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Summary

Summary

Nitrification, the stepwise oxidation of ammonia to nitrate via nitrite, is a key process in global
biogeochemical nitrogen (N) cycling. Nitrification is carried out by specialized chemolithoautotrophic
microorganisms; the ammonia oxidizing bacteria and archaea (AOB and AOA), the nitrite oxidizing
bacteria (NOB), and complete ammonia oxidizers (comammox), collectively termed nitrifiers. Despite
the importance of nitrifiers in both man-made and natural systems, many aspects of their physiology
and in situ activity are still poorly understood. Previous studies on nitrifiers in culture and the
environment have indicated that metabolic versatility may be a key aspect explaining their success in
nature. Both ammonia and nitrite oxidizers can use alternative substrates such as hydrogen, reduced
sulfur compounds and organic carbon compounds.

This thesis combines different cultivation-dependent as well as cultivation-independent approaches
to study nitrifier metabolic versatility and their environmental importance on different process
levels, from single cells to the bulk community.

In Chapter 2, the isolation of a new NOB from a municipal wastewater treatment plant provided
unprecedented insight into the physiology of key NOB in man-made systems. The organism,
Candidatus Nitrotoga fabula, is the first isolate from the Ca. Nitrotoga genus. Physiological and
genomic characterization revealed a separate evolutionary history of nitrite oxidation for this genus,
as the key enzyme for nitrite oxidation, nitrite oxidoreductase, of Ca. Nitrotoga is only distantly
related to nitrite oxidoreductase genes in other known NOB. Intriguingly, the nitrite oxidoreductase
of Ca. Nitrotoga is affiliated with a clade of uncharacterized genes previously classified as nitrate
reductases. These genes are found in physiologically uncharacterized microorganisms, hinting at the
presence of yet unknown nitrite oxidizers in both the bacterial and archaeal domain. Furthermore,
the genome of Ca. N. fabula indicates that in addition to nitrite, hydrogen and sulfite can be used as
alternative electron donors. This metabolic versatility may enable Ca. Nitrotoga to remain active in
the environment even under nitrite deplete conditions.

Metabolic versatility is not restricted to nitrifiers in man-made systems but also characterizes marine
nitrifiers. Unlike in man-made systems, ammonium, the primary substrate for nitrification, is hardly
detectable in the marine environment. Despite this, AOA, the main ammonia oxidizers in the ocean,
can constitute up to forty percent of the microbial community. In contrast to ammonium, dissolved
organic nitrogen (DON) is highly abundant in the ocean and previous studies have indicated that
some AOA are able to use DON compounds, such as urea and cyanate, as additional energy and N-
sources for assimilation. In Chapter 3, the environmental relevance of urea and cyanate for marine
AOA in the Gulf of Mexico was investigated by combining stable isotope labeling incubations with
pure culture experiments and metagenomics. AOA utilized urea and cyanate both directly and
indirectly as additional energy and N-sources for assimilation. Especially the finding that cyanate was
used by AOA is intriguing, as the genomes of marine AOA lack known enzymes for cyanate utilization.
Taken together, these results show that metagenomic analyses alone can be insufficient to infer
physiological functions and highlight the importance of in situ and activity-based studies. The
utilization of urea and cyanate as additional substrates has important implications for the
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environment, as it may allow AOA to remain active, even when ammonium is depleted and to evade
competition for ammonium with other microorganisms.

In contrast to the highly abundant AOA, the main marine nitrite oxidizers, Nitrospinae, are rare, with
a ten-fold lower abundance in most oceanic regions. Nevertheless, the fact that nitrite does not
accumulate in the ocean and the vast majority of inorganic N is present as nitrate implies that
Nitrospinae are highly active. However, the factors that allow them to keep pace with the AOA are
largely unconstrained. In Chapter 4, in situ growth rates, activity and N-assimilation strategies of
Nitrospinae were compared to those of the AOA in the Gulf of Mexico. In the Gulf of Mexico, AOA
outnumbered Nitrospinae ten to one, even though ammonia and nitrite oxidation rates were similar
and Nitrospinae had five-times higher in situ growth rates than AOA. While AOA mainly assimilated
ammonium, more than half of the cellular N-demand of Nitrospinae was met by urea and cyanate.
Additionally, Nitrospinae had a substantially higher energy yield than AOA, indicating that
Nitrospinae are much more efficient in translating the energy from nitrite oxidation into fixed
carbon. The high growth rates combined with the low abundance of Nitrospinae in situ indicate that
their population size is strongly controlled by mortality, possibly transferring a large proportion of
fixed carbon into the marine food web. The high energy yield and utilization of organic N-sources by
Nitrospinae are likely important factors for their success in the oceans.

Stable isotope labeling experiments yield important insights into substrate utilization patterns in the
environment, however, cross-feeding (indirect substrate utilization) can strongly confound the
results. In Chapter 5, a novel approach, flow-through stable isotope labeling (Flow-SIP), was
developed to limit cross-feeding in stable isotope incubations. In this setup, cross-feeding is largely
excluded by trapping microbial cells on a filter membrane and supplying a continuous flow of stable
isotope labeled substrate, while continuously removing metabolites or breakdown products. This
method allows to link specific microorganisms to substrate turnover in the environment and thereby
significantly expands the toolbox of microbial ecologists and biogeochemists.

Chapter 6 puts the results obtained in this thesis into a global perspective and provides an outlook
on future directions of research on nitrifier metabolic versatility, which will be key to gain a deeper
understanding of the physiology, distribution and activity of these important N-cycling
microorganisms.



Zusammenfassung

Zusammenfassung

Nitrifikation, die schrittweise Oxidation von Ammoniak zu Nitrat Gber Nitrit, ist ein Schlisselprozess
im globalen biogeochemischen Stickstoffkreislauf (N). Dieser Prozess wird von spezialisierten
chemolithoautotrophen Mikroorganismen ausgefiihrt, den Ammoniak-oxidierenden Bakterien und
Archaeen (AOB und AOA), den Nitrit-oxidierenden Bakterien (NOB) und Comammox-Bakterien,
welche Ammoniak in einer Zelle zu Nitrat oxidieren. Gemeinsam werden diese Mikroorganismen als
Nitrifikanten bezeichnet. Trotz der Bedeutung von Nitrifikanten fiir sowohl kiinstliche als auch
natirliche Systeme sind viele Aspekte ihrer Physiologie und ihrer in-situ-Aktivitat noch immer wenig
erforscht. Friihere Studien zu Nitrifikanten in Kultur und Umwelt haben gezeigt, dass metabolische
Vielseitigkeit ein Schliisselaspekt sein kann, der zu ihrem Erfolg in der Umwelt beitragt, denn sowohl
Ammoniak- als auch Nitrit-Oxidierer kénnen alternative Substrate wie Wasserstoff, reduzierte
Schwefelverbindungen und organische Kohlenstoffverbindungen verwenden.

In dieser Dissertation wurden verschiedene kultivierungsabhangige und kultivierungsunabhangige
Ansitze kombiniert, um die metabolische Vielseitigkeit von Nitrifikanten und ihre Relevanz in der
Umwelt auf verschiedenen Prozessebenen zu untersuchen — von einzelnen Zellen bis hin zur
mikrobiellen Gemeinschaft.

In Kapitel 2 lieferte die Isolierung eines neuen NOB aus einer kommunalen Kldranlage wichtige
Einblicke in die Physiologie eines Nitrit-oxidierenden Schllisselorganismus in kiinstlichen Systemen.
Candidatus Nitrotoga fabula ist die erste Reinkultur der Gattung Ca. Nitrotoga. Die physiologische
und genomische Charakterisierung von Ca. N. fabula enthiillte die separate Evolutionsgeschichte der
Nitrit-Oxidation fir diese Gattung, da das Schlisselenzym fiir die Nitrit-Oxidation, Nitrit
Oxidoreduktase, von Ca. Nitrotoga nur entfernt mit Nitrit-Oxidoreduktase-Genen in anderen
bekannten NOB verwandt ist. Interessanterweise gehort die Nitrit-Oxidoreduktase von Ca. Nitrotoga
zu einer Gruppe nicht charakterisierter Gene, die zuvor als Nitrat-Reduktasen klassifiziert wurden.
Diese Gene finden sich in physiologisch nicht charakterisierten Mikroorganismen, was auf das
Vorhandensein noch unbekannter, sowohl bakterieller als auch archaeeller Nitrit-Oxidierer
hindeutet. Darliber hinaus enthalt das Genom von Ca. N. fabula neben Genen fiir die Nitrit-Oxidation
auch Gene fiir die Verwendung von Wasserstoff und Sulfit als alternative Elektronendonoren. Diese
metabolische Vielseitigkeit konnte es Ca. Nitrotoga ermoglichen, auch in Abwesenheit von Nitrit in
der Umwelt aktiv zu bleiben.

Metabolische Vielseitigkeit ist jedoch nicht auf Nitrifikanten in kinstlichen Systemen beschrankt,
sondern ist auch fur marine Nitrifikanten wichtig. Im Gegensatz zu kinstlichen Systemen ist
Ammonium, das primdre Substrat fir die Nitrifikation, in den Ozeanen kaum nachweisbar. Trotzdem
konnen AOA, die wichtigsten Ammoniak-Oxidierer im Ozean, bis zu vierzig Prozent der mikrobiellen
Gemeinschaft ausmachen. Im Gegensatz zu Ammonium kommt gel6ster organischer Stickstoff (DON)
im Ozean in hohen Konzentrationen vor, und friilhere Studien haben gezeigt, dass einige AOA die
DON-Verbindungen Harnstoff und Cyanat als zusatzliche Energie- und N-Quellen fir Assimilation
verwenden kénnen. In Kapitel 3 wurde die Umweltrelevanz von Harnstoff und Cyanat fiir marine
AOA im Golf von Mexiko untersucht, indem Inkubationen mit stabilen Isotopen mit Reinkultur-
Experimenten und Metagenomik kombiniert wurden. AOA nutzten Harnstoff und Cyanat sowohl
direkt als auch indirekt als zusatzliche Energie- und N-Quellen zur Assimilation. Insbesondere die
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Verwendung von Cyanat durch AOA ist interessant, da die Genome von marinen AOA keine
bekannten Enzyme fiir Cyanat-Abbau aufweisen. Diese Ergebnisse zeigen, dass Metagenom-Analysen
allein nicht immer ausreichen, um auf physiologische Funktionen zu schlieRen, und heben die
Bedeutung von in-situ- und aktivitdtsbasierten Studien hervor. Die Verwendung von Harnstoff und
Cyanat als zusatzliche Substrate hat wichtige Auswirkungen auf die Umwelt, da AOA dadurch selbst
dann aktiv bleiben kénnen, wenn kein Ammonium verfligbar ist, und Konkurrenz um Ammonium mit
anderen Mikroorganismen vermeiden konnen.

Im Gegensatz zu den sehr abundanten AOA sind Nitrospinae, die wichtigsten marinen Nitrit-
Oxidierer, in den meisten Ozean-Regionen etwa zehnmal seltener. Trotzdem ist Nitrit im Ozean nicht
angereichert, und der groflte Teil an anorganischem N liegt als Nitrat vor. Das impliziert, dass
Nitrospinae trotz ihrer niedrigen Abundanz hochaktiv sind. Die Faktoren, die es ihnen ermdoglichen,
mit den AOA Schritt zu halten, sind jedoch weitgehend unerforscht. In Kapitel 4 wurden die in-situ-
Wachstumsraten, Aktivitaten und N-Assimilationsstrategien von Nitrospinae mit jenen der AOA im
Golf von Mexiko verglichen. Im Golf von Mexiko waren AOA zehnmal haufiger als Nitrospinae,
obwohl die Oxidationsraten von Ammoniak und Nitrit dhnlich waren. AuBerdem wiesen Nitrospinae
finfmal hohere in-situ-Wachstumsraten auf als AOA. Wahrend AOA hauptsachlich Ammonium
assimilierten, wurde mehr als die Halfte des zelluldren N-Bedarfs von Nitrospinae durch Harnstoff
und Cyanat gedeckt. Des Weiteren hatten Nitrospinae eine wesentlich héhere Energieausbeute als
AOA, was darauf hinweist, dass Nitrospinae die Energie aus der Nitrit-Oxidation wesentlich effizienter
in fixierten Kohlenstoff, also Biomasse, umwandeln. Die hohen Wachstumsraten in Kombination mit
der geringen Abundanz von Nitrospinae in-situ lassen darauf schlieRen, dass ihre Populationsgrofie
stark durch Mortalitat kontrolliert wird und dadurch moglicherweise ein hoher Anteil an fixiertem
Kohlenstoff in das marine Nahrungsnetz lbergeht. Die hohe Energieausbeute und die Nutzung
organischer N-Quellen durch Nitrospinae sind wahrscheinlich wichtige Faktoren fiir ihren Erfolg in
den Ozeanen.

Experimente mit stabilen Isotopen liefern wichtige Erkenntnisse Uber Substratnutzung durch
Mikroorganismen in der Umwelt. Allerdings kann Cross-Feeding (indirekte Substratnutzung) die
Ergebnisse verfilschen. In Kapitel 5 wurde ein neuartiger Ansatz entwickelt, Flow-through stable
isotope labeling (Flow-SIP), um Cross-Feeding in Inkubationen mit stabilen Isotopen einzuschranken.
In diesem Ansatz wird Cross-Feeding weitgehend ausgeschlossen, indem Mikroorganismen auf einer
Filtermembran platziert werden und ein kontinuierlicher Fluss von mit stabilen Isotopen markiertem
Substrat zugefiihrt wird, wahrend gleichzeitig Metabolite oder Abbauprodukte kontinuierlich
entfernt werden. Diese Methode ermdoglicht die Identifikation spezifischer Mikroorganismen, die ein
bestimmtes Substrat in der Umwelt umwandeln, und erweitert damit den , Werkzeugkasten” der
mikrobiellen Okologen und Biogeochemiker.

Kapitel 6 stellt die in dieser Arbeit erzielten Ergebnisse in einen globalen Kontext und gibt einen
Ausblick auf zukiinftige Fragestellungen zur metabolischen Vielseitigkeit von Nitrifikanten, die fir ein
tieferes Verstandnis der Physiologie, Verteilung und Aktivitat dieser wichtigen Mikroorganismen im
Stickstoff-Kreislauf von entscheidender Bedeutung sind.






“... the soil is a complicated microbiological medium, and the study of this complex could not be based solely
upon the isolation of a certain number of organisms in pure culture. It must be studied as a whole and in the soil
itself ...”

Sergej N. Winogradsky (Waksman 1946)
...the same holds true for any environment
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Chapter 1 — Introduction

Chapter 1

Introduction

All life forms depend on the availability of nitrogen (N), as N is a key element in proteins, nucleic
acids and many cofactors and vitamins. N occurs in eight redox states, ranging from -3
(ammonium/ammonia, NH;*/NHs; and many organic N compounds) to +5 (nitrate, NO3") (Figure 1).
Several of the interconversions between N redox-states are exclusively carried out by specialized
microorganisms, many of which make a living off the energy gained from N-oxidations and
reductions (Kuypers et al. 2018). The N-interconversions catalyzed by microorganisms are tightly
linked to the cycling of other elements. This linking occurs both via incorporation of different
elements into biomass and via direct coupling of element transformations in respiratory processes
(Falkowski et al. 2008).

Assimilation
org

Ammonification (mainly -3)

(+3)
Figure 1 Schematic representation of biogeochemical N-cycling and microbially catalyzed processes. The

different N-compounds and their redox state are printed in bold red, process names in black, arrows depict
process directionality. Dashed lines indicate processes leading to the formation of gaseous N-compounds and
thus conversion to non-bioavailable forms of N. Nitrification encompasses ammonia and nitrite oxidation,
denitrification encompasses nitrate, nitrite, nitric oxide and nitrous oxide reduction. ANAMMOX, anaerobic
ammonium oxidation; DNRA, dissimilatory nitrate reduction to ammonium.

11



Chapter 1 — Introduction

During the last decades, humans have altered global N-cycling beyond a safe operating space via the
massive addition of reactive, bioavailable N to the environment (Rockstrom et al. 2009). The yearly
anthropogenic input of reactive N from the Haber-Bosch process, legume cultivation and fossil fuel
burning almost equals the yearly amount of biological dinitrogen (N;) fixation in terrestrial and
marine systems (Canfield et al. 2010). Understanding the physiology of N-cycling microorganisms,
and how they react to the anthropogenic changes in the reactive N-budget is vital to counteract
negative effects of human activities.

1.1. Key microbial processes in biogeochemical N-cycling

1.1.1. N,-fixation, N-assimilation and ammonification

The largest inventory of accessible N is atmospheric N,. N is chemically rather unreactive, due to the
stable triple bond between its two N-atoms. While N, can be transformed into more reactive,
bioavailable N-forms via lightning (Schumann & Huntrieser 2007) and volcanism (Mather et al. 2004),
the main natural input of bioavailable N occurs via biological N-fixation (Gruber & Galloway 2008;
Galloway et al. 2013). During this energetically costly process, N, is reduced to ammonia at the
expense of eight reducing equivalents and at least 16 ATPs (Bothe et al. 2010). N»-fixation is
exclusively carried out by specialized, but phylogenetically and physiologically diverse
microorganisms called diazotrophs, found among bacteria and archaea (Raymond et al. 2004).

The ammonium resulting from N,-fixation can be directly assimilated by most organisms. In addition
to ammonium, many organisms can assimilate nitrate and nitrite (NO;’) via assimilatory reduction to
ammonium. Some plants appear to even preferentially assimilate nitrate over ammonium (Britto &
Kronzucker 2013). The assimilation of inorganic N into organic N and its liberation from organic N
(ammonification) represent the by far largest fluxes in biogeochemical N-cycling (Kuypers et al. 2018)
(Figure 1). However, unlike the processes described below, these reactions are not involved in
dissimilatory processes.

1.1.2. N-oxide respiration: Reductive pathways in microbial N-cycling

Dissimilatory nitrate reduction to nitrite In the absence of oxygen, nitrate is an important
alternative terminal electron acceptor for anaerobic respiration. Due to its positive redox potential,
nitrate is among the most energetically favorable terminal electron acceptors after oxygen (Madigan
et al. 2012).

Nitrate can be reduced to nitrite by diverse microorganisms found among bacteria, archaea and even
eukaryotes (Risgaard-Petersen et al. 2006; Kamp et al. 2015). Electrons for nitrate reduction can be
derived from organic and sulfur compounds, hydrogen, or reduced metals (Ehrich et al. 1995; Straub
et al. 1996; Gevertz et al. 2000). Nitrate reduction can be a standalone process, releasing nitrite as
end product (Gevertz et al. 2000; Tsementzi et al. 2016; Roco et al. 2017), or nitrite can be further
reduced. The fate of nitrite has important implications for the environment — denitrification, nitric
oxide (NO) dismutation and anaerobic ammonium oxidation (anammox) lead to conversion of nitrite
into gaseous forms, and thereby to N-loss from the environment. Alternatively, nitrite can be further
reduced to ammonium in a process called dissimilatory nitrate reduction to ammonium (DNRA),
which retains N in bioavailable forms.

Denitrification During denitrification, nitrate and nitrite are reduced to gaseous N-compounds in a
stepwise fashion, from nitrate reduction to nitrite (see above), nitrite reduction to NO, nitrous oxide
(N20) and finally to N,. Phylogenetically diverse microorganisms from all domains of life can denitrify,
however, those able to reduce nitrate all the way to N, (complete denitrifiers) might be more an
exception than the rule (Sanford et al. 2012; Graf et al. 2014; Kamp et al. 2015; Kuypers et al. 2018;
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Marchant et al. 2018). Denitrification can be coupled to the oxidation of organic and sulfur
compounds, metals, or hydrogen (Nokhal & Schlegel 1983; Straub et al. 1996; Sorokin et al. 2004;
Cardoso et al. 2006).

Dissimilatory nitrate reduction to ammonium Unlike denitrification, dissimilatory nitrate (and
nitrite) reduction to ammonium (DNRA) retains N in bioavailable forms. DNRA is carried out by
phylogenetically diverse bacteria, archaea, and some fungi (Kamp et al. 2015; Kuypers et al. 2018).
Electrons for DNRA can — as for denitrification — stem from organic and sulfur compounds, metals or
hydrogen (Seitz & Cypionka 1986; Tiedje 1988; Brunet & Garcia-Gil 1996; Robertson et al. 2016).
Nitric oxide dismutation A recently discovered, specialized group of microorganisms in the NC10
phylum appears to be able to carry out nitrite reduction to NO followed by NO-dismutation. This
allows for generating N, and molecular oxygen (0O,), where the latter is required for the intra-aerobic
oxidation of methane by these microorganisms (Ettwig et al. 2010). Thereby, NC10, which thrive in
anaerobic environments (Ettwig et al. 2010; Padilla et al. 2016; Graf et al. 2018), carry out one of the
few biological reactions generating molecular oxygen.

Anaerobic ammonium oxidation In addition to denitrification and NO-dismutation, a third pathway
leads to the formation of N,. Anaerobic ammonium oxidizing (anammox) Planctomycetes combine
the reduction of nitrite with the oxidation of ammonium, producing N, (Mulder et al. 1995; Kartal et
al. 2011). In addition to N2, anammox bacteria also produce nitrate when growing on ammonium and
nitrite. Oxidation of nitrite to nitrate was long thought to be required for the generation of reducing
equivalents for autotrophic carbon (C) fixation (van de Graaf et al. 1997). However, recently, it was
shown that nitrate was not produced by anammox bacteria when NO was supplied instead of nitrite
(Hu et al. 2019). It was suggested that also under growth on nitrite and ammonium, electrons for
C-fixation are derived from hydrazine oxidation to N,, while nitrite oxidation to nitrate is coupled to
nitrite reduction to NO (Hu et al. 2019).

1.1.3. Oxidative pathways in microbial N-cycling — ammonia and nitrite oxidation

All reductive N-cycling respiratory processes rely on the supply of oxidized N, of which nitrite and
nitrate are the most common forms. These two oxidized N-compounds are supplied mainly by the
activity of aerobic nitrifying microorganisms.

Ammonia resulting from ammonification or N,-fixation serves as electron donor for ammonia
oxidizing microorganisms, which oxidize ammonia to nitrite, using oxygen as terminal electron
acceptor. The resulting nitrite can serve as substrate for nitrite oxidizing microorganisms, which gain
energy from the aerobic oxidation of nitrite to nitrate. Both ammonia and nitrite oxidizing
microorganisms are chemolithoautotrophs and generate reducing equivalents for C-fixation from the
oxidation of ammonia and nitrite, respectively. The two processes, ammonia and nitrite oxidation,
are collectively termed nitrification and are described in detail in the following sections.

1.2. Nitrification as a key process in global N-cycling

Nitrification plays a key role in the global biogeochemical cycling of N, linking the most reduced
N-compound, ammonium/ammonia, with the most oxidized, nitrate. Thereby, ammonia and nitrite
oxidation generate key electron acceptors for anaerobic, reductive N-cycling processes and have a
strong impact on the availability of N in the environment.

To sustain the human population, efficient fertilization of crops is vital (Erisman et al. 2008). For plant
nutrition, reduced, bioavailable N generated via the Haber-Bosch-Process is applied to fields in form
of urea or ammonium (Figure 2). Ammonium, as a cation, is well retained in soil due to its binding to
negatively charged soil particles, and ammonium can be readily assimilated by plants (Prosser 2011;
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Ward 2013). Yet, only a small percentage of the supplied N is actually used for plant growth (UNEP &
WHRC 2007), the rest of the applied ammonium is nitrified to nitrate. The produced nitrate can be
lost from soil both via conversion to gaseous N-compounds, or via leaching due to its negative charge
(Prosser 2011; Ward 2013). Thereby, nitrification is one major cause for the low efficiency of applied
N-fertilizer (Erisman et al. 2008; Galloway et al. 2008).

The increased runoff of reactive N-compounds from agriculture has far-reaching consequences,
beyond merely influencing the efficiency of agricultural fertilization. N leaching from agricultural
fields increases the reactive N-concentration in natural water bodies, leading to eutrophication of
freshwater lakes and rivers (Smith 2003). The increased riverine nutrient load strongly affects coastal
marine areas (Gruber & Galloway 2008), fueling large algal blooms. As the phototrophic biomass dies
off and heterotrophic microorganisms degrade the organic matter, oxygen is gradually depleted,
leading to the formation of hypoxic or anoxic waters. During the last decades, both the riverine
N-input and the occurrence of hypoxic zones in coastal regions have multiplied, especially at densely
populated watersheds (Rabalais et al. 2001; Diaz & Rosenberg 2008). These low-oxygen areas are
hotspots of N-cycling processes and act as a buffer zone for anthropogenic N, as the open ocean
appears to be much less affected by anthropogenic N-inputs (Gruber & Galloway 2008).

NH,"/ Urea Gasous Nitrogen Eutrophication Anoxia
Algal Blooms

S 2
o::..._.. 0%
..

- Decay and

Degradation

Figure 2 Schematic of the fate of anthropogenic N applied as fertilizer.

Despite the nitrifiers’ inherent dependence on oxygen, they are frequently found and highly active in
low-oxygen environments — especially in marine systems (Pitcher et al. 2011; Fissel et al. 2012;
Beman et al. 2013; Berg et al. 2015; Bristow et al. 2015; Ngugi et al. 2016). Two recent studies
revealed an exceptionally high affinity of ammonia and nitrite oxidizers for oxygen in marine oxygen
minimum zones (OMZ) and showed that nitrification was sustained even at low nanomolar oxygen
concentrations (Bristow et al. 2016; Sun et al. 2017). This has major implications for marine N-cycling.
The activity of nitrifiers at the fringes of low oxygen waters retains N in bioavailable forms, as all
substrates and products of nitrification are important N-sources that can readily be assimilated.
Therefore, the activity and efficiency of the microorganisms catalyzing ammonia and nitrite oxidation
strongly impact the availability of N in the environment.

From a human perspective, nitrification can have detrimental effects in agriculture, however,
ammonia and nitrite oxidation are also key processes in reducing the impact of human waste
products on the environment. Wastewater is strongly enriched in bioavailable N-forms, mainly
ammonium from breakdown of organic N-compounds (Wagner & Loy 2002). To avoid eutrophication
of natural water bodies due to the release of untreated wastewater into the environment, reactive N
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has to be removed prior to discharge. To achieve N-removal, most wastewater treatment plants
(WWTP) employ the combined action of nitrifying and denitrifying microorganisms. Under aerobic
conditions, nitrifiers oxidize ammonium to nitrate, which is denitrified to N, in a second step under
anaerobic conditions.

Thus, both in natural and engineered systems, ammonia and nitrite oxidation play a major role. In
the following sections, | discuss the phylogenetic and metabolic diversity of the microorganisms
carrying out these vital processes.

1.3. Phylogenetic diversity of chemolithoautotrophic nitrifying microorganisms

1.3.1. The discovery of chemolithoautotrophic nitrifiers

After long debate over whether nitrification is a biological process or occurs abiotically (Winogradsky
1890; Waksman 1946), its dependence on the activity of microorganisms was confirmed in the late
19" century by Schloesing and Miintz (1877). Almost at the same time, Frankland and Frankland,
Warington, and Winogradsky, published results on the enrichment and/or isolation of the first
chemolithoautotrophic nitrifiers (Frankland & Frankland 1890; Winogradsky 1890; Warington 1891).
Originally, it was thought that one organism would carry out ammonia oxidation to nitrate, however,
finally two distinct microorganisms were isolated — ammonia oxidizing bacteria (AOB) of the genera
Nitrosomonas/Nitrosococcus and nitrite oxidizing bacteria (NOB) of the genus Nitrobacter (Waksman
1946) (Figure 3). For decades, the study of nitrification has focused on these bacterial groups.

Only in the 1970s, NOB other than Nitrobacter were discovered — the marine Nitrospina gracilis and
Nitrococcus mobilis (Watson & Waterbury 1971), and later Nitrospira marina (Watson et al. 1986).
One major conundrum in nitrification research — why so few AOB were found in marine systems —
was only solved in the 2000s. It had been known for some years that mesophilic archaeal groups
were a major component of the marine microbial community, however, their physiology was
unknown (DelLong 1992; Fuhrman et al. 1992; Delong et al. 1994). Two studies by Treusch et al. and
Venter et al. showed that some of these archaea may be ammonia oxidizers by identifying an
ammonia monooxygenase gene, encoding for the key enzyme for ammonia oxidation (see below) on
an archaeal metagenomic fosmid (Treusch et al. 2005) or scaffold (Venter et al. 2004). Direct proof
for the existence of ammonia oxidizing archaea (AOA) came from the isolation of the marine AOA
Nitrosopumilus maritimus (Kénneke et al. 2005). This discovery revealed that the marine group |
archaea, which are highly abundant in the ocean (Delong et al. 1994; Treusch et al. 2005; Francis et
al. 2005; Wuchter et al. 2006), are indeed ammonia oxidizers.

Only recently, another discovery changed the field of nitrification. For over a century, it was assumed
that the oxidation of ammonia via nitrite to nitrate always occurs by the concerted action of two
distinct microorganisms. Yet, some members of the genus Nitrospira (previously assumed to all be
nitrite oxidizers) are complete ammonia oxidizers (comammox). These microbes are able to catalyze
both ammonia and nitrite oxidation in one cell (Daims et al. 2015; van Kessel et al. 2015).

1.3.2. The currently known phylogenetic diversity of chemolithoautotrophic nitrifiers

To date, ammonia oxidizers have been described in three phyla (Figure 3) — the Thaumarchaeota (or
Crenarchaeota, see below), containing the AOA (Brochier-Armanet et al. 2008), the Proteobacteria
(AOB) and the Nitrospirae (comammox). Both AOA and AOB occur in a wide range of both marine
and terrestrial environments, with AOA dominating especially in environments with low substrate
availability (Martens-Habbena et al. 2009; Horak et al. 2013). While comammox also appear to be
adapted to low substrate concentration (Kits et al. 2017), to date, they have only been detected in
terrestrial environments (Daims et al. 2015; van Kessel et al. 2015; Pjevac et al. 2017).
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Currently, all known nitrite oxidizers are bacteria — yet, they are phylogenetically highly diverse
(Figure 3). NOB are found in eight genera (Nitrospira, Nitrospina, Ca. Nitromaritima/Nitrospinae
Clade 1, Nitrospinae Clade 2, Nitrococcus, Nitrobacter, Nitrotoga and Nitrolancea) (Watson et al.
1986; Ehrich et al. 1995; Watson & Waterbury 1971; Liicker et al. 2013; Alawi et al. 2007; Sorokin et
al. 2012), distributed over four phyla (Nitrospirae, Nitrospinae, Proteobacteria and Chloroflexi).
Nitrospina, Ca. Nitromaritima, Nitrospinae Clade 2 and Nitrococcus are exclusively marine genera,
while Nitrospira and Nitrobacter occur in both marine and terrestrial environments. Nitrotoga and
Nitrolancea have to date only been detected in terrestrial environments.

Chloroflexi ) )
(Chlorflexota) Nitrospirae
(Nitrospirota)

Thaumarchaeota
(Crenarchaeota)

Nitrososphaera

Nitrosocosmicus
Nitrosocaldus

Nitrosotalea

Nitrospira
(NOB, comammox)

Nitrolancea
(NOB)

Nitrosotenuis

Nitrospinae
(Nitrospinota)

Nitrosopelagicus

Nitrospina
(NOB)
Nitromaritima

Cenarchaeum
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Figure 3 Schematic phylogenetic distribution of currently known genera containing aerobic
chemolithoautotrophic nitrifiers. Tree branches correspond to nitrifying genera, corresponding phyla are
printed in bold. Archaeal nitrifiers are depicted as blue, bacterial nitrifiers as red branches. All depicted
Thaumarchaeota genera contain AOA. The new taxonomic nomenclature proposed by Parks et al. (2018) is
given in parenthesis and printed in grey.

1.3.3. Recent changes to nitrifier taxonomy

The taxonomy of microorganisms has long been based primarily on 16S rRNA gene sequence identity,
and this gene is still widely used to classify bacteria and archaea. With rapidly increasing numbers of
full-length microbial genome sequences, taxonomic classification has shifted towards comparisons of
entire genomes (e.g. Konstantinidis et al. 2005) or a set of concatenated universal marker genes
(Delsuc et al. 2005), rather than a single gene sequence. Recently, a new taxonomy (Genome
Taxonomy Database GTDB, http://gtdb.ecogenomic.org) has been proposed (Parks et al. 2018). This
taxonomy has led to substantial changes in the classification of bacterial and archaeal taxonomic
ranks and is based on relative evolutionary divergence, thereby correcting for lineage-specific rates
of evolution (Parks et al. 2018). This has for example led to reclassification of the former class
Betaproteobacteria to the family Betaproteobacteriales within the class Gammaproteobacteria, and
the former phylum Thaumarchaeota to the class Nitrososphaeria within the phylum Crenarchaeota.
Additionally, the phyla Nitrospinae, Nitrospirae and Chloroflexi have been renamed Nitrospirota,
Nitrospinota and Chloroflexota, and the genus Nitrospira has been split into several genera
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(http://gtdb.ecogenomic.org, Parks et al. 2018). In this thesis, this new taxonomy has not been
implemented for consistency between the (partly published) chapters.

1.4. Metabolic diversity of nitrifying microorganisms

1.4.1. Canonical metabolism of chemolithoautotrophic nitrifiers

Chemolithoautotrophic ammonia oxidation

Canonical, chemolithoautotrophic nitrifying microorganisms have evolved a complex enzymatic
machinery involved in ammonia and nitrite oxidation, which is still not fully understood (Kuypers et
al. 2018; Lancaster et al. 2018).

In AOB, AOA and comammox, the enzyme ammonia monooxygenase (AMQ) converts ammonia to
hydroxylamine (Hooper et al. 1997; Vajrala et al. 2013) (Figure 4a). In addition to AMO, methane
monooxygenase (MMO), an enzyme closely related to AMO found in methanotrophs, also catalyzes
the conversion of ammonia to hydroxylamine, although less efficiently than AMO; likewise, AMO can
(inefficiently) convert methane to methanol (Kuypers et al. 2018).

The first step of the ammonia oxidation pathway, the conversion of ammonium to hydroxylamine is
endergonic and requires molecular oxygen and two electrons, which stem from hydroxylamine/NO
oxidation later in the pathway. Hydroxylamine is further oxidized, finally resulting in the formation of
nitrite. For a long time, it was assumed that hydroxylamine oxidoreductase (HAQO) directly oxidizes
hydroxylamine to nitrite. However, recently, it was shown that the HAO from AOB forms NO, rather
than nitrite as end product (Caranto & Lancaster 2017) (Figure 4a). As comammox Nitrospira possess
an enzymatic machinery closely related to that of AOB (Daims et al. 2015; van Kessel et al. 2015),
these results likely extent to comammox HAO (Lancaster et al. 2018). To date, the enzyme in AOB
(and comammox) responsible for oxidation of NO to nitrite (nitric oxide oxidoreductase, NOO) has
not been unambiguously identified (Lancaster et al. 2018; Stein 2019). For AOA, which lack a HAO
homologue, the enzymes involved in hydroxylamine oxidation are entirely unknown. Nonetheless,
NO also appears to be an obligate intermediate in the ammonia oxidation pathway of AOA
(Kozlowski et al. 2016) (Figure 4b).

Under low oxygen conditions, AOB release substantial amounts of NO and N,O as a result of a
process termed “nitrifier denitrification”. This process has been implicated as electron sink under low
oxygen conditions (Cantera & Stein 2007). In AOB, N,O production increases with decreasing oxygen
concentration. AOA also release N,O, however, this appears to be due to abiotic reactions of the
metabolic intermediate NO, rather than an enzymatically catalyzed reaction (Stieglmeier et al. 2014).
Conflicting results have been obtained whether N,O production by AOA increases with decreasing
oxygen conditions (Léscher et al. 2012; Qin et al. 2017) or not (StiegIlmeier et al. 2014). This is highly
relevant to predict future emissions of N,O, a potent greenhouse gas, because low oxygen waters
will likely expand in the marine environment due to global warming (Portner et al. 2014). If the highly
abundant marine AOA release more N,O at decreased oxygen concentrations, they could
substantially affect future marine greenhouse gas emissions.
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Figure 4 Scheme of ammonia and nitrite oxidation pathways in AOB (a), AOA (b) and NOB (c). Enzymes are
depicted as grey boxes. AMO, ammonia monooxygenase; HAO, hydroxylamine oxidoreductase; IV, complex IV
(terminal oxidase); NirK, nitrite reductase; NOO, putative NO oxidoreductase; NXR, nitrite oxidoreductase;
1362, a membrane-anchored Cu metalloenzyme (T478_1362); ? indicates hypothetical enzyme function/
enzyme. The ammonia oxidation pathway for AOB was modified from Lancaster et al. (2018), for AOA from
Carini et al. (2018). Alternative ammonia oxidation pathways have been suggested for AOA (e.g. Kozlowski et
al. 2016). The nitrite oxidation pathway of NOB is depicted as in e.g. Llcker et al. (2010).

Chemolithoautotrophic nitrite oxidation

While ammonia oxidation to nitrite requires the action of many enzymes, nitrite oxidation to nitrate
requires only one enzyme. In nitrite oxidizing bacteria, the enzyme nitrite oxidoreductase (NXR)
oxidizes nitrite to nitrate in a single reaction. It is noteworthy that the oxygen atom in nitrate is
derived from water, rather than from molecular oxygen. Unlike ammonia oxidizers, NOB use
molecular oxygen only as terminal electron acceptor (Hussain Allem & Sewell 1981; Kumar et al.
1983) (Figure 4c). There are two possible orientations of the NXR enzyme, which is thought to be
anchored in, or associated to, the cytoplasmic membrane in NOB. The NXR active site can face the
cytoplasm, as in Nitrobacter, Nitrolancea, Nitrococcus — and, in a divergent form —in the phototroph
Thiocapsa (Meincke et al. 1992; Sorokin et al. 2012; Hemp et al. 2016). Alternatively, NXR can face
the periplasm, as in Nitrospira and Nitrospina (Spieck et al. 1998; Bartosch et al. 1999; Liicker et al.
2010). For Nitrotoga, it is unknown how NXR is oriented.

The orientation of the NXR active site is important, as it has energetic consequences for NOB. During
nitrite oxidation, protons are generated (Figure 4c). When NXR is oriented toward the periplasm, the
generated protons directly contribute to the proton motive force across the cytoplasmic membrane,
thereby contributing to ATP synthesis (Liicker et al. 2010). Thus, nitrite oxidation in Nitrospira and
Nitrospina is considered to be more energy efficient than in other NOB, which generate protons on
the energetically “wrong” side of the membrane.

Carbon fixation pathways in AOB, AOA and NOB
Aerobic chemolithoautotrophic nitrifiers employ a wide variety of C-fixation pathways: genome-
sequenced proteobacterial nitrifiers (all known AOB, Nitrobacter and Nitrococcus) and Nitrolancea
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encode genes for the Calvin-Benson-Bessham cycle (Klotz et al. 2006; Starkenburg et al. 2008;
Sorokin et al. 2012; Bollmann et al. 2013; Fiissel et al. 2017), Nitrospira and Nitrospinae NOB for the
reverse tricarboxylic acid (rTCA) cycle (Liicker et al. 2010; Liicker et al. 2013; Koch et al. 2015; Ngugi
et al. 2016; Pachiadaki et al. 2017), and AOA use a highly energy-efficient modification of the
hydroxyproprionate/hydroxybutyrate (HP-HB) cycle (Kénneke et al. 2014).

All nitrifiers face the problem that the electrons generated from ammonia and nitrite oxidation are
too electropositive to be directly transferred to NAD(P)H (Madigan et al. 2012). As
chemolithoautotrophic nitrifiers require NAD(P)H or other reducing equivalents for fixation of
inorganic C, reducing equivalents have to be generated via reverse electron transport.

1.4.2. Heterotrophic, anaerobic and photolithoautotrophic nitrifiers

Most research on nitrifying microorganisms has focused on chemolithoautotrophic nitrifiers that
oxidize ammonia to nitrite and nitrate with oxygen as terminal electron acceptor. Yet, there are also
heterotrophic organisms that nitrify as a side reaction of their metabolism. These organisms don’t
necessarily oxidize ammonia to nitrite/nitrate, but more generally convert a more reduced to a more
oxidized N-compound (Stein 2011). In heterotrophic nitrifiers, which are found among bacteria,
archaea, algae and fungi (Bock & Wagner 2006), these oxidations are not linked to energy
conservation (Stein 2011).

Other microorganisms (Thiocapsa and Rhodopseudomonas) use nitrite as electron donor for
anoxygenic photosynthesis (Griffin et al. 2007; Schott et al. 2010; Hemp et al. 2016), thereby
decoupling nitrite oxidation from the availability of oxygen. Unlike heterotrophic nitrifiers,
phototrophic nitrite oxidizers use an NXR related to cytoplasmic nitrate reductases (NAR) to oxidize
nitrite to nitrate (Hemp et al. 2016). Anammox bacteria also oxidize nitrite to nitrate anaerobically
(see above), and use NXR enzymes closely related to those of Nitrospinae and Nitrospirae (Llcker et
al. 2010; Lucker et al. 2013). Anammox bacteria can contribute substantially to nitrate formation in
the environment, as up to 20% of the total nitrite turnover are oxidized to nitrate (van de Graaf et al.
1997). The contributions to N-cycling from heterotrophic and photolithoautotrophic nitrifiers are to
date not well constrained, but are considered to constitute only a minor fraction in most
environments (Stein 2011).

1.4.3. Non-canonical nitrifier metabolism

For most of the last century, chemolithoautotrophic nitrifiers were considered to be exceptionally
specialized microorganisms, making use only of ammonium/ammonia and nitrite. Recent studies,
however, challenge this view and started to uncover a much more diverse metabolism in many
nitrifiers, which may contribute to their environmental distribution and success (Daims et al. 2016)
(Figure 5). Below, a brief overview of the known alternative metabolisms in nitrifiers is given.

Dissolved organic N as alternative energy and N-source for nitrifiers

The largest pool of reduced bioavailable N in the environment is dissolved organic N (DON, here
defined as compounds containing both C and N atoms), while ammonium rarely accumulates
(e.g. Gruber 2008). Therefore, it may be beneficial for ammonia oxidizers to invest into the use DON
as additional source of ammonia when ammonium is limiting.

Indeed, urea, a simple DON compound, has long been known to serve as additional energy source for
ammonia oxidizers. The cytoplasmic enzyme urease allows for the breakdown of urea into
ammonium and CO,, thereby providing ammonia oxidizers with their primary substrates. Urease first
catalyzes the hydrolysis of urea to one molecule ammonia and one molecule of carbamate, which
spontaneously decays into another molecule of ammonia and CO; (Equation 1, Mobley et al. 1995).
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Urea use by ammonia oxidizers has been shown both in pure culture (Koops et al. 1991; Tourna et al.
2011; Spang et al. 2012; Qin et al. 2014; Bayer et al. 2016) and the environment.

(NHz)zCO + H,0 — (NHzCOO' + NH3) — 2 NH;3 + CO, (Equation 1)

Many AOA in marine systems can cover part of their energy requirement from the use of urea
(Alonso-Saez et al. 2012; Connelly et al. 2014; Seyler et al. 2014; Tolar et al. 2017; Seyler et al. 2018),
and urea-derived ammonia oxidation rates can even equal the ammonia oxidation rates (Santoro et
al. 2017) (Figure 5d). Urea use has also been suggested to be important for ammonia oxidizers in
acidic soils, where use of urea circumvents the low ammonia availability at low pH (De Boer et al.
1989; Allison & Prosser 1991; Burton & Prosser 2001; Lu et al. 2012).

Also cyanate, another simple DON compound, was shown to serve as an alternative substrate for the
terrestrial hot-spring AOA isolate Nitrososphaera gargensis (Palatinszky et al. 2015) (Figure 5d).
Similar to urea, cyanate is broken down to ammonium and CO; by an intracellular enzyme — cyanase.
This reaction is bicarbonate dependent, and also occurs via an instable intermediate, carbamate,
which spontaneously decays to ammonium and CO; (Johnson & Anderson 1987) (Equation 2).

CNO' + HCO5 +2 H* = (NH,COO + CO,) = NHs + 2 CO; (Equation 2)

The cyanase encoded by N. gargensis appears to have been acquired via lateral gene transfer and is
closely related to cyanases of Nitrospira NOB (Spang et al. 2012; Palatinszky et al. 2015). Similar
cyanases were found in metagenomic data of peat soil and permafrost, yet, they could not
unambiguously be assigned to AOA (Palatinszky et al. 2015). To date, it is unknown whether cyanate
is also used by ammonia oxidizers in the environment.

A recent study reported NOy production from polyamines and amino acids by marine AOA
(Damashek et al. 2019) (Figure 5d). However, it is unknown whether AOA can use these substrates
directly.

Apart from direct use of DON, ammonia oxidizers can also make use of DON-derived ammonium
indirectly via cross feeding, where other microorganisms degrade DON and release ammonium,
which is subsequently used as substrate by the AOA.

This cross-feeding can be unidirectional, where one microorganism breaks down DON to ammonium,
feeding an ammonia oxidizer unable to directly utilize DON, or bidirectional (Koch et al. 2015;
Palatinszky et al. 2015). Recent experiments using cocultures of ammonia and nitrite oxidizers,
showed that ammonia oxidizers, which could not directly use the DON compounds urea and cyanate,
were able to grow on ammonium released from urea or cyanate by NOB containing ureases and/or
cyanases. The nitrite formed by the ammonia oxidizers in return provided the substrate for NOB in a
“reciprocal feeding scenario” (Koch et al. 2015; Palatinszky et al. 2015) (Figure 5b). Although genomic
data indicates that the use of simple DON as N-source is widespread in cultured and environmental
NOB (Koch et al. 2015; Palatinszky et al. 2015; Ngugi et al. 2016; Pachiadaki et al. 2017), so far, there
is no data on the relevance of DON for NOB in the environment.

Mixotrophy in nitrifiers

In addition to chemolithoautotrophy, some nitrifiers are able to grow mixotrophically. Marine AOA
have been shown to incorporate amino acids (Ouverney & Fuhrman 2000; Teira et al. 2006),
although it remains unclear if this represents a mixotrophic or heterotrophic lifestyle. Also a marine
AOA sponge-symbiont has been implicated to use amino acids mixotrophically (Moeller et al. 2019).
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Moreover, enhanced growth of some AOA isolates was reported when incubated with ammonium in
presence of alpha-keto acids (Tourna et al. 2011; Qin et al. 2014). However, this was recently shown
to be due to the hydrogen peroxide (H.0)-scavenging activity of alpha-keto acids, rather than
mixotrophy (i.e. the assimilation of the alpha-keto acids) of the AOA (Kim et al. 2016; Qin et al. 2017,
Bayer et al. 2019). Indeed, known AOA genomes lack genes encoding for canonical catalase, which
would allow to detoxify H,O, (Kim et al. 2016; Qin et al. 2017; Bayer et al. 2019), and activity of both
cultures and environmental AOA is inhibited by H,0, (Kim et al. 2016; Qin et al. 2017; Tolar et al.
2016; Bayer et al. 2019).

Growth of several AOB isolates was promoted by concurrent incubation with ammonium and organic
substrates (Clark & Schmidt 1966; Clark & Schmidt 1967; Kriimmel & Harms 1982; Hommes et al.
2003), and also growth of many NOB was stimulated by addition of nitrite and organics both in
culture (Watson et al. 1986; Spieck et al. 2006; Keuter et al. 2011; Spieck et al. 2014) and in WWTPs
(Daims et al. 2001; Gruber-Dorninger et al. 2015).

Anaerobic metabolism and reactions outside N-cycling

In addition to their canonical, aerobic lifestyle, some nitrifiers can also thrive under anoxic
conditions. For example, AOB of the genus Nitrosomonas were shown to perform nitrite reduction to
gaseous N-compounds coupled to hydrogen oxidation (Bock et al. 1995) (Figure 5e).

In many (and possibly all) NOB, the key enzyme NXR can also work in reverse, reducing nitrate to
nitrite. Depending on the genetic repertoire of a given NOB, the electrons for this reaction can be
obtained from the oxidation of organic compounds, e.g. formate, acetate, pyruvate (Freitag et al.
1987; Sorokin et al. 2012; Sorokin et al. 2014; Koch et al. 2015; Fissel et al. 2017) (Figure 5f) or
hydrogen (Ehrich et al. 1995) (Figure 5f).

Some nitrifiers can also gain energy from electron donors other than N-compounds. For example,
AOA in an oil refinery treatment plant appear to neither use ammonia as energy source nor grow
autotrophically (MuBmann et al. 2011). Nitrobacter NOB can grow heterotrophically (Bock 1976;
Bock et al. 1983; Bock et al. 1990) (Figure 5f) and some NOB can gain their energy and reducing
equivalents from different chemolithoautotrophic growth modes. Nitrospira moscoviensis can
perform aerobic formate oxidation (Koch et al. 2015) (Figure 5f) and aerobic hydrogen oxidation
(Koch et al. 2014) (Figure 5f), and Nitrococcus mobilis aerobically oxidizes sulfide (Fussel et al. 2017)
(Figure 5f).

The large metabolic diversity of nitrifiers implies that the mere presence of nitrifying microorganisms
in the environment does not necessarily indicate they perform ammonia or nitrite oxidation (Daims
et al. 2016). Therefore, activity measurements are vital to determine their actual function. Many
studies on alternative metabolisms have found a vital role of DON, as both energy and N-source, and
have indicated that this may be especially important for nitrifiers in marine systems. Most of these
studies, however, investigated DON use by nitrifier pure cultures or based on presence of DON-
utilization genes, while the environmental importance of DON for nitrifiers is still understudied.
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Figure 5 Canonical and non-canonical metabolism of nitrifiers. a) Canonical, coupled ammonia and nitrite
oxidation, b) Reciprocal feeding between urea or cyanate degrading NOB and non-urea or -cyanate degrading
ammonia oxidizers (Koch et al. 2015; Palatinszky et al. 2015), c) Comammox (Daims et al. 2015; van Kessel et al.
2015), d) Urea, cyanate, polyamine or amino acid use as additional energy source by ammonia oxidizers (e.g.
Koops et al. 1991; Palatinszky et al. 2015; Bayer et al. 2016; Tolar et al. 2017; Damashek et al. 2019),
e) Anaerobic ammonia or hydrogen oxidation coupled to nitrogen dioxide (NO;) or nitrite by AOB (Bock et al.
1995), f) Alternative metabolisms in NOB, anaerobic nitrate reduction coupled to oxidation of organics (Freitag
et al. 1987; Sorokin et al. 2012; Sorokin et al. 2014; Koch et al. 2015; Fissel et al. 2017) or hydrogen (Ehrich et
al. 1995), oxidation of organics (Bock 1976; Bock et al. 1983; Bock et al. 1990; Koch et al. 2015), aerobic
hydrogen oxidation (Koch et al. 2014), and aerobic sulfide oxidation (Fissel et al. 2017).

1.5. Dissolved organic N in the marine environment

Apart from dissolved N3, which is not readily bioavailable, DON is the most abundant reduced N-
source in the ocean (Gruber 2008). Yet, its importance for marine nutrient cycling has long been
overlooked (Mulholland & Lomas 2008). DON comprises a plethora of different compounds of
different chemical properties, molecular sizes and vastly different turnover times. DON is partly
highly recalcitrant with turnover times of years, while some DON compounds, especially low
molecular weight compounds (<1kDa), are turned over within minutes to days (Antia et al. 1991;
Bronk 2002).

Most DON compounds can be used by microorganisms as both C- and N-source for assimilation into
biomass. One example for DON serving as both organic C- and N-source are amino acids, where after
deamination, both the resulting ammonium and the remaining keto-acid can be directly assimilated.
However, some DON compounds serve only as N-source but not as organic C-source, because their
breakdown products are ammonium and CO; — this is the case for urea and cyanate (Equations 1
and 2).

The simple DON compounds urea and cyanate, which have been found to serve as energy and/or
N-source for nitrifiers (see above), appear to be ubiquitous components of DON in the marine
environment (Antia et al. 1991; Widner et al. 2013; Widner et al. 2016; Widner & Mulholland 2017;
Widner et al. 2018a; Widner et al. 2018b; Sipler & Bronk 2015).

The role of urea for the bulk microbial community in the marine environment has been studied quite
extensively (summarized in Antia et al. 1991; Bronk 2002; Sipler & Bronk 2014). Urea is introduced
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into marine systems both by runoff from terrestrial systems and discharge of rivers, and via excretion
by diverse marine biota, such as microorganisms, zooplankton and fish (Antia et al. 1991; Solomon et
al. 2010). Uptake of urea into cells is mediated either passively by diffusion (Siewe et al. 1998), by
presence of porins or channel proteins (Weeks et al. 2000; Minocha et al. 2003; Sachs et al. 2006), or
by ATP-dependent uptake via a dedicated ABC-transporter (Valladares et al. 2002). The cytoplasmic
enzyme urease allows for ATP-independent cleavage of urea into ammonia and carbamate, and is
present in many nitrifiers, phytoplankton, other microorganisms, as well as an anammox
metagenome-assembled genome (e.g. Solomon & Glibert 2008; Solomon et al. 2010; Qin et al. 2014;
Ngugi et al. 2016; Bayer et al. 2016; Pachiadaki et al. 2017).

Compared to urea, still very little is known about cyanate and its relevance for microorganisms in the
marine environment. First indications that cyanate might be a relevant N-source came from genome
analyses of marine Cyanobacteria of the genera Synechococcus and Prochlorococcus (Palenik et al.
2003; Rocap et al. 2003). These analyses revealed that some Synechococcus and Prochlorococcus
strains contained cyanase, the enzyme converting cyanate to ammonium and CO, (Equation 2). Both
marine Synechoccus and Prochlorococcus strains were later shown to use cyanate as N-source
(Kamennaya et al. 2008; Kamennaya & Post 2011; Kamennaya & Post 2013), a marine dinoflagellate
could use cyanate as N-source (Hu et al. 2012). Furthermore, some anammox bacteria encode for
cyanases (Van de Vossenberg et al. 2013; Ganesh et al. 2018) and there is experimental evidence that
cyanate is used as energy source by marine anammox bacteria in situ (Babbin et al. 2017).

Methods to detect nanomolar cyanate concentrations in seawater only became available recently
(Widner et al. 2013). Since then, cyanate was found to have similar depth distributions as
ammonium, with concentrations at or below detection limit in the surface waters to tens of nM at
depth (Widner et al. 2016; Widner & Mulholland 2017; Widner et al. 2018a; Widner et al. 2018b).
Additionally, cyanate was shown to serve as an N-source for some marine microbial communities
(Widner & Mulholland 2017; Widner et al. 2018a; Widner et al. 2018b). In these studies, bulk
community cyanate uptake was lower than urea and ammonium uptake (Widner et al. 2018a;
Widner et al. 2018b).

