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1. Introduction 

 

1.1 Bacteria 

Bacteria are prokaryotic microorganisms inhabiting most of the habitats on Earth. They are 

typically a few micrometres in length, with shape ranging from spheres to rods and spirals. In 

contrast to eukaryotes, bacterial cells do not possess neither a nucleus nor true organelles. 

However, some bacteria do contain bacterial microcompartments, which are supposed to act 

as primitive organelles (Kerfeld et al., 2005).  

Based on the source of energy for maintaining of the metabolism, bacteria can use two 

trophic strategies. Chemotrophic bacteria gain energy by breaking down chemical compounds 

using oxidation. The second strategy, phototrophy, involves harvesting light energy using 

photosynthesis. Another criterion reflects the source of carbon used for cellular growth. 

Bacteria utilizing carbon from organic compounds are called heterotrophs. In contrast, 

autotrophic bacteria obtain carbon by assimilation of CO2 (Hellingwerf et al., 1994). Some 

minor groups of bacteria are able to oxidize methan to gain both energy and carbon (Dalton 

2005).  

The last common ancestor of Bacteria and Archaea is supposed to be a 

hyperthermophilic unicellular bacterium that lived 2.5 – 3.2 billion years ago (DiGiulio 2003; 

Battistuzzi et al., 2004). Phylogenetic studies based on multiple gene phylogenies suggest that 

bacterial lineage later split from the lineage containing ancestors of both archaeal and 

eukaryotic species (Brown and Doolittle, 1997;  Yan and Wu, 2016; Eme et al., 2017). 

Bacteria were also crucial for the further evolution of the third domain of life, Eukaryotes. 

During multiple endosymbiotic events domesticated bacteria gave rise to cellular organelles, 

such as mitochondria and plastids (Gray 1992; Poole and Penny, 2007; Archibald 2009). 

Since most of the bacterial species defy laboratory cultivation, we know of their 

existence only from molecular (culture-independent) studies (Rappé and Giovannoni, 2003). 

Based on molecular phylogeny domain Bacteria is divided into major lineages called phyla 

(or divisions) (Fig. 1). There are currently 34 formally described bacterial phyla (July 2018; 

Parte 2018), and over 20 candidate phyla established using strains which can not be cultivated 

(Rappé and Giovannoni, 2003). The total number of bacterial phyla has been estimated to 

exceed 1,000 (Yarza et al., 2014).      
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Fig. 1 16S rRNA phylogenetic tree of the Bacteria domain. Phyla containing photosynthetic 

species are marked by orange wedges. Scale bar represents changes per position. Adapted 

from Zeng et al., 2014. 

 

1.1.1 Bacterial genome 

Genomes contain the complete genetic material of an organism stored in its DNA. Prokaryotic 

genomes are in general smaller than eukaryotic ones. In contrast to eukaryotes (Tab. 1), 

bacterial genomes usually exist in the form of single circular chromosomes (Fig. 2). However, 

there are some bacterial species, which have linear chromosomes (Volff and Altenbuchner, 

2000; Chaconas and Chen, 2005) or multiple chromosomes (Suwanto and Kaplan, 1992; 

Casjens 1998). Additional genomic information can be stored in autonomously replicating 

extrachromosomal elements, plasmids (Kado 2015). Genes in bacterial genomes are often 

organised into operons.  Genes consist of coding parts (exons) without any non-coding 

portions of the genes (introns), which are largely present in eukaryotic genes.   
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Table 1 Comparison of a prokaryotic and an eukaryotic genome.  

Feature E. coli K-12 genome Human genome 

Genome size [bases] 4.6 Mb 3.2 Gb 

GC content [%] 50.8 40.9 

No. of genes  4,288 20,000 

No. of chromosomes 1 46 

Chromosome conformation circular linear 

       

 

 

Figure 2 Schematic representation of the circular Rhodobaca barguzinensis alga05 

chromosome. The outer to inner rings represent: scale of genome size in Mb; features of the 

chromosome [origin (oriC) and terminus (ter) of replication]; position of the PGC (in purple); 

position of ORFs encoded on the plus/minus strand (in blue); GC content (in black/gray); GC 

skew (in black/gray).   

 

Evolution can be perceived as a process leading to the adaption of a species to its 

environment. Organisms are under constant selective pressure due to changing life conditions. 

Evidence for these dynamic changes can be also found on the genomic level. Thanks to the 
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progress in sequencing techniques, especially with the development of the next-generation 

sequencing (Ekblom and Wolf, 2014; Land et al., 2015; Vincent et al., 2017), the number of 

sequenced bacterial genomes  steadily grows over time. This allowed, among other things, to 

study the mechanisms by which their genomes evolve. 

Bacterial genomes can evolve through four mechanisms: spontaneous mutations, gene 

duplications, horizontal gene transfer (HGT) (Treangen and Rocha, 2011; Toussaint and 

Chandler, 2012) and gene loss (Koonin and Wolf, 2008; Keppen et al., 2013; Kopejtka et al., 

2017). Spontaneous mutations are a result of errors occuring during the DNA replication or 

of an exposure to mutagens. They can lead to either a negative change (protein becomes non-

functional), positive change (organism increases its fittness, e.g. gains positive traits) or 

neutral change (no effect on the fittness of the organism) in the nucleotide sequence of the 

DNA. Gene duplications provide new genetic material for consequent evolutionary processes, 

such as mutations (Zhang 2003). During the HGT, bacterial cells exchange genetic material 

using extrachromosomal elements, such as plasmids (Kado 2015) and gene transfer agents 

(Fig. 3; Lang et al., 2017). Due to the selection pressure combined with significant 

evolutionary benefits these processes can be followed by a rapid spread and fixation of 

beneficial traits inside a bacterial population (Wilmes et al., 2008). In balance with the gene 

gain (genome expansion) is the optimization of genome size using gene loss called genome 

streamlining (Koonin and Wolf, 2008). Natural selection puts a constant pressure on genome 

reduction to save energy, time, and nutrients necessary for the genome replication 

(Rosengarten et al., 2000). This effect is especially pronounced in case of  parasitic and 

endosymbiotic species (Boscaro et al., 2013).    

 

 

Figure 3 Electron micrograph showing two gene transfer agent particles. Reprinted with 

permission from Tomasch et al., 2018.  
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1.2 Photosynthesis 

Photosynthesis is an essential biological proces in which energy derived from light is 

transformed into chemical energy (Fig. 4). This energy is consequently utilized by autotrophic 

organisms for assimilation of CO2 into biomass. With the exceptions of deep-sea 

hydrothermal vents and subsurface ecosystems, photosynthetic organisms faciliate the 

primary production in every habitat on Earth. 

Photosynthesis has been found in seven bacterial phyla, i.e. Cyanobacteria, 

Proteobacteria, Chlorobi, Chloroflexi (Pierson and Castenholz, 1974), Firmicutes (Gest and 

Favinger, 1983), Acidobacteria (Bryant et al., 2007), and a recently identified phylum 

Gemmatimonadetes (Zeng et al., 2014).  These seven phyla comprise only a tiny fraction of 

the total number of phyla within the Bacteria domain (Yarza et al., 2008; Söhngen et al., 

2013). Since photosynthesis is assumed to be a fundamental and therefore an ancient 

biological process, some scientists hypothesize there still remain some bacterial phototrophic 

clades undiscovered  (Zeng et al., 2014). 

Photosynthetic prokaryotes can be classified into two groups based on the type of 

photosynthesis they conduct. Oxygenic phototrophs perform photosynthesis during which 

water is used as the electron donor and oxygen is released as a side product (Fig. 4). To date, 

the only known prokaryotes capable of oxygenic photosynthesis are cyanobacteria. They 

belong to the major primary producers on Earth (Waterbury et al., 1979; Chisholm et al., 

1988) and many of their representatives significantly contribute to the global nitrogen cycle 

(Zehr et al., 2001; Karl et al., 2002). Oxygenic photosynthesis is performed also by eukaryotes 

containing chloroplasts, algae and higher plants. Oxygen released by oxygenic phototrophs 

enabled the development of advanced life forms by providing a ubiquitous terminal oxidant 

for respiration (Xiong and Bauer, 2002) as well as formation of the ozone layer protecting 

Earth against the harmful UV radiation (Blankenship 1992).  The second group, anoxygenic 

phototrophs (Fig. 5), represent some of the oldest bacterial species on Earth. They conduct so 

called anoxygenic photosynthesis, which refers to the fact it is not accompanied with oxygen 

evolution and it uses electron donors other than water (Bryant and Frigaard, 2006). 
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Figure 4 Diagram of the Z-scheme for different groups of photosynthetic organisms. Pink and 

green colours highlight the electron acceptor portion of the reaction center. Pink, reaction 

center type I; green, reaction center type II. Adapted from Blankenship 2010. 

