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Abstract 

Since the discovery of ammonia-oxidizing archaea (AOA), genomic and experimental evidence 

suggests that mixotrophic growth may complement chemolithotrophic ammonia oxidation for some AOA 

representatives. Although members of the Candidatus Nitrosocosmicus genus have been implicated in the 

use of alternate sources of energy and carbon, stronger genomic evidence is needed to support testing of 

hypotheses with robust experimental design. This study involved analysis of 58 genomes spanning all 

four known AOA groups (i.e., I.1a, I.1b, 1.1a-associated, thermophilic AOA; ThAOA). The analyses 

focused primarily on transporters and enzymes, linking the former to potential substrates from the 

transporter classification database (TCDB) and the latter to KEGG, Carbohydrate-Active enZYmes 

(CAZymes), and pathways from GapSeq. Correlated with genome size, the results demonstrate that 

genomes of the I.1b group, including those from the Ca. Nitrosocosmicus genus, showed the highest 

abundances of exclusive (only found within this group) and preferred (primarily associated with this 

group) proteins for alternative metabolism, followed by ThAOA, I.1a, and I.1a-associated. There was 

extensive functional heterogeneity among representative genomes, particularly for Ca. Nitrosocosmicus 

and Nitrososphaera genera. The group I.1b genomes encoded for the potential to use nitrogenous 

substrates such as urea, alanine, glycine, asparagine, and glutamine. Although Ca. Nitrosocosmicus 

genomes were more commonly associated with use of TCA cycle intermediates, such as citrate, malate, 

oxaloacetate, and succinate, this potential was likewise found in ThAOA and I.1a representatives. Several 

I.1b representative genomes encoded enzymes for metabolism of ureidoacrylates and carbamate, 

CAZymes associated with glycoside hydrolases, genes implying oxidation of sulfur and manganese, and 

polyamine metabolism. However, genes for synthesis and degradation of polyamines were common to 

many AOA genomes analyzed. Overall, the results suggest that I.1b-associated representatives encode for 

mixotrophic metabolism, and future research should verify associated substrate predictions 

experimentally. Given broad distributions of AOA within terrestrial and aquatic environments, these 

findings have implications for biogeochemical cycling of carbon and nitrogen on a global scale. 
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Chapter 1 

Introduction and literature review 
 

1.1 Nitrification  

Nitrogen is a macronutrient required by all organisms, and its concentration, species, and 

distribution influences productivity, abundance, and diversity of communities in all environments [1, 2]. 

The most biologically useful form of nitrogen, which depending on pH is ammonium (NH4
+) or ammonia 

(NH3), can enter the environment by nitrogen-fixing microorganisms, ammonification, degradation of 

organic nitrogen-containing compounds (e.g., proteins or DNA), or from non-biological sources such as 

lightning and anthropogenic industries such as farming via fertilizers or untreated human waste from 

sewage. Ammonia can be used by cells either in anabolic metabolism, such as synthesizing proteins and 

nucleic acids [3], or in catabolic metabolism, such as nitrification. Nitrification is the aerobic oxidation of 

ammonium (NH4
+) to nitrite (NO2

-) and then to nitrate (NO3
-) [4] with the rate-limiting step of 

nitrification being the oxidation of NH3 to NO2
- [5]. Two groups of microorganisms mediate this first 

step: ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA). The second step, nitrite 

(NO2
-) oxidation to nitrate (NO3

-), is accomplished by nitrite-oxidizing bacteria (NOB; 6). In addition, a 

recently discovered third group of aerobic ammonia oxidizers belongs to the Nitrospira, with 

representatives capable of complete ammonia oxidation (comammox) to nitrate [6]. 

 

1.2 AOA background 

1.2.1 Phylogenetics and ecology 

For over a century, AOB were considered to be the only aerobic ammonia oxidizers [7, 8]. In 

2004, an archaeal metagenome assembly scaffold was found containing a homolog to the enzyme that 

catalyzes the first step in ammonia oxidation (ammonia monooxygenase; amoA), associated with a 

Sargasso Sea sample [9]. A subsequent soil metagenomic survey found an archaeal fosmid clone that 
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encoded homologs to bacterial Amo subunits [10]. Both studies proposed that some archaea could 

catalyze ammonia oxidation. These observations were confirmed by the isolation and characterization of 

Nitrosopumilus maritimus SCM1, which was cultivated from marine aquarium gravel, demonstrating 

chemolithoautotrophic growth with ammonia as energy and electron source, with bicarbonate as a source 

of carbon [11].  

Since the discovery of N. maritimus SCM1, all known AOA are associated with the phylum 

Thermoproteota (formally known as Thaumarchaeota) and the class Nitrososphaerota [12]. Species of 

AOA are typically classified into four groups (families; Figure 1.1). Most AOA species are associated 

with Group I.1a (Ca. Nitrosopumilales) and Group I.1b (Ca. Nitrososphaerales), commonly referred to as 

the marine and soil groups, respectively [5, 13–15] on account of being found predominantly within these 

environments. Other AOA are grouped within the 1.1a-associated (Ca. Nitrosotaleales) [16, 17] and 

thermophilic AOA (ThAOA; Ca. Nitrosocaldales) [18], with representatives commonly found in acidic 

and hot environments, respectively, although less is known about the physiology and metabolism of these 

two groups [19].  

Metagenomic surveys have detected AOA in nearly every niche on Earth [19] and, for many 

habitats, AOA and the phylum Thermoproteota are among the most abundant phyla of archaea present 

[20, 21]. Such high abundance has been documented for mesophilic soils [21–23] and oceans [11, 23], as 

well as extreme environments including hot (up to 97°C) and extremely acid (pH 2.5) soils [24, 25]. Such 

high AOA abundances might be related to their ability to adapt to new conditions and environments [26], 

differences in membrane stability [27, 28], and some species possessing ammonia affinities higher than 

for AOB [29–31]. Some species’ ammonia affinities are higher (i.e., lower Km values) than AOB which 

might provide them with an advantage over AOB within oligotrophic environments. However, several 

members of the family Nitrososphaeraceae, in particular species of Ca. Nitrosocosmicus, are adapted to 

relatively high ammonia concentrations [32–34]. Such ammonia tolerance has led some members of the 

Nitrososphaeraceae to outnumber AOB in several hypoxic reactors [35] and eutrophic WWTPs [21, 36, 

37].  
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Most known AOA show a preference for lower oxygen concentrations than AOB [30, 38] due to 

many representatives lacking a catalase [39]. Likewise, many AOA are associated with optimum pH 

values ranging from acidic to slightly basic [20, 40, 41]. However, these preferred pH ranges pose a 

problem for the concentration of ammonia, the preferred substrate of AOA [42], which below pKa 9.25 

becomes increasingly dominated by the less preferred NH4
+. Which might not pose a problem to certain 

group of genera of AOA who demonstrate a higher affinity of AOA for ammonia [20, 43], due to the 

presence of ammonia concentrating methods, such as the S-layer [44], the high-affinity amt-type 

ammonium transporter [32, 34], or a high surface area to volume ratio (SA/V) [45]. Yet several genera of 

AOA, in particular those within Ca. Nitrosocosmicus are predicted to lack the S-layer, high-affinity amt-

type ammonium transporter, and likewise have significantly smaller SA/V due to their larger diameters 

[32–34] and thus might have a problem within low ammonia concentrations.  

Environments having more accessible copper over iron is consistent with the higher abundance of 

copper-dependent enzymes in AOA that are associated with crucial functions such as electron transfer and 

ammonia oxidation [46, 47]. Therefore, it is predicted if oxygen, ammonia, or copper drops below 

required concentrations certain species, in particular those that are non-motile such as many Ca. 

Nitrosocosmicus [32–34], could either enter a stationary phase or could resort to using alternative 

substrates to support their growth, nutrient, or energy needs. 
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Figure 1.1 Phylogenetic tree of the 58 species of ammonia-oxidizing archaea (AOA) used in this thesis 
research. The phylogenetic tree was generated using GToTree (v1.6.31) and the option to use the 76 
single-copy genes for archaea as marker genes [48]. Visualization of the tree and the colorization of the 
lines was achieved using ggtree [49]. The four colours of the lines represent the four groups (i.e., 
families) associated with the 58 species. Whereas the symbols following the species names represent the 
type of habitat where the species or the metagenomically assembled genomes (MAGs) were first 
discovered or detected. This figure and symbols were adapted from a previous publication [50].  
  
 

1.2.2 Evolutionary history  

Despite their recent discovery, phylogenetic research predicts that AOA originated from a 
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and capable of ammonia oxidation [19]. The transition to other aquatic and terrestrial habitats is predicted 

to have occurred in a stepwise manner from geothermal locations, to mesophilic terrestrial environments, 

then to freshwater and estuaries, to upper oceans, and finally to deep oceans and sediments [52, 55]. Such 

a progression has been linked to major geological events, such as glaciation and oxygenation, in the same 

order in which AOA expanded and likely occurred within the Neoproterozoic era between 1000–543 Mya 

[51, 52]. Adaptation to these new environments was likely facilitated by high levels of horizontal gene 

transfer (HGT) that have occurred from bacterial, archaeal, and eukaryotic donors, which has allowed 

many AOA representatives to obtain genes for metabolism, substrate transport, membrane biogenesis, 

nutrient acquisition, and energy conservation [52, 56–58]. For example, HGT of vacuolar-type ATPase 

(V-type ATPase), potentially from a member of Thermoplasmatales likely enabled some AOA to survive 

in high-pressure and acidic environments on account of its presumptive function in pumping protons out 

at low pH [59]. Under high pressures, the pKa of many weak acids decreases, particularly those of 

biological systems or those located within the cytosol [60]. This releases more free protons within the 

cell, decreases pH, and threatens a cell’s metabolism. To combat this, the V-type ATPase pumps these 

extra protons out of the cell. While the marine species of AOA diversified within the oceans many 

lineages, particularly within Group I.1b (Ca. Nitrososphaerales), also underwent extensive gene 

duplication and loss, suggesting further niche-specific adaptation and specialization, with genes encoding 

for coenzyme metabolism and carbohydrate transport commonly duplicated [61, 62].  

 

1.3 AOA metabolism  

1.3.1 Chemolithoautotrophy 

Known AOA are recognized as being chemolithoautotrophic, oxidizing NH3 to NO2
– for energy 

and fixing bicarbonate (HCO3
–) into biomass via a modified version of the 3-hydroxypropionate/4-

hydroxybutyrate (3-HP/4-HB) cycle [11, 19, 20, 32, 33]. Evidence to support this metabolic strategy 

includes AOA genomes containing required genes for carbon fixation and coding for the three subunits of 

Amo [19, 32–34]. In addition, all known cultured species grow in minimal media without organic carbon, 
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with cell numbers closely following NO2
– production, demonstrating that AOA can derive energy solely 

from autotrophic nitrification [19, 32–34].  

 

1.3.2 Evidence for alternative metabolic strategies 

Several studies challenge the strictness of a chemolithoautotrophic metabolism for AOA 

representatives. For example, Mußmann et al. showed that the abundance of Ca. Nitrosocosmicus was 

two orders of magnitude higher than what could be sustained by autotrophic ammonia oxidation alone, 

based on comparing predicted abundances via metabolic modelling and actual abundances via 

quantitative PCR (qPCR) and fluorescence in situ hybridization (FISH) images [21]. Other studies have 

shown that, despite amoA gene transcripts being present, ammonia oxidation was not detected within 

agricultural microcosm soil experiments [63]. Likewise, adding inorganic ammonia to soil failed to 

stimulate archaeal oxidation of ammonia [24, 64, 65]. Additionally, the abundances of soil AOA 

increased despite the presence of acetylene, an inhibitor of nitrification, suggesting that the AOA were 

relying on another form of metabolism instead of ammonia oxidation [63, 66]. Because terrestrial 

environments are typically dominated by members of the I.1b group [63], these observations based on 

terrestrial systems suggest alternate metabolic strategies may be involved. Other studies have failed to 

show bicarbonate uptake to support autotrophic growth for I.1b archaea. For example, both Mußmann et 

al. and Sauder et al. demonstrated using microautoradiography fluorescence in situ hybridization (MAR-

FISH) that cells of the Ca. Nitrosocosmicus genus within WWTP biofilm samples failed to assimilate 

bicarbonate, even though they did so within enrichment cultures [21, 33].  

 

1.3.3 Substrates that may support alternative metabolic strategies 

That some AOA may not be strict chemolithoautotrophs has been demonstrated both 

genomically, via the discovery of genes for the use and transport of alternative substrates, and 

experimentally, with exposure to different substrates resulting in enhanced activity and/or growth. These 

substrates typically are nitrogen-based, such as urea and amino acids, or those that are commonly 
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considered carbon sources, such as tricarboxylic acid (TCA) cycle intermediates and single carbon 

compounds, each of which will be examined below.  

 

1.3.3.1 Nitrogen substrates 

Members of group I.1b commonly possess genes encoding proteins involved in the transport and 

catabolism of urea, amino acids, and peptides, and these are encoded by all members of the Ca. 

Nitrosocosmicus genus [19, 32, 33, 67], multiple species from Nitrososphaera [51, 57, 61, 68], and 

Candidatus Nitrosopolaris wilkensis [69]. Homologs of these genes have also been reported in other 

groups from the I.1a, including Nitrosopumilus [26, 70, 71], Nitrosopelagicus [72], and ThAOA members 

Ca. Nitrosothermus and Ca. Nitrosocaldus [73]. However, these genes are rarely present in species from 

these latter groups [74], yet this might also be due to relatively few studies testing their distributions. 

Experimentally, many group I.1b species have been observed to use urea to stimulate growth, such as 

those from the genera Ca. Nitrosocosmicus [19, 32–34] and Nitrososphaera, Nitrososphaera gargensis 

Ga 9.2 [75], and Nitrososphaera viennensis EN76 [68]. Several species from other groups also use urea, 

including group I.1a representatives Nitrosopumilus piranensis [76] and Nitrosopumilus theophilus [77], 

yet others within this group do not [76–78]. Similarly, growth stimulation by urea was shown for Ca. 

Nitrosotalea devanaterra, a member of group I.1a-associated AOA [20]. This spectrum of effects, within 

and between groups, suggests that this metabolism depends on location and ecotype [79].  

 Several studies indicate that AOA-associated archaea can uptake and assimilate amino acids 

from both marine [80–82] and soil [65] habitats, suggesting that, at a minimum, certain species can reuse 

amino acids for protein synthesis. However, these studies did not identify the types of AOA responsible 

for this uptake. The only group I.1b species directly tested for amino acid use was Nitrososphaera 

viennensis, which failed to show any stimulation [83]. Therefore, whether group I.1b members can use 

amino acids is still unknown. Other groups of AOA have been sparsely tested for their ability to use 

amino acids, yet none showed growth stimulation, including species from the genus of Nitrosopumilus 
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[76], Candidatus Nitrosopelagicus brevis [84], and Nitrosarchaeum koreense [85] from group I.1a and 

Candidatus Nitrosotalea devanaterra of group I.1a-associated [67].  

Both Nitrososphaera gargensis [86] and N. maritimus SCM1 [87] of groups I.1b and I.1a, 

respectively, showed an ability to use cyanate. The presence of cyanate lyase in the N. gargensis genome 

reportedly came from an HGT event [86]. However, the finding of cyanate use by N. maritimus SCM1 is 

unexpected because the genome does not encode a known cyanate lyase homologue [87].  

Other nitrogenous substrates relevant for AOA include polyamines, which are organic 

polycations with a carbon backbone and at least two amines attached. Polyamines are widespread in both 

eukaryotic and prokaryotic cells and serve many functions from assisting translation and transcription to 

nucleic acid synthesis and stabilization. However, despite being present at millimolar concentrations 

within cells [88], aquatic environments show average concentrations in the nanomolar or picomolar 

ranges [88, 89]. These differences suggest that they are rapidly broken down within the environment, 

biotically or abiotically. Similar to how some bacteria use polyamines as carbon, nitrogen, and energy 

sources [90–93], there is preliminary evidence to suggest that certain AOA can be involved in polyamine 

transformations. For example, Ca. N. agrestis sp. SS, a member of group I.1b, was the first AOA species 

shown to actively synthesize polyamines and secrete them into the extracellular space, a strategy that may 

permit them to survive in high ammonia environments [94]. However, whether AOA contain pathways 

for polyamine catabolism or whether the polyamine synthesis enzymes present within Ca. N. agrestis sp. 

SS can operate in reverse, are unknown but could be advantageous when ammonia is limiting. Although 

the ability to produce or use polyamines has not yet been identified for other AOA groups, this could be 

due to a lack of experiments as opposed to a lack of ability. However, Damashek et al. [95] showed that 

group I.1a members Nitrosopumilus piranensis D3C and Nitrosopumilus adriaticus NF5 could only 

oxidize putrescine in the presence of heterotrophic bacteria, which suggests syntropy (i.e. co-metabolism), 

where the co-occurring bacterial species actively or passively degrade putrescine and release waste 

products that would then be available for the two AOA species.  
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1.3.3.2 Carbon substrates 

When enriched in vitro I.1b cultures of Ca. N. hydrocola [33] and N. viennensis EN76 [68] were 

supplemented with TCA cycle intermediates succinate and malate, in addition to ammonia, they both 

showed higher NO2
- production rates compared to controls. Similar experiments have not yet been done 

for the remaining three Ca. Nitrosocosmicus representatives, leaving it unknown whether organic carbon 

substrates can also promote their growth. However, Ca. Nitrosocosmicus species encode many of the 

same genes and pathways as Ca. N. hydrocola, suggesting that these other representatives may use these 

substrates as well [19, 32, 34]. Whether TCA cycle intermediates can be used by AOA as alternative 

carbon or energy sources is yet to be determined. In contrast, both Ca. Nitrosotenuis chungbukensis [96] 

and Nitrosarchaeum koreense MY1 [85], species within Group I.1a, were not stimulated by organic 

carbon substrates. Despite N. viennensis being stimulated by an extensive range of organic substrates, 

such as pyruvate, further analysis showed that less than 10% of cellular carbon came from pyruvate [68]. 

This indicated that even though pyruvate can be used by N. viennensis, it is not the preferred carbon 

source. However, caution is necessary when measuring AOA activity when exposed to certain alpha-keto 

acids as some can detoxify reactive oxygen species (ROS), particularly hydrogen peroxide, which can 

likewise trigger higher activity and growth, as documented for other AOA [39]. Yet, it is possible given 

that all known Ca. Nitrosocosmicus species encode genes for reactive oxygen species (ROS) 

detoxification, such as superoxide dismutase, peroxidase, and catalase [33]. Thus, these I.1b species may 

use these enzymes instead of relying on alpha-keto acids; whether other AOA encodes catalase or other 

homologs of it is not known. 

Other carbon substrates that may serve as carbon or energy sources for AOA are single carbon 

molecules, such as formate, given that Ca. N. hydrocola encodes for formate dehydrogenase [33], and 

potentially methane given that the AmoA enzyme is a member of the copper-containing membrane 

monooxygenase (CuMMO) protein superfamily that includes methane monooxygenases [97]. Finally, 

members of I.1b can be positively correlated to total or organic carbon abundances, whereas other AOA 
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groups show anticorrelations [98, 99]. Such positive correlations invite experiments to test whether these 

substrates may be metabolized directly.  

 

1.4 Mixotrophy  

Many microorganisms possess more complex metabolic strategies than strict autotrophy or 

heterotrophy, with many being capable of using a mixture of organic and inorganic carbon substrates for 

assimilation and as energy sources. Typically, this ability to vary substrates used to support growth is 

termed mixotrophy [100]. However, mixotrophy can be divided into three subcategories. The first is 

necrotrophic (i.e., predatory) mixotrophy, a method often implied by planktonic protists’ [101] or 

carnivorous plants (e.g., venus fly trap) and involves the uptake of organics/substrates by means of 

predation of living organisms and hence often resulting in the preys death [101]. The second is biotrophic 

(i.e., symbiotic) mixotrophy in which interactions (from parasitic to mutualistic) occur between the 

species of interest and other living organisms. Examples of such include hemiparasitic land plants and 

micro-eukaryotes such as metazoans or protists that live and form obligatory symbiosis with 

photosynthetic algae [100]. The third subcategory is absorbotrophic (i.e., osmotrophic) mixotrophy, 

which is the form in which cells actively or passively uptake organic matter found in the environment 

[101]. Although low molecular weight molecules are often preferred/used, some enzymatic pathways, 

such as those involved in proteinase activity, can occur outside the cell [100]. From preliminary evidence, 

specific AOA genomes, particularly those from I.1b and Ca. Nitrosocosmicus show the potential for 

absorbotrophic mixotrophy, which this thesis will endeavour to answer whether they encode for the 

potential for and whether there are differences between the groups and genera of AOA. In addition, there 

is an ongoing debate about what defines a species as mixotrophic. Some suggest that this applies only to 

species with the ability to switch from an inorganic to an organic carbon source, from autotrophy to 

heterotrophy (Muñoz-Marín, 2022). Others define mixotrophy as the capability to switch both the carbon 

source and the energy source and to source all major nutrients (e.g., nitrogen, sulfur) from multiple 
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different sources and compounds [102], even if the breakdown of substrates supplements, 

chemolithoautotrophy. This latter definition will be adopted for this thesis. 

 

1.5 Limitations of previous work and direct experimentation 

Although comparative genomic studies have the potential to reveal genome-encoded potential for 

substrate usage among characterized AOA genomes, there are limitations with prior studies that have 

used such approaches. Several prior studies did not analyze potential metabolism as the main focus of the 

analysis or used a relatively small collection of genomes. For example, one study found that marine and 

terrestrial AOA share well-conserved nitrogen and carbon metabolic pathways, and that terrestrial AOA 

possess extensive environmental adaptations that include detoxification and carbohydrate conversions 

[103]. However, this study used only seven genomes and did not include representatives from the Ca. 

Nitrosocaldus, Ca. Nitrosomarinus, Ca. Nitrosopolaris, Ca. Nitrosotenuis, Ca. Nitrosocosmicus, or Ca. 

Nitrosothermus genera. Another study analyzed 44 AOA genomes from representative ocean regions and 

showed that nutrients (e.g., ammonia, phosphorus) and resistance against hydrostatic pressure were 

selective pressures on marine AOA [104]. The potential to biosynthesize methylphosphonate was found 

in a large variety of species, even from those that showed prevalence in distinct regions of the ocean. 

However, this study focused on marine AOA and their adaptations to different marine habitats and did not 

include terrestrial AOA for comparison. Therefore, there is a need for a comprehensive study of AOA 

metabolic potential that includes all known AOA genomes available.  

Another limitation of existing studies exploring the metabolic potential of known AOA relates to 

the analysis of growth stimulation, without also testing whether the taxa possess the ability to use the 

substrates directly. For example, Nitrosopumilus sp. HCA1 and sp. PS0 were initially thought capable of 

alternative metabolism given a requirement for alpha-keto acids, such as pyruvate, to grow in culture 

[105]. However, it was later found that instead of pyruvate being used as a carbon or energy source, it was 

required for scavenging ROS, such as hydrogen peroxide [39]. Likewise, many amino acids can be used 

by marine prokaryotes as compatible solutes, which can serve to stabilize cells and macromolecular 
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structures against high pressures and temperature-associated stress [106]. In addition, some substrates 

hypothesized to be alternate substrates, such as cyanate [86, 87] and urea [86, 87], can be rapidly and 

abiotically decomposed into both ammonia and bicarbonate [86, 87], both of which can then be used to 

support AOA growth. How much of these compounds is abiotically degraded is not yet clear [107]. 

Therefore, experimentally determining whether AOA members possess the ability to use such substrates 

for growth may be at risk of false positive results. 

Many AOA species either have not been cultured by researchers in the lab or are only available as 

enrichment cultures alongside other non-AOA microorganisms. Such “satellite” microorganisms share 

metabolites with AOA, which may in turn stimulate growth through a process known as “cross-feeding” 

[5]. The presence of satellite microorganisms in AOA cultures makes directly demonstrating substrate 

usage by AOA technically challenging. Flow-through stable-isotope probing (FLOW-SIP) may help to 

determine whether substrates are assimilated by specific populations in mixed cultures [108]. This method 

retains cells on a stationary surface as media flows through, minimizing cell-cell nutrient exchanges. Even 

though this method may help in some circumstances, experimental logistics related to the use of multiple 

labelled substrates, low biomass, and relatively long generation times of AOA may limit use of this 

approach for AOA enrichment cultures. Other potential methods include assessing transcriptome [94] or 

metabolome [109] after incubations with different substrates.  

 

1.6 Implications of AOA metabolism 

Better understanding the metabolic diversity of AOA will help provide insight into their 

physiology, ecology, and evolutionary history [32]. Comparative genomics can provide insight into AOA 

physiology, better identifying their contributions to biogeochemical cycling of nitrogen and carbon [23, 

53, 104]. Likewise, the presence of alternative metabolisms may provide an advantage for starvation 

tolerance, adaptation to extreme environments [110], or overcoming mismatches between required 

nutrients/resources and available supplies [104]. Identifying previously undescribed metabolic roles may 

help explain why specific AOA are enriched, compared to AOB and other microorganisms in various 
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environments [25, 111, 112], with implications for plant nutrition [23], eutrophication [33], human 

industry [113], and aquatic life [114]. Understanding metabolism can also help to form effective strategies 

for increasing ecosystem usage of nitrogen and reducing its losses, such as leaching into groundwater, 

which can affect downstream water bodies [115].  

