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Soil nitrification plays an important role in the reduction of soil fertility and in nitrate enrichment of groundwater. Various am-
monia-oxidizing archaea (AOA) are considered to be members of the pool of ammonia-oxidizing microorganisms in soil. This
study reports the discovery of a chemolithoautotrophic ammonia oxidizer that belongs to a distinct clade of nonmarine thau-
marchaeal group I.1a, which is widespread in terrestrial environments. The archaeal strain MY2 was cultivated from a deep oli-
gotrophic soil horizon. The similarity of the 16S rRNA gene sequence of strain MY2 to those of other cultivated group I.1a thau-
marchaeota members, i.e., Nitrosopumilus maritimus and “Candidatus Nitrosoarchaeum koreensis,” is 92.9% for both species.
Extensive growth assays showed that strain MY2 is chemolithoautotrophic, mesophilic (optimum temperature, 30°C), and neu-
trophilic (optimum pH, 7 to 7.5). The accumulation of nitrite above 1 mM inhibited ammonia oxidation, while ammonia oxida-

tion itself was not inhibited in the presence of up to 5 mM ammonia. The genome size of strain MY2 was 1.76 Mb, similar to
those of N. maritimus and “Ca. Nitrosoarchaeum koreensis,” and the repertoire of genes required for ammonia oxidation and
carbon fixation in thaumarchaeal group I.1a was conserved. A high level of representation of conserved orthologous genes for
signal transduction and motility in the noncore genome might be implicated in niche adaptation by strain MY2. On the basis of
phenotypic, phylogenetic, and genomic characteristics, we propose the name “Candidatus Nitrosotenuis chungbukensis” for the

ammonia-oxidizing archaeal strain MY2.

he first step of nitrification, i.e., the oxidation of ammonia, was

long considered to be performed exclusively by ammonia-ox-
idizing bacteria (AOB). However, the theory of soil and marine
nitrification changed significantly after the discovery of ammo-
nia-oxidizing archaea (AOA) (1). AOA outnumber AOB in many
soil environments (2, 3), and the ammonia-oxidizing activity of
Archaea in various soil habitats has been demonstrated indirectly
based on the detection of in situ-expressed archaeal amoA genes
(3, 4). The predominance of thaumarchaeal group I.1b over I.1a
has been demonstrated for most soils (5, 6). However, phyloge-
netic clades of AOA that are taxonomically related to thaumar-
chaeal group I.1a frequently become more abundant with increas-
ing nitrification activity in soil microcosms (7-9). Key issues
related to soil AOA that need to be addressed include the contri-
bution to ammonia oxidation of AOA relative to AOB in various
soil environments, the biochemical mechanism of ammonia oxi-
dation, and the evolutionary history and ecological niche parti-
tioning of AOA. Cultivation of various soil AOA and analysis of
their genomic sequences may provide further insight into these
issues, but limited information is currently available.

Several enrichment cultures (10-14) and a pure culture (15) of
soil AOA have been used to elucidate the phylogenetic and phys-
iological properties of soil AOA. Furthermore, genomes of soil
and marine AOA (16-21) and several fosmid clones (4, 22, 23)
have revealed that AOA utilize energy and carbon metabolism
processes that are different from those of AOB. Gene homologs
of hydroxylamine oxidoreductase and cytochrome genes (c552
and ¢554), which play key roles in ammonia oxidation and
electron transport in AOB, are absent from all known AOA
genomes, whereas putative genes for the specific 3-hydroxy-
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propionate/4-hydroxybutyrate carbon fixation pathway were
detected (16-19, 21).

Most cultivation and microcosm studies of soil AOA have been
conducted with soils from organic-rich solum layers (O to B ho-
rizons). Microcosm studies have identified AOA activity in the B
horizon (50 to 60 cm) of soil (3, 24, 25), but AOA have not been
identified in deeper, oligotrophic soil horizons, such as the parent
rock (C horizon) and bedrock (R horizon). These deeper soil ho-
rizons are affected little by soil weathering processes and are com-
posed of partially weathered bedrock, which underlies the solum
layers at the base of the soil profile (26). Here we report the phys-
iological and genomic characteristics of a chemolithoautotrophic,
ammonia-oxidizing thaumarchaeon, which was cultivated from
the oligotrophic C horizon of an agricultural soil. This study helps
to explain the role of AOA in deeper soil horizons, which may
provide insights into the niche distribution of AOA in terrestrial
ecosystems.
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MATERIALS AND METHODS

Sampling site description. Samples of a deep soil horizon were collected
at depths of 1.5 to 1.6 m (C horizon) from plots planted with Caragana
sinica at the experimental agricultural station of Chungbuk National Uni-
versity, Republic of Korea (127°27'18.5"E, 36°37'29.8"N). Bulk soils were
collected and transported to the laboratory, where they were stored at 4°C
before use for inoculation. The properties of the soil were as follows: loam
texture (sand, 51%; silt, 33%; and clay, 16%); water content, 4.2%; pH,
4.8; total organic carbon, <0.1 g kgfl; total nitrogen, <0.01%; total am-
monia, 6.0 mg kg ~'; total phosphate, 174.8 mg kg '; and cation exchange
capacity, 12.1 cmol kg "

