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“In the long run the practice of solidarity proves much more 

advantageous to the species than the development of individuals 

endowed with predatory inclinations.”  

 Pyotr Kropotkin, Mutual Aid: A Factor of Evolution 

 

  

https://www.goodreads.com/author/show/34296.Pyotr_Kropotkin
https://www.goodreads.com/work/quotes/1635591
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Abbreviations 

ALE  Adaptive laboratory evolution 

AHL N-Acyl-homoserine lactone 

ATCC  American Type Culture 
Collection 

CRISPR  Clustered regularly 
interspaced short palindromic 
repeats 

ChAP-Seq Chromatin affinity purification 
and sequencing 

ChIP Chromatin 
immunoprecipitation 

CGP1-3 Corynebacterium glutamicum 
prophage 1-3 

CgpS C. glutamicum prophage 
silencer 

DNA   Deoxyribonucleic acid 

DND   DNA phosphorothioation 

e.g.   exempli gratia 

et al.   et alii 

etc.   et cetera 

FACS  Fluorescence-activated cell 
sorting 

HGT  Horizontal gene transfer 

H-NS Histon-like (or heat stable) and 
nucleoid-structuring protein 

ICE Integrative and conjugative 
element 

 

LTEE Long-term evolution 
experiment 

MMC Mitomycin C  

NAP Nucleoid associated protein(s) 

NGS   Next generation sequencing 

ORF  Open reading frame 

PK   Pyruvate kinase 

PPP   Pentose phosphate pathway 

PSI-BLAST   Position-Specific Iterated 
BLAST 

RM Restriction-Modification 

RNA-Seq  RNA Sequencing 

ROS  Reactive oxygen species 

SNPs  Single nucleotide 
polymorphisms 

SPI Spontaneous prophage 
induction 

TCA   Tricarboxylic acid cycle 

TA  Toxin-Antitoxin 

Topo IA  Topoisomerase type IA 

UV   Ultraviolet 

v/v   Volume per volume 

WT   Wild-type 

w/v   Weight per volume 

XS  Xenogeneic silencer 

 

Further abbreviations not included in this section are according to international standards, as, for 

example, listed in the author guidelines of the Journal of Cell Biology. 

(http://jcb.rupress.org/content/standard-abbreviations) 
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1. Summary 
1.1 English summary 
Almost all bacterial genomes contain substantial amounts of viral DNA, which may significantly 
impact microbial physiology. The spontaneous induction of prophages (SPI) has been reported 
as a common phenomenon of lysogenic bacterial strains and occurs even in the absence of an 
external trigger. By sacrificing a small fraction for the good of all, SPI was shown to promote the 
fitness of bacterial communities and to contribute to horizontal transfer of genetic information. 
Generally, it is considered that SPI is triggered by sporadic DNA damage activating the host’s 
SOS response. However, various examples demonstrated that also alternative pathways may 
cause the activation of prophages. One of them includes specific counteraction of xenogeneic 
silencers (XS). XS such as Lsr2 of Mycobacterium tuberculosis and H-NS of Escherichia coli are 
small nucleoid-associated proteins, which preferentially bind and silence AT-rich foreign DNA. 
Furthermore, it is suggested that XS mediate the stepwise acquisition of potentially useful genes 
and enable a mutual adaption of the host and the foreign element. 

In the present thesis, the SPI of CGP3, a cryptic prophage of the industrial relevant 
Corynebacterium glutamicum strain ATCC 13032, was investigated to examine prophage-host 
interactions, focusing on the impact of CGP3 on host physiology and the regulatory control of 
this element. In a first set of experiments, the dynamics of the SOS response and CGP3 
induction were monitored by using promoter reporter fusions. Live-cell imaging of reporter 
strains in the microfluidic environment enabled to follow the fate of SOS and phage positive 
cells. This approach revealed that in ~63% of the cells an SOS response preceded prophage 
activation, whereas >30% of the cells displayed an SOS-independent CGP3 activation.  

SPI and CGP3 inducing experiments demonstrated that activation of CGP3 causes a growth 
arrest in all cells (or cell death), evincing that a small fraction of a C. glutamicum population is 
continuously lost due to SPI. This fitness burden was proven by a competitive growth 
experiment, where the prophage-free C. glutamicum strain MB001 showed a slight advantage in 
comparison to the wild type strain. Further on, comparative analysis revealed neither by 
phenotypic microarrays (>1100 conditions) nor by a long-term adaptive evolution experiment 
(>600 generations) significant disadvantages of strain MB001 regarding growth, genome stability 
and mutation frequencies. 

In previous studies, the prophage-encoded Lsr2-like protein CgpS was fished by a DNA 
affinity chromatography using an early phage promoter of CGP3. This work revealed that CgpS, 
in fact, inherits a crucial role as a silencer of cryptic prophage elements in C. glutamicum. In 
particular, ChAP-Seq experiments and transcriptome analysis confirmed the binding of CgpS to 
AT-rich DNA regions and repression of phage genes. Beside the similar mode of action and the 
XS-typical domain organization, CgpS can complement a Δhns phenotype in E. coli. 
Remarkably, bioinformatics analysis revealed that orthologues of CgpS/Lsr2 are present in 
several actinobacteriophages and occur even more likely in (predicted) temperate rather than in 
virulent phages. This finding emphasizes that XS-like systems may play important and so far 
overlooked roles in the interaction of bacteria and their phages. Besides maintaining a stable co-
existence, they may also be exploited as weapon by phages in the arms-race of bacteria and 
phages.  
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1.2 German summary 
Bakterielle Genome sind praktisch übersät von viralen zum Teil kryptischen Elementen, welche 
die Physiologie von Bakterien maßgeblich beeinflussen können. Vor allem die spontane 
Aktivierung von viraler DNA (SPI), oder viral-ähnlichen Elementen, in lysogenen Bakterien ist ein 
fundamentales Phänomen, welches sogar unter nicht induzierenden Bedingungen auftritt. Durch 
SPI wird zum Wohle der gesamten Population ein kleiner Anteil der Population „geopfert“, was 
die Fitness von pathogenen oder Biofilm-bildenden Stämmen fördern kann und gleichzeitig auch 
zum horizontalen Transfer von genetischer Information beiträgt. Als Ursache für SPI werden 
spontan auftretende DNA Schäden, die zur Aktivierung der wirtsspezifischen SOS-Antwort 
führen, angenommen. Diverse Studien zeigten jedoch, dass auch alternative Signalwege die 
Prophagen aktivieren können. Einer dieser alternativen Wege basiert auf der Gegenwirkung von 
xenogenen silencer (XS) Proteinen. XS zu welchen Lsr2 aus Mycobacterium tuberculosis und H-
NS aus Escherichia coli gehören, binden und reprimieren AT-reiche, fremde DNA Regionen. 
Interessenterweise können XS Proteine auch eine sukzessive Adaptation zwischen dem Wirt 
und dem extern angeeigneten Element ermöglichen. 

In dieser Arbeit wurde die SPI von CGP3, einem kryptischen Prophagen des industriell 
relevanten Stammes Corynebacterium glutamicum ATCC 13032, untersucht, mit einem 
besonderen Fokus auf den Einfluss von CGP3 auf die Wirtsphysiologie und den molekularen 
Mechanismus hinter der Prophageninduktion. In ersten Experimenten wurde die Dynamik der 
SOS-Antwort und der Prophagenaktivierung mittels Promoterfusionen in Reporterstämmen 
quantitativ durch Durchflusszytometrie untersucht. Des Weiteren konnte durch 
Fluoreszenzmikroskopie in mikrofluidischen Systemen die weitere Entwicklung von SOS- und 
CGP3-induzierten Zellen verfolgt werden. Während in ~63% CGP3 durch die SOS-Antwort 
induziert wurde, erfolgte bemerkenswerterweise in >30% eine SOS-unabhängige Aktivierung.  

Sowohl in Untersuchungen zur SPI als auch unter induzierenden Bedingungen stoppten alle 
Zellen, in denen CGP3 aktiviert wurde, das Wachstum und zeigten somit, dass ein geringer 
Anteil einer C. glutamicum Population durch SPI ausgelesen wird. Dieser SPI-assoziierte 
Nachteil konnte in einem kompetitiven Wachstumsexperiment bestätigt werden, da der Wildtyp 
dem Prophagen-freien Stamm MB001 im Wachstum unterlag. Auch konnten weder in einer 
Hochdurchsatz-Vergleichsstudie (>1100 Bedingungen wurden getestet) noch in einem Langzeit-
Evolutionsexperiment (>600 Generationen) signifikante Nachteile bezüglich Wachstum, 
Genomstabilität und Mutationshäufigkeiten für MB001 nachgewiesen werden.  

In vorangegangen Studien wurde CgpS, das CGP3-kodierte und Lsr2-ähnliche Protein, mit 
Hilfe eines frühen Phagenpromotors über eine DNA-Affinitätschromatographie gereinigt. In 
dieser Arbeit konnte die zentrale Rolle von CgpS als ein XS von kryptischen 
Prophagenelementen gezeigt werden. Darüber hinaus konnte die bevorzugte Bindung an AT-
reiche Regionen und die Repression von Phagengenen vor allem durch DNA-Bindestudien 
(ChAP-Seq, EMSA) und Transkriptomanalysen gezeigt werden. Neben einer klassischen XS-
Domänenorganisation zeigte CgpS auch die Fähigkeit einen Δhns Phänotypen in E. coli zu 
komplementieren. Mittels bioinformatischer Analysen konnten zahlreiche Aktinobakteriophagen 
mit Orthologen von CgpS/Lsr2 identifiziert werden, die interessanterweise häufiger in 
vorhergesagten temperenten als in virulenten Phagen vorkommen. Diese Studie hebt besonders 
hervor, dass XS Systeme wichtige und bislang übersehene Funktionen in der Interaktion 
zwischen Bakterien und Phagen einnehmen. Neben der Erhaltung einer stabilen Koexistenz 
können sie somit auch als virale Waffe im Wettrüsten zwischen Bakterien und Phagen genutzt 
werden.  
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2. Introduction 

2.1 Impact of foreign DNA on bacteria 

Free-living bacteria are frequently confronted with fluctuating and challenging environments 

placing microbial populations under ever-changing selection pressures. Harsh conditions set 

them into ‘evolve-or-die’ situations, forcing single individuals to rapidly adapt to the new 

circumstances. Acquisition of foreign genetic material by horizontal gene transfer (HGT) 

facilitates microorganism a fast adaptation towards the changing environments. Furthermore, 

HGT is a major driver of microbial evolution enabling the transfer of large pieces of DNA 

between cells. Evidence for HGT can be found in bacterial genomes, that are practically littered 

with genetic regions acquired horizontally by phages, transposons or conjugative plasmids 

(Canchaya et al., 2003, Juhas et al., 2009, Ochman et al., 2000). Remarkably, in some bacterial 

strains, prophages and virus-like elements may constitute up to 20% of the entire genome 

(Canchaya et al., 2003, Casjens, 2003). Several recent studies proved a considerable 

contribution to the host fitness by enhancing stress tolerance, antibiotic resistance, biofilm 

formation or virulence (Nanda et al., 2015, Wang et al., 2010). Especially, various disease-

causing strains such as the Shiga toxin-producing Escherichia coli, Corynebacterium diphtheriae 

or Salmonella enterica sv. Typhimurium became pathogen after viral infections (Brüssow et al., 

2004, Fortier & Sekulovic, 2013). In fact, virulence genes are often clustered in genomic islands, 

which are transmitted by HGT (Hacker & Kaper, 2000). However, HGT also harbors high risks 

due to the fact that most of the acquired genes will interfere with the host metabolism and 

regulatory networks. This, for example, is the case for selfishly replicating mobile elements and 

genes encoding proteins with no useful or even detrimental functions. In the worst case, 

infection by viral DNA often leads directly to cell lysis (Figure 1). 

