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Abstract. The recent finding that microbial ammonia oxida- the production of MO in tropical ocean areas results mainly
tion in the ocean is performed by archaea to a greater extrom archaeal nitrification and will be affected by the pre-
tent than by bacteria has drastically changed the view ortdicted decrease in dissolved oxygen in the ocean.
oceanic nitrification. The numerical dominance of archaeal
ammonia-oxidizers (AOA) over their bacterial counterparts
(AOB) in large parts of the ocean leads to the hypothesis that
AOA rather than AOB could be the key organisms for the 1 Introduction
oceanic production of the strong greenhouse gas nitrous ox-
ide (N;O) that occurs as a by-product of nitrification. Very Atmospheric nitrous oxide (}D) is a strong greenhouse
recently, enrichment cultures of marine ammonia-oxidizinggas (Forster et al., 2007) and a major precursor of strato-
archaea have been reported to produg®N spheric ozone depleting radicals (Ravishankara et al., 2009).
Here, we demonstrate that archaeal ammonia monooxyThe ocean is a major source ob@® contributing approx-
genase genesufioA)were detectable throughout the water imately 30% of the NO in the atmosphere (Denman et
column of the eastern tropical North Atlantic (ETNA) and al., 2007). Oceanic O is exclusively produced during mi-
eastern tropical South Pacific (ETSP) Oceans. Particularly irerobial processes such as nitrification (under oxic to sub-
the ETNA, comparable patterns of abundance and expressiopxic conditions) and denitrification (under suboxic condi-
of archaeahmoAgenes and BO co-occurred in the oxygen tions; Bange et al., 2010; Codispoti, 2010). The formation
minimum, whereas the abundances of bactemabAgenes  0f N2O as a by-product of nitrification (oxidation of ammo-
were negligible. Moreover, selective inhibition of archaea in hia, NHs, via hydroxylamine, NHOH to nitrite, NG,) was
seawater incubations from the ETNA decreased #@ pro-  reported for ammonia-oxidizing bacteria (AOB) (Frame and
duction significantly. In studies with the only cultivated ma- Casciotti, 2010; Goreau et al., 1980). In the case of nitrifier-
rine archaeal ammonia-oxidizétitrosopumilus maritimus ~ denitrification NG can further be reduced to nitric oxide
SCM1, we provide the first direct evidence fop® pro-  (NO) and NO (Poth and Focht, 1985; Shaw et al., 2006).
duction in a pure culture of AOA, excluding the involvement The accumulation of oceanic,® is favored in waters with
of other microorganisms as possibly present in enrichmentslow oxygen (@) concentrations, which is attributed to an en-
N. maritimusshowed high NO production rates under low hanced NO yield during nitrification (Goreau et al., 1980;
oxygen concentrations comparable to concentrations existStein and Yung, 2003). The frequently observed linear cor-
ing in the oxycline of the ETNA, whereas the® produc-  relation betweem\N20O (i.e. N,O excess) and the apparent
tion from two AOB cultures was comparably low under sim- oxygen utilization (AOU) is usually taken as indirect evi-
ilar conditions. Based on our findings, we hypothesize thatdence for NO production via nitrification (Yoshida et al.,
1989).
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The traditional view that oceanic Njbxidation is exclu- NM22 was low compared to the rates achieved by the ar-
sively performed by AOB has been challenged by (1) thechaeal isolate in our experiments.
presence of archaeamoAgenes in metagenomes of vari-
ous environments (Lam et al., 2009; Schleper et al., 2005;
Treusch et al., 2005; Venter et al., 2004), (2) the success? Methods summary
ful isolation of the ammonia-oxidizing archaedh mar- 2.1 Hydrographic parameters and nutrients
itimus (Kdénneke et al., 2005) and (3) the fact that archaea™

capable of ammonia oxidation have been detected in varigamples for salinity, © concentrations and nutrients were

ous oceanic regions throughout the water column and in sedg, e from a 24-Niskin-bottle rosette equipped with a CTD-
|men'fs (Church etal, 2009; Francis et al., 2005; Lam et al.ggng0r. Oxygen concentrations were determined following
2009; Santoro et al., 2010; Wuchter et al., 2006). Moreover o \winkler method using 50 or 100 ml sampling volumes,

N. mariimusappears to be adapted to perform ammoniagng salinity and nutrient concentrations were determined as
oxidation even under the oligotrophic conditions (Martens- yaoscribed in Grasshoff et al. (1999).