Cultivation of AOA. The ammonia-oxidizing archaeon strain MY2
was grown aerobically without shaking in artificial freshwater medium
(AFM) as described by Jung et al. (10, 27). Initial enrichment cultures
were set up using allylthiourea (ATU) (20 uM) and chlorate (50 pM) to
selectively inhibit the growth of AOB and nitrite-oxidizing bacteria
(NOB) (10), respectively. The enriched AOA cultures contained hetero-
trophic bacteria, and attempts were made to further enrich AOA by suc-
cessive cultivation in AFM containing a mixture of ampicillin and peni-
cillin G (each at 50 g ml~"). After ca. 3 years of triweekly transfer, the
cultures were serially diluted (10-fold) to extinction, and the highest di-
lution with nitrifying activity was selected to isolate a single archaeal
strain. All of the cultures were incubated in the dark at 25°C with unmod-
ified ambient air in the headspace. The cultures were routinely supple-
mented with 1 mM ammonium chloride as the sole energy source. The pH
of the medium was adjusted to the optimum growth pH values by using 1
N NaOH or HCI. After ammonia oxidation was completed (within ca. 3
weeks), 5% of the total culture was routinely transferred to fresh medium.
The ammonia concentration was determined using the method described
by Jung et al. (10), and the nitrite concentration was determined colori-
metrically (28). For inhibition of ammonia oxidation, chlorite (50 wM)
(10, 14, 29) or dicyandiamide (500 M) (10, 24, 30) was supplied to the
medium. For inhibition of AOA and AOB, ATU in the range of 10 to 500
M was used.

Quantification of gene copy numbers by using real-time PCR. To
identify AOA in the cultures, the copy numbers of the amoA and 16S
rRNA genes were determined using specific primers (see Table S1 in the
supplemental material). Genomic DNA was extracted using the protocol
described by Jung et al. (10), and the DNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). Archaeal 16S rRNA and amoA gene copies were
quantified using a MiniOpticon real-time PCR detection system with
built-in Opticon Monitor software, version 3.1 (Bio-Rad Laboratories,
Hercules, CA). The real-time PCR efficiencies of the archaeal 16S rRNA
and amoA gene assays were 90 to 95% and 87 to 93%, respectively, with r*
values of =0.99 for all assays. Thermal cycling parameters of 15 min at
95°C and 40 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 20 s were
used to amplify the 16S rRNA and amoA genes, with readings taken be-
tween each cycle. Standard curves were prepared using reference genes
(for archaeal 16S rRNA gene, accession no. HQ331116; and for amoA,
accession no. HQ331117) and their cycle threshold (C;) values, as de-
scribed previously (10). The specificity of real-time PCR was assessed by
analyzing the melting curves and checking the sizes of the PCR products
by using gel electrophoresis. PCRs using amplification primers for various
other bacterial and archaeal genes (see Table S1) were also applied.

Phylogenetic analysis of amoA genes and cloning. The archaeal 16S
rRNA and amoA genes were amplified by PCR using the primers shown in
Table S1 in the supplemental material. The PCR conditions used for the
16S rRNA and amoA genes were as follows: 94°C for 5 min; 30 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 45 s; and 72°C for 7 min. Clone
libraries were constructed using the PCR products, which were purified
with a PCR purification kit (Solgent, Republic of Korea), ligated using a
T&A cloning kit (Real Biotech Corporation, Taiwan), and transformed
into Escherichia coli DH5a cells according to the manufacturers’ instruc-
tions. Both strands of the gene were sequenced for each clone, using the
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corresponding PCR primers (see Table S1). The gene sequences of related
taxa were obtained from the GenBank database for phylogenetic analysis.
Multiple-sequence alignments of 16S rRNA gene sequences were per-
formed with the online alignment tool SINA, using the database SILVA
(http://www.arb-silva.de/aligner) (31), based on a consideration of the
secondary structures of rRNA genes. The shared regions of armoA (560 bp)
gene sequences were aligned using CLUSTALX (32). Phylogenetic analy-
ses were conducted using MEGA, version 5.0 (33), and a neighbor-joining
tree was constructed using Kimura’s two-parameter model (34) with
1,000 replicates to generate the bootstrap values.

[**C]bicarbonate incorporation experiment. To analyze the incor-
poration of bicarbonate by the AOA enrichment culture during ammonia
oxidation, a small amount of '*C-labeled bicarbonate (99%; Cambridge
Isotope Laboratories, Andover, MA) was added to the cultivation me-
dium, resulting in an 8% '*C content of bicarbonate. To determine the
degree of '>C incorporation into thaumarchaeal membrane lipids, total
cells were harvested by centrifugation, freeze-dried, and analyzed accord-
ing to procedures described by Pitcher et al. (35). Archaeal glycerol dialkyl
glycerol tetraethers (GDGTs) were extracted from the freeze-dried cells by
use of a modified Bligh-Dyer extraction method, and the attached polar
head groups were removed by acid hydrolysis. The archaeal core GDGTs
were analyzed with an Agilent (Palo Alto, CA) 1100 series LC/MSD SL
chromatograph using selective ion monitoring, as described previously
(36).