 

2.2 Defective virus-like elements may harbor beneficial traits 

A recent study revealed that nearly half of the sequenced bacteria are lysogens by identifying 

over 2246 bona fide prophages in 2110 bacterial genomes (Touchon et al., 2016). These 

numbers apparently reflect the ubiquitous presence of integrated viral elements and the close 

interconnections to their hosts. Furthermore, if defective prophages would be included, these 

numbers would definitely be higher. Cryptic prophages represent the result of genetic 

degradations of intact temperate prophages. The grade of their genetic decay can be classified 
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by the different functions affected, including prophage excision, virion formation, lysis, or 

infectivity (Figure 1). In a bioinformatics study the evolutionary dynamics of intact and defective 

prophages were examined (>600 prophages), supporting a rapid prophage inactivation followed 

by a slower degeneration (based on a bimodal size distribution) (Bobay et al., 2014). Cryptic 

prophages or phage remnants are often considered as relicts or ‘junk’ DNA. However, several 

studies convinced the opposite by demonstrating that cryptic prophages deliver beneficial 

functions to their hosts, e.g., in disseminating virulence genes (Asadulghani et al., 2009), at 

different stress conditions (Wang et al., 2010), or to serve as active regulatory switches (Feiner 

et al., 2015). One prominent example was given by Wang et al., who showed that the deletion of 

all nine cryptic prophages in the E. coli strain K12 BW25113 leads to less fitness and stress 

tolerance (antibiotic and osmotic stress) (Wang et al., 2010). In addition, one of these defective 

prophages, CP4-57, was identified to be involved in the regulation of motility genes, which 

activation leads to an increase of their expression and therefore to larger biofilm communities 

(Wang et al., 2009). However, activations of prophage-like elements not only trigger the 

expression of accessory genes, but, are often associated with cell death or lysis. This is also in 

line with the bioinformatics study of Bobay et al., who compared several hundred prophages and 

concluded that the bacterial host cells select for typical phage genes (cell lysis, structural 

components) in a similar rate as for accessory genes (Bobay et al., 2014). In addition, the 

controversy advantages of cell lysis are nicely illustrated by the striking phenomenon dubbed 

‘spontaneous prophage induction’ (SPI). This feature, inter alia, allows bacterial populations to 

benefit from the loss of a small fraction by enhancing the overall fitness (Nanda et al., 2015). 

Thus, these studies emphasize the great potentials of the viral gene pool and underline the 

mutual benefits of incorporation of foreign elements, such as prophages, into host regulatory 

circuits.  

 

2.3 Activation of prophages, the lysogenic-lytic switch  
‘Do not attract attention and keep discretely your silent state’ are the key strategies that 

prophages follow during the lysogeny. On the basis of these simple assignments, viral DNA was 

efficiently spread vertically across microbial species, as indicated by several bioinformatics 

studies (Canchaya et al., 2003, Hatfull, 2014, Touchon et al., 2016). However, if things get really 

bad, it is a decisive advantage to follow a back-up plan. In the prophage life cycle this concept is 

described as the lysogenic-lytic switch, also termed prophage induction. It enables the 

reactivation of the viral element by a controlled switch to the lytic cycle, virion production and, 

finally, the escape by lysing its host cell (Figure 1). 
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Figure 1. Emergence of degenerated (cryptic) prophages. If temperate phages take the initial decision to enter the 
lysogenic cycle, their DNA will be (in the most cases) integrated into the bacterial chromosome (prophage). The 
lysogenic-lytic switch allows prophages to re-enter the lytic cycle again. The most prominent trigger of prophage 
induction is represented by the bacterial SOS response (Janion, 2008, Canchaya et al., 2003, Casjens, 2003). 
Genomic rearrangements and mutations may lead to the gradual genetic decay of the prophages, which then may 
lose specific functions of the lytic cycle. Different degrees of genetic degradation can generate various types of 
defective prophages that are degenerated in, for example, excision, virion formation, cell lysis, or in their infectivity.  

In the classic E. coli-λ model, the SOS response was elucidated as the key trigger of the 

prophage induction. The SOS response is described as a DNA repair system, encoded by SOS 

genes involved in protection, repair, replication, metabolism, and mutagenesis of DNA, providing 

cells to maintain their correct DNA sequence (Janion, 2008). Key players in the regulatory 

control of prophage induction are the proteins LexA and RecA. Upon DNA damage, the co-

protease RecA forms nucleoprotein filaments on ssDNA, thereby triggering the autocatalytic 

cleavage of the SOS gene repressor LexA. In addition, the ssDNA-RecA filaments also trigger 

self-digestion of the phage repressor CI (due to conserved cleavage residues (Mustard & Little, 

2000)). Thus, RecA inhabits a crucial role in the de-repression of SOS genes as well as in 
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prophage induction (Casjens & Hendrix, 2015, Janion, 2008). Beside this ‘classic’ activation, 

cases were also described, where LexA is either directly used by proviral DNA to maintain the 

lysogeny (Fornelos et al., 2011) (Figure 2), or where LexA represses a prophage encoded anti-

repression system, which activation triggers prophage induction (Kim & Ryu, 2013) (Figure 2). 

However, it is rather remarkable that, although the E. coli-λ system was studied over the last 50 

years, new findings are still achieved. This, for example, was nicely illustrated in a recent 

publication, describing an additional way how λ modulates the lysogenic-lytic switch. The 

authors characterized the λ-encoded protein λRexB, which main function is to prevent the 

degradation of the antitoxin MazE. MazE facilitates mazEF, a TA system, to stay in its nontoxic 

state (Engelberg-Kulka & Kumar, 2015, Erental et al., 2014). Furthermore, the mazEF pathway 

is reported to inhibit the SOS response and, thus, by protecting MazE, λRexB allows the SOS 

response to correctly fulfill a proper λ induction and also provides sufficient time for virion 

formation (Engelberg-Kulka & Kumar, 2015). In sum, these examples illustrate the complex but 

finely adjusted regulatory interactions of prophages and their particular host systems.  

 

2.4 SOS-independent prophage induction 

The addition of the DNA damaging agent mitomycin C (MMC) represents a general approach for 

the experimental identification of prophage elements in a particular strain. MMC induces the 

SOS response and, hence, enables the verification whether predicted prophages are able to 

enter and fulfill the lytic cycle. Several studies confirmed the success of this approach by 

isolating and characterizing phages from various bacterial species (Canchaya et al., 2002, 

Lorenz et al., 2016, Sekulovic & Fortier, 2016, L. Brown et al., 2017). However, a serious 

disadvantage of MMC is that only the SOS-dependent induction is triggered, but, differently 

regulated prophages are not affected. So far, there are only a few cases that describe the 

activation of viral elements in an SOS-independent manner. In a recent study, the spontaneous 

induction rate of closely related phages were found to be affected by RecA-dependent and 

independent effects (Colon et al., 2016). In particular, they proved that Shiga toxin (Stx2) 

encoding prophages form less stable lysogens, than stx2 negative phages even in ΔrecA 

mutants, suggesting that the less availability of CI repressor proteins is the reason for the higher 

inducibility (Colon et al., 2016). Further studies revealed that cell density depending molecules 

can also be involved in prophage induction (Ghosh et al., 2009, Rossmann et al., 2015). 

Moreover, the SOS-independent prophage activation was nicely demonstrated in co-cultivation 

experiments, in which quorum sensing signaling molecules, produced by a 

Pseudomonas aeruginosa strain, triggered λ induction in a ΔrecA E. coli lysogen (Ghosh et al., 

2009) (Figure 2).  
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Figure 2: SOS dependent and independent induction of prophages. SOS dependent: According to the classic 
model prophage induction is triggered at once by the SOS response due to the autocatalytic cleavages of the SOS 
(LexA) and prophage repressor (CI) proteins caused by the co-protease RecA. In special cases, temperate phages 
use directly LexA to preserve their lysogeny (Fornelos et al., 2011) or their induction is based on an anti-repression 
system, where a LexA-negatively regulated antirepressor (here Ant) facilitates induction by inactivating a phage 
repressor (here Rep) (Kim & Ryu, 2013). SOS-independent: Based on the quorum sensing principle, the signaling 
molecules acyl-homoserine lactones are produced and trigger RecA-independently the induction of λ. The AHL 
receptor SdiA and a transcriptional regulator RcsA are described to be linked to the induction process (Ghosh et al., 
2009). The XS protein H-NS was also identified to be involved in the lysogeny of λ (Rozanov et al., 1998) or as a 
direct repressor of the cryptic prophage Rac (Hong et al., 2010). It was shown that counter action of H-NS activity 
caused induction of the respective prophages (Hong et al., 2010, Rozanov et al., 1998). 

 

In a screening approach with E. coli ΔrecA λ lysogens, two host-encoded genes were found 

(prior known to be involved in capsular polysaccharide synthesis) to affect the induction of λ 

(Rozanov et al., 1998). Interestingly, one of these genes is usually negatively regulated by the 

global silencer H-NS (described in detail in section 2.7), which was also identified to repress the 

cryptic prophage Rac in E. coli (Hong et al., 2010). Thus, the H-NS silencing system represents 

a further SOS-independent strategy to modulate the activation of viral-like elements. A further 
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recent study reported on the influence of the transcription termination factor Rho on the 

maintenance of prophage-like elements. Menouni et al. demonstrated that inactivation of Rho by 

the selective antibiotic bicyclomycin triggers the expression of prophage genes (even in a ΔrecA 

strain) (Menouni et al., 2013). Furthermore, it was shown that Rho is also involved in silencing 

foreign genetic elements, especially to protect the host cell against the toxic effects (Cardinale et 

al., 2008). These examples highlight that nature goes far beyond the classic E. coli λ system and 

the diversity of mechanisms behind prophage induction. 

