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Front: 3D visualization of a nitrifying bacterial community in a sequencing batch reactor biofilm. Nitrite-
oxidizing bacteria of the genus Nitrospira are colored in red, betaproteobacterial ammonia-oxidizers in blue.



Introduction & Outline

The nitrogen cycle

Nitrogen is one of the key elements for life. Besides constituting 78% of our atmosphere, it also is
a major component of the cell’s building blocks, such as nucleic acids and proteins. Nitrogen can exist
in an extraordinary range of oxidation states, spanning from —Ill in ammonia to +V in nitrate. This
versatility enables nitrogen to exist and to be transformed into a huge array of different molecules. Due
to biological transformations as well as chemical instability most oxidation states of nitrogen have
only a transient existence. Dinitrogen represents the chemically most inert and therefore also most
frequent state. The sum of all transformation reactions forms the biogeochemical nitrogen cycle
(Figure 1), with most of the steps being catalyzed exclusively by microorganisms. As the input source
of the cycle, nitrogen fixing archaea (Murray and Zinder, 1984) and bacteria reduce the inert, gaseous
dinitrogen to ammonia (Postgate, 1970). During assimilation, ammonia is incorporated into biomass,
mainly in the form of amino acids (Zehr and Ward, 2002). From these biological nitrogen compounds,
the ammonia is released through microbial ammonification, also termed mineralization (McLain and
Martens, 2005). The mineralized ammonia subsequently is used for nitrification, the stepwise
oxidation of ammonia to nitrate by highly specialized chemolithoautotrophic organisms (Prosser,
1989). While various heterotrophic organisms also are able to oxidize ammonia to nitrate, this
heterotrophic nitrification is not coupled to energy generation (Focht and Verstraete, 1977). The nitrate
formed can then either be assimilated into cell material (Bock and Wagner, 2006) or, under oxygen-
limited or anoxic conditions, be used as terminal electron acceptor for anaerobic respiration. Here
nitrate is, on the one hand, converted to ammonia by respiratory ammonification (Simon, 2002) and,
on the other, reduced to dinitrogen by denitrification (Zumft, 1997), thus closing the cycle.

|tr|flCa NO,
Anaerobic

ammonium

y . :
Nitrogen fixation oxidation

Respiratory
ammonification
NO, NH, «<— NH,*

Ammonification

Assimilation

Assimilation

NO;- » Biomass

Nitrification
NG NO,

Figure 1. Schematic representation of the biogeochemical nitrogen cycle.

7



Chapter |

In some organisms only partial denitrification takes place, leading to the formation of nitric oxide
or nitrous oxide (Bock et al., 1995). Incomplete denitrification to nitric or nitrous oxide can also be
observed in oxic habitats, where it mainly serves as nitrite detoxification system (Lipschultz et al.,
1981). Furthermore, some members of the phylum Planctomycetes realize a shortcut from ammonium
to dinitrogen in anoxic environments. These bacteria are able to couple anaerobic ammonium
oxidation (anammox) directly to the reduction of nitrite, an energy-yielding reaction which also results

in the release of gaseous dinitrogen (Jetten et al., 2009).

The role of wastewater treatment in the nitrogen cycle

Nitrogen fluxes through the global nitrogen cycle have been greatly altered by anthropogenic
influences over the past decades. Nowadays, more than half of the nitrogen entering the cycle is
derived from ammonia production via the Haber-Bosch process and the cultivation of nitrogen-fixing
crops. Also, fossil fuel combustion leads to the formation of large amounts of nitrogen oxides
(Galloway and Cowling, 2002; Klotz and Stein, 2008). Besides nitrogen-based fertilizers used in
agriculture, household sewage and industrial waste are among the largest sources of anthropogenic
ammonia. Release of excess ammonia into aquatic systems leads to eutrophication and hypoxia of the
affected water bodies (Diaz and Rosenberg, 2008). Together with the toxicity of ammonia and nitrite
on aquatic life (Camargo and Alonso, 2006), this emphasizes the importance of efficient nitrogen
removal from wastewater in order to preserve environmental health.

In wastewater treatment plants, tertiary treatment achieves the goal of nitrite elimination. Here,
after ammonification and removal of most carbon compounds from the wastewater, oxic and anoxic
conditions are applied intermittently or subsequently to provide conditions for nitrification and
denitrification, respectively. Since most denitrifying bacteria rely on the availability of organic
electron donors and carbon sources, this step often is realized by admixing methanol or ethanol as
external carbon and energy source, or by sludge circulation techniques, that recirculate the activated
sludge from the nitrifying into the denitrifying stage which also receives carbon-rich influent
wastewater. Application of tertiary treatment leads to near-complete removal of inorganic nitrogen
from wastewater, either in the form of gaseous dinitrogen or by incorporation into biomass, thus

preventing detrimental nutrition discharge into the attached and downstream water systems.

Nitrifying microorganisms

Autotrophic nitrification, the stepwise oxidation of ammonia to nitrate, is catalyzed by two
different functional groups of microorganisms (Figure 2). First, ammonia is oxidized via
hydroxylamine to nitrite by ammonia-oxidizing bacteria (AOB) (Bock et al., 1991) and, as discovered
more recently, archaea (AOA) (Kdnneke et al., 2005; Francis et al., 2007). Nitrite then is released and
serves as substrate for nitrite-oxidizing bacteria (NOB), which further oxidize it to nitrate, the end

product of aerobic nitrification.
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All AOB known to date belong to the Beta- or Gammaproteobacteria. The genera Nitrosomonas
(including Nitrosococcus mobilis), Nitrosolobus, Nitrosospira, and Nitrosovibrio (Teske et al., 1994)
all are affiliated with the family Nitrosomonadaceae within the Betaproteobacteria (Purkhold et al.,
2003). While some studies suggested combining Nitrosolobus and Nitrosovibrio with the genus
Nitrosospira due to high 16S rRNA similarities (Aakra et al., 2001), the separation into distinct genera
is supported by morphological as well as molecular data (Ida et al., 2005). As the only known AOB
outside the Betaproteobacteria, the genus Nitrosococcus constitutes a separate branch within the
Gammaproteobacteria (Purkhold et al., 2000; Ward and O'Mullan, 2002).

Archaea known to perform ammonia oxidation all are affiliated with the recently proposed
phylum Thaumarchaeota (Brochier-Armanet et al., 2008). Existence of AOA was first proposed after
the discovery of a genomic fragment from a soil metagenome which carried an archaeal 16S rRNA
gene as well as genes similar to the large and small subunits of ammonia monooxygenase (amoAB)
(Treusch et al.,, 2005), coding for the enzyme that catalyzes the oxidation of ammonia to
hydroxylamine. Shortly after, the successful isolation of an archaeon able to grow
chemolithoautotrophically by oxidizing ammonia to nitrite (Konneke et al., 2005) confirmed the
existence of AOA. By now, additional ammonia oxidizing laboratory cultures are available (de la
Torre et al.,, 2008; Hatzenpichler et al., 2008).While these organisms first were thought to be
phylogenetically affiliated with the Crenarchaeota, the availability of genomic data (Hallam et al.,
2006; Spang et al., 2010; Walker et al., 2010) gave further support to the classification of the currently
known AOA as Thaumarchaeota (Spang et al., 2010).

In contrast to the ammonia oxidizers, so far no Archaea have been found to perform the oxidation
of nitrite, the second step of nitrification. Bacteria gaining energy from this reaction can be divided

into five phylogenetic groups (Teske et al., 1994; Daims et al., 2010). The genera Nitrobacter
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Figure 2. 16S rRNA-based phylogenetic tree reflecting the affiliations of nitrifying organisms. Nitrite-oxidizing
bacteria are highlighted in red, ammonia-oxidizing archaea and bacteria in blue.
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(Winogradsky, 1892; Stackebrandt et al., 1988), “Nitrotoga” (Alawi et al., 2007), and Nitrococcus
(Watson and Waterbury, 1971; Teske et al., 1994) belong to the Alpha-, Beta-, and
Gammaproteobacteria, respectively. The genus Nitrospina (Watson and Waterbury, 1971) has been
provisionally assigned to the Deltaproteobacteria (Teske et al., 1994), but analyses of larger 16S
rRNA gene sequence datasets indicate that this NOB might belong to a separate phylum (Schloss and
Handelsman, 2004). Furthermore, clearly separated from the Proteobacteria, the genus Nitrospira
belongs to the distinct phylum Nitrospirae (Ehrich et al., 1995), which besides Nitrospira only
encompasses an iron-oxidizing and a sulfate-reducing genus, Leptospirillum and Thermodesulfovibrio,

respectively, as well as the magnetotactic “Candidatus Magnetobacterium bavaricum”.

Nitrite-oxidizing bacteria

Since the discovery of the first nitrite oxidizer by Sergej Winogradsky in the late 19" century
(Winogradsky, 1892) our knowledge of NOB diversity has been greatly enhanced, both by cultivation-
based and molecular technigues. Considering the ecological key role of NOB, it is not surprising that
members of this functional group have been detected in a wide variety of aquatic and terrestrial
ecosystems, also including extreme environments like permafrost soil (Alawi et al., 2007) and
geothermal springs (Lebedeva et al., 2005). As mentioned in the previous chapter,
chemolithoautotrophic NOB known to date are affiliated with five different genera (Figure 3) (Daims
etal., 2010) .

(i) Either genus Nitrococcus and Nitrospina contains only one described species, Nitrococcus
mobilis and Nitrospina gracilis (Watson and Waterbury, 1971), respectively. These species were
isolated from oceanic samples (Watson and Waterbury, 1971) and, while according to molecular data
globally distributed, appear to be restricted to marine systems (Teske et al., 1994; Mincer et al., 2007).
Nitrospina is attracting new interest since, according to recent reports, communities consisting of N.
gracilis and AOA appear to be the key organisms performing nitrification in the ocean (Lam et al.,
2009; Santoro et al., 2010).

(if) The candidate genus “Nitrotoga” was formed with the discovery of “Candidatus Nitrotoga
arctica”. Since this species was cultured from arctic permafrost soil (Alawi et al., 2007), only limited
knowledge about the functional importance and environmental distribution of this novel nitrite
oxidizer has been gained. 16S rRNA sequences highly similar to “N. arctica” have been detected in
aquatic and biofilm samples (Percent et al., 2008; Chen et al., 2009) and recently a closely related
strain was enriched from activated sludge (Alawi et al., 2009).

(iii) Bacteria affiliated with the genus Nitrobacter are the least resistant to cultivation among the
fastidious and slow growing chemolithoautotrophic nitrite oxidizers and therefore represent the best
studied NOB. The genus encompasses four validly described species, N. winogradskyi (Winslow et
al., 1917; Watson, 1971), N. hamburgensis (Bock et al., 1983), N. vulgaris (Bock et al., 1990), and N.
alkalikus (Sorokin et al., 1998). The additional species “N. agilis” (Nelson, 1931) is considered invalid
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due to insufficient phenotypic difference to N. winogradskyi (Pan, 1971). Nitrobacter strains have
been isolated from a wide variety of habitats, including freshwater (Bock et al., 1990), marine
(Starkenburg et al., 2008c), and soda lake systems (Sorokin et al., 1998), acidic (Hankinson and
Schmidt, 1988) and neutral soil (Bock et al., 1990), as well as from rock (Lebedeva et al., 1978) and
building stone (Mansch and Bock, 1998). Interestingly, this obvious physiological flexibility contrasts
a very low phylogenetic diversity within the genus. In rRNA-based phylogenetic analyses all
Nitrobacter species cluster closely together and display 16S rRNA gene similarities above 99% (Orso
et al., 1994). This low 16S rRNA gene sequence variability within the genus, taken together with the
high similarity to its closest non-nitrifying relatives, Bradyrhizobium japonicum and
Rhodopseudomonas palustris, indicate a recent acquisition of the nitrite oxidizing lifestyle (Orso et al.,
1994). Despite the relatively young age of the genus, different Nitrobacter isolates display a
significant phenotypic as well as genetic diversity (Grundmann and Normand, 2000; Starkenburg et
al., 2008c) which is missed in diversity studies based on the 16S rRNA gene. One recent approach to
resolve this limitation was the use of the nitrite oxidoreductase (Nxr), the key enzyme for nitrite
oxidation, as functional and phylogenetic marker (Vanparys et al., 2007; Wertz et al., 2008).
Phylogeny based on the gene encoding the a-subunit (nxrA) of the Nxr enzyme complex revealed the
presence of multiple gene copies for the type strains analyzed The paralogous copies grouped into four
distinct sequence clusters, clearly separating the four strains (Poly et al., 2008). The genes from the
available Nitrobacter genomes (Starkenburg et al., 2006; Starkenburg et al., 2008c) also grouped
consistently in this phylogenetic analysis. Interestingly, screening of soil samples discovered
additional sequence clusters of Nitrobacter-like nxrA sequences, indicating an unresolved diversity of
Nitrobacter in the environment (Poly et al., 2008).

(iv) The largest diversity, based on 16S rRNA gene data, is found within the genus Nitrospira. Due
to the tedious approaches necessary to cultivate most of the members of this genus (Lebedeva et al.,
2008), the importance of these NOB has long been underestimated. After the discovery of the first
Nitrospira, the marine N. marina (Watson et al., 1986), almost a decade passed till the description of a
second strain, N. moscoviensis (Ehrich et al., 1995). This organism was isolated from a corroded
pipeline of the Moscow heating system, thus already indicating the physiological versatility within the
genus. Only with the advance of cultivation-independent molecular techniques the prevalence of
Nitrospira in a wide variety of natural and man-made habitats became apparent (Daims et al., 2001).
By now, Nitrospira 16S rRNA genes have been detected in samples from marine (Foesel et al., 2008;
Santelli et al., 2008) and freshwater systems (Stein et al., 2001), various soils (Marilley et al., 1999)
and sediments (Li et al., 1999; Todorov et al., 2000), aquarium filters (Hovanec et al., 1998), cave
wall biofilms (Holmes et al., 2001; Chen et al., 2009; Pasic et al., 2010), various thermal springs
(Anitori et al., 2002; Kanokratana et al., 2004; Lebedeva et al., 2005; Weidler et al., 2007), and even
are involved in symbiotic interactions with sponges (Hentschel et al., 2002; Taylor et al., 2007). With

special significance from the applied perspective, Nitrospira-like organisms have been shown to be the
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main nitrite oxidizers within lab-scale bioreactors (Burrell et al., 1998; Schramm et al., 1998) and full-
scale wastewater treatment systems (Juretschko et al., 1998; Daims et al., 2001; Juretschko et al.,
2002). Facilitating studies on these biotechnologically important NOB, “Candidatus N. defluvii” was
successfully enriched from activated sludge recently (Spieck et al., 2006). On the phylogenetic level,
the genus Nitrospira was divided in four sublineages (Daims et al., 2001), grouping sequences from
activated sludge and “Candidatus N. defluvii” in lineage I, N. moscoviensis with environmentally as
well as some wastewater-derived sequences in lineage Il, and N. marina and the closely related sponge
symbionts in lineage IV. The marine sublineage IV can further be split into sequence cluster 1Va,
containing the mostly free-living marine organisms related to N.marina, and IVVb, encompassing the
sponge-derived symbiotic Nitrospira. One sponge-associated Nitrospira strain, which nevertheless is
more closely related to N. marina than to the cluster Vb sponge symbionts, was recently enriched
from the marine sponge Aplysina aerophoba (Off et al., 2010). Sublineage Il contains sequences from
the aforementioned Nullarbor cave system (Holmes et al., 2001) and from some deep-sea sediments
(Santelli et al., 2008), but lacks any cultured representative. Over the last years, the number of
sublineages within the genus was extended by the successful cultivation of moderately thermophilic
Nitrospira strains. Sublineage V was founded by “Candidatus N. bockiana”, a strain also isolated from
the Moscow heating system (Lebedeva et al., 2008), accompanied by few soil-derived environmental
sequences. N. calida, an isolate from the terrestrial geothermal spring Gorjachinsk, forms the novel
sublineage VI together with an enrichment culture from the Garga hot spring (Lebedeva et al., in
preparation), implying that moderate thermophily is widespread within the genus. Besides these
phylogenetically stable sublineages, public databases still contain additional environmentally derived
16S rRNA gene sequences that indicate the presence of an even greater diversity of Nitrospira-like
bacteria.

Besides the aerobic, chemolithotrophic NOB, the ability to oxidize nitrite has been identified in
some phototrophic bacteria (Griffin et al., 2007). These organisms perform anaerobic phototrophic
nitrite oxidation, where nitrite serves as electron donor for anoxygenic photosynthesis. So far, this has
been described for Rhodopseudomonas sp. strain LQ17, an alphaproteobacterium highly similar to the
purple non-sulfur bacterium R. palustris, as well as for three purple sulfur bacteria, Thiocapsa sp.
strain KS1 and T. roseopersicina strains DSM 217 and DSM 221, within the Gammaproteobacteria
(Figure 3) (Schott et al., 2010). Noteworthy, these organisms are closely related to the aerobic NOB
Nitrobacter and Nitrococcus, respectively. This relationship strengthens the theory that autotrophic
nitrite oxidation within the Alpha- and Gammaproteobacteria is derived from photosynthetic ancestors
(Teske et al., 1994), also explaining the presence of intracytoplasmic membrane stacks in Nitrobacter
and Nitrococcus. These membrane systems are absent in all other known NOB, which also lack
closely related phototrophic relatives.

Anammox organisms should also be mentioned in the context of nitrite oxidation. Anammox

bacteria belong to the order Brocardiales and are affiliated with the Planctomycetes. The order
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Figure 3. 16S rRNA-based phylogenetic tree reflecting the affiliation of nitrite-oxidizing and anaerobic
ammonium-oxidizing bacteria. Pure cultures of nitrite-oxidizing bacteria are highlighted in red, anaerobic
phototrophic nitrite-oxidizing bacteria in blue, and anaerobic ammonium-oxidizing bacteria in green.

encompasses five “Candidatus” anammox genera (Figure 3), “Kuenenia” (Schmid et al., 2000; Strous
et al., 2006), “Brocadia” (Strous et al., 1999; Kartal et al., 2008), “Anammoxoglobus” (Kartal et al.,
2007), “Jettenia” (Quan et al., 2008), and “Scalindua” (Kuypers et al., 2003; Schmid et al., 2003).
These anaerobic organisms use autotrophic ammonium oxidation for energy generation, but unlike the
aerobic AOA and AOB, they use nitrite as electron acceptor and thus comproportionate ammonium
and nitrite to dinitrogen. At the same time, they oxidize nitrite to nitrate in order to obtain reducing
equivalents needed for the reduction of CO, (Jetten et al., 2009). For this reaction anammox organisms
make use of a similar pathway as NOB. Accordingly, the genome of Kuenenia stuttgartiensis (Strous
et al., 2006) encodes for an enzyme of the molybdopterin-binding family (Rothery et al., 2008) which
is hypothesized to be responsible for nitrite oxidation in anammox (Jetten et al., 2009). Since the
family of molybdopterin-binding enzymes also contains nitrate reductases and the nitrite
oxidoreductase of Nitrobacter, the proposed function of the gene product is strongly supported by this

relationship.

The Genus Nitrospira

It can already be inferred from the immense diversity of organisms affiliated with this genus that
different Nitrospira occupy a great variety of habitats and may play diverse roles in the respective
microbial communities. In the Nullarbor cave system in Australia, for example, Nitrospira
nutritionally maintain a complex microbial community (Holmes et al., 2001). In these caves, nitrite in

the water column is the only energy and CO, the only carbon source available. The
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chemolithoautotrophic Nitrospira convert these substrates and serve as primary producers to support a
microbial community that grows slowly, but nevertheless reaches high amounts of biomass. But
Nitrospira can also cause problems under certain circumstances. In drinking water systems,
communities of AOB and Nitrospira can degrade chloramines added as secondary disinfectant. This
results in depletion of the disinfectant and the development of autotrophic and heterotrophic microbial
communities in the drinking water system, which deteriorate drinking water quality (Regan et al.,
2002). Nitrospira also have been identified in nonchloraminated drinking water systems (Martiny et
al., 2005),where they can prime biofilm formation (Martiny et al., 2003) and thus not only cause
hygienic problems but also plugging of the distribution pipes. On the positive side, efficient removal
of nitrogen from wastewater would mostly not be achieved without Nitrospira since they are the
dominant NOB found in activated sludge (Juretschko et al., 1998; Schramm et al., 1998; Daims et al.,
2001). All this causes the question of what causes the competitive success of Nitrospira over the other
NOB in such a wide range of habitats? Probably, it is their adaptation to low substrate concentrations.
While Nitrobacter are regarded as r-strategists that can outgrow the other NOB quickly when substrate
availability is not limited, Nitrospira have been shown to be K-strategists that display high substrate
affinities but lower growth rates (Schramm et al., 1999; Nogueira and Melo, 2006). The usually low
nitrite concentrations in natural environments thus selectively favor growth of the K-strategists
Nitrospira. Interestingly, similar differential adaptation of AOA and AOB to low and high ammonia
concentrations has received much attention in the recent literature (Prosser and Nicol, 2008; Beman et
al., 2010; Di et al., 2010), whereas the analogous situation of NOB has long been neglected, at least
beyond the field of environmental engineering and related studies. Even within the genus Nitrospira
adaptations to different substrate concentrations have been observed. Sublineage I Nitrospira from
activated sludge grow at higher nitrite loads than sublineage Il organisms (Maixner et al., 2006), thus
enabling the members of this genus to succeed at a range of substrate levels. The co-occurrence of
different Nitrospira species in the same habitat has not only been observed for wastewater treatment
plants. Even three distinct populations could be identified to coexist in the Garga hot spring in Russia
(Lebedeva et al., 2005), indicating an extensive and previously overlooked niche differentiation within
the genus.