FISH and electron microscopy analyses. For fluorescent in situ hy-
bridization (FISH) analysis, cultures were mixed by vortexing and the cells
were fixed in 4% paraformaldehyde before being filtered using 0.2-pm
polycarbonate GTTP membranes (Millipore) (37). The paraformalde-
hyde-fixed samples were hybridized with a Cy3-labeled Archaea-specific
probe (Arc915) (38) and a 6-carboxyfluorescein (FAM)-labeled Bacteria-
specific probe (EUB338) (39). 4',6-Diamidino-2-phenylindole (DAPI)
was used to visualize the total cells. The samples were observed with an
AxioScope Al microscope (Carl Zeiss, Germany) using an oil-immersion
objective.

For scanning electron microscopy (SEM) analysis, the cells were har-
vested, immersed in 4% (vol/vol) glutaraldehyde in 0.1 M sodium phos-
phate buffer (pH 7.2) for 24 h at 4°C, and dehydrated using a graded
ethanol series (70 to 100%). The samples were examined with a Zeiss DSM
940 electron microscope (Carl Zeiss). For transmission electron micros-
copy (TEM) (Tecnai G2 Sprite; FEL, the Netherlands; installed at the Ko-
rean Basic Science Institute) analyses of AOA cells from the enrichment
cultures, the cells were collected from 10 ml of culture and negatively
stained with 1% (wt/vol) phosphotungstic acid. Ultrathin sections were
produced with an Ultracute (Leica, Austria) ultramicrotome, stained with
uranyl acetate and lead citrate, and examined with a CM 20 electron mi-
croscope (Philips, the Netherlands) (40).

Genome sequencing and analysis. High-molecular-weight genomic
DNA was extracted from a 1-liter culture of strain MY2, which was har-
vested using 0.22-pm-pore-size filters (Millipore, Billerica, MA) and a
vacuum pump. The total genomic DNA was extracted from the frozen
pellets and filters by using a previously described protocol (41), except for
the phenol-chloroform-isoamyl alcohol extraction, which was performed
before the chloroform-isoamyl alcohol purification step to avoid any car-
ryover of residual phenol. Subsequently, the genomic sequences were ob-
tained using GS FLX Titanium (Roche, Basel, Switzerland) and Illumina
(Illumina, San Diego, CA) sequencing systems. A 1/8 picotiter plate Tita-
nium run with an 8-kb paired-end library yielded 185,572 sequence reads,
which were assembled using gsAssembler 2.6 (Roche). The 6,798,106 se-
quence reads (100 bp) obtained from the Illumina sequencing run were
used to correct any Titanium sequencing errors. The sequences generated
by Illumina sequencing were assembled with CLC Genomics Workbench
5.5 (CLCbio). Open reading frames (ORFs) were predicted using Glim-
mer 3.02. tRNAs and rRNAs were predicted with tRNAscan-SE (42) and
HMMER, respectively. The predicted proteins were searched for in vari-
ous databases, including the enzyme profile database CatFam (43), which
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predicts catalytic functions described by Enzyme Commission (EC) num-
bers; the Clusters of Orthologous Groups (COG) protein database (http:
/Iwww.ncbi.nlm.nih.gov/COG) (44); the National Center for Biotechnol-
ogy Information (NCBI) reference sequence database (RefSeq) (45); and
the SEED database (Subsystem Technology) (46). Conserved regions
within proteins, such as motifs and domains, were searched using Inter-
ProScan in databases including the InterPro, TIGRFam, and Pfam data-
bases. The average nucleotide identity (ANI) was calculated according to
the method of Konstantinidis and Tiedje (47). ORFs from the query ge-
nome were considered to be conserved if they had a BLAST match of
=60% of the overall sequence identity and 70% of the length of the
query ORF.

Nucleotide sequence accession numbers. The sequences from the
whole-genome shotgun project were deposited in DDBJ/EMBL/GenBank
under accession number AVSQ00000000. The version described in this
study is version AVSQ01000000.

RESULTS AND DISCUSSION

Enrichment of an ammonium-oxidizing archaeon from soil. An
archaeal strain was enriched from the C horizon of a soil sample
collected from an experimental agricultural plot. The initial soil
inoculum (1 g in 100 ml AFM) catalyzed the conversion of am-
monia to nitrite. This nitrifying enrichment culture was repeat-
edly transferred to fresh AFM. Analysis of the archaeal composi-
tion showed that the initially complex archaeal community
became refined and eventually uniarchaeal, according to the single
band detected by denaturing gradient gel electrophoresis analysis
(data not shown). The resulting AOA enrichment culture was
shown to be free of bacterial ammonia oxidizers by nested PCR
using specific primers for AOB (see Table S1 in the supplemental
material). However, it still contained heterotrophic bacteria, and
attempts were made to purify the AOA strain by successive cultur-
ing in AFM containing antibiotics (ampicillin and penicillin G)
(see Fig. S1) and by inoculating 5% (vol/vol) of the cultures after
filtration (0.45-pm filter). Finally, the culture was serially diluted
to extinction in 10-fold steps, and the highest dilution with nitri-
fying activity was selected as a clonal AOA culture, which was
designated “strain MY2.”