At low concentrations, cyanate uptake appears to be dependent on transporters. These can either be
ABC-type transporters as e.g. in Cyanobacteria, (Kamennaya et al. 2008), or, alternatively, the
putative cyanate/nitrite/formate transporters as found e.g. in N. gargensis (Palatinszky et al. 2015).
Cyanate use as an N-source is thought to be dependent on the presence of cytoplasmic cyanases.
Apart from the canonical cyanases encoded by cynS, a new type of cyanase (cynH) has recently been
described in Synechococccus. cynH lacks homology to cynS but also catalyzes cyanate degradation to
ammonium (Kamennaya & Post 2011).

Cyanate is released to the environment as a result of spontaneous urea (Dirnhuber & Schiitz 1948) or
carbamoyl phosphate breakdown (Allen & Jones 1964) or by microbial thiocyanate breakdown
(Sorokin et al. 2001). Additionally, cyanate formation has been reported for senescent diatom
cultures of Thalassiosira species and from photoproduction in sterile filtered surface waters upon UV
irradiation (Widner et al. 2016).

From a nitrifier perspective, utilization of DON as N- and/or energy source in addition to inorganic N
may be highly advantageous. Ammonium is often a limiting nutrient in the marine environment,
because it is a highly sought-after resource and serves as N-source for almost all microorganisms.
Competition for ammonium between ammonia oxidizers and phytoplankton has been suggested to
be a main cause for the relatively low ammonia oxidation rates in surface seawater (Smith et al.
2014), together with light and H,0, inhibition (e.g. Horak et al. 2018). Therefore, it may be
advantageous for ammonia oxidizers to tap other N-resources to gain energy and biomass-N when
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ammonium is scarce — i.e. to use DON as source of ammonium. However, also for NOB, the use of
DON rather than ammonium as an N-source may be advantageous. When NOB assimilate
ammonium, they reduce the substrate availability for ammonia oxidizers — the microorganisms
whose activity supplies NOB with their substrate, nitrite. Thus, NOB may use DON to minimize
competition with ammonia oxidizers for ammonium, thereby concomitantly maximizing nitrite
supply. Furthermore, the differential use of DON by co-occurring nitrifiers may be beneficial, as it
could allow for niche partitioning by the use of different substrates and thereby reduce inter-clade
competition.

1.6. Determining DON utilization by nitrifiers

1.6.1. DON use in cultures

DON use has mainly been studied in nitrifier pure cultures or on basis of environmental (meta-)
genomics. These studies have substantially expanded our knowledge on DON-use.

Pure culture studies allow for testing of new metabolisms under strictly controlled conditions and to
pinpoint the effect of variables such as substrate concentration, pH and temperature. The observed
activity — be it measurements of DON-derived ammonia oxidation, or measurements of DON
assimilation — can be unambiguously linked to a specific isolate and microorganism. Confounding
factors like cross-feeding, that play a large role in complex environmental communities (see below),
can be excluded. However, nitrifiers are notoriously difficult to isolate (Spieck & Lipski 2011; Prosser
& Nicol 2012), and many environmentally widespread nitrifier groups lack isolated representatives
(e.g. some environmentally widespread Thaumarchaeota clades, Ca. Nitromaritima, Nitrospinae
Clade 2, Nitrotoga). Additionally, the employed cultivation techniques may not select for
metabolically versatile organisms. Conventional cultivation conditions for nitrifiers rely on cultivation
with ammonium or nitrite as sole substrate, rather than organic N. These conditions give a selective
advantage to autotrophic nitrifiers over other e.g. heterotrophic organisms that use DON as both N
and C-source, but might result in isolation of nitrifiers not able to use DON. Furthermore, the
environmental relevance of a given metabolism cannot easily be assessed by investigating pure
cultures (Prosser & Nicol 2012).

1.6.2. DON use based on presence and transcription of DON-utilization genes

Several studies have investigated DON-use by nitrifiers based on the presence of the genes encoding
for DON-degrading enzymes, like urease or cyanase. This approach has revealed that many
environmental marine AOA encode ureases (Hallam et al. 2006), and many Nitrospinae encode both
ureases and cyanases (Ngugi et al. 2016; Pachiadaki et al. 2017). Analysis of the transcription levels of
these genes hints at active use of these enzymes in situ. However, in metagenomics and
-transcriptomics based studies, gene functions can only be assigned based on previous knowledge,
e.g. novel cyanases without close phylogenetic relationship to other known cyanases cannot be
detected. For genes that frequently undergo horizontal gene transfer, it can be difficult to assign
genes to specific organisms when metagenomic contigs lack additional phylogenetic information.
Furthermore, even when genes are transcribed, their in situ activity levels can only be determined
experimentally.

1.6.3. Determining DON utilization rates in the environment

Activity of ammonia and nitrite oxidizers in the environment is typically assessed by rate
measurements using >N stable isotope tracer approaches. For example, for ammonia oxidation rate
measurements, **N-ammonium is supplied, and combined **N-nitrite and *N-nitrate production is
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measured either as a single end-point measurement, or over a time course. Natural isotope
abundance nitrite is sometimes added to avoid loss of *N-nitrite e.g. due to further oxidation to
BN-nitrate, thereby trapping >N-nitrite by dilution in the ¥*N-nitrite pool.

For measurement of >’N-DON-derived ammonia oxidation rates, the interpretation of N-tracer
experiments is less straightforward. Not all *N-nitrite that is produced upon addition of »>N-DON
may result from direct use of the DON by ammonia oxidizers, as ammonia oxidizers are rarely the
only microorganisms that can break down DON in complex environmental samples. Instead, parts of
the measured N-nitrite may result from indirect DON-use or cross-feeding. In this scenario, other
microorganisms break down N-DON to N-ammonium, which can be oxidized to ®N-nitrite by
ammonia oxidizers unable to use the originally supplied DON (Figure 6). Cyanate, and, to a lesser
extent urea, also undergo abiotic breakdown to ammonium in a pH, temperature and salt dependent
manner (Dirnhuber & Schiitz 1948; Lister 1954; Kamennaya et al. 2008; Palatinszky et al. 2015),
further complicating interpretation results of 1>’N-labeling experiments.

Urea-, amino acid- and polyamine-derived ammonia oxidation rates have been measured in the
marine environment (Tolar et al. 2017; Santoro et al. 2017; Damashek et al. 2019). However, to date,
abiotic and biotic breakdown rates of ®N-DON to ®N-ammonium have not been systematically
measured at the same time. Incubations to assess direct vs. indirect uptake of DON by ammonia
oxidizers were only performed in one study focusing on the use of urea by AOA (Tolar et al. 2017).
Therefore, most DON-derived ammonia oxidation rates reported to date likely overestimate direct
DON-use by ammonia oxidizers.

Control incubations to constrain direct vs. indirect DON-use are therefore crucial to better assess the
importance of a given DON compound for ammonia oxidizers. Direct vs. indirect DON-use can be
differentiated by setting up parallel incubations: One with the addition of *>N-DON and **N-nitrite (to
trap °N-nitrite resulting from DON-derived ammonia oxidation), and a second incubation (pool
incubation), where an additional *N-ammonium pool is added (Figure 6). In these pool incubations,
BN-ammonium released from the breakdown of ®N-DON by non-ammonia oxidizers is diluted into
the *N-ammonium pool. Thus, the produced *N-ammonium is less likely further oxidized to
BN-nitrite by ammonia oxidizers and the measured N-nitrite production rates more likely reflect
true direct DON utilization by ammonia oxidizers. Additionally, time course experiments allow more
insight into the fate of ®N-DON. Indirect use of N-DON by ammonia oxidizers results in an
exponential increase in °N-nitrite with time due to the increasing labeling percentage of the
ammonium pool with time. In contrast, direct >N-DON use by ammonia oxidizers leads to a linear
increase in *>N-nitrite (Figure 6).

Although pool incubations can yield valuable insights into direct vs. indirect utilization patterns, they
may lead to an underestimation of the direct DON-derived ammonia oxidation rates, as the addition
of the ¥*N-ammonium pool might cause preferential oxidation of the added ammonium rather than
DON by ammonia oxidizers (Figure 6).
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Figure 6 Scheme of DON-derived ammonia oxidation rates resulting from direct (a) or indirect DON-use by

ammonia oxidizers (b).

1.6.4. Determining DON assimilation rates

Stable isotope incubations are also frequently employed to investigate DON assimilation rates. In the
case of DON, the fate of stable isotope labeled DON can be studied via tracking the incorporation of
the stable isotope into biomass of a specific microorganism. This can be achieved by methods like
DNA-, RNA-, protein- or lipid-stable isotope probing (SIP) (Boschker et al. 1998; Radajewski et al.
2000; Manefield et al. 2002; Jehmlich et al. 2008). Alternatively, single cell isotope incorporation can
be visualized by combining fluorescence in situ hybridization (FISH) with raman or nanoscale
secondary ion mass spectroscopy (nanoSIMS) (Orphan et al. 2001; Huang et al. 2007). These SIP
approaches allow to gain insights into which organisms are responsible for biogeochemical
transformations in the environment and have thus greatly enhanced our understanding of microbial
activity, independent of the availability of pure cultures and/or genomic information.

However, also when looking at the incorporation of stable isotopes by specific microorganisms,
cross-feeding can confound results. The stable isotope labeled compound can undergo
transformations by the microbial community — e.g. >N-ammonium from **N-DON degradation can be
released and incorporated by another microorganism, or a microorganism able of direct use of
>N-DON incorporates the °N into biomass and lyses, releasing *>N-DON to the environment. To a
certain extent, time course experiments allow to differentiate between direct vs. indirect uptake, as
microorganisms capable of direct uptake will likely incorporate the stable isotope first. However, it is
difficult to distinguish slow growing organisms able to directly use the supplied DON from fast
growing organisms that use DON indirectly in a complex community.

To minimize cross-feeding, the breakdown products of *N-DON would need to be be continuously
removed, to identify cells directly using the supplied °N-labelled substrates. Retentostat-like
systems, where cells are retained on a membrane at low cell densities, could in principle be used to
achieve both continuous supply of fresh °N-DON at constant concentration and constant removal of
15N-DON breakdown products, thereby limiting cross-feeding effects.
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Aims and Outline

Most insights into the metabolic capacity of nitrifiers come from culture-dependent studies using the
few nitrifier isolates that are available. As a result, the environmental importance of many alternative
nitrifier metabolisms is still poorly constrained. Yet, understanding nitrifier metabolic versatility is
key to understanding how these microorganisms make a living and how they cope with fluctuating
conditions in both man-made and natural systems. In this thesis, | combined different approaches of
both cultivation-dependent and cultivation-independent experiments to study the metabolic
versatility of globally distributed nitrifiers and their environmental relevance.

To date, few environmentally relevant nitrite oxidizers have been isolated and characterized,
however, pure culture model organisms are vital for studying NOB physiology under controlled
experimental conditions. In Chapter 2, we aimed to gain insights into the physiology of key NOB from
wastewater treatment plants (WWTP) by using a cultivation and genome-based approach. We
isolated and characterized a member of the NOB genus Nitrotoga, which plays a key role in many
engineered systems (Llcker et al. 2015; Saunders et al. 2016). The functioning of most WWTPs relies
on the efficient conversion of ammonium to nitrate by nitrifiers, yet, nitrification activity in
engineered systems can be difficult to maintain (Daims et al. 2009). To ensure stable nitrification
activity, it is imperative to go beyond treating the microorganisms in WWTPs as a “black box” and to
gain more knowledge on the physiology of key nitrifiers within WWTPs. The isolated NOB, which we
named Candidatus Nitrotoga fabula, was obtained from a municipal WWTP and is the first Nitrotoga
pure culture available. Ca. N. fabula is physiologically different to previously described Nitrotoga
enrichments, tolerating both higher pH, temperature and substrate concentrations, which makes it
ideally suited to WWTPs. Additionally, Ca. N. fabula encodes for an NXR that is different to previously
known NXRs of NOB. Intriguingly, closely related enzymes are present in physiologically
uncharacterized bacteria and archaea, hinting at an even larger diversity of nitrite oxidizers in nature
than is currently known. In addition to nitrite oxidation, the genome of Ca. N. fabula implies that
both hydrogen and sulfite can serve as alternative electron donors to nitrite. This metabolic
versatility may allow Ca. N. fabula to remain active irrespective of the availability of nitrite.

Metabolic versatility has also been hypothesized to play a role in the success of nitrifiers in natural
ecosystems. In contrast to most man-made systems, in marine systems ammonium is a limiting
nutrient. Competition for ammonium in the ocean can be high, as it is the preferred N-source for
most organisms. Despite this high competition for ammonium, nitrifiers are widely distributed and
active in the world’s ocean. Previous studies, which mainly used nitrifier isolates, have shown that
some nitrifiers can utilize the simple dissolved organic N (DON) compounds urea and cyanate to
supplement their N-requirements for both energy generation and growth (e.g. Alonso-Saez et al.
2012; Koch et al. 2015; Palatinszky et al. 2015; Bayer et al. 2016). As DON is the most abundant
reduced form of N in the oceans (Antia et al. 1991; Gruber 2008; Sipler & Bronk 2015), we
hypothesized that the utilization of DON in addition to ammonium may be an important trait for
nitrifiers in the environment. Therefore, in this thesis we aimed to investigate how DON utilization
might contribute to this ecological success of ammonia (Chapter 3) and nitrite oxidizers (Chapter 4).
These studies were carried out in the Louisiana shelf waters of the Gulf of Mexico (GoM), which is an
ideal region to investigate nitrifier DON utilization and ecophysiology as it is a hotspot of both
ammonia and nitrite oxidation activity (Bristow et al. 2015). Additionally, the GoM has been reported
to be dominated by two nitrifier groups — ammonia oxidizing archaea (AOA) and Nitrospinae (Tolar et
al. 2013; Bristow et al. 2015), which makes it easier to link the measured activity to specific nitrifier
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groups. Furthermore, AOA and Nitrospinae are the main players in nitrification in the vast majority of
the world’s ocean.

In Chapter 3, we aimed to gain insights into the in situ use of urea and cyanate as energy and
N-sources by marine AOA. This was achieved by employing a combination of in situ experiments,
(meta-) genomics, single cell analyses and cultivation-based experiments. This chapter highlights the
importance of activity-based studies, as environmental AOA and the tested AOA isolate were able to
use cyanate as substrate despite lacking canonical cyanases. Additionally, this study introduces a set
of control incubations to differentiate between direct and indirect use of substrates for the first time.
In Chapter 4, we aimed to gain deeper understanding of the ecophysiology of Nitrospinae compared
to the AOA, especially regarding their in situ growth rates and their ability to utilize DON compounds.
To achieve this, a combination of in situ rate measurements, metagenomics and single cell analyses
was used. Our analyses revealed that despite their low abundance, Nitrospinae catalyzed high nitrite
oxidation rates and showed surprisingly high in situ growth rates. Nitrospinae met a large part of
their N-demand for their growth by using urea and cyanate as N-sources. Intriguingly, Nitrospinae
growth rates were higher than those of the far more abundant AOA, a mismatch that could not be
explained even when considering differences in energy gain per population based on thermodynamic
modelling. This indicates that the Nitrospinae are highly efficient in translating the energy into
growth, and/or, that they can gain additional energy from alternative metabolic pathways. This study
suggests that the energy efficiency and potential metabolic flexibility of Nitrospinae give them a
competitive advantage which could explain their success as nitrite oxidizers in the world’s ocean.

One key methodological issue that we had to address in Chapter 3 was whether and to which extent
cross-feeding was occurring between the AOA and other members of the microbial community. By
carrying out careful control incubations, we could indeed show that both urea and cyanate were
utilized directly by the AOA in addition to indirect utilization via cross-feeding. However, ideally,
cross-feeding should be entirely excluded to unequivocally link the activity of a specific
microorganism to substrate turnover in the environment.

In Chapter 5, we aimed to develop a new method to overcome cross-feeding in stable isotope
incubations. The newly developed method Flow-through stable isotope probing (Flow-SIP) allowed us
to identify the microorganisms capable of direct substrate utilization in complex environmental
samples. Flow-SIP eliminates cross-feeding by trapping microbial cells on a membrane and
continuously supplying a flow of stable isotope labeled substrate. At the same time, any secreted
metabolites are removed, thereby limiting confounding cross-feeding effects. In future studies, this
new method, as well as those that were successfully applied for the first time in Chapter 3, might
also provide unprecedented insight into the ecophysiology of nitrifying microorganisms in both
engineered systems and the highly oligotrophic waters which constitute the majority of the world’s
ocean.

Chapter 2 and Chapter 3 have been published, Chapter 4 and Chapter 5 are in preparation for
submission to international peer reviewed scientific journals.
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Abstract

Nitrification is a key process of the biogeochemical nitrogen cycle and of biological wastewater
treatment. The second step, nitrite oxidation to nitrate, is catalyzed by phylogenetically diverse,
chemolithoautotrophic nitrite-oxidizing bacteria (NOB). Uncultured NOB from the genus “Candidatus
Nitrotoga” are widespread in natural and engineered ecosystems. Knowledge about their biology is
sparse, because no genomic information and no pure “Ca. Nitrotoga” culture was available. Here we
obtained the first “Ca. Nitrotoga” isolate from activated sludge. This organism, “Candidatus Nitrotoga
fabula”, prefers higher temperatures (>20°C; optimum 24-28°C) than previous “Ca. Nitrotoga”
enrichments, which were described as cold-adapted NOB. “Ca. N. fabula” also showed an unusually
high tolerance to nitrite (activity at 30 mM NO;’) and nitrate (up to 25 mM NOs’). Nitrite oxidation
followed Michaelis-Menten kinetics, with Km(app) of “89 UM nitrite and Vimax of ~28 umol nitrite per mg
protein per h. Key metabolic pathways of “Ca. N. fabula” were reconstructed from the closed
genome. “Ca. N. fabula” possesses a new type of periplasmic nitrite oxidoreductase belonging to a
lineage of mostly uncharacterized proteins. This novel enzyme indicates (i) separate evolution of
nitrite oxidation in “Ca. Nitrotoga” and other NOB, (ii) the possible existence of phylogenetically
diverse, unrecognized NOB, and (iii) together with new metagenomic data, the potential existence of
nitrite-oxidizing archaea. For carbon fixation, “Ca. N. fabula” uses the Calvin-Benson-Bassham cycle.
It also encodes complete pathways for hydrogen and sulfite oxidation, suggesting that alternative
energy metabolisms enable “Ca. N. fabula” to survive nitrite depletion and colonize new niches.

Importance

Nitrite-oxidizing bacteria (NOB) are major players in the biogeochemical nitrogen cycle and critical
for wastewater treatment. However, most NOB remain uncultured and their biology is poorly
understood. Here, we obtained the first isolate from the environmentally widespread NOB genus
“Candidatus Nitrotoga” and performed a detailed physiological and genomic characterization of this
organism (“Candidatus Nitrotoga fabula”). Differences between key phenotypic properties of “Ca. N.
fabula” and those of previously enriched “Ca. Nitrotoga” members reveal an unexpectedly broad
range of physiological adaptations in this genus. Moreover, genes for energy metabolisms outside
nitrification suggest that “Ca. Nitrotoga” are ecologically more flexible than previously anticipated.
The identification of a novel nitrite-oxidizing enzyme in “Ca. N. fabula” expands our picture of the
evolutionary history of nitrification and might lead to discoveries of novel nitrite oxidizers.
Altogether, this study provides urgently needed insights into the biology of understudied but
environmentally and biotechnologically important microorganisms.

Introduction

Nitrification, the microbially catalyzed oxidation of ammonia via nitrite to nitrate, is a key process of
the natural biogeochemical nitrogen cycle. Nitrification also is critical for the removal of excess
nitrogen from sewage in wastewater treatment plants (WWTPs), whereas in agriculture it
contributes to the loss of nitrogen from fertilized soils (Prosser 2011). The first step of nitrification —
ammonia oxidation to nitrite — is carried out by chemolithoautotrophic ammonia-oxidizing bacteria
and archaea, whereas the second step — nitrite oxidation to nitrate — is catalyzed by
chemolithoautotrophic nitrite-oxidizing bacteria (NOB).

NOB are the main biological source of nitrate, an important nitrogen source for many plants and
microorganisms and an electron acceptor used by many microbes under anoxic conditions.
Additionally, NOB have a strong impact on marine carbon cycling (Pachiadaki et al. 2017). Recently,
surprising discoveries have been made in NOB-related research, demonstrating alternative energy
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metabolisms such as the oxidation of hydrogen, sulfide, formate, and other organic compounds in
organisms previously described as obligate nitrifiers (Koch et al. 2014; Koch et al. 2015; Fussel et al.
2017). Furthermore, a novel ‘reciprocal feeding’ interaction of NOB from the genus Nitrospira with
ammonia oxidizers was described, where the NOB initiate nitrification by releasing ammonia from
urea or cyanate (Koch et al. 2015; Palatinszky et al. 2015). Another surprise was the discovery of
photolithoautotrophic NOB that use nitrite as an electron donor for anoxygenic photosynthesis
(Griffin et al. 2007) and most likely evolved independently of the chemolithoautotrophic NOB (Hemp
et al. 2016). For decades, a core paradigm of nitrification research stated that ammonia and nitrite
oxidation are always catalyzed by distinct organisms, which cooperate by cross-feeding. This long-
standing opinion was contradicted by the discovery of complete nitrifiers (comammox organisms) in
the NOB genus Nitrospira, which perform both steps of nitrification (Daims et al. 2015; van Kessel et
al. 2015). All NOB known until recently belong to the Alpha- and Gammaproteobacteria, the phylum
Nitrospirae, or the phylum Nitrospinae (Teske et al. 1994; Ehrich et al. 1995; Liicker et al. 2013). The
known phylogenetic diversity of NOB has been now expanded by the description of several new NOB
lineages: the genus Nitrolancea in the Chloroflexi (Sorokin et al. 2012), the candidate genus
“Nitromaritima” in the Nitrospinae (Ngugi et al. 2016), and the candidate genus “Nitrotoga” in the
Betaproteobacteria, family Gallionellaceae (Alawi et al. 2007).

Past research demonstrated that Nitrospira are the major NOB in many WWTPs (Juretschko et al.
1998; Daims et al. 2001). However, “Candidatus (Ca.) Nitrotoga” have recently been recognized as
another widely distributed and sometimes predominant group of NOB in WWTPs (Alawi et al. 2009;
Licker et al. 2015; Saunders et al. 2016). Other known habitats of “Ca. Nitrotoga” include soil,
sediment, tap water and recirculation aquaculture biofilms, caves, and subglacial lake ecosystems
(Alawi et al. 2007; Chen et al. 2009; Achberger et al. 2016; Hipeden et al. 2016; Ishii et al. 2017;
Kinnunen et al. 2017). Despite their importance, little is known about the microbiology of “Ca.
Nitrotoga”. The first representative, “Ca. N. arctica”, was enriched from Siberian permafrost soil
(Alawi et al. 2007). This organism and “Ca. Nitrotoga” members enriched from activated sludge
(Alawi et al. 2009) or eelgrass sediment (Ishii et al. 2017) are adapted to cold temperatures.
Moreover, a slightly acidic pH (5.7 to 6.8) and elevated nitrite loading were reported to favor growth
of “Ca. Nitrotoga” over Nitrospira (Hipeden et al. 2016; Kinnunen et al. 2017; Ma et al. 2017). In
addition, the kinetics of nitrite oxidation were studied using enriched “Ca. Nitrotoga” members
(Nowka et al. 2014; Ishii et al. 2017). Further characterization of “Ca. Nitrotoga”, including the nature
of its nitrite-oxidizing enzyme and potential for alternative energy metabolisms, has been hampered
by the lack of any pure culture or genome sequence from this genus.

In this study we obtained the first “Ca. Nitrotoga” isolate, characterized its key physiological
properties, and analyzed its genetic repertoire based on the fully sequenced genome. The new strain,
which has been isolated from a municipal WWTP, shows remarkably different physiological
adaptations than the previously described “Ca. Nitrotoga” enrichments. Phylogenetic analysis of its
nitrite oxidoreductase (NXR), the key enzyme for nitrite oxidation, suggests that the evolutionary
history of NOB is more complex than previously assumed and indicates that a surprising diversity of
yet undiscovered bacterial and archaeal nitrite oxidizers may exist in nature.
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Results and Discussion

Isolation of a new “Ca. Nitrotoga” species

After inoculation of mineral nitrite medium with nitrifying activated sludge from a municipal WWTP
and repeated feeding with nitrite, a nitrite-oxidizing primary enrichment culture was obtained. An
initial analysis of the culture by 16S rRNA-targeted fluorescence in situ hybridization (FISH) revealed
the presence of Nitrospira, “Ca. Nitrotoga”, and other bacteria. Aliquots of this culture were regularly
diluted in fresh nitrite medium and incubated to further enrich the NOB. After the third dilution and
transfer step, planktonic “Ca. Nitrotoga” cells were still detected by FISH in the culture, whereas
Nitrospira cells were not found. Nitrospira might still have been present in abundances below the
detection limit of FISH of approximately 10* target cells per ml (Amann et al. 1995). The cause of the
prevalence of “Ca. Nitrotoga” at this stage of enrichment remains unknown. In addition, this
secondary enrichment contained other bacteria that were probably feeding on organic compounds
produced by the autotrophic NOB.
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Figure 1 Phylogenetic affiliation of “Ca. N. fabula”. The consensus tree, which is based on 16S rRNA gene
sequences of cultured and uncultured members of the candidate genus “Nitrotoga”, shows the position of the
“Ca. N. fabula” isolate (highlighted orange) in this genus. Other cultured (enriched) “Ca. Nitrotoga” strains are
highlighted in boldface. Pie charts indicate statistical support of branches based on maximum likelihood
(RAXML; 1,000 bootstrap iterations) and neighbor joining (NJ; 1,000 bootstrap iterations). For PhyML, no
bootstrap analysis was performed and grey indicates the presence of a branch. The scale bar indicates 0.01
estimated substitutions per nucleotide.

Since all further attempts to purify “Ca. Nitrotoga” in liquid culture were unsuccessful, the capability
of this nitrite oxidizer to grow on solid nitrite media was tested. Except for some Nitrobacter strains
(e.g. Bock et al. 1983) and Nitrolancea hollandica (Sorokin et al. 2012), no pure culture of NOB has
been grown on solid media. NOB streaked onto plates might be inhibited by ambient oxygen (Spieck
& Lipski 2011) or by organics in commonly used solidifying agents (Nowka et al. 2015). Inhibition
could also be caused by H,0; that is formed when medium containing agar (or agarose) and
phosphate is autoclaved (Tanaka et al. 2014). No growth of “Ca. Nitrotoga” was observed after
streaking aliquots of the secondary enrichment onto plaque agarose plates, which had been
autoclaved in the presence of phosphate, and on media containing noble agar or sieve agarose (with
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phosphate added before or after autoclaving). In contrast, small (<1 mm), light brown colonies were
obtained after incubation for one month on plaque agarose medium prepared with phosphate
addition after autoclaving. Direct Sanger sequencing of 16S rRNA genes PCR-amplified from these
colonies confirmed that the colonies consisted of “Ca. Nitrotoga” cells. The obtained 16S rRNA gene
sequence was identical to that retrieved from subsequent liquid cultures (see below and Figure 1).
Thus, selection of a suitable solidifying agent and reduction of H,0, formation in the medium were
the key prerequisites for growing “Ca. Nitrotoga” on plates. A single colony was then re-streaked
onto new plates and cells were finally transferred into liquid nitrite medium. Subsequent purity
checks (see Methods) confirmed the absence of any other detectable organism in the culture.
Phylogenetic analysis of 16S rRNA genes revealed a close affiliation of the obtained “Ca. Nitrotoga”
isolate with all other enriched “Ca. Nitrotoga” strains and various environmental sequences
(Figure 1). The highest 16S rRNA gene sequence identity shared by the new isolate and a previously
enriched “Ca. Nitrotoga” member was 98.63% with “Ca. Nitrotoga sp. HW29” (Hlpeden et al. 2016).
As this value is below the threshold of 98.7 to 99% used to differentiate species (Stackebrandt &
Ebers 2006) and the obtained isolate showed distinct physiological properties (see below), we
propose this organism represents a separate species within the candidate genus “Nitrotoga”.

The new “Ca. Nitrotoga” isolate had a peculiar bean-shaped morphology, and the periplasmic space
was not enlarged as much as previously described for “Ca. Nitrotoga” cells (Alawi et al. 2007; Alawi et
al. 2009; Ishii et al. 2017) (Figure 2). Because of the characteristic morphology, we propose the name
“Candidatus Nitrotoga fabula KNB” (“small bean”, strain designation KNB for the WWTP in
Klosterneuburg, Austria) for the new isolate.

Figure 2 Morphology of “Ca. N. fabula”. (A) Pure culture of “Ca. N. fabula” visualized by FISH with the “Ca.
Nitrotoga”-specific probe Ntogal22 (red) and by DAPI staining (blue). Scale bar, 2 um. (B) Scanning electron
micrograph imaged after chemical fixation (scale bar, 2 um). (C and D) Transmission electron micrographs (C:
after cryopreservation, D: after chemical fixation; scale bars, 0.5 um). Black arrows indicate the periplasmic
space.
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Physiological characterization of “Ca. N. fabula” in comparison to previous “Ca. Nitrotoga”
enrichments and other NOB

The nitrite-oxidizing activity of “Ca. N. fabula” had its temperature optimum at 24 to 28°C and was
poor below 20°C (Figure 3A). This preference for elevated temperatures was unexpected, because all
characterized enriched “Ca. Nitrotoga” members prefer lower temperatures or at least remain active
under cold conditions (Table 1). The temperature optimum of “Ca. N. fabula” rather resembles that
of some NOB in the genus Nitrospira also isolated from WWTPs (Nowka et al. 2015). However, it is
noteworthy that uncultured “Ca. Nitrotoga” in WWTPs showed activity over a broad range of
temperatures from 4 to 27°C (Liicker et al. 2015) (Table 1). Thus, “Ca. Nitrotoga” members cover a
broad temperature range, and not all species are adapted to low temperature as was previously
assumed for this genus.
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Figure 3 Temperature and pH optima for the nitrite-oxidizing activity of “Ca. N. fabula”. (A) Mean nitrite
oxidation rates during 48 h of incubation at different temperatures. (B) Mean nitrite oxidation rates during 21 h
of incubation at different pH. (A and B) Data points show means, error bars show the standard deviation of
three biological replicates. If not visible, error bars are smaller than points. Significance of difference was
calculated by Welch’s t-test (**P<0.01; ***P<0.001) between data points as indicated by horizontal lines.

The pH optimum of “Ca. N. fabula” was between 7.1 and 7.6, and activity decreased at more acidic or
alkaline conditions (Figure 3B). Similar to temperature, adaptation to pH varies among “Ca.
Nitrotoga” members (Table 1). For example, “Ca. N. sp. HW29” oxidized nitrite most actively at
pH 6.8 and retained as much as 75% of its maximal activity at pH 6.1 (Hlpeden et al. 2016), whereas
“Ca. N. fabula” lost approximately 75% of its maximal activity already at pH 6.6 (Figure 3B). “Ca. N.
fabula” showed no lag phase of its nitrite-oxidizing activity even with 30 mM nitrite in the medium
(Figure S1A), and thus it tolerated much higher nitrite concentrations than other, enriched “Ca.
Nitrotoga” members (Table 1). A high tolerance to nitrite was also reported for Nitrospira defluvii
(maximum 25 mM) (Off et al. 2010) and Nitrolancea hollandica (75 mM), two other NOB isolated
from activated sludge (Sorokin et al. 2012; Nowka et al. 2015). Little is known about the nitrate
tolerance of “Ca. Nitrotoga”. Nitrite oxidation by “Ca. N. fabula” remained completely inhibited in
the presence of >25 mM nitrate even after one year of incubation (Figure S1B).

Nitrite oxidation by “Ca. N. fabula” followed Michaelis-Menten kinetics (Figure 4, Figure S2), with a
mean apparent half-saturation constant of Kmapp) =89.3 £ 3.9 uM (s.d.) nitrite. The calculated mean
maximum oxidation rate of nitrite (Vmax) Was 27.6 £ 8.4 umol nitrite (mg protein x h)? (Figure 4,
Figure S2). The measured Km@pp)(NO2") of “Ca. N. fabula” was higher (but still in the same order of
magnitude) than values reported for “Ca. Nitrotoga” enrichments from soil and sediment (Table 1).
The slightly poorer affinity for nitrite of “Ca. N. fabula” may reflect adaptation to different habitats.
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However, in enrichment cultures, the accompanying organisms may also respire oxygen or use nitrite
(e.g., for denitrification) and thus affect affinity measurements based on respirometry (Nowka et al.
2014) or nitrite consumption (Ishii et al. 2017). In either case, the affinity of the NOB can be
overestimated in enrichment cultures. Thus, comparison of results obtained by analyses of an isolate
and of enrichment cultures must be interpreted with caution. In comparison to other NOB, the
affinity for nitrite of “Ca. Nitrotoga” is moderate (Table S1). In particular, Nitrospira with a
significantly higher affinity (Table S1) may outcompete “Ca. Nitrotoga” in oligotrophic habitats and in
continuously operated WWTPs (which resemble chemostats) where ambient nitrite concentrations
are low.

Altogether, adaptations of NOB in the genus “Ca. Nitrotoga” to a broad range of conditions (Table 1)
likely reflect the wide distribution of this genus in natural and engineered ecosystems.
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Figure 4 Nitrite oxidation kinetics of “Ca. N. fabula”. Nitrite oxidation rates were calculated from microsensor
measurements of nitrite-dependent O, consumption. The curve indicates the best fit of the data to the
Michaelis-Menten kinetic equation. The protein concentration used to calculate Vmax was 46.1 mg/l. The
experiment was performed with biomass concentrated by centrifugation. Data from three additional biological
replicates are shown in Figure S2.

Table 1 Physiological characteristics of isolated or enriched NOB in the candidate genus “Nitrotoga”. Data for
uncultured “Ca. Nitrotoga” in activated sludge are listed for comparison.

“Ca. Nitrotoga” strain Temp. optimum pH optimum Nitrite tolerated Nitrate tolerated  Km(app) NO2"

(°Q) (mM) (mM) (rM)
“Ca. N. fabula KNB” 24-28 (poor activity 7.1t0 7.6 Max. concn ND <25 89.3+3.9
(isolate) <20) (activity at 1-30)
“Ca. N. arctica 6680” 10 ND (cultured <1.2 ND 58 + 28
(enrichment)? at 7.4-7.6)
“Ca. N. sp. HAM-1" NDf (cultured at 10 ND (cultured Max. concn ND ND ND
(enrichment)Pb and 17) at 7.4-7.6) (cultured at 0.3)
“Ca. N. sp. AM1” 16 ND (cultured Max. concn ND ND 24.7+9.8
(enrichment)© at 8.0-8.3) (cultured at 0.7-

2.6)

“Ca. N. sp. HW29” 22 (40% of max. 6.8 <8 ND ND
(enrichment)d activity at 10)
Uncultured “Ca. Activity at 4-27 ND Activity at 0.1-10 ND ND

Nitrotoga” in WWTPse

a Data from Alawi et al. (2007), Nowka et al. (2014)
b Data from Alawi et al. (2009)

¢ Data from Ishii et al. (2017)

d Data from Hiipeden et al. (2016)

e Data from Liicker et al. (2015)

fND = not determined
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Genomic characterization of “Ca. N. fabula”

The genome of the “Ca. N. fabula” isolate was completely reconstructed and closed by Illumina and
nanopore sequencing (Table S2 and Figure S3). The chromosome comprises 2,609,426 bp, has an
average G+C content of 50.14%, and contains 2,609 coding sequences (CDS). Core metabolic
pathways of “Ca. N. fabula” were reconstructed from the genomic data (Figure 5 and Table S4).
Interestingly, “Ca. N. fabula” possesses a plasmid that has a size of 5,404 bp and contains six CDS
(Tables S2 and S3). Its average G+C content of 63.55% differs drastically from the chromosome,
indicating horizontal acquisition of the plasmid. The high similarity of all six CDS to homologs in
Alpha-, Beta- and Gammaproteobacteria (Table S3) suggests a proteobacterial plasmid donor.
Plasmids are a rare feature in NOB reported so far only for Nitrobacter (Kraft & Bock 1984;
Starkenburg et al. 2008). The plasmid of “Ca. N. fabula” encodes two hypothetical proteins, a
putative transcriptional regulator, a quaternary ammonium compound resistance protein (EmrE), a
putative relaxase, and a putative replication initiation protein (Table S3). The latter two likely are
involved in plasmid acquisition and replication, respectively. EmrE might be beneficial for life in
activated sludge (see below). The plasmid and the capability of “Ca. N. fabula” to grow on solid
media could facilitate the development of a vector and a transformant selection system for using
“Ca. N. fabula” as a genetically tractable model nitrite oxidizer. To date, no genetic system has been
established for any NOB.
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Nitrite oxidation and nitrite oxidoreductase phylogeny

NXR, the key enzyme for nitrite oxidation, belongs to the type Il dimethyl sulfoxide (DMSO) reductase
family of molybdopterin cofactor-binding enzymes (Meincke et al. 1992; Liicker et al. 2010). The
catalytic alpha subunit (NxrA) of known NXRs contains the Mo cofactor and one Fe-S cluster. It is
associated with the beta subunit NxrB, which contains four Fe-S clusters. NxrB likely transfers
electrons derived from nitrite to the gamma subunit NxrC or directly to the respiratory chain (Licker
et al. 2010). NXR was reported to be a membrane-associated enzyme (Spieck et al. 1996; Spieck et al.
1998; Liicker et al. 2010). The proposed membrane anchor is NxrC, which probably binds one or two
heme groups and may thus also be involved in electron transfer (Licker et al. 2010). The three
known types of NXR differ in their cellular localization and phylogenetic affiliation (Llcker et al.
2010). In two groups, NxrA and NxrB face the cytoplasmic side of the cell membrane (Spieck et al.
1996; Hemp et al. 2016). These NXRs are closely related to membrane-bound, cytoplasmically
oriented nitrate reductases (NAR) (Figure 6). One type is found in Nitrobacter, Nitrococcus, and
Nitrolancea, and the second type in the phototrophic NOB Thiocapsa KS1 (Meincke et al. 1992;
Sorokin et al. 2012; Hemp et al. 2016; Fussel et al. 2017) (Figure 6). In the third group, NxrA and NxrB
are oriented towards the periplasmic space. This type occurs in Nitrospira, Nitrospina, and in
anaerobic ammonium oxidizers (anammox organisms) and is phylogenetically distinct from the
cytoplasmic NXRs (Spieck et al. 1998; Liicker et al. 2010; Liicker et al. 2013) (Figure 6). In anammox,
NXR is localized in the anammoxosome instead of the periplasm (de Almeida et al. 2015).
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Consistent with its growth on nitrite as the sole energy source and electron donor, “Ca. N. fabula”
encodes NXR (Figure 5, Figure S3, Table S4). The genome contains two identical loci coding for NxrA,
NxrB, a putative NxrC, and a putative chaperone (Figure S3, Table S4). No other nxr genes were
identified. NxrA and NxrB of “Ca. N. fabula” contain the conserved binding sites for the Mo cofactor
and the Fe-S clusters found also in the respective homologs of Nitrospira defluvii (Licker et al. 2010)
with only few differences. In NxrA, the Mo binding site has the sequence pattern Y-4x-D-11x-QM
instead of Y-4x-D-11x-QN as in N. defluvii. In NxrB of “Ca. N. fabula”, the binding site of Fe-S cluster IV
contains cysteine at the position homologous to Asp45 of N. defluvii and lacks an insertion of eight
residues that is found in N. defluvii (Licker et al. 2010). NxrC shows only low similarity to gamma
subunits of other type Il DMSO reductase-like enzymes. It contains a predicted heme-binding site but
no transmembrane helix, indicating that the NXR of “Ca. N. fabula” may be soluble or interacts with
another membrane-bound protein, as was also discussed for Nitrospina gracilis (Licker et al. 2013).
NxrA contains an N-terminal signal peptide for protein export via the twin-arginine protein
translocation mechanism, and NxrC contains an N-terminal signal peptide for translocation via the
Sec pathway, suggesting that the NXR of “Ca. N. fabula” is located in the periplasmic space (Figure 5).
NxrB lacks any translocation signal but may be co-translocated with NxrA as proposed for the
periplasmic NXRs of Nitrospira and Nitrospina (Licker et al. 2010; Liicker et al. 2013). A periplasmic
NXR should be energetically advantageous, because nitrite oxidation outside the cell releases
protons into the periplasm and may contribute directly to proton motive force (pmf) (Licker et al.
2010) (Figure 5). This feature likely helps “Ca. Nitrotoga” compete with co-occurring NOB harboring a
cytoplasmic NXR.

Intriguingly, phylogenetic analysis of the catalytic NxrA subunit revealed that the NXR of “Ca. N.
fabula” is not closely related to the other known NXR forms. Instead, it belongs to a distinct “sister
clade” of the lineage containing the periplasmic NXRs of Nitrospira, Nitrospina, and anammox
(Figure 6). Some of the proteins affiliated with NxrA of “Ca. N. fabula” are catalytic subunits of
putative NARs (NarG) from phylogenetically diverse bacteria and archaea, which are known nitrate
reducers (Figure 6). Only recently, the enzyme of Hydrogenobacter thermophilus has been
functionally characterized as a periplasmically oriented, membrane-bound NAR (Kameya et al. 2017).
The affiliation of NXR from “Ca. N. fabula” with this clade demonstrates that enzymes in this group
are capable of nitrite oxidation. Since other NXRs are bidirectional enzymes that oxidize nitrite and
also reduce nitrate (Freitag et al. 1987; Koch et al. 2015; Fissel et al. 2017), it is conceivable that also
known nitrate-reducing members of this clade could oxidize nitrite for detoxification or even for
energy conservation under permissive conditions. An additional requirement for nitrite oxidation
would be suitable electron carriers, such as high-potential cytochrome (cyt.) ¢, which accept the
electrons derived by NXR from nitrite. To our knowledge, except for “Ca. N. fabula”, none of the
cultured organisms possessing enzymes in this NXR/NAR clade has systematically been tested for a
nitrite-oxidizing phenotype. Moreover, the clade contains proteins from highly diverse, uncultured,
and physiologically uncharacterized organisms (Figure 6) that might be novel nitrite oxidizers if they
also possess high-potential electron carriers. According to this assumption, nitrite oxidation might
occur within the domain Archaea (Figure 6). Recently, we sequenced a joint metagenome from
pooled DNA from early-stage nitrifying enrichments, which had been established at 75°C from a hot
spring in Iceland (Supplementary text). Nitrite oxidation had been observed in several of these
cultures. The only nxr-like genes found in the assembly were binned into a metagenome-assembled
genome of a crenarchaeon, which was remotely related to the genus Ignisphaera (family
Desulfurococcaceae) (Figure S4). Intriguingly, its putative NxrA fell into the same clade as the NxrA of
“Ca. N. fabula”. It grouped with the NxrA/NarG of “Ca. Caldiarchaeum subterraneum” (phylum
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“Aigarchaeota”), an uncultured and phenotypically uncharacterized thermophilic archaeon (Figure 6).
The absence of unambiguously detectable, canonical NOB from the metagenomic dataset and the
presence of archaea possessing a putative NXR is highly conspicuous and deserves further
investigation.

Previous analyses suggested that NXR independently evolved at least three times within the type ||
DMSO reductase family, leading to the aforementioned three types of cytoplasmic and periplasmic
NXRs (Licker et al. 2010; Hemp et al. 2016). The distinct phylogenetic position of the novel NXR of
“Ca. N. fabula” indicates an even more complex evolutionary history of nitrite oxidation. Functional
data for the enzymes in this clade are too sparse to assess whether nitrite oxidation may be an
ancestral feature of this lineage, or more likely a secondary adaptation found in “Ca. Nitrotoga” (and
possibly additional organisms) with the remaining proteins being strict NARs. However, it is
remarkable that the clade shares a common ancestor with the Nitrospira / Nitrospina / anammox
enzymes, which exclusively are NXRs (Figure 6). It also remains unclear whether this type of NXR
evolved in “Ca. Nitrotoga” or was acquired through horizontal gene transfer by an ancestor of this
genus.

Central energy and carbon metabolism

In NOB, electrons derived from nitrite are transferred from NXR to cyt. ¢ and then to the terminal
oxidase (cyt. c oxidase; complex IV) for aerobic respiration (Figure 5). The genome of “Ca. N. fabula”
encodes several c-type cytochromes and a predicted high-affinity, proton-pumping heme-copper
cyt. ¢ oxidase of the cbbs type (Table S4). The conserved energy is used for ATP synthesis by a
canonical F,;F, ATPase (complex V) (Figure 5 and Table S4). In addition, “Ca. N. fabula” possesses a
canonical NADH dehydrogenase (complex|) and the complete oxidative tricarboxylic acid cycle,
including a four-subunit succinate dehydrogenase complex (complex Il) (Figure 5 and Table S4). A
canonical quinol:cyt. ¢ oxidoreductase (complexlll) is lacking, but “Ca. N. fabula” encodes an
alternative complex 1l (ACIII) (Refojo et al. 2012) that is highly similar to ACIII of other Gallionellaceae
members (Emerson et al. 2013). Thus, “Ca. N. fabula” possesses a complete electron transport chain
for respiration using inorganic low-potential electron donors such as H, (see below) or organic
compounds. For example, glycogen deposits may serve as an energy source for cell maintenance
during starvation (Figure 5 and Table S4). However, “Ca. N. fabula” appears to lack genes for the
uptake and utilization of formate, pyruvate, and acetate, which can be used as carbon and/or energy
sources by several other NOB (Bock 1976; Daims et al. 2001; Ushiki et al. 2013; Koch et al. 2015). A
transporter for branched amino acids may enable their use as organic sources of energy, carbon and
nitrogen, or directly as protein building blocks (Figure 5). “Ca. N. fabula” can also assimilate nitrogen
from ammonium and nitrite (Table S4), but in contrast to some other NOB (Koch et al. 2015;
Palatinszky et al. 2015) it lacks any known genes for utilizing urea or cyanate.

When nitrite is the sole electron donor, reductants for autotrophic CO; fixation must be provided by
reverse electron transport. Unlike Nitrospira, “Ca. N. fabula” lacks multiple copies of complexes | and
[l that might channel electrons in opposite directions (Llcker et al. 2010; Koch et al. 2015). Thus, we
assume that these single complexes of “Ca. N. fabula” are bidirectional and consume pmf for reverse
electron transport (Figure 5). “Ca. N. fabula” encodes the complete Calvin-Benson-Bassham (CBB)
cycle for CO; fixation, including two divergent copies of the small (37% amino acid identity) and large
(56% identity) subunits of type I ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Other
NOB using the CBB cycle are Nitrobacter, Nitrococcus, and Nitrolancea (Starkenburg et al. 2006;
Sorokin et al. 2012; Fussel et al. 2017). In contrast, Nitrospira and Nitrospina utilize the more oxygen-
sensitive reductive TCA cycle (Llcker et al. 2010; Liicker et al. 2013). Hence, “Ca. Nitrotoga” might be
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more resistant to high dissolved oxygen (DO) concentrations and could have a competitive advantage
over Nitrospira in strongly aerated activated sludge tanks. Based on its predicted high-affinity
terminal oxidase (see above), “Ca. N. fabula” could also cope with low-DO conditions that occur, for
example, in simultaneously nitrifying and denitrifying bioreactors. This may explain the observed
presence of “Ca. Nitrotoga” in a low-DO nitrifying bioreactor where it co-occurred with Nitrospira
(Okabe et al. 1999; Keene et al. 2017; Park & Noguera 2008), which can also oxidize nitrite at low DO
concentrations (Okabe et al. 1999; Park & Noguera 2008).

Alternative energy metabolisms

The recent discovery that some Nitrospira grow chemolithoautotrophically by aerobic hydrogen
oxidation was unexpected, because nitrifiers had been regarded as metabolically restricted
organisms whose energy metabolism is intimately linked to the nitrogen cycle (Koch et al. 2014).
Interestingly, “Ca. N. fabula” harbors a complete set of genes encoding a group 3d NAD-coupled
[NiFe] hydrogenase and accessory proteins (Figure S3, Table S4) (Greening et al. 2016). The enzymes
in this group are cytosolic bidirectional hydrogenases and can be oxygen tolerant (Vignais & Billoud
2007). The hydrogenase could enable “Ca. N. fabula” to use H, as an energy source and electron
donor for aerobic growth and, if NXR works reversible, for anaerobic respiration with nitrate as
electron acceptor. Both activities were observed for Nitrospira moscoviensis, although growth
occurred only in oxic incubations (Ehrich et al. 1995; Koch et al. 2014). Hydrogenases occur in various
NOB (Koch et al. 2014), and hydrogen oxidation as an alternative energy metabolism has several
advantages for these organisms. Firstly, it can help NOB survive nitrite-depleted conditions. Secondly,
electrons derived from H, can be used for CO, fixation without reverse electron transport, saving
energy for other cellular functions. Finally, it may enable NOB to colonize niches independent of
nitrification. A source of H, could be fermenting heterotrophs living nearby in anoxic niches in soils,
sediments, biofilms, and flocs (Daims et al. 2016).

“Ca. N. fabula” also encodes a periplasmic sulfite:cyt. ¢ oxidoreductase (Figure 5, Table S4), which
may allow it to use sulfite as energy source and electron donor. Recently, the participation of NOB in
sulfur cycling was demonstrated for Nitrococcus that oxidized sulfide in the presence of O, (Fussel et
al. 2017).

Stress response, defense, and cell-cell communication

Contrasting their aerobic metabolism, several NOB and also comammox organisms lack catalase,
superoxide dismutase, or both (Liicker et al. 2010; Liicker et al. 2013; Daims et al. 2015). “Ca. N.
fabula” possesses both enzymes (Figure 5, Table S4) but apparently was nevertheless inhibited by the
amount of H,0, formed during the preparation of solid media with phosphate (see above).
Wastewater contains many potentially toxic compounds. Accordingly, the genome of “Ca. N. fabula”
encodes various resistance and detoxification mechanisms including efflux systems for heavy metals
and organic solvents, arsenate reductase, and chlorite dismutase (Figure 5, Table S4). Quaternary
ammonium compounds (QAC) are widely used as disinfectants and are ingredients in cosmetics and
household products. In addition to gene emrE on the plasmid (see above), “Ca. N. fabula” has
another QAC resistance gene (sugE) on the chromosome. QAC resistance is not a common feature of
NOB isolated from WWTPs. While the genome of Nitrospira defluvii encodes SugE, both Nitrospira
japonica NJ1 and Nitrospira ND1 (Ushiki et al. 2018) lack QAC resistance genes. The sensitivity of NOB
to QAC and other harmful compounds has hardly been studied, but it could be an important factor
determining the distribution and abundance of different NOB in sewage treatment systems.

“Ca. N. fabula” possesses a Luxl/LuxR-type quorum sensing (QS) system that is similar to the
Anol/AnoR system of Acinetobacter nosocomialis (Oh & Choi 2015) (56% amino acid sequence
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identity to Anol, 46% identity to AnoR). QS systems have also been identified in Nitrobacter and
Nitrospira (Ushiki et al. 2018; Mellbye et al. 2017). In Nitrobacter, QS has been linked to the
production and consumption of nitrogen oxides (Mellbye et al. 2016). Further functions of QS in NOB
await investigation, and it will be exciting to see whether QS plays similar or different roles in
phylogenetically diverse NOB including “Ca. Nitrotoga”.

Description of “Candidatus Nitrotoga fabula”

Fabula (L. fem. noun, small bean, referring to the characteristic bean-shaped morphology of the
cells).

Cells are Gram-negative short curved rods with a length of approximately 1 um and width of
approximately 0.5 um. “Ca. N. fabula” grows planktonically but forms loose flocs at high cell density.
Non-motile. Aerobic chemolithoautotrophic nitrite oxidizer that uses CO, as the sole carbon source.
Temperature optimum 24-28°C, pH optimum 7.1-7.6. Nitrite oxidation was observed up to 30 mM
nitrite (higher concentrations not tested) and below 30 mM nitrate. Grows in mineral liquid and on
solid (plaque agarose autoclaved without phosphate) nitrite media. Genome consists of a single
chromosome and a plasmid. The G+C content of the DNA is 50.14 mol% (chromosome) and
63.55 mol% (plasmid).

Strain “Ca. N. fabula KNB” was isolated from activated sludge of the municipal wastewater treatment
plant in Klosterneuburg, Austria. The strain is available from the authors upon request.

Conclusions

The physiological and genomic characterization of the first “Ca. Nitrotoga” isolate has revealed
potential alternative energy metabolisms and a broader spectrum of physiological adaptations in this
genus than previously assumed. Like Nitrospira, “Ca. Nitrotoga” members can be versatile NOB
whose metabolic flexibility may explain their competitive success in dynamic environments such as
WWTPs. However, fundamental differences between “Ca. Nitrotoga” and Nitrospira include the
affinity for nitrite (Table S1), as well as the resistance of “Ca. Nitrotoga” to higher oxygen levels
according to the genetic inventory and growth on plates of “Ca. N. fabula”. Previous studies showed
that multiple factors, including the concentrations of DO and nitrite, temperature, and pH, influence
the community composition of NOB (Schramm et al. 1999; Maixner et al. 2006; Park & Noguera
2008; Alawi et al. 2009; Hiupeden et al. 2016; Keene et al. 2017). Further research is needed to
understand which conditions in engineered and natural ecosystems allow the coexistence of “Ca.
Nitrotoga” with Nitrospira or other NOB, and which factors lead to their competitive exclusion.
Intriguingly, the phylogenetic affiliation of the novel NXR of “Ca. Nitrotoga” with enzymes from
uncharacterized microorganisms indicates that the diversity of nitrite oxidizers in nature might be
much larger than currently anticipated.

Materials and Methods

Sampling and cultivation conditions

Activated sludge from the combined nitrification/denitrification tank (intermittently aerated, max.
DO concentration 2.5 mg/l) of the municipal WWTP Klosterneuburg (Austria) was sampled in January
2014. The sludge was diluted 1:3,000 in mineral medium that was prepared as described elsewhere
(Koch et al. 2014) and amended with 3 pg Na,SeOs x 5H,0 and 4 pug Na,WO, x 2H,0 per liter. Diluted
sludge (150 ml) was inoculated in 300 ml Erlenmeyer flasks that were loosely closed with aluminum
caps, supplied with 1 mM NaNO,, and incubated at room temperature in darkness and without
agitation. Nitrite consumption was regularly monitored by using nitrite/nitrate test stripes
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(Merckoquant, Merck). Upon depletion of nitrite, the cultures were fed with 1 mM NaNQ,. Aliquots
of the enrichments were sub-cultured into fresh medium (dilution factor 1:200) in intervals of 3to 8
weeks. After the second transfer, the cultures were kept in 100 ml borosilicate bottles filled with
40 ml medium and closed with plastic lids.

Solid mineral nitrite media were prepared with 1% (wt/vol) noble agar (Difco, item no. 214220), sieve
3:1 agarose (Biozym, item no. 850091), or plague agarose (Biozym, item no. 840100). The pH of the
media was adjusted to 7.8 either by adding KH,PO, prior to the addition of solidifying agent and
autoclaving or by adding sterile filtered KH,PO, of pH 8 after autoclaving. Aliquots (5 to 10 pl) of
1:100 diluted culture were streaked onto the solid media and incubated at room temperature in
darkness for several weeks. Grown colonies were re-streaked onto solid medium, and single colonies
were finally inoculated into liquid mineral medium. Culture aliquots were cryopreserved in mineral
medium containing 10% (vol/vol) DMSO (Vekeman et al. 2013).

