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ABSTRACT 

Bacterial genomes are mainly composed of two types of replicons: chromosomes, which are 

essential, and plasmids. Although most bacteria have only one chromosome, bacteria with secondary 

chromosomes have arisen independently in several taxa and represent approximately 10% of all 

bacterial species. Secondary chromosomes originate from plasmids and possess plasmid-type 

replication systems. While chromosomes replicate once and during a defined period of the cell cycle, 

plasmids generally replicate randomly. Vibrio cholerae has its genome divided in two chromosomes 

(Chr1 and Chr2) that use distinct initiators for replication. Chr1 replication depends on the ubiquitous 

initiator DnaA, while Chr2 replication is initiated by a Vibrio specific factor, RctB. Despite its plasmid 

origins, Chr2 replication is tightly controlled and occurs once per cell cycle. Both chromosomes 

communicate with each other to coordinate their replication through an RctB-binding locus on Chr1, 

called crtS. We have shown that crtS replication is crucial to trigger Chr2 replication initiation. 

However, the molecular mechanism by which crtS controls the initiation of Chr2 replication was still 

obscure. Here we combined in vivo and in vitro approaches to shed light on this question. We have 

shown that crtS activity is driven by RctB binding in a methylation-independent manner. 

Furthermore, functional analysis of crtS mutants suggests that its single stranded form may adopt a 

hairpin conformation upon passage of the replication fork, which somehow activates Chr2 

replication. This mechanism appears to be an effective way to integrate the Chr2 replication in the 

cell cycle. 
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INTRODUCTION 

I. Bacterial genome organization 

The organization of prokaryotic genomes is not stochastic. It is even quite the opposite, as their 

organization reflects a compromise between functional and regulatory purposes (Junier, 2014; 

Lawrence, 2003; Rocha, 2008). For instance, enzymes for each step of a biosynthetic or catabolic 

pathway are generally encoded by a single operon and are often co-localized on the chromosome 

with the cognate regulator (Rocha, 2008). The chromosomal location of a gene can influence its 

expression level (Bryant et al., 2014; Soler-Bistué et al., 2015) and, in the case of fast-replicating 

species, the copy number of the gene (Dryselius et al., 2008). It is also possible to observe a general 

bias for bacterial genes orientation to be enriched in the leading strand to avoid head-on collisions 

between the transcriptional and DNA replicative machineries (Rocha, 2004). The large majority of 

bacteria possess a single circular chromosome, but approximately 10% of the species have a genome 

split on two or more chromosomes. Given the fact that the structured nature of prokaryotic genomes 

mirrors functional purposes, it is unlikely that the multipartite genome structure simply represents 

an evolutionary peculiarity. Instead, this genomic architecture must be the result of selective 

pressures acting on these genomes throughout the course of the evolution. Understanding the 

organization of these genomes may shed light on the advantages of having this genomic architecture, 

as well as on the selective constraints that were on the basis of their origin. Many important bacteria 

harbour a divided genome. These bacteria include plant symbionts such as many of the rhizobia 

(Galibert et al., 2001), plant pathogens such as Agrobacterium (Goodner et al., 2001), and animal and 

human pathogens, including Brucella (DelVecchio et al., 2002), Vibrio (Heidelberg et al., 2000), and 

Burkholderia (Chain et al., 2006). 

Depending on their characteristics, there are several terms that describe the different types of DNA 

molecules that are present within a multipartite genome. The term replicon is generic and refers to 

any replicative DNA molecule regardless of its specific nature. In its strictest sense, it should be used 

only in reference to DNA molecules with a single origin of replication. This definition excludes the 

chromosomes of some archea that have multiple origins of replication (Barry and Bell, 2006; Wu et 

al., 2014). Based on its specific characteristics each replicon can be classified in four different groups: 

chromosomes, secondary chromosomes or chromids, megaplasmids and plasmids. 
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1.1. Chromosomes 

Chromosome refers to the primary replicon of the cell. The chromosome is always the largest 

replicon in the genome and contains the majority of the core/essential genes (Harrison et al., 2010). 

There is approximately a 100-fold range in the sizes of fully sequenced and assembled bacterial 

chromosomes, with average and median sizes of ~3.65 Mb and ~3.46 Mb, respectively. The average 

and median bacterial genome sizes, senso lato (including all replicons), are ~3.87 Mb and ~3.65 Mb, 

respectively. This demonstrates that the chromosome accounts for almost all of the genetic material 

of most prokaryotic organisms. However, this is not always the case. The chromosomes of 

Sinorhizobium meliloti 1021 and Burkholderia xenovorans LB400 account for only 54,6% and 50,3% of 

their genomes, respectively (Chain et al., 2006; Galibert et al., 2001). From the 1708 bacterial species 

with a complete genome available in the NCBI database (March 2016), 1017 (~59,5%) contain a 

chromosome but no secondary replicon (chromid, megaplasmid or plasmid), while only 192 (~11%) 

have a chromid and/or megaplasmid. The major features the different replicon classes are 

summarized in Table 1 (Harrison et al., 2010).  

1.2. Plasmids and Megaplasmids 

Many of the secondary replicons in bacterial genomes do not possess core and essential genes, being 

dispensable for cell viability in the majority of the environments. The genes carried on these 

replicons generally have genomic signatures, such as GC content and dinucleotide composition, 

which differ considerably from the chromosome. This indicates that most of them were acquired 

through recent horizontal gene transfer (HGT) (Harrison et al., 2010). These types of replicons, 

lacking core genes, are referred to as plasmids and megaplasmids. The difference between the two 

resides solely on size. There is no established size boundary between plasmids and megaplasmids, 

meaning that any size limitation is purely arbitrary. It has been suggested a lower cut-off of 350 kb 

for megaplasmid status since this value equals roughly to 10% of the median bacterial genome size. 

Any nonessential replicon of <350 kb is therefore classified as a plasmid (diCenzo and Finan, 2017). 

The term megaplasmid was first used to designate the large S. meliloti plasmid (Rosenberg et al., 

1981). Since then, the term has been used simply as a way of referring to a large plasmid. Possibly 

there is a more functional way, not relying solely on size, to distinguish plasmids from megaplasmids 

but this has yet to be elucidated. For instance, megaplasmids often have a copy number equal or 

similar to that of the chromosome, they often encode their own partitioning systems, and the 

replication and partitioning of megaplasmids may be integrated into the cell cycle. 
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Characteristic Chromosome Chromid Plasmid 

Size 
Always the largest 

replicon 
Largest secondary 

repliconsa 
Smallest repliconsa 

G + C Varies 
Usually within 1% of 

chromosome 
Often >1% lower 

than chromosome 

Maintenance and 
replication systems 

Chromosome-type Plasmid-type Plasmid-type 

Core genes 
280 universal, 75 

uniquely on 
chromosomes 

Some core genes, 
none universal, none 

unique 

Few genes shared at 
any phylogenetic 

level 

Phylogenetic 
distribution of genes 

Wide conservation of 
genes and synteny 
between genera 

Gene conservation 
and shared synteny 
only within genus 

Genes specific to 
strain or species 

Table 1. Differences between chromosomes, chromids and plasmids (Adapted from Harrison et al., 2010). 
a
Except in Deinococcus deserti VCD115 where the chromid is smaller than either of the two accompanying 

plasmids. 

 

1.3. Chromids or secondary chromosomes 

Secondary chromosomes or chromids refer to large secondary replicons that carry essential genes. 

Since these replicons carry plasmid-type maintenance and replication systems, in 2010 Harrison et al. 

proposed the term chromid to define them. According to these authors the term chromid refers to a 

replicon that is an intermediate between a chromosome and a plasmid (Harrison et al., 2010) and the 

term secondary chromosome should no longer be used. In 2017 diCenzo and Finan argue that the 

term secondary chromosome should be used to describe a secondary replicon formed through the 

split of an ancestral chromosome into two replicons. So far there is only a single case of such an 

event described in the literature (Ausiannikava et al., 2018). It is very likely that almost all secondary 

replicons carrying essential core genes evolved from plasmids. For this reason, from now on the 

terms chromid and secondary chromosome will be used indiscriminately.  

There are essentially three fundamental criteria that clearly distinguish chromids from chromosomes 

and plasmids. Chromids have plasmid-type maintenance and replication systems; a nucleotide 

composition similar to that of the chromosome, and carry several core genes that are found on the 

chromosome in other species (Harrison et al., 2010). All chromids described so far encode their own 

initiator molecules that control replication independently from the chromosome and may have 
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additional regulatory controls that integrate their replication into the cell cycle (Orlova et al., 2016; 

Ramachandran et al., 2017; Rasmussen et al., 2007; Venkova-Canova and Chattoraj, 2011). The 

majority of chromids are within 1% of the G + C composition of their host chromosomes. Within a 

given genome, chromosomes and chromids have core regions that are highly similar in composition. 

The number or the nature of the core genes is not important to define the chromids. What is 

important is the fact that these genes are widely distributed, located on the chromosome in most 

other species. The possession of these genes renders the chromid indispensable and stabilizes other 

genes present on the replicon.  In addition to these principal characteristics, the majority of the 

chromids identified so far share other properties. They are normally larger than the accompanying 

plasmids but smaller than the chromosome (Ochman, 2002), and carry many genes with a restricted 

or sporadic phylogenetic distribution. 

1.4. Phylogenetic Distribution of Multipartite Genomes 

Approximately 11% of all complete bacterial genomes (1708 genomes) contain a megaplasmid 

and/or chromid (diCenzo and Finan, 2017). From the bacterial species examined, 7,4% included at 

least one strain with at least one putative chromid and 6,4% included at least one strain with at least 

one megaplasmid (Fig. 1). It seems that there is an affinity for putative chromids to co-occur with 

megaplasmids, as ~2,5% of all the species examined had both a chromid and a megaplasmid (not 

necessarily in the same strain). This may reflect an intrinsic evolutionary property of these bacteria to 

select for promiscuous replicons or the difficulty in distinguishing clearly between them. The majority 

of species that have both putative chromids and megaplasmids belong to the genus Burkholderia and 

to the order Rhizobiales, which are known to carry both elements. The higher prevalence of putative 

chromids than of megaplasmids in the bacterial phylogeny may reflect a greater instability or more 

dynamic nature of the latter. 

Multipartite genomes are dispersed throughout the bacterial phylogeny. Though, it is possible to 

distinguish clear clusters of species with multipartite genomes (Fig. 1). Megaplasmids seem to be 

common in genera that contain numerous soil and marine bacteria that interact with eukaryotic 

species in either a symbiotic or a pathogenic relationship. Examples include members of the genera 

Bacillus, Burkholderia, Sinorhizobium, Rhizobium, Mesorhizobium, Agrobacterium, and 

Methylobacterium. Megaplasmids are also found in the genera Rhodococcus and Novosphingobium, 

which contain soil and marine organisms capable of inhabiting polluted environments and 

catabolizing the pollutants. Putative chromids are similarly found to be prevalent in several genera 

with species that enter into symbiotic or pathogenic relationships with eukaryotic organisms. These 

include members of Sinorhizobium, Rhizobium, Agrobacterium, Burkholderia, Cupriavidus, Vibrio, 
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Pseudoalteromonas, Azospirillum, Ralstonia, and Prevotella. Putative chromids are also prevalent in a 

few genera containing species that are able to survive in extreme environments, such as Ralstonia, 

Deinococcus, and Cupriavidus. Sequencing biases and underrepresentation of genome sequences 

from certain taxa may explain the absence of additional clusters in the phylogeny. 

As described below, chromids appear to contain genus-specific genes, and the presence of a chromid 

may correspond to the emerge of a new genus (Harrison et al., 2010). In contrast, megaplasmids are 

rarely conserved at the genus level. It is possible to find multiple species in a genus containing a 

megaplasmid, however in these cases the different species may have unique megaplasmids, carrying 

replication and partitioning proteins that do not share a common ancestry (Österman et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of multipartite genomes throughout the bacterial phylogeny based on the analysis of 
1708 bacterial species. The taxon names are colored based on the genome structure. Red corresponds to 
species with no megaplasmid or chromid; green to species with megaplasmids but no chromid; blue to species 
with chromids but no megaplasmid; and purple to species with both megaplasmids and chromids. Genera 
enriched for megaplamids and/or chromids are labeled. From diCenzo and Finan, 2017.  
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1.5. Mechanisms of Chromid Formation 

There essentially are two hypotheses explaining the process of an essential secondary replicon 

formation: the schism hypothesis and the plasmid hypothesis (Choudhary et al., 2012; Egan et al., 

2005; Fricke et al., 2009; Moreno, 1998; Prozorov, 2008). Though, the plasmid hypothesis represents 

the mechanism accounting for the formation of essential secondary replicons in most, if not 

essentially all, species examined to date. 

1.5.1. The Schism Hypothesis 

The schism hypothesis claims that a second essential replicon is formed as a result of a split of an 

ancestral chromosome into two replicons, a chromosome and a secondary chromsome. The schism 

hypothesis is the older of the two ideas and was first proposed to describe the chromid formation of 

Brucella suis (Jumas-Bilak et al., 1998) and Rhodobacter sphaeroides (Choudhary et al., 1997). 

According to this hypothesis the properties of the two resulting replicons would be highly similar, 

with an equal distribution of core genes between both replicons. The construction of viable E. coli or 

Bacillus subtilis strains with their single chromosome artificially split into two self-replicating 

chromosomes provides support to this idea (Itaya and Tanaka, 1997; Liang et al., 2013). However, the 

strong enrichment of essential genes on the chromosomes of species with multiple replicons is 

inconsistent with this model (Harrison et al., 2010). Additionally, evidence now indicates that the 

chromids of B. suis and R. sphaeroides did not result from a schism event. 

The fact that B. suis biovar 3 has a single chromosome with a size corresponding to the sum of the 

chromosome and chromid sizes of biovars 1, 2 and 4 led to the idea that the single-replicon structure 

was ancestral (Jumas-Bilak et al., 1998). However, phylogenetic analysis subsequently showed this 

was not true and that the single chromosome of biovar 3 resulted from a fusion of the chromosome 

and chromid in this lineage (Moreno, 1998). 

