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Abstract

Ecophysiology of marine ammonia-oxidizing archaea

Wei Qin

Chair of the Supervisory Committee:
Professor David A. Stahl
Department of Civil and Environmental Engineering

Ammonia oxidizing archaea (AOA) are one of the most abundant prokaryotes in the ocean and
span diverse oceanic provinces. In addition to having a dominant role in marine nitrification,
they are implicated as a major source of atmospherically active gases methane and nitrogen
oxides. However, the scarcity of cultured isolates for laboratory study has hindered developing
an understanding of specific metabolic traits and physicochemical factors controlling their
activities and distribution. In this thesis, | report the isolation and characterization of three new
marine AOA (strains HCA1, HCEL, and PS0) and show distinct adaptations to pH, salinity,
temperature, light, and reactive oxygen species relative to the model AOA Nitrosopumilus
maritimus strain SCM1. Increases in nitrous oxide (N,O) production in response to decreasing

oxygen (O,) tensions was quantified and found consistent with an AOA contribution to the



accumulation of N,O in suboxic regions of oxygen minimum zones. Normal growth of strain
SCM1 was shown to be coupled with balanced production and consumption of nitric oxide (NO).
A central role of NO in archaeal ammonia oxidation was confirmed by specific inhibition using
an NO-scavenger (2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide). The determination
of high cellular quotas of cobalamin now implicates the AOA as major contributors to cobalamin
in seawater. Gene expression studies showed that the entire cobalamin biosynthesis pathway is
regulated by the level of nitrosative stress, suggesting that an interplay between NO production
and cobalamin synthesis is central to the ecophysiology of marine AOA. Apart from having a
major influence on the nitrogen cycle, their glycerol dibiphytanyl glycerol tetraether (GDGT)
membrane lipids are widely used to reconstruct past sea surface temperatures by means of TEXgg
paleothermometer. However, the TEXgg proxy must now be reevaluated in consideration of the
observation that O, concentration greatly influences GDGT composition, leading to significant

increases in TEXgs-derived temperatures with increasing O limitation.
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Chapter 1.

Introduction

Discovery of ammonia-oxidizing archaea

For decades, Archaea were defined as obligate extremophiles and restricted to high-temperature,
extremely acidic, hypersaline, or strictly anoxic habitats (Woese et al., 1978). However, this
perception was overturned with the discovery of mesophilic marine Group I (MGI) and Group Il
Archaea from temperate and oxygenated ocean waters (Delong, 1992; Fuhrman et al., 1992).
Detailed molecular surveys indicated that MGI are among the most ubiquitous and abundant
marine prokaryotes, approaching 40% of total bacterioplankton in the meso- and bathypelagic
zones (Karner et al., 2001), and constituting a considerable fraction of the microbial biomass in
the ocean (Schattenhofer et al., 2009). Marine metagenomic studies first hinted at the metabolic
potential of MGI, as a copper-containing membrane-bound monooxygenase (Cu-MMO) gene
was found on a MGl-associated scaffold (Venter et al., 2004). Although Cu-MMOs consist of a
diverse family of enzymes having broad substrate range, this gene was provisionally annotated as
coding for an ammonia monooxygenase (AMO), based on ~25% amino acid identity with
bacterial AMO (Venter et al., 2004), although also sharing significant identity (~50%) with the
bacterial particulate methane monooxygenase (Sayavedra-Soto et al., 2011; Tavormina et al.,
2011). Therefore, demonstration of a capacity for archaeal ammonia oxidation awaited the
isolation of the first chemolithoautotrophic marine ammonia-oxidizing archaeon (AOA)
“Candidatus Nitrosopumilus maritimus” SCM1, which established the definitive link between

the MGI AMO-encoding genes and nitrification (Kénneke et al., 2005).



Since the isolation of the first representative strain SCM1, the same general cultivation strategy
has been widely applied to culture additional members of archaeal ammonia oxidizers from a
variety of habitats, including marine, soil, freshwater, wastewater, and hot springs (Stahl and de
la Torre, 2012a). Available AOA cultures grow at temperatures as high as 74°C (“Candidatus
Nitrosocaldus yellowstonii” HL72) (de la Torre et al., 2008), pH as low as 4.0 (“Candidatus
Nitrosotalea” sp. Nd2) (Lehtovirta-Morley et al., 2014), salinities between 55 and 96%. (SCM1)
(ElNling et al., 2015; Widderich et al., 2015), oxygen (O,) concentrations of 1 uM or lower
(“Candidatus Nitrosopumilus” sp. PS0) (Qin et al., 2015d), and ammonia concentrations up to
100 mM (“Candidatus Nitrosocosmicus franklandus” C13) (Lehtovirta-Morley et al., 2016b). It
has been shown that even phylogenetically closely related AOA strains display distinct
physiological characteristics, supporting fine niche partitioning and ecological differentiation
(Lehtovirta-Morley et al., 2014; Qin et al., 2014; Bayer et al., 2015). The ongoing metagenomics
studies further extend our limited knowledge of genetic diversity of the globally distributed AOA
(Bartossek et al., 2012; Stewart et al., 2012; Bertagnolli et al., 2015; Doxey et al., 2015).
Comparative genomics and metagenomics have revealed that all AOA form a novel and deep-
branching phylum, the Thaumarchaeota, within the Archaea (Brochier-Armanet et al., 2008;

Spang et al., 2010).

Physiological and Genomic characterization of marine AOA
N. maritimus is the first cultivated representative of ammonia-oxidizing archaea (Kénneke et al.,
2005). N. maritimus is among the smallest free-living microorganisms, with a diameter of 0.17—

0.22 pm and a length of 0.50-0.90 um. Exponentially growing cells of N. maritimus with a cell



volume of ~0.023 um? contain approximately 16—20 fg dry weight per cell, leading to a
conspicuously high biovolume-to-biomass conversion factor of 0.70-0.87 fg dry weight per pm?
(Martens-Habbena et al., 2009b). Actively growing cells contain 2.08 + 0.12 fg of total lipids
per cell, which reaches approximately 10% of cellular dry weight (Qin et al., 2015d). Its small
genome (1,645,259 base pairs) accounts for 8-10% of dry cell weight (Walker et al., 2010).
Cells reproduce by binary fission. Unique features of the N. maritimus cell cycle distinguish this
species from other archaea, having a very long pre-replication phase (G; phase), a remarkably
extensive replication stage (S phase), and a very short post-replication stage (G phase, mitosis,
and cell division) (Pelve et al., 2011). Although its genome possesses genes of both FtsZ-based
and CdvABC-based cell division systems, N. maritimus employs the Cdv mechanism primarily

for cell division (Pelve et al., 2011).

Using strain SCM1 as a model organism, detailed studies of ammonia oxidation kinetics and the
biochemical characterizations of the carbon dioxide (CO,) fixation pathway identified adaptive
features associated with growth under extreme ammonia limitation (Martens-Habbena et al.,
2009b; Konneke et al., 2014). Strain SCM1 has a remarkably low half saturation constant (Kn,)
for ammonia oxidation of 133 nM total ammonia (NHs + NH,") and an exceptionally high
ammonia affinity of 68,700 | g™* cells h™*, which is among the highest substrate affinities yet
reported for any microorganisms (Martens-Habbena et al., 2009b). High-affinity for ammonia is
coupled with the most energy-efficient aerobic pathway for carbon fixation yet characterized,
which together are thought to contribute to the remarkable ecological success of oligotrophic

marine AOA (Martens-Habbena et al., 2009b; Konneke et al., 2014).