Habbena et al., 2009) that dominate in large parts of the

open ocean. These observations point towards an importart 2 Determination of dissolved NO concentrations

role of ammonia-oxidizing archaea (AOA, now constitut-

ing the novel archaeal lineage DhaumarchaeotaBrochier-  Triplicate samples for BO analysis were taken from CTD
Armanet et al., 2008; Spang et al., 2010) for the oceanic nicasts during the cruises P348 (February 2007), ATA03
trogen (N) cycle, which has been overlooked until recently (February 2008), P399 (June 2010) to the ETNA and M77/3
(Francis et al., 2007; Schleper, 2010). ArchaegDNroduc-  (January 2009) to the ETSP,8 concentrations were mea-
tion has been proposed to contribute significantly to the up-sured with a GC headspace equilibration method as described
per ocean MO production in the central California Current in Walter et al. (2006)AN>O and AOU were calculated as
and has recently been demonstrated to occur in two AOA endescribed therein.

richment cultures (Santoro et al., 2011). However, the ability

of AOA to independently produced® as a by-product of ni- 2.3 Molecular genetic methods

trification has not been directly demonstrated in pure cultures ,
or in the ocean. 2.3.1 Sampling

The eastern tropical North Atlantic (ETNA) and the east- -
: - Seawater samples were taken from a minimum of 12 depths
ern tropical South Pacific (ETSP) Oceans represent two con; .
. . . o : : from the CTD casts. For the extraction of DNA and RNA a
trasting oceanic @regimes: while @ concentrations in the

ETNA are commonly above 40 umofli, the ETSP regime YO'“”.‘e O.f about 21 seawater was rapidly filtered 0 min
. ! . . filtration time for samples from the ETNA, for samples from
is characterized by a pronounced depletion gifOinterme-

: o the ETSP exact filtration volumes and times were determined
diate waters betweery 75 and 600m, resulting in an oxy- and recorded continuously) through 0.2 um polyethersulfone
gen minimum zone (OMZ) with @concentrations close to y gh &.2 Hm poty

A 1 membrane filters (Millipore, Billerica, MA, USA). The filters
or even below the detection limit{(2 pumol I"+) of conven- . . o .
. . were immediately frozen and stored-a80°C until further
tional analytical methods.

The amoAgene coding for the alpha subunit of the am- analysis.
monia monooxygenase is present in archaea as well@s in 5 3 5 Nucleic acid purification
andy-proteobacterial ammonia-oxidizers and is commonly
used as a functional biomarker for this group (Hallam et al., DNA and RNA was extracted using the Qiagen DNA/RNA
2006b; Schleper et al., 2005; Treusch et al., 2005; Venten|lPrep Kit (Qiagen, Hilden, Germany) according to
et al., 2004). Thus, in order to identify whether archaeal orthe manufacturers protocol with a small modification. A
bacterialamoAwas associated with the maximum inp® lysozyme treatment (50 pg mi for 10 min at room temper-
concentration in the ocean, we determined the archaeal anﬂture) followed by a proteinase K treatment was performed
bacterialamoAgene abundances and expression in relationprior to starting the extraction. Extracts of DNA and RNA
to N2O concentrations along vertical profiles during three were quantified fluorometrically using a NanoDrop 2000
cruises (in February 2007, February 2008, and June 2010) tpThermo Scientific Fischer). A treatment with Dnase | (Invit-
the ETNA and one cruise (in January 2009) to the ETSP. Furrogen, Carlsbad, CA) was performed with the extracted RNA
ther, we demonstratecbR production in a pure culture &f.  to remove any residual DNA; purity of RNA was checked by

maritimusSCM1, which was found to be strongly>@ensi-  16S rDNA PCR amplification before reverse transcription.
tive and is thus suggested to be of highest impact at times

of ocean deoxygenation (Stramma et al., 2013)ONbro-
duction from pure cultures of the two marine nitrifying bac-
teria Nitrosococcus ocearlC10 andNitrosomonas marina
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Table 1. Primers and PCR conditions: for real-time gPCR the initial denaturing step was 10 mifi@t 8nealing temperatures were the
same as in the end point PCRs, no final extension step took place, 40 cycles were performed followed by melting curve analysis. A fragment
of 175 bp was amplified in gPCRs of archaaaloA

