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Abstract

Gene transfer agents (GTA) are phage-like particles that can transfer fragments of the host
genome between cells. GTAs are particularly widely distributed in the Alphaproteobacteria where their
expression is controlled by their hosts gene regulatory network in the model organisms. In this thesis, |
used computational comparative analyses of publicly available datasets to further extend our
knowledge about the regulatory networks controlling GTA production and to identify genomic traits
that might help explain the strong conservation of GTAS in these bacteria. Reanalysis of
transcriptomic datasets revealed a regulatory interplay between nitrogen- and oxygen-sensing
regulators with the CtrA phosphorelay, which is an established regulator of GTA gene expression. |
evaluated the chromosomal locations of genes encoding GTA regulators, components of the CtrA
phosphorelay, and enzymes associated with the synthesis and degradation of the GTA-affecting
second messenger c-di-GMP. These showed some conserved distribution patterns along the
chromosome, which might indicate that GTA production is coordinated with the cell cycle. Finally, |
showed that GTA genes share many properties with core genes, such as the preferred location on the
leading strand, in low plasticity regions and in GC skew peaks. Overall, the results of my dissertation
provide novel insights for understanding the regulation of GTA gene expression and the evolution of the
GTA gene cluster in Alphaproteobacteria and revealed several potentially important aspects that can be

followed up on in the future with experimental studies to test their relevance to GTA biology.
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1 CHAPTER 1: Introduction

In my PhD thesis | use comparative computational analyses to study transcriptomic and genomic
datasets and identify patterns related to the regulation and evolution of gene transfer agents within the
class Alphaproteobacteria. The introduction is structured to provide relevant background information on

the topics and concepts that are featured in the subsequent research chapters.

1.1 Alphaproteobacteria

The Alphaproteobacteria are a class of Gram-negative bacteria that can be found in diverse
environments. They differ in terms of their geographic distributions and metabolic capabilities, and
include free-living organisms in marine, freshwater or terrestrial environments, host-associated
organisms, intracellular symbionts, and pathogens. They also show high genomic diversity, with varying
degrees of AT and GC contents, genome sizes, numbers of protein-encoding genes, and evolutionary rates
[1-3]. It was previously thought that a member of the Alphaproteobacteria gave rise to mitochondria, but
this hypothesis was recently re-evaluated considering new phylogenetic and genomic analyses and it
seems that the mitochondrial origin goes back to a proteobacterial lineage that split off before the
Alphaproteobacteria [4,5]. Currently this subphylum contains eight orders, and the phylogeny shows that
the Pelagibacterales first split from a common ancestor and represent the deepest branching lineage,
followed by the Rickettsiales and Holosporales. Interestingly, the GC contents and sizes of genomes in
the different lineages increased according to the split-off time. These events were followed by the
separation of the Rhodospirillales, Sphingomonadales, Rhodobacterales, Caulobacterales and Rhizobiales
[1,2].

The order Pelagibacterales includes the SAR11 clade, which is the most abundant bacterial group
in the ocean and its members are major players in biogeochemical cycles [6]. On average the
Pelagibacterales constitute over 25% total, and in some areas up to 60%, of marine microbial
communities [6,7]. While the reason for their success is still unclarified, it has been hypothesized that
streamlining their genomes has helped them survive in nutrient-poor oceanic regions [3,7]. This genomic

simplification mainly involves the reduction of the numbers of mobile genetic elements, accessory genes,
1



pseudogenes and paralogs while most central metabolism pathways are maintained [3].

On the contrary, bacteria within the Rickettsiales and Holosporales, which are endosymbionts,
rely on metabolic pathways of their hosts. The Rickettsiales are a group of obligate intracellular bacteria,
some members of which can infect both vertebrate and invertebrate hosts. This lifestyle allowed the host's
metabolism to be harnessed, saving energy, resulting in increased gene deletion rates and a reduction in
genome size [8]. This order is primarily known for the pathogenicity of its members and as causative
agents of serious diseases, such as typhus, ehrlichioses, and heartwater disease [9-11]. The Holosporales
is a recently defined order and includes parasites that, despite being physiologically similar to bacteria
within the Rickettsiales, are genetically different and are thought to have evolved independently from a
free-living ancestor [1].

The Rhodospirillales appear to be a paraphyletic order since three genera of the Rhizobiales were
nested in this order with high support [12]. The Rhodospirillales contains metabolically diverse bacteria,
such as acetic acid, magnetotactic, and photosynthetic bacteria [12,13] and model organisms used to study
their diverse light-harvesting antenna structures [14,15]. Rhodospirillales can be host-associated, such as
Rhodospirillales bacterium strain TMPKZ1 that can be found within the intestines of Drosophila flies, or
free-living [13,16]. The phylogenetic division of the families within the Sphingomonadales was recently
put into question and reorganization of some genera into a new family was suggested [12]. Many
members of the Caulobacterales are dimorphic, prosthecate bacteria whose cell division leads to two cells
that are morphologically and behaviorally different from each other. They are often oligotrophs and are
found in fresh, brackish, and marine waters [17-19]. Members of the Rhizobiales can also adapt to a
multitude of different lifestyles, a feature that requires high genomic plasticity [17,20,21]. They can be
found associated with specific hosts, for example as nitrogen-fixing and pathogenic symbionts of plants
and animals, respectively, a fact that makes them interesting for agricultural and medical research [20,22].

The Rhodobacterales is one of the best-studied orders of the Alphaproteobacteria, mainly because
it includes the roseobacters, one of the most abundant and cultivatable marine groups of bacteria [23].
However, examination of the phylogeny of marine and non-marine members showed that both groups

2



were inter-nested. This indicates that the switch from marine to non-marine habitats occurred several
times independently and each led to characteristic changes in genome content and metabolism. The
roseobacters were defined as paraphyletic in 2017 [24] and proposed to be relocated into a new,
monophyletic family called "Roseobacteraceae” in 2021, on the basis of distinct environmental adaptions,
genomic, phylogenetic, and in silico-predicted phenotypic data [25]. The Rhodobacterales are also of

interest for this thesis work because of their high level of conservation of gene transfer agent genes [26].

1.2 Gene transfer agents (GTA) and their regulation

Gene transfer agents (GTA) are named for their ability to package their hosts’ DNA and deliver it
to other cells. GTA research began in 1974 when Barry Marrs discovered a deoxyribonuclease-resistant,
cell-cell contact-independent DNA transfer between cells and concluded a new kind of “vehicle” was
responsible [27]. At the time of their discovery, this was the first genetic recombination system observed
in photosynthetic bacteria [28]. Currently, five GTA families (discovered in Rhodobacter capsulatus
(RcGTA), Bartonella spp. (BaGTA), Brachyspira hyodysenteriae (VSH-1), Desulfovibrio desulfuricans
(Dd1), and Methanococcus voltae (VTA)) have been identified. They have some shared and unique
properties and have been found in both bacteria and archaea [29].

Rhodobacter capsulatus became the first model organism and namesake for its GTA family
(RcGTA) [29], which also includes the GTA of Dinoroseobacter shibae (DsGTA) [31]. Since the 1960s
R. capsulatus, originally known as Rhodopseudomonas capsulata, has been widely used as a model to
investigate the metabolism of purple non-sulfur bacteria [28]. It has a genome size of 3.9 Mb, is
associated with freshwater environments and, as a purple non-sulfur photoheterotrophic bacterium [32], is
capable of aerobic and anaerobic respiration, fermentation and anaerobic phototrophy. Only recently D.
shibae has also been added as a model organism for studying GTAs. It belongs to the roseobacter group
and was discovered growing in association with the benthic dinoflagellate Prorocentrum minimum in
2005 [33]. Since then, it has been associated with a variety of other cosmopolitan marine toxic and non-
toxic algae [34]. D. shibae has a genome size of 4.4 Mb and is an aerobic anoxygenic photoheterotroph

(AAP) [33].
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frames are drawn to scale and shaded according to function/characterization. Taken from [36].

RcGTA-related genes are particularly widespread in the Alphaproteobacteria, with 57.5% of
sequenced members containing at least some of the genes and almost all members of the order
Rhodobacterales containing complete copies of the RcGTA-like gene cluster (~ 14 kb) as well as some of
the additional isolated GTA genes located in other regions of the genome (Figure 1.1) [35]. The typical
RCcGTA gene cluster consists of 15 genes and encodes most of the structure of the particle. There are
additional genes distributed across the chromosome that encode proteins involved in GTA-cell
interactions, and particle maturation and release [36]. The highest levels of sequence conservation among
different species is found for the open reading frames g2, g5 and g9, which encode the large terminase,
the major capsid, and the major tail proteins, respectively [35]. Due to the conservation of the GTA gene
cluster and since many genes involved in GTA production share viral homologues, these are believed to
derive from the structural genes of a prophage that integrated into an alphaproteobacterial ancestor and
since coevolved with the host genome [35,37-39]. However, there are fundamental points that distinguish
GTAs from phages. First of all, most GTAs can only transfer short fragments of linear dsSDNA (~4-5 kb
for RcGTA) [40]. This constraint does not allow the transfer of the entire RcGTA structural gene cluster
within a single GTA particle. However, in other cases, such as BaGTA, the particle is encoded by a

smaller genomic region and thus the whole cluster could theoretically be self-transmissible (although this
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region is currently poorly defined) [29]. Furthermore, unlike phages, GTAs predominantly package host
DNA and GTA-encoding genes are only encapsulated as they are part of the bacterial genome. In
Rhodobacter, for example, transferred fragments are random genomic pieces with the GTA gene cluster
showing lower packaging rates compared to the rest of the genome [31,35]. In D. shibae, certain genomic
regions are packaged more frequently than others, possibly due to specific DNA properties, but this is still
under investigation [31]. In Bartonella, the chromosomal region around the ori of a defective phage is
amplified by run-off replication and the increased copy number of this DNA also leads to an increased
packaging rate of this region in the GTAs [41,42].

Morphologically, GTAs resemble small, tailed phages, more precisely siphoviruses in the cases
of RcGTA and DsGTA [31,40]. Although GTAs are encoded by all cells of a population, their production
is restricted to a subpopulation, whose size varies among organisms, strains, and GTA families. For
RCcGTA, the proportion of GTA-producing cells is <3% [31,38,43,44]. Similar to some phages, GTA
release results in cell death of the producing microbial subpopulation. From RcGTA it is known that, also
similar to phages, these particles interact with recipient cells and inject their DNA through a tail.
However, in contrast to phages which inject DNA into the cytosol, RcGTASs inject it into the periplasm,
from where it is then transported into the cytosol by Com-family proteins, similar to transformation [45].
Thus, gene transfer by RcGTAs can be seen as a combination of transformation and transduction [46-49].
Lastly, it has been determined that RcGTA-family genes evolve significantly slower than their viral
homologs [39].

1.2.1 The CtrA phosphorelay

GTAs are controlled by a variety of regulators and environmental signals. One of the most
important regulatory systems for RcGTA is the CtrA histidyl-aspartyl phosphorelay that is widely
conserved in the Alphaproteobacteria [50]. The CtrA phosphorelay has three members: the histidine
kinase CckA, which autophosphorylates in response to a currently unknown stimulus, the
phosphotransferase ChpT that accepts the phosphate residue from CckA, and the transcriptional regulator

CtrA, which is phosphorylated by ChpT. A second histidine kinase, CcsA, has been identified in
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Sphingomonas melonis that also feeds into the ChpT-CtrA relay, likely in response to blue light [51], and
it is possible there are additional kinases that can affect this pathway in other species.

The high diversity in habitats and lifestyles that characterizes the Alphaproteobacteria is reflected
by the fact that this regulatory system is broadly conserved across the class and operates in a similar way
in different species but its functions and importance for bacterial survival differ. This phosphorelay is
most well-known from its extensively studied role in cell cycle regulation in Caulobacter crescentus [52].
The original discovery of the CtrA phosphorelay in R. capsulatus was with respect to its regulation of
GTA production and subsequently flagellar motility [53,54]. In R. capsulatus, loss of CtrA affects the
expression of 6% of the bacterium’s genes [55], including those relevant for GTA production, release and
recipient capability and, even though direct regulation of the GTA gene cluster by CtrA does not appear
to occur, these traits are differentially controlled by different CtrA phosphorylation states (Figure 1.3)
[56]. Other members of the CtrA regulon that were identified for D. shibae are the Tad (tight adherence)
pilus, c-di-GMP-associated enzymes, the master regulator of the stress response LexA, heterogeneous
morphology and cell division as well as parts of the quorum sensing system (Figure 1.2) [57]. Therefore,
CtrA in D. shibae seems to also be linked to cell-cell communication and differentiation. CtrA affects
gene expression differently when it is in a phosphorylated (CtrA~P) or unphosphorylated status. For
example, in C. crescentus increased concentrations of CtrA~P activate numerous targets but inhibit
chromosome replication, which only progresses when CtrA is unphosphorylated [58,59]. The production
of GTA occurs in two different steps, the maturation of phage-like particles and their lytic release, which

depend on low and high concentrations of CtrA~P, respectively [60].



1.2.2 Integrated signals: Cell density, DNA stress and nutrient availability

All bacterial cells use signaling proteins and pathways to sense and respond to the environment

by converting extracellular cues into intracellular signals. Three environmental signals are known to

interact with the CtrA phosphorelay and GTA production in R. capsulatus and D. shibae. These involve

cell-cell communication via quorum sensing (QS), the integration of the stress response via its master

regulator LexA, and nutritional availability via the signaling molecule (p)ppGpp (guanosine-5',3'-

penta/tetraphosphate) [46,61,62].

QS is a process of synthesizing, secreting,
and sensing small diffusible molecules known as
autoinducers (Als). When a critical cell concentration
threshold or quorum is reached, the Als, which are
detected by cell receptors, activate signal cascades
that ultimately regulate the expression of genes for
specific and coordinated behaviors, such as virulence,
biofilm formation, cell cycle regulation and horizontal
gene transfer [63]. Multiple Als exist, although
oligopeptides and N-acyl-L-homoserine lactones
(AHLs) make up the majority of such molecules in
Gram-positive and Gram-negative bacteria,
respectively [64]. The QS system of D. shibae
consists of three AHL synthases and each one is
encoded within an operon with a putative LuxR-type
transcriptional regulator [65]. D. shibae produces long
chain AHLs with varying side chain lengths (C14—
C18) and modifications [66,67]. The D. shibae QS

system is organized hierarchically, as revealed by
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Figure 1.2: D. shibae CtrA phosphorelay regulatory
network. Addition of 3-oxo C14 HSL to a knockout
strain of luxl1 is assumed to be detected by the histidine
kinase CckA (red arrow) and results in a
phosphorylation cascade activating CtrA (blue) and
subsequently its target genes (continuous arrows). The
concentration of GafA might be limited by the
inhibition by LuxIz and defines the subpopulation size
of GTA producers (repression symbol). Multiple traits
are regulated by CtrA and the SOS stress response
regulator LexA (dashed arrows). LexA inhibition on the
genome is released by binding and proteolysis of RecA

to ssDNA (green repression symbol arrow) [57].



gene deletion analyses: the deletion of luxl; results in a QS null mutant which does not produce detectable
levels of AHLs and thus also abolishes AHL production by the other two synthases [65-67]. The product
of the Luxl, synthase induces the expression of the CtrA phosphorelay genes, which induces the
expression of the luxl, and luxls operons as well as QS target genes, including those for biosynthesis of
flagella and GTAs [67]. Additionally, QS activation of the CtrA phosphorelay has been shown to affect
the chromosome content of cells and their morphological differentiation. The effects of the luxli knockout
could be complemented by external addition of a wide variety of long chain AHLs. While knockouts of
luxl; and CtrA phosphorelay genes resulted in the downregulation of GTA genes, knockout of luxl,
resulted in their overexpression [65,67].

R. capsulatus has one autoinducer synthase-receptor pair, Gtal and GtaR, respectively. In QS
knockouts, GTA production is reduced but can be restored by exogenous addition of N-hexadecanoyl-
homoserine lactones (HSL). GTA recipient capability is also influenced by QS [61], where genes
involved in extracellular polysaccharide biosynthesis (e.g., RCAP_rcc01081 and RCAP_rcc01932),
which are under QS control and necessary for the formation of the cell’s capsule, are required for the

adsorption of GTAs to the cell as the capsule acts as a receptor on the cell surface [47].



DNA strand stress is mediated by the SOS master regulator LexA. Single-stranded DNA
(ssDNA), for example derived from DNA damage, interacts with the recombinase RecA. This complex
then binds to the transcriptional regulator LexA and promotes its autoproteolysis protease activity. In R.
capsulatus LexA autoproteolysis leads to its release from the cckA promoter region which can then be
transcribed and CckA can activate GTA production via CtrA (Figure 1.3). Curiously, DNA damage

induced by mitomycin C does not affect GTA

production in R. capsulatus but DNA-damaging
antibiotics induce the activation of VSH-1, the y ? -7
RNAP o f
- ’) H
Brachyspira hyodysenteriae GTA [68]. In D. shibae $ ,_exA_| CokA
. . .. .- . CtrA
determination of transcription factor binding sites Gtal/R /
N l / N\
revealed that all CtrA-regulated traits are also part of [Production | Release |
rec01865 rcc01866

the LexA regulon, besides the CtrA phosphorelay

. . . Figure 1.3: Possible regulatory network controlling
itself and the GTA gene cluster (Figure 1.2). Vice
GTA production in R. capsulatus. Regulators that might

versa, a CtrA binding site on the lexA promoter has be essential (black) or are involved (grey) in GTA
been identified in D. shibae. Thus, the connection production and release are indicated. Connections found
between the LexA and CtrA regulatory systems in other organisms are marked by questions marks
differs between R. capsulatus and D. shibae [69,70]. (dashed fines). Teken from [62].
The combination of QS on a collective level and stress response on an individual level have been
considered as a mechanism that allows a more fine-tuned adaptation to changing environments [71].
Similar regulation in other bacteria, such as Pseudomonas aeruginosa and Bacillus subtilis, has been
found to control processes such as antibiotic resistance, horizontal gene transfer and virulence [69].
Finally, (p)ppGpp (guanosine 3, 5-bisdiphosphate) is a bacterial alarmone that is generated in
response to a variety of environmental signals. It is hydrolyzed and synthesized by the bifunctional
enzymes of the RelA/SpoT protein family from and to ATP, GDP or GTP [72]. In most
Alphaproteobacteria RelA/SpoT, collectively referred to as SpoT, is expressed in response to stress, entry

to stationary phase, or nutrient (e.g., nitrogen or carbon) starvation. In C. crescentus and other
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Alphaproteobacteria, this system is known to control CtrA [72] with (p)ppGpp levels inducing a non-
replicative motile cell state and other secondary messengers inducing reproduction, entry into S-phase,
and adhesive structures for a sessile lifestyle [73]. In R. capsulatus (p)ppGpp levels decrease
pigmentation, photosynthesis, and GTA production in response to amino acid, carbon and, to a lesser
extent, phosphate depletion [62,72,74]. In Bartonella (p)ppGpp was shown to be synthesized upon
nitrogen and carbon starvation and to repress GTA production in these conditions. In contrast, low levels
of this alarmone were found to coincide with optimal cell growth and GTA production in this system.
However, GTA DNA uptake is not activated by low levels of (p)ppGpp but it relies on a protein complex

also required for outer membrane invagination during cell division [75].

1.2.3 Partner-switching system and GafA

As discussed above, the loss of CtrA in R. SK(s)
capsulatus has far-reaching implications for a , RbaY
transcript
] ] levels * @)
variety of genes and systems. These include genes CtrA RbaV —P X
@ @ RcGTA gene expression
predicted to encode an anti-sigma factor, anti-anti- RbaW —] o

sigma factor, phosphatase partner-switching system ) _ _
Figure 1.4: Regulatory interaction of the R. capsulatus partner

(RSbW’ RsbV, and RSbY) [55] with sequence switching system. CtrA activates the three components (RbaY,
homology to a system that has been intensively RbaV and RbaW) transcriptionally and an unknown signal
investigated for its role in stress response, motility, integrates on protein level via phosphorylation of RbaY. RbaV is

o o ) activated by RbaY. (1) RbaV indirectly activates GTA synthesis
and spore formation in Gram-positive bacteria [76-
and RbaW inhibits GTA production. (2) RbaV binds to RbaW to

78]. When the respective genes were knocked out T _ .
release its inhibition of a sigma factor and thus to stimulate GTA

in R. capsulatus, GTA production increased in production. Taken from [79].

ArbaW and decreased in ArbaV and ArbaY strains

compared to the wild type [79]. This effect is at least partly due to a change in the size of the

subpopulation and increased expression of GTA. These proteins were also shown to be involved in

flagellar motility. It is presumed that an additional environmental signal is integrated via RbaY and

transmitted to RbaV by dephosphorylation (Figure 1.4) [79]. However, the phenotypes of the different
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mutant strains did not match with what would be expected of a sigma factor-regulating system and the
exact functions of RbaV and RbaW and their targets remain unknown. However, this partner-switching
system is located downstream of the CtrA phosphorelay and upstream of the GTA expression and thus
represents an additional regulatory intermediate. Alternatively, those three systems could represent a
triangulation where CtrA controls the partner-switching system as well as GTA gene expression, and the
activated partner-switching system then integrates the additional environmental signal and regulates GTA
expression to fine tune GTA synthesis.