The presence of alternative metabolisms for AOA may also have implications for bioremediation. 

Previous research shows that several AOA can help remove anthropogenic pollutants, such as polycyclic 

aromatic hydrocarbons, organic fertilizers, and pesticides [26]. Some evidence suggests that AOA can 

transform xenobiotics compounds in co-metabolism with ammonia oxidation [116, 117], including 

sulfonamide antibiotics [118], micropollutants [119], tertiary amines, mianserin, and ranitidine [120]. 

However, whether all these compounds are metabolized by AOA to detoxify or use as a source of energy 

or carbon is currently unknown. Additionally, as previously mentioned, due to wet-lab experimental 

logistics, it is advantageous to find methods that minimize these drawbacks and identify potential 

substrates.  

 

1.7 Bioinformatics 

Bioinformatics, particularly functional annotations and analyses through comparative genomics, 

can serve as an important first step in identifying the metabolic potential of microorganisms based on 

predicted pathway presence and completion. One way to identify alternative metabolisms is to search for 

specific classes of proteins. These classes, which include transporters, carbohydrate-active enzymes 

(CAZymes), and peptidases, can each reveal different aspects of metabolism and potential sources of 

nutrients and energy for a cell.  

An important protein class for predicting function is transporters. Whether species can utilize 

substrates can often be governed by whether they encode for the corresponding transportation proteins 

[121, 122]. This is due to transporters being the interface with the environment [123] and due to the 

inability of many substrates to diffuse freely through the membrane. Therefore, by assessing the AOA 

presence and absence of transporters and the substrates they can hypothetically bring across, it becomes 
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possible to predict substrate usage and help mitigate false positives, such as compounds that remain 

external to cells to offer benefits such as detoxifying H2O2 [124].  

Another group of enzymes that might be used to support alternative metabolism are those 

associated with carbohydrate degradation. Such enzymes, classified as carbohydrate-active enzymes 

(CAZymes), typically serve as the first metabolic steps for modification of broad-spectrum carbohydrates 

such as polysaccharides, glycolipids, and glycoproteins [125]. Thus, CAZymes are involved in carbon 

metabolism and their presence suggests an ability to use more complex carbon sources for energy or 

assimilation [125]. Each of the five classes of CAZymes play a different role in carbohydrate metabolism, 

but this project will focus primarily on glycoside hydrolases (GHs) because they are enzymatically 

involved in carbohydrate degradation. The GHs are a widespread group targeting glycosidic bonds of 

substrates including monosaccharides, polysaccharides, and complex sugars such as glucans, fucans, 

mannans, or cellulose [126]. The third class of proteins are peptidases, which catalyze peptide hydrolysis, 

typically by breaking peptide bonds [127]. The presence of peptidase provides cells with an ability to 

obtain nitrogen or amino acids from proteins/peptides that can make up a substantial proportion of 

organic nitrogen within the environment. Likewise, peptidases can be especially valuable for 

environments with limited bioavailable nitrogen [128]. Previous research has shown that AOA within 

deep ocean floor sediments conduct proteolysis and deamination to regenerate or obtain ammonia [129]. 

Assessing CAZymes and peptidases within AOA genomes can help predict whether individual species 

can obtain necessary substrates from more complex environmental compounds.  

Another strategy for predicting or comparing AOA metabolic potential is linking as many 

enzymes as possible to their reaction(s) and sorting them for essential compounds/products of interest. 

The purpose of such a process is multifold. Enzyme names often do not indicate their metabolic role or 

reactions. Additionally, enzymes can have multiple functions that are not apparent from their names. 

There may also be functional redundancy, where different enzymes perform the same reactions, which 

names alone cannot reveal. Briefly, each species' protein sequences can be converted to Kyoto 

Encyclopedia of Genes and Genomes (KEGG) orthology identifiers (KEGG IDs) using a combination of 
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four tools. Once duplicates are removed, each KEGG ID can be linked to their reaction(s) using the 

KEGG API. However, reactions by themselves might not easily reveal differences between groups or 

potential to use different substrates therefore by sorting reactions based on their specific 

compounds/products of interest can help over comes this difficulty. These compounds were selected 

based on what is known about AOA metabolism, such as using ammonia and bicarbonate as an energy 

source and carbon source, respectively [11, 32–34]. In addition, popular or ubiquitous electron carriers 

such as NADPH, NADH, and FADH2 were selected based on many independent studies have shown that 

NADPH is the main electron carrier for most enzyme-driven anabolic reactions and is responsible for the 

biosynthesis of all major cellular components from DNA to membranes [130], whereas NADH and 

FADH2 are primarily used for oxidation or catabolic metabolism [131]. Likewise, many electron 

transport chain-related proteins or intermediates, such as quinones and cytochromes, were also included. 

This is because a previous study showed that all marine and terrestrial AOA genomes tested encoded 

quinone reductase, the conventional complex III and IV, ferredoxin, and complex I (NADH: ubiquinone 

oxidoreductase) [104]. Finally, to aid and potentially reduce false positive alternative metabolisms, which 

can arise when α-keto acids are supplied to AOA on account of their ability to detoxify H2O2 [39], 

enzymes associated with the removal or destruction of ROS will also be assessed, in particular those with 

H2O2.  

 The objective of this thesis research was to test for potential metabolic diversity among AOA 

representatives, with a specific emphasis on group I.1b representatives and Ca. Nitrosocosmicus spp. 

more specifically. This research used complete genomes to ensure a comprehensive comparison of 

putative functions. The comparative genomic pipeline used to assess potential AOA metabolisms is 

outlined in Chapter 2 and a detailed analysis of the results, testing for clade-specific distributions of 

potential substrate usage and a discussion of how the results relate to previous AOA research is found in 

Chapter 3. Finally, Chapter 4 contextualizes this work in a broader ecological context, emphasizing how 

metabolic diversity among AOA may have implications for the environment and industry.
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Chapter 2 

Materials and Methods 
 

2.1 Genome selection 

Representative complete genomes of AOA were downloaded from the National Center for 

Biotechnology Information (NCBI) between May and June 2023. Genomes were identified by searching 

the NCBI phylogenetic tree of Nitrososphaerota and by a literature search with a recent five-year period 

to retrieve recent genomes that had not yet been given a formal name or NCBI repository page. At the end 

of this survey there were 91 genomes collected to run CheckM [132] upon (Supplementary Table 1). 

 

2.2 Genome quality 

Each genome fasta file was analyzed by CheckM [132], a tool designed to assess the quality of 

genomes and their assemblies by using sets of ubiquitous genes that are present as single copies within a 

predefined lineage. The two measures used to gauge quality were completeness, the proportion of genes 

that are expected to be found, and contamination, which checks for single-copy genes that occur more 

than once in a genome sequence [132]. To be considered for this study, all genomes were required to be  

≥ 90% complete and ≤ 5% contaminated [132–134]. Removing low-quality genomes helps minimize false 

negatives related to missing functional annotations [132] and resulted in 58 genomes.  

 

2.3 Annotations 

The genome fasta files for all species that passed CheckM were annotated first using Rapid 

Annotation using Subsystem Technology (RASTtk) [135] to detect open reading frames (ORFs), which 

uses Prodigal [136] followed by Glimmer3 [137]. The addition of Prodigal in 2015 to RAST [135] has the 

benefit of increasing accuracy with predicating short ORFs and their start positions, being more robust to 

differences in G+C content between genes and sequences, and being well suited to handle MAGs 
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compared to other ORF detection software [138]. The resulting Genbank file for each species was then 

used as input for Distilled and Refined Annotation of Metabolism (DRAM) [139] located on Kbase [140] 

under default setting. By using DRAM on Kbase servers, it was possible to overcome the high storage 

requirements and dependencies noted for DRAM usage [140]. DRAM independently annotates the ORFs 

predicted by RAST using a combination of KEGG [141], UniRef90 [142], MEROPS [143], and 

MMseqs2 [144], with the database having the highest bit score being used for the annotation of each 

putative protein. The decision to first detect ORFs using RAST and sequentially annotate them using 

DRAM was threefold. First, RAST uses a combination of Prodigal [136], followed by Glimmer3 [137], 

whereas DRAM only uses Prodigal [139]. Second, RAST relies only on the FIGfam databases, which are 

collected and maintained within the SEED project [133] for annotating ORF. In contrast, DRAM has a 

higher number of databases for ORF annotation as mentioned above. Third, there is value in using 

multiple annotation tools. For example, a previous study used a combination of both RAST and DRAM in 

the annotation of Escherichia coli strain K-12 and Paceibacter normanii AAA255-P19 and demonstrated 

that there were 1.5× and 1.4× more reactions identified than when using DRAM alone and 1.6× and 2.3× 

more functions annotated than when using RAST alone for E. coli and P. normanii, respectively [140]. 

 

2.4 Phylogenetic tree 

Amino acid sequences for all 58 AOA genomes were used to generate a phylogenetic tree using GToTree 

(v1.6.31) and the prepackaged 76 single-copy genes for archaea [48] were utilized. GToTree had the 

advantage of automatically and rapidly running all steps required for phylogenetic analysis. In brief, 

GToTree first searched each species' protein sequences for the 76 target genes with HMMER3 [145] 

using predefined and default model cutoffs. If a protein target was detected more than once per genome, 

the target protein for that species was considered absent and was not used for alignment. Once each 

genome had its target proteins identified, each amino acid sequence was individually aligned with muscle 

v5.1 [146] and automatically trimmed with trimal v1.3.rev15 [147]. All alignments were then 

concatenated, and the resulting Newick file was visualized and customized with the addition of bootstrap 
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values, thickness of lines, and rotation of the nodules to cluster groups together using FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/)." 

 

2.5 Functional annotation 

In order to classify putative proteins into specific metabolisms and pathways, as well as to assign 

putative reactions, it was necessary to assign proteins annotations from the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) orthology identifiers (KEGG IDs), which is one of the largest databases DRAM 

pulls from to provide KEGG IDs for its output files [140]. To maximize the number of proteins given 

KEGG IDs, each genome’s protein fasta files were also annotated against three additional 

assignment/annotation tools (see section 2.5.1 below). The addition of each tool increased the total 

number of KEGG IDs per genome by roughly 20 to 30 new KEGG IDs (Supplementary Table 2). 

Duplicates were removed and all KEGG IDs were maintained even if the same protein was given 

different KEGG IDs from different annotation software. The rationale for keeping these IDs were as 

follows: 

•  All annotation software have stringent thresholds (i.e., above a specific bit-score or below a 

certain e-value). Therefore, any proteins given a KEGG ID can be considered accurate for a 

specific tool. 

• The same protein can have multiple functions, domains, and reactions. Thus, different KEGG IDs 

can be detected by each database. 

• Different KEGG tools leverage unique assignment algorithms and databases. Thus, multiple 

databases can enhance the likelihood of capturing a broader spectrum/range of KEGG ID 

annotations.  

• Although KEGG databases are regularly updated, annotation tools may incorporate updates at 

different times. Using multiple tools can help reduce the risk of missing new annotations or 

features introduced in updated database versions. 

http://tree.bio.ed.ac.uk/software/figtree/
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• This study focused on identifying functions for archaea that are less well known compared to 

bacteria. Using multiple tools can increase the chances of annotating hypothetical proteins and 

their predicted functions.  

 

2.5.1 KEGG annotations  

The three KEGG ID assignment tools used for this thesis research were the KEGG Automatic 

Annotation Server (KAAS) [148], GhostKOALA [149], and KofamKOALA [150]. In brief, KAAS uses 

sequence similarities between reference proteins with assigned KEGG IDs and genome query sequences 

to determine if the degree of overlap (i.e., similarity between sequences) is sufficient to assign the query 

sequence with the corresponding KEGG ID. If multiple reference proteins hit a single query sequence, 

KAAS program automatically selects the one with the highest assignment score. Thus, each of the 58 

genomes was independently run on the KAAS server using GHOSTZ, which is a homology search tool 

that is roughly 200 times more efficient in finding and detecting remote homologues than BLAST [151] 

under default settings and bi-directional best hit (BBH) [148]. The prokaryotic dataset that serves as the 

reference list for KAAS was used and amended with representative AOA genomes in addition to 

representatives from other archaeal and bacterial species (i.e., nmr, csy, nga, kcr, neq, ffo, asc, tpe, vdi, 

tuz, aho, mse, sai, sso, sto, pfm, hbu, thg, iag, tag, dka, iho, smr, ape, abi, pto, tac, nou, hru, nge, nat, hxa, 

nmg, htu, hah, mpd, mpl, mbn, mem, and mla).  

For GhostKOALA, query sequences were assigned KEGG IDs based on sequence similarity. 

However, references sequences and their corresponding KEGG IDs are pulled from a non-redundant 

GENES database and not individual species like that of KAAS. These sequence comparisons were 

achieved using the GHOSTX [151] program. If multiple hits were made against the query sequence, 

GhostKOALA automatically selects the top-scoring hit [141]. GhostKOALA was selected instead of 

BlastKOALA because recent updates resulted in the GhostKOALA GENES database having an order of 

magnitude more references sequences and KEGG IDs than that of BlastKOALA [149].  
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The KofamKOALA tool assigns KEGG IDs based on homology search of each genome’s amino 

acid sequences against a database of hidden Markov models with precomputed adaptive score thresholds 

[150]. Thus, if the protein sequence is equal to or greater than the score threshold, it was assigned a 

KEGG ID [150]. 

 

All Python and bash scripts used in the sequent sections are saved to the Neufeld Lab’s GitHub 

(https://github.com/neufeld/AOA-genomics).  

 

2.5.2 Categorization of KEGG IDs 

In order to assign each genome’s KEGG IDs to specific metabolic categories, reference KEGG 

ID linked to metabolism were obtained from the KEGG Brite Hierarchy (https://www.genome.jp/kegg-

bin/get_htext), including those relating to carbohydrate metabolism, amino acid metabolism (the module 

associated with the metabolism of the 20 common amino acids), metabolism of other amino acids (the 

metabolism of less common or modified amino acids), energy metabolism, oxidation-reduction, sulfur, 

transporters, and peptidases (Supplementary Table 3) were selected as they include the KEGG IDs for 

central metabolism other modules from the KEGG Brite Hierarchy are associated with immune system, 

disease or structural proteins, which are outside the scope of this project. Brite hierarchies were collected 

separately and used as reference lists to check for presence and absence against the 58 AOA genomes. 

More specifically, the KEGG IDs for each species’ genome were searched against metabolic reference 

KEGG ID lists ‘2_presence_absence/presence_absence.py’. By doing this, it was possible to obtain 

binary matrices (presence 1, absence 0) for specific metabolisms. To condense the number of 

assignments, many classes of metabolisms that shared a dominant element were joined together and 

duplicates were removed. For example, amino acid metabolism and metabolism of other amino acids 

classes were combined due to their common element of nitrogen. This resulted in a binary 

(presence/absence) matrices for specific categories of metabolism and included carbon, nitrogen, 

https://www.genome.jp/kegg-bin/get_htext
https://www.genome.jp/kegg-bin/get_htext
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peptidase/proteinases (Supplementary Table 3), oxidation-reduction, sulfur, and transporters for all 58 

species of AOA. 

 

2.5.3 Reactions 

2.5.3.1 Functional redundancy removal  

Using the KEGG REST API (https://www.kegg.jp/kegg/rest/keggapi.html), a high portion of the KEGG 

IDs could be connected or linked to their corresponding reactions using 

‘3_Compare/compare_two_lists.py’. The KEGG IDs that were not connected to reactions were those 

involved with cellular regulation, transport, or signalling. Linking KEGG IDs and reactions resulted in a 

binary matrix with species names as row headers and KEGG IDs and their respective reactions in 

columns. However, due to functional redundancy, different enzymes (KEGG IDs) can conduct identical 

reactions, using the same substrates to yield the same products but with different names and KEGG IDs. 

To account for this functional redundancy, all instances of enzyme names were removed from the 

identical reactions were then combined into a single row again using ‘4_Duplicate 

remove/duplicates_combine.py’. The resulting .xlsx file had single instances of each reaction in one 

column, and all the KEGG IDs predicted to drive it in another, with species of AOA being row headers 

and 1 symbolizing the species could conduct the reaction and 0 they could not. 

2.5.3.1 Reaction sorting  

To identify reactions related to energy (Supplementary Table 5) and biosynthesis (Supplementary 

Table 6), ‘5_Mol_interest/molecules_interest.py’ was used to search for specific compounds associated 

with metabolism. This operates on the idea that any potential reaction should produce or use specific or 

critical compounds for downstream metabolism. Therefore, reactions were identified as energy reactions 

if they produced reduced energy electron carriers, FADH2 and NADH, reduced components of the ETC 

such as quinones and ferricytochrome, and/or released ammonia or hydrogen. Ammonia was considered 
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due to the ability of AOA to oxidize ammonia, whereas hydrogen was considered due to it being 

produced or oxidized in many energy-driven reactions.  

Biosynthesis reactions were identified as those that produced/used reduced electron biosynthesis 

carriers such as NADPH, and/or released CO2 or ammonia. CO2 was included because all known AOA 

can grow autotrophically, whereas ammonia was included because it can be assimilated to produce amino 

acids and nucleotides. Finally, all reactions producing or using ATP, CTP, GTP, and TTP were 

considered as biosynthetic pathways because they are often associated with phosphorylation, which is a 

critical step in many biosynthetic reactions, contrary to being considered as energy reactions on account 

that most are produced via ATP synthase. 

The final group of potential substrates includes those generating anaplerosis and cataplerosis 

metabolites, particularly those associated with the TCA cycle and the AOA-specific 3-

hydroxypropionate/4-hydroxybutyrate cycle (Supplementary Table 7). These intermediates play an 

important role in being the initial substrates used to produce new macromolecules (cataplerosis) as well as 

being resupplied to the cycles (anaplerosis), to replace those that were used for cataplerosis or 

biosynthesis. Thus, all intermediates for these two cycles were collected and searched against all genome 

reactions and any reaction that used or produced these intermediates was retained.  

 

 2.5.4 Transporters 

Because named transporters often do not specify potential substrates, and the promiscuity of 

many transporters, transporter KEGG IDs were linked to potential substrates based on previously 

published literature. In order to do this, the transporter matrix which consists of a binary file containing 

all the predicted transporters of AOA with the species as columns names and transporter’s KEGG ID as 

row names was converted to the Transporter Classification Database (TCDB) ID [152] using 

‘3_Compare/compare_two_lists.py’. Once converted, the TCDB IDs were linked to all their potential 

substrates using files found within the TCDB download files section 
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(https://www.tcdb.org/download.php). If the TCDB lacked a specific ID, a literature search was 

conducted to find potential substrates. This process resulted in a binary (presence and absence) matrix file 

with the TCDB ID, and KEGG IDs in one column each and another column with the potential substrate 

transported with species names as row names.  

Duplicate substrates (i.e., the same substrate transported by different transporters) were 

consolidated into one row using ‘6_search_combine_TC/search_combine_TC.py’, leading to a more 

condensed binary matrix with one instance of each substrate and all the KEGG IDs potentially 

responsible for transport (Supplementary Table 8) in separate columns. This led to quickly assessing what 

substrates can be carried across AOA membranes while accounting for transport redundancy, the lack of 

information from transporter names, and avoiding manually searching the literature. Nevertheless, relying 

on homology to predict substrates can introduce false positives and false negatives, especially when 

comparing transporters and their potential substrates across domains and kingdoms so while this pipeline 

is used caution is suggested. However, using the pipeline developed for this project makes it possible to 

assess the metabolic potential of AOA to a greater extent than if names were used as a sole approach for 

functional inference.  

  

2.5.5 CAZymes  

Carbohydrate-active enzymes (CAZymes) include both enzymes and carbohydrate-binding 

modules/molecules involved in complex carbohydrate decomposition and synthesis [153]. Potential 

CAZymes were identified by uploading amino acid fasta files for each genome into the automated 

Carbohydrate-active enzyme ANnotation (dbCAN3) server [154], using the dbCAN3 default and 

recommend databases and parameters of HMMER: dbCAN (E-Value < 1e-15, coverage > 0.35), 

DIAMOND: CAZy (E-Value < 1e-102) and HAMMER: dbCAN-sub (E-Value < 1e-15, coverage > 

0.35). CAZymes are then assigned based on homology and automatically separated into five categories: 

carbohydrate-binding modules (CBM), carbohydrate esterases (CE), glycoside hydrolases (GH), auxiliary 

activities (AA), glycosyl transferases (GT), and polysaccharide lyases (PL). Positive hits and 
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identification of proteins as CAZymes were considered when two or more previously mentioned 

databases agreed on their assignment according to previously published recommendations [153]. All the 

AOA genomes CAZymes were then compiled and converted to a presence and absence binary matrix 

(Supplementary Table 9; ‘2_presence_absence/presence_absence.py’).  

 

2.5.5 Pathways  

The presence and completeness of metabolic pathways were achieved by running annotated 

protein sequences on GapSeq (v.1.2) using the “find” function [155]. GapSeq operates via homology, 

where query protein sequences are searched against reference sequences for a given enzyme. If significant 

homology is detected (i.e., bit score ≥ 100 [155]), then the query protein is predicted to function as that 

reference protein [155]. More specifically, for each pathway, the names of enzyme are retrieved from the 

user-selected MetaCyc, KEGG, and ModelSEED databases. Once enzyme names are obtained from the 

three databases, GapSeq retrieved the enzymes sequences as references from the UniProt Consortium, 

2016 (Uniport) taking homologs of enzymes from only the archaeal domain, using unreviewed protein 

sequences only when reviewed sequences were unavailable [155]. Next, GapSeq compared the homology 

of query sequences against those obtained from Uniport and positive hits were recorded for bit scores ≥ 

100 and coverages of ≥75% [155]. This process was done for each enzyme within all pathways searched 

and if the overall pathway showed ≥75% of it enzymes present, or ≥66% if key pathway enzymes were 

present, the pathway was recorded as complete [155]. Key pathway enzymes are enzymes that are often 

regulated and, as a result, their concentration within a cell can affect the rate of an entire metabolic 

pathway, these enzymes are classified as key according to the databases MetaCyc, KEGG, and 

ModelSEED. Using these parameters, it was possible to manually select classes of pathways/substrates 

for analysis in particular selecting those involved with central metabolism and included biosynthesis and 

degradation of amino acids, amide, carbohydrates, fermentation, polyamine, as well as prokaryotic 

respiration/energy pathways, such as the TCA cycle, and those pertaining to inorganic substrate 

metabolism (e.g., sulfur). Manually selecting the pathways was important on account of the large number 
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of pathways that GapSeq can pull from that have little or no immediate connections to microbial 

metabolism such as immune systems or virulence factors or are outside the scope of this project including 

signalling pathways. In addition, as of writing (mid-July 2024) GapSeq cannot run all pathways in one 

run and thus requires the user to manually select the pathways of interest.  

The resulting GapSeq pathway files were then run through two self-made bash file sets, which 

served the overall purpose of condensing and consolidating all genome outputs into one matrix 

(Supplementary Table 10). The first served to collect the proportion (percentage) of pathway completion 

(‘7_path/Codes_2/Together_1.sh’). The second set collected was whether the pathway was present 

(complete) and absent (incomplete) (1 or 0) (‘7_path/FT/collect_FT.sh’), the completeness of a pathway 

is based on the previously mentioned parameters. 

 

2.5.6 Exclusive and lineage specificity analysis  

2.5.6.1 Exclusive analysis  

Traits are defined as any pathway, reaction, or protein that was exclusively found in each or only 

one group or genus of AOA. All the binary matrices generated above were used for this analysis and were 

organized into files in which row headers were traits, the second column was species names, while the 

first column was a taxonomic level. By using ‘9_Only_LSP/Group_only.py’ it was possible to pull the 

columns that show presence in one group or genus, but none outside, or in other words, columns that 

showed complete exclusivity for a specific taxonomic level.  

2.5.6.2 Lineage specificity analysis (LSP)  
 

To identify traits that showed lineage specificity, or the traits that were found or predicted within 

species of an in-group at a higher proportion compared to those in the out-group(s) relied on the method 

outlined previously [156], which calculates a trait’s lineage-specificity. The two variables of lineage-

specificity are precision, the degree/proportion of which the trait is conserved within the in-group, and 

sensitivity, which is how exclusive the trait is to the in-group. 
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• Precision = [number of trait-containing species in the in-group] ÷ [number of species in the in-

group] 

• Sensitivity = [number of trait-containing species in the in-group] ÷ [number of trait-containing 

species across all AOA]. 

Both precision and sensitivity are entered within the formula:  

F1 = 2 [precision * sensitivity] [precision + sensitivity]  

This resulting F1 score shows the degree to which the trait is exclusive to the in-groups or the in-

group ability to predict the presence of the trait [156]. In order to calculate lineage specificity values, 

‘9_Only_LSP/LSP.py’ was used on the same binary matrices used for exclusive analysis as input, but 

with the taxonomic level/column changed to calculate lineage specificity for different in and out groups 

of AOA genomes. The output of the script only kept the reactions and proteins with precision and 

sensitivity scores ≥ 0.8 (80%), a threshold set by previous lineage specificity studies [157] setting the 

threshold at a high value minimized the chances of false positives. However, such a high threshold can 

potentially risk false negatives, which are traits that should show lineage specificity but will not be 

classified as such. To account for this, all traits below these thresholds were manually assessed for 

potential AOA relevance, including nitrogenous substrates such as amino acids, carbon substrates such as 

TCA intermediates, and sugars.  