In R. sphaeroides, the many highly similar genomic features between the 3.2-Mb chromosome and 

the 0.94-Mb chromid (Choudhary et al., 1997) together with the large number of gene duplications 

between these replicons (Choudhary et al., 2004), and the large number of predicted essential genes 

on the chromid (Choudhary et al., 1994; Mackenzie et al., 2001) suggested that the secondary 

chromosome resulted from a split of an ancestral chromosome. However, the lower coding density 

of the chromid than of the chromosome (Kontur et al., 2012; Mackenzie et al., 2001), gene functional 

biases as determined by Cluster of Orthologous Genes (COG) analyses (Mackenzie et al., 2001), 

differences in evolutionary rates (Choudhary et al., 2007), and variations in gene content and size 

(Choudhary et al., 2007; Nereng and Kaplan, 1999) are inconsistent with this hypothesis. So far, there 
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is little evidence for the formation of a secondary essential replicon through the schism hypothesis. 

However, a recent study of the halophilic archeon Haloferax volcanii describes for the first time a 

genome rearrangement event that led to the formation of two chromosomes through a 

chromosomal schism (Ausiannikava et al., 2018). In this organism the main chromosome appears to 

have split into two elements via homologous recombination between two near-identical sod 

(superoxide dismutase) genes. The newly-generated replicons are bona fide chromosomes since each 

bears chromosomal replication origins, rRNA loci and essential genes (Ausiannikava et al., 2018). This 

is the first case of the evolution of a new chromosome without interspecies HGT in prokaryotes.  

1.5.2. The Plasmid Hypothesis 

Contrary to the schism hypothesis claiming that a secondary essential replicon evolves from a 

chromosome, the plasmid hypothesis proposes that it evolves from a megaplasmid. In this case, the 

coevolution of a megaplasmid with a chromosome will result in a regression of the genomic 

signature of the megaplasmid to that of the chromosome and the acquisition of essential genes 

potentially through transfer from the chromosome.  

The fact that the replication and partitioning machinery of chromids resembles that of megaplasmids 

(Harrison et al., 2010) supports the plasmid hypothesis. For instance, replicons of the repABC family 

carrying essential genes, and considered chromids, have repABC replication/partitioning genes that 

have a codon usage more similar to that of the chromosome than do repABC family members that do 

not carry essential genes (Castillo-Ramírez et al., 2009). Additionally, data from phylogenetic analysis 

of the plasmid partitioning protein RepA is consistent with chromids evolving from pre-existing 

megaplasmids in the Alphaproteobacteria (Harrison et al., 2010). 

It is the main chromosome that carries the majority of the conserved genes at all phylogenetic levels 

(Fig. 2). Despite the fact that chromids carry housekeeping genes essential for growth, there are no 

genes that are universally chromid-encoded. There are a large number of genes that are conserved 

on all chromids within a genus, and the vast majority of genes on the chromid are conserved among 

strains within a species. Chromid genes shared between genera within a family are only 40% of the 

number shared by species within a genus, whereas the corresponding number of shared 

choromosomal genes is 70%. At higher phylogenetic levels than the genus, the ortholog of a given 

chromid gene is more than likely to be found on the chromosome (Fig. 2, red). These are conserved 

genes that are usually chromosomal in location but have become chromid-borne within a particular 

genus. Another case can happen when a few or no orthologs are found at higher phylogenetic levels 

than the genus. In this case, those genes are characteristic of the genus and they are likely to confer 

phenotypes that are diagnostic at this level. Contrary to chromosomes and chromids, plasmids do 
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not have a conserved set of core genes across all species or a consistent gene phylogeny (Harrison et 

al., 2010). 

The fact that essential genes are strongly underrepresented on chromids (Harrison et al., 2010) is 

expected if the chromid originated from a megaplasmid that subsequently gained a few core genes. 

There is also a consistently observed bias in the functional annotation of genes present on chromids 

versus genes on chromosomes (Chain et al., 2006; Goodner et al., 2001; Heidelberg et al., 2000; 

Mackenzie et al., 2001), which is not shocking if the chromid and chromosome originated 

independently. In contrast, equal distributions of core genes and of functional annotations would be 

expected if the chromid formed as a result of a chromosomal split. Overall, it seems that the plasmid 

hypothesis is likely to explain the formation of most, if not all, chromids studied so far. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Gene conservation between pairs of genomes at different phylogenetic levels. Comparison between 
70 chromid-containing genomes. From Harrison et al., 2010. 

 

1.5.3. Megaplasmid Domestication 

The transition from megaplasmid to chromid requires two main conversions: the improvement of the 

genomic signatures to that of the chromosome and the acquisition of core/essential genes. Genomic 

signatures, such as codon usage and dinucleotide composition, are influenced by a variety of factors 
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and can have adaptive advantages (Carbone et al., 2003; Wong et al., 2002). Evolutionary forces 

selecting for optimized genome function may drive the similarity of the genomic signatures between 

chromosomes and chromids. This can be caused, for example, by selection for improved translational 

efficiency or mutational biases of the cellular machinery (Carbone et al., 2003; Wong et al., 2002). 

Individual genomes and replicons have distinct codon usage signatures (Grantham et al., 1980). 

Chromids are much more similar to chromosomes than to plasmids that are found in the same 

organisms. For instance, the chromosome and the chromid of Agrobacterium tumefaciens C58 are 

very similar in average codon usage but rather distinct from the two plasmids (Fig. 3). Plasmids have 

a lower G + C content than chromosomes and chromids in most of all available genomes (Daubin et 

al., 2003; van Passel et al., 2006; Rocha and Danchin, 2002). It seems that plasmids have an 

intrinsically different equilibrium base composition from the chromosomal genome and that plasmid 

genes never ameliorate fully (Lawrence and Ochman, 1997) to the chromosomal composition of their 

hosts. Still, plasmids do reflect the bias of their respective chromosomes to some degree. The codon 

usage of each plasmid is closer to that of the chromosome in its current genome than to those in 

other genomes (Fig. 3) (Campbell et al., 1999; van Passel et al., 2006). In contrast chromids are much 

closer in codon usage to chromosomes than to plasmids. This implies that they have spent a long 

period in the same cellular environment as the chromosomes they are associated with (Wong et al., 

2002). Nevertheless, chromid codon usage deviates from that of chromosomes in a consistent 

direction that is towards that of plasmids. 

 

 

 

 

 

Figure 3. Relative synonymous codon usage (RSCU) in the genes of Agrobacterium tumefaciens C58 and 
Burkholderia ambifaria MC40-6. (a). Principal components plot of RSCU for every protein-coding gene, 
classified by replicon. (b) Centroids corresponding to averages of the genes on each replicon. From Harrison et 
al., 2010. 

 

The occurrence of essential genes on a chromid is more difficult to explain because before their 

acquisition, the cell was fully capable of surviving. There are two possible mechanisms to explain it. 

The primary process is through interreplicon translocations resulting in the transfer of essential 
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genes from the chromosome to the secondary replicon. On the S. meliloti pSymB chromid there are 

two essential genes, engA and an unique arginine tRNA, ARGtRNACCG (diCenzo et al., 2013). 

Computational analysis of the surrounding region demonstrated that their presence on pSymB is the 

result of the translocation of a contiguous 69-kb fragment, including engA and the tRNA, from the 

chromosome to the pSymB precursor in a recent S. meliloti ancestor (diCenzo et al., 2013, 2016). In 

V. cholerae, five putatively essential genes (dsdA, infC, thrS, L20, and L35) are present in two clusters 

on the chromid, while in related Vibrio species these genes are chromosomally situated (Egan et al., 

2005). Numerous other clusters of genes in the Vibrio and Burkholderia genera and the order 

Rhizobiales are predicted to have moved from the chromosome to a secondary replicon (Slater et al., 

2009). Similarly, 25 to 30% of genes on the S. meliloti chromid have orthologs on the Agrobacterium 

tumefaciens chromosome (Wong and Golding, 2003), suggesting significant amounts of interreplicon 

gene flow. This is supported by the results of a genealogy study that are suggestive of recombination 

between the S. meliloti replicons in nature (Sun et al., 2006). In addition, in Bacillus cereus strains 

there seems to be frequent transfer of genes between chromosomes and plasmids (Zheng et al., 

2015). The exact mechanism through which gene transfer from the chromosome to a secondary 

replicon occurs has not been studied. However, the fact that the multiple replicons of a multipartite 

genome can naturally form cointegrants (Guo et al., 2003; Val et al., 2014a) raises the hypothesis 

that the integration of the replicons can be followed by an imprecise excision event resulting in 

interreplicon translocations (Ng et al., 1998). Another possibility relies on a recombination event, 

mediated, for example, by insertion sequence (IS) elements (Val et al., 2014a). This may result in the 

excision of a chromosomal gene region that is subsequently captured by the secondary replicon. 

The second putative mechanism that explains the presence of core genes in secondary replicons is 

genetic redundancy. It was shown that 10% of chromosomal genes in S. meliloti may have a 

functionally redundant copy on one of the secondary replicons (diCenzo and Finan, 2015). Also in R. 

sphaeroides (Bavishi et al., 2010; Choudhary et al., 2004), V. cholerae (Heidelberg et al., 2000), B. 

cereus (Zheng et al., 2015), and Burkholderia vietnamiensis (Maida et al., 2014) there seems to be 

some gene duplications between the chromosome and the secondary replicons. This genetic 

redundancy could be the result of an interreplication duplication of a chromosome gene or the 

acquisition of an orthologous gene through horizontal gene transfer. As long as the gene on the 

secondary replicon fully complements the disruption of the chromosomal version, the degeneration 

of the chromosomal copy would be fitness neutral. This way, the second copy of the gene would 

become the only functional copy, illustrating the transference of a core gene to a secondary replicon 

(diCenzo and Finan, 2017). 
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II. Replication of bacterial replicons 

In most bacteria, there is typically a single circular chromosome, and initiation is triggered at a single 

origin of replication. Replication then proceeds bidirectionally along the two chromosome arms until 

reaching the replication terminus, where the process stops. However, not all replication is 

bidirectional. Some plasmids undergo unidirectional vegetative replication, while conjugative 

replication occurs by a rolling-circle mechanism. 

In bacteria with a multipartite genome, secondary chromosomes or chromids encode their own 

initiator proteins which resemble plasmid initiators. However, contrary to most plasmids, whose 

replication can occur multiple times and at any point in the cell cycle, all chromids and 

megaplasmids, that have been studied so far, are replicated in a cell cycle dependent manner. This 

raises some important questions regarding the mechanisms ensuring their stability and how these 

replicons overcome the lack of timing of the original plasmids and link replication to the cell cycle. 

Understanding the processes of replication initiation and the formation of the replisome is crucial for 

understanding the replication control systems. 

 

2.1. Chromosome replication: the E. coli model 

2.1.1. Initiation of chromosome replication 

The majority of bacterial chromosomes carry a single origin distinguished by two classes of sequence 

elements: conserved repeats that are important for initiator recognition and an AT-rich DNA-

unwinding element (DUE) where the replication bubble originates (Bramhill and Kornberg, 1988; Gille 

and Messer, 1991; Kowalski and Eddy, 1989) (Fig. 4). The ∼260 bp origin of Escherichia coli, oriC, is by 

far the most well characterized system for replication initiation. E. coli oriC bears a complex array of 

conserved sequence motifs. Most of these are recognized by the ubiquitous prokaryotic replication 

initiator, DnaA (Fuller et al., 1984; McGarry et al., 2004; Speck et al., 1999), whereas others are 

recognized by factors that modulate initiator/origin interactions (Fig. 4).  

One predominant motif is the DnaA box (sites R1–R5) (15, 16), which is recognized by DnaA, a 

member of the AAA+ ATPase family (ATPases associated with diverse activities). In the cell, DnaA 

exists in both ATP- and ADP-bound forms. DnaA–ATP is considered to be the active form of the 

protein as this is required for oligomerisation at the origin (Nishida et al., 2002; Sekimizu et al., 

1987), an event which triggers DNA unwinding and ultimately, assembly of the replisome.  DnaA 

boxes are recognized either by ATP-bound or ADP-bound DnaA (ATP-DnaA and ADP-DnaA, 
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respectively), with regions R1, R2, and R4 bound most tightly (Fig. 4) (Leonard and Grimwade, 2011; 

Margulies and Kaguni, 1996; Schaper and Messer, 1995; Sekimizu et al., 1987). I-sites and τ-sites 

constitute two other classes of DnaA binding sites that associate more weakly with the initiator and 

are preferentially recognized by ATP-DnaA (Kawakami et al., 2005; Leonard and Grimwade, 2011; 

McGarry et al., 2004). In order for the helical DnaA oligomer to form at the origin and induce DNA 

unwinding, both strong and weak DnaA-binding sites need to bind DnaA (McGarry et al., 2004; 

Rozgaja et al., 2011). 

 

Figure 4. Organization of the chromosomal origin of replication (oriC) in E. coli. E. coli oriC consists of the AT-
rich DNA-unwinding element (DUE) and DnaA assembly region. DnaA binding motifs and its directionality are 
indicated by the thin black arrows. The dark blue cylinders correspond to high- (R1 and R4) and moderate-
affinity (R2) DnaA boxes while the light blue cylinders represent the low-affinity DnaA boxes. IBS – IHF binding 
site; FBS – FIS binding site; Black arrows with large heads indicate the AT-rich DUE.  

The DUE contains several copies of a fourth type of DnaA binding element termed an ATP-DnaA box. 

These sites reside within three 13-bp AT-rich repeats historically designated as L, M, and R (Bramhill 

and Kornberg, 1988; Gille and Messer, 1991). Similar to I-sites and τ-sites, ATP-DnaA boxes are bound 

preferentially by ATP-DnaA (Speck and Messer, 2001; Speck et al., 1999). ATP-DnaA box recognition 

requires the cooperative assembly of multiple ATP-DnaA protomers and depends on initiator binding 

to the adjacent R1 element (Speck and Messer, 2001). 

