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Abstract

Nitrification is a multistep process that is a crucial component of the global nitrogen

cycle. The last step of nitrification is nitrite oxidation. This project investigated the

genomes of organisms capable of NarG-mediated nitrite oxidation. Phylogenetic

analysis of NarG-sequences suggests that the nitrifying variant does not initially stem

from the organisms that are now known to perform nitrite oxidation and is likely to be

present in other organisms as well. Our goal was to identify properties common to

nitrifying organisms that set them apart from their non-nitrifying relatives by the

example of the well-known genera Nitrobacter and Nitrococcus. These properties

should aid in the prediction of nitrite oxidation abilities in other organisms.

During the project, we conducted phylogenetic and pangenomic analyses to identify

genes exclusive to these nitrifiers, with particular emphasis on colocalized gene

clusters. Once the set of exclusive genes was known, we performed structure

predictions to assess different types of interaction with the Nar complex.

One key discovery was the identification of the protein NarC, whose distribution across

the NarG phylogeny suggests a conserved evolutionary role in the Nar complex.

Structural predictions indicated a four-subunit complex (NarGHIC), and we investigated

the possibility that the membrane-bound cytochrome PIP 736 might mediate electron

transport between NarGHIC and COX, though this remains to be confirmed.
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Zusammenfassung

Nitrifikation ist ein mehrstufiger Prozess der ein wesentlicher Bestandteil des globalen

Stickstoffkreislaufs ist. Der letzte Schritt der Nitrifikation ist die Oxidation von Nitrit zu

Nitrat. In diesem Projekt wurden die Genome von Organismen untersucht, die zur

NarG-catalysierten Nitritoxidation fähig sind. Eine phylogenetische Analyse der

NarG-Sequenzen deutet darauf hin, dass die nitrifizierende Variante nicht ursprünglich

von den Organismen stammt, die heute als Nitritoxidierer bekannt sind, und daher

auch in anderen Organismen vorhanden ist. Unser Ziel war es, Eigenschaften von

nitrifizierenden Organismen zu identifizieren, die sie von ihren nicht-nitrifizierenden

Verwandten unterscheiden, am Beispiel der bekannten Genera Nitrobacter und

Nitrococcus. Diese Eigenschaften können helfen, die Nitritoxidationsfähigkeit in

anderen Organismen vorherzusagen.

Im Rahmen des Projekts führten wir phylogenetische und pangenomische Analysen

durch, um Gene zu identifizieren die exklusiv für diese Nitrifizierer sind. Schließlich

führten wir Strukturvorhersagen durch, um verschiedene Interaktionsmöglichkeiten mit

dem Nar-Komplex zu bewerten.

Eine wichtige Entdeckung war das Protein NarC, dessen Verbreitung in der

NarG-Phylogenie auf eine konservierte evolutionäre Rolle im Nar-Komplex hindeutet.

Strukturvorhersagen wiesen auf einen vierteiligen Komplex (NarGHIC) hin. Wir

untersuchten auch die Möglichkeit, dass das membrangebundene Cytochrom PIP 736

den Elektronentransport zwischen NarGHIC und COX vermitteln könnte.
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Abbreviations

anaerobic ammonia oxidation - anammox

complete ammonia oxidation - comammox

proton motive force - PMF

average nucleotide identity - ANI

single copy core - SCC

Markov chain clustering - MCL

hidden Markov model - HMM

cluster of exclusive genes - CEG

protein of unknown function - PUF

cytochrome c oxidase - COX

cytochrome c oxidase subunit 1/2/3 - COX I/II/III

Nar-operon associated cytochrome - NarC

expected position error matrix - EPE

(interface) predicted template modelling - (i)pTM

potential interaction partner - PIP
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1 - Introduction

1.1 - The Global Nitrogen Cycle

The global nitrogen cycle is a collection of biogeochemical processes in which nitrogen

compounds are transformed across oxidative states ranging from -3 (ammonia) to +5

(nitrate) (Kuypers, Marchant, and Kartal 2018). Figure 1 shows the processes that

make up the nitrogen cycle. Key steps are nitrogen fixation, where dinitrogen gas is

transformed into ammonium (Beijerinck 1901), nitrification describes the oxidation of

ammonium to nitrate (Winogradsky. 1890) and denitrification is the reduction of nitrate

to N2 (Kluyver and Donker 1926). In anaerobic ammonia oxidation (Anammox),

ammonia and nitrite are transformed to N2 in anaerobic conditions (van de Graaf et al.

1996).

Figure 1. Schematic depiction of the global Nitrogen cycle
N2 - Dinitrogen gas; NH4⁺ - Ammonium; NO2⁻ - Nitrite; NO3⁻ - Nitrate; NO - Nitric oxide; N2O -

nitrous oxide (Daims, Lücker, and Wagner 2016)

Nitrogen is a nutrient essential for all life on earth as it is part of universal biomolecules

such as DNA and proteins and can also be used as electron donor/acceptor in the
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respiratory chain. Despite it being the most abundant element in our atmosphere, it is

often a growth-limiting factor. This is because not all nitrogen compounds are equally

reactive and accessible for use by organisms (Bernhard, Anne 2010). N2 is only

available to bacteria and archaea that are able to perform nitrogen fixation, while plants

assimilate nitrogen in the form of ammonium or nitrate into biomass (Kuypers,

Marchant, and Kartal 2018). This is why many plants enter a symbiotic relationship with

nitrogen-fixing organisms, by forming nodules providing them with additional nitrogen

(Robertson et al. 1985). Even still, more nitrogen is needed to fertilise the crops that

sustain the human population. To alleviate this problem, humankind makes use of the

Haber-Bosch process, which transforms the unreactive but very abundant N2 in our

atmosphere into bioavailable ammonium. This process was invented in 1908 by Fritz

Haber and industrialised in 1911 by Carl Bosch (Haber 1920). It is estimated that 50%

of the population is sustained through crops grown with Haber-Bosch synthesised

fertiliser (Erisman et al. 2008). Human nitrogen consumption is on the rise, in 2008

~100 Tg of nitrogen was fixed with the Haber-Bosch process and predictions say by

2150 we will increase the production to 200 Tg per year (Erisman et al. 2008). For

comparison, all biological processes are estimated to make up 300 Tg of fixed nitrogen

per year (Kuypers, Marchant, and Kartal 2018). However, a large percentage of the

nitrogen put into the soil as fertiliser does not end up in crop biomass but is instead lost

to the environment, leading to eutrophication events. Estimations of nitrogen use

efficiency range between 30 and 50% (Anas et al. 2020; Erisman et al. 2008), which is

partially due to the process of nitrification.

Nitrification is a series of oxidative reactions in which ammonia is transformed into

nitrite and eventually nitrate. Ammonia oxidising bacteria (AOB) catalyse the oxidation

of ammonia to nitrite, and then nitrite oxidising bacteria (NOB) transform the generated

nitrite to nitrate (Winogradsky. 1890). In more recent years other mechanisms have

been discovered as well - Comammox is the complete oxidation of ammonia to nitrate

by a single organism (Daims et al. 2015). All of these reactions are catalysed by a few

key enzymes that are linked to the electron transport chain to generate proton motive

force. Quinones generally play an important role in these systems and act as an

electron transporter between the different components of the ETC along the membrane

(Simon and Klotz 2013). This thesis discusses the two-step nitrification by AOB and

NOB, more specifically the last step which is catalysed by NOB.

The enzyme that NOB use to catalyse nitrite oxidation is called nitrite oxidoreductase

(NXR). There are two types of NXR used by different groups of NOB. The majority of

NOB use periplasmic NXR (Daims, Lücker, and Wagner 2016). Periplasmic NXR has

7

https://www.zotero.org/google-docs/?DsO6Ng
https://www.zotero.org/google-docs/?hvV21h
https://www.zotero.org/google-docs/?hvV21h
https://www.zotero.org/google-docs/?VsDyf0
https://www.zotero.org/google-docs/?8mpiBf
https://www.zotero.org/google-docs/?zBz5uX
https://www.zotero.org/google-docs/?ZiLYuW
https://www.zotero.org/google-docs/?Vk8My1
https://www.zotero.org/google-docs/?JGQJfh
https://www.zotero.org/google-docs/?3x3WWi
https://www.zotero.org/google-docs/?rxzose
https://www.zotero.org/google-docs/?PbwAqq
https://www.zotero.org/google-docs/?jtL5T2


its catalytic subunit on the periplasmic side of the membrane, where protons derived

from the oxidation reaction directly contribute to Proton motive force (PMF) across the

membrane (Lücker et al. 2010). Cytoplasmic NXR’s catalytic subunit sits on the

cytoplasmic side of the membrane. Evolutionarily, cytoplasmic NXR is more closely

related to Nitrate reductase (Nar) than to periplasmic NXR (Hemp et al. 2016).

Because of this, cytoplasmic NXR is referred to as Nar from here on.

Only a few organisms are known that use Nar to perform nitrite oxidation (Daims,

Lücker, and Wagner 2016), most prominent are Nitrobacter and Nitrococcus which

were discovered and cultivated as early as 1892 and 1971 (Spieck and Bock 2015a;

2015b). These are the focus of the project. Other representatives of this category of

NOB are Thiocapsa KS1 - a phototrophic NOB (Hemp et al. 2016) and members of the

Chloroflexota phylum (Spieck et al. 2020; Sorokin et al. 2014).