To test lineage-specificity with different AOA groups, it was necessary to run these scripts 

multiple times, each time setting the in-groups to clusters or nodes of species identified as potential 

groups or subgroups, either from previously published work, phylogeny, and the metabolic PCoA plot. 

Examples include phylogenetic groups (e.g., I.1b, I.1a, I.1a-associated, and ThAOA), the two sub-clades 

of I.1b, one subclade Ca. Nitrosocosmicus, Ca. Nitrosodeserticola, Ca. Nitrosopolaris, and 

Nitrososphaera sp. AFS and the second subclade with the five other species of Nitrososphaera (Figure 

2.1). These two subclades of I.1b were identified based on phylogenetic (Figure 1.1) and metabolic PCoA 

similarities between the species. The reasoning to include Nitrososphaera sp. AFS within the Ca. 

Nitrosocosmicus clade was due to it being significantly closer to Ca. Nitrosocosmicus in terms of 
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phylogeny and metabolic potential, then to the other Nitrososphaera species. The next analysis included 

the node after sub-clades but before individual genera and included Ca. Nitrosocosmicus and Ca. 

Nitrosodeserticola species as one group, Ca. Nitrosopolaris wilkensis, and Nitrososphaera sp. AFS as a 

second, and the other five species of Nitrososphaera as a third (Figure 2.1). The final analysis was done 

on all the individual genera of AOA separately (Figure 2.1). If two or more in-groups or nodes, in which 

the larger in-group contained all the species from a smaller in-group, contained precision and sensitivity 

greater than ≥ 0.8, lineage specificity was assigned to the node with the highest F1 score [156]. The same 

narrowing of clades was not done for the other groups of AOA because below the node of group there 

were very few or a complete absence of traits that showed lineage specify. 

 

Figure 2.1 A subset of the phylogenetic tree from Figure 1.1, only showing the species within group I.1b. 
The different coloured rectangles and letters represent the different in-groups that were run for lineage 
specificity analysis (using LSP.py). More specifically, to determine if different clades (groups of species) 
showed differences in their abundance or variety of lineage-specific traits, it was necessary to alter these 
species' taxonomic levels within the binary matrix or to assign them to separate in-groups from one 
another. Species within different coloured rectangles and letters represent different in-groups, whereas the 
number is the times LSP.py was run. The clades were determined by the phylogenetic tree presented here 
and the PCoA metabolic plot. 

 
 
2.6 Visualizations 

2.6.1 Principal coordinate analysis (PCoA) 

To generate principal coordinate analysis (PCoA) ordinations, presence/absence matrices were 

consolidated from the different classes of metabolism including transporters, peptidases, CAZymes, 
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carbon and nitrogen metabolism, and oxidative and reductive proteins with duplicates removed 

(Supplementary Table 4). This was done to compare the species based on their metabolism and not based 

on “housekeeping” proteins, such as those involved in DNA replication, transcription, or translation. The 

binary annotation file (Supplementary Table 4) was run using vegdist() from the vegan package [158], 

with Jaccard as the distance metric. The resulting distance matrix was analyzed using cmdscale() from the 

stats v. 3.6.2 package [159], with the maximum dimension set to two and with the addition of a minimal 

additive constant (add=TRUE). The obtained eigenvalues were then used for preparing a PCoA using 

ggplot2 [160] and ggrepel was used to show the species names in greater clarity 

(https://ggrepel.slowkow.com/).  

 

2.6.2 Phylogenetic trees figure, heatmaps, and Venn diagrams  

The phylogenetic tree was generated using GToTree (v1.6.31) [48]. Proteins predicted by KEGG 

to be associated with metabolism were standardized with standardize=TRUE. Heat maps, box plots, and 

Venn diagrams were prepared using R studio (RStudio Team (2023). 2023.06.1) and the packages 

ComplexHeatmap [161], ggplot2 [160], and ggvenn [162] packages, respectively. 

 

All Python and bash scripts are saved to the Neufeld Lab’s GitHub 

(https://github.com/neufeld/AOA-genomics). In addition, all Supplementary Tables referenced within this 

thesis are located at 

https://docs.google.com/spreadsheets/d/12B9z61tmRBdU44GhA3viL5k_qs_6c7aNcG4uGOgMVTU/edit

?gid=633529713#gid=633529713  

  

https://ggrepel.slowkow.com/
https://docs.google.com/spreadsheets/d/12B9z61tmRBdU44GhA3viL5k_qs_6c7aNcG4uGOgMVTU/edit?gid=633529713#gid=633529713
https://docs.google.com/spreadsheets/d/12B9z61tmRBdU44GhA3viL5k_qs_6c7aNcG4uGOgMVTU/edit?gid=633529713#gid=633529713
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Chapter 3 

Results & Discussion 

3.1 Overview 

3.1.1 Genomic and protein sizes 

Genomes within the I.1b clade showed a wide diversity of genome sizes, with most I.1b genomes 

being larger and possessing higher numbers of encoded proteins compared to genomes associated with the 

other three AOA groups (Figure 3.1). Yet there is a high degree of heterogeneity between I.1b genomes, 

with the smallest I.1b genomes being Nitrososphaera sp. WS208 and Nitrososphaera sp. L.E.AR.1, 

which were similar in size to those of other AOA groups. The largest AOA genome was associated with 

Ca. Nitrosopolaris wilkensis, with many more predicted proteins compared to those of other I.1b species. 

The species from the other AOA groups possessed smaller genomes and did not separate clearly by clade 

in terms of genome size and the number of predicted proteins (Figure 3.1). The differences in both 

genome sizes and protein numbers between groups of AOA parallels previous results showing that there 

are substantial size and protein abundance differences between AOA species/group genomes, in particular 

between I.1a and I.1b [104]. 
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Figure 3.1 A scatter plot generated using ggplot2 [160] shows a strong positive relationship between 
genome size (gigabase (Gb) x 109) versus the number of proteins for the 58 genomes of AOA. Genome 
sizes were obtained from the NCBI, and predicted protein counts were obtained from the output of 
DRAM (including both proteins with complete identifications (i.e., name) and those that were unknown 
(i.e., hypothetical protein)). Genomes belonging to the same group were given the same shape and base 
colour, with different hues representing different genera (shape, colour): I.1b (triangles, orange), ThAOA 
(diamonds, pink), I.1a (squares, blue), and I.1a-associated (circles, yellow). 
 

3.1.2 Broad metabolic differences 

This differentiation between the genomes of AOA genera and groups, in particular those of I.1b, 

was also within the metabolic PCoA plot (Figure 3.2), which shows distinctive groupings of the four 

groups of AOA, suggesting that metabolic potential is linked to phylogenetic relatedness. However, the 

degree of difference between groups and genera varies, with I.1a and I.1a-associated being much closer 

and hence similar to each other compared to ThAOA and I.1b, which both show sizable distances from 
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the former two groups and each other (Figure 3.2). This wide variety of functions and metabolic 

potentials was previously cited for the number of ecotypes and intra-diversity divergences of 

Nitrososphaeria [163]. Finally, within the ordination (Figure 3.2) and phylogenetic tree (Figure 1.1), 

Nitrososphaera sp. AFS is more closely associated with the Ca. Nitrosocosmicus clade over the 

Nitrososphaera clade. Perhaps this is related to annotation errors, the lower completeness and higher 

contamination compared to other Nitrososphaera at 93.2% and 2.91% respectively, or potentially could 

suggest that Nitrososphaera sp. AFS taxonomic name and phylogenetic relations need to be changed to 

reflect a phylogeny or genus within the Ca. Nitrosocosmicus clade.  

 
Figure 3.2 A PCoA plot showing overall metabolic repertoire differences between the 58 AOA genomes. 
Genomes belonging to the same group are given the same shape and base colour with different hues 
representing different genera (shape, colour): I.1b (triangles, red), ThAOA (diamonds, pink), I.1a 
(squares, blue), and I.1a-associated (circles, yellow). The metabolic repertoires considered were all the 
proteins associated with carbon, nitrogen, peptidase/proteinases, OxRed, non-inorganic transporters, and 
CAZymes, concatenated within a single presence and absence matrix with duplicates removed 
(Supplementary Table 4), which was subsequently run using the vegan package [158], with Jaccard 
similarity as the distance matrix, followed by cmdscale() from the stats v. 3.6.2 package [159], with the 
maximum dimension set to two and with the addition of a minimal additive constant (add=TRUE). The 
obtained eigenvalues were then used to generate the PCoA using ggplot2 [160]. 
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3.1.3 Averages and exclusivity 

When comparing the total number and range of proteins, reactions, and pathways, the results 

demonstrate that the larger genomes of the I.1b AOA encoded for a greater metabolic potential than for 

the other groups (Figure 3.3A-F), and thus suggests that these AOA may supplement 

chemolithoautotrophic growth with alternative substrates for carbon and energy than found in the other 

three groups (I.1a, I.1a-associated, and ThAOA). For example, species within I.1b show a higher 

abundance both in terms of total number and the number of exclusive proteins, or those only found within 

I.1b, for all metabolic protein categories included in this thesis, such as CADzy, peptidase, and 

transporters (Figure 3.3A-C) and reactions predicted to be involved with specific elements of metabolism, 

including energetic, biosynthesis, and anaplerosis (Figure 3.3D-F). The one exception is for predicted 

complete pathways (Figure 3.3G), in which I.1a-associated and I.1b are predicted to have similar 

averages. However, I.1b genomes had a higher diversity or number of exclusive pathways than I.1a-

associated (Figure 3.3G), which suggest that I.1b has a greater metabolic potential/versatility than the 

other three groups. However, additional statistical support and/or verifying these findings with in vitro 

experiments would be required to increase confidence in the claim that I.1b representatives have a greater 

ability to use alternative substrates over the other groups. This higher metabolic potential predicted for 

I.1b genomes might be directly related to them possessing larger genomes and higher number of proteins 

on account that species with larger genomes did likewise show higher counts of enzymes and transporters 

corresponding with alternative metabolisms. The finding that larger genomes of AOA were also 

associated with increased metabolic potential is likewise seen across many bacterial and archaea domains 

[164, 165].  
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Figure 3.3 Boxplots and Venn diagrams generated using ggplot2 and ggvenn, respectively, to show the 
total abundance and group average (clear diamond) of genomes for each metabolic category, including: 
Transporters (A), CAZymes (B), peptidase (C), energy reactions (D), biosynthetic reactions (E), 
anaplerosis & cataplerosis reactions (F), and complete pathways (G) as predicted by GapSeq [155]. All 
genomes belonging to the same group were given the same base with different shades for each genus. In 
addition, each has a corresponding Venn diagram. Groups are colour-coded, and numbers show the 
abundance of proteins or reactions each group present in at least one genome. 
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3.1.4 Evolutionary explanations and heterogeneity  

The distinctions between the groups in terms of metabolism (Figure 3.3A-G), genome size, and 

protein counts (Figure 3.1), particularly for I.1b and I.1a, likely arose due to their ancestors establishing in 

different environments, terrestrial and aquatic, respectively and evolutionary (i.e., I.1b species arose first 

within terrestrial environments, followed by I.1a aquatic representatives), which led the different groups 

to acquire differing traits and strategies [55, 104], with I.1b obtaining both a higher number of proteins 

and at a greater rate of change than that of members of I.1a [55, 61]. Moreover, despite I.1a acquiring 

genes that deal with higher osmotic stresses and lower temperatures, both of which are critical stresses of 

the oceans [55], some evidence indicates that at the same time I.1b genomes and total number of proteins 

were increasing in size, I.1a was undergoing genome streamlining [55, 104], likely as a result of many 

species existing within marine environments, where the oligotrophic conditions (e.g., lower inorganic 

nitrogen supply), has been predictive of invoking genome streamlining in free-living bacterioplankton 

[166]. However, within and between species of the same group and genus, in particularly for I.1b, there is 

a large spread of metabolic potentials, in terms of the number of proteins (Figure 3.3A-C), reactions 

(Figure 3.3D-F), and pathways (Figure 3.3G) with metabolism (Figure 3.2, Figure 3.3); with Ca. 

Nitrosocosmicus, followed by Nitrososphaera, on average, showing the highest average diversity and 

number. The metabolic PCoA (Figure 3.2) shows this high heterogeneity between Nitrososphaera and 

Ca. Nitrosocosmicus, whereas the other genera of I.1b such as Ca. Nitrosodeserticola and Ca. 

Nitrosopolaris are closer to Ca. Nitrosocosmicus then Nitrososphaera.  

The clustering of I.1b genera into two clusters leads to the prediction that there are two sub-

groups (i.e., clades) of I.1b, Ca. Nitrosodeserticola, Ca. Nitrosopolaris, Ca. Nitrosocosmicus and 

Nitrososphaera sp. AFS within one informally named here the Ca. Nitrosocosmicus clade, and the 

remaining five Nitrososphaera within another again informally called the Nitrososphaera clade. The high 

differentiation between species belonging to the Ca. Nitrosocosmicus and Nitrososphaera clades is 

backed up by previous work suggesting that the last common ancestor of I.1b diverged relatively early 
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into two clades, with each clade gaining a high number of metabolic genes yet distinctive from one 

another in terms of function and activity. The genes present within different species and clades likely 

resulted from differences in HGT [55] and gene duplications or loss leading them to encode for distinctive 

genomic repertoires and abilities [61, 62]. Wide intra-group variability of metabolic potentials is not 

limited to I.1b but can be seen to a lesser extent for all AOA groups (Figure 3.2 and Figure 3.3), nor is it 

limited to just metabolism as previous work has noted significant differences in I.1a motility and pH 

tolerances [71, 105] and I.1a-associated in regards to their optimal growth temperature, response to 

organic acids, and growth rates [67].  

3.2 Differences in metabolic potentials  

3.2.1 Reactive oxygen species (ROS) enzymes  

Reactive oxygen species (ROS) found within the oxic rhizosphere can be formed from lignin 

polymerization within plant cell walls [167], heterotrophs actively metabolizing, and other species 

converting ROS through superoxide dismutase and peroxidase [168, 169]. When the spectrum of ways 

ROS can be produced is coupled with their highly destructive nature, it becomes crucial for aerobic 

species to control or eliminate them. With all AOA genomes encoding superoxide dismutase (K04564 

SOD2) and peroxiredoxin (K03564) (Figure 3.4), it can be predicted that all AOA are capable of dealing 

with superoxide radicals, yet these reactions leads to the formation of hydrogen peroxide (H2O2), which is 

likewise produced as by-product of aerobic metabolism [170]. The presence of H2O2 within cells can lead 

to DNA damage, lipid peroxidation, and protein disintegration [171, 172]. Because H2O2 can inhibit 

ammonia oxidation at nanomolar concentrations [173], AOA require methods for its removal. Of the ROS 

detoxifying enzymes found within AOA, four are predicted to be capable of detoxifying H2O2: non-heme 

chloroperoxidase (K00433), putative iron-dependent peroxidase (K07223), Mn-containing catalase 

(K07217), and catalase (K03781) (Figure 3.4). These four enzymes show the highest prevalence within 

I.1b and, with the exceptions of Ca. Nitrosocosmicus franklandianus, Nitrososphaera sp. AFS, and 

Nitrososphaera sp. LEAR1, all I.1b can potentially detoxify H2O2 (Figure 3.4). In terms of other groups, 
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possible H2O2 detoxifying enzymes include non-heme chloroperoxidase (K00433), but it is only predicted 

within Ca. Nitrosotenuis sp. DW1 and Ca. Nitrosotenuis chungbukensis (Figure 3.4), whi h suggests that 

only these two species can enzymatically remove H2O2.  

 
Figure 3.4 Heatmap produced using ComplexHeatmap [161] and a binary colour scheme to show the 
presence (blue) and absence (white) of KEGG IDs and enzymes predicted to be associated with the 
detoxification and removal of reactive oxygen species (ROS). The rows of heatmap are organized based 
on the class of ROS, while the columns are the groups (i.e., families) of AOA. 

 

Of the enzymes that can remove and detoxify H2O2, catalase is among the most efficient enzymes 

[174], which is an enzyme prevalent only within I.1b and the Ca. Nitrosocosmicus clade in particular 

(Figure 3.4). Despite N. viennensis containing non-heme chloroperoxidase (K00433), growth of this 

AOA, was still increased when supplied with H2O2 scavengers (i.e., catalase, alpha-keto acids) [39]. The 

presence of catalase within only a few I.1b genomes, and its absence in others, suggests that it was 

acquired by HGT, and this was also demonstrated by previous research showing that HGT occurred 

between an ancestor of the Nitrososphaerales and Terrabacteria, which is a massive bacteria clade that 

includes Actinomycetota and Bacillota [55].  

Caution is necessary when interpreting the ROS-encoding enzyme results. Even though the 

results show that N. gargensis contains Mn-containing catalase (Figure 3.4), previous work has suggested 

that it is truncated and hence not functional [39]. However, recent research has suggested that the Ca. 

Nitrosocosmicus catalase enzymes are operational for species of Ca. Nitrosocosmicus that showed 
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dominance among archaea and AOA within the root systems of pepper and ginseng, which was attributed 

to them expressing a manganese catalase [175]. In addition, when members of Ca. Nitrosocosmicus were 

inoculated by researchers in H2O2-amended bulk soils, they became highly enriched [175]. This, coupled 

with the ability of Ca. Nitrosocosmicus to grow in the absence of a H2O2 scavenger [32, 33], suggests that 

these taxa and their catalase genes can persist in the presence of H2O2. The rationale for discussing 

enzymes capable of detoxifying H2O2 is also important given that their absence forces species to likely 

rely on other tactics for its detoxification, such as using α-keto acids (pyruvate and α-ketoglutarate), 

which was previously suggested as being used by AOA for non-chemolithoautotrophic mixotrophic 

growth [105] or by depending on catalase-encoding bacteria that can be recruited to grow alongside AOA 

via the release of labile organic matter [76] . Together, these tactics pose more significant challenges in 

predicting and experimentally verifying alternative metabolic capabilities because the presence of any 

transporters or enzymes related to the production or transport of α-keto acids might be related to this 

removal of H2O2 and not to metabolism. Likewise, this ability to release organic matter to recruit H2O2-

detoxifying bacteria might partially explain why I.1a species maintain transporters associated with these 

substrates. Therefore, AOA encoding catalase enzymes may not have to rely on external detoxification 

methods, either being provided with H2O2 scavengers or recruitment of catalase-containing 

microorganisms [76] and potentially removing this as a rationale for the presence of these transporters. 

3.2.2 Transporters 

One of the most significant indicators of whether species can use different carbon or energy 

sources is genome-encoded transporters [122]. Because transporters are an organism’s interface with the 

environment, and many substrates cannot diffuse freely across their membranes [176], transporters can 

provide evidence for a species' ecological preferences and the substrates they use [176]. Others have 

suggested that the presence of transporters for organic substrates is more indicative of using alternative 

substrates than specific pathways, such as the TCA cycle [177]. Some of the core potential substrates, or 

those predicted to be transported across by all genomes of AOA within this study, include carbon 
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substrates such as maltose, mannose, melibiose, rhamnose, and nitrogenous substrates including 

methylamine, oligopeptide/peptide, spermidine, and ammonia/ammonium (Supplementary Table 8). 

Outside of these core substrates, the four groups of AOA possess widely different transporter abundances 

and diversity, even for members of the same genus, which is consistent with previous work [176]. These 

differences might reflect differences in habitat, differences in evolutionary histories, or differences in 

genome sizes, which could be reflective of HGT and gene duplications [55].  

Of the four AOA groups, I.1b genomes showed the most extensive ranges of potential 

transporters and transported substrates. This observation is consistent with high levels of HGT and gene 

duplications that correspond to substrates that include carbohydrates [62]. But outside of the potential 

substate of hyaluronate which is predicted to be transported by all I.1b genomes except Nitrososphaera 

sp. WS208 (Figure 3.5C), genomes of I.1b show a large heterogeneity between one another even genomes 

from the same genera. The potential to transport hyaluronate, a linear polymer composed of units of β-1, 

4-glucuronic acid and β-1, 3-N-acetyl glucosamine [178], might be to export it to the extracellular space, 

as opposed to its import. The export of hyaluronate is based on hyaluronate having been detected within 

the extracellular space of certain bacteria, where it serves to help avoid immune system detection [179]. 

Although hyaluronate presence within I.1b is unlikely to be used for immune system invasion, it might 

help provide protection from terrestrial stressors such as desiccation. 

The genomes of I.1b showed a wide diversity of potential substrates that, while exclusive to this 

group, were only predicted within a small number of genomes. Examples include L-aspartate and formate 

both being primarily found in Nitrososphaera and tetraethylammonium/tetramethylammonium found 

within limited and diverse genomes of the Ca. Nitrosocosmicus clade (Figure 3.5C). The genomes of Ca. 

Nitrosodeserticola showed a prevalence of genes for transporting nucleotide sugars such as GDP-D-

mannose, UDP-alpha-D-glucuronic acid, and UDP-alpha-D-xylose (Figure 3.5C). The transport of these 

nucleotide sugars might be used to support the building of the extracellular matrix as documented in 

Cryptococcus neoformans [180].  
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Figure 3.5 Heatmap produced using ComplexHeatmap [161] and a binary colour scheme to show the 
presence (blue) and absence (white) of CAZymes (A), peptidases (B) and transporters (C) that are 
lineage-specificity for certain in-groups of I.1b including related clades and genera. For proteins to be 
considered lineage-specific, precision and specificity must be ≥ 0.8, and the highest F1 if multiple in-
groups are past this 0.8 threshold. The order of the heatmap follows a decrease in the size of the in-group, 
starting first with the group (i.e., all I.1b genomes) and clade Ca. Nitrosocosmicus and Nitrososphaeria 
(as based on phylogenetic tree and PCOA plot), node before single genera (Ca. Nitrosocosmicus and Ca. 
Nitrosodeserticola, Ca. N. wilkensis and Nitrososphaera sp. AF2 and the remaining four Nitrososphaera, 
finally, individual genera. The only I.1b group represents those below the 0.8 threshold but shows 
complete exclusivity within the I.1b group. 

 

It is unlikely that UDP-alpha-D-glucuronic acid, and UDP-alpha-D-xylose are used in AOA to 

evade the immune system [44], but instead might serve to protect the Ca. Nitrosodeserticola from the high 

temperature and risks of desiccation prevalent with the Atacama Desert where these two species originate. 

Although the prediction to transport substrates such as nitrogenous and carbon substrates were prevalent 

for I.1b genomes, despite being predicted within other groups and genera (Supplementary Table 8), these 

genes were not considered to be I.1b specific, likely due to the strict and high precision and sensitivity 

thresholds used for the analysis. Each of these classes of substrates will be discussed within later sections. 

One substrate class within I.1b genomes that shows a wide variability both between kind and 

species potentially capable of transporting them are those related to the transport of structural complex 

(large, or high diversity of functional groups) molecules or drugs (pharmaceuticals or antibiotics) (Figure 

3.5C). Although the precise substrates for these potential transporters are uncertain, previous work with 

bacteria, has shown that some multi-drug transporters, have a higher flexibility or range in transporting a 

variety of structurally different and unrelated substrates [181, 182]. For example, multi-drug transporters 

have been shown to transport spermidine [183], fatty acids [184], and gastrointestinal bile salts 

[185]. Another unknown in regards to these transporters is when or if they are actively transcribed, yet 

some E.coli multi-drug transporters are constitutively expressed and thus must serve biological roles 

outside of just transporting these drugs [186].  

Although the presence of organic transporters may be predictive of metabolism, their presence 

may also be explained by export of organic molecules to recruit catalase-containing microorganisms, as 

demonstrated using three catalase negative Nitrosopumilus species, which were shown to actively export 
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organic molecules to promote growth of catalase-encoding Oceanicaulis alexandrii [76]. Another 

explanation relates to detoxification, where transporters are involved in detoxification processes, 

removing harmful organic compounds from the cell to maintain cellular health, such as interfering with 

the proton motive force (PMF) as can occur for many organic molecules. Some organic molecules might 

be transported into or out of microbial cells to produce secondary metabolites, which can serve various 

functions, including defence mechanisms against other microbes, predators, or environmental stressors. 

Alternatively, microorganisms might use organic transporters to sense the presence of specific organic 

molecules in their environment, which can serve as signals for altering gene expression or metabolic 

pathways in response to environmental changes. Overall, the TCDB and KEGG can provide only a 

hypothetical substrate that can be transported across the membrane. To ascertain the true range of 

substrates used by each transporter direct experimental validation is required [31, 176]. This low 

confidence related to substrate transport may also be related to homology [187, 188], which can pose 

problems and errors, especially when homology is low [189]. 