 

 

Figure 5 Anoxygenic phototrophic bacteria. From left to right: Sphingomonas sp. AAP5, 

Erythrobacter sp. NAP1, Roseococcus sp., Roseobacter denitrificans. Figure courtesy of 

Jason Dean. 

 

1.2.1 Evolution of photosynthesis 

The first chemical reactions catalyzed by light energy were abiotic. Abiotic photoreactions 

produced the first organic molecules on Earth from CO2 and H2O and utilized  energy of solar 

UV radiation. These  molecules were necessary for the formation of the first cells (Zhang et 

al., 2007; Mulkidjanian and Galperin, 2009; Mulkidjanian et al., 2012). Under solar radiation 
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that contained an essential UV component and in the presence of high levels of CO2 in the 

primordial atmosphere (Sleep 2010), sulfides of Zn and Mn reduce carbon dioxide to diverse 

organic molecules (Zhang et al., 2007; Guzman and Martin, 2010). The porous sediments 

containing ZnS and MnS may served as photosynthesizing habitats of the first phototrophic 

cells (Mulkidjanian et al., 2012). These ancestral microorganisms may have utilized solar light 

to assimilate chemical compounds left over from the prebiotic phase of chemical evolution  

(Zhang et al., 2007).  

It is assumed that the first photosynthetic organisms emerged on Earth more than 3.5 

billion years ago (Awramik 1992). Biomarker evidence and microfossil finds suggest that 

cyanobacteria existed 2.5–2.6 billion years ago (Hedges et al., 2001; Xiong and Bauer, 2002). 

The first photosynthetic organisms originally evolved in a reducing environment, they did not 

split water and evolve oxygen (Blankenship 2010). Also phylogenetic analyses of bacterial 

photosynthetic genes suggest that anoxygenic photosynthesis preceded to oxygenic 

photosynthesis (Xiong et al., 2000; Olson and Blankenship, 2004 ). Several studies based on 

the whole-genome comparisons propose that many of the genes coding for core components 

of photosynthesis were horizontally transfered among various groups of photosynthetic 

prokaryotes during the evolution of bacterial phototrophy (Raymond et al., 2002; Zeng et al., 

2014, Brinkmann et al., 2018).   

Many studies based on comparative genomics of chloroplasts and cyanobacteria have 

shown that photosynthetic eukaryotes acquired photosynthetic traits through endosymbiosis 

with cyanobacteria (Morden et al., 1992; Gray 1993). Recent evidence places the origin of 

eukaryotic photosynthetic microorganisms (and chloroplasts) between 1 and 2 billion years 

ago (McFadden and van Dooren, 2004; Sánchez-Baracaldo et al., 2017). The evolution of 

photosynthesis from cyanobacteria to chloroplasts caused many structural changes, but the 

basic principle of oxygenic photosynthesis remained essentially unchanged (Olson and 

Blankenship, 2004). 

 

1.2.2 Great oxygenation 

During the Archaean period the Earth's atmosphere was mostly anoxic. At the beginning of 

the Proterozoic era, cyanobacteria started to evolve oxygen (Bekker et al., 2004; Holland 

2006). Their world-wide spreading approximately 2.3 billion years ago vastly influenced the 

geochemistry of Earth and evolution of other organisms (Flannery and Walter, 2012). Through 
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most of the Proterozoic era, the concentration of oxygen in the Earth's atmosphere stayed 

relatively constant.  

The second rise of oxygen level took place during the Neoproterozoic era (Fig. 6). It 

seems that during this time Earth went through several significant changes (Shields-Zhou and 

Och, 2011). The supercontinent Rodinia started to fragment. The increased organic carbon 

burial during the Neoproterozoic era likely facilitated the rise of oxygen concentration in the 

Earth's atmosphere. Several large glaciations probably occured because of the concomitant 

decline in CO2 levels (Hoffman et al., 1998).  

Further, the rising oxygen level led to the massive and irreversible oxidation of the 

ocean by the end of the Neoproterozoic. Such dramatic environmental changes put a strong 

selection pressure on the genuine anaerobic anoxygenic phototrophs. When the competition 

for environments suitable for anaerobic anoxygenic process became too hard, the facultatively 

anaerobic PNSB were constrained to develope. It is assumed that the first step was the 

emergence of heterotrophic metabolic pathways. These metabolic processes allowed them to 

be independent of phototrophy and consequently occupy new environments. In these habitats, 

the new developing species disposed of their energetically demanding photosynthetic 

apparatus, which resulted in the responsible genes being lost. Proteobacteria are assumed to 

have differed from a phototrophic ancestor, according to the diffuse distribution of 

phototrophy throughout the Proteobacteria clade (Woese 1987; Swingley et al., 2008). This 

hypothesis was proposed by Woese (1987) based on 16S rRNA sequence data. Phylogenetic 

analysis indicates that the loss of photosynthesis genes has taken place independently in 

several lineages (Keppen et al., 2013; Koblížek et al., 2013; Brinkmann et al., 2018). The 

newly emerged non-phototrophs then may became photoheterotrophs by receiving 

photosynthetic genes through HGT (Jiang et al., 2009; Yurkov and Csotonyi 2009; Brinkmann 

et al., 2018). This hypothesis was supported by the fact that a HGT of the entire photosynthesis 

gene cluster (PGC) between distant bacterial phyla has already been documented (Zeng et al., 

2014). 
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Figure 6 Scheme showing evolution of life on Earth in context to major geological events. 

Stars represent individual evolutionary events. The bold vertical arrow marks origin of the 

Roseobacter group. The bold curve indicates the estimated oxygen concentration in 

atmosphere.   GOE, Great Oxidation Event. Reprinted with permission from Koblížek et al., 

2013. 

 

1.3 Aerobic anoxygenic phototrophs 

Aerobic anoxygenic phototrophic (AAP) bacteria are a functional group of phototrophic 

organisms which carry out anoxygenic photosynthesis under aerobic conditions (Yurkov and 

Beatty, 1998). The first AAP bacteria Erythrobacter longus and Roseobacter litoralis were 

isolated from the Bay of Tokyo in the 1970s (Shiba et al., 1979). As their name implies, AAP 

bacteria do not evolve oxygen, because they use electron donors other than water. They are 

photoheterotrophs; i.e. organisms which need a supply of organic substrates for growth, but 

they also derive a significant amount of their energy requirements from light (Hauruseu and 

Koblížek, 2012). Light energy is transformed into an electrochemical gradient that can be used 

for the production of ATP (Yurkov and Beatty, 1998). This ability to utilize light energy likely 

provides an ecological advantage over their heterotrophic bacterial relatives (Beatty 2002).  

The AAP bacteria belong to a phylogenetically diverse genera within Proteobacteria. 

They are closely related to anoxygenic phototrophic purple non-sulfur bacteria as well as other 

chemotrophic species (Yurkov 2006). AAP bacteria can be considered as a transition between 

photosynthetic and chemotrophic bacteria, because their ability to utilize light energy can 

cover only a fraction of the total cellular energy requirements (Hauruseu and Koblížek, 2012). 

The majority of described AAP species belongs to Alphaproteobacteria. There are several 

AAP species in Betaproteobacteria (Yurkov and Csotonyi, 2003; Kasalický et al., 2018), and 

also several gammaproteobacterial representatives (Fuchs et al., 2007).  
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With an increasing interest in AAP bacteria, it has been found that this group of 

microorganisms is widely distributed across various environments (Saitoh et al., 1998; 

Koblížek et al., 2003; Mašín et al., 2008;  Yurkov and Csotonyi, 2009)  including extreme 

habitats (Wakao et al., 1996; Suzuki et al., 1999;  Yurkov et al., 1999; Rainey et al., 2003). 

AAP bacteria seem to significantly contribute to the bacterial production in the oligotrophic 

oceans (Koblížek et al., 2007), but their ecological role remains unclear. 

 

1.3.1 Photosynthetic apparatus 

The photosynthetic apparatus of AAP bacteria is supposed to be analogous to that of purple 

non-sulfur bacteria. It consists of a type II (quinone-type) RC with three structural subunits 

(L, M and H), four BChls, two bacteriopheophytins, two ubiquinones, a non-heme high-spin 

Fe2+, and a carotenoid. The photosynthetic RC catalyzes light-induced electron processes 

leading to a stable charge separation. In summary, it converts solar energy into the 

biochemical energy (Lancaster and Michel, 1996). 