1.2 - Nar Protein Complex

The Nar complex is the key enzyme for the first step of denitrification. Usually, Nar

enables organisms to use nitrate as an electron acceptor and reduce it to nitrite (Blasco

et al. 1989). In this case, electrons are generated by oxidation of an often organic

electron donor and transported to Nar via the quinone pool (Bertero et al. 2003). In

contrast, when Nar runs in the oxidative direction, nitrite serves as the electron donor

and is oxidised to nitrate. The electrons are transported from Nar to the terminal

oxidase (COX). The exact transport mechanism is unknown but COX receives the

electron from a cytochrome c, not from the quinone pool (Starkenburg et al. 2006).

Organisms that use Nar to facilitate nitrite oxidation are chemolithoautotrophs, they

create PMF across the membrane through chemical reactions without an organic

electron donor and rely on CO2 to assimilate biomass (Starkenburg et al. 2008).

Nar consists of three subunits, NarG is the largest, catalytic subunit and is located on

the cytoplasmic side of the membrane along with NarH. NarI is a cytochrome b-type

transmembrane subunit with two heme-binding domains for electron transfer (Bertero

et al. 2003). Assembly of the complex is managed by the chaperone NarJ which is not

part of the final complex (Lanciano et al. 2007). In Thermos thermophilus a fourth

subunit has been described, a c-type cytochrome that has been proposed to serve as

an alternate pathway for electron flow when nitrate is low (Cava, Zafra, and Berenguer

2008). It has also been proposed that this cytochrome may be part of the nitrifying

Nitrobacter Nar complex (Starkenburg et al. 2008).
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Figure 2. Phylogenetic tree of NarG-sequences.
10218 sequences were clustered at 85% identity which resulted in the 2523 centroid sequences

that make up this tree. Branches are coloured according to the Phylum that the corresponding

NarG sequence stems from. The clade highlighted in green contains all NarG sequences that

stem from known nitrifiers, except the phototrophic Thiocapsa KS1.

Figure 2 shows a phylogenetic tree of NarG sequences. The depicted sequences are

centroids resulting from clustering all NarG sequences in the project database

consisting of 180,161 genomes from publicly available databases (see section 2.2) at

85 % identity. There are three prevalent phyla in the tree: Actinomycetota, Bacillota,

and Proteobacteria, each with evolutionarily distinct NarG sequences that form

separate clades, with little gene transfer between them. However, there is a fourth

major clade in the tree that does not contain a majority of sequences from any phylum.

The narG genes in this clade appear to have largely been horizontally acquired. This
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major clade has a smaller subclade, which contains NarG sequences from the nitrifying

Nitrobacter, Nitrococcus and different Chloroflexota. We hypothesise it is likely that this

clade contains sequences from other nitrifying organisms that have not yet been

identified. The rapid increase in availability of genomic data in recent years now gives

us the opportunity to investigate this possibility using a bioinformatics approach.

1.3 - Project Aim

The goal of the project was to predict NarG-mediated nitrite oxidation ability from

genomic data. To facilitate this we aimed to find properties common to nitrifying

organisms that distinguish them from organisms that do not use Nar in the oxidative

direction. The overall analysis was guided by the evolutionary history of the

Nar-complex, as well as the evolutionary history of the genera Nitrococcus and

Nitrobacter. A key assumption of the project is that genes that are present in nitrifying

species, but not in their non-nitrifying relatives would be more informative than genes

that are shared within the corresponding families. It was therefore tried to identify these

exclusive genes through pangenomic analysis, investigate their distribution by the

example of a representative genome and then infer their potential functions and

interactions in the nitrification reaction through structure prediction.
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2 - Methods

2.1 - Overview

The workflow is divided into three main parts. In the first and most broad scale part

whole genome comparisons were performed. Through the creation of pangenomes a

set of “exclusive genes” was identified that are present in Nitrococcus and Nitrobacter,

but not in their closest relatives.

In the second part, these exclusive genes were further investigated. Here, genomic

regions with clusters of exclusive genes were identified and additional functional

annotations of genes of interest were done. Gene cluster Comparison was performed

between these clusters of exclusive genes.

The third part focuses on the proteins themselves, structural predictions were made

to infer about function of and interaction between proteins.

All of this was always done with the phylogenetic context in mind. The Generation of
phylogenetic trees was therefore an essential part of the project that is described

separately from the other methods.

2.2 - Data

Genomes used for this project stem from the genome taxonomy database (GTDB r214)

(Parks et al. 2022), the genomic catalogue of earth's microbiomes (GEM) (Nayfach et

al. 2021), the Searchable, Planetary-scale mIcrobiome REsource (SPIRE) (Schmidt et

al. 2024) and the genomic catalogue of soil microbiomes (SMAG) (Ma et al. 2023). All

genomes were taxonomically classified with GTDB-Tk 2.3.2 (Chaumeil et al. 2022). In

brief, GTDB-tk assigns taxonomy based on average nucleotide identity (ANI) and

relative evolutionary divergence (RED). First, ANI screening is performed, to check if

the genome belongs to a known species, a threshold of 95% ANI is used here. If no

match is found, the genome is placed in a reference tree using pplacer (Matsen,

Kodner, and Armbrust 2010) and the taxonomic level is assigned with the RED score

(Chaumeil et al. 2020; 2022).

Not all genomes from each of the databases were used. Only the 95 % ANI

dereplicated genomes (species representatives) were considered. The set of

dereplicated genomes from each database was dereplicated again at 96% ANI and

50% aligned fragments. This was done in the order of CheckM/CheckM2 inferred

quality scores (Parks et al. 2015; Chklovski et al. 2023) as listed in Table 1, meaning all

representatives from the GTDB were used; from GEM only representatives that were
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not in GTDB; from SPIRE only representatives that were neither in GTDB nor GEM;

from SMAG only representatives that were not in any of the other databases.

GTDB GEM SPIRE SMAG Sum

Total Genomes 402,709 524,046 1,160,000 40,039 2,126,794

Species
representatives

85,205 45,599 92,134 16,530 239,468

Genomes
included

85,205 12,022 70,892 12,042 180,161

Table 1. Databases and number of genomes used for the project.
GTDB-representatives : CheckM-inferred completeness - 5*contamination > 50%

GEM: CheckM inferred completeness ≥ 50% and contamination ≤ 5%

SPIRE: CheckM2-inferred completeness ≥ 50% and contamination ≤ 10%

SMAG: CheckM-inferred completeness ≥ 50% and contamination < 10%

2.3 - Tree Generation

Single copy core (SCC) genes are genes that are thought to be essential to - and

therefore shared by - all members of a phylogenetic group and are only present once

per genome. Selecting SCC genes for the analysis is meant to ensure that no

sequences were subject to horizontal gene transfer and therefore track the phylogeny

of the organisms they stem from. Comparing those sequences between different

organisms thus provides a good estimation of the evolutionary distance between them.

The list of SCC genes used in this project is based on those used in Laura Hug et al’s

Tree of Life (Hug et al. 2016) and can be found in the supplementary materials.

Concatenated SCC gene phylogenies were created following Anvio-8’s workflow for

phylogenomics (Eren et al. 2021), which works by extracting key genes from the target

genomes using HMM-profiles based on the profiles used in GToTree (Lee 2019),

performing MSA, concatenating the resulting alignments, and lastly inferring the

phylogenetic tree based on the concatenated alignment. This involved generating

anvio-readable “contigs databases” which store hits to HMM profiles for each genome

and a file containing all paths to those databases and their names. This file could then
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be used as input for anvi-get-sequences-for-hmm-hits, which in turn exports the desired

HMM-hits in Fasta format.

The SCC HMM profiles were compared against the provided contig databases

(genomes) to extract and concatenate SCC protein sequences in all target genomes.

This was done with the –return-best-hit flag to obtain only one sequence per profile and

genome. The concatenated sequences were aligned with muscle3 (Edgar 2022).

Next, the anvi-gen-phylogenomic-tree function was called to infer a phylogenetic tree

based on the previously generated multiple sequence alignment using Fasttree 2.1.11

(Price et al. 2010). Fasttree constructs an initial tree with a nearest neighbour-joining

approach and then refines the tree using a maximum likelihood (ML) method and

subtree-pruning-regrafting (SPR). In the ML method, sequence evolution is simulated

with a transition rate matrix, and the tree that best fits the simulated outcome is chosen.

In SPR a subtree is pruned and put into a different position in the tree for evaluation.

Both methods come with several heuristics to speed up the process.

Single protein phylogenies of NarG were done similarly. Sequences were obtained by

filtering for the COG annotation in the gff-file. In the case of the Phylogeny of all

NarG-sequences in the database clustering was performed with USEARCH

v11.0.667_i86 (Edgar 2010) at 85% identity to reduce the initial set of 10218

sequences down to 2523. Instead of calling anvi-get-sequences-for-hmm-hits for MSA

generation, muscle 5.1.0’s super5 algorithm was used directly (Edgar 2022). Muscle

creates multiple sequence alignments in a divide-and-conquer approach by splitting the

input sequences into smaller clusters and then building an MSA following a guide tree.

This may introduce biases, which is why multiple variations with different guide trees

are performed.

2.4 Whole genome comparison

2.4.1- Genome annotation

After the identification of suitable groups for pangenomic analysis, the chosen

genomes were annotated with Prokka-1.14.6 (Seemann 2014). Prokka is a

well-established pipeline for quick annotation of bacterial genomes. It predicts a variety

of genomic features by making use of other tools, specialising in different kinds of

feature prediction:
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Prodigal V2.6.3 is used for the prediction of coding sequences;

Barrnap 0.9 predicts rRNA genes (Hyatt et al. 2010);

ARAGORN v1.2.41 identifies tRNA genes(Laslett and Canback 2004) ;

and Infernal is used for the prediction of ncRNA(Eric P. Nawrocki, Sean R. Eddy 2013).