 

3.2.3 Cofactors 

Cellular activities and functions, in particular those related to catabolism and anabolism, are 

driven in part by specific cofactors, such as NAD+, FAD+, coenzyme A (CoA), NADP+, and ATP [190, 

191]. From assessing the predicted pathways from GapSeq, the genome annotation data show that all 

AOA can biosynthesize FAD+, NADP+, CoA, and ATP, whereas most species can synthesize NAD+ 

(Supplementary Table 10). Those genomes that do not encode for the potential for NAD+ synthesis either 

have lower CheckM completeness scores or this pathway is controlled by unknown homologs 

(Supplementary Table 10). This is contrary to other archaea species, such as Woesearchaeota, which lack 

NAD+ synthesis potential [192]. Thus, the potential synthesis of these cofactors makes the alternative 

metabolic reactions that require them more likely than if they were absent.  
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All AOA genomes are predicted to be capable of 3PG-factor 420 biosynthesis and factor 420 

biosynthesis II (mycobacteria) (Supplementary Table 10), a finding documented in previous AOA 

research [52, 68, 193]. Although once thought only present within methanogens, F420 has been shown to 

be actively produced by AOA [75, 103]. In addition to methanogenesis, F420 has been associated with 

biosynthesis pathways of tetracycline antibiotics [191], biodegradation of picrate and aflatoxins [194, 

195], and increasing the metabolic flexibility of mycobacteria for the catalysis of endogenous and 

exogenous organic compounds [196, 197]. Thus, it may be that AOA likewise use F420 for similar 

metabolic purposes. This cofactor is also protective against reactive nitrogen species, as was also 

observed for mycobacteria [198]. Although these research results cannot predict activation or abundances 

of such cofactors, it will be necessary for future research to note that the alterations or changes in the 

distribution and abundance of these cofactors can alter particular metabolisms in different ways [199]. For 

instance, intracellular NADH and NADPH can facilitate over 1,500 enzymatic reactions in some 

microbial species [98]. Thus, when species activate or regulate non-metabolic coupled expression, major 

pathways that rely on NADH and NADPH can be shut down, leading to effects on the synthesis of 

metabolites and overall microbial growth [98]. More specifically, when intracellular NADH 

concentrations were decreased within Klebsiella pneumonia, there was increased production of acetoin 

and acetate and decreased production of lactate acid and ethanol [200]. Likewise, when NADH and, to a 

lesser extent, NADPH were reduced within Saccharomyces cerevisiae, there was a significant decrease in 

the cell's ability to produce volatile compounds due to decreases in the production of α-keto acids and 

acetyl coenzyme A [201]. The usage of CoA, NAD+, ATP, and NADP+ within the 3-HP/4-HB cycle [202] 

does suggest that AOA can produce/synthesize these cofactors, at least during autotrophic growth on 

account that all known AOA both encode and utilize the 3-HP/4-HB cycle for autotrophic fixation of 

CO2
-/HCO3

- [11, 33]. 

 



 43 

3.2.3.1 Energy and electron transport chain 

3.2.3.1.1 Complex 1 

Nicotinamide adenine dinucleotide (NAD+) is one of the universal coenzyme/electron carriers 

distributed across all domains of life and its subsequent ability to accept hydride ion [203], and then 

donate this ion to components of the ETC, makes it highly valuable for catabolic metabolisms [203]. 

Thus, NAD+ thus severs as a predictor of whether microorganisms can utilize alternative substrates for 

energy [204]. In this research, the GapSeq analysis indicated that both Ca. N. wilkensis and Ca. 

Nitrosocosmicus species, except for Ca. N. franklandianus, encodes for the predicted complete respiratory 

complex I (Figure 3.6A) responsible for the oxidation of NADH to the reduction of a quinone, with the 

subsequent energy released able to pump protons across the membrane [205, 206]. This absence within 

Nitrososphaera agrees with a previous study showing that 10 MAGs resolved to the Nitrososphaera 

lacked complex 1 [207]. However, caution might be warranted for conclusions made for MAGs that may 

be incomplete. The high threshold for contamination and completeness in this project reinforces that 

Nitrososphaera members lack this complex.  
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Figure 3.6 Heatmap produced using ComplexHeatmap [161] and a binary colour scheme to show the 
presence (blue) and absence (white) of specific and complete metabolic pathways predicted to be lineage 
specific for certain in-groups of I.1b including related clades and genera and organized to specific classes 
of metabolism (based on initial substate or general purpose for the cell, such as produce energy) thus 
classes include Energy (A), Carbon (B), Nitrogen (C), Sulfur (D), and Phosphate (E). For pathways to be 
considered lineage-specific, precision and specificity must be ≥ 0.8, and the highest F1 if multiple in-
groups are past this 0.8 threshold. The order of the heatmap follows a decrease in the size of the in-group, 
starting first with the group (i.e., all I.1b genomes) and clade Ca. Nitrosocosmicus and Nitrososphaeria 
(as based on phylogenetic tree and PCoA plot), node before single genera (Ca. Nitrosocosmicus and Ca. 
Nitrosodeserticola, Ca. N. wilkensis and Nitrososphaeria sp. AF2 and the remaining four Nitrososphaera, 
finally, individual genera. The only I.1b group represents those below the 0.8 threshold but shows 
complete exclusivity within the I.1b group. Complete pathways are according to the default GapSeq 
parameters: enzymes that makeup pathways are ≥ 75% are present or if all key pathway enzymes ≥ 66%). 
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Although the results from KEGG show that all AOA possess most complex I subunits, all 

genomes were missing genes for NADH-quinone oxidoreductase subunits E-G (Supplementary Table 5), 

and the absence of these subunits is in agreement with both previous AOA and archaeal research [208–

210]. However, what is unclear is whether these two complexes are separate from one another or are 

linked to database bias is currently unknown.  

If Ca. Nitrosocosmicus is verified to have respiratory complex I, this poses an entry point for 

electrons into the ETC, which means that any reaction that reduces NAD+ could potentially be used as an 

energy source. Alternatively, other researchers have proposed that due to the having the Amo complex, 

respiratory complex I might operate in reverse and reduce NAD+, which is used in carbon fixation and 

biomass accumulation [57, 211]. Therefore, future experiments should test complex 1 directionality 

because this will have major impacts on what substrates can be used as alternative energy sources.  

 

3.2.3.1.2 lipoquinones 

The electrons from complex 1 are typically passed to lipoquinones, which are lipid molecules 

capable of shuttling electrons between membrane-bound complexes and typically fall into two major 

groups: ubiquinones and menaquinones [212], The difference between lipoquinones typically relies on 

isoprenyl sidechains of varying length, degree of saturation, and presence in different amounts/diversity 

across the phyla. For example, Gram-negative E. coli mainly uses ubiquinone-8 and menaquinone-8 in 

oxic and anoxic conditions, respectively [213], whereas Gram-positive Mycobacterium tuberculosis 

utilizes only menaquinones-9 [214]. According to GapSeq, all AOA show the potential to biosynthesize 

menaquinone-4,6,8,9 (Supplementary Table 10), whereas most I.1b species show the potential to produce 

ubiquinol-8 as well (Figure 3.6A). Other species of archaea, such as Acidianus ambivalens [215, 216] and 

methanoperedens-like members, have likewise been shown to encode for menaquinones within their ETC 

[217]. In addition to ferrying electrons between complexes, specific metabolic reactions can directly 

reduce quinones and thus provide an entry point into the ETC [218]. For example, within Ca. 



 46 

Nitrosocosmicus there is the Type-II NADH: quinone oxidoreductase (Figure 3.6A), which are 

membrane-bound complexes found in diverse phyla of bacteria, fungi, and protozoa, but not mammals 

[219–221]. This complex can oxidize NADH to reduce phylloquinone and menaquinone, thus posing 

another possible way for these electron carriers to be oxidized, allowing electrons to enter the ETC [218] 

and avoiding complex 1.  

 

3.2.3.1.3 Cytochrome C 

All species of AOA, except for Ca. Nitrosotenuis sp. GW928, contain the predicted ubiquinone 

menaquinone-cytochrome C reductase complex (Supplementary Table 5). This complex is responsible for 

oxidizing quinol to reduce cytochrome C and expels between two and four protons across the 

membrane. Contrary to previously published work, GapSeq predicted the presence of a pathway that can 

produce c-type cytochromes, and with very few genome exceptions, all species of AOA included in this 

project have this pathway complete (Supplementary Table 10), with bit scores greater than 100 for all the 

enzymes responsible for its synthesis. The species that are exceptions are roughly 75% complete for c-

type cytochrome pathway, which might be more related to errors in annotations, unknown homologs, or 

enzymes sequences below the homology thresholds, but is also unlikely due to phylogeny because there is 

no phylogenetic relationship between the species that lack or show incomplete c-type cytochrome 

biosynthesis. The predictions of complete c-type cytochrome biosynthesis are in contrast to previous 

studies that predicted the absence c-type cytochromes for AOA such as N. maritimus [222], yet when 

searched for its presence within the RAST database, which uses protein sequences independent of the 

ones used here, N. maritimus appears to encode the c-type cytochrome biogenesis pathways, suggesting 

that the finding presented here is not an artifact or false positive. GapSeq also show that AOA are 

potentially capable of producing complexes that both reduce (complex III) and oxidize (complex IV) 

cytochrome C (Supplementary Table 10). If the presence of c-type cytochromes is indeed verified within 

AOA, this can indicate a way for electrons to continue down the ETC. Likewise, this would also increase 
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the number and diversity of potential substrates that could be used. For example, Ca. Nitrosocosmicus 

and Ca. Nitrosodeserticola genomes show the potential to oxidize certain alcohols to reduce 

ferricytochrome, such as ethanol, 2-propyn-1-ol, and 2-chloroethanol (Figure 3.7).  

 

3.2.3.1.4 Pyrroloquinoline quinone (PQQ) 

One category of molecules that can assist with the reduction of cytochrome C is periplasmic or 

membrane-bound pyrroloquinoline quinone (PQQ)-dependent dehydrogenases, to which certain AOA 

species, mainly Ca. Nitrosocosmicus, show the presence of associated reactions [19, 33]. Their presence 

and high degree of expression have been shown in heterotrophic non-AOA marine Thaumarchaeota and 

thus suggest they are essential for energy metabolism [223]. One such example of PQQ-dependent 

dehydrogenases is the previously mentioned oxidation of certain alcohols to reduce ferricytochrome, 

which has been shown to occur within the Gram-negative bacterium Pseudomonas aeruginosa that can 

grow on ethanol as its sole carbon and energy source [224]. However, according to GapSeq, all AOA lack 

the predicted ability to biosynthesize pyrroloquinoline quinone (PQQ). However, the number of enzymes 

detected in the 58 genomes, and in other previous work [33], implies that AOA, and in particular I.1b 

representatives, can make use of them. Therefore, this failure to detect PQQ sequences might result from 

a lack of homology between GapSeq protein database, a novel pathway for its biosynthesis, or suggest 

that it is obtained from surrounding non-AOA community members. Finally, contrary to Qin et al. [104] 

who showed that all 44 tested species of AOA encode for plastocyanin-like proteins [104], integral to 

respiration and electron transfer, the analysis done here found that 10 out of 14 I.1b genomes are 

associated with the presence of plastocyanin (K02638). Those that are absent include both Ca. 

Nitrosodeserticola species, Ca. N. oleophilus, and Nitrososphaera sp. WS208. Outside of I.1b, only three 

genomes are predicted to encode plastocyanin and include Ca. Nitrosotalea devanaterra, Ca. Nitrosotalea 

okcheonensis, and Ca. Nitrosotenuis sp. GW928 (Supplementary Table 4). Plastocyanins are blue copper 

proteins that contain copper in the active site [225] and are typically found within species capable of 
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oxygenic photosynthesis in that they transfer electrons between the photosystems II and I [226]. Although 

their function is currently unknown for AOA [222], they are predicted to have roles in shuttling electrons 

between complexes and intermediates in the ETC [227]. 

 

3.2.4 Energy and fermentation 

An important purpose of fermentation is oxidation of NADH for regeneration of NAD+ and 

production of ATP, both of which can be subsequently used for other pathways. Therefore, the initial 

substrates used in fermentation can be seen as electron acceptors that can circumvent the ETC [228]. This 

may be useful when conditions do not permit oxygenic ammonia oxidation or usage of the ETC, such as 

in low oxygen concentrations, or impairments of the Amo complex. Such impairments were shown from 

low ammonia concentrations, which has been shown to reduce the translation of the Amo complex [46, 

229, 230], inhibited by organic matter [231] or limitations on the elements needed for the complexes such 

as copper and iron, which has been shown to down regulate genes associated with ammonia oxidation and 

electron transport [232]. Thereby the potential to switch to fermentation might be useful for non-motile 

AOA such as those within Ca. Nitrosocosmicus. In terms of specific pathways, all tested AOA encode the 

potential to ferment pyruvate to either ethanol (pyruvate fermentation to ethanol) or iso-butanol (pyruvate 

fermentation to iso-butanol) (Supplementary Table 10). However, only selected genomes, including those 

of I.1b as well as I.1a-associated and Ca. Nitrosotenuis, encoded for pyruvate transporters 

(Supplementary Table 8). Thus, the widespread presence of transporters predictive of transporting 

pyruvate might partly be explained by pyruvate being used to fuel fermentation. In addition, there is a 

wide diversity of other pyruvate-related fermentation pathways which are predicted to be complete within 

most AOA genomes (Supplementary Table 10). Yet the high presence of these fermentation pathways 

leads to the hypothesis that pyruvate is transported and used by many AOA species either sourcing it 

extracellularly, from the catabolism of another substrate/intermediate resourced either extracellularly or 

endogenously. This aligns with the concept that transporters often have lower positive annotations than 
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other classes of proteins, and their full range of substrates is unknown [187, 188]. In terms of producing 

ethanol as an end product, as is common for many fermentation pathways, previous research has shown 

that archaea are not known to produce ethanol as a primary fermentation end-product [233]. However, a 

genetic analysis of Micrarchaeota and Parvarchaeota [234] suggests that the potential exists for this 

process. One reason ethanol might not be detected or released within the extracellular media is that for 

some species, such as Ca. Nitrosocosmicus, it can be used as a possible alternative energy source in that 

its oxidation reduces two ferricytochrome c proteins (K00114) (Figure 3.7). Likewise, previous work 

using Ca. N. franklandianus showed that certain alcohols can inhibit the Amo complex [231], which 

therefore warrants alcohol’s immediate breakdown.  

In terms of pyruvate fermentation to iso-butanol, it has been reported within several yeast species 

such as Saccharomyces cerevisiae, Pichia pastoris, Kluyveromyces lactis, and Magnusiomyces magnusii 

[235]. The production of iso-butanol is of bio-industrial and biofuel interest due to it being used as a 

precursor in a wide range of polymers, paints, and plastics [236], and its advantages over ethanol 

including lower volatility, and higher energy density [236]. Compared to other groups, I.1b genomes 

show a higher proportion of pathways associated with fermentation, particularly for Ca. Nitrosocosmicus 

species, and examples include succinate fermentation to butanoate and acetone butanol ethanol synthesis. 

Both pathways are found in four out of five Ca. Nitrosocosmicus genomes but not that of Ca. N. arcticus 

(Figure 3.6A). Both Ca. N. hydrocola and Ca. N. oleophilus genomes show potentially complete 

pathways for acetyl-CoA fermentation to butanoate (Figure 3.6A), which is a pathway also found in 

several bacterial species such as Clostridium butyricum [237], E. coli [238], and C. tyrobutyricum [239]. 

However, without purpose-built experiments, the presence of these enzymes might be false positive of 

fermentation, as noted by Meier et al. [121] who put forth that most enzymes involved in fermentation are 

bidirectional and part of other metabolic pathways. In addition, the low yield of oxidized electron carriers 

and ATP and the high cost of producing such enzymes and transporters might mean that fermentation is 

rarely used or only under extraordinary circumstances [121] such as under low ammonia or copper 

concentrations, when the Amo complex is inhibited, or under anoxic conditions. 
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Figure 3.7 Heatmap produced using ComplexHeatmap (152) and a binary colour scheme to show the presence (blue) and absence (white) of reactions that can 
produce or reduce metabolites for energy/catabolic purposes including NADH, quinones and ammonia. The reactions presented and organized based on those that 
are predicted to be lineage-specificity for certain clades of I.1b. For proteins to be considered lineage-specific, precision and specificity must be ≥ 0.8, and the 
highest F1 if multiple clade are past this 0.8 threshold. The order of the heatmap follows a decrease in the size of the in-group, starting first with the all I.1b 
species, then clade Ca. Nitrosocosmicus (Ca. Nitrosocosmicus and Ca. Nitrosodeserticola, Ca. N. wilkensis and Nitrososphaeria sp. AF2) and Nitrososphaeria 
(N. evergladensis, N. gargensis, Nitrososphaeria sp. LEAR.1, N. viennensis, and Nitrososphaeria sp. WS208), as determined by phylogenetic tree and PCOA 
plot, individual genera. Finally, the ‘only I.1b’ group represents those below the 0.8 threshold but showed complete exclusivity within the I.1b. To save space for 
the figure any reactions that had excessively long reactions were assigned their KEGG based reaction codes (e.g., R04844) for these please refer to 
Supplementary Table 10. 

Ca. N_cosmicus
Ca. N_deserticola

Ca. N_polaris
N_sphaera Ca. N_cosmicus

Ca. N_deserticola
Ca. N_polaris

N_sphaera

Group

N_cosmicus_clade

N_sphaera clade

Ca. N_cosmicus & Ca. N_deserticola

 wilkensis & sp. AFS

 Ca. Nitrosocosmicus

Ca. Nitrosodeserticola

Ca. Nitrosopolaris

(Z)−2−Methylureidoacrylate peracid + H2O <=> (Z)−2−Methylperoxyaminoacrylate + CO2 + Ammonia
(Z)−3−Ureidoacrylate peracid + H2O <=> (Z)−3−Peroxyaminoacrylate + CO2 + Ammonia
Carbamate <=> Ammonia + CO2
D-Glucose 6-phosphate + Coenzyme F420 <=> D-Glucono-1,5-lactone 6-phosphate + Reduced coenzyme F420
Methylureidoacrylate + H2O <=> Methylaminoacrylate + CO2 + Ammonia
Pyruvate + Ubiquinone + H2O <=> Acetate + Ubiquinol + CO2
Ureidoacrylate + H2O <=> Aminoacrylate + CO2 + Ammonia
beta−D−Glucose + NAD+ <=> D−Glucono−1,5−lactone + NADH + H+
(S)−Dihydroorotate + Quinone <=> Orotate + Hydroquinone
alpha−Amino acid + H2O + NAD+ <=> 2−Oxo acid + Ammonia + NADH + H+
Glycine + H2O + NAD+ <=> Glyoxylate + Ammonia + NADH + H+
2−Chloroethanol + 2 Ferricytochrome c <=> Chloroacetaldehyde + 2 Ferrocytochrome c + 2 H+
2−Propyn−1−ol + 2 Ferricytochrome c <=> 2−Propynal + 2 Ferrocytochrome c + 2 H+
Ethanol + 2 Ferricytochrome c <=> 2 Ferrocytochrome c + Acetaldehyde + 2 H+
Hydrogen sulfide + NAD+ <=> Sulfur + NADH + H+
4 Manganese(2+) + 2 Oxygen + 4 H2O <=> 4 Mn(IV)O2 + 8 H+
4 Manganese(2+) + Oxygen + 4 H+ <=> 4 Manganese(3+) + 2 H2O
4 Manganese(3+) + Oxygen + 6 H2O <=> 4 Mn(IV)O2 + 12 H+
R12368
R12377
R12369
R12370
5−Formiminotetrahydrofolate + H+ <=> 5,10−Methenyltetrahydrofolate + Ammonia
7(1)−Hydroxychlorophyll a + NAD+ <=> Chlorophyll b + NADH + H+
7(1)−Hydroxychlorophyllide a + NAD+ <=> Chlorophyllide b + NADH + H+
Bromochloromethane + H2O <=> Formaldehyde + Bromide + Cl− + 2 H+
FMN + H2O <=> Riboflavin + Orthophosphate
(2E)−Octadecenoyl−[acp] + NADH + H+ <=> Octadecanoyl−[acyl−carrier protein] + NAD+
(R)−Mevalonate + NAD+ <=> Mevaldate + NADH + H+
(S)−Methylmalonate semialdehyde + CoA + NAD+ <=> Propanoyl−CoA + CO2 + NADH + H+
(S)−Methylmalonate semialdehyde + NAD+ + H2O <=> Methylmalonate + NADH + H+
1−Octanol + NAD+ <=> Octanal + NADH + H+
1,2−Dibromoethane + Glutathione + H+ <=> Glutathione episulfonium ion + 2 Hydrobromic acid
2 3−Hydroxyanthranilate + 4 Oxygen <=> Cinnavalininate + 2 Superoxide + 2 Hydrogen peroxide + 2 H+
2 Glutathione + NAD+ <=> Glutathione disulfide + NADH + H+
2 Mycothiol + NAD+ <=> Mycothione + NADH + H+
2 Thiosulfate + 2 Ferricytochrome c <=> Tetrathionate + 2 Ferrocytochrome c
2 Ubiquinol + Oxygen + 4 H+ <=> 2 Ubiquinone + 2 H2O + 4 H+
2−Aminomuconate semialdehyde + NAD+ + H2O <=> 2−Aminomuconate + H+ + NADH
2-Fluorobenzoate + NADH + H+ + Oxygen <=> 2-Fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate + NAD+
2-Fluorobenzoate + NADH + H+ + Oxygen <=> 6-Fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate + NAD+
2−Methyl−3−oxopropanoate + CoA + NAD+ <=> Propanoyl−CoA + CO2 + NADH + H+
2−Propynal + NAD+ + H2O <=> Propynoate + NADH + H+
2−trans,6−trans−Farnesal + NAD+ + H2O <=> Farnesoic acid + NADH + H+
R03459
3-Aminopropanal + NAD+ + H2O <=> beta-Alanine + NADH + H+
3-Fluorobenzoate + NADH + H+ + Oxygen <=> 5-Fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate + NAD+
3-Fluorobenzoate + NADH + Oxygen + H+ <=> 3-Fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate + NAD+
3−Hexenal + NADH + H+ <=> 3−Hexenol + NAD+
3−Oxopropanoate + CoA + NAD+ <=> Acetyl−CoA + CO2 + NADH + H+
R04844
R04506
R04805
R09993
4-Aminobutyraldehyde + NAD+ + H2O <=> 4-Aminobutanoate + NADH + H+
4-Fluorobenzoate + NADH + H+ + Oxygen <=> 4-Fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate + NAD+
4−Trimethylammoniobutanal + NAD+ + H2O <=> 4−Trimethylammoniobutanoate + NADH + H+
5−Hydroxyindoleacetaldehyde + NAD+ + H2O <=> 5−Hydroxyindoleacetate + H+ + NADH
5'−Methylthioadenosine + H2O <=> 5'−S−Methyl−5'−thioinosine + Ammonia
6−Phospho−D−gluconate + NAD+ <=> D−Ribulose 5−phosphate + CO2 + NADH + H+
Acetaldehyde + NAD+ + H2O <=> Acetate + NADH + H+

R06519

Fe−coproporphyrin III + 2 S−Adenosyl−L−methionine <=> Heme + 2 CO2 + 2 5'−Deoxyadenosine + 2 L−Methionine

m−Methylbenzoate + NADH + Oxygen + H+ <=> 1,6−Dihydroxy−5−methylcyclohexa−2,4−dienecarboxylate + NAD+

S−Adenosyl−L−methionine + G(5')pppPur−mRNA + H+ <=> S−Adenosyl−L−homocysteine + m7G(5')pppR−mRNA

Thiamine + H2O <=> 4−Amino−5−hydroxymethyl−2−methylpyrimidine + 5−(2−Hydroxyethyl)−4−methylthiazole + H+

O
nl

y
I.1

b

Acyl−[acyl−carrier protein] + NAD+ <=> trans−2,3−Dehydroacyl−[acyl−carrier protein] + NADH + H+
Aldehyde + NAD+ + H2O <=> Carboxylate + NADH + H+
Aldehyde + NAD+ + H2O <=> Fatty acid + NADH + H+
Androstan−3alpha,17beta−diol + NAD+ <=> Dihydrotestosterone + NADH + H+
Benzoate + NADH + H+ + Oxygen <=> (1R,6S)−1,6−Dihydroxycyclohexa−2,4−diene−1−carboxylate + NAD+
Benzoate + NADH + H+ + Oxygen <=> 1,6−Dihydroxycyclohexa−2,4−diene−1−carboxylate + NAD+
Biuret + H2O <=> Urea−1−carboxylate + Ammonia
Butyryl−[acp] + NAD+ <=> But−2−enoyl−[acyl−carrier protein] + NADH + H+
Chloroacetaldehyde + NAD+ + H2O <=> Chloroacetic acid + NADH + H+
Choline + NAD+ <=> Betaine aldehyde + NADH + H+
cis−3−Chloroallyl aldehyde + H2O <=> cis−3−Chloroacrylic acid + 2 H+
Corticosterone + NAD+ <=> 11−Dehydrocorticosterone + NADH + H+
Cortisol + NAD+ <=> Cortisone + NADH + H+
Cortol + NAD+ <=> Urocortisol + NADH + H+
Cortolone + NAD+ <=> Tetrahydrocortisone + NADH + H+
Cyanate + H+ + HCO3− <=> CO2 + Carbamate
Cyanate + HCO3− + H+ <=> Ammonia + 2 CO2
D−Glucose + Quinone <=> D−Glucono−1,5−lactone + Hydroquinone
D−Glucuronolactone + NAD+ + 2 H2O <=> D−Glucarate + NADH + H+
D−Glyceraldehyde + NAD+ + H2O <=> D−Glycerate + NADH + H+
Decanoyl−[acp] + NAD+ <=> trans−Dec−2−enoyl−[acp] + NADH + H+