GafA has been suggested as a possible sigma factor, possibly targeted by RbaW [56]. This
transcriptional regulator is part of the CtrA and GtaR regulons. Protein binding assays have shown direct
binding of CtrA to the gafA promoter and GafA binding to the GTA gene cluster promoter (Figure 1.5).

Comparison of the transcriptomes of two R. capsulatus strains, the wild type strain SB1003 and a GTA-
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Figure 1.5: Regulation of GTA in R. capsulatus. Binding sites of CtrA (*) and GtaR (")
are shown. Proteins and promoter regions are colored and indicated by kinked arrows,

respectively. Direct, indirect/unknown regulation and essential regulation are shown by

solid, dashed, and bold arrows, respectively. Taken from [56].
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overproducing strain DE442, characterized by subpopulations of GTA-producing cells corresponding to
<3% and >30% [36], respectively, indicated that GafA may be involved in the determination of the size of
the subpopulation that synthesizes GTA [56]. However, another gene, RCAP_rcc00280, was also
identified to be relevant for determining the size of this subpopulation. This gene was also found to be
mutated in the overproducing strain (DE442). Thus, it was suggested that this gene is additionally located
upstream of GafA in the signaling pathway [80].

Transcriptomic and in silico binding site predictions showed that CtrA directly binds gafA in D.
shibae and is thus indirectly controlled by the master QS synthase Luxl; [57]. A mutant lacking the
autoinducer synthase Luxl, shows greatly increased production of GTAs, which is why it is reasonable to
assume that luxl, and gafA have some genetic interaction [57].

1.2.4 Cyclic dimeric guanosine monophosphate

Bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is synthesized from two
guanosine triphosphate (GTP) molecules by diguanylate cyclases (DGCs) and hydrolyzed to two
molecules of guanosine monophosphate (GMP) by phosphodiesterases (PDES). There are also
bifunctional enzymes that can both synthesize and hydrolyze c-di-GMP and thus represent a “biochemical
conundrum” [81]. C-di-GMP can be found in all domains of life and allows organisms to adapt to
changing environments by controlling phenotypic heterogeneity. To do so, the cellular concentrations of
c-di-GMP is modified in response to a variety of external and internal stimuli and thereby controls a
variety of other features. This dinucleotide second messenger’s enzymes are associated with numerous
sensory domains and most bacteria contain multiple enzymes for c-di-GMP production and hydrolysis.

Like (p)ppGpp, c-di-GMP is a second messenger that can regulate GTA production [82]. Among
members of the Alphaproteobacteria, this molecule is best known for its role in the cell cycle of C.
crescentus, where it is a driving force for cell development and differentiation into the flagellated and
stalked cells through inhibition of CtrA. On the contrary, (p)ppGpp, which is made in response to
starvation, indirectly stabilizes CtrA levels and inhibits cell cycle progression [83]. The levels of c-di-

GMP vary as the bacterium progresses through the cell cycle. Increased concentrations of c-di-GMP are
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able to change the function of CckA from a kinase to a phosphatase [84], causing a reduction of
intracellular CtrA~P levels. This change induces cell division and the formation of the stalked cell pole.
Increased levels of intracellular CtrA~P lead to the formation of the flagellum and hold the cell in the G1
phase [85].

Similarly in R. capsulatus, c-di-GMP stimulates the phosphatase activity of CckA and thus
increased levels of unphosphorylated CtrA, which controls the maturation process of the GTA particle,
while low c-di-GMP and high CtrA~P concentrations lead to cell lysis and release of GTA particles
(Figure 1.6) [60]. R. capsulatus has two genes each with DGC and PDE domains and 16 genes with both
DGC and PDE domains. Eight of the involved genes are part of the CtrA regulon and four of those (1
DGC and 3 DGC/PDE) affect GTA gene expression and production as well as motility [82]. At least part
of these effects could be through effects on CckA, but there could also be other ¢c-di-GMP-GTA

connections that remain to be discovered [82].

: High levels of c-di-GMP: CckA Low levels of c-di-GMP: CckA
Rgrfzzg)fggfé':sie::i?e:fzm phosphatase activity; CtrA induces kinase activity; CtrA~P and GafA
ehrassion g gafA expression, GafA activates head induce head spike, tail fiber, and
P and tail gene transcription lysis gene transcription
: i (O ]
C) " -

Exponential phase —) Early stationary phase _) Late stationary phase

Figure 1.6: RcGTA regulation by c-di-GMP. At a low cell density during the exponential phase, GTA
expression is repressed. Increased cell density at the early stationary phase releases the inhibition of gafA by
RCAP_rcc00280. GafA activates the transcription of the RcGTA head and tail structural genes, as well as the
gafA gene itself. Since c-di-GMP levels are high, CckA acts as phosphatase and leaves CtrA unphosphorylated,
which induces gafA expression. This increases RcGTA head and tail synthesis. An unknown signal decreases c-
di-GMP levels and CckA switches its function to a kinase. This increases the concentration of phosphorylated
CtrA and activates transcription of head spike, tail fiber and lysis proteins. This allows the release of the mature

RcGTA particle. Taken from [60].
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D. shibae has two DGCs and two PDEs [86]. Interestingly, both DGC- and both PDE-encoding
genes contain in silico-determined CtrA or LexA transcription factor binding sites, respectively (Figure
1.2) [57]. The regulation via CtrA by the QS synthase could also be observed in vivo when an external
autoinducer was added to the synthase knockout. After the addition, time-resolved observations revealed
a gradual increase of the c-di-GMP concentration in the cell, simultaneous with the increase of the protein
level of the GTA major capsid protein, flagellar gene transcription and the activation of transcription of
other CtrA-regulated genes. In addition, flow cytometric measurements revealed an interaction between

GTA and replication, since fewer cells were dividing when GTA gene expression started [57].

1.3 Gene expression regulation through chromosomal gene location

Gene expression is regulated at multiple levels, e.g., directly by transcriptional regulators or
indirectly because of the localization of the genes within the genome. However, the influence of genomic
localization on gene expression has received much less attention, even though many examples exist from
different domains of life for how the expression of specific genes is influenced by genomic localization,
e.g. in the Gram-negative bacterium Vibrio cholerae, in the Gram-positive bacterium Bacillus subtilis, and
due to chromosomal ploidies in eukaryotes [87].
1.3.1 Structured regions

The localization of genes in the genome is not random. On one hand, the distance between genes

on the coiled DNA strand is important. In E. coli, for example, operons tend to be arranged to minimize the
spatial distance between operons in the same regulon or involved in the same biological pathway. Genes
that are spatially close on the coiled chromosome tend to be co-expressed and the resulting proteins can
more easily interact with each other [88,89]. On the other hand, the gene order on the chromosome is also
important. The E. coli chromosome, for example, is divided in six zones, four macro-domains and two less
structured regions, which were defined on the basis of their recombination efficiency since the mobility of
genes is constrained between the macro-domains and, to a lesser extent, in the less structured regions [90-
92]. There are multiple examples of how genomic location is relevant for gene expression, e.g., essential

genes are often found closer to the origin of replication (ori) and on the leading strand of DNA replication
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and phage integration sites are primarily identified in the proximity of ter [93,94]. The preferential position
on the leading strand is probably due to the fact that there are fewer clashes between the transcription and
replication machineries and thus a lower mutation rate [95].

However, for many of the observed patterns, there are still no explanations. For example, it has
been observed that in circular bacterial genomes there is an excess of guanines and cytosines on the leading
and lagging strands, respectively. This observation is currently used to determine the positions of ori and
ter because leading and lagging strands flip at ori and ter, respectively, due to the bidirectional replication
of circular genomes. However, the significance of stronger differences in guanine and cytosine occurrence

on leading and lagging strands is not known.

1.3.2 Regulatory impact of genomic arrangements
One reason for specific genomic arrangements of genes is for the purpose of regulation. For
example, during sporulation of the Gram-positive bacterium Bacillus subtilis, the replicated chromosome
progressively pushed into a spore, starting with the ori. As a result, genes near the ori and ter regions are
expressed in the spore and mother cell, respectively. One sigma factor is encoded proximate to ori, and
therefore the genes it regulates are expressed differentially during chromosomal transfer into the spore
without being exposed to the effects of the sigma factor-inhibiting anti-sigma factor, which due to the
location of its gene close location to ter is not yet expressed in the spore. The genes regulated by the sigma
factor include those relevant to spore development, and thus their activation occurs during transfer of the
chromosome into the spore and they are down-regulated after the complete chromosome is shifted and the
inhibitory anti-sigma factor can act in the forespore [96]. A similar phenomenon can be observed in the
differentiation of the two cell poles during cell division in C. crescentus [97]. Flow cytometric data of D.
shibae have suggested that packaging of DNA into GTAs is timed based on the replication progress and
thus might be dependent on genomic properties of the genes encoding its regulators [57].
In addition, DNA replication might also be linked to gene localization and regulation. Depending on
the growth of the bacterium, multiple rounds of replication initiation can take place within the same cell,

possibly leading to higher expression levels of genes located in proximity to ori due to their higher copy
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number in the cell [98]. For example, E. coli cells can contain up to 8 copies of ori in one cell [98].
Consequently, the two following factors can influence gene regulation [87]. On the one hand, the periodic
fluctuations in the copy number around the chromosome [99] and, on the other hand, the amplitude of the
copy number, which results from the number of replications occurring simultaneously [100]. This can lead
to a temporal imbalance between different components of a network depending on their locations on the
chromosome. In B. subtilis this temporal imbalance of the translation of components of the same regulatory
network has been shown to allow a well-timed onset of spore formation coupled to the cell cycle, allowing
only full, non-damaged chromosomes to be transferred into each spore [99]. In the gammaproteobacterium
Vibrio cholerae the translocation of the operon encoding the S10 ribosomal protein from the proximity of
ori to the proximity of ter reduced the copy number during fast growth from 3 to 1.2, which abolished
growth and infectivity. However, the addition of a second operon that led to copy numbers of 1.2 and 1.9,
in total 3.1, during growth restored the phenotype [100]. Since there seems to be no imbalance of GTA-
packaged DNA towards the ori, particularly in D. shibae, it is possible that similar to spore formation, DNA

is packaged only at the end of the replication cycle [57].

1.4 Biological databases

In recent decades, the amount of biological data available has exploded, and its accumulation is
accelerating. This is mainly due to the improving high-throughput technologies and their accessibility at
decreasing costs. These data are generated for different purposes, resulting in different data types acquired
with different methods. This amount and variability of data and the resulting diverse databases make a good
management system necessary [101]. For example, there is a need for application of programming
interfaces that enable automated combination and exchange between different databases. These data can
then be optimally used to determine patterns, for example the preferred integration sites of phages or
externally derived DNA in genomes, or their association with genome size and neighborhood core genes.
Comparative analysis of these data can form the basis for future wet lab experiments that ensure well-

founded decision-making and are therefore an important tool in biological research [102,103].
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1.5 Research goals

In my thesis, | used comparative analyses of publicly available data to investigate the integration of
GTAs in regulatory networks of their host cells and examined conserved properties of these networks.
Furthermore, | aimed to identify genomic properties that could help to explain why GTAs are conserved
in Alphaproteobacteria, and in particular in the order Rhodobacterales.

In chapter two, | aimed to further expand our understanding of the gene regulatory network
controlling GTA gene expression. Therefore, | re-analyzed published datasets that documented the
cellular response to oxygen and nitric oxide concentrations in the environment in D. shibae and R.
capsulatus. | investigated the extent to which those environmental factors and the CtrA regulon interplay.
When the data were originally analyzed the regulation of the conserved flagella was identified but the
possible interaction with the CtrA phosphorelay and GTA gene expression was neglected [104,105]. | was
able to show the incorporation of respiration and denitrification signals into the GTA regulatory network.

In chapter three | aimed to clarify whether the chromosomal locations of important regulators
associated with the CtrA phosphorelay show noticeable, conserved patterns. Therefore, | compared the
genomic contexts of these genes in five alphaproteobacterial orders. | was able to describe interesting
chromosomal patterns that have the potential to affect GTA expression. In the Rhodobacterales the
localization pattern suggests an uncoupling of the cell cycle and activity of CtrA targets which might
ensure that GTA genes are only expressed once replication has finished.

In chapter four I aimed to determine genomic properties that might help to explain why GTA are so
widely conserved in alphaproteobacteria. The study is an in-depth analysis of the GC skews, core gene
locations, plasticity regions, and methylation patterns associated with GTA gene clusters. | found that
GTA genes share multiple properties with core genes, particularly in the Rhodobacterales. This might
help to explain their conservation, especially in this order.

In chapter five | aimed to investigate chromosomal patterns for the genes that control c-di-GMP
concentrations in the cell in order to identify genomic commonalities between these highly diverse genes.
Therefore, | performed a comparative analysis of the c-di-GMP synthesizing and hydrolyzing enzymes
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that could have an important influence on the CtrA phosphorelay and GTAs [60,82,106]. Here, | found
some interesting patterns, that suggest a coordination of c-di-GMP concentrations with the cell cycle or

the establishment of a concentration gradient along the ori-ter axis in some of the studied bacteria.
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2 CHAPTER 2: Interactions among redox regulators and the CtrA phosphorelay in

Dinoroseobacter shibae and Rhodobacter capsulatus

2.1 Abstract

Bacteria possess regulatory networks to detect environmental signals and respond appropriately,
often by adjusting gene expression. Some regulatory networks influence many genes, and many genes are
affected by multiple regulatory networks. Here, we investigate the extent to which regulatory systems
controlling aerobic—anaerobic energetics overlap with the CtrA phosphorelay, an important system that
controls a variety of behavioral processes, in two metabolically versatile alphaproteobacteria,
Dinoroseobacter shibae and Rhodobacter capsulatus. We analyzed ten available transcriptomic datasets
from relevant regulator deletion strains and environmental changes. We found that in D. shibae, the CtrA
phosphorelay represses three of the four aerobic—anaerobic Crp/Fnr superfamily regulator-encoding genes
(fnrL, dnrD, and especially dnrF). At the same time, all four Crp/Fnr regulators repress all three
phosphorelay genes (cckA, chpT, ctrA). Loss of dnrD or dnrF resulted in activation of the entire examined
CtrA regulon, regardless of oxygen tension. In R. capsulatus FnrL, in silico and ChIP-seq data, also
suggested regulation of the CtrA regulon, but it was only with loss of the redox regulator RegA where an
actual transcriptional effect on the CtrA regulon was observed. For the first time, we show that there are
complex interactions between redox regulators and the CtrA phosphorelays in these bacteria and we

present several models for how these interactions might occur.
2.2 Introduction

Bacteria sense and process environmental signals in order to adapt to changes in their surroundings.
These signals are relayed through regulatory networks that adjust the cells’ behavior, often through
changes in gene expression. The alphaproteobacterium Dinoroseobacter shibae is a member of the marine
roseobacter group and an aerobic anoxygenic photoheterotrophic bacterium, capable of both aerobic and
anaerobic respiration [1]. It can be free-living or an algal symbiont [1] and is a metabolically versatile
bacterium able to adapt to changes in its highly dynamic environment. For example, at the end of an algal

bloom when the oxygen concentration drops, an alternative terminal electron acceptor such as nitrate can
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be used for respiration [1,2]. The response to the change from aerobic to anaerobic conditions is
controlled by four Crp/Fnr transcriptional regulators in D. shibae [3]. Crp/Fnr regulators are widely
distributed among bacteria and form a superfamily consisting of 14 phylogenetic subgroups [4]. The
versatility of this family is reflected by both the wide range of signals that are sensed, such as temperature
[5], oxygen [6], and nitric oxide (NO) [7], and the range of metabolic processes regulated upon activation,
which include respiration-related processes and especially the transition between aerobic and anaerobic
lifestyles [3,8].

Two well-studied members of this family are the Dnr and Fnr proteins. Dnr proteins bind a heme
cofactor that allows for sensing of NO [4,9], while Fnr proteins react to low oxygen tension [4,6]. In D.
shibae, FnrL and DnrD regulate DnrE and DnrF in a cascade-type network that controls the transition
from aerobic to anaerobic growth, heme and carotenoid synthesis, multiple other metabolic processes, and
flagellar synthesis [3]. The importance of these regulators in D. shibae is well illustrated by the
observation that loss of FnrL affects the transcript levels of over 400 genes [3]. Another important
regulatory system in D. shibae is the CtrA phosphorelay [10]. Like the Crp/Fnr regulators, this
phosphorelay integrates an environmental signal, in this case, the autoinducer concentration as an
indicator of cell density, and adjusts gene expression in response [11]. This phosphorelay is conserved
within the majority of alphaproteobacterial lineages and consists of the histidine kinase CckA, the
phosphotransferase ChpT and the transcriptional regulator CtrA [10]. In D. shibae, the CtrA phosphorelay
is activated by the quorum sensing (QS) signal of the main acyl-homoserine lactone (AHL) synthase
(Luxly) with subsequent regulation of genes for flagellar motility, recombination and competence
proteins, a tight adherence (tad) pilus involved in attachment to carbohydrates on the host cells [12], cell
cycle control, gene transfer agent (GTA) production, bis-(3-5)-cyclic dimeric guanosine monophosphate
(c-di-GMP) signaling, the NO-sensing heme-nitric oxide/oxygen binding domain (HNOX) protein, and
the AHL synthases Luxl, and Luxls [11,13,14]. Deletion of cckA has been found to abolish the
mutualistic interaction between D. shibae and its algal host, demonstrating that the CtrA phosphorelay is
essential for establishment of this symbiosis, at least partly due to the requirement for flagella [15]. The
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Crp/Fnr and CtrA phosphorelay networks are connected by their shared regulation of flagellar gene
expression and due to their involvement in symbiosis with the host dinoflagellate. There are three ways
bacteria can be exposed to NO. Some bacteria generate NO during denitrification, and this is considered
the activator for DnrD in D. shibae [3,16]. NO can be produced intracellularly through the oxidization of
L-arginine to NO and L-citrulline [17] or via a nitric oxide synthase (NOS) [17,18]. NO released by some
eukaryotic organisms can be a form of communication with their symbiotic bacteria and is then typically
sensed by HNOX proteins [19]. The HNOX genes are often located adjacent to genes encoding c-di-GMP
signaling proteins or histidine kinases. In the context of symbioses, only a few NO-detecting systems
have been found that do not involve c-di-GMP signaling but instead directly integrate into QS systems
[20-22]. In D. shibae, an HNOX protein detects NO and thereupon inhibits the c-di-GMP synthesizing
enzyme Dgcl [23]. The potential for overlap between Crp/Fnr-based regulation and the CtrA
phosphorelay also exists in the purple non-sulfur alphaproteobacterium Rhodobacter capsulatus. Its CtrA
phosphorelay was originally discovered due to its regulation of GTA production [24], but it also affects
many other genes such as those associated with flagellar motility, gas vesicles, and c-di-GMP signaling
[24,25]. Like D. shibae, R. capsulatus can switch between aerobic and anaerobic lifestyles, which
involves Crp/Fnr regulation, the RegA/B two-component system, and CrtJ [26-28]. Loss of FnrL affects
the transcript levels of 20% of R. capsulatus genes [29], including 42 that are directly regulated by FnrL
(shown by Chip-seq binding sites) and encode c-di-GMP signaling, gas vesicle, and flagellar proteins,
among others [29]. These initial surveys of the activities of redox regulators and the CtrA phosphorelays
in D. shibae and R. capsulatus indicated a potential connection of the regulons. Therefore, we were
interested in exploring in more detail the extent to which these regulatory systems interact. We re-
analyzed ten available transcriptomic datasets for the two species. Deletion mutants, including those of
redox regulators and the CtrA phosphorelay/QS networks, were analyzed to examine the regulon overlap
of these systems and to evaluate their potential integration. We also included further analyses of available
transcriptomic datasets of wild type strains undergoing physiological changes related to the environmental
signals integrated by these regulatory systems.
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2.3 Materials and Methods

2.3.1 Datasets analyzed in this study

Ten published and accessible microarray and RNA-seq transcriptomic datasets for chosen gene

knockout strains and experiments monitoring responses to changes in environmental conditions were

obtained from the NCBI GenBank database (Table 2.1).

Table 2.1. Description of the transcriptomic datasets analyzed in this study.

Species Strains and culture conditions Type of data Accession Reference
number
Time-resolved response to addition of AHL RNA-seq GSE122111 [13]
to Aluxly
Time resolved co-cultivation with RNA-seq GSE55371 [15]
Prorocentrum minimum
Knockouts of ctrA, chpT and cckA in Agilent dual-color GSE47451 [11]
exponential and stationary phases of growth microarray
D. shibae Knockouts of fnrL, dnrD, dnrkE and dnrF Agilent dual-color GSE93652 [3]
under aerobic conditions and 60 minutes microarray
after shift to anaerobic, denitrifying
conditions
Time-resolved growth of wild type and Agilent dual-color GSE42013 [14]
Aluxl; strains from ODggo 0.1 to stationary microarray
phase
Aluxl; growth to ODggo 0f 0.4 RNA-seq PRJEB20656 [30]
Time-resolved shift of the wild type from Agilent single-color GSEA47445 [31]
aerobic to anaerobic growth conditions microarray
Knockouts of regA, crtJ and fnrL in mid- RNA-seq PRINA357604 [32]

exponential growth phase
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R. Knockouts of ctrA and cckA in mid- Affymetrix microarray GSE53636 [33]
capsulatus exponential growth phase
Knockout of ctrA during exponential and Affymetrix microarray GSE18149 [34]

stationary growth phases

2.3.2 Processing and analysis of datasets

This study includes four different types of transcriptomic data (Table 2.1) that could not be
processed and analyzed as one dataset. We therefore used the changes in transcript levels (log2 fold
change) compared to the controls used in the respective studies (e.g., wild type or time point before
changes in the environmental conditions) for each dataset. RNA-seq data from D. shibae (reads per gene)
and R. capsulatus (log2 fold change) were obtained from the respective publications (Table 2.1).