The main light-absorbing pigments in AAP bacteria are BChl a and carotenoids. The 

pigments are bound to special membrane proteins called LH complexes. The LH complexes 

absorb light, and the energy goes through the pigments of the antenna system to the RC 

(Cogdell et al., 1996).  

All known AAP bacteria synthesize BChl a (containing either Mg or Zn) esterified 

with phytol, but its cellular levels are approximately ten times lower than in purple non-sulfur 

bacteria (Yurkov and Csotonyi, 2003; Biebl et al., 2005). AAP bacteria produce various 

species specific carotenoids determining the colour of the microorganism (Yurkov and Beatty, 

1998). Moreover many AAP species contain carotenoids that do not serve as a light-harvesting 

pigment for photosynthesis and its essential function is to protect the photosynthetic apparatus 

against damaging photochemical reactions (Yurkov et al., 1992; Koblížek et al., 2003). When 

the BChl is illuminated, triplet-excited BChl molecules are formed; they can react with 

molecular O2 to produce single oxygen molecule. This singlet form of oxygen is a powerful 

oxidising agent and rapidly kills bacterial cells. Some kinds of carotenoid pigments are able 

to protect the photosynthetic apparatus by directly quenching both triplet-excited BChl and 

singlet molecules of oxygen (Fraser et al., 2001).  

BChl synthesis in AAP bacteria is mainly regulated by light (Yurkov and Csotonyi, 

2003) and by the presence of  O2 (Suyama et al., 2002). Light represses the BChl synthesis 

(Yurkov and van Gemerden, 1993). This light repression is more pronounced than in 
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anaerobic phototrophs (Yurkov and Csotonyi, 2003). On the other hand, the presence of O2 is 

required for the BChl synthesis (Suyama et al., 2002). Some AAP species also regulate their 

pigment expression depending on nutrients, temperature, pH and salinity (Alarico et al., 2002; 

Koblížek et al., 2003; Rathgeber et al., 2004; Macián et al., 2005; Biebl et al., 2006). Many 

studies have shown, that AAP bacteria incline to upregulate their pigment synthesis under 

suboptimal conditions (Alarico et al., 2002; Koblížek et al., 2003; Rathgeber et al., 2004).  

 

1.3.2 Photosynthesis gene cluster 

The anoxygenic photosynthetic apparatus consists of a number of genes organised in a so 

called photosynthesis gene cluster (PGC). This 40-50 kb gene conglomeration has a mosaic 

structure and consists of five main sets of genes: bch and crt genes encoding enzymes of the 

BChl a and carotenoids biosynthetic pathways, puf operons encoding proteins forming the 

RC, puh operons encoding an RC protein and also responsible for assembly of the RC, and 

various regulatory genes (Fig. 7). The PGCs of various phototrophic Proteobacteria have two 

conserved subclusters: crt–bchCXYZ–puf (ca. 10 kb) and bchFNBHLM–lhaA–puh (ca. 12–15 

kb) (Waidner and Kirchman, 2005; Liotenberg et al., 2008). PGC contains a core set of 27 

photosynthesis genes. Sixteen of them (bchBCDFGHILMNOPXYZ and acsF) are involved in 

the BChl a biosynthesis. With an exception of 8-vinyl reductase, these genes cover the 

complete biosynthetic pathway from protoporphyrin XI to BChl a. There are 3-8 genes 

responsible for carotenoid synthesis. The rest of the genes encodes the proteins pufABLM, 

puhA, and assembly factors puhBCE and lhaA of the bacterial photosynthetic units (Zheng et 

al., 2011).  

 

 

Figure 7 Photosynthesis gene cluster of the purple non-sulfur bacterium Rhodobacter 

sphaeroides. Green, bch genes; orange, crt genes; pink, puf genes; brown, puh genes; blue, 

regulatory proteins; yellow, other photosynthetic genes; grey, hypothetical protein; white, 

uncertain gene.  

 

11



 

 

1.4 Microbial life in soda lakes 

Soda lakes (Fig. 8) are natural water reservoirs characterized by high pH (mostly between 9 – 

12) and high concentrations of carbonates and other dissolved salts. They can be found in arid 

and semiarid areas with high evaporation which leads to high concentration of salts. The 

majority of life in soda lakes is formed by haloalkaliphilic prokaryotes, which adapted their 

physiology to these harsh conditions (Sorokin et al., 2014). These organisms often show low 

genetic similarity to freshwater microbial species (Surakasi et al., 2010; Xiong et al., 2012).   

On the other hand, due to the high load of nutrients, soda lakes are often very 

productive environments  The application of culture-independent techniques documented that 

the species richness (number of species present) of microorganisms in some soda lakes is often 

higher when compared with freshwater lakes (Wang et al., 2011). The biomass production is 

tightly connected with the flow of energy and elements between abiotic and biotic parts of the 

soda lake system. The carbon cycle is initiated by photosynthetic organisms, which utilize 

light energy to assimilate inorganic carbon and produce organic molecules available to other 

organisms. The main photosythetic organisms in soda lakes are Cyanobacteria, which are 

responsible for most of the primary production. In addition, there exist also a number of 

organisms conducting anoxygenic photosynthesis: purple sulfur bacteria, purple non-sulfur 

bacteria and AAP bacteria. The produced organic carbon is utilized by organotrophic species 

belonging to the major phyla Proteobacteria, Bacteroidetes, Firmicutes, Planctomycetes, 

Actinobacteria etc. (Grant 2006; Lanzén et al., 2013). An important component of soda lake 

carbon cycle is methane. Methan is produced by methanogenic bacteria  which use one-carbon 

compounds (C1) to gain energy. They are frequently found in soda lake sediments include 

archaeal genera Methanocalculus, Methanolobus, Methanosaeta and Methanoculleus (Grant 

2006; Antony et al., 2012). Produced methan can be consequently utilized by methane-

oxidizing bacteria such are Methylobacter and Methylomicrobium (Grant 2006).   

The productivity of soda lake crucially depends on the supply of bioavailable nitrogen, 

which is frequently the limiting nutrient (Carini and Joye, 2008). It seems that some nitrogen 

cycle pathways (nitrogen fixation, nitrification) known from freshwater and marine 

environments are not common in hypersaline environments (Sorokin 1998; Oren 1999). 

Indeed, cyanobacterial species prevalently occurring in soda lakes such as Arthrospira are 

probably not able to fix nitrogen (Grant 2006). One of the nitrogen-containing waste products 

of biomass decomposition is ammonia. On the other hand, part of the ammonium is utilized 
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by ammonia-oxidizing bacteria (such as Thaumarchaea) which eventually leads to partial lost 

of bioavailable nitrogen from the system in the form of NO2 gas (Stevens et al., 1998).  

Another important elemental cycle in soda lakes is the cycle of sulfur. Sulfur exists in 

the environment in the -II to +VI oxidation state. The cycle of sulfur mostly reflects the 

balance of action of sulfur-reducing bacteria such as Desulfonatronovibrio and Desulfonatrum 

and the activity of sulfur-oxidizing species are the genera Thioalkalivibrio, Thiorhodospira, 

Thioalkalimicrobium and Natronohydrogenobacter (Grant 2006). The sulfite or thiosulfate is 

also required as electron donors for anoxygenic photosynthetic bacteria (Brune 1989; Brune 

1995). The high load of organic matter from dead biomass in the bottom part of the lakes 

frequently leads to anoxia and high concentration of  sulfide (Grant 2006). 

 

 

Figure 8 Saline soda lake in Barguzin Valley, Buryat Republic, Russia. Figure courtesy of 

Dr. E.N. Boldareva-Nuyanzhina. 
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1.5 Objectives 

The general aim of my PhD thesis was to investigate the evolution of phototrophy in the 

bacterial order Rhodobacterales with a special regard to its haloalkaliphilic representatives 

from the Rhodobacter-Rhodobaca subgroup. For this purpose we used the strain Rhodobaca 

barguzinensis alga05 as an organism of choice. 

The initial questions of my work were: 

 What is the phylogenetic relationship between Rca. barguzinensis and other groups of 

anoxygenic phototrophic bacteria? 

 How has Rca. barguzinensis adapted to its environment? 