Dihydroceramide + 2 Ferrocytochrome b5 + Oxygen + 2 H+ <=> Phytoceramide + 2 Ferricytochrome b5 + H2O
Dodecanoyl−[acyl−carrier protein] + NAD+ <=> trans−Dodec−2−enoyl−[acp] + NADH + H+
Ethylnitronate + Oxygen + Reduced FMN <=> Acetaldehyde + Nitrite + FMN + H2O

Formaldehyde + NAD+ + H2O <=> Formate + NADH + H+
Formate + NAD+ <=> H+ + CO2 + NADH
Hexadecanoyl−[acp] + NAD+ <=> trans−Hexadec−2−enoyl−[acp] + NADH + H+
Hexanoyl−[acp] + NAD+ <=> trans−Hex−2−enoyl−[acp] + NADH + H+
Imidazole−4−acetaldehyde + NAD+ + H2O <=> Imidazole−4−acetate + NADH + H+
Indole−3−acetaldehyde + NAD+ + H2O <=> Indole−3−acetate + NADH + H+
L−Aspartate + H2O + Oxygen <=> Oxaloacetate + Ammonia + Hydrogen peroxide
L−Ornithine <=> L−Proline + Ammonia

mycothione reductase2 Mycothiol + NAD+ <=> Mycothione + NADH + H+
N4−Acetylaminobutanal + NAD+ + H2O <=> 4−Acetamidobutanoate + NADH + H+
Nicotinamide D−ribonucleotide + H2O <=> Nicotinate D−ribonucleotide + Ammonia
Nitrogen + 2 Ferricytochrome c + H2O <=> Nitrous oxide + 2 Ferrocytochrome c + 2 H+
o−Toluate + Oxygen + NADH + H+ <=> 1,2−Dihydroxy−6−methylcyclohexa−3,5−dienecarboxylate + NAD+
Octanoyl−[acp] + NAD+ <=> trans−Oct−2−enoyl−[acp] + NADH + H+
Perillyl aldehyde + H2O + NAD+ <=> Perillic acid + NADH + H+
Pregnanediol + NAD+ <=> Pregnanolone + NADH + H+
Protein dithiol + NAD+ <=> Protein disulfide + NADH + H+
Protein−L−arginine + H2O <=> Protein L−citrulline + Ammonia
Pyridoxamine + H2O + Oxygen <=> Pyridoxal + Ammonia + Hydrogen peroxide
Pyridoxamine phosphate + H2O + Oxygen <=> Pyridoxal phosphate + Ammonia + Hydrogen peroxide
Pyridoxine phosphate + Oxygen <=> Hydrogen peroxide + Pyridoxal phosphate
S−Adenosyl−L−homocysteine + H2O <=> S−Inosyl−L−homocysteine + Ammonia

Secondary alcohol + Coenzyme F420 <=> Ketone + Reduced coenzyme F420
Secondary alcohol + NAD+ <=> Ketone + NADH + H+
Sphinganine + 2 Ferrocytochrome b5 + Oxygen + 2 H+ <=> Phytosphingosine + 2 Ferricytochrome b5 + H2O
Tetradecanoyl−[acp] + NAD+ <=> trans−Tetradec−2−enoyl−[acp] + NADH + H+

Toluate + Oxygen + NADH + H+ <=> cis−1,2−Dihydroxy−4−methylcyclohexa−3,5−diene−1−carboxylate + NAD+
trans−3−Chloroallyl aldehyde + H2O <=> trans−3−Chloroacrylic acid + 2 H+
tRNA queuine + Acceptor + H2O <=> Epoxyqueuosine in tRNA + Reduced acceptor
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3.2.5 Anabolism  

Many independent studies have shown that NADPH is the primary electron carrier for most 

enzyme-driven anabolic reactions and aids in the biosynthesis cellular components [130]. Furthermore, 

upon inspection of the modified 3-HP/4-HB cycle of AOA, five reactions require the oxidation of 

NADPH [202]. Therefore, any reactions that involve reduction of NADP+ by oxidizing another substrate 

could potentially be used as a substrate for anabolism. In addition, all I.1b genomes, with the exceptions 

of Nitrososphaera sp. WS208 and Nitrososphaera sp. AFS, contain NAD(P)/NADPH interconversion 

(Figure 3.6A), which suggests that these species can generate reduced NADH or NADPH as needed if the 

other exists in suitable concentrations. Group I.1b genomes, in particular those of Ca. Nitrosocosmicus 

and Ca. Nitrosodeserticola, and three out of six sampled Nitrososphaera genomes, also contain carbonic 

anhydrase (Figure 3.8), which is capable of reversible hydration of CO2 to HCO3
- [240, 241]. Although 

some species such as Ca. Nitrosocosmicus sp. SS can have multiple copies of carbonic anhydrase [19] at 

least one is predicted to reside within the cytosol because of the absence of any signal peptides [19]. 

Therefore, any CO2 produced by decarboxylation reactions that is not turned into HCO3
- due to the 

slightly alkaline pH of the cytosol could be converted into such by carbonic anhydrase. The importance of 

obtaining HCO3
- is that it is the inorganic carbon used for the 3HP/4HB pathway [202]. Any remaining 

CO2 could be subsequently used by carboxylation reactions, or lost via degassing, either actively or 

passively. 
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Figure 3.8 Heatmap produced using ComplexHeatmap (152) and a binary colour scheme to show the presence (blue) and absence (white) of reactions that 
can produce or reduce metabolites for biosynthesis metabolites that can support anabolic or autotrophic metabolism of AOA including NAPH and CO2. 
The reactions presented are organized based on those that are predicted to be lineage-specificity for certain clades of I.1b. For proteins to be considered 
lineage-specific, precision and specificity must be ≥ 0.8, and the highest F1 if multiple clade are past this 0.8 threshold. The order of the heatmap follows a 
decrease in the size of the in-group, starting first with the all I.1b species, then clade Ca. Nitrosocosmicus (Ca. Nitrosocosmicus and Ca. Nitrosodeserticola, 
Ca. N. wilkensis and Nitrososphaeria sp. AF2) and Nitrososphaeria (N. evergladensis, N. gargensis, Nitrososphaeria sp. LEAR.1, N. viennensis, and 
Nitrososphaeria sp. WS208), as determined by phylogenetic tree and PCOA plot, individual genera. Finally, the ‘only I.1b’ group represents those below 
the 0.8 threshold but showed complete exclusivity within the I.1b. Those that have KEGG based reaction codes (e.g., R02122) held reactions that were 
excessively long and complex for these please refer to Supplementary Table 11.  

Ca. N_cosmicus
Ca. N_deserticola

Ca. N_polaris
N_sphaera

Ca. N_cosmicus
Ca. N_deserticola

Ca. N_polaris
N_sphaera

Group

N_cosmicus_clade

N_sphaera clade

Ca. N_cosmicus & 
Ca. N_deserticola

wilkensis & sp. AFS

Ca. Nitrosocosmicus

Ca. Nitrosopolaris

(Z)−2−Methylureidoacrylate peracid + H2O <=> (Z)−2−Methylperoxyaminoacrylate + CO2 + Ammonia
(Z)−3−Ureidoacrylate peracid + H2O <=> (Z)−3−Peroxyaminoacrylate + CO2 + Ammonia
Acetyl-CoA + alpha-D-Galactosamine 1-phosphate <=> CoA + N-Acetyl-alpha-D-galactosamine 1-phosphate
Carbamate <=> Ammonia + CO2
D-Glucose 6-phosphate + Coenzyme F420 <=> D-Glucono-1,5-lactone 6-phosphate + Reduced coenzyme F420
Methylureidoacrylate + H2O <=> Methylaminoacrylate + CO2 + Ammonia
Pyruvate + Ubiquinone + H2O <=> Acetate + Ubiquinol + CO2
Ureidoacrylate + H2O <=> Aminoacrylate + CO2 + Ammonia
(S)−Lactaldehyde + NADP+ <=> Methylglyoxal + NADPH + H+
2−Dehydro−L−idonate + NADP+ <=> 2,5−Didehydro−D−gluconate + NADPH + H+
beta−D−Glucose + NADP+ <=> D−Glucono−1,5−lactone + NADPH + H+
R05763
alpha−Amino acid + H2O + NADP+ <=> 2−Oxo acid + Ammonia + NADPH + H+
Retinol + NADP+ <=> Retinal + NADPH + H+
(−)−Citronellol + NADP+ <=> (S)−(−)−Citronellal + NADPH + H+
beta−Citronellol + NADP+ <=> (R)−(+)−Citronellal + NADPH + H+
Geraniol + NADP+ <=> Geranial + NADPH + H+
Nerol + NADP+ <=> cis−Citral + NADPH + H+
2-Hydroxyestradiol + S-Adenosyl-L-methionine <=> 2-Methoxy-17beta-estradiol + S-Adenosyl-L-homocysteine
2−Hydroxyestrone + S−Adenosyl−L−methionine <=> 2−Methoxyestrone + S−Adenosyl−L−homocysteine
Hydrogen sulfide + NADP+ <=> Sulfur + NADPH + H+
R04887
S−Adenosyl−L−methionine + 3,4−Dihydroxyphenylacetate <=> S−Adenosyl−L−homocysteine + Homovanillate
R04881
S−Adenosyl−L−methionine + Catechol <=> S−Adenosyl−L−homocysteine + Guaiacol
S−Adenosyl−L−methionine + Catechol <=> S−Adenosyl−L−homocysteine + o−Methoxyphenol
S−Adenosyl−L−methionine + Dopamine <=> S−Adenosyl−L−homocysteine + 3−Methoxytyramine
S−Adenosyl−L−methionine + L−Adrenaline <=> S−Adenosyl−L−homocysteine + L−Metanephrine
S−Adenosyl−L−methionine + L−Noradrenaline <=> S−Adenosyl−L−homocysteine + L−Normetanephrine
Acetyl−CoA + Propanoate <=> Acetate + Propanoyl−CoA
Lactoyl−CoA + Acetate <=> (S)−Lactate + Acetyl−CoA
Lactoyl−CoA + Propanoate <=> (S)−Lactate + Propanoyl−CoA
R05711
11−Deoxycorticosterone + NADPH + H+ <=> 5alpha−Dihydrodeoxycorticosterone + NADP+
5−Formiminotetrahydrofolate + L−Glutamate <=> Tetrahydrofolate + N−Formimino−L−glutamate
5alpha−Androstane−3,17−dione + NADP+ <=> Androstenedione + NADPH + H+
5alpha−Pregnane−3,20−dione + NADP+ <=> Progesterone + NADPH + H+
7(1)−Hydroxychlorophyll a + NADP+ <=> Chlorophyll b + NADPH + H+
7(1)−Hydroxychlorophyllide a + NADP+ <=> Chlorophyllide b + NADPH + H+
ATP + Detyrosinated alpha−tubulin + L−Tyrosine <=> alpha−Tubulin + ADP + Orthophosphate
ATP + Pyruvate <=> ADP + Phosphoenolpyruvate
CTP + Pyruvate <=> CDP + Phosphoenolpyruvate
dATP + Pyruvate <=> dADP + Phosphoenolpyruvate
Dihydrotestosterone + NADP+ <=> Testosterone + NADPH + H+
Dolichol + NADP+ <=> Polyprenol + NADPH + H+
Folinic acid + L−Glutamate <=> Tetrahydrofolate + N−Formyl−L−glutamate
Palmitoyl−CoA + L−Serine <=> 3−Dehydrosphinganine + CoA + CO2
R10795
(R)−Mevalonate + NADP+ <=> Mevaldate + NADPH + H+
(S)−Methylmalonate semialdehyde + CoA + NAD+ <=> Propanoyl−CoA + CO2 + NADH + H+
1−Acyl−sn−glycerol 3−phosphate + NADP+ <=> Acylglycerone phosphate + NADPH + H+
1−Alkyl−sn−glycero−3−phosphate + NADP+ <=> O−Alkylglycerone phosphate + NADPH + H+
R04523
1−Palmitoylglycerol 3−phosphate + NADP+ <=> Palmitoylglycerone phosphate + NADPH + H+
R04560
2 Glutathione + NADP+ <=> Glutathione disulfide + NADPH + H+
2 L−Glutamate + NADP+ <=> L−Glutamine + 2−Oxoglutarate + NADPH + H+
2 Mycothiol + NADP+ <=> Mycothione + NADPH + H+
2 trans,trans−Farnesyl diphosphate + NADPH + H+ <=> Squalene + 2 Diphosphate + NADP+
2−Methyl−3−oxopropanoate + CoA + NAD+ <=> Propanoyl−CoA + CO2 + NADH + H+
2,5−Dioxopentanoate + NADP+ + H2O <=> 2−Oxoglutarate + NADPH + H+
3−Oxopropanoate + CoA + NAD+ <=> Acetyl−CoA + CO2 + NADH + H+
3−Oxopropanoate + CoA + NADP+ <=> Acetyl−CoA + CO2 + NADPH + H+
R02122
3'−Phosphoadenylyl sulfate + Amine <=> Adenosine 3',5'−bisphosphate + Sulfamate
3'−Phosphoadenylyl sulfate + Aniline <=> Adenosine 3',5'−bisphosphate + Benzenamine sulfate
R13047

Only_I.1b

Only_I.1b

4−Aminobutyraldehyde + NADP+ + H2O <=> 4−Aminobutanoate + NADPH + H+
R03458
5−Carboxy−2−oxohept−3−enedioate <=> 2−Hydroxyhepta−2,4−dienedioate + CO2
5−Carboxy−2−oxohept−3−enedioate <=> 2−Oxohept−3−enedioate + CO2
6−Hydroxyhexanoic acid + NADP+ <=> Adipate semialdehyde + NADPH + H+
6−Phospho−D−gluconate + NAD+ <=> D−Ribulose 5−phosphate + CO2 + NADH + H+
6−Phospho−D−gluconate + NADP+ <=> D−Ribulose 5−phosphate + CO2 + NADPH + H+
9−cis−Retinol + NADP+ <=> 9−cis−Retinal + NADPH + H+
Acetone + NADPH + H+ <=> Propan−2−ol + NADP+
R04355
Acetyl−CoA + Alkane−alpha,omega−diamine <=> CoA + N−Acetyldiamine
Acetyl−CoA + Choline <=> CoA + Acetylcholine
Acetyl−CoA + H2O <=> CoA + Acetate
Acetyl−CoA + Putrescine <=> CoA + N−Acetylputrescine
R02768
Alcohol + NADP+ <=> Aldehyde + NADPH + H+
R05795
ATP + 1−Phosphatidyl−D−myo−inositol <=> ADP + 1−Phosphatidyl−1D−myo−inositol 3−phosphate
ATP + 1−Phosphatidyl−D−myo−inositol <=> ADP + 1−Phosphatidyl−1D−myo−inositol 4−phosphate
ATP + alpha−D−Galactose <=> ADP + alpha−D−Galactose 1−phosphate
ATP + H2O + Tungstate <=> ADP + Orthophosphate + Tungstate
ATP + Malonate + CoA <=> AMP + Diphosphate + Malonyl−CoA
ATP + Polyphosphate <=> ADP + Polyphosphate
Benzoate + NADPH + H+ + Oxygen <=> (1R,6S)−1,6−Dihydroxycyclohexa−2,4−diene−1−carboxylate + NADP+
Butyryl−[acp] + Malonyl−[acyl−carrier protein] <=> 3−Oxohexanoyl−[acp] + CO2 + Acyl−carrier protein
Capecitabine + H2O <=> 5'−Deoxy−5−fluorocytidine + 1−Pentanol + CO2
Carbon disulfide + 2 H2O <=> CO2 + 2 Hydrogen sulfide
Carbonic acid <=> CO2 + H2O
Carbonyl sulfide + H2O <=> CO2 + Hydrogen sulfide
R07207
Choline + NADP+ <=> Betaine aldehyde + NADPH + H+
CTP + Choline phosphate <=> Diphosphate + CDP−choline
CTP + Dolichol <=> CDP + Dolichyl phosphate
CTP + N-Trimethyl-2-aminoethylphosphonate <=> Diphosphate + CMP-N-trimethyl-2-aminoethylphosphonate
Cyanate + H+ + HCO3− <=> CO2 + Carbamate
Cyanate + HCO3− + H+ <=> Ammonia + 2 CO2
Decanoyl−[acp] + Malonyl−[acyl−carrier protein] <=> 3−Oxododecanoyl−[acp] + CO2 + Acyl−carrier protein
R04726
Fe-coproporphyrin III + 2 S-Adenosyl-L-methionine <=> Heme + 2 CO2 + 2 5'-Deoxyadenosine + 2 L-Methionine
Formate + NAD+ <=> H+ + CO2 + NADH
R10119
GTP + Oxaloacetate <=> GDP + Phosphoenolpyruvate + CO2
Hexadecanoyl−[acp] + Malonyl−[acyl−carrier protein] <=> 3−Oxostearoyl−[acp] + Acyl−carrier protein + CO2
Hexanoyl−[acp] + Malonyl−[acyl−carrier protein] <=> 3−Oxooctanoyl−[acp] + CO2 + Acyl−carrier protein
Hg + NADP+ + H+ <=> Mercury(2+) + NADPH
Hypotaurine + NADPH + H+ + Oxygen <=> Taurine + NADP+ + H2O
Isocitrate + NADP+ <=> 2−Oxoglutarate + CO2 + NADPH + H+
Isocitrate + NADP+ <=> Oxalosuccinate + NADPH + H+
ITP + Oxaloacetate <=> IDP + Phosphoenolpyruvate + CO2
L−Gulonate + NADP+ <=> D−Glucuronate + NADPH + H+
R10115
Methylmalonate + CoA + ATP <=> (R)−Methylmalonyl−CoA + AMP + Diphosphate
N,N−Dimethylaniline + Oxygen + NADPH + H+ <=> N,N−Dimethylaniline N−oxide + NADP+ + H2O
Octanoyl−[acp] + Malonyl−[acyl−carrier protein] <=> 3−Oxodecanoyl−[acp] + CO2 + Acyl−carrier protein
Oxalate <=> Formate + CO2
Oxalosuccinate <=> 2−Oxoglutarate + CO2
Pimeloyl−[acyl−carrier protein] + L−Alanine <=> 8−Amino−7−oxononanoate + Acyl−carrier protein + CO2
Pimeloyl−CoA + L−Alanine <=> 8−Amino−7−oxononanoate + CoA + CO2
Presqualene diphosphate + NADPH + H+ <=> Diphosphate + Squalene + NADP+
Primary alcohol + NADP+ <=> Aldehyde + NADPH + H+
Protein dithiol + NADP+ <=> Protein disulfide + NADPH + H+
Protein lysine + 2−Oxoglutarate + Oxygen <=> Procollagen 5−hydroxy−L−lysine + Succinate + CO2
Pyruvate + D−Glyceraldehyde 3−phosphate <=> 1−Deoxy−D−xylulose 5−phosphate + CO2
Pyruvate + Orthophosphate + Oxygen <=> Acetyl phosphate + Hydrogen peroxide + CO2
R10962
S-Adenosyl-L-methionine + G(5')pppPur-mRNA + H+ <=> S-Adenosyl-L-homocysteine + m7G(5')pppR-mRNA
R05764
Secondary alcohol + Coenzyme F420 <=> Ketone + Reduced coenzyme F420
Tamoxifen + Oxygen + NADPH + H+ <=> Tamoxifen N−oxide + NADP+ + H2O
R04968
Toluate + Oxygen + NADPH + H+ <=> cis-1,2-Dihydroxy-4-methylcyclohexa-3,5-diene-1-carboxylate + NADP+
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3.3 Substrate differences  

3.3.1 Nitrogen 

3.3.1.1 Urea 

Despite nearly all genomes, excluding those of several ThAOA, showing the potential to 

transport urea, and many encoding for urease, those within I.1b are unique in that it is predicted that all 

genomes included in this study encode for urease and at least one transporter (Figure 3.9). This finding 

agrees with previous comparative genomic analyses that show ureases primarily associated with terrestrial 

AOA (I.1b) rather than their marine (I.1a) counterparts [242]. The finding that the potential to use urea is 

not universal across AOA likewise agrees with previous research suggesting that urea usage depends on 

the location and ecotype [79]. Although it is uncertain whether all AOA species can use urea, multiple 

studies of both AOA [20, 32, 33, 71, 163] and other species [243] have shown that microorganisms with 

encoded ureases are also capable of degrading urea. Such use of urea may offer advantages over 

ammonia, for unlike ammonia that decreases as the pH drops below its pKa of 9.25 into the less preferred 

ammonium [42], urea is pH-independent and thus may be an especially valuable substrate for AOA to 

obtain sufficient ammonia under limiting conditions, such as in acidic environments [243, 244]. Urea can 

likewise comprise a high proportion of dissolved organic nitrogen [245] given the myriad ways it is 

derived from natural sources, such as by degradation of organic matter, via macro and micro animal 

excretions [246], atmospheric deposition, or anthropogenic sources such as fertilizers [247]. The fast rate 

at which urea undergoes intracellular hydrolysis, typically via urease, provides an easy source of two 

ammonia ions and one CO2 and does not require cofactors such as electron carriers or ATP to be 

accomplished [248]. Therefore, urea degradation could provide AOA with ammonia to fuel ammonia 

oxidation and carbon dioxide for carbon fixation [75].  

In-vitro experiments have provided direct evidence that members of the genus Ca. 

Nitrosocosmicus can use urea as a sole nitrogen and energy source [33, 34]. There is evidence there is 

more complexity to the story for example, Ca. Nitrosocosmicus sp. SS can use urea as its sole nitrogen 

and energy source, yet the associated ammonia oxidation rate was only a tenth of that when ammonia was 
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the energy source [94]. This suggests that for some species, urea can be used for metabolism but is not as 

metabolically favourable. In addition, a recent study showed that tested AOA species preferentially used 

ammonia over urea, and the authors attributed these results to higher affinities for ammonia [249]. 

However, to reach these conclusions, they tested only two AOA species: N. viennensis and 

Nitrosopumilus piranensis. Although these AOA encode for urea transporters and urease (Figure 3.9), it is 

possible that the cells could not afford to expel the energy and resources to activate this pathway 

considering the relatively low energy production from ammonia oxidation. Yet the results presented here 

can potentially explain the lack of activity from urea that was demonstrated within Nitrosopumilus 

adriaticus [76], Nitrosopumilus cobalaminigenes [77], and Nitrosopumilus koreensis sp. AR1 [70] might 

be because they lack a urease (Supplementary Table 5). For Ca. N. cloacae specifically, the results 

presented here predict that it can use urea, yet those who characterized this species from a WWTP showed 

that it could not on account of a truncated transporter [250]. This thus highlights a strong limitation of 

relying on metabolic predictions based on genomes or subsets of relevant genome annotations.  
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Figure 3.9 Heatmap produced using ComplexHeatmap [161] and shows which genomes of AOA encode 
reactions that can deamination nitrogenous substrates predicted by KEGG, but lack transporters as 
predicted by TCDB [152] (Presence of reactions but no transporter), encode for transporters but no 
reactions (Presence of transporter but no reactions), both reactions and transporters (Presence of both 
reactions and transporters) or neither reactions and transporters (Absence of both reactions and 
transporters). The nitrogenous substrates are separated based on whether they are amino acids, inorganic 
nitrogenous compounds (Inorganic N; not deemed entirely organic in nature), or organic nitrogenous 
compounds (organic N; considered organic but not amino acids). 

 

 

3.3.1.2 Peptidases  

Group I.1b genomes show both a higher diversity and total number of peptidases compared to 

other groups, and more specifically the species belonging to the Ca. Nitrosocosmicus clade show a higher 

presence over those within the Nitrososphaera clade (Figure 3.5B). Peptidases, also known as 

proteinases, encompass a comprehensive and unique class of enzymes capable of catalyzing protein or 

peptide hydrolysis [127], typically via the breaking of the peptide bonds. Some of the peptidases 

predicted within all AOA within this thesis include amidophosphoribosyltransferase, Xaa-Pro 

dipeptidase, asparagine synthase (glutamine-hydrolysing), and signal peptidase I (Supplementary Table 3) 

the last of which is important for the extracellular release of proteins from the cytoplasm [251] and might 

suggest that AOA is actively exporting proteins into the extracellular space. In terms of I.1b specificity, 

two peptidases were predicted sigma E protease and specificity stage IV sporulation protein, which is 

predicted to be absent within Ca. N. hydrocola and Ca. N. arcticus and present within I.1a associated, Ca. 

Nitrosotalea bavarica SBT1 (Supplementary Table 3). At other taxonomic levels, such as the Ca. 

Nitrosocosmicus clade, there is a predicted prevalence of carboxypeptidase Taq, but it was absent within 

Ca. N. wilkensis and present within N. evergladensis and N. gargensis (Figure 3.5B). In terms of genus 

specificity, all Ca. Nitrosocosmicus species showed the presence of bacterial leucyl aminopeptidase, with 

the exception being Ca. N. franklandianus, whereas both genomes of Ca. Nitrosodeserticola were 

predicted to encode ubiquitin carboxyl-terminal hydrolase 47 and epoxide hydrolase 4 (Figure 3.5B).  