TargeF Target Oligonucleotide Sequence’ (5 3) PCR " Reference
organism gene conditions
B-proteobact. amoA amoAlF GGGGTTTCTACTGGTGG 94°C for 5min, Rotthauwe et
ammonia-oxidizers amoA2R CCTCKGSAAAGCCTTCTTC 30x (94°C for 205, al. (1997)
amoA-1F (qPCR) GGGGTTCTACTGGTGGT 55°C for 1 min, 72° C for
amoARnNew (QPCR) CCCCTCGGCAAAGCCTTCTTC 1min), 72° C for 10 min
y-proteobact. amoA amoA3F GGTGAGTGGGYTAACMG 94°C for 5min, Purkhold et
ammonia-oxidizer amoA4R GCTAGCCACTTTCTGG 30x (94°C for 205, al. (2000)
A189 (qPCR) GGCGACTGGGACTTCTGG 48°C for 1 min, 72°C for
AB82 (qPCR) GAACGCCGAGAAGAACGC 1 min), 72°C for 10 min
Archaeal amoA  Arch-AmoAF STAATGGTCTGGCTTAGACG 95°C for 5min, Francis et
ammonia-oxidizers Arch-AmoAR GCGGCCATCCATCTGTATGT 30x (94°C for 455, al. (2005)
AamoA for (qPCR) GGGCGACAAAGAAGAATAAACACTCGC 50°C for 1 min, 72°Cfor  this study
AamoAcrev (QPCR) ACCTGCGGTTCTATCGGCGT 1min), 72°C for 20 min
2.3.3 PCR and quantitative PCR Carlsbad, CA). Reactions were performed using an ABI 7300

Real Time PCR system (Applied Biosystems, Carlsbad, CA)
The extracted RNA was reverse transcribed to cDNA byaccording to Lam et al. (2007).

using the QuantiTe@ Reverse Transcription Kit (Qiagen,
Hilden, Germany) following the manufacturers’ protocol.
Bacterial and archaeamoAas marker genes for nitrifica-

tion were PCR-amplified from DNA and cDNA. PCR and cjoning of PCR amplicons was performed using the Topo
quantitative PCR conditions and primers are listed in Ta-1p Cloning® Kit (Invitrogen, Carlsbad, CA) according to
ble 1.nirS, nirk andnosZas marker genes for denitrification the manufacturer’s instructio’ns. '

and the key functional marker gene for anamnteq were Sequencing was carried out by the Institute of Clini-
PCR amplified according to established protocols (Lam et.al Molecular Biology, Kiel. Sequences for archaaaioA

al., 2007; Schmid etal., 2008). The presence of key genes fofq e analyzed using the Clustalw multiple alignment tool
anammox and denitrification was tested by PCRinthe ETNA | 495 bp fragment (sequences were submitted to Gen-

but quantified exclu_sivelyin samples of the !ETS_P. 'AssumingBank under accession numbers JF796145-JF796179); se-

that the PCR detgctlon system.has a detectlon'llmlt compara%uence differences were set on a minimum of 5%, and phy-

ble to the respective gPCR (using the same Primers and PCfgganetic trees were made using distance-based neighbour-

condmons),_ it s{]puld be in the range of 1 copy ffor nirS joining analysis (Saitou and Nei, 1987).

up to 4 copiest in case of the other genes (deduced from

the standard calibration curve in the gPCR assays). AllPCR® 4 Seawater incubations

were performed using 0.1 pl FlexiTag (Promega Corporation,

USA). Seawater incubations were performed at three different sta-
Absolute quantification of bacterial and archaaaloA  tions in the ETNA (cruise P399). The 25ml serum bot-

was performed with standard dilution series; quantifica-tles were filled with seawater from 200-250 m depth from

tion was performed in duplicates. Standards for quantitativethe CTD casts, closed with an air-tight butyl rubber stop-