Assessment of culture purity

The NOB community composition in liquid enrichment cultures was monitored by rRNA-targeted
FISH after cell fixation in formalin according to standard protocols (Daims et al. 2005). The
oligonucleotide probes applied were Ntspa662 specific for the genus Nitrospira (Daims et al. 2001),
Ntogal22 specific for the candidate genus “Nitrotoga” (Licker et al. 2015), probes EUB338-I to Il
that detect most bacteria (Amann et al. 1990; Daims et al. 1999), and NON338 as control for
nonspecific probe binding (Wallner et al. 1993). Probes were 5’ and 3’ double-labeled with the
fluorochromes Fluos, Cy3 and Cy5 and used in combination with the unlabeled competitor
oligonucleotides of Ntspa662 and Ntogal22, respectively (Daims et al. 2001; Liicker et al. 2015). FISH
was combined with nonspecific fluorescent labeling of all cells by DAPI. Fluorescence micrographs
were recorded using an epifluorescence microscope (Zeiss Axio Imager M2 with Axiocam 506 Mono).
The purity of the “Ca. N. fabula” isolate was assessed by (i) FISH and DAPI staining as described
above; (ii) inoculation of Luria Bertani medium, which was diluted 1:10 in mineral medium, to test for
heterotrophic contaminants; and (iii) PCR screening of the culture using the primers 8F and 1492R
that target the bacterial 16S rRNA gene (Juretschko et al. 1998; Loy et al. 2002). After purification
(QlAquick PCR purification kit, Qiagen), the PCR products were Sanger sequenced (Microsynth,
Austria) without cloning. The purity of the isolate was also confirmed by lllumina sequencing (see
below) and by the absence of cells with a divergent morphology in electron micrographs (for a
detailed description of sample preparation for electron microscopy, see Text S1).

Physiological experiments

Cells from pre-grown liquid cultures of “Ca. N. fabula” were collected by centrifugation (8,200xg,
20 min, 20°C). The supernatant was discarded, and the cells resuspended in fresh mineral medium
without nitrite. This procedure was repeated until no nitrite and nitrate was detectable in the
supernatant. The cells were finally resuspended in fresh mineral medium and served as an inoculum
for physiological experiments. All experiments were carried out in biological triplicates. To quantify
the nitrite-oxidizing activity, nitrite and nitrate concentrations were measured photometrically as
described elsewhere (Miranda et al. 2001; Garcia-Robledo et al. 2014). At each time point, samples
(0.5 ml) of the incubated cultures were taken, cells were removed by centrifugation (20,100xg,
10 min, 4°C), and the supernatant was stored at -20°C until chemical measurements were performed.
To determine the temperature optimum for activity of “Ca. N. fabula”, 100 ml borosilicate glass
bottles containing 40 ml medium supplemented with 1 mM NaNO, were pre-incubated at the tested
temperatures (4 to 46°C). After inoculation with washed cells (see above), the bottles were incubated
at the respective temperatures and the nitrite and nitrate concentrations were quantified after 48 h
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as described above. To determine the pH optimum for activity of “Ca. N. fabula”, mineral medium
was supplemented with 5mM (final concentration) sterile-filtered HEPES (Sigma Aldrich) after
autoclaving. The pH was adjusted to 6.6, 7.1, 7.6, 7.9, and 8.1 by adding 1 N NaOH and remained
stable throughout the experiment. Samples for nitrite and nitrate concentration measurements were
taken during three days of incubation at 28°C.

To determine the nitrite and nitrate tolerance, “Ca. N. fabula” cells were incubated in media
containing 1 to 30 mM nitrite or 15 to 50 mM nitrate, respectively, at the optimal temperature
(28°C). The media containing nitrate were also supplemented with 1 mM nitrite as substrate. Nitrite
oxidation was then monitored for up to six weeks (nitrite tolerance) and up to one year (nitrate
tolerance).

The nitrite oxidation kinetics of “Ca. N. fabula” were inferred from instantaneous oxygen uptake
measurements in four independent experiments as previously described (Kits et al. 2017). Nitrite
uptake rates were calculated from the measured oxygen uptake rates, and Michaelis-Menten plots of
nitrite uptake rates versus nitrite concentration were obtained by fitting a Michaelis-Menten model
to the data. Kinetic constants were estimated by nonlinear least squares regression. For a detailed
description of the approach, see Text S1.

DNA extraction, genome sequencing, and genome annotation

Cells were collected from a liquid “Ca. N. fabula” culture, which had been inoculated from a single
colony, by centrifugation (8,200xg, 20 min, 20°C) and frozen at -20°C. Total DNA was extracted
according to (Angel et al. 2012) with bead beating for cell disruption at 4 m s*. The genome of “Ca. N.
fabula” was sequenced and closed by applying a combination of lllumina and Nanopore technologies
(for details of genome sequencing and assembly, please refer to Text S1). The reconstructed genome
of “Ca. N. fabula” was uploaded to the MicroScope platform (Vallenet et al. 2017) for automatic
annotation and manual annotation refinement of selected metabolic pathways (Liicker et al. 2010).

Phylogenetic analyses

Representative full-length 16S rRNA gene sequences classified as “Ca. Nitrotoga” in the SILVA Ref NR
99 database (release 132, 13" December 2017) (Pruesse et al. 2007) and the 20 top BLASTn hits
(>95% alignment coverage, >98% identity) to the 16S rRNA gene sequence of “Ca. N. fabula” were
used to calculate phylogenetic trees. The 16S rRNA gene sequences of cultured Gallionella species,
and environmental sequences clustering between “Ca. Nitrotoga” and Gallionella, were used as
outgroup. Sequences were aligned using SINA (Pruesse et al. 2012); the length of analyzed sequences
was between 1,361 and 1,528 bp. Trees were calculated using the neighbor joining implementation
in ARB (Ludwig et al. 2004) (Jukes Cantor substitution model; 1,000 bootstrap iterations) and
maximum likelihood algorithms implemented in PhyML (Guindon & Gascuel 2003) and RAxML
(Stamatakis 2014) (GAMMA model of rate heterogeneity and GTR substitution model; 1,000
bootstrap iterations). A consensus tree was reconstructed using ARB and branching patterns were
compared manually between all calculated trees. NxrA/NarG protein sequences were aligned using
mafft-linsi v.7.312 (Katoh & Standley 2013) and trimmed using Trimal v1.4.rev15 (Capella-Gutiérrez
et al. 2009) with option -automatedl. The resulting alighnment consisting of 1,206 columns was used
to calculate trees in IQ-TREE v1.6.2 (Nguyen et al. 2015) and PhyloBayes v4.1b (Lartillot et al. 2009).
IQ-TREE calculations included model prediction by ModelFinder (Kalyaanamoorthy et al. 2017), which
identified the best-fit model to be LG+R8, and support values for bipartitions were calculated using
UFboot2 (Hoang et al. 2017). PhyloBayes calculations were carried out with 10 independent chains of
5,000 generations using the CAT-GTR model; 2,000 generations of each chain were discarded as
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burn-in, and the remainder were subsampled every third tree and pooled together for calculation of
posterior probabilities.

Accession numbers

The genome sequence of “Ca. N. fabula” has been deposited in the European Nucleotide Archive
(ENA) under the project PRIEB26077. The metagenome-assembled genome sequence of the
Desulfurococcaceae-related crenarchaeon from the thermophilic enrichment has been deposited at
NCBI GenBank under the project PRINA461265, accession QFWU00000000.
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Electron microscopy

Scanning electron microscopy was performed as described previously (Daebeler et al. 2018) with the
following modifications. Sterile poly-L-lysine coated slides were submerged in an actively growing “Ca.
N. fabula” culture for 3 days before fixation of attached cells. All fixatives were diluted in, and all
washing steps were performed with, cacodylate buffer (25 mM sodium cacodylate, 0.7 mM MgCl,, pH
7.0) mimicking medium osmolarity. For transmission electron microscopy following chemical fixation,
300 ml of a late exponential phase “Ca. N. fabula” culture was fixed by adding glutaraldehyde (2.5%
vol/vol final concentration) and harvested by centrifugation (9,000xg, 15 min). Cells were embedded
in 1% (wt/vol) plaque agarose (Biozym) in cacodylate buffer, cut into 1 mm-sized blocks and post-fixed
with a 1% (wt/vol) OsO, solution in cacodylate buffer for 1 h. Fixed cells were washed three times in
cacodylate buffer, dehydrated in 30 to 100% (vol/vol) ethanol, washed twice in propylene oxide, and
infiltrated with increasing concentrations of low viscosity resin in propylene oxide. For polymerization,
the resin blocks were incubated at 60°C for one week. Ultra-thin sections (70 nm) were cut from the
resin blocks (Ultracut S, Leica) with a glass knife. Sections were placed on copper grid mesh holders
and post-stained with gadolinium triacetate and lead citrate before visualization with a Libral20
transmission electron microscope (Zeiss). For transmission electron microscopy following high
pressure freezing, concentrated live culture was mixed with 2% agarose in a 3 mm aluminum sample
holder and immediately high pressure frozen with an HPM 100 (Leica). Samples were transferred onto
frozen acetone containing 1% (wt/vol) OsO, and processed using the super quick freeze-substitution
method (McDonald and Webb 2011). After reaching room temperature, the samples were washed
three times with acetone and two times with ethanol, and were infiltrated sequentially using
centrifugation (McDonald 2014) in 2 ml tubes with 25, 50, 75 and 25 2x 100% LR-White resin (Agar
Scientific). The samples were placed on top of the resin and centrifuged for 30 s at 2,000xg in each
step. After the second pure resin step, samples were transferred into fresh resin in gelatin capsules
and polymerized at 60°C for 1 h (Bowling and Vaughn 2008). Ultra-thin (70 nm) sections were cut with
an Ultracut UC7 (Leica) and mounted on formvar coated slot grids (Agar Scientific). Sections were
contrasted with 0.5% aqueous uranyl acetate (Science Services) for 20 min and with 2% Reynold's lead
citrate for 6 min before imaging with a Quanta FEG 250 scanning electron microscope (FEI) equipped
with a STEM detector.

Nitrite oxidation kinetic measurements

Nitrite oxidation kinetics of “Ca. N. fabula” were inferred from instantaneous oxygen uptake
measurements in four independent experiments as previously described (Kits et al. 2017). Biomass of
“Ca. N. fabula” was sampled upon substrate depletion (early stationary phase), which was predictable
to 2-3 hours. Oxygen uptake measurements were done using a microrespiration (MR) system
submerged in a recirculating water bath (28°C) (Martens-Habbena et al. 2009; Martens-Habbena and
Stahl 2011). All measurements were performed utilizing 2 ml glass MR chambers equipped with an
MR injection lid, a glass coated stir bar, a PA 2000 picoammeter, and an OX-MR oxygen microsensor
with a 500 um tip diameter (Unisense). Before the experiments, the OX-MR microsensor was polarized
continuously for at least one week (Martens-Habbena et al. 2009; Martens-Habbena and Stahl 2011).
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Culture biomass, either concentrated (10x by centrifugation at 6000xg, 5 min, 20°C) or un-
concentrated, was incubated for a minimum of 30 min in the recirculating water bath before transfer
to an MR chamber. MR chambers with glass coated stir bars were filled headspace-free with “Ca. N.
fabula” culture. Once immersed in the recirculating water bath, stirring (350 r.p.m.) was started. The
OX-MR microsensor was inserted into the MR chamber and equilibrated (1 to 2 h). Stable sensor signal
drift was measured for at least 10 min prior the initial injection 49 of nitrite using Hamilton syringes.
Multiple nitrite injection oxygen uptake measurement traces were performed. Nitrite additions
started from low concentrations and moved toward high concentrations (the injections led to
different start concentrations of nitrite in the MR chambers). Once the nitrite oxidation rate was stable
for 2-5 minutes, another injection was performed. The rate of oxygen uptake was measured after each
individual injection of nitrite (Kits et al. 2017). The endogenous rate of oxygen consumption was
subtracted from the measured rates at the different nitrite concentrations. Dissolved oxygen (DO) was
not a limiting factor in the experiments. The DO concentration in the MR chambers was 200-220 uM
at the beginning and 15-160 uM at the end of the experiments. After the experiments, MR chamber
contents were immediately frozen for chemical and protein analysis. Nitrite and nitrate
concentrations were measured to confirm the total injected nitrite concentration and oxidation to
nitrate. Total protein content per MR chamber was determined using the Pierce bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Scientific) “Enhanced Test-tube Procedure” after cell lysis (Bacterial
Protein Extraction Reagent, Thermo Scientific). The kinetic constants Km(app)and Vmax of “Ca. N. fabula”
were estimated from multiple nitrite injection oxygen uptake measurements. Nitrite uptake rates
were calculated from the measured oxygen uptake rates, according to a nitrite to oxygen uptake
stoichiometry of 2:1 for NOB. Michaelis-Menten plots of nitrite uptake rates versus nitrite
concentration were obtained by fitting a Michaelis-Menten model to the data. A nonlinear least
squares regression analysis was used to estimate both Kmapp) and Vmax of “Ca. N. fabula” (Kemmer and
Keller 2010).

“Ca. N. fabula” genome sequencing and assembly

Illumina sequencing libraries were prepared using the Nextera DNA library prep kit (lllumina Inc.)
following the manufacturer’s recommendations and paired-end sequenced (2x300 bp) on a MiSeq
using a MiSeq Reagent kit v3 (lllumina) following the manufacturer’s recommendations. In addition,
Nanopore library preparation was done using the Nanopore sequencing kit (SQK-MAP006, Oxford
Nanopore), following the manufacturers recommendations (v. MNOO6_1124 revF 14Aug2015). The
library was sequenced using the MinlON Mk1 device (Oxford Nanopore) with the MinKnow software
(v. 0.50.2.15). Base calling was carried out using Metrichor and the 2D base calling workflow (Rev.
1.62). lllumina read quality and adaptor trimming (trim limit: 0.01, no ambiguous bases, min length:
55 bp), de novo assembly (word size: 21, bubble size: 186, min length: 500 bp), and read mapping
(default settings except length fraction: 0.95 and similarity fraction: 0.95) were performed in CLC
Genomics Workbench v. 8.5.1. The Illumina de novo assembly was checked for contamination and
completeness using the mmgenome workflow (http://madsalbertsen.github.io/mmgenome/).
Afterwards, the lllumina de novo assembly was manually scaffolded with nanopore data (mapping
reads to scaffolds ends). Gaps were polished by recruiting lllumina reads mapping to the nanopore
reads and performing local gap reassembly with the lllumina reads (read mapping and de novo
assembly settings were the same as above except read similarity fraction: 0.85).
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Enrichment and metagenomic analysis of thermophilic nitrifiers

Biofilm was sampled from a hot spring (77°C, pH ~6) in Graendalur valley, Iceland (N 64°2' 0",
W 21° 11' 43"). To enrich nitrifying organisms, approximately 0.1 g of the biofilm sample was added
to 40 ml sterile mineral medium, which had been prepared according to Koch et al. (2015). The
medium was modified by the addition of 3 uM Na;W04x2H,0 (instead of Na,MoQ,, which was not
added), 3.4 nM Na,Se0sx5H,0, and 0.5 mM filter-sterilized NH4Cl. The culture was incubated at 75°C
and without agitation in 100 ml glass bottles in darkness. The ammonium, nitrite, and nitrate content
was checked weekly by using Nessler's reagent (Sigma—Aldrich) and nitrite/nitrate test stripes
(Merckoquant, Merck). Ammonium (0.5 mM NH,Cl) was replenished when completely consumed. The
pH was monitored with pH test stripes (Macherey-Nagel) and kept between 6 and 7 by titration with
NaHCOs. Aliquots of the ammonia- and nitrite-oxidizing enrichment were transferred into bottles
containing fresh medium when 5 to 8 mM of ammonium had been consumed. By this approach,
several subcultures were established from the same primary enrichment.

For the extraction of genomic DNA, biomass from several bottles was pooled, collected by
centrifugation (4,500xg, 20 min, 20°C), and stored at -20°C until further processing. The biomass was
then freeze-thawed three times before total nucleic acids were extracted by bead beating for 40 s
with speed setting 6.0 in the presence of phosphate buffer, 10% (w/v) SDS, and phenol as described
elsewhere (Angel et al. 2012). Between the addition of phosphate buffer and the addition of SDS and
phenol, a 30 min incubation with 2 pl of proteinase K (10 mg/ml) at 37°C and shaking (200 r.p.m.) was
added. In total 41.34 ng of DNA was sheared by ultrasonication for 40 s, using Covaris SonolLite v. 2.07.
Sequencing was performed at the next generation sequencing unit of the Vienna Biocenter Core
Facilities (www.vbcf.ac.at) using an Illumina HiSeq 2500 instrument to generate paired end (2x125 bp)
reads. Paired end reads were 3’ end-trimmed using a g-score of 15 and minimum length of 50
nucleotides. Quality-trimmed reads were assembled using Metaspades v. 3.11.1 (Nurk et al. 2017).
Assembly coverage was determined by mapping quality-trimmed reads with bwa v. 0.7.16a (Li and
Durbin 2009). Metabat v. 2.12.1 (Kang et al. 2015) was used to bin metagenome-assembled genomes
(MAGSs) using tetranucleotide frequency and coverage. CheckM v. 1.0.7 (Parks et al. 2015) was used
to assess MAG completeness and contamination. MAGs were automatically annotated by using an in-
house modified version of prokka (Seemann 2014), which uses a local copy of the NCBI non redundant
protein database (NCBI nr) for blast searches and reports for each predicted gene product the best
blast hit, sequence identity to this hit, and query and subject alignment coverage values.

Annotation of nxr genes

The nxr genes of “Ca. N. fabula”, and the putative nxr genes of the Desulfurococcaceae related
crenarchaeon, were identified (i) by screening the automated annotations for predicted nxr/nar-like
genes, and (ii) by blast searching the genomic datasets for members of the type || DMSO reductase
family with similarity to known NXR and NAR alpha, beta, and gamma subunits. Phylogenetic analysis
(Figure 6 in the main text) confirmed the affiliation of the predicted alpha subunits with (putative)
NARs of nitrate-reducing organisms. In the case of “Ca. N. fabula”, a detailed sequence comparison to
the validated NXR of Nitrospira defluvii confirmed the presence of the conserved, cofactor-binding
residues in the alpha and beta subunits (see main text). The identified nxr/nar-like genes were
annotated as nxr (“Ca. N. fabula”) or putative nxr (Desulfurococcaceae-related crenarchaeon) based
on the nitrite oxidizing phenotype of the “Ca. N. fabula” isolate and of the nitrifying thermophilic
enrichment culture, respectively.
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Figure S1 Tolerance of “Ca. N. fabula” to nitrite and nitrate. (A) Mean nitrite oxidation rates with different
starting concentrations of nitrite in the medium. The rates were calculated for 7.2 days of incubation. (B) Mean
nitrite oxidation rates with different starting concentrations of nitrate in the medium. The rates were calculated
between the start of the experiment and depletion of nitrite for setups containing initially 0 or 15 mM nitrate
(2.1 and 10.9 days, respectively) and for 13 days of incubation for all other setups. In experiments with starting
nitrate concentrations >25 mM, nitrite was not depleted after one year of incubation. (A and B) Data points
show means, error bars show the standard deviation of three biological replicates (only a single replicate in
panel A for 30 mM nitrite). If not visible, error bars are smaller than points.
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Figure S2 Nitrite oxidation kinetics of “Ca. N. fabula”. (A-C) Nitrite oxidation rates were calculated from
microsensor measurements of nitrite-dependent O, consumption. The curves indicate the best fit of the data to
the Michaelis-Menten kinetic equation. The protein concentrations used to calculate Vma.x were (A) 16.17 mg/I,
(B) 20.82 mg/I, and (C) 5.17 mg/l. Experiments were performed with concentrated (panels A and B) or un-

concentrated biomass (panel C). Results for three biological replicates are shown here; a fourth biological
replicate is shown in Figure 4 in the main text.
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Figure S3 Circular representation of the “Ca. N. fabula” chromosome. Predicted coding sequences (CDS; rings
1+2), genes of enzymes involved in nitrite oxidation, hydrogen oxidation, and denitrification (ring 3), RNA genes
(ring 4), and local nucleotide composition measures (rings 5+6) are shown. Very short features were enlarged to
enhance visibility. Clustered genes, such as several transfer RNA genes, may appear as one line owing to space
limitations. The tick interval is 0.2 Mbp. Genes at loci coding for NXR and hydrogenase, and the predicted
functions of the respective gene products, are also shown. NirK, Cu-dependent nitrite reductase.
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2kb

Figure S4 Metagenomic contig from a crenarchaeal sequence bin, which represents a member of the family
Desulfurococcaceae remotely related to the genus Ignisphaera. The contig was retrieved from a metagenomic
dataset, which had been produced from pooled genomic DNA from thermophilic (75°C) nitrifying enrichments
(Supplementary Text). No other sequence bin in the metagenomic dataset contained nxr-like genes. The
predicted gene product of nxrA is affiliated with the same phylogenetic clade as the NxrA of “Ca. N. fabula” in
the type Il DMSO reductase family (see Figure 6 in the main text). The putative nxr genes are highlighted orange,
the flanking archaeal genes are shown in blue. Wiggly lines indicate the ends of the contig. Best BLASTP hits
(NCBI nr) for each gene are indicated in brackets together with sequence identity (id), alignment coverage of the
query (=contig) sequence (qc), and alignment coverage of the subject (=database) sequence (sc) in per cent.
Genes and noncoding regions are drawn to scale.
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Supplementary tables

Table S1 Kinetic constants of nitrite oxidation of NOB isolates and “Ca. Nitrotoga” enrichments.

Organism Kin(app) Vimax (umol NOy Vimax (fmol NOy Reference
(kM NO;) |mgproteinth?) |cell’h?)

Nitrotoga fabula KNB 89 28 NDP This study

(isolate, WWTP)

“Ca. Nitrotoga arctica” 58 26 ND 1

(enrichment, arctic soil)

“Ca. Nitrotoga sp. AM1” 25 ND 6.1 2

(enrichment, eelgrass sediment)

Nitrospira defluvii 9 48 ND 1

(isolate, WWTP)

Nitrospira lenta BS10 27 20 ND 1

(isolate, WWTP)

Nitrospira sp. ND1 6 45 ND 3

(isolate, WWTP)

Nitrospira japonica NJ1 10 31 ND 3

(isolate, WWTP)

Nitrospira moscoviensis 9 18 ND 1

(isolate, corroded iron pipe)

Nitrospira marina Ecomares 2.1 (isolate, | 54 21 ND 4

marine aquaculture biofilter)

Nitrospira inopinata 449 17 ND 5

(isolate, hot groundwater)?

Nitrobacter hamburgensis 540-1,370 |ND 1-33 6

(isolate, soil)

Nitrobacter hamburgensis 544 64 ND 1

(isolate, soil)

Nitrobacter winogradskyi 36 - 260 ND 1.9-3.7 6

(isolate, soil)

Nitrobacter winogradskyi 309 78 ND 1

(isolate, soil)

Nitrobacter vulgaris 49 164 ND 1

(isolate, sewage)

Nitrobacter sp. 311 28 95 ND 4

(isolate, ocean surface water)

Nitrolancea hollandica Lb 1,000 ND ND 7

(isolate, WWTP)

Nitrococcus mobilis 231 120 141 ND 4

(isolate, ocean surface water)

Nitrospina watsonii 347 19 37 ND 4

(isolate, Black Sea)

a N. inopinata is a complete ammonia oxidizer (comammox organism)
b ND=not determined.

1 Data from Nowka et al. (2014)

2 Data from Ishii et al. (2017)

3 Data from Ushiki et al. (2017)

4 Data from Jacob et al. (2017)

5 Data from Kits et al. (2017)

6 Data from Both et al. (1992)

7 Data from Sorokin et al. (2012)
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Table S2 Overview of key features of the “Ca. N. fabula KNB” genome.

Chromosome Plasmid
Genome size 2,609,426 bp 5,404 bp
Average G+C content 50.14% 63.55%
Number of genomic objects [CDS, fragment CDS, (r,t)RNA] 2,664 6
Number of coding sequences (CDS) 2,609 6
rRNA operons 2 0
tRNA genes 42 0
Coding density 84.98% 62.71%
Repeated regions 5.04% 0
Chromosome clusters of orthologous groups (COG) automated classification
Functional category CDS CDS (%)
D Cell cycle control, cell division, chromosome partitioning 38 1.46
M Cell wall/membrane/envelope biogenesis 174 6.69
N Cell motility 14 0.54
0] Posttranslational modification, protein turnover, chaperones 126 4.84
T Signal transduction mechanisms 65 2.50
U Intracellular trafficking, secretion, and vesicular transport 60 2.31
v Defense mechanisms 36 1.38
A RNA processing and modification 1 0.04
J Translation, ribosomal structure and biogenesis 151 5.81
K Transcription 100 3.85
L Replication, recombination and repair 170 6.54
C Energy production and conversion 125 4.81
E Amino acid transport and metabolism 154 5.92
F Nucleotide transport and metabolism 57 2.19
G Carbohydrate transport and metabolism 87 3.35
H Coenzyme transport and metabolism 106 4.08
| Lipid transport and metabolism 49 1.88
P Inorganic ion transport and metabolism 130 5.00
Q Secondary metabolites biosynthesis, transport and catabolism 38 1.46

70



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

Table S3 Proteins encoded by the plasmid of “Ca. N. fabula KNB” and their closest homologs in the
TrEMBL, Swiss-Prot, and NCBI nr databases.

Best hit DL Best hit, predicted
Plasmid Gene |Predicted function Database .’ identity . 5 Best hit, organism
accession no. function
(%)
TrEMBL |AOAOF3GCT4 |69 Uncharacterized protein |/ >€u4omonas
pseudoalcaligenes
NITEABP 0001 Prote.ln of unknown  [Swiss- P20085 49 Mobilization protein Actdlthlgbaallus
- function Prot MobL ferrooxidans
uncharacterized protein . A
nr XP_012260969 |99 LOC105688902 Athalia rosae
TrEMBL |AOALI3FIQS 33 Inltlat.or Replication Pargcoccus
. . protein aminovorans
Putative protein Swiss- Neisseria
NITFABP_0002|involved in initiation P17492 29 Replication protein
. L Prot gonorrhoeae
of plasmid replication uncharacterized protein
H a
nr XP_012260970 |100 LOC105688903 Athalia rosae
TrEMBL |AOA212B9I4 |71 Uncharacterized protein ZZEGUdomo”“S Sp-
NITEABP 0003 Conserved prot.eln of |Swiss- No hit
- unknown function Prot
nr WP_088193532|71 hypothetical protein ZzeGudomonas Sp-
TrEMBL |A7KK53 100 |Putativetranscriptional |, .. o dovorans
. regulator
Putative Swiss- HTH-type transcriptional |Neisseria
NITFABP_0004/transcriptional P39897 34 P P
... |Prot regulator MtrR gonorrhoeae
regulator, TetR family TetR/AcrR famil C
nr WP_043008328(100 er/Acr famiy omamonas
- transcriptional regulator |testosteronii
TrEMBL |A7TX95 100  [omall multidrug. Delftia tsuruhatensis
resistance protein
Quaternary Swiss- Quaternary ammonium
NITFABP 000s|2Mmonium 4 Prot Q9X2N9 59 comp9und-re5|stance Klebsiella aerogenes
- compound-resistance protein QacF
protein EmrE guaternary ammonium Comamonas
nr WP_043008326{100 compound efflux SMR "
testosteronii
transporter QacF
TrEMBL [AOA238DWWO |84 Uncharacterized protein |Thiomonas sp. X19
Putative Mobilization |[SWiss- P20086 51 Mobilization protein Acidithiobacillus
NITFABP_0006 protein, MobS-like Prot MobS ferrooxidans
. . ltured
nr ART89884 70 hypothetical protein uncu yre
bacterium

71




Chapter 2 — Characterization of a Ca. Nitrotoga isolate

aseinwoon|3oydsoyd wbd €Y6E6S /9576S Ssad 66S0 9V4LIN sisauadoauodn|9/sisAj0dA|D

| sse|d asejeydsoydsiq-9‘T-9s030n.4 dqgf LEVETY €EVBIY Sad TT¥0 9V4LIN SIS9Ua803au00N|9/SISA|0A|D

v aseuadoupAyap ajeydsoyd-g-apAysplesadA|n | ydob TT9v9T LT9€9T Sad 6LT0 9V4LIN SIS9Ua803au00N|9/SISA|0A|D

aseuny| a3e4a0A|3oydsoyd ybd 6ESE9T SSETIT Sad 8LT0 9V4LIN SIS9Ua303au00N|9/SISA|0A|D

aseuny ajeantAd vyAd 8€€9T 668091 Neh) LLTO 9V4LIN SIS9Ua303au00N|9/SISA|0A|D

I sse[d ‘asejop|e a1eydsoydsiq-g‘T-95030n.4 opf 608091 SvL6ST Sad 9/T0 9V4LIN SIS9Uag03au00N|9/SISA|02A|D
asejAioydsoyd anneind SYY6TTT | LTLLTTT Sad STTT 9V4LIN uoljepesdap/uoiew.oy usagodh|o

awAzua Sulyouelq uean|s-eydje-y‘T gb/6 LT0LS0C | 618¥S0T Sad 8v0C 9V4LIN uoljepesdap/uoiew.oy usagodh|o

asedajsuesyjAjAuspe areydsoyd-T-2s00n|3 Jbib IT.YS0T TEVESOT Ssad /Y07 9Vv4LlIN uollepes3ap,/uollew.o) uagodA|n
aseinwoon|doydsoyd wbd €Y6E6S /9576S Ssad 66S0 9V4LIN uollepes3ap,/uollew.o) uagodA|n

aseyjuhs uagodA|n 3 TL8YES LTYEES Sad GESO AV4LIN uoljepesdap/uoiew.oy usagodA|o

9A1INYISUOD ‘Bsesawos| dleydsoyd-g asoqry vids 06LL6VT | TETL6VT Sad €877 gv4LIN uoliexy-)

asesawlda-¢ a1eydsoyd-aso|nqry adi ShTTE6T | LTSTE6T Sad €€6T gv4LIN uoliexy-)

ase|oyayoydsoyd ajeydsoyd-g-asonjAx | yydx S00VSZT | 0€91SCT Sad YETT av4LIN uol3exiy-d

uleyd agie| aseuadAxo/ase|Axoqled ajeydsoydsiq asonqly | z7992 9Y9YreT | TLIEVTT Sad 87TT 4V4lIN uol3exiy-D
uleyo |lews aseuasAxo/ase|Axoqled ajeydsoydsiq asojnqly | zsqqo 6VTEVCT | STLTYTT Sad £TTT AQV4LIN uonexi-)
asesawos| ajeydsoydasols | vid TSSTVTT | £60THIT Sad SOTT gv4lIN uoliexy-)

uleyd agie| aseuadAxo/ase|Axoqied ajeydsoydsiq asojnqly | 17992 ¥9980TT | €vT/OTT Sad G/0T 9V4LIN uol3exiy-d
uleyd ||ews aseuadAxo/asejAxoqied aleydsoydsiq aso|nqly | 15G92 08T/OTT | tT890TT Sad ¥£0T @v41IN uonexi-)
0ag | D9gd 88990TT | €/8SOTT Sad €/0T gv4LIN uonexiy-)

v 2dA} 10108} pUBIQ3||IM UOA | 09GO 008S0TT | TOVEOTT Sad TL0T Gv4lLIN uoliexy-)

aseupjojnquoydsoyd | dqq9o 60Tty Wity Sad TEV0 Gv4LIN uonexiy-)

| sse|d asejeydsoydsiq-9‘T-as030n.4 dqgf LEVETY €EVBIY Sad TT¥0 9V4LIN uol3exiy-D

ase|Axoquea ajeansAdjousoydsoyd odd 89€€SE 8850S€ Sad LVE0 QV4LIN uol3exiy-D

8uipuig-ulwelys ‘T 3sejoidysuel | v LTTL9T 707591 Sad 1810 gv4LIN uoliexy-)

v aseuadopAyap ajeydsoyd-g-apAysplesadA|n | ydob TT9v9T LT9€9T Sad 6LT0 9V4LIN uol3exiy-d

aseuny| a3e4a0A|3oydsoyd ybd 6ESE9T SSETIT Sad 8LT0 9V4LIN uol3exiy-d

aseup| aeAnuAd | wyAd 8€€79T 66809T Sad LLTO GV4LIN uoliexy-)

[1 sse|d ‘@sejop|e a1eydsoydsig-9‘T-as03on.y opf 60809T SYL6ST Sad 9/T0 gv4lIN uoliexy-)

19npoud auap puz uiSag adAl J91313uap| Aemyred

wisijogeldN uogJae) |esaua)

'S314IUD dseqelep dA110adsal 3y} Jo sSojowoy aAlleInd se palejouUe 2I9M saseqelep
pauoiuswaJoe 3yl Ul saJnjeusdis Jo suielosd paziialoeseyd 03 (syiSua| aouanbas syl Jo %08 1Sed| 1B JOA0) %Gz=< ALIIUSPI PIOB OUIWE UB YlIM SUI910Jd "UOIIdUN} UMOUY B
yum suiajoud 03 snoSojowoy se paiejouue a4am saseqelep TgINJJL 40 104dSSIMS aY1 Ul suidiold pazialoeseyd o} (syiSua| aouanbas syl JO %08 ISeI| 1B JBN0) %S5E=< AJuap]
PIoB OUJWE UB YUM SUID10Jd "SYNY1 JO SYNYJ 40} Sulpod ejngey "N 'p),, J0 sauad pue ‘shemyied djjogeiaw Ay ul suoiduny padipald yum einges "N "0J,, JO SuId10.d S ajqel

72



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

juauodwod opd| €5680L 6SL0L Sad 7690 9V4LIN 3[9Ad vol
(€3) aseuadoipAyap apiweodijoipAyip ‘@seusdoipAysp pioe-oxo-g
Jusuodwod (z3) asesajsuedijAuidons gons 00vL0L 0vz90L Sad 1690 GV4LIN 3]9Ad voL
anpisaJ-auisAjjAodijoapAyip ‘@seusadospAyap aieseinjdoxo-g
Juduodwod T3 ‘9seudsospAyap aielein|goxo-g vons TTT90L 9TEE0L Sad 0690 @v4lIN 3[9Ad vol
aseyjuhs ajesnd vib 00Z£0L LSSTOL Sad 6890 9V4LIN 3[9Ad vol
HuNgns Jnyns-uou| ‘aseuasolpAyap ajeurdns | gyps 07910, ST600L Sad £890 9V4LIN 3[9Ad vo1
Hungns uidloidoAe|} ‘9seudsolpAyap a1eulddns | yyps S9500£ 708869 Sad 9890 4V4LIN 3pAy oL
uiazo.id Joyoue suelquiaw diqoydolpAy ‘aseusgolpAyap ajeuddns | gyps 708869 871869 Sad G890 4V4LIN 3pAy oL
HUNQNS 9G5q dWO0IY203Ad ‘aseudgolpAyap ajeuddns | Jyps YEV869 090869 Sad 7890 @v4lIN 3[9Ad vol
AIINUISUOI ‘Dseiawos| 9leydsoyd-g asoqry vidi 06.LL6VC TESTLE6VT Ssad €87 av4lIN Aemyied a1eydsoyd-asojuad
aseuadolpAyap-T aeydsoyd-9-asoon|o mz vTE68YT | T98L8YT Sad YLvT av4LIN Aemyed areydsoyd-asojuad
Jsejoplesuel ] anieind LSLL8YT | TL998¥T Sad €LYT QV4LIN Aemyjed areydsoyd-asojuad
asesawlda-¢ azeydsoyd-g-aso|nqu-q adu €6/59%C | TE0S9YT Sad €SYT Qv4LIN Aemyjed areydsoyd-asojuad
9seJsawos| eydsoydasoon|3d 16d 1688507 1S2.S0C Ssad 6%07 9V4LIN Aemyied a1eydsoyd-asojuad
9seuojoejouodn|Soydsoyd-g aaneind 0988107 IVISY0T Ssad Y07 gv4dLIN Aemyied a1eydsoyd-asojuad
ase|oyayoydsoyd ajeydsoyd-g-asonjAx | yydx S00VSZT | 0€91SCT Sad YETT av4LIN Aemyied areydsoyd-asojuad
aseuadoupAyap a1euoon|3oydsoyd-g aaeind SH9vI8 YELETS Ssad 88/0 9V4LIN Aemyied a1eydsoyd-asojuad
aseinwoon|3oydsoyd wbd €Y6E6S /9576S Ssad 66S0 9V4LIN Aemyied a1eydsoyd-asojuad
(ase1ayiuAs sid 0800SS LTT6VS ep] 6vS0 gv4LIN Aemyied a1eydsoyd-asojuad
91eydsoydouAd [Asoqrioydsoyd) aseupjoydsoydosAd areydsoyd-asoqu
| sse|d asejeydsoydsiq-9‘T-9s030n.4 dqf LEVETY CEVBIY Sad TT¥0 9V4LIN Aemyjed areydsoyd-asojuad
Sulpulg-ulwely} ‘asejolaysuel | v LT1TL9T 702591 Sad 18T0 9V4LIN Aemyied areydsoyd-asojuad
[I sse[d ‘asejop|e a1eydsoydsiq-g‘T-95030n.4 opf 608091 SvL6ST Sad 9/T0 9V4LIN Aemyed areydsoyd-asojuad
aseuagopAyap alee\ ypw YSELTTT | 8EEITTT Sad 8TTZ 4V4LIN wnys aje|AxoA|n
Hungns eydje ‘ases|| yod--21e[e|A 3|qeqoid @ons ¥S00€0Z | T81620C Sad €20C 9V4LIN wunys aje|AxoA|n
e13q HuNQgns ‘9sed|| yoD--31ee|A 3qeqold | wyiw 09T620T | T86LT0T Sad 770T 9v4lIN unys aie|AxoA|n
aseA| vod-lAlein pw 7064207 | 866920C Sad 120C 9V4LIN unys a1ejAxoA|9
HUNQNS 42]9 NY|NS-UOJI 3SEPIXO 33.[00A|3 4916 SEETH9 81T069 Sad 8490 9V4LIN wnys aje|AxoA|n
Hnungns 399 Sulpuig Q4 3SepPIX0 31ej0dA|1D 3916 0TT069 9¥0689 Sas ££90 9V4LIN 1unys a1ejAxoA|n
pPayul-aV4 ‘Hungns 2|9 3sepixo 31ej0dA|D aob 9¥0689 955/89 Sas 9/90 9V4LIN 1unys a1ejAxoA|n
asejeydsoyd a1ej0dA|Soydsoyd zydb €7S619 068819 Sadn G790 9v4LIN unys a1ejAxoA|o
asesajsuesjoydsoyd-T a1eydsoyd-g 2s030n44--a3eydsoydosAd anieind I8T69ET 2C76/9€C Ssad €9€7 av4lIN sisauadoauodn|9/sisAj0dA|D
juapuadapul-1010e40 ‘9seinw 1esadA|3oydsoyd Jjwdb 07SY62T Y66262C [Nek) 1827 9Vv4lIN sisauadoauodn|9/sisAj0dA|D
aseJawos| deydsoydasoon|3 1bd 7688507 | T1STLSOT sad 6v0C gv4LIN SIS9Ua803au00N|9/SISA|0A|D
asejoud oua 679966T | 9¥ES66T Sad €66T 9V4LIN s1saua30au0oN|9/sisA|0A|D
asesawos| djeydsoydasol | vida 7S8TIYIT | L60TVIT Neh) SOTT gv4lIN SIS9Ua803au00N|9/SISA|0A|D
aseupjoon|o P14 60t7€S9 €IS sad 7590 gv4lIN SIS9Ua803au00N|9/SISA|0A|D

73



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

Ajwepiadns Hgy [ 1108 880L Sad £000 9V4LIN vodsuel] vy payduelg
J0 Jusuodwod suesqwBW JIUNgNS Ja310dsuel] aul|eA/auIdN3|0SI /aUIdN3)
Ajwepsadns Hgy jo uauodwod A 820L ¥¥8S Sad 9000 9V4LIN uodsuel] vy payduelg
Suipuig-aiwse|diad jungns Ja340dsued) aul|eA/aUIdNS|0SI/aUdN3)|
Aliwey ysiy ‘4orengdal jeuopdudsuel | dAneind G8/0€7C | PSE0ETT Sad L1TT 9QV4LIN 90UBISISAY dIUBSIY
ase1onpal a1euasiy anleind 8TTYITT | TTLEITT Sad TSTC 9V4LIN JdUe3SISY JIUSSIY
ul93104d 2UR]SISDI |BIIUBSIY ‘DSerNnpaJ NIAH Juapuadap-HddyN aA1zeind GTZLE9T1C 8G679T1C sad 0STZ gVv4LlIN DULISISDY JIUISIY
Aliwey ysiy ‘4orengdal jeuopdudsuel | dAneind 19629TC | 67979TC Sad 6¥TC QV4LIN 90UBISISAY DIUBSIY
Ajiwey ysiy ‘“4orendal [euondudsuel | G8GSTIT | ¥8ISTIOT Sad 64ST 9V4LIN 90UBISISAY DIUBSIY
asenpal sjeussie 25D T69LPST | L6TLYST Sad 00ST @v4lIN JdUe3SISY JIUSSIY
Aiwey ysiy ‘“4orengdal [euondudsuel | 9T6TSTT | 0060STT Sad €TTT 9V4LIN 90UBISISAY DIUBSIY
Juauodwod ased]y ‘WaisAs podsuedy pioe oulwe Jejod adA1-Dgy aaieind G8/697T | T8989CT Sad SYZT 4v4LIN Hodsuel| ppy oulwy
Ajjwey auido/81y/u|9/n|9/sIH 6898971 | €7959CT Sad Y¥eT av4lIN Hodsuel| ppy oulwy
‘uoi8as N 1-€ ‘u19104d aseawuad ‘yoniodsuely gy ploe oujwy aAieind
19npoud auap puz uiSag adAl 1agel Aemyred
snoaue||dasiAl
4X0H Hunqns ‘aseuadolpAy upnpai-ayN [24IN] | Jxoy 86¥989T | T/9¥89T Sad G99T 4V4LIN wsl|oge1a|A uasolpAH
NXOH Hungns ‘aseuadolpAy uonpal-gvyN [24IN] |  nxoy 969%89T | TS8E89T Sad ¥99T @v4lIN wsl|oge1a|A uasolpAH
AXOH uungns |lews ‘@seuasospAy 8upnpal-gyN [24IN] | Axoy ¥S8€89T | 8TEESIT Sad €99T 9V4LIN wsl|oge1a|A uasolpAH
3dAH ua304d UolEINIEW BSEUIZOIPAH JdAy 09€660T | TTES60T sad 690T gv4LIN wsljoqeid|\ uasopAH
QdAH uia3oud uonew.oy/uoissaidxa aseuasdolpAH | gdAy ¥TE860T | 66TL60T sad 890T gV4LIN wsijoqeId|A uasolpAH
DdAH uia304d UoneWIO)/UOISSaIdXD aseuagolpAH | DdAY 70TL60T | 0969601 sad /90T gv4LIN wsijoqeId|A uasolpAH
(yuswigeuy) 4dAH asesaysuesyhoweque) | JdAy 9¥6960T | 0T8S60T sad 990T gv4LIN wsijoqeid|A uasolpAH
gdAH uia30.d uopresodiodul |o1u dseudsoIpAH gdAy 8€8S60T | 9€6¥60T sad S90T gv4LIN wsijoqeId|A uasolpAH
vdAH u1a104d uonesodiodul [3yd1u aseudsdopAH vdAy 668760T | 8557601 sad ¥90T 9v4LIN wsijoqeid|A uasolpAH
aseajold uoljeinjew aseuasolpAH | mxoy ¥ESY60T | 9v0v60T sad €90T gv4LIN wsijoqeid| uasolpAH
HXOH 3unqns a8.e| ‘@seuadolpAy Supnpai-avN [34IN] |  Hxoy 7S0v60T | 0SSZ60T Sad 790T 9V4LIN wsl|oge1a|A uasolpAH
raJn/3dnH uieload Alossadde asealn/aseuadolpAH 3dny 898/8¢C 067/8C Ssad 6820 9V4LIN wsijoqeis|N uadolpAH
19npoud auap puz uiSag adAl 1agel Aemyied
wssijogeld|\l udSoipAH
juauodwod vpd| 6TVS6ET | 9E9E6ET Sad 98€T AV4LIN 3pAy oL
(£3) aseuadoipAyap spiweodijoipAyiq ‘xa|dwod aseuadospAyap ploe-oxo-g
T aselelpAy ajeyuode | yuop T9TITET | SEPETET Sad 90€T 4V4LIN 3pAy oL
3199 ungns [Sulwioy-day] asesdl| yod-|Auong 2ans ¥€98TCC | 9SYLTTT sad €07 gv4lIN dPADVOL
eydje yungns ‘[Suiwioy-day] ases| yod-|Autong @ons 89v/T1TC | £8S9TCC sad 70T gv4lIN dPADVOL
aseuasospAyap aleje|\ ypw YSELTTT | 8EEITTT Sad 8TTC AV4LIN 3pAy oL
1 sse|] d1qosae ‘(D asesewny) aselelpAy ajesewny | ywnf 6T798YT | LE8Y8YT Neh) vyl gv4LlIN dPADVOL
aseuasolpAyap a1e41100s| Pl LL6VSTT | 0ELESTT Sad 65T 9V4LIN apAy oL

74



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

2 3W0.4Y203Ad Wideyouow aAneind 9005 018617 Sa’ £S00 9V4LIN Sawo4yd03A)
| SSe|2 2 awo4y2034) aAzeInd €125 6687 Sas 5000 9V4LIN Sawo4yd034)
49sq g u1a30.d uonew.oy puog aplynsiq aAnend 0S6EEST | 8EPEEST Sas 6TSC 9Vv4LIN SISauag01q 2 3W04Y203A)
Aiwepadns 3gy 4o Juauodwiod Sulpulg-d1y ‘HuUNgns Jop0dxa away ywoo OTOETET | 96€CCET Saj 9TE€T gv4LIN sisauagolq 2 awo4yd01A)
Ajlwegiadns Hgy Jo Jusuodwod suesquiaw ‘Hungns Japodxa away quio 66€TCET | 9T/TCET sad GIEZ av4LIN sisauadolq 2 awoJyd03A)
Ajlwegpiadns Hgy Jo Jusuodwod suesquiaw ‘Hungns Japodxa away w2 v29TZET | LY60TET sad YIET dv4lIN sisauagolq 2 awoJyd03A)
(3uaw3euy) qua) uieload Jouodxa swaH aAlzeInd 0S60ZEC 98/0Z€C Ssad €T€T av4lIN sisauadolq 2 swo4yd01A)
auoJadeyod sway Jwao ¢990¢C€C | 98T0CET Saj TIET 9v4LIN sisauagolq 2 awo4y201A)
aqsq uiaoad agueydiaul pYnsIp:|oIyL | agsp 80611 vECLYY sad LEYO GV4LIN SISauag01q 2 BW04Y203A)
uia3o.d a1j-yqsa aAneind STvv6T 80L€6T Saj €070 gv4LIN sisauagolq 2 awo4yd01A)
ula304d sisauadolq adA1-0 swoiyd01A) aanrend SYTSL 688€/ Ssad 800 gV4LIN sisauadolq 2 swo4yd01A)
ula304d sisauadoiq D swo4yd01A) HWw22 768€/ 86E€/ Ssad €800 gV4LIN sisauadolq 2 sawo4yd01A)
sisauagolq adA1-0 aw04y2031A2 Jo uixopasolyl dlwse|duad w2 80VEL 18827/ Ssad 7800 gVv4lIN sisauadolq 2 sawo4yd01A)
Hungns Jwd) ‘ased|away | Jwdd 6987/ 9760. Sas T800 9V4LIN SISauag01q 2 BW04Y203A)
65eD ‘9SeaINUOPUD PAIRII0SSe-YdSIYD dAleInd LL[89TC | 09£99CC Saj 857 9v4lLIN SV2/ddSI¥d
TSED 9Se3|INUOPUD PIILII0SSE-YdSIYD dA1eInd ¥S€99¢CC | ST¥S9TT Saj LSTT 9v4LIN SVDO/ddSI¥D
7SBD 9Se3|INU0gIOopUd Pale1dosse-Ydsiy) anleind L6€S9CC | 760599CC Saj 957 gv4lIN SV2/4dSI¥D
Ajwey aw) ‘ui10.4d dINVY Pa1e1D0SSE-YdSIYD dA1eInd 0SS0TZ8T | 7896181 Saj 8781 gv4LIN SV2/ddSI¥d
292D ul)0.d d2UelS|Sal WNjWped-dulz-}eqo) 2920 60¢viT LT6TVPT Saj 66€T gV4LIN Hodx3 p)/uz/0d
g9z u19)0.d ddUE)SISAI WNIWPED-DUIZ-}[eq0D g920 648CviT LLETYYT Saj 86€T gV4LIN Hodx3 p)/uz/0d
(voz2 V225 9GETYIT 6GT8EVT Saj L6ET GV4LIN Modx3 po/uz/0)
ula104d Wa1SAS XNn|}}3 UoIE)) YIZ) U13304d BJUBISISDI WNIWPEI-dUIZ-}|eq0)
9seInwIsip ajoyd PR £99€80¢ | S¢8¢80¢ Saj 0407 9V4LIN aselnwsiqg aoyd
9seInwisip ajoyd PR £S0¢S9T G8TTSIT Saj 0€9T 9v4LIN aselnwsiqg aoyd
(1)1dH asepixosadoipAy/aseleled D10 1096991 LTV/[99T Saj 7S9T gv4LIN ase|ele)
(1)1dH asepixosadoipAy/aseleled D10 LL€98ST 6LT18ST Saj T¥ST gv4LIN ase|ele)
(1)1dH asepixosadoipAy/aseleled D10 LSY8Y0T [44c]70)) Saj 9T0T gv4LIN ase|ele)
aseupAyue sluogse) anzeind 0SL€97T STTEMT Saj 8T¥T gv4LIN saselpAyuy dluoqsed
asepAyuedjuoque)d | ziudd S0cLeeT 899¢¢ET Saj 00ET 9V4LIN saselpAyuy dluoqsed
asedpAyuedjuoqued | [LuAd 899966 6.6566 Saj 9560 gv4LIN saselpAyuy dluogJed
VXeD Jayiodijue wniojed/wnissejod/wnipos aAieind 68€T9CT | TIV0O9TZT Sas 6ECT 9V4LIN Hodsues| wnpjed
aseqd 1y Suipodsuesi-wnidje) goo3 LYTTS9 TT96¥9 Saj 1S90 gv4LIN Hodsues| wnpjed
Ajwegsadns Hgy e 06901 7966 Saj 0T00 9V4LIN Hodsues] vy payoueig
40 1uauodwod Sulpuig-d1V ‘Hungns Ja}odsuel] auljeA/auIdN3|0SI/auldNa|
Ajwegiadns Hgy oAl 66 €116 Saj 6000 9V4LIN Hodsues] vy payoueig
J0 Juauodwod Sulpuig-d1V ‘Hungns Ja}odsues] auljeA/aUIdN3|0SI/auUldNd|
Ajwegiadns Hgy WAI| LOT6 S66L Saj 8000 gV4LIN Hodsues] vy payoueig

40 1uBuodwod suelquidw ‘Jungns Ja3Jodsues} aUl|eA/aUIIN3|0S]/aUDN3)

75



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

VPO utzyo.id S6SCEVC | 6T8TEVC Saj vy av4LIN Hodsuel | wnuapgAjoN
Suipuig-wnuapgAjow djwse|diiad ‘4apodsuesy Dgy wnuapgA|o|A aA1zeInd
gpoA uia104d aseawsad wasAs podsuedy wnusapgA|oln gpow Y08TEYT 00TTIEYVT Ssad €z av4lIN 1odsues] wnuapgAoN|
JPO utdiosd Sulpuig-d LY Hodwi wnuspgAjoiN | Dpow €0TTEYC | €E00ET Saj ey av4lLIN Hodsuel | wnuapgAjoN
[uueyd dAlIsussoueyIswW 5w €¥8LC0T | 6EVLC0T Saj 7660 9V4LIN |auuey) dARISUSSOUBYIDIN
Jayodsuedy wnisaudeln anneind €9/TSET 60£0SET Ssad 9¥€Z av4lIN podsues] wnisauden
T 9dA1-d4 ‘@sedly Suinpodsuesl-wnisaude vibw 6ESYIY SY6TTY Ssad 8070 gV4LIN podsues] wnisaudep
(3uswiBedy) sou0dsuesy 1jeqod/|ayd1u/wnisaudew aAeind $189C¢€ 6¥S5ZE Ssad $ZE0 gVv4LIN podsues] wnisauden
u1a304d UOI3EIIYIX0IBP PUE 3FEI0)S UOUI ‘UILIBJOLROE] 4q 096860C | 96¥860C Saj 9807 gv4LIN wisijoqelisin uoJ|
Joydadal yuspuadap-guo] aaeind 96¢890C | 860990¢C Saj 950 gv4LIN wsl|ogels|A uoJ|
yodsuesy anf T189600C | 9S7600C Saj €00 gv4LIN wsl|ogels|A uoJ|
pue sisayiuAsolq aioydosapis jo Jore|ndas |enp jeuolndiiosuesy Suipulg-yNad
ased 1V 3uniodsues-(+£)a4 aaneind 971600C | 950800¢ Sas T00T 9v4LIN WISI|OgeIBN UOJ|
u1a304d aseaw.ad Jauodsuell Dgy uodj aAieind GG6400C | 60£900¢C Saj 0007 9v4LIN wisijoqelisin uoJ|
uia304d Bulpuig-uosl ‘Joniodsues} DY U0l 214134 dAeInd 66¢900C | TLTS00C Saj 6667 9V4LIN wisijoqelisin uoJ|
Joydadau asoydouapis yuspuadap-guo] aAeind €VE8S8T | €98GS8T Saj 9/8T gv4LIN wsl|ogels|A uoJ|
uiIdjoLdYeg dAeINd 68€60LT | 0S880LT Saj 7691 gv4LIN Wsl|oqelsin uoJ|
(3uswiSeuy) ulewop aselonpad dlua4 anneind 88/0¢vT | 69€0EPT Saj €6€T gV4LIN wisijoqelisin uoJ|
(uawiBeuy) aseronpad o111y dAReIN TGCOEYT | 0¢86¢CHT Saj 76€T gv4LIN wisijoqelsin uoJ|
(auawiBeuy) aseronpad o1y dAReIN 0986CVT | 9S¥W6CPT Saj T6€T gv4LIN wisijoqelsin uoJ|
Joydadal asoydouapis yuspuadap-guo] aAieind 66/0TYT | 7898011 Saj TLET GV4LIN wsi|ogels|A uoJ|
uia3o.d sisayzuhsolq aioydosapis anzeind 768S0VT | 690707T Neh) [9€T gv4LIN wsljogeIaN uol|
VNS uR304d ‘waisAs 4NS Ajquiasse Jaisn|d S vins SEVEVST | 9L0EVST Saj 0€SZ 9v4LIN Alqwiassy 4a1sn|J 5o
g4ns ure10.d ‘wiaisAs 4nS Ajquiasse 4aisn|d 534 gfns 066C¥SC | PSSTYST Saj 6¢ST 9v4LIN Alqwassy 4a1sn|J 5o
J4nS dsed 1y ‘waisAs 4nNS Ajquiasse Jaisn|d 534 2fns LSSTYSC | 99L0%S¢C Saj 87ST gv4lLIN Ajquiassy Jaisn|) s
asns uzzoud ‘ wansAs 4NS Ajquiasse Jaisn|d 534 ajns 69/0¥SC | T9V6EST Saj LTST 9v4LIN Alqwiassy 4a1sn|J 5o
N4NS u1d30.d Jajsuet-any|ns ‘waisAs 4NS Ajquuiasse 4aisn|o a4 nins 9078EST | TTLLEST Neh) S7ST gv4lIN Ajquiassy Jaisn|) s
uiajoud Ajiwey 2 sawoayd2014A) aaneind 9v0T9€C | €ST09€ET e 9G€T gv4LIN sawo4y2031A)
TGG-0 dwo4yd03A) anneind I¥8€CCT | 19T€TTC Sao 0TZC gv4lIN Sawo4yd034)
2 3W04Y203Ad dAlzeInd 9TSCITZ | TV6ITIC Sao €0TZ 9V4LIN Sawo4yd034)
7959 awo4y2031AD g9/ GSYL06T | £96906T Saj TI6T gv4LIN Sawo4yd03A)
2 3W0.4Y201Ad Wiaeyyn|A dAnend 02€T/9T | 6080/9T Sao 9591 av4LIN Sawo4yd034)
q aWwoJyd203A7 aAneind L6¥8/0T | 088LL0T Sao 6707 9V4LIN Sawo4yd034)
| SSe|2 2 awo4y2034) dAzeInd ¥T9Z¥0T | ¥62CH0T Sao 6007 9V4LIN Sawo4yd034)
2 3W0.4Y203Ad Waeyouo|A aAleind S0T6/T VLL8LT Sao 7610 9V4LIN Sawo4yd034)
2 3W04Y203Ad WILYOUON 6659LT 67C9LT Saj 8310 gV4LIN Sawo4yd034)
2 3Wo4y203Ad Waeyiq 6GC9.LT 6/LSSLT Saj £8T0 gV4LIN Sawo4yd034)
2 3W0J4Y203Ad Wiaey!q OTETS TES0S Sao 8500 9V4LIN Sawo4yd034)