Since Prodigal only predicts coding sequences and not their function, hits are searched

against the following databases for functional annotation: 16000 high-quality proteins

from the UniProt (Apweiler et al. 2004) database are searched with Blast+, then, if a

target genus is specified, corresponding complete genomes from the RefSeq database

are searched. Lastly, Pfam (Punta et al. 2012) and TIGRFAM (Haft et al. 2013) are

searched using hmmscan (Eddy 2011). Once one match (e-value ≤ 10⁻⁶) for a given

sequence is found, no further databases are searched (Seemann 2014).

Prokka requires a genome fasta file as input and produces annotations in the GFF3

and GBK file formats, alongside a few different fasta files describing identified protein

and gene sequences. GFF files contain a header stating the file format and a

description of all sequence regions - in this case contigs, as we are working with MAGs

- present in the genome. After that, each feature predicted by Prokka is listed with nine

tab-separated descriptors, the most important being: The contig where the feature is

located, feature type, feature start and end, its orientation (+ or - strand), as well as a

functional description/gene product. The file ends with the nucleotide sequences of all

contigs.

2.4.2 - Pangenome creation

Pangenomes are the union of all genes in a set of genomes. They are commonly used

to gain insight into the genomic evolution of a group of organisms. Typically, the

genomes used for the creation of pangenomes stem from one species, but

pangenomic analysis can also be applied to broader taxonomic units. Genes within a

pangenome can be differentiated into two major groups - core genes and accessory

genes. Core genes are genes that are shared by all genomes in the pangenome,

accessory genes are not. The analysis of pangenomes yields insights into gene loss

events and gene gain events through horizontal gene transfer and helps to infer when

those events have happened in the evolution of the organism (Brockhurst et al. 2019).

Roary 3.13.0 (Page et al. 2015) was used to create the pangenomes in this project.

Roary’s basic workflow consists of retrieving all protein sequences from the input files,

filtering sequences with 5% or more Ns, Iteratively clustering sequences with 98% or
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more sequence identity using CD-hit and then performing all against all sequence

comparison with BLASTp. Hits over a user-defined identity threshold are reported, and

included in a network with nodes representing sequences and edges representing

BLASTp hits over the user-defined identity threshold. The sequences are then

clustered again with Markov chain clustering (MCL). MCL works by performing random

walks through the network of sequences with edge weights based on the e-values

reported by BLASTp. Clusters are then assigned based on the connectivity of the

network, i.e. the distribution of probabilities of landing at each node in the network after

starting at a node and taking a set number of steps. Because of the properties of

Markov chains these probabilities are easily calculated. (Page et al. 2015) There are

two main ways in which the network can be altered. One is the MCL inflation value,

which scales the edge weights of the graph. The second is the identity threshold, which

determines which edges are included in the network. We found that the inflation value

had little effect on the roary output and therefore focussed on finding the appropriate

identity threshold by comparing the outcomes at different values.

The GFF3 files produced by Prokka served as input to create a CSV file with all genes

of the pangenome and their presence and absence across all genomes, as well as a

text file containing summary statistics of genes classified in core and accessory groups.

Additionally, dendrograms in newick format were created based on the binary presence

or absence of genes. These trees are to be considered less accurate than trees based

on sequence alignment and only serve as a rough estimation of the evolutionary

trajectory. They can however be used, in conjunction with the CSV file, to obtain a

visual representation of the results. This was done with the roary_plots.py function

recommended in the roary documentation.

2.4.3 - Identification of exclusive genes

Genes that were part of the core in the nitrifying Nitrobacter or Nitrococcus and not

present in any of the genomes of their closest relatives were considered exclusive
genes. They were identified with a Python script iterating over all lines in the CSV file

of gene presences and absences across all genomes. The script receives the path of

the CSV file and the accession numbers of the genomes of interest as arguments and

finds genes that are present in the genomes of interest and nowhere else. This

minimum number of nitrifying genomes that a gene had to be present in to be

considered exclusive was changed depending on the size of the group of interest, for

the Nitrobacter group at least three of the 7 genomes needed to have a gene for it to
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be considered, with 2 of the three being N. Winogradskyi and N. Hamburgensis, which

are considered to be complete genomes. In the case of Nitrococcus 2 out of 3

members had to have it. These values were chosen to allow for genes missing from

some of the MAGs while still not allowing too much noise. Since the majority of genes

in the pangenomes were only present in one member and are not of interest, the

threshold needed to include more than one genome. The exclusive genes were written

into a CSV file in the same format as the input.

2.5 - Gene Cluster Comparison

2.5.1 - Functional annotation of exclusive genes

Many of the genes could not be functionally annotated in the initial round of functional

annotations using prokka. Therefore a second round of annotation was done for the

identified exclusive genes, this time using eggNOG-mapper 2.1.1 (Cantalapiedra et al.

2021). eggNOG-mapper is another tool for annotation, it yields more precise

annotations than Prokka but runs considerably slower because a substantially larger

and more comprehensive search database is used. Similarly to Prokka, it predicts

coding sequences with Prodigal, but hits are searched against the EggNOG 5.0.2

database which contains 4.4 million orthologous groups of proteins (Huerta-Cepas et

al. 2019). EggNOG-mapper was run according to the two-step recipe recommended on

Github, using DIAMOND in more-sensitive mode. DIAMOND is a sequence alignment

tool that can achieve comparable accuracy to BLAST, while being much faster for

searches against large databases (Buchfink, Reuter, and Drost 2021).

2.5.2 - Identification of HGT-rich genomic regions

I wrote a Python package to plot the distribution of exclusive genes along the genomes.

Additionally, the annotations obtained from EggNOG were merged with the roary

output. The genes were reorganised in the order that they appeared in a chosen

representative genome (N. winogradskyi) that contained all exclusive genes for each

group. In this way, a visual representation of the distribution of exclusive genes, which

could easily be cross-referenced to see their functions, was achieved.

The package consists of 3 modules - the main module, the gene_distribution module

and the graphs module - and a config file containing all relevant paths and accession

numbers for the genomes of interest. The first step in the main module is to create a

csv_reader object out of the CSV file with exclusive genes using Python's csv.reader
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function. Then the get_df function of the gene_distribution module is called to obtain a

pandas dataframe with further information on the exclusive genes.

Get_df receives the csv_reader object, a directory with gff files, a list of target

genomes, and a path to EggNOG annotations. The header is read in the beginning to

identify the positions of all genomes of interest. A for-loop runs over every identified

position of interest for every line in the csv_eader. If the position in the line is not empty,

it means the gene is present in that genome. In turn, information about the gene can be

retrieved from the gff-file (such as contig, gene size, start and end positions, ...). The

initial functional annotation by Prokka is modified such that each annotation is unique

by adding a count to the end of it if another annotation with the same name already

exists. Additionally, the EggNOG output file is read to obtain the EggNOG functional

annotation as well as potential information about pathways the protein may be involved

in. All of this information is stored and returned in the form of a pandas dataframe

where each row represents one contig and all the exclusive genes and information

about them are stored in lists.

In the main function, this “all-genomes-dataframe” (AGDF) is received and the rows

with contigs belonging to the representative genome are put into a new dataframe with

one row for each gene. The rows are sorted by their gene accession number and the

“representative-genome-dataframe” is printed to a CSV file. Afterwards, the csv-reader

is reset and passed to another function in the genes_distribution module.

This function only receives the csv_reader and the list of genomes of interest. A gene

presence/absence data frame (GPA) is created by iterating over each line in the reader

and storing the presence and absence of each gene in the form of a 1 or a 0. Again,

the functional annotations are modified to be unique. This is done in the same way as

in the get_df function so that the outputs can easily be cross-referenced. The GPA is

returned to the main function.

All necessary inputs for visualisation are now assembled. The first visualisation is

achieved by the get_pa_matrix function in the graphs module. It receives the GPA from

main, turns it into an R DataFrame and then creates a gene presence/absence matrix

using the heatmaply R-library. R can be run in Python by importing the rpy2 module.

(“Rpy2 Github” [2018] 2024; “Heatmaply Documentation,” n.d.)

The second visualisation is a plot of the exclusive genes along the length of each

contig. For this purpose, I wrote the plot_gene_distribution function in the graphs

module. It receives the GPA, AGDF and a path to the desired output directory from the

main function. For each row (contig) in the AGDF, gene starts, lengths and products

(Prokka annotations modified to be unique) are retrieved as lists. A for-loop starts,

iterating over all items in the three lists.
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In the loop the number of genomes sharing the current gene is calculated by getting

the sum over the corresponding row in GPA. Then a marker with size corresponding to

the gene length and colour based on the number of genomes sharing the gene is

added to the current plot. The x-value corresponds to the gene start, the y-value

corresponds to the gene count. The gene count was added, so that genes would not

clump together on the plot. Once the loop over all genes is done, the plot is saved to

the output directory and the next iteration starts with genes from another contig.

The third visualisation function in the graphs module is called plot_gene_distribution. It

works similarly to the second visualisation. The only difference is, that genes are only

plotted if another exclusive gene is within 5 or fewer positions (based on accession

number, not on nucleotide position) on the same contig.