 

2.5 Spontaneous prophage induction (SPI) 

As firstly described by the famous virologist Lwoff in the early 1950s, activation of prophages 

can occur spontaneously in a population of lysogenic cells (Lwoff, 1953). In several independent 

studies, SPI was shown to have multifaceted physiological impacts on bacterial communities 

(Nanda et al., 2015). Due to the phage’s predatory nature, the impetuous activation of viral 

elements in single individuals is often associated with cell lysis of the particular cell. Interestingly, 

several studies highlighted that SPI may increase the overall fitness of the population by 

improving biofilm formation (Carrolo et al., 2010) or facilitating the toxin releases of pathogenic 

species (Livny & Friedman, 2004) (Figure 3). A rather cell-‘friendly’ consequence of spontaneous 

induction is more frequently distributed among integrative and conjugative elements (ICE), that 

spread over conjugational bridges and usually do not cause cell lysis (Johnson & Grossman, 

2015). ICEs harbor high similarities in transmission and regulatory mechanisms to those of 

plasmids, transposons, and viral elements and, therefore, in an ICE-bearing population, 

spontaneous induction may enable the action of donating cells at any given minute (Johnson & 

Grossman, 2015) (Figure 3). Sporadic occuring DNA damage was described as a predominant 

trigger of SPI and the activation of other mobile elements (Nanda et al., 2015, Johnson & 

Grossman, 2015, Nanda et al., 2014, Pennington & Rosenberg, 2007). Stalled replication forks, 

mutations, especially in the repair system, or external triggers (such as reactive oxygen species 

(ROS), UV light or DNA damaging-agents) can cause severe DNA lesions, inducing the SOS 

response (Kuzminov, 1999, Pennington & Rosenberg, 2007) (Figure 2). However, only little is 

known about the SOS-independent induction of viral like elements (see section 2.5). For certain, 

given by the tremendous different types of phages and the great progresses in omic 

technologies, such as next-generation sequencing (NGS), future studies will definitely reveal 

more examples of SOS dependent and -independent SPI, allowing to study their multifaceted 

impacts on the bacterial physiology.   
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Figure 3: Impact of spontaneous prophage induction (SPI) on bacterial populations. Several cases emphasized 
beneficial features of SPI. Biofilm formation can be enhanced due to the release of eDNA caused by cell lysis. The 
propagation and virulence of pathogenic strains are facilitated since prophage encoded toxins, such as Shiga toxin, 
were released by the lysis of a small fraction of cells. Furthermore, SPI contributes to lateral gene transfer by 
spreading DNA into the environment and, as a special case, ICE use the spontaneous activation to dispense their 
genetic material over conjugational bridges. Figure taken and adapted from (Nanda et al., 2015). 
 

2.6 Defense systems against exogenous DNA 

It is very likely that acquisition of foreign DNA, especially of temperate phages (or in general by 

HGT), will cause in the most cases detrimental damages to the host organism due to toxic 

effects and/ or incompatibility to regulatory circuits. For their own protection, bacterial cells 
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possess several defense strategies, which can be classified in different groups, depending on 

their mode of actions. The first group takes the advantage of the self- and non-self-discrimination 

principle. The CRISPR-Cas pathway (Clustered Regularly Interspaced Palindromic Repeats- 

CRISPR-associated protein) belongs to this group and is referred as the ‘bacterial immunity’. It 

allows serial acquisition of small pieces of viral and plasmid DNA, termed spacers, which are 

utilized to target and cleave viral and plasmid DNA in subsequent genomic invasions. Hence, 

this system provides critical immunological memory (Weinberger et al., 2012). Further members 

of this group are the Restriction-Modification (RM) and the DNA phosphorothioation (DND) 

systems, which label self-genomic DNA, recognize and cleave unmodified foreign DNA 

(Makarova et al., 2013). The second group consists of numerous Toxin-Antitoxin (TA) systems. 

Their various mechanisms are based on the poison and the corresponding antidote principle. 

Strategies like abortive infection or phage exclusion, which also apply the mechanisms of cell 

death or dormancy, also belong to this class (Makarova et al., 2013). The third group is 

represented by small nucleoid-associated proteins (NAP) that are specified as xenogeneic 

silencers (XS). In contrast to the drastic actions of the first two groups, XS operate in a more 

‘smooth’ way since they do not cleave the invading DNA element. One of their main functions is 

to target and silence foreign AT-rich DNA by preventing its transcription (Navarre et al., 2007).  

 

2.7 An outstanding group within nucleoid-associated proteins: 
xenogeneic silencer 

Bacterial proteins with the ability to alter the shape of DNA, making it more compact and 

influencing transcription are referred to as NAPs. Through bending, wrapping, or bridging these 

proteins are able to change the trajectory of DNA molecules, thereby affecting its transcription 

(Browning et al., 2010, Dillon & Dorman, 2010). Interestingly, one subclass of NAPs was 

reported to recognize exogenous, AT-rich DNA, specifically bind and silence it. Members of this 

group are termed as xenogeneic silencers (XS). The histon-like and nucleoid-structuring protein 

H-NS, which can be found in nearly all Gram-negative bacteria (Dillon & Dorman, 2010), is the 

best-characterized XS. Further members are represented by Lsr2-like proteins of actinomycetes 

(Gordon et al., 2008), MvaT of Pseudomonas (Ding et al., 2015) and Rok-like proteins of 

Bacillus species (Smits & Grossman, 2010). Common characteristics of XS are their typically 

small size, high intracellular protein levels, similar domain organizations, and a preference to 

bind AT-rich DNA. Since foreign genetic material tends to be AT-richer than their new host 

genome (Daubin et al., 2003, Rocha & Danchin, 2002), these regions are therefore targeted by 

XS. The domain organization is separated into a C-terminal DNA binding part and an N-terminal 

domain that is responsible for the oligomerization. For H-NS, it is suggested that after an initial 
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binding of an H-NS monomer to an AT-rich DNA region, the oligomerization of additional H-NS 

molecules is triggered at this site, polymeric chains are formed and cause the structural change 

(Singh et al., 2016). Due to the constrained DNA strands, transcription of this region is strongly 

inhibited and therefore silenced (Navarre et al., 2007). 

 

2.8 Xenogeneic silencing facilitates mutual adaptation 

In contrast to other defense systems, XS allow the host to integrate and access potentially 

beneficial traits that are encoded by the newly acquired DNA pieces (Figure 4). However, genes 

that might be useful under defined circumstances, nevertheless, require a strict regulation since 

uncontrolled (over-) expression, especially of phage genes, might be detrimental. This 

hypothesis of mutual adaptation was suggested as the first XS were characterized (Navarre et 

al., 2007) and recent studies provide first evidence supporting this assumption.  

 

Figure 4: Insertion of alien DNA into the regulatory network of the host organism. Foreign genetic material may 
enter the cell via transduction, transformation, or conjugation. If these genetic elements are AT-rich and not destroyed 
by other defense mechanism, XS proteins will bind and silence their gene expression. During the silent state, mutual 
adaptation can take place by stepwise integrating foreign, beneficial proteins into the regulatory network of the host 
cell.  
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Firstly, comparative ChAP-seq analysis suggested that H-NS bound regions are more likely to 

mutate, allowing a tailored integration into the host regulation network (Higashi et al., 2016). 

Secondly, time course transcriptome analysis revealed an uncoupling of mRNA level from its 

expression time for HGT-acquired and H-NS associated genes (Zwir et al., 2014). This altered 

regulation mechanism illustrates how the expression level of foreign DNA can be further 

adjusted by XS. Lastly - and this point may well be more important than the previous two - 

evolution experiments conducted with Salmonella Typhimurium strains emphasized the 

indispensability of H-NS, since deregulated expression of its targets caused significant fitness 

losses (Huttener et al., 2015). 

 

2.9 State of the art: CGP3 prophage in Corynebacterium glutamicum 

In this work, Corynebacterium glutamicum was used to investigate the impact of viral elements 

on bacterial physiology. C. glutamicum is a Gram positive, non-pathogenic soil bacterium, firstly 

isolated due its natural high production of glutamate (Kinoshita et al., 2004). Beside its high 

importance for industrial processes and biotechnology, it is a well-established model organism of 

the Corynebacteriales, also including the closely related pathogenic strains C. diphtheriae and 

Mycobacterium tuberculosis. In the C. glutamicum strain ATCC 13032, three cryptic prophages 

(CGP1 ~13.5 kb, CGP2 ~3.9 kb, CGP3 ~187 kb) were predicted and experimentally verified 

(Frunzke et al., 2008, Kalinowski et al., 2003). As common for prophage elements, most 

predicted open reading frames (ORFs) are annotated as hypothetical or putative genes. 

However, several ORFs encode for typical viral proteins like phage lysins, integrases, capsids, a 

resolvase, or a phage primase and, therefore, these genetic regions are clearly classified as 

bona fide prophages (Helfrich et al., 2015, Kalinowski et al., 2003). Furthermore, in another 

genome sequence of the ATCC 13032 strain, published by Ikeda and Nakagawa, a fourth 

prophage (CGP4) was identified, which is located in the ~190 kb large CGP3 region (Ikeda & 

Nakagawa, 2003). For this reason, it is noteworthy that in this work all experiments were 

conducted with the strain harboring three prophages, which was sequenced in Bielefeld in 2003 

(Kalinowski et al., 2003). Furthermore, neither active phage particles nor CGP3-linked cell lysis 

were experimentally verified, so far (Pfeifer, 2013).  

Nonetheless, studies under non-inducing conditions or conducted with MMC 

demonstrated that the large CGP3 prophage can excise from the genome and forms circular 

DNA molecules (Frunzke et al., 2008, Donovan et al., 2015). Moreover, it was shown that 

spontaneous CGP3 induction occurs in less than 1% of a C. glutamicum population (Frunzke et 

al., 2008), which leaves open the question of the purpose behind the SPI.  
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In a genome-reduction approach, the deletions of all three cryptic prophages were 

achieved that resulted in the prophage-free strain MB001 (Baumgart et al., 2013). Interestingly, 

deletion of CGP3 was only possible if prior the CGP3-encoded RM system was disrupted 

(Baumgart et al., 2013). First studies revealed no significant differences between the wild type 

ATCC 13032 strain and MB001 under non-inducing conditions (Baumgart et al., 2013). Based 

on these findings, several questions arise, especially regarding the impact of CGP3.  

From first single-cell experiments, the SPI of CGP3 was positively correlated to 

spontaneous induction of the SOS response. The SOS-dependent CGP3 activation is in line with 

the classic model supported by a predicted CI-like repressor (cg2040), which is encoded in the 

CGP3 region. However, a deletion of this repressor gene is possible without causing impacts on 

CGP3 and the overexpression resulted in a minor increase in expression of adjacent genes 

(Heyer, 2013). Since these studies did not clarify the molecular mechanism behind CGP3 

induction, another strategy was applied to identify potential regulatory proteins. By a previous 

time course transcriptome analysis under MMC inducing conditions (Donovan et al., 2015) early 

phage promoters were identified. A DNA affinity chromatography was performed using the early 

promoter of alpAC (cg1890-cg1891) and resulted in the finding of a CGP3-encoded small 

protein, we named CgpS (cg1966) (Pfeifer, 2013). BLAST analysis revealed that CgpS is a 

homolog of Lsr2 from M. tuberculosis, which is assigned to the group of XS proteins (see section 

2.7). Hence, due their homology, CgpS represents a potential repressor protein of CGP3. 

