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Nitrosopumilus adriaticus sp. nov. and Nitrosopumilus piranensis
sp. nov., two ammonia-oxidizing archaea from the Adriatic Sea
and members of the class Nitrososphaeria

Barbara Bayer,"* Jana Vojvoda," Thomas Reinthaler,’ Carolina Reyes,? Maria Pinto' and Gerhard J. Herndl'*

Abstract

Two mesophilic, neutrophilic and aerobic marine ammonia-oxidizing archaea, designated strains NF5' and D3C', were
isolated from coastal surface water of the Northern Adriatic Sea. Cells were straight small rods 0.20-0.25um wide and
0.49-2.00 um long. Strain NF5' possessed archaella as cell appendages. Glycerol dibiphytanyl glycerol tetraethers with zero
to four cyclopentane moieties (GDGT-0 to GDGT-4) and crenarchaeol were the major core lipids. Menaquinone MK, .o was the
major respiratory quinone. Both isolates gained energy by oxidizing ammonia (NH3) to nitrite (NO3) and used bicarbonate as a
carbon source. Strain D3C" was able use urea as a source of ammonia for energy production and growth. Addition of
hydrogen peroxide (H,0,) scavengers (catalase or a-keto acids) was required to sustain growth. Optimal growth occurred
between 30 and 32°C, pH 7.1 and 7.3 and between 34 and 37%o salinity. The cellular metal abundance ranking of both
strains was Fe>Zn>Cu>Mn>Co. The genomes of strains NF5' and D3C" have a DNA G+Ccontent of 33.4 and 33.8 mol%,
respectively. Phylogenetic analyses of 165 rRNA gene sequences revealed that both strains are affiliated with the class
Nitrososphaeria, sharing ~85 % 16S rRNA gene sequence identity with Nitrososphaera viennensis EN76". The two isolates are
separated by phenotypic and genotypic characteristics and are assigned to distinct species within the genus Nitrosopumilus
gen. nov. according to average nucleotide identity thresholds of their closed genomes. Isolates NF5' (=JCM 322707 =NCIMB
15114") and D3CT (=JCM 322717 =DSM 106147" =NCIMB 15115") are type strains of the species Nitrosopumilus adriaticus sp.

nov. and Nitrosopumilus piranensis sp. nov., respectively.

INTRODUCTION

Ammonia-oxidizing archaea (AOA) are among the most
ubiquitous and abundant microorganisms on Earth [1, 2].
They are especially abundant in deep waters of the global
ocean where they represent 20-40 % of the prokaryotic
community [3, 4]. AOA perform the first and rate-limiting
step of nitrification, oxidizing ammonia (NH3) into nitrite
(NOy), thereby generating energy for autotrophic growth
[5, 6]. Hence, they represent key players in the global
cycling of nitrogen and carbon [7, 8]. AOA typically thrive
under conditions where nutrients are extremely limited,
exhibiting a remarkably high affinity for ammonia [9, 10].
In addition to predominating in oxygenated waters, marine
AOA are abundant and active in oxygen minimum zones
(OMZs) [11-13], being able to grow under suboxic (<10 uM

0,) conditions [14]. AOA have also been identified as major
contributors of the greenhouse gas nitrous oxide (N,O)
[15], particularly in OMZs [16]. Future increases in ocean
deoxygenation could potentially influence N,O production
by archaeal ammonia oxidation [17, 18]. Thus, understand-
ing their physiology is of great importance to predict future
ocean scenarios, particularly in the light of global change.

The first AOA culture, Nitrosopumilus maritimus scmi1?,
was obtained from a tropical marine aquarium [6], addi-
tional strains were isolated or enriched from marine and
estuarine environments [18-24], neutral and acidic soils
[25-28], coal-tar contaminated sediment [29], hot springs
[30-34], wastewater treatment plants [35, 36] and an
aquarium biofilter [37]. All cultured representatives are
autotrophic ammonia oxidizers, but vary in their capability
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to use alternative substrates such as urea [19, 25, 28, 29,
31, 36, 38, 39] or cyanate [40]. Some strains have also
been described to require small additions of organic acids
[25, 38]. However, this apparent necessity has recently
been attributed to their sensitivity towards hydrogen per-
oxide (H,0,), which is detoxified by alpha-ketoacids [41].
Hence, these requirements can be overcome with the addi-
tion of the H,0,-detoxifying enzyme catalase or the pres-
ence of co-cultured heterotrophic catalase-positive bacteria
([41] and Bayeret al., under review). Despite their broad
distribution in various different environments, all
sequenced AOA to date share common genomic features.
These include copper-based enzymes for ammonia oxida-
tion and electron transfer, a variant of the autotrophic 3-
hydroxypropionate/4-hydroxybutyrate (HP/HB) cycle for
carbon fixation, and synthesis pathways for various B vita-
mins including cobalamin (vitamin B12) [23, 30, 42, 43].