Archaeal ammonia oxidizers associate with the distinct and deeply-branching phylum
Thaumarchaeota, which is divided into four major phylogenetic sub-lineages, group 1.1 a, group
1.1 a-associated, group 1.1 b, and ThAOA (Thermophilic AOA) (Brochier-Armanet et al., 2008;
Spang et al., 2010). Members of marine AOA are almost exclusively affiliated with the group
I.1 a Thaumarchaeota (Biller et al., 2012). Despite the enormous metabolic and functional
diversity, all sequenced AOA representatives share common genomic features such as a copper-
based enzymatic system for ammonia oxidation and electron transfer, a variant of the autotrophic
3-hydroxypropionate/4-hydroxybutyrate (HP/HB) cycle for carbon fixation, and a complete
cobalamin (vitamin Bi,) synthesis pathway (Walker et al., 2010; Spang et al., 2012; Lebedeva et
al., 2013; Santoro et al., 2015; Heal et al., 2016). In addition, all investigated AOA strains
synthesize the same type of membrane lipids, the glycerol dibiphytanyl glycerol tetraether
(GDGT) lipids with crenarchaeol as the characteristic component (de la Torre et al., 2008;
Pitcher et al., 2011; Damsté et al., 2012; Elling et al., 2015; Qin et al., 2015d), the apolar lipid
methoxy archaeol (Elling et al., 2014), and the same suite of membrane-bound respiratory

menaquinones with 6 isoprenoid units (Elling et al., 2016).

Although the overall stoichiometry of ammonia oxidation to nitrite by N. maritimus is identical
with that of ammonia-oxidizing bacteria (AOB), the underlying biochemical pathways appear to
be vastly different. No canonical inventory for the iron-based electron transfer system of AOB
has been identified in genomes of N. maritimus and all other sequenced ammonia-oxidizing
Thaumarchaeota; rather, AOA utilize primarily the copper-centered enzymatic systems for
ammonia oxidation and electron transfer, including the putative AMO (ammonia

monooxygenase), putative copper-NirK (nitrite reductase), blue copper-containing plastocyanin-



like electron carriers, and a membrane-bound putative quinone reductase with blue copper
domains (Walker et al., 2010). The presence of a remarkably high number of copper-containing
metalloenzymes in N. maritimus also suggests a high copper requirement for growth. The

0% mol L™ free cupric ion. This threshold is higher

copper-limiting threshold for growth is 1
than determined for some denitrifying bacteria and the plastocyanin-containing oceanic diatom
Thalassiosira oceanica (Amin et al., 2013). Another apparent divergence in the biochemistry of
ammonia oxidation by AOA and AOB is the lack of an identifiable homologue of the bacterial
hydroxylamine dehydrogenase (HAO)-encoding genes in any thaumarchaeotal genomes, even
though N. maritimus produces NH,OH as an intermediate in its ammonia oxidation pathway

(Vajrala et al., 2013). These observations suggest the presence of a novel enzyme, or novel

enzyme system, for conversion of NH,OH to NO,™ in AOA.

Ecological significance of marine AOA

Since the discovery of ammonia oxidation within the domain Archaea, considerable efforts have
been made to elucidate details about the actual significance of archaeal ammonia oxidation for
the global cycling of nitrogen, particularly in regard to their significance to nitrification related
nitrous oxide (N,O) emmision (Francis et al., 2005; Kdnneke et al., 2005; Leininger et al., 2006;
Mincer et al., 2007; Agogué et al., 2008a; Santoro et al., 2010; Santoro et al., 2011; Léscher et
al., 2012; Jung et al., 2014b; Stieglmeier et al., 2014a). Previous extensive archaeal amoA (the
gene coding for the a-subunit of the AMO) gene surveys demonstrated the widespread presence
of the putative amoA genes in divergent MGlI, suggestive of their significant role in marine
nitrification (Francis et al., 2005). However, given the extremely low ammonia concentrations in

the ocean and the thermodynamically low energy yield of ammonia oxidation (AG®' = -271 kJ



mol™® NH,4") (Wood, 1986), it remained uncertain whether all members of MGl obligatorily
depend on ammonia as the sole energy source for growth. For example, Agogué et al.
speculated that most deep-sea MGl are incapable of autotrophic ammonia oxidation and are
likely heterotrophs using organic matter for growth based on a marked decrease in the ratio of
amoA : MGI 16S rRNA genes with depth (Agogué et al., 2008a). This vertical gradient of
decreasing ratio was however later shown to be mainly caused by primer bias (Sintes et al.,

2013).

Marine AOA appear to be active within the oxygenated and productive lower euphotic zone,
potentially competing with phytoplankton for the reduced forms of nitrogen and largely
contributing to endogenously generated nitrite (and subsequently nitrate) to sustain primary
production in marine surface waters (Martens-Habbena et al., 2009b; Beman et al., 2012a; Horak
etal., 2013; Newell et al., 2013; Smith et al., 2014). In lower euphotic zone and deeper, the
putative archaeal amoA gene copy numbers generally surpass those of their bacterial counterparts
by more than 1,000-fold. The significant correlation between putative archaeal amoA gene copy
numbers, transcriptional activity, and nitrification rates further implicates marine AOA as
significant contributors to in situ nitrification (Francis et al., 2005; Horak et al., 2013; Newell et
al., 2013). In addition to predominating in oxygenated oceanic regions, tracer,
metatranscriptomic, and metaproteomic studies indicate that marine AOA are abundant in low-
O, environments, such as the suboxic zones of OMZs and surficial sediments (Francis et al.,
2005; Sahan and Muyzer, 2008; Lam et al., 2009; Kalvelage et al., 2011; Beman et al., 2012b;
Stewart et al., 2012; Hawley et al., 2014). Notably, Stewart et al. 2012 reported that transcripts

encoding the thaumarchaeotal ammonium transporter (Amt) constituted more than 10% of all



reads in samples collected from the OMZ upper boundary of the Eastern Tropical South Pacific
(~10 uM Oy), consistent with a high affinity for O, (Stewart et al., 2012). Indeed, a recent study
of the O, uptake kinetics of ammonia oxidation in OMZ waters revealed extremely low K,
values of 333 £ 130 nM O, (Bristow et al., 2016). Therefore, archaeal ammonia oxidation is
closely coupled with nitrogen loss processes of anaerobic ammonia oxidation (anammox) and
denitrification in the OMZs by providing nitrite to anammox bacteria and denitrifiers (Yan et al.,

2012b).

Environmental variables affecting the distribution and activity of marine AOA

Although the AOA are now of generally recognized centrality in marine nitrification, relatively
little is known about the environmental variables influencing their distribution and activities in
the open ocean. Inferences of environmental variables influencing environmental distribution
and activity have mostly been drawn from ecophysiological characterization of the few available
pure cultures of marine AOA (Martens-Habbena et al., 2009b; Amin et al., 2013; Qin et al.,
2014; Bayer et al., 2016), pointing to the possible significance of Cu availability and high
affinities for ammonia and oxygen (Martens-Habbena et al., 2009b; Amin et al., 2013; Qin et al.,
2015d). Notably, inferences from culture are generally consistent with direct measurements of
marine environments in which AOA dominate, where ammonia oxidation has been associated
with exceptionally low K, values for ammonia (as low as 22.8 nM total ammonia plus
ammonium) and oxygen (as low as 203 nM) (Bristow et al., 2016; Peng et al., 2016). The high
substrate affinities of marine AOA reflect their remarkable adaptation to growth under conditions
of constantly low energy flux, suggested to provide competitive advantage relative to AOB, and

is consistent with the high activity and abundance of marine AOA observed in ammonium-



limited and unproductive marine environments, a represented by oligotrophic gyre and deep
oceans (Mincer et al., 2007; Sintes et al., 2013), and low oxygen regions, such as the hypoxic

boundaries of oxygen minimum zones (Peng et al., 2016).

These data together suggest that low ammonia availability and competition with phytoplankton
for regenerated ammonia in the upper water column should not be limiting factors for the AOA,
implicating photosensitivity as a possibly more relevant controlling variable. Indeed, marine
AOA abundance and ammonia oxidation rates showed generally consistent negative relationship
with ambient light intensity in diverse geographical regions (Mincer et al., 2007; Beman et al.,
2012a; Horak et al., 2013; Newell et al., 2013; Peng et al., 2016). However, a recent study by
Smith et al. (2014) reported that light did not have an inhibitory effect on ammonia oxidation in
California coastal waters. The “Water Column A” (WCA) genotypes of the marine AOA in their
study sites appeared to be light-tolerant and were able to maintain similar or even higher
ammonia oxidation rates at high irradiance intensities compared to dark controls (Smith et al.,
2014). In addition, recently published studies of light sensitivity of AOA in culture have shown
significant variability among phylogenetically closely related marine AOA strains (Qin et al.,
2014). Therefore, light remains a poorly constrained variable controlling nitrate regeneration

within the photic zone.