 

2.10 Aims of this work 

The major goals of this doctoral thesis will be addressed by the three following subprojects: (i) 

quantitative evaluation of the CGP3 SPI on the single-cell level applying live-cell imaging of 

reporter strains; (ii) elucidation of the regulatory role of the NAP CgpS in the control of CGP3 

activity; and (iii) examination of the impact of the CGP3 island on the physiology and evolvability 

of C. glutamicum ATCC13032. 

 The population heterogeneity caused by the spontaneous induction of CGP3 is not fully 

understood yet and numerous questions arose in previous studies concerning the physiological 

relevance and the molecular triggers of SPI. The observation of SPI has been reported in a 

number of studies, but no quantitative analysis describing the dynamics of cellular stress 

responses and prophage induction has been performed so far. In this thesis, single-cell 

approaches, in particular, live-cell imaging and fluorescence-activated cell sorting (FACS) will be 

applied to investigate the single-cell dynamics of the cellular SOS response and its quantitative 

correlation to the induction of the CGP3 prophage. This study will also be important to answer 
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the question whether there is an SOS-independent SPI and for the identification of further 

potential triggers of SPI. 

In recent studies, the small NAP CgpS was identified by a DNA-affinity chromatography 

using an early phage promoter. A major goal of this thesis will be the description of the role of 

CgpS in the control of CGP3 gene expression. Genome-wide binding profiling and transcriptome 

analysis will be performed to identify the direct target genes of CgpS. By modulating the CgpS 

activity level in a prophage reporter strain, its influence on the induction rate of CGP3 will be 

investigated. 

 In a third subproject, a comprehensive analysis of the impact of this large CGP3 island 

on C. glutamicum physiology will be conducted. Phenotypic microarrays and a long-term 

evolutionary approach will provide insights into physiological effects. Hence they will be applied 

in a comparative study using the wild type strain and its prophage-free variant MB001 to analyze 

the robustness of proviral-free C. glutamicum strains for metabolic engineering. 
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3. Results 

The main purpose of the dissertation was to elucidate how spontaneous induction of CGP3 

influences C. glutamicum populations, what types of trigger are behind the induction, and what is 

the impact of CGP3 on C. glutamicum physiology, especially on a long-term scale. Results 

obtained while addressing these questions were published in three articles (as first author). One 

other publications where I contributed as co-author in a side project dealing with the 

characterization of a CGP3-encoded actin-like protein (Donovan et al., 2015) will not be 

discussed in this thesis, but are attached in the appendix section.  

 In the first publication “Live cell imaging of SOS and prophage dynamics in isogenic 

bacterial populations” the SPI of CGP3 was quantitatively investigated using live-cell imaging of 

reporter strains. Fluorescence-based reporter systems, visualizing SOS and prophage activity, 

were introduced into C. glutamicum strains that were examined under non-inducing conditions 

by flow cytometry and in the microfluidic environment. These two complementary single-cell 

approaches revealed a positive correlation of the SOS response to CGP3 induction, but also 

uncovered a significant fraction of SOS-independent CGP3 induced cells. In the absence of recA 

SPI of CGP3 was still detectable, highlighting the fact that alternative triggers feed into the 

induction of CGP3. Furthermore, activation of CGP3 led in all cases to cell death or senescence, 

indicating to be used as a strict selection system provided by this prophage.  

 In a second project, the regulatory role of the NAP CgpS on CGP3 activation was 

elucidated and the results are summarized in “Silencing of cryptic prophages in 

Corynebacterium glutamicum”. Here, we could show that the phage-encoded homolog of Lsr2, 

named CgpS, is a key player in the maintenance of CGP3. Genome-wide binding profiles 

revealed CgpS to bind preferentially AT-rich, foreign DNA, especially its main target CGP3, 

thereby functioning as a typical XS protein. Furthermore, we demonstrated that CgpS is able to 

complement a Δhns phenotype in E. coli, underlining an analog function of these two XS 

proteins, which belong to different XS classes. A bioinformatics analysis revealed several 

hundred orthologues mainly present in Actinobacteria but, remarkably, also in viral genomes and 

predicted prophage elements. Whereas multiple sequence alignments evinced a low identity 

match (~20%), secondary structure predictions displayed a strong conservation, emphasizing 

similar functions of these proteins. Based on these data, it can be assumed that viral-encoded 

XS proteins play a central role in (pro-)phage-bacteria interaction, which has been 

underestimated so far. 

 The studies concerning the impact of CGP3 on the physiology of C. glutamicum are 

divided into two approaches: (i) application of a high throughput comparison method (phenotypic 

microarrays) with the wild type strain and its prophage-free variant MB001 and (ii) investigation 
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of CGP3 stability and its influence on C. glutamicum cells in a long-term adaptive evolution 

experiment. Results of the first part are presented in the appendix part (see 6.2). In these 

experiments respiration rates (correlated to growth curves) of the wild type strain and MB001 

were compared using the Phenotypic Microarray™ technology of Biolog. A comparison of the 

two strains, under more than 1100 different conditions, did not reveal any reproducible and 

significant differences between the two strains. Achievements regarding the second 

(evolutionary) approach are summarized in the manuscript “Adaptive laboratory evolution of 

Corynebacterium glutamicum towards higher growth rates on glucose minimal medium”, which is 

currently under review in Metabolic engineering. In this study, a comparative adaptive evolution 

approach was conducted to examine the impact of CGP3 on the growth, genome stability and 

evolvability of C. glutamicum on glucose minimal medium.  
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4.  Discussion 

4.1 Prophages in bacterial genomes 

Viral elements are inherent parts of bacterial chromosomes that crucially influence bacterial 

physiology by providing beneficial genes and regulatory switches (Feiner et al., 2015, Wang et 

al., 2010). Spontaneous activation of prophage-like elements (SPI), which is the in focus of this 

work, is a common phenomenon affecting the dynamics of bacterial populations. Usually, the 

SOS response is considered to be the key trigger of SPI and is induced by sporadically 

occurring DNA damage (Johnson & Grossman, 2015, Nanda et al., 2015, Pennington & 

Rosenberg, 2007). However, a few cases are described to activate prophage-like elements by 

alternative pathways (Rozanov et al., 1998, Cardinale et al., 2008, Ghosh et al., 2009, Hong et 

al., 2010) reflecting fundamental insights into how the regulatory circuits of viruses and their 

hosts can be connected. Nucleoid-associated proteins (NAP), which fulfill functions as 

xenogeneic silencers (XS), are generally used to keep the expression of exogenous genetic 

elements under control (Navarre et al., 2007). It was shown that the release of XS-mediated 

repression leads to increased expression of foreign genes and may even cause the activation of 

defective prophages (Hong et al., 2010, Navarre et al., 2007). Furthermore, it was suggested 

that XS proteins facilitate the incorporation of foreign, accessory genes into the hosts’ regulatory 

circuits (Navarre et al., 2007, Singh et al., 2016). 

The focus of the present thesis was a quantitative description of the dynamics of 

spontaneous SOS response and SPI of the cryptic prophage CGP3, as well as its impact on 

bacterial physiology in a long-term evolution experiment. Moreover, a further aim was to identify 

the central regulatory mechanisms controlling CGP3 activity and their impact on SPI.  

Previous studies demonstrated that the defective CGP3 prophage is activated 

spontaneously under non-induced conditions (Frunzke et al., 2008) and first single-cell 

experiments revealed a positive correlation with the SOS response (Nanda et al., 2014). In this 

work, promoter-reporter fusions were constructed to follow the response of the two pathways at 

the single-cell level using fluorescence microscopy. Live-cell imaging in microfluidic chip devices 

enabled quantitative investigations into the fate of the SOS- and prophage-induced cells and to 

trace their history within lineage trees of the respective microcolonies. Two-thirds of phage 

positive cells were activated according to the classic, SOS-linked model, but a remarkable 

observation of this study was that one third of the cells were induced SOS-independently. 

Fishing for transcriptional regulators controlling the CGP3 activity resulted in the 

identification of the small, prophage-encoded protein CgpS, which has similar characteristics to 
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host-encoded XS proteins. Furthermore, it could be shown that this protein is used by CGP3 as 

a key regulatory player to maintain the silent, lysogenic state and, at the same time, represent a 

link to SOS-independent activation. 

In all cases (SOS-dependent or independent), the induction of CGP3 led to the stop of 

cellular growth rather than to lysis. A competitive approach between the wild type and the 

prophage-free strain, MB001, revealed that the presence of CGP3, in fact, imposes low but 

significant fitness burden, which is sufficient to result in a slight growth advantage of the 

prophage-free variant (under standard laboratory conditions). To further investigate the impact of 

CGP3 and the stability of this defective prophage, a comparative long-term study (>600 

generations) was conducted, in which a wild type strain and its prophage-free variant were 

juxtaposed for the first time. Astonishingly, no selective impacts regarding growth, mutation 

frequencies or genomic rearrangements were detected, emphasizing CGP3 to be very well-

maintained in his host organism. 