Here, we report the formal taxonomic description of two
closely related isolates from coastal surface waters of the
Northern Adriatic Sea, strains NF5" and D3C". We extend
the original characterization of ‘Candidatus Nitrosopumilus
adriaticus’ NF5 and ‘Candidatus Nitrosopumilus piranensis’
D3C [19], including the first measurements of cellular ele-
mental composition of AOA. We formally describe Nitroso-
pumilus adriaticus sp. nov. and Nitrosopumilus piranensis
sp. nov., two novel species of the genus Nitrosopumilus [18]
within the family Nitrosopumilaceae of the class Nitrosos-
phaeria [44].

METHODS

Sample source and culture conditions

Seawater was collected in the Northern Adriatic Sea at
approximately 0.5m depth off the coast of Piran, Slovenia
(45.518° N, 13.568° E) in two consecutive months (Novem-
ber 2011: strain NF5%; December 2011: strain D3CY). At the
time of sampling, seawater temperatures ranged between
13.1 and 15.5°C, and ammonium concentrations varied
between 0.12 and 0.48 uM. Enrichment cultures were initi-
ated as previously described [19]. Cultures were grown in
SCM medium and maintained in 30 ml polypropylene bot-
tles at 30°C in the dark without shaking. Axenic cultures
were established by adding erythromycin (25ugml™ ') in
addition to purified catalase (5 Uml™'). Ammonia oxidation
activity was monitored by measuring NH3/NHj consump-
tion and NO; production using the orthophthaldialdehyde
(OPA) [45] and Griess [46] reagents, respectively. Growth
was measured by flow cytometry as previously described
[47]. Subsequent sub-culturing was performed by inoculat-
ing fresh medium (2.5-5 % v/v inoculum) with cells in mid-
exponential phase, which corresponded to a residual NH3/
NH; concentration of approximately 300 uM.

Physiological characterization and ammonia
oxidation inhibitors

Utilization of urea as an alternative substrate as well as tem-
perature and pH optima for both strains were previously
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determined [19]. Salinity optima were determined by main-
taining optimum temperature and pH. Varying salinities
were established by adjusting NaCl concentrations to
5-70 %o in 3-5 %o intervals (w/v) in duplicate cultures. Sam-
ples were taken every 3-5days and NO; production was
measured as described above. The effect of two ammonia
oxidation inhibitors, 2-phenyl-4,4,5,5-tetramethylimidazo-
line-1-oxyl 3-oxide (PTIO, Sigma P5084) and 2-(4-
carboxyphenyl)—4,4,5,5-tetramethylimidazoline-1-oxyl ~ 3-
oxide (carboxy-PTIO, Sigma C221) was tested on both
strains. To duplicate cultures, 100 uM PTIO or carboxy-
PTIO were added and ammonium concentrations were
measured every 2-3 days as described above.

Leucine incorporation and DIC fixation

Leucine incorporation was measured by incubating 5 ml ali-
quots with a final concentration of 50 nM [*H]-leucine (spe-
cific activity 4.44x10° Bq mmol ', American Radiolabeled
Chemicals). Duplicate live samples and one formaldehyde-
killed blank were incubated in a water bath in the dark at
30 °C for 24 h. Incubations were terminated by adding form-
aldehyde (2 % final concentration) to the live samples. Sam-
ples and blanks were filtered through 0.2 um polycarbonate
filters (Millipore, 25 mm filter diameter) supported by cellu-
lose acetate filters (Millipore, HAWP, 0.45 um pore size) on
a filtration manifold (Millipore). On the manifold, the filters
were rinsed twice with 5% ice-cold trichloroacetic acid to
precipitate proteins. Subsequently filters were dried in 20 ml
scintillation vials, 8 ml of scintillation cocktail (FilterCount,
Perkin Elmer) was added, and after 18h the vials were
counted on a scintillation counter (Tri-Carb 2100TR, Perkin
Elmer). The instrument was calibrated with internal and
external standards. To compare leucine incorporation rates
of NH;-replete and NH;-starved cells, cultures in late expo-
nential growth phase were transferred at 20 % (v/v) inocu-
lum into fresh medium with or without 1 mM NH,CI, and
leucine incorporation was measured after 3days of
incubation.