In addition, as for much of microorganism, temperature is a master regulator of the growth and
metabolic activity of cultivated marine AOA. Different marine AOA isolates displayed different
temperature optima and they are generally adapted to the in situ temperatures of their original

habitats, suggesting that temperature is likely an important determinant of the population



structure and diversity of AOA in marine environments (Qin et al., 2014). Our current
understanding of temperature regulation on archaeal ammonia oxidation activity is based on very
few studies in restricted coastal areas (Horak et al., 2013). However, much of its significance
remains unknown in pelagic oceans. Other physiochemical parameters, such as pH and salinity,
show relatively small variation in open oceans and therefore are not considered as major

determinants in controlling the distribution and activity of AOA in these environments.

Membrane lipid composition of marine AOA and application of thaumarchaeal lipids as
paleotemperature proxy

The cell membrane of marine AOA is comprised of a monolayer cell membrane, consisting of
crenarchaeol as the major glycerol dibiphytanyl glycerol tetraether (GDGT) lipid with zero to
five cycloalkyl rings. The incorporation of a cyclohexyl moiety into crenarchaeol, a unique
structural feature of thaumarchaeotal lipids, has been used as a molecular marker for marine
AOA (Pearson and Ingalls, 2013). Although environmental analyses have been used to infer that
Marine Group Il Euryarchaeota contain crenarchaeol, this has yet to be confirmed by analysis of
cultured cells (Lincoln et al., 2014a, b; Schouten et al., 2014). The introduction of cyclohexane
rings into tetraether lipids has been found to reduce membrane permeability to small ions
(Koyanagi et al., 2016). Relative to the bacterial membrane bi-layer, the membrane-spanning
lipids of AOA are less permeable to ions and protons (van de VVossenberg et al., 1998; Valentine,
2007). Lower permeability is suggested to reduce maintenance energy costs, an important
adaptive feature of extreme oligophiles such as the AOA. Thus, growth temperature-dependent
modulation of membrane composition is likely associated with maintenance of appropriate

permeability, as well as other membrane functions (van de VVossenberg et al., 1998). The
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influence of temperature on membrane composition has been the major focus of studies of the
environmental distribution of archaeal membrane lipids in the present and for interpreting lipids
preserved in the sedimentary record (Pearson and Ingalls, 2013). In particular, the correlation
between sea surface temperature (SST) and the cyclopentane ring distribution of GDGTs in a
sample set of globally distributed core top sediments is the basis for a widely applied
paleotemperature proxy, TEXgs (TetraEther indeX of lipids with 86 carbon atoms). The TEXgs
proxy has been used to reconstruct surface ocean temperature as far back as the Middle Jurassic
(Schouten et al., 2002; Jenkyns et al., 2012). However, the extent to which temperature is the
causative agent behind the correlation has not fully been examined. Moreover, it is not evident
how a group of organisms that live at depths below the upper-photic zone and are the dominant
prokaryote of the abyss can record SST via a physiological response. TEXgg reconstructions of
the distant past, when oceanic conditions could be quite different from today, present the greatest
challenge to interpretation. For example, inferred Cretaceous SSTs are higher than physically

plausible for the ocean (Schouten et al., 2003). Thus, considerable efforts have been made to

develop and apply new TEXgs equations suitable for high temperature environments (TEX8H6 ),

low temperature environments (TEXSL6 ), local systems (TEXgs’), the marine water column, and

mesocosms (Wuchter et al., 2004; Wuchter et al., 2005; Sluijs et al., 2006; Kim et al., 2010;
Shevenell et al., 2011). However, the influence of environmental factors other than temperature

on GDGT distribution and TEXgg value remains uncertain.
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Abstract

Ammonia-oxidizing archaea (AOA) are now implicated in exerting significant control over the
form and availability of reactive nitrogen species in marine environments. Detailed studies of
specific metabolic traits and physicochemical factors controlling their activities and distribution
have not been well constrained in part due to the scarcity of isolated AOA strains. Here we
report the isolation of two new coastal marine AOA, strains PSO and HCAL. Comparison of the
new strains to Nitrosopumilus maritimus strain SCM1, the only marine AOA in pure culture thus
far, demonstrated distinct adaptations to pH, salinity, organic carbon, temperature, and light.
Strain PSO sustained nearly 80% of ammonia oxidation activity at a pH as low as 5.9, indicating
that coastal strains may be less sensitive to the ongoing reduction in ocean pH. Notably, the two
novel isolates are obligate mixotrophs that rely on uptake and assimilation of organic carbon
compounds, suggesting a direct coupling between chemolithotrophy and organic matter
assimilation in marine food webs. All three isolates showed only minor photoinhibition at 15 pE
m s and rapid recovery of ammonia oxidation in the dark, consistent with an AOA
contribution to the primary nitrite maximum and the plausibility of a diurnal cycle of archaeal
ammonia oxidation activity in the euphotic zone. Together, these findings highlight an
unexpected adaptive capacity within closely related Marine Group | AOA and provide new
understanding of the physiological basis of the remarkable ecological success reflected by their

generally high abundance in marine environments.

Significance Statement

Ammonia-oxidizing archaea (AOA) influence the form and availability of nitrogen in marine

environments, are a major contributor to N,O release and plausible indirect source of methane in
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the upper ocean. Thus, their sensitivity to ocean acidification and other physicochemical
changes associated with climate change has global significance. We here report on the
physiological response of novel AOA isolates to key environmental variables. Although
reported as highly sensitive to reduction in ocean pH, we now show that some coastal marine
AOA can remain active with increasing acidification of the oceans. All AOA isolates assimilate
fixed carbon and two are obligate mixotrophs, suggesting this globally significant assemblage
serves a significant function in coupling chemolithotrophy with organic matter assimilation in

marine food webs.

Introduction

The discovery of ammonia-oxidizing archaea (AOA), sometimes constituting up to nearly 40%
of marine microbial plankton, challenged the traditional view of microbial controls of nitrogen
speciation in the ocean (Karner et al., 2001; Francis et al., 2005; Agogué et al., 2008a; Prosser
and Nicol, 2008; Sintes et al., 2013). The AOA are now generally recognized as the major
drivers of nitrification in marine environments (Prosser and Nicol, 2008; Santoro et al., 2010;
Beman et al., 2012a; Horak et al., 2013). Their activities are of importance to trophic
interactions that influence primary production and export of carbon to the deep ocean, they are a
known source of atmospheric greenhouse gases (nitrous oxide and indirectly methane), and their
high demand for copper may also alter food web dynamics (Karl et al., 2008; Walker et al.,

2010; Santoro et al., 2011; Loscher et al., 2012; Metcalf et al., 2012; Amin et al., 2013).

Although enrichments of novel AOA strains belonging to Groups I.1a and I.1b from a variety of

marine and terrestrial environments have been reported (de la Torre et al., 2008; Hatzenpichler et
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al., 2008; Lehtovirta-Morley et al., 2011; Santoro and Casciotti, 2011; Tourna et al., 2011;

French et al., 2012; Kim et al., 2012a; Mosier et al., 2012a), no additional pure cultures of
marine representatives have been described since the isolation of Nitrosopumilus maritimus
strain SCM1 (henceforth referred to as SCM1) (Kdnneke et al., 2005). Yet many complex
biological traits of significance to marine biogeochemistry and marine food webs cannot be
unambiguously established using metagenomic, metatranscriptomic studies and enrichment
cultures. Initial understanding of the physiological basis for high AOA abundance in the marine
water column came from the demonstration that SCM1 is an extreme oligotroph, having one of
the highest affinities (low Ks) for ammonia (here defined as combined ammonia/ammonium) yet
observed in pure culture (Martens-Habbena et al., 2009a). The discovery of a novel pathway for
methylphosphonate synthesis, a plausible source of methane in the upper ocean, in the AOA and
other abundant marine plankton (including Pelagibacter and Prochlorococcus) was made
possible by genomic and biochemical characterization of SCM1 (Karl et al., 2008; Metcalf et al.,
2012). More recent physiological studies examining the copper requirements of SCM1 provided
a framework to evaluate the significance of copper in controlling the environmental distribution

and activity of marine AOA (Amin et al., 2013).