In E. coli, DnaA-ATP binding to DNA is facilitated by the DnaA initiator-associated protein (DiaA) 

(Bell and Kaguni, 2013; Leonard and Mechali, 2013). This protein forms homotetramers and each 

protomer contains a specific site for binding to DnaA (Keyamura et al., 2007, 2009; Natrajan et al., 

2009; Zawilak-Pawlik et al., 2011). This allows the binding of a single tetramer to multiple DnaA 

molecules, which can stimulate cooperative binding of DnaA to oriC and the unwinding reaction (Fig. 

5). The binding of other factors to oriC such as IHF, HU and Fis also affect the formation of the 

initiation complex (Fig. 5) (Cassler et al., 1995; Gille et al., 1991; Grimwade et al., 2000; Hiasa and 

Marians, 1994; Hwang and Kornberg, 1992; Leonard and Grimwade, 2004; Margulies and Kaguni, 

1998; Ozaki and Katayama, 2012; Ryan et al., 2002, 2004; Wold et al., 1996). For instance, the 

binding of IHF induces a 180 degree bend in the DNA (Dillon and Dorman, 2010) that positively 

regulates replication initiation. The formation of the DnaA-oligomer introduces positive writhe in the 

bound DNA (Zorman et al., 2012), which is responsible for the localized strand opening at the DUE 
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(Fig. 5) (Duderstadt et al., 2011). In addition, transcription by RNA polymerase in or around oriC is 

also thought to facilitate strand opening (Baker and Kornberg, 1988; Bates et al., 1997; Skarstad et 

al., 1990). The unwound DNA is then stabilized by binding to the ssDNA binding site of DnaA 

located in the ATPase domain (Fig. 5) (Duderstadt et al., 2011; Speck and Messer, 2001). 

 

Figure 5. Sequence of events during chromosomal replication initiation. For a certain period before replication 
initiation, DnaA-ADP predominates and binds only high- and moderate-affinity DnaA boxes. When the level of 
DnaA-ATP increases and becomes predominant, DnaA-ATP cooperatively binds to the low-affinity sites. The 
binding of IHF induces DNA bending between the AT-rich DUE and DnaA box R1 that is crucial for stimulation of 
DUE unwinding. In addition, DUE unwinding requires the binding of DnaA to ssDNA. The DnaB helicase delivery 
requires the DnaC accessory protein. After its loading, the helicase unwinds the DNA double helix and a 
polymerase complex is assembled after the synthesis of a short RNA fragment by a primase. Single-stranded 
DNA binding protein (SSB) aids the formation and stabilization of the origin of replication.   
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2.1.2. Helicase loading in bacteria/Replisome formation 

Following the unwinding of the DUE, the formation of the replisome involves the recruitment of 

other proteins to the replication process. A homohexameric DNA helicase is loaded onto ssDNA at 

the replication origin by the concerted action of both DnaA and a dedicated loading factor. In E. 

coli, the helicase, DnaB, is loaded onto the ssDNA by the helicase loader DnaC (Fig. 5) (Abe et al., 

2007; Marszalek and Kaguni, 1994; Marszalek et al., 1996). The primase, DnaG, is next recruited 

via an interaction with the N-terminal domain of DnaB. DnaG mediates synthesis of primer RNA, 

as DNA polymerases need a pre-existing nucleic acid fragment from which to begin DNA 

synthesis. Active primer formation appears to induce the dissociation of DnaC, in a step which is 

necessary for DnaB to begin to function as an active helicase. The loading of the helicase is 

important for the recruitment of the DNA polymerase clamp, DnaN. The clamp is a ring-shaped 

DNA-binding protein that wraps around the DNA and keeps Pol III* attached to it in order to 

proceed the primer elongation (Georgescu et al., 2008; O’Donnell, 2006). After the synthesis of 

Okazaki fragments, the clamp remains loaded on the nascent DNA while Pol III* mediates the 

synthesis of the next Okazaki fragment (O’Donnell, 2006). This has an important role in the 

replication initiation control by regulating DnaA activity. This process is described in more detail 

below (section 2.1.4.2).   

2.1.3. Chromosome Replication Termination 

The termination of chromosomal replication involves several events that occur as the replication 

forks meet in the terminus region of the circular bacterial chromosome. One process involves the 

action of a directional system, such as the E. coli Tus-Ter system. This helps to maintain the 

directionality of the replication fork and it is crucial to assure that converging forks not pass each 

other and continue replication, resulting in over-replication.  

In many chromosomes and plasmids replication termination is directed towards dedicated 

termination regions (Ter). This assures that the replichores are of similar size and that the last 

replicated regions are accessible to the cellular machinery for the final stages of the chromosome 

processing, such as decatenation and chromosome dimer resolution (Lesterlin et al., 2004). However, 

contrary to the proteins involved in the initiation of DNA replication, the terminator proteins and 

their cognate DNA sequence elements that comprise the replication fork trap (the Ter sites) are not 

broadly conserved. Note that some bacteria don’t seem to harbour an active dedicated termination 

replication system (such as V. cholerae). In this case, termination of replication seems to occur by the 

fusion of the two converging replication forks. 
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2.1.3.1. E.coli Tus-Ter system 

In E. coli, most of the termination events seem to occur within the ~200kb of the ter region. Within 

this region the replication forks meet at random positions. The Tus-Ter system controls replication 

fork directionality by recognition and binding of chromosomal Ter sites by the Tus protein. This 

protein binds in a directional manner, and does not allow replication fork passage in the case of Ter 

site inversion (Hill et al., 1987). If progress of one of the forks is delayed, the other fork is likely to 

encounter a Ter site bound by the terminator protein, Tus. When this occurs, fork replication stops 

until the second fork arrives (Duggin and Bell, 2009). 

2.1.3.2. B. subtilis RTP-Ter system 

In B. subtilis replication termination is mediated by the binding of the replication terminator protein 

(RTP) to the Ter sites. Despite having the same biological function, the RTP terminator protein of B. 

subtilis does not share any sequence or structural homology to the E. coli Tus protein. In addition, the 

Ter sites in B. subtilis are more clustered towards the centre of the terminus region. Similarly to E. 

coli, the termination complex blocks DNA replication in a polar manner. Replication forks that 

encounter the B. subtilis RTP-Ter complex from the core side are blocked, although those that 

encounter RTP-Ter from the auxiliary side are not (Wake, 1997).  

2.1.4. Regulation of chromosome replication 

Chromosome replication must be coordinated with other cell cycle events. The transmission of 

genetic material to the cellular offspring is a fundamental challenge for all organisms and is crucial 

for their survival. The regulation of chromosome replication initiation not only determines the overall 

rate of DNA synthesis, but helps to coordinate DNA replication with other cell cycle events, such as 

chromosome segregation, cell growth and division. This coordination is essential since it assures that 

at each origin, replication initiates once and only once per division cycle; and at least one round of 

replication is completed and the nucleoids have segregated before the completion of cell division 

(Fig. 6). 

 

 

 

Figure 6. The bacterial cell cycle. The bacterial cell cycle is traditionally divided into three stages: the period 
between division (cell “birth”) and the initiation of chromosome replication (known as the B period); the period 
required for replication (known as the C period); and the time between the end of replication and completion 
of division (known as the D period). From Wang and Levin, 2009. 
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Nutrient availability and metabolic status seems to affect every step, from initiation, through 

elongation to chromosome segregation (Wang and Levin, 2009). There seems to be an extensive 

regulatory network that ensures that replication is coordinated with growth, which allows the cells to 

maintain genome integrity in different environmental conditions. 

In bacteria under fast-growing conditions the different processes, such as cell growth, chromosome 

replication, chromosome segregation and the assembly of the division machinery at the division site, 

occur simultaneously (Fig. 7). The chromosome begins a subsequent round of replication prior to the 

completion of the first, although only one round is initiated per cell division. In these conditions at 

least one round of replication is finished before cytokinesis, ensuring that each daughter cell receives 

at least one complete genome. This phenomenon, termed multifork replication, was first discovered 

in B. subtilis (Yoshikawa et al., 1964), however it is not a universal feature of the bacterial life cycle. 

During multifork replication cells can have four or more copies of the region proximal to oriC and one 

copy of the region proximal to terC (Fig. 7). This imbalance has implications for gene expression levels 

as well as for the activity of the initiator protein DnaA (Wang and Levin, 2009). 

 

 

 

 

 

Figure 7. Chromosome replication during slow- and fast-growth conditions. (a) In slow-growing bacterial cells 
there is a single round of replication per division cycle. During replication each cell has only two copies of the 
origin region (oriC) and one copy of the terminus (terC). (b) Multifork replication in fast-growing conditions 
leads to a copy number imbalance between oriC and terC. This phenomenon has an impact on gene dosage and 
consequently on gene expression levels. From Wang and Levin, 2009. 

DNA replication is regulated in a way that over-initiation events are prevented and sufficient 

initiation must be ensured so that one initiation event occurs per generation per origin. The 

frequency of replication must match the growth rate, otherwise the cellular DNA concentration will 

be altered. The cellular concentration of DnaA protein was found to be constant irrespective of the 

growth media (Hansen et al., 1991) and a theoretical model has suggested that the production of 

DnaA couples growth rate to replication frequency (Hansen et al., 1991). The ratio of ATP-DnaA to 

ADP-DnaA varies throughout the cell cycle and peaks right before replication initiation (Kurokawa et 

al., 1999). It has therefore been suggested that the frequency of initiation is determined by the 

accumulation of ATP-DnaA at oriC during steady-state growth (Donachie and Blakely, 2003). The 
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control of initiation relies on a reduction of the availability and/or activity of both the DnaA protein 

and the oriC region at the various steps after initiation, for example before unwinding and/or 

immediately after the establishment of replication forks. 

2.1.4.1. Regulation at the origin sequence in E. coli 

a) Origin Sequestration 

In E. coli, origin usage is prevented by a process called origin sequestration. This process depends on 

the Dam (DNA adenine methyltransferase) and SeqA proteins (Waldminghaus and Skarstad, 2009). 

SeqA discriminates between new and old origins by the methylation status of GATC sequences, which 

are present at high frequency in the oriC DNA sequence. In turn, Dam methylates the adenines 

present in these sequences. As these sequences are palindromic, both A residues in the duplex DNA 

sequence are methylated, resulting in a fully methylated state. When this sequence is replicated, a 

hemi-methylated state (where the nascent strand is not yet methylated) exists before further action 

of Dam. The hemi-methylated GATC sites are the binding targets of SeqA (Lu et al., 1994; Slater et al., 

1995). SeqA binding is maintained for about 10 min after initiation in cells with a doubling time of 

30 min (Lu et al., 1994). During this time the origin is bound by SeqA which prevents GATC 

methylation by Dam methylase (Boye et al., 1996; Fujikawa et al., 2004; Guarné et al., 2002; Lu et al., 

1994). Additionally, the binding of SeqA multimers to the supercoiled DNA causes DNA topological 

changes (Kang et al., 2003; Torheim and Skarstad, 1999), and within oriC it inhibits DnaA binding to 

the low-affinity boxes, thereby inhibiting initiation (Nievera et al., 2006). 

b) Regulation by transcription at and near the origin 

Transcription around and at oriC can affect replication initiation and may also contribute to 

regulation of initiation frequency. oriC is flanked by two genes, gidA and mioC. gidA encondes a 

protein involved in modification of specific tRNA molecules (Bregeon et al., 2001; Moukadiri et al., 

2009), while mioC encodes a protein that has been implicated in biotin synthesis in vitro (Birch et al., 

2000). Both genes are transcribed in the same direction and oriC is located downstream of mioC. 

Consequently, the mioC transcripts read through oriC (Messer and Weigel, 1997), while gidA gene is 

transcribed away from oriC. The mioC promoter region harbours a DnaA box cluster and DnaA 

binding downregulates mioC gene transcription (Hansen et al., 2007; Messer and Weigel, 1997). 

Transcription of mioC is repressed before replication initiation and is derepressed after it. The 

pattern of gidA transcription is opposite to that of mioC (Bogan and Helmstetter, 1997; Ogawa and 

Okazaki, 1994; Theisen et al., 1993). Although the deletion of the promoters of these genes does not 
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affect initiation regulation in wild-type cells during steady-state growth, their transcription can 

stimulate initiation in cells bearing a mutation impeding initiation (Bates et al., 1997). However, 

constitutive transcription of mioC impedes initiation (Su’etsugu et al., 2003). 

c) Regulation of DnaA Gene Transcription 

The cellular DnaA concentration was found to be constant irrespective of growth medium and the 

cell cycle (Hansen et al., 1991). However, the transcription of the dnaA gene is regulated in a cell 

cycle-specific manner; it increases before initiation and decreases after initiation (Theisen et al., 

1993). The main reason for the oscillation resides on Dam and SeqA (Bogan and Helmstetter, 1997) 

and is important to sustain timely initiation (Riber and Lobner-Olesen, 2005). The dnaA gene 

promoter is sequestered by SeqA for almost the same duration as the origin (Campbell and Kleckner, 

1990; Lu et al., 1994; Riber and Lobner-Olesen, 2005) being unavailable to the transcription 

machinery. Since the dnaA gene is situated near oriC, this decreases DnaA production and therefore 

the initiation potential soon after new replication forks have been launched (Riber and Lobner-

Olesen, 2005). In addition, dnaA gene transcription is autoregulated by the presence of DnaA boxes 

in the dnaA promoter region (Speck et al., 1999). 

2.1.4.2. Control outside the origin 

a) The Specific DNA Element (datA)-Dependent Timely Inactivation of DnaA 

There are about 300 high-affinity DnaA binding sites and a very large number of low-affinity sites 

around the chromosome (Hansen et al., 2007; Kitagawa et al., 1996; Roth and Messer, 1998). As the 

chromosome is replicated, the DnaA binding sites are duplicated and contribute to titration of DnaA 

away from oriC. The main titration site, datA, is situated near oriC and is duplicated soon after 

replication initiation (Kitagawa et al., 1996, 1998, Morigen et al., 2003, 2005; Ogawa et al., 2002) (Fig. 