 

4.2 SOS-dependent and independent SPI 

Since the introduction of the well-studied λ phage (Lederberg & Lederberg, 1953) investigations 

on activation mechanisms enabling silent prophages to switch into their virulent state are of high 

interest. Several studies suggested that the host’s SOS response was a key trigger of prophage 

induction (Canchaya et al., 2003, Casjens, 2003, Sekulovic & Fortier, 2016), but investigations at 

the single-cell level have not been done before, which, for example, would allow enhanced 

examination of alternative, responsible pathways. For CGP3 induction, the SOS-dependency 

was clearly proven by MMC experiments since its addition to C. glutamicum cells caused a high 

induction rate (Donovan et al., 2015). Furthermore, activation of this cryptic prophage was found 

to occur in the absence of any external triggers in a small fraction of the population (Frunzke et 

al., 2008, Nanda et al., 2014). Hence, the question arose as to whether sporadic DNA damage is 

the only reason for SPI and, for this reason, the aim was set to perform a quantitative description 

of SOS and CGP3 induction at the single-cell level using live cell imaging of the selected 

reporter strains (PrecA-venus for SOS and Plys-crimson for CGP3 induction). This imaging 

approach facilitated a spatiotemporal resolution (Grünberger et al., 2015) and overcame 

limitations of conventional snapshot analysis, such as given by flow cytometry or fluorescence 

microscopy with fixated cells (McCool et al., 2004, Nanda et al., 2014, Pennington & Rosenberg, 

2007, Simmons et al., 2009). By tracking >4000 cells, in 5.7% an activation of the SOS reporter 

and in 0.7% SPI of CGP3 were detected (Helfrich et al., 2015). 
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Previous single-cell experiments revealed that spontaneous activation of the SOS 

response is caused by incidental DNA lesions, due to sporadically occurring DNA double-strand 

breaks (Pennington & Rosenberg, 2007). Especially stressful conditions may lead to 

spontaneous DNA breaks, which result in an upregulation of error-prone DNA polymerases 

(Foster, 2007). The SOS-coupled processes ultimately increase the mutation rate and finally 

may accelerate bacterial evolution (Rosenberg et al., 2012). Comparing the SOS rate with that 

of the current literature, a relatively high fraction of SOS-positive cells was obtained (published 

range 0.09 – 3.1% (Simmons et al., 2009, Kamensek et al., 2010, Pennington & Rosenberg, 

2007, Nanda et al., 2014)). However, the high amount can be explained by the application of a 

rather low threshold, which was used to assess fluctuations in the SOS reporter output, whereas 

previous flow cytometry experiments used a stringent cut off to distinguish between SOS-“ON” 

and -“OFF” cells (Nanda et al., 2014). Nonetheless, using the low threshold, a fraction of 

transient SOS positive cells (~18%) was determined, which were presumably able to recover 

from sporadic DNA damage and resume growth. Although recovering cells suffered from DNA 

lesions, it is likely, due to an increased number of mutations, that they may significantly impact 

the overall evolvability of the population (Galhardo et al., 2007). Remarkably, none of the 

transient SOS-positive cells displayed prophage induction, suggesting a certain threshold value 

needs to be reached to finally trigger the CGP3 induction (Helfrich et al., 2015). A similar 

threshold behavior was shown in UV prophage induction experiments, in which the number of 

induced lysogens increased with increasing UV dose (Kneser, 1966), implying that viruses avoid 

premature induction processes and therefore require strict regulation. 

The obtained SPI rate is in line with previous studies (0.1 - 1% (Frunzke et al., 2008, 

Nanda et al., 2014)). It is striking that spontaneous activations of viral-like elements were already 

observed in early the 1950s by the famous microbiologist André Michel Lwoff. In the absence of 

any external trigger, he detected free phage particles in lysogenic bacterial populations (Lwoff, 

1953). Remarkably, the so far highest spontaneously produced phage titer was ~109 particles 

per mL and was reported for BTP1, a prophage of the pathogenic strain Salmonella 

Typhimurium ST313 (Owen et al., 2017) (for comparison only: the lowest spontaneously induced 

phage titer was reported for prophage LES400 of P. aeruginosa with ~102 particles (Fothergill et 

al., 2011), whereas a moderate titer (~104 phages) was found for prophage Mu of E. coli (Howe 

& Bade, 1975)). The physiological relevance of BTP1 and the high spontaneous titers are 

currently under study, but the authors speculate that phage-mediated lysis may be tolerated due 

to beneficial traits that are associated with the lysogenic state (e.g. phage immunity) (Owen et 

al., 2017). Nevertheless, spontaneous activations of viral-like elements are reported to 

significantly promote the fitness of bacterial communities (Nanda et al., 2015). Especially for 

pathogenic strains, sacrificing a small fraction to increase the good of the whole population is a 
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crude, but efficient, method to release toxins, as, for example, was shown for Aggregatibacter 

actinomycetemcomitans (Stevens et al., 2013) and a Shiga toxin-producing E.coli strain 

(Shimizu et al., 2009). 

Spontaneous induction of CGP3 in C. glutamicum cells did not result in cell lysis, but 

recovery was also not observed. Moreover, if CGP3 was activated, in all cases the cellular 

growth stopped indicating death or the entrance into a dormant/ senescent state (Helfrich et al., 

2015). Dormancy enables isogenic, persisting cells to survive drug treatment by shutting down 

their metabolism and the antibiotic targets (Van den Bergh et al., 2017). However, since no 

example of a prophage-induced dormancy has so far been reported and CGP3-induced cells 

were not able to re-grow (or form progeny under the chosen conditions), it was concluded that 

CGP3 activation causes a ‘dead end’ for C. glutamicum cells. In contrast, various studies proved 

that the SOS response is involved in forming persisters, especially upon treatment with DNA-

damaging quinolones (Van den Bergh et al., 2017). A carbon-limitation experiment revealed that 

CGP3 induction was only triggered in proliferating cells, whereas spontaneous activity of the 

SOS reporter was still detectable (Helfrich et al., 2015). In agreement with the study of Pearl et 

al., it can be deduced from these experiments that persistent cells are protected from prophage 

induction (Pearl et al., 2008) and it is speculated that C. glutamicum cells benefit from SOS-

induced dormancy by avoiding CGP3 induction in cells that may recover. However, since no 

experimental data are available to prove this interesting hypothesis, the lower SPI rate observed 

under carbon starvation conditions, might also underline the tendency of temperate phages, to 

favor lysogeny over the lytic cycle under nutrient limitation (Williamson et al., 2002, Wilson & 

Mann, 1997).  

In 63.7% of CGP3-induced cells, the SOS response preceded prophage induction as 

expected. This analysis, however, evinced that in a significantly high fraction of phage positive 

cells (36.7%) phage induction was triggered in an SOS-independent manner (Helfrich et al., 

2015). The dependency of the SOS pathway is further underlined by the fact that prophage 

activity is strongly reduced in an SOS deficient strain (ΔrecA) under MMC-inducing conditions 

(Helfrich et al., 2015). This finding is in line with the ‘classic’ mechanism behind prophage 

induction, in which RecA is required to trigger an autocatalytic cleavage of a phage repressor 

protein (Casjens & Hendrix, 2015). Moreover, the presence of LexA binding sites in upstream 

regions of CGP3 genes and the upregulation of 47 CGP3-encoded genes in a ΔlexA mutant 

(Table 1) (Jochmann et al., 2009) strongly indicate LexA to be directly involved in CGP3 

repression. Since the absence of the two SOS key players directly affects CGP3 induction, it 

was concluded that the SOS response can indeed cause CGP3 induction.  

However, the fact that prophage induction in a ΔrecA mutant was not completely 

abolished and the occurrence of the high SOS-independent SPI fraction (Helfrich et al., 2015) 
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confirmed that prophage induction works not only according to the classic SOS-dependent 

model. Interestingly, a comparable E. coli experiment was conducted by Little and Michalowski, 

who showed, that in a ΔrecA (λ+) strain, λ still switches to the lytic cycle, but at a strongly 

reduced and nearly undetectable rate (<10-8·generation-1, for comparison: C. glutamicum ~10-3-

10-4·generation-1) (Little & Michalowski, 2010). The authors speculated about the high lysogenic 

stability since SOS-dependent λ SPI occurs ~1000 times more often (Little et al., 1999) and 

therefore there is no need for the high intrinsic stability unless it would maximize the overall 

reproduction rate (Little & Michalowski, 2010). In contrast, for CGP3 in C. glutamicum the rate of 

SOS-dependent and –independent SPI is nearly on the same scale, indicating the SOS-

independent SPI to have a distinct physiological consequence. In a few studies, the RecA-

alternative mechanisms were elucidated. For example, Gosh et al demonstrated that λ induction 

in a ΔrecA E. coli lysogen is triggered by quorum sensing signaling molecules of a P. aeruginosa 

strain (Ghosh et al., 2009). Furthermore, in another study, the selective inhibition of the 

termination factor, Rho, caused an upregulation of viral genes or activation of a prophage 

(Menouni et al., 2013). Even the XS H-NS was described to repress the excision of the cryptic 

prophage Rac in E. coli (Hong et al., 2010). For the C. glutamicum strain ATCC 13032, induction 

of CGP3 in a cell-density or a Rho-dependent manner have so far not been reported, but the 

influence of an XS protein is of particular interest and is therefore discussed in the following 

section. 

 

4.3 Virus-like elements are silenced by small NAPs 

To identify regulatory proteins that are involved in CGP3 induction, DNA affinity 

chromatographies with the promoter region of the early phage promoter of the operon alpAC 

(Donovan et al., 2015) were performed. By this means, the phage-encoded protein CgpS was 

strongly enriched (Pfeifer et al., 2016). BLAST analysis revealed this protein to be a homolog of 

the Lsr2 protein of Mycobacterium tuberculosis, which in turn is an XS protein analogous to H-

NS of E. coli (Gordon et al., 2008). As Gordon et al. demonstrated for Lsr2, CgpS is also able to 

complement a Δhns phenotype in E. coli (Gordon et al., 2008) emphasizing its functions as an 

XS protein.  

Several studies reported that XS proteins bind to AT-rich genomic regions and repress 

their gene expression (Navarre et al., 2006, Ding et al., 2015, Smits & Grossman, 2010, Li et al., 

2009). To identify targets of CgpS, we performed ChAP-Seq analysis that resulted in a genome-

wide binding profile. The major CgpS target, identified by this approach, was the CGP3 region 

(~20.5% of the 187 kb region) (Pfeifer et al., 2016). In addition, a gene of the defective prophage 



76  Discussion 

 

CGP1 was also bound, besides various other targets, and, moreover, all bound DNA regions 

showed a high AT-content (in comparison to the average AT content of the host genome). 

Although XS proteins usually prefer an association to AT-rich regions, the respective 

mechanisms can vary between distinct groups of XS. For H-NS and Lsr2, an AT-Hook (Q/RGR) 

motif was identified to mediate binding to AT rich sequences (Ali et al., 2012) and for MvaT in 

Pseudomonas species an AT-pincer is responsible (Ding et al., 2015). Based on multiple 

sequence alignments of Lsr2- and CgpS-related proteins, a similar sequence ‘RGI’ in CgpS was 

found instead of the prokaryotic AT-Hook Q/RGR motif. Studies with Lsr2 and H-NS muteins 

showed that a single exchange of the AT-hook sequence, e.g., an arginine to alanine, only 

reduced DNA binding instead of abolishing it (Gordon et al., 2011). Hence, if this variation is a 

feasible mechanism to adjust DNA binding of XS, this may explain why H-NS associates to 740 

targets in S. Typhimurium (Navarre et al., 2007), why Lsr2 binds to >800 genes in 

M. tuberculosis (Gordon et al., 2010) and why CgpS binds to only 90 regions in C. glutamicum 

(Pfeifer et al., 2016).  