Agilent microarray datasets were processed using the LIMMA package in R [35]. Background
correction was performed with the “normexp” method and an offset of 10. Two-color microarrays were
normalized with the “loess” method before quantile normalization. Signals/intensities from spots were
averaged.

Affymetrix microarray datasets were processed using the R packages LIMMA, makecdfenv, and
affy [35-37]. The CDF environment for GSE18149 was generated using the corresponding CDF file
downloaded from GEO (accession GPL9198). Data were normalized with the rma function. A linear fit
model was generated for comparison.

In order to analyze the CckA and ChpT regulons, thresholds were set that allowed definition of
regulated and non-regulated genes. These thresholds were applied to the log2 fold change in transcript
level values in the cckA and chpT deletion mutants. A gene was not considered regulated when its log2
fold change was between 1 and —1 while a log2 fold change value above 1 or below —1 indicated an
affected gene. The analyzed genes were grouped based on published, manually curated information about

their functional categories as described (Table S1) [13].
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2.4 Results

2.4.1 Overlap of the Crp/Fnr and CtrA regulons in Dinorosebacter shibae

The possible interaction between the Crp/Fnr regulator and CtrA phosphorelay networks was first
assessed using transcriptomic datasets for regulator deletion mutants. The changes of transcript levels of
known Crp/Fnr- and CtrA-controlled traits revealed an overlap of both regulons, with the regulator-
encoding genes themselves affected by losses of the other regulators (Figure 2.1). Under both aerobic and
anaerobic conditions, the loss of dnrD or dnrF resulted in increased transcript levels of the CtrA
phosphorelay, QS, flagellar motility, tad pilus, competence and recombination, gene transfer agent
(GTA), divL and c-di-GMP signaling genes (Figure 2.1A). In all datasets, the GTA genes showed
comparatively small changes in transcript levels (Figure 2.1), probably as a result of a small
subpopulation actually expressing these genes [13]. Only the loss of dnrF led to a change in gene
expression between aerobic and anaerobic conditions, since a greater increase in the transcript levels
could be observed under anaerobic conditions for most of its regulon (Figure 2.1C). The loss of fnrL or
dnrE resulted in increased transcript levels of ctrA, cckA, chpT, luxly, luxR1, and luxR: but had little to no
effect on the downstream CtrA regulon (Figure 2.1B).

Almost all examined genes showed an opposite pattern in the CtrA phosphorelay and luxl,
mutants (Figure 2.1D) compared to dnrD and dnrF (Figure 2.1A). Most of the genes showed decreased
transcript levels in strains lacking any of the CtrA phosphorelay genes, with the exceptions of the Crp/Fnr
regulators where the largest increase was found for dnrF (Figure 2.1D). Loss of luxl; resulted in increased

transcript levels for fnrL, dnrD, and dnrF, but no changes were observed for dnrE (Figure 2.1D).

2.4.2 The role of ChpT in signal integration

In D. shibae, deletion of neither ctrA nor cckA had an influence on expression of chpT, whereas
the loss of either ctrA or chpT resulted in decreased expression of cckA (Figure 2.1D) [11]. However, all
three CtrA phosphorelay component genes showed reduced transcript levels in the absence of the AHL
synthase luxl; (Figure 2.1D) [13], whereas loss of the Crp/Fnr regulators resulted in increased transcript

levels of these genes (Figure 2.1A, B). Therefore, in contrast to ctrA and ccka, chpT is not regulated by
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the CtrA phosphorelay itself, but by other factors that can thereby control the phosphorylation state of
CtrA. These findings also suggest that chpT transcription is regulated oppositely by QS and the Crp/Fnr
regulators.

This is supported by binding site predictions for FnrL [3] that suggest it binds at the promoter of
chpT and clpX, which encodes a protease known to cleave CtrA [3,38,39]. Deletion of fnrL strongly
increased the expression of chpT but only resulted in minimal changes for clpX (Figure 2.1B). Binding
site prediction for the Dnr regulators did not find any binding sites near clpX or the CtrA phosphorelay
genes [3].

It was previously found that more genes were affected by the loss of chpT than cckA [11],
suggesting ChpT regulates some genes independent of CckA and that a different kinase might regulate its
activity and thereby affect downstream gene expression. Among the genes affected by the loss of chpT
but not cckA, dnrF was the most upregulated gene during exponential growth while lexA and recA were
among those most downregulated genes in both exponential and stationary phases (Figure 2.2). Although
there was a small increase in transcript levels of dnrF in the cckA deletion strain during exponential
growth, it did not pass the threshold we defined (see Materials and Methods). These findings suggest a
link between dnrF and chpT.

Additional discrepancies between CckA and ChpT are apparent from their opposing effects on
the nap gene cluster during exponential growth (Figure 2.2A), although this is not maintained in
stationary phase (Figure 2.2B). In exponential phase, loss of cckA led to decreased transcript levels of the
nap gene cluster, while the loss of ctrA and chpT led to increased levels (Figure 2.2A). This cluster is the
only denitrification cluster activated by FnrL but repressed by the three Dnr regulators [3]. Interestingly,
transcript levels of all four denitrification gene clusters were increased in the AHL synthase knockout

Aluxl; but were unaffected in Aluxly (Figure 2.2C).
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Figure 2.1: Transcriptomic data for genes in selected functional groups in different knockout strains. The four Crp/Fnr
regulator knockouts were grown under aerobic (ae) or anaerobic (an) conditions. The logz fold changes compared to the
respective wild type (WT) (A and B) or against themselves grown at different conditions, are shown (C). The CtrA
phosphorelay and quorum sensing system knockouts were grown aerobically and compared to the WT (D). The functional

group assignments on the right are based on published information as described in Table S1.
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2.4.3 Time-resolved evaluation of environmental changes and the regulation of c-di-GMP
signaling genes

Interactions between the networks in D. shibae were further analyzed using time-resolved
transcriptomic datasets. These were collected following the switch from aerobic to anaerobic conditions
in wild type cells (Figures 2.3A and 2.4A) [31], following the external addition of AHL autoinducer to
the AHL synthase mutant Aluxl, (Figures 2.3B and 2.4B) [13], and through the culture growth phases for
Aluxly in the absence of AHL (Figure 2.4C) [14].

Upon the shift to anaerobic conditions, all three dnr genes showed an immediate increase in
transcript levels for 30 min and then stayed constant, whereas those of fnrL decreased (Figure 2.4A).
These changes corresponded with increased transcript levels of the denitrification gene clusters, with the
nap cluster showing a slightly different pattern than the nir and nos clusters (Figure 2.3A). Slight
increases were observed for the c-di-GMP signaling, flagellar, tad pilus, and QS genes (Figure 2.3A).
Four of the five c-di-GMP signaling genes showed increased transcript levels following the transfer to an

anaerobic environment, whereas dgc, showed a slight decrease (Figure 2.4A).
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Figure 2.2: Comparison of CtrA phosphorelay, Crp/Fnr regulator and denitrification gene expression control by CtrA
phosphorelay and Luxliz synthases during exponential and stationary growth phases. Samples for the ctrA, cckA and chpT
knockout mutants were analyzed at mid-exponential (OD 0.4) (A) and stationary (six hours after onset of stationary phase)

(B) phases of growth. The Aluxl. data were obtained during stationary phase, six hours after the onset of stationary phase,

and the Dluxl2 data were obtained during the mid-exponential growth phase (C).

The addition of AHL to the Aluxl strain led to increased transcript levels for all CtrA- and QS-
controlled genes (Figure 2.3B). This included the CtrA phosphorelay and c-di-GMP signaling genes, with
dgc, showing the largest increase (Figure 2.4B). No effect was visible for the Crp/Fnr regulator-encoding
genes (Figure 2.4B) and only a minor increase of the nap gene cluster was observed among the
denitrification genes (Figure 2.3B).

Due to the increased transcript levels observed for CtrA regulon genes in the dnrD and dnrF
deletion strains, it was expected that the same genes would also be decreased under anaerobic conditions.

Instead, it turned out that the change from aerobic to anaerobic conditions (Figure 2.3) resulted in
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increased transcript levels for these genes. However, this increase was small, and effects were not
observed for some genes that appeared to be controlled by the individual regulators based on the knockout
transcriptomic data (Figure 2.1). This included the regulation of the CtrA phosphorelay genes by the
Crp/Fnr regulators. Vice versa, loss of the CtrA phosphorelay genes indicated their repression of Crp/Fnr
regulator gene expression (Figure 2.1D), but the contrary was observed in the respective physiological
datasets where the Crp/Fnr regulators seem to be upregulated (Figure 2.3B). Notably however, in both
physiological datasets, dgc. stands out as distinctly affected compared to other c-di-GMP signaling genes
(Figure 2.4A, B). Also, in the non-induced Aluxl1 culture, no influence of the QS null mutant on the
Crp/Fnr regulators was observed, but the CtrA phosphorelay and c-di-GMP signaling genes were down-
regulated (Figure 2.4C).

Interestingly, in contrast to fnrL, dgc,, and chpT, the other Crp/Fnr regulators, c-di-GMP
signaling, and CtrA phosphorelay genes all decreased at the onset of the stationary phase (Figure 2.4C).
Moreover, analysis of the Crp/Fnr knockout data showed that the loss of dnrF or dnrD resulted in
increased transcript levels of four of the c-di-GMP signaling genes under anaerobic growth conditions,
with only dgc. being unaffected (Figure S1A). Loss of luxl; and the CtrA phosphorelay genes resulted in
decreased transcripts for all five genes (Figure S1B, C), although the effects on dgc, were smaller than for

the other genes in the stationary phase (Figure S1C).
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Figure 2.3: Transcript level changes for genes in selected groups in response to a shift from aerobic to anaerobic growth
conditions or to external addition of autoinducer in a synthase null mutant. Transcriptomic data were obtained at seven time
points post-shift between growth conditions the microarray sequences were plotted against growth under aerobic conditions

(A). RNA-seq data were obtained at six time points post-addition of 3-oxo C14 HSL to a luxl: knockout mutant and plotted

against time point t=0 (B).
2.4.4 Effects on the CtrA regulon during coculture of Dinoroseobacter shibae and its algal

host

In the two-phase interaction of D. shibae with its dinoflagellate host Prorocentrum minimum
[14,40], a mutualistic growth phase (0 to 21 days of cocultivation) is followed by a pathogenic growth

phase (21 to 30 days of cocultivation) that leads to death of the algae [15]. Analysis of the transcriptomic
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data of D. shibae during cocultivation showed an overall increase in the transcription for the CtrA regulon
genes during the transition between the two phases (day 24 compared to day 18), followed by a decrease
during the late-pathogenic phase, after 30 days (Figure S2).

Of the CtrA phosphorelay genes, only chpT remained upregulated during the pathogenic
interaction. Evaluation of the denitrification gene clusters showed strong variation among these genes

(Figure 2.2A), likely arising from overall low expression levels, and this made it difficult to draw any

conclusions.
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Figure 2.4: Time- and density-resolved transcript levels in three different conditions for three groups of regulators. The
expression profiles of the CtrA phosphorelay genes (top), c-di-GMP signaling genes (middle) and four Crp/Fnr regulator-
encoding genes (bottom) are plotted. The changes in transcript levels were monitored after the switch from aerobic to
anaerobic growth over a time period of 120 min (A), after the external addition of autoinducer (3-oxo C14 HSL) to the
synthase null mutant (Dluxl1) over a period of 180 min (B) and during logarithmic (samples 1-5) and stationary (sample 6)

phases of growth as determined by optical density (C).

2.4.5 RegA activates the CtrA regulon in Rhodobacter capsulatus

Next, we asked if the observed overlap between redox regulators and the CtrA phosphorelay

system is conserved in another member of the family Rhodobacteraceae. For R. capsulatus,
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transcriptomic data were available for knockout mutants of ctrA, cckA, and the known redox regulator-
encoding genes fnrL, regA, and crtJ. We identified three additional Crp/Fnr regulator-encoding genes in
this bacterium based on blast searches (RCAP_rcp00107, RCAP_rcc01561, RCAP_rcc03255), but these
genes showed no evidence of differential regulation in any of the analyzed datasets and we did not
consider them further. A blast search also identified a homologue (RCAP_rcc02630) of the HNOX-
encoding gene of D. shibae (Dshi_2815). This gene encodes a protein with a predicted heme nitric
oxide/oxygen binding (HNOB) domain and is located adjacent to a c-di-GMP signaling gene
(RCAP_rcc02629) that was recently demonstrated to affect GTA production and motility in R. capsulatus
[41]. When bound to NO, the HNOX homologue in D. shibae inhibits the activity of the diguanylate
cyclase Dgcl, which is encoded by the neighboring gene [23].

FnrL is the only Crp/Fnr regulator that has been studied in R. capsulatus [29]. Its loss did not
result in any large changes in transcript levels for the examined traits under anaerobic phototrophic
conditions (Figure 2.5), and the same was observed for the loss of crtJ, which encodes a transcription
factor that controls numerous photosynthesis and cytochrome genes [32] (Figure 2.5). RegA is the
response regulator of the RegB/A two-component system that controls photosynthesis, nitrogen and
carbon fixation, denitrification, and respiration genes in response to oxygen availability [26]. In contrast
to fnrL and crtJ, we found that the loss of regA resulted in a strong decrease in transcript levels of the
CtrA regulon genes (Figure 2.5), indicating that RegA acts as a direct or indirect activator of these genes.
Like the genes involved in regulation of photosynthesis and the change between aerobic/anaerobic
lifestyle in D. shibae, loss of regA affected chpT the most among the CtrA phosphorelay genes in R.
capsulatus. Loss of the CtrA phosphorelay genes had no influence on transcription of fnrL, regA, regB, or
the other putative Crp/Fnr regulator-encoding genes (Figure S3). A comparison of photosynthetic
anaerobic growth and aerobic cultivation in R. capsulatus showed the CtrA-regulated traits have reduced

transcript levels under anaerobic conditions (Figure 2.5).
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Figure 2.5: Effects of growth conditions and three regulator knockouts on the transcript levels of eight categorized groups
of genes in Rhodobacter capsulatus. The microarray-based transcriptomic data for aerobic versus anaerobic growth in the
wild type and for three mutants, fnrL, regA and crtJ, compared to the wild type are shown. Increased transcript levels under
anaerobic relative to aerobic conditions are indicated by RED/BLUE in the heatmap. Negative effects on expression by the

respective regulator are reflected by red in the heatmap, whereas positive effects are reflected by blue.

2.5 Discussion

2.5.1 The Crp/Fnr and CtrA/QS regulons overlap in Dinoroseobacter shibae

Our analysis revealed an inverse regulatory crosstalk between the Crp/Fnr and CtrA systems in D.
shibae. We found the denitrification gene clusters and Crp/Fnr regulator genes, especially dnrF, to be part
of the CtrA phosphorelay and LuxI, regulons. DnrE was affected exclusively by loss of Luxl,, whereas
loss of Luxl, only had minor effects on fnrL, dnrD, and dnrF and no effect on dnrE. In addition to their
regulation by Luxly, which signals cell density, the Crp/Fnr regulators integrate oxygen and NO levels
and affect all three CtrA phosphorelay genes.

Until now, overlapping regulation by the Crp/Fnr and CtrA systems has only been noted in D.
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shibae for flagellar genes and recA [3,12,13], and to our knowledge this level of regulatory interaction has
not been reported for alphaproteobacteria. However, a comparable connection between QS and Crp/Fnr
regulators has been documented for the gammaproteobacterium Pseudomonas aeruginosa where the
regulons of the FnrL homolog Anr and QS synthase LasR overlap. Here, denitrification genes are induced
by Anr and inhibited by LasR. Additionally, in the absence of lasR, Anr regulates production of the QS
molecule 4-hydroxy-2-alkylquinoline [42]. At the protein level, nitrite reductase (NirS), a flagellar protein
(FIiC), and the chaperone DnaK form a complex that influences flagellar formation and motility and thus
creates a link between denitrification and maotility [43]. In cystic fibrosis infections, P. aeruginosa is
exposed to ambient conditions with low oxygen tension. The intracellular levels of c-di-GMP increase,
which leads to biofilm formation. These conditions also lead to an increase in mutations in the QS
transcriptional regulator-encoding gene lasR. As lasR deletion strains grow to higher cell densities and
have higher denitrification rates, it has been suspected that these mutations increase the fitness of the
population during infection [44—46].

Combined, these observations indicate that there may be a more widely conserved interaction of
Crp/Fnr regulators and QS in proteobacteria. The CtrA phosphorelay is unique to alphaproteobacteria,
indicating a potential independent evolution of this regulatory crosstalk in this lineage
2.5.2 Inverse control of the CtrA regulon by RegA and anaerobic photosynthetic growth

conditions in Rhodobacter capsulatus

In R. capsulatus, the regulons of the redox-responsive two-component system RegA/B [47] and
the CtrA phosphorelay overlap. Interestingly, chpT stands out because it is the only CtrA phosphorelay
gene that is regulated by RegA. Similar to Dnr and Fnr in D. shibae, RegA controls the expression of
photosynthesis and respiration genes [26]. ChIP-seq with RegA identified binding sites adjacent to
several genes also targeted by CtrA: RCAP_rcc02857 (a c-di-GMP signaling gene involved in GTA
production) and its divergently transcribed neighbor (RCAP_rcc02856), RCAP_rcc02683 (a chemotaxis
gene), and dksA (a dnaK suppressor gene) [34].

As in D. shibae, transcriptomic data from a fnrL deletion strain showed no effects on the
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CtrA-controlled traits outside of the CtrA phosphorelay genes themselves. However, ChlP-seq and in
silico binding site predictions [29] suggest FnrL binding adjacent to divL, dnaK, recA, flagellar gene
clusters, the RcGTA capsid protein-encoding gene, and c-di-GMP signaling genes (including those
affecting RCGTA production [41]). Similarly, ChiP-seq with CrtJ [48], a regulator controlling expression
of multiple genes involved in photosynthesis, also revealed a connection to the CtrA phosphorelay. Even
though the observed transcript level changes in the crtd mutant were small, binding was found adjacent to
ctrA, clpX, a luxR family gene, dnaA, spoT, ftsZ, and the first gene in the GTA structural gene cluster
(RCAP_rcc01682) under aerobic and anaerobic cultivation. Binding sites adjacent to dnaK and two
flagellar genes (flgB and flaA) were identified under aerobic and anaerobic conditions, respectively.

In D. shibae, deletions of the Crp/Fnr regulator-encoding genes indicated an inhibition of the CtrA
regulon, but the physiological changes detected by these regulators (switch from aerobic to anaerobic
conditions) showed a tendency towards activation of the CtrA regulon. The same was observed for the
deletion mutants of the CtrA phosphorelay components and their regulation of the Crp/Fnr regulator
genes. In R. capsulatus, we could observe a similar pattern but in reverse for regulation of the CtrA
regulon by RegA. While the regA knockout indicated activation of the CtrA regulon, the switch to
anaerobic photosynthetic growth conditions showed an inhibition. This is probably indicative of a more
complex interaction among these regulatory systems. However, the regA deletion transcriptomic data are

supported by in vivo motility tests that showed reduced swimming ability of the AregA strain [26].

2.5.3 Integration of Crp/Fnr regulation into the CtrA phosphorelay and regulon

In D. shibae, CtrA binding site predictions and expression data for ctrA and cckA suggest that
CtrA directly regulates its own expression and that of cckA, but not chpT [13]. Therefore, chpT
transcription must be regulated from outside of the CtrA phosphorelay and upstream of CtrA. Both,
regulatory control of chpT and signal integration upstream of CtrA is known for Luxl; [11]. A similar
situation might be possible for Crp/Fnr signal integration due to their regulation of chpT (Figure 2.6A).
Since chpT is the only RegA-regulated CtrA phosphorelay gene in R. capsulatus (and it has a RegA

binding site), it seems to play a central role here, too. However, there are also RegA binding sites
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associated with clpX and other genes of the CtrA regulon [26]. Interestingly, the Dnr/Fnr binding site in
the nosR2 promoter in D. shibae has the sequence 5-TTAAC-N4-GTCAA-3 [3], which shares a half-site
binding motif with CtrA 5-TTAAC-N5-GTTAAC-3 [11]. Previously, comparison between transcriptional
regulation and the presence of full and half-site motifs revealed the potential importance of half-site
motifs for transcriptional control by CtrA in R. capsulatus [34]. Thus, CtrA and Fnr regulators might
interact with some of the same/overlapping sequences (Figure 2.6B).