PCRs were obtained froMitrosococcus oceaMiC10, Ni- per and aluminum crimp-capped. Triplicate samples were

trosomonas marinBIM22 and NM51 for bacteriimoAand  taken to determine the initial XD concentration; six bot-

from an environmental clone for archaeahoA(GenBank tles were incubated, one triplicate as a control and one trip-

accession number JF796147). The specifity of the newly delicate was treated with 1 mM of the hypusination inhibitor

veloped gPCR primers detecting archaaabAwas checked  N1-guanyl-1,7-diaminoheptane (@JJansson et al., 2000).

according to the Mige guidelines (Bustin et al., 2009) by Prior to the experiment, the sensitivity of AOA and AOB was

cross amplification tests and re-cloning and sequencing o€hecked usinglitrosopumilus maritimuSCM21,Nitrosococ-

the products. Reactions were performed in a final volumecus oceanNC10 andNitrosomonas marin&dlM22 pure cul-

of 25 pl using 0.5 pl of each primer, 6.5 pl nuclease free wa-tures. Different concentrations up to 1.5 mM GC7 were ap-

ter and 12.5pl SYBR qPCR Supermix W/ROX (Invitrogen, plied to the cultures, which did not affect ammonia oxidation

2.3.4 Construction of clone libraries and
phylogenetic analysis

www.biogeosciences.net/9/2419/2012/ Biogeosciences, 9, 2423-2012
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Fig. 1. Maps of sea surface temperatu(8$ from the eastern tropical North Atlantic Ocean dBJ from the eastern tropical South Pacific
Ocean. The locations of sampling stations are indicated with asterisks in the maps. Selected vertical profiles (I2YN©@f ON20O
(measured in triplicates) and archaaaloA(measured in duplicates by gPCR) are shown; (I) and (1V) are located offshore, (Il) and (V) are
located on the continental slope, and (Ill) and (VI) are onshore/coastal stations.

or growth behavior in AOB. In contrastl. maritimusshowed  for contaminants microscopically and by 16S rDNA anal-

a decrease in ammonia oxidation and growth when applying/sis. While tests for the bacterial 16S rDNA gene were

GGy concentrations higher than 0.2 mM and shut down nitri- negative, the analysis of 84 clones of archaeal 16S rDNA

fication when applying G&in a concentration of 0.8 mM. showed that all analyzed sequences matched the identity of
Incubations were kept for the duration of the experimentthe N.maritimusculture. The 16S rDNA gene was PCR am-

(24 h) in the dark at 8C. The experiment was stopped by plified with universal primers, followed by Topo TA cloning

HgCl, addition, followed by the determination of the final and sequencing. Sequence analysis did not show any contam-

N2O concentrations. inants.
N2>O concentrations were measured by gas chromatogra-
2.5 Culture experiments phy using the headspace method as described above, oxygen

concentrations were determined using Winkler titration in
Pure cultures oN. maritimus N. oceaniand N. marina ~ 50mL Winkler bottles. N and NG concentrations were
were grown in triplicates in 125 ml serum bottles (contain- determined at several time points over the complete incuba-
ing 75 ml culture and 50 ml headspace) af@8ccordingto  tion time frame (Grasshoff et al., 1999). In order to exclude
Konneke et al. (2005) and Goreau et al. (1980). Serum botehemical NO production from the medium, cultures toxified
tles were closed with an air-tight butyl rubber stopper andwith mercury chloride were measured in parallel; ngON
aluminum crimp-capped. Cultures were kept for the dura-production could be detected.
tion of the experiment in the dark. Cell abundances from Isotopomeric studies were performed with cultures of 0.5
the triplicate samples were monitored by flow cytometry volume, grown in serum bottles supplemented vi’nrtNHj{
(FACScalibur, Becton, Dickinson) after staining with Sybr (10 % of total NI—Q‘L). Measurements were performed as de-
Green | (Invitrogen, Carlsbad). The accuracy of the flow cy-scribed in Fehling and Friedrichs (2010) and Nakayama et
tometry was previously checked microscopically after stain-al. (2007).
ing the cells with the fluorescent DNA-binding dye 40, 6
0-diamidino-2-phenylindole (DAPI). Cultures were checked