The capture of a greater representation of AOA environmental diversity in pure culture should
therefore serve to expand understanding of traits influencing their activity patterns in coastal and
open marine systems. For example, a capacity to use fixed carbon and urea as alternative carbon
and energy sources, respectively, has been suggested by tracer, metagenomic, and
metatranscriptomic studies (Ouverney and Fuhrman, 2001; Herndl et al., 2005; Ingalls et al.,

2006; Teira et al., 2006; Hansman et al., 2009; Konstantinidis et al., 2009; Hollibaugh et al.,
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2011; Yakimov et al., 2011; Alonso-Saez et al., 2012). The contribution of AOA to

endogenously generated nitrate in marine surface waters, of fundamental relevance to the source
of nitrogen sustaining primary production in the photic zone, was suggested by relating
nitrification activity and the archaeal amoA (the gene coding for the a-subunit of the ammonia
monooxygenase) distribution patterns (Caffrey et al., 2007; Beman et al., 2008; Church et al.,
2010; Beman et al., 2012a; Horak et al., 2013). A reported sensitivity of marine populations to
small reductions in pH, important to understanding the possible impact of ongoing ocean
acidification on the marine nitrogen cycle, was inferred from a pH perturbation study (Beman et
al., 2011). Thus, as was shown for studies of SCM1, the availability of additional AOA isolates
will both inform inferences made in the field as well as provide a physiological basis to direct

future field research.

We now report the isolation of two novel coastal marine AOA strains from the Puget Sound
estuary system in Washington State, significantly expanding the ecotypic diversity of marine
Thaumarchaeota available in pure culture. Despite relatively close phylogenetic relationships,
the three marine isolates comprise physiologically distinct ecotypes of AOA, varying in their
capacity to use different carbon and energy sources, and in their tolerance to changes in pH,
salinity, and light. These distinctive differences are directly relevant to their possible
contribution to nitrification in different marine environments — including lower salinity coastal
regions, the photic zone of the upper water column, and the increasing acidification of ocean

waters associated with climate change.

Results
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Enrichment and isolation of marine AOA. Enrichment cultures were initiated from Puget
Sound main basin near surface (47.55 N, 122.28 W) and 50 m water from the Puget Sound
Regional Synthesis Model (PRISM) Station P10 (47.91 N, 122.62 W) in Hood Canal. Our
previous molecular surveys showed these coastal waters to be dominated by AOA, relative to
ammonia-oxidizing bacteria (AOB) (Huguet et al., 2010b; Urakawa et al., 2010; Horak et al.,
2013). Predominance of AOA was consistent with generally sub-micromolar concentrations of
ammonia at these stations, sufficient to support AOA such as SCM1 but not known AOB
(Martens-Habbena et al., 2009a). Enrichment conditions were designed to simulate the low
substrate availability of these marine systems. The growth medium was supplemented with 2

UM NH,CI and cultures were incubated at 15 “C (see SI Materials and Methods).

Once the enrichments showed stable activity, they were transferred to artificial seawater medium
supplemented with 2 uM NH,4CI and 100 uM a-ketoglutaric acid. Earlier studies of strain SCM1
had shown that only a few central metabolites, including a-ketoglutaric acid, stimulated growth
(see SI Materials and Methods). Highly enriched AOA cultures were obtained following
approximately 2 years of consecutive transfer of 10% (vol/vol) late exponential phase
subcultures into the same medium. Comparable growth kinetics were observed at ammonia
concentrations between 2 and 500 uM ammonia, but concentrations above 1 mM significantly
impaired growth. Thus, 500 M ammonia was subsequently used to isolate the two new AOA
strains from enrichment culture. Pure cultures were ultimately obtained by filtration of the
enrichment cultures through a 0.22 um Millex-GP syringe filter, and diluting the filtrate to
extinction (see SI Materials and Methods). The two new oligotrophic AOA strains were

designated HCA1 (Hood Canal station P10) and PSO (Puget Sound main basin).
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Exponential growth of both isolates in synthetic seawater medium containing 500 UM ammonia
and 100 uM a-ketoglutaric acid was supported by the near stoichiometric oxidation of ammonia
to nitrite (Fig. 2.1A, B). No growth was observed in medium containing a-ketoglutaric acid and
no ammonia, supplemented with nitrite or nitrate as possible nitrogen sources. The maximum
specific growth rates for strains HCA1 and PSO were 0.55 d* and 0.23 d™*, respectively. The
growth rate of HCA1 was comparable to SCM1 (0.65 d™*) and the one described thermophilic
AOA, “Candidatus Nitrosocaldus yellowstonii” (0.8 d™') (Konneke et al., 2005; de la Torre et al.,
2008). The lower growth rate of PSO was similar to the previously described pelagic AOA
enrichments, CN25 and CN75 (0.17 d™*) and to the estimated in situ growth rates of AOA in
winter polar waters (0.21 d™*) (Santoro and Casciotti, 2011; Alonso-Saez et al., 2012). Since
both strains were of similar shape and size to SCM1 (Fig. 2.1C, D; see description below),
calculations of maximum ammonia oxidation activity were based on the reported cellular
biomass of SCM1, using a factor of 10.2 fg protein cell™* (Martens-Habbena et al., 2009a). The
values for HCA1 (24.5 pmol NH;" mg protein™ h™') and PSO (12.2 pmol NH4* mg protein™ h)
(Table 2.1) were both lower than SCM1 (51.9 pmol NH4* mg protein™ h™*) and characterized
AOB (30-80 pmol NH," mg protein™ h™) (Ward, 1987; Prosser, 1989), but within the range
estimated for in situ cell-specific rates of a natural marine community (0.2-15 fmol NH,* cell™ d

1) (Santoro et al., 2010).

Morphology and phylogeny. The morphologies of strains HCA1 and PSO0, as characterized by
transmission electron microscopy (Fig. 2.1C, D), are very similar to SCM1 (Kénneke et al.,

2005). Both are small rods, with a diameter of 0.15 to 0.26 um and a length of 0.65 to 1.59 um.
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Unlike “Candidatus Nitrosoarchaeum limnia” (Mosier et al., 2012a), no flagella were observed.
Cells reproducing by typical binary fission were also observed in images of mid-exponential

phase cultures.

We earlier reported on the high similarity and synteny of the SCM1 genome to the metagenome
of globally distributed Marine Group | Archaea (Walker et al., 2010). A close phylogenetic
relationship between strain SCM1 and the two new isolates was here established by 16S rRNA
and amoA gene sequencing. All are affiliated with Thaumarchaeota Group I.1a, together
forming a monophyletic clade sharing >95% amoA and >99% 16S rRNA gene sequence identity
(Fig. 2.2 and Fig. 2.3). The amoA genes are more than 11% divergent from environmental
sequences previously termed marine water column clusters “A” and “B”, and more than 16%
divergent from the symbiotic archaecon “Candidatus Cenarchacum symbiosum” (Francis et al.,
2005; Hallam et al., 2006). “Candidatus Nitrosoarchacum limnia”, previously described in an
enrichment from a low-salinity estuarine system in California, differed from the new isolates by
greater than 4% and 7% sequence divergence of the 16S rRNA and amoA genes, respectively
(Blainey et al., 2011). All share less than 90% and 80% identity with the 16S rRNA and amoA
genes, respectively, of the cultured soil representatives “Candidatus Nitrosotalea devanaterra”

and Nitrososphaera viennensis (Lehtovirta-Morley et al., 2011; Tourna et al., 2011).