76



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

vsn) uia1oad wiaisAs xnjyya uoned vsno 8T8E8T 80,081 Sadn ¥6T0 9V4LIN Xn|y3 Snipijnw/uoned/jeisw
Anea Ajiwey aNY
uia304d uoisny suelquIdW ‘WalsAs xn|yya uoied aAneind TT/08T 98€6/T Sao €6T0 9V4LIN Xn|}43 Snuplnw/uoned/jelaw
Anea Ajiwey aNy
youy uidjoad Jojeaide jeuondudsues| youo ¢Te80Te | ovvLoTe Saj €6TC 9v4LIN 8uisuas wnionp
aseyjuAs dU0)e|-aUIBSOWOY-|AdY joup €¥890¢¢C | 9S790T¢C Saj T6TC 9v4LIN 8uisuas wnionp
aseyjuAs dU0)e|-aUIBSOWOY-|AdY joup LLETBTT | 0C8I8IT Saj 89TT gv4LIN 8uisuas wnionp
J4w3 uie304d dUEISISaI-punodwod wnjuowwe Aleualenp EYINE) Z1TY 08.€ [Nes) 50000 @v4LIN 20ueIsIsal
punodwo) wniuowwy Aleussauenp
38ns uie304d FdURISISAI-pUnOodwod wWnjuowwe Aleualenp 36ns €9TGS/T SY8YS/T [Nes) 0S/T dv4lIN oueIsIsal
punodwo) wniuowwy Aleussauenp
Japodsuedy wnissejod dny GC0€88T | PSTI88T Saj ¥68T 9v4LIN Hodsues] wnisselod
Joje|n3al Jusuodwo-0M] goyd/Hoyd 40 Jore|n3au aAnesau noyd 790L61C GSE961T Ssad 787 av4lIN uodsueds) a1eydsoyd
Allwepiadns £s1sd €E0Y80T | ¥86C80T Saj ¥S0T 9v4LIN Hodsueu] aieydsoyd
249V 40 suodwod 3uipuig-diwse|diuad Jungns Jaliodsueuy ajeydsoyd
Ajjwepiadns Hgy 4o Jusuodwod aueiquisw ‘3ungns Jauodsuedy aleydsoyd zo15d 0987801 868T80T Sad €S0T 9V4lIN uodsueds) a1eydsoyd
Ajjwepiadns Dgy 40 usuodwod aueiquisw ‘3ungns Jayodsuedy aleydsoyd zvisd G68T80T 0S0T80T Sad ZSOT 9Vv4lIN uodsueds) a1eydsoyd
(puiq—die ‘Ajjweypiadns Hgy) uieoad 1odsuesy szeydsoyd Anuige-ysiy | zgisd LEOTSOT | 920801 Sad TSOT Gv4LIN Hodsued | ajeydsoyd
Allwepiadns zsisd £S/900T 8045007 Saj £960 9V4LIN Hodsueu] aieydsoyd
249V 40 wauodwod Suipuig-diwse|duad 3ungns Jaliodsueuy ajeydsoyd
Ajiwepiadns Isisd 09¢69L TTC89L Saj 9,0 9v4LIN Hodsueu] aieydsoyd
249V 40 wauodwod 3uipuig-diwse|duad 3ungns Jaliodsueuy ajeydsoyd
Ajlweyiadns Dgy 40 Jusuodwod suesquiaw ‘Jungns Jaliodsuely ajeydsoyd 1o1sd /80897 GTT/9/ Ssad Sy/0 gv4LIN uodsueds) a1eydsoyd
Ajjwepiadns Hgy 40 Jusuodwod auelquisw ‘3ungns Jayodsuedy aleydsoyd Ivisd 7CTL9. 11799/ Ssad v¥/.0 gVv4LIN uodsueds) a1eydsoyd
Allwepadns rgisd ¥9¢99L T6%99L Saj €7/0 9V4LIN Hodsueu] aieydsoyd
2gV 40 wauodwod 3uipuig-d1V ‘Hungns Jalodsueuy ajeydsoyd
asepixotad TGS aW0IYI03AD vdao €EEV68T | 06CE6ST Sao €06T 9V4LIN 9sepixotad
asepixo.ad 3 dwo.yd034d 3way-Iq dAnend 6SEETYT | 6L0CTVT sad €/€T gv4LIN 9sepixoJad
(d22) asepixosad 2 awoayd201A) aAneind 0€80€¢T | SvL6TCT e ZTTT gv4lIN 9sSepIxo0Jad
O Hungns Jauodnue (+)H/uolied Jusjerouow | diw €6SCSTC | T8TISTT Sas 8ETT 9V4LIN | J9Hodnuy uojoid/uoiie) JUdeAOUOA|
4 1ungns Jauodijue (+)H/uoljed Jusjerouow | Jdiw G8CCSTT | t00TSTC Sas LETT 9V4LIN | J9H0dnuy uojoid/uoiie) JUajenoUoA|
3 uungns Jauodnue (+)H/uoned Jusjeaouow aaiend £002STZ | 6TSISICT sad 9€TZ dV4LIN | J9Modijuy uoloid/uoile] JU3|eAOUO|A
uo3pUNy uUMoUuN Jo utdl04d 9TLISTC | VLPISTC Saj GETT 9V4LIN | J9H0diuy uojoid/uoiie) JUdeAOUOA|
awungns | qgdiw CCSTSTC | 90667TC Saj ¥ETT gv4LIN | J3Hodiluy uoloid/Uoiie) JUSJeAOUO|A|
Jayodnue +H/uoied Jusjerouow Jo jusuodwod Jariodsuely uoyoud
D Hungns Jauodijue (+)H/uolied uasjerouow | Hdiw 0S86VTT | €0S6¥TC Sas €ETT 9V4LIN | J9H0dnuy uojoid/uoiie) JUdeAOUOA|
/v uungns Jauodijue (+)H/uolzed Juajerouow | gydiw €0S6VTT | 6L4S9YTC Sas TETT 9V4LIN | J9H0dnuy uojoid/uoiie) JUdjenoUoA|
veyn Jauodiue (+)H/(+)eN | voyu 66T60ET | €T8LOET Sas €871 9V4LIN | J9H0diuy uojoid/uoiie) JUdjeAOUoA|

77



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

95ed 1V ‘Y99S JUNQNS 9sed0|sueJ) ule10idald v23s £9%89¢ 06259t Sad 1420 av4l1IN Aemyied 235

uid30.d uojsny suelquidaw ‘dwnd xnja ANY 3400 0SS9T0Z | 06ESTOT sad £00T gv4LIN Xn|}43 Snipnjnw/uoned/jelaw

AneaH Ajiwey gnNy

u1s304d waisAs xnjya napinw g4o0 T8ESTOT | ¥¥TeToe Sao 900Z 4V4LIN XN|443 8nipijnwi/uones/|ersw

Aneay Ajiwey gnNy

Ajiwey 1poN ‘uieroidodi| sueiquiaw 19In0 ‘Wa1sAs xn|jJe ANY aAlzeInd 997Z10T | 0¥L0TOC Sao S00Z 9v4LIN XN|}43 Snipijnwi/uones/jelsw
AnesH Ajiwe) aNy

D uungns ‘waisAs xniya Snupninw [ J3pw €8ST/6T | 9/¥896T Sao 0L6T @v4lIN XNn|43 Snuplnuwi/uoned/jelaw

AneaH Ajiwe) gNy

g uungns ‘waisAs xn|ye Snupninw | gipw €G¥896T | ¥9E£S96T Sao 696T AV4LIN XN|43 Snipijnwi/uones/jersw

AneaH Ajiwey gNy

v uungns ‘waisAs xnpye Snupninw | vipw L9€S96T | SETV96T Sao 896T AV4LIN XN|}43 Snipijnwi/uones/jelsw

AnesH Ajiwe) aNy

Jayodsuely ouiz saizeind 80/8¥8T | 676LY8T Sad ¥98T av4lIN XNn|43 Snuplnuwi/uoned/jelaw

AneaH Ajiwey gNy

dwnd xn|}4a |e3aw Areay aaleind T80¥9LT | 08609LT sas LSLT av4lLIN XNn|}3 3nipijnuwi/uones/jelaw

AneaH Ajiwey gNy

gJoy Janodsuely xnjya Snipiynw o1 Jejiwis ‘duind xn|ye ANY aAzeind 6609€9T | 9TOEEIT Nep) €09T Gv4LIN XNn|}3 3nipijnuwi/uones/jelaw
AnesH Ajiwe) aNy

Alwey yioy o3 Jejiwis ‘udiold uoisny suelquiaw ‘dwind xnge ANY aAleInd 6TOEEIT | T68TEIT Nep) 2091 av4lIN XNn|}3 3nipijnuwi/uones/[elaw
AneaH Ajiwe) aNy

DIIS waisAs xnjya Jayiodijue LELVTIT | VBEETIT Sad 88ST AV4LIN XN|43 Snipijnwi/uones/jersw

uojoJd syuauodwod 934y} ‘92UB1SISAU JOA|IS duBIqWBW 43N0 3AIeINd Aneay Ajlwe any
gsn) u1a10.4d wa1sAs xnjysa uone) anneind L6EETIT | [8LTT9T Sao £8ST 9V4LIN XN|43 Snuplnuwi/uoned/jelaw

AnesH Ajiwe) aNy

ucwCOQEOu aueiquaw .Ewum>m Xne ._w>__m\._wQQOu £ysno 0641791 9798T9T San wwm._ulmdm_._._z XNnj43 MJLU_H_JE\CO_HNU\_mwwE

AneaH Ajiwe) aNy

u1a10.d Xn|yd dueiquwiaw JaInQ dAneind 08€0T9T | 8706091 Nep) TLST av4lIN XNn|}3 3nipijnuwi/uones/jelaw

Aneay Ajiwey gnNy

nungns d4IAl ‘Ajlwey Ny “4apodsuesy xnjy3 aaneind 970609T | S8//09T Sao T/ST 9v4LIN Xn|}43 Snipnjnw/uoned/jelaw

AneaH Ajiwe) aNy

v2z) uiato4d wansAs xnjya uone) anneind SLLLO9T | 9897091 Sao 0/ST av4lIN XN|43 Snipijnwi/uones/jersw

AneaH Ajiwe) aNy

uialo.d waisAs xniyyd uolie) | Zysnd LTLOYS 679LES Neh) 6€S0 AV4LIN XN|43 Snipijnwi/uones/jersw

Aneay Ajiwey gnNy

nungns d4IAl ‘Ajlwiey Ny “4apiodsuely xnjy3 aaneind LT9LES 9/%9€S Sao 8€S0 gV4LIN Xn|}43 Snipnjnw/uoned/jelaw

AneaH Ajiwe) aNy

}1I-sN3 ‘uiR304d XN|y3 Sueiquisw J3INQO aAieInd 6/%9€S 8/TSES Sad LESO GV4LIN XN|43 Snipijnwi/uones/[ersw

Anea Ajiwey aNy

78



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

uia304d suosadeyd Ajquiasse ase3oNpaIopIXo U dAleInd YISTVET | YLLIVET Sad TYEC QV4LIN uonepIXQ ANMUN
Hungns |lews ‘auapuadap H(d)AVN ‘@se1onpas auHN AJolejiwissy 3sou €68690T | 056901 Sas 6€0T 9V4LIN uone[IWISSY 9)JUN
Hungns a8Je| ‘yuapuadap H(d)aVN ‘@seionpad 334N Aolejiwissy | @gsou £SS690T | TTIL90T Sas 8€0T aV4LIN uone[IWISSY 9)JUN
Japodsues] wnjuowwy aAiend Zv009/.T 6188S/T sad GS/T gv4lIN Jayiodsuel | wniuowwy
19npoud auap puz uiSag adAl 1agel Aemyred
wsjjogeid|Al uaSoniN
asejAyiaw jouayd AxoipAy oign T€2079 9€S6T9 Sad 9790 9V4LIN SISaY1UAS auouinbign

-9-|JAuaide}d0-g pue asesajsuesijAyisw-O-¢ g-auouinbignjAyiswap-¢
asesajsuesyjAyiaw HyNQ-g:auluolydwiAsouspe Jign ISvETy LTLTTY Neh) ST¥0 gv4LIN SISaYluAg auouinbign

-S pue asejAyraw suouinbozuag-‘T-Axoylaw-9-jAuaideldo-g |euonounyiq
asejAxoipAy jouaydjAuaiderdo-g gign 0S0TTY 0£S6TY Sad 710 9v4LIN SISaY1UAS auouinbign
Dlgn aseA|-a1eAnJAd ajewstioyd aAneind oign GEE8TE STLLTE Sad 970 9V4LIN SISaY1UAS auouinbign
asesajsuesyjAuaideldo ayeozusgAxospAy-d vign 8TLLTE 1989C¢ Nep) GZEO 9V4lIN sIsayluAs suouinbign
8ulpuig-(d)avN/av4 ‘asejAxoipAy jouaydAxoyiaw-g-jAuaiderdo-g Hign 66897C LSTT Neh) €€70 gv4lIN sisayuAs suouinbign
asejAxoquedap ajeozuagAxoipAy-y-jAuaiderdo-¢ amgn TSIVIT 889711 Neh) 8710 gv4LIN sisayuAs suouinbign
Aliwey 9002/2sIA/419N/HIGN ‘BsejAxoipAy sisayiuAsolq suouinbign 419n 66601 e80T Sad ¥Z10 av4lIN SISaY1UAS auouinbign
Ajlwepadns Hgy Jo Juauodwod sueiquiaw :jungns Jouodsuesl aaieind 76L€TT /€0ECT Ssad IYTO 9Vv4LlIN (110dx3) 1odsueuy auanjo]
Ajiweypiadns Hgy 40 Juauodwod Suipulg-d1y :Hungns Jouodsuesy aaizeind | opoh 620€CT vereet Sao 0PTO gv4LIN (10dxa) 1odsuey suanjo
1usuodwod Aseljixne “Jauodsuesl suan|ol adAr-Dgy aAneind 808TZT /9TTCT Ssad 8E€T0 gV4LIN (110dx3) 1odsueuy auanjo]
Ajlwepadns Hgy J0 Jusuodwod sauelquisaw :uNgns Jouodsuell ausan|ol aqif GETTCT /9021 sad /€TO 9V4LIN (110dx3) 1odsueuy auanjo]
Ajlwepadns Hgy J0 Jusuodwod sauelquisaw :uNgns Jouodsuell auan|ol 3944 1/90CT //86TT Ssad 9€T0 gVv4LIN (110dx3) 1odsueuy auanjo]
Ajiwepadns Hgy 40 Jusuodwod uipulg-d 1V :Hungns Jauodsuely auan|o} 4q44 9886TT LLO6TT Sao GETO 9V4LIN (10dxa) 1odsuesy suanjo
vie] uiglo.d asedojsuely uidjo.d Juapuadapul-das vio: TOTLSST | T/89SSC Neh) 95T gv4LIN Uo13124235 1V 1
gie] ura10.d asedofsuel) udoad Juapuadapul-das aaizeind GG89GST | £TT9SST Neh) SYST gv4LIN Uo13124235 1V 1
Dle| u1ajoud asedo|sues} ule3o.d Juspuadapul-23s 2103 LTT9SST | TLESSST Neh) 75T av4LIN Uo13124235 1V 1
(ouiz/1addoo) aseinwsip apixotadns aAneind G8/0/9T | £LTOL9T Neh) GS9T gv4LIN asejnwisip apixoadng
(24) aseanwssip apixosadns gpos 6TE8E6 TVLL€6 Sas T060 9V4LlIN asejnwisip apixoadng
(S1) WNY SS°¥ yum qusuodwod (dyS) s|a114ed uoiiudodsy jeusis uff 8678SET | 9P69S€T Sao ¥SET av4LIN Aemyied 235
auoJadeyd 1iodxa uaoud g23s L6600€T | 8TSO0EC Neh) 887 9v4LIN Aemyied 235
AS}4 403d034 3Jd11ied uoiHUS0d3l |eusiS ASY 0857607 | TTSE6OT sad 1807 9v4LIN Aemyied 235
JleA Hungns ‘asedo|suesy utR1o.dald 2IoA TIETLLT | 6860LLT sad €9/T gv4lIN Aemyied 295
@995 u2104d dueJqUWSW HOMX3-UI3)0.d @o3s 6L60LLT | 89T69LT Neh) 79LT gv4LIN Aemyied 235
4295 ula30.d duelquisw Hodxa-uld3old FEED TET69LT | €0T89LT Neh) 19T 9v4LIN Aemyied 235
(11 @sepndad |eu8is) asepindad |eudis uiajosdodijosd vds| 196S/C1 90SS/Z1T [Nek) €671 gv4lIN Aemyied 235
923S HUNQNS dUBIGUAW ‘DSeI0|sue.) ufdloldald Doas TETTYTIT | T8BIVIT Neh) 90TT gv4LIN Aemyied 235
(1 osepndad |eusis) ssepndad Japes| gdaj G8/586 786136 Sadn €760 9V4LIN Aemyied 235
AJ9S 1UNQgNSs SueJqWAW ‘9Sed0|suedy uRlosdald A03s /E€861 900.61 sad /6%0 9V4LIN Aemyied 295
3295 HuNQns ‘asedojsuedy utdjoldaid EEES T0LTLY 8SETLY Neh) €9¥0 gv4LIN Aemyied 235

79



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

D Jungns ase3onpaJopixo auouinb-HAVYN | Jonu S69T6LT | ¥SOT6LT sao €8/T gv4LIN | xajdwo)
@ HuNnqns ase1onpalopixo suouinb-HAYN | gonu 87606/T | S6968LT Neh) 78.T 9v4LIN | xajdwo)
3)ungns ‘asejdnpaJlopixo auouinb-HayN |  Jonu [8S68/T | 80T68LT Neh) 18T 9v4LIN | xajdwo)
4 1ungns ‘aselpnpalopixo auouinbign:HAVYN | Jonu TTI68LT | O¥8/8LT Neh) 08LT 9V4LIN | xajdwo)
9 HUNQNS ‘95e1oNP3IOPIX0 duoulnb-HAYN | DHonu ST8L8LT | L¥¥S8LT Neh) 6/LT 9V4LIN | xajdwo)
H Jungns ‘@se1dnpalopixo auouinbign:HAVYN | Honu 0S¥S8LT | OTv¥8LT Neh) 8/LT GV4LIN | xajdwo)
| HuNgNs 3se3anpaJopixo duouinb-HAYN jonu 06E¥8LT | TO6E8LT Neh) LLLT GV4LIN | xajdwo)
[ HuNgns 3se3aNpaJopixo auouinb-HAVYN ronu VELESLT | YTITESLT Neh) 9/LT gv4LIN | xajdwo)
Y HuUNQNS 3se19NPaJOPIXO duoUINb-HAYN | yonu G96T78LT | ¥S978LT Neh) SLLT gv4LIN | xajdwo)
7 HuUNgNS 3se30NpaJopIX0 duouInb-HAYN j0nu LY9T8LT | 9T908LT Neh) YLLT 9V4LIN | xajdwo)
IN Mungns asejnpalopixo auouinb-HAvN | wonu G6S08/T | TTT6LLT Neh) €/LT 9v4LIN | xajdwo)
N Hungns asejnpaJlopixo auouinb-HayN | Nonu 8806/LT | LE9LLLT Neh) TLLT 9v4LIN | xajdwo)
(3uswigely [eulwId)-N) 2@V HuNgns Suipulq 79t 4 Neh) 42Sad gv4LIN (112v) 111 xajdwo) aaiReuIRY Y
-191SN[2 4N NS-uoJl ‘1||JV X3|dwod 9S819NPIJOPIXO [oulnbeua | aA1zeInd
(auaw3ely [eujwial-)) ZgPY HUNgNs Sulpulq ¥2¥6092 | ¥76809¢ Sao 8097 4V4LIN (112v) 111 xajdwo) aniReuIRY Y
-191SN[2 4N NS-uodl ‘1||JV X3|dwod 9S819NPIJOPIXO [oulnbeua | aA1zeInd
D1V HuNngns ufdjoid suesquaw 6¥8809C | S8¥/09¢ Neh) £09T gv4LIN (12V) 111 xajdwo) aAneusayy
Suipuig-jouinbeuaw ‘[1DV x3]dwo2 3se3onpaJopIxXo |ouinbeus|y aAneInd
@Y HUNgNs THEEANA ‘|11DY X3|dwod 3seonpalopixo jouinbeua|A aAzeind S8¥/09T | 856909¢ Neh) 909¢ gv4LIN (12V) 111 xajdwo) aAneusayy
310V HUNQGNS 2 3WO0JYd03Ad 196909C | TT¥909¢ Neh) S09¢ gv4LIN (1oV) 111 xajdwo) aAneusayy
waeyouow ‘[[1DV x3|dwod 3se3onpalopixo |ouinbeus|y aAneind
4107 80¥909C | S6£S09¢ Neh) 097 9v4LIN (2V) 111 xajdwo) aAneusayy
1uNQgns aueJqwaw ‘[|1DV X3|dwod 3se3onpaJopixo |ouinbeusy aAneind
VIV STCZE 0T9¢ Sas 7000 gv4LIN (112v) 111 xajdwo) aaiReuIR) Y
11uNgns 2 3WO0JYd203Ad ‘|||JV X3|dWw oI 3S81INPIIOPIXO [oulnbeua | aAlzeInd
191V Hungns Sulpulq 995¢ 9s5¢ Sas TO00 9V4LlIN (112v) 111 xajdwo) aaiReuIRY Y
-upaidopgAjow ‘|||JV X3]dw0d 3se3oNPaJopPIX0 jouinbeus|p aAeind
19npoud auap puz uiSag adAl 1agel Aemyred
uiey) Aiojeaidsay
Jayiodsueuy a3uyiu/alewod aaieind TLSLYTT | 6SL9%CT Neh) 0€CT 9v4LIN Jayodsued] UN
(8uiwioy-ON) aselonpad a1l Sululeluod-iaddo) i €C9/LT 6199L1 Sad’ 6810 gv4LIN uondNpay aUN
Hungns eyd|e ‘95e30NPAIOPIXO UN | ZViXU LYST09T | 8€086SC Neh) 9657 gv4LIN uonepixQ aUN
3ungns e13q ‘9Se1ONP3IOPIX0 SN | Zg4xu LS6/6ST | 00896SC Neh) S6ST gv4LIN uonepixQ aUN
HuNgns ewwes ‘9se1onpaJopIxo 94U dAleInd 68/965C | 089S6SC Nek) ¥65¢ 9v4LIN uonepixQ aUN
uiazo.id auosadeyd Ajquiasse ase3onpalopIxo U dAeInd T19S6SC | T/8¥6SC Sad €6SC 9V4LIN uonepIXQ ANMUN
Hungns eyd|e ‘95e30NPAIOPIXO0 ALUN | TWiXU 0SY8YET | Tv6iPET Neh) YYET av4LIN uonepixQ aUN
3ungns e13q ‘9Se1ONPIOPIX0 SN | Tg4xu 09877ET | €0LEVET Neh) €YET gv4LIN uonepixQ aUN
HuNgns ewwes ‘9se1onpaJopixo a)liU dAeINd T69EVET | €8STYET Neh) TreT gv4LIN uonepixQ aUN

80



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

VNY1A|D ¥978YYT | 68T8YYIT VNY3 6TVNYY av4LIN VNY3

VNY3 84y 888TEET | CIBIEET VNY3 STVNYY av4lIN VNY3

VYNY1 43S G8/TEET | €69TEET VNY3 LTVNYY gv41IN VNY3

VYNY1 N3] LESTYTT | €STTYIT VNY3 9TVNYY av4lIN VNY3

VYNY1 43S 6SE976 0LT9Y6 | VNY? STVNYY gv4lIN VNY3

VNY3 84y 0LTT6L S60T6L | VYNY} YTVNYY gv4LIN VNY3

VNY1 dsy ST/STL 6E9STL | YN} ETVNYY av4lIN VNY3

VNY1 [eA LT9STL TSSSTL | VUN¥} ZTVNYY av4lIN VNY3

VYNY1 N3] TSv60L 89€60L | VNY} TTVNYY av4lIN VNY3

VNY1 I8N 009209 ¥25709 | VNY? OTVNYY gv4LlIN VNY3

VNY3 81y 996TS 068TS | VNY? TVNY} gv4LIN VNY3

VNYW3 0Z0vY8T | TS9EY8T | YNYwi 9VYNYWI gv41IN VNY3

VYNYJ4SS ‘YNY [ewosoq ¥8€666T | €/7666T UNYJ | T VYNYISS gv4LIN VYN

VYNYJ4SS ‘YNY [ewosoq 9TZITVZ | SOTTIVC UNYJ | T VNYISS gv4LIN VYN

VNYJ4 SET ‘YNY [ewosoq 76€700C | 8056661 VYNYJ | T VYNY4 SET gv4LIN VYNYJ

VYNYJ4 SET ‘YNY [ewosoq YZTyIve | OVETTYC VYNYJ | T VNY4 SEZ gv4LIN VYNYJ

VYNY4 ST ‘VNY [ewosoq L0S¥00Z | 086700C VYNYJ | T VYNY4 S9T gv4LIN VYNYJ

VYNYJ4 ST ‘VNY [ewosoq 6EE9TVT | TIBYIVC VYNY4 | T VNY4 S9T gv4LIN VYN

19npoud auap puz uiSag adAl 1agel Aemyred

SYNY

| Hunqns ‘aseyiuAs 41v aAleind 7S6SET L8SSET Sad ¥STO av4lIN Ax3|dwo)d

e ungns ‘aseyiuAs 41y punog-aueiquiawl JO 1033S 04 gdio 06SSET OELYET sad €ST0 gv4LIN Ax3|dwo)d

2 ungns ‘aseyiuAs 41y punog-aueigquiaw 4O 103I3s 04 3dp TLOVET 6CrET sad 7ST0 gv4lIN Ax3]dwo)

g ungns ‘aseyiuAs 41y punog-aueigquiaw 4o 10333s 04 4dp Y6EVET YZ6EET sad 1STO gv4LIN Ax3|dwo)
Hungns e1jap ‘9seyiuAs 41y punog-sueIqUIBL 4O J01I3S T Hdo 8T6EET G8EEET Sad 0STO @v4lIN Ax3]dwo)
Hnungns eydje ‘aseyiuAs 41y punog-sueiquiaw Jo J01I3S T4 vdio €GEEET TI8IET sad 6vT0 gv4LIN Ax3|dwo)
HuUNQgns ewiwes ‘9seyuAs d 1y punog-aueIquIswW JO JOBS T4 | DAID 96/T€T LT60ET Sad 8YT0 4V4LIN Ax3|dwo)
Hungns e13q ‘aseyiuAs 41y punog-aueiquidaw Jo 10199s T adio STLOET ¥0€6CT Sad LYTO 9V4LIN Ax3]dwo)
1ungns uojisda ‘aseyiuAs 4]y punog-aueiquisaw JO J01I3S T4 Jdip GGT6CT /T7887T sad 9%T0 gVv4LIN A X3|dwo)
uia10.4d ay1|-asepIxo awo4yd01Ad adAr-€qqg) aaneind 67861 LTE6Y e 9500 9V4LIN Al X3|dwo)

| HuNngns ‘asepIxo awo.ayd203Ad adAl-gqqd N022 €805t L9V Sad’ L¥00 gV4LIN Al X3|dwo)

HUNQNS 2 3WO4Y203Ad ‘BsepIX0 aWoIYd03Ad adAr-€qqd | 0022 8€9€Y €/9TY sad 9t00 gv4LIN Al X3|dwo)
Hungns unyns-uoJi ‘aseuasolpAyap ajeurdns | gyps 07910L S7600L Sad £890 9V4LIN 1 x3|dwo)

Hungns uidloidoAe|} ‘9seudsolpAyap a1eulddns | yyps S9500£ 708869 Sad 9890 4V4LIN I x3|dwo)

uiazo.d Joyoue sueiquiaw diqoydolpAy ‘aseusgolpAyap ajeuddns | gyps 708869 871869 Sad G890 4V4LIN I x3|dwo)
HuNgns 9554 awo4yd01Ad ‘aseuasolpAyap ajeurddns | Jyps YE¥869 090869 Sad ¥890 @v4lIN 1 x3|dwo)

¥ HuUNgns ase3onpaJopixo suouinb-HAYN | vonu ¥LST6LT | 8TTT6LI Sad S8/T AV4LIN | xajdwo)

g Mungns 3se3npaJopixo auouinb-HAyYN | gonu LTTT6LT | TSLIGLT Sad ¥8LT av4lIN | xajdwo)

81



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

Anwepadns dqgs 00600LT | /886691 Sad G897 gv4LlIN Hodwi a3ey|ns
2gV 40 wauodwod 3uipuig-diwseldiuad Jungns Jaliodsuesy aieyns
(yungns auesquiaw ‘Ajjwepadns Hgy) uiaload podsuedy aleyns 15/ /€6569T /0TS69T sad £/9T 9v4LIN 1odw| 3ieyns
(1ungns sueaqwisw ‘Ajiwepiadns Dgy) uidlosd podwi ey ns MSAI OTTS69T 62CZv69T Ssad 9/9T gVv4lIN Modwi| 91eyns
vsAJ uiaload Buipuig-d1y Hodwi 31ejnsolyl/aieyns vsAo TETY69T | LLTE69T sad S/9T gv4lIN Hoduw| a3ey|ns
19npoud auap puz uiSag adAl 1agel Aemyred
wsi|oqeId\ Inyns
VN1 4YL E€E0LS LST0LS VN4 6VNYY gv4LIN VN4
VNY1 sAT 86T0LS €CT0LS VN4 8VYNYY gv4LIN VN4
VNHI U9 6906175 5668179 VN4 LYNYY gv4LIN VN4
YNY3 diL VCETLY 6VCTILY VN4 9VNYY gv4LIN VN4
VN1 4YL Y1669 078691 VN4 SYNYY gv4LIN VN4
VNY1AID GSTL0C 780L0¢ VN4 TYVYNYY av4LIN VN4
VNY11A €G€L0€ LLTLOE VN4 TYVNYY av4L1IN VN4
VNY3I usy 66TSCTT | PYCISCIT VN4 OPYNYY gv4LIN VN4
VNY1AID 678691 9G.69t1 VN4 PYNYY gv4LIN VN4
VNY1 SIH €608.ST 8T08.ST VN4 6EVNYY av4LIN VN4
VNY31 Suy 66T8/ST €CT8LST VN4 8EVNYY av4LIN VN4
VNY1 04d L¥8€99T TLLE99T VN4 LEVNYY av4LIN VN4
VNY1 [BA 0vL0T6T | ¥990T61 VN4 9EVNYY av4LIN VN4
VNY1 ey 044T00C | S69200C VN4 GEVNYY av4LIN VN4
VN4 9| ¢S8700C | 9.LT00C VN4 PEVNYY gv4LIN VN4
VNY11A LT8700C | T¥.L¥00C VN4 €EVNYY av4LIN VN4
VNY1 43S 69€6TTC | 6LT6TTIC VN4 ZEVNYY av4LIN VN4
VNY1 43S CEEBLTT | T¥L6LTT VN4 TEVNYY av4LIN VN4
VN1 na T880T¥C | S6L0THC VN4 0EVNYY gv4LIN VN4
VN4 JAL L9691 £95691 VN4 EVNYY gv4LIN VN4
VNY1 ey C09vTvC | LTSPIVC VN4 6CVNYY av4LIN VN4
VNH1 9| ¥89%T¥C | 809¥THT VN4 8CVNYY av4LIN VN4
VN1 4YL 06868SC | ST868SC VN4 LTVYNYY av4LIN VN4
VNYI N9 €99CT6T 88YCT6T VN4 9ZVNYY av4LIN VN4
VNY1 ey 912161 68€CT6T VN4 SZVNYY av4LIN VN4
VN1 naT €6E€SLT 60€€SLT VN4 PZYNYY gv4LIN VN4
VN1 na €0TOVLT STO0VLT VN4 €CVNYY av4LIN VN4
VNY1 sAT 90611 TL6T6VT VN4 TTYNYY av4LIN VN4
VNY1 04d €ESBYYT LSY8YYT VN4 TZVYNYY av4LIN VN4
VN4 sAD S6E8YYT (44317274 VN4 0ZVYNYY gv4LIN VN4
VN4 3yd 80/S.LE €€96/¢€ VN4 TYNYY gv4LIN VN4

82



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

uol3uNy uMou N 4o uRlold pariodxad T6€6T8T | 889/18T sad £T8T gv4LIN 98eydoud |euoriouny padipald

uol3pUNy uUMouuN Jo utel04d OvTLTIST | tYS9TST Nep) S78T AV4LIN a8eydoud |euoouny paidipald

uol3oUN} UMOUNUN JO U19104d SueIqUISW PIAISSUOD /YS9T8T 9979181 sad 78T gVv4LIN 98eydoud |euoilduny paipaid
uol3pUNy UMoUuUN Jo utel04d 08TSTST | LT9PIST Nep) 0781 av4lIN a8eydoud |euoiouny paidipald

uol3pUNy uUMouuN Jo utel04d TSTYIST | TLBEIST Nep) 8T18T 4V4LIN a8eydoud |euoouny paidipald

vdo aseujwa) adeyd GO6ET8T | ¥L6TIST sad LT8T Gv4LIN 98eydoud |euoriouny paipald

uoI3dUNY UMOUXUN JO U1S304d PAAIDSUOD 164608T | ¥0S608T sad 7181 gv4lIN 98eydoud |euoriouny padipald

uoI3dUNY UMOUXUN JO UIS304d PAAIISUOD TTS608T | 9076081 sad T18T gv4LIN 98eydoud |euoouny paipald

uoI3dUNY UMOUXUN JO UIS}04d PAAIISUOD 890608T | T¥8808T sad 0T8T 9v4LIN 98eydoud |euoriouny paipald

Ajwey epquie| ‘utajoud |exod ageyd £88808T | ¥8T/08ST sad 6081 gv4LIN 98eydoud |euoriouny padipald

aseajosd aulas ojwse|duad ssefd 4d|y L8TL08T | S68508T sad 808T dgv4LIN 98eydoud |euoriouny padipald

uia304d payodxa paje|as-adeyd anneind €68508T | SSSS08T Nep) £08T 9V4LIN 98eydoud |euoriouny paipald

uoI3dUNY UMOUXUN JO UIS}04d PAAIISUOD €¥SS08T | 665708T sad 9081 gv4LIN 98eydoud |euoriouny padipald

uiazo.d |1e1 a8eyd anneind 999€08T | 0T0E08T Sad’ 7081 gv4LIN a8eydoud |euoriouny paiipald

uoI3dUNY UMOUXUN JO UIS304d PAAIISUOD L16T08T | 6092081 sad T08T gv4LIN 98eydoud |euoriouny padipald

uoI3dUNY UMOUXUN JO UIS}04d PAAIISUOD 0vSZ08T | 687T08T sad 008T 9V4LIN 98eydoud |euoriouny padipald

uolPUNY uMoOUNUN 4O UIRjold duelquiaw S¥TZ08T | 0€£7008T Sad 6641 9V4LIN 98eydoud |euoriouny padipald

uol3pUNy UMoUUN Jo utel04d Yrv66LT | vYES6LT Nep) 96/T 9V4LIN a8eydoud |euoiouny paldipald

uol3pUNy UMoUUN Jo utel04d G9T86LT | 8LL96LT Nep) S64T 9V4LIN a8eydoud |euoiouny paldipald

19npoud auap puz uiSag adAl 1agel Aemyred

98eydoud

g 1uNgns ‘9se1onNpaJopIX0 I SWOIYI01Ad:BYNS g10s 99Z¥TO0T | ¥E9ETOT Sad 6460 9V4LIN 95e30NP3JOPIXO SWINS

v HUNQNS ‘95e30NP3IOPIX0 I BWOIY201A2:8)HYINS vi0s ¥Z9€TOT | 68€CTOT Sad 860 9V4LIN 95e30NP3JOPIXO SWINS

Hungns v asejoipAyyns sulias|Aiaoe-Q ‘v aseyiuAs auteisho | zysAs YT66VET | S668YET Sad SYET AV4LIN uoIe|IWISSY INYINS
Hungns g ase|oJpAyyins auLias|Aiade-0 ‘g aseyiuAs aur@isha | sAd ¥S64¥0T | £90L¥0T Sad €¥0C QV4LIN uoIe|IWISSY INYINS
Hunqgns v asejoipAyyns sunias|Aiaoe-Q ‘v aseyiuAs auteisho | [ysAd 8TLEVOT | YESTYOT Sad LE0T 9V4LIN uoIe|IWISSY INYINS
T Mungns ‘asesaysuesyh|Auape aleyns NsAd 700988 6v/788 Sad G580 4V4LIN uoIe|IWISSY INYINS

z Mungns ‘asesaysuesyhlAuape aleyns asAa 9Y/¥88 T¥3€88 Sad ¥580 @v4lIN uoIe|IWISSY INYINS

juspuadap uixopaJtolyl ‘aselonpal aeynsiAjAuspe HsA2 TELEB8 900€£88 Sadn 7580 gv4LIN uolje|lWIssy Jny|ns
(uixopauiay) aseronpas ayyns Aloje|iwisse aIs 105788 957088 Sad 0580 @v4lIN uolIe|IWISSY INYINS

83



Chapter 2 — Characterization of a Ca. Nitrotoga isolate

uolpunj umouxun jJo C_wuo._a PaAIaSUOD [ECEEST 6S6CEST San w._uw._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald
uoljpunj umouiun jJo C_wuo._a PaAIaSUOD S/CCEST S0CEST San w._uw._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald
uolpunj umouxun jo C_wuo._a [sSEUSEN[e] 388/TEST [IVTEST San m._uw._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald
_uwum_qumm-wmmca .wmmu__wr_\wmm_t_._a VYNAad CTCTEST 9€68¢C8T San m._uw._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald
uoiUNy UMoOUNUN Jo uRjo.d 86//78T | TvTLI8l Sas 0v8T av4lIN a8eydoud |euoinouny panipald

uolpunj umouiun jJo C_wuo._a PaAIaSUOD 9/89¢78T €T199¢78T San wmw._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald
ase|Aylaw uonedlIpow ¥NQ 6L9578T | 06EVZST Sad GEST AV4LIN a3eydoud |euonduny paIpald
9Sea|dNnuUopuUa paziiajdeleydun TZ9€EC8T TCTEC8T San wa._ulmdm_._._z wmmr_ao._n_ |euoinouny paipald

84



Chapter 3 — Cyanate and urea use by AOA

Chapter 3

Cyanate and Urea are Substrates for Nitrification by Thaumarchaeota in the
Marine Environment

Katharina Kitzinger*?, Cory C. Padilla®, Hannah K. Marchant'’, Philipp F. Hach?, Craig W. Herbold?,
Abiel T. Kidane?, Martin Kénneke®, Sten Littmann!, Maria Mooshammer?, Jutta Niggemann®, Sandra
Petrov?, Andreas Richter?, Frank J. Stewart?, Michael Wagner?, Marcel M. M. Kuypers?, Laura A.
Bristow® ®

Author affiliations

1 Max Planck Institute for Marine Microbiology, Celsiusstrasse 1, 28359 Bremen, Germany

2 Department of Microbiology and Ecosystem Science, University of Vienna, Althanstrasse 14, 1090
Vienna, Austria

3 School of Biological Sciences, Georgia Institute of Technology, 311 Ferst Drive, Atlanta GA 30332-
0230, USA

4 Marine Archaea Group, MARUM — Center for Marine Environmental Sciences & Department of
Geosciences, University of Bremen, 28359 Bremen, Germany

®> Research Group for Marine Geochemistry (ICBM-MPI Bridging Group), Institute for Chemistry and
Biology of the Marine Environment, Carl von Ossietzky University Oldenburg, Carl-von-Ossietzky-
Strasse 9-11, 26129 Oldenburg, Germany

6 Present address: Department of Biology and Nordic Center for Earth Evolution (NordCEE),
University of Southern Denmark, Odense, Denmark

Correspondence: Hannah K. Marchant, hmarchan@mpi-bremen.de

Author Contributions

L.A.B,, KK., HK.M.,, M.M.M.K. and M.W. designed the study. K.K., L.A.B. and H.K.M. performed
experiments, S.L. and A.K. ran nanoSIMS analyses. K.K., L.A.B., H.K.M. and P.H. analyzed samples and
data. C.C.P. sampled for and performed molecular analyses with contribution from C.W.H. and F.J.S.
Cyanate concentrations were measured by M.M. and A.R., TDN was analyzed by J.N. Cultures were
provided by S.P. and M.K. The manuscript was written by K.K., L.A.B. and H.K.M., with contributions
from all co-authors.

Published in Nature Microbiology 2019, 4, 234-243

85



Chapter 3 — Cyanate and urea use by AOA

Abstract

Ammonia-oxidizing archaea of the phylum Thaumarchaeota are among the most abundant marine
microorganisms (Francis et al. 2005). These organisms thrive in the oceans despite ammonium being
present at low nanomolar concentrations (Martens-Habbena et al. 2009; Horak et al. 2013). Some
Thaumarchaeota isolates have been shown to utilize urea and cyanate as energy and N-sources
through intracellular conversion to ammonium (Qin et al. 2014; Bayer et al. 2016; Palatinszky et al.
2015). Yet, it is unclear whether patterns observed in culture extend to marine Thaumarchaeota, and
whether Thaumarchaeota in the ocean directly utilize urea and cyanate or rely on co-occurring
microorganisms to break these substrates down to ammonium. Urea utilization has been reported
for marine ammonia-oxidizing communities (Alonso-Saez et al. 2012; Connelly et al. 2014; Tolar et al.
2017; Santoro et al. 2017), but no evidence of cyanate utilization exists for marine ammonia
oxidizers. Here, we demonstrate that in the Gulf of Mexico, Thaumarchaeota use urea and cyanate
both directly and indirectly as energy and N-sources. We observed substantial and linear rates of
nitrite production from urea and cyanate additions, which often persisted even when ammonium
was added to micromolar concentrations. Furthermore, single cell analysis revealed that the
Thaumarchaeota incorporated ammonium-, urea- and cyanate-derived N at significantly higher rates
than most other microorganisms. Yet, no cyanases were detected in thaumarchaeal genomic data
from the Gulf of Mexico. Therefore, we tested cyanate utilization in Nitrosopumilus maritimus, which
also lacks a canonical cyanase, and showed that cyanate was oxidized to nitrite. Our findings
demonstrate that marine Thaumarchaeota can use urea and cyanate as both an energy and N-
source. Based on these results we hypothesize that urea and cyanate are substrates for ammonia-
oxidizing Thaumarchaeota throughout the ocean.

Main text

Nitrification, the stepwise oxidation of ammonia to nitrate, plays a key role linking the most reduced
and oxidized species of the nitrogen (N) cycle. In marine systems, the first step of nitrification,
ammonia oxidation, is predominantly carried out by ammonia-oxidizing archaea (AOA) belonging to
the phylum Thaumarchaeota (Francis et al. 2005; Wuchter et al. 2006). Marine Thaumarchaeota have
generally been considered to be metabolically restricted organisms that use ammonia as a substrate
for energy generation. However, dissolved organic N (DON, here defined as N-compounds containing
at least one C atom) can provide additional substrates for ammonia oxidizers via intracellular
conversion of DON to ammonium. The simple DON-compounds urea and cyanate are present
ubiquitously in marine systems (Sipler & Bronk 2015; Tolar et al. 2017; Widner et al. 2016; Widner &
Mulholland 2017; Widner et al. 2018). From the limited set of measurements available, urea
concentrations appear to be of the same order of magnitude as ammonium concentrations, while
cyanate concentrations are generally less than 30 % of ammonium (Supplementary Figure 1) (Antia
et al. 1991; Sipler & Bronk 2015; Widner et al. 2016; Widner & Mulholland 2017; Widner et al. 2018).
Urea is an intracellular metabolite and component of nitrogenous waste from both prokaryotes and
eukaryotes and is released during remineralization of organic matter (Antia et al. 1991; Sipler &
Bronk 2015), while sources of cyanate include urea, cyanide, and thiocyanate decomposition and
photoproduction (Dirnhuber & Schitz 1948; Widner et al. 2016). Some marine Thaumarchaeota
cultures have been shown to encode a urease (e.g. Bayer et al. 2016; Qin et al. 2014), and there is
evidence that marine thaumarchaeal communities use urea as an alternative energy source (Alonso-
Saez et al. 2012; Connelly et al. 2014; Tolar et al. 2017; Santoro et al. 2017). To date however, only
one Thaumarchaeon, the terrestrial Nitrososphaera gargensis, has been shown to encode a cyanase,
which seems to have been acquired via lateral gene transfer (Palatinszky et al. 2015). Cyanate
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utilization by nitrifiers has not been investigated so far in the marine environment, even though
ammonia oxidation has been hypothesized to be a main factor shaping cyanate concentration
profiles (Widner et al. 2016; Widner & Mulholland 2017).

The continental shelves are regions with high ammonia oxidation rates, which sustain the nutrient
turnover that drives disproportionately high primary production in these regions, which despite their
small surface area, account for 20 to 30 % of total marine primary productivity (Liu et al. 2010). We
aimed to assess whether Thaumarchaeota supplement their ammonia requirement in the
continental shelf waters of the Gulf of Mexico by utilizing urea and cyanate. Furthermore, we
investigated whether the Thaumarchaeota were directly utilizing urea and cyanate, or whether they
were relying on co-occurring microorganisms to break down these substrates to ammonium and
therefore utilizing them indirectly. During a cruise in 2016 to the GoM, bottom waters were hypoxic
(< 63 umol kg? dissolved oxygen) due to summertime eutrophic conditions, which recur yearly
(Rabalais et al. 2001) (Figure 1a and Supplementary Figure 2). Ammonium, urea, and cyanate were
present at variable concentrations in the water column along the entire east-west sampling transect
and were generally highest in the hypoxic bottom waters. The median ammonium, urea and cyanate
concentrations were 320 nM, 69 nM and 11.5 nM, respectively. The ratios of these three N-
compounds fell in the range observed across other shelf regions (Figure 1b and Supplementary
Figure 1, 3) (Antia et al. 1991; Sipler & Bronk 2015; Tolar et al. 2017; Widner et al. 2016; Widner &
Mulholland 2017; Widner et al. 2018). The median concentration of total DON was 12,100 nM
(Supplementary Figure 3), similar to previous measurements in the GoM and other shelf regions
(Sipler & Bronk 2015). These compounds could therefore all potentially serve as energy and N-
sources for microorganisms in the GoM.

Oxygen (Umol kg') ==== B Cyanate (nM) Thaumarchaeota (cells ml') ®
0 50 100 150 200 0 5 10 15 0e+00 1e+05 2e+05 3e+05 4e+05 5e+05
oda b [ Lo

10

Depth (m)

15

.

0 1,000 2,000 3,000 4,000 0 50 100 150 10° 10° 102 10°
Concentration (nM) Concentration (nM) Oxidation Rate (nM-N day™)
& Nitrite =+ Nitrate ® Ammonium A Urea B Ammonia M Cyanate W Urea

Figure 1 Depth distribution of nutrient and oxygen concentrations, Thaumarchaeota cell counts and oxidation
rates from Station 2. a) Nitrite, nitrate and oxygen concentrations. b) Ammonium, urea and cyanate
concentrations. ¢) Thaumarchaeota depth distribution based on CARD-FISH counts and measured ammonia and
urea- and cyanate-derived oxidation rates (without added *N-ammonium), calculated from slopes across all
time points and triplicate incubations. Oxidation rates are depicted on a log-axis. Rate experiments were
carried out at 12 m, 14 m and 16.5 m. Error bars for rates represent standard errors of slopes calculated across
all biological triplicates and all timepoints. All rates were significant (see Supplementary Table 1).
Thaumarchaeota abundance was determined from CARD-FISH counts (n for DAPI-stained / Thaumarchaeota
cells = 9,247 / 7; 13,296 / 389; 17,253 / 1,541; 16,770 / 1,660 from 1.7 m, 10.1 m, 13.0 m and 15.7 m depth,
respectively). Data from an additional 2 stations are shown in Figure 2 d-f and Supplementary Figure 3, 4 and 8.
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Thaumarchaeota have previously been identified as the dominant ammonia oxidizers in the GoM
(Tolar et al. 2013; Bristow et al. 2015); this was also the case in summer 2016, when Thaumarchaeota
cell counts (determined by CARD-FISH) were up to 4.9 X 10° cells ml?, approximately 10 % of total
cell counts (Figure 1c, Supplementary Figure 4, Supplementary Discussion). 16S rRNA gene amplicon
sequencing confirmed that Thaumarchaeota were the only detectable ammonia oxidizers in the
GoM, with reads clustering primarily into one operational taxonomic unit (OTU, 97% sequence
similarity cluster). This OTU was closely related to Nitrosopumilus sp., which previous 16S-based
approaches have revealed to be a dominant ammonia oxidizer in continental shelf waters (Woebken
et al. 2007; Galand et al. 2010; Liu et al. 2018, Supplementary Figure 5). Using metagenomic
sequencing, we generated six Thaumarchaeota metagenome-assembled genomes (MAGs). Four of
these were more than 90% complete, with the most abundant MAGs branching confidently with
Nitrosopumilus sp. and Nitrosomarinus sp. in a phylogenetic analysis based on 34 single-copy marker
genes (Supplementary Figure 6, Supplementary Table 2). Furthermore, five of the MAGs contained
amoA, the gene encoding the structural subunit of ammonia monooxygenase (see Supplementary
Table 2). We also investigated amoA transcription; all amoA transcripts retrieved from
metatranscriptomes were phylogenetically affiliated with Thaumarchaeota and also clustered with
the obtained MAGs (Supplementary Figure 7).

The use of ammonia, urea and cyanate as energy sources was investigated using °*N'3C-tracer
incubations at three depths and three stations. Upon addition of »N-ammonium, we observed linear
production of ’N-nitrite over time in the dark under in situ oxygen and temperature conditions.
Ammonia oxidation rates ranged between 80 — 2,500 nM-N d? (Figure 1c, Figure 2, Supplementary
Figure 8), comparable to rates previously measured in the region (Carini et al. 2010; Bristow et al.
2015) and in other shelf and oxygen-depleted systems (Ward 2008; Lam et al. 2009; Tolar et al.
2017). Although all of the measured rates are potential rates due to the addition of *°N-tracers, the
short length of the incubations (< 24h) and the linearity of the rates from the beginning indicate that
the ammonia oxidizers were active in situ. Moreover, rates showed a strong positive correlation with
in situ nitrite concentrations (Figure 2d), indicating that ammonia oxidation is a major determinant of
nitrite concentration in the GoM.

Significant and linear production of *N-nitrite was also observed after addition of ®*N**C-urea or
5N13C-cyanate. The maximum rates measured were similar for both compounds (up to 54 nM-N d1),
although rates varied between stations and depths (Figure 1c and Figure 2, Supplementary
Figure 8). The measured urea-derived oxidation rates are in the range of those previously reported
from the marine environment (see Supplementary Discussion for per cell rates) (Tolar et al. 2017;
Santoro et al. 2017). Until now there were no nitrifier-associated cyanate-derived oxidation rates
from the marine environment. Urea- and cyanate-derived oxidation rates constituted up to 7% and
10%, respectively, of the measured ammonia oxidation rates (Figure 1c, and Figure 2, Supplementary
Figure 8) and showed a strong positive correlation with ammonia oxidation rates (Figure 2e, 2f).
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Figure 2 Production of *N-nitrite over time and correlations between rates obtained from various substrate
additions. Upper panels: °N-nitrite concentration over time after addition of a) *N-ammonium, b) *N-urea,
and c) *N-cyanate without (open circles) and with (filled circles) added *N-ammonium (5 uM) at Station 2, 14
m depth. Data points represent biological triplicates. Lower panels: Correlations between d) ammonia
oxidation rate and in situ nitrite concentration, e) ammonia oxidation rate and urea-derived oxidation rate, and
f) ammonia oxidation rate and cyanate-derived oxidation rate (from incubations without added !*N-
ammonium). Black lines in panels a) — d) are linear regressions, R? was calculated based on Pearson
Correlations, and was significant in all analyses (a-c), one-sided t-test; a) t = 42.66, DF = 10, p = 1.20x1073, b) t =
11.184, DF = 10, p = 5.65x107 and t = 5.931, DF = 10, p = 1.45x10* for urea without and with added
ammonium, respectively, c) t = 11.634, DF = 10, p = 3.91x107 and t = 16.935, DF = 10, p = 1.08x10°® for cyanate
without and with added ammonium, respectively, d) two-sided t-test; t = 8.002, DF = 7, p = 9.10x10°. For
panels e) and f), Spearman rank correlations were calculated and were significant for both e) S = 10, p = 0.917,
p = 0.001 and f) S = 10, p = 0.917, p = 0.001. Error bars in panels (d-f) represent standard errors of slopes
calculated across all biological triplicates and all timepoints.