2.5.3 - Exclusive gene cluster alignment

Clusters of exclusive genes were compared with clinker 0.0.28. Clinker (Gilchrist and

Chooi 2021) is a Python-based tool for the alignment and interactive visualisation of

gene clusters. It takes as input either GenBank files or GFF files with specified regions

that are to be aligned. The alignment is done using the Biopython package with scoring

according to BLOSUM62. The interactive visualisation is achieved using an

accompanying JavaScript library called clustermap.js. (Gilchrist and Chooi 2021)

To generate the necessary input for clinker to visualise all clusters of exclusive genes I

wrote a Python script. The script loops over each gene in the previously generated

representative-genome CSV file that contains all exclusive genes. If a cluster of

exclusive genes is found, the counterparts for all genes in the cluster across all other

genomes are gathered. 2 or more genes within a range of 5 accession numbers were

considered as a cluster. The output is a file with a list of commands to run clinker with

correct filenames, contig and region specifications that has to be run from the directory

containing all necessary GFF files.

2.6 - Protein Structure Predictions

2.6.1 - Signal peptide trimming

SignalP 6.0 (Teufel et al 2022) was used to predict and trim signal peptides from

protein sequences. SignalP predicts all known types of signal peptides through the use

of protein language models (PLMs). PLMs are machine learning models trained on

large amounts of protein sequences that can be used for functional predictions.

SignalP 6.0 offers two models for prediction, a reduced and a full model. The reduced
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model is smaller and therefore less accurate but much faster than the full model. The

required input is a (multi-)fasta file, the outputs are text files noting the predicted signal

peptide locations, a classification in the 5 types of signal peptides as well as a fasta file

with the trimmed sequences (Teufel et al 2022).

The prediction time of signal peptides was not a bottleneck in our workflow, therefore

the bigger model was chosen by running with the -m slow-sequential flag. Otherwise,

default values were used.

2.6.2 - Structure predictions

When structure predictions were started the latest AlphaFold version was AlphaFold2

(v2.3.1) (Jumper et al. 2021) ), over the course of the project AlphaFold3 was made

available (Abramson et al. 2024). Because of this, predictions were first made with

AlphaFold2 and ColabFold (Mirdita et al. 2022), and later during the project a switch to

AlphaFold3 was made.

AlphaFold2 (Jumper et al. 2021) is a machine learning system that uses multiple

sequence alignments (MSAs) to predict three-dimensional protein structures based on

the assumption that interacting residues will co-vary - if one residue changes, the other

one is expected to adapt as well. The first step of the AlphaFold workflow is MSA

generation. For this purpose the input sequence is searched against the Big Fantastic

Database (BFD) database with jackHMMER and HHBlits, two widely used hidden

Markov model (HMM) based alignment tools known for their speed (Johnson, Eddy,

and Portugaly 2010; Remmert et al. 2012). The BFD contains more than 2 Billion

protein sequences represented as HMMs and MSAs and clustered into families. After

the MSA is assembled, it is fed into AlphaFold2’s neural network, which consists of two

main components. The first component is the Evoformer. The Evoformer processes

the MSA and a pair representation matrix through a series of operations that focus on

capturing relationships both within the MSA (sequence relationships) and between

residue pairs (spatial relationships).

The second element of the network then uses this information to infer a

three-dimensional structure. It starts by placing all atoms at the same point and then

iteratively refines the predicted structure to adhere. Lastly, the predicted structure is

“relaxed” by putting it in a forcefield using the amber molecular dynamics simulation

program. This is meant to ensure that all solutions are physically feasible (Jumper et al.

2021; Case et al. 2005).
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AlphaFold2 was run using the container software singularity (v3.8.6). A container is a

piece of software that packages up an application and its dependencies. This way the

code can be run reliably in different environments. The singularity script receives the

necessary filepaths and model specification (multimer for multimer prediction,

monomer for monomers), loads a container image that can also be specified

(AlphaFold:2.3.1 was used) and then runs AlphaFold. The original script was slightly

modified by commenting out these lines in the environment variables definition:

"TF_FORCE_UNIFIED_MEMORY": "1",

"XLA_PYTHON_CLIENT_MEM_FRACTION": "4.0",

The inclusion of these lines led to a GPU memory access error when the input was too

large.

The script produced the following outputs:

A directory containing generated MSAs; 25 structural predictions in pdb format - before

and after relaxation; a ranking of the predictions, and additional information including

confidence values about each prediction in pkl format.

ColabFold (Mirdita et al. 2022) is a structure prediction tool based on AlphaFold2. It

can be used through a few different Jupyter notebooks hosted on Google servers. The

implementation used for this project makes use of MMseqs2 (Steinegger and Söding

2017) for faster MSA generation. It has access to the PDB70 and UniRef100

databases. ColabFold also allows the user to upload a custom alignment to skip the

MSA generation step. This is also possible in AlphaFold2, but the ColabFold

implementation only requires one MSA file whereas AlphaFold2 requires five MSAs in

different formats. The custom MSAs for ColabFold were generated by aligning the input

sequences with MAFFT v7.526 (Katoh et al. 2002) and then reformatting the output to

a3m format using the reformat.pl script of HHsuite v3.0 (Steinegger et al. 2019). This

way it was possible to compare results generated with regular MSAs created by

AlphaFold to MSAs against the project database that we identified through our

generated phylogenies as being evolutionarily related. Since AlphaFold relies on MSAs

to capture patterns of co-evolving residues, we thought our custom MSA with related

sequences may yield better results, despite the smaller size,

AlphaFold3 (Abramson et al. 2024) is the latest version of AlphaFold at the time of this

writing. The main difference to AlphaFold2 is the change of the Evoformer module to a

simpler and faster “Pairformer” module. Similar to Evoformer, this module needs MSAs

as input but it does not focus on processing the MSA, instead, the emphasis lies on

generating a pairwise representation. This is the only input for the second block, a
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diffusion model that is trained on noisy structures and learns to predict the true

underlying atomic coordinates. AlphaFold 3 predicts structures with higher accuracy

than previous versions, especially when it comes to the prediction of complexes.

Additionally, it is capable of incorporating some ligands and ions into its prediction.

Since the source code of AlphaFold3 was not made available, it can only be run on

Google Deepmind’s AlphaFold server (https://alphafoldserver.com) by uploading

Protein sequences in Fasta format and manually adding Ligands, if needed. The

best-ranked result can be viewed directly on the server, the full results can also be

downloaded. Those include five ranked predictions in cif format, a summary of

confidence values for all structures and a summary of the job request that can be used

to rerun the job.
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3 - Results

The results are organised into four main sections. First, we constructed phylogenetic

trees for Nitrococcus and Nitrobacter, showing that NarG was horizontally acquired in

both groups. Next, we investigated through pangenomic comparisons which other

genes were horizontally acquired. We operate under the assumption that these

exclusive genes could provide insights into additional adaptations, beyond acquiring

the Nar complex, that enabled these organisms to carry out nitrite oxidation. The third

section focuses on analyzing the distribution of exclusive genes by the example of a

representative genome. Finally, we conducted structure predictions for the complexes

and proteins identified in our previous analyses.

3.1 - Phylogenetic trees

To identify suitable outgroups for the pangenomic analysis of Nitrococcus and

Nitrobacter, we made phylogenetic trees of their closest relatives and corresponding

narG sequences.

The genus Nitrococcus belongs to the Nitrococales order which has 65 species

representatives in our genome database. In these 65 genomes, 21 narG sequences

stemming from 20 different genomes were found (Figure 3). The Nitrococcales are

divided into four families: The Halorhodospiracea, Aquisalimondaceae, AK92, and

Nitrococcaceae which also include the genus Nitrococcus.

Figure 3 shows the phylogeny of the Nitrococcales and their respective narG-

sequences. narG is present in all families of the Nitrococcaceae, though it is most

prevalent in the Aquisalimondaceae (11 out of 14 genomes, 79%). In the other families,

narG appears to be mostly present in the deep-branching species, suggesting multiple

gene loss events within the Nitrococcales order.
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Figure 3. Phylogenetic tree of the Nitrococcales.
The tree is based on the alignment of concatenated core genes (see section 2.3). Clades are

coloured according to the family they represent and the presence of narG is highlighted in grey

on the outside of the tree.

The phylogeny of corresponding NarG sequences in Figure 4 is mostly congruent with

the concatenated core gene tree (see section 2.3) as the branching order is largely the

same in the NarG phylogeny and the species tree. One exception to this is the clade of

4 Aquisalimonadaceae NarG sequences which cluster with the two

Halorhodospiraceae sequences in the left-most clade of the tree. Still, the NarG

sequences of the Aquisalimonadaceae, Holorhodospiraceae, Nitrococaceae and AK92

cluster closely together, indicating a shared evolutionary origin and therefore likely

vertical inheritance. In contrast to this, the NarG sequences belonging to Nitrococcus

cluster outside of the other groups on a comparatively long branch, indicating a

horizontal gene-transfer event.

Overall, this makes the Nitrococaceae a suitable outgroup for pangenomic analysis.

They are the closest relatives to Nitrococcus and none of them have acquired the same

version of narG as Nitrococcus, meaning if another gene was acquired alongside narG

to allow for nitrification, it will likely not be present in any of the Nitrococaceae and can

thus be identified through comparative genomics.
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Figure 4. Phylogenetic tree of NarG-sequences of the Nitrococcales.
Clades are coloured according to the family that sequences stem from. The sequences

stemming from Nitrooccucs (green) cluster outside of the other sequences, indicating they were

acquired through horizontal gene transfer.

The genus Nitrobacter is a member of the Xanthobacteraceae family with 1370

representative genomes in the database. The full tree of all 1370 genomes can be

found in the supplementary materials. Based on the phylogeny of the 1370 members of

the Xanthobacteraceae, we selected a subset of 404 genomes from the 5 closest

genera to Nitrobacter and compared concatenated core gene and NarG phylogenies.