The related mode of action, a similar domain organization and the presence of conserved 

amino acids (Pfeifer et al., 2016, Gordon et al., 2008, Navarre et al., 2007) led to the conclusion 

that also a common mechanism to deactivate XS protein can be postulated in order to knockout 

the function of CgpS. Inspired by the work of Williamson and Free, who characterized H-NS-

related proteins to function as H-NS antagonists by preventing correct multimerization 

(Williamson & Free, 2005), a similar approach was applied. Hence, by using a truncated variant 

of CgpS, consisting of its N-terminal oligomerization domain, CGP3 was artificially induced 

(Pfeifer et al., 2016). Remarkably, a related type of counteracting strategy was even found in 

viruses, such as phage T7 (Ali et al., 2011). Transcriptomic analysis performed under these 

counter silencing conditions revealed an upregulation of viral genes from the CGP3 and CGP1 

regions (Pfeifer et al., 2016) underlining the CgpS-mediated repression of cryptic prophages in 

C. glutamicum.  

The results of this thesis emphasize the importance of XS proteins, such as CgpS, for 

the control of cryptic and degenerated prophage islands to regulate the expression of foreign 

genes. However, the natural triggers mediating the counteraction of CgpS are still unknown and 

will be addressed in further studies. 
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4.4 How does the molecular mechanism of CGP3 induction work? 

From the viral or bacterial point of view prophage induction can be a detrimental and irreversible 

decision for which a stringent control is needed. While the SOS response is well-studied and 

known to be induced by DNA damage (Michel, 2005), various different mechanisms, including 

environmental stress (heat, osmotic, pH), regulatory proteins and alternative sigma factors, have 

been identified to counter act H-NS activity (Navarre, 2009), for example. However, in the 

current literature the SOS pathway was not mentioned to be involved directly in counteracting 

XS proteins and little has been reported about the context between XS and the SOS response.  

For Lsr2, a protective role against ROS was described, which appeared to be based on 

its physical presence (Colangeli et al., 2009). ROS are known to induce DNA damage and, thus, 

Lsr2 might be able to act as a sensor of DNA lesions. In this scenario, sufficient ssDNA or 

double-strand breaks would cause structural DNA changes, leading to the relief of the silenced 

nucleoprotein complexes. Similar releasing mechanisms are known for H-NS. In particular, it 

was shown that H-NS repression is relieved due to structural nucleoid alterations caused by 

temperature, osmolarity or pH variations (Navarre, 2009). Derived from these findings, it could 

be assumed that prophage induction might be triggered in an SOS- or rather RecA-independent 

manner. However, for the activation of CGP3, this suggested mechanism cannot be applied 

since it is unable to explain why the induction rate in ΔrecA cells was not as high as in the wild 

type strain, when triggered by the DNA damaging agent MMC (Helfrich et al., 2015). 

An alternative option would call on the action of the SOS repressor LexA since SOS 

boxes are located upstream of prophage genes and over 47 CGP3 genes are upregulated in a 

ΔlexA mutant (Table 1) (Jochmann et al., 2009). Based on these data and because ~85% of the 

ORFs in CGP3 are annotated as hypothetical or putative proteins, two basic mechanisms for 

CGP3 induction can be assumed. In the two cases, LexA binds and permanently represses 

prophage genes as was also found for phage GIL01 in Bacillus thuringiensis, for example 

(Fornelos et al., 2011). Under conditions of DNA damage, activated RecA* protein triggers the 

autocatalytic cleavage of LexA and causes de-repression of phage genes. One option could be 

that the expression of ‘early’ phage genes triggers the progression of prophage induction 

independently from silencing proteins. A second possibility includes a counteractor, in which the 

respective gene is under the control of LexA and is assumed to be encoded on the prophage 

region. The counteractor mediates the release of CgpS repression, leading to CGP3 induction. 

The latter option is supported by several H-NS studies in which various regulatory proteins, e.g., 

Ler, LeuO, RovA and SlyA, were identified to counteract the H-NS protein (Stoebel et al., 2008). 

Furthermore, as it was shown for the coliphage 186 and its protein Tum (Shearwin et al., 1998), 

in the CGP3 region, a potential ‘antirepressor’ might be encoded, which gene is under the 
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control of LexA. However, since most of the LexA-regulated CGP3 genes encode hypothetical 

proteins (Table 1) and none of them seem to share similarities with regulatory proteins, it is 

therefore difficult to draw a conclusion or to find potential candidates for further studies. 

However, one exception might be represented by cg2064, which is an annotated protein that 

harbors high similarities to a DNA topoisomerase type IA (Topo IA) (IPR023405). Topo IA 

enzymes relax positively or negatively supercoiled DNA and require ATP, single-stranded DNA 

and metal ions for their function (crucial for replication, transcription, and recombination) 

(Champoux, 2002, Champoux, 2001). Interestingly, in one E. coli study, it was shown that the 

phenotype of a mutant lacking the Topo IA could be suppressed by an hns::Tn5 mutation, 

suggesting that Topo IA activity counteracts H-NS-mediated silencing in the wild type strain 

(Stewart et al., 2005). Hence, the CGP3-encoded Topo IA might act in a similar way by 

counteracting CgpS. Another interesting hypothesis, that should be considered, includes the 

action of small, phage-encoded proteins (<10 kDa). This mechanism is based on a study, in 

which the ~5 kDa phage protein Mip inhibited the activity of MvaT, the Pseudomonas XS 

(Wagemans et al., 2015). Hence, some of the small, CGP3-encoded and LexA-controlled 

proteins (with unknown function, e.g., cg1978) may act as counteracting proteins. Nonetheless, 

to confirm one of these hypotheses more experimental data are needed and therefore this 

mechanism will be addressed in future studies. 

 

Figure 5: SOS-dependent activation of the cryptic prophage CGP3 in C. glutamicum. According to 
this model, LexA and CgpS bind and permanently repress expression of CPG3 genes. If ssDNA is formed, 
e.g., under DNA damaging conditions, the ubiquitous present protein RecA binds the ssDNA (RecA-
ssDNA) and causes the autocatalytic cleavage of LexA. At this step two ways are conceivable to induce 
CGP3, either independently triggered of CgpS or due to counter silencing. (1) After LexA self-digestion, 
CGP3 excises itself from the genome and proceeds in the induction process without the need to overcome 
CgpS silencing. (2) After LexA cleavage, expression of a LexA-controlled counter actor gene is triggered 
and leads to CGP3 induction. A feasible candidate is cg2064 encoding a Topo IA enzyme that is 
described in the case of an E. coli to counteract the XS protein H-NS (Stewart et al., 2005).  
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Table 1: List of CGP3 encoded genes that are upregulated in a C. glutamicum ΔlexA mutant. 
Experimental data were taken from Jochman et al. and Coryneregnet (Baumbach, 2007, Jochmann 
et al., 2009). 

Locus Annotation Locus Annotation 

cg1895 putative secreted protein cg1993 hypothetical protein 

cg1896 putative secreted protein cg1996 Modification methylase 

cg1897 putative secreted protein cg1999 hypothetical protein 

cg1904 putative membrane protein cg2004 Similar to 232 protein-
Lactobacillus bacteriophage g1e 

cg1911 putative secreted protein cg2007 putative membrane protein 

cg1917 hypothetical protein cg2008 putative membrane protein 

cg1918 putative secreted protein cg2009 putative Clp-family ATP-binding-
protease 

cg1930 putative secreted hydrolase cg2010 Permease of the major facilitator 
superfamily 

cg1931 putative secreted protein cg2011 putative membrane protein 

cg1937 putative secreted protein cg2014 hypothetical protein 

cg1940 putative secreted protein cg2016 hypothetical protein 

cg1949 hypothetical protein cg2017 hypothetical protein 

cg1966 hypothetical protein cg2018 putative membrane protein 

cg1969 hypothetical protein cg2019 putative membrane protein 

cg1970 hypothetical protein cg2020 putative membrane protein 

cg1971 hypothetical protein predicted by 
Glimmer cg2022 putative secreted protein 

cg1974 putative lysin cg2023 putative membrane protein 

cg1975 hypothetical protein cg2030 hypothetical protein predicted by 
Glimmer 

cg1977 putative secreted protein cg2032 putative membrane protein 

cg1978 hypothetical protein cg2034 hypothetical protein 

cg1980 MoxR-like ATPase cg2060 hypothetical protein 

cg1981 hypothetical protein cg2062 Similar to plasmid encoded-
protein PXO2.09 

cg1983 hypothetical protein cg2063 putative membrane protein 

cg1992 hypothetical protein predicted by 
Glimmer cg2064 DNA topoisomerase I (omega 

protein) 
 

The introduction of a single copy of cgpS (with its native promoter region) into different 

independent genomic loci was sufficient enough to significantly reduce the CGP3 SPI rate (data 

not shown). Furthermore, counter silencing studies revealed that the SPI rate was directly 

increased if a higher expression level of the truncated CgpS variant was used (data not shown). 

In addition, counteracting CgpS in an SOS-deficient strain (ΔrecA) resulted in the same CGP3 
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induction rate as measured for the wild type (unpublished data, personally communicated with 

Hünnefeld, M). Even transcriptome analysis performed under the same conditions demonstrated 

that counter silencing has no direct influence on SOS genes (Pfeifer et al., 2016). In contrast, 

using MMC to induce CGP3 in a ΔrecA strain evinced almost no CGP3 activity (Helfrich et al., 

2015). 

Thus, from these experiments, it can be concluded that (i) prophage induction works 

differently than has been described for the E. coli-λ system; (ii) besides the SOS response, 

further mechanisms feed into the activation of CGP3; and (iii) XS proteins, such as CgpS, affect 

the rate of SPI and may contribute to an adjustment of the SPI frequency in dependency of its 

physiological function. 

 

4.5 Maintenance and impact of CGP3 on C. glutamicum populations 

The cryptic prophage CGP3 constitutes 6% of the entire genome of C. glutamicum (Frunzke et 

al., 2008, Kalinowski et al., 2003). Efforts to delete this prophage region to generate a stable 

strain for metabolic engineering were successful if the CGP3-encoded restriction modification 

(RM) system was inactivated (Baumgart et al., 2013). Thus, the question arose as to why and 

how CGP3 is maintained by this RM system. To explain this mechanism, it is suggested that the 

RM system would turn against C. glutamicum cells lacking the prophage region. In particular, 

after CGP3 deletion, newly synthesized DNA will no longer be methylated in the respective 

pattern, but the cytosol-located RM endonucleases are still intact (Figure 6). Hence, these 

nucleases cleave the unmodified DNA, thereby killing the daughter cells. This maintenance 

theory is based on the studies of Schäfer et al., who first characterized and proved the strong 

selectivity of the phage-encoded RM system against foreign DNA (Schäfer et al., 1994). It was 

shown by intergeneric conjugation experiments that a C. glutamicum strain which contains more 

copies of the respective RM genes is no longer able to form transconjugants and, in addition, the 

conjugation efficiencies in a RM-deficient strain were strongly increased (Schäfer et al., 1994, 

Schäfer et al., 1990). Hence, the existence of CGP3 within C. glutamicum is therefore directly 

linked to the presence of RM-encoding genes (Baumgart et al., 2013), which represents a 

persuasive explanation as to why the CGP3 region has been maintained in the ATCC 13032 

strain.  