8). The datA site binds on average 60 DnaA molecules (Hansen et al., 2007) which represses the 

occurrence of extra initiations/reduces the initiation potential at oriC when oriC is still in 

sequestration (Kitagawa et al., 1998). The datA site is about 1 kb in size and contains 5 high-affinity 

DnaA binding sites and about 25 low-affinity sites (Hansen et al., 2007; Kitagawa et al., 1996, 1998). 

High-affinity DnaA boxes 2 and 3 are essential for efficient binding of DnaA to datA. DnaA bound to 

these sites works as a core for further cooperative DnaA binding (Ogawa et al., 2002). 

In addition, this locus contains a IHF-binding site, which is essential for datA function (Nozaki et al., 

2009). The IHF-datA complex promotes DnaA-ATP hydrolysis, yielding DnaA-ADP (Kasho and 
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Katayama, 2013). The supercoiled structure of the datA region stimulates assembly of DnaA and IHF, 

which enhances this process (Kasho et al., 2017). The binding of IHF to datA is cell cycle specific, 

taking place immediately after initiation. This provides a mechanism for the timing of datA mediated 

DnaA-ATP hydrolysis (Kasho and Katayama, 2013).  

b) Regulation of the DnaA Nucleotide Form by DARS 

The E. coli chromosome contains two sites which specifically interact with DnaA-ADP and reactivate it 

by exchanging ADP to ATP and producing DnaA-ATP (Fujimitsu et al., 2009). These DnaA-reactivating 

sequence sites are termed DARS1 and DARS2 and are located halfway within the intergenic region 

between oriC and terC, to the right and left of oriC, respectively (Fig. 8) (Fujimitsu et al., 2009). These 

sites both include a cluster of three DnaA boxes, so multiple ADP-DnaA molecules can form 

complexes with DARS, facilitating the release of ADP from DnaA. The resultant apo-DnaA molecules 

are likely released from DARS because of reduced complex formation activity, which allows the 

binding of ATP and DnaA reactivation. De novo-synthesized DnaA binds ATP, providing cells with a 

basal level of ATP-DnaA. However, this alone is not enough to assure replication initiation in a timely 

manner. Both DARS1 and DARS2 are required for timely initiation during the cell cycle (Fujimitsu et 

al., 2009). Each DARS contains a regulatory region in addition to the common sequence containing 

the DnaA box cluster (Fujimitsu et al., 2009; Leonard and Grimwade, 2009). However, the 

mechanisms by which the regulatory regions stimulate the DnaA-reactivating function are not 

completely understood.  

The regulatory region of DARS2 contains specific binding sites for the DNA bending proteins IHF and 

Fis, which are required for DARS2 function/activation (Kasho et al., 2014). The simultaneous binding 

of IHF and Fis to DARS2 facilitates DnaA-ATP regeneration in vivo (Kasho et al., 2014), providing a 

mechanism for the timing of DnaA reactivation. The binding of IHF to DARS2 appears to be cell-cycle 

regulated and independent of DNA replication, while the binding of Fis is linked to the growth phase: 

occurring during exponential growth but not on stationary phase (Kasho et al., 2014). 

The chromosomal positioning of DnaA binding sequences such as datA, DARS1 and particularly 

DARS2 relative to oriC has been shown to be important for the proper timing of DNA replication 

initiation (Fig. 8) (Frimodt-Møller et al., 2016; Inoue et al., 2016). Relocation of datA and DARS1 to 

the replication terminus or origin, respectively, perturbs replication initiation. These effects may be 

attributed to a gene dosage effect, or decreased/increased proximity to DnaA (Frimodt-Møller et al., 

2016). In turn, the relocation of DARS2 has a more significant impact. Translocation of this site close 

to the terminus causes decreased initiation events and asynchronous replication. This suggests that 
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the chromosomal location of DARS2 is important for regulating DNA replication synchrony (Frimodt-

Møller et al., 2016; Inoue et al., 2016).  
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Figure 8. Effect of DARS1 and datA chromosomal positioning. (A) In the WT, oriC and the dnaA gene are 

sequestered by the SeqA/Dam system following initiation of replication. The period of sequestration allows 

RIDA and the early duplication of datA to decrease the DnaA-ATP/DnaA-ADP ratio to a level inhibiting new 

rounds of initiation. (B) When datA is relocated close to terC, only RIDA and the single copy of datA next to terC 

act to lower the DnaA-ATP/DnaA-ADP ratio during the sequestration period, resulting in higher concentration 

of DnaA-ATP compared to the WT and earlier re-initiation. (C) When DARS1 is relocated close to oriC, RIDA and 

datA act to lower the DnaA-ATP/DnaA-ADP ratio similar to the WT. However, the early duplication of DARS1 

results in an earlier rejuvenation of DnaA-ATP from DnaA-ADP.  Thus, the DnaA-ATP level increases faster than 

for WT cells, leading to the following initiation at a reduced mass. (D) DARS2 requires the binding of IHF to be 

active, which occurs only prior to initiation. Thus, moving DARS2 close to oriC does not alter the origin 

concentration because IHF availability does not change. In contrast, when DARS2 is relocated close to terC its 

gene dosage decreases, which may be insufficient to generate the pre-initiation burst in DnaA-ATP required for 

initiation at all cellular origins. The red circle and green circles correspond to Dna-ADP and DnaA-ATP, 

respectively. The size of the circles is proportional to the cellular amounts of each DnaA form. From Frimodt-

Møller et al., 2016. 

 

c) Regulation of the DnaA nucleotide form by RIDA 

After promoting replication initiation, ATP-DnaA is hydrolysed in a manner dependent on a complex 

consisting of ADP-Hda protein and the DNA-bound polymerase β-clamp, DnaN (Katayama et al., 

1998; Kato and Katayama, 2001; Kurokawa et al., 1999; Su’etsugu et al., 2008). The resultant ADP-

DnaA is inactive in initiation. This system is termed RIDA (regulatory inactivation of DnaA) and is 

crucial for DnaA inactivation, supporting the once-per-generation initiation (Camara et al., 2005; 

Kurokawa et al., 1999; Riber et al., 2009). Hda protein consists of a short N-terminal region 

containing the clamp-binding motif and an AAA+ domain (Dalrymple et al., 2001; Kato and Katayama, 

2001; Kurz et al., 2004; Su’etsugu et al., 2005; Xu et al., 2009). The Hda AAA+ domain specifically 

binds ADP, but not ATP (Su’etsugu et al., 2008). ADP-Hda is monomeric and active in RIDA, whereas 

apo-Hda is multimeric and inactive in RIDA (Su’etsugu et al., 2008). 

During replication elongation, the clamps remain on the lagging strand after Okazaki fragments are 

synthesized and the DNA polymerase III core is released (Balakrishnan and Bambara, 2013; Goodman 

and Woodgate, 2013; Hedglin et al., 2013; MacAlpine and Almouzni, 2013; Yuzhakov et al., 1996). 

These DNA-bound clamps interact with ADP-Hda protein, and the resultant complex subsequently 

interacts with ATP-DnaA, promoting ATP hydrolysis (Su’etsugu et al., 2004, 2008). Although DNA-free 

clamps can bind Hda, they are inactive in RIDA, meaning this system is activated upon replication 

initiation and loading of DNA polymerase III holoenzyme. This ensures the timely and replication-

coupled activation of RIDA and makes a link between initiation regulation and DNA replication 
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elongation, as ATP hydrolysis only becomes activated following the start of DNA synthesis (Camara et 

al., 2005; Kasho and Katayama, 2013; Kato and Katayama, 2001). 

2.1.4.3. Coordination of regulation for oriC and DnaA 

Immediately after replication initiation SeqA binds to hemimethylated oriC. This binding lasts 

approximately one third of the doubling time (10 min in a culture with a doubling time of 30 min) and 

depends on the balance between Dam methylase and SeqA activities (Bach et al., 2003). The ratio of 

ATP-DnaA to ADP-DnaA peaks at initiation, and then decreases gradually due to RIDA activity. It takes 

approximately 15 minutes to decrease this ratio to the lowest levels, and very likely less than 10 min 

to decrease the ratio enough to prevent initiation from occurring when the origins are released from 

SeqA sequestration. The coordination between oriC sequestration by SeqA and DnaA inactivation by 

RIDA is crucial for repressing untimely initiation events (Katayama et al., 2010; Keyamura et al., 2009; 

Kurokawa et al., 1999; Lu et al., 1994; Skarstad and Løbner-Olesen, 2003).  

The regulation of replication initiation in E. coli does not involve control over the concentration of 

origins. All origins present in the cell are initiated at the same time once per generation irrespective 

of how many there are (Helmstetter and Leonard, 1987; Lobner-Olesen, 1999). This means that all 

origins are initiated during a short time interval and all new origins are sequestered until initiation is 

no longer possible. 
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2.2. Chromids and Megaplasmid replication: The RepABC model 

As mentioned in the previous chapter many alphaproteobacteria have a multipartite genome, 

carrying secondary chromosomes. Generally, these replicons have one or more genes that are 

essential for core physiology, as well as a GC content similar to that of the primary chromosome. 

However, they possess plasmid-like replication and partitioning systems similar to that of the 

plasmids found in these organisms. RepABC family plasmids are found exclusively in 

alphaproteobacteria and their long-term survival requires faithful vertical transmission from the 

mother cell to daughter cells. Most of the larger alphaproteobacterial plasmids replicate their DNA 

and distribute it to daughter cells via proteins encoded by the repABC cassette. 

Contrary to the well-studied replication and partitioning systems found in enterobacteria, repABC 

cassettes are only starting to be the focus of detailed studies. The best characterized repABC 

cassettes are found on the symbiosis plasmids p42d of Rhizobium etli and pSymA from Sinorhizobium 

meliloti, on two different Ti plasmids from A. tumefaciens and on plasmid pTAV1 from Paracoccus 

versutus (Fig. 9a) (Bartosik et al., 1997, 1998, Cevallos et al., 2002, 2008; Chai and Winans, 2005a; 

MacLellan et al., 2004; Pappas, 2008; Venkova-Canova et al., 2004). 

2.2.1. Genetic structure of repABC-type cassettes 

The repABC operons encode three proteins, repA, repB and repC, that are expressed as an operon 

from promoters that lie upstream of repA (Fig. 9a) (Pappas and Winans, 2003a; Ramírez-Romero et 

al., 2001). RepC is sufficient for replication, while RepA and RepB direct the partitioning of daughter 

plasmids. The RepA and RepB proteins of these cassettes generally resemble the larger family of ParA 

and ParB proteins and are likely to have similar general properties. The origin of replication and 

partitioning (par) sites are also localized within or near the repABC operon. All repABC cassettes 

contain a gene between repB and repC that encodes a short, non-translated counter-transcribed RNA 

called repE in pTiR10. This small RNA downregulates the expression of repC (Fig. 9a) (Chai and 

Winans, 2005a; MacLellan et al., 2004; Venkova-Canova et al., 2004), thereby controlling plasmid 

copy number and incompatibility. 

In some cases there is a fourth gene, repD, spanning the gap between repA and repB (Chai and 

Winans, 2005b). This is the case of plasmids pTiR10 and pTiC58 (Fig. 9a), however the repD sequence 

is completely divergent between the two plasmids. Possibly the expression of repD has no function 

other than to ensure the expression of downstream genes. Within the repD gene of pTiR10 and 

pTiC58 there are two RepB-binding par sites that are required for plasmid partitioning (Fig. 9a) (Chai 
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and Winans, 2005b). When repD is not present, as it is the case of p42d, pSymA and pTAV1 plasmids, 

the par sites lie directly upstream or downstream of the corresponding repABC operons (Fig. 9a).   

 

 

 

 

 

 

 

 

Figure 9. Genetic organization of representative repABC cassettes. The partitioning sites are shown in orange, 
and the AT-rich regions that are believed to contain the plasmid origin of replication are represented in blue. 
Arrows immediately upstream of repC represent counter-transcribed RNAs (repE in the case of pTiR10). The 
repD gene of pTiC58 is provisional and based solely on DNA sequence analysis. B) The repE-repC region of 
pTiR10, showing the highly represented GANTC sites near the repE promoter and in the AT-rich region. The 
GANTC sites at these locations are a common feature of repABC operons. From Pinto et al., 2012. 

There are two other notable features of these operons. First, each has an evident AT-rich region 

within repC that seems to contain the origin of plasmid replication (Fig. 9b). Second, the DNA 

sequence GANTC is over-represented in the putative replication origin and in the promoter of the 

couter-transcribed RNA (Fig. 9b). These sequences are substrates for a DNA methylase that modifies 

the A residues, and the motifs might play a part in the timing of various events in the cell cycle (Brilli 

et al., 2010). Even though methylation does not seem to affect the binding affinity of RepC for DNA 

(Pinto et al., 2011) it might influence the binding of other replication factors or enhance origin 

melting (Bae et al., 2003; Collins and Myers, 1987; Guo et al., 1995). Alphaproteobacteria do not 

have a protein homologous to SeqA, but another protein might play an analogous role in origin 

sequestration. In addition, methylation of repE promoter might as well influence the production of 

the small RNA, affecting RepC synthesis. 

2.2.2. RepC and the origin of replication 

RepC-type proteins have been found exclusively in alphaproteobacteria (Bartosik et al., 1997; Burgos 

et al., 1996; Castillo-Ramírez et al., 2009; Palmer et al., 2000; Petersen et al., 2009), and they do not 

show apparent homology to any other replication initiator proteins. Most of the repC are essential 

and sufficient for plasmid replication in the respective hosts (Bartosik et al., 1997; Cervantes-Rivera 
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et al., 2011; Chai and Winans, 2005a; Izquierdo et al., 2005; Mercado-Blanco and Olivares, 1994; 

Pinto et al., 2011), indicating that the origin of replication is located inside this gene (Bartosik et al., 

1997; Cervantes-Rivera et al., 2011; Cevallos et al., 2008; Pinto et al., 2011). All repC genes contain an 

AT-righ sequence of 150 nucleotides near the middle of the protein-coding sequence. This AT-rich 

sequence is a common feature of diverse replication origins. 