These 404 genomes contained 78 NarG sequences.
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Figure 5. Phylogenetic tree of Nitrobacter and the 5 closest branching genera within the
Xanthobacteraceae.
Clades are coloured according to the genera they represent. The Rhodospseudomonas and

Tardiphaga are presented in one colour, as there was no clear separation between them in the

tree. The Nitrobacter are separated into early (light green) and late-branching (dark green)

Nitrobacter.

Figure 5 shows the phylogeny of Nitrobacter and the 5 closest related genera within the

Xanthobacteraceae. The earliest branching clade comprises the Afipia, the majority of

which (19 out of 33, 58%) possess a copy of narG, as indicated by the grey squares

on the outside of the tree. In the next clade named 62-47 narG is already less

abundant (3 out of 9, 33%) and in the clade after that, which comprises genomes from

the Rhodopseudomona and Tardiphaga, narG is largely absent (3 out of 37, 8%).

There was no clear separation between the Rhodopseudomona and Tardiphaga in the

tree, which is why they are represented by the same colour. In the biggest and, apart
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from the Nitrobacter, the latest branching clade - the Bradorhyzobia - narG is slightly

more abundant (32 out of 319, 10%). The Nitrobacter clade was coloured with two

shades of green, light for the early branching Nitrobacter and dark for the later

branching Nitrobacter. We wanted to distinguish the two, because NarG sequences

from the darker Nitrobacter clade branch differently from NarG sequences stemming

from organisms in the lighter-coloured clade, as can be seen in Figure 6.

Figure 6. Phylogenetic tree of NarG sequences of Nitrobacter and their 5 closest related
genera.
Clades are highlighted according to the genera that sequences stem from. The three

NarG-sequences of the genus 62-47 are distributed in different parts of the tree, the

corresponding branches are coloured yellow. The clade highlighted in light green contains

sequences from Nitrobacter, Bradorhyzobia and 62-47. Although most sequences in this clade

stem from the Bradorhyzobia the clade is highlighted in light green, as it contains all three of the

early branching Nitrobacter sequences, that are highlighted in Figure 5. Branches in this clade

were coloured to reflect their origin (see legend). Some sequences did not branch to form a

clade with other sequences, these branches are highlighted according to their origin as well.

The phylogeny of NarG in Figure 6 largely supports that it was vertically inherited in the

Xanthobacteraceae. The majority of sequences seem to be closely related and are

clustered in one part on the right side of the tree, which contains sequences from the
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Afipia, Rhodopseudomonas and Bradorhyzobia. Interestingly, the sequences belonging

to Nitrobacter are split into two parts. The sequences belonging to earlier branching

Nitrobacter that were highlighted in light green in the species phylogeny (Figure 5) are

contained in a clade of sequences with mixed origins. This clade is highlighted in light

green and branches closer to the Afipia, Rhodopseudomonas and Bradorhyzobia than

to the remaining Nitrobacter. The darker green clade of Nitrobacter sits on a long

branch on the left side of the tree, indicating a horizontal gene transfer event. In

contrast to the Nitrococcales, where the NarG sequences of the nitrifying Nitroccus

were branching far away from all other sequences, some sequences of the

Xanthobacteracea do branch closely to the NarG of Nitrobacter. The genomes that

these sequences belong to were not considered for the pangenomic analysis. This was

done to ensure that the outgroup only contained genomes of non-nitrifying organisms.

Otherwise, the Xanthobacteraceae depicted in Figure 5 are an excellent outgroup for

the next steps, the nitrifying ability was likely acquired very recently in the evolutionary

history of Nitrobacter.

3.2 - Whole genome comparison

We performed pangenomic analyses to identify genes that were horizontally acquired

in and are exclusive to the nitrifying genera Nitrococcus and Nitrobacter. We

hypothesise that these exclusive genes are more informative than genes that are

shared with the non-nitrifying relatives.

The initial step was to assess the parameters for running the pangenome pipeline used

in the project, Roary. As discussed in section 2.4.2, two key variables influence the

resulting pangenomes: the MCL inflation value and the identity threshold. Since altering

the inflation value had minimal impact on the results, we concentrated on the identity

threshold.

3.2.1 - Threshold evaluation

The identity threshold is the percentage of identical positions that two protein

sequences need to share to be connected in the network that determines which

sequences belong to the same cluster (See section 2.4.2). If the threshold is too high,

many proteins that were vertically inherited will not end up in the same cluster and the

vast majority of genes will be assigned as being present in only one genome. If it is too

low, the opposite will happen and genes that have different evolutionary origins and

were horizontally acquired will end up in the same cluster.
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Roary was run at different identity thresholds to determine an appropriate value for

each group. The best threshold should capture the maximum amount of exclusive

genes in the ingroup while stabilising the amount of core genes in the outgroup.

Id​entity Core Xanthobacteraceae​ Core Nitrobacter​ Exclusive genes​

60​ 1100​ 1450​ 103​

70​ 940​ 1460​ 134​

75​ 824​ 1458​ 167​

80​ 571​ 1407​ 230​

90​ 67​ 774​ 290​

Table 2. Summary of roary results for the group of Xanthobacteraceae at different
identity thresholds.
Genes were considered as belonging to the core set if they were present in at least 80 % of

genomes. Exclusive genes are genes that are present in both closed genomes of N.

Winogradskyi and N. Hamburgensis, at least one of the other 5 Nitrobacter genomes and not in

any of the other Xanthobacteraceae.

Table 2 shows a summary of the roary results for the Xanthobacteraceae at different

identity thresholds.

As expected, the number of core genes generally increases when lowering the identity

threshold and the number of exclusive genes decreases. For the core genome of

Nitrobacter, a plateau is hit at a threshold of 75% identity. Similarly, the core genome of

the Xanthobacteraceae does not increase by as much after lowering beyond 75%

identity as before. Therefore, the 167 exclusive genes that were found at the 75%

identity threshold were chosen as the set to work with in further analysis.

Table 3 provides a summary of the Roary results for the Nitrococcaceae. The number

of exclusive genes in the genus Nitrococcus is significantly higher compared to

Nitrobacter (see Table 2). This difference is due to the smaller number of genomes in

the outgroup. Additionally, the Nitrococcaceae appear to be less closely related than

the Xanthobacteraceae, as they share fewer core genes at the same identity

thresholds. This observation aligns with expectations since the Nitrococcaceae

represent an entire family, while only the genera closely related to Nitrobacter were

included from the Xanthobacteraceae family.
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Table 3. Summary of roary results for the Nitrococcaceae at different identity thresholds.
Core genes are present in 80% or more of the genomes. Exclusive genes are present in 2 out of

3 Nitrobacter genomes and not in any of the other genomes.

Interestingly, the number of exclusive genes in the genus Nitrococcus at 80% is higher

than at 90%. This can be explained by the large number of genes that are only present

in one genome if genes are clustered at 90% identity. As mentioned in section 2.4.2,

genes that are only present in one genome were not included in the exclusive set.

When lowering the identity threshold from 90 to 80%, some of the genes that were

previously classified as being present in only one genome are now shared by multiple

genomes, leading to the observed increase in exclusive genes.

After considering phylogenetic and pangenomic results from both Nitrococcus and

Nitrobacter, we decided to focus the analysis on the group of Nitrobacter. The

availability of two closed genomes within Nitrobacter allowed us to be more strict in the

inclusion of genes into the exclusive set. Additionally, the greater set of genomes for

the outgroup and the knowledge that the NarG associated with nitrifying abilities was

acquired relatively recently in the evolution of Nitrobacter led to a more refined set of

exclusive genes that was more accessible to interpretation in a biological context.

3.2.2 - Pangenome Matrix

Figure 7 shows the binary presence and absence matrix of all genes in the pangenome

of the Xanthobactereaceae at identity level 75. The presence of a gene is marked in

blue, absence is marked with white. A tree based on presence/absence distances

between the genomes is shown to the left of the figure.

The matrix is very sparse and dominated by genes that are only present in one or two

genomes. This is because genomes from different genera were considered for this

pangenome, typically pangenomes are used to analyse species-level differences,
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leading to many more shared genes. However, the seven Nitrobacter genomes

belonging to potential nitrifiers all cluster together in one clade denoted in green. This

indicates that there is a part of the genome that is shared between the nitrifying

Nitrobacter that sets them apart from other Xanthobacteraceae.

Figure 7. Pangenome matrix and gene presence/absence based tree of
Xanthobacteraceae.
The clade highlighted in green contains only and all Nitrobacter genomes that are thought to be

capable of nitrite oxidation.

3.2.3 - Nitrobacter exclusive genes.

After obtaining a set of exclusive genes for the nitrifying members of Nitrobacter, we

wanted to get more insights into the funcion of these genes. Therefore we expanded on

the initial annotations with Prokka, which were done as part of the roary pangenome

pipeline, with another round of annotations using EggNOG. EggNOG has access to a

much bigger database and is therefore more accurate but slower than Prokka (see

sections 2.4.1 and 2.5.1). The amount of unannotated exclusive genes could be

reduced from 120 with Prokka to 48 using Prokka and EggNOG annotations.

To gain a better understanding of the exclusive genes their distribution along the

Nitrobacter genomes was plotted, reordering them in the order that they appeared in
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each genome. This provided a framework to get a sense of the overall conservation

and distribution. We chose the genome of N. winogradskyi to be the representative

genome for plotting the distribution and the gene cluster comparisons that followed. It is

one of the two available complete genomes of Nitrobacter and, in contrast to the

genome of N. hamburgensis, it contains no plasmids.