Relationships between growth rate, temperature, salinity, and pH. The temperature
dependent growth kinetics of the new isolates differed significantly from strain SCM1. The
highest growth rates for strains HCAL and PS0O were observed at 25 ‘C and 26 “C, respectively, in

contrast to a maximum at 32 “C for strain SCM1 (Fig. 2.4A-C). No growth (nitrite production)
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could be detected for SCM1 at 10 "C, whereas the two new isolates continued to grow at 10 "C.
An Arrhenius analysis revealed a good linear relationship between the natural logarithm of the
ammonia oxidation rate and the inverse of the absolute temperature (Fig. 2.4D). The inferred
activation energy (78.25 kJ mol™) and Qu value (2.89) of SCM1 were somewhat greater than
strain HCAL1 (E, =67.67 kJ mol™, Q10=2.62) and strain PSO (E, =64.20 k] mol™, Q1,=2.49).
These values are comparable to those estimated for representatives of estuarine nitrifying

bacteria (E, =67.4-82.5 kJ mol™, Q10=2.7-3.3) (Helder and Devries, 1983) (Table 2.2).

Growth of strains SCM1 and HCAL1 was restricted to pH values between 6.8 and 8.1, with the
highest ammonia oxidation rates observed at pH 7.3 (Fig. 2.5A). In contrast, strain PSO grew
well at significantly lower pH values, having a maximum growth rate at pH 6.8 and maintaining
nearly 80% of its maximum growth rate at pH values as low as 5.9. At pH values closer to that
of open ocean surface waters (~ 8.1), the growth of PSO was depressed relative to the other two
isolates. Thus, strain PSO appears well adapted to the lower pH waters of the Puget Sound main
basin from where it was isolated, having a pH range of 7.71 to 8.05 near the surface and of 7.70
to 7.83 at depths greater than 100m (Feely et al., 2010). No ammonia oxidation was observed at
pH 8.7 for any of the strains, which is consistent with observations of other neutrophilic AOA

(Jung et al., 2011b; Tourna et al., 2011; Kim et al., 2012a).

Salinity is also a significant environmental variable, particularly in coastal regions influenced by
varying inputs of terrestrial freshwater. The Hood Canal fjord is influenced by seasonally
varying riverine and surface runoff sources of freshwater, and by the intrusion of low pH and

high salinity water from seasonal coastal upwelling of deep ocean water (Moore et al., 2010).
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All strains grew best at mid-salinity (25 to 32%o), but differed markedly in response to low and
high salinity conditions (Fig. 2.5B). Strain SCM1 grew well at high salinities (35 to 40%o), was
significantly inhibited at 20%., and ceased to grow at 15%.. Strains HCAL and PSO were less
inhibited at 20%o and still remained active at 15%.. However, unlike SCM1, both of these strains
were significantly inhibited at 40%o.. Since 40%o iS much higher than the normal oceanic
environment, these differences likely reflect strain specific adaptations to the varying salinities

intrinsic to this coastal system.

Photoinhibition. The influence of light on growth kinetics was examined by controlled exposure
of the isolates to polychromatic light from a cool, white fluorescent lamp. Growth rate was
measured at different intensities of illumination and under three different illumination regimes:
continuous dark, continuous illumination, and a 14h dark/10h light cycle. Differential growth
during light and dark periods of the imposed diurnal cycle was also examined. All isolates were
differentially inhibited. Strain SCM1 was significantly less photosensitive (Fig. 2.6A) than the
other two isolates when exposed to a diurnal light cycle, showing no apparent inhibition (relative
to cultures incubated in the dark) at low light fluxes (15 and 40 pE m™ s™) and retaining about
20% of its maximum growth rate at the highest light intensity examined (180 pE m?s™).
However, under continuous illumination this strain was completely inhibited at 120 pE m? s™
(Fig. 2.6B). Although exhibiting somewhat greater light sensitivity, the response of HCA1 was
similar to SCM1, showing reduced specific growth rates of 11% and 22% at 15 and 40 pE m™? s,
respectively, and complete inhibition at 180 uE m™? s™ (Fig. 2.6A). Strain PSO was the most light

sensitive of the three AOA isolates, being partially inhibited at low light fluxes (19% and 39%
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inhibition at 15 and 40 pE m™ s, respectively), 80% inhibited at 60 uE m? s, and completely

inhibited at 80 uE m?s™,

The greater inhibition observed with continuous illumination relative to an imposed dark/light
cycle suggested that a recovery of activity was possible during the dark period. Dark recovery of
strain HCA1 was shown by an increased growth rate during the dark period (Fig. 2.6C). To
further evaluate dark recovery of completely light-inhibited cultures, strain SCM1 cultures were
first incubated under continuous illumination at 60 HE m™ s™ until growth ceased (~ 100 hours)
and then transferred to the dark. These cultures began to recover within 24 hours and completely
converted all ammonia to nitrite, but at a significantly reduced growth rate compared to dark-
incubated controls (Fig. 2.6D). Thus, although the data confirmed sensitivity of AOA to light,

they also suggest that significant ammonia oxidation is possible in the upper water column.

Assimilation of organic carbon. Isolation of HCA1 and PSO required the addition of a low
concentration of a-ketoglutaric acid to the inorganic basal medium. Both strains oxidized
approximately half of the added ammonia to nitrite following initial transfer from a-ketoglutaric
acid supplemented into organic carbon-free media (1% inoculum), and failed to grow following a
second transfer into organic carbon-free media (Fig. 2.7A, B). The oxidation of half of the
ammonia following the first transfer likely reflected either use of endogenous cellular reserves or
the carryover of a low amount of a-ketoglutaric acid in the inoculum. As previously reported,
strain SCM1 was capable of chemolithoautotrophic growth, oxidizing all added ammonia in the
absence of an organic carbon supplement. However, SCM1 growth rate and cell yield were

greater in cultures supplemented with a-ketoglutaric acid (Fig. 2.7C and Table 2.3). Since cell
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yield per mole of ammonia oxidized was greater for all strains in organic carbon supplemented
media (from 93.4 to 112.6 x 10" cells mol™ NH4* for SCM1, no growth to 80.8 x 10** cells mol
1 NH4* for HCAL, and no growth to 70.4 x 10 cells mol™ NH,4* for PS0) (Fig. 2.8), these results

suggested that mixotrophic growth may be the preferred lifestyle of marine AOA.

Growth of strain PSO on urea. The genetic potential for using urea to fuel nitrification has
been reported for the marine group | Thaumarchaeota (Konstantinidis et al., 2009; Alonso-Saez
etal., 2012). However, direct physiological support has to date been lacking. We therefore
examined the capacity of each strain to grow in an ammonia free medium supplemented with
approximately 100 uM urea. As predicted from the SCM1 genome sequence, previously
reported to lack genes annotated for urea transport and degradation, no growth or nitrite
production was observed for SCM1 cultures following more than 3 months of incubation.
Likewise, no growth of strain HCAL was observed in the urea medium. In contrast, strain PSO
grew by near stoichiometric conversion of urea (~90 uM) to nitrite (~180 uM) in 17 days (Fig.

2.9) at a specific growth rate (0.18 d™*) comparable to its growth on ammonia (0.23 d™).

Discussion

Since the successful isolation of the first ammonia-oxidizing archaeon (SCM1) from a seawater
aquarium (Konneke et al., 2005) using low ammonia concentrations for selective enrichment, the
same general approach has been widely used to enrich additional AOA from soil, fresh water,
marine and geothermal habitats (de la Torre et al., 2008; Hatzenpichler et al., 2008; Jung et al.,
2011b; Lehtovirta-Morley et al., 2011; Santoro and Casciotti, 2011; Tourna et al., 2011; French

etal., 2012; Kim et al., 2012a; Mosier et al., 2012a). However, despite significant efforts to
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obtain new isolates from enrichment cultures, other than SCM1 only Nitrososphaera viennensis
strain EN76 from garden soil has been reported in pure culture (Tourna et al., 2011). In contrast
to chemolithoautotrophic growth of SCM1, N. viennensis and the new marine isolates require
organic carbon, a requirement that may account for the virtual absence of publications describing
additional isolates. Presumably the coexisting bacteria provide essential nutrients, and without
appropriate nutrient supplementation the AOA cannot be maintained (Tourna et al., 2011; French
etal., 2012; Kim et al., 2012a). For example, the isolation of the soil AOA N. viennensis
required the addition of pyruvate (Tourna et al., 2011). However, pyruvate addition has not been
sufficient for the isolation of AOA from other enrichment cultures (French et al., 2012),
suggesting that different ecotypes vary in their carbon assimilation capabilities. Here we isolated
two N. maritimus-related strains from coastal water using a-ketoglutaric acid as an organic
nutrient source, demonstrating the significance of another organic compound to the growth of an

AOA lineage in marine environments.