Interestingly, similar reasons for the protection against foreign DNA and the sustainability 

of CGP3 are given by the CgpS-based silencing system. A maintenance principle can be derived 

from cgpS deletion experiments that resulted in CGP3-free colonies (Figure 6) (Pfeifer et al., 

2016). Since the counteraction of CgpS caused prophage induction and severe growth defects, 
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it was assumed that a cgpS knockout could only be compensated by recombination events 

leading to the loss of CGP3. Consistent with these assumptions, data from a P. aeruginosa 

study showed that null mutants of the XS mvaT and mvaU (members of H-NS family) were not 

viable unless the responsible phage genes were mutated (Castang & Dove, 2012). Moreover, a 

deletion of hns in E. coli resulted in strong growth defects (Yamada et al., 1991), whereas Δhns 

Salmonella Typhimurium strains needed to be counteracted by mutations in rpoS (general stress 

response) or in phoP (virulence gene regulator). Even more compensatory mutations in 

Salmonella were identified by an evolutional approach in stpA, encoding an H-NS paralog (Singh 

et al., 2016). Because of this data, it can be concluded that XS proteins, such as CgpS, play 

crucial roles in the maintenance of a stable co-existence between foreign genetic elements and 

their host organisms. 

An E. coli study presented by Wang et al. emphasized the beneficial impacts of nine 

cryptic prophages, since the loss of the entire proviral DNA (3.6% in E. coli K-12 BW251113) 

caused reduced fitness and less tolerance against osmotic and antibiotic stress (Wang et al., 

2010). To identify the respective conditions, comparative phenotypic microarrays were 

performed (Wang et al., 2010). In a similar approach, the C. glutamicum wild type strain was 

compared with the MB001 strain in >1100 different conditions (covering different C-, N-, P-

sources, antibiotics, osmotic, pH, etc.), however, the results have not revealed significant and 

reproducible differences. Under specific antibiotic concentrations such as for tetracycline, 

penimepicycline and rolitetracycline, the wild type surpassed the MB001 slightly (see appendix 

6.2, PM12 & PM13). However, after several attempts (variation of different media, antibiotic 

concentrations, etc.), the competitive benefits were not reproducible (data not shown). 

Co-cultivation experiments conducted with C. glutamicum wild type cells and the 

prophage-free variant MB001 revealed a slight growth advantage for the prophage-free strain on 

glucose minimal medium (Pfeifer et al., 2017). Under MMC-inducing conditions, an even higher 

fitness advantage can be observed (Baumgart et al., 2013). Similar results were obtained in 

genome reduction studies, where proviral elements were removed from the genomes of 

P. aeruginosa KT2440 and Lactococcus lactis NZ9000 (Zhu et al., 2017, Martinez-Garcia et al., 

2015) (further interesting genome reduction examples are summarized in the review of Martinez-

Garcia & de Lorenzo (Martinez-Garcia & de Lorenzo, 2016)). Improved fitness was obtained for 

the prophage-free variant of the P. aeruginosa KT2440 strain (under stress-inducing conditions; 

UV light) (Martinez-Garcia et al., 2015) and L. lactis NZ9000 cells, which lacked four of the five 

prophages and showed directly enhanced growth in standard minimal media (Zhu et al., 2017). 

Interestingly, the deletion of the last prophage region in the study by Zhu et al, was not possible 

(although not discussed in the article), resembling the initial problems with CGP3 (Baumgart et 

al., 2013). However, improvements in growth under laboratory-defined or prophage-inducing 
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conditions are quite reasonable since the loss of dispensable DNA enables a faster replication. 

In addition, a prophage-free population is also spared of viral-associated toxic effects and cell 

death due to prophage induction. 

 

Figure 6: CGP3-encoded defense and maintenance systems. CgpS and the prophage encoded RM 
system are both described to protect C. glutamicum cell against foreign DNA by silencing or cleavage 
foreign DNA (Pfeifer et al., 2016, Baumgart et al., 2013, Schäfer et al., 1990). Furthermore, the 
maintenance of CGP3 can be assigned to these two systems. Deletion of CGP3 was only possible, if the 
RM system was knocked out, suggesting that the remaining RM endonucleases would kill the daughter 
cells (since their genomes are incorrectly methylated) (Baumgart et al., 2013). Deletion of cgpS was not 
possible without losing the CGP3 region (Pfeifer et al., 2016). To explain this, it is suggested that, in the 
absence of CgpS, prophage induction leads to cell death and, therefore, only CGP3-free cells would form 
colonies. 

Mobile elements such as prophages, are described to potentially influence bacterial 

genomes by rearranging the genomic composition due to insertions, disruptions, inversion, etc. 

(Darmon & Leach, 2014). Furthermore, several studies reported that H-NS promotes 

transpositions of mobile elements, especially found for Tn10 (Ward et al., 2007, Wardle et al., 

2005), and, therefore, it was assumed that CgpS might have an influence on the transposition 

rate within the C. glutamicum genome. Stable genome dynamics and constant growth represent 

the basic requirements for platform strains, particularly if they need to be used in evolution 

experiments. For this reason a long-term evolution experiment (LTEE) (>600 generations) was 

conducted, representing the first LTEE, in which a prophage-free strain was used (Pfeifer et al., 
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2017). Beside the impact of viral DNA on C. glutamicum, in a further interesting question, it was 

examined whether all prophages, especially CGP3, were maintained or got lost over the course 

of the experiment. Genome sequencing of several biological replicates with respect to different 

time points revealed that all cryptic prophages remained in the wild type genome. In addition, no 

significant differences in the mutations rates or transposon insertions were observed (Pfeifer et 

al., 2017).  

Based on these data, it can be concluded that the large DNA burden given by the ~190 

kb CGP3 region and the associated metabolic costs (replication, transcription, protein production 

etc.) are not sufficient to negatively influence wild type cells or to force them to get rid of the 

provirus. Furthermore, these results provide strong evidence that two predominant mechanisms 

are required to stably maintain the CGP3 island in the genome of the ATCC 13032 strain, the 

RM system and the XS CgpS (Figure 6). Remarkably, both are encoded on the prophage itself. 

 

4.6 XS-derived interactions in regulatory circuits of bacteria and virus-
like elements 

Xenogeneic silencing represents an elegant option to protect the host organism against 

uncontrolled expression of foreign genes that foster the incorporation of exogenous genetic 

elements into host regulatory circuits (Huttener et al., 2015, Navarre et al., 2007, Singh et al., 

2016). Therefore, it is quite reasonable to assume that the XS protein, CgpS, might facilitate the 

introduction of network pieces from the CGP3 ancestor phage into the regulatory circuits of 

C. glutamicum. Thus, the question arises: What are these intersections? The answers are 

directly connected to the impact of CGP3 or rather to the benefits and detriments that are 

discussed in the section above. In this section, the main focus is on the CgpS-associated 

regulon.  

The genome wide-binding profile of CgpS delivered a detailed overview of the potential 

targets in C. glutamicum. Beside the CGP3 prophage, further genetic regions such as CGP1, 

genes within the HGT-acquired LCG island or transposase encoding genes (cg1951, cg2600) 

were also identified. Nonetheless, XS proteins bind and regulate also AT-rich host genomic 

regions as it was implied by the couple of hundred H-NS/Lsr2 targets (Gordon et al., 2010, 

Navarre et al., 2006). A non-foreign, but interesting CgpS-bound region, is the ferritin encoding 

gene ftn. Comparative transcriptomics revealed its upregulation under counter-silencing 

conditions (Pfeifer et al., 2016). Remarkably, Lsr2 of M. tuberculosis and H-NS from E. coli were 

also identified to repress ferritin-encoded genes (Kurthkoti et al., 2015, Nandal et al., 2010). A 

counteraction of the two XS proteins are achieved by iron-dependent transcriptional regulators 
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IdeR (M. tuberculosis) and Fur of E. coli (Kurthkoti et al., 2015, Nandal et al., 2010). In 

C. glutamicum, the global iron regulator DtxR (homolog of IdeR) might counteract CgpS in a 

related way at the ftn promoter, which could explain why ftn is activated when sufficient iron is 

available and repressed under iron limitations (Wennerhold & Bott, 2006). The aforementioned 

examples describe an interesting mechanism regarding how a classical transcriptional regulator 

such as Fur or IdeR, may function as an activator by counteracting XS activity. Furthermore, it is 

quite astonishing that the two analogous XS proteins, H-NS and Lsr2, encounter at the iron 

homeostasis with the two also analogous regulator proteins, Fur and IdeR. However, since the 

exact mechanism and reasons why Lsr2 is involved in alternating iron levels remains unclear 

(Kurthkoti et al., 2015), further studies are needed to identify the physiological relevance of XS in 

the iron homeostasis, especially of CgpS. 

The highest peak within the genome-wide analysis outside of the CGP3 region was 

found at the cg0150 genetic locus (Pfeifer et al., 2016). This gene encodes a protein, predicted 

to contain a fido domain (filamentation induced by cAMP/death on curing) and is described as a 

part of a TA-system (Garcia-Pino et al., 2008). Overexpression of this gene in a C. glutamicum 

strain containing a prophage reporter led to higher CGP3-reporter activity and caused severe 

grow defects (unpublished). Hence, these results underline that the regulation of cg0150 needs 

to be tightly controlled. However, under counter-silencing conditions expression of cg0150 was 

not affected (Pfeifer et al., 2016), indicating a further, unknown regulator is involved in 

repressing the transcription. This is also in line with the finding that the expression of cg0150 is 

not altered in the prophage- and cgpS-free strain MB001. However, the question regarding the 

advantages driving CgpS in occupying this genetic locus remain unanswered. 

At long last, it is noteworthy that, besides the crucial silencing of foreign, potential toxic 

genes, XS proteins also act as global regulators by binding and repressing the expression of 

genes encoding transcriptional regulators. This has been shown by ChAP-seq/ChIP-on-Chip 

studies for H-NS in Salmonella, Lsr2 in M. tuberculosis and is also the case for CgpS in 

C. glutamicum (Table 2) (Gordon et al., 2010, Navarre et al., 2006, Pfeifer et al., 2016). In 

addition, several studies, conducted with E. coli and Vibrio cholera, reported on the involvement 

of H-NS in the regulation of conserved transcriptional factors controlling pathogenicity, biofilm 

formation, acid stress response and even entire life-cycles (Ayala et al., 2017, Stratmann et al., 

2008, Breddermann & Schnetz, 2017).  