FISH analysis demonstrated archaeal dominance in the final
enrichment; it contained 91% (3.2 X 10® = 1.0 X 10* ml™ ') ar-
chaeal cells, based on the ratio of the cell counts obtained using
archaeal and bacterial probes. This was confirmed by real-time
PCR using domain-specific 16S rRNA gene primers (3.5 X 10° =
0.4 X 10° ml™" for Archaea and 4.7 X 107 = 0.2 X 10" ml™" for
Bacteria). The archaeal clone libraries obtained from the final en-
richment culture revealed that there was only one unique se-
quence each (>99.7% identity, which was within the error rate
expected for PCR amplification [1, 48]) for both the archaeal 16S
rRNA and amoA genes (27). Based on the 16S rRNA and amoA
gene sequences, strain MY2 belongs to the nonmarine thaumar-
chaeal group I.1a (Fig. 1; see Fig. S2 in the supplemental material),
which also contains Nitrosopumilus maritimus, “Candidatus Ni-
trosoarchaeum koreensis,” and “Ca. Nitrosotenuis uzonensis”
(72), but is only distantly related to other AOA (e.g., “Ca. Ni-
trososphaera gargensis” and Nitrososphaera viennensis [see Table
S2]).

Strain MY2 was identified as straight, rod-shaped cells by SEM
and TEM analyses (Fig. 2C to E). The cells appeared to have an
average diameter of 0.2 wm and alength of 0.7 um and were Gram
negative. The FISH image in Fig. 2B shows that the chromosomes
of strain MY2 were localized mostly to the sides of the cells and the
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ribosomes were not concentrated at the poles. Strain MY2 had
peritrichous flagella which were not as smooth in shape as those of
“Ca. Nitrososphaera gargensis” but similar in shape to those of
“Ca. Nitrosoarchaeum limnia” (Fig. 2C).

Ammonia oxidation by strain MY2 was evident from the de-
crease of the ammonia concentration coupled to exponential in-
creases in the nitrite concentration and archaeal cell abundance as
measured by archaeon-specific FISH counts (Fig. 3). No archaeal
growth was observed in ammonia-free AFM. The cell yield from
ammonia oxidation was estimated to be 3.4 X 10° cells ml™* wM
ammonia ', which is higher than the yield reported for other
group I.1a AOA (for N. maritimus, 5.0 X 10* cells ml~' pM am-
monia~'; and for “Ca. Nitrosoarchaeum koreensis,” 1.1 X 10°
cellsml™" wM ammonia™") (1, 10) but slightly lower than that of
an acidophilic AOA, “Ca. Nitrosotalea devanaterra” (4.5 X 10’
cells ml™* wM ammonia™") (11).

Analysis of the 16S rRNA gene sequences in the bacterial
clone library of the MY2 enrichment culture showed that most
of the bacterial sequences belonged to Acinetobacter (88.4%)
(GenBank accession number EU834256) and Pseudomonas
(9.3%) (GenBank accession number JX966440) species (27). The
MY2 enrichment culture was stable but obligatorily dependent on
these co-occurring bacteria. Bacterial cell-free archaeal suspen-
sions were obtained by filtration using a 0.2-m filter and serially
diluted to extinction, but they failed to oxidize ammonia and
grow. The interaction factor for the soil AOA N. viennensis, i.e.,
pyruvate (15), did not stimulate the growth of the bacterial cell-
free archaeal suspensions. In addition, other simple (lactate, ace-
tate, formate, glyoxylate, oxaloacetate, citrate, fumarate, and urea,
each at 0.2 wM) or complex (yeast extract, tryptone, peptone, and
tryptic soy broth, each at 20 mg liter ') organic compounds also
did not stimulate the oxidation of ammonia by bacterial cell-free
suspensions of strain MY2. This kind of interaction has also been
observed between AOB and cocultured bacteria (49, 50). Further-
more, tight interactions between autotrophs, such as cyanobacte-
ria (51, 52), and heterotrophic bacteria are widely observed.

Autotrophic growth and further physiological characteriza-
tion of strain MY2. The carbon fixation capacity of strain MY2
was investigated using a '>C tracer experiment. Ammonia was
oxidized by strain MY2 in the presence of '*C-labeled bicarbonate
(8% '’C enriched), and label incorporation into membrane-spe-
cific lipids was determined. Strain MY2 produces two major
GDGTs: GDGT-0 (GDGT with no internal rings; 24.8% of total
GDGTs) and crenarchaeol (28.4%). Both GDGTs are produced by
AOA, including those enriched from soils (53, 54). During the
["*C]bicarbonate-amended growth experiments, these GDGTs
became significantly enriched in '>C (Fig. 4B and E), and model-
ing of the isotope distribution of the molecular weights of these
GDGTs indicated a °C content of 6 to 8% (Fig. 4C and F). This is
close to the labeling percentage of bicarbonate in the medium
(8%), indicating that bicarbonate is the single carbon source of
strain MY2 during growth, establishing its chemoautotrophic
physiology.