Dissolved inorganic carbon (DIC) fixation was measured
via the incorporation of [**C]-bicarbonate as described by
Herndl et al. [48] with modifications. ['*C]-bicarbonate
(specific activity 1.85x10°Bg, American Radiolabeled
Chemicals) was added to 5ml duplicate live samples and
one formaldehyde-fixed blank. The live samples and the
blank were incubated in the dark at 30 °C in a water bath for
24 h. Incubations were terminated by adding formaldehyde
(2% v/v) to the samples, filtered onto 0.2 pm polycarbonate
filters and rinsed with 10ml of artificial seawater. Subse-
quently, the filters were placed in a desiccator in fumes of
concentrated HCl (37 %) for 12h to remove excess [*C]-
bicarbonate. The filters were transferred to scintillation
vials, 8 ml of scintillation cocktail (FilterCount, Perkin
Elmer) was added, and after 18 h the disintegrations per
minute (DPM) counted in the scintillation counter for
10 min. The resulting mean DPM of the samples were cor-
rected for the DPM of the blank, converted into organic
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Table 1. Major characteristics of strains NF5" and D3C" compared to those of other Nitrosopumilus species

All data for Nitrosopumilus maritimus SCM1T, Nitrosopumilus cobalaminigenes HCA1", Nitrosopumilus oxyclinae HCE1"

and Nitrosopumilus ureiphilus

PS0T were previously reported by Qin et al. [18]. Nb, No data; —, negative; +, positive.

Characteristic NF5" D3C” scm1” HCA1" HCE1" pso1”
Growth temperature ("C):

Range 15-34 15-37 15-35 10-30 4-30 10-30

Optimum 30-32 32 32 25 25 26
Growth pH:

Range 6.8-8.0 6.8-8.0 6.8-8.1 6.8-8.1 6.4-7.8 5.9-8.1

Optimum 7.1 7.1-7.3 7.3 7.3 7.3 6.8
Salinity (%o):

Range 10-55 15-65 16-55 15-40 10-40 15-40

Optimum 34 37 32-37 32 25-32 25
Maximum ammonia oxidation (fmol cell ™' d~%) 9.6 10.9 12.7 6.0 5.8 2.9
Average ammonia oxidation (fmol cell ' d")* 6.5+3.2 7.243.7 ND ND ND ND
Average carbon fixation 0.69+0.29 0.64+0.37 ND ND ND ND

(fmol cell ™' d™")*
Minimum generation time (h) 34 27 19 30 33 54
Ammonium tolerance (mM) 25% 30 10 10 1 20
Nitrite tolerance (mM) 15% 10% 2 ND ND ND
Use of urea - + - - - +
Flagellum + - - - - +$
DNA G+C content (mol%) 334 33.8 342 33 33.1 334

*Average and standard deviation are shown.

+~900 uM NH; was oxidized after approx. 1 month incubation.
$#~800 uM NH, was oxidized after approx. 2 months incubation.
§Based on the presence of archaella genes in the genome.

carbon fixed over time and corrected for the DIC concentra-
tion in the medium.

DIC uptake rates were calculated using the following
formula:

(DPMs-DPMb) x DICw/(DPMtr xinc. time) where DPM

are the disintegrations per minute measured in the
4 < cells 800
oxidized NH,/NH,* )
= W incorporated DIC O
= X
e =
2 o
= =z
= o
o) n
© .
O 1
0
0 1 2 3 4 5 6 7
Time (d)

Fig. 1. Relationship between cell growth, ammonia oxidation (light
grey) and DIC fixation (dark grey) of strain NF5".
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scintillation counter, for the sample (s) and the blank (b).
DICw denotes the dissolved inorganic carbon concentration
in seawater, DPM tracer (tr) is the calculated DPMs for the
[C]-bicarbonate added to the incubations.

Cellular carbon content was estimated from DIC incorpo-
ration rates divided by the number of newly produced cells
over time averaged over 7 days.

Cellular metal concentrations and C:N ratios

Cultures were grown in 1L Schott flasks as described above,
and cells were harvested in the late exponential growth
phase by centrifugation (20000g at 10°C for 1.5h). Cell
pellets were washed three times (see different washing pro-
cedures below) and transferred into nitric acid-washed
1.5ml tubes. The following washing procedures were
applied to distinguish between intracellular and total metal
concentrations: (1) three washes with synthetic seawater
(Paragon Scientific Ld) diluted to 50 % with Milli-Q water
(v/v), (2) one wash with an oxalate-EDTA solution in 50 %
synthetic seawater (v/v) modified from Tovar-Sanquez et al.
[49] (final conc.: 10mM EDTA, 10mM sodium citrate,
25mM oxalic acid, pH was adjusted to 7.5) including a
5 min incubation step and two subsequent washes with syn-
thetic seawater, (3) one wash with 0.5 mM EDTA and one
wash with 0.5 mM TETA each including 5min incubation
time, and one subsequent wash with synthetic seawater.
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Fig. 2. Ammonia consumption of strains D3C" (left) and NF5' (right) after additions of the ammonia oxidation inhibitors PTIO (triangles)
and carboxy-PTIO (squares) in comparison to control incubations without inhibitors (circles). Error bars represent the range of the

mean from measurements of duplicate cultures.