Nitrospira also exhibit a fascinating growth pattern. In activated sludge flocs and biofilm, they
grow in dense cell aggregates (Figure 4) and form complex structures interlaced with a network of
microscopic channels (Daims et al., 2001). These clusters contain the cells embedded in a matrix of
extracellular polymeric substances (Ehrich et al., 1995) and extracellular DNA (P.H. Nielsen, personal
communication), which also has been shown to be involved in biofilm formation (Allesen-Holm et al.,
2006; Das et al., 2010; Harmsen et al., 2010). Even in highly enriched cultures, Nitrospira form flocs
and planktonic single cells are rarely observed (Spieck et al., 2006). This aptitude to aggregation and
floc formation suggests some means of quorum sensing, but so far no mechanism of cell to cell

communication has been identified in these organisms. In nitrifying mixed populations, Nitrospira
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Figure 4. Confocal micrograph recorded from nitrifying sequencing batch reactor biofilm. The 3D
reconstruction shows nitrite-oxidizing bacteria of the genus Nitrospira in red and betaproteobacterial ammonia-
oxidizers in blue. The close spatial arrangement of the two functional groups within the biofilm reflects the
mutualistic interactions between these microbes.

furthermore display a pronounced spatial arrangement pattern in relation to ammonia oxidizers, their
partners in a mutualistic symbiosis (Juretschko et al., 1998). The AOB release nitrite that serves as
substrate for the nitrite oxidizers. The nitrite consumption by the NOB in turn prevents the
accumulation of nitrite, which would be toxic to AOB (Stein and Arp, 1998). This interdependency is
reflected by an explicit co-aggregation pattern of the two functional groups (Figure 4) (Daims et al.,
2006). Moreover, members of the different Nitrospira sublineages occur at distinct distances in
relation to the AOB. The more nitrite-tolerant sublineage | Nitrospira clearly proliferate in closer
proximity to the nitrite source than sublineage Il (Maixner et al., 2006), thus highlighting their

potential for niche adaptation.

Physiology of NOB

As chemolithoautotrophic organisms, NOB conserve energy from the oxidation of nitrite and fix
CO, as carbon source. Besides this common feature, little is known about the physiology of most
members of this functional group. The only exceptions are some NOB affiliated with the genus
Nitrobacter, for which also genomic data is available (Starkenburg et al., 2006; Starkenburg et al.,
2008c). Since these organisms are fairly easy to culture in the laboratory, they often have been used as
model organisms for nitrite oxidation. Physiological studies of the other NOB, irrespective of their
ecological importance, have mostly been hampered by their slow growth rates and the difficulty to

maintain them in pure culture.
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While the physiological potential of the novel NOB “Candidatus Nitrotoga arctica” has not been
investigated yet, some information is available for the representatives of the marine genera
Nitrococcus and Nitrospina. The physiological data collected so far suggests that these organisms are
obligate chemolithoautotrophs (Watson and Waterbury, 1971). While some acetate assimilation was
observed for N. mobilis, they were not able to use organic compounds as energy or main carbon source
and nitrite served as sole energy supply for CO, fixation. Growth of N. gracilis even was inhibited by
the presence of organic substrates (Watson and Waterbury, 1971). Nitrococcus and Nitrospina store
carbon intracellularly as glycogen and N. mobilis also appears to form poly-4-hydroxybutyrate (PHB)
granules (Watson and Waterbury, 1971). The recently released genome sequence of N. mobilis
(GenBank accession number AAOF00000000) will allow further insights into the physiology of this
nitrite oxidizer. The presence of genes for the ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO) (Tourova et al., 2007) and a carboxysomal operon (Marin et al., 2007) indicate carbon
fixation via the Calvin-Benson-Bessham cycle. Further, N. mobilis encodes for a nitrite oxidoreductase
that is highly similar to the Nxr of Nitrobacter (Poly et al., 2008; Wertz et al., 2008). The presence of
these genes, together with the fact that Nitrococcus and Nitrobacter unlike the other NOB have
intracytoplasmic membranes containing the Nxr system (Spieck et al.,, 1996), suggests that
Nitrococcus realizes energy conservation and carbon fixation via highly similar pathways as
Nitrobacter (Bock and Wagner, 2006; Starkenburg et al., 2006; Starkenburg et al., 2008c).

The physiological capabilities of the members of the genus Nitrospira appear to be more diverse.
They are aerobic chemolithoautotrophic nitrite oxidizers and form cytoplasmic glycogen or PHB as
well as polyphosphate granules for carbon and phosphate storage, respectively (Watson et al., 1986;
Ehrich et al., 1995). The use of polyphosphates also was indicated by the presence of an
exopolyphosphatase gene on a genome fragment obtained from “N. defluvii” by a metagenomic
approach (Maixner et al., 2008). A gene coding for the B-subunit of a 2-oxoacid:ferredoxin
oxidoreductase on the same contig further indicated that Nitrospira might be able to use pyruvate.
Alternatively, the gene might be indicative for carbon fixation via the reductive citric acid cycle
(Maixner et al., 2008). Growth of N. marina is enhanced by the presence of organic substrates such as
pyruvate, yeast extract, and peptone, but purely organotrophic growth has not been observed (Watson
et al., 1986). Uptake of pyruvate also demonstrated a mixotrophic potential (with mixotrophy defined
as the ability to assimilate organic compounds as carbon sources but not as energy sources) for
“Candidatus N. defluvii” (Daims et al., 2001; Spieck et al., 2006), but the full range of organic
substrates utilized by this organism was hard to investigate due to the lack of a pure culture. In
contrast, nitrite oxidation rates (as a measure for metabolic activity) of the moderately thermophilic
strains “Candidatus N. bockiana” (Lebedeva et al., 2008) and N. calida (Lebedeva et al., in
preparation) were not stimulated by the presence of organic substrates. An apparent lack of

mixotrophy was also observed for N. moscoviensis, but this organism was suggested to couple
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hydrogen oxidation to nitrate reduction under anoxic conditions (Ehrich et al., 1995), which is so far
the only indication for anaerobic respiration in the genus.

Most information about the physiology and biochemistry of NOB was obtained in studies of
Nitrobacter, and the analyses of three Nitrobacter genomes (Starkenburg et al., 2006; Starkenburg et
al., 2008c) greatly enhanced our understanding of these organisms. Some Nitrobacter strains display
an enormous Vversatility, outmatching the described metabolic potential of all other known NOB. As
facultative chemolithoautotrophic organisms, they gain energy from aerobic nitrite oxidation and fix
carbon via the Calvin-Benson-Basham cycle (Starkenburg et al., 2006). The electrons derived from
nitrite are transferred via a cytochrome a; to cytochrome c, which shuttles them to the membrane-
integral electron transport chain (Bock and Wagner, 2006). Here, according to metabolic models
(Poughon et al., 2001), most of the electrons are transferred to a cytochrome ¢ oxidase of the aa; type
and onto the terminal electron acceptor oxygen. The terminal oxidase functions as proton pump and
generates the membrane potential (Poughon et al., 2001; Starkenburg et al., 2008a). Surprisingly, the
first product for energy conservation in Nitrobacter was reported to be NADH, not ATP (Freitag and
Bock, 1990; Bock and Wagner, 2006). This indicates that the proton motive force is used mainly for
reverse electron transport to the NADH dehydrogenase complex. ATP then is formed from the NADH
pool via the conventional respiratory chain with oxygen as terminal electron acceptor (Freitag and
Bock, 1990; Bock and Wagner, 2006). The proton gradient generated by the cytochrome c oxidase is
now used for ATP production by a FoFi-type ATP synthase (Bock and Wagner, 2006). Why ATP
appears to be formed preferentially with electrons derived from NADH and not nitrite oxidation is not
well understood. Interestingly, nitrate also serves as sink for electrons from the respiratory chain even
under oxic conditions (Freitag and Bock, 1990). Furthermore, autotrophic growth of Nitrobacter also
is possible with nitric oxide as electron donor. The oxidation of nitric oxide even has been reported to
be more efficient than nitrite oxidation for NADH synthesis (Freitag and Bock, 1990). Still, whether
this stimulation is based on an enzymatic reaction or auto-oxidation of nitrous oxide to nitrite followed
by biological nitrite oxidation is under debate (Starkenburg et al., 2008a). Nitric oxide might actually
be an important intermediate of the nitrite oxidation pathway in Nitrobacter (Bock et al., 1991,
Poughon et al., 2001). In this metabolic scheme nitrite is not only oxidized to nitrate, but also reduced
to nitric oxide under aerobic conditions by a periplasmic nitrite reductase, which serves as alternative
sink for the electrons derived from nitrite oxidation. The nitric oxide then diffuses through the
membrane, is reoxidized on the cytoplasmic side, and serves as electron donor for the respiratory chain
(Poughon et al., 2001). This model, however, is based mainly on theoretical calculations and has not
been experimentally verified. Nitrobacter can also grow on a range of organic substrates, and
utilization of formate, acetate, pyruvate, o-ketoglutarate, glycerol, and D-lactate has been
demonstrated (Delwiche and Finstein, 1965; Smith and Hoare, 1968; Bock, 1976; Starkenburg et al.,
2008b). While mixotrophic growth rates on these organic carbon sources are highest, Nitrobacter also

is able to assimilate them in the absence of nitrite (Steinmiller and Bock, 1976; Bock et al., 1983;
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Starkenburg et al., 2008b). Chemoorganotrophic growth, however, was reported to be less effective
than growth under autotrophic or mixtotrophic conditions (Bock et al., 1986). In agreement with the
ability to grow on organic substrates, all enzymes of the citric acid cycle (Steinmuller and Bock, 1976)
and genes encoding enzymes necessary for pyruvate, acetate, glycerol (Starkenburg et al., 2006), and
lactate metabolism (Starkenburg et al., 2008b) have been identified. Further, the complete glycolysis
pathway is encoded in the genomes of all Nitrobacter analyzed except N. winogradskyi (Starkenburg
et al., 2008c), which lacks a gene for phoshofructokinase. Utilization of hexose sugars has so far not
been observed for any Nitrobacter strain. In cultures containing organic carbon sources and nitrite but
lacking CO,, the organic substrate cannot serve as sole carbon source (Delwiche and Finstein, 1965;
Ida and Alexander, 1965), a phenomenon that has been attributed to a requirement for CO, reduction
as sink for electrons derived from nitrite oxidation. In the absence of oxygen, Nitrobacter respires
organic carbon by switching to partial denitrification (Kiesow, 1964). By reversing the reaction
catalyzed by Nxr under anoxic conditions, nitrate is utilized as terminal acceptor for the electrons
derived from substrate oxidation, and nitrite is formed (Sundermeyer-Klinger et al., 1984). Nitrobacter
can further reduce nitrite to nitric oxide by a copper-containing nitrite reductase (Freitag et al., 1987).
Besides nitric oxide, denitrifying cultures of N. winogradskyi also produce nitrous oxide (Freitag et al.,
1987; Ahlers et al., 1990), but the mechanism of nitrous oxide formation remains unclear since genes
encoding a nitric oxide reductase have not been identified in the Nitrobacter genomes (Starkenburg et
al., 2006; Starkenburg et al., 2008a; Starkenburg et al., 2008c).

Aims of this study

Although members of the genus Nitrospira are the key nitrifiers in most natural and man-made
habitats, our current knowledge about the NOB still stems mainly from research performed with
Nitrobacter cultures. Therefore, the main objective of this thesis was to provide a starting point for a
thorough understanding of the ecophysiology of Nitrospira based on the complete genome sequence
of “Candidatus N. defluvii”. This nitrite oxidizer is central for efficient nitrogen removal from
activated sludge and thus of utmost importance for wastewater treatment. Furthermore, this thesis aims
at exploring the significance for wastewater treatment systems of the recently discovered candidate
genus “Nitrotoga”, the members of which have been overlooked in the vast majority of studies

concerning nitrification so far.
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Outline

Chapter | is a general introduction to the topics of this thesis. It provides basic background
information on the research area, starting with an outline of the biogeochemical nitrogen cycle. The
chapter then focuses on one particular functional group, the nitrite-oxidizing bacteria. For this
ecologically and biotechnologically important group, a more thorough overview about phylogeny,

distribution, and physiology is presented.

Chapter 11 describes the analysis of the complete genome sequence of “Candidatus Nitrospira
defluvii”. The study revealed fundamental differences to other known nitrite-oxidizing bacteria in the
key pathways for nitrite oxidation, respiration, and autotrophic carbon fixation. The presence of the
reverse tricarboxylic acid cycle for carbon fixation and the absence of classical oxygen defense
mechanisms indicate a microaerophilic or anaerobic ancestor of Nitrospira. Furthermore,
phylogenomic analysis discovered a relationship of the Nitrospira nitrite oxidation system to that of
anaerobic ammonium-oxidizing Planctomycetes, reflecting an unexpected evolutionary link of two

key processes of the nitrogen cycle.

In Chapter 111, the distribution and abundance in engineered systems of members of the recently
discovered candidate genus “Nitrotoga” are investigated. Screening a range of wastewater treatment
plants detected the presence of Nitrotoga-like bacteria in approximately half of the activated sludge
samples analyzed. In some plants they even were the only known nitrite-oxidizing bacteria. A
statistically significant co-aggregation with ammonia-oxidizing bacteria lends further support to the
proposed function of Nitrotoga-like organisms as novel, previously overlooked nitrite oxidizers in

wastewater treatment systems.

Chapter IV contains a short summery of the presented studies in English and German.
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A Nitrospira metagenome illuminates the physiology

and evolution of globally important

nitrite-oxidizing bacteria




Front: 3D visualization of a Nitrospira community in an activated sludge floc. The cell clusters were stained by
fluorescence in situ hybridization with a genus Nitrospira-specific probe and colored artificially by digital image
processing.
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Abstract

Nitrospira are barely studied and mostly uncultured nitrite-oxidizing bacteria, which are according
to molecular data among the most diverse and widespread nitrifiers in natural ecosystems and
biological wastewater treatment. Here, environmental genomics was used to reconstruct the complete
genome of “Candidatus Nitrospira defluvii” from an activated sludge enrichment culture. Based on
this first deciphered Nitrospira genome and on experimental data, we show that Ca. N. defluvii differs
dramatically from other known nitrite oxidizers in the key enzyme nitrite oxidoreductase (NXR), the
composition of the respiratory chain, and the pathway used for autotrophic carbon fixation, suggesting
multiple independent evolution of chemolithoautotrophic nitrite oxidation. Adaptations of Ca. N.
defluvii to substrate-limited conditions include an unusual periplasmic NXR, which is constitutively
expressed, and pathways for the transport, oxidation and assimilation of simple organic compounds
that allow a mixotrophic lifestyle. The reverse tricarboxylic acid cycle as pathway for CO, fixation
and the lack of most classical defence mechanisms against oxidative stress suggest that Nitrospira
evolved from microaerophilic or even anaerobic ancestors. Unexpectedly, comparative genomic
analyses indicate functionally significant lateral gene transfer events between the genus Nitrospira and
anaerobic ammonium-oxidizing planctomycetes, which share highly similar forms of NXR and other
proteins reflecting that two key processes of the nitrogen cycle are evolutionary connected.
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Introduction

Nitrification, the microbially catalyzed sequential oxidation of ammonia via nitrite to nitrate, is a
key process of the biogeochemical nitrogen cycle and of biological wastewater treatment. The second
step of nitrification is carried out by chemolithoautotrophic nitrite-oxidizing bacteria (NOB), which
are phylogenetically heterogeneous (Teske et al., 1994) and occur in a wide range of aquatic and
terrestrial ecosystems. Most studies on the physiology of NOB used pure cultures of Nitrobacter,
which belong to the Alphaproteobacteria (Teske et al., 1994), and complete genome sequences from
NOB are available for three Nitrobacter strains (Starkenburg et al., 2006; Starkenburg et al., 2008b)
and the marine gammaproteobacterium Nitrococcus mobilis (GenBank acc. no. AAOF00000000).
However, cultivation-independent molecular methods revealed that Nitrospira, forming a deeply
branching lineage in the bacterial phylum Nitrospirae (Ehrich et al., 1995), are by far the most diverse
and abundant NOB (Daims et al., 2001). Besides their wide distribution in natural habitats such as
soils (Freitag et al., 2005), sediments (Altmann et al., 2003), the oceans (Watson et al., 1986), and hot
springs (Lebedeva et al., 2005), members of the genus Nitrospira are the predominant NOB in
wastewater treatment plants (Daims et al., 2001) and thus belong to the microorganisms most relevant
for biotechnology.

The immense ecological and technical significance of Nitrospira contrasts our scarce knowledge
about these bacteria. As the majority of Nitrospira are uncultured, and the available cultures are
difficult to maintain, only few studies have addressed their ecology and physiology (e.g., Schramm et
al., 1999; Daims et al., 2001; Maixner et al., 2006). Furthermore, except of one 137 kbp contig
(Maixner et al., 2008), genomic sequences from Nitrospira have not been obtained yet. This situation
has been highly unsatisfactory, because deeper insight into the biology of these elusive NOB is crucial
for a better understanding of nitrogen cycling in natural and engineered systems.

Recently, a Nitrospira strain was enriched from activated sludge and partly characterized (Spieck
et al., 2006). This organism, tentatively named “Candidatus Nitrospira defluvii”, belongs to Nitrospira
sublineage | that is most important for sewage treatment (Daims et al., 2001) but has no representative
in pure culture. Here, the complete genome of Ca. N. defluvii was reconstructed from a metagenomic
library of the enrichment. More than two decades after Nitrospira were discovered (Watson et al.,
1986), we provide an analysis of a Nitrospira genome with previously unmatched insight into the
biology of Nitrospira, show striking differences in key metabolic pathways between Nitrospira and

other NOB, and change the current perception on the evolution of NO,™ oxidation.

Results and Discussion

Genome Reconstruction. Quantitative FISH had shown that the NO,-oxidizing enrichment
consisted of 86% of Ca. N. defluvii and did not contain other known NOB (Spieck et al., 2006). The
complete genome of Ca. N. defluvii was reconstructed from this enrichment by an environmental

genomics approach similar to that used for inferring the genome sequence of the anaerobic
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ammonium-oxidizing bacterium (“anammox” organism) “Candidatus Kuenenia stuttgartiensis”
(Strous et al., 2006). The completeness and correct assembly of the Nitrospira genome was indicated
by the retrieval of all 63 clusters of orthologous groups of proteins (COGSs), which are present in all
genomes in the current COG database (Fig. S1), by lack of suspicious redundancy in gene content, and
by the presence of all essential genes in key biosynthetic pathways. The low frequency of single
nucleotide polymorphisms (about one per 500 kbp) strongly suggests that the enrichment culture
contained only one Nitrospira strain. Key features of the genome are summarized in Table S1 and
Fig. S1. About 30% of the predicted coding sequences (CDS) have no homologs in other organisms,
reflecting the distant relationship of Nitrospira to other bacteria and the lack of genome sequences
from the genus Nitrospira in public databases. Furthermore, only two lineages within the phylum
Nitrospirae have been explored on a genomic level. The closest genome-sequenced relatives of Ca. N.
defluvii belong to the genus Leptospirillum and are aerobic acidophilic iron oxidizers (Tyson et al.,
2004; Levican et al., 2008; Goltsman et al., 2009). In addition, the genome sequence of the anaerobic
sulphate reducer Thermodesulfovibrio yellowstonii (GenBank acc. no. NC_011296) also belonging to

the Nitrospirae, is publicly available.

Nitrite Oxidation and Energy Metabolism. The key enzyme for NO, oxidation by NOB is
nitrite oxidoreductase (NXR), which shuttles two electrons per oxidized NO, into the electron
transport chain. In Nitrobacter, NXR is an iron-sulphur molybdoprotein (Meincke et al., 1992) located
at the inner cell membrane and at intracytoplasmic membranes (ICM). The reaction catalyzed by this
NXR is reversible, so that the enzyme also reduces NOs; with electrons derived from organic
compounds. Depending on the applied purification method, this NXR was found to consist of two
(Meincke et al., 1992) or three subunits with a supposed o,y; stoichiometry (Sundermeyer-Klinger et
al., 1984). The o-subunit (NxrA) is thought to contain the substrate-binding site with the
molybdopterin cofactor (Mo-co) (Sundermeyer-Klinger et al., 1984; Meincke et al., 1992), whereas
the B-subunit (NxrB) with [Fe-S] clusters probably channels electrons from the a- to the y-subunit or
directly to the membrane-integral electron transport chain (Kirstein and Bock, 1993).

Nitrospira are gram-negative bacteria lacking ICM (Watson et al., 1986). Although no NO;-
reducing activity has been demonstrated yet for their nitrite-oxidizing system, the term NXR is used
here to be consistent with established terminology (Starkenburg et al., 2006). First insight into the
nature of the Nitrospira NXR was obtained by studying a pure culture of Nitrospira moscoviensis
(Spieck et al., 1998). Four major proteins were detected in membrane fractions showing a high NO,-
oxidizing activity in vitro. Antibodies originally raised against NxrB of Nitrobacter bound to one of
these proteins, which was designated the NxrB of N. moscoviensis (Spieck et al., 1998). Another
protein with an apparent molecular mass of 130 kDa resembled the NxrA of Nitrobacter (115 —

130 kDa). The other two proteins were not further characterized. The NXR of N. moscoviensis was
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also shown to contain molybdenum and to be located at the inner cell membrane, where it faces the
periplasmic space (Spieck et al., 1998).