 Is there any specific (marker) gene in genomes of facultatively alkaliphilic 

Rhodobacterales, which is crucial for their adaptation to high pH? 

 Is phototrophy an ancestral trait in the studied subgroup of haloalkaliphilic 

Rhodobacterales?     
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2. Publications 

 

2.1 Paper 1. 

The complete genome sequence of Rhodobaca barguzinensis alga05 (DSM 19920) 

documents its adaptation for life in soda lakes. 

Soda lakes, characterized by a high pH and high concentrations of carbonates and other 

dissolved salts, represent a very challenging and often also rapidly changing environment for 

life. Microorganisms living in these habitats have had to evolve in a way enabling them to 

dwell under such a tough conditions (Sorokin et al., 2014). Photosynthetic prokaryotes in soda 

lakes involve also aerobic anoxygenic phototrophs (AAP). These photoheterotrophic 

organisms transform solar radiation into metabolic energy, but are not able to assimilate 

inorganic carbon, hence they do not belong among primary producers in soda lakes.  

The first article is focussed on the haloalkaliphilic photoheterotrophic bacterium 

Rhodobaca (Rca.) barguzinensis strain alga05. Previous studies suggested that Rca. 

barguzinensis is phylogenetically placed between purple non-sulfur bacteria and AAP species 

(Keppen et al., 2013). However, this organism is not capable of autotrophic carbon fixation 

(Boldareva et al., 2008). In the first publication we used single-molecule real time sequencing 

(SMRT) technology in order to close the Rca. barguzinensis genome. The complete genome 

was analyzed to identify the potential for specific physiological and metabolic adaptations of 

this organism to the challenging conditions of soda lakes. Another aim of this study was to 

identify genes responsible for the adaptation to high pH. To fulfill this goal we compared gene 

inventory in the alga05 genome with genomes of 17 reference strains of Rhodobacterales. 

Analysis of the genome suggests a large flexibility of the alga05 metabolism. In 

conclusion, the genetic inventory of Rca. barguzinensis corresponds to the adaptations 

necessary for life in rapidly changing conditions in soda lakes. Further, results of our study 

shows that the mrpB gene coding for the B subunit of the MRP Na+/H+ antiporter is probably 

the only gene necessary for the adaptation of haloalkalophilic Rhodobacterales to high pH in 

soda lakes. 

 

 

 

15



16



17



18



19



20



21



22



23



24



25



26



 

 

Supplementary information 

 

The online version of this article (https://doi.org/10.1007/s00792-018-1041-8) contains 

supplementary material, which is available to authorized users. 
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2.2 Paper 2. 

Genomic analysis of the evolution of phototrophy among haloalkaliphilic 

Rhodobacterales.  

Evolution of a prokaryotic genome is driven by three fundamental processes: random 

mutations, gain of genes via HGT, and gene loss. Consequent natural selection decides if the  

newly coded trait persists in the lineage. In bacteria, for functional phosynthetic apparatus, 

usually a range of specialized genes is needed. Moreover, these genes are often organized in 

operons and this clustering in operons is usually crucial for their optimal expression. Hence, 

for evolution of phototrophy inside a certain bacterial clade, only the latter two listed processes 

are substantial. 

The order Rhodobacterales (Alphaproteobacteria) contains both photoautotrophic and 

photoheterotrophic species, these phototrophic species are phylogenetically mixed with 

chemotrophs (Simon et al., 2017). Representatives of this clade perform essential metabolic 

processes such as anaerobic fermentation, aerobic respiration, autotrophic carbon fixation, 

nitrogen fixation, sulfur oxidation, or hydrogen production (Garrity et al., 2005; Androga et 

al., 2012). In context of such a variability, the question how their trophic strategies evolved 

occurs. 

In the second publication, we studied the evolution of phototrophy among the 

haloalkaliphilic members of the Rhodobacter-Rhodobaca (RR) group inside the 

Rhodobacterales clade. We tested two possible evolutionary scenarios (1) the “regressive 

evolution” scenario, where the ancestors of the haloalkaliphilic RR-group were 

photoautotrophic organisms, which later lost part (or all) of their photosynthesis genes, or (2) 

the ancestors of the RR-group were heterotrophs, which adopted their photosynthesis genes 

via HGT of photosynthesis genes. To test the two proposed evolutionary scenarios, we 

analysed the presence of photosynthesis genes, their organization and phylogeny in three 

closely related representatives with different phototrophic capacities and oxygen preferences. 

Our analyses show a general trend in the reduction of photosynthetic apparatus (loss of 

photosynthesis genes), hence a shift towards (photo)heterotrophic lifestyle. Interestingly, a 

singlet oxygen defense mechanism, which is common in phototrophic species, was found in 

the heterotrophic representative. In conclusion, these findings indicate that the ancestors of 

the haloalkaliphilic members of the RR-group were phototrophic species.
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Suppl. Table 1. Comparison of RAST gene distribution in Rhodobacterales genomes. 

      

  DSM 2351 2.4.1 alga05 ALG1 AH01 PD 1222  

Cofactors, Vitamins, Pigments 8.32% 8.32% 10.06% 10.23% 8.40% 10.07%  

Cell Wall and Capsule 4.23% 3.19% 3.72% 4.20% 2.65% 3.47%  

Virulence, Disease and Defense 2.22% 2.31% 2.03% 1.76% 1.91% 2.26%  

Potassium metabolism 0.74% 0.65% 0.63% 0.52% 0.46% 0.30%  

Photosynthesis 0.46% 0.50% 0.28% 0.20% 0.00% 0.00%  

Miscellaneous 1.45% 1.30% 1.75% 1.92% 1.48% 1.98%  

Phages, Prophages, Plasmids 1.48% 1.43% 1.30% 0.84% 0.88% 0.92%  

Membrane Transport 8.57% 7.96% 7.78% 6.83% 7.55% 7.09%  

Iron acquisition and metabolism 1.90% 0.62% 1.02% 0.16% 1.27% 1.79%  

RNA Metabolism 4.72% 4.36% 4.59% 5.24% 4.80% 3.92%  

Nucleosides and Nucleotides 3.77% 3.90% 3.96% 4.08% 3.63% 3.32%  

Protein Metabolism 7.51% 8.29% 7.47% 8.43% 7.02% 6.13%  

Cell Division and Cell Cycle 1.06% 0.94% 7.47% 1.08% 0.95% 0.87%  

Motility and Chemotaxis 1.94% 3.67% 1.54% 1.84% 2.61% 0.40%  

Regulation and Cell signaling 1.69% 1.89% 1.44% 1.24% 1.80% 2.06%  

Secondary Metabolism 0.14% 0.13% 0.14% 0.16% 0.14% 0.15%  

DNA Metabolism 4.19% 3.35% 2.80% 3.64% 3.14% 2.36%  

Fatty Acids, Lipids, Isoprenoids 5.60% 4.45% 5.29% 5.48% 4.55% 4.76%  

Nitrogen Metabolism 1.34% 1.07% 1.96% 1.40% 1.41% 2.36%  

Dormancy and Sporulation 0.00% 0.07% 0.04% 0.04% 0.07% 0.02%  

Respiration 3.84% 6.57% 5.26% 5.12% 4.73% 4.17%  

Stress Response 4.27% 4.13% 4.35% 4.48% 5.01% 4.54%  

Metabolism of Aromatic Compounds 0.63% 0.68% 1.93% 2.00% 1.52% 2.46%  

Amino Acids and Derivates 14.80% 13.85% 14.48% 14.67% 13.90% 16.10%  

Sulfur Metabolism 0.81% 0.72% 1.19% 1.28% 1.38% 1.86%  

Phosphorus Metabolism 1.23% 1.27% 1.23% 1.36% 1.20% 1.56%  

Carbohydrates 13.08% 14.89% 12.83% 12.03% 17.54% 15.10%  
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Suppl. Table 2. Numbers of gene clusters in the studied genomes. 

     

 Organism     

  alga05 ALG1 AH01 

Nr. of ORFs 3778 3385 3885 

Nr. of gene clusters 2903 2762 2690 

Nr. of gene singletons 786 571 1054 

% of clusters shared by all three strains 77.3 81.2 83.4 

% of unique clusters 1.1 0.9 2.7 
 

 
 
 

Suppl. Table 3. Presence of selected metabolic pathways in the studied genomes. 
 