In principle, the production of *N-nitrite from additions of ®N'3C-urea or ®N*3*C-cyanate could
indicate both direct and indirect utilization of these substrates by Thaumarchaeota. Indirect
utilization could result from either abiotic or biotic breakdown of urea and cyanate. In water, abiotic
urea and cyanate breakdown to ammonium and carbon dioxide can occur through a temperature
and pH dependent process (Dirnhuber & Schiitz 1948; Palatinszky et al. 2015; see Supplementary
Discussion) and the resulting ammonium can subsequently be used by microorganisms. The
measured abiotic breakdown rates of urea to ammonium were insignificant in GoM seawater, and
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cyanate breakdown was minor (Supplementary Table 3 and Supplementary Discussion).
Alternatively, other microorganisms might intracellularly break down urea or cyanate to carbon
dioxide and ammonium (biotic breakdown), which is subsequently released to the environment and
used by Thaumarchaeota. Such cross-feeding has been demonstrated in co-culture experiments with
urea- and cyanate-degrading nitrite oxidizers and ammonia-oxidizing bacteria (Palatinszky et al.
2015; Koch et al. 2015). In our experiments, breakdown of urea and cyanate would progressively
increase the amount of >N in the extracellular ammonium pool, which would lead to exponential
production of N-nitrite from ammonia oxidation over time in the case of indirect utilization.

We quantified how much of the observed nitrite production could be assigned to direct substrate
utilization by Thaumarchaeota or to the breakdown of urea and cyanate into the extracellular
ammonium pool by biotic or abiotic breakdown (indirect utilization). We ran parallel incubations
which were identical except for the addition of a large *N-ammonium pool (ammonium pool
incubations). These were intended to reduce the likelihood that *>N-ammonium formed from biotic
or abiotic breakdown of urea or cyanate, would be oxidized to ’N-nitrite by Thaumarchaeota. In the
ammonium pool incubations, the rates of »>N-nitrite production were still linear, although they were
lower than those in the incubations without added *N-ammonium (Figure 2b, 2¢, Supplementary
Figure 9). We could observe the production of *>’N-ammonium in the ammonium pool incubations,
some of which was still oxidized to *N-nitrite, due to the high ammonia oxidation rates (indirect
utilization). However, by quantifying the amount of **N and *N-ammonium at each time point and
combining this with the known ammonia oxidation rates, we were able to calculate the proportion of
BN-nitrite production that could have stemmed from indirect utilization of *°N-urea or *N-cyanate.
Thereby, we were able to quantify the direct utilization rates and can confidently show that there
were significant rates of >N-nitrite production as a result of direct utilization (up to 9.9 nM d?,
Supplementary Table 3, Supplementary Figure 10). These rates are likely to be underestimations, as
it is possible that the Thaumarchaeota utilized less urea and cyanate in response to the large
ammonium addition in the ammonium pool incubations.

We used nanoSIMS to determine the incorporation of ammonium, urea and cyanate into
Thaumarchaeota cells in the GoM, which enabled us to gain insights into metabolic heterogeneity
within the Thaumarchaeota community at a single cell level. All measured Thaumarchaeota cells
(n=58) incorporated >N from ammonium (average 14.4 amol-N cell? d?!) and 3C from bicarbonate
(average 19.8 amol-C cell’ d?') and were significantly more enriched than the surrounding
microorganisms (Figure 3, Mann-Whitney U test, p < 0.01). Thaumarchaeota also assimilated **N
from urea (29 of 30 measured cells) and cyanate (all measured cells, n=47). Rates of N assimilation
from urea and cyanate were up to two orders of magnitude lower (average 0.72 amol-N cell* d* urea
and 0.64 amol-N cell? d? cyanate) than rates of N-assimilation from ammonium, but significantly
higher than those of surrounding cells (Figure 3, Mann-Whitney U test, p < 0.01). Average bulk rates
of assimilation by Thaumarchaeota in the GoM were 6.0 nM-N d* for ammonium, 0.3 nM-N d? for
urea and 0.3 nM-N d? for cyanate. Thaumarchaeota assimilation of >N from urea was more
heterogeneous than from ammonium and cyanate, with some cells showing a distinctly higher
enrichment of >N from urea compared to others (Figure 3, Supplementary Figure 11). We could not
detect any 3C-incorporation from additions of ®N*3C-urea or ®N*3C-cyanate. This is likely due to a
combination of the small amount of 3C-CO, produced from urea and cyanate degradation and strong
dilution by the 2 mM ambient dissolved inorganic carbon (DIC). Although this nanoSIMS analysis
cannot distinguish between direct and indirect assimilation, the data show that most
Thaumarchaeota cells were active and metabolically versatile, using urea and cyanate as additional
N-sources.

90



Chapter 3 — Cyanate and urea use by AOA

a IDA025
= 0.020
z
| —o0015 2
z
0.010 ~
0.005
c X
0.5 Thaumarchaeota [l 0.08
° other cells []
0.4 ° —
= £0.06 Z
+ -] s
Z 0.3 o g
= Z
z nesg  N=65 n=g4 0.04 T
= o n=30 %
g 0.2 ° <
= o >
: et . S
£ ® = +0.02 o
< 01 . 3 =47 g :
8 o]
[ ]
- e ol Sl i
N7 = =N L NA
5N - Ammonium N - Urea 5N - Cyanate

Figure 3 Thaumarchaeota single cell ammonium, urea and cyanate uptake determined by nanoSIMS at
Station 2, 14m depth. a) Representative CARD-FISH image of Thaumarchaeota (green; counterstained by DAPI,
blue) with a specific probe (Thaum726). b) corresponding nanoSIMS image of *N/(**N+'°N) enrichment after
addition of ®N-cyanate. Thaumarchaeota are marked by white outlines. Scale bar is 1 um. In total, 9, 6 and 8
fields of view were analyzed by nanoSIMS for the *N-cyanate, ®N-ammonium and ®N-urea treatment.
c) N/(**N+N) enrichment of Thaumarchaeota (green) and non-targeted cells (grey) after incubation with
BN—ammonium (left), *N-urea (middle, without added *N-ammonium) or *N-cyanate (right, without added
N-ammonium). Note the different scales for ®>N-ammonium and °N-urea and N-cyanate, respectively.
Number of cells analyzed per category is indicated above each boxplot. Boxplots depict the 25 — 75 % quantile
range, with the center line depicting the median (50% quantile); whiskers encompass data points within
1.5 xthe interquartile range. NA is the natural abundance N/(**N+*N) value (0.0037). Four non-
Thaumarchaeota cell values in the >N-urea treatment are not depicted and have >N/(**N+°N) values of 0.326,
0.095, 0.118 and 0.139, these cells were included in all calculations. More ammonium was assimilated than
urea and cyanate by the Thaumarchaeota, and the Thaumarchaeota assimilated significantly more N
compared to surrounding cells in all treatments (one-sided Mann-Whitney U Test, U = 3348.5, p = 6.19x10%4;
U =873, p =0.001; U = 3409, p = 2.91x102 for ammonium, urea and cyanate, respectively).

Using the nanoSIMS results, we calculated single cell N-based growth rates for Thaumarchaeota of
0.23 + 0.012 (SE) d! for ammonium, similar to previous measurements in marine systems (0.21 —
0.47 d, Alonso-Saez et al. 2012; Herndl et al. 2005) and in enrichments or pure cultures (Wuchter et
al. 2006; Qin et al. 2014). This ammonium growth was supplemented by urea- and cyanate-based
growth (0.011 + 0.0035 (SE) d and 0.009 + 0.0003 (SE) d?, respectively). Interestingly, *DIC-based
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growth rates were about 6-fold lower than ammonium-based growth rates (0.04 + 0.005 (SE) d).
This could be an artifact due to the small size of the Thaumarchaeota (see methods) or could indicate
that Thaumarchaeota in the GoM did not meet all of their C-demand from autotrophic C-fixation.
However, more work is required to resolve this. The single cell uptake and growth rates provide
further evidence that Thaumarchaeota in the GoM have the capability to use N from urea and
cyanate, directly or indirectly, in addition to ammonium, however, they seem to do so at lower rates
compared to when using ammonium.

To examine how Thaumarchaeota in the GoM might be utilizing urea and cyanate, we screened both
the metagenome assemblies and the Thaumarchaeota MAGs for ureases (ureC) and cyanases (cynS),
the enzymes responsible for intracellular breakdown of urea and cyanate to ammonia, respectively.
Detected ureC sequences were very diverse (Supplementary Figure 12), with 10.2 % associated with
Thaumarchaeota. Based on the recovery of thaumarchaeal ureC versus thaumarchaeal 16S rRNA
genes and amoA genes, we estimated that approximately 10-15% of Thaumarchaeota cells contain a
urease, which is similar to the ratio reported previously for coastal Georgia (Tolar et al. 2017). Of the
metagenomic ureC identified, 1.1% could be assigned to GoM MAG1 (putatively assigned to the
genus Nitrosopelagicus, Figure 4a and Supplementary Figure 6) while others were related to the
genus Nitrosopumilus (Supplementary Figure 12) but did not bin into one of the six almost complete
MAGs. These ureases were similar to those identified in coastal Georgia (Tolar et al. 2017), many of
which were related to Nitrosopumilus sediminis strain AR2. The transcribed ureases were also
diverse, with 5.9 % of ureC transcripts associated with Thaumarchaeota and clustering either with
GoM MAG1 or Nitrosopumilus related ureC sequences (Supplementary File 1-6). Metagenomic
analyses therefore indicated that only a sub-population of Thaumarchaeota in the GoM have known
ureases, consistent with the single-cell observation that some Thaumarchaeota cells assimilated
significantly more N from urea than others (Figure 3, Supplementary Figure 11).

We could not assign any meta-omics cynS sequences to Thaumarchaeota, and no sequences related
to cyanases were detected in the Thaumarchaeota MAGs (Supplementary Figure 13). To reconcile
this result with the indications that cyanate was utilized directly in the GoM, we examined cyanate
utilization in four cultures of Nitrosopumilus maritimus SCM1. Identifiable cyanases are absent from
the genome of Nitrosopumilus maritimus SCM1, and from the genomes available for other marine
Thaumarchaeota (Figure 4a). However, when we incubated Nitrosopumilus maritimus with N*3C-
cyanate, we observed production of **N-nitrite. This production occurred at much higher rates than
could be accounted for by abiotic breakdown of cyanate to ammonium (Figure 4b). Interestingly, we
observed linear ®N-ammonium production in all four cultures, which was far above the abiotic
breakdown rate. When this production rate was taken into account in a modelling approach similar
to that used above, it appears that almost all of the cyanate utilized by the Thaumarchaeota cultures
could have entered the extracellular ammonium pool prior to oxidation (Supplementary Figure 14).
This could suggest that cyanate breakdown by Thaumarchaeota occurs extracellularly, or that there
was equilibration between intra- and extracellular ammonium pools (see Supplementary Discussion).
These results indicate that Nitrosopumilus maritimus is capable of utilizing cyanate, even though it
does not have a canonical cyanase. Currently, the biochemical pathway involved in cyanate
utilization is unclear.
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Figure 4 amoA based phylogeny of Thaumarchaeota MAGs recovered in this study and cyanate utilization by
the marine Thaumarchaeon Nitrosopumilus maritimus. a) Phylogenetic placement of the amoA sequences from
Gulf of Mexico metagenome assembled genomes (GoM MAGs, magenta) and Thaumarchaeota cultures that
are able to utilize cyanate (blue). N. gargensis is the only Thaumarchaeon that encodes a known cyanase.
Reference Thaumarchaeota amoA sequences are shown in black. Tree was constructed using IQ-TREE (Nguyen
et al. 2015) with automated model selection from near full-length amoA sequences and confidence was
assessed with ultrafast bootstrapping (1,000 iterations). The scale bar represents nt substitutions per site,
bootstrap support values >90% are depicted. b) *N-nitrite production rate by the marine Thaumarchaeon N.
maritimus SCM1 incubated with *N-cyanate and a *N-ammonium pool, corrected for abiotic breakdown of
cyanate to ammonium in the culture medium. Error bars are the standard errors of the slope across all time
points of one biological replicate. Rates were calculated based on linear regressions (one-sided t-test, t = 6.13,
DF=2,p=0.012;t=2.38, DF =2, p=0.070; t = 2.22, DF = 2, p = 0.078; t = 3.72, DF = 2, p = 0.033, for culture 1,
2, 3 and 4, respectively). When data were fitted with an exponential regression, p was < 0.001 for all four
cultures. Differences in rates between biological replicates correlate with the different starting biomass in each
culture.

Until recently, marine Thaumarchaeota were considered to be metabolically restricted organisms
that only use ammonia as a substrate for energy conservation (Tolar et al. 2017; Santoro et al. 2017).
Here we show that in the GoM, Thaumarchaeota can use urea and cyanate to supplement their N-
and energy requirements. The presence and transcription of urease in a sub-population of the
Thaumarchaeota, combined with the single cell uptake data and rate determinations, suggest that
part of the Thaumarchaeota community directly utilize urea as a substrate. Similar evidence was
obtained for cyanate utilization; however, we could not detect Thaumarchaeota cyanases. In fact, no
known marine Thaumarchaeota have an identifiable cyanase. Yet, we show that Nitrosopumilus
maritimus, which is closely related to GoM Thaumarchaeota, can oxidize cyanate to nitrite. This
indicates that cyanate can be utilized by marine Thaumarchaeota from distinct geographical regions,
even when known cyanases cannot be detected. Considering that the GoM has ratios of cyanate,
urea and ammonium typical of shelf regions (Supplementary Figure 1, Sipler & Bronk 2015; Tolar et
al. 2017; Widner et al. 2016; Widner & Mulholland 2017; Widner et al. 2018) and a thaumarchaeal
community representative of continental shelves (Woebken et al. 2007; Galand et al. 2010; Liu et al.
2018), the use of urea and cyanate to supplement N-requirements could be a widespread trait. In the
oligotrophic gyres where ratios of DON to ammonium are higher relative to the shelf seas (Antia et
al. 1991), we hypothesize that urea and cyanate are also important substrates for ammonia oxidizers.
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Materials and Methods

Sampling

Sampling took place on the Louisiana Shelf in the northern Gulf of Mexico aboard the R/V Pelican,
cruise PE17-02, from July 23™ to August 1%, 2016, spanning a west-east transect from 92°48'4" W to
90°18'7" W. Seawater was collected in 20 L Niskin bottles on a rosette equipped with a CTD and
SBE 43 oxygen sensor. Nutrient profiles spanning the water column (surface water to water-sediment
interface at max. 19 m) were determined at nine stations. Process rate measurements, molecular
and FISH analyses were carried out at three of the nine stations (Supplementary Figure 2).

Nutrient analyses

Ammonium concentrations were measured in unfiltered seawater samples to avoid sample
contamination by the filtration process (Supplementary Discussion and Supplementary Figure 15).
For all other nutrient measurements, seawater was prefiltered using 0.22 um PES syringe filters
(Millex, Millipore, Supplementary Discussion and Supplementary Figure 15). Ammonium
concentrations were measured fluorometrically by the orthophthaldialdehyde method (limit of
detection (LOD) 10 nM in a 1 cm cuvette) (Holmes et al. 1999). Nitrite (LOD 50 nM in a 1 cm cuvette)
and urea (LOD 30 nM in a 10 cm cuvette) concentrations were measured photometrically onboard
using the Griess and diacetylmonoxime methods respectively (Grasshoff et al. 1999; Mulvenna &
Savidge 1992). Samples for cyanate concentration measurements (LOD 1.5 nM) were derivatized
onboard and stored at -20°C until return to the laboratory, where samples were stored at -80°C until
analysis using high performance liquid chromatography (Dionex, ICS-3000 system coupled to
fluorescence detector, Thermo Scientific, Dionex Ultimate 3000) (Widner et al. 2013). Samples for
nitrate measurements (LOD 50 nM) were stored at -20°C and concentrations were determined upon
return with a chemiluminescence NO/NOx analyzer after reduction to NO with acidic vanadium (ll)
chloride (Braman & Hendrix 1989). Samples for total dissolved nitrogen (TDN) concentrations were
filtered through pre-combusted GF/F filters (Whatman) in HCl-cleaned filter holders by gravity
filtration from Niskin bottles, acidified with HCl and subsequently stored at 4°C in the dark until
measurement by chemiluminescence (Shimadzu TOC-VCPH) (Seidel et al. 2017). Dissolved organic
nitrogen (DON) was calculated by subtraction of measured ammonium, nitrite and nitrate
concentrations.

Process rate experiments

Process rate measurements were carried out as described in Bristow et al. (2015) and were
determined at three stations at three depths in and below the oxycline (Supplementary Figure 2, 8).
Water was sampled directly from the Niskin bottle into 250 ml serum bottles, which were sealed
bubble-free with deoxygenated butyl rubber stoppers (De Brabandere et al. 2012). Bottles were
stored at in situ temperature (28°C) in the dark until the start of the experiments (< 7 h after
sampling). Exposure to natural light during sampling was minimized and all further handling took
place under red light to prevent assimilation by phytoplankton.

For each amendment and depth, tracer was added to triplicate serum bottles. Amendments were
designed to test for ammonia (}**NH4*), urea (**N*3C-urea)- and cyanate (**N3C-cyanate)-derived
oxidation rates (Supplementary Table 5) and were made as 5 uM additions. Additionally, in ammonia
oxidation experiments, 200 uM 3C-bicarbonate (DIC) was added. Abiotic breakdown of urea and
cyanate to ammonium was determined upon return, using sterile filtered bottom water from
Station 1, and its potential contribution to the observed oxidation rates was calculated (see
Supplementary Discussion). To further test the contribution of biotic and abiotic breakdown of urea
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and cyanate and subsequent use of the resulting extracellular >N-ammonium by ammonia oxidizers,
additional ammonium pool incubations with a **N-ammonium amendment (5 uM) were performed
to dilute any extracellular **N-ammonium formed (see Supplementary Discussion).

I5N3C-tracer solutions and *N-pools (Supplementary Table 5) were added using gas tight syringes
(Hamilton). Pre-weighed aliquots of ®N'3C-tracers were dissolved in sterile filtered seawater just
before the start of every experiment to minimize abiotic breakdown. After tracer amendments and
subsequent gentle shaking for approximately 10 seconds, a volume of 40 ml was removed and
replaced with helium (He). The headspaces were then flushed with He twice, before adding pure
oxygen according to Garcia and Gordon (1992) to match in situ oxygen concentrations. Triplicate
serum bottles per depth contained optode spots (Firesting, Pyroscience), enabling us to monitor
oxygen concentrations, which remained within 20% of in situ concentrations throughout the
experiment. The removed 40 ml were sterile filtered (0.22 um, PES, Q-Max, Frisenette ApS) and
stored at -20°C as time zero samples. The amended °N-tracer concentrations were determined by
concentration measurements and subtraction of in situ values. For determination of **C-DIC labeling
percentage, unfiltered samples were filled bubble-free into exetainers (Labco, UK) and preserved
with saturated mercury(ll) chloride solution (50 pl per 6 ml sample). After sampling, serum bottles
were incubated in a recirculated water bath at in situ temperature (28°C), in the dark. After 6 h, 12 h
and 24h, 20 ml of seawater was sampled and replaced with He. Samples were sterile filtered and
frozen. Serum bottle headspaces were flushed with He twice and oxygen was added to match in situ
concentrations as before. After 24 h, the remaining seawater of triplicates was combined, and 20 ml
were fixed and filtered onto 0.22 um GTTP filters for FISH and 0.22 um gold sputtered GTTP filters for
nanoSIMS, respectively.

5N-rate measurements and determination of *C-DIC labeling percentage

Ammonia, urea- and cyanate-derived oxidation rates were determined from °N-nitrite increase over
time. Nitrite was converted to N, with sulfamic acid (Fiissel et al. 2012) and 2°N, was measured by
gas-chromatography isotope ratio mass spectrometry (GC-IRMS) on a customized TraceGas coupled
to a multicollector IsoPrime100 (Manchester, UK). Abiotic breakdown rates of ®N'3C-urea and
5N3C—cyanate to ®N-ammonium were measured according to Zhang et al. (2007), combining
hypobromite oxidation of ammonium to nitrite and subsequent neutralization by HCl before
reduction to N, by sulfamic acid (see section below). All rates were inferred from the slopes of linear
regressions across all time points and replicates and were corrected for initial N-labeling
percentage. Only slopes that were significantly different from zero are reported (p < 0.05, one-sided
Student t-test). Non-significant regressions are reported as not detected rates. Initial 3C-DIC labeling
percentages were determined after acidification (Torres et al. 2005) by !3C-C0O,/*?C-CO,
measurements using cavity ring-down spectroscopy (G2201-i coupled to a Liaison A0301, Picarro Inc.,
Santa Clara, USA, connected to an AutoMate Prep Device, Bushnell, USA).

Hypobromite conversions for > N-ammonium measurement in cyanate and urea samples

5N-ammonium concentrations in samples containing ®N%3C-urea and !°N'3C-cyanate were
determined following a modified protocol from Zhang et al. (2007) where ammonium was oxidized to
nitrite by hypobromite, and subsequently converted to N, by sulfamic acid (Fissel et al. 2012). This
method minimizes concurrent conversion of urea and cyanate (see below). After hypobromite
conversion and sodium arsenite addition, the sample pH must be set to pH 8-9 by addition of 6 N HCI.
This step is crucial because a too acidic pH results in spontaneous oxidation of nitrite to nitrate and a
too basic pH interferes with the subsequent reduction of nitrite to N, by sulfamic acid (Granger &
Sigman 2009). After sulfamic acid conversion of nitrite to N, 2N, was measured on a customized
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TraceGas Isotope Ratio Mass Spectrometer (TraceGas IRMS) coupled to a multicollector IsoPrime100
(Manchester, UK). Detection limits were estimated from the median of the standard error of the
slope, multiplied by the t value for p = 0.05.

We did not remove the °N-nitrite prior to hypobromite conversion, and therefore measured
combined N-ammonium + ®N-nitrite. Prior nitrite removal was omitted because this requires a
sulfamic acid conversion, which is carried out at low pH. Low pH leads to increased abiotic decay of
cyanate to ammonium (Palatinszky et al. 2015), which impedes subsequent accurate **N-ammonium
measurement. To obtain ®N-ammonium values, we measured *N-nitrite (following the method of
Fussel et al. 2012) in a separate sample aliquot and subtracted the obtained *°N-nitrite values from
the combined *N-ammonium + *N-nitrite values.

For all hypobromite conversions, freshly prepared *N'3C-urea and >N!3C-cyanate standards were
converted concurrently. Across conversions, only minor proportions of *N'3C-urea-N (0.42% =+
0.06%) and °N*3C-cyanate-N (0.14% * 0.03%) were converted to *°N,. This 2N, can either stem from
a minor ®N-ammonium contamination of the stocks, or from direct conversion of *>’N*3C-urea and
15N13C-cyanate during the hypobromite protocol. While we did not detect ammonium based on
concentration measurements in *’N*3C-urea stocks, we did detect a minor ammonium contamination
in 1°N3C-cyanate stocks, corresponding to the 2N, measured in hypobromite conversions of cyanate
standards. Therefore, we assume that the ?°N, detected in hypobromite conversions of ®N*3*C-urea
does not represent actual ammonium contamination but rather direct conversion of ®N*3C-urea. As
the labeling percentage within our experiments did not vary across time points, the direct conversion
of °N3C-urea was simply accounted for by using the slope of change in 2N, concentration with time
to calculate the rate. However, if the labeling percentage were to change across time points, each
time point would need to be corrected individually for this direct conversion, before a rate could be
calculated. In contrast, 2°N, detected in hypobromite conversions of 1>N*3*C-cyanate is likely due to a
small ®N-ammonium contamination of the *N*3C-potassium cyanate salt.

Additionally, we found that some ®N!3C-urea was also converted to 3N, during hypobromite
conversions. To test if hypobromite combines the amide groups of one and the same or two different
urea molecules, hypobromite conversions of equimolar (5 uM) concentrations of *N*3C-urea and
14N2C-urea were performed. We detected no increase in 2N, in these samples, indicating that
hypobromite combines the two amide groups of a single urea molecule. Therefore, we recommend
that if analysis of 3°N, after hypobromite conversions on samples containing >N-urea is required, the
sample can be stripped of 3°N, before sulfamic acid conversion by prolonged bubbling of the sample
liquid with He.

DNA and RNA analyses

Nucleic acid extraction

Seawater for molecular analyses was collected from the same casts and depths as seawater for
process rate measurements. For each sample, a peristaltic pump was used to directly filter 1L of
seawater onto 0.22 um cartridge filters (Sterivex™, Millipore). An upstream prefilter was not used,
thereby avoiding potential bias in taxon representation due to prefilter clogging (Padilla et al. 2015).
Replicate cartridges for DNA analysis (16S rRNA gene sequencing and metagenomics) were filled with
lysis buffer (50 mM Tris-HCI, 40 mM EDTA, 0.73 M sucrose) and stored at -20°C. Replicates for RNA
analysis (metatranscriptomics) were filled with RNA stabilizing buffer (25 mM sodium citrate, 10 mM
EDTA, 5.3 M ammonium sulfate, pH 5.2), flash frozen in liquid nitrogen, and stored at -80°C.

DNA was extracted from Sterivex cartridges using a phenol:chloroform protocol, as described
previously (Padilla et al. 2016). Cells were lysed by adding lysozyme (2 mg in 50 ul of lysis buffer per
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filter) directly to the cartridges, sealing the cartridges, and incubating for 45 min at 37°C.
Proteinase K (1 mg in 100 pL lysis buffer, 100 pl 20% SDS) was added, and the cartridges were
resealed and incubated for 2 hours at 55°C. The lysate was removed, and DNA was extracted once
with phenol:chloroform:isoamyl alcohol (25:24:1) and once with chloroform:isoamyl alcohol (24:1)
and then concentrated by spin dialysis using Ultra-4 (100 kDa, Amicon) centrifugal filters.

RNA was extracted from cartridges using a modification of the mirVana™ miRNA Isolation kit
(Ambion) (Frias-Lopez et al. 2008). Cartridges were thawed on ice, RNA stabilizing buffer was then
expelled and discarded, and cells were lysed by adding Lysis buffer and miRNA Homogenate Additive
(Ambion) directly to the cartridges. Following vortexing and incubation on ice (10 min), lysates were
transferred to RNAase-free tubes and processed through an acid-phenol:chloroform extraction
according to the kit protocol. The TURBO DNA-free™ kit (Ambion) was used to remove DNA, and the
extract was purified using the RNeasy MinElute Cleanup Kit (Qiagen).

16S rRNA gene sequencing and analysis

The proportional abundances of microbial taxa were assessed at all experimental depths and stations
using 16S rRNA gene amplicon sequencing, following an established pipeline (e.g. Padilla et al. 2015;
Padilla et al. 2016). Briefly, amplicons were generated by PCR using equal amounts of DNA template
(1 ng), Platinum® PCR SuperMix (Life Technologies), and primers F515 and R806 encompassing the V4
region of the 16S rRNA gene (Caporaso et al. 2011). Despite a mismatch in the 515F primer to most
Thaumarchaeota, the 16S rRNA gene of this group is recovered in PCR assays using this primer
(Parada et al. 2016). This is in line with in-silico coverage tests (test-prime, arb-silva) allowing for
1 mismatch overall, but 0 mismatches for at least 5 bases at the 3’ end of the primer, suggesting an
estimated recovery of 95% of known marine Thaumarchaeota (Nitrosopumilales and Marine benthic
groupl). This indicates that the Thaumarchaeota in the Gulf of Mexico were well covered despite a
mismatch in the forward primer (see Supplementary Discussion). Both forward and reverse primers
were barcoded and appended with lllumina-specific adapters. Thermal cycling involved: denaturation
at 94°C (3 min), followed by 30 cycles of denaturation at 94°C (45 sec), primer annealing at 55°C (45
sec) and primer extension at 72°C (90 sec), followed by extension at 72°C for 10 min. Amplicons were
analyzed by gel electrophoresis to verify size (~400 bp) and purified using Diffinity RapidTip2 pipette
tips (Diffinity Genomics, NY). Amplicons from different samples were pooled at equal concentrations
and sequenced on an lllumina MiSeq using a 500-cycle Nano kit.

Barcoded sequences were de-multiplexed, trimmed (length cutoff 100 nt), and filtered to remove
low quality reads (average Phred score < 25) using Trim Galore!
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Paired-end reads were merged
using FLASH (Magoc¢ & Salzberg 2011), with a minimum average length of 250 nt for each read,
minimum average length of 300 nt for paired read fragments, and maximum allowable fragment
standard deviation of 30 nt. The number of trimmed and merged reads per sample ranged from
11,842 — 21,970. Chimeric sequences were detected by reference-based searches using USEARCH
(Edgar 2010) and removed from the sequence pools. Operational Taxonomic Units (OTUs) were
defined by clustering at 97% sequence identity using open-reference picking with the UCLUST
algorithm (Edgar 2010) in QIIME1 (Caporaso et al. 2010). The average number of sequences assigned
per OTU was 836 (range 646 — 1,138). Taxonomy was assigned to OTUs using the Greengenes
database (DeSantis et al. 2006). Singleton sequences and sequences affiliated with mitochondria and
chloroplasts were removed from any further analysis. Proportional abundances of orders constituting
>0.5% of the community were calculated after rarefaction based on the sample with the lowest
number of reads (11,842 reads).
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OTUs identified as Thaumarchaeota were analyzed further to assess the diversity and abundance of
the ammonia-oxidizing community. The Thaumarchaeota sequences, which constituted the only
known ammonia oxidizers in the dataset, were analyzed by placement into a reference phylogeny
composed of near full-length reference Thaumarchaeota 16S rRNA sequences compiled from the
ribosomal database project (RDP). To identify additional sequences for inclusion in the reference
phylogeny, all Thaumarchaeota OTU sequences were queried against the NCBI non-redundant
database via BLASTN. Top matching sequences and 16S rRNA sequences of cultured representatives
were sorted by size and near-full sequences (21,300 nt), including both RDP and BLASTN matches
(n=32), were aligned with MUSCLE (Edgar 2004) and then used to generate a phylogenetic tree
(Supplementary Figure 5) in RAXML (Stamatakis 2006) via maximum likelihood estimation with the
“GTRGAMMA” model and rapid bootstrapping (1,000 iterations). Short sequences consisting of both
the Thaumarchaeota OTU amplicon sequences and non-full length top matches (< 1,300 nt, identified
via BLASTN) were placed into the phylogenetic tree using the Evolutionary Placement Algorithm
(EPA) (Berger et al. 2011). The resulting tree was Vvisualized in FigTree v1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/).

Metagenome sequencing, assembly and binning

Metagenomic libraries were constructed using NEBNext® UltraTM Il FS DNA Library Prep Kit for
Illumina, creating average fragment sizes of 550 bp. Samples were sequenced on one lane of an
Illumina HiSeq using 2x250 bp cycle kit at Georgia Tech’s High-Throughput DNA Sequencing core
facility.

Paired-end lllumina reads were pre-processed with bbduk (BBMap - Bushnell B. -
sourceforge.net/projects/bbmap/) to remove adapters and residual phiX sequences. Reads were
further quality-filtered with bbduk (ktrim=r k=21 mink=11 hdist=2 minlen=149 qtrim=r trimq=15).
Quality-filtered reads were assembled with Metaspades (-k 21,33,55,77,99,127) (Nurk et al. 2017).
BBMap (BBMap - Bushnell B. - sourceforge.net/projects/bbmap/) was used to map each individual
read set to each assembly to assist in differential-coverage genome binning. Large (>2 kb) scaffolds
were clustered into Metagenome-Assembled Genomes (MAGs) by oligonucleotide frequency (k=4)
and read coverage using Maxbin2 (Wu et al. 2015) and Metabat2 (Kang et al. 2015). Redundant bins
were subsequently dereplicated and evaluated using dRep (Olm et al. 2017) with a completeness
cutoff of 40%, contamination cutoff of 10% and minimum genome size of 200kb. Thaumarchaeal
genomes were identified using a phylogenetic tree calculated using FastTree2 (Price et al. 2010)
based on an automated alignment generated by CheckM (Parks et al. 2015) and containing
sequences from the dereplicated MAGs and known Thaumarchaeota. Metagenome sequencing
statistics and information on dereplicated thaumarchaeal MAGs are listed in Supplementary Table 6
and 2, respectively.

MAG phylogenetic reconstruction

A concatenated alignment of 34 universal single-copy marker genes was generated using CheckM for
published Thaumarchaeota and thaumarchaeal MAGs as well as representative Bathyarchaeota and
Aigarchaeota (as outgroups). Phylogenetic reconstruction was carried out using IQ-TREE (Nguyen et
al. 2015) with automated model selection and confidence was assessed with ultrafast bootstrapping
(1,000 iterations).

Metatranscriptome sequencing
Community RNA (metatranscriptome) from Station 2, where the measured oxidation rates were
highest, was analyzed for evidence of ammonium, urea, and cyanate utilization. To enrich for mRNA,
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ribosomal RNA (rRNA) was depleted from total RNA using the Ribo-Zero™ rRNA Removal Kit for
bacteria (Epicentre). mRNA-enriched total RNA was converted to cDNA and prepared for sequencing
using the ScriptSeq™ v2 RNA-Seq Library preparation kit (Epicentre) and sequenced on an Illumina
MiSeq using a 600 cycle kit. Metatranscriptomes were separated into ribosomal and non-ribosomal
partitions using SortMeRNA (Kopylova et al. 2012). Metatranscriptome sequencing statistics are
listed in Supplementary Table 7.

Single-gene phylogenetic reconstruction

Small subunit rRNA sequences from metagenomes were identified in metagenomic assemblies using
nhmmer against rfam databases for small subunit rRNAs (RFAM: RF00177, RF01959, RF01960),
requiring at least 300 nucleotides to match the model. Sequences were classified using the
RDPclassifer (Wang et al. 2007) as implemented in Mothur.

Prodigal (Hyatt et al. 2010) was used to generate gene predictions from each metagenomic assembly,
using the metagenome option (-p meta). Assemblies were screened for marker genes of ammonium,
urea, and cyanate utilization: ammonia monooxygenase subunit alpha (amoA), urease subunit alpha
(ureC), and cyanate lyase/hydratase (cynS), respectively. hmmsearch (Eddy 2011), which identifies
protein sequences based on pfam hmm models, was used to identify genes of interest (archaeal
amoA (PF12942.2); cynS (PF02560.9) and ureC (PF00449.15)), with the requirement that the protein
sequence and hmm model align over at least 70% of the length of the model and that the reverse
search of the identified protein sequence against the pfam database returned the target model as
the best hit. Metagenome encoded genes of interest were used as queries against the NCBI non-
redundant (nr) protein database (as of March, 2018) using default settings and the hits were filtered
to remove sequences with less than 50% sequence coverage of the query gene. Hits were then
clustered at 90% identity using Usearch (Edgar 2010) and added to custom amoA nucleotide, UreC
amino acid, and CynS amino acid sequence databases. The CynS database was previously compiled
(Palatinszky et al. 2015). The amoA and UreC databases were compiled from Pfam entries (Finn et al.
2016). Metagenomic-encoded amoA, UreC and CynS sequences were added to the custom databases
and aligned with mafft-linsi (Katoh et al. 2002) and trimmed using trimal -automated1 (Capella-
Gutiérrez et al. 2009). Phylogenetic reconstruction was calculated with IQ-TREE (Nguyen et al. 2015)
with automated model selection and confidence assessed with ultrafast bootstrapping (1,000
iterations). Resulting trees were visualized using ITOL (Letunic & Bork 2016).

Metagenomic and metatranscriptomic reads were used to quantify amoA, ureC and cynS in these
datasets. mMRNA reads were screened by BLASTX against the datasets assembled for phylogenetic
analysis (see above). Positive BLASTX matches were defined by a bit score > 50 and amino acid
identity > 40%. Reads were added to alignments used for calculating phylogeny of each gene of
interest using the --add-fragments option in mafft and placed into single gene trees using the
evolutionary placement algorithm (Berger et al. 2011). Fragments per kilobase per million reads
(FPKM) values were calculated based on the number of read pairs for which one or both reads placed
into a specified location in the tree, divided by the average gene length in the reference alignment (in
kb) divided by the number of total metagenomic read pairs or ribosomal-RNA free
metatranscriptomic read pairs (in millions). Gene lengths for the target genes are as follows: amoA
(593 nt), ureC (1,477 nt), cynS (462 nt).

The percentage of ureC-containing Thaumarchaeota was estimated for each metagenomic dataset
using a method similar to that of Tolar et al. and Santoro et al. (Tolar et al. 2017; Santoro et al. 2017),
which involved comparing the FPKM for urease genes (FPKM.c) classified as thaumarchaeal ureC
and the FPKM for thaumarchaeal amoA (FPKMgmoa) and SSU (16S rRNA genes, FPKMssy) genes, under
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the assumption that amoA and SSU were universally present in all Thaumarchaeota as single copy
genes. The percentage of ureC Thaumarchaeota was then calculated as FPKMyrec / FPKMamoa and/or
as FPKMurec / FPKMssu.

Thaumarchaeota quantification by CARD-FISH

For Thaumarchaeota quantification, seawater samples were fixed with 1% paraformaldehyde (PFA,
without methanol, EMS) for 12 to 24 h at 4°C before filtration (< 400 mbar) onto 0.22 um GTTP filters
(Millipore) and washing with sterile filtered seawater. Filters were stored frozen at -20°C.
Thaumarchaeota abundances were determined by CARD-FISH following Pernthaler et al. (2004) using
the horseradish peroxidase (HRP) labeled probe Thaum726 (GCTTTCATCCCTCACCGTC, for probe
specifications see below and Supplementary Table 8) and unlabeled competitor probes
(Thaum726_compA: GCTTTCGTCCCTCACCGTC, Thaum726_compB: GCTTTCATCCCTCACTGTC) (Beam
2015; Sauder et al. 2017). For CARD-FISH, cells were immobilized on the filters by embedding in 0.2%
low gelling agarose and endogenous peroxidases were inactivated by incubation in 0.01 M HCI for
10 min. Cells were permeabilized by HCI (0.1 M HCI for 1 min) and lysozyme (10 mg ml? in 50 mM
EDTA and 100 mM Tris-HCI at 37°C for 1 h). Filter pieces were hybridized with HRP probes and the
respective competitor probes at 25% formamide concentration at 46°C for up to 3.5 h. After a 5 min
washing step at 48°C and HRP probe equilibration in 1x PBS for 15 min, signal amplification was done
with OregonGreen488 labeled tyramides at 48°C for 15 to 30 min. Before enumeration on an
epifluorescence microscope (Axioplan 2, Zeiss), cells were counterstained with DAPI (10 pg ml?, 5
min at room temperature). For each CARD-FISH experiment, positive controls using probes EUB338
I-1ll (Amann et al. 1990; Daims et al. 1999) and negative controls with the probe NonEUB (Wallner et
al. 1993) on separate filter pieces were included to exclude non-specific binding of oligonucleotides
or insufficient inactivation of endogenous peroxidases.

The probe used for CARD-FISH (Thaum726) targeted all recovered GoM Thaumarchaeota OTUs
except for three, which together made up only 0.07% of all Thaumarchaeota 16S rRNA gene reads.
Thaum726 also targeted all Thaumarchaeota 16S rRNA gene fragments obtained by metagenomics
that had sequence information at the probe binding site. Furthermore, Thaum726 targets 94.6% of
Nitrosopumilales Thaumarchaeota (Marine Group 1, sequences included in ARB Silva database
SSURef NR99 128 SILVA 07 _09 16, Supplementary Table 8). To ensure specificity to
Thaumarchaeota for our samples, Thaum726 was also screened for non-target matches against the
entire retrieved GoM 16S rRNA gene amplicon dataset. We found that it targeted only one non-
target Crenarchaeota OTU present only at Station 1, 16m depth with a relative abundance of 0.01%.
It is therefore unlikely that we under- or overestimated Thaumarchaeota present in the GoM due to
mismatches in the probe binding site in Thaumarchaeota, or probe binding to non-target organisms.

nanoSIMS Analyses and Calculation of Single Cell Growth and N-uptake Rates

For nanoSIMS analyses, unfixed seawater samples were gently filtered (<100 mbar) onto gold
sputtered 0.22 pm GTTP filters (Millipore), and subsequently fixed in 3% PFA (in sterile filtered
seawater) for 30 min at room temperature, washed twice in sterile filtered seawater and then stored
at -20°C until CARD-FISH and nanoSIMS. CARD-FISH targeting Thaumarchaeota was done without
embedding filters in agarose. After counterstaining with DAPI, regions of interest were marked on a
laser microdissection microscope (6000 B, Leica) and images of CARD-FISH signals were acquired on
an epifluorescence microscope (Axioplan 2, Zeiss).

Single cell °N- and 3C-uptake from ®N-ammonium and !3C-bicarbonate, ®N'3C-urea and *N3C-
cyanate were determined for Station 2, 14m depth, using a nanoSIMS 50L (CAMECA), as previously
described (Martinez-Pérez et al. 2016). Instrument precision for detection of >N/*N and 3C/**C
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isotope ratios was monitored daily on Graphite Planchet and regularly on caffeine standards. Due to
the small size of Thaumarchaeota (< 1 um), samples were only briefly (10 s) pre-sputtered with a Cs*
beam (~300 pA) before measurement. Measurements were done on a field size of 10 x 10 um or
15 x 15 um, with a dwelling time of 2 ms per pixel and 256 x 256 pixel resolution over 40 planes.
Analysis of the acquired data was performed using the Look@NanoSIMS software package (Polerecky
et al. 2012) as previously described (Martinez-Pérez et al. 2016). Ratios of >N/(**N+“N) and
1B¢/(33c+%C) of Thaumarchaeota and non-Thaumarchaeota cells were used for calculation of growth
rates only when the overall enrichment Poisson error across all planes of a given cell was < 5%. The
variability in N/(**N+*N) ratios across measured Thaumarchaeota and non-Thaumarchaeota cells
was calculated following Svedén et al. (2015) (see section below).

Single cell growth rates were calculated as previously described (Martinez-Pérez et al. 2016), where
cell **N- and 3C-atom% excess was calculated by subtracting natural abundance **N/(**N+*N) and
1Bc/(B3¢c+1%C) values (0.37% and 1.11%, respectively). To be conservative in our calculations, we did
not take the isotopic dilution of *N/(**N+N) and 3C/(*3C+!2C) ratios due to CARD-FISH into account
(Musat et al. 2012; Woebken et al. 2015) (see section below). For calculation of per-cell N-uptake
rates, an average carbon content of 9 fg-C per Thaumarchaeota cell (Berg et al. 2015) and a C:N ratio
following Redfield (C:N = 6.625:1) were assumed, resulting in an average N-content of 1.36 fg-N per
Thaumarchaeota cell. N-uptake rates were calculated by:

N-UptakeRate [fg-N cell* d]= (*’Nat%excessc) / (*°Nat%excessiaper) X fgNcen x 1/time (1)
N-UptakeRate [amol-N cell? d!] = N-UptakeRate [fg-N cell* d*] / 14 x 1073 (2)

where P’Nat%excessc and *Nat%excessiael are **N-atom% of a given measured cell and of the **N-
enriched seawater during the incubation after subtraction of natural abundance >’N-atom% (0.37%),
fgNcen is the assumed N-content per cell, and time is the incubation time in days (Krupke et al. 2015).

Analysis of >N/(**N+'°N) ratio variability and isotopic dilution due to CARD-FISH

To test if sufficient cells have been measured by nanoSIMS, we calculated the mean and standard
error for randomly subsampled ROIs according to Svedén et al. (2015), who propose that the error of
randomly subsampled ROIs of one population should be < 10%. Our analysis showed that the
standard error for Thaumarchaeota **N/(**N+°N) ratios was < 10% after random subsampling of 5
and 3 cells respectively, for ammonium and cyanate incubations (Supplementary Figure 11). This
indicates a highly homogenous **N-uptake by the measured Thaumarchaeota population. However,
the spread in ©>N/(**N+*°N) ratios was much larger for Thaumarchaeota in the urea incubation (20%,
Supplementary Figure 11). This could be either due to too few measured cells, or, alternatively, due
to the presence of several Thaumarchaeota subpopulations, which have different activities on urea.
The latter is in line with the presence of urease in only approximately 10-15% of the Thaumarchaeota
based on metagenomics (see main text), indicating that the spread in **N/(**N+*°N) ratios in the urea
treatment is an inherent feature of the Thaumarchaeota community. The spread in ®N/(**N+*°N)
ratios was higher in all treatments for non-Thaumarchaeota than for Thaumarchaeota, likely due to
the diversity of microorganisms and their physiology in this class.

CARD-FISH has previously been shown to introduce isotopic dilution of both target and, to a lesser
extent, non-target cells (Musat et al. 2012; Woebken et al. 2015). The extent of isotopic dilution is
affected by growth stage and hypothesized to also depend on washing steps and the CARD-FISH
protocol used. We have not accounted for isotopic dilution of Thaumarchaeota cells due to CARD-
FISH in our experiments to be conservative, as the isotopic dilution effect for complex environmental
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samples is still not well constrained. Thaumarchaeota are therefore likely to be even higher enriched
in N and 3C compared to other cells than reported, and in situ growth rates may have been
underestimated.

Cyanate oxidation by cultures of Nitrosopumilus maritimus

Experiments were carried out to assess cyanate use by four cultures of the marine Thaumarchaeon
N. maritimus SCM1 (Kénneke et al. 2005). All cultures were inoculated in 100 ml synthetic
Crenarchaeota medium (Martens-Habbena et al. 2009) containing 1 mM NH,Cl. Cultures were
incubated in the dark at 28°C without shaking. After consumption of >0.7 mM NH,*, cultures were
amended with freshly prepared, sterile filtered (0.2 um) 200 uM *N-NH4* and 40 uM 3C**N-cyanate.
At the time of tracer addition, cell numbers were 1.11x10%, 1.35x108%, 7.89 x10’ and 9.42 x10’
cells mI in culture 1, 2, 3 and 4, respectively. At each time point (0, 3, 6 and 12 h), 20 ml samples
were taken under sterile conditions, sterile filtered and stored at -80°C until concentration analysis
(cyanate, ammonium, nitrite), and GC-IRMS (**N-ammonium and '°N-nitrite) measurements. The
purity of cultures was confirmed at the end of the experiment using CARD-FISH (probe Thaum726
and DAPI staining), as described above. Abiotic breakdown of cyanate was assessed in sterile filtered
media and a further experiment assessed the breakdown of cyanate in the culture supernatant of
N. maritimus SCM1 after growth on 1 mM ammonium (supernatant controls, see Supplementary
Discussion). The contribution of abiotic cyanate breakdown to the observed cyanate-derived
oxidation rates in the N. maritimus cultures was calculated analogously to field experiments
(Supplementary Discussion).

Data Availability

All sequence data and thaumarchaeal MAGs generated in this study are deposited in NCBI under
BioProject number: PRJINA397176. Metatranscriptomes are deposited under BioSample numbers
SAMNO07461123-SAMNQ7461125; 16S amplicon sequencing under SAMNO07461114-SAMNO07461122;
metagenomes under SAMN10227777-SAMN10227781, and MAGs under SAMN10233969 -
SAMN10233974. Accession numbers of sequences used for tree calculations (16S rRNA gene, amoaA,
UreC, CynS, and genome sequences) are given in Supplementary Table 9. CTD data, measured
nutrient concentrations, process rates, Thaumarchaeota relative abundance based on 16S rRNA gene
amplicon sequencing and Thaumarchaeota specific CARD-FISH counts are given in Supplementary
Table 10.
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Supplementary information

Supplementary text

Comparison of Thaumarchaeota CARD-FISH, amplicon and metagenomic abundances
Thaumarchaeota relative abundances determined by specific CARD-FISH counts and staining of all
cells by DAPI were approximately 50% lower than Thaumarchaeota relative abundances based on
16S rRNA gene amplicon sequencing (Supplementary Figure 4), an opposing pattern to that observed
by Mincer et al. (2007). Unlike amplicon relative abundances, metagenomic relative Thaumarchaeota
abundances based on read fragment mapping to the obtained Thaumarchaeota MAGs were in the
same range as relative CARD-FISH abundances but were correlated with the relative abundances
obtained by amplicon sequencing (Supplementary Figure 4).

Thaumarchaeota genomes usually contain a single copy (operon) of rRNA genes (see overviews in
Bayer et al. 2016; Stieglmeier et al. 2014), therefore, abundances based on 16S rRNA gene amplicon
sequencing, metagenomics and CARD-FISH should be similar. The discrepancy observed between
relative abundances of Thaumarchaeota CARD-FISH, metagenomics and amplicon sequencing could
be due to primer/PCR biases, actively replicating cells (and thus multiple chromosome copies per
cell), low ribosome content and insufficient cell permeabilization, or cell lysis during the CARD-FISH
procedure.

While the CARD-FISH probe used was unlikely to miss a large fraction of Thaumarchaeota, the
forward primer used for amplicon sequencing (Caporaso et al. 2011) shows a mismatch to most
Thaumarchaeota (Parada et al. 2016). Despite this, environmental Thaumarchaeota appear to be
well covered with this primer pair (Parada et al. 2016). We have assessed the Thaumarchaeota
coverage by the used primers in-silico using the arb-silva test-prime online tool. Allowing for 1
mismatch over the entire primer length, but 0 mismatches for at least 5 bases at the 3’ end as
suggested in the test-prime documentation on arb-silva for realistic simulation of PCR behavior, the
used primer pair targets 95% of marine Thaumarchaeota (Nitrosopumilales and Marine benthic
groupl), indicating that the Thaumarchaeota in the Gulf of Mexico were well covered despite a
mismatch in the forward primer. Furthermore, all retrieved Thaumarchaeota 16S rRNA sequence
fragments from the GoM metagenomes, where information for the primer binding sites is available,
were also targeted when using the realistic PCR simulation scenario. These sequences also show a
mismatch to the forward primer and are perfectly matched by the reverse primer 806R. Ultimately,
the cause for the discrepancies in Thaumarchaeota relative abundances between different methods
is unknown.

Per cell oxidation rates

CARD-FISH cell counts and ammonia oxidation rates were combined to calculate Thaumarchaeota
per-cell ammonia oxidation rates. Assuming that the entire Thaumarchaeota community was actively
oxidizing ammonia, per cell rates were between 0.9 — 30.8 fmol-N cell* d* which are in the same
range reported for marine Thaumarchaeota pure cultures (Martens-Habbena et al. 2009; Qin et al.
2014) and in most studies of marine systems dominated by Thaumarchaeota (Wuchter et al. 2006;
Santoro et al. 2010; Tolar et al. 2017). As we have assumed the entire community was active, these
rates might be underestimates as there is evidence to suggest that not all ammonia oxidizers are
active in natural communities (Smith et al. 2014). There are fewer examples of per cell urea-derived
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oxidation rates available, and none so far for cyanate. We observed per-cell urea-derived oxidation
rates ranging from below detection to 0.93 fmol-N cell? d?, at the lower end of those reported by
Tolar et al. (2017), and per-cell cyanate-derived oxidation rates ranged from 0.05 — 1.52 fmol-N
cell* d.

Contribution of abiotic breakdown of urea and cyanate to the observed oxidation rates

As both urea and cyanate can undergo abiotic decay to ammonium (Dirnhuber & Schiitz 1948), we
measured the extent of abiotic breakdown of °*N*3C-urea and *N*3*C-cyanate to *N-ammonium and
modeled its potential contribution to the observed oxidation rates in incubations with added **N-
ammonium (ammonium pool incubations).

The amount of *N-nitrite which can stem from abiotic breakdown of >N*3C-urea or ®N*3C-cyanate to
BN-ammonium and subsequent ammonium oxidation depends on (1) the abiotic breakdown rates of
5N13C-urea or *N®3C-cyanate to ®N-ammonium, (Il) the regeneration rate of ammonium, (Ill) the
ammonia oxidation rate to nitrite, (IV) the size of the ammonium pool and (V) the amount of added
5N13C-urea or ®N*3C-cyanate.

Ammonia oxidation rates (lll) were obtained from N-ammonium incubations. The exact
concentrations of added (IV) **N-ammonium (V) *®*N*3C-urea or ®N*3C-cyanate were obtained from
concentration measurements at time zero of the ammonium pool incubation experiments. Below,
we detail how the abiotic breakdown rates and the ammonium regeneration rates were determined
and how these five parameters were used to model the contribution of abiotic urea and cyanate
breakdown to the observed nitrite production rates.

(1) Abiotic breakdown rates of >’N*3C-urea and **N*3C-cyanate to >N-ammonium

We determined the abiotic breakdown rates of *N*3C-urea and °N*3C-cyanate to ®N-ammonium in
bottom water taken from one sampling location (Station 1) at two different oxygen concentrations.
To determine abiotic breakdown rates of »>’N*3C-urea and ®N*3C-cyanate to ®N-ammonium, bottom
water was sterile filtered (0.22 um, Nalgene Fast-Flow filtration unit) onboard. Upon return to a land-
based laboratory, seawater was again sterile filtered and bubbled with helium to decrease oxygen
concentrations. 250 ml HCl-cleaned serum bottles were filled bubble-free. All further handling was
done as in ammonium pool incubations in the field (see Methods and Supplementary Table 5).
Triplicate serum bottles for urea and cyanate were amended with 2.5 uM or 25 puM oxygen,
mimicking typical oxygen concentrations in the GoM. Additional serum bottles containing oxygen
sensor spots were used for monitoring oxygen concentration. Sampling was performed as described
in the main text, but the filtered samples were immediately processed for analysis. **N-ammonium
was measured at all time points. Moreover, to test for possible abiotic oxidation of urea or cyanate
to nitrite, °N-nitrite concentrations were measured at time zero and the final time point.

For >N3C-urea, we detected neither abiotic breakdown to >’N-ammonium nor abiotic oxidation to
BN-nitrite under the tested conditions. Therefore, we did not include any parameters for abiotic urea
breakdown when modelling direct vs indirect urea utilization by Thaumarchaeota. The measured
abiotic ®N'3C-cyanate decay to *N-ammonium was linear and highly reproducible between
replicates, with 9.4 + 0.17 nM d* per uM cyanate, independent of the oxygen concentration. We did
not observe abiotic oxidation of 1>N*3*C-cyanate to > N-nitrite.

We do not expect the abiotic breakdown rate of urea and cyanate to differ between stations and
depths, as these rates are determined by salinity, pH, temperature and seawater composition (Lister
1954; Taillades et al. 2001; Kamennaya et al. 2008). These factors did not differ significantly between
depths or stations.
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(ll) Ammonium regeneration rate

Ammonium regeneration rates (AR) were determined from ammonia oxidation experiments (**N-
ammonium addition) using the **N-pool dilution approach (Kirkham & Bartholomew 1954; Kirkham &
Bartholomew 1955). Regeneration rates were calculated between adjacent time points (Oh and 6h,
6h and 12h, and 12h and 24h, respectively), according to Equation 1 (Kirkham & Bartholomew 1954;
Kirkham & Bartholomew 1955; Inselsbacher et al. 2007). Parameters are given in Supplementary
Table 11.