The genome of Ca. N. defluvii was screened for CDS with a predicted molecular mass resembling
the NxrA and NxrB of N. moscoviensis and similarity to known NO,/NOj;-binding molybdoenzymes,
such as the NXR of Nitrobacter or bacterial nitrate reductases (NARs). Two candidates were
identified for each NxrA and NxrB (Table S3). The genes are co-localized in two clusters (nxrA1B1
and nxrA2B2), which are separated by 17 other CDS from each other. The amino acid identities are
86.6% for the two NxrA and 100% for the two NxrB copies (the nxrB genes are identical except for a
synonymous single base substitution). NxrAl and NxrA2 contain binding motifs for one [Fe-S] cluster
and for molybdenum, which are indicative of the type Il group in the dimethyl sulfoxide (DMSO)
reductase family of Mo-co binding enzymes (SI Results and Fig. S2A, B). Five residues, which are
conserved in the a-subunits of NARs and in the NxrA of Nitrobacter and Nitrococcus, have been
proposed to interact with NO,/NO3 or to affect the conformation of the substrate entry channel
(Martinez-Espinosa et al., 2007). Except for one threonine, which is replaced by asparagine
(Fig. S2B), these residues are conserved in both NxrA copies of Ca. N. defluvii, suggesting that the o-
subunit contains the substrate-binding site. Consistent with the periplasmic orientation of NXR in
N. moscoviensis (Spieck et al., 1998), NxrAl and NxrA2 of Ca. N. defluvii contain an N-terminal
twin-arginine motif for export via the twin-arginine protein translocation (Tat) pathway.

Both NxrB copies of Ca. N. defluvii lack a predicted signal peptide, but may be co-translocated
with NxrA into the periplasm by a “hitchhiker” mechanism as proposed for the B-subunits of other
periplasmic Mo-co binding enzymes (e. g., McDevitt et al., 2002). Four cysteine-rich binding motifs
for [Fe-S] clusters, which occur also in NxrB of Nitrobacter and Nitrococcus, were identified
(Fig. S2C, D). Homologous [Fe-S] clusters mediate intramolecular electron transfer in nitrate
reductase A of E. coli (Blasco et al., 2001).

All NxrA and NxrB copies of Ca. N. defluvii lack transmembrane helices, although NXR is
membrane-associated in Nitrospira (Spieck et al., 1998). Theoretically, the a/p complex might cluster
with a membrane-bound terminal oxidase that receives electrons from NXR. However, other enzymes
in the DMSO reductase family contain an additional membrane-integral y-subunit, which is the
membrane anchor of the holoenzyme and channels electrons between the B-subunit and the electron
transport chain via one or two hemes (Rothery et al., 2008). Four proteins encoded by Ca. N. defluvii
could be heme-containing subunits of NXR (Table S3). Each has one transmembrane domain and an
N-terminal signal peptide for translocation via the Sec-pathway. The largest candidate (66.7 kDa) is a
c-type cytochrome with two predicted heme binding sites. The other three proteins are smaller (29.7 —
34.3 kDa) and remotely similar to the y-subunit of chlorate reductase, which contains one b-type heme
(Thorell et al., 2003). These genes are not in direct proximity of the nxrAB clusters, but the predicted

molecular masses of their products resemble the two uncharacterized major proteins from
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N. moscoviensis membrane extracts (62 and 29 kDa) (Spieck et al., 1998). Their biological functions
and the exact composition of NXR await experimental clarification.

The sequenced Nitrobacter genomes encode a peptidyl-prolyl cis-trans isomerase (NxrX)
proposed to assist in the folding of NXR (Starkenburg et al., 2006; Starkenburg et al., 2008b). Ca. N.
defluvii lacks a homolog of NxrX, but one CDS is similar to chaperones involved in the assembly of
other DMSO reductase-family enzymes (Thorell et al., 2003). It is located directly upstream of one
putative membrane-integral NXR subunit (Table S3) and could play a role in NXR maturation.

Based on biochemical (Spieck et al., 1998) and genomic data, for Nitrospira a membrane-bound
periplasmic NXR is proposed that consists of at least two subunits (Fig. 1). High-potential electrons
from NO," are probably transferred to cytochrome (cyt.) ¢ like in Nitrobacter (Sundermeyer-Klinger et
al., 1984), and then to a terminal cyt. ¢ oxidase (Fig. 1). In Nitrobacter, the terminal oxidase is of the
aa3-type (Starkenburg et al., 2008b). The lack of detectable cyt. a in Nitrospira cultures (Watson et
al., 1986; Ehrich et al., 1995) and of genes coding for a-type cytochromes in Ca. N. defluvii implies
that Nitrospira possess a different type of terminal oxidase. Intriguingly, the genome does not encode
any known heme-copper oxidase, which could transfer electrons from cyt. ¢ to O,. However, Ca.
N. defluvii has a heterodimeric cyt. bd quinol oxidase (genes cydA and cydB; Table S3) that could

N
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Figure 1. Schematic illustration of the genome-based model of energy metabolism in Ca. N. defluvii. Orange
arrows indicate electron flow in the oxidative branches of the electron transport chain, whereas green arrows
indicate reverse electron transport from NO, to NAD". Stippled black lines point out that the membrane-integral
subunit of NXR is uncertain. Stippled orange arrows show hypothetical possibilities for electron flow from NXR
to the putative cyt. c-oxidase. nH™ indicates that the number of translocated protons is unknown, because the
H'/e" ratio of the respective complexes has not been determined for Nitrospira. FRD, fumarate reductase; SDH,
succinate dehydrogenase. See main text for the definitions of other abbreviations, and refer to Table S3 for a list
of the involved proteins.
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receive electrons derived from low-potential donors, such as organic carbon, via the quinol pool
(Fig. 1). The genome contains four additional CDS that resemble the CydA subunit of cyt. bd
oxidases, but can be distinguished from the canonical proteins by phylogenetic analysis (Fig. S3A).
We refer to these uncharacterized proteins as putative “cyt. bd-like oxidases”. They contain 14
predicted transmembrane helices and several histidines that may serve as heme ligands (Fig. S3B).
Interestingly, one of these CDS (Nide0901) also contains a putative copper (Cug) binding site
(Fig. S3B). This motif is characteristic for the binuclear center of heme-copper cyt. ¢ oxidases and it is
thus tempting to speculate that Nide0901 could replace the lacking canonical heme-copper oxidases in
Nitrospira (Fig. 1). The proposed function of Nide0901 as terminal oxidase gains further support from
transcriptional analysis. High levels of nide0901 mRNA were detected in presence of the electron
donor NO, and the terminal electron acceptor O,, whereas the transcription of this gene decreased
markedly in absence of these substrates (Fig. S3D). An alternative to a membrane-bound terminal
oxidase would be a soluble cytoplasmic O, reductase, but this is not supported by the genomic data.
The genome-based model of energy metabolism in Ca. N. defluvii comprises a branched
respiratory chain for NO, oxidation, for the use of low-potential electron donors such as organic
substrates, and for reverse electron transport (Fig. 1). In addition, two copper-containing nitrite
reductases (NirK; Table S3) were identified. NirK forms NO from NO, in denitrifying organisms,
including other nitrifiers (e.g., Starkenburg et al., 2008a). Although denitrification by Ca. N. defluvii
has not been experimentally demonstrated, the nirK genes indicate that this organism may denitrify
NO,, for example by using organic substrates as electron donor. If NXR works reversibly in
Nitrospira, denitrification could also start from NO;". Other denitrification genes were not found. In
Nitrobacter, NO may function in reverse electron transport (Bock et al., 1991) and electron flux
regulation (Starkenburg et al., 2008a). It remains unclear whether NO plays similar physiological roles

in Nitrospira.

Expression of NXR. To test whether NO,™ induces the expression of NXR, RNA was extracted
from enrichment biomass during starvation in NO,-free medium and after addition of NO,’, and nxrB
MRNA was analyzed by reverse transcription (RT)-PCR. Interestingly, a low level of nxrB mRNA
was detected after starvation for 11 days in NO, -free medium (Fig. S2E). Addition of NO," led to an
increased transcription of nxrB, whereas the level of 16S rRNA from Ca. N. defluvii did not change
markedly (Fig. S2E). NxrB protein was detected even after starvation in NO,-free medium for
110 days, and its level increased markedly upon addition of NO,™ (Fig. S2E). These results support the
annotation of NXR. The constitutive expression of NXR should enable Ca. N. defluvii to use NO;,
whose concentration usually is low and fluctuates in natural habitats, immediately after this energy

source becomes available.
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Autotrophy. NOB of the genus Nitrobacter (Starkenburg et al., 2006) and, based on genomic
data, also Nitrococcus use the Calvin-Benson-Bassham (CBB) cycle for CO, fixation. The key
enzymes of this pathway are ribulose-1,5-bisphosphate carboxylase (RubisCO) and ribulose-5-
phosphate kinase. Nitrospira also grow chemolithoautotrophically on NO,” and CO, (Ehrich et al.,
1995; Spieck et al., 2006), but their pathway for CO, fixation was not identified previously. Ca.
N. defluvii encodes a form IV RubisCO-like protein (Fig. S4A) lacking functional key residues of
canonical RubisCO (Fig. S4B). In Bacillus subtilis, a form IV RubisCO-like protein has no bona fide
carboxylating activity (Ashida et al., 2003). The absence of other genes similar to RubisCO and of
ribulose-5-phosphate kinase suggests that the CBB cycle does not operate in Ca. N. defluvii. Instead,
all genes of the reductive tricarboxylic acid (rTCA) cycle are present, including the key enzymes ATP-
citrate lyase and 2-oxoglutarate:ferredoxin oxidoreductase (OGOR), and also pyruvate:ferredoxin
oxidoreductase (POR) (Table S3 and Sl Results).

Operation of the rTCA cycle in Ca. N. defluvii was confirmed by the small carbon isotopic
fractionation factor (¢) between biomass and CO, of 2-6%. (Table S2), typical for the rTCA cycle
(Quandt et al., 1977). Furthermore, the abundant (ca. 80% of all fatty acids) and characteristic straight-
chain fatty acid for Ca. N. defluvii, Cis1 ®5 (Spieck et al., 2006), was 3-6%o enriched relative to the
biomass, whereas isoprenoid lipids were ca. 4%o0 depleted (Table S2). This trend of more enriched
straight-chain lipids is unusual for almost all carbon fixation pathways except for the rTCA cycle (van
der Meer et al., 1998).

As POR and OGOR generally are O,-sensitive enzymes (Campbell et al., 2006), the rTCA cycle is
mainly found in anaerobic organisms, and its presence in an aerobic nitrifier seems surprising.
However, this pathway is functional in some microaerophilic autotrophs such as Hydrogenobacter
thermophilus (Shiba et al., 1985), and it was identified in Leptospirillum genomes (Levican et al.,
2008; Goltsman et al., 2009). H. thermophilus has two isozymes of OGOR, a two-subunit enzyme
needed under anoxic conditions and a more O,-tolerant novel five-subunit form, which mainly
supports aerobic growth (Yamamoto et al., 2006), and it also has an unusual five-subunit POR (lkeda
et al., 2006). Highly similar five-subunit OGOR and POR in Ca. N. defluvii (SI Results) and
Leptospirillum (Levican et al., 2008) may allow the rTCA cycle to function in these aerobic members
of the Nitrospirae phylum. Thus, on the basis of genomic and isotopic data, Nitrospira fix CO, via the

r'TCA cycle and represent the only nitrifier for which this pathway has been detected.

Use of Organic Substrates. Ca. N. defluvii and Nitrospira marina benefit from simple organic
compounds in nitrite media (Watson et al., 1986; Spieck et al., 2006), and uncultured Nitrospira in
sewage plants take up pyruvate (Daims et al., 2001). However, it is unknown whether Nitrospira use
organic substrates only as carbon sources or also for energy generation. Interestingly, the Ca.
N. defluvii genome encodes pathways for the catabolic degradation and for the assimilation of acetate,

pyruvate, and formate (Fig. S5, SI Results) and candidate genes were found for the degradation of
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branched amino acids. As the Embden-Meyerhof-Parnas pathway is complete, Ca. N. defluvii should
be able to metabolize hexose sugars. This is consistent with carbon being stored as glycogen (Sl
Results). Two of the three sequenced Nitrobacter genomes also contain the complete glycolysis
pathway (Starkenburg et al., 2008b), but growth of Nitrobacter on sugars has not been reported.
Whether Ca. N. defluvii can take up and use sugars should mainly depend on functional sugar
transport systems. The genome indeed contains putative sugar transporters (Table S1), but their
function remains to be determined.

The oxidative tricarboxylic acid (0TCA) cycle shares most enzymes with the rTCA cycle except of
citrate synthase and the 2-oxoglutarate dehydrogenase complex (ODH). Ca. N. defluvii encodes citrate
synthase but apparently lacks ODH, which may however be replaced by OGOR (Table S3 and Sl
Results). A complete 0TCA cycle was reported for Nitrobacter (Bock et al., 1991), indicating that this
pathway is not unusual in NOB.

Purely heterotrophic growth of Nitrospira has not been observed yet. However, if all potentially
involved genes are functional, Ca. N. defluvii benefits from a mixotrophic lifestyle using organic

compounds from sewage in addition to NO, and CO,.

Stress Response and Defense. Ca. N. defluvii is exposed to a plethora of potentially toxic
substances in sewage. Accordingly, the genome encodes multidrug efflux systems and transporters for
heavy metals, organic solvents, and antimicrobials (Table S1), and it contains genes for cyanate and
arsenic resistance (Table S3, SI Results). As shown previously (Maixner et al., 2008), Ca. N. defluvii
has a functional chlorite dismutase that could degrade CIO; in polluted environments, chlorinated
activated sludge, or in the proximity of chlorate-reducing microbes. Most intriguingly, Ca. N. defluvii
lacks key genes for protection from reactive oxygen species (ROS) present in most aerobic organisms.
No catalase, superoxide dismutase, and superoxide reductase was found. Two cyt. ¢ peroxidases and
several thioredoxin-dependent peroxiredoxins could function as H,0O, scavengers (S| Results,
Table S3). Protection from O, and also H,O, might be conferred by manganese [Mn(I1)] (Horsburgh
et al., 2002). Indeed, the required permease for Mn import was identified in the genome.
Bacterioferritin and carotenoids (Table S3) could also contribute to protection from radicals and ROS.
Moreover, the intracellular O, level could be kept low by the canonical cyt. bd oxidase. Homologs in
other organisms have a high affinity to O, and contribute to oxidative stress protection (Das et al.,
2005). Growth of Nitrospira in biofilms and flocs (e.g., Spieck et al., 2006) could offer additional
protection from ambient O,.

Ca. N. defluvii carries one region of clustered, regularly interspaced short palindromic repeats
(CRISPRs) and CRISPR-associated (cas) genes for phage defense (Barrangou et al., 2007). The
CRISPR repeats of Ca. N. defluvii show no sequence similarity to those of Leptospirillum groups Il
and 111, which also differ in their Cas proteins (Goltsman et al., 2009), suggesting that this defense

mechanism was independently acquired by different members of the Nitrospirae phylum.
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Ecophysiology and Evolutionary History of Nitrospira. The NXRs of Nitrobacter, Nitrococcus
and Nitrospira differ in their subcellular localization and phylogenetic position within the DMSO
reductase family. The NXRs of Nitrobacter and Nitrococcus are closely related to NARs. They are
associated with the cytoplasmic membrane and ICM with the active site facing the cytoplasm (Spieck
and Bock, 2005). The unique NXR of Nitrospira does not cluster with the NARs (Fig. 2). It is also
attached to the cytoplasmic membrane, but is oriented towards the periplasmic space (Spieck et al.,
1998; and this study). The periplasmic orientation should be energetically advantageous, because
proton release by NO, oxidation in the periplasm and concomitant proton consumption by O,
reduction in the cytoplasm contribute to the membrane potential (Fig. 1). Furthermore, only a
cytoplasmic NXR requires the transport of NO, and NO;™ in opposite directions across the inner
membrane. Accordingly, putative NO,/NOj" transporters are found in all sequenced Nitrobacter
genomes (Starkenburg et al., 2008b) and in Nitrococcus. Their substrate affinities and turnover rates
could be limiting factors for NO,™ oxidation by these NOB. This and the catalytic properties of NXR
could explain the relatively high apparent K,,(NO,") value of Nitrobacter (Schramm et al., 1999). In
contrast, the predicted NO, and NOs transporters of Ca. N. defluvii (Table S1) most likely play no
role in nitrite oxidation but are required only for nitrogen assimilation and resistance against excess
nitrite (SI Results).

Consistent with the predicted advantages of their periplasmic NXR, Nitrospira are better adapted
to low NO; concentrations (Schramm et al., 1999; Maixner et al., 2006), which also were key to the
selection against co-existing Nitrobacter during enrichment (Spieck et al., 2006). As NO, rarely
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Figure 2. Maximum likelihood tree showing the phylogenetic positioning of selected type Il enzymes of the
DMSO reductase family. For phylogenetic analysis of the catalytic (o) subunits, 1,308 amino acid positions were
considered. Names of validated enzymes are indicated (Nxr, nitrite oxidoreductase, printed bold; Nar,
membrane-bound respiratory nitrate reductase; Pcr, perchlorate reductase; Ebd, ethylbenzene dehydrogenase;
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accumulates in natural environments, the highly efficient use of this substrate most likely is a main
reason for the competitive success and wide natural distribution of Nitrospira.

The use of different key enzymes and pathways (e. g., CO, fixation) by Nitrospira in contrast to
the proteobacterial NOB Nitrobacter and Nitrococcus suggests that chemolithoautotrophic NOy
oxidation evolved independently in these lineages. Based on the close phylogenetic affiliation of
Nitrobacter and Nitrococcus to phototrophic Proteobacteria, which also possess ICM, Teske et al.
(Teske et al., 1994) hypothesized that these NOB were derived from phototrophic ancestors. Indeed, a
recently isolated anaerobic phototroph, which uses NO, as electron donor, is closely related to
Nitrococcus (Griffin et al.,, 2007). A cytoplasmically oriented NXR would probably be no
disadvantage for phototrophic NOB where the membrane potential is sustained mainly by light-driven
cyclic electron flow. The orientation of NXR may not easily be reversed, because it intimately affects
the interaction with downstream components of the electron transport chain. Hence, the conservation
of a cytoplasmic NXR during the transition from phototrophy to chemolithotrophy could explain the
orientation of NXR in Nitrobacter and Nitrococcus. In contrast and consistent with the absence of
ICM in Nitrospira, no phototrophic relative of Nitrospira is known and we hypothesize that the
capability to gain energy from NO, oxidation has evolved in this lineage from an anaerobic non-
phototrophic ancestor. An anaerobic or microaerophilic origin of Nitrospira would be consistent with
the rTCA cycle, the presence of the anaerobic cobalamin biosynthesis pathway (Table S3), and the
lack of classical defense mechanisms against ROS. Additional support for this hypothesis stems from
estimating genus divergence times within the Nitrospirae phylum by using 16S rRNA as molecular
clock (Sl Results). Extant Nitrospira are active at low dissolved O, levels in bioreactors and might still
prefer hypoxic conditions (Park and Noguera, 2008).

Intriguingly, comparative genomics revealed an unexpected evolutionary link between Nitrospira
and anammox organisms. For example, the closest homolog of the NXR of Ca. N. defluvii was found
in Ca. K. stuttgartiensis (Fig. 2). NO, oxidation is an integral step of the anammox metabolism where
it replenishes the electron transport system (Strous et al., 2006), and this NXR-like protein is the only
candidate for a NO, -oxidizing enzyme in the Kuenenia genome. Its a-subunit contains the signature
residues of NO,/NOj-binding molybdoenzymes (Martinez-Espinosa et al., 2007) (Fig. S2A, B). The
NXRs of Nitrospira and Kuenenia are highly similar (amino acid identities are 57.4 — 57.7% for the a-
and 62.5% for the B-subunits) and form a monophyletic lineage in the tree of type Il enzymes of the
DMSO reductase family (Fig. 2). In addition, both Ca. N. defluvii and Ca. K. stuttgartiensis have the
putative chaperone for NXR assembly in analogy to NxrX of Nitrobacter. Ca. K. stuttgartiensis also
has a putative cyt. bd-like oxidase, which is the closest relative of the four cyt. bd-like oxidases of Ca.
N. defluvii (Fig. S3A). Interestingly, its gene is located in close proximity to nxrA, nxrB, two putative
membrane subunits of NXR, and the chaperone in the Kuenenia genome (Fig. 3). The same region
contains a monoheme cyt. c-like protein and three proteins of unknown function, which also have

highly similar homologs in Ca. N. defluvii (Fig. 3). Thus, both organisms share a set of highly similar
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Figure 3. Schematic representation of the genomic regions in Ca. K. stuttgartiensis and Ca. N. defluvii, which
contain shared genes coding for NXR, putative cyt. bd-like oxidases and electron carriers, and proteins of
unknown function. Genes, which are connected by solid lines, have their closest homolog in either organism
based on protein phylogeny. The predicted functions of their products are printed bold. Genes connected by
stippled lines are similar in the two organisms, but are not the closest relatives in the respective phylogenetic
protein trees, which were calculated in the course of phylome analysis. Predicted CDS and connecting lines are
colored according to functional classes. CDS and intergenic regions are drawn to scale.

proteins that function in NO,™ oxidation and probably in electron transport and respiration, and these
genes are clustered as small metabolic island in the anammox genome. As anammox organisms are
planctomycetes and consequently not closely related to the Nitrospirae (Strous et al., 2006) these
observations are strongly indicative of horizontal gene transfer (HGT) that established NXR and the
other proteins in both lineages. Consistent with a fundamental importance of the transferred genes for
the basic metabolism of Nitrospira and anammox, this HGT apparently occurred early during the
evolution of these lineages as no remarkable deviation in GC content or codon usage of the respective
genes was observed in either organism.

To explore further the influence of vertical and HGT on the evolutionary history of Ca.
N. defluvii, we calculated phylogenies for each protein of Ca. N. defluvii and identified the organism
encoding the respective most closely related homolog (Fig. S6). Most remarkably, in this analysis Ca.
K. stuttgartiensis was the single organism that shared the highest number of closest homologs (71 hits)
with Ca. N. defluvii and thus exchanged, compared to all other organisms for which genome
sequences are available, most genes with Nitrospira via HGT. Surprisingly, the 71 hits even exceed
the numbers of best hits with members of the Nitrospirae phylum, namely Thermodesulfovibrio (67

hits) and different Leptospirillum strains (39 — 66 hits). These findings illustrate a surprisingly small
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set of closest related homologs in the Nitrospirae, most likely reflecting the dramatically different
ecological niches inhabited by the genera affiliated with this phylum.