TETA [1,4,8,11-tetraazacyclotetradecane 1,4,8,11-tetraaceti-
cacid hydrochloride hydrate] is a chelator with selective
affinity for Cu®* [50]. Each wash was performed with 1 ml
washing solution and was followed by centrifugation
(20000g, 4°C) for 20 min. Cell pellets were subsequently
digested by adding 500 ul of 70 % trace metal grade nitric
acid (Fisher Scientific) and 500 pl 30 % hydrogen peroxide
(Sigma) and incubated at 70°C for 6h. The digest was
diluted with 5ml Milli-Q water and filtered through
0.45um cellulose acetate syringe filters (Sartorius). Metal
concentrations were determined using an inductively cou-
pled plasma-mass spectrometer (ICP-MS; Agilent 7700).
Due to the long generation times and low biomass produc-
tion, 1L culture was required for a single measurement, and
it was not feasible to run biological replicates.

To determine cellular C:N ratios, 1L of culture was har-
vested as described above, pellets were washed three times
with medium devoid of HEPES buffer, NaHCO; and NH,
Cl to exclude sources of carbon and nitrogen. Pellets were
subsequently dried for 1h (Concentrator Plus, Eppendorf)
and measured on a CHNS elemental analyser (Vario MICRO
cube, Elementar).

Cell cryopreservation and resuscitation

Cultures were grown in SCM medium with addition of cata-
lase as described above. When cultures reached late expo-
nential growth (cell abundance >107 cells ml™!), 1ml of
culture was transferred to 2ml cryovials (Biozym) and
100 % DMSO (Sigma D2650) was added to a final concen-
tration of 3-4% (v/v). Tubes were carefully inverted
three times, incubated at room temperature for 5min and
subsequently stored at —80°C. To resuscitate the cultures,
vials were defrosted in a water bath at 37°C for 1-2 min,
and the entire contents were immediately transferred into
19 ml fresh, pre-warmed SCM medium. After cryopreserva-
tion, longer lag phases of up to 2 weeks were observed. Suc-
cessful resurrection after storage for up to 1.5 years has been
tested.

Electron microscopy and lipid analysis

Scanning and transmission electron microscopy analyses
have been performed previously and are described in Bayer
et al. [19]. Core lipids and intact polar lipids were analysed
previously and described by Elling et al. [51].

Table 2. Elemental composition and cellular metal concentrations of strains NF5" and D3C'. Carbon and nitrogen concentrations are given in fg
cell™", metal concentrations are given in amol cell™" and C:N ratios are given in mol C: mol N

Ni concentrations were in a similar range as Co concentrations, however, these values were omitted due to variable Ni contamination in blanks.

Strain* C N C:N Fe Zn Cu Mn Co

NF5T (1) 16.65+7.5t ND 3.91% 1.140 0.192 0.110 0.046 0.0028
D3CT (1) 16.30% 4.78% 3.98% 1.030 0.222 0.127 0.058 0.0034
D3CT (2) ND ND ND 0.863 0.209 0.095 0.050 0.0025
D3CT (3) ND ND ND 0.720 0.167 0.086 0.040 0.0019

*Treatments (1, 2 and 3) are described in the Material and Methods section. Treatment (1) results in total cellular metal concentrations whereas

treatments (2) and (3) results in intracellular metal concentrations.

tDerived from DIC incorporation rates, average and standard deviation is shown.

fDerived from elemental analyser measurements.
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Fig. 3. Transmission electron microscopy (a, b) and scanning electron microscopy (c, d) images of strains NF5' (left) and D3CT (right).
This figure has previously been published by Bayer et al. [19] under a Attribution 4.0 International (CC BY 4.0) License.

Phylogenetic analyses

Full length 16S rRNA gene sequences from AOA isolates
and enrichment cultures were retrieved from the National
Centre for Biotechnology Information (NcBI) and aligned
with the multiple sequence alignment software MAFFT (FFT-
NS-i method) [52]. Unreliable sequence positions were
automatically trimmed with the software BGME (Block Map-
ping and Gathering with Entropy) using standard settings
[53]. A phylogenetic tree was calculated by
using the maximum-likelihood method with the software
IQ-Tree, based on the best-fit model of nucleotide substitu-
tion (selected model: GTR+F+G4) [54]. The ultrafast boot-
strap (UFBoot) and SH-aLRT feature options were used to
generate support values from 1000 replicates.