AR = (At - Ac1)/T * (In(AAPEw.1/ AAPE:))/In(A/Ac1) Equation (1)

Ammonium regeneration rate (AR) values were averaged across triplicates and time points per
depth. Total ammonium concentration at each time point (At) was determined fluorometrically
(Holmes et al. 1999). *N-content of the ammonium pool was assessed by conversion to N, by
alkaline hypobromite (Warembourg 1993) and subsequent analysis of N, and 3°N, by TraceGas-
IRMS. >N-atom% excess above *N-natural abundance (>0.37 %) of the ammonium pool (AAPE) for
each time point was then calculated according to:

AAPE = N-NHz*/(NH4" tota1) *100 - 0.37 Equation (2)

Ammonium regeneration rates ranged between 170 — 1,550 nM d?, depending on the depth
investigated, which is in the lower range of ammonium regeneration rates measured previously in
the Northern GoM (Gardner et al. 1993; Bode & Dortch 1996; Gardner et al. 1997).

Modeling the contribution of abiotic cyanate breakdown to observed oxidation rates
The expected amount of >N in the nitrite pool above *N-natural abundance (> 0.37 atom%) over 24
h (NAPE-4) stemming from abiotic breakdown of cyanate to ammonium and subsequent ammonia
oxidation was calculated in 1 h increments (T) as follows (see Supplementary Table 12):

NAPE; = sum(NAPE 1o.)) Equation (3)
Where

NAPE T= A015NT - AOT/ 100 * 0.37 Equation (4)
AO1snt = AO7 /100 * A%:snt Equation (5)
A%a1snt = Asne/ (At) Equation (6)
Axsnt = Assne1— AOasnt + Algsnt Equation (7)
Ai=Ar1—AOT + Alr Equation (8)

Briefly, the amount of *N-nitrite appearing in the nitrite pool as a result of abiotic breakdown during
each time interval was calculated by determining the labelling percentage of the ammonium pool
(which is controlled by ammonium regeneration and cyanate breakdown rates) and then calculating
how much of this N-ammonium is oxidized to °N-nitrite (taking into account the ammonia
oxidation rate).

To account for the input parameter variability (equations above and Supplementary Table 12), and
their effect on the contribution of abiotic cyanate breakdown to the measured oxidation rates, we
calculated minimum and maximum expected *°N in the nitrite pool.

110



Chapter 3 — Cyanate and urea use by AOA

We calculated minimum expected *°N in the nitrite pool from abiotic breakdown using average
values minus standard deviation (SD) for »>’N*3C-cyanate concentration and ammonia oxidation rate,
and average values plus SD for ammonium regeneration rate and initial ammonium pool size. This
combination of low cyanate concentration, low ammonia oxidation rate, high ammonium
regeneration rate and large initial ammonium pool size gives the lowest rate, as any > N-ammonium
from cyanate breakdown would be strongly diluted into the ambient *N-ammonium pool and
additionally, lower ammonia oxidation would result in less *’N-ammonium oxidation to **N-nitrite.
Vice versa, the maximum expected °N in the nitrite pool from abiotic breakdown was calculated
using average values plus SD for ammonia oxidation rate and *°N!3C-cyanate concentration, and
average values minus SD for ammonium regeneration rate and initial ammonium pool size.

We also accounted for the putative initial > N-ammonium contamination of °N*3C-cyanate (see main
text section on Hypobromite conversions for ?’N-ammonium measurement in cyanate and urea
samples) in our calculations by adding it to the natural abundance °N in the ammonium pool at time
zero.

Indirect cyanate oxidation rates due to abiotic breakdown

For each time point, minimum and maximum °N above natural abundance in the nitrite pool (NAPE:)
resulting from abiotic breakdown was subtracted from measured *N-nitrite in ammonium pool
incubations with ®N-cyanate. The resulting corrected cyanate-derived oxidation rates were still
significant and linear (Supplementary Figure 10, Supplementary Table 4) and constituted between
30% and 61% of the uncorrected rates in ammonium pool incubations at Station 2, depending on the
depth investigated and the lower/upper bounds of the parameters used in the model. These results
strongly indicate there is biological oxidation of cyanate to nitrite that cannot be accounted for by
abiotic decay of °N*3C-cyanate to >’N-ammonium and oxidation of the resulting ®N-ammonium to
BN-nitrite.

Contribution of biotic breakdown of urea and cyanate to the observed oxidation rates

In addition to abiotic breakdown, urea and cyanate can also be biotically degraded to ammonium by
non-Thaumarchaeota cells. Part of the resulting ammonium could be released from cells to the
environment and then be oxidized to nitrite by Thaumarchaeota. Similar to the contribution of
abiotic breakdown, the amount of >N-nitrite stemming from biotic degradation of urea or cyanate to
ammonium and subsequent ammonia oxidation depends on (l) the biotic degradation rate of >N*3C-
urea or N¥3C-cyanate to ®N-ammonium (analogous to abiotic breakdown rate above), (Il) the
regeneration rate of ammonium, (lll) the ammonia oxidation rate to nitrite, and (IV) the size of the
ammonium pool.

To model how much nitrite production was the result of biotic degradation of urea and cyanate, the
same equations were used as those above. Unfortunately, the measurement of ®®N-ammonium in
ammonium pool incubations with *N-cyanate was not possible due to inappropriate sample storage,
which caused cyanate breakdown to ammonium in all samples. However, we could determine biotic
degradation of ®N'3C-urea to ®N-ammonium in ammonium pool incubations with °N-urea at
Station 2. Therefore, we used the values calculated for biotic urea breakdown to estimate indirect
and direct cyanate utilization rates.

The biotic breakdown rate was calculated from ammonium pool incubations with **N-urea. We
measured the production of >’N-ammonium at rates ranging from 12 — 25 nM dX. However, this rate
alone does not represent the biotic urea breakdown rate, as ammonia oxidation would have
converted some of the produced N-ammonium into N-nitrite. Therefore, to determine the
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absolute urea breakdown in the ammonium pool incubations, we used the model developed above
to estimate how much **N-ammonium derived from biotic breakdown was oxidized further to nitrite.
To achieve this, the breakdown rate of urea in the model was changed iteratively until the modeled
BN-ammonium excess at each time point best corresponded to what was measured in the
ammonium pool experiments with *°N-urea. As the model included the ammonia oxidation rates, we
could therefore determine the N-nitrite excess that was a result of urea breakdown to ammonia
and subsequent oxidation.

As described above, we accounted for the input parameter variability. We calculated minimum
expected °N in the nitrite pool from biotic breakdown using average values minus SD for ammonia
oxidation rate and average values plus SD for ammonium regeneration rate and initial ammonium
pool size. To calculate maximum expected *°N in the nitrite pool from biotic breakdown, we used
average values plus SD for ammonia oxidation rate and average values minus SD for ammonium
regeneration rate and initial ammonium pool size.

Modeled biotic urea breakdown rates at Station 2 ranged from 15 to 34 nM-N d? (7.5 — 17 nM urea)
depending on the depth investigated and the lower/upper bounds of the parameters used for the
model. These modeled values are similar to maximum urea breakdown rates measured by Cho &
Azam (1995) in the Southern California Bight.

Direct urea and cyanate utilization rates

Direct urea oxidation rates were calculated by subtracting the °*N-nitrite concentration (NAPEt) that
occurred at each time point as a result of biotic urea breakdown (abiotic rates were below detection)
from the total **N-nitrite production measured in the ammonium pool incubations. The remaining
BN-nitrite production was still linear over time and rates calculated from this production were still
significant (Supplementary Figure 10). The direct urea oxidation rates were around 50 % of the total
measured N-nitrite production rates, depending on the depth investigated and the lower/upper
bounds of the parameters used for the model. These results strongly indicate that Thaumarchaeota
directly use urea as an energy source via intracellular conversion to ammonium.

Direct cyanate oxidation rates were calculated by subtracting the ®N-nitrite concentration (NAPEt)
that could have been produced at each time point as a result of abiotic cyanate breakdown and biotic
breakdown (taken from urea experiment) from the total >N-nitrite production measured in the
ammonium pool incubations (Supplementary Table 3). The remaining >N-nitrite, which represents
the corrected cyanate-derived oxidation rates were still significant at a number of depths, which
strongly supports that cyanate is directly used by GoM Thaumarchaeota.

To estimate the detection limits for direct urea and cyanate utilization rates, the median of the
standard error of the slope for single replicates (for which the calculated direct rate was significant)
was multiplied by the t value for p = 0.05. This was done separately for urea and cyanate incubations
and resulted in estimated detection limits of 2.2 nM d?! and 2.6 nM d? for ammonium pool
incubations with urea and cyanate, respectively. Nevertheless, at 12m depth, station 2, we were still
able to observe direct urea utilization rates between 1.2 to 1.6 nM NO, d?, which were significantly
different from zero, highlighting that the detection limits in this case are only an estimate.

Our results show that ammonium pool incubations to differentiate between direct and indirect use
of urea and cyanate by Thaumarchaeota are vital to draw correct conclusions from tracer
incubations.
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Controls to assess cyanate breakdown in Nitrosopumilus maritimus cultures

Control experiments were carried out to test for 1) abiotic breakdown of cyanate in the medium
(abiotic controls) and 2) breakdown of cyanate in the culture supernatant of N. maritimus after
growth on 1 mM ammonium (supernatant controls). In the culture experiments, the oxidation of
1 mM ammonium caused the pH of the medium to drop from 7.6 to 7.2 and led to the production of
1mM NO;. Both of these factors can influence cyanate breakdown, therefore, medium for abiotic
controls was titrated to 7.2 with HCI prior to the addition of tracer and amended with 1mM
14N-NaNO;.

For supernatant controls, N. maritimus was inoculated as described in the methods and allowed to
consume 0.9 mM ammonium, after which cells were gently removed using a hand-operated vacuum
pump (<5 mbar, 0.2 um Nalgene Fast-Flow filtration unit). Subsequently, both the abiotic and
supernatant controls were amended with 200 pM *N-NH,* and 40 uM 3C®*N-cyanate and were
incubated and sampled as described in the methods section.

The contribution of abiotic cyanate breakdown to the observed cyanate-derived oxidation rates in
the N. maritimus cultures was calculated analogously to field experiments. The expected amount of
BN in the nitrite pool stemming from abiotic decay of cyanate to ammonium and subsequent
ammonia oxidation was calculated over 12 h as described above (Supplementary Discussion
Modeling the contribution of abiotic cyanate breakdown to observed oxidation rates), in this case
however, ammonium regeneration was not accounted for.

Additionally, we calculated the expected amount of >N in the nitrite pool assuming that all *>N-nitrite
produced in biotic incubations first was released into the extracellular ammonium pool and
subsequently oxidized to nitrite. This was done by using the production rate of >’N-ammonium +
BN-nitrite in biotic incubations (after subtraction of abiotic cyanate decay to ammonium) as input
parameters for Al;syt and Alr in Equation 7 and 8.

Abiotic breakdown of N-cyanate to ammonium in sterile filtered media (adjusted to pH 7.2)
occurred at a rate of 34.4 nM of NH," per 1 uM of cyanate added per day in the presence of 200 uM
ammonium and 1 mM nitrite. This is 3.7x higher than cyanate breakdown in GoM seawater, which is
likely due to the differences in pH and salt composition between medium and natural seawater.
When the cultures were incubated with >N*3C-cyanate and a large (ca. 200 uM) **N-ammonium pool,
the production of >N-nitrite was significantly higher than could be explained by abiotic breakdown of
cyanate to ammonium in the medium (main text, Figure 4b, Supplementary Figure 14). However,
BN-nitrite production was not linear, with a lag at the start of the experiment, while we detected
linear production of *N-ammonium (Supplementary Figure 14). When we modeled the expected
BN-nitrite production assuming that all cyanate first enters the extracellular ammonium pool as
N-ammonium before oxidation to nitrite, the modeled rate was similar to the measured >N-nitrite
production rate (Supplementary Figure 14). This could indicate that either the breakdown of cyanate
occurs extracellularly, by soluble compounds or enzymes secreted by the AOA during growth, or, if
cyanate breakdown occurs intracellularly, that there is a rapid equilibration between the intracellular
and extracellular ammonium pools.

We assessed the possible extracellular component of cyanate breakdown by the AOA in supernatant
controls. Cyanate breakdown rates measured in the supernatant controls were around 50 % of the
rates measured in the culture incubations, indicating that part of the cyanate breakdown might occur
due to extracellular compounds, for example promiscuous enzymes with activity on cyanate, or
secreted metabolites which catalyze the breakdown of cyanate to ammonium. However, we cannot
exclude that intracellular components may have been released via cell lysis during the low-pressure
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filtration. Regardless of the mechanism, these experiments show that Nitrosopumilus maritimus,
which lacks a known cyanase can use cyanate as an energy source at higher rates than can be
explained by abiotic breakdown.

Urea, Ammonium and Cyanate Contamination from Syringe Filters

Two syringe filter types were tested for contamination with urea and ammonium, 0.22 um PES
(Millex, Millipore) and 0.20 um CA syringe filters (Minisart, Supelco). North Sea seawater was
amended with two urea (100 and 1,000 nM addition) and ammonium concentrations (80 and 160 nM
addition) and additionally tested without amendments. 20 ml of seawater were filtered in triplicate
through the two types of syringe filters, once directly, and once after pre-rinsing the filter by
filtration of 10 ml ultrapure water. Ammonium and urea concentrations were measured in unfiltered
and filtered samples. While urea contamination from the two filter types was generally low and did
not vary between filters pre-rinsed with ultrapure water and filters directly used for seawater
filtration, high ammonium contamination was observed for CA filters, especially when filters were
not pre-rinsed with ultrapure water (Supplementary Figure 15). These results indicate that the choice
of filter material and filter type (as PES filters from other suppliers result in different contamination
patterns), is crucial for nutrient measurements. Especially for ammonium concentration
measurements, pre-filtration is problematic, and measurements should be performed using
unfiltered seawater samples. Cyanate contamination was tested for 0.22 um PES syringe filters
(Millex, Millipore) only and was below the detection limit.
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Supplementary Figure 1 Concentrations of urea (a) and cyanate (b) depicted as percentages of ammonium in
continental shelf waters. Urea concentrations were converted to nmol N for the comparison (i.e. 1 mol of urea
contains 2 mol of N). Literature values are depicted in black, values for the GoM obtained in this study in
orange. Each data point represents one discrete sample for which both urea and ammonium (a) or cyanate and
ammonium (b) were determined. It should be noted that less data are available for cyanate, furthermore the
detection limits of ammonium and cyanate differ by two orders of magnitude (10 - 40 nM ammonium, 0.4 nM
cyanate).Studies shown on the x-axis in a) are 1-38 Newell (1967); 39-48 Turley (1986); 49-74 McCarthy (1972);
75-80 McCarthy & Kamykowski (1972); 81-90 Mitamura & Saijo (1975); 91-99 Savidge & Hutley (1977); 100-113
Butler et al. (1979); 114-128 Tolar et al. (2017); 129-232 Liu et al. (2018). Studies included in b) are 1-28 Widner
et al. (2016); 29-108 Widner & Mulholland (2017); 109-127 Widner et al. (2018).
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Supplementary Figure 2 Overview of sampling transect and oxygen concentration profiles in the GoM.
a) Sampling location is marked by a red square. b) Station locations, with red dots (S1 — S3) marking
experimental stations and black dots marking additional stations for oxygen and nutrient profiles. c) Oxygen
concentrations across the sampling transect (with shaded area indicating the seafloor). The 63 umol kg*
contour marks the onset of hypoxic conditions. Plot was generated using Ocean Data View (Schlitzer 2016).
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Supplementary Figure 3 Nutrient profiles across the sampling transect (with shaded area indicating the
seafloor). a) Ammonium, b) urea, c) cyanate, d) nitrite e) nitrate and f) DON concentrations. Black dots mark
locations of nutrient measurements. S1 — S3 mark the position of experimental stations. Plots were generated
using Ocean Data View (Schlitzer 2016).
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Supplementary Figure 4 Thaumarchaeota abundances a) Thaumarchaeota abundance depth profiles across all
experimental stations, determined by CARD-FISH. b) Correlation between Thaumarchaeota abundance in
experimental samples (based on CARD-FISH counts) and ammonia oxidation rate. c) Correlation between
relative Thaumarchaeota abundance (based on amplicon sequencing data) and ammonia oxidation rate.
d) Correlation between relative Thaumarchaeota abundance from specific CARD-FISH counts and amplicon
sequencing data. e) Correlation between relative Thaumarchaeota abundance from Thaumarchaeota MAG
relative FPKM abundance and amplicon sequencing data. A breakdown of MAG coverage per site is shown in
Supplementary Table 2. f) Correlation between relative Thaumarchaeota abundance from specific CARD-FISH
counts and Thaumarchaeota MAG relative FPKM abundance. No significant correlations (Spearman rank
correlation) were found for b) S =8, p = 0.45, p =0.230, ¢) S =32, p = -0.08, p = 0.843, d) S = 50, p = 0.58,
p=0.108, f) S = 18, p = 0.1, p = 0.950. Significant correlation (Pearson correlation coefficient) was found for
e)t= 7.7, DF = 3, p = 0.005, R? = 0.976. Error bars for rates represent the standard error of slopes across
biological triplicates and all time points. Thaumarchaeota abundance was determined from CARD-FISH counts.
For panel a), n for DAPI-stained / Thaumarchaeota cells was 9,039 / 6; 13,902 / 24; 8,915 / 203; 12,409 / 1,143;
10,042 / 1,132 at Station 1 for 1.7 m, 4.8 m, 12.1 m, 15.4 m and 18.0 m, respectively; n = 9,247 / 7; 13,296 /
389; 17,253 / 1,541; 16,770 / 1,660 at Station 2 for 1.7 m, 10.1 m, 13.0 m and 15.7 m, respectively; n = 8,874 /
82; 10,047 / 725; 7,642 / 780; 7,126 / 767 at Station 3 for 2.0 m, 9.1 m, 10.9 m and 14.1 m, respectively. In
panels b), d) and f), n for DAPI-stained / Thaumarchaeota cells was = 6,306 / 493; 6,484 / 457; 6,223 / 481 at
Station 1 for 14.0 m, 16.1 m and 18.2 m, respectively; n = 9,486 / 99; 14,304 / 1,240; 12,406 / 1,109 at Station 2
for 11.9 m, 13.9 m and 16.4 m, respectively; and n = 5,774 / 46 ; 8,206 / 630; 9,586 / 888 at Station 3 for 9.9 m,
11.8 m and 14.0 m, respectively.
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Supplementary Figure 5 Phylogenetic affiliation of Thaumarchaeota 16S rRNA gene reads obtained from the
GoM samples. Phylogenetic maximum likelihood tree of Thaumarchaeota-affiliated OTUs (97% similarity

Water Column B cluster

clustering). Colored labels are OTUs from this study. Black labels are reference sequences. Enrichment and pure
culture representatives are in bold. The tree was made using RAXML EPA. The core phylogeny was generated
from an alignment of near full-length 16S rRNA gene (> 1300 nt) sequences and estimated via maximum
likelihood using the “GTRGAMMA” model in RAXML with 1000 bootstrap iterations. Short sequences
(< 1300 nt) were placed into the tree using the RAXML EPA function. The scale bar represents substitutions per
site and bootstrap support values >70 are displayed. Insert middle left shows abundance of different
Thaumarchaeota OTUs, represented as a proportion of all obtained 16S rRNA gene amplicons. All stations and
depths were dominated by a single OTU (1005844).
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Supplementary Figure 6 Thaumarchaeota genome tree based on 34 universal concatenated marker genes.
Thaumarchaeal GoM metagenome assembled genomes (GoM MAGs) are depicted in magenta,
Thaumarchaeota cultures that are able to utilize cyanate are depicted in blue. Aigarchaeota and
Bathyarchaeota genomes were used as an outgroup. Concatenated alignment was created using CheckM, tree
was calculated using IQ-TREE (Nguyen et al. 2015) with automated model selection. Confidence was assessed

with ultrafast bootstrapping (1,000 iterations). Scale bar represents amino acid substitutions per site, and
bootstrap values > 90 are displayed.
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Supplementary Figure 7 amoA phylogenetic affiliation and abundance obtained from GoM metagenomics and

metatranscriptomics. Assembled amoA sequences obtained from GoM metagenomic data are indicated in
magenta, amoA sequences present in Thaumarchaeota GoM MAGs are in bold and underlined. Blue branches
indicate Thaumarchaeota cultures tested for cyanate use. Black branches are Thaumarchaeota reference amoA
nucleotide (nt) sequences. GoM metagenomic and metatranscriptomic read fragments were mapped onto the
alignment and are shown next to the respective branch as magenta and green circles for metagenomics and
metatranscriptomics, respectively. Read fragments mapping to internal nodes were grouped together for
closely related sequences and are indicated by dashed lines. The most abundant amoA sequences were closely
related to Nitrosopumilus maritimus SCM1. Tree was constructed using IQ-TREE (Nguyen et al. 2015) with
automated model selection from near full-length amoA sequences and confidence was assessed with ultrafast
bootstrapping (1,000 iterations). Metagenomic and metatranscriptomic amoA read fragments were fit into the
core alignment using the short fragment add option in mafft. The resulting alignment was used to place short
sequences into the core phylogeny using EPA. The scale bar represents nt substitutions per site, and bootstrap
values > 90 are displayed.
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Supplementary Figure 8 Ammonia, urea- and cyanate-derived oxidation rates across experimental stations.
a) Station 1, b) Station 2, c) Station 3. Dashed black line represents oxygen concentration. Green bars represent
ammonia oxidation rates. Blue and red bars represent urea- and cyanate-derived oxidation rates, respectively.
Oxidation rates are depicted on a log-scale. Error bars represent standard error of slopes calculated across
biological triplicates and all time points. All rates were significant (see Supplementary Table 1). Brown shading
indicates the sediment. Urea- and cyanate-derived oxidation rates are from incubations without added
N-ammonium.
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Supplementary Figure 9 Urea (a — c) and cyanate-derived oxidation rates (d — f) at all experimental stations.
Black circles show rates without added *N-ammonium, colored circles show rates with 5 pM added
¥N-ammonium (ammonium pool incubations). Significant rates are depicted as filled circles (see
Supplementary Table 1), non-significant rates as open circles. Error bars represent standard errors of slopes
calculated across biological triplicates and all time points.
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Supplementary Figure 10 Measured ®N-nitrite production in the ammonium pool incubations and the
I5N-nitrite production that could have stemmed from direct urea or cyanate utilization depending on the
amount of abiotic and biotic breakdown (Station 2, 14m depth). a) *N-nitrite production from urea (left panel)
corrected for the highest possible biotic breakdown (middle panel) and the lowest possible biotic breakdown
(right panel). Abiotic rates of urea breakdown were below detection. b) *N-nitrite production from cyanate
(left panel) corrected for the highest possible abiotic breakdown (middle panel) and the lowest possible abiotic
breakdown (right panel). In c) we show the same data as in b, but have also incorporated the biotic breakdown
rates which were calculated from the urea data. See text for further details including how the highest and
lowest breakdown values were determined. Rates were calculated as linear regressions across biological
triplicates and all time points (one-sided t-test, panel a) left / middle / right: t=5.93 /5.76 / 7.09, DF=10/ 10/
10, p = 7.23x10° / 9.11x10% / 1.67x10; panel b) left / middle / right: t = 16.96 / 14.46 / 14.97, DF=10/10/
10, p = 5.35x10° / 2.48x10® / 1.78x10%; panel c) middle / right: t = 0.18 / 11.20, DF = 10 / 10, p = 0.430 /
2.80x107). Similar results were obtained for two additional depths at Station 2 (see Supplementary Table 3).
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Supplementary Figure 11 Enrichment statistics of Thaumarchaeota cells (green) and other cells (dark grey)
analyzed by nanoSIMS. Dots and solid lines represent the means and standard errors of *N/(**N+*N) ratios
calculated across randomly subsampled cells. The black dashed line represents the mean across all cells, the
light grey area + 10% of the mean. Note the different scales for **N-ammonium and *N-urea and *N-cyanate.
Standard errors for Thaumarchaeota were < 10% after analysis of 5 and 3 cells in ammonium and cyanate
incubations, respectively, indicating a highly homogenous Thaumarchaeota population, where all
Thaumarchaeota cells are capable of ammonium and cyanate utilization. The variability was larger for
Thaumarchaeota in the urea incubation (20% error), because there appeared to be a Thaumarchaeota
subpopulation that was capable of direct urea utilization This was also seen from the metagenomic data, which
indicated that only 10-15% of the Thaumarchaeota have a ureC. Therefore, the 20 % error reflects
Thaumarchaeota population heterogeneity, which is in line with the presence of ureases in only some of the
cultivated marine Thaumarchaeota. The spread for other cells (d-f) was higher in all treatments, likely due to
the phylogenetic and physiological diversity of the other diverse microorganisms in this class. The total number
of analyzed cells was a) n = 58, b) n=30, c) n=47, d) n=65, e) n=41, f) n=84.
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Supplementary Figure 12 UreC diversity obtained from GoM metagenomes. Assembled UreC sequences

obtained from GoM metagenomes are indicated in magenta. Black branches are reference UreC sequences.
Tree was constructed using IQ-TREE (Nguyen et al. 2015) with automated model selection from near full-length

UreC sequences. The scale bar represents amino acid substitutions per site. For the fully annotated tree and a
table with the metagenomic and metatranscriptomic read mapping, see Supplementary file 1-6.
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Chapter 3 — Cyanate and urea use by AOA

Supplementary Figure 13 CynS phylogenetic affiliation and abundance obtained from metagenomics and
metatranscriptomics. Assembled, translated CynS sequences obtained from GoM metagenomic data are
indicated in magenta. Black branches are reference CynS amino acid (AA) sequences. Translated GoM
metagenomic and metatranscriptomic read fragments were mapped onto the alignment and are shown next to
the respective branch or sequence cluster as magenta and green circles for metagenomics and
metatranscriptomics, respectively. No CynS sequences related to Thaumarchaeota were detected in either
metagenomic or metatranscriptomic datasets. Tree was constructed using IQ-TREE(Nguyen et al. 2015) with
automated model selection from near full-length CynS sequences. Metatranscriptomic CynS read fragments
were fit into the core alignment using the short fragment add option in mafft and confidence was assessed
with ultrafast bootstrapping (1,000 iterations). The resulting alignment was used to place short sequences into
the core phylogeny using EPA. The scale bar represents amino acid substitutions per site, and bootstrap values
> 90 are displayed.
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Supplementary Figure 14 “N-nitrite and *N-ammonium production from *N-cyanate by Nitrosopumilus
maritimus. a) Concentrations of ®N-nitrite, ®N-ammonium and *N-ammonium in N. maritimus culture 1
incubated with 40 pM °N3C cyanate. Note the different axes for °N- and *N- compounds. b) Production rates
of ®*N-ammonium in abiotic controls (medium pH 7.2) and in supernatant controls (sterile filtered supernatant
of N. maritimus) and *N-nitrite and ®N-ammonium production by Nitrosopumilus maritimus cultures. No
5N-nitrite was observed in the abiotic and supernatant controls. Rates for cyanate breakdown in medium
controls and culture supernatant were calculated across duplicates and all time points (one-sided t-test, t=41.6,
DF = 4, p=9.98x107 and t = 28.31, DF=6, p = 6.43x10® for medium and culture supernatant, respectively). Rates
in N. maritimus cultures were calculated across all timepoints of one biological replicate (one-sided t-tests for
ammonium / nitrite production rates were t=14.75 / 4.86, DF=2 / 2, p= 2.28x103 / 0.020 ; t = 6.42 / 5.05, DF = 2
/2, p=0.012/0.019; t = 28.66 / 422, DF =2 / 2, p = 6.08 x10* / 0.026; and t = 25.61 / 10.14, DF = 2 / 2,
p = 7.61x10* / 4.80x10?3 for culture 1, 2, 3 and 4 respectively). ¢) Measured °N-nitrite production by
Nitrosopumilus maritimus cultures, >N-nitrite production corrected for abiotic breakdown of cyanate and the
expected amount of °N in the nitrite pool assuming that all **N-nitrite produced in biotic incubations first was
released into the extracellular ammonium pool and subsequently oxidized to nitrite (modelled; see
Supplementary Discussion). Error bars are the standard errors of the slope across all time points of one
biological replicate. Rates were calculated based on linear regressions (one-sided t-tests for N-nitrite
measured / °N-nitrite corrected for abiotic breakdown / >N-nitrite modeled via extracellular NH;* pool were,
t=4.86/6.13/10.61,DF=2/2 /11, p=0.020/0.012 / 2.04x107; t =2.20 / 2.38 / 11.12, DF =2 / 2 / 11,
p =0.079 /0.070 / 1.27x107; t = 4.22 / 2.22 /11.23,DF =2 / 2 / 11, p = 0.026 / 0.078 / 1.15x107; t =10.14 /
3.72/11.38,DF=2/2 /11, p = 4.80x103 / 0.033 / 1.00x107, for culture 1, 2, 3 and 4, respectively). When data
were fitted with an exponential regression, p was <0.001 for all four cultures.
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Supplementary Figure 15 Contamination of syringe filters by urea (a) and ammonium (b). The dashed lines
indicate mean measured concentrations of urea or ammonium in unfiltered seawater, bars higher than the
dashed line stem from contamination by urea or ammonium during the filtration procedure. Error bars are
standard deviation of triplicate independent samples. The abbreviations refer to the different filters tested,
with and without rinsing with ultrapure water. U refers to unfiltered seawater. PS is the seawater filtered
through polyethersulfone filters without ultrapure water rinsing, or with ultrapure rinsing (PSR). CS is seawater
filtered through cellulose acetate filters without ultrapure water rinsing, or with ultrapure water rinsing (CSR).
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Chapter 3 — Cyanate and urea use by AOA

Supplementary Table 3 Determination of direct and indirect rates of urea and cyanate utilization by
Thaumarchaeota at station 2. Nitrite production from urea and cyanate could occur either from direct
substrate utilization by Thaumarchaeota or as a result of breakdown of urea and cyanate into the extracellular
ammonium pool by biotic or abiotic breakdown (indirect utilization). Nitrite production derived from indirect
utilization can be calculated by taking into account the abiotic and biotic breakdown rates of urea and cyanate
to ammonium, the initial size of the ammonium pool, the ammonia oxidation rate and the ammonium
regeneration rate. Together, these parameters provide information on how much urea or cyanate enters the
extracellular ammonium pool and how much is then oxidized to nitrite. All of these parameters were
determined in incubations carried out in-situ, apart from the cyanate abiotic breakdown rates, which were
measured in filtered Gulf of Mexico seawater upon return to the laboratory, and cyanate biotic breakdown
rates were assumed to be the same as those measured for biotic urea breakdown (see Supplementary
Discussion for more details). After taking into account the nitrite production derived from indirect utilization of
urea or cyanate, significant production rates of nitrite remained, strongly indicating that direct utilization of
urea and cyanate were occurring. For all values a range is shown, which represents the mean value * the SE or
SD (see Supplementary Discussion). For the modelled direct and indirect utilization rates the range represents
two scenarios, one with the highest possible contribution of biotic and abiotic breakdown and one with the
lowest possible contribution (see Supplementary Discussion).
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12.0 mdepth | 14.0 m depth | 16.5 m depth
Ammonia oxidation (nM NO, d1)$ 834 - 887 2,449 - 2,567 1,658 -1,791
Ammonium regeneration (nM NHz* d-1)* 170 - 680 631 -1,550 551 -1,446
Urea oxidation, without added ammonium pool (nM NO,- d-1)8 24.5-27.2 46.5-55.6 49.5-58.7
Urea oxidation, with added ammonium pool (nM NO;- d1)$ 1.9-43 12.0-16.9 8.9-114
(ammonium pool incubations)
Biotic urea breakdown to ammonium (nM NHg4* d-1)8 15-24 21-34 25-29
Abiotic urea breakdown to ammonium (nM NHg4* d-1)8 b.l.d.
Indirect urea oxidation (nM NO,- d-1)# 14-35 5.2-8.2 28-49
Direct urea oxidation (nM NO,- d-1)# 1.2-1.6 6.2-8.5 5.5-6.7
Cyanate oxidation, without added ammonium pool (hnM NO; d1)8 | 35.6- 46.6 49.1-58.4 51.3-56.5
Cyanate oxidation, with added ammonium pool (nM NO;- d1)® 7.7-11.7 31.5-354 21.8-28.3
(ammonium pool incubations)
Biotic cyanate breakdown to ammonium (nM NH,* d-1) n.d.
Abiotic cyanate breakdown to ammonium (nM NH4* d1 per uM 9.2-9.6
cyanate)$
Indirect cyanate oxidation (nM NO,- d-1)# 6.1-10.5 20.9-29.4 12.8-18.8
Direct cyanate oxidation (nM NO,- d-1)# b.l.d. b.l.d.-9.1 b.l.d.-9.9

§ Measured in this study

*Ammonium regeneration rates were calculated from 15N-ammonium incubations following pool dilution equations (see

Supplementary Discussion).

# See Supplementary Discussion for further details on how these were modelled, and Supplementary table 4 for the

contribution of abiotic cyanate decay only
n.d.: not determined

b.l.d.: below the limit of detection; for abiotic urea breakdown to ammonium the detection limit was (7.9 nM d-1,
corresponding to 1.58 nM d1 per uM urea), for direct cyanate oxidation the detection limit was estimated to be 2.6 nM

NOz' dt

Supplementary Table 4 Direct and indirect rates of cyanate utilization by Thaumarchaeota at Station 2,

assuming only abiotic cyanate breakdown.

12.0 m depth 14.0 m depth 16.5 m depth
Cyanate oxidation, with added ammonium pool (nM NO;- d1)® 7.7-11.7 31.5-354 21.8-28.3
Indirect cyanate oxidation (nM NO; d-1), assuming only abiotic 4.1-59 13.3-18.7 8.8-12.4
cyanate breakdown#
Direct cyanate oxidation (nM NO;- d1), assuming only abiotic cyanate | 2.7 -4.3 11.6-17.8 11.2-15.1
breakdown?

$ Measured in this study

#See Supplementary Discussion for further details on calculations used
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Supplementary files

These files are available as online supplementary datasets (https://www.nature.com/articles/s41564-
018-0316-2#Sec20) and from K. Kitzinger.

Supplementary File 1 UreC tree with bootstrap values. Contains the fully annotated UreC tree containing
bootstrap values. Thaumarchaeal GoM metagenome-assembled UreC sequences are depicted in magenta.
Apart from bootstrap values, this tree is identical to Supplementary File 3.

Supplementary File 2 UreC tree with bootstrap values. Contains the corresponding Newick tree file to
Supplementary File 1, with annotations from Supplementary File 5.

Supplementary File 3 UreC tree with node labels. Contains the fully annotated UreC tree containing node
labels used for FPKM mapping of metagenomic and metatranscriptomics ureC read fragments (see
Supplementary File 6). Thaumarchaeal GoM metagenome-assembled UreC sequences are depicted in magenta.
Apart from node labels, this tree is identical to Supplementary File 1.

Supplementary File 4 UreC tree with node lables. Contains the corresponding Newick tree file to
Supplementary File 3, with annotations from Supplementary File 5.

Supplementary File 5 Tree annotation UreC. Contains the tree branch annotations for UreC Newick tree files.
The column “Branch_ID” contains the short IDs used for tree calculations, “Accession_Nr/Metagenome_ID” the
reference sequence accession numbers or GoM metagenome-assembled UreC IDs, “Final_label” the
corresponding branch labels as depicted in the pdf files of the UreC trees.

Supplementary File 6 Read-fragment-mapping UreC. Contains the FPKM mapping from GoM metagenomic and
metatranscriptomic datasets to UreC trees. The column “UreC Tree Label / Node ID” refers to the specific
node/branch position read fragments were mapped to, “Associated Thaumarchaeota GoM MAG” gives the
Thaumarchaeota MAG a specific sequence was binned into/associated with, “Thaumarchaeota affiliated UreC”
denotes UreC tree branches or internal nodes associated to Thaumarchaeota, “ureC assembled from GoM
metagenome” denotes UreC branches assembled from the GoM metagenomes. FPKM mappings are given
separately for metagenomic and metatranscriptomics datasets, and for each Station and depth.
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Abstract

Ammonia oxidizing archaea (AOA) and the nitrite oxidizing Nitrospinae were previously identified as
the main nitrifiers in the ocean. Despite their obvious importance for marine N-cycling, little is known
about their ecophysiology. Here, stable isotope labeling experiments, molecular and single cell
methods were used to compare AOA and Nitrospinae in situ growth and substrate utilization in the
Gulf of Mexico (GoM). In the GoM, AOA outnumbered Nitrospinae ten to one, even though ammonia
and nitrite oxidation rates were similar and Nitrospinae had five-times higher in situ growth rates
than AOA. The high growth rates and lower abundance of Nitrospinae indicates that they have a
higher mortality rate. While AOA mainly assimilated ammonium, more than half of the cellular
N-demand of Nitrospinae was met by urea and cyanate. This is in line with the presence of both
ureases and cyanases in Nitrospinae metagenome assembled genomes recovered from the GoM.
Taken together, the results revealed that Nitrospinae had a 4.5 times higher energy yield than AOA.
The high energy yield and utilization of organic N-sources by Nitrospinae are likely important factors
for their success in the oceans.

Introduction

Nitrification is a key process in the oceanic N-cycle as it oxidizes ammonium via nitrite to nitrate,
which is the main source of nitrogen for many marine primary producers. In the oceans, ammonia is
mainly oxidized to nitrite by ammonia oxidizing archaea (AOA) (Francis et al. 2005; Wuchter et al.
2006) and the resulting nitrite is further oxidized to nitrate by nitrite oxidizing bacteria (NOB). Most
inorganic fixed N (i.e. nitrate, nitrite and ammonium) in the oceans is present in the form of nitrate
(99 %), and less than 0.1 % occurs in the form of nitrite, suggesting that any nitrite formed by
ammonia oxidizers is immediately oxidized to nitrate (Kuypers et al. 2018). This has led to the
paradigm that ammonia oxidation is the rate-limiting step of nitrification. In light of this, it seems
surprising that the AOA can comprise up to 40% of the marine microbial community (Karner et al.
2001), while the NOB usually are far less abundant (Fiissel et al. 2012; Beman et al. 2013; Doxey et al.
2015; Pachiadaki et al. 2017; Damashek et al. 2019). This implies that there are stark ecophysiological
differences between the two groups of organisms. These likely include the lower energy gain from
nitrite oxidation compared to ammonia oxidation (e.g. Bock & Wagner 2006) and the larger cell sizes
of NOB compared to AOA (e.g. Watson & Waterbury 1971; Kénneke et al. 2005; Pachiadaki et al.
2017). Our understanding of the factors that keep the marine N-cycle in balance is currently hindered
by a lack of knowledge concerning the in situ ecophysiology of marine nitrite oxidizers, especially in
comparison to the AOA. In part, this is because nitrite oxidation is rarely measured as a standalone
process in marine systems (e.g. Ward 1987; Fissel et al. 2012; Beman et al. 2013; Bristow et al. 2015;
Sun et al. 2017) and nitrite oxidizers are rarely quantified (e.g. Mincer et al. 2007; Beman et al. 2013;
Santoro et al. 2010; Damashek et al. 2019). Furthermore, there are only a few marine nitrite oxidizers
in culture.

Marine nitrite oxidation is carried out primarily by members of the phylum Nitrospinae (Fiissel et al.
2012; Beman et al. 2013; Ngugi et al. 2016; Pachiadaki et al. 2017), and to a lesser extent by
members of the genera Nitrococcus (Flssel et al. 2012; Fussel et al. 2017) and Nitrospira (Haaijer et
al. 2013). To date, two Nitrospinae pure cultures are available (Watson & Waterbury 1971; Spieck et
al. 2014) that both belong to the genus Nitrospina, whilst most Nitrospinae in the marine
environment belong to the candidate genus Nitromaritima (Nitrospinae Clade 1) and Nitrospinae
Clade 2 (Ngugi et al. 2016; Pachiadaki et al. 2017). The two cultivated Nitrospina species display high
growth rates, with doubling times of approximately one day (Watson & Waterbury 1971; Spieck et al.
2014). One of the species, Nitrospina gracilis, has been genome sequenced, which revealed that the
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key enzyme for nitrite oxidation, nitrite oxidoreductase (NXR), is closely related to NXR of Nitrospirae
and anammox bacteria (Licker et al. 2013). Furthermore, Nitrospina were shown to use the
reductive tricarboxylic acid cycle (TCA) cycle for autotrophic C-fixation (Liicker et al. 2013).

In contrast, the ecophysiology of the environmentally relevant Nitrospinae genera Nitromaritima
(Nitrospinae Clade 1) and Nitrospinae Clade 2 is largely unconstrained. A recent in situ study has
suggested that these Nitrospinae genera, besides being the main nitrite oxidizers in the oceans, also
play a key role in dark carbon (C) fixation, fixing as much as, or more dissolved inorganic C in the
ocean than the AOA (Pachiadaki et al. 2017). So far however, direct in situ comparisons of C-based
growth and assimilation rates of NOB and AOA are lacking. Another largely unexplored facet of
Nitrospinae ecophysiology are their N-assimilation strategies. Genome-based studies have shown
that both cultured and many environmental Nitrospinae encode for the enzymes urease and
cyanase, which allow for assimilation of the simple organic N-compounds urea and cyanate (Licker
et al. 2013; Ngugi et al. 2016; Pachiadaki et al. 2017). Direct evidence for in situ assimilation of
organic N-compounds by nitrite oxidizers is so far missing. However, such organic-N use likely affects
the distribution and activity of marine Nitrospinae and their interactions with the AOA.

Here, we determined the key ecophysiological traits of Nitrospinae and compare them to those of
the AOA in the hypoxic shelf waters of the Gulf of Mexico (GoM). The GoM is an ideal study site to
elucidate the in situ ecophysiology of these nitrite oxidizers, as it is an area characterized by high
nitrite oxidation activity, where Nitrospinae appear to be the main NOB (Bristow et al. 2015). We
investigated nitrite oxidation activity and growth rates of GoM Nitrospinae by combining
metagenomics and metatranscriptomics with stable isotope incubations and single cell techniques.
Furthermore, the assimilation of the dissolved organic N (DON) compounds urea and cyanate by
Nitrospinae were investigated under near in situ conditions.

Materials and Methods

Sampling

Sampling was undertaken on the Louisiana Shelf in the Northern Gulf of Mexico aboard the R/V
Pelican, cruise PE17-02, from July 23™ to August 1%, 2016, on a west-east transect from 92°48'4" W
to 90°18'7" W, as described previously (Kitzinger et al. 2019). Briefly, seawater was sampled with
20 L Niskin bottles on a rosette equipped with a CTD and an SBE 43 oxygen sensor. Water column
nutrient profiles (ammonium, nitrite, nitrate, urea, cyanate) were measured at nine stations (surface
to water-sediment interface at max. 19 m). Nitrite oxidation rate measurements, N- and CO»-
assimilation measurements, molecular and FISH analyses were carried out at three of the nine
stations (Supplementary Figure 1).

Nutrient sampling and analysis were carried out as previously described (Kitzinger et al. 2019).
Briefly, samples for ammonium, nitrite and urea concentrations were measured onboard
immediately after collection, following the procedures of Holmes et al. (1999), Grasshoff et al. (1999)
and Mulvenna et al. (1992), respectively. Samples for cyanate concentration measurements were
derivatized onboard and stored frozen until analysis using high performance liquid chromatography
(Dionex, ICS-3000 system coupled to a fluorescence detector, Thermo Scientific, Dionex Ultimate
3000) (Widner et al. 2013). Samples for the determination of nitrate concentrations were stored
frozen until analysis following Braman and Hendrix (1989).

Determination of N-assimilation, CO,-assimilation and nitrite oxidation rates
Assimilation of ammonium, urea, cyanate, nitrite, autotrophic CO; fixation, and nitrite oxidation rates
were assessed via stable isotope tracer incubations at three stations and three depths in and below
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the oxycline as previously described (Bristow et al. 2015; Kitzinger et al. 2019). Briefly, seawater was
filled into 250 ml serum bottles from Niskin bottles and allowed to overflow three times to minimize
oxygen contamination. Serum bottles were then sealed bubble-free with deoxygenated rubber
stoppers (De Brabandere et al. 2012) and stored at in situ temperature (28°C) in the dark until the
beginning of the experiments (< 7 h). All experimental handling took place under red light to
minimize phytoplankton activity.

Tracer amendments (Supplementary Table 1) were made to triplicate serum bottles at each depth to
investigate urea (**N'3C-urea), cyanate (*’N*3C-cyanate), ammonium (**N-NH,*), and nitrite (**N-NOy)
assimilation and oxidation rates. All amendments were made as 5 uM additions. In the ammonium
and nitrite assimilation experiments, 200 uM *C-NaHCOs (dissolved inorganic C, DIC) was added to
investigate autotrophic CO; fixation. Tracer aliquots were dissolved in sterile filtered seawater at the
start of every experiment to minimize abiotic breakdown.

As described in Kitzinger et al. (2019), after tracer addition, a 40 ml helium headspace was set in each
serum bottle and oxygen concentrations were adjusted to match in situ conditions (Supplementary
Table 2). Oxygen concentrations remained within 20% of in situ concentrations throughout the
incubations, as determined by optode spots in separate bottles (Firesting, Pyroscience). Samples
were taken at the start of each experiment to determine the labeling percentage of °N and 3C-DIC
(Holmes et al. 1999; Mulvenna & Savidge 1992; Widner et al. 2013; Grasshoff et al. 1999). Thereafter,
serum bottles were incubated in the dark at in situ temperature (28°C). After 6 h, 12 h and 24h, 20 ml
of seawater was sampled and replaced with He, sterile filtered and frozen. Serum bottle headspaces
were again flushed with He and oxygen was added to match in situ concentrations. After 24 h, the
remaining seawater from triplicate incubations was combined, and 20 ml were fixed and filtered
onto 0.22 um GTTP filters for catalyzed reporter deposition fluorescence in situ hybridization (CARD-
FISH) and 0.22 um gold sputtered GTTP filters for nanoSIMS analyses (see below).

Nitrite oxidation rate measurements and determination of *C-DIC labeling percentage

Nitrite oxidation rates were determined from the increase in *N-nitrate over time after the addition
of ©>N-nitrite. Briefly, after the removal of any residual nitrite with sulfamic acid, nitrate was reduced
to nitrite using spongy cadmium and subsequently converted to N, via sulfamic acid (Fissel et al.
2012; Mcllvin & Altabet 2005). The resulting N, was then measured by GC-IRMS on a customized
TraceGas coupled to a multicollector IsoPrime100 (Manchester, UK). Rates were calculated from the
slopes of linear regressions across all time points from the triplicate serum bottles and were
corrected for initial °N-labeling percentage. Only slopes that were significantly different from 0 are
reported (p < 0.05, one-sided student t-test). When non-significant regressions were found, rates are
reported as below detection limit. For the determination and calculation of ammonium oxidation
rates see Kitzinger et al. (2019).

13C-DIC labeling percentages were determined from the first time point after sample acidification
(Torres et al. 2005) by 3C-CO,/**C-CO, measurements using cavity ring-down spectroscopy (G2201-i
coupled to a Liaison A0301, Picarro Inc., Santa Clara, USA, connected to an AutoMate Prep Device,
Bushnell, USA).

Nitrospinae quantification by CARD-FISH, Nitrospinae growth rates and single cell oxidation rates

To visualize and quantify cells of the Nitrospinaceae family, a new CARD-FISH probe was designed
(Supplementary Text). For Nitrospinae quantification, seawater samples from each station and depth
were fixed with 1% paraformaldehyde (final concentration, without methanol, EMS) for 12-24 h at
4°C before filtration (< 400 mbar) onto 0.22 um GTTP filters (Millipore). Filters were stored frozen at
-20°C until analysis. Nitrospinae abundances were determined by CARD-FISH according to Pernthaler
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et al. (2004) (Supplementary Text). Samples were additionally screened by CARD-FISH for other
marine nitrite oxidizing bacteria of the genera Nitrospira (probe Ntspa662, Daims et al. 2001),
Nitrobacter (probe Nit3, Wagner et al. 1996) and Nitrococcus (probe Ntcoc84, Juretschko 2000) at
the respective published formamide concentrations.

Nitrospinae growth during the incubation time was assessed by CARD-FISH and growth rates
(Equation 1) and doubling times (Equation 2) were estimated according to:

GR=In(N¢/No)/t (Equation 1)
DT=In(2)/GR (Equation 2)

where GR is growth rate, N: the number of Nitrospinae cells at time t (cell counts after incubation),
No the number of Nitrospinae cells at time 0 (cell counts in situ), t the incubation time (approx. 1 day)
and DT is doubling time.

Single cell Nitrospinae nitrite oxidation rates were estimated by combining measured bulk nitrite
oxidation rates and the average Nitrospinae cell abundance between Nitrospinae in situ counts and
Nitrospinae counts after 24 h of incubation, as in Stieglmeyer et al. (2014).

NanoSIMS analyses, calculation of single cell growth rates and single cell C-content

At the end of each incubation experiment, the content of triplicate serum bottles was combined.
Water was filtered (< 100 mbar) onto gold sputtered 0.22 um GTTP filters (Millipore), and fixed in
3% paraformaldehyde (in sterile filtered seawater) for 30 min at room temperature, washed twice in
sterile filtered seawater and then stored at -20°C. Before nanoSIMS analysis, cells were stained with
DAPI and Nitrospinae were targeted by CARD-FISH (without embedding filters in agarose) after which
regions of interest were marked on a laser microdissection microscope (6000 B, Leica).

Single cell ®N- and 3C-assimilation from incubations with ®N-ammonium and 3C-bicarbonate,
5N-nitrite and 3C-bicarbonate, *N*3C-urea or ®*N'3C-cyanate were determined for Station 2, 14m
depth, using a nanoSIMS 50L (CAMECA), as previously described (Martinez-Pérez et al. 2016).
Instrument precision was monitored daily on Graphite Planchet and regularly on caffeine standards.
Due to the small size of most cells in the sample, they were pre-sputtered for only 10 s with a Cs*
beam (~300 pA) before measurements. Measurements were carried out over a field size of
10 x 10 um or 15 x 15 um, with a dwelling time of 2 ms per pixel and 256 x 256 pixel resolution over
40 planes. The acquired data was analyzed using the Look@NanoSIMS software package (Polerecky
et al. 2012) as previously described (Martinez-Pérez et al. 2016). Ratios of >N/(**N+“N) and
1Bc/(33c+%C) of Nitrospinae and non-Nitrospinae cells were used for calculation of growth rates only
when the overall enrichment Poisson error across all planes of a given cell was < 5%. The variability in
BN/(**N+N) ratios across measured Nitrospinae and non-Nitrospinae cells was calculated following
Svedén et al. (2015) (Supplementary text and Supplementary Figure 2).

Single cell growth rates from nanoSIMS data were calculated as previously described (Martinez-Pérez
et al. 2016), where cell *N- and 3C-atom% excess was calculated by subtracting natural abundance
5N/(**N+¥N) and 3C/(*3C+'%C) values (0.37% and 1.11%, respectively). These calculated values are
considered conservative, as isotopic dilution of ®N/(**N+N) and 3C/(*3*C+!2C) ratios due to CARD-
FISH was not taken into account (Musat et al. 2012; Woebken et al. 2015).

The autotrophic growth rate calculations assume that all newly incorporated 13C as detected from
single cell 3C/(**C+'?C) ratios is due to biomass increase. Biomass turnover due to recycling or
replacing of cell components without net per cell growth was assumed to be negligible. Nitrospinae
autotrophic growth rates were measured in incubations with > N-ammonium and 3C-bicarbonate
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(and an added *N-nitrite pool), and in incubations with >N-nitrite and 3C-bicarbonate. Nitrospinae
1BC-growth rates did not differ significantly between these two incubations (two-sided, two-sample
Wilcoxon test, W=240, p = 0.1113) and were therefore considered together.

For estimation of the per-cell C-content, cell volumes of Nitrospinae and AOA in the GoM were
calculated from nanoSIMS ROl areas. For Nitrospinae, cell shapes were assumed to resemble
cylinders topped by two half spheres, AOA cell shapes were assumed to resemble prolate spheroids
(Sun & Liu 2003). Nitrospinae and AOA cellular C-content was estimated according to Khachikyan et
al. (in press), cellular N-content for both groups was calculated from C-content assuming Redfield
stoichiometry (C:N = 6.625:1).

N-assimilation (and correspondingly C-assimilation from 3C-bicarbonate) rates were calculated by:

N_AssimilationRate [fg-N cell* d*] = (**Nat%excesscen) / (*"Nat%excessiabel) % fg-Ncei x 1/t Equation (3)
N_AssimilationRate [fmol-N cell d] = N-AssimilationRate [fg-N cell* d] / 14 Equation (4)

where ’Nat%excessc and *Nat%excessiael are °N-atom% of a given measured cell and of the **N-
enriched seawater during the incubation after subtraction of natural abundance >’N-atom% (0.37%).
fg-Ncen is the assumed N-content per cell, and t is the incubation time in days (Krupke et al. 2015).

In addition to the directly measured C-assimilation rates from 3C-bicarbonate fixation, C-assimilation
rates were calculated from the measured N-assimilation rates, assuming that 6.625 mol of C are
assimilated per assimilated mol of N. This was done because the measured 3C isotopic enrichment
was likely diluted by the *C derived from the polycarbonate filter that the cells were filtered and
measured on.

DNA and RNA analyses

Samples for DNA and RNA analyses were collected from the same depths and casts sampled for
assimilation and oxidation rate experiments as previously described (Kitzinger et al. 2019). For details
on nucleic acid extraction please refer to the Supplementary Text.

16S rRNA gene sequencing and analysis

16S rRNA gene diversity was assessed by amplicon sequencing, following an established pipeline (e.g.
Padilla et al. 2015; Padilla et al. 2016; Kitzinger et al. 2019), using barcoded primers F515 and R806
(Caporaso et al. 2011). Amplicons were sequenced on the Illlumina MiSeq Platform using a Reagent
Kit v2 (500-cycles) and a Nano Flow Cell. Details on PCR conditions and bioinformatic analyses are
described in the Supplementary Text.

Metagenome sequencing, assembly and binning of metagenome assembled genomes

Metagenomic libraries were constructed and sequenced as previously described (Kitzinger et al.
2019). Read sets were quality filtered using BBduk (BBMap - Bushnell B. -
sourceforge.net/projects/bbmap/) and assembled using Metaspades (Nurk et al. 2017) and binned
with Metabat2 (Kang et al. 2015) (see Supplementary Text). To improve Nitrospinae binning, the
previously obtained metagenomes were re-assembled and re-binned (see Supplementary Text).
Nitrospinae metagenome assembled genomes (MAGs) were identified using GTDB-Tk
(https://github.com/Ecogenomics/GtdbTk), which is based on the Genome Taxonomy Database
(http://dx.doi.org/10.1038/nbt.4229) Metagenome sequencing statistics and information on
dereplicated Nitrospinae MAGs are listed in Supplementary Tables 3 and 4, respectively.
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Metatranscriptome sequencing

Metatranscriptomes from Station 2 were obtained as previously described (Kitzinger et al. 2019) and
analyzed transcription of genes involved in nitrite oxidation. Metatranscriptomes were separated
into ribosomal and non-ribosomal partitions using SortMeRNA (Kopylova et al. 2012).
Metatranscriptome sequencing statistics are listed in Supplementary Table 5.