Taken together, the metagenome sequence of Ca. N. defluvii revealed that this globally important
nitrite oxidizer differs fundamentally in its enzymatic repertoire (unusual NXR and putative novel
terminal oxidase) and metabolic pathways (rTCA for autotrophy) from all other known nitrifiers, but
strikingly exploits almost the same gene repertoire for NO,™ oxidation as the anammox organism Ca.
K. stuttgartiensis. The unique genomic features of Nitrospira already provided some well supported
hypotheses for its competitive success in most nitrifying ecosystems and suggested that Nitrospira are
well adapted to hypoxic environmental niches, where nitrite oxidation has rarely been studied until
now. From an applied perspective, the lack of common protection mechanisms against oxidative stress
in Nitrospira implies that a good aeration control is crucial for maintaining stable and active

populations of these organisms in engineered systems.

Materials and Methods

Genomic Sequencing and Annotation. Metagenome sequencing and the reconstruction of the
whole Ca. N. defluvii genome were carried out by Genoscope (SI Methods). The MaGe software
system (Vallenet et al., 2006) was used for the prediction, automatic annotation, and manual
annotation refinement of all CDS as described in SI Methods.

Phylogenetic Analyses. Amino acid sequences of type Il DMSO reductase-family enzymes, of
RubisCO and RubisCO-like proteins, and of cyt. bd and cyt. bd-like oxidases were aligned and
phylogenetic trees were computed by using ARB (Ludwig, 2004). For the calculation of phylogenetic
trees for each protein in the proteome, PhyloGenie (Frickey and Lupas, 2004) was utilized. For details,
see S| Methods.

Expression Analysis of NxrB and the Putative Terminal Cyt. ¢ Oxidase (Nide0901). Ca. N.
defluvii enrichment biomass was incubated in mineral media with or without NO,™ and, for Nide0901,
also under oxic or anoxic conditions as described in SI Methods. Following total RNA extraction,
16S rRNA of Nitrospira and nxrB or nide0901 transcripts were detected by RT- PCR (SI Methods).
Translation of NxrB was shown by Western blotting with a monoclonal antibody that binds to the
NxrB of Nitrospira (Spieck et al., 1998) (SI Methods).

Stable Carbon Isotopic Fractionation. The isotopic fraction of Ca. N. defluvii was measured
following methods published earlier (Schouten et al., 2004) (SI Methods).
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Front: 3D visualization of a bacterial community in nitrifying activated sludge. The cell clusters were stained by
fluorescence in situ hybridization and colored artificially by digital image processing. Nitrotoga-like organisms
are shown in white, AOB in cyan, all other bacteria in blue.
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Abstract

Over the last years numerous studies have shown members of the genus Nitrospira to be the most
important nitrite-oxidizing bacteria (NOB) in wastewater treatment plants (WWTPs). Recently, the
novel nitrite oxidizer “Candidatus Nitrotoga arctica” was identified in permafrost soil, and close
relatives have been enriched from wastewater. Still, little is known about their in situ distribution,
abundance, and spatial localization in natural and engineered systems. Therefore, we developed new
Nitrotoga-specific PCR primers and FISH probes and applied these to a range of activated sludge
samples from full-scale WWTPs. By using PCR, Nitrotoga could be detected in more than half of the
samples analyzed, whereas FISH revealed a high abundance of Nitrotoga only in some of the plants.
Surprisingly, while in most systems Nitrotoga coexisted with Nitrospira, they constituted the sole
detectable NOB in one WWTP. Quantification revealed that they accounted for nearly 2% of the total
bacterial community in this reactor, a number resembling the abundance of Nitrospira in other
wastewater treatment systems. Furthermore, statistical analysis of spatial distribution patterns in
activated sludge flocs revealed that Nitrotoga co-aggregated with ammonia oxidizers of the
Nitrosomonas oligotropha lineage, strongly suggesting that they indeed were responsible for nitrite
oxidation. Both temperature and nitrogen load appear to be environmental factors determining the
abundance and ecological success of Nitrotoga. In conclusion, we have demonstrated that Nitrotoga
are important nitrite oxidizers in full-scale WWTPs, often co-existing with Nitrospira but occasionally

representing the only known NOB population.
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Introduction

The anthropogenic release of large amounts of nitrogen has detrimental effects on the environment
such as the eutrophication of inland and coastal water bodies, leading to algal blooms and hypoxia
(Diaz and Rosenberg, 2008). As high concentrations of ammonia and nitrite are also toxic for many
organisms, their discharge into the environment must be regulated to protect ecosystems and drinking
water supplies (Camargo and Alonso, 2006; Conley et al., 2009). Besides agriculture, human sewage
is one of the largest sources of inorganic nitrogen, in particular ammonia. Prior to water discharge into
natural systems, tertiary treatment in wastewater treatment plants (WWTPs) achieves the elimination
of excess nitrogen by providing conditions for aerobic nitrification, the oxidation of ammonia to
nitrate, and anaerobic denitrification, the subsequent reduction of nitrate to gaseous dinitrogen.
Nitrification is a two-step process where ammonia-oxidizing bacteria (AOB) or archaea first oxidize
ammonia to nitrite, which then is further transformed to nitrate by nitrite-oxidizing bacteria (NOB).

Before cultivation-independent molecular methods became available, members of the
alphaproteobacterial genus Nitrobacter were thought to be mainly responsible for nitrite oxidation in
sewage treatment plants, because the isolation of these NOB from activated sludge was
straightforward (e.g., (Henze et al., 1997). This view changed radically when molecular tools revealed
that yet uncultured Nitrospira, but not Nitrobacter, are the key NOB in most engineered systems
(Juretschko et al., 1998; Schramm et al., 1998; Daims et al., 2001b). Since this discovery, research on
NOB in WWTPs has focused mainly on Nitrospira, which belong to a distinct bacterial phylum,
display a considerable phylogenetic diversity, and possess genetic and physiological features that
clearly distinguish them from other known NOB (Daims et al., 2001a; Gieseke et al., 2005; Maixner et
al., 2006; Foesel et al., 2008; Maixner et al., 2008; Lucker et al., 2010). However, novel nitrite
oxidizers are still being discovered (e.g., (Schott et al., 2010). Only recently, Alawi et al. (2007)
enriched a novel nitrite-oxidizing betaproteobacterium, “Candidatus Nitrotoga arctica” (Ca. N.
arctica), from permafrost soil. To date, little is known about the natural distribution and physiology of
Nitrotoga. The organism grows at relatively low temperatures between 4°C and 17°C and prefers
nitrite concentrations as low as 0.3 mM (Alawi et al., 2007), which is approximately one order of
magnitude below the nitrite concentrations usually applied to cultivate Nitrospira isolates (Lebedeva
et al., 2008) and even two orders below the concentrations used to grow Nitrobacter (Prosser, 1989).

Interestingly, the recently reported enrichment of Nitrotoga from a full-scale WWTP (Alawi et al.,
2009) raises the question of whether these novel NOB might be relevant for nitrite oxidation in
engineered systems. In this context the enrichments provide hints but no clear answer, because very
few Nitrotoga cells could already be sufficient as inoculum for a successful enrichment culture,
whereas their in situ numbers may be low and thus irrelevant for the nitrification process in the
system. In this study, we investigated whether Nitrotoga might be hitherto overlooked key nitrifiers in
full-scale sewage treatment systems. For this purpose, we applied the full-cycle rRNA approach

(Amann et al., 1995) and developed new Nitrotoga-specific PCR primers and oligonucleotide probes
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for fluorescence in situ hybridization (FISH) based on in-depth phylogenetic analyses of the new
candidate genus Nitrotoga. These new cultivation-independent molecular tools were then applied to
detect, visualize, and quantify Nitrotoga in nitrifying full-scale WWTPs and to investigate their spatial
distribution patterns relative to AOB within activated sludge flocs.

Material and Methods

Activated Sludge Sampling and Fixation. Activated sludge samples were obtained from full-
scale sequencing batch reactors (SBRs) (Irvine et al., 1989) operated with or without differential
internal cycling (DIC) (Holm, 2003), from conventional activated sludge basins, fixed bed reactors,
and a membrane filtration plant. The selected WWTPs were located in Germany and Switzerland and
treated municipal wastewater, which in some cases was mixed with industrial sewage or animal
rendering waste (Table 1).

For FISH analysis, activated sludge samples were fixed with paraformaldehyde according to
Daims et al. (2005). Fixed biomass was stored at -20°C. Unfixed samples for DNA extraction were
harvested by centrifugation (10 000 rpm, 10 min, 4°C) and stored at -20°C.

DNA Extraction, PCR, and Cloning of 16S rRNA Genes. Genomic DNA was extracted using
the PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc, Carlshad, CA, USA) according to the
manufacturer’s instructions. For the amplification of 16S rRNA genes, reaction mixtures with the
genus Nitrotoga-specific primer combination S-G-Ntoga-0122-a-S-19 (Ntogal22F, 5’-ATA TCG
GAA CGT ACC CGG A-3’) and S-G-Ntoga-1422-a-A-18 (Ntogal422R, 5°-GCT GCT TCT GGT
AGA ACC-3’) were prepared according the manufacturer’s recommendations in a total volume of
50 pl with 2 mM MgCl,, 0.5 puM of each primer, and 1.25 U of Taq polymerase (Fermentas, St. Leon-
Rot, Germany). PCR cycling consisted of an initial denaturation step at 94°C for 5 min, followed by
35 cycles of denaturation at 94°C for 30 s, annealing at 65°C for 30 s, and elongation at 72°C for 1
min 30 s, and was completed by a final elongation step at 72°C for 10 min. The presence and purity of
amplicons were confirmed by agarose gel electrophoresis. Cloning and sequencing of amplified 16S
rRNA genes were performed as described elsewhere (Juretschko et al., 1998). Cloned genes to be
sequenced were selected based on different restriction fragment length polymorphism (RFLP)
patterns. For RFLP, 5 pl of M13 PCR product were digested with 1 pl of the restriction enzyme Mspl
(Fermentas, St. Leon-Rot, Germany) and 1 pl of buffer Tango at 37°C for 3 h. Fragment patterns were

separated and visualized by gel electrophoresis using a 2.5% (w/v) agarose gel.

Phylogenetic Analysis. Recently deposited near full-length Nitrotoga-like 16S rRNA gene
sequences (>1450 nucleotides and >96% nucleic acid similarity to Ca. N. arctica, accession no.
DQ839562) not yet included in the SILVA 16S rRNA database release SSURef 96 (Pruesse et al.,
2007) were retrieved from the NCBI nucleotide collection by BLAST (Altschul et al., 1990). Chimeric
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sequences were identified using Pintail (Ashelford et al., 2005) and removed from the dataset. All
sequences were imported into the ARB software (Ludwig, 2004) and automatically aligned.
Alignments were manually refined. Phylogenetic analyses were performed in ARB using neighbor-
joining, maximum-parsimony and maximum-likelihood methods with a 50% conservation filter for the
family Gallionellaceae, which resulted in 1473 informative positions. Only near full-length sequences
(>1320 nucleotides) were included in tree calculations. A consensus tree was constructed with branch
lengths adopted from a maximum likelihood (AXML) tree. Bootstrap values were estimated using the
neighbor-joining and maximum-likelihood algorithms with 1000 iterations. The candidate genus
Nitrotoga was defined to include all sequences with similarities >98% to Ca. N. arctica, which also
grouped stably in all treeing methods applied. The exact phylogenetic position of sequences with
similarities between 95% and 98% to Ca. N. arctica could not be assigned unambiguously, and thus

such sequences were excluded from our definition of the candidate genus Nitrotoga.

Probe and Primer Design. FISH probes and PCR primers were designed and evaluated using the
ARB probe design function and the updated SILVA SSURef 96 database. Optimal hybridization
conditions for newly developed probes were determined as described previously (Daims et al., 1999).
To determine optimal PCR conditions for the new Nitrotoga-targeting primer pair, temperature
gradient PCR was performed. Probes used for FISH were 5’-labeled with the dyes 5(6)-
Carboxyfluorescein-N-hydroxysuccinimide ester (FLUOS), Cy3, or Cy5. Labeled probes, unlabeled
competitors, and PCR primers were ordered from Thermo Scientific (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). All FISH probes used in this study, along with probe details, are listed in
Table 2.

FISH, Microscopy, and Digital Image Analysis. Aliquots of PFA-fixed biomass were spotted
onto microscope slides and FISH was performed as specified elsewhere (Daims et al., 2005).
Hybridized samples were embedded in Citifluor AF1 (Citifluor Ltd., Leicester, UK) prior to
microscopic observation. Probe-conferred fluorescence was recorded on a LSM 510 confocal laser
scanning microscope (CLSM, Carl Zeiss AG, Oberkochen, Germany) equipped with one argon ion
(450 to 514 nm) and two helium neon lasers (543 and 633 nm) for the detection of FLUQOS, Cy3, and
Cy5, respectively. For determining probe dissociation profiles (Daims et al., 1999), highly enriched
Ca. N. arctica biomass was hybridized to the respective probe (Table 2) and 10 images per formamide
concentration were recorded for subsequent image analysis. For quantifying relative biovolume
fractions (Schmid et al., 2000; Daims and Wagner, 2007), the activated sludge samples were
hybridized to probe FGall221b and the EUB338 probe mix, and 40 images of each probe signal were
taken at random spatial positions. For analyzing spatial distribution patterns of Nitrotoga-like bacteria

within activated sludge flocs (Daims et al., 2006), cells were stained by probes FGall221b,
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Cluster6al92, and Bet42a, and 30 images of these probe signals were recorded at random positions.

All digital image analysis tasks were carried out by using the software daime (Daims et al., 2006).

Table 1. Characteristics of the analyzed wastewater treatment plants

Type of treated Detection of Nitrospira | Temp Influent Effluent Sampling
WWT Nitrotoga®® mg/1]° mg/I]°
i REEEI ol sewage E sublineage® | . [°C]° [mg/1] [mg/t] date (2007)
PCR | FISH NH,* | NHs" | NO; | NOs
Altmannstein | SBR municipal - + 1+11 7 54.7 9.18 | 0.48 | 0.72 | March 24
municipal,
Ampfing SBR slaughter, and - - 1l 13 nd 0.1 0.04 | 3.24 |March 26
dairy waste
Bad DIC-SBR municipal and + + - 16 60 | 025 | 015 | 65 |May23
Zwischenahn industrial
Bruchmuhlen | DIC-SBR municipal + + | 15 36 0.53 | 0.09 | 453 |May22
Deuz DIC-SBR municipal + + 1+11 13 nd 0.33 | 0.09 | 346 |May21
municipal and
Hettstedt DIC-SBR external + - 1+ 11 15 56 1235 | 0.24 3 May 24
activated sludge
Huntlosen DIC-SBR municipal - - 1+ 11 17 68 0.13 | 0.03 2.2 |May23
Ingolstadt | SBR activated sludge | - 411 27 | 8% | 03 | <01 | 204 |May09
drainage
single-stage
Kraftisried activated animal rendering + - 1+ 11 7 3975 | 353 6.2 17.4 |January 29
sludge basin
Langenzenn |SBR municipal + + - 9 2125 | 7.96 | 0.42 3.1 |March14
fixed bed -
Lyss (ARA) reactor municipal - - | 12 20 1 0.1 18 |January 29
membrane . .
Lyss (GZM) filtration plant animal rendering + - 1+ 11 30 700 <1 <0.5 14 | January 29
Oberding fixed bed animal rendering + - 1+ 11 26 450 <1 <0.5 4 |January 29
reactor
two-stage
Plattling activated animal rendering | nd - 1+ 11 30 750 1 <0.5 3 |January 29
sludge basin
Radeburg DIC-SBR municipal nd + | 14 nd 0 0.05 3.3 |May24
Rosenheim SBR municipal - - 1+11 36 970 nd nd nd |May 30
Seefeld SBR municipal + - | nd 8.32 1.59 nd 1.73 | March 28
Spenge DIC-SBR municipal + + | 14 24 <0.2 | 0.05 | 1.38 |May22
Waldsassen | SBR municipal and + + [ 9 185 | <0.1 | nd | 3.45 |March27
industrial
Weisstal DIC-SBR municipal - - 1+ 11 nd nd 0 0.02 44 |May?21

 +, Nitrotoga detectable; -, no Nitrotoga detected.
® nd, not determined.
©1, Nitrospira sublineage | detected by FISH; II, Nitrospira sublineage 11 detected by FISH; -, no Nitrospira detected.
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Chapter I11

Results and discussion

Phylogeny of the Candidate Genus Nitrotoga. Ca. N. arctica (Alawi et al., 2007) represents the
new candidate genus Nitrotoga, which comprises the only known nitrite oxidizers affiliated with the
family Gallionellaceae (Skerman et al., 1980) of the order Gallionellales (Weiss et al., 2007), and the
only known NOB in the Betaproteobacteria. Besides Nitrotoga, the Gallionellaceae comprise two
genera of iron-oxidizing organisms, Gallionella (Henrici and Johnson, 1935; Garrity et al., 2005) and
Sideroxydans (Weiss et al., 2007), some of which have the potential to couple Fe(ll)-oxidation to
nitrate reduction (Bl6the and Roden, 2009).

According to 16S rRNA phylogeny, the candidate genus Nitrotoga contains several organisms
derived from a diverse range of habitats (Figure 1). Nitrotoga-like sequences were detected in soil
(Alawi et al., 2007; Sattin et al., 2009), different wastewater treatment systems (Kong et al., 2007,

Alawi et al., 2009; Maestre et al., 2009), river biofilm, sediment, and water samples (Brimmer et al.,
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Figure 1. Phylogenetic analysis showing the affiliation of the candidate genus Nitrotoga to selected members of
the family Gallionellaceae. Shown is a consensus tree based on neighbor-joining, maximum-likelihood, and
maximum-parsimony calculations including all nearly full-length 16S rRNA gene sequences related to Ca. N.
arctica. Branch lengths were estimated by the AxML algorithm. Neighbor-joining and maximum-likelihood
bootstrap values >70% and >90% are indicated by empty and half-filled diamonds, respectively. All bootstrap
values are based on 1000 iterations. Sequences obtained in this study are printed in bold. The candidate genus
Nitrotoga is indicated by a gray box. Target groups and group coverage of newly designed FISH probes (Table
2) are designated by braces. Sequences not targeted by the respective probe due to mismatches in the probe-
binding region are indicated by dashed lines interrupting the respective brace. The scale bar corresponds to 5%
estimated sequence divergence.
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2003), acid-impacted lake water (Percent et al., 2008), cave-derived water and mat samples (Chen et
al., 2009), and in Yellow Sea intertidal beach seawater (Chun et al., unpublished) (Figure 1). The
exact phylogenetic affiliation of additional environmental 16S rRNA gene sequences, which have
similarities of 95.8 to 97.9% to Ca. N. arctica, could not be resolved and these organisms might
represent a yet unexplored diversity within the Gallionellaceae. The apparently wide distribution of
Nitrotoga-like organisms indicates that these putative novel NOB contribute to nitrification in a great
variety of habitat types. However, their in situ function in these systems as well as their competitive

success compared to other NOB such as Nitrospira and Nitrobacter remains to be elucidated.

Probe Design and Evaluation. FISH probes for the specific in situ detection of Nitrotoga-like
bacteria (Table 2) were designed according to the “multiple probe approach” (Ludwig et al., 1998),
ensuring the unambiguous identification of Nitrotoga cells by phylogenetically nested probes. The
new oligonucleotide probe set hierarchically targets the candidate genus Nitrotoga and all members of
the family Gallionellaceae at different phylogenetic levels (Figure 1). Probes Ntogal22 and
Ntogal424 were designed to target the candidate genus only, whereas probe Ntoga438 also includes
some sequences of uncertain affiliation, which have a high sequence similarity (95.8 to 97.9%) to Ca.
N. arctica. Probe FGall178 and the FGall221a+b probe mixture target all known members of the
family Gallionellaceae.

When tested on highly enriched Ca. N. arctica biomass, all probes except Ntogal424 yielded
fluorescence signals of high intensities, irrespective of the dye used for probe labeling. Hybridization
to probe Ntogald24 resulted in weak signal intensities only. In silico evaluation indicated a high
specificity of all probes, with only one (FGalll78), two (FGall221la+b and Ntoga438), three
(Ntogal22), and five (Ntogal424) non-target organisms having the respective perfect-match probe
binding site. Some non-target Betaproteobacteria contained only one base mismatch in the probe
target regions and the probes should therefore be used together with the respective unlabeled
competitor oligonucleotides as listed in Table 2. To ensure the unambiguous identification of
Nitrotoga in the activated sludge samples, hierarchically nested probes were always applied
simultaneously and were combined with probe Bet42a or the EUB probe mix detecting the

Betaproteobacteria or the domain Bacteria, respectively.

Occurrence of Nitrotoga-like NOB in WWTPs. Utilizing the new genus Nitrotoga-specific
primers, 18 WWTPs were screened by PCR for the presence of Nitrotoga-like bacteria. These plants
(Table 1) included SBRs, DIC-SBRs, and different conventional activated sludge systems. PCR
amplicons of the expected length were obtained for 12 samples. This indicated that the novel
Nitrotoga-like NOB were present in most of the screened WWTPs, which represented different types
of reactors and operational strategies (Table 1). The nine positively tested SBRs received municipal

sewage mixed with different amounts of industrial wastewaters, whereas the other three systems
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treated animal rendering waste. In one additional SBR sample Nitrotoga was detected by FISH but not
by PCR (see below). To rule out failure of PCR due to, for example, the presence of inhibitory
substances in the template DNA extract, the PCR was repeated using general bacterial 16S rRNA
gene-targeted primers (data not shown). Since this resulted in amplicons of the expected size, failure
to detect Nitrotoga in this sample may indicate incomplete coverage of the genus by the new PCR
primers. Indeed, the reverse primer Ntogal422R has one base mismatch to sequences derived from a
biotrickling filter (accession no. FM174362) and from WWTP effluent (accession no. EU234184),
which are phylogenetically affiliated with the candidate genus Nitrotoga (Figure 1).