RESULTS AND DISCUSSION

Physiology and ecology

Strains NF5" and D3C" are mesophilic and neutrophilic
organisms, growing optimally at 30-32°C and pH 7.1-7.3
(Table 1). They produce energy by oxidizing ammonia aero-
bically to nitrite at stoichiometric levels [19]. The minimum
generation time of strains NF5" and D3C" was 34h and
27 h, respectively, and growth was impaired by agitation, as
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observed for N. maritimus SCM1" [6]. Strain D3C" grew
equally well with urea or ammonia as an energy source [19].
While the ability to use urea in general appears to be wide-
spread among AOA, it is not shared by phylogenetically
closely related marine strains, indicating niche partitioning
[19, 38, 39]. Strains NF5" and D3C " were able to grow at a
broader salinity range than the other four described Nitroso-
pumilus species (Table 1). However, growth of strain D3C"
with salt concentrations of 65%o was only observed after
more than 1 month of incubation (Fig. S1b, available in the
online version of this article), suggesting that comparisons
between studies might be difficult if incubation times vary.
Similarly, strains NF5" and D3C" were completely inhibited
at considerably higher ammonia and nitrite concentrations
than previously described for other species (Table 1), but
inhibitory effects at high concentrations of ammonia and
nitrite (i.e., up to 30 and 15mM, respectively, for strain
D3C") could only be overcome if incubated for >2 months.
A lower tolerance against high ammonia concentrations
with increasing pH (inhibition at 2 mM and 0.3 mM of NH}
/NHj; at pH 7.6 and 8.2, respectively) has previously been
observed for strain SCM1" [55]. In this study, the pH of the
growth medium was ~7.2 in contrast to ~7.5 used by Qin
et al. [18], potentially explaining the higher tolerance of
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{ E ‘Candidatus Nitrosotenuis uzonensis’ N4 (CBTY01000000)
‘Candidatus Nitrosotenuis cloacae’ SAT1 (CP011097)

—0—<] ‘Candidatus Nitrosotalea’

‘Candidatus Nitrosopumilus koreense’ AR1 (CP003842)
‘Candidatus Nitrosopumilus sediminis’ AR2 (CP003843)
Nitrosopumilus oxyclinae HCE' (KX9507581)
Nitrosopumilus cobalaminigenes HCAT (KX9507571)
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Nitrosopumilus piranensis D3C" (CP010868)
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Nitrosopumilus ureiphilus PSO" (KX9507591)
Nitrosopumilus adriaticus NF5' (CP011070)

‘Candidatus Nitrosopumilus sp.' DDS1 (KR737579)
‘Candidatus Nitrosarchaeum limnium’ BG20 (AHJG01000224)
‘Candidatus Nitrosarchaeum limnium’ SFB1 (AEGP01000029)
Nitrosarchaeum koreense MY1" (HQ331116)

‘Candidatus Nitrosopelagicus brevis' CN25 (CP007026)

‘Candidatus Cenarchaeum symbiosum’ A (DQ397549)

<| ‘Candidatus Nitrosocaldus’

Fig. 4. Phylogenetic maximume-likelihood tree of full-length 16S rRNA gene sequences from cultivated members of the class Nitrosos-
phaeria showing the affiliation of strains NF5" and D3C". Support values were inferred from 1000 replicates and are represented on
the respective branches by black circles (UFBoot >95, SHaLRT>80).

strains NF5' and D3C" against high concentrations of
ammonia. Both strains were tolerant against the antibiotics
kanamycin (100 ug ml~"), streptomycin (100 ug ml~"), spec-
tinomycin (100 pug ml ™), carbenicillin (100 ug ml ), eryth-
romycin (50 ugml ') and ofloxacin (50 ugml™'), but
sensitive towards chloramphenicol (25 ugml ") and tetracy-
cline (25 pgml ™).