Peptidases are ubiquitous among microorganisms and between domains [127, 252, 253] and their 

function and use in the cell depends partly on their location. Peptidases that remain inside the cell are 
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typically associated with protein turnover or regulatory functions. In contrast, the peptidases that are 

exported, completely or membrane-bound, are typically involved with degrading proteins/peptides within 

the environment for the acquisition of carbon and nitrogen by the cell, despite the high resource and 

investment in resources [254, 255]. Unfortunately, this thesis research cannot currently state whether any 

of the 58 AOA genomes encode for the ability to export peptidases and thus, future work should rely on 

software such as SignalP to predict their location [256]. However, the widespread presence of peptide 

transporters within AOA, both shown within the results (Supplemental table 6) and with previous findings 

[30, 71] suggests that peptides could be uptaken and degraded by intracellular peptidase. Location 

notwithstanding, the cleavage of peptides, which can make up a sizable proportion of organic nitrogen 

within the environment [257], could provide AOA with options for obtaining amino acids. Thus, it could 

be especially useful for environments with limited bioavailable nitrogen [258] or energy-limiting 

conditions. Several other archaeal groups, such as five from marine sediments including those from 

Lokiarchaeota subgroup 2c, Ca. Proteinoplasmatales, and Bathyarchaeota subgroup were identified as 

active protein degraders based on SIP analysis [259], which showed the formation of heavy CO2 as well 

as labeled RNA and lipids the latter suggests that the degraded proteins, which were likely cleaved to 

amino acids, entered central carbon metabolism of the catabolizing archaea.  

 

3.3.1.3 Amino acids 

On average, members of I.1b, particularly genomes belonging to the Ca. Nitrosocosmicus clade 

show a relatively high prevalence of transporters predicted to facilitate the transport of amino acids 

(Figure 3.9). Examples of potential transported amino acids include L-glutamine, L-leucine, L-

phenylalanine, and L-asparagine (Figure 3.9). Outside of I.1b genomes, species within the genus of Ca. 

Nitrosotenuis and the ThAOA group likewise showed a high abundance of amino acid transporters 

(Figure 3.9), and which is consistent with previous work [260]. The presence of other species outside of 

AOA having shown the presence of amino acid transporters, including Group-3.unk, a sub-non-ammonia 
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oxidizing archaea group [261], many cyanobacteria [262, 263], Lokiarchaeon [264], and Caldiarchaeum 

[265] suggests that this is not a process strictly associated with AOA species.  

Once taken up by the cell, the question that arises is what happens to the amino acids. One 

possibility is that the amino acids are reused for peptide synthesis, thus reducing costs of protein synthesis 

[75, 266, 267]. Such reuse of exogenous amino acids to support protein synthesis has been shown in 

many microorganisms surviving under higher pressures [266–268] and from isotopic analysis of AOA 

within marine sediment and oceanic crust communities [268–270]. Others have postulated that the amino 

acids are broken down, which has been demonstrated by a wide diversity of microorganisms that can use 

amino acids and peptides across many ecosystems [271–273]. For example, marine cyanobacteria can 

incorporate amino acids into new cellular macromolecules in the ocean's mesotrophic and oligotrophic 

regions [274]. For all AOA genomes studied within this thesis, there was a wide selection of enzymes 

predicted for either the deamination or transamination of amino acids, which governs the release of the  

amino function group or transfer to another substrate respectively (Supplementary Table 5). For example, 

all AOA show the presence of enzymes for the deamination of specific amino acids such as D/L-

glutamine, L-glutamate, and L-asparagine, yet only I.1b species show the presence of a predicted 

transporter for these amino acids (Figure 3.9). This does not exclude the possibility that other groups have 

transporters, and which remain unclassified due to low homology. But at this time the differences 

between species metabolic potentials are related more to the presence or absence of a transporter than 

having the enzyme for the amino acid metabolism. As a result, I.1b genomes are associated with the 

highest dominance and exclusivity of annotation predictions for the use of exogenous amino acids, in 

particular for glycine, L-alanine, L-asparagine, L-aspartate L-glutamate, and L-glutamine, and the 

potential to use these amino acids were infrequent outside of I.1b genomes (Figure 3.9). Although 

predicted genes for L-serine and L-threonine use were primarily found in I.1b genomes, this potential was 

also found in other groups (Figure 3.9). Thus, it is possible that AOA genomes that lack transporters use 

their deamination or transamination enzymes more to support the general anabolic metabolism of 

endogenous amino acids rather than those from the environment.  
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Most reactions involved with the amino acid breakdown involve transferring the amino group to 

2-oxoglutarate, which results in L-glutamate, which itself can be broken down or deaminated 

(Supplementary Table 5). If the ammonia group is freed, it could be used to satisfy nitrogen requirements 

in terms of ammonia oxidation and anabolism of nitrogenous macromolecules. However, there is the 

potential for these reactions to run in reverse, where the glutamate could transfer its amino group to the 

carbon skeleton of a pre-amino acid, leading to its generation of both the amino acid and 2-oxoglutarate. 

Hence, the directionality of these reactions might depend on the ratio of 2-oxoglutarate/L-glutamate and 

suggests that this ratio and L-glutamate is an important biological intermediate. The resulting carbon 

skeleton could be further degraded, enter a key fundamental cycle (anaplerosis), or be exported (presence 

of organic transporters). More specifically, the carbon skeleton could replenish intermediates of the TCA 

or 3-HP/4-HB cycles [75] where they could either be pulled away at a particular step for anabolism of 

new macromolecules (i.e., undergo cataplerosis) or oxidized to CO2 coupled with the reduction of 

electron carriers, which in turn could fuel autotrophic anabolism or deliver the electron carriers to the 

ETC respectively. The majority of I.1b and ThAOA also show the potential to degrade glycine to yield 

5,10-methylenetetrahydrofolate (Supplementary Table 6), which can be subsequently used for 

biosynthesis pathways, including those of purines and regeneration of methionine [275], this reaction also 

leads to the formation CO2 and NH4
+.  

Group I.1b genomes show a higher prevalence of pathways corresponding to amino acid 

degradation on account of having a predicted transporter. These pathways might produce intermediates or 

end products that can be subsequently used for central carbon cycles. For example, Ca. Nitrosocosmicus 

species genomes, except for that of Ca. N. arcticus, show the presence of L-glutamate degradation V (via 

hydroxyglutarate) (Figure 3.6C). This pathway can form intermediates that can be used to resupply both 

the 3-HP/4-HB cycle, with intermediates such as (S)-3-hydroxy butanol-CoA and crotonyl-CoA, and 

those for the TCA cycle, such as 2-oxoglutarate. Whereas the end product of acetyl-CoA could be used 

for the anabolism of lipids or other amino acids, fermentation, or entrance within the TCA and 3-HP/4-
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HB cycle. I.1b genomes likewise show dominance for L-serine degradation I and. L-alanine degradation 

IV both resulting in pyruvate and ammonia (Supplementary Table 7 & 8). 

 The breakdown of some amino acids can involve multi-pathway processes. For example, 

Nitrososphaera genomes shows higher prevalence for both L-asparagine transport and L-asparagine 

degradation I (Table 6 & 8), which yields ammonia and L-aspartate. The L-aspartate could then enter the 

L-aspartate degradation I pathway to yield L-glutamate and oxaloacetate, a pathway again predicted 

within Nitrososphaera genomes (Supplementary Table 7 & 8). The following products could be 

deaminated to enter the TCA or 3-HP/4-HB cycles or used for the generation of new amino acids. 

However, reactions that deliver the carbon skeleton of the amino acid to the TCA or 3-HP/4-HB cycles 

might be reversible and may also have a role in removing excessive ammonia, serving as ammonia 

storage [75], or keeping the concentration of ammonia low to continue the transport of ammonia into the 

cell.  

Some evidence suggests that certain AOA use only the ammonia from the amino acids and not 

the carbon skeleton [259, 270]. For example, AOA within the sediments of the deep oceans have shown 

the ability to conduct proteolysis and deamination, mainly to obtain ammonia and export deaminated 

amino acids back to the external environment [129]. However, to date no studies have assessed whether 

terrestrial or I.1b shows preference for one atom or another. 

The results presented here can also be used to contextualize previous studies. For example, both 

Nitrosopumilus adriaticus and Nitrosopumilus piranensis failed to be stimulated by leucine in the absence 

of ammonia [270], which is consistent with the results presented here for both corresponding species lack 

annotated transporters for leucine (or any other amino acid) (Figure 3.9). In addition, the failure of Ca. 

Nitrosopelagicus brevis [84] and Nitrosarchaeum koreense [85] to be stimulated by amino acids makes 

sense given that, other than for L-arginine (that was not tested in those studies), the genomes of these 

species do not contain any predicted amino acid transporters (Figure 3.9). 
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3.3.1.3 Polyamines  

The potential to transport polyamines show differences between both species and the type of 

polyamine potentially brought across (Supplementary Table 8). For example, spermidine transport is 

predicted for nearly all AOA genomes, yet putrescine and cadaverine transporters were lacking for I.1a 

and Nitrosopumilus genomes specifically, and only the genome of Ca. Nitrosotenuis aquarius was 

predicted to encode for spermine transport (Supplementary Table 8). However, the corresponding 

transporters are not direct polyamine transporters but are instead predicted as possible substrates of amino 

acid, drugs, or antibiotics transporters. All AOA genomes included in this thesis lack polyamine 

transporter genes (potABCD and potFGHI), which is in agreement with the conclusion of previous 

research [276].  

In terms of polyamine anabolism predicted by GapSeq, there is a high number of AOA genomes 

predicted to encode for the complete putrescine biosynthesis pathway I, but is absent in four I.1b 

members, all ThAOA, and two I.1a (Figure 3.10). The putrescine biosynthesis pathway I produces 

putrescine from the starting reagent of L-arginine, which shows widespread potential to be transported 

(Supplementary Table 8). In addition, all genomes except that of Nitrososphaera sp. AFS are predicted to 

encode for the complete homospermidine biosynthesis I (Figure 3.10), which combines spermidine and 

putrescine to yield syn-homospermidine and propane-1,3-diamine. The findings that AOA are potentially 

capable of synthesizing polyamines intracellularly are in agreement with previous studies that showed 

that Ca. Nitrosocosmicus sp. SS was capable of producing them as well [94].  
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Figure 3.10 Heatmap produced using ComplexHeatmap [161], and the proportion of pathways completed 
for polyamine biosynthesis and degradation pathways. The pathways were obtained from KEGG, RAST, 
and Metacyc, and GapSeq was used to analyze them [155]. White indicates the complete absence of any 
enzymes associated with said pathway, while the darkest blue indicates the 100% or complete presence of 
all associated enzymes. The heatmap rows are organized based on the polyamine, whereas the columns 
are organized based on the phylogenetic groups the 58 genomes of AOA are associated with. 
 

Although the biological role of polyamines within AOA remains unknown, one proposal is that 

they serve to remove excessive ammonia [94] and hence enable some species to survive in higher 

concentrations. However, the costs, both in terms of energy and resources (carbon atoms), of synthesizing 

and exporting these substrates might pose a limit or restriction. Other potential functions include the 

involvement of polyamines in processes such as cell division, neglecting negative charges [277], 

intercellular signals to trigger biofilms, assisting with the synthesis of proteins [278] or DNA [279]. In 

addition, some species of bacteria use polyamines as ROS scavengers, which, due to their positive 

charges, can effectively bind and detoxify alkyl, hydroxyl, and peroxyl radicals [280].  

Although I.1b, I.1a-associated, and I.1a genomes do not show any preference/group-specific 

pathways for the synthesis or degradation of polyamines, ThAOA genomes do (Figure 3.10). For 

example, the synthesis of long-chain polyamines is associated with four of five ThAOA genomes, except 

for Ca. Nitrosocaldus tengchongensis and spermidine biosynthesis III is associated with three out of five 

ThAOA species genomes, excluding Ca. Nitrosocaldus schleperae and Ca. Nitrosocaldus tengchongensis 
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(Figure 3.6). The ThAOA preference and potential to biosynthesize long-chain polyamines as well as 

spermidine has previously been found in other thermophilic bacteria and archaea and is thought to aid in 

thermostability [208, 281]. In particular, polyamines aid in stabilizing and maintaining tRNAs, rRNAs, 

70S ribosomes, and DNA [208]. This protection against stresses is strengthened by polyamines binding to 

negatively charged phospholipid head groups or proteins in membranes, which can provide defence 

against osmotic or acidic stress [282]. These potential roles can also explain the presence of polyamine 

transporters (Supplementary Table 8), as mentioned previously.  

The results presented here show that a wide selection of AOA genomes have putrescine 

degradation IV, which is present in all I.1a-associated, I.1b, and ThAOA, but absent in seven I.1a species 

(Figure 3.10). Putrescine degradation IV produces 4-aminobutanoate as one of its major products (Figure 

3.10) yet the ability to break degrade this molecule down is limited to members of I.1a-associated taxa, 

certain members of ThAOA, and Nitrososphaera. However, within this pathway, ammonia is released 

which could in turn undergo ammonia oxidation.  

Other studies hypothesize the possibility that AOA can use polyamines as an alternative energy 

source without them being transported by the cell or undergoing these degradation pathways. These 

hypothesizes are based on the idea that the active site of Amo faces out and, thus, the subsequent 

oxidation of ammonia occurs within the (pseudo)periplasmic space (PPS), the region between the 

cytoplasmic membrane and the S-layer [211]. The first of two potential hypotheses involves nitric oxide 

(NO) which AOA has been shown to produce [283], reacting with either O2 or superoxide to form 

reactive nitrogen oxide species (RNOS; NO2 or N2O3) [283], RNOS can then react with primary amines 

such as polyamines to produce nitrosamines and subsequently deaminated to NH4
+ which can then be 

oxidized by the Amo active site [284]. The second hypothesis involves ammonia and primary amines, 

such as polyamines, showing close structural and chemical similarities, which means they may be 

oxidized by Amo directly without even requiring RNOS [285]. Evidence to support these predictions 

includes polyamine-N oxidation rates being higher than their associated uptake rates [89, 285]. However, 

when N. piranensis sp. D3C and N. adriaticus sp. NF5 were supplied with putrescine as their sole energy 
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source, both failed to grow [285], yet this experiment should be repeated with additional species. 

Moreover, the lack of polyamine response might be due to the reduction in the presence of the Amo 

complex, which has been documented to occur within Nitrosopumilus maritimus in times of ammonia 

limitations [230], and the absence of the complex may result in putrescine being unable to be oxidized. 

Other prokaryotic species have shown the ability to use polyamines as a source of energy or its 

components for anabolic metabolism. For example, bacterioplankton have been shown to use polyamines 

as a source of nitrogen [94] and Veillonella alcalescens requires the presence of either cadaverine or 

putrescine to grow [286].  

 

3.3.1.4 Other nitrogenous substrates 

The findings of this project support that N. gargensis is the only known AOA species that 

encodes cyanase (Figure 3.7), which degrades cyanate to ammonia and CO2 [86]. However, the major 

setback of relying on homology is that it is based only on what is currently established and not what is 

unknown. For example, the enzyme and mechanism responsible for N. maritimus' ability to produce 

ammonia from cyanate despite lacking cyanase is still unknown [287]; however, N. maritimus could only 

use cyanate when it was already growing on ammonia [87] suggestive that this breakdown is more 

complicated and warranting closer assessment. Nonetheless, N. maritimus and many other AOA, 

particularly those belonging to I.1b, have a transporter predicted to transport cyanate (Supplemental table 

6). Thus, the potential for cyanate utilization might be more widespread than initially considered. 

However, future experiments must account for rapid abiotic breakdown of cyanate [86], despite that 

cyanate may be another preferred substrate, like urea, as its pH is stable and yields ammonia and CO2, 

potentially fueling chemolithoautotrophic metabolism once broken down.  

Almost all I.1b genomes encode for the potential to hydrolytically cleaved ureidoacrylate 

(K09020) (Figure 3.7), an acrylamide that often arises from the degradation of pyrimidine nucleotides 

[288, 289]. The resulting acrylamide can then hydrolyze spontaneously which leads to the formation of 

two ammonia, carbon dioxide and malonic semialdehyde [289]. The first two products (ammonia and 
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carbon dioxide) from spontaneously hydrolyze could be subsequently used to fuel chemolithoautotrophic 

growth; whereas, malonic semialdehyde (3-oxopropanoate) can potentially enter the 3-HP/4-HB cycle 

[202]. The presence of ureidoacrylate degrading enzymes has likewise been shown within Rhizobium 

leguminasorum [288] and E. coli sp. K-12 [289]. However, no known AOA have predicted transporters 

for ureidoacrylate.  

Another potential substrate that shows a higher prevalence in Nitrososphaera and Ca. 

Nitrosodeserticola is biuret, which can be cleaved to urea and ammonia by biuret amidohydrolase 

(K23359) (Figure 3.7). Biuret is typically an impurity of urea fertilizers [290] and often added as a non-

protein nitrogen supplement for ruminants [291]. Even though there is no known biological source for 

biuret [292], its addition to the environment might nonetheless provide a possible substrate for I.1b 

members that comprise a high proportion of AOA populations in soils, in particular those in agricultural 

soils [34, 293]. Given that several studies indicate that biuret might be phytotoxic [294], it may be 

possible to use species encoding for biuret amidohydrolase in bioremediation. The presence of biuret 

amidohydrolase is likewise detected in many soil species, including Actinobacteria, Alpha- and Beta-

proteobacteria, fungi, archaea, and green algae [295]. In addition, Pseudomonas sp. BH-2 was shown to 

encode biuret amidohydrolase and could grow on this substrate as its nitrogen source [295]. However, the 

presence of biuret amidohydrolase within I.1b does not appear to be linked entirely to phylogeny (Figure 

3.7), as genera not immediately related show the presence of it, such as both Ca. Nitrosodeserticola 

species and four out of six Nitrososphaera. This suggests that either biuret amidohydrolase was obtained 

multiple times via HGT or was more prevalent within basal species but was lost over time.  

Both Ca. N. arcticus and Ca. N. oleophilus show a predicted transporter and reaction for the 

deamination of methylamine to facilitate its attachment to L-glutamate (K22081/K22083) (Figure 3.7), 

the presence and activity of this enzyme likewise shown within the methylotrophic beta-proteobacterium 

Methyloversatilis universalis sp. FAM5 [296]. Methylamines often form as by-products of the 

decomposition of proteins [297] and thus might pose an opportunity for these two Ca. Nitrosocosmicus 

species to further degrade proteins with their variety of peptidases. Moreover, methylamine levels 
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increase within soils when exposed to animal husbandry [298], biomass-burning [297], and certain 

pesticides [299]. Due to its neurotoxic and oxidative stresses, it causes to animals [300], there is increased 

interest to find degradation pathways. If this reaction is verified for these Ca. Nitrosocosmicus species, it 

might be possible to thus use these species (Ca. N. arcticus and Ca. N. oleophilus) in the bioremediation 

of methylamine.  

The N. evergladensis genome shows the presence of both a transporter predicted to transport 

choline and the reaction corresponding to its oxidation to betaine aldehyde via the reduction of NAD+ 

(K00001) (Figure 3.7). A homolog of such a reaction controlled by choline dehydrogenase has likewise 

been found within E. coli [301] and Pseudomonas aeruginosa [302], and the resulting betaine aldehyde 

might subsequently be used in the synthesis of glycine or serine. Finally, Ca. Nitrosocosmicus genomes, 

Ca. N. wilkensis, and Nitrososphaera, as well as two ThAOA and several I.1a genomes show predictions 

in transporting hydroxyurea, thiourea, and gamma-aminobutyric acid (Supplementary Table 8) however 

from our analysis there are no reactions that directly use these compounds. 

3.3.2 Carbon substrate 

3.3.2.1 Glycolysis and TCA intermediates  

Previous research has suggested that AOA can conduct glycolysis [32] yet when assessing the 

metabolic pathways from GapSeq, only the five ThAOA genomes and N. gargensis appear to encode for 

a complete glycolysis pathway (Supplementary Table 10). Theoretically, these species can use fructose 6-

phosphate and glucose 6-phosphate as substrates, resulting in pyruvate and production of ATP and 

NADH.  

Glycolysis ends at pyruvate, a substrate that is also associated with widespread transporters 

within AOA genomes, particularly those belonging to I.1b, but is likewise predicted within other groups 

(Supplementary Table 4). Pyruvate can also be produced by either the decarboxylation of oxaloacetate or 

from malate (Figure 3.8). Both processes release CO2 and the latter releases NADH (K01003). Once 

within the cell, pyruvate can lead to the anabolism of specific amino acids, such as alanine [303] or 
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undergo fermentation which many AOA genomes show complete pathways for (Figure 3.6A). 

Fermentation serves to help oxidize electron carriers and provide small amounts of ATP. Group I.1b, in 

particular those belonging to the Ca. Nitrosocosmicus clade, show the potential for oxidizing pyruvate to 

acetate and carbon dioxide, using ubiquinone as an electron acceptor (Figure 3.7), which is typically 

found associated with the ETC and thus may help with formation of the PMF [304, 305]. A homolog of 

this enzyme is likewise found in E. coli, which could support cell growth when supplied with pyruvate as 

sole carbon source [306]. In addition, all genomes of AOA presented here showed the potential to 

decarboxylate (S)-2-acetolactate to yield two pyruvates (Supplementary Table 7).  

All I.1b except for Ca. N. franklandianus and Nitrososphaera sp. AFS also show the prediction of 

pyruvate produced by the methylglyoxal degradation VI pathway (Figure 3.6B), which results in two 

reduced c-type cytochromes and one pyruvate, its absence in both Ca. N. franklandianus and 

Nitrososphaera sp. AFS was due to the absence of the completed pathway and a predicted transporter, 

respectively. However, because of the toxic nature of methylglyoxal on cellular metabolism [307], there 

is also the potential that this pathway is intended for detoxification instead of dissimilatory metabolism. 

All AOA can potentially convert pyruvate into acetyl-CoA by reducing two oxidized ferredoxins 

(K00174) (Supplementary Table 6).  

Despite the high presence of these reactions and the pyruvate transporter, caution is needed, 

especially for future experiments, because previous studies showing pyruvate stimulation of AOA growth 

[53, 105] were more related to pyruvate’s ability to detoxify H2O2 over it being used to support alternative 

metabolisms [39]. Therefore, experiments to test its metabolism should potentially rely on isotopically 

labelled pyruvate and subsequently check for incorporation into biomolecules.  

Acetate can either be obtained from the breakdown of pyruvate or acetate can be sourced 

extracellularly, which is predicted to be transported in I.1b, I.1a associated, and several I.1a genomes 

(Supplementary Table 8). The same species potentially capable of transporting acetate also shows the 

potential to transport propionate, phenylacetate, butyrate, and 2-hydroxybutyrate (Supplementary Table 

8). Once obtained acetate can be converted into acetyl-CoA, via AMP-dependent acetyl-CoA synthetase 
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(K01895) or ADP-dependent acetate-CoA ligase (K24012) (Supplementary Table 7). These two enzymes 

are found in all AOA genomes (Supplementary Table 6) and have likewise been found in certain 

anammox bacteria [308]. In addition, all species hold the potential to convert citrate to acetyl-CoA 

(K01644) (Supplementary Table 7). However, only species encoding for the sodium-dependent 

dicarboxylate transporter [309] can transport citrate. Both acetate and acetyl-CoA are considered keystone 

substrates for microbial metabolism, in particular for AOA because it is the main product produced by the 

3-HP/4-HB cycle [202]. Moreover, these compounds are used for the biosynthesis of macromolecules 

such as carbohydrates, amino acids [303], and nucleotides [310], as well as being important in several 

fermentation pathways.  

The Ca. Nitrosocosmicus clade, again except for Ca. N. arcticus, shows the potential to transfer 

the CoA subunit between acetate and propionate (K01026) (Figure 3.11). The formation of either of these 

intermediates can serve as a link between the TCA cycle and the 3-HP/4-HB cycle. Acetyl-CoA can also 

enter the TCA cycle, which GapSeq predicts that I.1b genomes have as complete (Figure 3.6B). A 

complete TCA cycle is also found among members of the phylum Loki- and Heimdallarchaeia [311] and 

therefore is not an AOA-specific cycle among archaea. Although the genomes of the other three groups of 

AOA are predicted to encode for many enzymes of the TCA cycle and hence might be completed from 

unknown homologs. What distinguishes I.1b genomes from the other groups is the higher number and 

diversity of group-specific transporters (Supplementary Table 8), reactions (Figure 3.7-10), and pathways 

(Figure 3.6C) that can convert organic substrates, such as amino acids, into TCA cycle intermediates.  
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Figure 3.11 Heatmap produced using ComplexHeatmap [161] and a binary colour scheme to show the 
presence (blue) and absence (white) of reactions that are predicted to produce metabolites of interest 
including anaplerosis (A) intermediates of the TCA and 3-HP/4-HB cycle. The reactions presented are 
organized based on those that are predicted to be lineage-specificity for certain clades of I.1b. For proteins 
to be considered lineage-specific, precision and specificity must be ≥ 0.8, and the highest F1 if multiple 
clade are past this 0.8 threshold. The order of the heatmap follows a decrease in the size of the in-group, 
starting first with all I.1b species, then clade Ca. Nitrosocosmicus (Ca. Nitrosocosmicus and Ca. 
Nitrosodeserticola, Ca. N. wilkensis and Nitrososphaeria sp. AF2) and Nitrososphaeria (N. 
evergladensis, N. gargensis, Nitrososphaeria sp. LEAR.1, N. viennensis, and Nitrososphaeria sp. 
WS208), as determined by phylogenetic tree and PCOA plot, individual genera. Finally, the ‘only I.1b’ 
group represents those below the 0.8 threshold but showed complete exclusivity within the I.1b. Those 
that have KEGG based reaction codes (e.g., R02122) held reactions that were excessively long and 
complex for these please refer to appendix.  
 