Figure 8. Distribution of exclusive genes in N. Winogradskyi
Exclusive genes are marked with a dot, sizing indicates the size of the gene and colouring

indicates the number of total Nitrobacter genomes each gene is found in. The exclusive genes

are counted on the y-axis and the x-axis shows the position within the genome.

Figure 8 shows the distribution of exclusive genes along the genome of N.

winogradskyi, the representative genome. The y-axis represents the cumulative

number of genes, the x-axis shows their positions within the genome. Throughout the

genome, there is a steady increase in the number of exclusive genes, indicating an

even distribution of exclusive genes in the majority of the genome. In some regions, the

number of exclusive genes rises more sharply, these regions contain clusters of

exclusive genes. Notably, between 0.7 and 1.1 Mbp, there are multiple such hotspots in

close proximity, and another significant hotspot is located around 2.1 to 2.2 Mbp.
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3.3 - Gene cluster comparison

3.3.1 - Cluster Alignment

Initial analysis of exclusive gene distribution, as shown in Figure 8, revealed - they are

unevenly spread throughout the genome. We wanted to investigate hotspots in the

genome, where exclusive tended to cluster more closely. For this purpose, a Python

package (see section 2.5.2) was written, where clusters of exclusive genes (CEGs),

could be identified and then aligned and visualised with Clinker. A CEG was defined as

five or more exclusive genes where each of them was assigned within a range of five

genes of the nearest exclusive gene in the representative genome. This resulted in five

CEGs, three of which are shown in this section.

Figure 9 shows a CEG containing genes coding for all three subunits of cytochrome c

oxidase (COX), protoheme IX farnesyltransferase, CtaG and several uncharacterized

proteins. Cytochrome c oxidase is a protein complex that serves as a terminal oxidase

in both bacteria and mitochondria. Protoheme IX farnesyltransferase is involved in the

heme synthesis and CtaG plays a role in the maturation of COX subunit 3. With the

exception of one gene of unknown function (second from the left), all genes of this

cluster are in the exclusive set for Nitrobacter. It should also be noted that subunit 3

starts less than 7000 bp away from the start of the nar-operon in both of the complete

Nitrobacter genomes, with 6 non-exclusive genes encoded between them.

BLAST search against Nitrococcus genomes revealed they also possess a copy of all

three COX subunits, with sequence identities to Nitrobacter COX between 35 and 55%.

The three subunits are in the exclusive set of Nitrococcus for identity levels above 60%,

but not in the set at 60% identity. Overall, Nitrococcus and Nitrobacter don’t appear to

have COX with the same evolutionary background. While the COX of Nitrobacter was

likely horizontally acquired, it is unclear if Nitrococcus COX was vertically inherited or

not.
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Figure 9. Visualisation of the alignment of CEG containing COX-operon.
Gene names are shown to the right, when no function could be identified genes were annotated

as coding for Proteins of unknown function (PUFs). Exclusive genes are written in bold. This

cluster contains genes coding for the three COX subunits and genes involved in the assembly of

COX

The CEG in Figure 10 contains genes coding for proteins related to the assembly of a

carboxysome and RubisCO. RubisCO is an extremely abundant protein complex that is

responsible for carbon fixation. The carboxysome is a bacterial microcompartment, in

which RubisCO is located. This operon is also present in the exclusive sets of

Nitrococcus. BLAST results show that Nitrococcus and Nitrobacter have remarkably

high levels of sequence identities around 90% in the RuBisCO operon.

RuBisCO is necessary to enable the autotrophic lifestyle of both Nitrobacter and

Nitrococcus, but due to its prevalence in many organims, it is not a good marker for

identifying nitrite-oxidizing bacteria. Nevertheless, the presence of RubisCO supports

the validity of the approach, as its presence is expected in autotrophic Nitrobacter and

Nitrococcus, but not in their heterotrophic relatives.
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Figure 10. Visualisation of the alignment of CEG containing RuBisCO operon.
Gene names are shown to the right, when no function could be identified genes were annotated

as coding for Proteins of unknown function (PUFs). Some genes were not annotated with

names, but a function was proposed. In these cases, the proposed function of the protein is

given. Exclusive genes are written in bold. This cluster contains genes coding for RuBisCO

subunits, proteins responsible for RuBisCO assembly, and parts of the carboxysome.

The CEG in Figure 11 contains the nar-operon. The operon comprises the three

subunits of the narGHI complex, as well as narJ which is needed for the assembly of

the complex (Dubourdieu and DeMoss 1992; Vergnes et al. 2006). Other genes are

annotated as coding for a nitrate transporter, an anion channel, an Isomerase and

cytochrome c. The anion channel is not found in Nitrococcus, and the nitrate

transporter is located outside of the operon. The other elements of the operon are

conserved in the same operon with levels of sequence identity between the

Nitrococcus and Nitrobacter proteins ranging between 40 and 70%.

The presence of an isomerase in the operon of both Nitrococcus and Nitrobacter is

potentially significant. These isomerases are involved in protein folding, however,

whether or not it is involved in the maturation of the narGHI complex is difficult to verify

computationally. The role of cytochrome c in the operon may be more interesting for

this project. Cytochromes are electron transporters, and the presence of a cytochrome

in the nar-operon implies that it may be needed as an electron acceptor for the electron
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generated by nitrite oxidation.

Figure 11. Visualisation of the alignment of Nar operon containing CEG.
Gene annotations are shown to the right. some genes were not annotated with names, but a

function was proposed. In these cases, the proposed function of the protein is given.

3.3.2 - Distribution of nar-operon associated cytochrome

Because of their potential role in the electron transfer chain in narG-mediated nitrite

oxidation, we decided to investigate the distribution of nar-operon associated

cytochromes (NarC) in the context of the phylogeny of narG. For this purpose, we used

BLAST to search for sequences similar to the narC of the N. winogradskyi in our

database and filtered for hits within a range of 5 genes of narG. This led to the result in

Figure 12, where the presence of all such cytochromes is marked with blue on the

outside of the tree.
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Figure 12. - Phylogenetic tree of NarG-sequences
Branches are colored according to the Phylum that the corresponding NarG sequence stems

from: Actinomycetota (purple), Bacillota (red), Proteobacteria are divided in Alpha- (green) and

Gammaproteobacteria (orange). The presence of narC within 5 genes of each narG sequence

is indicated by blue markers on the outside of the tree.

Figure 12 shows the presence of NarC in the nar-operon is almost exclusive to the

branch with an unclear evolutionary origin. The cytochrome appears to be ancestral to

this clade that makes up 659 (or 26%) of the 2523 centroid sequences in this tree. Not

all, but the vast majority of the sequences in this clade appear to be associated with the

cytochrome. Such strong conservation points to a relevant function that the cytochrome

must have in the operon. Therefore, we decided to search for potential interactions

between cytochrome and NarGHI complex.
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3.4 - Structure predictions

When we began working on structure predictions, we had limited knowledge of

AlphaFold and were unsure of the time an resources our predictions would require and

how accessible to interpretation they would be. To determine what could be achieved

within the scope of the project, we adopted a progressive strategy, starting with

monomer predictions, then moving on to multimer, and finally to whole complex

predictions. Over the course of the project AlphaFold3 was made available and

predictions became much faster and easier to achieve. This made it possible to not

only predict whole protein complexes, but also interactions between them as well as

the integration of selected ligands into the predictions.

3.4.1 - AlphaFold2 predictions

3.4.1.1 - cytochrome monomers

To evaluate whether making structure predictions with custom Multiple sequence

alignments (MSAs) would influence results, we predicted the structure of the

Nar-operon associated cytochrome (NarC) with ColabFold and AlphaFold2.3.1 (See

section 2.6.2). ColabFold allows the user to provide a MSA in a3m format, whereas

AlphaFold2 requires multiple inputs that are more complicated to generate. We

performed one prediction with Colabfold and a custom MSA with input sequences from

our database and one prediction with AlphaFold2, without a custom MSA, to compare

the two methods, most notably to assess whether a curated sequence set would

improve the structure prediction.

Figure 13 shows the top-ranked prediction of the N. winogradskyi NarC of both

methods (a) and the custom-MSA coverage plot (b). The coverage plot reveals that the

N-terminal globular domain is not present in about 50 of the 760 sequences. This can

be seen by the uncoloured regions in positions ~50 to ~150 at the bottom of the graph.

The sequences that lack the globular domain also have low sequence identity below

20% to the N. winogradskyi NarC for the rest of the protein. Otherwise, the identity

levels range between 20 and 60 %

37



Figure 13. Structure prediction of cytochrome monomers with and without custom MSA.
Panel a) shows the predicted structures, the prediction with custom MSA is coloured blue

(right). Panel b) shows the sequence coverage of the cytochrome sequence in the custom MSA.

Sequence identity levels are indicated by colour. There are approximately 100 sequences that

share over 50% identity with the cytochrome, as indicated by the green colouring at the top of

the plot.

The predictions in Panel a) show what appears to be a transmembrane helix at the

c-terminus, preceded by two globular domains connected with a flexible linker. The

structural predictions are oriented in such a way that the first globular domains of the

two visualisations are aligned. There are two slight differences between the two

predictions, firstly the angle of the transmembrane helix differs between the two

predictions and secondly, there is a small helix that is predicted after the main

transmembrane helix that is only present in the custom-MSA prediction. The two

globular domains are almost identical, the same number of helices are predicted in the

same positions for both. Overall we decided against using the custom MSAs for further

complex structure predictions. The predictions without custom MSAs yielded similar

results, and the workflow was faster and more reliable when using the automatically

generated MSAs.