A distinct role for ChpT is supported by the observation that loss of chpT or ctrA but not cckA
results in decreased transcript levels of dnrF. It is possible that ChpT integrates signals from more than
one kinase into its regulation of CtrA. To our knowledge, the only other instance of a histidine kinase
affecting phosphorylation of CtrA via ChpT is CcsA from Sphingomonas melonis [49]. Potential
homologues of CcsA are encoded in D. shibae (Dshi_1893) and R. capsulatus (RCAP_rcc02545), but
effects on transcript levels of these genes were not observed in any of the analyzed datasets. This does not

exclude their involvement but also does not allow us to draw further conclusions (Figure 2.6C).
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Figure 2.6: Possible mechanisms of integration of the Crp/Fnr and CtrA systems. (A) The Luxl1 and Crp/Fnr signals could
be integrated into the CtrA phosphorelay via chpT regulation, which does not happen via CckA or CtrA. (B) Shared binding
site motifs for Crp/Fnr regulators and CtrA might allow direct integration of the NO/oxygen signal into the CtrA regulon.
(C) An additional histidine kinase (CcsA) has been reported to phosphorylate ChpT in another bacterium, and this could
integrate the Crp/Fnr signals and disconnect CckA from the integration. (D) Phosphorylation of the Dgc2 receiver domain
likely regulates the enzyme’s diguanylate cyclase activity and thereby alters the intracellular levels of c-di-GMP, which are

known to affect the CtrA regulon.
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2.5.4 Crp/Fnr regulation of the CtrA regulon is largely independent of oxygen tension

Among the Crp/Fnr regulators, only loss of the NO-sensing DnrF resulted in higher inhibition
activity of the CtrA system under anaerobic conditions. In P. aeruginosa, swimming motility is controlled
anaerobically and aerobically, and it was suggested that NirS promotes motility in multiple ways, at the
protein level or via signaling pathways, depending on oxygen availability [50]. Regulation of QS traits by
both NO and oxygen was also found in the interaction of Vibrio fischeri with the light organ of its squid
host. Here, NO released by the host’s immune system regulates the symbionts’ settlement via biofilm
production while the host’s control of oxygen availability regulates bacterial bioluminescence in a
circadian manner [51-53]. However, since the Crp/Fnr knockout and physiological change transcriptomic
data have opposite effects on the CtrA phosphorelay (inhibition indicated by the knockouts and activation
by the shift to anaerobic growth), it is difficult to determine the role of oxygen on the CtrA phosphorelay.
In R. capsulatus, the knockout transcriptomic data were supported by in vivo experiments, so if the
knockout transcriptomic data also reflect the actual CtrA regulon in D. shibae, the Crp/Fnr regulators
have an inhibitory effect on the CtrA phosphorelay and its regulon. It is known that Dinoroseobacter
establishes a mutualistic symbiosis with its dinoflagellate host via the CtrA phosphorelay and by means of
flagella. It is possible this interaction is repressed towards the end of an algal bloom when oxygen
concentrations change, resulting in downregulation of flagella (and other CtrA-regulated traits) via
Crp/Fnr regulation.
2.5.5 Therole of c-di-GMP

Multiple eukaryaotic hosts are known to use NO for communication with microbial symbionts. In
some of the characterized systems, NO is sensed by HNOX proteins, which then control ¢c-di-GMP
signaling proteins or histidine kinases encoded by genes adjacent to the HNOX-encoding gene. For
example, in Vibrio harveyi, the HNOX-neighboring histidine kinase phosphorylates the QS transcription
regulator LuxU [20], and in D. shibae, HNOX inhibits the c-di-GMP signaling enzyme Dgcl [23].
However, D. shibae also has a second c-di-GMP synthesizing enzyme, Dgc.. During adaptation to

anaerobic cultivation and at the onset of stationary phase, dgc. transcriptional patterns were similar to
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chpT and fnrL. The transcript levels of these three genes plateaued, whereas those of the other c-di-GMP
signaling, CtrA phosphorelay and Crp/FnrL genes decreased. A unique regulation of dgc, was also
observed in the dnrF, dnrD, cckA, and chpT knockout strains. Thus, both networks (Crp/Fnr and CtrA
phosphorelay) regulate dgc, and affect its expression in a similar manner as a response to the onset of
stationary phase.

The role of dgc. in the CtrA phosphorelay and FnrL networks and how it might connect both
remain to be clarified. For example, it is possible that phosphorylation of the receiver domain of Dgc.
regulates its c-di-GMP synthase activity. As a result, regulation by the Crp/Fnr or CtrA phosphorelay
systems could have different effects on the shared traits (Figure 2.6D).

2.6 Conclusions

In this study we show that regulation of the CtrA regulon, including traits related to phenotypic
heterogeneity, is additionally controlled by the aerobic—anerobic regulators Crp/Fnr in D. shibae and by
FnrL/RegA in R. capsulatus. This finding is especially important for the understanding of the
metabolically flexible lifestyles of these bacteria. The analysis of the available transcriptomic datasets
revealed multiple possible integration sites of the Crp/Fnr signal into the CtrA phosphorelay, but a final
explanation is still elusive based on these data. Nevertheless, this investigation provides the first insights
into the integration of a second environmental signal into the CtrA phosphorelay and demonstrates a
strong transcriptional connection between QS, CtrA-regulated traits, and Crp/Fnr regulators in
alphaproteobacteria, which has an interesting parallel with QS and Crp/Fnr regulators in a second class of
proteobacteria. To our knowledge, D. shibae and R. capsulatus are the first two organisms where both
Dnr and HNOX NO-sensor proteins have been studied. Further investigation is necessary to clarify the
interaction between the CtrA phosphorelay and the Crp/Fnr regulators. For example, it would be helpful

to confirm if an additional kinase is indeed regulating ChpT in these bacteria.
2.7 Supplementary materials

This chapter includes two supplementary files that are available in digital format using this link:
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The Word file contains the supplementary figures S2.1-S2.3. Table S2.1 is an Excel file, that contains the

assignment of genes into functional categories for D. shibae, D. shibae denitrification genes and R.

capsulatus in three tabs.
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3 CHAPTER 3: Connection between chromosomal location and function of CtrA

phosphorelay genes in Alphaproteobacteria

3.1 Abstract

Most bacterial chromosomes are circular, with replication starting at one origin (ori) and proceeding
on both replichores toward the terminus (ter). Several studies have shown that the location of genes
relative to ori and ter can have profound effects on regulatory networks and physiological processes. The
CtrA phosphorelay is a gene regulatory system conserved in most alphaproteobacteria. It was first
discovered in Caulobacter crescentus where it controls replication and division into a stalked and a motile
cell in coordination with other factors. The locations of the ctrA gene and targets of this response
regulator on the chromosome affect their expression through replication-induced DNA hemi-methylation
and specific positioning along a CtrA activity gradient in the dividing cell, respectively. Here we asked to
what extent the location of CtrA regulatory network genes might be conserved in the alphaproteobacteria.
We determined the locations of the CtrA phosphorelay and associated genes in closed genomes with
unambiguously identifiable ori from members of five alphaproteobacterial orders. The location of the
phosphorelay genes was the least conserved in the Rhodospirillales followed by the Sphingomonadales.
In the Rhizobiales a trend toward certain chromosomal positions could be observed. Compared to the
other orders, the CtrA phosphorelay genes were conserved closer to ori in the Caulobacterales. In
contrast, the genes were highly conserved closer to ter in the Rhodobacterales. Our data suggest selection
pressure results in differential positioning of CtrA phosphorelay and associated genes in
alphaproteobacteria, particularly in the orders Rhodobacterales, Caulobacterales and Rhizobiales that is
worth deeper investigation.
3.2 Introduction

Most bacteria possess one circular chromosome. Replication is initiated through unwinding the two
DNA strands at the origin of replication (ori) and proceeds on both replichores toward the terminus (ter).
Here, the dimer of newly synthesized chromosomes is resolved, and cell division can be completed

(reviewed by [1]). Close links between replication and organization of genes on the chromosome became
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evident with the first complete bacterial genomes [2,3]. In many bacteria, genes are preferentially oriented
co-directional to replication progression. This pattern probably evolved to avoid collisions between DNA
and RNA polymerase complexes [4]. In recent years it also became apparent that the specific locations of
genes can have a major influence on transcription levels and thereby control physiological processes [5].
For instance, chromosomal location results in differences in the copy- number of genes during replication.
Therefore, genes that are more highly expressed, such as those encoding transcription and translation
proteins, tend to be conserved near ori [6]. The importance of gene location has also been validated
experimentally: Relocating Vibrio cholerae genes encoding ribosomal proteins to the ter region resulted
in severe growth defects [7].

Positioning of genes on the chromosome might also be dictated by regulatory needs. In Escherichia
coli and other gammaproteobacteria, genes coding for nucleoid-associated proteins and regulators are
ordered according to their activities during the growth cycle [8]. For example, rpoN, expressed during
exponential growth, is located closer to ori while rpoS, expressed in the stationary phase, is located closer
to ter. The same trend was found for the targets of these sigma factors. One of the most fascinating
examples is how replication- oriented location of regulatory genes is employed to control the timing of
Bacillus subtilis spore formation [9]. Here, imbalance between the expression of ori and ter located
members of a phosphorylation chain during replication inhibits activation of the sporulation-inducing
transcription factor SpoOA. This ensures that spore formation is only induced in cells with two complete
chromosomes.

Proper transcription of the important cell cycle regulatory gene ctrA of Caulobacter crescentus is
dependent on its chromosomal location, too [10]. In alphaproteobacteria, the CtrA phosphorelay
regulatory system is widely conserved [11,12]. We recently found that its key regulatory components are
concentrated proximal to ori and ter in the Rhodobacterales Dinoroseobacter shibae and Rhodobacter
capsulatus and, in contrast to C. crescentus, the ctrA gene itself is located close to ter in both organisms
[13].

In this chapter, we will first provide a brief overview of the CtrA phosphorelay and its role in
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controlling the cell cycle and other traits in different bacteria. We will focus on how changes in DNA
methylation during replication and the formation of a phosphorylation gradient in predivisional cells
influence the regulatory system. Then, we will show that chromosomal location of the regulatory genes is
conserved to varying degrees within alphaproteobacterial orders and differs among them. We propose that
one consequence of the differing gene locations might be altered timing of expression during the cell
cycle. Understanding how their positioning shapes the functionality of the CtrA phosphorelay and
associated genes might help to explain the evolution of distinct roles in different alphaproteobacterial

orders.

3.3 CtrA and cell cycle control in Alphaproteobacteria

Replicating only once per cell division, the dimorphic bacterium C. crescentus displays a eukaryotic-
like cell cycle (Figure 3.1A). The growth-arrested flagellated cell (G1 phase) can transform into a stalked
cell that replicates (S phase) and prepares for division (G2 phase) into two physiologically different
daughter cells. The old, stalked cell can directly undergo the next round of replication while the new,
flagellated cell remains in a growth-arrested state [14]. Key to the replication-coupled differentiation is
the orchestration of gene expression by an array of interconnected regulatory circuits (reviewed by [15])
among which the CtrA phosphorelay takes a leading role [16,17].

As part of the regulation of cell division events, autophosphorylation of the transmembrane histidine
kinase CckA results in phosphorylation of the phosphotransferase ChpT, which in turn phosphorylates the
response regulator CtrA [18]. Phosphorylated CtrA then activates differentiation-specific genes and
inhibits replication initiation by blocking ori from binding by the replication initiator DnaA [19].
Replication rounds are controlled via the directed proteolysis of several transcriptional regulators,
including fast degradation of CtrA in the stalked cell, mediated by ClpX, in order to enable initiation of
replication (reviewed by [20]). The chromosomal position influences transcription of ctrA and CtrA
targets through DNA methylation and establishment of a CtrA phosphorylation gradient, respectively
(detailed in the following sections and Figure 3.1).

The C. crescentus chromosome is linearly ordered in the cell with the ori located at the stalked or
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flagellated pole and ter oriented at the pole where the division plane will form [21]. The CcrM
methyltransferase specifically methylates the adenosine in GANTC palindromic motifs. Expression of
ccrM is restricted to the transition from S to G2 phase [22,23]. Thus, newly replicated DNA stays hemi-
methylated until replication has finished (Figure 3.1A). Expression of ori-proximal ctrA is controlled by
two different promoters (Figure 3.1B). Promoter P1 gets activated in the early S phase and CtrA then
triggers its own expression from promoter P2 while inhibiting expression from P1 in pre-divisional cells
and the flagellated daughter cell [24]. Activation of P1 requires hemi- methylation of an upstream
GANTC site, and thus the replication fork has to pass the ctrA locus for this promoter to be active
[10,25]. Activity of P1 is highest when the respective motif on the coding strand is methylated [111]. If
ctrA is moved closer to ter, the P1l-associated GANTC motif remains in the fully methylated state longer
and the resulting delay of ctrA transcription leads to elongated flagellated daughter cells. The
transcription factor responsible for P1 regulation is GerA, which is active exclusively in S phase cells and

oscillates with CtrA activity [26]. GerA preferentially binds and activates promoters
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Figure 3.1: Mechanisms of C. crescentus differentiation for which chromosomal localization matters. (A) Changes of
chromosome methylation state and CtrA activity during the C. crescentus cell cycle. Newly replicated DNA stays hemi-

methylated during the S phase allowing ctrA transcription to be activated. CtrA activity is restricted to the late S phase and the

58

CtrA~P target expression



flagellated daughter cell. (B) Control of ctrA expression. Hemi-methylated P1 is activated by GcrA. Phosphorylated CtrA inhibits
expression from P1 and activates expression from P2. (C) Establishment of a CtrA activity gradient through localized
phosphorylation/dephosphorylation. The protein environment at the new pole triggers kinase functionality of CckA. The PopZ
microdomain ensures proximity of phosphorelay components. Panel A inspired by Panis et al. (2015) and panel C inspired by

Lasker et al. (2020).

carrying fully or hemi-methylated GANTC motifs [27,28]. Replication-controlled methylation also
affects ftsZ expression, which encodes the divisome Z-ring protein. In this case the promoter is most
active in the fully methylated state [29]. The regulatory function of CcrM is probably conserved broadly
in alphaproteobacteria as GANTC motifs are enriched in intergenic regions on the vast majority of
chromosomes [30].

CckA is dispersed throughout the inner membrane, but concentrates at the cell poles in pre-divisional
cells [31]. It acts as a kinase at the new cell pole and as a phosphatase elsewhere. The switch in enzymatic
activity is controlled by interaction with different sets of proteins [32]. Essential for triggering the kinase
activity of CckA are its homo-oligomerization and direct interaction with the pseudo-kinase DivL, both
concentrated at the cell poles [33]. Recently, [34] demonstrated the formation of diffusion-limiting
microdomains at the cell poles that ensure close proximity of CckA, ChpT and CtrA in order to allow
efficient phosphotransfer (Figure 3.1C). The polar localization of phosphorylating and dephosphorylating
enzymatic chains ensures the formation of a CtrA activity gradient from the flagellated to the stalked pole
in pre-divisional cells. When a promoter that is regulated exclusively by CtrA was repositioned on the
chromosome, its expression decreased along the ori-ter axis, in accordance with the increasing distance
from the flagellated cell pole [34].

The core components of the CtrA phosphorelay are highly conserved within the alphaproteobacteria
and connected to accessory regulatory systems that are often restricted to specific orders [12]. In
particular, most genes of the polarity module [35] essential for dimorphic development of C. crescentus
are found only in members of the Caulobacterales and Rhizobiales orders, an exception being the more

widely conserved divL gene. The CtrA regulon also differs among orders [11,12]. Flagellar genes are
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controlled by CtrA in all studied orders, including the early branching Rhodospirillales, leading to the
hypothesis that regulation of motility was the primordial role of CtrA and cell cycle control was acquired
later [36]. Transcriptional activation of the DNA repair machinery, observed in several species, might
also be a more ancient function of CtrA [37].

Construction of ctrA knockout mutants failed or they showed severe growth defects in the
Caulobacterales C. crescentus [38-40] and Hyphomonas neptunium [41] as well as the Rhizobiales
Sinorhizobium meliloti [42] and Brucella abortus [43], but has no negative effects on growth or viability
in the Sphingomonadales Sphingomonas melonis [44], Rhodospirillales Rhodospirillum centenum
[45,112] and Magnetospirillum magneticum [36], as well as the Rhodobacterales members studied so far
[46-50]. While the influence of CtrA on replication has been demonstrated in Sphingomonas melonis and
some Rhodobacterales, these bacteria lack a strict dimorphic lifestyle or polar growth that has been
demonstrated for the Caulobacterales and Rhizobiales. These findings led to the hypothesis that
essentiality of ctrA arose during the evolution of a lifestyle that couples differentiation to reproduction
[41]. An intermediate step might have been a non-essential influence on replication and cell division.

3.4 Conserved location of CtrA-associated genes in alphaproteobacterial orders

Given that chromosomal localization influences expression of cell cycle-controlling genes in the
model alphaproteobacterium C. crescentus and knowing that genes key to this process are conserved
within this class, we asked if the location of these genes shows a pattern and if there are differences
among orders in which the CtrA phosphorelay is an essential regulator of replication-coupled
differentiation and those in which it is not. We used a dataset of 179 closed genomes from five
alphaproteobacterial orders for which Ori-Finder [51] unambiguously identified ori and identified the
orthologs of CtrA phosphorelay and associated genes using Proteinortho [52]. Only one representative
strain was selected for each species to avoid species overrepresentation bias. Detailed analysis steps can
be found in the Supplementary Material (Data sheet 1). The analyzed genomes from the Rhodospirillales,
Sphingomonadales, Rhodobacterales, Caulobacterales and Rhizobiales are listed in Table S3.1, and the

analyzed genes are listed in Tables S3.2, S3.3.
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Figure 3.2A summarizes the localization analysis with the upper panel showing one

representative genome and the lower panel showing the frequency of the respective genes within 20

segments on the ori-ter axis. The segments were obtained by normalizing all genomes to 100% and then

dividing them into 20 sections of equal size. The orders are arranged phylogenetically with the earliest

branching Rhodospirillales at the left and the latest branching Rhizobiales on the right [53]. In almost all

analyzed genomes the parAB genes were located close to ori with some exceptions in the

Rhodospirillales, Rhodobacterales, and Rhizobiales. This is in accordance with previous studies that

found the par locus predominantly conserved close to ori [54]. The location of the other analyzed genes

and the respective conservation differed among the orders.
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Figure 3.2: Chromosomal localization of CtrA phosphorelay component genes and methylation of the ctrA promoter region in

alphaproteobacteria. (A) Alphaproteobacterial orders are arranged according to Mufioz-Gomez et al. (2019). The numbers of

genomes per order are in brackets. Upper panel: representative chromosomes for each order with positions of regulators marked.

Lower panel: percentage of regulator genes within 20 segments of the chromosomes of the particular order oriented along the ori-

61



ter axis. (B) Distribution of the number of CcrM methylation motifs in the ctrA promoter regions for each order.

We observed no conserved localization of the genes examined in the Rhodospirillales with the
exceptions of parAB and clpX, which tended to be located closer to ter (Figure 3.2A). Surprisingly, and in
contrast to the other orders, ctrA, gcrA and ccrM were identified in 72-82% of the genomes, whereas
chpT, cckA and divL were identified in only 27-36% (Table S1). This might indicate that the selection
pressure to maintain these genes is lower in Rhodospirillales than in the other orders. However, CckA and
DivL are modular proteins, therefore their architecture might have evolved differently in this order and
ChpT is a small protein that also shows greater divergence within orders [12,47], making definitive
identification of homologs more difficult. Similarly, no clear distribution patterns of the genes analyzed
were observed in the Sphingomonadales genomes. The only exceptions were cckA , which tended to be
localized near ter (Figure 3.2A). Of note, in the Rhodospirillales and Sphingomonadales, the dnaA gene
was not conserved close to ori, in contrast to the other three orders.

In the Caulobacterales the phosphorelay genes ctrA, cckA and chpT as well as divL showed
conserved localization in the half of the chromosome closer to ori. The clpX gene was highly conserved in
proximity to ter. By contrast, ccrM and gcrA were predominantly found midway between ori and ter. In
the Rhizobiales, localization of cckA was conserved in the “lower half” of the chromosome with a peak
close to ter while chpT and ctrA were preferentially located midway between ori and ter. The genes clpX,
ccrM and gerA showed similar trends as in the Caulobacterales. Interestingly, in many of the Rhizobiales
genomes we identified two divL homologs, one of which was conserved near ori (Table S2).

In the Rhodobacterales a clear preference for ter-proximal localization was observed for cckA,
chpT and ctrA, while ccrM was preferentially located close to ori. Like in the Rhizobiales, several
genomes contained two paralogs of divL that were located mostly near ori (Table S2). We also analyzed
the chromosomal position of other genes that are part of the CtrA regulon in this order and that regulate
the gene transfer agent (GTA) gene cluster (Table S3). The direct activator of the GTA cluster gafA [55]
and its neighbor (Dshi_1585 in D. shibae) were located in proximity to ter while the rbaVW genes that

encode part of a partner-switching phosphorelay system [56] were preferentially found close to ori
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(Figure S1). Interestingly, the CtrA-controlled genes [13] that are part of the DNA uptake and
recombination machinery (lexA, recA, and comECFM) also showed a conserved location pattern.