From one of the PCR-positive SBR samples, the WWTP Bad Zwischenahn, a Nitrotoga-specific
16S rRNA clone library was established. Of the 32 randomly chosen clones, 27 contained an insert of
the expected size, whereas the other five vectors were insert negative. These were subjected to RFLP
analysis, which revealed four different restriction patterns. Sequencing of one to three clones per
RFLP pattern resulted in eight nearly full-length (1322 bp) 16S rRNA gene sequences. Phylogenetic
analyses revealed that all of these sequences grouped within the candidate genus Nitrotoga,
confirming primer specificity. Although all clones shared high sequence similarities >99%, they
formed several sub-clusters within the candidate genus (Figure 1). These sub-clusters might reflect an
unexpected microdiversity of closely related and co-existing Nitrotoga or the presence of multiple rrn
operons in Nitrotoga genomes. Alternatively, the observed sequence differences could be artifacts
introduced by PCR or sequencing errors.

FISH revealed the presence of Nitrotoga-like organisms in six of the 18 WWTPs screened by
PCR, as well as in two additional SBRs, one of which was screened but did not yield a PCR amplicon
(Table 1). In these samples, the cells grew in dense clusters of heterogeneous shape located within the
sludge flocs (Figure 2). The cells in these aggregates were irregularly shaped rods or cocci, resembling
the morphologies described for Ca. N. arctica (Alawi et al., 2007). All cells stained by the family
Gallionellaceae-specific probes were also detected by the genus Nitrotoga-targeted oligonucleotides,
indicating that (i) the genus-specific probes designed in this study detected all Nitrotoga-like
organisms in the sludge samples, and (ii) no other known members of the Gallionellaceae were
present. All cells stained by the new probes were also detected by probe Betd42a, confirming the
affiliation of these organisms to the Betaproteobacteria and further supporting the specificity of the
new probe set.

Although PCR detected Nitrotoga-like bacteria in some plants operated at elevated temperatures,
all WWTPs that harbored Nitrotoga in sufficiently high quantities for detection by FISH (10%-10* cells
per ml) were operated at lower temperatures between 7 and 16°C (Table 1). This observation is fully
consistent with the optimal temperature range for the growth of enriched Nitrotoga cultures (Alawi et
al., 2009). Hence, temperature seems to be one major factor affecting the growth of Nitrotoga-like
NOB in full-scale WWTPs.
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Figure 2. In situ detection of Nitrotoga-like bacteria in activated sludge by FISH. (A) Confocal micrograph of
Nitrotoga cell aggregates stained by probes FGall221b (red), FGall178 (green), and EUB338mix (blue).
Nitrotoga appear white due to overlay of all probe signals. (B) Nitrotoga detected by probes FGall221b (red) and
EUB338mix (blue) at high magnification. (C and D) Simultaneous detection of Nitrotoga and AOB cell clusters.
(C) Confocal micrograph of cell aggregates hybridized to probes FGall221 (red), Cluster6al192 (blue) and
Bet42a (green). Nitrotoga appear in yellow, AOB in cyan. (D) Aggregates detected by probes FGall221 (red)
and Cluster6a192 (blue) at high magnification. Note the close vicinity of Nitrotoga and the AOB, reflecting their
mutualistic symbiotic relationship. The scale bar in all micrographs equals 5 pm.

Positive PCR results could not be confirmed by FISH for three of the SBRs and for three animal
rendering plants (Table 1). In these samples, the cellular ribosome content of Nitrotoga could have
been below the detection limit of the applied FISH protocol (1400 ribosomes per cell) (Hoshino et al.,
2008) due to a low metabolic activity. PCR might also have amplified DNA derived from dead cells or
naked DNA in these samples. Finally, considering that PCR is approximately tenfold more sensitive
than FISH (Amann et al., 1995), the abundance of Nitrotoga might have been too low for FISH
detection in these activated sludges. Such low cell densities of Nitrotoga would imply that these NOB
were not functionally important and probably were allochthonous organisms unable to establish large
stable populations in these WWTPs. Interestingly, four of these six plants treated animal rendering
waste or activated sludge drainage water containing high loads of ammonia (Table 1). Thus, the NOB
living in these plants might be confronted with locally and/or temporarily high concentrations of nitrite
resulting from ammonia oxidation. For example, in another sequencing batch biofilm reactor also
receiving high ammonia loads, peak nitrite concentrations were above 3.5 mM during the operational
cycles (Daims et al., 2001b). Previous research demonstrated that Nitrotoga-like NOB enriched from
activated sludge thrived at much lower nitrite concentrations (0.3 mM) (Alawi et al., 2009), and the

tolerance limit of Ca. N. arctica was found to be at 1.2 mM of nitrite (Alawi et al., 2007). Three of the
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four plants, which received high ammonia loads and lacked high amounts of Nitrotoga, were operated
at high temperatures, but the temperature in one plant (Kraftisried) was as low as 7°C (Table 1).
Hence, both temperature and substrate concentration appear to be selective factors, with high nitrogen
loads suppressing Nitrotoga despite a permissive temperature. Future research should confirm this
hypothesis and elucidate whether additional parameters, such as sewage composition or inhibitory
compounds, can select for or against Nitrotoga-like NOB in WWTPs.

Quantification of Nitrotoga-like Bacteria in Activated Sludge. In most of the analyzed WWTPs,
Nitrotoga-like bacteria coexisted with NOB of the genus Nitrospira (Table 1). In the samples from the
WWTPs Langenzenn and Bad Zwischenahn, however, no known NOB except Nitrotoga was detected.
Whereas the sludge from Langenzenn contained only few Nitrotoga cell clusters, the activated sludge
from Bad Zwischenahn harbored large amounts of Nitrotoga. Quantification by image analysis
revealed that in this plant the Nitrotoga population constituted approximately 2% of the total bacterial
biovolume. As this number resembles the abundance of Nitrospira in other full-scale WWTPs
(Juretschko et al., 1998; Egli et al., 2003; Hall et al., 2003), the abundance of Nitrotoga should be
sufficient for maintaining nitrite oxidation in the WWTP Bad Zwischenahn.

Spatial Co-Localization of Nitrotoga-like NOB with AOB. NOB and AOB are partners in a
mutualistic symbiosis (Stein and Arp, 1998) where AOB oxidize ammonia to nitrite, which then serves
as substrate for NOB. Nitrite consumption by NOB also prevents the accumulation of nitrite that
would otherwise be toxic to AOB. Therefore, the two functional groups are strongly interdependent
and, accordingly, for Nitrospira a close spatial co-aggregation with AOB has been observed in
nitrifying sludge and biofilm samples (Juretschko et al., 1998; Okabe et al., 1999; Schramm et al.,
1999; Maixner et al., 2006). The spatial arrangement patterns of microbial populations in complex
environmental samples can be analyzed by a combination of FISH, image analysis, and spatial
statistics (Daims et al., 2006). This quantitative approach confirmed the co-localization of Nitrospira
and AOB in WWTPs (Daims et al., 2006) but also revealed surprisingly complex co-aggregation
patterns for different Nitrospira and AOB (Maixner et al., 2006).

To test whether Nitrotoga-like bacteria also co-localize with AOB, their spatial distribution
patterns in activated sludge were analyzed by the aforementioned method. In the sludge sample from
Bad Zwischenahn, all known AOB were detected by probe Cluster6a192, indicating their affiliation
with the Nitrosomonas oligotropha lineage. Visual observation already indicated that most Nitrotoga-
like cell clusters occurred in close vicinity of AOB within the sludge flocs, sometimes even growing
around the AOB cell aggregates (Figure 2). Quantitative analysis confirmed a pronounced co-
aggregation of AOB and Nitrotoga-like bacteria at distances below 50 um between the cell clusters
(Figure 3). The degree of clustering was highest at distances between 2 and 40 um with two local

maxima, one at 12 and the more pronounced one at 26 um. These two distinct peaks might reflect the

64



Nitrotoga-like bacteria are novel key NOB in WWTPs
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Figure 3. Statistical analyses of the spatial arrangement of Nitrotoga-like bacteria in the activated sludge sample
from the Bad Zwischenahn SBR relative to (A) AOB, (B) all other Betaproteobacteria excluding AOB, and (C)
all other Betaproteobacteria including AOB. Black circles depict the mean pair cross-correlation function, and
the upper and lower lines delimit 95% confidence intervals. Values >1 indicate co-aggregation, values <1
repulsion, and values =1 (dashed horizontal line) random distribution at the corresponding distance (Daims et
al., 2006).

micro-diversity observed in the clone library and indicate the presence of at least two Nitrotoga
subpopulations, which grow at different distances from the AOB. A similar spatial distribution pattern
relative to AOB has been observed for NOB of the genus Nitrospira sublineage I and Il, which have
different nitrite concentration optima and thus occurred at different distances to the source of nitrite,
the AOB (Maixner et al., 2006).

Activated sludge is flocculated, and the observed co-aggregation of Nitrotoga and AOB could
theoretically be due to floc structure and size instead of a true biological interaction of these
organisms. To verify this, the spatial distribution pattern of Nitrotoga relative to all non-nitrifying
Betaproteobacteria was also recorded. Prior to this analysis, the Nitrotoga and AOB probe signals
(both groups are Betaproteobacteria) were digitally subtracted from the Bet42a probe signal. This
resulted in images containing only betaproteobacterial cells which did not belong to any known
nitrifying population and were not expected to have any specific functional link to Nitrotoga.
Subsequently, the spatial arrangement of Nitrotoga relative to these non-nitrifying Betaproteobacteria
was quantified. This test resulted in pair cross-correlation values close to one over the whole range of
analyzed distances (Figure 3), indicating the absence of co-aggregation but random distribution of

Nitrotoga and non-nitrifying Betaproteobacteria in the flocs. When only the Nitrotoga probe signal
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was subtracted from the Bet42a signal, the presence of AOB within the remaining Bet42a-defined
population led again to the detection of co-aggregation at distances between 6 and 50 um (Figure 3).

At distances beyond 50 um, the values of the pair cross-correlation function were around and
below one. This indicates that Nitrotoga did not frequently occur without AOB in their close vicinity,
but low pair cross-correlation values at large distances could also be due to the limited floc size of the
sludge (Daims et al., 2006).

Altogether, these data confirm that Nitrotoga-like NOB specifically co-aggregated with AOB
within short distances between the cell clusters of these populations, strongly supporting our

assumption that Nitrotoga functioned as nitrite oxidizers in the full-scale WWTP Bad Zwischenahn.

Conclusions

The development and application of specific FISH probes and PCR primers revealed a high
frequency of bacteria related to Ca. N. arctica in a surprisingly large number of activated sludge
samples. In one exemplary WWTP, the high abundance of these novel NOB and their co-aggregation
with AOB, along with the absence of all other known nitrite oxidizers, strongly suggest that Nitrotoga
were the key organisms responsible for nitrite oxidation. Environmental factors determining the
abundance and ecological success of Nitrotoga in WWTPs appear to be both temperature and nitrogen
load, but this and the possible influence of other parameters remains to be investigated in detail.

This study demonstrates that the recently discovered Nitrotoga are important nitrite oxidizers in
full-scale engineered systems, where they often co-exist with Nitrospira but occasionally represent the
only known NOB populations. Thus, Nitrotoga should be included in studies of nitrification in
WWTPs in addition to Nitrospira and Nitrobacter, and the new Nitrotoga-specific PCR primers and
FISH probes are the tools needed to detect, visualize and quantify these NOB in situ. Clearly,
encompassing insight into the microbiology of nitrification will require further research on Nitrotoga,
reaching from environmental distribution surveys to functional, genomic, and post-genomic analyses.
Especially in the context of wastewater treatment, future work should address the yet unknown
ecophysiological traits of Nitrotoga, their competition and co-existence with other NOB, their
sensitivity or resilience to disturbances during reactor operation, and their implications for the still

frequently encountered problems and failures of the nitrification process.
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Summary

Summary

The anthropogenic release of large amounts of inorganic nitrogen has detrimental effects on the
environment, leading to the eutrophication of inland and coastal water bodies. Moreover,
particularly ammonia and nitrite are toxic for most organisms at high concentrations. Within the
biogeochemical nitrogen cycle, these water-soluble nitrogen compounds are transformed via a
range of intermediates and finally released as harmless dinitrogen gas. This process of nitrogen
elimination can be divided in two main parts. During aerobic nitrification ammonium is oxidized to
nitrate, which consecutively is reduced to dinitrogen by anaerobic denitrification. The two-step
process of nitrification is performed exclusively by microorganisms. First, ammonia-oxidizing
archaea and bacteria convert ammonia to nitrite. The end-product nitrite is released and serves as
substrate for nitrite-oxidizing bacteria (NOB), the second functional group involved in nitrification.
NOB are highly specialized organisms that grow chemolithoautotrophically with nitrite as energy
and CO, as sole carbon source. Among the five phylogenetic groups known to contain NOB, the
members of the alphaproteobacterial genus Nitrobacter still are the best studied representatives
since they are least resilient to cultivation. Consequentially, a relatively large amount of
information about the physiology and genomics of Nitrobacter is available. Adversely, the advance
of molecular techniques revealed that members of the genus Nitrospira constitute the dominant
NOB in most habitats. Despite their obvious ecological and biotechnological importance, however,
knowledge about Nitrospira ecophysiology and genomics still is scarce, primarily due to the

resistance of these fastidious organisms to grow in pure culture.

To overcome this limitation, the complete genome sequence of “Candidatus Nitrospira
defluvii” was reconstructed using a metagenomic approach. The genome analysis presented in the
first part of this thesis revealed fundamental differences of Ca. N. defluvii to the other known NOB
in the key enzymes for nitrification, the composition of the respiratory chain, and the pathway for
autotrophic carbon fixation. These surprising findings suggest that chemolithoautotrophic nitrite
oxidation evolved independently and multiple times in these organisms. Adaptation of Ca. N.
defluvii to limited substrate concentrations is mediated by a periplasmic, constitutively expressed
nitrite oxidoreductase system. Further, pathways for transport, oxidation, and assimilation of
simple organic carbon sources allow for a mixotrophic lifestyle. The presence of the reverse
tricarboxylic acid cycle for CO, fixation and the absence of most classical oxygen defense
mechanisms indicate a microaerophilic or anaerobic ancestor of the genus Nitrospira.
Unexpectedly, whole-genome phylogenomic analysis discovered an evolutionary link of the
Nitrospira nitrite-oxidizing system to anaerobic ammonium-oxidizing Planctomycetes, reflecting

an unexpected evolutionary link of two key processes of the nitrogen cycle.
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Numerous studies over the last decades have demonstrated Nitrospira to be the dominant nitrite
oxidizer in wastewater treatment plants (WWTPs). Recently, “Candidatus Nitrotoga arctica” was
described and close relatives have been enriched from activated sludge. However, little is known
about the in situ distribution, abundance, and spatial localization of these novel NOB. Therefore, in
the second part of this thesis new Nitrotoga-specific PCR primers and FISH probes were developed
and a range of WWTPs was screened in order to explore the importance of these NOB for
engineered systems. Surprisingly, Ca. N. arctica-like bacteria were detected in approximately half
of the samples analyzed and even constituted the sole known NOB in some plants. For one of
these, gquantification revealed a high abundance of Nitrotoga resembling counts of Nitrospira in
other wastewater treatment systems. Furthermore, a statistically significant spatial co-aggregation
with ammonia-oxidizing bacteria of the Nitrosomonas oligotropha lineage lends additional support
to the proposed function as novel, previously overlooked NOB in full-scale WWTPs. Both
temperature and nitrogen load appear to be environmental factors determining the abundance and

ecological success of Nitrotoga.
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Zusammenfassung

Die anthropogene Freisetzung groRer Mengen anorganischen Stickstoffes hat fatale
Auswirkungen fur die Umwelt, da sie Eutrophierung inlandischer und kiistennaher Gewésser
verursacht. Des Weiteren sind besonders Ammoniak und Nitrit in hohen Konzentrationen giftig fur
fast alle Lebensformen. Im Rahmen des biogeochemischen Stickstoffkreislaufes werden diese
wasserloslichen Stickstoffverbindungen uber eine Reihe von Intermediaten umgesetzt und zu guter
Letzt als harmloser Distickstoff ausgestoBen. Dieser Prozess der Stickstoffeliminierung kann in
zwei Reaktionsabldufe unterteilt werden. Zun&chst wird in der aeroben Nitrifikation der Ammoniak
zu Nitrit oxidiert, welches im Folgenden durch die anaerobe Denitrifikation zu Distickstoff
reduziert wird. Die zwei an der Nitrifikation beteiligten Reaktionen werden dabei ausschlieflich
von Mikroorganismen Kkatalysiert. Als erstes wandeln ammoniakoxidierende Archaeen und
Bakterien den Ammoniak zu Nitrit um. Das Endprodukt Nitrit wird freigesetzt und dient der
zweiten in die Nitrifikation involvierten funktionellen Gruppe, den nitritoxidierenden Bakterien
(NOB) als Substrat. NOB stellen Spezialisten dar, die chemolithoautotroph mit Nitrit als Energie-
und CO; als einziger Kohlenstoffquelle wachsen. Von den funf phylogenetischen Gruppen, welche
NOB enthalten, sind die Mitglieder des alphaproteobakteriellen Genus Nitrobacter mit Abstand die
am besten erforschten Vertreter dieser funktionellen Gilde, da sie relativ gut in Reinkultur zu
bringen sind. Daher ist fir diese Organismen verhdltnismaRig viel Information Uber ihre
Physiologie und ihr genomisches Potential verfiigbar. Dennoch wurde durch die Entwicklung und
den Einsatz moderner molekularer Methoden deutlich, dass es Mitglieder des Genus Nitrospira
sind, die in den meisten Habitaten die dominanten NOB darstellen. Doch trotz dieser eindeutigen
okologischen und biotechnologischen Schlisselrolle ist unser Wissen tiber die Okophysiologie
sowie das genomische Potential von Nitrospira immer noch gering, vor allem da sich diese extrem

anspruchsvollen Bakterien sehr resistent dagegen zeigen, in Reinkultur zu wachsen.

Um diese unzufriedenstellende Situation zu verbessern wurde von ,,Candidatus Nitrospira
defluvii“ die vollstdindige Genomsequenz mittels eines metagenomischen Ansatzes rekonstruiert.
Die im ersten Teil dieser Arbeit prasentierte Analyse dieses Genoms zeigte fundamentale
Unterschiede zwischen Ca. N. defluvii und allen anderen bekannten NOB in den Genen der
Nitritoxidation, Atmungskette und autotrophen Kohlenstofffixierung auf. Diese unerwartete
Erkenntnis deutet auf eine voneinander unabhdngige, mehrfache Entstehung der
chemolithoautotrophen Nitritoxidation in diesen Mikroorganismen hin. AuRerdem erlauben
Transport-, Abbau- und Assimilierungssysteme fiir einfache organische Kohlenstoffquellen
Nitrospira eine mixotrophe Lebensweise. Die Anwesenheit des reduktiven Tricarbonsaurezyklus
fur die CO,-Fixierung sowie das Fehlen typischer Sauerstoffstress-Resistenzmechanismen deuten
auf eine Abstammung von mikroaerophilen oder anaeroben Vorfahren hin. Phylogenomische

Analysen deckten ferner eine Verwandtschaft des Nitritoxidationssystems von Nitrospira mit
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denen anaerober ammoniumoxidierender Planctomyceten auf, welche auf eine unerwartete

evolutive Verbindung dieser zwei Schliisselprozesse des Stickstoffkreislaufs hinweist.

Zahlreiche Studien in den letzten Jahrzehnten konnten demonstrieren, dass Nitrospira der
dominante Nitritoxidierer in Abwasserkldranlagen ist. Vor kurzen wurde nun ,,Candidatus
Nitrotoga arctica®“ beschrieben und es gelang, einen nah verwandten Organismus aus Abwasser
anzureichern. Bislang ist jedoch wenig Uber diese neuen NOB hinsichtlich Verbreitung, Abundanz
und Wachstumsweise sowie Uber ihre Bedeutung flr technische Anwendungen bekannt. Aus
diesem Grund wurden im zweiten Teil dieser Arbeit neue Nitrotoga-spezifische PCR Primer und
FISH Sonden entwickelt und zur Untersuchung von Proben unterschiedlicher Klaranlagen
eingesetzt. Das Ergebnis zeigte erstaunlicherweise, dass Nitrotoga-ahnliche Bakterien in ungeféahr
der Hélfte der analysierten Anlagen vorhanden sind und in einigen sogar die einzig bekannten NOB
darstellen. Eine Quantifizierung von Nitrotoga in einer Probe deckte Mengenverhaltnisse auf,
welche denen von Nitrospira in anderen Abwasserreinigungssystemen entspricht. lhre Rolle als
neue, bislang in Kldranlagen tbersehene NOB wird zusétzlich durch eine statistisch signifikante
raumliche Koaggregation mit ammoniakoxidierenden Bakterien aus der Nitrosomonas oligotropha-
Linie bekréftigt. Sowohl Temperatur als auch Stickstoffbelastung des Abwassers scheinen Faktoren

zu sein, welche die Abundanz und den 6kologischen Erfolg von Nitrotoga bestimmen.
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fluorescence in situ hybridization with a genus Nitrospira-specific probe and colored artificially by digital image
processing.