Biogeosciences, 9, 2419429 2012 www.biogeosciences.net/9/2419/2012/
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Vertical profiles of NO showed a distribution with concen- 800

trations between 10 and 35nmotlin the ETNA, whereas
the N,O concentrations in the ETSP were in the range from
10 to 374nmolt? (Fig. 1). In the majority of the sampled
stations in the ETNA and the ETSP, the accumulation of
dissolved NO was associated with minimunp@oncentra-
tions, as expected (Codispoti, 2010). MaximugO\concen-
trations in the ETNA were generally lower compared to the
ETSP, probably as a result of extremely depletect@ncen- 7
trations in the ETSP below 75 m resulting in enhance®N B
accumulation (Suntharalingam et al., 2000; Codispoti, 2010). . v ¢

The well-established linear correlation betweAMN,O o b | |
and AOU as well as N© (Nevison et al., 2003) was found
for the ETNA (Fig. 2), indicating that nitrification was the
likely pathway for NO production. A comparable pattern of Fig. 3. Distribution of O, [umol I=1], N2O [nmol I=1] and archaeal
the distribution of archaeaimoAgenes and BD was ob-  amoA[copies mi1] along 18 N in the ETNA, detected during the
served in the water column of the ETNA (Fig. 3), strongly cruise P399. ArchaeamoA abundances are overlaid by the de-
suggesting a correlation between AOA abundance ap®]N  tected MO concentration (dashed white line).
accumulation (Pearson correlation coefficient 0.63, sta-
tistical significance is indicated) in the layers with low O
(Fig. 4). The key genes for denitrification and anammx§ ~ an active contribution of mixed processes teNproduc-
and nirK coding for nitrite reductases artizo coding for  tion in the ETSP (the complete dataset of the ETSP can be
the hydrazine oxidoreductase; Lam et al., 2007; Schmid eseen in ldscher (2011). BO production by mixed processes
al., 2008) were not present in detectable amounts. A comay explain the lack of correlation betweexN,O and
occurrence of MO and archae@moAgenes was detected at AOU as well as NQ in the ETSP (Ryabenko et al., 2012).
certain depths, e.g. at profile V at 100 m water depth (Fig. 1)Gene abundances of archaaaioAin the ETNA and ETSP
in the ETSP, but was not a general feature, possibly resultwere detectable throughout the water column and reached
ing from additional NO production via other processes such values of up to 8 x 10° and 6x 10* copiesmt?, respec-
as denitrification, nitrifier-denitrification or anammox (Kartal tively (Fig. 1). Gene abundances @f andy -proteobacterial
et al., 2007) at present suboxic conditions. The presence cimoAwere much lower (up to 950 and 1178 copies tin
key genes of anammox and denitrification assayed and prehe ETNA and ETSP, respectively; Fig. S1 in the Supple-
dominantly detected at coastal stations of the ETSP but alsment). This is in line with previous studies reporting 1-4
present in large parts of the area off Peru further points toorders of magnitude higher abundances of AOA than AOB
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. . California current clone (GU360751.1)
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M77/3 (4 clones)
9 Gulf of Mexico clone (GQ250779.1)
California current clone (GU360751.1)
) ) i . M77/3 (13 clones)
in various oceanic regions (Wuchter et al., 2006; Santoro et 7o Black Sea clon (EF414242.1)
al., 2010; Lam et al., 2009; Francis et al., 2005; Church et | e
. . B 79l M77/3 (8 clones)
al., 2009). Thus, we hypothesize that a significant part of .| Gulor Meico lone GQ250779.1)
. . . . g . . ATAO03 (3 clones)
the N,O production occurs via archaeal nitrification in the TGt of Mexico clone (GQ250779.1) + Cluster B
. . 100 100jATAO3 (I clone)
ETNA and might also be present in parts of the water col- S st 1l

umn of the ETSP. A difference of one order of magnitude 120 —| - Califonis curent lone (GU360751.1)
between archaeamoA copies in RNA and in DNA has e e G
been observed in vertical profiles of the ETSP, with copy

numbers up to % 10* copiesmt? in the DNA and up to

ATA03(3clones) 4
ATA03 (2 clones)+
California current clone (GU360751.1)
Gulf of Mexico clone (GQ250779.1)