The three strains (SCM1, HCA1 and PSQ) described here are relatively closely related members
of a marine AOA lineage that differ markedly in basic physiological features. Although strain
SCM1 was isolated from a tropical marine aquarium, it shares high genomic similarity with
marine metagenomic sequences and has an apparent half-saturation constant (Ks) for ammonia
oxidation (133 nM) comparable to K values determined directly in open ocean waters (65-112
nM) (Kénneke et al., 2005; Martens-Habbena et al., 2009a; Walker et al., 2010; Horak et al.,
2013; Newell et al., 2013). The optimum growth temperature near 30-33 “C, and a preference for
salinities (32-40 %o) higher than the newly described coastal isolates, also suggests that strain

SCM1 was originally native to tropical ocean waters.



29

All isolates vary significantly in sensitivity to light and pH. These features relate directly to
abiotic factors controlling their environmental distribution and response to the ongoing reduction
in ocean pH (Zeebe, 2012). The sensitivity of marine AOA to ocean acidification has been
inferred from a limited number of short-term studies of experimentally acidified ocean water
(Huesemann et al., 2002; Beman et al., 2011; Kitidis et al., 2011). For example, a recent study
by Beman et al. (Beman et al., 2011) reported significant inhibition of ammonia oxidation (8-
38% reduction in rates) following relatively small pH reductions of both coastal and open ocean
waters in which AOA were the dominant ammonia-oxidizing population. This effect was
associated with the reported requirement for the use of ammonia (NH3), not ammonium (NH,"),
as a substrate for ammonia-oxidizing bacteria such as the marine AOB Nitrosococcus oceani
(Ward, 1987). The concentration of this form is significantly reduced by small reductions in pH.
However, as yet there is no evidence that AOA have the same substrate requirement as AOB. In
fact, the description of “Candidatus Nitrosotalea devanaterra”, an acidophilic terrestrial AOA
growing optimally at pH values near 4, suggests that the NH," ion is more likely the substrate for
this organism (Lehtovirta-Morley et al., 2011). Our observation that marine AOA strain PSO
grows well at pH 5.9 suggests that at least some AOA populations have the capacity to adapt to
ongoing reductions in ocean pH. If the ammonium ion is the preferred substrate, ocean
acidification may actually promote the growth of AOA, influencing oceanic production of N,O

now associated primarily with their activities (Santoro et al., 2011; Ldscher et al., 2012).

Light has long been implicated as a major factor controlling the activity and distribution of both

ammonia oxidizers and nitrite oxidizers in the water column. The inhibitory effect of light on
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cultured AOB has been known for decades and attributed to photooxidative damage of the
copper-containing ammonia monooxygenase (Hooper and Terry, 1974; Shears and Wood, 1985;
Hyman and Arp, 1992). Archaeal photosensitivity was recently reported for marine, soil and
fresh water AOA strains, including SCML1 (French et al., 2012; Merbt et al., 2012). At a light
intensity similar to the base of the euphotic zone (15 HE m™ s%), Merbt et al. (2012) reported the
growth of SCM1 was almost completely inhibited with no evidence of dark recovery during an
imposed diurnal cycle (Merbt et al., 2012). In contrast, we found only a marginal inhibitory
effect of a comparable diurnal light regime on strain SCM1 (2.5% at 15 pE m?s™) and a
similarly low inhibition of novel strains HCAL and PSO to this light regime. Even under
continuous illumination, the growth rate of SCM1 was reduced by only 11.8% at this light flux.
At higher intensities (40 and 60 LE m™ s™) these isolates were capable of rapid dark recovery
from photoinhibition, suggesting that ammonia oxidation in upper regions of the euphotic zone
could follow a diurnal cycle (Hollibaugh et al., 2014b; Pedneault et al., 2014). Although we
have no explanation for the disparity between this and the previous study, these data provide
physiological explanation for the high abundance and activity of AOA near the bottom of the
euphotic zone as inferred by relating amoA gene and transcript abundance to in situ ammonia
oxidation rate measurements (Beman et al., 2008; Santoro et al., 2010; Beman et al., 2012a;

Horak et al., 2013).

The requirement of the new isolates for organic carbon amplifies growing appreciation of the
importance of mixotrophy in marine food webs and provided direct physiological support for
previous isotopic studies suggesting both organic and inorganic carbon sources were assimilated

by marine Thaumarchaeota (Herndl et al., 2005; Ingalls et al., 2006; Agogue et al., 2008a;
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Hansman et al., 2009). There are obvious energetic advantages to the use of organic carbon to
supplement or alleviate carbon fixation. In addition, organic material might serve as an
alternative source of reductant, other than electrons derived solely from ammonia, for the
ammonia monooxygenase. Our demonstration that isolate PSO is capable of using urea as an
alternative energy source also provided the first direct physiological confirmation of an activity
implicated by marine genomic data sets (Konstantinidis et al., 2009; Yakimov et al., 2011;
Alonso-Saez et al., 2012). If the AOA have an affinity for urea comparable to their remarkably
low K for ammonia, they may also effectively compete with phytoplankton for this reduced

form of nitrogen, a question that can now be addressed using this new isolate.

The new physiological data begin to define ecotype variation within the AOA and to disentangle
environmental variables influencing the abundance and activity of populations now thought to
play a fundamental role in the shaping of the marine nitrogen cycle. For example, the
requirement of the new isolates for organic carbon suggests that substrates other than ammonia
could limit the distribution of some environmental populations. Characterized ammonia-
oxidizing bacteria are unable to growth at pH values significantly below 7 (Suzuki et al., 1974;
Ward, 1987; Allison and Prosser, 1993). This has fostered speculation that the AOA may suffer
similar inhibition at acidic pH. However, our demonstration of significant variation in pH
adaptation among closely related AOA suggests that ongoing ocean acidification is more likely
to change the distribution of competing AOA lineages and, as a consequence, alter the marine
nitrogen cycle in unexpected ways. Finally, since these studies encompassed only a small and

genetically closely circumscribed set of AOA, relative to the much greater genetic diversity
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revealed by ongoing metagenomic surveys, they point to a rich and mostly unexplored

physiological diversity of the marine AOA.

Materials and Methods

Enrichment and Isolation of marine AOA. Low added ammonia (2 uM) was used to
selectively enrich and isolate AOA from seawater samples collected from the Puget Sound
estuary in Washington State (SI Materials and Methods). Pure cultures were obtained by
filtration of the enrichment cultures through a syringe filter, and diluting the filtrate to extinction.

For details, see SI Materials and Methods.

Growth experiments. All materials and methods for physiology experiments are described in

detail in supplementary information.

Transmission Electron Microscopy. Preparation of the novel AOA isolates for examination by

transmission electron microscopy is described in supplementary information.

Sequencing and Phylogenetic Analysis. Sequences of AOA 16S rRNA and amoA genes were
obtained using an ABI 3730xI sequencer. Phylogenetic trees were generated using MEGADS as

described in SI Materials and Methods.