             

Nitrogen Metabolism DSM 2351 2.4.1 alga05 ALG1 AH01 PD 1222 

 Denitrification ○ ○ ○ ○ ○ + 

 Dissimilatory nitrate    
 reduction ○ ○ ○ ○ + + 

Sulfur Metabolism        

 DMSP demethylase (dmdA) ̶ ̶ ̶ ̶ + ̶ 

 DMSP lyase (dddL) ̶ + + + ̶ ̶ 

 DMSP cleavage (dddD) ̶ ̶ ̶ ̶ ̶ ̶ 

 DMSP cleavage (dddP) ̶ ̶ ̶ ̶ ̶ ̶ 

Sulfur oxidation (sox) + ○ + ○ + + 

 

The genes present in the genome and complete metabolic pathways are market "+"; the 

incomplete pathways are market "○"; " ̶ "  means gene/enzyme/metabolic pathway absent. 
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Suppl. Fig. 1. Venn-Diagram showing the distribution of shared gene families among 

sequenced strains. Each strain is represented by a circle, overlapping regions illustrate gene 

clusters that are shared between each strain. The cluster number in each region is listed. 
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Suppl. Fig. 2. Maximum likelihood phylogenetic tree based on protein sequences of the 

oxygen-dependent (acsF gene product, 334 common amino acid positions), bootstrap 500x. 

Congregibacter litoralis, Rubrivivax gelatinosus and Erythrobacter sp. NAP1 were used as 

an outgroup organism. Scale bars represent changes per position. Bootstrap values >50% are 

shown. Studied strains are marked by the asterisk.  
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Suppl. Fig. 3. Maximum likelihood phylogenetic tree based on protein sequences of the 

photosynthetic reaction center subunit M (pufM gene product, 289 common amino acid 

positions), bootstrap 500x. Erythrobacter sp. NAP1, Rhodospirillum rubrum, Rubrivivax 

gelatinosus and Congregibacter litoralis were used as an outgroup organism. Scale bars 

represent changes per position. Bootstrap values >50% are shown. Studied strains are marked 

by the asterisk.  
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Suppl. Fig. 4. Phylogenetic tree of sigma-24 factors in Rhodobacterales. Species with a 

photosynthesis gene cluster are in bold. Sigma-24 factors in an operon with chrR form a 

distinct phylogenetic group, marked by a vertical bar. The tree has been constructed using the 

Neighbour-joining (NJ) method with pairwaise deletion of gaps and 500 bootstraps. 
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2.3 Paper 3.  

Clustered core- and pan-genome content on Rhodobacteraceae chromosomes. 

Replication of the bacterial chromosome starts from a single origin of replication (oriC) and 

continues on both replichores. Physical distance of genes from the oriC is one of the most 

conserved properties of the genome architecture (Eisen et al., 2000; Sobetzko et al., 2012). 

This parameter can influence gene expression (Rocha 2004; Couturier and Rocha, 2006), gene 

conservation (Flynn et al., 2010; Sobetzko et al., 2012), as well as evolutionary rates of 

orthologous genes (Flynn et al., 2010). 

In the third study presented we focussed on the genome architecture of 101 fully-

sequenced Rhodobacteraceae representatives. For each strain we identified highly conserved 

core genes and estimated their statistical distributed along the chromosome. The vast majority 

of the species had their conserved genes distributed statistically closer to the origin of 

replication  Interestingly, the obtained data also showed a statistically significant bias in the 

clustering of core genes towards the terminus of replication in some Rhodobacteraceae 

representatives. In these few representatives the number of highly conserved genes increased 

with the distance from the oriC. This kind of genome architecture was the most pronounced 

in the haloalkaliphilic photoheterotrophic bacterium  Rhodobaca barguzinensis and 

heterotrophic freshwater bacterium Loktanella vestfoldensis. We propose that the observed 

mosaic architecture of Rhodobacteraceae genomes can be partially explained by phage 

integration and HGT.   
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ABSTRACT 

In Bacteria, chromosome replication starts at a single origin of replication and proceeds on both 

replichores. Due to its asymmetric nature, replication influences chromosome structure and gene 

organization, mutation rate and expression. To date, little is known about the distribution of 

highly conserved genes over the bacterial chromosome. Here, we use a set of 101 fully-sequenced 

Rhodobacteraceae representatives to analyze the relationship between the number of core genes 

and their distance from the origin of replication. Twenty-two of the analyzed species had their 

core genes clustered significantly closer to the origin of replication with representatives of the 

genus Celeribacter being the most apparent example. Interestingly, there were also eight species 

with the opposite organization. In particular Rhodobaca barguzinensis and Loktanella 

vestfoldensis showed a significant increase of core genes with distance from the origin of 

replication. The uneven distribution of low-conserved regions is in particular pronounced for 

genomes in which the halves of one replichore differ in their core gene content. Phage integration 

and horizontal gene transfer partially explain the scattered nature of Rhodobacteraceae genomes. 

Our findings lay the foundation for a better understanding of bacterial genome evolution and the 

role of replication therein. 

 

Key words: genome architecture, genome evolution, origin of replication, Rhodobacteraceae. 

 

 

 

51



 

INTRODUCTION 

Replication is assumed to be a key factor in the evolution of genome structure and organization. 

In contrast to eukaryotes and archaea, where the chromosome replication proceeds 

simultaneously from multiple sites, replication of bacterial chromosomes starts from a single 

origin of replication (oriC) and continues equally along both replichores (two halves of the 

chromosome extending from oriC) up to the terminus of replication (ter). Since cell division is 

often shorter than the time required for the replication of the chromosome itself, it leads to the 

occurrence of multiple replication complexes in the cell. In result, the genes located in the early 

replicating regions near the oriC can be present in multiple copies and hence have a higher 

expression level compared to genes in the late replicating regions. This so-called gene-dosage 

effect is especially pronounced in fast-growing bacteria, where strongly expressed genes are 

preferentially concentrated near the oriC (Rocha 2004; Couturier and Rocha, 2006). Bacterial 

chromosome architecture can be also shaped by large-scale interreplichore translocations, as was 

recently shown using genome sequence comparisons between 262 closely related pairs of 

bacterial species (Khedkar and Seshasayee, 2016).       

Relative distance of genes from the oriC is commonly thought to be one of the most conserved 

properties of genome organization (Eisen et al., 2000; Sobetzko et al., 2012). Results of an 

extensive analysis comprising a set of 131 gammaproteobacterial genomes showed strong 

conservation in the relative distance of conserved genes coding for regulatory elements from the 

oriC (Sobetzko et al., 2012).  

A replication-biased genome organization was also revealed in archaeal genomes; Flynn et al. 

(2010) selected six Sulfolobus genomes each with multiple replication origins, to test the 

hypothesis that genes situated close to oriC tend to be more conserved than genes more distant 
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from oriC. Results of this study clearly demonstrated a bias in the location of conserved 

orthologous genes (orthologs) towards the oriC site. Moreover, the analysis of evolutionary rates 

of these orthologs revealed their slower evolution when compared with genes more distant from 

oriC (Flynn et al., 2010). Another study of the Sulfolobus genome architecture showed a mosaic 

of recombinant single nucleotide polymorphisms (SNP) along the chromosomes of ten closely 

related Sulfolobus islandicus strains. This comparative genome analysis revealed large genomic 

regions surrounding all oriC sites that show reduced recombination rates (Krause et al., 2014). 

Based on an analysis of the codon composition of genomes from 59 prokaryotic organisms, it 

was shown that genes organized close to the ter are in many cases A+T-enriched at the third 

codon position thought to reflect a higher evolutionary rate (Daubin and Perrière, 2003). Also, 

horizontally transferred DNA was suggested to cluster near the ter (Rocha 2004); this was 

documented in the genome of Escherichia coli (Lawrence and Ochmann, 1998), as well as in 

other prokaryotic genomes (Touchon and Rocha, 2016). Early studies presenting complete 

genome sequence of Bacillus subtilis (Kunst et al., 1997) and E. coli (Blattner et al., 1997; 

Lawrence and Ochmann, 1998) reported a frequent occurrence of prophages around the ter. 

Furthermore, a recent study conducted on a large and diverse sample of bacterial species revealed 

a positive bias in the occurrence of hot-spots for HGT containing prophages towards the ter 

(Oliveira et al., 2017). Also, it has been speculated that the gene-dosage effect might lead to 

fixing of typically weakly (or not at all) expressed horizontally transferred genes closer to the ter 

site (Rocha 2004).  