Supplementary Information

A Nitrospira metagenome illuminates the physiology and evolution of globally important

nitrite-oxidizing bacteria

d

Sebastian Liicker®, Michael Wagner®, Frank Maixner**, Eric Pelletier™®®, Hanna Koch®, Benoit

b,cd

Vacherie®, Thomas Rattef®, Jaap S. Sinninghe Damsté", Eva Spieck?, Denis Le Paslier™®®, and Holger

Daims*?

2Department of Microbial Ecology, Ecology Centre, University of Vienna, Althanstrasse 14, 1090 Vienna, Austria;
®Commissariat & I'Energie Atomique, Genoscope, 91000 Evry, France; ‘Centre National de la recherche Scientifique,
UMR8030, 91000 Evry, France; dUniversité d'Evry-Val-d'Essonne, 91000 Evry, France; *Department for Computational
Systems Biology, Ecology Centre, University of Vienna, Althanstrasse 14, 1090 Vienna, Austria; ‘Department of Marine
Organic Biogeochemistry, Royal Netherlands Institute for Sea Research, P.O. Box 59, 1790 AB Den Burg, The Netherlands;
9University of Hamburg, Biozentrum Klein Flottbek, Mikrobiologie und Biotechnologie, Ohnhorststr. 18, 22609 Hamburg,
Germany

'Present address: Institute for M ummies and the Iceman, EURAC research, Viale Druso 1, 39100 Bolzano, Italy

2Towhom correspondence should be addressed.

Supplementary Information
S| Results

S| Methods

Figure S1 — S6

Table S1 —S3

Published in:
Proceedings of the National Acade my of Sciences of the United States of America (2010),
Vol. 107 (30), p.13479 — 13484

Www.pnas.org/cgi/doi/10.1073/pnas.1003860107

79



Appendix

S| Results

[Fe-S] and Molybdenum Ligands in NxrA. Both nitrite oxidoreductase (NXR) o subunits of Ca.
N. defluvii (NxrAl and NxrA2) contain, close to the N-terminus, one cysteine-rich [Fe-S] binding
motif (C-X;-D-X;3-C-X36-C) (Fig. S2A). This motif resembles the consensus [Fe-S] binding motif
(H/C-X3-C-X;3-C-X,-C) of the type Il group in the dimethyl sulfoxide (DMSO) reductase family of
molybdopterin-binding enzymes (Trieber et al., 1996; McDeuvitt et al., 2002). In Ca. N. defluvii the
second cystein residue of the consensus motif is replaced by aspartate, which can also function as [Fe-
S] ligand as shown for a ferredoxin of Pyrococcus furiosus (Calzolai et al., 1995). This aspartate
residue also occurs in the phylogenetically closely related NXR-like proteins of Ca. K. stuttgartiensis,
Hydrogenobaculum, and Beggiatoa (Fig. S2A). Based on these data, we propose a new consensus [Fe-
S] binding motif (H/C-X;-D/C-X;-C-X,-C) for the type Il group in the dimethyl sulfoxide (DMSO)
reductase family. A highly conserved aspartate residue, which functions as molybdenum ligand in
nitrate reductase A (subunit NarG) of E. coli and most likely also in the other type Il DMSO
reductase-family enzymes (Jormakka et al., 2004), is present in both NxrA copies of Ca. N. defluvii
(Asp278 in NxrA1l) (Fig. S2B).

Key Enzymes of the Reductive (rTCA) and Oxidative (0TCA) Tricarboxylic Acid Cycles.
Key enzymes for CO, fixation via the rTCA cycle are oxoglutarate:ferredoxin oxidoreductase
(OGOR), pyruvate:ferredoxin oxidoreductase (POR), fumarate reductase (FRD), and ATP-citrate
lyase (ACL). OGOR and POR usually consist of 1 — 4 distinct subunits (Blamey and Adams, 1993;
Ikeda et al., 2006). The Ca. N. defluvii genome contains three gene clusters encoding 2-
oxoacid:ferredoxin oxidoreductases that could have POR or OGOR activity. One cluster consists of
the a-, B-, and fused y/d-subunits of a putative four-subunit POR, which is similar to homologs in
Pelobacter, Desulfotalea (both Deltaproteobacteria) and Ca. K. stuttgartiensis (Planctomycetes).
Alternatively, these three CDS might represent a 2-oxoisova lerate:ferredoxin oxidoreductase, which
could function in the degradation of branched-chain amino acids. Each of the other two gene clusters
consists of five CDS, which are highly similar to five-subunit forms of POR and OGOR found
recently in members of the phylum Aquificae, such as Aquifex aeolicus and Hydrogenobacter
thermophilus (Yun etal., 2002; Ikeda et al., 2006), and also in Leptospirillum (Goltsman et al., 2009).
One of these clusters in Ca. N. defluvii is slightly more similar to OGOR, whereas the other cluster is
more likely to be POR (Table S3), suggesting that both enzymes are present in Nitrospira.

Four CDS in the Ca. N. defluvii genome code for subunits of FRD or the highly similar
counterpart of this enzyme in the oTCA cycle, succinate dehydrogenase (SDH) (Table S3). Two of
these CDS are homologous to the highly conserved fumarate- or succinate-binding flavoprotein
subunit FrdA/SdhA, one is homologous to the iron-sulfur subunit FrdB/SdhB, and one is similar to
subunit FrdE/SdhE. To date, five types (A — E) of FRD/SDH are known that differ in their subunit
composition and distribution among bacteria, archaea and eukaryotes (Lancaster, 2002). Subunit A is
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too conserved for a classification of these types, but FrdB/SdhB and FrdE/SdhE of Ca. N. defluvii
resemble the respective components of the four-subunit type E enzymes. This type was described in
archaea such as Sulfolobus spp. and Acidianus ambivalens, but occurs also in various bacteria (Lemos
et al., 2002). No homolog of the fourth subunit (named SdhF in type E enzymes) was found in Ca. N.
defluvii, indicating that Nitrospira has a non-canonical form of FRD/SDH that is similar to the type E
enzymes known from other organisms. A unique type E-like FRD/SDH exists also in Leptospirillum,
but it seems to lack a homolog of FrdE/SAhE (Levican et al., 2008). The type E SDH of A. ambivalens
is reversible and catalyzes both the oxidation of succinate and the reduction of fumarate (Gomes et al.,
1999). If the type E-like enzyme of Ca. N. defluvii also operates in either direction, it could function
in the rTCA and the oTCA cycle. As two CDS encode FrdA/SdhA-like subunits, it is tempting to
speculate that in Ca. N. defluvii the substrate specificity and catalytic properties of the holoenzyme
depend on the respective version of subunit A.

Although both Leptospirillum and Ca. N. defluvii belong to the phylum Nitrospirae and fix CO,
via the rTCA cycle, they differ in one critical step of this pathway, which is the cleavage of citrate to
acetyl-CoA and oxaloacetate. Ca. N. defluvii employs ACL and encodes both subunits of ACL at one
aclBA locus in close proximity to the five-subunit OGOR gene cluster. In contrast, Leptospirillum
lacks ACL but uses two enzymes, citryl-CoA synthetase and citryl-CoA lyase, for cleaving citrate
(Levican et al., 2008).

In the oTCA cycle, the 2-oxoglutarate dehydrogenase complex (ODH) irreversibly catalyzes the
oxidative decarboxylation of 2-oxoglutarate to succinyl-CoA and CO,. Ca. N. defluvii possesses three
gene clusters coding for the E1 and E2 components, and two genes encoding the E3 component of 2-
oxoacid dehydrogenase complexes (Table S3). These CDS most likely represent two copies of
pyruvate dehydrogenase and one 2-oxoisovalerate dehydrogenase, but probably not ODH. Despite the
apparent lack of ODH, the oTCA cycle may operate if ODH is replaced by OGOR, which is present in
Ca. N. defluvii (see above). In contrast to ODH, OGOR catalyses a reversible reaction and thus can
function in both the rTCA and oTCA cycles. For example, in Helicobacter pylori, which also lacks
ODH, a four-subunit form of OGOR functionally replaces ODH in the oTCA cycle (Hughes et al.,
1998; Tsugawa et al., 2008). Further studies are needed to clarify whether the complete oTCA cycle is
functional in Nitrospira and how the reductive and oxidative versions of the pathway are regulated in
vivo and under different growth conditions.

Use of Organic Substrates. In a previous study, FISH combined with microautoradiography
showed that Nitrospira from a sewage treatment plant used pyruvate, but not acetate, as organic
carbon source (Daims et al., 2001). Consistent with these results, no canonical acetate permease was
identified in the genome of Ca. N. defluvii. However, the genome encodes a putative member of the
GPR1/YaaH protein family (Nide1910). In yeast, one protein from this family has been identified as a
candidate acetate transporter (Paiva et al., 2004). If the remote homolog in Ca. N. defluvii indeed
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facilitates acetate uptake, acetate can be metabolized by activation to acetyl-CoA in the acetyl-CoA
synthetase reaction and subsequent carboxylation to pyruvate, which is catalyzed by POR. As
pyruvate is a precursor for sugar biosynthesis via gluconeogenesis, carbon from exogenous acetate or
pyruvate can be stored in glycogen deposits within Ca. N. defluvii cells.

The genome encodes a soluble formate dehydrogenase for the oxidation of formate to CO, with
NAD" as electron acceptor, suggesting that Ca. N. defluvii can use formate as substrate. In addition, a
cluster of six CDS seems to code for a six-subunit, membrane-bound [NiFe]-hydrogenase that might
be part of a formate hydrogenlyase complex (Table S3). However, the function of this putative
hydrogenase remains unclear. It lacks the amino acid signatures of all known [NiFe]-hydrogenase
groups (Vignais and Billoud, 2007) and the cysteine ligands of the [NiFe] center, suggesting that this
enzyme does not have hydrogenase activity or belongs to a unique class of hydrogenases.
Interestingly, a highly similar enzyme found in the genome of Ca. K. stuttgartiensis has the cysteine
ligands and the signature of group 4 membrane-associated, energy-converting and H, evolving
hydrogenases (Vignais and Billoud, 2007).

Uptake, Secretion, and Storage. About 5-6% of the Ca. N. defluvii genome consists of genes
involved in transport and secretion, which comprise diverse transporter families (Table S1).
Transporters for various organic nutrients (Fig. S5) support the notion that Ca. N. defluvii is not
confined to pure autotrophy. Ca. N. defluvii has uptake systems for PO,*, NHs/NH,", and NO,
(Table S1). The predicted NO;/NO, antiporter (Nide1382) could alternatively function as H*/NO,
antiporter and thus be important for resistance against elevated cytoplasmic nitrite concentrations
(Rowe et al., 1994). A gene coding for polyphosphate kinase was identified, which is consistent with
observed polyphosphate granules in N. moscoviensis cells (Ehrich et al., 1995). The genome encodes a
ferredoxin-nitrite reductase for the reduction of NO, to NH,", indicating that NO, also serves as
nitrogen source for biosyntheses. Carbon is stored in glycogen as suggested by genes for the complete
gluconeogenesis pathway, glycogen synthase, glycogen phosphorylase, and two putative glycogen
debranching enzymes (Table S3). Indeed, glycogen deposits have been observed by electron
microscopy in Nitrospira cells (Watson et al., 1986).

The genome encodes complete type | and VI protein secretion systems, and the Sec and Tat
systems for protein transport to the inner membrane and periplasmic space. A number of proteins were
identified that are conserved in gram-negative bacteria and function in type Il protein secretion or
type 1V pilus assembly.

Ca. N. defluvii has a high demand for iron needed in key components of the respiratory chain
including NXR, which contains several [Fe-S] clusters and is constitutively expressed. A region
consisting of 38 CDS (77.5 kbp) is dedicated to the synthesis of siderophores and the import of iron. It
includes genes of five non-ribosomal peptide synthetases, a polyketide synthase, a class Il

aminotransferase, a type 11 thioesterase, and a putative cyclic peptide transporter (Table S3). Recently,

82



Supplementary Information

a gene cluster of similar composition was shown to be involved in siderophore production in the
cyanobacterium Anabaena PCC 7120 (Jeanjean et al., 2008). In Ca. N. defluvii, this region also
contains genes for the ferric citrate sensor FecR, the iron uptake regulators Fecl and Fur, and TonB-
dependent uptake systems for Fe*", ferric dicitrate, and ferrichrome-type siderophores (Table S3). An
additional putative Fe*" transporter of the ATP binding cassette (ABC) type | family is encoded at a
different locus. At another location of the Ca. N. defluvii genome, two adjacent genes encode two
highly similar (52.9%) subunits of a bacterioferritin that most likely functions in the intracellular
storage of iron, but may also play roles in iron and oxygen detoxification (Carrondo, 2003). A third
ferritin-like CDS was identified, which is not in proximity to these two bacterioferritin genes, and a
CDS that is remotely similar to a small [2Fe-2S] ferredoxin (BFD) of E. coli (Table S3). BFD is
thought to be involved in iron-dependent gene regulation and in the release of iron from
bacterioferritin (Quail et al., 1996).

Consistent with molybdenum being another cofactor of NXR, an ABC type | transporter for
molybdate was also identified.

Stress Response and Defense. Ca. N. defluvii possesses a cyanase for cyanate detoxification, and
a genomic locus with several genes for arsenic resistance, including an arsenite efflux transporter
(ArsB), arsenate reductase (ArsC), the arsenic resistance operon regulator ArsR, and a putative
arsenite S-adenosylmethyltransferase. Interestingly, this genomic region also encodes both subunits of
arsenite oxidase (AOX), a member of the DMSO reductase family of molybdenum proteins. AOX
could function in arsenite detoxification or enable Ca. N. defluvii to use arsenite as electron donor.

The annotation of several beta-lactamase-like CDS is consistent with the previously observed
resistance of enriched Ca. N. defluvii to moderate concentrations of ampicillin (Spieck et al., 2006),
whereas two putative tetracycline efflux transporters are contrary to the observed tetracycline
sensitivity of Ca. N. defluvii (Spieck et al., 2006).

The thioredoxin-dependent peroxiredoxins, which may be involved in H,O, protection in Ca. N.
defluvii, include glutathione peroxidase, thiol peroxidase, and a putative alkylhydroperoxidase
(Table S3). Thioredoxin reductase, which is important for the regeneration of reduced thioredoxin as
prerequisite for H,O, detoxification by peroxiredoxins, was also identified in the genome.

Evolutionary History of Nitrospira. Additional support for our hypothesis that Nitrospira
evolved from anaerobic or microaerophilic ancestors stems from estimating genus divergence times
within the Nitrospirae phylum by using 16S rRNA as molecular clock. We are aware of the limitations
of this approach (Kuo and Ochman, 2009), but noticed an interesting correlation of the predicted
emergence time of the genus Nitrospira and geochemical data. By analyzing the current sequence
dataset, we found a minimal 16S rRNA similarity of 83.4% within the genus Nitrospira, which is

considered to contain exclusively NO, -oxidizing bacteria. Based on an estimated rate of 16S rRNA
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divergence of 1% per 50 million years (Myr) (Ochman and Wilson, 1987), the radiation of Nitrospira
took place approximately during the past 830 Myr. The 16S rRNA similarity between the Nitrospira
and Leptospirillum lineages ranges from 75.8 to 82.8% based on current datasets. Almost identical
values (75.8 — 82.6%) were determined for Nitrospira and Thermodesulfovibrio. Taking these values
we estimate that the three lineages shared a common ancestor about 870 — 1,210 Myr ago.
Geochemical data indicate that a significant increase of the atmospheric and oceanic O, levels began
in the late Proterozoic about 850 Myr ago, whereas Earth was only mildly oxygenated in the preceding
10° years (Holland, 2006). Thus, ancient members of the phylum Nitrospirae most likely existed under
conditions favoring an anaerobic or microaerophilic lifestyle. The sharp increase in O, must have
resulted in new ecological niches for those chemolithotrophs that also evolved a sufficient O,
tolerance. We assume that this environmental change gave rise to the lineages Nitrospira and
Leptospirillum and led to their separation from the still anaerobic Thermodesulfovibrio lineage. It is
interesting to note that the minimal 16S rRNA similarity among all known anammox lineages (83.6%)
indicates that ancestral anammox bacteria and Nitrospira might have lived in the same era (about
830 Myr ago).
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S| Methods

Genome Sequencing and Annotation. The same DNA extraction protocol was used for all
genomic libraries. Biomass from the Ca. N. defluvii enrichment was harvested by centrifugation, and
DNA was extracted from the biomass pellet in agarose plugs as described in (Strous et al., 2006).
Shotgun randomly sheared DNA libraries were constructed using a fosmid vector (pCC1FOS™,
Epicentre Biotechnologies) and low or high copy plasmids [pCNS (3 kb insert) and pCDNA2.1 (6 kb
insert), respectively]. Terminal clone end sequences were determined using BigDye terminator
chemistry and capillary DNA sequencers (model 3730XL, Applied Biosystems) according to standard
protocols established at Genoscope. A total of 99,899 Sanger reads (12,565 fosmid ends, 65,702
pCDNAZ2.1, and 21,632 pCNS plasmid ends) were assembled using Phrap (version 0.960731;
http//www.phrap.org) and produced 39 contigs organized into one scaffold. Gap closure and manual
finishing was carried out by (a) transposon mutagenesis of two regions and (b) PCR amplification and
sequencing of specific targeted regions. The complete genome sequence of Ca. N. defluvii contains
51,095 Sanger reads, achieving an average of 8.2 fold sequence coverage per base. Only 374
additional Sanger reads were needed during the finishing step. Genome assembly robustness was
validated by fosmid coverage coherence (relative orientation and fosmid insert size of about 3,000
fosmids).

The automated analysis pipeline of the MaGe software system (Vallenet et al., 2006) was used for
the prediction and annotation of CDS. CDS were predicted using the software AMIGene (Bocs et al.,
2003) and then submitted to automatic functional annotation (Vallenet et al., 2006). Subsequently, the
annotation of the entire genome was refined manually based on the comprehensive set of data
collected automatically for each CDS in the relational database “NitrospiraScope”
(https //www.genoscope.cns.friagc/mage/wwwpkgdb/MageHome/index.php). CDS were assigned to
functional categories according to the MultiFun (Serres and Riley, 2000) and TIGRFAM (Haft et al.,
2001) functional role catalogues. Proteins with an amino acid identity >35% (over at least 80% of the
sequence lengths) to characterized proteins in the SwissProt or TTEMBL databases were annotated as
homologous to proteins with a known function. Especially in ambiguous cases, information on
orthologous relationships retrieved from the COG database, protein signatures collected from the
InterPro database, and enzyme profile data provided by PRIAM and HAMAP were used for a tentative
functional assignment of annotated genes. CDS with an amino acid identity >25% (over at least 80%
of the sequence lengths) to characterized proteins or signatures in the aforementioned databases were
annotated as putative homologs of the respective database entries. The relatively low thresholds of
35% and 25% sequence identity were chosen to account for the large phylogenetic distance between
Ca. N. defluvii and most other genome-sequenced microorganisms. CDS with an amino acid identity
>25% (over at least 80% of the sequence lengths) to uncharacterized proteins were annotated as
conserved proteins of unknown function. In the absence of any significant database hit, CDS were

annotated as proteins of unknown function and, in the case of uncertain CDS prediction, as doubtful
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CDS. Finally, CDS with an amino acid identity >25% to any database entry over less than 50% of the
length of the longer sequence were annotated as modular proteins or protein fragments, respectively.
The genomic context of CDS and the functions of flanking genes, as predicted either in Ca. N. defluvii
or in reference genomes from the PKGDB and NCBI RefSeq databases, were considered during CDS
annotation based on the synteny information and visualization that is provided by the MaGe software.
Metabolic pathways were reconstructed with help of the KEGG (Kanehisa and Goto, 2000) and
MetaCyc (Caspi et al., 2006) pathway tools implemented in MaGe. The 63 COGs, which are present
in all genomes in the current COG database (50 bacterial, 13 archaeal, 3 eukaryotic genomes), were
identified by using the software EPPS (Reichard and Kaufmann, 2003) via the online interface
(http://web.dmz.uni-wh.de/projects/protein_chemistry/epps/index.php).

Phyloge netic Analyses. Amino acid sequence databases of type Il DMSO reductase-family Mo-co
binding enzymes, of forms I-1V RubisCO and RubisCO-like proteins, and of cyt. bd and cyt. bd-like
oxidases were established using the software ARB (Ludwig, 2004). Multiple protein sequence
alignments were created automatically by Clustalw?2 (Larkin et al., 2007) and MUSCLE (Edgar,
2004) and were manually refined by using the sequence editor included in the ARB software.
Phylogenetic analyses of these proteins were performed by applying distance-matrix, maximum-
parsimony and maximum-like lihood methods: neighbour-joining (with 1,000 bootstrap iterations using
the Dayhoff PAM 001 matrix as amino acid substitution model and the implementation in the ARB
software package), protein parsimony (PHYLIP version 3.66 with 100 or 1,000 bootstrap iterations)
and protein maximum likelihood [PHYLIP version 3.66, PhyML (Guindon and Gascuel, 2003), and
TREE-PUZZLE (Schmidt et al., 2002) with the Dayhoff PAM 001, Whelan-Goldman, or the JTT
substitution model and 1,000 bootstrap iterations using PhyML]. If applicable, N-terminal signal
peptide sequences were excluded from the analyses and manually created indel filters were used. To
determine the minimal 16S rRNA sequence similarities within the Nitrospirae phylum and among the
anammox organisms, pairwise similarity matrices were generated, by using ARB, from all high-
guality Nitrospira (n=206), Leptospirillum (n=203), Thermodesulfovibrio (n=28), and anammox
planctomycete (n=140) sequences in the SILVA 100 16S rRNA database (released in August 2009)
(Pruesse et al., 2007). High-quality sequences were longer than 1,399 nucleotides, had a Pintail
(Ashelford et al., 2005) score greater than 79, and fell into the monophyletic lineages formed by each
of the aforementioned groups. For sequence similarity calculations, the alignment positions 9 — 1,507
(E. coli numbering) were considered. The similarity matrices were exported to spreadsheet software
(Microsoft Excel) and the minimal values were extracted for each phylogenetic lineage.