3.4.1.2 - NarIC multimer

After the successful prediction of monomer structures, we performed multimer

predictions to check for interactions between the NarGHI complex and NarC. We

started with the simplest case of NarI and NarC since these are two subunits that are

expected to interact, with NarC on the periplasmic side of the membrane and NarI as
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the membrane spanning subunit, whereas NarG and NarH are located on the

cytoplasmic side (Simon and Klotz 2013).

Figure 14 shows the superposition of the top five ranked multimer predictions of NarIC

by AlphaFold 2.3.1. The predictions show NarC sitting on top of NarI and the presumed

transmembrane membrane running in parallel to NarI. One of the two globular domains

of NarC interacts with NarI, the other one shows no interaction and is connected via a

flexible linker. All five predictions show the helices in very similar positions, only the

C-terminal unstructured tail of NarC varies in its position. The C-terminal Helix that was

previously only predicted by Colabfold (Figure 13) is also predicted by AlphaFold2

when using the multimer model.

Figure 14. Superposition of top 5 ranked structural predictions of NarI and NarC.
Each prediction is coloured differently so that their relative positions can be assessed. Only the

C-terminal tail of NarC (bottom right) varies significantly between the predictions.

The ipTM+pTM ([interface] predicted template modelling) scores range between .844

and .836 for the shown structures, indicating that AlphaFold has high confidence in

these predictions. ipTM + pTM scores incorporate AlphaFold’s confidence in the

position of the two subunits relative to one another, as well as its confidence in each

position of the complex as a whole.

3.4.2 - AlphaFold3 predictions

With the emergence of AlphaFold3 - specifically, the AlphaFold web-server - multimer

predictions became considerably faster and easily acessible. This allowed for the
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prediction of larger complexes, and the addition of a selected set of Ligands, such as

hemes, to the structures. We proceeded with our approach of predicting more and

more complex interactions, starting with the prediction of NarGHIC.

Figure 15. Structure predictions of NarGHIC with hemes.

Panel a) Shows the predicted structure. The blue X indicates the heme-positions. The

membrane plane is indicated in grey with the periplasmic side on top and the cyotplasmic side

below. Subunits can be distinguished by colour: NarG - purple; NarH - red; NarI - green; NarC -

yellow

Panel b) shows the hemes without the surrounding structure. Centre to centre distances are

drawn in red and the distance is given in Angstrom.

Figure 15 shows the top-ranked prediction by AlphaFold3 of the NarGHI + NarC

complex, including four hemes - two heme c’s and two regular hemes. The position of

the hemes is shown to the right of the structural prediction. Other predictions show

NarC and NarI in very similar positions with ipTM and pTM values between .81 and .84.

The superposition of all structures can be found in the supplementary materials.

NarC is located on the periplasmic side of the membrane spanning subunit NarI, which

is connected to NarGH on the cytoplasmic side of the membrane. The placement of the
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hemes aligns with expectation; NarI is known to have two heme-binding domains,

(Rothery et al. 1999) and the cytochrome contains two heme-c binding motifs, one in

each globular domain. To see if electron transfer would be possible in the predicted

complex, the centre-to-centre distances between all hemes were measured. The

distances between the two NarC-heme c’s was measured at 17 Å​the distance between

the NarI hemes is at 19 Å​and the distance between the NarI and NarC heme is at 21

Å​. Literature indicates that electron transfer is possible below a distance of 25 Å​,

meaning the predicted heme arrangement would allow for electron transfer within the

complex (Cahen, Pecht, and Sheves 2021; Gray and Winkler 2005).

Figure 16 shows the expected position error (EPE) of each residue in relation to all

other residues. Positions 1 through 1188 belong to narG, then follows the narH subunit

which ends at 1782, NarI ranges until 2079 and the cytochrome follows after that. The

ligands/hemes can be seen as four squares at the end of the residues at the bottom

right.

Figure 16. Expected position Error Matrix of the top-ranked NarGHIC prediction.
Darker colour indicates higher confidence in the relative positions. NarG ranges from 0 to 1214;

NarH from 1215 to 1728, NarI from 1729 to 1954; NarC from 1955 to 2208; the four Hemes are

at the end.

The position of NarG and NarH is very confidently predicted as indicated by the dark
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green coloring of the corresponding area. The position of NarI in relation to narGH is

slightly less confidently predicted. This may be related to the assembly process of the

complex, where NarG and NarH are assembled first and later attached to the NarI

subunit (Lanciano et al. 2007). Their interaction may be stronger, whereas the NarI

subunit is integrated in the membrane and does not interact as much with the other

subunits, therefore making the signal harder to detect. The position of NarC is less

confidently predicted than other parts of the complex, with the position of NarI and

NarC being slightly more confidently predicted than the position of NarC in relation to

NarGH. This is to be expected, as NarC is only interacting with NarI directly.

Additionally,

Overall the AlphaFold3 predictions show a strong indication of the formation of a 4

subunit complex for nitrite oxidation.

Potential interaction partners

We searched for potential interaction partners to the NarGHIC complex in the genome

of N. winogradskyi. Identifying the interaction partner that accepts the electron from

NarGHIC would help explain why the complex physiologically performs nitrite oxidation

rather than nitrate reduction. Therefore we searched the genome for all proteins

containing a heme-binding motif (CxxCH), which yielded 21 potential interaction

partners (PIPs). Four PIPs were part of the exclusive set and after searching the

literature, we found that one of the four exclusive PIPs was previously described as

leading to an increase in nitrite consumption when added to an artificial system

containing the nitrate reductase complex and cytochrome c oxidase (COX) extracted

from N. winogradskyi (Nomoto, Fukumori, and Yamanaka 1993). It was hypothesised

that this cytochrome acts as an electron shuttle between the Nar-complex and COX.

From here on this cytochrome is referred to as PIP 736, after its accession number in

N. winogradskyi. Additionally, we considered the possibility of direct transfer of the

electron from NarGHIC to COX.

To assess the possibility of direct electron transfer from NarC to COX we performed

structure predictions of NarGHIC + COX and NarC + COX. The reason we performed

both predictions was that the presumed permanent interaction of NarGHI + NarC is

likely stronger than the transient interaction of NarC + COX would be and the latter

interaction might not be seen when predicting both complexes.
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Figure 17. The superposition of the top 5 ranked predictions of NarGHIC and COX

NarGHIC is coloured grey, the 5 predictions of COX are coloured differently, so their relative

positions can be seen. Panel a) shows the side view. NarGHIC is predicted stably in the middle,

with different COX predictions to the left and right. Panel b) shows a view from above. NarGHIC

is stably predicted at the bottom, the different COX predictions form a half-circle above.

Figure 17 shows the superposition of the top five predictions of NarGHIC +COX from

two perspectives. NarGHIC is shown in grey, its position is stable throughout all five

predictions. Panel a) shows the side view of the complex with the cytoplasmic side

below and the periplasmic side above and Panel b) shows the view from the top. The

position of COX varies between the different predictions and the COX predictions form

a ring around the NarI subunit. AlphaFold3 does not predict a stable interaction

between the two complexes.
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Figure 18. Structure prediction of COX and NarC
Panel a) shows the top-ranked predicted structure. NarC is shown in yellow, COX I in purple,

COX II in green and COX III in red. Panel b) shows the corresponding EPE matrix. NarC ranges

from 1040 to 1291. The COX subunits range from 0 to 1039 and Hemes are at the end.

Figure 18 shows the top-ranked prediction of NarC + COX with the corresponding

EPE matrix. The cytochrome is shown in yellow, the three COX subunits are shown

in purple green and red. COX II contains the electron acceptor site. This means that,

if direct electron transfer from NarC to COX were to happen, the second globular

domain of NarC and COX II are expected to interact. However, the structure in panel

a) shows no signs of the two subunits interacting. This is also evident in the

expected position error, where AlphaFold shows very low confidence in the position

of NarC relative to COX. Only the transmembrane domain shows signs of

interaction, this may be due to shared hydrophobic properties between the

transmembrane domains of COX and NarC.

Next, we tested for interactions of the 21 PIPs in the genome of N. winogradskyi with

NarGHIC and COX. Here, we focus on the results from PIP 736, it was the only PIP

that showed promising AlphaFold results and it was previously demonstrated to have

an impact on nitrite oxidation rates in an in vitro experiment (Nomoto, Fukumori, and

Yamanaka 1993).
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Figure 19.Structure predictions of NarGHIC and PIP 736.
Panel a) shows the superposition of the 5 predicted structures of NarGHIC and PIP 736. PIP

736 is shown in orange, its position varies between the predictions. NarGHIC are stably

predicted. They are coloured purple, red, green and yellow respectively. Panel b) shows the

EPE matrix of the top-ranked prediction. NarGHIC ranges until position 2208, PIP 736 follows

after and ranges to 2333, the hemes are at the end.

Figure 19 shows the superposition of the top 5 ranked structure predictions of NarGHIC

+ PIP 736. The position of NarGHIC is stable throughout all 5 predictions, but the

position of PIP 736 varies, showing no interaction with the second globular domain of

NarC, where the electron transfer is expected to happen. PIP 736 has a long

transmembrane domain which associates with NarI due to its hydrophobic properties.

This domain is followed by a flexible linker that is much longer than the linker of NarC

and one globular heme-binding domain. The position of the globular domain varies

between the different predictions.