As (hemi)-methylation is an important factor in the regulation of ctrA expression in C. crescentus
we determined the number of GANTC motifs 300 bp upstream of the ctrA homologs in all orders (Figure
2B). This was determined by identifying the position of the ctrA gene, starting from the start codon, 300
bp upstream were used to look for the GANTC motif. All putative ctrA promotors contained at least one
and up to five or six CcrM methylation sites in the Sphingomonadales and Caulobacterales, respectively.
In 65% and 50% of all putative Rhodospirillales and Rhizobiales ctrA promoters, respectively, we
identified the GANTC motif. The lowest number was found in Rhodobacterales where only 45% of all
promoter regions contained this motif.

3.5 Discussion

Here, we evaluated whether key regulators associated with the CtrA phosphorelay have conserved
chromosomal locations. The number of genomes available to analyze was small for the orders
Caulobacterales and Sphingomonadales, leaving the possibility of a bias in our study. The employed Ori-
Finder tool returned several possible ori positions for a considerable number of genomes that we excluded
from further analysis. We found that the parAB genes might serve as a good anchor for manual curation
of the ori position in Alphaproteobacteria. The locations of ori and ter can also be identified
experimentally by sequencing DNA from growing cultures when there will be a coverage gradient
decreasing from start toward end of replication [57,58]. This could be considered for all future genome
sequencing projects.

Despite the limitations, we could identify localization patterns in all orders except for the early
branching Rhodospirillales in which the conservation of the CtrA phosphorelay was also lower than in the
other orders. Particularly striking was the strong conservation of the phosphorelay genes near ter on the
Rhodobacterales chromosomes. This conserved localization is also remarkable because core genes in this
order show very distinct location patterns among different species [59]. Localization near ter and the low

occurrence of GANTC motifs in the ctrA promoter might indicate that replication-mediated changes of
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the state of DNA methylation do not play a major role in regulation of gene expression in this order. On
the other hand, establishment of a CtrA phosphorylation gradient might indeed also play a role in
Rhodobacterales. The bifunctionality of CckA as a kinase and phosphatase has recently been
demonstrated for R. capsulatus [60].

In some Rhodobacterales the CtrA phosphorelay is integrated into quorum sensing (QS) regulation
[48,49,61]. CtrA-mediated QS communication induces subpopulation-specific responses, most notably
the “decision” of a small number of cells to produce GTAs [13,62]. A loss of the CtrA phosphorelay
genes is not lethal, the bacteria just resemble a “silent” population. The location of the phosphorelay
genes close to ter might indicate that communication-induced differentiation is uncoupled from
replication and cell division. It is also tempting to speculate that the location of genes controlling GTA
expression at the opposite poles of the chromosome ensures repression of GTA production during
replication, similar to spore formation in B. subtilis [9]. Indeed, no DNA packaging bias along the ori-ter
axis has been observed for GTAs, which would be expected if they are produced in replicating cells
[63,64]. In the Rhizobiales and Caulobacterales, however, most of the essential CtrA phosphorelay genes
are located toward the upper half of the chromosome. This might result in their activation during
replication as observed for ctrA of C. crescentus [10], leading to an interconnected essentiality of
reproduction and physiological differentiation. Most essential C. crescentus genes are concentrated near
ori or ter [39]. It would be interesting to see if this pattern is conserved in other species with a
pronounced dimorphic lifestyle.

In conclusion, our analysis suggests selection pressure to fix the position of CtrA phosphorelay and
associated genes in different chromosomal regions depending on their involvement in different cell
physiological processes. This is particularly evident in the Rhodobacterales, Caulobacterales and
Rhizobiales. Understanding the underlying evolutionary forces will require both comparative genomic
analysis and experimental data beyond what is currently available for a limited number of established
model organisms. Our analysis concentrated on the core components of the CtrA phosphorelay but could
be expanded to include more accessory regulators and CtrA targets in the different orders. It would also
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be interesting to identify highly related strains where recent chromosome rearrangements have led to
different positions of genes of interest. In Pseudomonas aeruginosa a large-scale chromosome inversion
resulted in large gene expression and physiological differences between two strains [65]. Similarly,
analyzing the consequences of relocating genes, as has been done for C. crescentus and several other
organisms, is a promising experimental approach for understanding the effects of chromosome
positioning on gene regulation [7,10,29,34].

3.6 Supplementary materials

This chapter includes two supplementary files that are available in digital format using this link:

The PDF file contains the supplementary method section, supplementary figure S1 and the
descriptions for the supplementary tables. These tables are a combined in three different tables in the
Excel file, which contains the analyzed genomes from the Rhodospirillales, Sphingomonadales,
Rhodobacterales, Caulobacterales and Rhizobiales, listed in Table S3.1, and the analyzed genes, listed in

Tables S3.2, S3.3.
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4 CHAPTER 4: Shared properties of gene transfer agent and core genes revealed by

comparative genomics of Alphaproteobacteria

4.1 Abstract

Gene transfer agents (GTAS) are phage-like particles that transfer pieces of cellular genomic
DNA to other cells. Homologs of the Rhodobacter capsulatus GTA (RcGTA) structural genes are widely
distributed in the Alphaproteobacteria and particularly well conserved in the order Rhodobacterales.
Possible reasons for their widespread conservation are still being discussed. It has been suggested that
these alphaproteobacterial elements originate from a prophage that was present in an ancestral bacterium
and subsequently evolved into a GTA that is now widely maintained in extant descendant lineages. Here,
we analyzed genomic properties that might relate to the conservation of these alphaproteobacterial GTAs.
This revealed that the chromosomal locations of the GTA gene clusters are biased. They primarily occur
on the leading strand of DNA replication, at large distances from long repetitive elements and thus are in
regions of lower plasticity, and in areas of extreme GC skew, which also accumulate core genes. These
extreme GC skew regions arise from the preferential use of codons with an excess of G over C, a distinct
phenomenon from the elevated GC content that has previously been found to be associated with GTA
genes. The observed properties, along with their high level of conservation, show that GTA genes share

multiple features with core genes in the examined lineages of the Alphaproteobacteria.

4.2 Introduction

Gene transfer agents (GTAS) are phage-like particles that transfer small pieces of genomic DNA
between cells that have been identified in multiple Gram-negative bacteria and one archaeon [1].
Currently there are five distinct GTA types known, each appearing to have an independent evolutionary
origin and varying breadths of taxonomic distribution [1]. Homologs of the Rhodobacter capsulatus GTA
(RcGTA) genes are found in the genomes of members of multiple orders of the class Alphaproteobacteria
[2,3], and functionality of these RcGTA-like elements has been confirmed in divergent members of the

alphaproteobacterial order Rhodobacterales [1,4,5,6]. It has been suggested that these GTA elements are
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descendants of a prophage that integrated into the genome of an ancestral alphaproteobacterium,
subsequently lost multiple phage-specific features, such as DNA replication and packaging specificity,
and acquired mutations that resulted in a reduced head size [1]. This proto-GTA was then maintained
through to the evolution of the extant lineages where the GTA genes are under cellular control.

Most of the RcGTA structural genes are located in a gene cluster of approximately 14 kb [7] that
is conserved in the genomes of almost all examined members of the order Rhodobacterales [3]. This set of
genes is also conserved to varying degrees in about half of the members of the alphaproteobacterial orders
Rhizobiales, Sphingomonadales and Caulobacterales [3]. Possible reasons for the widespread
conservation of these GTA genes are still being discussed. On the one hand, GTAs might contribute to
transfer of beneficial genes among cells [1,7,8,9]. This hypothesis is supported by findings on the
unrelated GTA produced by Bartonella spp., where particle release and DNA uptake are restricted to the
subpopulations with the highest fitness [10] and thus the GTAs are more likely to transfer genes that offer
a benefit to the recipient cell. However, a modelling approach did not find support for any fitness
advantage to GTA-producing over non-GTA-producing populations as the resulting gene transfer did not
compensate for the loss caused by GTA release [11], which requires cell lysis of the producing
subpopulation of cells [8,11]. Perhaps GTAs are simply defective remnants of previously functional
prophages [8,12], but this is difficult to reconcile with the findings that the RcGTA-related genes are
under purifying selection [13] and that the production of RCGTA is co-regulated with the ability of cells
to receive DNA from the particles [14]. Alternatively, an immunological function of GTAs has been
proposed where GTAs transfer prophage DNA that can be incorporated into a recipient cell’s CRISPR-
Cas array and thereby “vaccinate” the cells before an actual infection takes place [11].

The RcGTA family gene clusters show an increased GC content ((G+C)/(A+T+G+C)) relative to
the rest of the genome, which results from a bias in the encoded proteins to contain amino acids that have
a lower carbon content [3]. This could be important for the production of GTASs during nutrient limitation,
as observed for RcGTA [12]. A previous analysis of different factors associated with GTA gene
expression [15] drew our attention to the localization of the GTA gene clusters in regions of especially
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high GC skew, which is the normalized ratio of guanine to cytosine ((G-C)/(G+C)) and different from
absolute GC content, in two considered species, R. capsulatus and Dinoroseobacter shibae. Circular
bacterial chromosomes can be divided into two halves, the right and left replichores, based on the
orientation relative to the origin (ori) and terminus (ter) of replication. The GC skew typically has
positive values on the right replichore and negative values on the left replichore as guanine and cytosine
dominate on the leading and lagging strand, respectively [16,17,18,19,20,21]. This asymmetric
distribution is thought to be largely driven by deamination of cytosine to thymine, which might be
affected by DNA replication since the distribution pattern matches replication directionality [21,22]. This
chromosomal composition bias is increased by some factors, such as an elevated growth rate [20], and
decreased by others, such as recombination [23], and an overall more pronounced GC skew correlates
with lower numbers of repeats [24]. Repetitive sequences and mobile genetic elements such as prophages
can facilitate chromosomal rearrangements that reduce genomic stability, although these increase
genomic plasticity and can provide an organism with greater adaptability [25-27].

Motivated by these previous observations related to DNA composition patterns, we performed
a comprehensive genome sequence and structure analysis focused on patterns of GTA gene cluster
conservation in four orders of the Alphaproteobacteria. This revealed trends in their localization, GC
skew, codon usage, and potential DNA methylation and led to the overall conclusion that GTA genes

share multiple properties with core genes in these bacteria.

4.3 Methods

Analyses were carried out with R studio version 4.0.3 and relevant packages (Table 4.1).

4.3.1 Genome dataset and chromosome reorientations

Closed genomic sequences from bacteria within four alphaproteobacterial orders, the
Rhodobacterales (n=147), Sphingomonadales (n=114), Caulobacterales (n=30) and Rhizobiales (n=462),
were obtained from the NCBI GenBank assembly database (e.g.,
https://www.ncbi.nlm.nih.gov/assembly/?term=Rhodobacterales) on 12 March 2019. Accession numbers

of sequences used are provided in Table S4.1. We note that there have been subsequent taxonomic
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revisions among these bacteria but do not believe these detract from the utility or meaning of our analyses
as based on this previous, long-standing taxonomic organization. The origin of replication (ori) was
identified on each chromosome using Ori-Finder and default settings [28]. The ptt files were generated
from gbff files (https://github.com/sgivan/gb2ptt#gh2ptt), downloaded from NCBI on 23 April 2019.
Only chromosomes where one ori could be unambiguously identified were subsequently included in the
investigation. We next determined the locations of the gene encoding the GTA major capsid protein
(MCP) and found that all were located on the presumed major chromosomes (largest replicons) that were
used for subsequent analyses.

Depending on the analysis, the positions of ori or the GTA MCP gene were used to reorient the
DNA fasta and gff files using custom R functions that are available within the newly developed package
“reorientateCircGenomes” (https://github.com/SonjaElena/reorientateCircGenomes.git). This package
simplifies reorientation of sequences within fasta and gff files that originate from NCBI or Prokka based
on base pair location or ProteinID. It can also be used to visualize circular chromosomes with strand

information, GC skew, and locations of selected genes.

4.3.2 Homology analysis

To identify homologous proteins, and thus gene families, in the genomes from the different
orders, all proteins were blasted against each other and a matrix was generated for each order using
Proteinortho version 5.16b [29]. The criteria to be considered a homolog were an e-value <le-05, identity
>30%, and coverage >75%. Based on the identification of specific genes of interest (e.g., the GTA major
capsid protein gene) in reference organisms’ genomes, this database was then used to identify homologs
in the other genomes. The reference organisms for the Rhodobacterales, Sphingomonadales,
Caulobacterales, and Rhizobiales are Dinoroseobacter shibae DFL 12 (= DSM 16493), Sphingopyxis
alaskensis RB2256, Brevundimonas subcrescentus ATCC 15264, and Brucella suis 1330, respectively. A

protein was designated a core protein if it was present in >90% of all genomes within an order.
4.3.3 DNA composition analysis

The GC skew was calculated as (G-C)/(G+C) for a sliding window of 10000 bp. For cumulative
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visualizations, the sliding window size was set to 0.1% of the chromosome lengths and then the mean GC
skew of all organisms being considered was calculated.

GC skew peaks were identified independently of the reversal of the right and left replichores by
using sliding quantiles to identify the local GC skew minima and maxima. The positions on the
chromosome with GC skew values that belonged to the upper or lower 3% of the GC skew values in a
sliding window of 150000 bp were identified. Genes located at these locations were then identified for
further analyses. The relative GC skew was calculated as (GCsample—GCcontrol)/GCcontrol [3]. The GC
content of genes was calculated as G+C over the length of each protein coding region.

To examine the GC skew of prophages in relation to their respective host genomes, the insertion
positions on the chromosome were determined using PHASTER [30]. Hits that overlapped with GTA
locations, identified by ProteinOrtho, were attributed to be part of GTAs. To compare the GC contents
and skews of GTAs and phages, the genomic sequences of phages that infect bacteria in the four
considered orders were downloaded from the NCBI virus database (on 4 November 2020). The GC
contents and skews were determined over sliding windows of 1000 bp for the phages and per gene for the

GTAs.

4.3.4 ldentification of repeats, methylation motif sites and large-scale inversions
Repetitive elements were identified with RepSeek [31]. Only repeats with a length >800 bp and
identity >90% were included to focus the analyses on long and highly similar repeats that are more prone
to recombination [32]. We excluded overlapping repeats because these are probably not a major reason
for large-scale chromosomal rearrangements. CcrM methylation potential was examined by searching for
the GANTC motif in the DNA sequences. To rule out that the pattern we observed was caused by base
composition instead of a possible methylation site we also examined variations of this pattern that have
equal base compositions (CGANT, CTGAN) (Figure S1). Large-scale chromosome rearrangements were

identified by visual inspection using MAUVE with the option progressiveMauve [33].

4.3.5 Codon usage

The DNA sequences for each open reading frame (ORF) were extracted from the genome fasta
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nucleotide acid files, based on the position information in the annotation (gff) files using the Biostrings
and Genomic Ranges packages in R (Table 4.1). After sorting the ORFs of each organism according to
whether they were found in GC skew peaks or not, the occurrence of each codon in each group was
counted. The means per codon for both groups and for each organism were then calculated. The relative
codon usage was determined as (peak—not-peak)/not-peak. For visualization, codons were grouped based

on the encoded amino acids.

4.3.6 Phylogenetics

To identify closely related strains in which the location of the GTA gene cluster was switched
between right and left replichores, a phylogenetic tree was generated for each order using RNA
polymerase [ protein (RpoB) amino acid sequences. Those RpoB sequences were identified with
ProteinOrtho using sequences AAV96733.1, AAN30162.1, ANF54622.1 and ABF53199 as references for
the Rhodobacterales, Rhizobiales, Caulobacterales, and Sphingomonadales, respectively. The alignments
and trees were generated with MEGAX [34]. The default settings were used for pairwise and multiple
alignments. Partial deletion with a delay divergent cutoff of 30% was used for gaps and missing data. The
trees were constructed with the maximum-likelihood method. The branching patterns were evaluated
using 100 bootstrap replicates, and the LG model was applied with gamma distribution at invariant sites.

The site coverage cutoff was 95%.

Table 4.1. List of R (version 4.0.3) packages used in this study.

Package name Version Reference
Tidyverse 1.3.0

Biostrings 2.54.0

GenomicRanges 1.38.0

Ggbio 1.34.0 [60]
XML 3.99-0.3

RCurl 1.98-1.1
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Ringo 1.50.0 [61]

BSgenome 1.54.0

ggExtra 0.9

DescTools 0.99.34

coRdon 1.4.0 [62]

rlist 04.6.1

genoPlotR 0.8.9 [63]
reorientateCircGenomes 0.0.1 This study

4.4 Results and Discussion

4.4.1 Dataset generation

Closed genomic sequences were downloaded from the NCBI database for four orders of the class
Alphaproteobacteria. These orders were chosen based on their high numbers of available complete
genomic sequences and their high level of GTA gene cluster conservation [3]. The Rhizobiales had the
most genomes (462), followed by the Rhodobacterales (147), Sphingomonadales (114) and
Caulobacterales (30) (Table 4.2). To standardize analyses of gene localization, repeats and methylation
motifs, all chromosomes were reoriented to the origin of replication (ori). Genomes were excluded when
a single ori could not be unambiguously identified. For GTA gene cluster-related analyses, further dataset
reduction was made based on presence of the major capsid protein (MCP) gene. These selection criteria
resulted in a reduced set of genomes available for analysis (Table 4.2). Repeating the analyses with only
one representative strain per species for the Rhodobacterales and Rhizobiales showed that there was no

bias in the results caused by overrepresentation of strains for certain species (data not shown).
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Table 4.2. Number of genomes available for analysis based on selection criteria.

Order Closed One unambiguous GTA major capsid

genomes origin of protein (MCP)

replication (ori) gene?

One representative

strain per species

Rhizobiales 462 133 76
Rhodobacterales 147 70 59
Sphingomonadales 114 17 6
Caulobacterales 30 8 4

71

45

17

8

2 Based on more than one representative strain per species; final number of genomes included in analysis.

4.4.2 GTA gene clusters are located on the leading strand, close to the terminus of

replication, and far from repeat regions

As expected, based on previous analyses, presence of complete GTA gene clusters was the most

well conserved in genomes of Rhodobacterales members, followed by the Rhizobiales,

Sphingomonadales and Caulobacterales (Figure 4.1). The localization was conserved near the

chromosomal replication terminus (ter) in the Rhodobacterales (Figure 4.1) and to a lesser extent in the

Rhizobiales. The clusters were more scattered in the Sphingomonadales and tended to be halfway

between ori and ter in the Caulobacterales (Figure 4.1).
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Figure 4.1: Localization of GTA gene cluster genes on alphaproteobacterial chromosomes. The chromosomes were
normalized for scale, ori-oriented (top and bottom), and divided in 16 parts. Each gene is represented in one column and labeled
according to the D. shibae locus tags (bottom); for reference, Dshi_2174 encodes the major capsid protein. The heatmap indicates
the number of a gene’s homologs located in the region of the chromosome, according to the scales above, and grey indicates no
homolog was found in a region. The differences in the numbers of individual genes detected in the orders is due to differences in

the degrees of conservation of the gene cluster among the orders.

Long repeats (>800 bp) enable homologous recombination [34] and can be responsible for
extensive chromosomal rearrangements. Indeed, recombination events between repetitive elements were
identified as the likely explanations for the GTA gene cluster’s location on different replichores in closely
related species in the Rhodobacterales and Rhizobiales. For example, the replichore switch observed
between Phaeobacter inhibens 2.10 and P. galleciensis was associated with regions containing many
transposable elements (Figure S2), which are often the cause of homologous recombination [35].
Similarly, the recombination event associated with replichore differences between Brucella suis and B.
abortus was due to a region with paralogous genes (Figure S2).

The MCP gene was found on the leading strand of DNA replication in all but five genomes of the
Rhodobacterales and Rhizobiales, irrespective of the replichore the cluster was located on (Figure S3).
DNA replication and transcription occur simultaneously in bacteria and head-on collisions between the
replisome and RNA polymerase lead to disruptions of both processes that require conflict resolution
mechanisms [36]. This has a strong effect on genome organization and evolution because conflicts occur
more often on the lagging strand (head-on), and genes oriented this way have higher mutation rates [37].
These disruptions are less common for genes on the leading strand (co-directional) [38,39,40] and slower
evolving core genes tend to have this orientation [39,41]. Therefore, the GTA genes are like core genes
with respect to gene orientation on the chromosome and although recombination events switch GTA gene
clusters between replichores, the orientation of the clusters on the leading strand of DNA replication is

maintained.
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4.4.3 Cumulative genomic GC skew reveals a unique pattern associated with

Rhodobacterales GTA clusters

A typical GC skew pattern for a circular genome is positive on the right replichore and negative
on the left replichore. It has been 81lypothesized that inversions from the co-directional to head-on
orientation can be traced by a sign change of the GC skew (e.g. right replichore, leading strand, positive
GC skew to right replichore, lagging strand, negative GC skew) (Table 4.3) [39]. We applied this
categorization to all genes whereby not following the typical GC skew indicates an inversion from the
other strand. By determining the proportion of genes present in the different genome orientations and with
different GC skews we found that co-directional localization was predominant in all four orders, with 8-
10% more genes located on the leading strand than on the lagging strand (Figure S4A). The overall
proportion of genes that follow the typical GC skew was similar in the four orders and ranged from 62.6%
to 66.8% (Figure S4B). This trend was most pronounced on the leading strand in the Rhodobacterales
(Figure 4.2A) and on the lagging strand in the Rhizobiales and Sphingomonadales, while equal numbers

of genes followed the typical GC skew on the leading and lagging strands in the Caulobacterales.