In pTiR10 RepC transcription and translation seem to be inhibited by a counter-transcribed RNA, 

known as RepE (Chai and Winans, 2005a) (Fig. 9a). RepE is a non-translated RNA of approximately 50 

nucleotides in length enconded by a gene liying between repB and repC.  This small RNA includes a 

predicted stem-loop that is thought to function through base pairing with complementary mRNA 

sequences (Cervantes-Rivera et al., 2010; Chai and Winans, 2005a). (RepC expression is also affected 

by autoregulation mediated by RepA and RepB (Pappas and Winans, 2003b; Ramírez-Romero et al., 

2001). In pTiR10 RepA binds to one of the four promoters that provides a basal expression of the 

operon (Pappas and Winans, 2003b), which ultimately affects replication frequency and plasmid copy 

number.) 

In the iteron-type plasmids (described below) the replication initiator binds to directly repeated DNA 

sequences at the origin of replication called iterons (Francia et al., 2004; Gering et al., 1996; Kwong 

et al., 2004; Rajewska et al., 2012; Ravin et al., 2003; Tanaka et al., 2005) and recruit DnaA, causing 

the melting of the AT-rich region at the origin. The DNA-DnaA complexes then recruit the replicative 

DNA helicase bound to the loading factor (DnaB and DnaC, respectively, in E. coli) and finally the DNA 

polymerase. Contrary to these plasmids, origins that require RepC for activity lack iterons (Rajewska 

et al., 2012). In addition, there are no apparent DnaA-binding motifs matching the consensus 

sequence for alpha-proteobacteria anywhere within repC (Brilli et al., 2010). Possibly RepC recruits 

DnaA, which would then recruit DnaB-DnaC (Messer, 2002). Another possibility is that RepC recruits 

DnaB-DnaC directly. 

 

  



34 
 

2.3. Plasmid replication: the Iteron model 

Iteron plasmids are extrachromosomal genetic elements that can be found in all Gram-negative 

bacteria. Besides carrying antibiotic resistance genes, they can bring other features to their hosts, 

such as genes for degradation of specific compounds or toxin production. Plasmids such as P1, F, 

RK2, R6K, pSC101 and pPS10 are well-characterized members of the interon-based replication family 

(Fig. 10A) (Paulsson and Chattoraj, 2006). These plasmids are characterized by the presence of 

directed repeats located within the origin of replication that are called iterons. Their number and 

length can vary depending on the plasmid. These motifs play a crucial role during DNA replication 

initiation and are also critical for plasmid copy number control. Adjacent to the iterons lies the gene 

encoding the replication initation protein, generally called Rep protein. The binding of the Rep 

protein to the iterons has a dual role. It is responsible for initiating the process of plasmid DNA 

synthesis and at the same time for inhibiting the replication initiation process. 

2.3.1. Replication Initiation of iteron-based plasmids 

The first step of replication initiation at the plasmid origin is the formation of an initial complex 

facilitated by the specific interaction of Rep proteins with iterons (Fig. 10B). Rep proteins exist in cells 

mostly as dimers (Kawasaki et al., 1990; Toukdarian et al., 1996). However, it is its monomeric form 

that is replication active (Ishiai et al., 1994; Toukdarian et al., 1996; Wickner et al., 1991). The 

dissociation of dimers into monomers is achieved by the action of chaperones DnaJ and DnaK, which 

results in conformational changes in the Rep structure (Dıáz-López et al., 2003). The cooperative 

interaction of Rep monomers with iterons results in local destabilization of the DNA duplex at the 

level of the AT-rich region (Fig. 10B) (Bowers et al., 2007; Perri and Helinski, 1993). This region is 

considered to be a DUE where single-stranded DNA (ssDNA) is created. Rep protein is very often 

accompanied in its action by host initiator DnaA protein that binds DnaA-boxes located in the 

plasmid origin (Fig. 10B). In addition, in some plasmid origins, such as the plasmid P1 origin pSC101 

and R6K, a binding site for the integration host factor (IHF) can also be identified (Fekete et al., 2006). 

The binding of IHF induces a binding of the DNA, which is required for the activity of the origin 

(Fekete et al., 2006). DnaA is mainly needed for the enhancement or stabilization of the Rep plasmid 

induced open complex formation and for the helicase delivery and loading. During the RK2 plasmid 

replication initiation, the host-encoded DnaBC helicase complex is delivered to the DnaA-box 

sequence through interaction with DnaA (Fig. 10B). Subsequently the plasmid initiator translocates 

the helicase to the opened plasmid origin. The helicase unwinds the DNA double helix, and after a 

short RNA fragment is synthesized by a primase, a polymerase complex is assembled. Similarly to the 
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chromosomal DNA replication, single stranded DNA binding protein (SSB) is required for replication 

initiation of iteron-containing plasmid DNA. 

Other motifs that can be found within some plasmid origins are the GATC sites, however they are not 

directly involved in the replication process. They are usually overlapped with AT-rich repeated 

sequences (Brendler et al., 1991; Rajewska et al., 2008) or located adjacent to these repeats 

(Brendler et al., 1991). During replication, hemimethylated GATC sites are subjected to sequestration 

by SeqA (Brendler et al., 1995; Slater et al., 1995), which prevents replication proteins from binding 

to the origin. For the proper activity of the origin of interon-containing plasmid not only the presence 

and the sequence of essential motifs, such iterons, DnaA-boxes and AT-rich repeats is important. The 

proper location of these motifs relative to each other has a great impact on replication activity. In 

particular, changes in proper helical phasing have a negative influence on plasmid replication (Doran 

et al., 1998). 
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Figure 10. Origin structure and replication initiation model of the iteron-bearing plasmids. The iteron-
containing plasmid origin is recognized by the plasmid-encoded initator (Rep), which binds cooperatively to the 
iterons. The interaction of Rep with iterons results in the formation of an open complex and destabilization of 
the AT-rich region, which creates ssDNA. In some plasmids, such RK2, pPS10, F, R6K, P1 and pSC101 the 
formation of the open complex requires cooperation of the plasmid Rep and host DnaA proteins. During the 
RK2 replication initiation, the host-encoded DnaBC helicase complex is delivered to the DnaA-box sequence 
through interaction with DnaA, and subsequently the plasmid initiator translocates the helicase to the opened 
plasmid origin. The helicase unwinds the DNA double helix, and after a short RNA fragment is synthesized by a 
primase, a polymerase complex is assembled. Single-stranded DNA binding protein (SSB) is required for 
replication initiation of iteron-plasmids. The black arrows in the AT rich region indicate the orientation of the 
repeated sequences, which is important for origin opening. 

2.3.2. Copy number control of iteron-based plasmids 

The iteron-bearing plasmids occur in a low-copy number per bacterial cell; therefore they evolved a 

number of strategies to ensure their hereditary stability and maintenance. The copy number control 

is such that the initiation rate per plasmid copy is a decreasing function of plasmid concentration 

(autoregulation or negative feedback regulation). This requires a tight regulation of replication and 

the main elements involved are the iterons.  

Although essential for replication initiation, iterons also play a role as replication inhibitors. Upon 

replication, when the number of iterons increases, the sister origins compete for the initator binding, 

making it a limiting factor for initiation. This mechanism of initiator retention is referred to as 

“initiator titration” (Fig. 11) (Chattoraj et al., 1984; Tolun and Helinski, 1981; Tsutsui et al., 1983). 

However, titration per se is not sufficient for the copy number control. When the plasmid replicates 

the gene dosage for the initiator also increases and more initiator is made as well.  

Initiator synthesis is controlled by transcriptional autorepression (Fig. 11). Transcriptional auto-

repression is a well-known mechanism for maintaining levels of gene product within narrow limits 

(Becskei and Serrano, 2000; Simpson et al., 2003).The initiator promoters are sometimes buried 

within the array of origin iterons, and initiator binding to origin iterons also serves to repress the 

promoter (Chattoraj et al., 1984). More commonly, initiator promoters have adjacent inverted 

repeats of half-iterons (García de Viedma et al., 1995; Ingmer and Cohen, 1993; Ishiai et al., 1994; 

York and Filutowicz, 1993), which serve as dedicated operators of transcription of the initiator gene. 

Similarly to initiator titration, transcription autorepression is relieved once the initiator molecules are 

titrated away on newly-replicated plasmids reducing their cytoplasmic concentration. 

Another mechanism used to reduce the increase in initiator monomers levels upon plasmid 

replication is initiator dimerization (Fig. 11). As mentioned above, the chaperones DnaJ and DnaK 

actively convert dimers to monomers, the replication initiator active form. Dimerization lowers the 
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monomer concentration so there is not enough to saturate the origin and initiate replication. In 

addition dimers of Rep participate in transcription auto-repression by binding to the inverted repeats 

located close to the rep gene promoter.  

Initiator dimers have also been postulated to participate in another key mechanism that restricts 

initiation referred to as “handcuffing” (Fig. 11). In handcuffing, sister origins on different plasmid 

molecules are inactivated by coupling them through initiator bridges that require the participation of 

dimeric initiators (McEachern et al., 1989; Pal and Chattoraj, 1988). This bridging is believed to cause 

steric hindrance to the origin activity. In theory, this could create a stable system on its own, since at 

higher plasmid concentrations, each plasmid copy would be more likely to be handcuffed, ensuring 

less initiation of replication per copy when there are many copies per cell.  

In handcuffing the initiator proteins couple two origin regions located on separate plasmid 

molecules, inactivating them. The ori coupling requires the participation of dimeric initiators 

(McEachern et al., 1989; Pal and Chattoraj, 1988) and occurs via binding of the Rep protein to the 

iterons.  The resulting bridging is believed to cause steric hindrance to the origin activity, which 

prevents new rounds of replication (Park et al., 2001) by inhibiting origin melting (Zzaman and Bastia, 

2005). This system appears to be a major mechanism that controls iteron-plasmid copy number. At 

higher plasmid concentrations, each plasmid copy would be more likely to be handcuffed, ensuring 

less initiation of replication per copy when there are many copies per cell. In addition, this process 

takes advantage of the dynamic of initiator dimers: when a plasmid replicates, initiator synthesis 

increases, which increases the concentration of dimer initiators. This lowers the replication 

probability following a round of replication and could also provide a sharp downshift in replication 

when the desired copy number is reached. 
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Figure 11. Replication control in the iteron-based plasmid P1. The initiator is controlled negatively by three 
mechanisms: auto-repression (1), inactivation by dimerization (2), and limiting availability by titration (3). Upon 
initiation, the number of iterons increases, which titrates the limiting amount of monomers, preventing the 
saturation of the iteron arrays and consequently a new round of replication. Initiator dimers do not bind 
iterons but participate in handcuffing (4), serving as replication inhibitors. Additionally, the handcuffing 
reaction strengthens transcriptional repression. The chaperones DnaK/J actively convert dimers to monomers. 
The increase in the level of monomers over dimers reduces handcuffing and helps to saturate the origin with 
monomers, allowing replication initiation. The inhibitory interactions are shown in red. From Ramachandran et 
al., 2017. 
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III. The Vibrio cholerae paradigm 

Vibrio cholerae is a halophilic Gram-negative bacteria belonging to the γ-proteobacteria class. It is 

found in aquatic fresh water and marine environments, either as a free-living organism or associated 

with shellfish and other marine organisms. V. cholerae is of particular public health interest, since it is 

the causative agent of the severe diarrhoeal disease cholera, which kills approximately 120000 

people every year (Clemens et al., 2017). Cholera is contracted by ingestion of contaminated water 

or food and is therefore associated with inadequate sanitation and poverty. As a result, cholera is 

endemic mainly in the developing world, despite the fact that V. cholerae is found in temperate 

zones around the planet. Although there are at least 200 known serogroups of V. cholerae, the 

disease has generally been associated with the O1 and O129 serogroups (Sack et al., 2004). The O1 

serogroup is divided into two major serotypes, Inaba and Ogawa, and these can be further divided 

into two biotypes, classical and El Tor. 

In marine environments, the chitinous exoskeleton of many animals represents an abundant surface 

where bacterial communities form. V. cholerae is commonly found forming biofilms on theses 

surfaces (Huq et al., 1983; Tamplin et al., 1990). This association with zooplankton has a strong 

impact on its lifestyle, since chitin is the major carbon and nitrogen source for V. cholerae. In 

addition, chitin constitutes the signal that triggers a state of natural competence, enabling extensive 

horizontal gene transfer (HGT) events (Meibom et al., 2005). HGT events are a key point in the 

evolvability of V. cholerae (Blokesch, 2016), which is mainly illustrated by the fact that the cholera 

toxin is encoded in a phage (Waldor and Mekalanos, 1996). The response to chitin has an ecological 

meaning for a free-living marine bacterium. In marine environments phosphate is limiting and V. 

cholerae can use extracellular DNA as a phosphate source (McDonough et al., 2016; Pratt et al., 

2010). Thus, it is only worth paying the cost of expressing the natural competence machinery when 

living in community, where potentially interesting DNA is available to be captured. The fact that V. 

cholerae uses a type 6 secretion system as a weapon to kill non-kin surrounding bacteria to steal 

their DNA strongly supports this idea (Borgeaud et al., 2015). The development of such sophisticated 

genetic machineries to exploit HGT extensively is a proof of a high degree of genetic plasticity, and is 

certainly a powerful source of innovative functions. 