To date, there is no comprehensive study on the distribution of conserved genes over the bacterial 

chromosome focused on one bacterial family. Therefore we decided to analyze the relationship 

between the degree of gene conservation and its distance from the origin of replication for the 
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core- and pan-genome of all Rhodobacteraceae (Alphaproteobacteria) with closed genomes. All 

the genes present in a certain (microbial) clade are the pan-genome. The genes present in genomes 

of all the strains are defined as core genome, whereas the term accessory genome describes 

partially shared and strain specific genes (Medini et al., 2005; Tettelin et al., 2005). 

Rhodobacteraceae were selected as a family with dynamic evolution, and a large number of 

sequenced genomes. The dataset comprises 109 species originating from diverse habitats of soil, 

freshwater, marine and hypersaline environment (Simon et al., 2017). The frequent occurrence 

of plasmids (Petersen et al., 2013), transposable elements (Vollmers et al., 2013) and gene-

transfer agents (Tamarit et al., 2017) within this family suggest that HGT plays an important role 

in shaping the genomes of this family.  

 

METHODS 

Data. Nucleotide genomic sequences and corresponding Genbank FASTA files for 109 fully-

sequenced Rhodobacteraceae strains (Fig. 1) were obtained from NCBI GenBank. 16S rRNA 

gene sequences for the same set of strains were obtained either from the SILVA database (Quast 

et al., 2012) or NCBI GenBank (May, 2018). 

Comparative genomic analysis.  In order to standardize further analysis we re-annotated all 

genomes using Prokka (Seeman 2014). Orthologous gene cluster analysis was performed using 

the Proteinortho dataframe (Lechner et al., 2011). As in previous comparative studies (Kalhöfer 

et al., 2011; Thole et al., 2012; Vollmers et al., 2013), orthologous protein sequences were 

identified with three cut-off criteria : (1) the e-value should be ≤ 1e-10; (2) the alignment should 

cover at least 70% of the sequences; and (3) the sequence identity should be ≥ 30%. Since for 

highly conserved proteins with >50% sequence identity the probability of completely incorrect 
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annotation is very low (<6%) (Sangar et al., 2007), we also involved an  additional cut-off value 

of  60% sequence identity and 80% coverage to determine the number of orthologs with highly 

conserved sequences.  

Phylogenomic analysis. Amino acid sequences for the 85 highly conserved core genome 

proteins (60% sequence identity, 80% coverage) were individually aligned using ClustalX 

version 2.1. Sites containing gaps and ambiguously aligned regions were removed from each 

alignment using Gblocks (Talavera and Castresana, 2007) and finally these alignments were 

concatenated with Geneious version 8.1.2 (Biomatters Ltd.). The phylogenomic tree was inferred 

by MEGA 6.0 software using the maximum likelihood (ML) algorithm with LG model and 100 

bootstrap replicates. 16S rRNA gene sequences for the same set of strains as in phylogenomic 

tree were aligned using ClustalX version 2.1, ambiguously aligned regions and gaps were 

excluded from the alignment using Gblocks. The 16S rRNA tree was constructed by 

PhyML/MEGA 6.0 software using the ML algorithm with HKY85 nucleotide substitution model 

and 1,000 bootstrap replicates. The four strains of the deep branching “Stappia group” (Pujalte 

et al., 2014), i.e. Pannonibacter phragmitetus 31801, Labrenzia sp. VG12, L. sp. CP4, and L. 

aggregata RMAR6-6, were used as outgroup organisms to root both trees.   

Identification of oriC. The origin of replication (oriC) of studied strains were identified using 

Ori-Finder (Gao and Zhang, 2008; Luo et al., 2018), which was developed mainly based on the 

analysis of nucleotide composition asymmetry using the Z-curve approach and the distribution 

of DnaA boxes. Three different DnaA box motives (i.e. TTATCCACA, TGTTTCACG, and 

TGTGGATAT) were used during the search. Typically, the Escherichia coli perfect DnaA box 

(TTATCCACA) is the most used motive for regular prediction (Mackiewicz et al., 2004). When 

only one unmatched site was allowed, the oriCs of a few genomes could not be identified. 
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Whereas, a number of alternative oriCs were predicted when we allowed two unmatched sites. 

The output of Ori-Finder was manually curated. When a number of alternative oriCs was 

predicted, we decided which one is most likely the right one considering these tree criteria: (1) 

proximity to the GC disparity minimum; (2) location within the local GC minimum; (3) proximity 

to the parAB genes. 

Identification of phages and horizontally transferred genes. The web-based PHAge Search 

Tool – Enhanced Release (PHASTER) was used for predicting prophage sequences or remnants 

of those (Arndt et al., 2016). For prediction of genomic islands (GIs) we used AlienHunter 

(Vernikos and Parkhill, 2006) and the web-based tool IslandViewer (Bertelli et al. 2017). 

AlienHunter predicts GIs using Interpolated Variable Order Motifs (IVOMs). This approach 

exploits compositional biases by determining of variable order motif distributions. IslandViewer 

integrates three different GI prediction tools: IslandPath-DIMOB (Hsiao et al., 2003), SIGI-

HMM (Waack et al., 2006) and IslandPick (Langille et al., 2008). All GIs predicted by at least 

one method were considered for further analysis. 

Statistical analysis.  Mean number of orthologs and mean distance to oriC was calculated for 

sliding windows of 20 genes. Linear and quadratic models were fitted to the data. For the linear 

models slope and corresponding p-value were extracted. The chromosomes were separated into 

eight equally sized segments and the mean and standard deviation for the number of orthologs 

was calculated. The number of phage regions and genomic islands were calculated for three parts 

with increasing distance from oriC. The distribution of the number of loci was visualized using 

boxplots. Analysis of variance (ANOVA) was used to test for significant differences between the 

eight chromosomal segments as well as the three parts used for Phage and HGT analysis. Tukey’s 

test was used to identify the segments and parts with significant differences in number of 
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orthologs or phages and HGT regions, respectively.   

RESULTS AND DISCUSSION 

Phylogenomic analysis. To show the overall picture of phylogenetic relationships between the 

studied strains we constructed a phylogenomic species tree and 16S rRNA tree as a reference. 

Analysis of the selected Rhodobacteraceae genomes identified a core genome of 85 genes. The 

core genes were used to construct a robust phylogenomic tree (Figure 1, left). The obtained tree 

had good statistical support and it also agreed well with other recent phylogenomic studies of this 

family (Simon et al., 2017; Brinkmann et al., 2018). The 16S rRNA phylogenetic tree (Figure 1, 

right), which was based on an alignment with 1,260 common nucleotide positions, shows a more 

mosaic branching pattern with considerably lower statistical support when compared with the 

phylogenomic tree. The most striking difference between both methods was in the clustering of 

Rhodovulum species. In the phylogenomic tree, these strains clearly clustered with the 

Roseobacter group (Simon et al., 2017), whereas in the 16S rRNA tree they were placed close to 

the Rhodobacter/Rhodobaca (RR) group, as we found before (Kopejtka et al., 2017; Kopejtka et 

al., 2018). The selected strains represent the full spectrum of Rhodobacteraceae from various 

environments (Supplementary Table S1) although marine Roseobacter strains and in particular 

the genus Phaeobacter (Freese et al., 2014) are over-represented.  

Identification of oriC locus. We started the data analysis by assigning to each genome the 

coordinates of its oriC region. After manual curation of the predictions made by Ori-Finder we 

were able to clearly pinpoint the oriC for 101 strains. Due to missing overrepresentation of DnaA 

boxes and/or lack of distinct differences in nucleotide composition compared with the rest of the 

genome we could not unambiguously identify the oriC of eight strains, which we excluded from 

further analysis (Supplementary Table S2). 
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Location of conserved genes in relation to oriC. To reveal potential bias in localization of core 

genes along the bacterial chromosome for each of the 101 genomes with identified oriC we 

compared the mean number of orthologous per gene for sliding windows of 20 genes to the 

midpoint distance of the sliding window to oriC. Next, we fitted linear and quadratic models of 

of the number of orthologs for increasing distances from oriC for all these 101 genomes 

(Supplementary Figures S1 and S2). We identified strains with statistically significant negative 

(i.e. mean number of orthologs decreasing with distance to oriC) or positive (i.e. mean number 

of orthologs increasing with distance to oriC) slope values of the linear model (Figure 2A; 

Supplementary Table S2). For orthologs identified under less stringent conditions (sequence 

identity ≥ 30%, coverage ≥ 70%) we found 34 strains, analysis conducted with a more stringent 

cut-off criteria (sequence identity ≥ 60%, coverage ≥ 80%) yielded 21 strains with statistically 

significant negative or positive slope values (Supplementary Figure S3 and Supplementary Table 

S2). In some cases – in particular for Paracoccus sp. CBA4604 – the quadratic model showed a 

better fit than the linear model. This indicated that the number of orthologs is on average higher 

in the middle of the replichores rather than close to the oriC or ter regions (Supplementary 

Figures S1 and S2). 