Single-gene phylogenetic reconstruction

Single-gene phylogenetic reconstruction was done as described in (Kitzinger et al. 2019) and is
described in detail in the Supplementary Text. Briefly, genes of interest, namely the 16S rRNA gene,
cyanase (cynS), urease alpha subunit (ureC) and nitrite oxidoreductase alpha subunit (nxrA) bacterial
RNA polymerase beta subunit (rpoB) were identified in metagenomic assemblies using their
respective rfam and pfam HMM models. Alignments were compiled for genes (16S rRNA) and
proteins (CynS, UreC, NxrA, RpoB) of interest retrieved from the GoM metagenomes and public
databases. These alighments were used for phylogenetic tree calculations using IQ-TREE (Nguyen et
al. 2015). The resulting trees were visualized using ITOL (Letunic & Bork 2016). Phylogenetic trees of
GoM UreC and CynS have previously been published (Kitzinger et al. 2019), but have been
recalculated using the data of the new metagenomic assembly and updated reference sequences.
The abundances of genes of interest in metagenomic and metatranscriptomics datasets were
assessed by identifying reads with BLASTX queries against the dataset assembled for phylogenetic
analysis and phylogenetic placement into phylogenetic trees using the evolutionary placement
algorithm (Berger et al. 2011). Read mapping is reported as fragments per kilobase per million reads
(FPKM) values. FPKM values were calculated based on the number of read pairs for which one or
both reads were placed into a specified location in the tree, divided by the average gene length in the
reference alignment (in kb) divided by the number of total metagenomic read pairs or ribosomal-RNA
free metatranscriptomic read pairs (in millions).

The percentage of ureC- and cynS-containing Nitrospinae was estimated for each metagenomic
dataset as in Kitzinger et al. (2019). FPKM for urease or cyanase genes (FPKMyrec/yns) classified as
Nitrospinae ureC/cynS and the FPKM for Nitrospinae rpoB (FPKM,ys) and SSU (16S rRNA genes,
FPKMssu) genes were compared, under the assumption that rpoB and SSU were universally present in
all Nitrospinae as single copy genes. The percentage of ureC-/cynS-positive Nitrospinae was then
calculated as FPKMyrec/eyns / FPKMipos and/or as FPKMurec/eyns / FPKMssu.

Results and Discussion

Nitrite oxidation in the Northern GoM

Nitrite and ammonia oxidation rates were determined during an East-West sampling transect on the
Louisiana Shelf of the Gulf of Mexico (GoM) in July 2016. Due to summertime eutrophic conditions
(Rabalais et al. 2001), bottom waters were hypoxic at the time (Supplementary Figure 1). Hypoxic
bottom waters generally coincided with highest median ammonium (320 nM), urea (69 nM), cyanate
(11.5 nM), nitrite (848 nM) and nitrate (2250 nM) concentrations (Figure 1 a - ¢, Supplementary
Figure 3, Kitzinger et al. 2019). These concentrations are similar to previous observations (Bristow et
al. 2015).
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Figure 1 Depth profiles of nutrient concentrations, nitrite and ammonia oxidation rates, and Nitrospinae and
AOA cell counts at experimental stations in the Northern GoM. a - c) In situ oxygen, nitrite and nitrate
concentration profiles at Station 1 (a), 2 (b) and 3 (c). Surface nitrite and nitrate concentrations were taken
from the same station, the day before experiments were done. d - f) Nitrite and ammonia oxidation rates and
Nitrospinae and AOA CARD-FISH counts at Station 1 (d), 2 (e) and 3 (f). Note the different scales for Nitrospinae
and AOA cell counts, respectively. Nitrite and ammonia oxidation rates are depicted as green and white bars,
respectively, and were calculated from slopes across all time points of triplicate incubations. Error bars
represent standard error of the slope. Shaded grey areas indicate sediment (max. water depth was 18.5 m).
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Ammonia and nitrite oxidation rates were comparable, with rates ranging between 80 — 2500 nM
day! for ammonia oxidation (Kitzinger et al. 2019) and 25 — 700 nM day* for nitrite oxidation (Figure
1 d-f). The nitrite oxidation rates were in the range of the few that have been reported previously
from the GoM (Bristow et al. 2015) and other oxygen depleted waters (Ward 2008; Fiissel et al. 2012;
Beman et al. 2013; Sun et al. 2017). The success of NOB in oxygen deficient waters has amongst
other factors been attributed to their high affinity for oxygen (Bristow et al. 2016; Sun et al. 2017).
Our incubations were carried out at in situ oxygen concentrations, ranging from 1 pM to 160 puM.
There was no correlation between nitrite oxidation rates and oxygen concentrations (Figure 2c). This
indicated that the nitrite oxidizers in the GoM are well adapted to low oxygen concentrations, as
observed previously in other regions (Bristow et al. 2016; Sun et al. 2017).
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Figure 2 Correlations between ammonia and nitrite oxidation rates and nitrite concentrations and correlation
between nitrite oxidation rate and oxygen concentration across experimental stations. a) Correlation between
ammonia oxidation rate and nitrite concentration (reproduced from Kitzinger et al. 2019). The black line is the
linear regression, R? was calculated on the basis of Pearson correlations, and was significant (two-sided t-test,
t=28.002, DF = 7, P = 9.10 x 10™°) b) Correlation between nitrite oxidation rate and nitrite concentration.
c) Correlation between nitrite oxidation rate and oxygen concentration. Error bars represent standard error of

the process rates calculated from slopes across all time points and replicates.

There was also no clear relationship between ammonia and nitrite oxidation rates in the GoM
(Supplementary Figure 4). For example, ammonia oxidation outpaced nitrite oxidation rates at
Station 2, whereas at Station 3, nitrite oxidation rates were higher than ammonia oxidation rates
(Figure 1 e, f). This suggests that ammonia and nitrite oxidation are not tightly linked in this region,
which is in line with previous observations in the GoM (Bristow et al. 2015). Neither was there a
correlation between the nitrite oxidation rates and nitrite concentration (Figure 2b), however, there
was a significant correlation between ammonia oxidation rates and nitrite concentrations (Figure 2a,
Kitzinger et al. 2019). This indicates that in the GoM, as in most of the ocean, ammonia oxidation,
rather than nitrate reduction to nitrite, was the main source of nitrite (Ward 2008).

Nitrite oxidizing community; composition and abundance

To identify the NOB responsible for nitrite oxidation in the GoM, 16S rRNA gene targeted amplicon
and deep metagenomic sequencing were performed, and in situ metatranscriptomes were obtained.
The only detectable NOB based on 16S rRNA gene sequences in both amplicon and metagenome
datasets belonged to the phylum Nitrospinae (Figure 3). Nitrococcus, another marine NOB that is
frequently found in shelf areas (Flssel et al. 2017), was not detected in our dataset. The
metagenomes and metatranscriptomes were screened for the presence and transcription of the
alpha subunit of nitrite oxidoreductase (nxrA), the key gene for nitrite oxidation. In line with the 16S
rRNA gene results, almost all identified metagenomic nxrA read fragments were affiliated with
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Nitrospinae (84 — 98%). 2 — 15% of the metagenomic read fragments mapped to nxrA of the NOB
genus Nitrolancea (Sorokin et al. 2012). These NOB have not been found in the marine environment
before, therefore, the fragments mapping to Nitrolancea nxrA may represent nxr-related genes, e.g.
nitrate reductases. Unsurprisingly, given the high nitrite oxidation rates, nxrA genes were also highly
transcribed in situ, and all transcribed nxrA genes were affiliated with Nitrospinae.

Based on the retrieved metagenomic Nitrospinae 16S rRNA gene sequences, several co-occurring
Nitrospinae were identified, with 85-94 % of the metagenomic Nitrospinae 16S rRNA reads affiliated
with Nitrospinae Clade 2, 2-11 % affiliated with Ca. Nitromaritima (Nitrospinae Clade 1), and 0.1-2%
affiliated with the genus Nitrospina (Ngugi et al. 2016; Pachiadaki et al. 2017) (Figure 3). Members of
Nitrospinae Clade 2, the most abundant Nitrospinae in our dataset, are environmentally widespread
and have previously been found in both open ocean metagenomes and the seasonally anoxic Saanich
inlet (Pachiadaki et al. 2017).

To constrain absolute nitrite oxidizer cell numbers, in situ cell counts were performed by catalyzed
reporter deposition fluorescence in situ hybridization (CARD-FISH) using specific probes for
Nitrococcus (Juretschko 2000), Nitrospira (Daims et al. 2001) and Nitrobacter (Wagner et al. 1996).
Additionally, we designed a new Nitrospinae CARD-FISH probe (Ntspn759), as the published
Nitrospinae CARD-FISH probes (Ntspn693, Juretschko 2000, and the recently published probe Ntspn-
Mod, Pachiadaki et al. 2017) covered only a fraction of the known Nitrospinae, and did not cover all
sequences in our dataset. Our newly developed Ntspn759 probe targeted all of the obtained GoM
Nitrospinae 16S rRNA gene sequences. Additionally, it covers 91% of the known 16S rRNA gene
diversity of the family Nitrospinaceae, which contains all known Nitrospinae NOB (Supplementary
Text). The only NOB in the GoM detectable by CARD-FISH were Nitrospinae, which is in line with the
observations from amplicon and metagenomic sequencing that Nitrospinae were the main NOB.
Nitrospinae were hardly detectable at the surface, and numbers increased with depth, reaching up to
2.8 x 10% cells ml?, just above the sediment. Based on CARD-FISH counts, Nitrospinae constituted at
most 1% of the microbial community at all depths and stations (Figure 1, Supplementary Figure 5).
Nitrospinae CARD-FISH counts were an order of magnitude lower than those of the AOA in the GoM
published previously (Figure 1, Supplementary Figure 6a, Kitzinger et al. 2019). A similar difference in
abundance between these two nitrifier groups was also seen in the 16S rRNA gene amplicon dataset
and the metagenomic abundance of Nitrospinae and AOA metagenome assembled genomes (MAGs,
Supplementary Figure 6 b, c).

The higher abundance of AOA compared to NOB in marine systems has been observed before in
metagenome, amplicon, and gPCR-based studies (Mincer et al. 2007; Tolar et al. 2013; Doxey et al.
2015; Like et al. 2016; Damashek et al. 2019; Liu et al. 2018; Reji et al. 2019). However, this is one of
the first times this has been confirmed by CARD-FISH, a more direct quantification method that is
independent of DNA extraction and primer biases. In addition to the in situ Nitrospinae counts,
CARD-FISH counts were carried out at the end of the >N and *3C incubations, which revealed that in
some incubations, Nitrospinae abundances increased up to 4.7-fold within the incubation period of
24 hours (Supplementary Table 2).
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Figure 3 Nitrospinae 16S rRNA gene phylogeny. Nitrospinae 16S rRNA gene sequences retrieved from GoM
metagenomes are indicated as “GoM Nitrospinae” and underlined. Outgroup are cultured Deltaproteobacteria.
GoM metagenomic read fragments (FPKM) were mapped onto the alighment and are shown next to the
respective clades as circles. FPKM mapping to internal basal nodes were grouped and are displayed separately.
Tree was constructed using IQ-TREE (Nguyen et al. 2015) with automated model selection from near full-length
Nitrospinae 16S rRNA gene sequences and confidence was assessed with ultrafast bootstrapping (1,000
iterations). Metagenomic Nitrospinae 16S rRNA gene read fragments were fit into the core alignment using the
short fragment add option in mafft. The resulting alignment was used to place short sequences into the core
phylogeny using EPA. The scale bar represents nt substitutions per site, and bootstrap values > 90 are
displayed.

Per cell ammonia and nitrite oxidation rates

A factor that could play a key role in determining the abundance of NOB in the environment is their
per cell oxidation activity, as this largely determines the energy that can be gained from nitrite
oxidation at a single cell level. Such values have not been reported before for the marine
environment, as absolute NOB cell numbers are rarely quantified at the same time as bulk nitrite
oxidation rates. As the Nitrospinae were the only significant known NOB in the GoM, we were able to
calculate per cell nitrite oxidation rates. Assuming that all of the Nitrospinae were active, the
increase in CARD-FISH cell counts from the start to the end of the incubation in combination with the
bulk nitrite oxidation rates (Supplementary Table 2) indicated that per cell nitrite oxidation rates
ranged from 21 — 106 fmol per cell per day. These rates were approximately 14-fold higher than the
per cell ammonia oxidation rates of the AOA in the GoM (0.9 — 30.8 fmol-N cell? day?; Kitzinger et al.
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2019). To date, no Nitrospinae per cell oxidation rates have been reported for either cultures or
environmental populations. However, our rates are in line with those we estimated by combining
gPCR data for Nitrospinae 16S rRNA gene abundance and bulk nitrite oxidation rates from the
Eastern tropical North Pacific, where Nitrospinae also dominate the NOB community (Beman et al.
2013). These rates ranged from 0 — 107 fmol nitrite per cell per day, assuming that Nitrospinae from
the Eastern tropical North Pacific, like N. gracilis (Licker et al. 2013), have a single rRNA operon.

Cellular carbon content of Nitrospinae

Despite their low abundance, Nitrospinae have recently been estimated to be responsible for more
dark carbon fixation in marine systems than the highly abundant AOA (Pachiadaki et al. 2017). This
could imply that the bulk population carbon content of the Nitrospinae is higher than the bulk
population carbon content of the AOA. Both pure culture and in situ studies indicate that Nitrospinae
are larger than AOA (e.g. Watson & Waterbury 1971; Konneke et al. 2005; Pachiadaki et al. 2017),
but the differences in cell and population size has never been quantified in situ and subsequently
converted to cellular or population carbon content. In order to quantify the carbon content of the
NOB and AOA populations in the GoM, cell volumes were calculated from nanoscale secondary ion
mass spectrometry (nanoSIMS) measurements. The Nitrospinae were on average four-fold larger
than the AOA. By applying a scaling factor for carbon content based on cell biovolume (Khachikyan et
al. in press), we calculated that the Nitrospinae contained approximately two times as much carbon
per cell (100 fg-C cell) as AOA (50 fg-C cell?).

The AOA in the GoM were visibly larger than cultured marine AOA and those normally observed in
environmental studies. As such, the GoM AOA cellular carbon content was higher than that
previously determined, ranging from 9 — 17 fg-C cell (Herndl et al. 2005; Berg et al. 2015; Bayer et
al. 2019b; Khachikyan et al., in press).

By combining the in situ Nitrospinae and AOA cell abundance and the per cell carbon content, the
carbon content of the two nitrifier populations was calculated. The C-content for all investigated
stations and depths ranged from 0.08-2.66 bulk-pg-C L for the Nitrospinae and 0.72-22.2
bulk-pg-C L for the AOA population.

In situ growth rates of Nitrospinae

So far, no in situ growth rates have been determined for Nitrospinae. NanoSIMS was performed on
samples from Station 2, 14m depth, which were amended with *C-bicarbonate and >’N-ammonium
(or **N-nitrite, see methods) to determine single cell Nitrospinae growth rates. Autotrophic growth
rates from carbon fixation were 0.25 + 0.01 (SE) day™ and ammonium-based growth rates were
0.53 * 0.03 (SE) day™ (Figure 4), corresponding to doubling times of 2.8 and 1.3 days, respectively.
The discrepancy between C- and N-based growth may be due to C isotope dilution by the CARD-FISH
procedure (Musat et al. 2012; Woebken et al. 2015) or due to dilution of the cellular 3C by *C
derived from the polycarbonate filter surface. Alternatively, this discrepancy could indicate that the
Nitrospinae were growing mixotrophically, for which there was some evidence in the Nitrospinae
MAGs (see below).

Compared to the Nitrospinae, the AOA in the GoM had significantly lower growth rates based on
both !3C-bicarbonate assimilation (0.04 * 0.005 (SE) day?) and !*N-ammonium assimilation
(0.23 £ 0.01 (SE) day™?) (Figure 4, Kitzinger et al. 2019). It should be noted, that the lower measured
AOA autotrophic (**C-based) growth rates may also be affected by the smaller cell size of AOA in
comparison to Nitrospinae. NanoSIMS measurements were done on cells filtered onto polycarbonate
filters, which can lead to a dilution of cellular 3C by '2C derived from the filter surface. This potential
dilution effect could have impacted both the Nitrospinae and AOA 3C-enrichment, explaining the

152



Chapter 4 — Contrasting life strategies of Nitrospinae and AOA

lower 3C-based growth rates compared to the *N-based rates, but is stronger for smaller cells. The
measured lower growth rates of AOA compared to Nitrospinae were however also in good
agreement with their lower per cell nitrification rates.
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Figure 4 Nitrospinae and AOA autotrophic growth rates calculated from *3C-bicarbonate and *N-ammonium
assimilation measured by nanoSIMS. Nitrospinae 13C-bicarbonate assimilation rates were determined from the
water samples after addition of >N-ammonium and 3C-bicarbonate, and *N-nitrite and 3C-bicarbonate. AOA
data was acquired from the incubation with added ®*N-ammonium and **C-bicarbonate only and was taken
from Kitzinger et al. (2019). Number of cells analyzed per population is indicated above each boxplot. Boxplots
depict the 25 — 75 % quantile range, with the center line depicting the median (50% quantile); whiskers
encompass data points within 1.5 x the interquartile range. Data of each measured cell are shown as points;
horizontal position was randomized for better visibility of individual data points. Nitrospinae had significantly
higher growth rates than AOA (one-sided, two-sample Wilcoxon test, W=1984, p = 4.04x10% for growth based
on 13C-bicarbonate assimilation and W=1464, p = 3.32x102 for growth based on *N-ammonium assimilation).

In situ organic N use by Nitrospinae

Intriguingly, the ammonium-based growth rate (0.5 day?) of the Nitrospinae was substantially lower
than that calculated from the increase in cell numbers during the incubation period, which
corresponded to a growth rate of 1.2 day! (0.6 days doubling time). This indicates that the
Nitrospinae may have been assimilating N-sources other than ammonium. Metagenomic studies and
analysis of the N. gracilis genome have indicated that some Nitrospinae can use the simple organic N-
compounds urea and cyanate as additional N-sources (Llcker et al. 2013; Ngugi et al. 2016;
Pachiadaki et al. 2017). To assess whether this is the case in the environment, single cell N-
assimilation based on the incorporation of > N-ammonium, **N-urea, >N-cyanate and *N-nitrite was
determined by nanoSIMS.

All measured Nitrospinae cells were significantly enriched in °N for all tested substrates (Figure 5).
Furthermore, the Nitrospinae assimilated significantly more *N from all these compounds than
surrounding microorganisms, including the AOA (Kitzinger et al. 2019). Intriguingly, ammonium and
urea were used equally by Nitrospinae, followed by cyanate. Nitrite use by Nitrospinae was much
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lower compared to the other tested substrates. We calculated the growth rates of Nitrospinae from
N-assimilation of all tested substrates combined, i.e. ammonium, urea, cyanate and nitrite
(Supplementary Figure 7). The combined growth rate was 1.2 day™, which was the same as the cell
count based growth rate of 1.2 day® at Station 2, 14 m depth. This implies that GoM Nitrospinae
could meet all of their cellular N-demand by using ammonium, urea and cyanate. In fact, when taken
together, urea and cyanate assimilation met more than half of the Nitrospinae N-demand. Utilization
of DON for N-assimilation is likely a key factor for the ecological success of Nitrospinae, as it allows
them to avoid competition with AOA, whom they depend on for their substrate, nitrite. Thus, from
an ecological perspective, utilization of DON as N-source by Nitrospinae is highly advantageous.
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Figure 5 Nitrospinae single cell *N-assimilation from ammonium, urea, cyanate and nitrite measured by
nanoSIMS. a) Representative CARD-FISH images of Nitrospinae (green, stained by probe Ntspn759) and other
cells (blue, stained by DAPI). b) Corresponding nanoSIMS image of *N at% enrichment after addition of
N-ammonium, urea, cyanate or nitrite. Nitrospinae are marked by white outlines. Scale bar is 1 um in all
images. c) ®N at% enrichment of Nitrospinae (green), AOA (white) and other, non-targeted cells (grey) after
incubation with *>N-ammonium, *N-urea, *®*N-cyanate or *N-nitrite. AOA data was taken from Kitzinger et al.
(2019) for comparison. Note that non-targeted cells depicted here also include AOA cells, as no specific AOA
probe was included in the Nitrospinae nanoSIMS measurements. Number of cells analyzed per category is
indicated above each boxplot. Boxplots depict the 25 — 75 % quantile range, with the center line depicting the
median (50% quantile); whiskers encompass data points within 1.5 x the interquartile range. NA is the natural

abundance °N at% enrichment value (0.37%).
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Nitrospinae MAG analyses

To assess the genomic basis for DON utilization by Nitrospinae, we screened the GoM metagenomes
presence of Nitrospinae-like cyanase and urease genes.

From the investigated five deeply sequenced metagenomes, we obtained seven Nitrospinae MAGs,
representing three closely related Nitrospinae clusters (hereafter referred to as cluster A, B and C).
Nitrospinae cluster A made up 0.003 - 0.358% and cluster B 0.008 - 0.152 % of the metagenomic
reads, compared to the lower abundance cluster C with 0.003 - 0.050 % (Supplementary Table 4). All
obtained MAGs were affiliated with Nitrospinae Clade 2 (Figure 1, Supplementary Figure 8). In line
with the observed assimilation of >N from *N-ammonium and *N-nitrite, the MAGs contained both
ammonium and nitrite transporters, as well as assimilatory nitrite reductase genes (Supplementary
Table 6). Furthermore, at least one MAG representative of each cluster A, B and C contained urease
and/or urea ABC-transporter genes, supporting the observed in situ assimilation of urea-derived N
(Supplementary Table 6). One of the MAGs (cluster B) contained cynS, the gene encoding for cyanase
(Supplementary Table 6). The nanoSIMS data implied that all measured Nitrospinae are capable of
urea and cyanate use, and thus, all Nitrospinae should encode for both urease (ureC) and cyanase
(cynS) genes. Metagenomic read fragment abundance (FPKM) of Nitrospinae-affiliated ureC genes
was very similar to FPKM values of Nitrospinae 16S rRNA and rpoB gene abundance in all
metagenome datasets (average FPKMyrec: FPKMssy = 1.2, FPKMyrec : FPKM,pos = 1.7), indicating that all
GoM Nitrospinae encoded for ureC. However, clearly Nitrospinae-affiliated cynS genes were much
less abundant in the metagenome datasets (average FPKMyrec : FPKMssy = 0.09, FPKMyrec : FPKM; o5 =
0.1). This contrasts the obtained nanoSIMS data, where all measured Nitrospinae incorporated
cyanate. The reason for this discrepancy is unknown. However, as cynS has previously been shown to
undergo horizontal gene transfer (Spang et al. 2012; Palatinszky et al. 2015), it is possible that
Nitrospinae contain additional cynS not closely related to previously known Nitrospinae cynS genes.
In addition to urea and cyanate utilization genes, the MAGs also encoded for spermidine, amino acid
and (oligo-) peptide ABC-type transporters, which may provide additional N- and C-sources for
biomass growth. The presence of a sugar transport system likely taking up sucrose, a
fumarate/malate/succinate transporter, as well as many uncharacterized ABC transporter systems
further indicated that the GoM Nitrospinae have a potential for mixotrophic growth (Supplementary
Table 6). The potential for mixotrophic growth of GoM Nitrospinae could explain the differences
observed in 3C-bicarbonate and ®N-based growth rates and may contribute to their environmental
success and the high measured growth rates.

There were some indications in the MAGs that the Nitrospinae might have alternative pathways for
energy generation. As all other sequenced nitrite oxidizers, including N. gracilis (Licker et al. 2013),
the Nitrospinae MAGs encoded a copper containing nitrite reductase (nirk). Furthermore, the MAG
with the lowest abundance encoded a putative NiFe 3b hydrogenase, similar to the one found in the
genome of N. gracilis (Licker et al. 2013). Chlorite dismutase (c/d) genes were detected in 5 out of
the 7 MAGs. Functional chlorite dismutases have been found previously in the genome of the nitrite
oxidizer Nitrospira defluvii (Maixner et al. 2008), however, this enzyme has a role in detoxification,
rather than energy generation.

Overall, the potential for alternative energy generating pathways was low in the obtained MAGs of
Nitrospinae Clade 2. However, it cannot be excluded that Nitrospinae Clade 1, which also occur in the
GoM at lower abundance, and for which no MAGs were obtained, do have additional metabolic
versatility.
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Comparison of in situ N- and C-assimilation rates between Nitrospinae and AOA

Single cell and population N- and C-assimilation rates were calculated for Nitrospinae and AOA using
the N-enrichment and their cellular N-content as calculated from their biovolumes. Average
Nitrospinae N-assimilation in fmol-N per cell per day was 0.42 + 0.03 (SE) for ®N-ammonium,
0.43 + 0.02 (SE) for **N-urea, 0.05 + 0.01 (SE) for *N-cyanate and 0.003 + 0.0004 (SE) for > N-nitrite.
As the Nitrospinae growth rates calculated by combining *N-ammonium, *N-urea, *N-cyanate and
BN-nitrite assimilation from nanoSIMS measurements were the same as growth rates determined
from the increase in cell counts during the incubation, it was assumed that Nitrospinae assimilate all
four tested substrates in situ to meet their total N-demand for assimilation. Thus, the combined
Nitrospinae N-assimilation from all > N-substrates together was calculated to be 0.91 fmol-N per cell
per day.

In comparison to Nitrospinae, the single cell N-assimilation rates (in fmol-N per cell per day) of AOA
were significantly lower, with 0.11 + 0.01 (SE) for ®N-ammonium, 0.005 + 0.001 (SE) for **N-urea,
0.004 *+ 0.0002 (SE) for '°N-cyanate; and the combined AOA N-assimilation rate from all
BN-substrates together was 0.12 fmol-N per cell per day.

Due to the observed bias in 3C-enrichment measurements, likely due to dilution from the
polycarbonate filter (see above), C-assimilation for both Nitrospinae and AOA was estimated from
the measured °N-assimilation rates, following the Redfield ratio of C:N (6.625:1, see Methods). The
combined Nitrospinae C-assimilation rate was 6.0 fmol-C per cell per day, compared to a much lower
combined AOA C-assimilation rate of 0.76 fmol-C per cell per day. When these values were combined
with the Nitrospinae and AOA cell counts, the population C-assimilation was ~79 nmol-C per liter per
day for the Nitrospinae and ~316 nmol-C per liter per day for the AOA.

In addition to ®N-based assimilation rates, the Nitrospinae C-assimilation was calculated from the
increase in Nitrospinae cell counts before and after incubation and their cellular C-content. The
Nitrospinae population C-assimilation rate from cell count increase was 75 fmol-C per cell per day,
which is nearly identical to the values calculated from the >N-tracer additions.

Contrasting life strategies of Nitrospinae and AOA

From a thermodynamic perspective, ammonia oxidation is a much more exergonic process than
nitrite oxidation (e.g. Bock & Wagner 2006). This is also the case under conditions representative for
the GoM, where Gibbs free energy release is -262 kJ per mol for ammonia oxidation, compared to
-65 kJ per mol for nitrite oxidation (Supplementary Table 7). Therefore, from a thermodynamic
perspective, AOA biomass should increase about four times faster than that of the Nitrospinae in the
GoM, where bulk ammonia and nitrite oxidation rates are similar (Figure 1). This assumes that they
have an equal energy yield (i.e. they are fixing the same amount of C per Joule). Based on the
measured bulk nitrification rates at Station 2, 14 m depth (Figure 1), nitrite oxidation provides ~0.04
Joule per liter per day, and ammonia oxidation ~0.7 Joule per liter per day in the hypoxic GoM
waters. This joule energy gain was combined with the population C-assimilation rates of 79 nmol-C
per liter per day for the Nitrospinae, and 316 nmol-C per liter per day for the AOA population
(Table 1) to calculate the energy yield for nitrite and ammonia oxidation (i.e. the nmol-C fixed per
Joule gained). Intriguingly, the energy yield for the Nitrospinae population was ~2150 nmol-C per liter
per Joule, while AOA population energy yield was only ~480 nmol-C per liter per Joule (Table 1). This
implies that Nitrospinae are 4.5-fold more efficient in translating the energy gained from the
oxidation of nitrite to C-assimilation than the AOA are in translating energy gained from ammonia
oxidation. This is surprising considering that AOA use the HP/HB carbon fixation pathway, which is
suggested to be the most energy efficient aerobic autotrophic C-fixation pathway (requiring 5 ATP
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per generated pyruvate, Kdnneke et al. 2014). Nitrospinae employ the reverse tricarboxylic acid cycle
(rTCA) for autotrophic C-fixation (Licker et al. 2013). This pathway is highly energy efficient under
anaerobic conditions (requiring 2 ATP per generated pyruvate) but is generally highly sensitive to
oxygen (Berg 2011). Previous studies have suggested that the Nitrospinae replace the oxygen
sensitive enzymes by less oxygen sensitive versions (Llcker et al. 2013). Our results imply that at
least under the low oxygen conditions in the GoM, the rTCA cycle in the Nitrospinae is also highly

energy efficient.

Table 1 Parameters for estimating energy yield by GoM AOA and Nitrospinae.

Parameter GoM AOA GoM Nitrospinae
Cell volume (um3) 0.06 0.25

Cell Carbon (fg C cell'?) (Khachikyan et al. in press) 50 100

Cell abundance (L, average counts of in situ and end of incubation) 415 000 000 13 200 000
Bulk oxidation rate (nM day?) 2508 564
Energy gained per mol oxidized for GoM conditions (kJ mol-1) -262 -65

Energy gained from bulk oxidation rates (J day?) 0.658 0.037
C-assimilation estimated from N-assimilation per population (nmol-C L't day?) | 316 79

Energy yield (nM-C J1, using C-assimilation estimated from N-assimilation) 480 2144
Measured C-assimilation from 13C-bicarbonate assimilation per population 54 17

(nmol-C Lt day?)

Energy yield (nM-C J1, using measured C-assimilation from 3C-bicarbonate) 82 464

Additional factors could contribute to the apparent higher efficiency of Nitrospinae in translating
energy gain into C-assimilation when compared to the AOA. The Nitrospinae have a short respiratory
chain, oxidizing nitrite to nitrate in a single reaction, before transferring electrons to oxygen. In
comparison, the AOA must synthesize several enzymes to oxidize ammonia to nitrite (probably at
least 3, Carini et al. 2018). During ammonia oxidation, the electrons from hydroxylamine/NO
oxidation also need to be shuttled to AMO to activate ammonium, creating more opportunity for
energy dissipation not linked to energy conservation. Additionally, the active site of NXR in
Nitrospinae is located in the periplasm, therefore, the protons generated during nitrite oxidation
directly contribute to the proton motive force, and thus to ATP generation (Liicker et al. 2013). All of
these factors could lead to additional metabolic costs in the AOA compared to the Nitrospinae,
lowering their energy yield.

A further possibility that could explain the apparent differences in growth vyield is that the
Nitrospinae were growing mixotrophically, i.e. assimilating organic C in addition to autotrophic C-
fixation. In this case, C-assimilation would be uncoupled from the energy gained by nitrite oxidation
and the calculated energy yield (which assumes that the measured N-assimilation is matched by
autotrophic C-fixation) would be an overestimate. Nevertheless, comparison of the directly
measured 3C-assimilation from !3C-bicarbonate by Nitrospinae and AOA also indicated that the
Nitrospinae had a much higher energy yield (465 nmol-C per Joule) than the AOA (82 nmol-C per
Joule, Table 1). In principle, the energy yield of the Nitrospinae could also have been overestimated if
they were using other electron donors in addition to nitrite, such as sulfur or hydrogen. However,
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little to no evidence for the use of alternative electron donors was found in the investigated
Nitrospinae MAGs (see above).

It is also possible that the AOA had a higher energy yield than we determined because they released
significant amounts of fixed carbon to the environment as dissolved organic C (DOC). Such DOC
release has recently been shown for AOA pure cultures (Bayer et al. 2019a) and, if occurring in the
environment as well, would have wide ranging implications for our understanding of the impact of
the highly abundant AOA on carbon cycling in the dark ocean.

The fact that the AOA outnumber NOB by an order of magnitude in the GoM and other marine
systems despite lower growth rates indicates a higher mortality rate for Nitrospinae than for AOA.
This mortality could be either due to viral lysis or due to zooplankton grazing. We did not perform
experiments to assess the relative importance of these two controlling factors, however, both viral
lysis and zooplankton grazing have previously been shown to play a major role in bacterioplankton
population control. In fact, the Nitrospinae MAGs encode for prophage genes, a sign of previous or
possibly ongoing viral infections.

Our results show that Nitrospinae in the GoM are highly energy efficient, display fast growth rates
despite their low in situ abundance, and significantly outpace the much more abundant AOA.
Maintaining these low in situ Nitrospinae cell numbers requires a high mortality rate, likely due to
zooplankton grazing and viral lysis. The results presented here show that Nitrospinae meet most of
their cellular N-requirement by the assimilation of the DON compounds urea and cyanate, rather
than inorganic N. We hypothesize that the combination of high energy efficiency and utilization of
DON compounds for growth are likely key factors contributing to the success of Nitrospinae as the
main nitrite oxidizer in the ocean.
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Supplementary information

Supplementary text

Nitrospinae probe design and CARD-FISH conditions

As the previously available probes for Nitrospinae (Juretschko 2000; Pachiadaki et al. 2017) did not
target all Nitrospinae OTUs identified in the present study, a new catalyzed reporter deposition
(CARD-) FISH probe targeting the Nitrospinae was developed. Nitrospinae 16S rRNA gene amplicon
sequences obtained in this study were aligned to the SILVA SSU Ref NR 99 128 alignment (Yilmaz et
al. 2014) in Arb version 6.1. using the SINA aligner (Ludwig et al. 2004). To ensure optimal coverage
of all Nitrospinae OTUs found in the present study, only sequence positions amplified by the used
primer pair (Caporaso et al. 2011) were considered for probe design. A probe (Ntspn759,
5’ CCCTGGCTTTCGTATCT 3’) was designed using the probe design tool implemented in ARB, further
manually refined and evaluated in silico using MathFISH (Yilmaz et al. 2011). Competitor probes to
non-target organisms with single mismatches were designed manually (Ntspn759 compl,
5’ CCCTGGCTTTCGTACCT 3’ and Ntspn759 _comp2, 5 CCCTGGCTTTCGCATCT 3’) and included in all
CARD-FISH experiments. The newly designed probe Ntspn759 targets 93% (280 of 301) Nitrospinae
sequences included in SILVA SSU Ref NR 99 128, for comparison, probe Ntspn693 (Juretschko 2000)
and Ntspn-Mod (Pachiadaki et al. 2017) target only 12.5% and 79%, respectively (Supplementary
Table 8).

Optimal formamide concentration (Manz et al. 1992) of probe Ntspn759 was evaluated for CARD-
FISH on a Nitrospina gracilis pure culture (Watson & Waterbury 1971) and confirmed on samples
from the GoM. Optimal formamide concentration was 15% formamide at 46°C hybridization
temperature (Supplementary Figure 9).

Nitrospinae abundances were determined by CARD FISH following Pernthaler et al. (Pernthaler et al.
2004). Briefly, cells were immobilized on the filters by embedding in 0.2% low gelling agarose and
endogenous peroxidases were inactivated by incubation in 0.01 M HCI for 10 min. Cells were
permeabilized by lysozyme digestion (10 mg ml™* in 50 MM EDTA and 100 mM Tris-HC| at 37°C for
1 h) and HCl permeabilization (0.1 M HCI for 1 min). Filters were hybridized with horseradish
peroxidase labeled oligonucleotide probes at 46°C for up to 3.5 h. Signal amplification was done with
OregonGreen labeled tyramides at 48°C for 15 to 30 min. Before enumeration on an epifluorescence
microscope (Axioplan 2, Zeiss), cells were counterstained with DAPI. For each CARD-FISH experiment,
negative controls with the probe NonEUB (Wallner et al. 1993) were done to exclude non-specific
binding of oligonucleotides or insufficient inactivation of endogenous peroxidases.

Analysis of >N/(**N + *N) ratio variability in nanoSIMS measurements

We assessed whether sufficient Nitrospinae cells have been measured by nanoSIMS following Sveden
et al (2015). Briefly, we calculated the mean and standard error for randomly subsampled
Nitrospinae ROls, where the error of randomly subsampled ROls of one population should be < 10%
to indicate that sufficient cells have been analyzed. Our analysis showed that the standard error for
Nitrospinae N/(**N+'°N) values was <10% after measurement of 3, 2 and 3 cells in the °N-
ammonium, N-urea and PN-nitrite treatments, while for the N-cyanate treatment, one
Nitrospinae cell with higher activity caused the error to remain 19% after analysis of all 19
Nitrospinae cells (Supplementary Figure 2). For non-Nitrospinae cells, the standard error of
BN/(¥*N+N) values was <10% after measurement of 74, 60, and 185 cells in the ®N-ammonium,
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BN-cyanate and ’N-nitrite treatments (Supplementary Figure 2) For *N-urea, the standard error did
not drop below 10% even after analysis of 140 non-Nitrospinae cells, likely due to the high metabolic
variability, with only some able to use urea, in this group (Supplementary Figure 2).

DNA and RNA analyses

Nucleic acid sampling and extraction

1L seawater each was filtered in replicates onto 0.22 um cartridge filters (Sterivex™, Millipore), filled
with lysis buffer (50 mM Tris-HCI, 40 mM EDTA, 0.73 M sucrose) for DNA analyses or RNA stabilizing
buffer (25 mM sodium citrate, 10 mM EDTA, 5.3 M ammonium sulfate, pH 5.2) for RNA analyses.
Filters were stored at -20°C or flash frozen in liquid nitrogen, for DNA and RNA samples respectively.
DNA was extracted using a phenol:chloroform protocol (Padilla et al. 2016). Cells were lysed by
adding lysozyme (2 mg in 50 pl of lysis buffer per filter) directly to the cartridges, sealing the
cartridges, and incubating for 45 min at 37°C. Proteinase K (1 mg in 100 uL lysis buffer, 100 pl
20% SDS) was added, and the cartridges were resealed and incubated for 2 hours at 55°C. The lysate
was removed, and DNA was extracted once with phenol:chloroform:isoamyl alcohol (25:24:1) and
once with chloroform:isoamyl alcohol (24:1) and then concentrated by spin dialysis using Ultra-4 (100
kDa, Amicon) centrifugal filters.

RNA was extracted using a modification of the mirVana™ miRNA Isolation kit (Ambion) (Frias-Lopez
et al. 2008). Cartridges were thawed on ice, RNA stabilizing buffer was then expelled and discarded,
and cells were lysed by adding Lysis buffer and miRNA Homogenate Additive (Ambion) directly to the
cartridges. Following vortexing and incubation on ice (10 min), lysates were transferred to RNAase-
free tubes and processed through an acid-phenol:chloroform extraction according to the kit protocol.
The TURBO DNA-free™ kit (Ambion) was used to remove DNA, and the extract was purified using the
RNeasy MinElute Cleanup Kit (Qiagen).

16S rRNA gene sequencing and analysis

Relative abundances of microorganisms were assessed via 16S rRNA gene amplicon sequencing.
Amplicons were generated by PCR using equal amounts of DNA template (1 ng), Platinum® PCR
SuperMix (Life Technologies), and primers F515 and R806 encompassing the V4 region of the
16S rRNA gene (Caporaso et al. 2011). Both forward and reverse primers were barcoded and
appended with lllumina-specific adapters. Thermal cycling involved: denaturation at 94°C (3 min),
followed by 30 cycles of denaturation at 94°C (45 sec), primer annealing at 55°C (45 sec) and primer
extension at 72°C (90 sec), followed by extension at 72°C for 10 min. Amplicons were analyzed by gel
electrophoresis to verify size (~¥400 bp) and purified using Diffinity RapidTip2 pipette tips (Diffinity
Genomics, NY). Amplicons from different samples were pooled at equal concentrations and
sequenced on an lllumina MiSeq using a 500-cycle Nano kit.

Barcoded sequences were de-multiplexed, trimmed (length cutoff 100 nt), and filtered to remove
low quality reads (average Phred score < 25) using Trim Galore!
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Paired-end reads were merged
using FLASH (Magoc¢ & Salzberg 2011), with a minimum average length of 250 nt for each read,
minimum average length of 300 nt for paired read fragments, and maximum allowable fragment
standard deviation of 30 nt. The number of trimmed and merged reads per sample ranged from
11,842 — 21,970. Chimeric sequences were detected by reference-based searches using USEARCH
(Edgar 2010) and removed from the sequence pools. Operational Taxonomic Units (OTUs) were
defined by clustering at 97% sequence identity using open-reference picking with the UCLUST
algorithm (Edgar 2010) in QIIME1 (Caporaso et al. 2010). The average number of sequences assigned
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per OTU was 836 (range 646 — 1,138). Taxonomy was assigned to OTUs using the Greengenes
database (DeSantis et al. 2006). Singleton sequences and sequences affiliated with mitochondria and
chloroplast were removed from any further analysis. Proportional abundances of orders constituting
>0.5% of the community were calculated after rarefaction based on the sample with the lowest
number of reads (11,842 reads).

Metagenome sequencing and metagenome assembled genome reconstruction

Metagenomic libraries were constructed as previously described (Kitzinger et al. 2019), using
NEBNext® UltraTM Il FS DNA Library Prep Kit for lllumina, creating average fragment sizes of 550 bp.
Samples were sequenced on one lane of an Illlumina HiSeq using 2x250 bp cycle kit at Georgia Tech’s
High-Throughput DNA Sequencing core facility.

bbduk (BBMap - Bushnell B. - sourceforge.net/projects/bbmap/) was used to remove adapters and
residual phiX sequences, and to further quality-filter (ktrim=r k=21 mink=11 hdist=2 minlen=149
gtrim=r trimg=15) the paired-end Illumina reads. Quality-filtered reads were assembled with
Metaspades (-k 21,33,55,77,99,127) (Nurk et al. 2017). Each individual read set was mapped against
each assembly to assist in differential-coverage genome binning using BBMap v. 36.32 (BBMap -
Bushnell B. - sourceforge.net/projects/bbmap/). Large (>2 kb) scaffolds were clustered into
Metagenome-Assembled Genomes (MAGs) by oligonucleotide frequency (k=4) and read coverage
using Metabat2 (Kang et al. 2015). Redundant bins were dereplicated and evaluated using dRep (Olm
et al. 2017) (completeness >40%, contamination <10% and genome size >200kb). Nitrospinae MAGs
were identified using GTDB-Tk (https://github.com/Ecogenomics/GtdbTk), which is based on the
Genome Taxonomy Database (http://dx.doi.org/10.1038/nbt.4229). MAGs were reassembled/
polished by iteratively mapping reads to dereplicated metagenome bins (contigs >2kb) using BBMAP
(>98% identity) and reassembling mapped reads with SPAdes v. 3.10.1 (Bankevich et al. 2012) using
the previously binned contigs as “trusted-contigs”. Reassembled contigs were filtered based
consistency in mapping depth, consistency in tetranucleotide composition and length (> 2kb).
Mapping depth and tetranucleotide composition was evaluated through the construction of null
models using 2 kb subsequences from the newly reassembled genome. A normally distributed null
model for mapping depth was constructed using the mean and standard deviation of median depth
for the 2 kb subsequences. P-values were calculated for reassembled contigs based on the null model
of mapping depth with pnorm() and corrected for multiple testing using p.adjust(method="BH").
Contigs were rejected if the adjusted p-value < 0.05. A multidimensional null normal distribution for
tetranucleotide frequency was constructed by conducting a principle components analysis (PCoA) of
log(tetranucleotide counts+1) for 2 kb subsequences and full reassembled contigs. This procedure
predicts weighted normalized variance (as a distance from the origin) for each tetranucleotide
pattern. P-values were calculated for reassembled contigs based on the null model of tetranucleotide
patterns with pnorm() and corrected for multiple testing using p.adjust(method="BH”) in R with a
FDR of 0.05. Contigs were rejected if the adjusted p-value < 0.05. The rebinning procedure was
repeated until reassembly became self-consistent between iterations (based on genome size,
completeness and contamination as evaluated with CheckM). Metagenome sequencing statistics and
information on dereplicated Nitrospinae MAGs are listed in Supplementary Tables 3 and 4,
respectively.

Single-gene phylogenetic reconstruction
16S rRNA gene sequences from metagenomes were identified in metagenomic assemblies using
nhmmer against rfam databases for small subunit rRNAs (RFAM: RF00177, RF01959, RF01960),
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requiring at least 300 nucleotides to match the model. Sequences were classified using the
RDPclassifer (Wang et al. 2007) as implemented in Mothur.

Gene predictions for each metagenomic assembly were made using Prodigal (Hyatt et al. 2010), using
the metagenome option (-p meta). Marker genes of urea, cyanate, and nitrite utilization, as well as
RNA polymerase genes were extracted from metagenomic assemblies: urease subunit alpha (ureC),
cyanate lyase/hydratase (cynS), nitrite oxidoreductase subunit alpha (nxrA) and the B subunit of
bacterial RNA polymerase (rpoB), respectively. hmmsearch (Eddy 2011) was used to identify genes of
interest (ureC (PF00449.15), cynS (PF02560.14), nxrA (PF00384.17), rpoB (PF PF00562,
RNA_pol_Rpb2_6)), with the requirement that the protein sequence and hmm model align over at
least 70% of the length of the model and that the reverse search of the identified protein sequence
against the pfam database returned the target model as the best hit.

Reference databases were constructed for ureC, cynS, nxrA and rpoB by screening amino acid
sequences encoded by all genomes publicly available within the International Nucleotide Sequence
Database Collaboration (INSDC - 10.1093/nar/gkx1097) and genomes classified as Nitrospina within
the Integrated Microbial Genomes & Microbiomes system v.5.0 (doi: 10.1093/nar/gky901). Screening
of reference genomes used annotated amino acid sequences when available and were based on
amino acid sequences predicted by Prodigal otherwise. Genes of interest were identified using
hmmsearch using the same models and criteria as were used for screening the metagenomic
assemblies.

Metagenomic-encoded sequences were added to the reference databases and aligned with mafft-
linsi (Katoh et al. 2002) and trimmed using trimal -automatedl (Capella-Gutiérrez et al. 2009).
Phylogenetic reconstruction was calculated with IQ-TREE (Nguyen et al. 2015) with automated model
selection and confidence assessed with ultrafast bootstrapping (1,000 iterations). Resulting trees
were used to manually define clades in which Nitrospinae sequences belonged to. Sequences for
Nitrospinae-related clades were extracted, realigned and trees were calculated as above. These final
trees were visualized using ITOL (Letunic & Bork 2016).

Unassembled metagenomic and metatranscriptomic reads were used to quantify ureC, cynS, nxrA
and rpoB in these datasets. mRNA reads were screened by BLASTX against the dataset assembled for
phylogenetic analysis (see above). Positive BLASTX matches were defined by an e-value <10®, bit
score 2 50 and alignment length 230 amino acids. Reads were added to alignments used for
calculating phylogeny of each gene of interest using the --add-fragments option in mafft and placed
into single gene trees using the evolutionary placement algorithm (Berger et al. 2011). Reads placed
into tree with pendant length >0.1 were ignored. The number of reads placed onto individual
branches was inferred from integrating classification likelihoods for each branch/read combination.
Fragments per kilobase per million reads (FPKM) values were calculated based on the number of
inferred read pairs for which one or both reads placed into a specified location in the tree, divided by
the median gene length in the reference alignment (in kb) divided by the number of total
metagenomic read pairs or ribosomal-RNA free metatranscriptomic read pairs (in millions). Median
gene length for calculation of FPKM values was for 1704 nt for ureC, 450 nt for cynS, 3435 nt for nxrA
and 4205 nt for rpoB.
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Supplementary Figure 1 Sampling transect in the GoM. a) The GoM sampling location is marked by red square.

b) Station locations, experimental stations are indicated with red dots (S1 — S3), stations for nutrient and CTD

profiles by black dots. Station map has been reproduced from Kitzinger et al. (2019).

04

0.3

0.2

0.1

Average "N/("*N+"N)

0.0

0.4

0.3

0.2

Average 5N/('SN+"*N)

0.1

0.0

a) *N-Ammonium 0.4, b) *N-Urea 0.4 7 c) *N-Cyanate 0.4 d) "*N-Nitrite
YQ7717:T>TTTT¢“__ 03 et —= 03 03
0.2 02 02
0.1 0.1 . 0.1
* o *eceos s
= e--—=-

Nitrospinae 0.0 0.0 004
0 4 8 12 16 20 24 28 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 25
) "*N-Ammonium 0.4, f) *N-Urea 0.4, g) *N-Cyanate 0.4 1 h) "“N-Nitrite

0.3 0.3 03

0.2 0.2 0.2
y 0.1 0.1 0.1
Other cells 0.0 0.0 0.0
0 40 80 120 160 200 240 280 0 30 60 90 120 150 0 30 60 90 120 150 0 40 80 120 160 200 240 280

Number of analyzed cells

Number of analyzed cells

Number of analyzed cells

Number of analyzed cells

Supplementary Figure 2 Enrichment statistics of Nitrospinae cells (green) and other cells (dark grey) analyzed

by nanoSIMS. Dots and solid lines represent the means and standard errors of >N/(**N+N) ratios calculated

across randomly subsampled cells. The black line represents the mean across all cells, the light grey area + 10%

of the mean. Standard errors for Nitrospinae were < 10% after analysis of 3, 2 and 3 cells in the >N-ammonium,

5N-urea and N-nitrite treatments, for the ®N-cyanate treatment, one Nitrospinae cell with higher activity

caused the error to remain 19% after analysis of all 19 Nitrospinae cells. For other, non-Nitrospinae cells (e-h),
the standard error of ®N/(*N+®N) values was <10% after measurement of 74, 60, and 185 cells in the
5N-ammonium, ®*N-cyanate and ®N-nitrite treatments. For ®N-urea, the standard error did not drop < 10%

after analysis of 140 non-Nitrospinae cells. The total number of analyzed cells was a) n = 26, b) n=18, c) n=19,
d) n=25, e) n=255, f) n=140, g) n=127, h) n=265.
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Supplementary Figure 3 Oxygen and nutrient profiles across the sampling transect (shaded area indicates the
seafloor). a) Oxygen, b) ammonium, c) urea, d) cyanate, e) nitrite, f) nitrate concentrations. Black dots mark
locations of measurements. S1 — S3 mark the position of experimental stations. Plots were generated using
Ocean Data View (Schlitzer 2016). Concentration profiles have been reproduced from Kitzinger et al. (2019).
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Supplementary Figure 5 Nitrospinae cell abundance based on CARD-FISH (a) and correlation to Nitrospinae
relative abundance from 16S rRNA gene amplicon sequencing (b) and Nitrospinae MAG abundance in the

metagenomic datasets (c). The black line represents linear regression (p<0.05), R? was calculated based on
Pearson Correlation.
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Supplementary Figure 7 Nitrospinae single cell growth rates measured by nanoSIMS. Nitrospinae are depicted
in green, AOA in white and other, non-targeted cells in grey. Growth rates were calculated from single cell
5N-enrichment after incubation with °N-ammonium, *N-urea, *N-cyanate or *N-nitrite. AOA data was taken
from (Kitzinger et al. 2019) for comparison. Note that non-targeted cells depicted here also include AOA cells,
as no specific AOA probe was included in the Nitrospinae experiments. Number of cells analyzed per category is
indicated above each boxplot. Boxplots depict the 25 — 75 % quantile range, with the center line depicting the
median (50% quantile); whiskers encompass data points within 1.5 x the interquartile range.
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genomes were used as an outgroup. Concatenated alignment was created using CheckM, tree was calculated

using IQ-TREE37 with automated model selection. Confidence was assessed with ultrafast bootstrapping (1,000

iterations). Scale bar represents amino acid substitutions per site, and bootstrap values > 90 are displayed.
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Supplementary tables

Supplementary Table 1 *>N*3C-tracers and **N-pools added for assimilation and process rate determinations.

Compounds added (5uM unless otherwise stated) Processes investigated

15N-NH,4*, ¥*N-NO;;, **N-NOs, 3C-DIC * Ammonium assimilation, and carbon fixation

N3C-Urea, ¥*N-NO;, *N-NO5" Urea assimilation, and carbon fixation

15N13C-Cyanate, 1*“N-NOy, ¥*N-NOs Cyanate assimilation, and carbon fixation

15N-NOy, *N-NOs 3C.DIC * l\'litrijce assimilation and oxidation, and carbon
fixation

N-ammonium sulfate (98% °N, Sigma), >N*3C-urea (99% 3C, 98% °N, Sigma), >N*3C-potassium cyanate
(95% purity, 99% 3C, 98% *°N, Icon Isotopes), 1*C-sodium bicarbonate (98% *3C, Sigma), 1*N-compounds
were all obtained from Sigma

* 200 puM final 3C-NaHCOs concentration

Supplementary Table 2 CTD data, measured nutrient concentrations, oxidation rates, CARD-FISH cell
abundance of Nitrospinae and AOA, and metagenomic and amplicon abundance of Nitrospinae and AOA. This
table has been omitted from the printed version of this thesis due to space constraints but is provided by K.
Kitzinger upon request.
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Abstract

Stable isotope probing (SIP) is a key tool to identify microorganisms catalyzing the turnover of
specific substrates in the environment. However, SIP based studies are subject to the uncertainties
posed by cross-feeding, where microorganisms, instead of incorporating the added tracer,
incorporate isotopically labelled degradation products released from primary consumers. Here, we
introduce a SIP approach that has the potential to eliminate cross-feeding and secondary substrate
consumption in complex microbial communities. In this approach, microbial cells on a membrane
filter are exposed to a continuous flow through of medium containing isotopically labelled
substrates. Thereby, isotopically labelled metabolites and degradation products are constantly
removed, preventing consumption of these secondary substrates. A proof-of-concept experiment
using nitrifiers in activated sludge showed that Flow-SIP significantly reduces cross-feeding and thus
allows to distinguish primary consumers from other members of microbial food webs.

Main text

Stable isotope probing (SIP) is a widely applied tool to link specific microbial populations to metabolic
processes in the environment without the prerequisite of cultivation and has greatly advanced our
understanding of the role of microorganisms in biogeochemical cycling. SIP relies on tracing the
incorporation of specific isotopically labelled substrates (e.g., 3C, *N, 0, ?H) into cellular
biomarkers, such as DNA, RNA or phospholipid fatty acids, or into bulk cellular biomass (e.g. Boschker
et al. 1998; Radajewski et al. 2000; Orphan et al. 2001; Manefield et al. 2002). SIP is considered a
robust technique to identify microbial populations that assimilate the labelled substrate in complex
environmental communities. However, cross-feeding can occur when isotopically labelled
metabolites are released from a primary consumer and then used by other microorganisms, which
subsequently also become isotopically labelled. Thus, cross-feeding leads to erroneous identification
of organisms that are not directly responsible for the process of interest, but are rather connected to
primary consumers via a microbial food web (Neufeld et al. 2007).