3.1. Vibrio cholerae genome organization 

The genome of V. cholerae is organized on two different replicons (Fig. 12) (Trucksis et al., 1998). It 

harbours a large primary chromosome (Chr1) of 2,96 Mbp and a chromid (Chr2) of 1,07 Mbp, with an 

average G+C content of 46,9% and 47,7%, respectively (Heidelberg et al., 2000). Chr1 is closely 
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related to other bacterial chromosomes while Chr2 has distinctly plasmid-like features. This two 

replicon organization is conserved among vibrios. While the size of Chr1 is relatively constant, the 

size of Chr2 is more variable. This indicates a higher plasticity of the chromid that could help in the 

adaptation of vibrio species to the various environmental niches in which they are found (Reen et al., 

2006).  

The genetic information is asymmetrically distributed between the two replicons. Most of the genes 

encoding essential functions and pathogenicity are found on Chr1. These include the essential genes 

for DNA replication and repair, transcription, translation and synthesis of the cell wall. Upon 

sequencing of V. cholerae genome it was found that 42% of the genes on Chr1 had no known 

function or homologue, while 59% of the genes on Chr2 were found to be hypothetical or with 

unknown function (Heidelberg et al., 2000). A large part of these unknown genes are found in the 

superintegron, located on Chr2 (Mazel et al., 1998). A high number of genes specific to Vibrio are also 

found on Chr2. There are also essential genes located on Chr2, including rpmL and rplT, which 

encode ribosomal proteins L22 and L35, a translation initiation factor, infC, and thrS, an aminoacyl 

tRNA synthetase (Egan and Waldor, 2003; Heidelberg et al., 2000). Regulatory genes for processes 

including energy metabolism, starvation survival, quorum sensing, and expression of the 

entertoxigenic haemolysin HlyA are split between the two replicons. A large proportion of genes 

involved in the regulation of DNA repair are found on Chr2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. The two chromosomes of V. cholerae. From Heidelberg et al., 2000. 
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As mentioned above, Chr2 harbours a genetic element called superintegron, which makes up 

approximately 3% of the genome. Like most bacterial integron systems, the V. cholerae 

superintegron acts as a reservoir of silent open reading frames (ORFs). These ORFs may be excised 

from the integron and inserted downstream of a promoter, which renders them functional (Stokes 

and Hall, 1989). There are 179 gene cassettes containing at least 215 ORFs within the structure, 

however most of these ORFs remain unidentified (Rowe-Magnus et al., 2003). The superintegron is 

known to accommodate genes homologous to antibiotic resistance genes, genes involved in 

virulence, and other similarly adapted functions. It is likely that these genes are captured and 

integrated into the superintegron following HGT events. This gives V. cholerae additional resources 

for adaptation to rapidly changing environments (Rowe-Magnus et al., 2001, 2002). 

Due to V. cholerae genome architecture, the two chromosomes are differentially subjected to gene 

dosage effects in rapid growth conditions that allow multifork replication. The late replication of Chr2 

relative to Chr1 means that there are always a greater number of Chr1 origins than Chr2 origins 

within a cell (Srivastava and Chattoraj, 2007). Chr1 gene expression levels are generally higher and 

show an influence from gene dosage. Indeed, Chr1 encodes most of the growth essential and growth 

related genes, many of which located near the origin of replication. On the other hand, Chr2 gene 

expression levels are lower and appear to be independent of gene dosage (Dryselius et al., 2008). In 

addition, a recent study has shown that the position of a locus harbouring ribosomal protein genes 

(S10) relative to the origin of replication correlates with a reduction of its dosage, mRNA abundance 

and growth rate (Soler-Bistué et al., 2015). These effects were also followed by a significant 

reduction in the host-invasion capacity (Soler-Bistué et al., 2015). This illustrates that the genomic 

position of genes involved in the flux of genetic information conditions global growth and bacterial 

physiology. The distinct genetic distribution between the two chromosomes and the differential gene 

dosage may both contribute and be enhanced by an improved adaptive capacity. 

3.2. Chr1 and Chr2 cellular arrangement and segregation  

V. cholerae Chr1 and Chr2 are longitudinally arranged in the cell (Fig. 13). In this type of 

arrangement, the origin and terminus of replication are located at opposite poles and the two 

chromosome arms reside beside each other along the long axis of newborn cells creating an ori-ter 

pattern. Chr1 covers the entirety of the cell, with ori1 at the old pole and ter1 at the new pole. In 

turn, Chr2 only resides in the younger half of the cell, with ori2 at mid-cell and ter2 towards the new 

pole (Fig. 13)(David et al., 2014). 

The localization of specific chromosomal regions such as the origin and terminus of replication is 

often determined by dedicated systems that control their segregation timing and positioning. In 
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bacteria displaying an ori-ter arrangement, the origin regions are segregated to opposite cell halves 

and maintained in proximity of the old poles by an origin-specific partition system (Reyes-Lamothe et 

al., 2012; Wang and Rudner, 2014). Most bacteria carry parAB genes in their chromosome that 

participate in chromosome partition. In V. cholerae, two distinct ParAB-parS systems, ParAB1-parS1 

and ParAB2-parS2, drive the localization and segregation patterns of ori1 and ori2, respectively (Fig. 

13) (Fogel and Waldor, 2006; Yamaichi et al., 2007). 

The location of ori1 at the old pole has been found to be mainly mediated by an interaction between 

ParA1 and a specific anchor protein, HubP (Yamaichi et al., 2012). HubP interacts directly with ParA1, 

which in turn recruits the ParB1-parS1 complexes. While ParAB2-parS2 system is essential for Chr2 

segregation, disruption of the ParAB1-parS1 system does not impact Chr1 partitioning. In addition, in 

the absence of ParA1, ori1 is still kept in the old pole region, though in a less precise manner. In this 

case, replication was shown to drive the longitudinal organization of Chr1 (David et al., 2014; 

Yamaichi et al., 2012). After duplication at the centre of the cell, the two ori2 copies follow a 

symmetric segregation moving to the future cell centres of the two daughter cells. The ParAB2-parS2 

partitioning system is essential for this process (Yamaichi et al., 2007). While replication and 

segregation of Chr1 and Chr2 origins occurs at different spatial and temporal points, replication and 

segregation of their termini are synchronous and occur at midcell (David et al., 2014; Rasmussen et 

al., 2007). Similarly to E. coli, the organization, positioning and segregation dynamics of V. cholerae 

chromosomes ter depends on the MatP macrodomain protein. V. cholerae encodes an ortholog of E. 

coli MatP and ter1 and ter2 both harbour MatP binding motifs (matS) with a density similar to E. coli 

ter (Demarre et al., 2014; Mercier et al., 2008). MatP helps to maintain the terminus region of the 

two chromosomes at mid-cell until the onset of septation (Demarre et al., 2014). 

 

 

 

 

 

 

 

 

 

Figure 13. V. cholerae Chr1 and Chr2 arrangement and segregation. Left panel: In newborn cells, ori1 is 
anchored to the old pole by HubP and the ParAB1-parS1 system, while MatP helps to keep ter1 close to the old 
pole. During the cell cycle HubP is the first factor moving towards the opposite, followed by ParAB1 and one 
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sister copy of the newly replicated ori1. In turn, the ter1 region bound by MatP relocates to mid-cell where the 
newly duplicated ter1 regions remain together until the end of the cell cycle. Right panel: In newborn cells, 
Chr2 lies on the younger half of the cell. ori2 is kept at the mid-cell by the ParAB2-parS2 system and the ter2 
region close to the new cell pole by MatP. In pre-divisional cells, after replication, the ori2 sister copies are 
segregated at the quarter positions by the parAB2-parS2 system, while the ter2 sister copies are restricted to 
the area around the division site by MatP. From Espinosa et al., 2017. 

Before cell division any chromosome dimers formed by homologous recombination between sister-

chromatids must be resolved (Lesterlin et al., 2004). As it happens in E. coli, dimers of Chr1 and Chr2 

in V. cholerae are resolved by the action of the XerCD site-specific recombinase at the dif sites, dif1 

and dif2, located on the ter regions of Chr1 and Chr2, respectively (Val et al., 2008). As E. coli, the 

recombination event is controlled by FtsK, which links the resolution of dimeric chromosomes to the 

cell division. In addition, FtsK facilitates the segregation of a specific region of sister chromosomes 

across the division septum (Demarre et al., 2014). 

3.3. Cell division control 

V. cholerae carries homologues of most of the E. coli cell division proteins. However, their cell cycle 

choreography is significantly different. At the beginning of the cell cycle all of the divisome 

components are specifically located at the new pole. It is only at about 50% of the cell cycle that FtsZ 

molecules relocate to mid-cell to form a loose pre-divisional Z-ring. The remaining divisome 

components leave the new pole and join the early divisome complex at midcell at about 80% of the 

cell cycle. At this point, the pre-divisional FtsZ structures merge into a compact Z-ring. Finally, at 90% 

of the cell cycle, cell wall constriction initiates, leaving a short time to complete cell division (Fig. 14A) 

(Galli et al., 2016, 2017). 

In E. coli, the combined action of two FtsZ-polymerization inhibitory systems, Min and nucleoid 

occlusion (NO), specifically licenses cell division at mid-cell at the end of each round of 

replication/segregation cycle (Bernhardt and de Boer, 2005; de Boer et al., 1991; Lutkenhaus, 2007; 

Yu and Margolin, 1999). The Min system, composed of the proteins MinC, MinD and MinE, prevents 

the Z ring from forming at the cell poles, directing it to mid-cell (Lutkenhaus, 2007). This is achieved 

through the regulated oscillation of the Min proteins between the two cell poles. The continuous 

shuttling of MinCD between the poles creates a concentration grandient of MinC with a minimum at 

mid-cell (Lutkenhaus, 2007). On the other hand, NO prevents closure of the Z ring over the bulk of 

the nucleoid (Bernhardt and de Boer, 2005; Wu and Errington, 2004). Binding sites for SlmA, a 

protein that inhibits FtsZ polymerization, are scattered around the E. coli chromosome and 

essentially absent from the terminus region. As a result, cell division can only initiate at the very end 
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of the chromosome duplication/segregation cycle, when sister ter, devoid of SlmA binding sites (SBS), 

are the only chromosomal regions left at mid-cell (Cho et al., 2011; Tonthat et al., 2011). 

 

 

 

 

 

 

 

Figure 14. Divisome assembly and regulation of the Z-ring positioning in V. cholerae. (A) In newborn cells all the 
division proteins are located at the new pole. Around 50% of the cell cycle FtsZ and the early cell division 
proteins leave the cell pole and relocate to mid-cell where they form a pre-divisional structure. At about 80% of 
the cell cycle, the Z-ring merges into a compact structure, which coincindes with the arrival of the late cell 
division proteins at mid-cell. Finally, at approximately 90% of the cell cycle the cell constriction starts. (B) 
Spatial regulation of the division site placement by the Min system. The oscillation of MinCD between the cells 
poles creates a gradient of MinC (inhibitor of FtsZ polymerization), being lowest at the mid-cell and highest at 
the poles. This phenomenon is responsible for positioning the Z-ring formation at the mid-cell. (C) 
Spatiotemporal regulation of the division site placement by the NO system. The inhibitor of Z-ring assembly, 
SlmA, binds to specific DNA sequences distributed all over the Chr1 and Chr2 with the exception of ter1 and 
ter2 regions. During the cell cycle the spatial arrangement and segregation timing of Chr1 and Chr2 direct FtsZ 
molecules and assembly of divisional Z-rings to the SlmA-free zones. It is only at 80% of the cell cycle that both 
ter1 and ter2 regions co-localize at mid-cell, allowing the assembly of divisional Z-rings at the future division 
site. From Espinosa et al., 2017. 

In V. cholerae similar mechanisms seem to exist, since it carries orthologues of both the Min and NO 

effectors, MinCDE and SlmA, respectively (Fig. 14 B and C) (Galli et al., 2016). Indeed, V. cholerae 

MinD was shown to shuttle between poles similarly to what happens in E. coli (Galli et al., 2016). 

However, while in E. coli Min is the major regulator of division site placement, in V. cholerae NO 

seems to play a major role (Galli et al., 2016). Both Chr1 and Chr2 carry SBS sites and their 

distribution was shown to drive the choreography of the cell division proteins as well as the timing of 

assembly and maturation of the divisome (Fig. 14C) (Galli et al., 2016). 

3.4. Replication control in Vibrio cholerae 

Both Chr1 and Chr2 carry a single origin of replication, ori1 and ori2, respectively. However, the 

factors responsible for controlling replication initiation of the two chromosomes of V. cholerae are 

distinct (Fig. 15) (Duigou et al., 2006). Replication of Chr1 is initiated by the bacterial universal 
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initiator DnaA while Chr2 replication is initiated by a Vibrio-specific factor, called RctB (Pal et al., 

2005). 

 

 

 

 

 

 

 

Figure 15. Common principles that control P1 plasmid, E. coli chromosome, and V. cholerae Chr2 replication. 
The targets of control are the initiator and the origin. The initiators are controlled by autorepression, titration, 
and inactivation, and the origins are controlled by sequestration and handcuffing. From Ramachandran et al., 
2017. 

3.4.1. Replication initiation of Chr1 

The structure of ori1 is very similar to the E. coli oriC (Egan and Waldor, 2003). ori1 contains an AT 

rich region flanked by five putative high affinity DnaA boxes that allow DnaA binding. It also carries 

an IHF binding site and several GATC sites that are substrates for Dam methylation. ori1 methylation 

plays an important role in the timing of re-initiation through sequestration of hemimethylated sites 

by SeqA (Fig. 19A) (Demarre and Chattoraj, 2010). The fact that ori1 is able to functionally replace 

oriC in E. coli (Demarre and Chattoraj, 2010; Koch et al., 2010) suggests that V. cholerae Chr1 

replication initiation is subjected to similar regulatory processes (Fig. 15). Indeed, DARS1 and DARS2 

are conserved among E. coli-related species. In V. cholerae the DnaA box clusters upstream of uvrB 

and mutH are highly conserved (Fig. 16) (Fujimitsu et al., 2009). This suggests that V. cholerae DnaA is 

subjected to the same reactivation process by DARS, where DnaA-ADP is converted to DnaA-ATP by 

nucleotide exchange. 