. . . . 100 03 (1 clone)4-
1.5 x 10° copies mtt in the RNA. A similar tendency is de- J E'Jllfg)milwmn{cl]omgﬁg@l.l‘;
tectable in the ETNA; however, the difference is less pro- * e D

Gulf of Mexico clone (GQ250779.1)
California current clone (GU360751.1)
California current clone (GU360751.1)

nounced compared to the ETSP. This discrepancy, already

reported by Lam et al. (2009), is hypothesized to be due to a i)
diurnal cycle of ammonia-oxidation and therefore changing iyt
amoAexpression. Moreover, a sampling bias due to com-
parably long filtration times (up to 30 min) might have led

California current clone (GU360751.1)

to RNA degradation, as previous studies reported transcript o1
half-lives of down to 0.5 min ifProchlorococcugSteglich et . . . I .
al., 2010). Fig. 5. Distance-based neighbour-joining phylogenetic tree of ar-

chaealamoAsequences from the ETNA (cruises ATA03 and P348)
and ETSP (cruise M77/3). Sequences derived from the oxygen min-
imum zone (OMZ) of the ETNA are in italics, bold and marked with

. . . . solid stars; sequences from above the OMZ are in italics. Sequences
The diversity of AOA present in the ETNA was determined g5y, the OMZ of the ETSP are in italics and bold: sequences from

based on the analysis 6f 300amoAsequences from 15 sta-  gpove the OMZ are in italics.

tions of 3 cruises (P348, ATA03, and P399). Sequences were

derived from up to 3 depths between the ocean surface and

1000 m, which showed archaeahoApresence by PCR. The 3.3 Potential importance of cluster B affiliated

sequences split into two main clusters, with sequences from Thaumarchaeota for N,O production

the & minimum clustering mainly in cluster B (Fig. 5, Ta-

ble S1 in the Supplement). Only 11.5 % of sequences derivedhe distribution of archaeamoAgenotypes along vertical
from samples from the ©minimum fall into cluster A. Se-  profiles in the ETNA with the majority of cluster B sequences
quences derived from depths between the surface and the upresent in clone libraries from the OMZ suggest a produc-
per oxycline were present in both clusters to equal amountsion of NoO by Thaumarchaeotaffiliated with cluster B,
(Fig. 5, Table S1 in the Supplement). In the ETSP, sequencegreviously reported to be a deep marine cluster (Hallam et
from within as well as from depths above the OMZ separatedal., 2006a) associated mainly with @nd NI—Q poor waters
into both clusters, with the majority of absolute sequence(Molina et al., 2010). A niche separation based gnoon-
numbers from the OMZ affiliating with cluster B (Fig. 5, Ta- centrations of cluster B affiliated AOA in the ETNA seems
ble S1 in the Supplement), as already observed for the seto be very likely, which is consistent with our data from
quences from the ©minimum in the Atlantic Ocean. the ETSP. Regarding the on-going decrease in dissolyed O

3.2 Phylogenetic diversity of archaealamoA
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hibitor, filled columns represent samples with the archaeal inhibitor 0 : : : ‘ ; ‘
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concentrations in tropical ocean areas (Stramma et al., 2010) .
we hypothesize that cluster B affiliated AOA might dominate
the production of MO and the balance between reduced and
oxidized nitrogen species in the ocean, as those organism:
are likely more adapted to low Zoncentrations.