Average ammonia oxidation rates of strains NF5' and
D3C" were 6.5 (+3.2) and 7.2 (+3.7) fmol cell ' d 7, respec-
tively, which is within the range of estimated rates in the
Eastern Tropical North Pacific Ocean (0.1-4.1 fmol cell '
d™Y), off the California coast (0.2-15fmol cell™* d™') and
the coastal North Sea (<7 fmol cell ™! d™) [5, 56, 57]. Auto-
trophic carbon fixation rates of strains NF5" and D3C"
were 0.69 (+0.29) and 0.64 (+0.37) fmol C cell™' d*
(Table 1), being much higher than rates reported in the
aphotic zone of the North Atlantic Ocean [48, 58] but
within the range from less energy-limited systems
(Table S1). While nitrification rates are generally lower in
more oligotrophic open-ocean regions [59], the occurrence
of different AOA communities in deeper water layers in
contrast to Nitrosopumilus-dominated coastal waters [60]
could potentially also explain the discrepancy between in
situ rates and those obtained in this study. The carbon yield
from nitrification (fmol C fixed cell™ d™'/fmol N oxidized
cell ' d7") of strains NF5" and D3C" was ~0.1, amounting
to 10 mol NH; oxidized for every mole of carbon fixed
(Fig. 1), which is ~two times higher than observed for AOB
[61]. This apparent higher yield could potentially be
explained by the presence of a more efficient carbon fixation
pathway in AOA as compared to AOB [62].
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The nitrification inhibitor PTIO [2-phenyl-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide] has been reported to
inhibit AOA due to its capacity to scavenge nitric oxide
(NO), a proposed important intermediate in the archaeal
ammonia oxidation pathway [63, 64]. Many studies used
PTIO and carboxy-PTIO treatments to distinguish between
archaeal and bacterial ammonia oxidation [36, 65-67].
However, comparing both inhibitors, our results show that
while PTIO completely inhibited strains NF5' and D3C",
carboxy-PTIO had almost no effect on the ammonia oxida-
tion activity of both strains (Fig. 2). Additionally, the het-
erotrophic alphaproteobacterium ‘Oceanicaulis alexandrit’,
the last contaminant of enrichment cultures of strains NF5"
and D3C” [19], was also inhibited by additions of 100 uM
PTIO (see Fig. S2). These results indicate that PTIO has a
broad inhibitory effect, being potentially toxic to different
microbes rather than representing a selective inhibitor for
AOA.

Growth of strains NF5' and D3C" was stimulated by hydro-
gen peroxide (H,O,) scavengers (ie., catalase, alpha-keto
acids; Bayer et al., under review), as previously observed for
N. viennensis EN76" and other members of the Nitrosopu-
milus genus [18]. Although AOA genomes encode for trans-
porters suggested to play a role in the uptake of diverse
classes of organic compounds [68], the addition of various
organic substrates other than alpha-keto acids (i.e., pyru-
vate, alpha-keto glutarate, oxaloacetate) did not have a posi-
tive effect and in some cases even inhibited growth of AOA
[18, 25]. While AOA-dominated archaeal communities
have previously been shown to take up amino acids [4, 69],
strains NF5" and D3C" incorporated leucine at extremely
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low rates of 0.009 and 0.011 amol leucine cell ' d~, respec-
tively (Table S1). These values are ~10-100 times lower than
those reported for Prochlorococcus, the most abundant pho-
toautotrophic organism in the global ocean (Table S1) [70].
Leucine incorporation of strains NF5' and D3C"
decreased ~30-100 fold when ammonium was omitted from
the medium (Table S1), indicating that neither strain was
able to efficiently use leucine as a source of energy and/or
carbon and only incorporated traces of leucine during high
metabolic activity. However, it still remains unclear if other
AOA clades exhibit alternative metabolisms, either growing
mixo- or heterotrophically.

The average elemental composition of strains NF5' and
D3C" was (C4N1)1000Fe2Zn0 5Cug 25Mng 1 Cog gos (Table 2),
which is similar to the elemental stoichiometry of Fe-
replete  Prochlorococcus  cultures  ((C4Ny)g00Fes3Mng
Zng045Cug,02C0g 0026, Normalized to N from values previ-
ously reported by Cunningham et al. [71]). However,
intracellular concentrations of Cu and Zn were one order
of magnitude higher in strains NF5' and D3C" than
reported for Prochlorococcus [71]. While Zn represents an
important element in all three domains of life (e.g. present
in RNA polymerases and alcohol dehydrogenases [72]),
AOA in particular contain a large number of Cu-contain-
ing proteins likely involved in electron transfer. These
include periplasmic multicopper oxidases, plastocyanins
and blue copper domain-containing proteins instead of Fe-
containing c-type cytochromes [43, 73]. Nevertheless, Fe
was the most abundant metal in cells of strains NF5' and
D3C’, being on average 10 times more abundant than Cu
in whole cell extracts and intracellular fractions (Table 2).
Indeed, a number of iron-containing proteins were identi-
fied at high relative abundance in proteomes of strains
NF5' and D3C" (Bayer et al., under review) and in tran-
scriptomes of ‘Ca. Nitrosopelagicus brevis’ [39], suggesting
an important role of iron in the cellular metabolism of
AOA. In addition, the high intracellular Fe:C quotas
of ~600 (umol Fe:mol C, Table 2) suggest that AOA
might store iron under replete conditions. This notion is
supported by the expression of putative iron storage pro-
teins of the ferritin/Dps domain family (Bayer et al., under
review) and observations of electron-dense particles in
electron micrographs of N. viennensis EN76" [44].