SI Materials and Methods

Enrichment of marine AOA. Seawater samples for enrichment of AOA were collected from

Puget Sound surface sediment on a beach in August 2006 and from 50m water depth at the Puget
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Sound Regional Synthesis Model (PRISM) Station P10 (47.91 N, 122.62 W) in Hood Canal,

Washington State, USA in October 2008. It was previously reported that AOA, rather than
AOB, are mainly responsible for nitrification in these regions (Huguet et al., 2010b; Urakawa et
al., 2010; Horak et al., 2013). The water samples were stored in on-deck incubators maintained
at seawater surface temperature in the dark and transferred to the laboratory the same day. Strain
PSO was enriched in artificial seawater supplemented with 500 uM NH,CI and selected by
filtration (0.45 um pore size) during each successive transfer into fresh media supplemented with
streptomycin. Following previous reports of a high specific affinity for ammonia of strain SCM1
and its possible competition for ammonia with heterotrophic marine picoplankton, enrichment
conditions were designed to select for oligotrophic ammonia oxidizers solely based on high
affinity for ammonia. Initially, 20 enrichments were established in 15ml glass tubes by
supplementing 10 ml water sample with 2 uM NH4CIl. Samples were incubated at 15 °C and
monitored for ammonium consumption in 2-3 day intervals. Over a period of three months,
stable ammonia oxidation activity could be established in 18 out of 20 enrichments by repeatedly

supplementing with 2 uM NH,4CI.

The influence of organic substrates on growth and activity of the first isolated marine AOA,
Nitrosopumilus maritimus strain SCM1 was investigated prior to the enrichment of new AOA
strains. The growth response of strain SCM1 was surveyed using single additions of 59 different
potential organic substrates. Strain SCM1 showed a clear increase in specific growth rate only
when supplemented with TCA cycle intermediates, including a-ketoglutarate, pyruvate and
oxaloacetate (8.3% increase with pyruvate and 21.4% increase with oxaloacetate, respectively).

Most organic substrates had no effect or inhibited growth of this strain. Thus, a-ketoglutaric acid
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was selected as a potential organic nutrient source for the subsequent enrichment of the novel
AOA strains. Following reproducible growth in the filtered seawater media, subcultures were
transferred to both artificial seawater medium supplemented with 100 uM a-ketoglutaric acid
and organic carbon-free medium. Eventually, out of 20 AOA enrichments initiated, only 2
enrichments with added a-ketoglutaric acid achieved stable growth. No growth was observed in
organic carbon-free medium. The stable enrichment strain HCA1 was then maintained in
artificial seawater medium supplemented with 2 uM NH,4Cl and 100 uM a-ketoglutaric acid.
Synthetic seawater was autoclaved (Kdnneke et al., 2005), cooled to room temperature, and the
following components added from sterile stock solutions: 3.0 ml 1 M sodium bicarbonate, 5.0 ml
0.4 g I KH,PO4, 1ml 7.5 mM FeNaEDTA, 1ml non-chelated trace element mixture (Martens-
Habbena et al., 2009a), and 2 ul 1M NH,4CI. None of enrichments could be maintained in
synthetic medium without a-ketoglutaric acid. Two highly enriched cultures were obtained after

more than two years of low ammonium selection (2 uM NH4CI).

Isolation of marine AOA. Growth rates of cultures supplemented with 50 uM, 200 uM and 500
MM instead of only 2 uM NH4CI were comparable. However, the growth of the novel AOA
strains was inhibited at ammonium concentrations higher than 1mM. Hence, the higher
concentrations of ammonium without inhibitory effects were used to further isolate marine AOA
in bicarbonate-buffered synthetic marine Crenarchaeota medium. The cultures were additionally
supplemented with 100 pM a-ketoglutaric acid and 40 mg I™* streptomycin and incubated at 20
“C in the dark without shaking. Pure cultures were obtained by filtering exponential phase
enrichment cultures through 0.22 um Millex-GP syringe filters, followed by repeated end-point

dilution in streptomycin and a-ketoglutaric acid supplemented medium. The absence of bacterial
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contaminants was checked by PCR, showing no amplification with general primers for the
bacterial 16S rRNA gene (Lane, 1991) or with those specific for the amoA gene of ammonia-
oxidizing bacteria (Rotthauwe et al., 1997; Purkhold et al., 2000). The purity of AOA cultures
was routinely monitored by microscopic inspection and by absence of bacterial growth in marine
broth medium (5 g peptone and 1 g yeast extract, 250 ml Milli-Q water, and 750 ml autoclaved

seawater).

Growth experiments. Strains PSO and HCAL were transferred from bicarbonate-buffered
medium (see above) to HEPES-buffered synthetic crenarchaeota medium (Martens-Habbena et
al., 2009a) supplemented with 500 uM NH,4CI and 100 uM a-ketoglutaric acid. Since no
difference in growth rate was observed for the HEPES- and bicarbonate-buffered media, unless
otherwise indicated, the growth response of each strain to varying temperature, salinity, pH, and
light was determined in triplicate 100 or 500 ml cultures using the HEPES-buffered medium.
The pH of the medium was adjusted to a range between 5.9 and 8.7 using a pH meter (Orion
model 420, Thermo Scientific, Waltham, MA, USA) for initial titration with either 12.1 M HCI
or 5 M KOH, followed by verification of pH values in the range of 7 to 9 using the indicator dye
m-cresol purple before inoculation (Dickson, 2007). No, or only a negligible, decrease in pH
could be detected between the beginning and end of each growth experiment. To assess the
influence of salinity on growth, a stock solution of artificial seawater at 40%o was prepared
containing NaCl (32.5 g '), MgSO4+7H,0 (6.25 g '), MgCly*6H,0 (6.25 g I'*), CaCl,+2H,0
(1.875 g I') and KBr (0.125 g I'™"), and portions of it taken and diluted with Milli-Q water to 15
to 35%0. To investigate the inhibitory effect of light, cultures were grown in glass bottles that

were either kept in the dark or exposed to cool white fluorescent lamps (Phillips F17T8/TL741,
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17W) with wavelength output ranging from 410-720 nm (Tong et al., 2008). Light intensities

measured inside and outside the growth bottle with a Biospherical Instruments QSL-2100
radiometer (San Diego, CA) showed less than 10% attenuation of light by the glass. For growth
experiments examining the utilization of urea as an energy source, the background ammonium
concentration in the urea medium was less than 1uM and thus did not represent a major source of

energy.

Activation energy and Qio. Activation energies were calculated based on the slopes of linear
regression lines of Arrhenius plots. Q1o values between the minimum growth temperature and

temperature optimum were obtained using:

~ [ E, 10
Quo = €XP | prer 70

Here E, is the activation energy (J mol™), R is the molecular gas constant (8.314 J K™ mol™), and

T is the absolute temperature (K).

Growth Parameters Measurements. Ammonia concentration was measured by the o-
phthaldialdehyde fluorescence method (Holmes et al., 1999) and a fluorescence microplate
reader (Infinite F500, TECAN, USA) (standard concentration range: 0-1000 uM, n=5
concentrations, R>>0.997). The concentration of nitrite and urea were determined
spectrophotometrically using the Griess reagent (Stickland, 1972) (standard concentration range:
0-1000 pM, n=6 concentrations, R*>0.999) and diacetyl monoxime (Grasshoff, 1999a) (standard
concentration range: 0-500 M, n=6 concentrations, R*>0.999), respectively. Total cell counts

were determined using moviol-SybrGreen | staining protocol (Lunau et al., 2005). Briefly, the
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mounting medium was freshly prepared by adding 3 pl of SybrGreen I stock solution
(Invitrogen, Carlsbad, USA) and 2 ul of 1 M ascorbic acid solution into 200 pl of the moviol
solution (moviol 4-88, Fluka, Switzerland). Cells were filtered on a 0.02-um Anopore
membrane filter (Whatman, Germany), and then stained with 20 pl of mixed microscopic
mounting medium. Cell numbers were determined using a Zeiss Axioskop 2 MOT
epifluorescence microscope to count 20 random fields of view for each sample with 10 to 100

cells per field.

Transmission Electron Microscopy. Cells of strains HCAL and PSO were fixed overnight with
half-strength Karnovsky's fixative (Karnovsk.Mj, 1965), transferred to a 200-mesh formvar-
coated copper grid for 30 min, and then washed successively in a small volume of fresh 0.1 M
cacodylate buffer and ultrapure water. Staining of cells was performed by swirling the grid in a
drop of 1% uranyl acetate. Liquid was drained off with filter paper and the grid dried overnight
in a desiccator. Each preparation was examined with a JEOL JEM-1400 transmission electron
microscope at an accelerating voltage of 120 KV and magnification of 10,000 and 20,000X

(Electron Microscopy Core Facility, Fred Hutchinson Cancer Research Center, Seattle, WA).