Both observed clusters were present in a similar distribu-
tion along vertical profiles during all cruises to the ETNA ®
(Figs. 4 and 5, Table S1 in the Supplement). The community
of AOA in this area appears therefore to be stable over the
time investigated.
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3.4 NpO production in the ETNA
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At three different stations in the ETNA, 24h seawater incu-
bations using seawater from the® maximum (at the depth
of the OMZ) were performed. In two out of three experi-
ments, NO production was significantly lower in samples Fig. 7. N,O (A), O» (B), NHI and NG, (C) as well as cell
treated with N-guanyl-1,7-diaminoheptane (GC(Fig. 6), abundancefD) determined from incubation experiments with pure

a hypusination inhibitor shown to selectively inhibit the cell cultures ofN. maritimus.Experiments are colour-coded accord-
cycle of archaea (Jansson et al., 2000), but which appears nétd to their initial O; concentrations: red (112 umoth); violet

to affect AOB (for detailed experimental data see Sect. 2). In(223 Hmol™h); and blue (287 umol). N2O and cell abundances
the third experiment performed at a coastal station, a simivere measured in trlpllcatgs and the associated error ranges are in-
lar trend was observed; however it was not statistically sig-dlcateOI (plee_ls_e note tha? in the most cases the error bars are too
nificant. These findings further support our hypothesis thatSmall to be visible in the figure).
N2O production in large parts of the ETNA occurs within the
OMZ and is mainly carried out by archaea.

o

0 50 100 150 200 250 300
time [H]

N2O in N. maritimuscultures was inversely correlated te O
3.5 NO production in N. maritimus concentrations (Fig. 7) which were chosen according to the

O, concentrations present along the oxycline in the ETNA
Direct evidence for the production of-® by archaea was (112, 223 and 287 umott, Fig. 1). NbO production rates
obtained from experiments with pure culturesdf mar-  from two AOB cultures Ritrosomonas marindM22 and
itimus. The purity of the cultures was confirmed by exten- Nitrosococcus oceamiC10) were considerably lower com-
sive 16S rDNA analysis (see Sect. . maritimuscul- pared to the MO produced byN. maritimus(Fig. 7, Ta-
tures grew at comparable rates under the varyingc@n- ble 2). The NO vyields (NZO/NHI), which appear to re-
ditions and showed similar nitrification rates. Production of sult from ammonia oxidation, ranged from 0.002 %—-0.03 %
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Table 2.N2O production in culture experiments: meap &d N>O concentrations (in triplicate samples) of pure culturel afharitimus
N. marinaandN. oceaniafter 264 h incubation, the initial I\I}Iconcentrationf 1 mmol 1) was completely converted to NOin the end

of the experiment in AOB cultures, NDwas below the detection limit at the initial time point of the incubation.

N5O [nmol I-1]

Culture after 264 h o[umolI-1] Ratio O/ Max. NbO production

i cubation NHS [%]  [nmoll~tday 1 10-®cells™!]
Nitrosopumilus maritimuSCM1  25475+16.86 33.5 0.026 24.27