The majority of strains (81 out of 101; sequence identity ≥ 30%, coverage ≥ 70%) had a negative 

slope. Thus, the genomes showed a tendency towards having highly conserved genes clustered 

closer to oriC.  While the negative slope values perfectly followed a normal distribution, the 

positive slope values were systematically higher than what would be expected from normally 

distributed data (Figure 2A). We then specifically focused on the strains with the lowest (all from 

genus Celeribacter) and highest (R. barguzinensis and L. vestfoldensis.) slope values indicating 

a significant increase (Figure 2B, upper panel) or decline (Figure 2B, lower panel) in mean 
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number of orthologs with increasing relative distance from oriC. 

Clustering of core- and pan-genome content in representative Rhodobacteraceae. We created 

chromosome maps for all Rhodobacteraceae with identified oriC (Supplementary Figure S4) and 

particularly focused on the five strains representing two different extremes of chromosome 

architecture. The strain with the most negative slope value, C. marinus, showed a conspicuous 

switch in GC-skew within the right replichore (Supplementary Figure S5). This indicates either 

a recent genomic inversion event or a misassembled genome. Thus, this genome is not further 

discussed.   

The four further analyzed strains including L. vestfoldensis and R. barguzinensis, C. indicus and 

C. manganoxidans indeed showed highly conserved regions in which the core genes clustered, 

interrupted by regions of genes with orthologs in only a small number or even no other strains 

(Figure 3). However, besides the distance to oriC, the distribution of core genes also varied 

between both replichores. We separated the chromosome into eight equally-sized segments and 

calculated the average number of orthologs in each segment (segment 1 surrounded oriC and 

counting proceeding clockwise). On average the number of conserved genes was higher in two 

opposing segments surrounding oriC and ter (Figure 3, center panel). Only segment 1 showed a 

significant enrichment in orthologs compared to all others, with the exception being segment 5 

(Supplementary Figure S6).  

L. vestfoldensis and R. barguzinensis both showed the core genes concentrated around ter and 

bigger regions of low conservation around oriC (Figure 3A). The L. vestfoldensis genome showed 

differences between segments with higher average of conserved genes in the segments 3 to 6, 

thus around ter and on the right replichore. In contrast the genome of R. barguzinensis showed a 

concentration of highly conserved and core genes in the segments 4 to 6 while in particular the 
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segments 1, 3, 7 and 8 contained large stretches of regions with only few conserved orthologs in 

the genomes of other strains. Thus, the increase of conserved genes towards ter can be attributed 

to large regions of low conservation on both replichores.  

C. indicus and C. manganoxidans both showed the core genes in a tendency clustered towards 

oriC (Figure 3B). However, in both cases the distribution of highly conserved core genes 

followed a more complex pattern. The genome of C. indicus showed a pronounced mosaic pattern 

with alternating regions of core and accessory genes. The core genes were concentrated around 

oriC (segments 1 and 2), ter (segment 5), and segments 3 and 6 in the middle of both replichores. 

A huge region of low conservation is found in segment 4. The C. manganoxidans genome shows 

a concentration of core genes on the left replichore, with low conserved regions concentrated in 

segments 2 to 5. Thus, for both genomes the decrease of conserved genes towards ter was the 

result of uneven distribution of core and accessory genes between replichores.   

Influence of phages and HGT on architecture of Rhodobacteraceae genomes. We identified 

prophage sequences and regions putatively acquired through horizontal gene transfer and 

compared those to the clustering of core and accessory genes. The strains with the core genes 

shifted more towards the ter region had phages integrated near oriC (Figure 3A).The strains with 

the core genes more shifted towards oriC had phages integrated near ter (Figure 3B). Regarding 

all analyzed strains there was a significant enrichment in the absolute number of phages and the 

proportion of phage DNA near ter (Figure 4), confirming previous results (Oliveira et al., 2017).  

Both methods used for HGT identification found overlapping regions of putative foreign origin. 

Genomic islands of R. barguzinensis and C. manganoxidans were found always closer to oriC 

and ter, respectively (Figure 3). Genomic islands of L. vestfoldensis and C. indicus were scattered 

throughout the genome with no preference towards oriC or ter (Figure 3). Not all regions with 
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low conservation were identified as horizontally transferred. In particular, only parts of the huge 

accessory genome regions in R. barguzinens (segments 3 and 6) and C. indicus (segment 4) 

contained identifiable genomic islands. Interestingly, the number of HGT regions was on average 

higher closer to oriC (Figure 4). However a significant enrichment of HGT regions and the 

proportion of DNA within those was only found for the AlienHunter but not the IslandViewer 

results. In summary, phages and other sources of foreign DNA can only explain part of the 

observed core- and pan-genome clustering. 

 

CONCLUSION 

Our comparative genomic analysis revealed an unexpected bias in the clustering of homologous 

genes along the oriC terC replication axis in several Rhodobacteraceae representatives. We 

observed the general trend that the part of the genome closer to oriC contains on average a higher 

density of core genes. This finding is in line with previous publications (Rocha, 2004, Touchon 

and Rocha, 2016, Oliveira et al., 2017). However, we also identified remarkable exceptions to 

this trend, namely L. vestfoldensis and R. barguzinensis. Further investigation of the strains with 

the distribution of core genes most biased regarding distance to oriC revealed complex patterns 

with core genes often clustered in one half of one replichore. The analysis was restricted to 

Rhodobacteraceae with closed genomes. However, this subset contains represent strains of 

different genera from various habitats. Therefore it seems unlikely that the observed patterns will 

change when more genomes are included which would alter the core- and pan-genome content 

of the dataset.  

The forces that may have driven the evolution of the observed pattern in this prokaryotic family 

remain to be elucidated. Selective gene loss alone cannot explain the huge regions containing 

61



 

only accessory genes. The genome of the last common ancestor of the Rhodobacteraceae must 

be assumed unrealistically large to contain the pan-genome of this family (Dagan and Martin 

2007). Gene loss and gene gain by HGT might both have contributed to the evolution of clustered 

genomes. The role that replication might have played during evolution has to be investigated in 

greater detail as it was possible here. However, our data clearly shows, that a model of preferential 

integration of transferred genes and phages at the terminus of replication, e.g. as compensation 

for dosage effects might not be generalizable.      
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Figures 

 

 

Figure 1 - Comparison of phylogenomic and 16S rRNA trees. Both trees comprise the same 

set of 109 Rhodobacteraceae strains. Pannonibacter phragmitetus 31801, Labrenzia sp. VG12, 

Labrenzia sp. CP4, and Labrenzia aggregata RMAR6-6 were used to root the trees as outgroup 

species. Scale bars represent changes per position. Bootstrap values >50% are shown. Bold 

vertical bars refer to different clustering patterns of the Rhodovulum spp. and RR (Rhodobacter-
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Rhodobaca) group inside both trees. * collapsed Phaeobacter (P.) branches involve species P. 

gallaciensis (strains DSM 26640, P11, P63, P73, P75, P128, and P129), P. inhibens (strains 

2.10, DOK1-1, DSM 17395, P10, P24, P30, P48, P51, P54, P57, P59, P66, P70, P72, P74, P78, 

P80, P83, P88, and P92), P. piscinae (strains P13, P14, P18, P23, P36, P42, and P71), and P. 

porticola P97; ** collapsed Ketogulonicigenium vulgare branches involve strains Hbe602, SKV, 

SPU B805, WSH-001, and Y25; *** collapsed Rhodobacter sphaeroides branches involve 

strains ATCC 17025, ATCC 17029, MBTLJ-8, MBTLJ-13, MBTLJ-20, and KD131 in both trees 

with additional strain org2181 in the 16S rRNA tree. Maximum-likelihood (ML) tree (left panel) 

based on concatenated alignments of amino acid sequences of the 85 most conserved core-

genome proteins (27,668 common amino acid positions). The ML tree was calculated with 100 

bootstrap replicates. 16S rRNA phylogenetic tree (right panel). Nucleotide sequences were 

aligned using ClustalX version 2.1 resulting in alignment with 1,260 common nucleotide positions 

after applying G-blocks. The phylogenetic tree was inferred using the ML algorithm with the 

HKY85 nucleotide substitution model and 1,000 bootstrap replicates. When possible, the strains 

were listed in the same order as in the phylogenomic tree. 
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Figure 2 - Gradient in number of core genes with increasing distance from oriC. The 

average number of core genes and distance to the origin of replication was calculated for sliding 

windows of 20 genes and a linear model was fitted.  (A) Quantil-quantil plot comparing the slope 

values extracted from the linear model of each genome to a theoretical normal distribution. 