To distinguish primary consumers from other members of microbial food webs, we developed Flow-
SIP, an approach that significantly reduces the effect of cross-feeding in SIP studies. In this approach,
a monolayer of microbial cells is placed on a membrane filter, and isotopically labelled substrate is
supplied by a continuous flow. By means of flow-through, any released labelled metabolites and
degradation products are constantly removed, preventing secondary consumption of the labelled
substrate. Here, we present a proof-of-concept-experiment using the two-step process of
nitrification, where ammonia is first oxidized to nitrite by ammonia oxidizing bacteria (AOB), and
nitrite oxidizing bacteria (NOB) subsequently oxidize nitrite to nitrate. The carbon source for both
autotrophic nitrifiers (AOB and NOB) is isotopically labelled inorganic carbon (i.e., CO, as **C-NaHCOs)
and as the sole electron donor, ammonium is provided to the nitrifiers. In the flow-through
approach, AOB, but not NOB, should be !3C-labelled because the substrate for NOB (nitrite),
produced by AOB is continuously removed (Figure 1). We included a control incubation, where the
flow-through was recirculated to determine the impact of shear stress on the bacterial cells.
Additionally, we included a regular batch incubation to determine the degree of cross-feeding when
nitrite is not removed. Cross-feeding is expected to occur in both recirculated and batch control
incubations, where the nitrite produced by AOB is not removed and thus both AOB and NOB can gain
energy to fix ¥C-CO,. We used fluorescence in situ hybridization (FISH) with rRNA-targeted
oligonucleotide probes for identification of AOB and NOB cells in combination with nanoscale
secondary ion mass spectrometry (nanoSIMS) for visualization of isotope assimilation at the single-
cell level.
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3CO, \ 13CO,

NOB
NH3 - NO2 — N()3 NH3 —_— NO2

— v

Batch Recirculated Flow-through

Figure 1 Schematic representation of experimental setup: (left) batch, (center) recirculated and (right) flow-
through incubation. In all incubations, the carbon source for both autotrophic nitrifiers (AOB, yellow and NOB,
magenta) is isotopically labelled (i.e., CO, as 3C-NaHCOs) and an energy source is provided for AOB only as
ammonia (as NH4Cl). Cross-feeding is expected to occur in the batch and recirculated approaches, where NOB
consume nitrite produced by AOB and thus both AOB and NOB incorporate 3C-CO,. In the flow-through
approach, only AOB are expected to be 3C-labeled, as cross-feeding should be eliminated by the continuous
removal of nitrite. Non-nitrifier cells are indicated in black.

Cells from activated sludge from a municipal wastewater treatment plant were placed on a
membrane filter and additionally inoculated in batch cultures after disruption of flocs by sonication
to avoid diffusive cross-feeding in large floc structures. After a starvation period to avoid the use of
storage compounds, the membrane filters and batch cultures were incubated in basal mineral
medium containing 250 uM NH4Cl and 2 mM 3C-NaHCOs (98 atom%) for 24 h at in-situ temperature
(14°C). In the flow-through and recirculated incubations, the medium flow was maintained at a rate
of 26 mL h'.. This flow rate was the highest flow rate that was tested in a preliminary experiment and
it did not significantly inhibited nitrification activity compared to lower flow rates. Modelling
advection and diffusion of nitrite at different flow rates showed that, for example, a 10-fold higher
flow rate would only marginally reduce nitrite concentrations surrounding the AOB colonies (Figure
S1). We carried out two successive experiments using sludge collected from the same plant on
different days as replication of experimental results (referred to as E1 and E2). Details on the
experimental setup are given in Figure S2 and the Supplementary Text.

In recirculated and batch control incubations, the consumption of ammonium and production of
nitrite and nitrate (Figure S3) and single cell **C-incorporation (Figure 2) indicated that both AOB and
NOB were active. In the recirculated incubations, 6 and 14 uM (E1) and 2 and 3 uM (E2) nitrite and
nitrate were produced, respectively, during the 24 h-incubation (Figure S3) In contrast, nitrite and
nitrate were non-detectable in flow-through incubations due to the strong dilution by the medium
supply. The activity of both AOB and NOB in the recirculated incubation showed that they were not
inhibited by the shear stress induced by the flow-through of the medium through the membrane
filter. However, nitrification activity (i.e. nitrite and nitrate production) in the recirculated
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incubations were reduced by 57% (E1) and 83% (E2) compared to the batch incubations, which was
mainly due to lower ammonia oxidation rates resulting in lower nitrite accumulation (Figure S3). The
reduced ammonia oxidation activity was also reflected by reduced **C-incorporation in AOB cells as
determined by nanoSIMS in both experiments (Figure 2). In the recirculated setup, we measured
mean AOB C-incorporation of 3.5 and 3.7 *C-atom%, in batch incubations 20.3 and 14.4 3*C-atom%
for E1 and E2, respectively. AOB in the flow-through incubations also showed lower *C-enrichment
levels (7.9 and 9.6 atom% for E1 and E2, respectively) compared to batch incubations but not as low
as in the recirculated incubations.

NOB were enriched in 3C in both the batch (14.9 and 5.2 atom% for E1 and E2, respectively) and
recirculated incubations (7.2 and 4.6 atom% for E1 and E2, respectively). In contrast, the flow-
through setup resulted in a substantial reduction in 3*C-incorporation of NOB (2.0 and 2.3 atom% for
E1 and E2, respectively). This shows that nitrite, the secondary substrate, was efficiently removed by
means of flow-through, thereby limiting cross-feeding between AOB and NOB. Indeed, in the flow-
through incubations, the 3C-enrichment of NOB was not significantly different to the *C-enrichment
of non-nitrifier cells in our setups. We observed a relatively consistent low 3C-enrichment of NOB in
the flow-through incubations and of non-nitrifier cells in all incubations. It is unlikely that this is due
to 3C-bicarbonate contamination, as all samples were treated with acid before nanoSIMS analysis. It
is, however, possible that at least some of the observed 3C-enrichment in NOB is due to anaplerotic
reactions leading to C-fixation by background cellular activity rather than substrate induced
autotrophic C-fixation (e.g. Li 1982; Roslev et al. 2004).

Our results demonstrate that Flow-SIP is a promising approach to significantly reduce cross-feeding
in SIP experiments even in complex microbial communities. Here, we used quantitative single cell
isotope probing by combining FISH and nanoSIMS; however, Flow-SIP may also be used in
combination with DNA-, RNA- or protein-SIP. These latter methods, unlike FISH, are untargeted and
thus potentially allow to identify novel primary consumers of a supplied substrate. Flow-SIP also has
the potential to study direct use of chemically unstable substrates, by distinguishing it from
consumption of their decomposition products. For example, cyanate, which abiotically decays to
ammonium and carbon dioxide, has previously been shown to serve as energy and nitrogen source
for ammonia oxidizing archaea (Palatinszky et al. 2015; Kitzinger et al. 2019). Using Flow-SIP, cyanate
can be constantly supplied, while abiotically-formed ammonium (as well as ammonium produced by
other community members) is constantly removed, which allows to identify ammonia oxidizing
microorganisms that directly use cyanate as a substrate. It also reduces the need for control
incubations to quantify indirect cyanate use through breakdown to ammonium (Kitzinger et al.
2019). Furthermore, instead of tracing stable isotope assimilation, the presented approach may be
coupled to fluorescence-based activity markers, where both a substrate of interest and
bioorthogonal non-canonical amino acids are supplied and, subsequently, translationally active cells
are visualized on an epifluorescence microscope (BONCAT; Hatzenpichler et al. 2014). Flow-SIP
expands the toolbox of microbial ecologists, allowing the direct identification of primary consumers
in complex microbial communities without confounding cross-feeding effects. Thereby, this method
can yield invaluable insights into the activity and identity of microorganisms catalyzing key processes
and element transformations in the environment.
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Figure 2 Single cell isotope probing of nitrifiers in batch, recirculated and flow-through incubations. Top panels
(A-C) show representative FISH images of E2 (AOB in yellow; NOB in magenta; other cells counterstained by
DAPI in grey) of batch, recirculated and flow-through incubations, respectively, and panels (D-F) show the
corresponding nanoSIMS image. Scale bar is 10 um in all images. Bottom panels (G-L) show 3C labelling of AOB,
NOB and other cells quantified by nanoSIMS at the single-cell level for E1 (G-I) and E2 (J-L). We used FISH
probes targeting AOB (Nitrosomonas oligotropha cluster (Cl6al92), Nitrosomonas eutropha/europea/urea
cluster (NEU)) and NOB (Nitrotoga (Ntogal22), Nitrospira Lineage 1 (Ntspal431), and Nitrospira Lineage 2
(Ntspa1151)). In (G-L), dashed lines give 3C natural abundance values of the filter surface. Number of cells
analyzed per group is indicated below each boxplot. For each experiment, lower case letters indicate significant
difference in 13C labelling between groups (AOB, NOB, other cells) within an incubation type and upper case
letters indicate significant difference between incubation type for a given group (Kruskal-Wallis test followed
by Dunn’s test; Statistics are given in Table S2). Boxplots depict the 25-75% quantile range, with the center line
depicting the median (50% quantile) and whiskers encompass data points within 1.5x the interquartile range.
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Supplementary information

Supplementary text

Materials and experimental setup

Schemes of the incubation setup of recirculated and flow-through approaches are shown in
Figure S2. For the flow-through approach, the screw caps of the medium reservoir and the waste
collection bottle were equipped with two ports, one for the tubing inlet and one for sterile pressure
equalization using a membrane filter (0.2 um). For the recirculated approach, a small bottle was used
as medium reservoir with two ports, from which medium was withdrawn and recirculated back,
respectively. For both approaches, the medium reservoir was connected to the top of the filter
holder (stainless steel, 47 mm, Sartorius) and a peristaltic pump was placed after the filter holder. To
open and close the filter holder as well as to remove aliquots of the medium for chemical analysis
during the incubation, a three-way valve was connected to the bottom of the filter holder. Material
used for both recirculated and flow-through approaches are given in Table S2. All material except for
the three-way-valves was sterilized by autoclaving, three-way valves were sterilized by rinsing in 70%
ethanol and autoclaved distilled water. Mineral medium was prepared according to Palatinszky et al.
(2015), with some modifications: instead of 4 g L CaCOs;, we used 0.01 g L (1 mM), and, as
substrate for autotrophic C-fixation, we added **C-NaHCOs (98 atom%) with a final concentration of
2 mM, resulting in a final 3C-labelling percentage of approximately 66 atom%. For batch and
recirculated incubations, 20 mL of medium were inoculated. We accounted for the dead volume of
the filter holder and tubing (9 mL) and thus only added 11 mL of medium to the medium reservoir of
the recirculated approach. In the flow-through incubations, approximately 624 mL of medium were
supplied over 24 h (i.e., flow rate of 26 mL h?).

Activated sludge was sampled from the nitrification basin of the municipal wastewater treatment
plant Aalborg West (luftningstanke, Renseanlaeg Vest), Denmark, on March 16" and 18%, 2016.
Sludge was disrupted by sonication to yield single cells or colonies to reduce diffusive cross-feeding
due to the large 3D-structure of the flocs. 20 ml aliquots of sludge (diluted 1:5 in mineral medium)
were sonicated on ice for 120 s using 20% power and 1x cycle settings (Bandelin HD2200, probe
MS73), and were allowed to settle for 10 min. The top 15 ml of the sludge suspensions, containing
smaller flocs or single colonies and cells, were filtered through 20 um nylon mesh membrane filters
(Magna, Fisher Scientific) to remove residual large flocs. To remove residual substrates from the
filtrate, cells were pelleted by centrifugation (20 min, 10°C, 4200 g), supernatant was discarded, and
cells were gently resuspended in mineral medium with *2C-NaHCOs and without ammonium. To avoid
the use of storage compounds during the incubation, cells were exposed to a starvation period of
approximately 8 - 10 h before start of the incubation. To determine optimal cell density for the
incubations, different volumes of sonicated, washed cells were filtered onto 0.2 um filters, stained by
DAPI and inspected by an epifluorescence microscope.

Under sterile conditions, support filters (for E1, glass fibre filters, Advantec, GC50, 47mm, and for E2
nylon membrane filters Magna, Fisher Scientificc, 47mm) and membrane filters (0.2um
polycarbonate, Nucleopore Whatman 47mm) were placed into filter holders (backpressure grids
were omitted) fitted with a valve at the filter holder outlet. Filter holders were then filled bubble-free
with mineral medium and closed off until cells were applied onto the filter membrane. Using
syringes, sonicated, starved cells were gently filtered onto the membranes, discarding the flow-
through. To ensure even settling of cells on the membrane surface, additional 20 ml mineral medium
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(with 2C-NaHCO; and without ammonium) were gently pushed through the filter holder, discarding
the flow-through. Shortly before the start of the incubation, the medium in the filter holder was
replaced by medium containing 3C-NaHCOs (but no ammonium). Filter holders were then connected
to sterile tubing of the incubation setup (Figure S2). The same amount of cells as in the recirculated
and flow-through incubations were added to the batch incubations. At the start of the incubation,
ammonium was added from a stock solution to batch incubation bottles and into the medium
reservoir and fresh medium bottle of the recirculated and flow-through approaches, respectively.
Incubations were done in the dark for 24h at in-situ temperature of the nitrification basin in Aalborg
Vest (14°C). Immediately after the setup of the incubation, and after approximately 12, 18 and 24 h,
subsamples were collected for concentration measurements of ammonium, nitrite and nitrate. In
both flow-through and recirculated incubations, samples were collected at the filter holder outlet,
and from batch incubations, bulk samples were collected, and cells were removed by centrifugation.
Samples were stored at -20°C until analysis.

At the end of the incubation, filter holders were closed off using the valve at the filter outlet,
disconnected from the tubing, and cells on the membrane filter inside the filter holders were fixed
with formaldehyde (3% formaldehyde in 1x phosphate buffered saline; PBS). To avoid disturbing the
cells’ position on the membrane filter, 20 ml formaldehyde solution were gently pushed through the
filter holders, thereby replacing medium. Filter holders were then closed using the valve connected
at the filter holder outlet and incubated for 30 min at room temperature. Formaldehyde was
removed by pushing 20 ml 1x PBS through the filter holder, followed by 20 ml distilled water. After
pushing out all liquid, filter holders were disassembled, and membrane filters were air-dried and
frozen at -20°C until FISH and nanoSIMS analyses. Batch incubation samples were also filtered on a
membrane filter, fixed with formaldehyde and stored the same way as the flow-through and
recirculated samples.

Nitrification activity was monitored by ammonium consumption, and nitrite and nitrate production.
Ammonium, nitrite and nitrate concentrations were quantified after 0, 12, 18 and 24 h by
colorimetric procedure as described in Hood-Nowotny et al. (2010) and Garcia-Robledo et al. (2014).

FISH and nanoSIMS analyses

In addition to cells fixed after incubation, bulk activated sludge samples were fixed with
formaldehyde as previously described Daims (2009). These samples were used to screen for presence
of nitrifier populations by FISH using probes for AOB (probes NEU, Wagner et al. 1995; Nso1225,
Mobarry et al. 1996; Nmv/Ncmob Pommerening-Roser et al. 1996; Ncom1025, Juretschko 2000;
Cl6a192, Adamczyk et al. 2003) and NOB (Nit3, Wagner et al. 1995; Ntspal431 and Ntspall51,
Maixner et al. 2006; Ntogal22, Liicker et al. 2015). We detected AOB populations related to
Nitrosomonas oligotropha (targeted by probe Cl6a192) and Nitrosomonas eutropha/europea/urea
(targeted by probe NEU). We further detected Nitrotoga-affiliated NOB and lineage 1 and 2
Nitrospira (targeted by probe Ntspa 1431 and 1151, respectively). Previous metagenomic analyses
showed that WWTP Aalborg West does not harbour comammox Nitrospira (Albertsen et al. 2012;
Munck et al. 2015), whose presence would have confounded the results of our study, as comammox
Nitrospira are able to oxidise ammonia but are not distinguishable from the canonical lineage 2
Nitrospira by FISH. For all FISH and nanoSIMS analyses, we used probe mixes for AOB (Cl6a192 and
NEU) and NOB (Ntogal22, Ntspal431 and Ntspall51).

Before FISH analysis, laser markings were made on membrane filters using a laser microdissection
microscope (Leica LMD 7000, Germany). FISH on sections of the incubated filters was done as
previously described by Daims (2009). All FISH probes were double labelled with FitC (AOB in E1; NOB
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in E2), Cy3 (NOB in E1), or Cy5 (AOB in E2) fluorophores (Stoecker et al. 2010). We observed strong
non-specific binding of the fluorophores, especially of Cy3 and Cy5, to the membrane filter surface.
This non-specific binding was overcome by using CARD-FISH hybridization buffer (Pernthaler et al.
2004) instead of normal FISH hybridization buffer in hybridizations of E1 samples. Filter sections of E2
were pre-incubated in 1:10 diluted blocking reagent before hybridization (Pernthaler et al. 2004).
After FISH, cells were counterstained with DAPI before fluorescent images were acquired on a
confocal laser scanning microscope (SP7, Leica, Germany, equipped with a white light laser).

For nanoSIMS analyses, selected filter sections were attached to antimony-doped silicon wafer
platelets (7.1 x 7.1 x 0.11 mm, Active Business Company, Brunnthal, Germany) by a commercially
available superglue (Loctide®, Henkel, Ireland), and coated with AuPd thin films (30 nm nominal
thickness) using a sputter coater (K550X Emitech, Quorum Technologies Ltd., Ashford, UK). In the
flow-through incubations, a thin, yellow layer of salt crystals was formed on the filter membranes,
which strongly reduced the conductivity of the sample surfaces upon sputtering with AuPd. To
remove this layer prior to AuPd coating, the filter membrane sections were washed in 1N HCl or 1N
HNOs for 10 min, and subsequently rinsed with water (Milli-Q, >18.2 MOhm, Millipore) and 70%
ethanol. For comparability and to remove possible *C-bicarbonate contamination, samples from
batch and recirculated incubations were also acid washed in the same way.

NanoSIMS measurements were performed on a NanoSIMS 50L (Cameca, Gennevilliers, France) at the
Large-Instrument Facility for Advanced Isotope Research at the University of Vienna. Prior to data
acquisition, analysis areas were pre-sputtered utilizing a high-intensity, slightly defocused Cs* ion
beam (400 pA beam current, ~1,5 um spot size). Data were acquired as multilayer image stacks by
sequential scanning of a finely focused Cs* primary ion beam (approximately 80 nm probe size at
2 pA beam current) over areas between 36 x 36 and 74 x 74 um? at 512 x 512 pixel image resolution
and a primary ion beam dwell time of 5 to 10 msec/(pixelxcycle). The detectors were positioned to
enable parallel detection of 2C,, 2C¥C, 2C¥N;, 3P and 3?S secondary ions and the mass
spectrometer was tuned to achieve a mass resolving power (MRP) of >9.000 (according to Cameca's
definition) for detection of C;- and CN" secondary ions, respectively.

NanoSIMS images were processed using the software Winlmage version 2.0.8 (Cameca, France). Prior
to stack accumulation, the individual images were aligned to compensate for positional variations
arising from primary ion beam and/or sample stage drift. Secondary ion signal intensities were dead
time corrected on a per-pixel basis. C isotope composition images displaying the 3C/(*?C+3C) isotope
fraction, designated as '*C atom%, were inferred from the C;~ secondary ion signal intensity
distribution images via per-pixel calculation of 3C*2C7/(2-12C,+13C*C") intensity ratios.

Regions of interest (ROIs), referring to individual cells, were manually defined utilizing the nitrogen-,
phosphorus- and sulfur-related secondary ion signal intensity distribution maps as indicators of
biomass and the respective FISH image. These ROIs were cross-checked by the
topographical/morphological appearance of the sampled areas in secondary electron intensity
distribution images that were recorded simultaneously with the secondary ion images. Statistical
significance of the difference between groups within each approach was analysed by the Kruskal-
Wallis test followed by a non-parametric multiple comparison test (Dunn’s test), using the R package
“dunn.test” (Dinno 2007).

Nitrite diffusion model

In order to determine nitrite distributions surrounding the AOB colonies and to quantify the potential
exchange rates with NOB colonies, the flow-condition around a single AOB colony on the flow-SIP
filter was simulated.
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The steady-state Navier-Stokes equations are given by:
p(u-V)u = —Vp + uviu
With the continuity equation for incompressible fluids:
V-u=0,

where p is the density, | the dynamic viscosity of water, p the pressure and u the velocity vector.
The stationary scalar transport equations are given by:

—DV2C +u-VC =0,

where C is the nitrite concentration and D = 1.7 - 10™2 m? s~ ! is the isotropic diffusion of nitrite.
The equations were solved in the COMSOL Multiphysics® software.

Simulating the full 3-dimensional complexity as found on the flow-SIP filter is numerically expensive
and requires precise information about the cell and colony structures. Therefore, certain
assumptions were made when generating the model domain. First, it is assumed that the AOB
colonies are of spherical shape with a radius that can be estimated from measured volumes. For AOB
colonies exceeding 50 cells, it was shown that the colony volume can be empirically described using:

— 1.56 ,—3.28
Vcol = Ncell €

, Where nc is the cell number (Coskuner et al. 2005). For colonies with fewer
cells no empirical relation exists. Therefore, the volume for 50 cells was linearly scaled down to a
theoretical volume of a single cell multiplied with the cell number: V., = ngey - (50°0°6273:28),
which is valid for 1-50 cells. Finally, within the domain the reactive, spherical AOB colony was
centered in a cylinder. To minimize wall-effects, the radius of the cylinder was adjusted to 120 um,
which is more than 20 times the radius of the AOB colony.

To mimic conditions of the experimental setup, a symmetric outer boundary with a constant inlet
flow velocity Up and a no-slip boundary condition along the colony’s surface was assumed. The inflow
nitrite-concentration was adjusted to 0 umol It. To simulate the nitrite production of the AOB
colonies, a constant normal flux (/) was imposed at the surface of the colony, which was calculated

based on the cell specific volumetric rates and normalized to the surface area:

_ Neenr * Reent
= —
Scol

With a cell specific volumetric rate of R..;; = 2.6 fmol cell “*h ! (Laanbroek et al. 1994; Daims et al.
2001; Coskuner et al. 2005; Stieglmeier et al. 2014) and a surface area of S., = 4mr,y. The
described approach reduces the decisive parameters to cell numbers and flow velocity. In more than
200 model runs, cell numbers were varied between n..; = 5,50,500 cells and the imposed flow
velocity was sequentially increased from Up =0 - 100 um stin 1.25 um s steps.

Post-processing was performed in Matlab (Mathworks 2017b). Briefly, nitrite concentrations were
extracted along the equator up to a distance of 100 um of the colony surface. This procedure was
repeated for all imposed flow velocities and subsequently interpolated to an equidistant grid.
Subsequently, contour lines were extracted.
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Figure S1 Nitrite diffusion model showing nitrite distribution around AOB colonies on the membrane filter in
the flow-through approach, considering different flow velocities. The flow rate of 26 mL h? used in our
experiment corresponds to a flow velocity of 4.2 um s. The model was run for three different AOB colony
sizes, consisting of either (A) 5, (B) 50 or (C) 500 cells. We analyzed AOB colonies ranging from single cell to
approximately 250 cells in our experiments. The distance to colony of 0 — 100 um correspond approximately to
the distances between AOB and NOB colonies that we have observed. The contour lines represent nitrite

concentration (UM).
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Figure S2 Schemes of incubation setup of recirculated (A) and flow-through approach (B).
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Figure S3 Nitrification activity in batch, recirculated and flow-through incubations of E1 (A-C) and E2 (D-F).
Nitrification activity was monitored over the course of the incubation by ammonium consumption, and nitrite
and nitrate production. Note that the drop in ammonium concentration in the recirculated treatment between
0 and 12h was not due to ammonium consumption, but due to dilution by ammonium-free medium that was
present in the tubing and filter holder at the beginning of the incubation. Nitrite and nitrate were not
detectable in the flow-through incubation due to the strong dilution by the medium supply.
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Supplementary tables

Table S1. Material used in flow-through and recirculated approaches. Schemes of the setup of both approaches
are given in Figure S2.

Item Comment Manufacturer | Article number
Ismatec REGLO ICC digital peristaltic pump; 4-channel, Ismatec 1ISM4408
8-roller

Pump tubing, PharMed® Ismaprene, 1.6 mm inner Ismatec MF0010
diameter, 4.8 mm outer diameter, 1.6 mm wall

thickness

2-stop tubing, PharMed® Ismaprene, 1.65 mm inner Ismatec SC0331
diameter

In-line stainless steel filter holder, 47 mm Sartorius 16254

Luer lock connector for filter holders Sartorius 16881
Whatman® Nuclepore™ Track-Etched Membranes; 47 Whatman WHA111106

mm diameter, 0.2 um pore size, polycarbonate

Advantec Grade GC50 Glass Fiber Filters, 47 mm Support filter for E1 Advantec GC5047MM
diameter, 0.5 pum pore size

GVS Life Sciences Magna™ Nylon Membrane Filters, Support filter for E2 GVS 1213776
47 mm diameter, 0.5 um pore size

Glass bottle, 1.5 cm inner diameter, 10 cm height, Medium reservoir for
GL25 thread recirculated incubations;
custom-made
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Table S2. Test of statistical significance of differences between microbial groups within each approach and

differences between approaches within each microbial group. Shown are results of Kruskal-Wallis test and non-
parametric multiple comparison test (Dunn’s test); *P < 0.05, **P < 0.01, ***P < 0.001.

Within approach X2 df P-value Pairwise comparison
AOB - NOB - AOB -
NOB other cells other cells
E1l Batch 182.6 2 <0.001 Hkx Hkx wkx
Recirculated 134.7 2 <0.001 ok ok ok
Flow-through 65.1 2 <0.001 ok ok
E2 Batch 185.4 2 <0.001 wkx wkx wokx
Recirculated 193.8 2 <0.001 ok ok ok
Flow-through 327.6 2 <0.001 e e
Within microbial group X2 df P-value Pairwise comparison
Batch - Recirc. — Batch -
Recirc. Flow-thr. Flow-thr.
E1l AOB 157.0 2 <0.001 wkx * Hkx
NOB 184.5 2 <0.001 wkx wkx wokx
Other cells 7.9 2 0.019 * *
E2 AOB 375.0 2 <0.001 Hkx Hkx wkx
NOB 98.2 2 <0.001 Hkx wkx
Other cells 20.3 2 <0.001 rokx rokx
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Chapter 6

Synthesis and Outlook

Nitrifiers catalyze key processes in biogeochemical Nitrogen (N) cycling in both man-made and
natural systems and thus their activity strongly influences the Earth system. Despite their
importance, still little is known about their ecophysiology and the traits that underlie their wide
environmental distribution and success. Pure culture studies indicate that this environmental success
may be due to their broad metabolic versatility. However, there is still limited knowledge about the
role that nitrifier metabolic versatility plays in the environment.

In this thesis, | took different methodological approaches to investigate nitrifier metabolic versatility:
| studied pure cultures (Chapter 2 and 3) and used (meta-) genome analyses (Chapter 2, 3 and 4),
performed culture-independent in situ experiments (Chapter 3, 4, 5) and developed new methods to
differentiate between direct and indirect use of dissolved organic nitrogen (DON) compounds in
complex environmental communities (Chapter 3 and 5). The combination of interdisciplinary
methods and investigation of processes at different levels — from bulk to single cell activities
provided new and important insights into nitrifier metabolic versatility (Figure 1).

Chapter 2 describes the first pure culture of Nitrotoga, a nitrite oxidizer isolated from a wastewater
treatment plant. This study shed light on the complex evolutionary history of nitrite oxidation, as
Candidatus Nitrotoga fabula encodes for a new type of nitrite oxidoreductase (NXR) that is
phylogenetically related to a clade of uncharacterized enzymes previously thought to represent
nitrate reductases (NAR). These closely related enzymes are found in physiologically uncharacterized
bacteria and archaea, hinting at the presence of yet unknown nitrite oxidizers in both the bacterial
and archaeal domain. Growth of the isolated Nitrotoga strain on ultra-pure agarose solid medium
facilitates culture handling, and, together with the presence of a plasmid, might in the future allow
for the development of a nitrite oxidizer genetic system, which would allow to study the physiology
of nitrite oxidizing bacteria (NOB) in even more depth. Furthermore, genome analysis indicated that
Ca. N. fabula has a versatile metabolism and may be able to use hydrogen and sulfite as alternative
electron donors. This study, and another study published shortly after (Boddicker & Mosier 2018),
provide evidence that nitrite oxidizers from all genera have the potential for multiple alternative
metabolisms, catalyzing processes other than N-redox reactions. This ability could allow nitrite
oxidizers to remain active in the environment even when their primary substrates nitrite and oxygen
are limiting.

Chapter 3 shows that metabolic versatility also plays an important role for marine ammonia oxidizing
archaea (AOA) — both in the environment, the Gulf of Mexico (GoM), and in pure culture. These
marine AOA are able to use cyanate and urea both directly and indirectly as additional energy and N-
sources, despite lacking known cyanases encoded in their genomes. These findings have important
implications for the environment, as the ability to use electron donors and N-sources other than
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ammonia/ammonium may allow them to avoid competition for ammonium with other organisms
and is likely part of the reason for the high abundance of AOA in the world’s ocean (Figure 1). In this
study, the development and application of control incubations to tease apart direct and indirect
substrate utilization in stable isotope experiments was crucial. Furthermore, this chapter highlights
that in situ and activity-based experiments are vital to verify a physiological function, as (meta-)
genome analyses are not necessarily sufficient to infer an organisms’ physiology.

Chapter 4 describes key aspects of the ecophysiology of Nitrospinae, key marine nitrite oxidizers, in
comparison to AOA. This showed that despite their low abundance, Nitrospinae in the GoM are
highly active, with growth rates exceeding those of the far more abundant AOA. By combining
measurements of Nitrospinae and AOA N- and C-assimilation rates with bulk oxidation rates, cell
abundances and cellular C-contents, Nitrospinae were shown to be more efficient in converting the
energy gained from nitrification to autotrophic C-fixation than the AOA.

Additionally, this study highlighted that DON compounds also play an important role for the
ecophysiology of Nitrospinae, that met most of their N-demand for biomass growth from the
assimilation of the organic N compounds urea and cyanate, rather than ammonium. This versatility in
N-source utilization probably allows Nitrospinae to evade competition with AOA, whom they depend
on for their substrate, nitrite. The high growth rates at low Nitrospinae abundance furthermore point
to a strong in situ control of population size (i.e. a high mortality rate), either due to viral lysis or
zooplankton grazing (Figure 1). The combination of high energy efficiency and utilization of DON
compounds for growth are likely key factors contributing to the success of Nitrospinae as the main
nitrite oxidizer in the ocean.

Chapter 5 takes a step further from the control incubations employed in Chapter 3 to tease apart
direct and indirect substrate use in stable isotope studies. Here, a novel approach to overcome
confounding cross-feeding effects in stable isotope incubations was developed, Flow-through stable
isotope probing (Flow-SIP). This was achieved by trapping cells on a filter membrane and supplying a
constant flow of isotopically labeled substrates. This method allows specific microorganisms to be
linked to substrate turnover in the environment and thus significantly expands the toolbox of
microbial ecologists and biogeochemists.

The findings presented in this thesis significantly advance our knowledge about the metabolic
versatility and physiology of globally relevant nitrifiers through interdisciplinary approaches using
culture-dependent and -independent methods. One of the key findings throughout the chapters
presented in this thesis was that DON plays a crucial role in the success of nitrifiers in the
environment, which allows them to gain energy and/or N for assimilation irrespective of the
availability of ammonium.

However, many aspects of nitrifier diversity, physiology and ecology remain unknown. In the
following sections, key unconstrained aspects of nitrifier ecology and physiology, and their metabolic
versatility that arose during this study are discussed and possible experiments to address them are
proposed.
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Figure 1 Schematic of dissolved inorganic and organic nitrogen cycling in the marine waters with a special focus
on the three main autotrophic groups — phototrophs, ammonia, and nitrite oxidizers. Thickness of arrows
corresponds to the flux size. DOM, dissolved organic matter; DCM, deep chlorophyll maximum.
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6.1. Key unconstrained aspects of nitrifier ecology and physiology

6.1.1. Uncovering the true diversity of nitrifiers

During the last two decades, the known diversity of nitrifiers has been massively expanded — the
ammonia oxidizing archaea were discovered (Treusch et al. 2005; Venter et al. 2004; Kénneke et al.
2005); phototrophic nitrite oxidizers were described (Griffin et al. 2007); Nitrotoga and Nitrolancea,
two new NOB genera were found (Alawi et al. 2007; Sorokin et al. 2012); and comammox bacteria,
long hypothesized to exist but never identified, were finally shown to exist in the genus Nitrospira
(Daims et al. 2015; van Kessel et al. 2015). And an even larger nitrifier diversity is likely waiting to be
discovered.

It seems that in nature, any metabolism can be found, as long as it is thermodynamically feasible.
Therefore, it is surprising that so far, comammox have only been found in terrestrial systems. It might
be that in the marine environment, they have so far been missed because we did not look at the right
places. Biofilms have been suggested as ideal habitat for comammox (Costa et al. 2006), and these
are also common in the marine environment, e.g. on the surface of sand grains (Probandt et al.
2018). Thus, sandy marine sediments may be a prime location to look for marine comammox —
bacteria, or, archaea.

Ammonia oxidizers have been identified in both the bacterial and the archaeal domain. Why then
should nitrite oxidation be restricted to the bacteria? In Chapter 2, first data is presented which hints
at the existence of nitrite oxidizing archaea (NOA), based on the presence of a crenarchaeal nitrite
oxidoreductase-like gene in a nitrifying enrichment culture without known NOB (Kitzinger et al.
2018). However, just as for marine comammox, direct evidence for the existence of NOA is lacking.
How then could novel nitrifiers be identified? To date, most novel nitrifier groups have been
discovered through a cultivation-based approach, as employed in Chapter 2. However, new
approaches may be needed to bring novel nitrifiers into culture. These could include adjusting the
commonly used media composition, enrichment on lower substrate concentrations, or using DON as
(co-) substrate instead of only ammonium. Still, most microorganisms may remain part of the
uncultivated majority, or, the proportion that is extremely difficult to enrich and isolate.
Metagenomics, as used in Chapter 3 and 4, could help to identify microorganisms in situ that might
nitrify but cannot easily be brought into culture. For example, metagenomics may allow to identify
ammonia monooxygenase-like (AMO) or NXR genes in metagenome-assembled genomes of
organisms not previously associated with nitrification. Metagenomics may also serve as a guide to
more targeted cultivation efforts of putative new nitrifiers, as analysis of their genomes may indicate
traits like auxotrophy for cofactors or vitamins, which may then be supplemented in the cultivation
media, to better mimic the growth conditions required by the targeted organisms.

It is not unlikely however, that novel nitrifiers employ an enzymatic machinery different to the one of
known nitrifiers, rendering metagenomic identification difficult. Additionally, there appears to be no
clear-cut separation of NXR and nitrate reductases (Kitzinger et al. 2018), further complicating the
meta-omics based identification of nitrifiers.

A cultivation- and metagenome-independent method to identify novel nitrifiers would be to employ
Flow-SIP (Chapter 5) coupled to DNA or RNA stable isotope probing, using *’N-ammonium or °N-
nitrite and *3*C-bicarbonate as sole energy and C-source. Sequencing of the isotopically heavier DNA
and/or RNA fractions could give insights into the identity of new nitrifier groups. Furthermore, Flow-
SIP could also be used to identify novel comammox microorganisms by employing a dual labeling
strategy. First, nitrite could be supplied together with isotopically labeled water (e.g. deuterated
water; Berry et al. 2015), then, after a brief starvation period, ammonium and biorthogonal non-
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canonical amino acids (BONCAT; Hatzenpichler et al. 2014) could be supplied as sole substrates.
Microorganisms which show both deuterium incorporation and a fluorescent signal are possible
candidates for comammox metabolism in this setup. These cells could then be identified by
combining fluorescence-activated cell sorting to collect cells that incorporated the bioorthogonal
amino acids, i.e. cells able to oxidize ammonia, with subsequent Raman sorting of cells showing
heavy water incorporation (Berry et al. 2015; Lee et al. 2019), i.e. cells able to oxidize nitrite. DNA
analyses on the sorted microorganisms could then reveal their identity.

6.1.2. Factors regulating nitrifier population size in situ

In the marine environment, AOA usually outnumber nitrite oxidizers by an order of magnitude. Yet,
Nitrospinae in the Gulf of Mexico are both highly energy efficient and display high growth rates — this
suggests that Nitrospinae should be far more abundant in the marine environment, unless there was
a high mortality rate that keeps their population size small (Chapter 4). However, it is unclear what
the relative importance of viral vs. zooplankton induced mortality. For other nitrifier groups, the
relative importance of viral lysis and zooplankton grazing is also unconstrained — both in the marine
environment, and in terrestrial systems. Yet, these are important factors that likely have a large
influence on nitrifier distribution and the carbon cycle. The effect of viral lysis and zooplankton
grazing on the marine food web is very different — viral lysis channels nutrients and fixed carbon into
the microbial loop, while zooplankton grazing transfers them to higher trophic levels. Both of viral
lysis and zooplankton grazing could have a strong influence on biogeochemical nutrient cycling and
their relative importance for nitrifier mortality should therefore be addressed.

In the marine environment, previous studies have investigated grazing and viral lysis using dilution
experiments (Landry & Hassett 1982; Evans et al. 2003). These assume that both the amount of
grazing and viral lysis is dependent on encounter rates between “predator” (i.e. zooplankton/viruses)
and prey. For dilution experiments, water samples are serially diluted with either sterile filtered
water to assess the rate of grazing (Landry & Hassett 1982) or virus free (10 kDa filtered) water to
assess the rate of viral lysis (Evans et al. 2003). Prey growth rates are then tracked over time for all
dilution series and in situ the effect of grazing/viral lysis on the prey growth rates are modeled.

Yet, the effect of viral lysis and grazing has been mainly studied on bulk community level (e.g. Landry
& Hassett 1982; Epstein & Shiaris 1992; Baudoux et al. 2008), with much fewer studies addressing
the effect of these processes on specific microbial groups (e.g. Evans et al. 2003). These experiments
could easily be adapted to investigate the importance of viral lysis and zooplankton grazing for
different nitrifier groups.

6.1.3. Differences in nitrifier energy efficiencies

In Chapter 4, the in situ energy efficiencies (i.e. the amount of Carbon (C) that can be assimilated per
Joule gained from nitrite or ammonia oxidation) of Nitrospinae and AOA were directly compared for
the first time, by measuring of relevant parameters in one study. These analyses revealed that
Nitrospinae are surprisingly energy efficient, even more so than the AOA, which have previously been
suggested to harbor the most energy efficient aerobic C-fixation pathway (Kénneke et al. 2014).

In the literature, energy efficiency as C-fixed per Joule is rarely reported, instead, the closely related
nitrification efficiency or nitrification yield is reported, i.e. C-yield per oxidized mol of ammonia or
nitrite. This has been measured previously for AOA (0.1 C:N, Bayer et al. 2019), AOB (0.02-0.09 C:N,
Belser 1984; Glover 1985) and the NOB Nitrococcus (0.014-0.031 C/N, Glover 1985) and Nitrobacter
(0.023 C:N, Belser 1984). However, for the environmentally important NOB Nitrospinae, Nitrospira
and Nitrotoga (as well as Nitrolancea, though its environmental distribution is unclear), no data was
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available until now. We report the first nitrification yield calculated for Nitrospinae in the GoM (0.14
C:N, Chapter 4).

Constraining the actual energy efficiencies for all nitrifier groups will be vital to gain a better
understanding of the underlying mechanisms that control their in situ abundance, distribution and
activities. As the different C-fixation pathways of nitrifiers are likely associated with different
sensitivities to oxygen (e.g. Liicker et al. 2010; Liicker et al. 2013; Sorokin et al. 2012; Kitzinger et al.
2018), the effect of oxygen on energy efficiencies has to be taken into account. Nitrospinae and
Nitrospirae use the reverse tricarboxylic acid cycle for C-fixation, which is — at least in anaerobic
organisms — highly sensitive to oxygen (Berg 2011). Therefore, these two NOB groups may have a
higher energy efficiency at low oxygen concentrations, compared to higher oxygen levels, when
energy will be needed to protect the sensitive enzymes from oxygen and/or reactive oxygen species.
Energy efficiencies at different oxygen concentrations can be constrained using pure cultures.
However, more importantly, energy efficiencies of relevant nitrifiers in the environment need to be
examined to better constrain their ecophysiology — e.g. by using nitrification rates and relating them
to single cell C-fixation rates at different oxygen levels.

6.1.2. Nitrifier biochemistry and physiology

The underlying biochemistry for both ammonia and nitrite oxidation and the different C-fixation
pathways are key factors in determining the energy efficiencies of nitrifiers. There are still large
knowledge gaps regarding the basic nitrifier biochemistry and physiology (see below).

Most of the current knowledge on gene function and metabolic pathways in microorganisms stems
from insights gained through analyses of mutant strains — mainly using the genetic model organism
Escherichia coli. While ammonia oxidizing bacteria (AOB) can be genetically modified (Sayavedra-Soto
& Stein 2010), for NOB and AOA, no genetically tractable model organisms have been obtained to
date. However, availability of such model systems would allow targeted analyses to answer key
guestions about their biochemistry and physiology such as:

e How do the AOA and NOB electron transport chains function?

e  Which enzymes are responsible for hydroxylamine oxidation to NO and/or nitrite in AOA?

e Can one type of NXR be substituted by a different type, or even a NAR? What are the
associated oxidation kinetics and energetic consequences (e.g. cytoplasmic vs. periplasmic
NXR)?

e Which NXR subunits are required for nitrite oxidation?

e What is the physiological role of the universally present chlorite dismutase genes in NOB?

With the availability of the pure culture betaproteobacterial nitrite oxidizer Ca. Nitrotoga fabula
(Chapter 2; Kitzinger et al. 2018), that harbors a plasmid and is able to grow on solid medium, we
may now be a step closer to developing a genetic system for NOB. In contrast, to date, none of the
available AOA isolates have been reported to grow on solid medium, although genetic systems have
been established for the related Crenarchaeota, efforts to establish an AOA genetic system have not
been successful.
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6.2. Key unconstrained aspects of nitrifier metabolic versatility

6.2.1. Cyanate utilization by AOA lacking canonical cyanases

Chapter 3 shows that AOA in the GoM and cultured marine AOA are able to directly use cyanate as a
substrate despite lacking canonical cyanases (cynS) (Kitzinger et al. 2019). The mechanism of cyanate
utilization, however, is unresolved. In the following section possible mechanisms are discussed and
experiments to elucidate how cyanate is utilized by AOA are proposed.

Cyanate utilization might be conferred by a cyanase-like enzyme that lacks homology to canonical
cyanases. An alternative cyanase (cynH) has recently been found in some Synechococcus strains
(Kamennaya & Post 2011). GoM AOA and Nitrosopumilus maritimus may encode for yet another
enzyme with cyanase activity. As the genomes of AOA contain a plethora of genes without known
function (e.g. >40% of N. maritimus’ genes have no predicted function; Walker et al. 2010), there is
ample opportunity for potential alternative cyanases. Upregulation of a potential alternative cyanase
could be tested by performing comparative transcriptomic or proteomic experiments using N.
maritimus grown on cyanate and N. maritimus grown on ammonium.

Alternatively, cyanate utilization may not be conferred by a dedicated cyanase-like enzyme, but by a
moonlighting enzyme — an enzyme performing multiple functions (Huberts & van der Klei 2010).
Cyanate, as a linear molecule, appears to also fit the active sites of several enzymes primarily acting
on other linear molecules. For example, Fe-Mo nitrogenase catalyzes the breakdown of
cyanate/isocyanic acid to ammonium and CO (Rasche & Seefeldt 1997), and cyanate acts as inhibitor
for carbon monoxide dehydrogenase (Seravalli et al. 1995) and carbonic anhydrase (Supuran et al.
1997; Lindskog 1997). Therefore, cyanate breakdown may be facilitated by a constitutively expressed
enzyme with a primarily different metabolic function in AOA. This could be tested using a random
expression cloning approach (Gabor et al. 2004), where AOA genes are randomly cloned and
expressed in a suitable genetic system and potential enhanced growth on cyanate as sole N-source or
cyanate breakdown to ammonium is measured.

However, cyanate utilization in marine AOA might also be facilitated non-enzymatically. As abiotic
cyanate breakdown is enhanced at low pH (Kamennaya et al. 2008; Palatinszky et al. 2015), low pH
micro-environments in AOA cells may facilitate cyanate breakdown.

The AOA tested in this thesis all appeared to be able to use cyanate as a substrate, yet, it is unknown
whether this finding extends to further marine AOA in culture and in the environment. This trait may
even be common in other nitrifying or non-nitrifying microorganisms, which lack known cyanases,
but nonetheless are able to use cyanate as energy and/or N-source.

6.2.2. Utilization of DON compounds other than cyanate, urea, amino acids and polyamines

To date, DON use by nitrifiers has been shown for cyanate, urea and — although it is presently unclear
whether these are used directly or indirectly — polyamines and amino acids (e.g. Ouverney &
Fuhrman 2000; Teira et al. 2006; Alonso-Saez et al. 2012; Palatinszky et al. 2015; Bayer et al. 2016;
Tolar et al. 2017; Kitzinger et al. 2019; Damashek et al. 2019). However, the DON pool encompasses
an enormous diversity of molecules, and it remains to be seen how much of the abundant DON pool
can be used by nitrifiers.

Due to the chemical and structural diversity of the DON pool (e.g. Antia et al. 1991), any targeted
experiment to assess the use of one specific DON compound by nitrifiers is a “trial and error”
approach of whether one specific compound is actually used. Selecting DON compounds for targeted
experiments based on their detection in seawater in high concentrations is likely not the best
approach, as compounds undergoing rapid turnover may only be present at low concentrations. To a
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certain extent, presence of genes encoding for the degradation of specific DON compounds in
nitrifier genomes can serve as an important guide to which DON compounds may be relevant (e.g.
Palatinszky et al. 2015; Koch et al. 2015; Bayer et al. 2016). However, as shown in Chapter 3 for
cyanate use by AOA, the absence of a known DON utilization gene does not necessarily mean that a
specific DON compound cannot be used.

One way to identify use of specific DON compounds by nitrifiers in a non-targeted approach could be
to perform incubation experiments using nitrifier isolates and incubating them in presence of bulk
DON (e.g. cell lysate or complex DON extracted from the environment). Tracking the concentration
decrease in specific DON compounds over time, e.g. by combining high performance liquid
chromatography (HPLC)-based approaches for low molecular weight DON and Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) for high molecular weight DON (Dittmar &
Stubbins 2014), could allow to identify additional DON compounds that are relevant for nitrifiers.
Another factor that is largely unexplored and could be addressed in such an experiment is whether
nitrifiers are only able to use simple DON compounds, with a low C:N ratio, or whether they can also
use larger DON compounds with higher C:N ratios. The larger DON compounds are, the more C they
contain relative to N, the more competition nitrifiers might face from heterotrophs that utilize DON
as both C- and N-source. On the other hand, Damashek and colleagues found a tendency towards
increasing ammonia oxidation rates from polyamine-N with increasing C-skeleton length (Damashek
et al. 2019).

Further research is needed to establish whether there is a preference among different microbial
groups for different DON compounds, and whether these patterns differ depending on region,
nutrient conditions, or season.

6.2.3. Differential DON utilization between co-occurring clades of nitrifiers

DON use patterns may not only differ between nitrifiers and heterotrophs. Different, co-occurring
nitrifiers may also specialize on distinct DON compounds to avoid inter-clade competition and thus
occupy different substrate-based niches. Of two Nitrosopumilus species that both were enriched
from the Mediterranean Sea, only one encoded urease, while the other appeared to be better
equipped for a particle-associated lifestyle (Bayer et al. 2016). This could suggest that differential
DON use can indeed confer an ecological niche. Also in the environment, different proportions of the
AOA community encoded for urease in different geographic regions (Tolar et al. 2017). However, it is
unclear if AOA lacking urease can instead use other DON compounds.

The analyses performed in this thesis (Chapter 3 and 4) mainly targeted the GoM AOA and the GoM
Nitrospinae populations as a whole, rather than looking at individual sub-groups. However, this data
suggested that while some AOA are able to directly use urea, also non-urease encoding AOA
indirectly benefit from urea-derived N via cross-feeding. In contrast, the use of ammonium and
cyanate as N-sources was similar across all measured GoM AOA. GoM Nitrospinae, despite the
presence of several co-occurring species, appeared to display rather uniform assimilation rates of the
tested substrates ammonium, urea and cyanate.

These combined findings indicate that GoM nitrifiers differentiate their ecological niches based on
additional factors than mere ammonium, urea and cyanate utilization patterns. Future studies will
reveal whether or not this is a general feature of marine nitrifiers and holds true across different
oceanic regions.
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6.2.4. Importance of DON utilization in oligotrophic environments

The Louisiana shelf of the GoM, where AOA and Nitrospinae DON utilization was studied (Chapter 3
and 4) is a nutrient-rich system compared to the vast majority of the ocean’s waters, which are
oligotrophic. Concentration ratios of DON:ammonium tend to be lower in coastal or shelf areas
compared to more oligotrophic waters, indicating that relative DON availability in oligotrophic
systems may be higher (Antia et al. 1991). This implies that AOA might experience a stronger
ammonium limitation in oligotrophic systems and possibly rely even more on the use of alternative
substrates, i.e. DON, to sustain their high cell numbers throughout the ocean (Herndl et al. 2005;
Teira et al. 2006; Church et al. 2010). However, it is still unclear if AOA in the oligotrophic ocean
indeed display a proportionally higher utilization rate of DON compared to nutrient rich shelf
systems. Preliminary data (data not shown) from our work in the Mediterranean and the Angola Gyre
indicate that AOA may indeed meet a large part of their energy need by utilizing DON in oligotrophic
oceanic regions.

Compared to the GoM AOA, GoM Nitrospinae appeared to cover a much larger proportion of their
cellular N-requirement from urea and cyanate. Single cell amplified genomes indicate that also in
oligotrophic systems, many Nitrospinae contain ureases and cyanases (Pachiadaki et al. 2017). This
implies that the use of these N-sources may be important for Nitrospinae throughout the ocean.
Comparing the relative contribution of ammonium and DON to AOA and Nitrospinae energy and/or
N-assimilation requirements across different nutrient regimes and oceanic regions will reveal
important insights into the ecophysiology of these ubiquitous nitrifiers.

6.2.5. Nitrifier DON affinities

Previous work has shown that both cultured and environmental AOA have an exceptionally high
affinity for their primary substrate, ammonium/ammonia (Martens-Habbena et al. 2009; Horak et al.
2013). It is generally assumed that this is a key factor explaining their high abundance in marine
systems. Data presented in this thesis (Chapter 3 and 4) and findings of other groups (e.g. Tolar et al.
2017; Santoro et al. 2017; Damashek et al. 2019) have shown that both AOA and Nitrospinae can
meet a significant portion of their energy and/or N-assimilation requirements from organic
N-compounds. However, one aspect that has not been addressed so far, is, how the nitrifiers’
affinities for DON compare to their affinity for ammonium. This however, has important implications.
Can nitrifiers scavenge low concentrations of DON compounds as efficiently as low concentrations of
ammonium? Or is their affinity for DON even higher than that for ammonium? If so, nitrifiers may
even preferentially utilize DON over ammonium in some regions of the ocean.

Urea, polyamines and amino acids are frequently taken up from the environment by ABC-type
transporters, which can have exceptionally high affinities for their substrates (Hosie & Poole 2001;
Valladares et al. 2002; Shah & Swiatlo 2008). If nitrifiers’ DON uptake and degradation machinery has
a sufficiently high affinity, these traits may allow them to remain active by using DON compounds as
energy source, even when ambient ammonium concentrations were below their apparent K. for
ammonium.

Another important but unconstrained aspect is to compare the DON affinities of nitrifiers to those of
other microorganisms, as this will ultimately determine whether nitrifiers can efficiently compete for
DON with other members of the microbial community.

6.2.6. Utilization of alternative electron donors by nitrite oxidizers

Metabolic versatility of nitrifiers, and, more specifically, NOB, is not limited to the use of DON
compounds as an additional N-source for biomass growth. Both Nitrotoga (Chapter 2) and marine
Nitrospinae (Chapter 4) encode for genes that likely allow them to use sulfite and/or hydrogen as
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additional electron donors in addition to nitrite. This is not a unique feature found only in these two
studies, indeed, many nitrite oxidizers have the genetic potential to use hydrogen (Sorokin et al.
2012; Liucker et al. 2013; Koch et al. 2014; Fissel et al. 2017) and sulfur compounds (Sorokin et al.
2012; Licker et al. 2013; Fissel et al. 2017). While hydrogen and sulfide oxidation have been tested
on NOB isolates (Koch et al. 2014; Fissel et al. 2017), it is unconstrained whether these alternative
metabolisms are environmentally relevant for NOB, and whether some NOB may even actually be
hydrogen oxidizers with the additional capacity to also oxidize nitrite (Daims et al. 2016).

Testing the environmental relevance of these alternative metabolic processes — e.g. using stable
isotope incubations linked to single cell analyses, as done in Chapter 3 and 4, or using Flow-SIP, as in
Chapter 5 — will be important aspects of NOB research in the future, as these reactions could provide
energy for NOB in times of nitrite depletion or anoxia, and thereby could substantially expand their
ecological niche.

The findings presented in this thesis give first important insights into key physiological traits of
nitrifiers, both in culture and in the environment. One prominent outcome was the importance of
the DON compounds urea and cyanate for both AOA and Nitrospinae. As DON is by far the most
abundant reduced N-source in the marine environment (Gruber 2008), it is highly advantageous to
use DON in addition to ammonium for autotrophs relying on reduced N as their energy source.
Therefore, it is not surprising that nitrifiers have developed and/or acquired the enzymatic
machinery to utilize DON as an additional source of energy and N for assimilation. However, many
oceanic ecosystem models currently account for nitrification solely as a function of the
environmental ammonium concentration (e.g. Yool et al. 2007; Yool 2010). The results presented
here, together with the high abundance of DON in the world oceans indicates that this approach may
be insufficient to accurately represent global nitrification activity in ocean models. Furthermore,
nitrifiers are not the only chemolithoautotrophs with large effects on biogeochemical N-cycling that
rely on reduced N-compounds. Anammox bacteria also depend on the availability of reduced N and
have recently been implicated in DON utilization (Babbin et al. 2017; Ganesh et al. 2018).

There is ample opportunity for future research on metabolic versatility and DON utilization patterns

in both nitrifiers and anammox, which hopefully eventually allows us to understand how these
globally important microorganisms keep biogeochemical N-cycling in balance.
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