The factors controlling the vertical distribution of AOA in
the ocean and their absence in sunlit surface waters has
been a topic of debate since their discovery. Competition
with phytoplankton for ammonia [74], inhibition by light
or light-induced oxidative stress [75, 76] and copper bio-
availability [73] have been suggested as drivers of AOA
distribution patterns. However, our results indicate that
the availability of metals other than copper could poten-
tially play a more important role for marine AOA than
previously assumed, in particular iron which appears to
be more abundant than copper in cells of strains NF5"
and D3C".
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Morphology and lipid composition

Both strains share very similar shape and size. They are
slender, straight rods that range from 0.20 to 0.25pm by
0.49-2.00 um (Fig. 3), similar to previous reports on other
Nitrosopumilus species [18]. The genome of strain NF5"
contains genes encoding archaella (archaeal flagella) and
chemotaxis proteins [19]. Cells of strain NF5T occasionally
appeared to contain appendages (7 % of cells, n=300) with a
diameter of 11-14 nm [19] (Fig. 3), which is within the typi-
cal size range reported for archaella [77]. Both genomes also
contain genes encoding for putative pili, however, we did
not observe any pili-like structures in electron microscopy.

Major core lipid types identified in strains NF5" and D3C"
were glycerol dibiphytanyl glycerol tetraethers (GDGTs)
with zero to four cyclopentane moieties (GDGT-0 to
GDGT-4), hydroxylated GDGTs (OH-GDGTs), crenarch-
aeol (a GDGT containing four cyclopentane moieties and
one cyclohexane moiety), glycerol diphytanyl diethers
(archaeols), glycerol trialkyl glycerol tetraethers (GTGTs),
and glycerol dialkanol diethers (GDDs) [51]. Abundances
of archaeol, methoxy archaeol and crenarchaeol relative to
total lipids varied between strains NF5" and D3C" and
other mesophilic Nitrosopumilus strains [51], with strain
NF5" containing the highest proportions of archaeol and
methoxy archaeal (4.2 and 11.5 %, respectively) (Table S2a).
Elling et al. [51] reported on the high potential of methoxy
archaeol as a diagnostic biomarker for AOA by relating total
abundance of methoxy archaeol to that of the universal
archaeal lipid biomarker archaeol.

The major intact polar lipids of strains NF5T and D3C"
were GDGTs with monoglycosyl, diglycosyl, phosphohexose
and hexose-phosphohexose headgroups [51] (Table S2b).
Both strains synthesized menaquinones with fully unsatu-
rated (MKg.9) and monounsaturated (MKg.,) side chains
composed of six isoprenoid units, whereas MKg.o made up
the majority of detected menaquinones (93 and 89 % in
strains NF5" and D3C7, respectively) [51]. MKg. o and MK,
1 have been suggested as additional biomarkers for AOA, as
they only constitute minor quinones in some thermophilic
Crenarchaeota and Euryarchaeota and have not been
detected in other cultivated mesophilic archaea [78].

Phylogeny

Strains NF5" and D3CT are phylogenetically located within
the family Nitrosopumilaceae and belong to the genus Nitro-
sopumilus (Fig. 4). Members of this family have previously
been assigned to the order Nitrosopumilales within the class
Nitrososphaeria of the phylum Thaumarchaeota [18, 79].
Recently, a genome based taxonomy was proposed includ-
ing the normalization of taxonomic ranks according to rela-
tive evolutionary divergence and the removal of
polyphyletic groups [80]. On the basis of this new taxo-
nomic proposal, the former “Thaumarchaeota’ are included
as class Nitrososphaeria within the phylum Crenarchaeota
and all thus far characterized AOA are included in the order
Nitrososphaerales (http://gtdb.ecogenomic.org).
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Within the Nitrosopumilus genus, different species typically
share high 16S rRNA gene sequence identity. Strain NF5"
shares 99 % 16S rRNA gene sequence identity with strain
D3C, and between 97.9 and 99.6 % with other Nitrosopu-
milus species. Both strains share ~97.5% 16S rRNA gene
sequence identity with members of the genus Nitrosarch-
aeum, and ~93.5 % with the provisional genera ‘Nitrosopela-
gicus and ‘Cenarchaeum’ within the Nitrosopumilaceae
family. With the more distantl}l{ related Group 1.b AOA
Nitrososphaera viennensis EN76", strains NF5" and D3C"
share ~85 % 16S rRNA gene sequence identity. Despite their
high 16S rRNA gene sequence identity, the complete
genomes of strains NF5" and D3C" share <80 % average
nucleotide identity (ANI) (Table S3). In general, ANI values
between genomes of different members of the Nitrososphae-
ria class are consistent with 16S rRNA gene sequence phy-
logeny, with the exception of ‘Ca. Cenarchaeum
symbiosum’ (Fig. 4, Table S3).

