, a number of which are detected in the proteome of
N. viennensis (Fig. 5). The presence of these protein families
suggests an increased capacity for recognition of and adhesion to
an array of different surfaces.

Biofilm Production in Nitrososphaerales. Our analysis suggests that
N. viennensis, all analyzed Nitrososphaerales, and to a much
lesser extent Ca. Nitrosopumilales, seem to encode the genomic
inventory for both EPS production and cell surface modification,
with an apparent versatility in the types of polysaccharides pro-
duced. Moreover, the strains have the potential for surface ad-
hesion and to switch between a sessile and motile lifestyle.
These observations indicate an increased ability to adapt to

E7944 | www.pnas.org/cgi/doi/10.1073/pnas.1601212113

Fig. 6. N. viennensis biofilm grown on a glass coverslip: (A) stained
with DAPI (blue) and FITC-conjugated WGA (green), the latter binding
to N-acetylglucosamine and/or N-acetylneuraminic acid residues; (B) phase-
contrast image of the biofilm. (Scale bar: 5 pm.)

their extracellular environment in order to achieve the optimal
conditions for cell-surface and interspecies interactions, and
to form synergistic microconsortia in the context of a biofilm
community (89).

Indeed, we describe here extensive biofilm formation in
N. viennensis continuous batch and fed batch cultures provided
with appropriate attachment surfaces. In particular, aggregates
and EPS-like structures were observed during microscopic in-
vestigations of stationary cultures. Fig. 6 shows an example of
biofilm formation in a fully grown culture stained with the lectin
wheat germ agglutinin (WGA), indicating the presence of
N-acetylglucosamine and/or N-acetylneuraminic acid residues
composing the EPS.

Conclusions and Outlook

With the increasing number of genomes of Thaumarchaeota
becoming available, it is now possible to obtain a better picture
of conserved and specific adaptations of AOA. Therefore, we
discuss in this study the genome and proteome of N. viennensis in
the context of six other fully closed genomes of free-living AOA
to identify commonalities and predict specific adaptive features
of the terrestrial organisms. From this study, it becomes clear
that AOA share an impressive number of conserved genes and
that their central energy and carbon metabolism is highly con-
served and evolved independently from their bacterial counter-
parts. AOA contain an ammonia monooxygenase that is only
remotely related to that of AOB and contains four rather than
three subunits. Most probably, it catalyzes the first step in am-
monia oxidation, whereas the enzymes for the subsequent reac-
tions remain enigmatic, in particular since earlier suggested
candidate proteins (MCOs) do not belong to the conserved gene
repertoire. Nevertheless, we suggest that multicopper proteins
play an important role for AOA metabolism and we also suggest
candidates for the oxidation of hydroxylamine that should be
considered in future biochemical analyses, including F420-dependent
enzymes.

The enlarged genomes of the Nitrososphaerales reveal the
extensive environmental adaptation strategies of these soil

Kerou et al.
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organisms, including detoxification, biofilm formation, adhesion,
and cell-cell recognition, which indicate the potential for ex-
tensive interactions with other microorganisms in soil. Studying
these features in an environmental context will be important to
identify microbial interaction partners of AOA (for example,
specific associations with nitrite oxidizers or other groups that
could participate in the process of nitrogen species intercon-
versions connected through the substrate—product chain) (90).
It will be equally interesting to elucidate those adaptations that
are the basis for the enormous ecological success of AOA in
terrestrial environments.

Materials and Methods

Genome Annotation and Determination of COGs. Preparation of genomic DNA
and sequencing have been described (16). Genome was assembled using
single-end and mate-pair 454 pyrosequencing reads and remaining gaps
were closed using Sanger sequencing of PCR-amplified gap regions. Pre-
diction and annotation of ORFs were performed on the Microscope plat-
form (91) with subsequent manual curation as in ref. 28. The annotated
genome sequence has been deposited into GenBank under accession number
CP007536. Predicted protein coding sequences from six thaumarchaeal ge-
nomes were retrieved from the National Center for Biotechnology Informa-
tion RefSeq database (March of 2016). Bidirectional best hits (BBHs) between
all genomes were calculated and clustered into COGs using the COGtriangles
algorithm in the COGsoft package (92) with cutoff e values of 1e7'° and 70%
minimal coverage for both proteins in each protein pair. Because of the small
number of involved genomes, BBHs not part of any triangle were represented
as specific proteins for each organism.
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Phylogenetic Analysis. MCO and ZIP permease sequences were retrieved by
using hidden Markov model (HMM) profiles based on manually curated align-
ments. From the filtered alignments, phylogenetic trees were built by maximum
likelihood after automatic model selection with 1Q-Tree, version 1.4.2 (93).

Cultivation and Biofilm Analysis. The strain was cultivated as described (17) in
20 mL with glass coverslips to allow adherence. The glass coverslips were
dried, fixed, and stained with DAPI and FITC-labeled WGA (Sigma).

Proteome Analysis. Late exponential-phase cells were lysed by homogeni-
zation and sonication, and the lysate was fractionated into membrane and
cytoplasmic fractions by ultracentrifugation in 60% (wt/vol) sucrose gradient.
Proteins were extracted and processed as in ref. 94, and generated peptides
were analyzed on an LC-LTQ-Orbitrap Mass Spectrometer (Thermo Scientific
Inc.) coupled to ultrahigh-pressure nanoLC according to ref. 94. Data are
available via ProteomeXchange with identifier PXD005297.

Detailed information on the bioinformatic tools and experimental pro-
cedures can be found in S/ Materials and Methods.
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