The effect of pH was investigated using batch cultures of strain
MY?2 at an initial pH of 5 to 9. Growth was restricted to the pH
range of 6.5 to 8 (Fig. 5A) when cultures were supplied with 1 mM
ammonium. Optimum growth occurred at pH 7, and the lag time
increased at pH 6 and 8.5 (Fig. 5A). Strain MY2 grew in the tem-
perature range of 25 to 40°C, with an optimum temperature of
30°C. Growth of strain MY2 was repressed at 40°C, and oxidation
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FIG 1 Phylogenetic analysis of the archaeal amoA gene sequence (ca. 560 bp) obtained from strain MY2. The archaeal amoA genes were amplified using primers
AamoAF and AamoAR. Branching patterns supported by >50% bootstrap values (1,000 iterations) according to the neighbor-joining method are denoted by
their respective bootstrap values. The cluster groups are shown on the right, based on the origins of the reference sequences. ThAOA, thermophilic AOA lineage.
The scale bar represents 5% estimated sequence divergence. Enriched or isolated AOA among the reference sequences are indicated in bold.

of 1 mM ammonia was not completed after prolonged incubation
(Fig. 5B). Therefore, the organism can be considered to be neu-
trophilic and mesophilic. However, we need to verify these prop-
erties with an isolated culture, since they could have been affected
by the activity of interacting cocultured bacteria.

Ammonia oxidation was not inhibited significantly in the pres-
ence of up to 5 mM ammonia and was still observed at 10 mM,
although an increase in the lag phase was observed at this concen-
tration (Fig. 5C). In the presence of 20 mM ammonia, only slight
ammonia oxidation was observed after 23 days of inoculation.
Complete conversion of ammonia to nitrite was observed only at
initial ammonium concentrations of 0.5 mM and 1 mM, and max-
imum nitrite production occurred with approximately 1.2 mM.
This suggests that the accumulation of nitrite above this concen-
tration may inhibit ammonia oxidation. To test this, strain MY2
was grown in medium with 1 mM ammonium and nitrite at var-
ious initial concentrations (Fig. 5D). Ammonium consumption
did not occur at initial nitrite concentrations of >1 mM, and an
increase in the lag phase was observed at an initial nitrite concen-
tration of 1 mM. This result indicates that strain MY2 is more
sensitive to accumulated nitrite than “Ca. Nitrosoarchaeum kore-
ensis” (10) and “Ca. Nitrososphaera” strain JG1 (14). This exper-
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iment confirms the proposed inhibitory effect of accumulating
nitrite during our experiments with different ammonium concen-
trations.

Sensitivity to nitrification inhibitors is a key physiological
property of AOA. Differential sensitivity of ammonia-oxidizing
microorganisms to inhibitors is frequently harnessed in environ-
mental studies. Nitrite production and the increase in MY2 cell
numbers were strongly inhibited in the presence of 50 WM chlorite
or 500 wM dicyandiamide, both of which are commonly used
inhibiters of autotrophic ammonia oxidation by AOA and AOB.
Inhibition of strain MY2 was also observed at ATU concentrations
of 50 wM and higher (see Fig. S3 in the supplemental material).
These concentrations are higher than those for AOB (<10 uM)
(10) and the acidophilic AOA “Ca. Nitrosotalea devanatera” (ca.
10 wM) (55) but lower than those for other enriched or isolated
AOA (>500 pM for “Ca. Nitrosoarchaeum koreensis” and >100
M for N. viennensis) (10, 56). ATU is known to be a Cu chelator,
and AOA are believed to depend greatly on copper. Unlike AOB,
AOA lack cytochromes and may have an alternative electron
transfer mechanism, because copper-containing proteins are
abundant in the strain MY2 genome as well as all published AOA
genomes (see below) (17, 18, 20, 21). The affinity of AOA proteins
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FIG 2 Morphology of strain MY2, based on FISH, TEM, and SEM analyses. (A) Merged image with a Cy3-labeled Archaea-specific probe (Arc915; red) and a
FAM-labeled Bacteria-specific probe (EUB338; green). (B) Merged image with a Cy3-labeled Archaea-specific probe (Arc915) and DAPI. Magenta indicates the
archaeal cells. (C) Transmission electron micrograph of strain MY2. The arrows indicate the archaeal flagella. (D) Scanning electron micrograph of strain MY2
cells. (E) Transmission electron micrograph of ultrathin section of strain MY?2 cells.

for copper may be higher than that of AOB proteins. The present
study suggests that AOB can be inhibited selectively by using a
controlled concentration of ATU during microcosm or enrich-
ment studies of AOA.

Genomic properties. An almost complete genome of “Candi-
datus Nitrosotenuis chungbukensis” strain MY2 was recon-
structed by high-throughput sequencing. The assembled se-
quence comprised 1.76 Mb in 24 contigs, which were organized

using one scaffold (see Fig. S4 in the supplemental material). The
G+C content of strain MY2 was 42%, which differs from those of
other soil and marine strains in thaumarchaeal group I.1a (33 to
34%) (Table 1) and a hot spring strain in thaumarchaeal group
L.1b (“Ca. Nitrososphaera gargensis”) (48%) (21).
Approximately 62% of the coding DNA sequence of the ge-
nome of strain MY2 was assigned, revealing 66 clusters of ortholo-
gous groups (COGs) (see Fig. S4 and Table S3 in the supplemental
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koreensis” cultivated with nonlabeled bicarbonate (10). Panels C and F show the modeled distributions of MH™" ions obtained using '*C contents of 6.3%
(GDGT-0) and 7.8% (crenarchaeol), respectively. The >C enrichment in the bicarbonate was 8.0%.