Increasing slope values reflect the increase in mean number of core genes with increasing 

distance from oriC. Deviations from the normal distribution are indicated by increasing distance 

from the sloped blue line.  The horizontal blue dashed line highlights the coordinate on the y-

axis where the slope value is equal to 0. Red dots represent strains with slope values significantly 

different from 0 (p < 0.05). Names of two strains with the highest negative and positive slope 

values are shown. These two strains represent groups with different genome architecture. (B) 

Mean number of core genes compared to distance from origin of replication for R. barguzinensis 

(upper panel) and C. manganoxidans (lower panel). The linear function (red line) fitted to the 

data showed a significant increase (upper panel) or decline (lower panel) in mean number of 

core genes with increasing relative distance from oriC. Core genes were identified under less 

stringent conditions (sequence identity ≥ 30%, coverage ≥ 70%). 
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Figure 3 - Chromosome plots of four strains representing two different kinds of 

chromosome architecture in Rhodobacteraceae.  (A) Two representatives from the group of 

strains for which the number of orthologs increases with the distance from the origin of 

replication. (B) Two representatives from the major group of strains in theirs genomes the 

number of orthologs decreases with the distance from the origin of replication. The outer to inner 

rings represent: scale of genome size in Mb and position of oriC; position of ORFs encoded on 

the plus strand; position of ORFs encoded on the minus strand; groups of HT genes as defined 
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in the graphical legend below; position of genes with orthologs in all 108 Rhodobacteraceae 

strains (red bars – highly conserved core genes (sequence identity ≥ 60%, coverage ≥ 80%); 

grey bars – less conserved core genes (sequence identity ≥ 30%, coverage ≥ 70%)); barchart 

displaying the proportion of strains in which orthologs of each representative´s genes have been 

found (sequence identity ≥ 30%, coverage ≥ 70%); GC-skew; polar plot showing an average 

number of less conserved core genes in each quadrant (less stringent conditions). Polar plot in 

the middle: number of orthologs in each segment calculated as an average for all strains; the 

darker blue the higher number (sequence identity ≥ 30%, coverage ≥ 70%). See Supplementary 

Figure S for Tukey’s HSD test for the eight segments. 
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Figure 4 – Distribution of HT genes along the chromosome in 101 Rhodobacteraceae. (A) 

Mean numbers of phage regions identified by Phaster (phages, left panel), Genomic Islands 

identified by AlienHunter (AH, middle panel), and IslandViewer (IV, right panel) were calculated 

for each third of the chromosome. (B) Proportion of DNA found in phages or genomic islands, 

panel order as in (A). The orange horizontal lines represent median values. ANOVA was used 

to test for significant differences between the three parts of the chromosome. Asterisks indicate 

significant differences between comparisons identified using Tukey’s HSD test (* p < 0.05, ** p 

< 0.01).  
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Supplementary Figure S1 – Number of core genes with increasing distance from oriC for 

all strains under less stringent conditions. The average number of core genes and distance 

to the origin of replication was calculated for sliding windows of 20 genes and a linear and a 

quadratic model were fitted. Confidence intervals of both fitted curves are shown. Core genes 

were identified under less stringent conditions (sequence identity ≥ 30%, coverage ≥ 70%). 

Supplementary Figure S2 – Number of core genes with increasing distance from oriC for 

all strains under more stringent conditions. The average number of core genes and distance 

to the origin of replication was calculated for sliding windows of 20 genes and a linear and a 

quadratic model were fitted. Confidence intervals of both fitted curves are shown. Core genes 

were identified under more stringent conditions (sequence identity ≥ 60%, coverage ≥ 80%). 

Supplementary Figure S4 – Circular representation of all 101 Rhodobacteraceae 

chromosomes with identified oriC. The outer to inner rings represent: scale of genome size 

in Mb and origin of replication (oriC); position of ORFs encoded on the plus and minus strand; 

groups of HT genes as defined in Figure 2; position of genes with orthologs in all 108 

Rhodobacteraceae strains; barchart displaying the proportion of strains in which orthologs of C. 

marinus genes have been found (sequence identity ≥ 30%, coverage ≥ 70%); GC-skew. Note 

that chromosomes have not been reoriented towards the marked oriC. 

Supplementary Table S1 – Accession numbers and characteristics of the 109 strains used 

for core- and pangenome analysis. Habitats are abbreviated: water (w), soil (s), clinical (c), 

freshwater (f) and marine (m). 

Supplementary Table S2 – Location of oriC and results of linear models for the 101 strains 

with identified oriC. Results of modelling are shown for using less stringent (lm30) and more 

stringent (lm60) identification of core genome as input. 
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Supplementary Figure S3 – Number of core genes with increasing distance from oriC for 

all strains under less stringent conditions. Core genes were identified under less stringent 

(left panel) and more stringent (right panel) conditions. The average number of core genes and 

distance to the origin of replication was calculated for sliding windows of 20 genes and a linear 

model was fitted. In both panels, strains are sorted by increasing slope for the less stringent 

conditions. Red dots represent strains with slope values significantly different from 0 (p < 0.05). 
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Supplementary Figure S5 – Circular representation of the Celeribacter marinus 

chromosome. The outer to inner rings represent: scale of genome size in Mb and origin  of 

replication(oriC); position of ORFs encoded on the plus strand; position of ORFs encoded on 

the minus strand; groups of HT genes as defined in the graphical legend below; position of genes 

with orthologs in all 108 Rhodobacteraceae strains (red bars – highly conserved core genes 

(sequence identity ≥ 60%, coverage ≥ 80%); grey bars – less conserved core genes (sequence 

identity ≥ 30%, coverage ≥ 70%)); barchart displaying the proportion of strains in which orthologs 

of C. marinus genes have been found (sequence identity ≥ 30%, coverage ≥ 70%); GC-skew. 
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Supplementary Figure S6 – Result of Tukey’s HSD test comparing all pairs of segments. 

Mean and 95% confidence interval of the differences in number of orthologs (30 

% identity and 70% coverage) are plotted. Asterisks indicate significant differences between the 

compared segment pair (* p < 0.05, ** p < 0.01).   
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3. Conclusions 

 

This PhD thesis elucidates the evolution of phototrophy among haloalkaliphilic 

representatives of the order Rhodobacterales. With the opportunity to sequence three closely 

related haloalkaliphilic bacteria from the order Rhodobacterales we specifically focussed on 

this subgroup of Alphaproteobacteria. We used the phylogenomic approach to study the 

evolution of phototrophy in this clade. Our original hypothesis was, that the wide metabolic 

diversity between closely related Rhodobacterales representatives is caused by differences in 

genes coding for regulatory proteins. Finally we did not find such differences in studied 

genomes and our data indicates that the evolution of phototrophy among the haloalkaliphilic 

members of the Rhodobacter-Rhodobaca group inside the Rhodobacterales order was 

regressive. Further, our research revealed, that the strain, Rhodobaca (Rca.) barguzinensis, 

which we used as a model organisms for our studies, is interesting not only phylogenetically, 

but also in terms of its unusual genome architecture. Phylogenetically interesting bacterium 

Rca. barguzinensis was used as a model organismus for this clade. The thesis consists of two 

first-author publications and one first-author manuscript under revision.  

The main conclusions are as follows: 

 Rca. barguzinensis is a metabolically flexible organism adopted to life in soda lake 

 mrpB gene coding for the B subunit of the MRP Na+/H+ antiporter is crucial for 

adaptation to high pH 

 Rca. barguzinensis represents a phylogenetically transition species between anaerobic 

and aerobic anoxygenic phototrophic bacteria 

 phototrophy is the ancestral trophic mode among the haloalkaliphilic representatives 

of the Rhodobacter-Rhodobaca group inside the Rhodobacterales clade 

 Rca. barguzinensis shows a remarkable bias in the clustering of homologous genes on 

its chromosome 

 phage integration and horizontal gene transfer can to certain extent explain the 

scattered nature of Rhodobacteraceae genomes 
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