In Panel b) the EPE matrix is shown. NarGHIC ranges from positions 1-2208 and is

predicted confidently as a complex. The position of PIP 736 relative to Nar is prone to

error, as can be seen by the white markings in the corresponding area of the matrix

Figure 20 shows the superposition of the top 5 ranked structures of NarGHIC + PIP

736 + COX from two different perspectives. In contrast to previous predictions with

NarGHIC + COX or NarGHIC + PIP 736, when predicting all three, the positions of all

proteins stay stable throughout the predictions. In figure b) NarGHIC is shown right.

COX is depicted on the right side with the COX II subunit in green on top, where
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electron transfer is expected to happen. The transmembrane domain of PIP 736 is in

between the two complexes and its globular domain can not be seen because it is

hidden behind COX II. In figure a) the perspective from the opposite side is shown.

NarGHIC is now to the right and COX is on the left. PIP 736 can now be seen as sitting

in front of COX II, suggesting an interaction between the two proteins.

Figure 20. Superposition of the top five structure predictions of NarGHIC and COX and
PIP 736
NarGHIC is shown in grey, PIP 736 in yellow, COX I in purple, COX II in green and COX III in

red. Panel a) shows the front view of the predicted structure. NarGHIC is shown on the right,

COX to the left. PIP 736 has a transmembrane domain between the two complexes and its

heme-binding domain sits on top of COX. The view on COX II is obstructed by PIP 736. Panel

b) shows the view from the other side. The heme binding domain of PIP 736 is now hidden

behind COX II. All subunits are stably predicted in both figures.

Figure 21 shows a side view of COX and PIP 736 with visible ligands. This prediction is

part of the supercomplex prediction in Figure 20, but NarGHIC was removed to

showcase the interaction of PIP 736 and COX. In literature COX II is reported as

having a dinuclear copper centre, from which electrons are transported a heme in COX

I and then a heme-cu centre (Pitcher, Cheesman, and Watmough 2002). This is

consistent with the predictions shown here. PIP 736 is shown in yellow, with one bound

heme. It is not directly attached to COX II but is consistently predicted closely to it.

Panel b) shows the position of the ligands without the surrounding proteins. Centre to

centre distance measurements yield distances below 25 Å​, where electron transfer is

possible (Gray and Winkler 2005).
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Figure 21. View on the interaction of COX and 736
The top-ranked prediction of NarHIC, COX and PIP 736 is shown. NargHIC is not shown in the

figure. PIP 736 is yellow, COX I is purple, COX II is green and COX II is red. Panel a) shows the

structure with hemes. Figure B shows only the hemes with centre-to-centre distances.

Overall, the structure predictions show strong indication of a 4 subunit NarGHIC

complex in Nitrobacter. Additionally, the supercomplex prediction suggests that PIP 736

acts as an electron transporter between NarGHIC and COX, stabilising their

interaction. Testing these hypotheses in a laboratory setup is an exciting direction for

future work.
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4 - Discussion

Throughout this project, we were successful in identifying properties common to

organisms capable of NarG-mediated nitrite oxidation by the example of Nitrococcus

and Nitrobacter. We made use of current bioinformatic tools to investigate the data at

hand at different levels of resolution. Based on the constructed phylogenies we

performed pangenomic analyses and found genes exclusive to the nitrifying Nitrobacter

and Nitrococcus. To guide further analysis, we considered the distribution of these

exclusive genes and further investigated those that were colocalized in clusters along

the genome. When we then contextualised one of the identified exclusive genes - NarC

- by overlaying its distribution on the NarG phylogeny, we found a strongly conserved

signal in a major branch in the evolutionary history of NarG and therefore most likely

the Nar-complex. We proceeded to perform structure predictions, our results strongly

suggest the formation of a four-subunit complex. We then looked for potential

interaction partners to transport electrons from NarGHIC to the terminal electron

acceptor COX. We propose that the membrane-bound cytochrome we termed PIP 736

may stabilise an interaction between COX and NargHIC in N. winogradskyi and act as

an electron shuttle between the two complexes, although further confirmation is

needed.

One potential limitation of the analysis is that it may miss genes essential for

nitrification if those genes are also found in some non-nitrifying relatives. These genes

wouldn't be detected in the analysis because they weren't uniquely acquired by

Nitrobacter or Nitrococcus, even if they were introduced through horizontal gene

transfer before these species diverged evolutionarily. Still, we found the RuBisCO and

Carboxysome operon to be exclusive to both nitrifiers. These genes were previously

described as being horizontally acquired in Nitrobacter (Starkenburg et al. 2008) and

therefore are expected to be part of the exclusive set. Although they are not suitable

markers for nitrification, they are essential in supporting the autotrophic lifestyle of

Nitrococcus and Nitrobacter (Starkenburg et al. 2008) and finding them as part of the

exclusive set of genes supports the approach. Another drawback is the uncertain

quality of genomes. Although each MAG had to meet quality standards to be included

in the database, MAGs are inherently approximations of the true genome (Setubal

2021). In some instances, we detected signs of hybrid assembly, leading to the

exclusion of those MAGs. However, if other cases of hybrid assembly were overlooked,

the results could be affected. That said, only hybrid assemblies where genes exclusive
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to Nitrobacter or Nitrococcus were incorrectly assigned to a related species would

influence the outcomes. Overall there is a limited number of genomes of organisms

performing NarG-mediated nitrite oxidation. Especially in the case of Nitrococcus, the

limited availability of genomes led to a high proportion of genes being assigned as

exclusive, including a lot of uninformative genes.

When it comes to structure prediction, it is unclear how well transient interactions and

formation of supercomplexes can be predicted by the new AlphaFold3 software (Wee

and Wei 2024; Abramson et al. 2024). For instance, we were unsuccessful in showing

interaction between NarC and any of the PIPs or COX. This is likely due to the

limitations of AlphaFold in predicting transient interaction, since there must be a way of

electron transport from NarGHIC to COX and COX can only receive electrons from a

cytochrome c. Recent work has also shown that such respiratory supercomplexes may

have multiple stable states, which makes the interpretation of our results more difficult

(Zheng et al. 2024).

The existence of a four-subunit complex in Nitrobacter has been proposed before

(Simon and Klotz 2013), and our findings align with this idea. Tanaka et al. also show

results that we think are consistent with a four subunit complex, though their

interpretation differed at the time (Tanaka, Fukumori, and Yamanaka 1983). Evidence

now strongly suggests that this four-subunit complex is far more widespread than

previously thought. Although this discovery does not directly help in predicting

Nar-mediated nitrite oxidation, it is a novel and intriguing finding. In organisms using

NarGHIC to facilitate nitrate reduction, the NarC subunit may serve as an alternative

pathway for electron transport, as previously suggested in T. thermophilus, where

electron transport can shift to the nitrite reductase Nir under low nitrate conditions by

forming a respiratory supercomplex (Cava, Zafra, and Berenguer 2008). In T.

thermophilus, the Nar operon has been described as “integrated within highly variable

regions of easily transferable extrachromosomal elements” (Alvarez et al. 2014: p19).

This could explain the limited vertical inheritance of NarGHIC. In N. winogradskyi, the

Nar operon was transferred into the chromosome because it is essential for survival,

whereas in T. thermophilus, it remains an accessory gene that may not always be

necessary.

Previous research identified a membrane-bound cytochrome as the electron

transporter, which we believe is PIP 736 based on sequence similarity (Nomoto,

Fukumori, and Yamanaka 1993). Structure predictions suggest that PIP 736 could

facilitate the formation of a Nar/COX supercomplex. Interestingly, the COX enzymes in

Nitrococcus and Nitrobacter share only 60% identity, indicating some variability in their
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interaction. This suggests that NarGHIC is highly versatile in how it interacts within

these complexes.

To build on the existing results, the nitrifying Chloroflexota should be investigated as

well. They are not as closely related as the nitrifying Nitrococcus or Nitrobacter. This

could point to the fact that the Chlorofleoxota already have some of the genomic

requirements for nitrification and the chemolithoautotrophic lifestyle, which led to such

gain of function events multiple times in the evolutionary history of the chloroflexota.

This would make them a harder group to investigate, nevertheless it should be tried.

Another indicator may be the distribution of PIP 736, although as stated previously,

NarGHIC seems very flexible in its interactions and other organisms may use a

different cytochrome for electron transport.

Overall, we did not achieve our initial goal of predicting NarG-mediated nitrite oxidation

and it is unclear whether there is enough data to confidently be able to do so. Even still,

I consider the project to be a success. The widespread distribution of NarC is a novel

finding and it appears to modify the Nar complex to be highly versatile in its

interactions. In previous work, there were some misunderstandings about NarC and the

membrane-bound cytochrome that acts as electron transfer (Nomoto, Fukumori, and

Yamanaka 1993; Starkenburg et al. 2006; 2008; Simon and Klotz 2013). We found that

these are in fact two distinct proteins. We used tools from different fields of

bioinformatic research and I personally gained knowledge in Biology, but also regarding

phylogenies and pangenomes as well as structural bioinformatics.
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Supplementary material

1. SCC gene profiles used for concatenated core gene phlogenies
Ribosomal_L2, Ribosomal_L3, Ribosomal_L4, Ribosomal_L5, Ribosomal_L6,

Ribosomal_L14, Ribosomal_L16, Ribosomal_L18p, Ribosomal_L22, ribosomal_L24,

Ribosomal_S3_C, Ribosomal_S8, Ribosomal_S10, Ribosomal_S17, Ribosomal_S19

2. Full Tree of the Xanthobacteraceae

3. Code
Code is available at https://github.com/KilianG98/EGDist
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