Table 4.3: Definitions and characteristics of terms related to GC skew and inversions.

Replichore  Strand Orientations  GC skew Typical GC Potential
of skew? inversion®

transcription

and
translation
Right Leading + Co- Positive Yes No
directional
Right Lagging - Head-on Negative No Yes
Right Leading - Co- Negative No Yes
directional
Right Lagging+  Head-on Positive Yes No
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Left Leading+  Co- Positive No Yes

directional
Left Lagging - Head-on Negative Yes No
Left Leading - Co- Negative Yes No
directional
Left Lagging+  Head-on Positive No Yes

2 Positive on the right replichore and negative on the left replichore.

b Those genes with GC skews that do not follow the typical GC skew pattern.

Approximately equal numbers of genes that follow the typical GC skew or are inverted were
found on the lagging strand in the Rhodobacterales (Figure 4.2A). Thus, the Rhodobacterales genomes
have the strongest conservation of the typical GC skew pattern on the leading strand but the lowest
conservation on the lagging strand. The same distribution pattern, although with a slightly stronger
preference for the leading strand, was found for core genes (Figure S4C). The differences between the
gene proportions (Figure S4C) was significant in all orders (Kruskal-Wallis rank sum test p-values:
Rhizobiales, <2.2x10-16; Rhodobacterales, <2.2x10-16; Caulobacterales, 3.8x10-8; Sphingomondales,
1.3x10-11) and also when only core genes were considered (Kruskal-Wallis rank sum test p-values:
Rhizobiales, <2.2x10-16; Rhodobacterales, <2.2x10-16; Caulobacterales, 2.2x10-6; Sphingomondales,
1.8x10-8). Thus, overall, the majority and similar proportions of genes follow the typical GC skew in all
four orders. However, these are mainly located on the leading strand in the Rhodobacterales and on the
lagging strand or equally distributed in the other three orders, indicating a distinct gene orientation trend

among the Rhodobacterales.
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Figure 4.2: GC skew analyses. A. Genes located on the leading or lagging strand following the typical GC skew
(positive or negative on the right or left replichore, respectively). The data are plotted as the percentage with the standard
deviation. B. Frequency of GC skew mean at all 1,000 locations of the cumulative genome. C. GC skew of the GTA gene clusters
relative to their respective “host” genome ((GC skew GTA-GC skew host)/GC skew host). The genome was divided into a left
and a right replichore, as the values of the GTAs on the right or left replichore would otherwise equalize. The significance of the
differences in distributions between GTA and “host” values was tested using the pairwise Wilcoxon test for the left and right

replichore separately.

Most organisms’ genomes follow the typical GC skew pattern, and it is considered an archetypal
genomic property. A high GC skew might reflect the original ancestral genome of the bacteria considered
here. Indeed, it was recently proposed that a deviation from this pattern could be used to detect
misassembled genomic sequences [40]. In the Rhodobacterales the expected skew is reduced on the
lagging strand due to increased inversions, with genes changed from co-directional to head-on orientation.
It is unclear why this pattern is found for this group, but it has been suggested that switching genes from

co-directional to the head-on orientation might have benefits by increasing evolvability [39] although this
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is still under debate [42,43]. There are three hypotheses on the evolutionary history of genome
architecture [39] whereby there is either a reduction of head-on genes, a reduction of co-directional genes,
or the original ratio is retained. While all four orders studied here have similar proportions of head-on and
co-directional genes (Figure 4.2A), the inversions on the leading and lagging strands change in different
directions in the Rhodobacterales compared to the other three orders, making it difficult to draw a general
conclusion from our analysis.

Next, we used cumulative representations of the GC skew (determined over a sliding window) to
evaluate the magnitudes of and patterns in the GC skews. The maximal deviations from zero were similar
in all four orders, but the patterns varied among them (Figure 4.2B). The GC skew values deviated
>+0.03 in the Rhodobacterales and Rhizobiales, resulting in clear bimodal distributions (Figure 4.2B). In
contrast, the distributions were closer to normal in the Sphingomonadales and Caulobacterales although
some bimodality could still be seen. The GTA gene clusters were predominantly located within GC skew
peaks in all four orders (Figure S5). Indeed, comparing the absolute GC skews of the regions where GTA
gene clusters are located to the remainders of the genomes showed that they have greater GC skews than
average (Figure 4.2C). Interestingly, the strongest deviations could be observed in the Sphingomonadales
and Caulobacterales, which have more genes with GC skews around zero (Figure 4.2B). This indicates
that GTA clusters tend to have high GC skews irrespective of the rest of the genome’s overall properties.
4.4.4 Correlation between GC skew and codon usage in the Rhodobacterales

A difference in GC skew value could affect the codon usage, so we examined which codons are
enriched in genes with a high GC skew. Therefore, we checked for potential differences in codon usage
between genes in GC skew peak and non-peak regions. In the Rhodobacterales we found that codons that
were overrepresented in GC skew peaks also had a significantly higher GC content (Figure 4.3). This
contradicts findings of a negative correlation between GC content and composition bias [23]. Although
the Rhizobiales and Rhodobacterales displayed very similar bimodal GC skew distributions, no
differences between the codon usage in peak and non-peak regions were observed in the Rhizobiales.

Similarly, no significant correlations were found for the other two orders. Next, we compared codon
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usage to codon GC skew. Significant positive correlations were found for the Rhodobacterales and
Caulobacterales (Spearman’s correlation coefficient p-values = 0.0002 and 0.012, respectively) (Figure
4.3). Hence, in the Caulobacterales GC content and in the Rhodobacterales the GC content and GC skew
positively correlate with codon usage, which suggests special codons are used in GC skew peaks and that

there is a distinct evolutionary process occurring in the Rhodobacterales.
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Figure 4.3: Relationships between codon usage and GC content or GC skew. The median relative codon usages for each order
were calculated from the mean codon usage values per genome (peak—non-peak/non-peak) and correlated with the GC content

(left) or GC skew (right). The Spearman correlation was used to test significance and p-values are given above the plots.

To determine what influence GC content and GC skew might have on codon usage, we selected
codons with identical GC content that encode the same amino acid and compared them based on their GC

skew and usage (Figure 4.4). We found that codons with higher GC skew were more predominant in GC
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GTA

with a higher proportion of guanine are preferred instead of cytosine. This was also true for GTA genes
Peak

skew peaks for the Rhodobacterales and Caulobacterales. Thus, in GC skew peaks of those orders, codons
compared to non-peak genes in all four orders (Figure 4.4). It was previously shown that GTA genes
preferentially encode amino acids with a lower carbon content, which results in increased GC content
[15,3]. However, our results show that these genes also preferentially use codons with increased GC

skew, which is responsible for the location of GTA gene clusters in GC skew peak regions.
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Figure 4.4: Relative codon usage in GC skew peak genes and GTA genes. Only codons that have a GC content greater
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than zero and codons specifying a particular amino acid that have the same GC content were considered. The relative codon
usage values for peak (or GTA) versus non-peak genes were calculated as (peak (or GTA))/non-peak. The GC content and skew
for each codon in each order are indicated based on their shape and color, respectively, according to the legend at the top right.



The codons are indicated at the bottom of the plots with dashed vertical lines separating the different amino acids, which are

indicated above the plots using their one-letter codes.

Nucleotide strand bias is generally attributed to cytosine deamination events that produce thymine
[21,44]. Therefore, cytosine levels should decrease as they are converted into thymine if deamination is
responsible for the GC skew. To see if there is a lower occurrence of cytosine in the GC skew peaks, we
examined codons for their G and C content and their relative usage. We found an increased codon usage
correlated with an increased G content in the Rhodobacterales and Caulobacterales, while the C content
tended to decrease (Figure S6). In the GTA genes, both the use of guanine and cytosine correlated
positively with the increase in codon usage (Figure S7). There was no significant change in guanine or
cytosine levels in the peak versus non-peak regions of the Sphingomonadales or Rhizobiales. This could
mean that deamination processes are not responsible for the GC skew or at least that they play a smaller
role than the preferred selection for guanine-containing codons in the Rhodobacterales and

Caulobacterales.

445 Core and GTA genes are commonly found in GC skew peaks

We found that core genes, defined as those present in >90% of all genomes of an order, were
accumulated in regions with GC skew peaks in all four orders (Figure 4.5A). The ratios of core genes in
peak to non-peak regions (calculated as percentage peak/percentage non-peak) were the most extreme in
the Rhodobacterales (32%) and Rhizobiales (14%) but were also >1% in the Sphingomonadales (2.4%)
and Caulobacterales (2.4%).

To investigate which genes are in GC skew peaks and how conserved their presence in peaks is,
we compared the numbers of members of gene families found inside and outside of peaks (without
differentiation according to the direction of the peaks) (Figure 4.5B). Besides the GTA gene cluster genes
that are strongly enriched in GC skew peaks in all four orders, there were multiple examples of genes
associated with central physiological processes, such as protein processing (i.e., chaperones; dnaK and

clpB), translation (ribosomes), cell division, nicotinamide adenine dinucleotide metabolism, flagellar
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motility, and recombination, that were frequently found in GC skew peaks (Table S2). Overall, although

core genes do not necessarily have to be in GC skew peaks, they are overrepresented in these peaks.
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Figure 4.5: Gene conservation in GC skew peak and non-peak locations. A. Number of orthologs in and outside of GC skew
peaks. The percentage of genes found in >90% of genomes in the orders Rhodobacterales and Rhizobiales or six and five
genomes of the Caulobacterales and Sphingomonadales, respectively (representing the numbers of genomes closest to 90%), is
shown inside the plot. B. Number of genomes in which an ortholog was found compared to how often the genes were in GC skew

peaks. GTA gene cluster genes are indicated in red.

The localization of GTA gene clusters as well as many core genes in genomic areas with GC skew
peaks was especially evident for the Rhodobacterales and Rhizobiales, which also have the most
pronounced GC skews of the considered orders. This is particularly interesting for two reasons. First,
these core genes have been conserved in a wide range of genomes over a long period of time and thus
originate from a common ancestor [45,42]. Second, the GTA gene cluster is believed to have evolved
from a prophage that integrated into the genome of a shared ancestor of multiple alphaproteobacterial
orders [2], which means that it has been present in these genomes as long as many of the core genes [13]
and also shares the property of being preferentially located in GC skew peaks. Thus, it is possible that the

original ancestor of these bacteria had a more extreme GC skew, which is supported by the following
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points. GTAs are evolutionarily related to phages, which have been shown to integrate into the host
genome in ways that maximize their success of replication, such as preferential integration on the leading
strand and closer to ter, and with counter-selection for motifs that could result in disruption of
macrodomain structures of the host genome (e.g., motifs associated with the ter macrodomain are not
found in prophages) [43]. The GTA gene clusters showed similar trends (co-directional orientation and
localization closer to ter), and possibly these properties have been maintained since evolving from the
original prophage. Regarding GC skew, however, prophages and the GTA gene cluster differ. We found
no preferential localization of phages in GC skew peaks (Figure S8), which also fits with their place as
accessory mobile genetic elements as opposed to core genes. Moreover, our results have some
commonality with findings for eukaryotes, in which highly conserved genes are also contained in
genomic regions with strong GC skew [46,47,48], and it was also shown that those highly conserved

genes encode proteins with longer half-lives [48].

4.4.6 Coreand GTA genes are located far from repetitive elements

Although GTA gene clusters are occasionally translocated between replichores (Figures S2 and
S3), the cluster itself and its orientation relative to the direction of DNA replication are well preserved.
Therefore, we investigated the stability of these localizations. Regions with repeats, especially long
repeats (>800 bp), represent hotspots for chromosome rearrangement and thus increase the local genome
plasticity. We found that the distance of GTA gene clusters to long repeats is higher than for most other
genes (Table S3). To investigate whether this characteristic is also shared by core genes we sorted all
genes into two groups according to their distances from the nearest repeat, with “far” being considered as
>1/1000 of the genome size (approximately >4 kb for most organisms) and “near” being considered as
<1/1000 of the genome size (approximately <4 kb for most organisms). Core and GTA genes were
predominantly found further away from repeats in all four orders (Figure 4.6) and therefore are localized
in regions with lower plasticity. Interestingly, a previous analysis of genomes from different phyla
showed that genomes with a stronger overall GC skew tend to have fewer repeats and it was concluded

that stable chromosomes have higher GC skews and less repeats [27]. As discussed above, it was
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previously documented that GTA genes have a higher GC content [3], and high GC content regions have
also been shown to have lower rearrangement frequencies [15]. Studies on the gammaproteobacterium
Vibrio parahaemolyticus and the epsilonproteobacterium Helicobacter pylori also showed that GC
content and plasticity regions are negatively correlated [49,50]. This could also contribute to the

conserved GTA gene cluster localization.
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Figure 4.6: Relationship of gene conservation to distance from repeats. Genes were classified as far from, >1/1000 of the
genome size (approximately >4 kb for most organisms), or near to, <1/1000 of the genome size (approximately <4 kb for most
organisms), repeats. The percentages of the number of genes found in >90% of the genomes are shown for the Rhodobacterales
and Rhizobiales. The percentages of genes found in more than six or eight genomes (representing the numbers of genomes

closest to 90%) are shown for the Caulobacterales and Sphingomonadales, respectively.

4.4.7 Relationship between DNA methylation and GTA gene cluster localization

One of the key RcGTA regulators is the response regulator protein CtrA. This regulator is almost
universally conserved throughout the Alphaproteobacteria [7,51], with shared and unique roles in
different lineages and acting as a key cell cycle regulator in some. In Caulobacter crescentus, where CtrA
has been best characterized, the ctrA promoter and multiple promoters of the CtrA regulon are targeted by
the methyltransferase CcrM and the transcriptional regulator GerA. CerM methylates the adenine residue
of the motif 5'-GANTC-3’, which the protein GerA then binds to and recruits the RNA polymerase to
initiate transcription from the associated promoter [52,53]. While it is well documented that methylation

has a strong influence on the CtrA phosphorelay and its regulon, and that CtrA controls the GTA gene
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cluster in Rhodobacterales members, a connection between all three components (CtrA, methylation by
CcrM and the GTA gene cluster) has not yet been investigated to our knowledge. Therefore, we analyzed
potential CcrM methylation patterns by determining the occurrence of the GANTC recognition motif over
the length of the chromosomes (normalized to 1000 bp). A strong increase in methylation motifs in the
region around ori was observed in all four orders (Figure 4.7). Strong and slight additional increases in

GANTC motif numbers towards ter also exist in the Caulobacterales and Rhodobacterales, respectively.
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Figure 4.7: CcrM GANTC methylation motif occurrence across chromosomes. The cumulative occurrence of the methylation
motif on chromosomes is plotted with chromosomes normalized to a length of 1000. The genomes were either oriented with
position 0 and 1000 representing the origin of replication (ori, top) or the GTA major capsid protein gene (MCP, bottom). A
LOESS curve was fitted to visualize local trends (red). The normalized genomes were divided into 100 parts in which the

occurrences of the GANTC motif were quantified, with the cumulative number of motifs plotted.

The reorientation of each chromosome such that the position of the MCP was the first gene showed
greater overall fluctuations in the GANTC motif pattern occurrences (Figure 4.7), probably due to the
greater variability in the localization of the GTA genes compared to ori (Figure 4.1). A slight drop in
GANTC numbers at the MCP gene can also be seen in the Caulobacterales and Sphingomonadales

genomes. In the Rhodobacterales, reorientation based on the MCP gene showed that this region had the
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lowest methylation potential across genomes, even though there is a slight increase in motifs near ter in
this group. The strongest conservation of GTA gene cluster localization is also found in this order, where
it is biased towards ter. This is in accordance with our previous study where the Rhodobacterales ctrA
gene was also found conserved near to ter and showed the lowest number of GANTC motifs in ctrA
promoter regions [54]. Hemi-methylation of this motif during replication has been found to be a signal for
transcriptional activation [55]. The presence of less GANTC sequences and its location near ter might
indicate that ctrA transcriptional control is uncoupled from replication in this group. However, future
studies are needed to show the potential significance of the low number of GANTC motifs in the GTA
gene cluster region.
4.5 Conclusion

In this study, we performed a comprehensive genome structure analysis for four orders of the class
Alphaproteobacteria to examine patterns of the RcGTA-type gene cluster localization, genomic GC skew,
and DNA methylation. We found that the GTA gene cluster shares properties with core genes, such as
localization in low plasticity regions, gene orientation on the leading strand of DNA replication, and
localization in regions of especially strong GC skew. These high GC skew regions at least partly arise due
to a selection for codons with higher GC skew and are not necessarily associated with codon GC content
enrichment. The GTAs studied here are proposed to have evolved from a phage that integrated into the
genome of an ancestral alphaproteobacterial host. Generally, phages try to mimic their host’s genome
structure [56], but we did not find any notable elevation of GC skew among phages and prophages.
Therefore, it seems that part of the evolutionary process of becoming a GTA included gaining this
elevated GC skew, and this might be connected to other properties these genes have in common with core

genes, such as their location in regions distant from repetitive elements.

4.6 Supplementary materials
This chapter includes two supplementary files that are available in digital format using this link:
The Word file contains the supplementary figures S1-S6. The Excel file S4.1 states the presence of

Ori and MCP in the analyzed genomes. Excel file S4.2 shows the number of homologues genes and
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10.

11.

presence in GC skew peaks per gene. This information is presented in four tabs, sorted by order. Excel

file S4.3 shows the distance of the major capsid protein to the closest repeat in four tabs, sorted by order.
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5 CHAPTER 5: Patterns of abundance, chromosomal localization, and domain
organization among c-di-GMP-metabolizing genes revealed by comparative genomics

of five alphaproteobacterial orders

5.1 Abstract
Background

Bis-(3’-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is a bacterial second messenger
that affects diverse processes in different bacteria, including the cell cycle, motility, and biofilm
formation. Its cellular levels are controlled by the opposing activities of two types of enzymes, with
synthesis by diguanylate cyclases containing a GGDEF domain and degradation by phosphodiesterases
containing either an HD-GYP or an EAL domain. These enzymes are ubiquitous in bacteria with up to 50
encoded in some genomes, the specific functions of which are mostly unknown.
Results

We used comparative analyses to identify genomic patterns among genes encoding proteins with
GGDEF, EAL, and HD-GYP domains in five orders of the class Alphaproteobacteria. GGDEF-containing
sequences and GGDEF-EAL hybrids were the most abundant and had the highest diversity of co-
occurring auxiliary domains while EAL and HD-GYP containing sequences were less abundant and less
diverse with respect to auxiliary domains. There were striking patterns in the chromosomal localizations
of the genes found in two of the orders. The Rhodobacterales’ EAL-encoding genes and Rhizobiales’
GGDEF-EAL-encoding genes showed opposing patterns of distribution compared to the GGDEF-
encoding genes. In the Rhodobacterales, the GGDEF-encoding genes showed a tri-modal distribution
with peaks mid-way between the origin (ori) and terminus (ter) of replication and at ter while the EAL-
encoding genes peaked near ori. The patterns were more complex in the Rhizobiales, but the GGDEF-
encoding genes were biased for localization near ter.
Conclusions

The observed patterns in the chromosomal localizations of these genes suggest a coupling of

synthesis and hydrolysis of c-di-GMP with the cell cycle. Moreover, the higher proportions and
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diversities of auxiliary domains associated with GGDEF domains and GGDEF-EAL hybrids compared to
EAL or HD-GYP domains could indicate that more stimuli affect synthesis compared to hydrolysis of c-
di-GMP.
5.2 Introduction
Bis-(3’-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is a near-ubiquitous second

Bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is a second messenger that was first
described for its role in regulating cellulose biosynthesis in Gluconacetobacter xylinus [1, 2], but which is
now recognized as near-ubiquitous and affecting a large variety of processes in bacteria [3, 4]. Cellular
concentrations of c-di-GMP are regulated in response to internal and external stimuli, and the resulting
changes can be part of bacterial adaptation to changes in their environment [5]. The cellular levels of c-di-
GMP are controlled by two groups of enzymes with opposing activities, where it is synthesized by
diguanylate cyclases (DGCs) and degraded by c-di-GMP-specific phosphodiesterases (PDES). DGCs
have conserved GGDEF domains and synthesize c-di-GMP from two molecules of guanosine
triphosphate (GTP) [6]. There are two distinct types of PDEs, with either EAL or HD-GYP domains, that
degrade c-di-GMP. Both types are able to break c-di-GMP into the linear 5’-phosphoguanylyl (3'-5")
guanosine (pGpG) dinucleotide [7, 8] which is then further broken down to two molecules of guanosine
monophosphate (GMP) by an oligo-ribonuclease [9, 10]. PDEs of the HD-GYP type can also break c-di-
GMP into two GMPs in one step [11, 12]. In addition, there are hybrid proteins that have both GGDEF
and EAL domains and thus represent a “biochemical conundrum”. It has been suggested that these
proteins can switch between synthesis and hydrolysis of c-di-GMP [13], with a protein’s activity
controlled by, for example, phosphorylation status [14] or dimerization [15]. However, it is also possible
that one of the domains is not functional. Based on the proteins characterized in detail, the most common
scenarios are that only the EAL domain or both domains are functional [16].