Sequencing and Phylogenetic Analysis of 16S rRNA and amoA Genes. Cells were collected
by vacuum filtration on 0.22-pum Sterivex-GP filters (Millipore Corporation, MA, USA). DNA
extracts were obtained by using modified phenol-chloroform method (Urakawa et al., 2010).
The AOA 16S rRNA and amoA genes were PCR amplified using archaeal-specific primers
Arch21F/Arch958R (Delong, 1992) and CrenAmoAModF/CrenAmoAModR (Mincer et al.,

2007), respectively, with the protocols described in the original papers (Delong, 1992; Mincer et
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al., 2007). Amplified products were purified with MinElute PCR Purification kit (Qiagen,

Maryland, USA) and cloned using a TOPO TA PCR Cloning kit (Invitrogen). Sequences were
obtained using an ABI 3730xI sequencer (Applied Biosystems System operated by the High-
Throughput Genomics Center, Seattle, WA). The 16S rRNA and amoA genes sequences of
strains HCA1 and PSO were deposited in GenBank under accession numbers KF957663,
KF957664, KF957665, and KF957666. The DNA sequences of 16S rRNA and amoA genes were
aligned with CLUSTAL W program and the phylogenetic relationships were analyzed by
maximume-likelihood method with Kimura 2-parameter correction using MEGAS. Bootstrap

support was based on 1000 iterations for each analysis.
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Figure 2.1. Growth and morphology of strains HCA1 and PSO.

Correlation between ammonia oxidation and growth of HCA1 (A) and PSO (B) in an artificial seawater
medium containing 500 UM NH," and 100 pM a-ketoglutaric acid. Transmission electron micrographs of
negative-stained cells of HCAL (C) and PSO (D). Scale bars equal 200 nm.
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Figure 2.2. Phylogenetic relationships among amoA gene sequences of strains HCAL, PS0, and SCM1
and described AOA representatives, as well as relevant environmental clone sequences.

The tree was constructed using the maximume-likelihood method with Kimura 2-parameter correction.
Confidence values were based on 1000 bootstrap replications. Scale bar represents 0.05 nucleotide
changes per position.
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Figure 2.3. Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences.
Confidence values were based on 1000 bootstrap replications. The scale bar represents an estimated
sequence divergence of 2%.
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Figure 2.5. Influence of pH (A) and salinity (B) on growth.
Values represent % of specific growth rates of cultures grown under different pH and salinity values
relative to those at pH and salinity optima. Error bars represent the standard deviation of triplicate

cultures.
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Figure 2.6. Photoinhibition and recovery of ammonia oxidation of the three AOA strains.

Values represent % inhibition of cultures grown under continuous illumination or dark/light cycles
relative to cultures grown in the dark. (A) The inhibitory effects of light on all three isolates under a
14:10 hour dark/light cycle at different intensities from 15 to 180 uE m?s™. (B) Photoinhibition of strain
SCM1 under continuous light (15 to 120 pE m™ s™) and dark/light cycles (15 to 180 uE m?s™). (C) The
reduction in specific growth rate of strain HCAL with cycling between periods of 14 hour dark and 10
hour light at 40 and 60 pE m™?s™. (D) The recovery of light-inhibited SCM1 cultures (open circles)
following transfer to the dark after 100 hours of continuous illumination (60 HE m™? s™) compared to
continuous growth in the dark (dark circles). Error bars represent the standard deviation of triplicate

incubations.
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Figure 2.7. Nitrite production (circles) and growth curves (triangles) of strains HCAL (A), PS0O (B), and

SCM1 (C) with 100 uM a-ketoglutaric acid (gray) relative to controls without organic carbon

supplements.

(first transfer: white; second transfer: black). No second transfer is included in panel C, since SCM1 has

the demonstrated capacity to sustain growth under strictly autotrophic conditions (Kénneke et al., 2005;

Martens-Habbena et al., 2009a). Error bars represent the standard deviation of triplicate cultures (Please

note that in the most cases the error bars are too small to be visible in the figure).
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Figure 2.8. The specific growth yields of cultures of three AOA isolates with 100 uM a-ketoglutaric acid
(black) relative to controls without a-ketoglutaric acid (first transfer: gray; second transfer: white).

The specific growth yields were calculated from cell numbers. Error bars represent the standard deviation
of data from triplicate cultures.
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Figure 2.9. Growth of PSO0 in artificial seawater medium containing 90 uM urea, showing near
stoichiometric conversion of urea to nitrite.

Data points are the mean values of triplicate cultures.
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Table 2.1. Growth kinetics of ammonia oxidation for three marine AOA isolates.

Maximum specific rates per cell

Maximum specific activities based on biomass

Strain [fmol NO, cell™d"] [umol NH," mg protein™ h™]
SCM1 12.7 51.9
HCA1 6.0 24.5
pSO 29 12.2

Table 2.2. Activation energy and Q,, values of ammonia oxidation for three marine AOA strains and

other bacterial nitrifiers.

Strain Temperature range (°C)  Activation energy [kJ mol™] Qi
SCM1 20to 32 78.25 2.89
HCA1 10to 25 67.67 2.62
PSO 10 to 26 64.20 2.49
Estuarine Nitrosomonas sp. 10to 20 82.5 3.3
Estuarine Nitrobacter sp. 10to 20 67.4 2.7

Table 2.3. Cell yields and growth rates in marine AOA pure cultures with 100uM a-ketoglutaric acid

over controls without organic substrate.

Strain  a-ketoglutaric acid [uM]  Maximum Cells density [10" cells mI™]  Specific growth rate [d™]

SCM1 100
0
HCAl 100

0 (first transfer)
0 (second transfer)
PSO 100
0 (first transfer)
0 (second transfer)

9.7
8.1
3.7
12
0.0
3.2
15
0.0

0.78
0.76
0.55
0.43
0.00
0.23
0.19
0.00
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Abstract

Four mesophilic, neutrophilic, and aerobic marine ammonia-oxidizing archaea, designated
strains SCM1, HCA1, HCE1, and PSO0, were isolated from a tropical marine fish tank, dimly lit
deep coastal waters, the lower euphotic zone of coastal waters, and near-surface sediment in the
Puget Sound estuary, respectively. Cells are straight or slightly curved small rods, 0.15-0.26 um
in diameter and 0.50-1.59 um in length. Motility was not observed, although strain PSO possess
genes associated with archaeal flagella and chemotaxis, suggesting it may be motile under some
conditions. Cell membranes consist of glycerol dibiphytanyl glycerol tetraether (GDGT) lipids,
with crenarchaeol as the major component. Strain SCM1 displays a single surface layer (S-
layer) with p6 symmetry, distinct from the p3-S-layer reported for the soil ammonia-oxidizing
archaeon Nitrososphaera viennensis EN76. Respiratory quinones consist of fully saturated and
monounsaturated menaquinones with 6 isoprenoid units in the side chain. Cells obtain energy
from ammonia oxidation and use carbon dioxide as carbon source; addition of an a-keto acid (a-
ketoglutaric acid) was necessary to sustain growth of strains HCA1, HCE1, and PSQ. Strain PSO
uses urea as a source of energy for growth. All strains synthesize vitamin B, (thiamine), B,
(riboflavin), Bg (pyridoxine), and B, (cobalamin). Optimal growth occurs between 25 and
32°C, between pH 6.8 and 7.3, and between 25%o and 37%o salinity. All strains have a low
mol% G+C content of 33.0-34.2. Strains are related by 98% or greater 16S rRNA gene
sequence identity, sharing ~85% 16S rRNA gene sequence identity with Nitrososphaera

viennensis EN76. All four isolates are well separated by phenotypic and genotypic
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characteristics and are here assigned to distinct species within the genus Nitrosopumilus gen.
nov. lIsolates SCM1, HCA1, HCEL, and PSO are type strains of the species Nitrosopumilus
maritimus gen. nov., sp. nov., Nitrosopumilus cobalaminogenes gen. nov., sp. nov.,
Nitro