material), which is slightly higher than the numbers for the ge-
nomes of “Ca. Nitrosoarchaeum koreensis” and “Ca. Ni-
trososphaera gargensis” but similar to that for N. maritimus (see
Table S3). Most of the genes in the strain MY2 genome were syn-
tenic with those of soil and marine thaumarchaeal group I.1a ge-
nomes but not with those of the “Ca. Nitrososphaera gargensis”
genome (see Fig. S5). The genome of strain MY2 has an average
nucleotide identity (ANI) of the shared genes of 68.5% with both
N. maritimus and “Ca. Nitrosoarchaeum koreensis.” ANI values
of ~94% correspond to the traditional 70% DNA-DNA reasso-
ciation standard currently used for species definition (47). This
indicates that strain MY?2 is evolutionarily distinct from N. mari-
timus and “Ca. Nitrosoarchaeum koreensis.” The genes that en-
code proteins for selected metabolic pathways and traits are sum-
marized in Table S4.

Comparative genome analysis of strain MY2 with two other
group I.1a strains (N. maritimus and “Ca. Nitrosoarchaeum kore-
ensis”) indicated 1,241 unique ORFs in the total of 2,126 ORFs
(see Fig. S6 in the supplemental material). The COG classification
of the unique ORFs of strain MY2 showed a higher representation
of genes involved in cell cycle control and mitosis (COG initial D),
cell wall/membrane/envelope biogenesis (COG initial M), motil-
ity (COG initial N), and signal transduction (COF initial T) than
that in conserved ORFs (see Fig. S6). In particular, signal trans-
duction- and cell motility-associated ORFs were more prominent
among the unique ORFs of strain MY2 than among those of other
strains (see Table S3 and Fig. S6). Major signal transduction-asso-
ciated ORFs of strain MY2 corresponded to three proteins: histi-
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dine kinase-like proteins (n = 21), response regulator-containing
CheY-like receiver protein (n = 22), and universal stress protein
(UspA) and related nucleotide-binding protein (n = 15). Most of
these three signal transduction-associated proteins were encoded
by unique ORFs (19/21, 19/22, and 12/15 ORFs, respectively).
These three signal transduction-associated proteins were less rep-
resented in “Ca. Nitrosoarchaeum koreensis” and N. maritimus
(n = 30 and n = 31, respectively). The histidine kinase- and re-
sponse regulator-encoding genes are involved in two-component
signal transduction pathways. The two-component regulatory
system serves as a basic stimulus-response coupling mechanism to
allow organisms to sense and respond to changes in environmen-
tal conditions (57). Archaeal flagellum- and chemotaxis-associ-
ated genes contributed to the high representation of motility-as-
sociated ORFs (COG initial N) among the unique ORFs of strain
MY?2. The relationship between the high representation of signal
transduction and chemotaxis genes in the genome of strain MY2
and its niche differentiation is intriguing and warrants further
research. In addition, the defense mechanism-associated ORFs
(conferring resistance to antimicrobial chemicals) (n = 4) of
strain MY2 were less abundant than those of other AOA (for N.
maritimus, n = 13; for “Ca. Nitrosoarchaeum koreensis,” n = 14;
and for “Ca. Nitrososphaera gargensis,” n = 15) (see Table S3).
Ammonia oxidation and carbon fixation. Strain MY2 was
shown to grow chemolithoautotrophically by using ammonia ox-
idation (Fig. 3) and inorganic carbon fixation (Fig. 4). The
genomic analysis of strain MY2 supports this chemolithoau-
totrophic lifestyle. The homologs of the amoA, -B, and -C genes of
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strain MY2 were arranged in the same order as that in the genomes
of other archaea in the thaumarchaeal group I.1a cluster (4, 22,
58), and an additional ORF, referred to as amoX, occurred be-
tween amoA and amoC. This arrangement of the amo gene cluster

differed from that of thaumarchaeal group I.1b (see Fig. S7 in the
supplemental material). Strain MY2 lacked the genes required to
utilize potential energy sources other than ammonia, i.e., urease
and/or cyanate hydratase, which have been found in the genomes

TABLE 1 Genomic features of “Candidatus Nitrosotenuis chungbukensis” MY2 and other thaumarchaeal group I.1a organisms

Description or value

Feature or parameter MY2 Nitrosopumilus maritimus “Ca. Nitrosoarchaeum koreensis”
Isolation site Oligotrophic deep agricultural soil Marine aquarium Nutritious agricultural topsoil
Temp range Mesophilic Mesophilic Mesophilic
Origin of genome sequences Enrichment culture Isolate Enrichment culture
Genome size (MDb) 1.76 1.65 1.61
G+C content (%) 41.8 34.2 32.7
No. of genomic objects (ORFs, partial 2,166 2,043 1,989
ORFs, rRNAs, tRNAs)
No. of ORFs 2,126 1,997 1,945
No. of 165-23S rRNA genes 1 1 1
No. of tRNA genes 38 44 42
% coding ORFs 88.9 91.9 89.4
OREF density (no. of ORFs/kb) 1.21 1.19 1.21
Avg ORF length (bp) 738 757 739

June 2014 Volume 80 Number 12

aem.asm.org 3651


http://aem.asm.org

Jung et al.

of a marine AOA strain, “Ca. Nitrosopumilus sediminis” (59), as
well as N. viennensis (15), Cenarchaeum symbiosum (16), and “Ca.
Nitrososphaera gargensis” (21).