Despite the similarities between E. coli and V. cholerae there is a notable difference at the level of 

the helicase loading upon replication initiation. V. cholerae Chr1 carries a gene encoding for DciA, the 

primordial loader/activity regulator of the replication helicase, while in E. coli it was replaced by 

DnaC. DciA is likely to control the loading and release of the replicative helicase, DnaB, on either side 

of the origins of Chr1 and Chr2, to start bidirectional replication (Brézellec et al., 2016).  
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Figure 16. Bacterial DnaA box-clusters similar to DARS of E. coli. DnaA boxes are marked with rectangles and 
the arrows indicate its direction. Sequences that differ from the consensus DnaA box (TTATNCACA) are in 
lowercase. From Fujimitsu et al., 2009. 

 

3.4.2. Replication initiation and regulation of Chr2 

Contrary to ori1, the structure of ori2 is similar to the iteron-based replication origin of large low 

copy number plasmids, such as F and P1. ori2 harbours a single DnaA binding site and unwinding of 

its AT-rich region results from the binding of a specific initiator, RctB, to short 11-12 mers motifs (Fig. 

17). RctB is a four-domain protein of 658 amino acids conserved within the Vibrionaceae family. It 

shares no sequence homology with any other replication initiators (Egan and Waldor, 2003) but its 

structure resembles some plasmid initiators. More precisely, the structure of its two central domains 

(domains 2 and 3) bears significant structural similarity to several well-characterized iteron-plasmid 

initiators, such as RepE (F-plasmid), RepA (pPS10 plasmid) and π (R6K plasmid) (Orlova et al., 2016). 

However, RctB is considerably larger, and contains at least 2 additional domains (domains 1 and 4). 

Domains 1, 2 and 3 contain winged-helix-turn-helix DNA binding motifs, all of which implicated in 

binding to ori2, and in the initiator’s capacity to mediate ori2-based replication. In solution, RctB 

adopts a head-to-head dimeric configuration, mediated by interactions between residues in domain 

2 (Orlova et al., 2016).  

As it occurs with Chr1, the homeostatic system that regulates Chr2 replication relies on a negative-

feedback control of the availability of its active initiator. For Chr2, V. cholerae has integrated complex 

regulatory mechanisms that appear to be a combination of those found in iteron-like plasmids to 
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control the level and activity of RctB. These include initiator autoregulation, initiator titration, 

initiator dimerization and origin handcuffing (Fig. 19B) (del Solar et al., 1998).  

The origin region of Chr2 is divided into three functional units: rctB, encoding the initiator of 

replication; ori2, the minimal origin of replication; and incII, a negative regulatory region which 

contains a transcribed but non-translated ORF, rctA (Egan and Waldor, 2003). The organization of 

ori2 is similar to the iteron-bearing plasmid origins. It contains six iterons, which are 12-mer repeated 

initiator binding sites. RctB binding to iterons promotes the unwinding of ori2 for initiation (Duigou et 

al., 2008). The adjacent incII region negatively regulates Chr2 replication. It contains five regulatory 

iterons (11- and 12-mers) and two 39-mer motifs, one of which in rctA (Venkova-Canova and 

Chattoraj, 2011). The binding of RctB to the 39-mer motifs acts as a negative regulator of ori2 

initiation and helps in the regulation of the timing of Chr2 replication. The high inhibitory activity of 

the 39-mers is mainly achieved by two mechanisms: initator titration and origin handcuffing (Fig. 

19B) (Jha et al., 2012; Venkova-Canova and Chattoraj, 2011; Venkova-Canova et al., 2006). The 

iterons located on the incII region have a regulatory function serving as titration sites for RctB. In 

addition, their precise arrangement and orientation help to restrain the strong inhibitory activity of 

the 39-mer motifs. The 39-mers, in contrast, enhance handcuffing of the regulatory iterons with 

themselves (Venkova-Canova and Chattoraj, 2011).  

rctA brings another important mechanism for the regulation of Chr2 replication (Venkova-Canova et 

al., 2006). Transcription of rctA attenuates its own 39-mer inhibitory activity, probably by interfering 

with RctB binding. In turn, RctB binds to regulatory iterons located in the rctA promoter region, 

repressing rctA transcription (Egan et al., 2006; Venkova-Canova et al., 2006). This mechanism of 

transcriptional interference participates in adjusting the level of available RctB. RctB also auto-

regulates its own expression through binding at another RctB binding motif called the 29-mer in the 

promoter region of rctB (Venkova-Canova et al., 2012). The 29-mer functions as a transcription 

operator, from which RctB exerts a negative feedback regulation on its own transcription (Egan et al., 

2006). The 29-mer also participates in the control of ori2 initiation through handcuffing with ori2 

iterons (Venkova-Canova et al., 2012). The 39- and 29-mer motifs are closely related. Indeed, the 29-

mer is a truncated version of the 39-mer and can be functionally replaced by a 39-mer (Jha et al., 

2012; Venkova-Canova et al., 2012). The difference between the two sequences resides on the 

central AT-rich region. While this region is 19-bp long in the 39-mer, in the 29-mer motif it is only 9-

bp long (Venkova-Canova and Chattoraj, 2011).  
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Figure 17. Map of the V. cholerae Chr2 origin region. It is divided in three units: rctB (gene enconding for the 
initiator of replication), ori2 (the minimal function origin), and incII (a negative regulatory region). The RctB 
binding to the iterons requires full methylation of these sites (red boxes), while the binding to the 39-mers/29-
mer is methylation independent (blue boxes). From Val et al., 2014b. 

 

The head-to-head dimeric configuration of RctB in solution is structurally incompatible with binding 

to the head-to-tail array of 12-mer iterons in ori2 (Fig. 18A)(Orlova et al., 2016). This implies that a 

structural reorganization must take place prior to formation of the initiator complex on origin DNA. 

In iteron-plasmids, DnaKJ chaperones remodel the dimerization domain of the initiator, which results 

in reduced dimerization and increased monomer binding and initiator function (Giraldo et al., 2003; 

Nakamura et al., 2007; Wickner et al., 1991). A similar mechanism is likely to operate on RctB to 

promote 12-mer binding and initiator function (Fig. 18B). Indeed, the RctB dimerization domain is 

folded similarly to the dimerization domains of plasmid initiators and chaperones increase RctB 

monomer binding (Jha et al., 2017). In addition, RctB dimerization defective mutants do not bypass 

the chaperone requirement for DNA binding. This indicates that RctB dimerization is an inhibitory 

mechanism and remodelling of monomers is an obligatory role of chaperones (Jha et al., 2017). In 

contrast, RctB binding to the 39-mers does not seem to require remodelling. Instead, a distinct 

mechanism dependent on DnaK appears to occur. The DnaK interaction site of RctB (K-I site) is 

inhibitory for 39-mer binding and this inhibitory activity is restrained by DnaK binding (Jha et al., 

2017). 
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Figure 18. The head-to-head dimer structure of RctB is incompatible with ori2 binding and implies structural 
reorganization by chaperones. (A) The RctB head-to-head dimeric configuration is not structurally compatible 
with binding to the 12-mer direct repeats in ori2. RctB domain 2 is coloured in different shades of orange, while 
domain 3 is coloured in different shades of purple. The bottom monomer is modelled to be bound to its site on 
the origin, according to the residues involved in the DNA binding (red sticks) and structural alignments. When 
one of the monomers is bound to DNA, the DNA binding residues of the second monomer do not face the same 
DNA molecule, and they cannot interact with the following binding side on the DNA. (B) DnaK remodels RctB 
promoting its monomerization and binding to the 12-mer sites in ori2. From Jha et al., 2017 and Orlova et al., 
2016. 

In addition to effect of mediated by the DnaKJ chaperones, RctB activity seems to be dependent on 

ATP. RctB was shown to bind and hydrolyze ATP but, in contrast to DnaA, its ATP-bound form is 

inactive (Duigou et al., 2008). However, the role of ATP on RctB activity is still subject of disussion 

(personal communication from Dhruba Chattoraj). Indeed, RctB lacks any apparent ATP-binding 

motifs and its plasmid counterparts, the Rep initiators, do not have ATPase activity.   

Beyond the origin region of Chr2, RctB was shown to bind other locus on Chr2 and Chr1. On Chr2, 40 

kb away from ori2, it binds to a 74 kb DNA region containing five iterons and one 39-mer, which has 

an inhibitory role on ori2 replication (Baek and Chattoraj, 2014). In contrast, RctB binds to a Chr1 

locus sharing no homology with either iterons or 39-mers (Baek and Chattoraj, 2014). The role of this 

locus is detailed below. 
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Figure 19. Control of V. cholerae Chr1 and Chr2 replication initiation. (A) Chromosome-like regulatory 
mechanisms. The left panel illustrates ori1 and the mechanisms controlling its unwinding (Dam/SeqA, RIDA, 
datA, ATP and phospholipid synthesis, DARS).  The involvement of Dam and SeqA in Chr1 replication initiation 
was experimentally demonstrated, while the controls exerted by RIDA, datA, ATP and phospholipid synthesis 
and DARS are represented based on the fact that V. cholerae ori1 is able to functionally replace oriC in E. coli. V. 
cholerae ori2 is depicted on the right panel. Dam methylation directly affects RctB binding to the iterons. (B) 
Plasmid-like regulatory mechanisms of Chr2 replication (right panel) compared to the mechanisms regulating 
P1 origin of replication unwinding (left panel). Black arrow-head and T-head lines: initiation activating 
mechanisms; red arrow-head and T-head lines: initiation inhibitory mechanisms; grey circles: DnaA; grey 
pentagons: DnaA boxes; black circles: methylated GATC sites; red rectangles with curved angles: SeqA; jelly-fish 
shapes: phospholipids; yellow circles: IHF; yellow squares: IHF binding site; pink circle: ParB2; pink square: 
parS2; orange circles: RctB (top and bottom right panels) or RepA (bottom left panel); small orange arrow box: 
rctA; large orange arrow box: rctB or repA; cyan arrow boxes: iterons; dark blue diamond boxes: 29-39-mers. 
From Espinosa et al., 2017. 

 

3.4.3. Cell-cycle-dependent regulation and replication coordination of Chr1 and Chr2 

Despite the similarities between Chr2 and the iteron-based plasmids, Chr2, like Chr1, replicate only 

once per cell cycle. Chr1 initates replication at the beginning of the replication period of the cell cycle 

(C period), while Chr2 initiation is delayed, starting approximately at two-thirds of the replication 

period (Rasmussen et al., 2007). As Chr2 size corresponds to one-third of Chr1, both chromosomes 

terminate their replication at the same time, which marks the end of the C period (Fig. 20). Even if 

the two chromosomes have independent replication initiation machineries, it appears that Chr1 and 

Chr2 communicate to coordinate their replication. This is reinforced by the presence of an RctB-

binding site on Chr1 (Baek and Chattoraj, 2014). 



51 
 

 

Figure 20. V. cholerae Chr1 and Chr2 terminate replication synchronously. From Rasmussen et al., 2007. 

 

3.4.3.1. Dam regulated processes 

As mentioned above, Chr1 ori1 displays several GATC sites that are substrates for methylation by 

Dam. This regulates the timing of subsequent initiation/re-initiation through sequestration of hemi-

methylated sites by SeqA. Chr2 also has an overrepresentation of Dam methylation sites on its origin 

region. Similarly to what happens on ori1, the hemi-methylated state of ori2 is extended, allowing 

ori2 sequestration by SeqA to prevent immediate re-initiation (Fig. 19A) (Demarre and Chattoraj, 

2010). While ori1 methylation is only required for once-per-cell-cycle replication, in ori2 it is essential 

for Chr2 initiation (Demarre and Chattoraj, 2010; Val et al., 2012). All iterons on the origin of Chr2 

have GATC sites that need to be fully methylated to bind RctB (Demarre and Chattoraj, 2010). Thus, 

RctB binding to iterons functions in a cell-cycle dependent manner. In contrast, the 29- and 39-mer 

motifs do not need to be methylated to bind RctB (Venkova-Canova et al., 2012). This demonstrates 

that there is interplay between methylation-dependent and independent processes that results in an 

equilibrium of RctB, allowing the correct timing of Chr2 replication initiation. Chr2 seems to have 

integrated a very sophisticated plasmid-derived initiation regulation system and improved it to 

behave in the cell like a chromosome, replicating only once per cell cycle. 

3.4.3.2. ParAB2-RctB crosstalk  

In addition to its involvement in Chr2 segregation, ParB2 contributes to Chr2 replication regulation, 

establishing a link between replication and segregation. ParB2 binding to parS2 within the rctA ORF 

nearby the 39-mer RctB-binding motif interferes with rctA replication inhibitory activity (Yamaichi et 

al., 2011). ParB2 spreads from parS2 into the rctA 39-mer which likely interferes with RctB binding 

(Venkova-Canova et al., 2013). ParB2 was also reported to promote replication by direct binding to a 

more distant 39-mer contained in incII, without spreading from parS2. On this 39-mer, ParB2 

competes with RctB to restrain its activity (Venkova-Canova et al., 2013). Alternatively, binding of 

RctB to rctA activates parAB2 expression (Yamaichi et al., 2011). These binding fluctuations underlie 
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a regulatory network controlling both replication and partitioning of Chr1 and Chr2, demonstrating 

how chromosome replication and origin segregation are intimately intertwined. 