C-di-GMP levels can be controlled via transcriptional and translational regulation of gene
expression, or through post-translational modification of the synthesis and degradation enzymes as a

quicker response. Auxiliary domains can be present on the enzymes and include sensory, signaling and
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protein binding domains, and these can allow for rapid adaptation [17]. Cellular changes in c-di-GMP
concentration can result from a variety of input and output signals that are detected by the enzymes or
their regulators and that affect the production or degradation of c-di-GMP [18]. An analysis of genomic
sequences from different bacterial phyla found that members of the phylum Proteobacteria encode the
highest numbers of c-di-GMP-modulating enzymes [18].

In the Alphaproteobacteria, c-di-GMP has been examined for its role in many different processes,
such as the symbiosis of Sinorhizobium meliloti with plant roots [19] and related to its effects on the
regulatory network associated with the transcriptional regulator CtrA [20], which is highly conserved in
this class [21]. The CtrA phosphorelay consists of the histidine kinase CckA, the phosphotransferase
ChpT and the transcriptional regulator CtrA [22]. It has been suggested that its ancestral role in
alphaproteobacteria was related to the control of motility and recombination [23, 24], but there has also
been work establishing a link between this phosphorelay and c-di-GMP with respect to regulation of the
cell cycle and cell differentiation in Caulobacter crescentus [20, 25] and gene transfer agent (GTA)
production in Rhodobacter capsulatus and Dinoroseobacter shibae [26, 27]. C-di-GMP affects the CtrA
phosphorelay directly through effects on the enzymatic activity of CckA, which changes the
phosphorylation level of CtrA and thus its activity [28, 29]. The concentration of c-di-GMP also appears
to be affected by CtrA because loss of CtrA results in changes in the transcript levels of genes encoding c-
di-GMP-metabolizing enzymes [30].

The chromosomal positioning of genes can affect their functions in different ways and have
effects on multiple cellular processes. For example, gene location can influence the spatial distribution of
proteins within cells due to transcription-coupled translation [31]. Positioning can also have effects with
respect to the cell cycle because genes that are close to the origin of replication (ori) are replicated earlier
and are therefore temporarily present in higher copies than genes that are closer to the terminus of
replication (ter) [32]. An example where this has important implications was found in Bacillus subtilis,
where it was shown that the temporal copy number imbalances due to the opposite localization of genes
encoding members of a regulatory network influenced its output [33, 34]. Additionally, gene location can
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influence expression due to the state of DNA methylation through the cell cycle. The partially replicated
portions of the chromosome are hemi-methylated during replication starting at ori, and methylation status
can affect regulatory protein binding and transcription [35]. For example, and directly related to
regulatory systems already discussed above, one of the promoters where transcription of ctrA initiates is
only activated in the hemi-methylated state in C. crescentus [36]. It seems likely there are additional and
broader implications of gene location related to CtrA because a previous analysis also showed that
numerous genes that are connected to CtrA have conserved chromosome positions in members of the
Alphaproteobacteria [37].

C-di-GMP-modulating enzymes are broadly distributed in phylogenetically and metabolically
diverse bacteria. They are also very diverse with respect to their roles and regulation, with a wide range of
stimuli affecting c-di-GMP levels, and only a small proportion of the total diversity of these enzymes has
been characterized in detail [38]. Therefore, we were interested in identifying any underlying genomic
properties that these enzymes might share. We performed a comparative analysis of sequences containing
GGDEF, EAL, and HD-GYP domains from five orders of the Alphaproteobacteria, the Rhodospirillales,
Sphingomonadales, Rhodobacterales, Rhizobiales and Caulobacterales. We identified the auxiliary
domains present with these c-di-GMP-metabolizing domains and attempted to identify patterns regarding

enzyme occurrences, distributions, and chromosomal localizations.

5.3 Methods

5.3.1 Dataset

Protein sequences with identified EAL (PF00563), GGDEF (PF00990) or HD (PF01966)
domains from genomes of bacteria within five orders of the Alphaproteobacteria (Rhodospirillales,
Sphingomonadales, Rhodobacterales, Rhizobiales and Caulobacterales) were downloaded from the
EMBL website on 6 August 2020 (GGDEF: http://pfam.xfam.org/family/PF00990#tabview=tab7; EAL.:
http://pfam.xfam.org/family/PF00563#tabview=tab7; HD:
http://pfam.xfam.org/family/PF01966#tabview=tab7) [39]. Proteins with the HHExxxxxGYP motif from

within the HD sequences were then selected and considered PDEs while the remaining HD sequences
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were considered auxiliary domains if they co-occurred with a c-di-GMP-metabolizing domain. Proteins
with both EAL and GGDEF domains were placed in their own group (GGDEF_EAL).

All analyses were done in R version 4.0.3 with the appropriate packages as needed (Table S1).

5.3.2 Organism, domain, and genomic annotations

Sequence identifiers were extracted from the EMBL fasta files and used to access the respective
organism information from UniProt (e.g., https://www.uniprot.org/uniprot/\V4RSF5.txt) or EBI (e.g.,
https://www.ebi.ac.uk/ena/browser/api/summary/PNQ76602) [40]. The identifiers were also used to
withdraw the domain information from Pfam (e.g.,
http://pfam.xfam.org/protein/AOAONOK049#tabview=tab0). Domain annotations could not be withdrawn
for all sequences due to inconsistent html path formatting, which reduced the dataset (Table 1). The
identifiers were also used to obtain the NCBI protein identifiers from UniProt (e.g.,
https://www.uniprot.org/uniprot/ AOAONOK3V8.txt). Due to inconsistencies some sequences have
different version numbers (e.g., https://www.uniprot.org/uniprot/AOAONOK3V8.txt?version=1) and only
version 1 was subsequently considered in such cases. All sequence identifiers and html paths can be
found in Table S2. The NCBI identifiers were used to obtain genomic information from the gff and fasta

files, downloaded from NCBI in GenBank format.

Table 5.1: Genomes, genera, and species/strains available for analyses.

Order Closed One C-di-GMP- By By species
genomes | unambiguously metabolizing genera? or strains
identified ori domains
Rhodospirillales 132 75 EAL 42 62
GGDEF 47 71
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GGDEF_EAL | 48 74
HD-GYP 23 35
Sphingomonadales | 27 17 EAL 22 145
GGDEF 25 172
GGDEF_EAL | 26 174
HD-GYP 8 18
Rhodobacterales 187 69 EAL 123 308
GGDEF 132 333
GGDEF_EAL | 121 278
HD-GYP 11 16
Rhizobiales 424 133 EAL 77 227
GGDEF 90 257
GGDEF_EAL 93 266
HD-GYP 38 105
Caulobacterales 44 8 EAL 5 20
GGDEF 5 28
GGDEF_EAL |5 28
HD-GYP 1 1

& Genera numbers include any Sphingomonadales sp., Rhodobacteraceae sp., Rhizobiales sp., and

Caulobacteraceae sp. designations as one each.

5.3.3 Identification of chromosomal origins of replication

The origin of replication (ori) was identified for each chromosome using Ori-Finder and default
settings [41]. The ptt files were generated (https://github.com/sgivan/gb2ptt#gb2ptt) from gbff files,
downloaded from NCBI on 23 April 2019. Only chromosomes with one unambiguously identified ori

were subsequently included in the investigation, which reduced the dataset (Table 1). The terminus of
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replication (ter) was assumed to be opposite ori on the circular chromosomes [42].

5.3.4 Phylogenetic analysis

RpoB sequences (PF05000, RNA polymerase Rpbl, domain 4) were downloaded for the
members of each order and their NCBI identifiers were determined. Alignments were done using MAFFT
with L-INS-i option [43] in Geneious version 11.0.5 [44]. Phylogenetic trees were reconstructed using
IQ-TREE version 2.1.4 [45], with the best substitution matrix identified using ModelFinder. The
robustness of the analysis was tested using a bootstrap test (1000 replicates) [46] and a hill-climbing

nearest-neighbor interchange search [45, 47]. Trees were modified and annotated in iTOL version 5 [48].
5.4 Results

5.4.1 Occurrence of c-di-GMP-modulating domains

We quantified the genes encoding the domains associated with c-di-GMP synthesis and
degradation in members of the five alphaproteobacterial orders. This included those that contained one of
the GGDEF, EAL, or HD-GYP domains or both GGDEF and EAL domains. The GGDEF and
GGDEF_EAL sequences accounted for the highest proportions in all five orders at 35-48%, followed by
proteins containing an EAL domain that ranged between 8.9% and 23.4% of all sequences (Figure 1). The
HD-GYP domain-containing sequences made up the smallest share, accounting for only 0.3-5% of all
sequences, and co-occurrence of GGDEF or EAL with an HD-GYP domain was not observed (Figure 1).
Each c-di-GMP-metabolizing domain was found almost exclusively once per sequence, but there were a

few exceptions (Table S4).

Rhodospirilalles Sphingomondales Rhodobacterales Rhizobiales Caulobacterales
N =80, 1743 N = 174, 2849 N = 335, 2484 N = 266, 6273 N = 28,321
EAL EAL EAL EAL EAL
210 310 463 562 75
12% 10.7% 18.5% 8.9% 23.4%
604 0 0 0 0 0
35% 0% 0% 0% 0% 0%
0 0 0 0 0
0% 0% 0% 0% 0%
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Figure 5.1: Numbers of sequences with GGDEF, EAL or HD-GYP sequences in the five orders. The number of genomes and the
total number of sequences for each order are above the diagrams. The Venn diagrams show the numbers of sequences with both
GGDEF and EAL domains in the corresponding overlapping circles. The coloration is a gradient from the highest (red) to lowest

(white) values within each order.

Next, the numbers of c-di-GMP-metabolizing sequences in different genera were compared by
calculating the mean number of sequences per genus (Figure 2, Table S3). The c-di-GMP-metabolizing
sequences per genus decreased from the Rhizobiales, Rhodospirillales, Caulobacterales,
Sphingomonadales to the Rhodobacterales, but ranges of 1-72 (Rhodomicrobium and Neorhizobium),
1.7-51 (Ferruginivarius and Thalassospira), 3.6-14.2 (Phenylobacterium and Caulobacter), 3-25.4
(Croceicoccus and Novosphingobium), and 1-49 (Salicibibacter and Roseibium) were observed in the

respective individual orders.
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Figure 5.2: Mean number of c-di-GMP-metabolizing sequences per genome per genus in the different orders. The number of c-
di-GMP-metabolizing genes in a genus was divided by the number of strains considered in the respective genus. The mean values

from all genera of each order were used to make the box plot.
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For the subsequent investigation of the numerical relationships among the various domains, all
orders were analyzed (Figure S1), but due to the larger number of available sequences and therefore more
unambiguous results, we focused in particular on the Rhodobacterales and Rhizobiales. Examination of
the per genus ratios of genes encoding synthesizing enzymes to those encoding hydrolyzing enzymes, i.e.,
GGDEF:EAL, revealed that this ratio was always 2 or higher (Figure 3A). However, the ratio was more
consistently close to 2 across the Rhodobacterales (0.5-6) as compared to the Rhizobiales (1-16), where
there were more frequently higher numbers of GGDEF sequences and more variation among members of
this order. When the numbers of GGDEF and EAL domain sequences per genome were examined (Figure
3B), we found that the medians were 2 and 11 for GGDEF sequences and 1 and 2 for EAL sequences in
the Rhodobacterales and Rhizobiales, respectively. This again shows that genes encoding the synthesizing
enzymes occur more frequently than those encoding hydrolyzing enzymes in both orders. The
GGDEF:GGDEF_EAL ratios peaked at 1 in the studied orders except the Rhodobacterales where more
variability was observed and a higher proportion of members showed higher ratios (Figure 3A, Figure
S2). Interestingly, the relationships of the GGDEF.:EAL and GGDEF:GGDEF_EAL ratios showed
opposite patterns in the Rhodobacterales and Rhizobiales. While the GGDEF:EAL ratios were less
variable and most consistently at 2 in the Rhodobacterales, there was much greater variability in the
Rhizobiales. Conversely, there was more variability in the GGDEF:GGDEF_EAL ratios in the
Rhodobacterales but a distinct peak at 1 in the Rhizobiales. The relationship of GGDEF:HD-GYP
domains was found to be fairly consistent at 2.5:1 in the Rhodobacterales but highly variable in the
Rhizobiales (Figure 3A).

The large variability in numbers of c-di-GMP-metabolizing proteins among organisms stimulated
us to investigate their evolutionary relationships. Therefore, the number of c-di-GMP enzymes present in
different species was evaluated in a phylogenetic context (Figure S4). Some closely related groups were
found in which the numbers of c-di-GMP genes were similar. In the Rhizobiales there was a large cluster
in which the c-di-GMP-metabolizing gene numbers were elevated, and which consisted of several genera,
including Devosia, Fulvimarina and Rhizobium. Smaller additional clusters with increased c-di-GMP
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numbers that were less closely related were also observed. In the Rhodobacterales, the closely related
genera Stapia and Labrenzia stood out with their high c-di-GMP-metabolizing gene humbers. A
connection between phylogeny and c-di-GMP-metabolizing gene number could also be observed in the
Rhodospirillales. Here there were three clusters of organisms that had increased gene numbers and one
notable group was made up of three genera including Magnetospirillum, Magnetovibrio and
Telmatosprillum. A clear connection between phylogenetic relationships and numbers of c-di-GMP-
metabolizing genes was not observed in the Sphingomonadales, and it is difficult to make any statement

for the Caulobacterales because of the lower genome and gene numbers.
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Figure 5.3: Numerical relationships among c-di-GMP-metabolizing sequences. A. Ratios for GGDEF:EAL,
GGDEF:GGDEF_EAL, and GGDEF:HD_GYP sequences for the orders Rhodobacterales and Rhizobiales. The ratios were
calculated per genome and the mean per genus was plotted. The median is indicated by the black dot. B. Counts of sequences

with only a GGDEF domain or only an EAL domain per genome. The median value (50% quantile) is given on top of each box.
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5.4.2 Relationship between gene numbers, genome size, and location of c-di-GMP-
associated genes on secondary chromosomes

There was a statistically significant positive correlation between chromosome size and the
number of c-di-GMP-metabolizing genes in all five orders (Figure S5). We only included the largest
replicon in this analysis, although c-di-GMP-metabolizing genes were also found on secondary
chromosomes and extrachromosomal replicons. In five genomes from different genera of the
Rhodospirillales, six genomes from three genera in the Sphingomonadales, five genomes from five
different genera of the Rhodobacterales, 23 genomes from 13 genera of the Rhizobiales, and one genome
of the Caulobacterales c-di-GMP-metabolizing genes were found outside of the largest replicon (Table
S5). In Nitrospirillum amazonense CBAmc (Rhodospirillales), Rhizobium sp. NXC24 (Rhizobiales) and
Asticcacaulis excentricus CB 48 (Caulobacterales) more c-di-GMP genes were found on the second-
largest replicon and in Paracoccus denitrificans PD1222 (Rhodobacterales) equal numbers of c-di-GMP-
metabolizing genes were found on the largest and second-largest replicons.

Secondary chromosomes (defined as replicons >800 kb that are not the largest replicons in the
genome) contain genes that evolve faster [49] and are more common in the Rhizobiales (Figure 4). We
investigated if c-di-GMP-metabolizing genes were found outside of the largest chromosome more often
when secondary chromosomes were present. We found that only a small fraction of the genomes
examined in this study had secondary chromosomes in four of the orders (14.9% or 21 genomes of the
Rhodospirillales, 8.8% or 10 genomes of the Sphingomonadales, 10% or 15 genomes of the
Rhodobacterales, and 6.7% or 2 genomes of the Caulobacterales) whereas this was higher for the
Rhizobiales (44% or 204 genomes). There were c-di-GMP-metabolizing genes on the secondary
chromosomes in all orders and these accounted for 21.3%, 21.1%, 30%, 31.7% and 73.3% of all c-di-
GMP-metabolizing genes in the Rhodospirillales, Sphingomonadales, Rhodobacterales, Rhizobiales, and
Caulobacterales, respectively. We note that the high percentage of c-di-GMP-metabolizing genes
identified on secondary chromosomes in the Caulobacterales is based on only two genomes. Overall, the

results indicate that the presence of secondary chromosomes did not result in a greater proportion of c-di-
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GMP-metabolizing genes located there.
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Figure 5.4: Proportions of genomes with one, two or more than two replicons >800 kb in the five orders. The total numbers of

genomes in each order are above the plot.

5.4.3 Chromosomal organization patterns of c-di-GMP-associated genes

As discussed above, location on the chromosome can affect gene expression. We therefore
wanted to examine the localization of c-di-GMP-metabolizing genes on chromosomes relative to the
origin (ori) and terminus (ter) of replication. No obvious trend was observed in the Rhodospirillales,
while GGDEF and GGDEF_EAL sequences seemed less prevalent near ter in the Sphingomonadales
(Figure S6). The number of genes included in the analysis for the Sphingomonadales EAL group and all
groups for the Caulobacterales were so low that patterns might not be obvious even if present. However,
interesting patterns were evident in the Rhizobiales and Rhodobacterales (Figure 5). In the
Rhodobacterales the EAL and GGDEF_EAL sequences were predominately found near ori whereas
GGDEF sequences were predominately not close to ori and showed a tri-modal distribution with peaks
mid-way between ori and ter and around ter. In the Rhizobiales, clear patterns were observed for the
GGDEF and GGDEF_EAL sequences, which both showed multiple peaks but with opposing patterns.
The distribution of the GGDEF sequences showed three peaks, with the largest near ter and two smaller
peaks near ori. The GGDEF_EAL sequences peaked where the GGDEF sequences were lowest, mid-way

between ori and ter. Although there were far fewer sequences, the Rhizobiales HD-GYP group showed a
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similar trend as the GGDEF_EAL sequences, while there was no obvious pattern for the EAL sequences.
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Figure 5.5: Chromosomal locations of c-di-GMP-metabolizing genes. Cumulative distributions of c-di-GMP-metabolizing genes
on the chromosomes of Rhodobacterales and Rhizobiales, with lengths normalized to 100% where ori is at 0% and ter is at 50%.
The color-coded lines represent the estimate of the kernel density. Only closed genomes with one unambiguously determined ori

were used in this analysis.

Comparison of the similarities of distributions among the groups of genes indicated that the
Rhodobacterales EAL and GGDEF_EAL genes were similarly distributed (two-sample Kolmogorov-
Smirnov test; p-value = 0.16) while the EAL and GGDEF as well as the GGDEF and GGDEF_EAL pairs
were distributed differently (two-sample Kolmogorov-Smirnov test; p-values = 0.009 and 0.0008,
respectively). The Rhizobiales GGDEF and GGDEF_EAL genes were also distributed differently (two-

sample Kolmogorov-Smirnov test; p-value = 0.04).

5.4.4 Additional domains on c-di-GMP-associated proteins

It has previously been documented that proteins with c-di-GMP-metabolizing domains frequently
contain additional domains [20], hereafter referred to as auxiliary domains, which presumably function in
many cases to regulate the c-di-GMP-related enzymatic activities. Only the Rhodobacterales and
Rhizobiales are discussed in detail here because of the larger numbers of sequences available for these
orders, but similar trends were also observed in the other three (Table S6, Figure S7). Auxiliary domains
were associated with all four c-di-GMP sequence groups and there were 101 different auxiliary domains
found across all five orders and sequence groups. We note that the auxiliary domains analyzed here are
those that are identified and specified in databases but recognize that some of the sequences will have

uncharacterized domains that are not captured there. We plotted the length of EAL-containing sequences
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and this showed that all those with identified auxiliary domains were >375 amino acids long (Figure S8).
The proportions of those without identified auxiliary domains that were <375 amino acids long were 49%
in the Rhizobiales and 82% in the Rhodobacterales, indicating that some of these proteins likely contain
auxiliary domains but these remain to be recognized and annotated in the sequence databases. The same
analysis with GGDEF sequences revealed that all sequences containing identified auxiliary domains were
>275 amino acids long (Figure S8). The proportions of those without identified auxiliary domains that
were <275 amino acids long were 13% in the Rhizobiales and 30% in the Rhodobacterales and, therefore,
most of these sequences likely also contain currently unannotated auxiliary domains.

In both the Rhodobacterales and Rhizobiales the GGDEF group had the highest variability among
auxiliary domains, followed by GGDEF_EAL, EAL and HD-GYP sequences (Figure 6A). However, this
could be driven by the higher number of sequences containing GGDEF domains compared to other
domains (Figure 1). The GGDEF and GGDEF_EAL groups had the greatest overlap of auxiliary domains
whereas there were only a few unique domains present with the EAL and HD-GYP domain-containing
sequences. Overall, there were uniform distributions of sequences that contain none, one, or more than
one auxiliary domain (Figure 6B, Figure S7). The HD-GYP group had the highest proportion of
sequences with auxiliary domains, followed by the GGDEF_EAL, GGDEF and EAL groups (Figure 6B).
The GGDEF_EAL group had the biggest proportion of sequences that had more than one auxiliary

domain on individual proteins.
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Figure 5.6: Occurrence of auxiliary domains on c-di-GMP-metabolizing proteins of the different enzyme groups. A. Numbers of
different auxiliary domains that can be found for each group and shared among groups. The first number below the group
identification (EAL, GGDEF, GGDEF_EAL, HD-GYP) indicates the number of auxiliary domains in the respective group and

the second number indicates the number of sequences these domains are found in. The c-di-GMP-metabolizing domains
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themselves are not included in this analysis. The color code of the Venn diagram represents the domain counts from the highest
(red) to zero (white). B. Percentage of sequences with none, one, or more than one auxiliary domain. The number of sequences
included in this analysis is given above the group identification. Repeated occurrence of a domain in a sequence was counted as

one.