The exact mechanism of ammonia oxidation in AOA is still
unclear, and hydroxylamine oxidoreductase (HAO) homologs of
AOB have not been identified, despite the conservation of amo
genes in all known AOA (including strain MY2) genomes (16-19,
21). Vajrala et al. (60) recently reported hydroxylamine-induced
oxygen consumption and ATP production by the marine AOA
strain N. maritimus, suggesting the presence of noncanonical
HAO genes in AOA. Alternatively, multicopper proteins of AOA
were suggested to be involved in ammonia oxidation (18, 22).
Based on these observations, an alternative novel ammonia oxi-
dation pathway involving the reactive intermediate nitroxyl
(HNO) has been proposed (18). In agreement with this, ammonia
oxidation and cell growth of strain MY2 were not observed in the
presence of 100 wM 2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide (PTIO) (27), a scavenger of nitroxyl and the free
radical nitric oxide (NO) (61-63). Strain MY2 encodes two con-
served multicopper proteins: an NO-forming nitrite reductase
(NirK) homolog and a multicopper oxidase type 3 (see Table S4 in
the supplemental material). Expression of the archaeal nirK gene
was observed during ammonia oxidation and N,O production in
a soil AOA culture (10). Strain MY2 was found to produce the
greenhouse gas nitrous oxide (N,O) via nitrification and denitri-
fication (27). NirK might play a key role in archaeal nitrification
and/or N,O production, and further research into the role of the
nirK gene is warranted.

The genome of strain MY2 carried putative carbon fixation
genes of the 3-hydroxypropionate/4-hydroxybutyrate pathway
(64), in good agreement with other published thaumarchaeal ge-
nomes (16-19, 21). Genes coding for proteins catalyzing two car-
boxylation reactions that transform acetyl-coenzyme A (acetyl-
CoA) into succinyl-CoA and a multistep sequence that converts
succinyl-CoA into two molecules of acetyl-CoA were detected (see
Table S4 in the supplemental material). In addition to the genes
encoding the 3-hydroxypropionate/4-hydroxybutyrate pathway,
the genome of strain MY2 contained all the genes of the tricarbox-
ylic acid cycle. Strain MY2 contained all of the genes necessary for
gluconeogenesis. During autotrophic growth, gluconeogenesis
might begin with succinyl-CoA or acetyl-CoA, generated by car-
bon fixation. Succinyl-CoA could be oxidized to malate and/or
oxaloacetate, and oxaloacetate could be converted into phosphoe-
nolpyruvate (PEP) by the ATP-dependent PEP carboxykinase. It
remains unclear whether acetyl-CoA can be used for gluconeo-
genesis via the classical glyoxylate shunt, because the genome of
strain MY?2 lacked the gene required for the first step (isocitrate
lyase) of the glyoxylate shunt, which has been found in all other
AOA genomes (17, 18, 65).

Electron transfer, transport system, and other genomic
traits. Strain MY2 contained most of the essential genes proposed
for electron transfer in N. maritimus (18). Strain MY2 encoded a
complete respiratory chain of complex I-V (see Table S4 in the
supplemental material), which is used for energy generation and
reverse electron transport. Strain MY2 and all published thaumar-
chaeal genomes possess 11 genes that encode subunits of type I
NADH dehydrogenase. NADH production requires the reverse
operation of complex I (NuoABCDHIJKMLN) as a quinol oxi-
dase, which is driven by a proton motive force (PMF). However,
complex I lacked close homologs of the peripheral subunits E, F,
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and G, which are generally required as the canonical electron in-
put module. It is proposed that the electrons extracted by either a
CuHAO or NXOR protein (and transferred into the quinone
pool) generate a PMF via complexes IIT and IV, thereby driving
the generation of ATP through an F_F,-type ATP synthase (com-
plex V) (18).

Various genes coding for proteins acting as organic transport-
ers of different amino acids, oligo- and dipeptides, glycerol, sulfo-
nate, and aminopeptidase were present in the genome of strain
MY2. These genes have frequently been reported for the genomes
of other AOA (18, 20, 21). Recently, it was found that pyruvate is
required for ammonia oxidation in N. viennensis (clade 1.1b) (15).
Although genomes of all thaumarchaeal group I.1a members, in-
cluding strain MY2, carry genes for organic transporters, potential
mixotrophism was not supported by isotopic and physiological
evidence from cultivated group I.1a AOA. A high-affinity, high-
activity phosphate uptake operon (pstSCAB) was observed in the
genome of strain MY2 (see Table S4 in the supplemental material)
and has been identified previously only in the genome of a marine
archaeon, N. maritimus (18).