For the calculation of phylogenetic trees for each protein in the proteome, the fully automated
software PhyloGenie (Frickey and Lupas, 2004) was utilized. The reference database for PhyloGenie
was generated from the non-redundant protein database NCBI nr (Sayers et al., 2010), in which taxon

names were edited to remove characters that control the structure of tree files in the Newick format.
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The NCBI taxonomy database name file was adapted in a similar manner. The PhyloGenie software
was executed for each query protein using default parameters with the following modification: -
blammerparams=-taxid f. For the BLAST (Altschul et al., 1990) calculations in PhyloGenie, NCBI
BLAST (version 2.2.19) was used. Protein phylogenies were calculated based on full or partial
automatic alignments produced by the BLAMMER program included in PhyloGenie. All trees were
post-processed by an in-house script, which sorted all operational taxonomic units according to their

distances in the tree to the query protein.

Incubation of Ca. N. defluvii for Expression Analyses of NxrB. Ca. N. defluvii enrichment
biomass was starved for 11 (for mRNA analysis) or 110 (for protein analysis) days in mineral medium
(Spieck et al., 2006) lacking any energy source. After removing a biomass aliquot for later analysis,
300 M NO, was added to the medium and the remaining biomass was further incubated for 3
(mRNA analysis) or 8 (protein analysis) days. Biomass from all samples was harvested by
centrifugation and stored at -80°C until further processing.

Quantification of Ca. N. defluvii Cells in the Enrichment. For the immunological detection of
NxrB, total protein had to be extracted from similar numbers of starved or NO,-oxidizing Ca. N.
defluvii cells to ensure that the results were comparable between these treatments. For this purpose,
the large cell clusters formed by Ca. N. defluvii were disintegrated by bead-beating of biomass with a
Fastprep Bead-beater (BIO 101) at level 4 for 5 sec. Subsequently, the biomass was harvested by
centrifugation (10,000 g, 20 min) and the pellet was re-suspended in 1x phosphate-buffered saline
(PBS). As confirmed by fluorescence in situ hybridization (FISH) with a Nitrospira-specific probe
(Daims et al., 2001), this treatment resulted in a cell suspension containing mainly planktonic
Nitrospira cells and only few, small cell clusters. An aliquot of this suspension was stored at 4°C for
protein extraction. The remaining cell suspension was used for determining the Nitrospira cell density
by quantitative FISH. It was diluted, paraformaldehyde-fixed according to (Daims et al., 2005), and
defined volumes were filtered onto polycarbonate filters (pore size 0.2 um; diameter 47 mm; type
GTTP; Millipore, USA). The filters were washed two times in 1x PBS and double-distilled water, air
dried, and stored at -20°C. FISH of the Ca. N. defluvii cells on the filters was performed according to
(Glockner et al., 1996) with the Nitrospira-specific 16S rRNA-targeted probes Ntspal431 (Maixner et
al., 2006), Ntspa662, and Ntspa712 (Daims et al., 2001), which were 5’-labelled with Cy3 and applied
simultaneously to increase the signal to background ratio. Following FISH, 28 images of each filtered
cell suspension were recorded using a confocal laser scanning microscope (LSM 510 Meta, Zeiss,
Germany), and the average Nitrospira cell number per image was determined by visual counting of the
probe-labeled cells in each image. The Nitrospira cell density in the original (undiluted) cell
suspension was then calculated from the average number of cells per image, the known area of one

image in um’ as reported by the Zeiss imaging software, the known area of the polycarbonate filter,
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the volume of filtered cell suspension, the dilution factor, and a correction factor. The correction factor
was introduced to account for the possible loss of cells from the filters during FISH. To determine this
factor, filter pieces containing biomass were embedded, before or after FISH, in a mixture of the
antifadent Citiflour (Citifluor, United Kingdom) with a 1:500 diluted Sybr Green Il solution
(Cambrex, USA) for fluorescent staining of the total bacterial biomass. Subsequently, 17 images of the
stained total biomass were recorded (by confocal microscopy) per filter piece. This was done
separately with filter pieces that had been embedded before or after FISH. The median area (in pixels)
of the biomass in each set of images was measured by using the image analysis software DAIME
(Daims et al., 2006). The ratio of the median biomass areas before and after FISH informed on the
extent of cell loss during FISH and was the aforementioned correction factor for the calculation of cell
density.

Transcriptional Analysis of nxrB. Total RNA was extracted from starved or NO,-oxidizing Ca.
N. defluvii enrichment biomass by using TRIzol (Invitrogen, USA) according to the protocol
recommended by the manufacturer and with the modifications described by Hatzenpichler et al.
(Hatzenpichler et al., 2008). After DNA digestion using DNase (Fermentas, Germany), reverse
transcription of 3 pg total RNA from each treatment was carried out by using the RevertAID first
strand cDNA synthesis kit (Fermentas, Germany) according to the manufacturer’s instructions. The
primers Ntspall58R (Maixner et al., 2006), specific for the 16S rRNA gene of the genus Nitrospira,
and nxrBR1237 (GTA GAT CGG CTC TTC GAC CTQG) targeting both nxrB genes were used for
cDNA synthesis. For cDNA amplification, reaction mixtures with the primer combinations
907F/Ntspall58R (Lane et al., 1985; Maixner et al., 2006) for the 16S rRNA gene and nxrBF916
(GAG CAG GTG GCG CTC CCG C)/nxrBR1237 for the nxrB genes, respectively, were prepared
according the manufacturer’s recommendations in a total volume of 50 ul with 2 mM MgCl, and
1.25 U of Taq polymerase (Fermentas, Germany). For both primer combinations, thermal cycling
comprised initial denaturation at 95°C for 4 min followed by 40 cycles of denaturation at 95°C for
40 sec, annealing at 58°C for 40 sec, and elongation at 72°C for 60 sec. Cycling was completed by a

final elongation step at 72°C for 10 min.

Translational Analysis of NxrB. Defined volumes of starved or NO,-oxidizing Ca. N. defluvii
cell suspensions were centrifuged (10,000g; 20 min) to harvest the biomass. Based on the results of
quantitative FISH (see above), these aliquots contained approximately the same numbers of Nitrospira
cells in all experiments. The cell pellet was resuspended in 5x lysis buffer [7 M urea, 2 M thiourea,
20 mg/ml amberlite, 4% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate,
40 mM TRIS, 2% (v/v) IPGbuffer, 0.2% (w/v) bromphenol blue, 1% (w/v) dithiothreitol, 10% (w/v)
glycerol], heated for 3 min at 90°C, and the crude extract was loaded onto a SDS PAGE gel (12.5%
polyacrylamide) with a molecular weight marker (PageRuler Prestained Protein Ladder #SMO0671,
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Fermentas, Germany). All subsequent steps of the immunological detection of NxrB by Western
blotting were performed as described for chlorite dismutase in (Maixner et al., 2008) with the
following modifications. The polyvinylidene fluoride (PVDF) membrane was incubated for 30 min
with the NxrB-specific monoclonal antibody Hyb 153.3 (Aamand et al., 1996), which had been diluted
1:1,000 in TBS buffer (20 mM TRIS, 150 mM NaCl, pH 7.5) containing 0.1% (v/v) Tween 20. The
secondary antibody (peroxidase-conjugated goat antimouse I1gG; dianova, Germany) was diluted
1:5,000 in TBS-Tween buffer. Crude cell extract from E. coli BL21 (DE3) expressing recombinant

NxrB was used as positive control in the Western blot experiments.

Cloning and Heterologous Expression of NxrB. The two identical nxrB genes of Ca. N. defluvii
were PCR-amplified by using the High Fidelity PCR enzyme mix (Fermentas, Germany) according to
the protocol recommended by the manufacturer. Instead of extracted genomic DNA, 2 ul of precooked
Ca. N. defluvii enrichment biomass was added directly to the PCR reaction mix. The applied nxrB-
specific primers were the forward primer NXRV2 (CGA GCG CAT ATG CCA GAA GTC TAT AAC
TGG), which contains an Ndel restriction site upstream of the NxrB start codon, and the reverse
primer NXRR (TTA CGA GAA TTC CCC AGC CAG TTC ACG CGC TC), which contains a 5’-
EcoRI restriction site. Thermal cycling comprised an initial denaturation step at 94°C for 5 min
followed by 35 cycles of denaturation at 94°C for 30 sec, annealing at 56°C for 40 sec, and elongation
at 68°C for 90 sec. Cycling was completed by a final elongation step at 68°C for 10 min. The
amplicon was cloned into the vector pCR-XL-TOPO by using the TOPO XL cloning kit (Invitrogen,
USA) as recommended by the manufacturer. For heterologous expression, the amplicon was cloned
into the expression vector pET21b(+), which contains a promoter for T7 RNA polymerase and a C-
terminal His-tag (Novagen, Germany), by digestion of amplicon and vector with the restriction
endonucleases Ndel and EcoRI followed by ligation with T4 DNA Ligase (Invitrogen, USA)
according to the manufacturer’s protocol. The expression vector with the nxrB gene was first
transformed by electroporation into E. coli XL1 blue cells (Stratagene, Germany). Sanger sequencing
confirmed that the cloned nxrB gene used for heterologous expression was identical to the nxrB genes
in the Ca. N. defluvii genome. For the expression of NxrB, the vector pET21b(+) containing the nxrB
gene was transformed into E. coli BL21 (DE3) cells (Stratagene, Germany). The recombinant cells
were grown at 37°C under agitation (225 rpm) in liquid Luria Bertani medium. After growth up to an
optical density (600 nm) of 0.8, the expression of NxrB was induced by adding isopropyl-f-D-
thiogalactopyranosidase (IPTG) to a final concentration of 1 mM. Cells were harvested after
approximately 4 h by centrifugation (5,000 g; 10 min) and the cell pellets were stored at -20°C.

Transcriptional Analysis of the Putative Cytochrome bd-like Oxidase. Ca. N. defluvii
enrichment biomass was kept under oxic conditions with NO, or was starved for 14 days in mineral

medium (Spieck et al., 2006) lacking any energy source. NO, test strips (Merckoquant, Merck,

89



Appendix

Germany) were used to confirm the absence of residual NO;™ in the starved cultures. Biomass was then
harvested by centrifugation, the supernatant was discarded, and the biomass was resuspended in
anoxic mineral medium lacking NO,  (starved biomass) or containing 3 mM NO, (non-starved
biomass). The anoxic medium had been prepared in accordance to basic principles of medium
preparation for strict anaerobes as described by Widdel and Bak (Widdel and Bak, 1992). Following
one additional centrifugation and washing step, the starved and non-starved biomass was transferred
into two separate 150 ml flasks containing 40 ml of anoxic mineral medium and air-free headspace
(flushed with N,). Subsequently, biomass aliquots were transferred into 300 ml flasks containing
100 ml of mineral medium. For anoxic treatments, the flasks contained anoxic medium and air-free
headspace. For oxic treatments, the headspace of the flasks contained air. All flasks were plugged with
buty! rubber stoppers that were fixed with screw caps. To all treatments, 5 cm® of an N,:CO, (80:20)
gas mixture was added to provide CO, as carbon source, and all working steps were performed using
strictly anoxic techniques. NO, was added to non-starved cultures to a final concentration of 3 mM,
whereas no NO,  was added to the starved cultures. Based on these procedures, four different
incubation conditions were realized: Oxic with nitrite, oxic without nitrite, anoxic with nitrite, and
anoxic without nitrite. For each treatment, two replicate flasks containing biomass were incubated for
5 days at 30°C. During incubations with NO,’, the consumption of NO, was monitored by using test
strips and consumed NO,™ was replenished. After the incubations, the biomass from each flask was
harvested by centrifugation. Total RNA was extracted according to the protocol of Lueders et al.
(Lueders et al., 2004) with the modification that samples were kept for 2 h on ice after the addition of
polyethylene glycol. After DNA digestion using DNase (Fermentas, Germany), PCR was carried out
with the primers 341F and 518R (Lane etal., 1985; Edwards et al., 1989), which target bacterial 16S
rRNA genres. All these test PCR runs were negative, confirming the absence of residual DNA in the
RNA extracts. Subsequently, reverse transcription of ca. 250 ng total RNA from each treatment was
carried out by using the RevertAID first strand cDNA synthesis kit (Fermentas, Germany) according
to the manufacturer’s instructions. The following primers were used for multiplex cDNA synthesis:
Nide0901R1 (CTC GGA AGC ATC GGC CTC AGG), specific for the putative cyt. bd-like terminal
oxidase of Ca. N. defluvii (gene nide0901) and 1431R, specific for the 16S rRNA of sublineage |
Nitrospira (Maixner et al., 2006). For cDNA amplification, reaction mixtures with the primer
combinations 1158Fa [modified from (Maixner et al., 2006); ACT GCC CAG GAT AAC
GGGJ/1431R for the 16S rRNA gene and Nide0901F (GGT GTC TGG GGT TAC TTC
GTT)/Nide0901R2 (ACC GTA GAT GTG CCA GTG AAC) for gene nide0901, respectively, were
prepared according the manufacturer’s recommendations in a total volume of 50 ul with 2 mM MgCl,
and 1.25 U of Taqg polymerase (Fermentas, Germany). For both primer combinations, thermal cycling
comprised initial denaturation at 95°C for 5 min followed by 10 cycles of denaturation at 95°C for
30 sec, annealing at 70-65°C for 30 sec (-0.5°C in each cycle), and elongation at 72°C for 40 sec. This
was followed by 25 cycles of denaturation at 95°C for 30 sec, annealing at 65°C for 30 sec, and

90



Supplementary Information

elongation at 72°C for 40 sec. Cycling was completed by a final elongation step at 72°C for 10 min.
The specific reverse transcription of the target RNAs was confirmed by Sanger sequencing of the
obtained amplicons.

Stable Carbon Isotopic Fractionation. Highly enriched cultures of Ca. N. defluvii were grown in
batch mode in mineral medium (Spieck et al., 2006) in 5 | bottles at 28°C in the dark. Cell suspensions
were moderately stirred and NO,  was replenished from a 2.5 M stock solution. Incubation was
performed for about 4 weeks until the suspension was turbid. In the second batch culture, 8**Cp,c was
monitored over time. Duplicate samples of 25 ml were taken at different stages of growth and
transferred to gas-tight tubes, fixed with one drop of 35% (v/v) formaldehyde, and stored at 4°C.
Biomass was harvested by centrifugation at 10,000 rpm (15,600 g), washed and suspended in 0.9%
NacCl, and frozen at -20°C.

Analysis of the "°C of total dissolved inorganic carbon (DIC) in the medium was performed by
headspace analysis of 0.5— 1 ml of water that had reacted with H;PO, for at least 1 h at room
temperature. The headspace was subsequently analyzed ~10 times using a Thermofinnigan Gas Bench
rmMS system with typical standard deviations of 0.3%o. Stable carbon

Il coupled to a Delta®"®

isotope ratios were determined relative to laboratory standards calibrated on NBS-18 carbonate
(IAEA). Differences in 8"*Cpc of the duplicate samples were always <0.5%o. The 53C values of the
biomass at the end of the batch culture incubation were determined by elemental analysis
(EA)/isotope-ratio-monitoring mass spectrometry (EA/irmMS) using a Carlo Erba Flash elemental

analyzer coupled to a Thermofinnigan Delta”"*

irmMS system with a reproducibility of ca. 0.1%o.
Stable carbon isotope ratios were determined using laboratory standards calibrated on NBS-22 oil
(IAEA).

Lipids were extracted from the harvested biomass and analyzed by gas chromatography (GC) and
gas chromatography-mass spectrometry (GC/MS) and GCl/isotope-ratio-monitoring/MS as described
previously (Schouten et al., 1998). Hydrocarbons were measured in the apolar fraction obtained from
the total extract Bacteriohopanepolyols were transformed into hopanols using periodic acid and
sodium borohydride (Rohmer et al., 1984). The §“C values of individual lipids were corrected for
added carbon from derivatization. Values are reported in the usual delta notation against Vienna Pee
Dee Belemnite and represent the average of duplicate runs.
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Figure S1 (left page): Circular representation of the Ca. N. defluvii chromosome. Annotated coding sequences
(rings 1+2), genome-wide protein phylogeny (ring 3), RNA genes (ring 4), universal clusters of orthologous
groups (COGs) (ring 5), mobile genetic elements (rings 6+7), and local nucleotide composition measures (rings
8+9) are shown. Very short features were enlarged to enhance visibility. Clustered genes, such as several tRNA
genes, may appear as one line due to space limitations. The most closely related homolog in other sequencec
genomes was determined for each protein of Ca. N. defluvii (ring 3) by using a genome-wide phylogenetic
approach (SI Methods). Three larger clusters of phage-related genes (in rings 6+7) probably represent prophages
or remnants thereof. The image was created by using the software Circos (Krzywinski et al., 2009)
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Figure S2 (left page): Metal-coordinating regions in the a- and B-subunits of nitrite oxidoreductase and
expression of the B-subunit.

(A and B) Alignments of metal-coordinating regions in the a-subunits of selected molybdopterin-binding
enzy mes belonging to the type Il group in the dimethyl sulfoxide (DMSO) reductase family (Kisker et al., 1998;
Jormakka et al., 2004). Sequences are vertically grouped according to their known or putative functions: (I) and
(I nitrite oxidoreductases (Nxr) and closely related enzymes; (l11) nitrate reductases (Nar); (1V) other or
unknown functions (Ebd, ethylbenzene dehydrogenase; Ddh, dimethylsulfide dehydrogenase; Clr, chlorate
reductase; Pcr, perch lorate reductase; Ser, selenate reductase). Accession numbers of the sequences are indicated
in brackets. Five signature residues, which are conserved in nitrate reductases (Martinez-Espinosa et al., 2007)
and nitrite oxidoreductases, are highlighted green. Please note that, based on these residues, the yet
uncharacterized enzymes of A. fulgidus and M. thermoacetica might use nitrate and/or nitrite as substrate.
Asparagine (highlighted red) replaces one threonine signature residue in both NxtA copies of Ca. N. defluvii.

(A) Iron-sulfur binding center. Known [Fe-S]-binding residues in NarG of E. coli (Jormakka et al., 2004) and the
homologous positions in the other sequences are highlighted yellow. The aspartate residue, which replaces one
cysteine as a putative [Fe-S] ligand in the NxrA subunits of Ca. N. defluvii and the related enzymes, is
highlighted cyan. Aspartate was previously shown to function as [Fe-S] ligand in a ferredoxin of Pyrococcus
furiosus (Calzolai et al., 1995).

(B) Molybdenum ligand binding site. The conserved aspartate residue (highlighted blue) acts as molybdenurr
ligand in NarG of E. coli (Jormakka et al., 2004). The last two columns show the overall length of the amino
acid sequences (L. aa) and amino acid sequence identities (1d.%) to NxtAl of Ca. N. defluvii.

(C and D) [Fe-S] cluster-coordinating regions in the B-subunits of nitrite oxidoreductases (NxrB) and nitrate
reductase A of E. coli (NarH), which belong to the type Il group in the dimethyl sulfoxide (DMSO) reductase
family (Kisker et al., 1998; Jormakka et al., 2004).

(C) Protein sequence alignments of the relevant regions. For Ca. N. defluvii only one of the two identical NxrB
copies is shown. Known [Fe-S]-binding residues in NarH (Blasco et al., 2001) and the homologous positions in
the NxrB sequences are highlighted yellow. An aspartate residue, which replaces one cysteine as a putative [Fe-
S] ligand in both NxrB copies of Ca. N. defluvii, is highlighted cyan. Aspartate was previously shown tc
function as [Fe-S] ligand in a ferredoxin of Pyrococcus furiosus (Calzolai et al., 1995). An insertion, which is
found only in the NxrB of Ca. N.defluvii and Ca. K. stuttgartiensis, is highlighted green (see also panel D).
Accession numbers of the sequences are indicated in brackets.

(D) Schematic representation of the putative [Fe-S] cluster coordination in NxrB of Ca. N. defluvii. Red circles
represent putative [Fe-S] clusters, which are numbered I-1V as done previously for NarH of E. coli (Blasco et al.,
2001). Probable [Fe-S]-coordinating residues are highlighted yellow and cyan, and were assigned to the fout
[Fe-S] clusters based on the known coordination pattern of the homologous residues in NarH (Blasco et al.,
2001). An insertion, which is found only in the region coordinating [Fe-S] cluster 1V in the NxrB subunits of Ca.
N.defluvii and Ca. K. stuttgartiensis, is highlighted green (see also panel C). Numbers indicate the
corresponding positions in the alignments shown in panel C. N=N-terminus, C=C-terminus of the protein.

(E) Bxpression of nitrite oxidoreductase (B-subunit) by enriched Ca. N. defluvii.

() Detection of Ca. N. defluvii 16S rRNA and nxrB mRNA after 11 days of starvation in NO,-free mineral
medium. +RT, RNA detection by reverse transcription PCR; -RT, PCR control for DNA contamination in the
RNA extract; +, positive control, with use of a cloned 16S rRNA or nxrB gene fragment; -, negative control
without nucleic acids; 1 and 2, biological replicates; M, size marker.

(1) Detection of Ca. N. defluvii 16S rRNA and nxrB mRNA three days after addition of 300 uM NO;" to the
starved enrichment. Labels as in (1).