The genomes of strains NF5' and D3C" are 1.80 and
1.71Mb in size, respectively, representing the largest
genomes reported for members of the Nitrosopumilus genus
thus far [19]. Furthermore, both genomes encode for a
larger number of proteins (2184 and 2161 in strains NF5"
and D3C", respectively) compared to all available complete
genomes of members of the Nitrosopumilaceae family.
Strains NF5" and D3C" have a DNA base composition of
33.4 and 33.8 mol% G+C, respectively, which is within the
range of other described Nitrosopumilus species (Table 1)
and similar to members of the genus Nitrosarchaeum
(~32.5mol% G+C) [81, 82], ‘Ca. Nitrosopelagicus brevis’
CN25 (33.2mol% G+C) [23], and members of the provi-
sional genus ‘Nitrosocosmicus’ (~34.0mol% G+C) [28, 29,
36]. It is lower than that of ‘Ca. Nitrosotalea devanaterra’
Ndl (37.1mol% G+C) [83], members of the provisional
genus ‘Nitrosotenuis’ (41.0-42.2mol% G+C) [34, 35, 37],
members of the genus Nitrososphaera (48.4-52.7 mol%
G+C) [25, 26, 30] and ‘Ca. Cenarchaecum symbiosum’
(57.4mol% G+C) [84]. These results indicate that while
DNA base composition is similar within members of the
same genus, it can greatly differ between members of the
same family in AOA (Fig. 4).

On the basis of phenotypic, Tgenotypic and chemotaxonomic
characteristics, strains NF5" and D3C" can be assigned to
distinct species, Nitrosopumilus adriaticus sp. nov. and
Nitrosopumilus piranensis sp. nov., respectively.

DESCRIPTION OF
NITROSOPUMILUS ADRIATICUS SP. NOV.

Nitrosopumilus adriaticus (a.dri.a’ti.cus. L. masc. adj. adria-
ticus from the Adriatic Sea; describing the location the type
strain was isolated).

Cells appear as small, regular, slender rods with a length of
0.59-1.74pm and a diameter of 0.20-0.25pum. Cells are
occasionally flagellated. Cells tolerate ammonia and nitrite
concentrations of up to 25mM and 10 mM, respectively.
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Urease-negative. Growth occurs between 15 and 34 °C, with
an optimum of 30-32°C. The pH range for growth is
pH 6.8-8.0, with an optimum of pH 7.1. The salinity range
for growth is 10-55 %o, with an optimum of 34 %o. The min-
imum generation time is approximately 34h. Average
ammonia oxidation and carbon fixation rates are 6.5
+3.2and 0.69+0.29 fmol cell ' d~', respectively. Cells have
a C:N ratio of 3.91 and the cellular metal abundance ranking
is Fe>Zn>Cu>Mn>Co.

The type strain is NF5' (=JCM 32270" =NCIMB 15114"),
isolated from coastal surface waters of the Northern Adri-
atic Sea, off the coast of Piran, Slovenia. The G+C content of
the genomic DNA of the type strain is 33.4 mol%. The Gen-
Bank accession number for the 16S rRNA gene sequence of
strain NF5" is MK139955 and the genome is deposited
under the accession number CP010868.

DESCRIPTION OF NITROSOPUMILUS
PIRANENSIS SP. NOV.

Nitrosopumilus piranensis (piran.en’sis. N.L. fem. adj. pira-
nensis from the coast off Piran; describing the location the
type strain was isolated).

Cells appear as small, regular, slender rods with a length of
0.49-2.00 pm and a diameter of 0.20-0.25 pm. Motility is
not observed. Cells tolerate ammonia and nitrite concentra-
tions of up to 30 mM and 15 mM, respectively. Urease-posi-
tive. Growth occurs between 15 and 37°C, with an
optimum of 32°C. The pH range for growth is pH 6.8-8.0,
with an optimum of pH 7.1-7.3. The salinity range for
growth is 15-65 %o, with an optimum of 37 %o. The mini-
mum generation time is approximately 27h. Average
ammonia oxidation and carbon fixation rates are 7.2
+3.7 and 0.64+0.37 fmol cell ' d~, respectively. Cells have
a C:N ratio of 3.98, containing approx. 16.3 fg C cell ! and
4.78 fg N cell ', The cellular metal abundance ranking is
Fe>Zn>Cu>Mn>Co. Cells potentially store iron, exhibiting
intracellular Fe:C quota of 519-622 pmol Fe per mol cell-C.

The type strain is D3CT (=JCM 322717 =DSM 106147"

=NCIMB 151157), isolated from coastal surface waters of
the Northern Adriatic Sea, off the coast of Piran. The
G+Ccontent of the genomic DNA of the type strain is
33.8mol%. The GenBank accession number for the 16S
rRNA gene sequence of strain D3C" is MK139956 and the
genome is deposited under the accession number
CP010868.
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