The N. maritimus genome contains archaeal-type genes for
ectoine biosynthesis, which might be involved in the regulation of
cellular osmotic pressure. However, the genomes of all nonmarine
thaumarchaeal group I.1a AOA (17, 19, 20), including strain MY?2,
lack genes related to ectoine biosynthesis. Instead, the genomes of
nonmarine thaumarchaeal group IL.la AOA, including strain
MY?2, possess genes for a proline/betaine transporter and both
large- and small-conductance mechanosensitive channel proteins
(see Table S4). In a wide variety of Bacteria, proline/betaine is
accumulated as an effective response to osmotic stress (66—68).
The C. symbiosum and N. maritimus genomes appear to lack genes
for large-conductance mechanosensitive channels, although they
each encode at least one small-conductance mechanosensitive
channel protein (16, 18). This indicates that strain MY2 and other
nonmarine thaumarchaeal group I.1a AOA may have a different
strategy to combat osmotic stress compared with that of marine
thaumarchaeal group I.1a AOA, which might reflect the niche
differentiation of soil AOA.

Similar to “Ca. Nitrosoarchaeum limnia” and “Ca. Ni-
trososphaera gargensis,” strain MY2 contained numerous motili-
ty-associated genes (see Table S4). Strain MY2 possessed all of the
genes for chemotaxis, which are carried in a single gene cluster
next to the flagellar genes, as found in “Ca. Nitrosoarchaeum lim-
nia” and “Ca. Nitrososphaera gargensis.” The organization of the
motility-associated genes in the genome of strain MY2 was more
similar to that in “Ca. Nitrosoarchaeum limnia” than to that in
“Ca. Nitrososphaera gargensis” (see Fig. S8). This result agrees
with the morphological similarity of the flagella of strain MY2 and
“Ca. Nitrosoarchaeum limnia.” Motility-associated genes are ab-
sent from the genomes of marine AOA, including “Ca. Nitros-
opumilus koreensis” (69), “Ca. Nitrosopumilus sediminis,” N.
maritimus, and C. symbiosum. Motility might be an important
property for nonmarine AOA to be able to respond to various
substrate and/or oxygen concentrations in soil aggregates (20),
which could be verified when more genomic information from
soil and marine AOA strains becomes available.

Environmental significance. Strain MY2 was enriched from
the same agricultural plot as “Ca. Nitrosoarchaeum koreensis”
(10), but the depth and properties of the soil used for the inocu-
lum were clearly distinct, i.e., the C horizon for strain MY2 and the
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A horizon for “Ca. Nitrosoarchaeum koreensis.” The A-horizon
soil was rich in organic matter and ammonia (organic carbon,
1.6%; total nitrogen, 0.05%j; and ammonium concentration, 134
mg/kg) (10), in contrast with the C-horizon soil (see Materials and
Methods). This suggests that strain MY2 is more adapted to oli-
gotrophic environments, although we did not test it at ammonia
levels of <0.5 mM.

Environmental amoA and 16S rRNA gene sequences suggest
that the isolated strain MY2 is environmentally significant. AOA
sequences closely related to that of strain MY2 are commonly
detected in soil (7-9, 70). The amoA gene sequence of strain MY2
is also closely related to a sequence (AOA-DW; 98.7%) from near-
shore sediment samples from Lakes Acton and Delaware (13) and
asequence (4C_39; 98.9%) from Icelandic grassland soils affected
by long-term N fertilization and geothermal heating (71). In the
latter study, it was demonstrated that strain MY2-like archaea
dominate (20 to 90% of total AOA amoA operational taxonomic
units [OTUs]) the archaeal communities in Icelandic grassland
soils. Soil microcosm studies revealed that growth of strain MY2-
like AOA was especially prominent at lower ammonia concentra-
tions than those seen with AOB (7). The results provide direct
evidence for a role for strain MY2-like AOA in soil ammonia ox-
idation.

Conclusions. This study reports the physiological and genomic
characterization of a new archaeal chemolithoautotrophic ammo-
nia oxidizer, strain MY2, which was enriched from a deep oligo-
trophic soil horizon. Phylogenetic analyses of the 16S rRNA and
amoA genes placed strain MY2 in thaumarchaeal group I.1a, and
the following candidate status is proposed: “Candidatus Nitrosot-
enuis chungbukensis.”

Taxonomy. (i) Etymology. The taxonomy for “Candidatus Ni-
trosotenuis chungbukensis” sp. nov. is as follows: chungbukensis
(N.L. masc. adj. chungbukensis, from Chungbuk, Republic of Ko-
rea).

(ii) Locality. Temperate agricultural soil, Chungbuk, Republic
of Korea.

(iii) Diagnosis. A chemolithoautotrophic ammonia oxidizer
in the kingdom Thaumarchaeota, which is straight and rod-
shaped, with a diameter of approximately 0.2 pwm and a length of
0.7 pm, an optimum pH of 7, and an optimum temperature of
30°C; it is Gram negative. Carbon dioxide is used as the sole car-
bon source. It belongs to nonmarine thaumarchaeal group I.1a.
AOA with almost identical 16S rRNA and amoA gene sequences
have been detected in various terrestrial environments, including
soil and groundwater.
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