There is a high degree of heterogeneity between genera of I.1b with Ca. Nitrosocosmicus species, 

except for Ca. N. arcticus, showing a greater potential to transport specific TCA intermediates and 

substrates than Nitrososphaera species genomes. Some examples include succinate, oxoglutarate, malate, 

oxaloacetate, citrate, and fumarate (Supplementary Table 8). This potential is associated with the higher 

presence of sodium-dependent dicarboxylate transporter, which is well documented in the transport of 
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ITP + Oxaloacetate <=> IDP + Phosphoenolpyruvate + CO2
L−3−Aminoisobutanoate + 2−Oxoglutarate <=> (S)−Methylmalonate semialdehyde + L−Glutamate
L−Aspartate + H2O + Oxygen <=> Oxaloacetate + Ammonia + Hydrogen peroxide
L−Aspartate + Oxygen <=> Iminoaspartate + Hydrogen peroxide
Methylmalonate + CoA + ATP <=> (R)−Methylmalonyl−CoA + AMP + Diphosphate
Oxalosuccinate <=> 2−Oxoglutarate + CO2
Protein lysine + 2−Oxoglutarate + Oxygen <=> Procollagen 5−hydroxy−L−lysine + Succinate + CO2
Pyruvate + D−Glyceraldehyde 3−phosphate <=> 1−Deoxy−D−xylulose 5−phosphate + CO2
Pyruvate + Orthophosphate + Oxygen <=> Acetyl phosphate + Hydrogen peroxide + CO2
S−Adenosyl−L−methionine + trans−Aconitate <=> S−Adenosyl−L−homocysteine + (E)−2−(Methoxycarbonylmethyl)butenedioate
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these substrates [309]. Once within the TCA cycle, four fates can be predicted for the carbon atoms that 

make up these intermediates. The first is that the carbon atoms are processed through the cycle to 

completion, back to the stage they entered. Second, the intermediate is broken down completely to CO2 

and electron carriers, at which point it could be used for autotrophic growth and delivering of electrons to 

the ETC, respectively. Third, the cycle forms an intermediate that can serve as a linkage between the TCA 

cycle and the 3-HP/4-HB cycle. Fourth, they could be subsequently extracted from the cycle for anabolic 

reactions, which help to synthesize new subunits or macromolecules of the cells, such as amino acids, 

lipids, and nucleotides [303].  

Typically, four major metabolites or intermediates serve as major branching points for anabolism: 

phosphoenolpyruvate, pyruvate (already discussed above), oxaloacetate, and malate [312], with the 

proportions of each along with the availability of specific enzymes driving the biosynthesis or cataplerosis 

(i.e., reactions that involve removing the intermediates of a pathway or cycle, often for the synthesis of 

new cellular building blocks such as amino acids, lipids, or nucleotides.) of products emanating from the 

TCA cycle [313]. Phosphoenolpyruvate is expected to have a significant role in gluconeogenesis, a 

pathway [312] predicted by GapSeq to have a high presence within I.1b (Figure 3.6B). The production of 

phosphoenolpyruvate might occur via two reactions. The first reaction, the desulfation of (2R)-O-

phospho-3-sulfolactate to generate phosphoenolpyruvate (K08097) is completely present within I.1b 

genomes and is largely absent from other AOA groups (Figure 3.11). Although this reaction is predicted 

to proceed towards the reverse reaction [314], if it is capable of operating in the forward direction, 

phosphoenolpyruvate will become available. The second reaction, is the phosphorylation and 

decarboxylation of oxaloacetate to phosphoenolpyruvate, which despite being prevalent in all genomes 

(Supplementary Table 6) is a more likely substrate for I.1b on account of the transportation potential of 

oxaloacetate (Supplementary Table 8), shown to be potentially done by the sodium-dependent 

dicarboxylate transporter [309]. Oxaloacetate can also lead to the synthesis of aspartate and asparagine 

[303] or converted into pyruvate. Moreover, if the reaction generating oxaloacetate from succinyl-CoA 

can operate in reverse, it could provide a route for oxaloacetate to enter the 3-HP/4-HB cycle.  
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Malate could be converted to pyruvate (K00027) and oxaloacetate (K00024), both resulting in the 

reduction of NAD+. But while the potential to conduct these reactions is predicted in 34 and 57 genomes 

respectively (Supplementary Table 5), only the species carrying the sodium-dependent dicarboxylate 

transporter (Supplementary Table 8) might be able to transport malate, suggestive that those with this 

transporter might be able to rely on exogenous malate to support their metabolism. Whereas those without 

a transporter might use endogenous malate produced from upstream substrates. The usage of malate has 

precedent and is regarded as one of the preferred carbon sources for several microbial species [293, 315].  

For AOA, it is also important to consider succinate as a central metabolic intermediate given its 

potential use in multiple roles within AOA. For example, all AOA contain the subunits that comprise 

ETC complex II, which oxidizes succinate to reduce quinone (Supplementary Table 5), providing energy 

to the ETC [316]. The TCA cycle and 3-HB/4-HP cycle both independently produce succinyl-CoA. For 

the TCA cycle, succinyl-CoA can be converted to methionine, isoleucine, and valine [303], whereas 

within the 3-HB/4-HP cycle, succinyl-CoA leads to the formation of many precursor metabolites, such as 

pyruvate, phosphoenolpyruvate, oxaloacetate, 2-oxoglutarate, [202, 317]. The importance of succinyl-

CoA was identified for Metallosphaera medulla, which also contains the 3-HP/4-HP cycle [318], and 

which showed that the majority of anabolic precursors for macromolecules are derived by succinyl-CoA 

[319]. With both TCA cycle and 3-HB/4-HP cycle using and forming succinyl-CoA, it may be that this 

intermediate can be shared between these cycles and used differently depending on cellular factors. 

Another crucial TCA intermediate is 2-oxoglutarate (i.e., α-ketoglutarate), which can lead to the synthesis 

of glutamine and either proline, histidine, arginine [303]. In addition to their roles in protein synthesis 

amino acids can also serve to store ammonia or to encourage the continued diffusion of ammonia into the 

cell.  

The presence of the TCA cycle, or its partial presence, has also been theorized to be used for 

reductive or autotrophic fixation over oxidative purposes, as shown for Lokiarchaeota members [311]. 

Despite requiring higher oxygen concentrations, restricted under lower, the reduced TCA cycle shows a 

higher efficiency in fixing CO2, with four ATP being used per one molecule of pyruvate, compared to the 
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oxygen-insensitive 3-HP/4-HB pathway, which can use between five to nine ATPs per one molecule of 

pyruvate [317]. Thus, hypothetically, species could utilize the oxygen-sensitive TCA cycle under higher 

oxygen concentrations, whereas they could switch to the oxygen-insensitive 3-HP/4-HB pathway under 

lower oxygen concentrations. However, currently, all AOA lack the subunits that make up ATP-citric 

lyase and fumarate reductase key enzymes to drive the reductive TCA cycle. Unless unknown homologs 

encode these, it can be predicted that the TCA cycle might only be able to run in the oxidative direction. 

The metabolic predictions in this thesis can potentially explain several previous findings. For 

example, both N. koreense sp. MY1 [85] and Ca. Nitrosopelagicus brevis [84] failed to be stimulated by 

substrates such as succinate, citrate, and malate, which is now understood given that these species lack a 

predicted transporter for these substrates (Supplementary Table 8). However, both species were 

stimulated by pyruvate [84, 85], despite lacking the presence of a corresponding transporter 

(Supplementary Table 8). This can be potentially explained given that both species lack any predicted 

enzymes for the detoxification of H2O2 (Figure 3.4) and thus pyruvate was used for H2O2 detoxification 

instead, thus giving the false positive of alternative metabolism [39]. Previous work has also showed that 

Ca. N. hydrocola was stimulated by pyruvate, malate, succinate, and citrate in the presence of ammonia 

[33], which can now be related to the possibility of Ca. N. hydrocola using these as an alternative 

substrates due to both bearing the sodium-dependent dicarboxylate transporter [309] (Supplementary 

Table 8) and encoding for enzymes and or pathways, such as a complete TCA cycle (Figure 3.6B), for the 

catabolism or incorporation of these exogenous substrates into new cellular metabolites. In addition, as 

Ca. N. hydrocola encodes for catalase (Figure 3.4) it is thus unlikely that these substrates were used for 

the detoxification of H2O2. However, a replication of the experiment, in which Ca. N. hydrocola was 

supplemented with pyruvate, failed to show pyruvate being able to stimulate Ca. N. hydrocola but was 

reasoned to be because of a lower ratio of Ca. N. hydrocola in the culture, which led to inconsistent or 

possible false negative stimulation [320]. More specifically, it may have been that non-AOA 

heterotrophic bacteria were present at a higher abundance than Ca. N. hydrocola and they then consumed 

these substrates preferentially and thus leaving none available for Ca. N. hydrocola.  
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These results presented within this thesis cannot explain why N. viennensis sp. EN76 was 

stimulated by a range of TCA intermediates such as succinate, malate, and pyruvate in a media containing 

them and ammonia [83], despite lacking known transporters (Figure 3.5C), and thus it is possible that 

these substrates were detoxifying the H2O2 [39] or was transported by unknown transport homologs. 

Additionally, despite showing both potential transporters, enzymes, and catalase, another study 

demonstrated that TCA cycle intermediates pyruvate, oxaloacetate, and α-ketoglutarate failed to stimulate 

the growth of strain Ca. N. oleophilus [32]. It is possible that being within an enrichment culture led non-

AOA species to utilize it first, or maybe the cellular expense to turn on these pathways was not sustained 

by available energy or resources. 

3.3.2.2 Single carbon substrate 

Despite the Ca. N. hydrocola genome encoding enzymes for formate breakdown (Figure 3.8), 

which agrees with previous work [33], Ca. N. hydrocola lacks a predicted transporter for formate which is 

predicted to be present in the genomes of N. gargensis and Nitrososphaera sp. WS208 (Supplementary 

Table 8), as well as several basal and non-AOA members of Thaumarchaeota [321, 322]. In addition, two 

nitrite-oxidizing bacterial strains of Nitrobacter winogradskii and Nitrospira moscoviensis showed the 

potential to use formate both bearing a transporter and the enzymes necessary for its degradation [323, 

324]. While all AOA genomes showed the potential to breakdown formate to CO2 (K21636) at the cost of 

one NTP (e.g., ATP, UTP, CTP, GTP), although this breakdown does not appear coupled to the reduction 

of NAD+ (Supplementary Table 6) it might not be catabolically favourable due to the energetic cost. 

All members of the Ca. Nitrosocosmicus clade likewise show the complete formaldehyde 

oxidation II (glutathione-dependent) pathway (Figure 3.6B), which can yield one reduced NADPH and 

formate per molecule of formaldehyde. In addition, three species of Nitrososphaera and Ca. N. arcticus 

show the potential to oxidize formaldehyde using glutathione-independent formaldehyde dehydrogenase 

(K00148) to formate to the reduction of NAD+ (Figure 3.7). However, no relevant transporters for 

formaldehyde were predicted within the genomes of Ca. Nitrosocosmicus (Figure 3.5C). There is the 
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possibility that due to formaldehyde being highly toxic to cells in which it acts as a strong electrophile, 

stealing electrons from crucial macromolecules such as proteins [325, 326] and DNA [327] this pathway 

has evolved and been maintained within the Ca. Nitrosocosmicus clade on account of their non-motility. 

In addition, formaldehyde can lead to the formation of ROS [325], which, due to the Ca. Nitrosocosmicus 

clade bearing the catalase enzyme (Figure 3.4), poses the possibility they can deal with the consequences 

of formaldehyde at a higher degree than other AOA and thus its maintenance within their genomes. One 

possible route of formaldehyde metabolism is its spontaneous combination with tetrahydrofolate to form 

5,10-methylenetetrahydrofolate (Figure 3.8), which assists with a variety of biosynthesis pathways, 

including that of purines and regeneration of methionine [275]. In addition, 5,10-

methylenetetrahydrofolate can combine with glycine via glycine hydroxymethyltransferase (K00600), an 

enzyme that shows universal presence with AOA to form L-serine (Supplementary Table 7). In addition, 

three species of Nitrososphaera and Ca. N. arcticus show the potential to oxidize formaldehyde using 

glutathione-independent formaldehyde dehydrogenase (K00148) to formate to the reduction of NAD+ 

(Supplementary Table 5). 

3.3.2.3 Sugars 

3.3.2.3.1 Simple sugars  

All tested AOA genomes encode for the potential to oxidize certain sugar alcohols such as xylitol, 

D-sorbitol, and iditol with the reduction of NAD+ a reaction conducted by the enzyme L-iditol 2-

dehydrogenase (K00008) (Supplementary Table 5) and has likewise been found within species such as 

Gluconobacter frateurii and Rhodobacter sphaeroides [328]. However, some evidence suggests that L-

iditol 2-dehydrogenase exhibits low substrate specificities, substrate promiscuous, and thus might be able 

to oxidize a greater number and variety of sugars than predicted here [328]. Some evidence suggests that 

in addition to oxidizing sugars L-iditol 2-dehydrogenase can also have a role in regulating the balance 

between NADH/NAD+ [329]. However, the absence of predicted transporter for sorbitol or iditol, and the 

very limited xylitol transporter (Supplementary Table 8), might suggest that this reaction may operate 
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more on endogenous substrate than exogenous ones. Genomes within I.1b, in particular Ca. 

Nitrosocosmicus species, except for Ca. N. hydrocola, showed a higher presence for the potential 

transport of simple and complex sugars including xylobiose, stachyose, isomaltotriose, hexanol, alpha-

lactose, aldehyde-D-xylose, D-mannitol, and isomaltose over other groups and genera (Supplementary 

Table 8). The finding of sugar/carbohydrate-related transporters is likewise documented for 

Lokiarchaeota [311], Prochlorococcus, and Synechococcus [330], yet there is a predicted absence within 

all AOA genomes for predicted reactions to use these sugars.  

The prediction to transport glucose is prevalent for almost all genomes of AOA (Supplementary 

Table 8), yet I.1b genomes were distinct in that all I.1b species, with the exceptions of Nitrososphaera sp. 

LEAR1 and Nitrososphaera sp. WS208, have the potential to oxidize D-glucose to either the reduction of 

NAD+ (Figure 3.7) or NADP+ (K00034) (Figure 3.8). The majority of Nitrososphaera species are also 

predicted to encode for the oxidation of beta-D-glucose by glucose 1-dehydrogenase (Figure 3.8), which 

is likewise encoded and expressed by species such as B. subtilis [331] and Bacillus megaterium [332], 

and has been noted for its high rate of cofactor regeneration due to both its high activity and coenzyme 

promiscuity [333]. The, genomes of I.1b do show a higher prevalence of a complete pathway for 

gluconeogenesis (Supplementary Table 10), which means that they can potentially biosynthesize glucose-

6P from acetyl-CoA and pyruvate, which can subsequently be used to assist with biosynthesis of various 

cellular components, including nucleic acids, storage molecules, or into components for the extracellular 

matrix [334]. This potential is likewise found in many Ca. Angelarchaeales and Ca. Gimiplasmatales 

MAGs [335, 336]. The resulting glucose-6P could also be used in the reduction of coenzyme F420 driven 

by coenzyme F420-dependent glucose-6-phosphate dehydrogenase (K15510; F420-G6PDH), an enzyme 

that I.1b genomes show the exclusive potential for among AOA (Figure 3.8). Yet, F420-G6PDH is found 

in many diverse and metabolically distinct microorganisms, including Sulfolobus solfataricus [337] and 

Halobacterium salinarum [338] where it may play a role as a reduced electron cofactor regenerator [339, 

340]. 
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3.3.2.3.2 Polysaccharides  

In terms of breaking down more complex polysaccharides, only five CAZymes were shared 

among all four AOA groups, with only GT2 being found in all genomes (Supplementary Table 9). As 

mentioned, genomes within I.1b had a higher average and diversity of group-specific CAZymes among 

the four AOA groups (Figure 3.3B), in particular those belonging to glycoside hydrolases (GH), which 

can be seen as important for carbohydrate degradation given their ability to cleave glycosidic bonds [341]. 

The GHs that I.1b are predicted to encode can be characterized by the carbohydrates they can degrade. 

For example, GH1 and GH63 (Figure 3.5A) are predicted to be α-glucosidases that can aid with the 

breakdown of starches and complex sugars [126]. Another potential carbohydrate substrate is chitin, 

which is acted on by GH19 (Figure 3.5A), which is an endo-acting hydrolase enzyme [342, 343]. The 

potential to cleave chitin, a major component of fungal cell walls that are common within soils [344], 

might mean I.1b can contribute to the breakdown of recalcitrant organic matter. Other CAZymes found 

specifically within I.1b genomes include GH3 (Figure 3.5A), coding for β-xylosidases [345], which are 

found in a diversity of bacteria, fungi, and actinomycetes, and can act upon xylosylated phytochemicals to 

remove xylose groups [346]. One such xylosylated phytochemical is xylan which is a common 

component of hemicellulose of land plants and widely found in the cell walls of seaweeds [346], yet can 

also serve alternative roles such as antimicrobial and antioxidant functions [347]. In addition, α-

mannosidase are predicted by GH38 (Figure 3.5A) [348], which showed the potential to hydrolyze all 

linkage types of α-glycosidically linked mannose disaccharides [349] and is present both in eukaryotic 

species [350] and bacterial representatives as well [351, 352]. There is the presence of GH133 (Figure 

3.5A), which is predicted to encode for amylo-α-1,6-glucosidase (EC 3.2.1.33), which can show 

hydrolytic activity towards α-1,6-glycosidic bonds of branched substrates [353], or act as a debranching 

enzyme that can help to remove the branches on amylopectin and in doing so generates maltotriose, 

maltose, and other linear oligosaccharides [354].  
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The I.1b genomes were also associated with a wide diversity and heterogeneity among species for 

GHs predicted to operate upon mannose/mannans and that is potentially metabolized by GH113, which 

links to mannanase and mannosidase [355]. The GH26 enzyme connect to β-mannanases and are 

responsible for the cleavage of residues on β-linked mannopyranose whereas GH130 enzyme are exo-

acting β-mannosidase phosphorylases [356]. GH130 is also capable of cleaving the β-1,2- and β-1,4-

mannosyl linkages between a range of polysaccharides [357, 358]. Gapseq also predicted beta-(1,4)-

mannan degradation predominantly within Ca. Nitrosocosmicus species (Supplementary Table 10). The 

presence of β-mannan polysaccharides are typical components of cell walls and storage molecules for 

plants [359] and has been shown to be degraded by a large diversity of microorganisms and fungi [360, 

361]. In terms of transportation potentials, all I.1b species contain a predicted transporter for xylan and 

mannose, yet all lack transporters for substrates like chitin (Figure 3.5C), yet the absence of these 

transporters, or in cases where the substrate is too large, might suggest that the certain GH are exported 

extracellularly, and the resulting products can be transported into the cell. However, in contrast with 

catabolic metabolism, the prevalence of GH and other CAZymes might instead be used to assist and 

modify the synthesis of polysaccharides on the cell surface or help with biofilm formation. Synthesizing 

such biofilms could provide AOA species, especially those that are non-motile, with protection and 

increased survival from changing or adverse environmental conditions or even help to facilitate 

cooperation with bacteria [94].  

 

3.3.2.4 Alcohols 

Many Ca. Nitrosocosmicus species encode for periplasmic or membrane-bound pyrroloquinoline 

quinone (PQQ)-dependent dehydrogenases, which can oxidize organic substrates such as sugars and 

alcohols, which in turn reduce electron acceptors [362]. The presence of such (PQQ)-dependent 

dehydrogenases is hinted at by specific substrate reactions. For example, there is the potential for Ca. 

Nitrosocosmicus and Ca. Nitrosodeserticola species to oxidize particular alcohols (e.g., ethanol, 2-
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chloroethanol, 2-propyn-1-ol) while reducing two ferricytochrome (K00114) (Figure 3.7). This usage of 

ethanol was likewise seen in Pseudomonas aeruginosa ATCC17933, which was shown to be capable of 

growing using ethanol as its sole source of carbon and energy [363]. In addition, a newly discovered 

heterotrophic marine Thaumarchaeota showed that its PPQ-dependent dehydrogenases were among the 

highest expressed genes and are thus suggestive to be essential for energy production, in particular since 

these Thaumarchaeota lack the ability to oxidize ammonia [223]. However, Ca. Nitrosocosmicus does not 

contain a predicted transporter for ethanol transportation (Supplementary Table 8). Thus, one possibility 

is that ethanol is produced by fermentation within those AOA representatives. 

Species belonging to the Ca. Nitrosocosmicus clade also show the potential for the oxidation of 

both simple and complex alcohols to the reduction of NADP+, and thus include glycerol and ethanol 

(K00002/K12957/K13979) and nerol, geraniol, beta-citronellol, and (-)-citronellol (K12957) (Figure 3.8). 

This latter enzyme, which produces geraniol dehydrogenase (NADP+), has shown a higher affinity for 

allyl alcohols such as geraniol and nerol over nonallylic citronellol [364] and is likewise present and 

active within many members of the genus of Pedobacter [365] and for Castellaniella defragrans [364]. 

Moreover, Pseudomonas aeruginosa can metabolize citronellol and geraniol as the only carbon and 

energy sources using a series of seven proteins [366] in which geraniol dehydrogenase (NADP+) plays a 

predicted important role.  

3.3.3 Inorganic substrates 

All AOA show the potential to oxidize organochlorine compounds, trichloroethane, cis-3-chloro-

2-propene-1-ol, and trans-3-chloro-2-propene-1-ol (K13953) all of which upon oxidation reduce NAD+ 

(Supplementary Table 5). All genomes likewise showed the potential to encode oxidation of inorganic 

substrates such as hydrogen selenide and hydrogen sulfide to either the reduction of a general acceptor, or 

to an oxidized ferredoxin (K00392) (Supplementary Table 5). However, none of the AOA genomes 

within this study showed potential transporters for any of these organochlorine alcohols or for hydrogen 

selenide or hydrogen sulfide (Supplementary Table 8).  
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3.3.3.1 Manganese 

All Nitrosocosmicus-associated genomes were associated with enzyme sequences for manganese 

oxidation in the presence of oxygen (Figure 3.7). The ability to oxidize manganese is found across both 

fungal [367, 368] and bacteria [369, 370] phyla. For example, Leptothrix is a dominant manganese-

oxidizing bacteria in certain biofilters [371] and full-scale water supply plant biofilters [372]. However, 

the function and benefits of manganese oxidation for AOA remains speculative [373]. Some postulate that 

this oxidation enhances resistance to ROS, particularly H2O2 [374], and others have demonstrated that 

some species can derive energy from its oxidation [375]. For example, a species from the Nitrospira 

phylum could solely use manganese as an energy source and could likewise use the resulting energy for 

autotrophic growth [376]. In many species that oxidize manganese, its activity is on the outer surface of 

the cells, leading to oxidized manganese to coat their surfaces [373]. Therefore, a potential experiment to 

test Ca. Nitrosocosmicus usage is the detection of oxidized manganese nodules on their surfaces or within 

the surrounding media. 

3.3.3.2 Sulfite 

Many Ca. Nitrosocosmicus and Ca. Nitrosodeserticola species also show the presence of sulfite 

oxidation pathways. Examples include sulfite oxidation V (SoeABC) and sulfite oxidation I found in all 

Ca. Nitrosocosmicus and Ca. Nitrosodeserticola but not Ca. N. franklandianus, and sulfite oxidation IV 

found in both Ca. Nitrosodeserticola species and three out of five Ca. Nitrosocosmicus species excluding 

Ca. N. franlandus and N. oleophilus (Figure 3.6D). Each sulfite oxidation pathway is slightly different in 

terms of the compound it reduces. For example, sulfite oxidation I reduces c-type cytochrome, which this 

thesis proposes that AOA can potentially produce and which is the central metabolism of Starkeya 

novella and Thiobacillus novellus [377]. Whereas sulfite oxidation V (SoeABC) (Figure 3.6D) involves 

the reduction of menaquinone, to which AOA show a wide diversity of biosynthetic pathways for 

synthesizing many different kinds/types (Supplemental table 8). Sulfite oxidation V is used by the 

microaerophilic bacterium Aquifex aeolicus as its primary source of electrons [378] and is also shown 
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within the genomes of a wide variety of Thioalkalivibrio species [379]. Sulfite oxidation IV couples the 

oxidation of sulfite to sulphate with the combination of H2O and oxygen to form hydrogen peroxide and 

thus is unlikely used for energy production on account it not reducing or oxidizing any cofactors or 

electron carriers. However, due to sulfite being both highly reactive and toxic [211]. Potentially rising to 

toxic levels within cells from general metabolisms such as recycling sulfur-containing metabolites/amino 

acids [211] or being transported by a generalist transporter there is the possibility that these pathways of 

sulfite oxidation may be instead a method to remove/detoxify it [211]. The detoxification of sulfite might 

be useful or required for Ca. Nitrosocosmicus species due to their lack of motility [19, 32–34], which if 

present might allow them to get away from potential toxic levels of sulfite. 