Some auxiliary domains were more commonly found in certain groups and some of these co-
occurrences were conserved across the five orders (Tables S6 and S7). A previous study reported that
cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA (GAF) and Per-Arnt-Sim (PAS) were the
most common auxiliary domains associated with GGDEF domains in various bacterial species [17]. The
GAF domain is a sensory domain involved in light sensing and it and the PAS domain have been found in
phytochromes [17, 50]. In our GGDEF sequences, the response regulator receiver (REC) domain and
PAS domain variants dominated. Cognate histidine kinases modulate REC domain-containing proteins
through their phosphorylation status via their kinase and phosphatase activities, which are themselves
regulated by various signals. The phosphorylation status of the REC domain then controls the activity of
the associated output domain (e.g., GGDEF). In the EAL group REC domains, CSS-motif (Pfam
PF12792) domains and GAF_2 domains were most common. CSS-motif domains are known for roles in
redox sensing [17]. The Caulobacterales EAL sequences were an exception, because these were most
often associated with histidine kinase and phosphotransferase domains that act upstream of REC domains
in histidyl-aspartyl phosphorelay systems. In the GGDEF_EAL sequences, the PAS subfamilies PAS 3,
PAS 4, PAS_7 and PAS 9, as well as the MHYT domain were most common. The MHYT domain
consists of six transmembrane segments and it has been suggested to function in O2, NO and CO sensing
[51]. In the HD-GYP sequences HD_5 and two domains of unknown function, DUF3369 and DUF3391,

were the most prevalent.
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Figure 5.7: Weighted graphs representing the co-occurrences of auxiliary domains with c-di-GMP-metabolizing sequences.
Auxiliary domains occurring together are connected by lines with the size and red color of the node indicating higher frequency
of co-occurrence with other domains. Lengths of edges represent the number of times the connected domains co-occur, and the

sizes of the points indicate the number of times these domains occur. All full domain names are provided in Table S8.

Despite detailed knowledge on the structure and function of DGCs and PDEs, it has remained
challenging to assign physiological roles to individual proteins. Analysis of the co-occurrence of
additional domains might aid in assigning those roles. Therefore, we next investigated which additional
domains occurred together and constructed co-occurrence networks (Figure 6, Table S8). We focused on
the Rhodobacterales and Rhizobiales because more sequences with more than one auxiliary domain were
available for these orders. Most of the Rhodobacterales GGDEF sequences that had more than one
auxiliary domain had co-occurrences of two specific auxiliary domains (Figure 7). Exceptions were
phytochrome (PHY), PAS, GAF, histidine kinase, adenylate cyclase, methyl-accepting protein and
phosphatase (HAMP) domains, which co-occurred with two or three other domains. PAS domains were
dominant in co-occurrences with many other domains in the GGDEF and GGDEF_EAL groups of both

orders as well as the Rhizobiales’ EAL group (Figure 7). Linkage of one domain with a variety of others
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creates complex patterns, such as found for the GGDEF sequences of both orders where calcium channels
and chemotaxis receptors (dCache_1), GAF_2, HAMP and cyclase/histidine kinase-associated sensory
extracellular (CHASE3) domains formed a network. The Cache and CHASE domains are extra-
cytoplasmic sensory domains [52, 53] while the HAMP domain is usually found in integral membrane
proteins that transmit conformational changes from periplasmic ligand-binding domains to cytoplasmic
domains as part of histidyl-aspartyl phosphorelay signaling [54]. In the GGDEF_EAL sequences of both
orders and the GGDEF sequences of the Rhizobiales, the PAS domains were notable because they are the
domains connected with the most other auxiliary domains. Interestingly, the EAL sequences of the
Rhizobiales had one cluster composed of the same domains that are most prevalent in the EAL sequences
of the Caulobacterales (Table S7). These are the HisKA domain (activated via dimerization and able to
transfer a phosphoryl group often as part of histidyl-aspartyl phosphorelay systems [55]), the Hpt domain
that mediates phosphotransfer in histidyl-aspartyl phosphorelay systems [56], the HAMP domain, and
HATPase that is found in multiple ATPases such as histidine kinases [57]. This shows that the EAL
sequences, when linked to auxiliary domains, are often part of signaling cascades, especially in the
Rhizobiales and Caulobacterales. The HD-GYP sequences showed two connections per order, one of
which seemed to be conserved in the Rhodobacterales and Rhizobiales and consisted of the DUF3369 and

REC domains.

5.5 Discussion

5.5.1 Association with diverse secondary domains suggests a wide variety of signals affect
DGC activity
Our analysis of the occurrence of the EAL, GGDEF, GGDEF_EAL and HD-GYP sequences in
orders of the Alphaproteobacteria showed that the GGDEF and GGDEF_EAL domains made up the
biggest proportions in all orders, followed by the EAL domains, while the HD-GYP domains accounted
for the smallest share. Compared to results from a study on c-di-GMP-metabolizing gene distributions
among prokaryotes, which found the overall proportions to be 50.4% GGDEF, 16.1% EAL and 33.5%

GGDEF_EAL [11], the alphaproteobacterial orders have slightly lower GGDEF and higher
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GGDEF_EAL proportions. Moreover, the GGDEF and GGDEF_EAL sequences are associated with
more different types of auxiliary domains and have a proportionally higher occurrence of auxiliary
domains, respectively. This suggests that the GGDEF_EAL proteins more frequently respond to
signals/stimuli, but the GGDEF-only proteins integrate a broader variety of signals. Thus, since GGDEF
domain sequences are more abundant and seem to have more and more diverse auxiliary domains than
PDE domain sequences, it could be that the synthesis of c-di-GMP is mainly controlled in response to
extracellular and intracellular signals while its degradation is more unspecific. Since the GGDEF_EAL
sequences of the Rhizobiales, like the EAL sequences of the Rhodobacterales, show a lower diversity of
auxiliary domains, they too could be responsible for unspecific degradation while increases in c-di-GMP
are more regulated. However, we note that this analysis is limited by its reliance on detecting recognized
auxiliary domains while it is likely that some of these proteins contain currently unrecognized auxiliary

domains.

5.5.2 Importance of EAL-type PDE domains in Proteobacteria

Proteins with only EAL domains outnumbered those with HD-GYP domains at least two-fold in
all orders. This agrees with a previous analysis of these domains in several phyla where the
Proteobacteria, with the exception of the Deltaproteobacteria, and Oligoflexia were the only investigated
phyla in which EAL domains outnumbered HD-GYP domains [58]. The driving forces behind the trends
for relative abundances of these two different types of PDEs are not clear and likely require a larger
phylogenetic analysis to untangle. More information on the specific roles of individual proteins is also
required. The possible activities of proteins with both GGDEF and EAL domains, which are even more

abundant than PDEs without GGDEF domains, further complicates the situation.

5.5.3 Shared genomic features of the Rhizobiales GGDEF_EAL and Rhodobacterales
EAL sequences
Interestingly, multiple commonalities exist between the GGDEF_EAL sequences of the

Rhizobiales and the EAL sequences of the Rhodobacterales. Both gene groups are biased for localization

away from ter, and their relative abundances compared to GGDEF sequences are reversed in the two
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orders. The GGDEF:EAL ratio is very consistent in the Rhodobacterales but there is no such consistency
in the Rhizobiales. Conversely, while the GGDEF:GGDEF_EAL ratios were more varied in the
Rhodobacterales, they were much more consistent in the Rhizobiales. This could indicate that the roles of
the EAL sequences in the Rhodobacterales are swapped with GGDEF_EAL sequences in the Rhizobiales.
However, the hybrid nature of GGDEF_EAL sequences makes this difficult to conclude. The two
activities can be switched, e.g., by dimerization, which is required for GGDEF but not for EAL activity
[15], or through regulation by auxiliary domains [14, 59, 60]. However, a study of the conservation of
amino acid patterns showed that the catalytic activity in hybrid sequences is most often preserved in both
domains or only in the EAL domain [16]. Future studies must show whether the Rhizobiales hybrid
sequences have mainly retained EAL activity and thereby compensate for the lack of EAL sequences near
ori, assuming they are involved in the same functions as the Rhodobacterales EAL sequences that are also
positioned near ori. This could potentially be initially evaluated through a large-scale bioinformatic
analysis of the enzymatic domains in the Rhizobiales GGDEF_EAL hybrids to look for conservation of

known critical residues required for DGC and PDE activity.

5.5.4 Conserved chromosomal positioning

In the two orders with the most available data, the Rhodobacterales and Rhizobiales, there is a
clear conservation of the Rhodobacterales EAL- and GGDEF_EAL- and the Rhizobiales GGDEF_EAL-
encoding genes away from ter while the GGDEF-encoding genes are predominant on the ter-proximate
half of the chromosome in both orders. Overall, the concentrations of GGDEF genes peak when the EAL
and GGDEF_EAL genes in the Rhodobacterales and the GGDEF_EAL genes in the Rhizobiales drop.
This could indicate that there is more c-di-GMP degradation in the cell near the ori and more synthesis
near the ter in the Rhodobacterales, which could also apply to the Rhizobiales should it turn out that the
hybrid sequences primarily act as PDEs (discussed above).

There are multiple potential effects caused by the chromosomal locations of specific genes. The
observed chromosomal localization patterns revealed in this study might affect cellular c-di-GMP

concentrations during the cell cycle. Genes that are close to ori are replicated earlier than genes that are
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close to ter, which leads to a temporary copy number imbalance between genes at these two locations
[32]. In B. subtilis, the opposite location of two genes encoding components of a phosphorelay with
respect to ori and ter leads to temporal copy number imbalances, and this allows spore formation to only
take place at the end of the cell cycle when the balance between the regulators is restored [33, 34]. In
Vibrio cholerae, moving genes from ori to ter and thus reducing their copy number during the cell cycle
has an impact on growth and infectivity [61, 62]. Such copy number imbalances can be pronounced in
organisms that initiate multiple rounds of DNA replication within individual cells, such as Escherichia
coli [63], although there is no evidence this occurs in members of the alphaproteobacteria. Regardless, it
is possible that the biased localizations of genes encoding c-di-GMP-metabolizing enzymes we observed
could have some effects on cellular c-di-GMP concentrations through temporary copy number
imbalances, but future experimental work is required to evaluate this.

Another effect of localization could be manifested through DNA methylation, where the
chromosomal DNA changes from fully methylated to hemi-methylated during replication. This change in
methylation can affect gene transcription. For example, the p1 promoter of the ctrA gene in C. crescentus
is only active in the hemi-methylated state. Thus, ctrA, which is localized near ori, is transcribed more
during DNA replication because it is hemi-methylated right at the beginning of the cycle. However, any
broad role of methylation in regulating transcription of genes encoding c-di-GMP-metabolizing enzymes
is currently unknown and future work is required to investigate this possibility.

5.6 Conclusions

C-di-GMP-metabolizing enzymes are very diverse, and the specific roles and functions of only
a few of these proteins are known. In this study new patterns and common properties for these
proteins were identified in members of the alphaproteobacteria. We systematically examined gene
occurrence, localization on the genome, and the presence of auxiliary domains. In the
Rhodobacterales and Rhizobiales, the EAL and GGDEF_EAL sequences, respectively, are primarily
located away from ter while GGDEF sequences are biased towards ter. Additionally, the EAL and

GGDEF_EAL domain-containing sequences show lower diversity and occurrence of auxiliary
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domains compared to the GGDEF sequences. There are several known examples in which
chromosome localization of genes is important, and this can manifest in different ways such as
through changes in copy number and methylation status during the cell cycle. The patterns we found
support the suggestion that the chromosomal localization of c-di-GMP-metabolizing genes is
important in these bacteria. Our findings also support the notion that the synthesis of c-di-GMP is
more regulated and responsive to a variety of specific signals whereas its degradation might be less

regulated and dependent on different stimuli.

5.7 Supplementary materials

This chapter includes eight supplementary files that are available in digital format using this link:

The Word file contains the supplementary figures 1-7. Excel file S5.1 represents the sequences
identifiers withdrawn from the different databases, Pfam, EBI and NCBI. Excel file S5.2 shows the
number of sequences per genus. Excel file S5.3 shows the identified domains in each sequence. Excel file
S5.4 represents the count of c-di-GMP-associated genes on chromosomes and plasmids. Excel file S5.5
shows the occurrence of secondary domains with cyclic di-GMP-modulating domain sequences. Excel
file S5.6 displays the frequency of association of all secondary domains that co-occur with c-di-GMP-
associated domains. Excel file S5.7 shows all domains found associated with one of the examined c-di-

GMP-associated domains.
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6 CHAPTER 6: Summary and future directions

GTAs are found in multiple bacterial phyla, and one type of GTA appears to be particularly widely
conserved in the large and diverse subphylum of the Alphaproteobacteria [1]. As such, they are an
important element of some of the bacteria dominating the oceans, like those of the Roseobacter group, the
metabolism of which has important consequences, e.g., on the global climate [2]. GTAs can transport host
genes between cells and thereby make an important contribution to the evolution and environmental
adaptation of species. Therefore, it is of interest to determine under which conditions GTAs are expressed
and what factors contribute to their conservation in bacterial genomes. To follow up on these questions |
applied computational, comparative analyses to publicly available genomic and transcriptomic datasets.

In the second chapter of this thesis, | used datasets from different studies, which include mutant
strains such as knockouts of genes encoding oxygen sensors and related physiological changes to
investigate the influence of environmental signals on the expression of known GTA regulators and the
GTA gene cluster itself in the two model organisms D. shibae and R. capsulatus. The analysis of these
transcriptomic data revealed that the Dnr/Fnr family of regulators, which are able to sense concentrations
of oxygen and nitrogen in the environment [3], repress the CtrA phosphorelay genes, which in turn
repress three of the four Dnr/Fnr regulators (fnrL, dnrD, and especially dnrF). In fact, direct binding of
FnrL to some promoters of the CtrA regulon was found in R. capsulatus. These results suggest that there
are direct and indirect interactions between these redox regulators and the CtrA phosphorelay that
regulates GTA gene cluster expression. This is consistent with findings by Pallegar et al. [4], who found
that oxygen influences the activity of a c-di-GMP-synthesising enzyme that is involved in the regulation
of GTAs in R. capsulatus. There are numerous other organisms in which oxygen and nitrogen availability
affects physiological traits [3,5]. This study provided the first links between Dnr/Fnr regulators and the
CtrA phosphorelay and GTA gene expression and showed their influence on various traits, such as
motility, that might be conserved in Alphaproteobacteria. However, due to the inclusion of datasets, that
were originally obtained for different purposes the results were not necessarily consistent in terms of
activation and inhibition or intensity of regulation. This makes it difficult to predict the actual reactions
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that take place in the cells and clearly highlights the importance of combining bioinformatic studies with
further laboratory investigations to determine from where these discrepancies originate. Despite these
difficulties, bioinformatic analyses allowed me to generate hypotheses and to perform preliminary
assessments to better define research questions and identify promising research lines, such as, in this case,
how oxygen concentrations affect GTA gene expression.

Another factor that influences gene expression and, ultimately, cell traits, is the localization of genes
on the chromosome. Therefore, in the third chapter | investigated the localization of genes related to the
CtrA phosphorelay, some of which involved in GTA gene regulation, in various alphaproteobacterial
orders. | found different degrees of localization conservation. In the Caulobacterales, the essential CtrA
phosphorelay connects replication and cellular differentiation. Here, the ctrA gene is located close to ori
and its expression is activated after the replication fork has passed this locus. Thereby, CtrA activity takes
place during the on-going cell cycle. By contrast, in the Rhodobacterales, ctrA is not essential, suggesting
that CtrA is not embedded in control of the cell cycle. It was found to be preferentially located near ter in
this group, which could indicate that the gene is expressed and can become an active protein once
replication is finished. Thereby it would be able to activate GTA gene expression when DNA replication
is over so that GTA production cannot start before DNA replication is completed. This study indicates
that there are selection pressures on many genes such as CtrA to have a preferential localization on the
genome.

The needed in vivo follow up, laboratory experiment where ctrA is moved to the proximity of ori in
one of these Rhodobacterales members could provide further insights on the importance of the location of
CtrA on the chromosome. If CtrA would then be expressed earlier during replication, the produced GTA
particles would reflect this by containing a higher concentration of ori-proximate DNA fragments.

In the fourth chapter | examined multiple genomic properties related to GTA gene cluster location.
As of now, no consensus has been reached to explain the strong sequence conservation of the
alphaproteobacterial GTAs. Using a computational investigation of genomes of five alphaproteobacterial
orders, | found that these clusters are located mainly on the leading strand of DNA replication and at high
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distances from long repetitive elements and therefore are positioned in genomic regions characterized by
lower plasticity, and therefore should evolve at lower evolutionary rates. Moreover, the locations of the
GTA gene clusters distinguish themselves by an extreme GC skew — a property that they share with core
genes. Especially in the Rhodobacterales, these GC skew regions arise from the preferential use of codons
with high GC skew values, i.e., if one amino acid is encoded by two codons with the same GC content,
the one with a higher GC skew value is preferably used. While not much is known about the impact of
GC skew in prokaryotes, GC-skewed regions in eukaryotes accumulate genes that encode proteins with
increased half-lives [6]. Thus, these results could help to determine the importance of GC skew in bacteria
in the future, although the hypotheses from this computational analysis should be tested by subsequent
long-term evolutionary experiments. For example, two codons encoding the same amino acid and with the
same GC content but with different GC skews could be swapped and the effect on the evolutionary rate,
mutational rate and protein stability monitored. However, it should be noted that not all properties could
be detected in all orders, e.g., the usage of codons with high GC skew was particularly prominent in the
Rhodobacterales and the location of the GTA gene clusters varied among the orders. This analysis was
also limited by the low number of genomes available for some groups. However, multiple genomic
characteristics about GTA gene clusters were revealed that should be considered as relevant factors in
their conservation.

In the last research chapter, | investigated in more detail the localization of genes encoding c-di-
GMP synthesizing and hydrolyzing enzymes for five alphaproteobacterial orders. These enzymes are
involved in the regulation of many important cellular processes such as maotility, the cell cycle and GTA
production. | investigated their occurrence and chromosomal positions, as well as the presence of
secondary domains. The genes encoding GGDEF domains, which are involved in c-di-GMP synthesis,
were the most abundant, followed by genes encoding GGDEF and EAL hybrids (GGDEF_EAL). These
hybride proteins also had the highest diversity of secondary domains. The phosphodiesterase domain-
containing proteins (EAL and HD-GYP) were the least abundant and diverse. On the chromosome,
proteins with GGDEF sequences dominated at the ter-proximate half, while those containing the other
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domains (GGDEF_EAL, EAL, HD-GYP) were preferentially found at the ori-proximate half in the orders
Rhodobacterales and Rhizobiales. This could lead to a degradation of c-di-GMP at the beginning of DNA
replication by PDEs followed by a build-up towards the end of the cell cycle by DGCs. An alternative
explanation for the distinct chromosomal locations of these genes could be a build-up of a c-di-GMP
gradient along the ori-ter axis. More secondary domains that can be used to sense environmental signals
or facilitate protein-protein interactions are found in the DGC containing sequences. This could indicate
that stimuli are mainly integrated at the synthesis phase of c-di-GMP while the hydrolysis is more
unspecific. However, this analysis was limited by the fact that in many cases the entries in the various
available databases for genomes, sequences and domain structures do not share the same identifiers and
annotations or are inconsistently formatted. In my analysis | used a database in which DNA sequences are
sorted based on domain occurrence. However, the identifiers of these sequences were not compatible with
the database that contains the associated genome information. Therefore, a third database had to be
interposed in order to combine both. This procedure reduced the available dataset since not all sequences
or organisms were present in all databases.
6.1 Conclusions

Overall, the results of my work offer new insights into the genetic and gene transcription
mechanisms in Alphaproteobacteria associated with GTA gene clusters. This has contributed to a better
understanding of the importance of these GTAs and their evolutionary histories in these bacteria. My
dissertation identified several approaches that have proven useful to study these important aspects of
alphaproteobacterial genetics and biology. However, additional investigations must be carried out to
clarify further questions. For example, | found that signals from oxygen and nitrogen concentrations and
cell densities control a common gene regulon, but how exactly the networks are connected to each other
must be clarified in future investigations. In addition, | was able to show that the localization of genes
encoding many important regulators of the GTA gene cluster are strongly conserved on the chromosome
and the implications of this distribution need to be investigated in vivo. The localization of the GTA gene

cluster shows characteristics that are shared with core genes. However, why core and GTA genes are
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accumulated in regions with pronounced GC skew still needs to be clarified.
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