Thus, the modulation of transcriptional regulators that control the expression of genes 

involved in various different pathways strongly emphasizes both the high complexity of XS-

dependent systems and at how many points XS proteins are possibly able to adjust expression 

levels. To add to this complexity, several copies of XS-like paralogues can be encoded on the 

same genome and these interactions may change the modulation of the respective genes. 
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Prominent examples are H-NS and StpA studied in E. coli (Müller et al., 2006, Wolf et al., 2006) 

or MvaT and MvaA from Pseudomonas species (Castang et al., 2008, Tendeng et al., 2003). A 

further noteworthy point to mention is that, besides the cgpS gene, no further Lsr2-like protein 

has been reported for C. glutamicum ATCC 13032, emphasizing this strain to be a suitable 

model for further investigations regarding the impact of phage-encoded XS proteins. 

Table 2: CgpS bound genes encoding transcriptional regulators that are located outside of the 
CGP3 region (including elements of two-component systems). 

 

4.7 A step into the unknown – CgpS orthologues on phage genomes 

A PSI-BLAST search revealed >600 CgpS orthologues, mainly encoded in Actinobacteria, which 

are predicted to harbor highly conserved structural similarities. (Pfeifer et al., 2016). The genes 

were not only encoded on bacterial genomes, but were also present in 57 phage and 21 

predicted prophage genomes. However, a closer examination of the provirus-encoded 

orthologues enlightened that not all respective genes are located within the predicted prophage 

regions, but seven of them instead are encoded on plasmids (Table 3). This incorrect allocation 

can be explained by the frequent mistakes that are made by prophage prediction tools due to 

very similar criteria of mobile elements. In addition, several examples of plasmids encoding XS 

proteins have already been discussed in the current literature (Doyle et al., 2007, Yun et al., 

2015, Lang & Johnson, 2016). In particular, these plasmids are shown to harness XS proteins 

that could infiltrate new bacterial host cells, causing only a minimal impact on fitness, but driving 

a smooth horizontal transmission of genetic information (Doyle et al., 2007). A further interesting 

aspect was given by Yun et al., who showed by comparative ChAP-Chip and transcriptome 

analysis that although the binding regions of plasmid and host-encoded XS proteins are very 

similar, their regulons differ, especially in the early stationary phase (Yun et al., 2015). This 

finding again emphasizes the multi-faceted roles of XS proteins.  

 

Gene Locus Annotation 

-  cg0725 putative transcriptional regulator, MarR-family 

arnR cg 1340 transcriptional regulator of narKGHJI and hmp 

-  cg2462 putative transcriptional regulator, TetR-family 

gntR1 cg2783 gluconate-responsive repressor 1, repressor of genes involved in 

gluconate catabolism and the pentose phosphate pathway, GntR-family 

cgtS6 cg3060 two component sensor kinase 
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Table 3: 21 orthologues of CgpS (CgpS included) identified by a PSI-BLAST search (e-value ≤ 
0.005) that are predicted to be encoded on prophages by PhySpy (Pfeifer et al., 2016) or rather on 
plasmids.  

Species  Annotation Encoded on Plasmid 

Propionibacterium acnes TypeIA2 
P.acn17 

hypothetical protein 
TIA2EST22_01415 prophage - 

Propionibacterium acnes 266 putative Lsr2-like protein prophage - 

Propionibacterium acnes  
HL096PA1 

hypothetical protein 
PAGK_0304 prophage unnamed, 

CP003294.1 
Corynebacterium glutamicum 
 ATCC 13032 CgpS, Lsr2-like protein prophage - 

Tsukamurella paurometabola  
DSM 20162 protein Lsr2 prophage pTpau01 

Micromonospora aurantiaca  
ATCC 27029 putative Lsr2-like protein prophage - 

Streptomyces cattleya DSM  
46488 Lsr2-like protein prophage pSCATT 

Streptomyces cattleya DSM  
46488 Protein Lsr2 prophage pSCATT 

Gordonia polyisoprenivorans  
VH2 Lsr2-like protein prophage P174 

Streptomyces hygroscopicus s 
ubsp. jinggangensis 5008 Lsr2-like protein prophage pSHJG1,  

pSHJG2 
Nocardia brasiliensis  
ATCC 700358 Lsr2 protein prophage - 

Nocardia brasiliensis  
ATCC 700358 Lsr2 protein prophage - 

Frankia sp. EAN1pec putative lysyl tRNA 
synthetase-like protein prophage - 

Rhodococcus erythropolis PR4 conserved hypothetical 
protein prophage 

pREC1, 
pREC2, 
pREL1 

Rhodococcus jostii RHA1 hypothetical protein 
RHA1_ro08754 plasmid, pRHL1 

pRHL1, 
pRHL2, 
pRHL3 

Rhodococcus jostii RHA1 lysyl tRNA synthetase-like 
protein plasmid, pRHL3 

pRHL1, 
pRHL2, 
pRHL3 

Mycobacterium gilvum PYR-GCK hypothetical protein 
Mflv_5452 plasmid, pMFLV01 Yes 

Clavibacter michiganensis  
subsp. michiganensis NCPPB 382 

hypothetical protein 
pCM2_0036 plasmid, pCM2 Yes 

Rhodococcus opacus B4 hypothetical protein 
ROP_pROB01-05070 plasmid, pROB01 Yes 

Rhodococcus opacus B4b putative Lsr2-like protein plasmid, pKNR Yes 

Verrucosispora maris AB-18-032 hypothetical protein 
VAB18032_30199 plasmid, pVMKU Yes 
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Remarkably, most of the bacterial strains listed in Table 3 contain up to three plasmids, 

indicating a strong need for silencing proteins to presumably minimize plasmid-associated 

fitness costs. Furthermore, some of these strains, in particular, Nocardia brasiliensis, 

Streptomyces cattleya and Rhodococcus jostii and R. opacus harbor more than one gene 

encoding CgpS/ Lsr2-like proteins: However, the respective genes are never found on a single 

mobile element (prophage region or plasmid). 

Unfortunately, several phage genomes have been uploaded more than one time under 

different NCBI accession numbers leading, to a false positive number of CgpS orthologues 

identified by the PSI-BLAST search (Pfeifer et al., 2016). In a recent approach, a protein-protein 

BLAST analysis was performed with the CgpS sequence against the recently published 

database of actinobacteriophages (provided by the Hatfull group) (Russell & Hatfull, 2017) and 

led to over 224 hits (311 for Lsr2) in the uploaded phage genomes (Figure 7). Most of the CgpS- 

(and Lsr2-like) proteins are located on phages infecting the Mycobacterium species. This is 

because ~70% of the sequenced genomes are represented by mycobacteriophages (0.4% are 

corynebacteriophages).  

To test whether CgpS/Lsr2 homologs are more frequent in virulent or temperate phages, 

~2000 phages were classified (available in the database). They were allocated into the two 

respective groups according to the criteria that possible temperate phages encode at least one 

integrase, resolvase or recombinase. With this assignment, a set of 1581 virulent and 388 

potential temperate phages were generated. Interestingly, approximately 51% of all CgpS-

related proteins (~50% for Lsr2) were encoded on phage genomes of the larger, virulent group. 

By assuming a Gaussian-like phage distribution, it can be concluded that XS proteins, in 

particular, CgpS/Lsr2 orthologues, are four times more frequently encoded on (predicted) 

temperate rather than on virulent phages. Furthermore, since XS proteins are capable to repress 

proviral regions (Gordon et al., 2010, Navarre et al., 2006), one can assume that XS proteins 

might be able to replace repressor proteins of the respective prophages. Hence, overlaps of the 

temperate, XS-harboring phages were determined with genomes encoding and lacking 

repressor proteins (Figure 7). The comparison revealed that within the group of temperate 

viruses, phages that do not encode repressor proteins, but encode at least one CgpS orthologue 

are equally distributed as temperate phages that harbor both systems (similar distribution for 

Lsr2-like proteins). 

In conclusion, distributions of CgpS and Lsr2 orthologues suggest that XS proteins are 

more favored by temperate phages. It can be hypothesized that XS proteins can even replace 

phage-repressing proteins. In addition, predicted virulent phages contain XS proteins, leading to 

the conclusion that XS proteins both enable a mutual adaption and presumably disturb the 

function of host-encoded XS proteins and other defense mechanisms.   
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Figure 7: Distribution of CgpS and Lsr2 orthologues in actinobacteriophages. A: A BLASTp search 
(default option; BLOSUM62) with the amino acid sequences of CgpS and Lsr2 in the actinobacteriophage 
database (http://phagesdb.org/, ~10000 sequenced phages) (Russell & Hatfull, 2017) resulted in 224 
orthologues for CgpS (orange) and 311 for Lsr2 of M. tuberculosis H37Rv (blue). Clustering was done 
according to host genus that is infected by the respective phages. B. Overlaps of phages encoding CgpS 
(#83) and Lsr2 (#113) orthologues with temperate (#388) and repressor (#384) harboring phages. 
Numbers of orthologues are less than mentioned in A since only ‘phamerated’ phage genomes (#1969) 
were available in the database (for comparing analysis). Temperate phages were defined as phages 
harboring at least an integrase, a recombinase or a resolvase.  

  

http://phagesdb.org/
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This is, for example, supported by metagenomics data from Skennerton et al., who 

identified a phage-encoded H-NS-like protein with the potential to silence 6% of the hosts 

genome, including a CRISPR-Cas and an RM system (Skennerton et al., 2011). Furthermore, in 

a bioinformatics study concerning the distribution of XS in prokaryotes, no different types of XS 

(e.g. H-NS- vs Lsr2-like) are found in the same species, suggesting an XS exclusion theory 

(Perez-Rueda & Ibarra, 2015). The hypothesis is further supported by the studies presented 

here, in which it was shown that the expression of the foreign XS gene hns in C. glutamicum 

caused induction of the prophage CGP3 and severe growth defects. Additionally, ChAP-Seq 

analysis revealed that CgpS binds two genetic regions encoding RM systems (Pfeifer et al., 

2016).  

These data support that xenogeneic silencing is a widespread mechanism distributed not 

only among bacteria but also among phages (even plasmids), which underlines the close 

evolutionary connections between bacteria and phages shaped by horizontal gene transfer. 

Interestingly, the use of silencing systems in both domains seems to differ. While bacterial hosts 

use XS proteins as a rather mediative system allowing the step-wise acquisition of beneficial 

genes, (pro)-phages (and plasmids) harness XS to instead remain undetected in the host cell. 

This stealth-like strategy underlies the interests of prophages in providing a stable co-existence 

between bacteria and phages. In contrast, virulent phages harboring XS proteins have the 

potential to exploit the vulnerability of this system by disturbing host’s defense mechanisms 

through the silencing of RM-encoding genes or the de-regulation of present XS targets. 

Therefore, this approach represents a further strategy in the arms-race between bacteria and 

phages.  
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6.3 Supplemental material to: Live cell imaging of SOS and prophage 
dynamics in isogenic bacterial populations 
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6.4 Supplemental material to: Silencing of cryptic prophages in 
Corynebacterium glutamicum 
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6.5 Supplemental material to: Adaptive laboratory evolution of 
Corynebacterium glutamicum towards higher growth rates on glucose 
minimal medium. 
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