3.3.3.3 Bacterioferritin 

All I.1b genomes show the presence of Fe2+:oxygen oxidoreductase (i.e., bacterioferritin) 

(Supplementary Table 5), which is likewise present within a variety of bacteria, such as nitrogen fixation 

in Azorhizobium caulinodans [380], and pathogens such as Agrobacterium tumefaciens [381]. However, 

this enzyme and the associated reaction are predicted to be useful for iron storage instead of catabolic or 

energy metabolism. Bacterioferritin are spherically shell-like iron storage proteins that catalyze iron 

oxidation and hydrolysis inside the protein shell, resulting in a hydrated ferric oxide core within the 

protein cavity [382]. More specifically, bacterioferritin stores free iron in the form of Fe3+ and can release 

it upon need in the form of Fe2+ when it is required by the cell for metabolic activities [383]. The purpose 

of such a reaction is unknown because I.1b species, like other AOA, use copper over iron for many 

cofactors and enzymes [222]. One possibility is that this enzyme can be used to remove the high reactivity 

Fe2+, which can, in turn, create the toxic ROS species [384]. However, Gapseq does predict that all AOA 

can biosynthesize heme a (Supplementary Table 10), which among many functions can have roles in 

oxygen transport and activation, DNA synthesis, gene regulation, and protease/peptidase [384, 385]. This 

does lead to the possibility that iron has a greater role within AOA then previously found but requires 

verification and in-vitro experimentation to verify. 
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3.3.3.4 Mercury 

Ca. Nitrosocosmicus sp. SS, Ca. N. subpetralis, N. gargensis, and N. viennensis genomes encode 

the potential to oxidize elemental mercury to Hg2+ to reduce NADP+ via mercuric reductase (K00520) 

(Figure 3.8). The potential to transport elemental mercury is prevalent within 53 of the 58 genomes 

(Supplementary Table 8). However, it is likely that instead of operating in the forward direction, which 

would result in the production of highly toxic Hg2+, mercuric reductase, which is part of the mercury 

resistance system, catalyzes the reduction of Hg2+ to elemental mercury [386], which is both less toxic but 

also capable of leaving the cell by diffusion or by the previously mentioned transporters. 

3.4 Mixotrophy  

Based on the definitions in the introduction, it may be that AOA species within the I.1b group and 

Ca. Nitrosocosmicus genus specifically are absorbotrophic mixotrophs. This form of mixotrophy involves 

cells actively or passively up-taking organic matter from the environment [101]. This is due to the 

genomes, particularly I.1b and Ca. Nitrosocosmicus, showing an abundance and diversity of predicted 

enzymes, for example, those involved with pyruvate or alcohol oxidation (Supplementary Table 5), 

transporters in particular amino acids and TCA intermediates (Supplementary Table 8), and pathways 

such as the TCA cycle and a number of amino acid catabolic pathways (Supplementary table 10), 

compared to other AOA groups to obtain and support their anabolic and catabolic demands. 

3.5 Alternatives to mixotrophy 

While the presence of these enzymes and transporters might suggest and support mixotrophy, 

other potential explanations for their presence does exist. For example, certain organic substrates can 

sequester copper ions or become toxic at lower pH [47, 67, 222]. Many AOA depend on copper for 

critical enzymes and elements of their ETC [47, 55] and even organic acids can become toxic under acidic 

environmental conditions, as small protonated acids can diffuse easier through the cell membrane [387]. 

Upon entering the more neutral cytosol, these acids undergo dissociation, which can serve to acidify the 

cytoplasm and disrupt the proton motive force [388]. In addition, certain organic substrates (e.g., aliphatic 
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alcohols) can inhibit the Amo complex and interrupt ammonia oxidation [389]. Thus, the presence of 

pathways or transporters to either remove or actively metabolize these organics to detoxify can be a 

potential reason for their presence.  

Organic matter can also be significantly higher within soils than in marine environments [390]. 

Given that known Ca. Nitrosocosmicus clade representatives are non-motile, there might be greater 

evolutionary pressures to preserve these proteins over species that are either motile or exist in more 

oligotrophic aquatic environments. Another potential explanation for the presence of these transporters 

and enzymes is the removal of resources, substrates, and nutrients needed by competitors, and thus 

obtained an advantage [391]. This hypothesis has been applied to certain species of Picocyanobacteria, 

which might use this tactic to become the dominant species within their habitat [392], and if verified 

within AOA it might explain their high dominance within certain environments [21]. Another hypothesis 

postulates that these proteins are evolutionary relics from AOA basal ancestors. More specifically, 

evolutionary analysis showed that as AOA switched to ammonia oxidation, there was a corresponding 

minimization of their ability to grow heterotrophically, losing pathways such as glycolysis and families 

involved in amino acid catabolism [55]. Such a hypothesis of genomic relics might explain why all 

substrates tested for Ca. N. oleophilus failed to encourage growth [393] but also potentially explains why 

there is a high degree of heterogeneity even between phylogenetically related species as each loses 

proteins at different rates as there is little or no selective pressures to keep these genes.  

Despite showing predictions and prevalence of both transporters and reactions, some species fail 

to show stimulation or increase growth or activity for organic substrates. For example, Ca. 

Nitrosocosmicus oleophilus [32], and Ca. N. franklandianus [34], or in the case of Ca. N. hydrocola, 

showed stimulation in one study [33] but not another [320]. Two possible explanations are that ammonia 

is a poor energy source or signalling limitations. It is well established that the oxidation of ammonia is the 

primary method by which AOA generates ATP and energy [11, 394, 395]. Yet, archaeal ammonia 

monooxygenase preferred substrate has been documented to be NH3 [42]. As the pH drops from its 

equilibrium pKa of 9.25, the environment becomes increasingly populated by NH4
+ [151]. This decrease 
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in concentrations of available substrate for species within neutral or acidic environments [34, 40, 41] 

might not pose a problem to oligotrophic AOA due to the presence of ammonia concentrating methods, 

such as the S-layer [44], the high-affinity amt-type ammonium transporter [32, 34], or a high surface to 

volume ratio (S/V) [42]. However, low ammonia concentrations might be problematic for Ca. 

Nitrosocosmicus species that have the lowest affinity for ammonia [33, 45]. When Ca. Nitrosocosmicus 

lowered affinity is coupled with low concentrations of their preferred NH3 substrate, which is a relatively 

poor energy-yielding substrate [396]. It might force cells to rely solely on basal metabolism or more 

specifically lead to cells being able to metabolically afford the high energy costs (i.e., the alternative 

metabolism energy threshold) required to synthesize the transporters and enzymes to support alternative 

metabolism. It may be that only when Ca. Nitrosocosmicus spp. obtain additional energy, such as from 

substrates with transporters that are continuously expressed or from a sudden spike in ammonia 

concentrations, that cells overcome this threshold. Likewise, it is possible that a specific stimulus or 

condition must be met to trigger the signalling pathways for the synthesis of this alternative metabolism, 

such as low ammonia concentrations or quorum sensing molecules from neighbouring bacteria. 

3.6 Benefits of mixotrophy  

The classification of microorganisms conducting mixotrophy is increasingly being applied and 

discovered as an alternative trophic strategy for a broad spectrum of microorganisms and is thus emerging 

as a more widespread phenomenon, likely as more refined and in-depth experimental work and genome 

mining occurs. Examples of this include many microeukaryotes in a variety of aquatic habitats [397], 

nitrite-oxidizing bacteria [6], and even some AOB such as Nitrosomonas europaea can assimilate low 

molecular weight organic compounds [398]. The benefits of being mixotrophic include having the ability 

to overcome mismatches between crucial resources/nutrients and the environmental supply [399] or 

within environments that are oligotrophic or have fluctuations in crucial nutrients [400, 401] on account 

of being able to mineralize, supplement, or replace a broader range of substrates and thus increase and 

satisfy their needs in limiting conditions [402]. This may be especially useful when competition is high or 
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when the environment changes due to stress or disturbance [403]. Using exogenous substrates from the 

environment can also help to offset costs in terms of the amount of energy and number of reduced 

electron carriers that autotrophic carbon fixation can provide. In other words, the higher number of 

substrates available for supplementing crucial intermediates within a cycle would give species a growth 

and competitive advantage over those that are strict in their trophic style [404]. This view of not being 

strictly autotrophic or heterotrophic is strengthened by the idea that, within their natural habitats, and in 

particular terrestrial ones, microorganisms are likely to encounter a wide diversity of potential energy and 

carbon substrates, some of which might not be in high concentrations. However, if microorganisms 

contain transporters and enzymes for those substrates, or strategies for concentrating substrates such as 

phosphorylation of glucose [405], or trapping them within the extracellular matrix or S-layer as proposed 

for Nitrosopumilus maritimus for ammonia [42], then even substrates at low concentrations can be used. 
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Chapter 4 

Conclusion 

4.1 Concluding remarks 

The discovery that some archaea can conduct ammonia oxidation was revolutionary in unlocking 

the metabolic potential of an entirely new branch of the tree of life, with global biogeochemical 

implications. However, a longstanding unanswered question relates to whether all AOA rely solely on 

autotrophic ammonia oxidation or whether clues from their genomes [33, 222] and in vitro work [21, 61] 

implicate several representatives in additional metabolic potential. The primary objective of this thesis 

research was to perform a comparative genome analysis of AOA representatives, with an emphasis on the 

genomes of I.1b species given prior evidence for metabolic diversity in this group [33]. The results here 

show that I.1b genomes are larger and possess correspondingly greater metabolic diversity, particularly 

with respect to transformations of inorganic compounds, organic compounds, including fermentation. The 

results also demonstrate extensive heterogeneity among AOA genomes, and future work should test 

whether these variations are driven by factors related to the environment or phylogenetics.  

Overall, the results presented here suggests that AOA can “switch” to alternative substrates to 

support carbon, nitrogen, and energy demands when provided suitable conditions and substrates. Such a 

potential for “mixotrophy” is compatible with a primarily chemolithoautotrophic metabolism. Indeed, two 

studies previously used MAR-FISH to demonstrate that biofilms dominated by a Ca. Nitrosocosmicus 

I.1b species within different WWTP systems failed to assimilate labelled bicarbonate from the 

environment despite doing so in vitro when supplied only with ammonia and bicarbonate [21, 33]. Such a 

possibility to use alternative carbon and energy sources may help to explain why I.1b species can 

outnumber AOB by many orders of magnitude, especially in soils and relatively substrate-rich 

environments [21]. Alternative substrate usage can also potentially explain why two clades of AOA that 

are typically found in terrestrial environments have never been documented as being autotrophic based on 

SIP incubations [163].  
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Although this thesis research profiled genome-encoded enzymes for direct use of substrates, an 

emphasis of this work was using the presence of transporters as a primary predictor of alternative 

metabolism. This is particularly important because our results demonstrate that most AOA genomes share 

a common core of metabolic reactions. However, one limitation of this work is that the substrates of 

predicted transporters are not always known, as is also true for the directionality of reactions encoded by 

predicted enzymes. In addition, gene regulation stimuli and related signalling pathways typically cannot 

be inferred using sequences and homology alone. Likewise, caution is needed when making conclusions 

based on a limited number of isolates and genomes to explain ecological or metabolic phenomena, as well 

as make generalizations about the four groups of AOA species. Instead, this work provides a collection of 

potential AOA substrates that are worth testing with subsequent experimental work with additional 

methodologies. The genomes analyzed in this research together demonstrate that I.1b and Ca. 

Nitrosocosmicus representatives possess extensive additional genes that imply a strong potential for 

conducting alternative metabolisms beyond strictly relying on ammonia oxidation and bicarbonate 

fixation. 

4.2 Dark matter and future research 

This project endeavored to include all AOA genomes that passed the CheckM requirements, and 

this study now represents the most extensive metabolic comparative analysis of AOA. However, there are 

still unknowns and weaknesses. For example, Lehtovirta-Morley et al. expressed the need for caution 

when inferring differences between physiological characteristics of Ca. Nitrosotalea on a limited number 

of isolates [67]. Thus, the same caution can be expanded to apply to all AOA [67]. In particular, I.1a-

associated and ThAOA have a lower number of representative genomes such that it is not possible to 

make generalizations about their groups’ metabolic capabilities as can be better done with I.1a and I.1b 

genomes. Likewise, the large proportion of genomic “dark matter” within each genome leads to a large 

number of proteins identified by annotation software but without an established name, function, or 

reaction [406], with some estimates predicting that between 30-50% of genes within each genome lacking 
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any functional annotations [407]. Because at least 30% of these unannotated genes are likely to contribute 

metabolic functions [408], this leaves open a significant gap in understanding of the metabolic potential 

of any given AOA species. This problem is becoming well documented for Nitrososphaerota members 

because many of their genes lack homologs in databases and thus cannot be identified and used for 

functional analysis [202]. For instance, on average, the 58 genomes of AOA assessed in this study had 

42.4% of their genomes uncharacterized or not given a protein name. Genomes from I.1b showed above 

average abundances and a wider range of proteins without names from slightly above Nitrososphaera sp. 

WS208 at 42.6% to Nitrosopolaris wilkensis at 68.4%. Without such identification, it is possible to state 

that a protein is present, but nothing can be said about its use by the cell or possible alternative 

metabolism. Therefore, failing to detect pathways/proteins within databases does not definitively indicate 

their absence as they might be controlled by yet-to-be-established homologs [406]. Likewise, there is 

great uncertainty in transporters specificity or discrimination for substrates [31]. While the TCDB can 

provide predictions about potential substrates that transporters can translocate, this is based on homology 

and might not contain the complete range of substrates. As a result, in vitro experiments are required to 

determine what, if any, substrates predicted here can be transported [31].  

One major drawback of relying on the KEGG and TCDB databases is the lack of information 

about directionality. More specifically, there is a lack of rules that govern the direction in which direction 

reactions and transporters proceed. Without this information, it is hard to determine a species' metabolic 

potential and the purpose of reactions in a cell. Future work should test substrates predicted in silico using 

in vitro or in situ experimentation. For example, Candidatus Kuenenia stuttgartiensis, an anaerobic 

ammonium-oxidizing (anammox) bacteria, revealed several instances where genomic predictions were 

not in alignment with in vitro experiments [409]. For example, conducting alpha-ketoglutarate 

biosynthesis for the TCA cycle despite not having an annotated citrate synthase and synthesizing 

methionine despite lacking an annotated pathway for its biosynthesis and, contrary to genomic data, they 

were unable to use acetate as a carbon or energy source [409].  
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Certain enzymes also show promiscuity in the pathways or the functions they facilitate. 

Therefore, enzymes used in autotrophic pathways can be similar or the same as those used in 

heterotrophic pathways and hence give a false positive for function [177]. Likewise, many copper-based 

enzymes show promiscuity, suggesting they can use other substrates for energy-yielding reactions [227]. 

Although the in silico comparative analysis done here revealed potential substrates and metabolic 

capabilities, these predictions alone cannot determine actual functional physiology or metabolism [410]. 

Thus, the next step is confirmation using techniques that involve either in vitro or in situ techniques to 

measure and detect metabolisms predicted here. For example, stable-isotope probing (SIP) [410] can be 

used to measure anabolic metabolism. Alternatively, tetrazolium dyes can reveal catabolic metabolism 

given that in their oxidized state they are colourless, but become coloured when reduced by cellular 

oxidoreductases (e.g., NADH dehydrogenase), and this change can be measured either qualitatively or 

quantitatively using a range of colorimetric metabolic assays [411, 412]. The use of these dyes has been 

used to determine the metabolic activity of both bacteria [413] and eukaryotes [414] and is especially 

appealing because catabolic activity can be measured even without cell division [415]. Methods such as 

SIP and tetrazolium dyes can trigger false positives, especially if the culture is enriched. AOA that are 

flanked by non-AOA species can result in cross-feeding, which is when microorganisms share 

metabolites either actively or passively between themselves [5, 416].  

Three potential experimental strategies exist to address the cross-feeding problem. The first 

approach obtain pure cultures or metabolically inhibit the contaminating bacteria via the selective 

additions of antibiotics, thereby suppressing any competing bacteria [259]. However, caution is required 

because the antibiotics could potentially harm the AOA of interest or cause the susceptible bacteria to 

spill nutrient-rich substrates, which could either dilute or cause a false negative/positive for the substrate 

being tested.   

In addition, unpublished work by Laura Sauder showed that as the culture of Ca. N. hydrocola 

became increasingly purified, growth rates were reduced. This resistance to purification has been noted 

for many other AOA species [417], as well as decrease in growth rates [33, 68]. All of which suggests 
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that either the antibiotics were having an indirect effect on AOA or that the surrounding bacteria were 

necessary for growth. Another option is to conduct SIP on a macromolecule that shows more rapid or 

continuous synthesis, such as RNA, which can also bring the benefit of reflecting what proteins or 

pathways are active under specific substrate exposure [418]. Because cross-feeding arises due to stable 

media which accumulate waste products, one solution is to have media continuously flowing through the 

culture, or more specifically utilize a technique known as flow-through stable isotope probing (FLOW-

SIP) [108]. This, like other SIP methods, would use stably labelled substrates, which would determine 

whether anabolism metabolism is occurring. However, unlike traditional methods in which the media is 

stationary, which increases the chances of cross-feeding, FLOW-SIP instead relies on a biofilm or culture 

growing on a stationary surface, whereas new media is dripped onto the culture, and waste media is 

removed simultaneously. Other methods to elucidate metabolism include transcriptomics, proteomics 

[94], and metabolomics [109]. The combination of these methods has been used and provided evidence of 

mixotrophy for multiple species of bacteria [419, 420]. However, as noted for urea in soils, the oxidation 

rate of specific substrates cannot be directly deduced from meta-transcriptomic data [421] and therefore 

care and attention is required to ensure accurate results and interpretation of them. In addition, 

metabolomics has shown to be well adapted to detect both the functional state of a wide selection of 

organisms and any changes within the organism's metabolite, and hence metabolic patterns [422]. 

However, all these techniques increase in difficultly, time, and cost as the culture becomes increasingly 

complex or populated by species that are not the target.  

Another method that can measure a microorganism's metabolic activity is the ratio of reduced to 

oxidized electron carriers, particularly NADH/NAD+ [423]. In particular, a lowered ratio might indicate 

active and efficient electron transport and turnover of NADH to NAD+ [259]. Likewise, using the ratio of 

ATP/ADP, precisely a decreased proportion can be indicative of higher energy consumption and more 

active metabolism [424] and has been used to predict possible mixotrophic usage of acetate within in vitro 

anammox cultures [259]. However, these techniques face the same problems of cross-feeding as those 

relying on SIP.  
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Future studies assessing possible growth of AOA species should be cautious when using the 

amoA gene and its transcripts, especially when providing the species in question with alternative 

substrates because multiple studies have demonstrated that growth of AOA can become uncoupled or 

uncorrelated to the amoA transcripts [19, 21, 63]. Finally, assessing the links between AOA genomic 

diversity, habitat preference, molecular adaptations, and biogeography will ultimately rely on 

technological and methodological developments that will enable large-scale AOA population genomics 

studies, high-throughput characterization of AOA physiology, gene knockouts, and characterization of 

their microhabitat in situ [176]. In addition, metabolic predictions based on metagenomic studies can also 

support the design of media and consequently facilitate the cultivation of uncharacterized microorganisms 

[425]. To understand their ecological impact, it is important to identify and characterize in detail the 

metabolic functions and physiological versatility of more representatives of these archaea [83]. However, 

many genes encoding enzymes in Thermoproteota do not have homologs in databases and cannot be 

identified using the bioinformatics approach, including a malonyl-CoA reductase in N. maritimus [72]. 

Each of these techniques have setbacks and limitations, but if applied appropriately and accurately can 

help in answering whether the potential substrates outlined here can support the metabolisms of AOA. 

4.3 Importance  

The widespread distribution and relatively high abundance of AOA in aquatic [81] and terrestrial 

[426] environments implies longstanding adaptations to myriad global niches. Indeed, the AOA dominate 

over their bacterial counterparts in a variety of terrestrial environments, such as Arctic [111], ammonium-

depleted [23], and acidic [24, 25] soils. This is also true for marine environments, both for open water and 

sediments [427, 428], geothermal habitats [429], as well as artificial or engineered environments, such as 

aquarium biofilters and aquaculture systems [112, 430, 431]. Together, these studies suggest that AOA 

play important ecological roles in the structure and organization of microbial communities. More broadly, 

the activity of such globally relevant AOA has profound impacts on biogeochemical cycling of carbon 

and nitrogen in most environments [11, 432]. Given such relevance, better understanding the genomes of 
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AOA is an important way to develop strategies to utilize, maintain, and promote their use and importance 

both in industry and the environment.  

This thesis research presents genomic evidence that AOA possess previously unrecognized 

metabolic diversity, which greatly expands potential substrates that can be used by AOA representatives. 

The results largely suggest expanded roles for AOA in carbon and nitrogen cycling than initially 

understood. These roles can include mineralization and decomposition of organic nitrogen and carbon 

sources to compounds that can be redirected to ammonia oxidation or to better support autotrophic 

growth. In addition, this thesis research predicts that AOA can play a role in the cycling of sulfur, and 

metals such as iron and manganese.  

Future experimental work should test the predictions generated from this comparative genome 

analysis. If alternative metabolisms are indeed verified, this additional knowledge could better explain the 

distributions, presence, and rate of metabolism of organic substrates within the environment. This 

information can help improve biogeochemical models and predictions, which will only become more 

important in relation to climate change. With AOA also being implicated as a source of N2O, a potent 

greenhouse gas and known ozone destroyer [84, 433], the need to understand the proper role and 

metabolism of AOA becomes even more urgent. The results presented here may also offer industrial 

relevance, particularly given the vast diversity of peptidases and CAZymes predicted to be encoded by 

I.1b genomes, which could help the breakdown and metabolism of recalcitrant organic matter. In addition, 

many GHs originating from archaea show high thermostability and thus can be potentially used for high 

temperature processes, such as biofuel generation and biomass conversion [348].  

Some evidence also suggests that AOA can transform complex pharmaceutical compounds in co-

metabolism with ammonia oxidation [116, 117], including sulfonamide antibiotics [118]. As well as 

biodegrading micropollutants [119] such as tertiary amines, mianserin and ranitidine [120] and with the 

vast diversity of potential drug or antibiotic transporters predicted within I.1b the potential to breakdown 

and use xenobiotics could be higher than what is currently considered. 
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Although previous AOA comparative genome studies have explored the physiology and 

adaptations of AOA within the environment, one limitation is that previous studies did not make 

the metabolism of AOA the primary focus. For example, a previous study of 44 AOA genomes 

focused solely on marine AOA and their adaptations to different aquatic habitats [434]. In some, 

while alternative metabolic potentials are reviewed, a very narrow range of substrates was 

assessed, such as urea, cyanate, and glutamate [396, 435]. In some comparative studies that 

assessed metabolism, their limitations lay within a very narrow range of species, which likely 

biased the conclusions. For example, Zou et al.'s [436] findings that AOA in estuaries has higher 

abundances of genes supporting alternative metabolisms (i.e., amino acid, carbohydrates, and 

transport) were associated with small sample sizes of each group and included no I.1b members. 

Another study showed that marine and terrestrial AOA share well-conserved nitrogen and carbon 

metabolic pathways, and that terrestrial AOA possess extensive environmental adaptations that 

include detoxification and carbohydrate conversions [103]. However, this study used only seven 

genomes and did not include representatives from Ca. Nitrosocaldus, Ca. Nitrosomarinus, Ca. 

Nitrosopolaris, Ca. Nitrosotenuis, Ca. Nitrosocosmicus, or Ca. Nitrosothermus genera [103]. 

Finally, almost all comparative studies suffer from manually selecting the metabolic pathways or 

enzymes of interest. Although this allows for rapid determination of traits of interest, it can lead 

to false negatives or miss additional metabolic potentials of AOA representatives. 

Even though the comparative study done here was limited by homology (i.e., protein 

sequences known to associate with specific enzymes or transporters), currently established or 

known species, and a high degree of unknown or unidentified proteins, it is an inclusive AOA 

comparative genomics study that includes all species both known and having a high degree of 

completeness (as performed by CheckM). In addition, this study uniquely assessed fermentation, 
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anaplerosis, polyamine metabolism (both degradation and biosynthesis), inorganics, and finding 

the total metabolic profiles using a pipeline to link KEGG IDs to reactions, which minimized 

objectivity and manual searches. Finally, this study assessed metabolic traits that are lineage-

specific by using lineage-specificity analysis. Thus, despite limitations related to the current 

states of knowledge, this project addresses limitations of previous studies and showed that AOA, 

and I.1b in particular, can potentially use alternative substrates to support growth and 

metabolism. 
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