82.63+1.89 121.1 0.009 5.6

15.574+2.38 203.2 0.002 0.44
Nitrosomonas marinbiM22 4171+0.039 44.7 0.006 4,17

144404 142.9 0.003 1.44
Nitrosococcus oceamiC10 3678+ 1.33 49.8 0.005 3.68

11.914+0.33 163.7 0.001 1.21

in the culture ofN. maritimusto 0.001%-0.006% in the been identified (Knneke et al., 2005; Martens-Habbena et
AOB cultures. The NO production rates per cell derived al., 2009; Walker et al., 2010), indicating that AOA likely
from our AOB experiments are in agreement with those re-use a different pathway than AOB do when producingN
ported by Goreau et al. (1980), even though a different ex-The detection of the nitrite reductase gameK in the se-
perimental setup was used. Culture experiments, such aguenced genomes of cultur8thaumarchaeotdWalker et
those presented here, were performed with AOB cell den-al., 2010) led to the theory that AOA might produceON
sities ¢~ 10° cellsmi1), which are much higher than usu- by nitrifier-denitrification, which might particularly impact
ally found in the ocean (F8-1C® cells mi1) (Wuchter etal.,  at low Oxconcentrations. To identify the origin of J® for-
2006; Lam et al., 2009). Thus, the® production rates from mation, isotopomeric studies were performed withmar-
the AOB cultures are probably overestimated and not repreitimus pure cultures. Using the lowest,@oncentration of
sentative as pD production per cell by AOB also depends on the three chosen (112 uM), ‘8N site preference (SBo)
the present cell densities (Frame and Casciotti, 2010), withn N>O of 344+ 12 %o was detected, consistent with results
high cell densities leading to enhanced\production. In  from AOA enrichments (Santoro et al., 2011), which is in
contrast, the AOA cell densities in our culture experimentagreement with the SBo of ~ 33 %o typically found in AOB
(~ 10°-10’ cells mi-1) were comparable to those present in cultures performing ammonia oxidation (Sutka et al., 2006)
the oceanic environment(10° cells mi-1) and thus seemto  (for comparison: nitrifier-denitrification of AOB results in a
be reasonably representative of the rates expected in natur&Ry,o of about 0 %o). Thus, our dataset points towards a pro-
populations of AOA. duction of NO via the oxidation of Nlj to NO,, poten-

Using the observed archaeab® production rate for tially via an unknown intermediate as we were not able to
low Oz conditions derived from our experimental results detect NBHOH in N. maritimuscultures using the method
(140nmolrtd-1; normalized to 1Bcellsmi! yielding  described in Schweiger et al. (2007). However, takiftD
~24nmolld-1, see Table 2), an upper estimate for data into account, Santoro et al. (2011) suggested a reduc-
the potential archaeal /D production would be around tion of NO, to N2O. As we have not performedQso-
14 nmolm2s-1 (however, NI—I concentrations in our cul- topomeric studies, we cannot excludeproduction via
ture experiments were significantly higher than in the envi-nitrifier-denitrification, particularly when ©becomes limit-
ronment), assuming a thickness of about 50 m for the lowing as previously described for the Arabian Sea (Nicholls et
Os layer as typically found in the ETNA. Compared to esti- al., 2007) where @concentrations drop far more than in our
mates of NO emissions from the ETNA to the atmosphere of experiments (lowest £concentration~ 112 uM).
up to 2 nmol n2s~1 (Wittke et al., 2010), potential oceanic
archaeal MO production might be indeed significant.

4  Summary

3.6 Potential pathways for archaeal NO production
Taken together, the high abundance of archaezbArela-

AOB can produce O from NH,OH during nitrification or  tive to AOB, the frequently obtained comparable patterns of
from NO, during nitrifier-denitrification (Kool et al., 2010; N20 accumulation and archaeahoA the inhibition of NO
Shaw et al., 2006). In AOA however, the pathway of ammo- production in seawater experiments in the presence of the ar-
nia oxidation is yet not understood. So far, no equivalent tochaeal inhibitor G as well as the MO production byN.

the hydroxylamine-oxidoreductase, which catalyses the oxi-maritimusadd to the mounting evidence that, in large parts
dation of NHOH to NG, during nitrification in AOB, has  of the ocean, MO is produced by archaeal rather than by
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bacterial nitrification. Further, the archaegl® production
appears to be highly sensitive to the dissolvedcGncentra- 1339-1340do0i:10.1126/science.118494%010.

tion, with highest NO production rates at low Oconcen- Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P.
trations such as those present in the OMZ of the ETNA. The M., Dickinson, R. E., Hauglustaine, D., Heinze, C., Holland, E.,
predicted expansion of OMZs in the future in many parts of ~Jacob, D., Lohmann, U., Ramachandran, S., da Silva Dias, P. L.,
the ocean (Stramma et al., 2008) may lead to an enhanced WOSY: S- C., and Zhang, X.. Couplings Between Changes in the
N,O production in the ocean (Naqvi et al., 2010) and there- Climate System and Biogeochemistry, in: Climate Change 2007:

Codispoti, L. A.: Interesting Times for MarineJ®, Science, 327,

fore may have severe consequences for the budget©fiN
the atmosphere as well.

Supplementary material related to this article is
available online at: http://www.biogeosciences.net/9/
2419/2012/bg-9-2419-2012-supplement.pdf
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