(11 Immunological detection of NxrB in enriched Ca. N. defluvii after 110 days of starvation in NO,-free
mineral mediumand 8 days after addition of 300 uM NO," to the starved enrichment. Total protein extracts were
prepared from similar numbers of Ca. N. defluvii cells. +, positive control, with NxrB of Ca. N. defluvii
heterologously expressed in E. coli.
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A Nitrospira defluvii, Nide3296
Nitrospira defluvii, Nide3303
Kuenenia stuttgartiensis, CAJ72457
Nitrospira defluvii, 1
Nitrospira defluvii, Nide0896
+ Rubrobacter xylanophilus, YP_645296
Rubrobacter xylanophilus, Q1ASZ4
- Rubrobacter xylanophilus, YP_645677
Rub philus, YP_645436
Rubrobacter xylanophilus, YP_645681
Rubrobacter xylanophilus, YP_645440
Desulfovibrio desulfuricans, YP_002478959
Endoriftia persephone, ZP_02533546
Endoriftia persephone, ZP_02533547

0.01

Maximum likefihood bootstrap support | Parsimony bootstrap support

€« = 90% » > 90%

Q > 70% D = 70%

————— partial sequence
B Cytochrome bd-like oxidase
Ca. Nitrospira defluvii (Nide0901) 52 RDIPYIGSRNLVWIIAQL@LLLA-GFVLGV... 174 GS-GKKFHIF... 231 PVNIHRLIAN...
Ca. Nitrospira defluvii (Nide0896) 32 VEFPYTGNRTAVWIVAQLEMILFA-GFILGA... 154 GE-KKARHIA... 216 PLNLHRLVGN...
Ca. Nitrospira defluvii (Nide3296) 82 YPRYNFESRVLLWFANQOMLYYG-SFVLAV... 208 GFL-KWIHLS... 266 -LNLHRILGN...
Ca. Nitrospira defluvii (Nide3303) 62 PQVGSLDSRLLMWFIIQOMTYFG-GFVLAL... 189 GS--KWVHLS... 246 -LNLHRFLAD.
Ca. Kuenenia stuttgartiensis (CAJ72457) 90 RSFFGLDSRVVVWIVSEL@LMFA-AFVLGV... 212 TSTKKWCHIA... 271 PVNLHRLIAN.
Rubrobacter xylanophilus (Q1ASZ4) 6 LDVPVIGKNVTIAVLVQTE@ILIA-TLILGA... 127 YR--KSLHVV... 179 PLNMHRFVGN.
Rubrobacter xylanophilus (YP_645436) 6 IEFPVIGNDALIPVLVVP@ILIA-AFVIGM... 127 YR--KRLHVV... 179 PLNMHRFVGN.
Rubrobacter xylanophilus (YP_645677) 6 LDVPIIGKNVTIAVLVQTEILFA-AFIIGA... 127 YR--KSLHVV... 179 PLNMHRFVGN.. .
Rubrobacter xylanophilus (YP_645440) 16 IEFPYLGSRGIVGVVMLIMIFFA-TLFVGY... 131 YRS-GRRNVA... 198 GMMLHRTFGN.. .
Rubrobacter xylanophilus (YP_645681) 20 AFSSLGGARVITGLVMLI@IFFA-ELFVGF... 142 LN--KGRHIA... 205 EMSLHRTFAN...
Desulfovibrio desulfuricans (YP_002478959) 6 LHIPGLGDGMTIALDAVLEVIISHGLAIGL... 130 KQ--PGKLAA... 183 PQVFLRLAAG...
Endoriftia Persephone (zP_02533546) 84 YPNIGVSSRAVVWILAQMELFFG-ALVLAV... 206 GNA-KWVHLS... 267 PASLYRQ-YR...

W c Vv cc
Ca. Nitrospira defluvii (Nide0901) 361 LLLCLGVfiMTPHSLffASL-- -~EEAQKMGGTHHPLLG
Ca. Nitrospira defluvii (Nide0896) 339 API--VMVLLP--IVMTKV- LTDYPVPDATSLAF-
Ca. Nitrospira defluvii (Nide3296) 394 LTCGYLVFITPHTIIMTP— AELKAMGGQQHPVLG
Ca. Nitrospira defluvii (Nide3303) 374 LTGCLFIWLTPHTILMTG- TEVKAMGGAQHPVIG
Ca. Kuenenia stuttgartiensis (CAJ72457) 399 IFMCFAVWLTPHNLPLSG- -EERAMIGEQYHPFSK
Rubrobacter xylanophilus (Q1ASZ4) 304 AFALMALFSVLNVIPADASIVPQIGLVFGGGEGTQIPL-—
Rubrobacter xylanophilus (YP_645436) 304 ALGFMAVFGALNAIPADANLVPQIGLVFAGGERTQIPL-—
Rubrobacter xylanophilus (YP_645677) 304 AFALMALFSVLNVIPADASIVPQIGLVFGGGEGTQIPL--
Rubrobacter xylanophilus (YP_645440) 326 LVA---AVSGLYAI----SPLAE--FPFLYMR--------
Rubrobacter xylanophilus (YP_645681) 344 LVA---AVSGLYAI----SPLAE--FPFLYMR---—----—
Desulfovibrio desulfuricans (YP_002478959) 303 LLCVFMVMEF"
Endoriftia Persephone (zP_02533546) end
T T h h
Ca. Nitrospira defluvii (Nide0901) 394 VFGVMSAKMIVSNL——MVLV.FMSFIMYWR. .. 524 MTLMGYARSS—SRV.W ----IYGVMRDSS. ..
Ca. Nitrospira defluvii (Nide0896) 367 -—-—-LLP-—-——————— LLLAPVVLGRFIPL... 489 MGLMGAVRSL-LRKYFf----AYNLLPDET
Ca. Nitrospira defluvii (Nide3296) 427 NYGVMSAKNGGINV--IITTEVLSFVWYMR... 556 MGLMGYIRSS-VRLFW@----VNEIMRDNS .
Ca. Nitrospira defluvii (Nide3303) 407 NYGVMSSKNGAVNV--MICIBALSYIFYRR... 536 MGLMGYIRSS-GRLAWM----VNELMPDTS...
Ca. Kuenenia stuttgartiensis (CAJ72457) 432 YFGVMAAKNAVVNL--IILSEFFSFLIYRR... 629 MGLMGFIRSG-LRMDWg----VYGLMQDTS. ..
Rubrobacter xylanophilus (Q1ASZ4) 341 ... 398 MMTMGYTRETARRVDNEPGYLIYGCITLQQ.. .
Rubrobacter xylanophilus (YP_645436) 341 ... 398 MMTMGYARETSRRA-EGPGYLINGCITLDQ.. .
Rubrobacter xylanophilus (YP_645677) 341 ---... 398 MVTMGYTRETARRVDNEPGYLIYGCITLQQ. ..
Rubrobacter xylanophilus (YP_645440) 366 ---... 398 LG-MGWMKSN-SRAPYT----IYGQDEYRV...
Rubrobacter xylanophilus (YP_645681) 348 ... 416 LN-MGWMKSN-SRAPYT----VYNQPGYTV
Desulfovibrio desulfuricans (YP_002478959) end ... end
Endoriftia Persephone (ZP_02533546) end ... end
C Cytochrome c oxidases
h w c Vv
Bradyrhizobium japonicum cbb3 (Q03073) 120 ----PWISFGRLRPLETSAVIFAFGGNVLI... 266 WGGIQDAMFQWWYGHNAMGFFLTAGFLAIM
Escherichia coli bo3 (POABI8) 95 ----PPHHYDQIFTAMGVIMIFFVAMPFV-... 271 N-MMMYINLIWAWGHPEM-YILILPVFGVF
Paracoccus denitrificans aa3 (ABL70031) 79 ECTPNGHLWNVMITY@GVLMMFFVVIPALF... 263 D-PVLYQHILWFFGHPEM-YIIILPGFGII
Thermus thermophiles ba3 (055J79) 60 ----FVQSYYQGLTLEGVLNAIVFETQLFAQ... 220 --PLVARTLEWWTGHPIM-YFWLLPAYAII
Thermus thermophiles caa3 (P98005) 61 TGEQYNQILTLEGATMLFFFIIQAGL. .. 237 D-PVLFQQFFWFYSHPTM-YVMLLPYLGIL
Sulfolobus acidocaldarius soxM (P39481) 53 ---DYYDAVTLEGIFMIFFVVMPLS-... 225 S-PVLWQQLFWFFGHPEM-YILILPAMGLV
Leptospirillum sp. Gr. II cbb3 (EAY56843) 65 ----PYLNFGHIRP MTVAFMWISMAFG. .. 205 --GLNEALLTHWWSGHNLFGLWITPMSMAVA
cc
Bradyrhizobium japonicum cbb3 (Q03073) 316 HFWALIFLY-IWAGPHHLHYTA-LPDWTQT
Escherichia coli bo3 (POABI8) 319 ATVCITVLS-FIVWLHHFFTMG-AGANVNA
Paracoccus denitrificans aa3 (ABL70031) 311 AMAAIGILG-FVVWAHHMYTAG-MSLTQQA
Thermus thermophiles ba3 (055J79) 268 AFLLFLLLS-TPVGFHHQFADPGIDPTWKM
Thermus thermophiles caa3 (P98005) 285 AQMGIVVLG-TMVWAHHMFTVG-ESTLFQI
Sulfolobus acidocaldarius soxM (P39481) 273 SSIAIAFLSALGVWMHHMFTAI-DNTLVQI
Leptospirillum sp. Gr. II cbb3 (EAY56843) 254 NFWSNFAFY-STPGAHHLMGAP-IPEWLKS
T T h h
Bradyrhizobium japonicum cbb3 (Q03073) 344 LGMTFSIMLWMPSWGGMINGLMELSGAWDK... 401 SIKVVNSLSHYTDWTI SGALGWVGFV
Escherichia coli bo3 (POABIS8) 347 FFGITEMIIAIPTGVKIFNWLFEMYQGRIV... 402 AVPGADFVLHNSLFLIA INVIIGGVVFG
Paracoccus denitrificans aa3 (ABL70031) 339 YFML., TIAVPTGIKVFSWIABMWGGSIE... 394 SQAPLDRVYHDTYYVVA [YVMSLGAVEG
Thermus thermophiles ba3 (Q55J79) 297 IHSVLILFVAVPSLMTAFTV. LEFAGRL... 367 ASFTLDYVVHNTAWVP LQVASLVTLT
Thermus thermophiles caa3 (P98005) 313 AFAF LIAVPTGVKLFNIIGELWGGKLQ... 368 SMTPLDYQFHDSYFVVA INVLMAGSGFG
Sulfolobus acidocaldarius soxM (P39481) 302 VSSATEMAIAIPSGVKVLNWTABLYGGEIR... 357 PLVPIDYALNGTYFEFVV( YMVYAILYAL
Leptospirillum sp. Gr. II cbb3 (EAY56843) 282 FASVSGVLILVPSMAFLANALLEMYGKWRL... 339 QTRAINWYIHGTHWVVA LGILGFSTFV
D I +0, +0, -0, -0,
+NO,- -NO,- +NO,~ -NO,"-

M 1 2 1 2 1 2 1 2 +

400 bp
300 bp
200 bp
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Figure S3 (left page): Analysis of the putative cytochrome bd-like oxidase family.

(A) Consensus tree showing the relationship of all known proteins belonging to the novel putative enzyme
family. Tree topology is based on maximum likelihood and maximum parsimony methods, using a filter
excluding insertions and deletions of single sequences. In total 628 alignment positions were considered for the
phylogenetic analyses. Branch lengths were derived from the maximum likelihood tree. Bootstrap values are
based on 1,000 iterations. In E. persephone, the N- and C-terminal parts of the protein are split in two CDS, and
each part was added to the trees by using the ARB Parsimony Interactive method. Canonical cyt. bd oxidases
were used as outgroup. The putative novel terminal cytochrome c oxidase of Ca. N. defluvii (Nide0901) is
indicated in bold.

(B) Multiple sequence alignment of all known members of the cytochrome bd-like oxidase family. Alignment
positions putatively involved in function as terminal cyt. c oxidase (Pereira et al., 2001) are highlighted in color
and by a letter indicating function. Red: Histidine residues involved in binding of heme groups (h). Yellow:
Alternative histidines for heme interaction. Turquoise: Histidine residues involved in copper (Cug) binding (c).
Amino acids conserved in all cyt. ¢ oxidases are labeled green. Please note that only Nide0901 contains all
residues conserved also in bona fide heme-copper cyt. ¢ oxidases (see also panel C).

(C) Multiple sequence alignment of heme-copper cyt. ¢ oxidases belonging to type A, B, and C. The cbbs-like
enzyme from Leptospirillumis also shown. Conserved residues are indicated as in panel B.

(D) Expression of the putative novel terminal cytochrome ¢ oxidase (Nide0901) by enriched Ca. N. defluvii.
Detection of nide0901 mRNA (1) and Ca. N. defluvii 16S rRNA (II) by reverse transcription PCR after 5 days of
incubation under oxic (+O;) oranoxic (-O;) conditions in NO,-containing (+NO;") or NO,-free (-NO;") mineral
media. 1 and 2, biological replicates; +, positive control with genomic DNA extracted from the enrichment; -,
negative control without nucleic acids; M, size marker. In (I1) the 16S rRNA of Ca. N. defluvii is represented by
the lower band as confirmed by Sanger sequencing.
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Figure S4: A form 1V RubisCO-like protein of Ca. N. defluvii.
(A) Maximum likelihood phylogenetic analysis of the large subunits of selected ribulose-1,5-bisphosphate
carboxylases (RubisCO, forms I-111) and RubisCO-like (form IV) proteins. In total, 484 amino acid positions
were considered. Names of ammonia- or nitrite-oxidizing bacteria are printed bold. Names of members of the
phylum Nitrospirae are labeled green. Enzymes of organisms, whose names are labeled red, have been
demonstrated to lack the carboxylating activity of bona fide RubisCO and are involved in sulfur metabolis m,
oxidative stress response, or methionine biosynthesis (Hanson and Tabita, 2001; Ashida et al., 2003). Black dots
indicate high (>90%) parsimony bootstrap (100 iterations) support of the respective nodes. The scale indicates
10% estimated sequence divergence. Sequence accession numbers are indicated in brackets.

(B) Partial amino acid sequence alignment of the large subunits of selected form I-111 RubisCO and form IV
RubisCO-like proteins. Known active site residues of RubisCO (1) are highlighted green, whereas substitutions
at the homologous positions in form 1V RubisCO-like proteins are highlighted red. C, residues involved in the
catalytic mechanism; R, residues involved in binding of ribulose-1,5-bisphosphate; GXDFXKXDE, conserved
RubisCO signature motif (Hanson and Tabita, 2001). The alignment is numbered according to the Ca. N.
defluvii (Nide1881) sequenceand is based uponan alignment published by Hanson and Tabita (2001).
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(YP_354780)

Thiobacillus denitrificans
(YP_316396)

Archaeoglobus fulgidus
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310 R R 337 RR
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KACTPIISGEM ILTAGEGAFG
KPVFPVSSGEV IIQAGGGVHG
KPCLPVEEGED GFVPERIGVFG
NQTFAVPSAGT IINAGGGVHG
GGVLPVPSAGI ALNAGWGIMD
PPILPTARGEM VFILGEDLRR

Figure S5 (right page): Cell metabolic cartoon constructed from the annotation of the Ca. N. defluvii genome.
Abbreviations not used in the text are CLD, chlorite dismutase; CA, carbonic anhydrase; MCPs, methyl-
accepting chemotaxis proteins; S-FDH, soluble fumarate dehydrogenase; nirA, ferredoxin-nitrite reductase
Enzyme complexes of the electron transport chain are labeled by Roman numerals (see Fig. 1 in main text for
details). Red arrows depict the 0 TCA and blue arrows the rTCA cycle, respectively.
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Ca. Kuenenia stuttgartiensis (Planctomycetes)
Thermodesulfovibrio yellowstonii DSM 11347 (Nitrospirae)
Leptospirillum ferrodiazotrophum (Nitrospirae)

Solibacter usitatus Ellin6076 (Acidobacteria)
Leptospirillum rubarum (Nitrospirae)

Geobacter metallireducens GS-15 (Deltaproteobacteria)
Geobacter sulfurreducens PCA (Deltaproteobacteria)
Geobacter uraniireducens Rf4 (Deltaproteobacteria)
Pelobacter carbinolicus DSM 2380 (Deltaproteobacteria)
Sorangium cellulosum 'So ce 56‘(Deltaproteobacteria)
Syntrophus aciditrophicus SB (Deltaproteobacteria)
bacterium Ellin514 (Verrucomicrobia)

Leptospirillum sp. Group Il '5-way CG* (Nitrospirae)
Syntrophobacter fumaroxidans MPOB (Deltaproteobacteria)

Geobacter sp. M18 (Deltaproteobacteria)

0 10 20 30 40 50 60 70 80
Number of most closely related homologs

Figure S6: Summarized results of a phylogenetic analysis of each protein in the Ca. N. defluvii proteome. The
nearest phylogenetic neighbour (closest homolog) in other sequenced genomes was determined for each protein
of Ca. N. defluvii. The graph depicts the 15 organisms that contain the highest numbers of closest homologs to
Ca. N. defluvii per individual genome. Names of bacterial phyla (or classes of the Proteobacteria) are in
boldface. As only the closest homolog of each protein was considered, the presented analysis is non-redundant
and each protein of Ca. N. defluvii was counted only once. Closest homologs were identified in the listed 15
bacteria and in 624 other organisms (lower numbers per genome) for in total 3,109 proteins (72.7% of all CDS in
the Ca. N. defluvii genome).
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Table S1. Overview of key features of the Ca. Nitrospira defluvii genome.

Genome size 4,317,083 bp
Average G+C content 59.03%
Number of genomic objects [CDS, fragment CDS, (r,t)RNA] 4,321
Number of coding sequences (CDS) 4,272
CDS with predicted functions 2,148 (50.3%)
rRNA operons 1
tRNA genes 46
Coding density 89.45%
Repeated regions 2.29%
Transposon-related genes (including fragments) 46
Clusters of orthologous groups (COG) automated classification
Functional category CDS CDS (%)
D Cell cycle control, cell division, chromosome partitioning 54 1.26
M Cell wall/membrane/envelope biogenesis 321 7.51
N Cell motility 131 3.07
o] Posttranslational modification, protein turnover, chaperones 194 4.54
T Signal transduction mechanisms 300 7.02
U Intracellular trafficking, secretion, and vesicular transport 129 3.02
\Y Defense mechanisms 106 248
W Exracellular structures 1 0.02
B Chromatin structure and dynamics 1 0.02
J Translation, ribosomal structure and biogenesis 187 4.38
K Transcription 186 4.35
L Replication, recombination and repair 223 5.22
C Energy production and conversion 266 6.23
E Amino acid transportand metabolism 301 7.05
F Nucleotide transport and metabolism 72 1.69
G Carbohydrate transport and metabolism 168 3.93
H Coenzyme transportand metabolism 149 3.49
I Lipid transportand metabolism 119 2.79
P Inorganic ion transportand metabolism 237 5.55
Q Secondary metabolites biosynthesis, transport and catabolism 121 2.83
Transporter families and their functions
Transportsystem* Functions® No. of genes®
ABC and ABC-1l  Branched amino acids, Fe**, Mn, Mo, PO,”", SO,*/thiosulphate, 87
polyamines, toluene, multidrug resistance, macrolides, cyclic peptides,
lipoproteins, lipopolysaccharides, cobalamin, sugars, unknown
RND Multidrug resistance, heavy metal efflux (Co/Zn/Cd), siderophore export, 36
unknown
MFS Multidrug resistance, tetracycline efflux, muropeptides, NO3’, sugars, 16
unknown
TonB-dependent  Ferrichrome-like siderophores, ferric dicitrate, Fe**, unknown 24
OMP PO,¥, anions, unknown 8
MscS/ MscL lon flux 5
CPA-1/CPA-2 Flux of Na*/H/K* 4
P-ATPase Flux of divalent cations (Cu**/Mg?*/Ca®") 4
Miscellaneous Na*/Ca®* IH/K*, NHs* (Amt/MEP/Rh family), NO,/formate, Ni/Co efflux, 42

As efflux, Zn**,Mg?*, PO,*", amino acids, polysaccharides,
lipopolysaccharides, C,-dicarboxylate/Na*/H" symporter, oligopeptides,
multidrug resistance, quaternary ammonium compounds, Na*/solute
symporter, unknown

# ABC, ATP-hinding cassette; RND, resistance-nodulation-cell division; MFS, major facilitator superfamily; OMP, outer membrane protein;
MscS/MscL, small/large conductance mechanosensitiveion channel; CPA, cation:proton antiporter.
® Includes functions proposed for putative trangporters based on their genomic localization and/or on limited sequence similarities to
transporters characterized in other organisms.

¢ Number of genes encoding transporters, including putative transporters.
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Table S2. Stable carbon isotope data and fractionation factors
Nitrospira defluvii.

obtained from enrichment cultures of Ca.

3C (%o vs. VPDB)

& (%o vs. VPDB)

DIC  COS biomass I I 1 v v  C0r  COx  COr

biomass | isopr.

Batch 450 131 -187  -129  -168  nd. n.d. n.d. 57 0.2 n.d.
culture 1

Batch 54° 140  -164  -138 -159 205 223  -19.0 24 0.2 6.7
culture 2

#Calculated according tothe equation given by (Mook etal.,1974). T he temperaturein the cultures was 28°C.

b Key: I = Cis1 @5 fattyacid, 11 = Cye:0 fatty acid, 111 =squalene, 1V = hop-22(29)-ene, V = Cs2 hopanol formed after Rohmer degradation.

¢g COz-biomass =(((1000+8™C CO,)/(1000+5"C biomass))-1)*1000; & biomass-lipid =(((1000+5"C CO,)/(1000+8"*C lipid))-1)*1000. For
the ¢ between CO, and the isoprenoid lipids the average values of the three isoprenoid lipids (111 - V) were taken.

¢ Measured at the time of harvesting the culture.

® Average of six determinations at different phases of the culture. 8"°Cpic varied from -3.9t0-6.8 %o.

VPDB = Vienna Pee Dee Belemnite.
DIC = dissolved inorganic carbon.

n.d. =not determined.
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