3.4.3.3. Chr2 replication control in trans by a Chr1 site 

As mentioned above, RctB binds a locus on Chr1 that shares no homology with the already known 

RctB binding sites, such as iterons or 39-mers. This Chr1 site was shown to act as a replication 

enhancer of ori2 by increasing RctB affinity for iterons and decreasing its affinity for 39-mers. The 

presence of plasmids carrying this RctB-binding site in E. coli abolished the requirement for the 

DnaK/J chaperones, which are normally required to promote initiation at ori2 in E. coli (Baek and 

Chattoraj, 2014). It was suggested this locus may function as a DNA chaperone, remodelling RctB and 

altering its binding to both iterons and 39-mers. However, this remodelling would act differently 

from the DnaKJ which increases binding to both iterons and 39-mers. In the same study the authors 

demonstrated that the RctB-binding site on Chr1 could be narrowed down to a 70-bp long region 

keeping its replication-enhancing activity of ori2-driven plasmids. However, a larger region of 150-bp 

was more efficient in enhancing replication at ori2 (Baek and Chattoraj, 2014). This site is AT-rich, 

contains a putative DnaA box and several conserved GATC sites. The presence of such site on Chr1 

reveals a novel check-point control mechanism in V. cholerae, where Chr1 communicates with Chr2 

to coordinate their replication. However, the exact role of this locus on the replication coordination 

of Chr1 and Chr2 is still largely unknown and has been the subject of my thesis (see Results). 

3.5. Replication coordination between multiple replicons in other species 

V. cholerae is the model of bacteria with a split-genome where replication and segregation of the 

two chromosomes has been extensively explored. However, recent studies have shown that there 

are a few other examples where replication of the secondary replicons appears to be coordinated 

with the main chromosome. For instance, in other species of the Vibrionaceae family, the two 

chromosomes terminate replication in synchrony, while Chr2-initiation timing relative to Chr1 is 

variable. In these species, the sequence and function of the RctB-binding site on Chr1 found in V. 

cholerae seems to be conserved (Kemter et al., 2018). 

Outside the Vibrionaceae family there are also other examples that have been reported. This is the 

case of the intracellular pathogen B. abortus whose genome is similarly distributed between two 

replicons of unequal sizes. This bacterium harbours a large chromosome (chrI) of 2,1 Mb and a small 

chromosome (chrII) of 1,2 Mb (Chain et al., 2005) that shares chromosomic and plasmidic features. 

chrII belongs to the alphaproteobacterial chromids carrying a repABC cassette. In this organism, both 

chromosomes are oriented along the cell length axis and replication of chrII is initiated after origin 
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duplication of chrI (Deghelt et al., 2014). In addition, the segregation of terII occurs well before cell 

septation, while terI segregation is observed in constricting cells. This suggests a spatio-temporal 

organization of the B. abortus multipartite genome and the existence of a mechanism coordinating 

these events in time (Deghelt et al., 2014). 

Similarly, in S. meliloti, duplication of chromosomal and megaplasmid origins of replication are 

spatially and temporally separated (Frage et al., 2016). This bacterium possesses a tripartite genome 

composed of one chromosome and two megaplasmids, pSymA and pSymB, belonging to the RepABC 

family (Galibert et al., 2001). The replication initiation control of the megaplasmids does not seem to 

be dependent on the ubiquitous replication initiator DnaA, however they replicate only once per cell 

cycle. In addition, there is a strict temporal order of segregation of the origins of the 3 replicons, 

starting with the chromosome followed by pSymA and then by pSymB (Frage et al., 2016). 

Another example where replication and segregation of the different replicons seems to occur in a 

well-coordinated manner is illustrated by the opportunistic pathogen B. cenocepacia J2315 (Du et al., 

2016). This bacterium carries a main chromosome of 3,87 Mb (c1), two secondary chromosomes of 

3,21 Mb (C2) and 0,87 Mb (c3) and a plasmid of 0,09 Mb. Similarly to above-mentioned main 

chromosomes, the replication origin of c1 is typically chromosomal, while those of c2 and c3 are 

plasmid-like. However, all initiate replication at mid-cell and segregate towards the cell quarter 

positions sequentially, c1-c2-p1/c3 (Fig. 21) (Du et al., 2016). c2 segregation is as well-phased with 

the cell cycle as c1, implying that its plasmid-like origin has become subject to regulation not typical 

of plasmids. In contrast, c3 segregates more randomly through the cycle (Du et al., 2016). Despite the 

positioning of each chromosome being specified solely by the respective partition proteins, the 

partition system of the largest chromosome appears to play a global role in the cell cycle. The 

absence of c1 ParA protein alters replication of all three chromosomes, suggesting that the partition 

system of the main chromosome is a major participant in the choreography of the cell cycle (Du et 

al., 2016). 
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Figure 21. Segregation and positioning of replication origin regions during B. cenocepacia cell cycle. The 
sequential partition of c1-c2-c3-p1 is illustrated. All origins are shown as gravitating to the centre of cell halves 
before division. From Du et al., 2016. 
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IV. Thesis project 

During my thesis I focused my attention on the Chr1 RctB-binding locus, renamed crtS for Chr2 

replication triggering site. In a recent publication, that was part of this thesis, we have demonstrated 

that crtS replication is crucial for Chr2 replication initiation. Indeed, moving crtS to other positions on 

Chr1 leads to a corresponding shift in Chr2 initiation, meaning that replication of crtS triggers Chr2 

replication. 

Despite having clarified the role of this locus in the replication coordination of Chr1 and Chr2, the 

molecular basis behind crtS function remains a subject of speculation. During my PhD project I have 

tried to elucidate the crtS-RctB mediated mechanism that triggers Chr2 replication. I have 

characterized the crtS role on ori2 replication regulation and I have dissected its primary sequence to 

identify the genetic determinants required for Chr2 replication activation. The study of this system 

sheds light on the management of multiple chromosomes by bacteria, particularly in V. cholerae, and 

can help us to better understand the plasmid domestication mechanisms leading to the formation of 

bona fide chromosomes, whose replication is cell-cycle coordinated. 
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RESULTS 

I. “A checkpoint control orchestrates the replication of the two chromosomes 

of Vibrio cholerae” 

 

1.1. Summary of the publication 

Replication of the two V. cholerae chromosomes is coordinated with the cell cycle, however their 

replication initiation is not synchronous. Chr2 initiates replication when two-thirds of Chr1 has 

already been replicated. Despite the delay in Chr2 initiation, both chromosomes terminate 

replication at the same time, which suggests that their replication is coordinated. 

Here we show that Chr2 monitors the replication status of Chr1 to time its own replication. By 

constructing V. cholerae strains with altered chromosome sizes we observed that Chr2 systematically 

initiates replication when the same region on Chr1 is replicated and termination synchrony is not a 

prerequisite. This indicated that the coordination is not mediated at the level of replication 

termination but instead through a region on Chr1 localized within the first two-thirds of either or 

both replichores (acting as a “checkpoint” in replication of Chr2). Rearrangements on Chr1 affecting 

the symmetry of the replichores led us to conclude that this region is located on the Chr1 right 

replichore. Within this region, a locus had just been identified in a ChIP-chip experiment of RctB 

(Baek and Chattoraj, 2014). This locus shares no homology to the previously described RctB-binding 

sites (iterons and 39-mers) and surprisingly the binding of RctB in vitro could not be obtained (Baek 

and Chattoraj, 2014). At the time, the authors suggested that this novel site acts as a DNA chaperone 

to enhance ori2 replication by increasing RctB affinity for iterons and decreasing RctB affinity for 39-

mers. Nevertheless, Baek et al. also reported that the deletion of this locus only had a mild effect on 

the bacteria fitness and physiology (Baek and Chattoraj, 2014). The presence of such site on Chr1 

suggests that the two chromosomes communicate with each other during replication. However, the 

role of this locus in the replication coordination of Chr1 and Chr2 was unclear. On this study, we 

investigated the mechanism coordinating the replication of both chromosomes.  

We have shown that the distance between ori1 and the Chr1 RctB-binding locus plays a role in the 

regulation of Chr2 replication, suggesting that the timing of its replication exerts a control on Chr2 

replication initiation. To test the role of this locus in the coordination of the timing of replication 

between Chr1 and Chr2 we relocated this site to different positions on Chr1 at varying distances from 

ori1. Repositioning it closer to or farther from the ori1 caused Chr2 initiation to be initiated earlier or 
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later, respectively, in the cell cycle. This revealed that replication of the Chr1 RctB binding locus 

triggers Chr2 replication. We renamed this locus crtS for Chr2 replication triggering site. Further 

analyses by chromosome conformation capture (3C) have unveiled trans contacts between the two 

chromosomes. ori2 exhibits preferential contacts with the right replichore of Chr1. More precisely, 

the contact maps show that crtS and ori2 display enhanced physical contacts, suggesting that the 

regulatory mechanisms may involve a mechanistic interaction between the two chromosomes. 

Unlike reported by Baek et al. (Baek and Chattoraj, 2014), we observed that crtS is very important in 

the control of Chr2 replication. In our hands, crtS deletion led to strong fitness defects and was 

associated with cell filamentation and DNA damage. In addition, crtS mutants displayed an imbalance 

in the copy number of Chr1 and Chr2, revealing improper regulation/activation of Chr2 replication. 

My contribution to this work has been to characterize these crtS mutants. We demonstrated that 

ΔcrtS mutants are highly unstable and rapidly acquire mutations that up-regulate ori2 initiation to 

compensate the lack of crtS activation. 

Overall, the results presented on this publication demonstrate that crtS is crucial for the activation of 

Chr2 replication. Indeed, the replication of crtS is responsible to trigger Chr2 replication initiation 

(Fig. 22). This reveals a novel check-point control mechanism in this bacterium, in which Chr1 

communicates with Chr2 to coordinate their replication. 

Figure 22. Model for the coordinated replication of the two chromosomes of V. cholerae. crtS replication 

triggers Chr2 replication initiation. This can be either caused by duplication of the crtS site, increasing its gene 

dosage, or DNA conformational changes due to the passage of the replication fork. crtS is indicated by the 

yellow stars and the thunder shape indicates the signal triggering Chr2 replication whose mechanism remains 

to be elucidated. 
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of the two chromosomes of Vibrio cholerae
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Bacteria with multiple chromosomes represent up to 10% of all bacterial species. Unlike eukaryotes, these bacteria
use chromosome-specific initiators for their replication. In all cases investigated, the machineries for secondary
chromosome replication initiation are of plasmid origin. One of the important differences between plasmids and
chromosomes is that the latter replicate during a defined period of the cell cycle, ensuring a single round of rep-
lication per cell. Vibrio cholerae carries two circular chromosomes, Chr1 and Chr2, which are replicated in a well-
orchestrated manner with the cell cycle and coordinated in such a way that replication termination occurs at the same
time. However, the mechanism coordinating this synchrony remains speculative. We investigated this mechanism and
revealed that initiation of Chr2 replication is triggered by the replication of a 150-bp locus positioned on Chr1, called
crtS. This crtS replication–mediated Chr2 replication initiation mechanism explains how the two chromosomes com-
municate to coordinate their replication. Our study reveals a new checkpoint control mechanism in bacteria, and high-
lights possible functional interactions mediated by contacts between two chromosomes, an unprecedented
observation in bacteria.
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INTRODUCTION

Bacteria with secondary chromosomes are frequent and have arisen in-
dependently in several taxa (1). This is the case for pathogens such as
Vibrio or Burkholderia, symbionts such as Rhizobia, and others. Domes-
tication of large plasmids, after transfer of essential genes, appears to ex-
plain the origin of secondary chromosomes (2). Evidence supporting this
hypothesis includes the fact that all secondary chromosomes carry plasmid-
like replication systems (2). Replication of bacterial chromosomes is regu-
lated at initiation from a single well-conserved origin of replication (oriC)
under the control of DnaA, the universal initiator of chromosome repli-
cation in bacteria (3), whereas plasmids have various types of replication
origins. Usually, their replication is controlled by an initiator binding to
directly repeated sequences (iterons) or by an antisense RNA (4).

All reported members of the Vibrionaceae family (Vibrio, Listonella,
Aliivibrio, and Photobacterium) have two chromosomes of uneven size
(5). Most of our knowledge on the replication control of secondary
chromosomes comes from studies of Vibrio cholerae, the causative agent
of cholera in humans. V. cholerae has two circular chromosomes, a main
chromosome (Chr1) of 3 Mbp and a secondary chromosome (Chr2) of
1 Mbp (6). Chr1 replication is initiated at an oriC-like origin, ori1, by
DnaA. Chr2 has a plasmid-like origin, ori2, where replication is regulated
by a Vibrio-specific factor, RctB (7). RctB is a large protein [658 amino
acids (AA)] that binds to DNA as a monomer or as a dimer (8). RctB
binds and hydrolyzes adenosine 5′-triphosphate (ATP), but unlike DnaA,
the ATP-bound form of RctB is inactive (9). Various regulatory mech-
anisms, such as initiator autoregulation, initiator titration, and origin
handcuffing, control the level and activity of RctB [for review, see the
study by Val et al. (10)]. RctB binds to iterons (12-mer sites) in ori2,
which promotes replication initiation. Additionally, RctB binds other
regulatory sites. Within ori2, RctB binds to 39-mer regulatory sites, which
strongly inhibit ori2 initiation (11). Beyond the origin region of Chr2,
chromatin immunoprecipitation with DNA microarray (ChIP-chip) anal-
ysis revealed that RctB binds to a locus on Chr2 (coordinates 956828-
1030773) containing five iterons and one 39-mer, which inhibits the
replication of an ori2-driven plasmid (mini-chr2) in Escherichia coli
(12). RctB was also found to bind a locus on Chr1 sharing no homology
with either iterons or 39-mers. This site was shown to act as a repli-
cation enhancer of ori2 by increasing RctB affinity for iterons and de-
creasing RctB affinity for 39-mers (12). Serial deletions of a DNA fragment
containing the Chr1 RctB ChIP-chip binding peak (fragments chrI-2
to chrI-10) showed that the replication-enhancing activity of a mini-
chr2 in E. coli could be narrowed down to a 70-bp chrI-9 fragment
(coordinates 818000-818069). However, the larger (150 bp) chrI-4
fragment (coordinates 817947-818099) was more efficient in enhan-
cing mini-chr2 replication in E. coli. The presence of such a site on Chr1
suggested that the two chromosomes communicate with each other dur-
ing replication. However, the role of this locus in the replication co-
ordination of Chr1 and Chr2 remains a subject of speculation.

Chromosomes replicate during a defined period of the cell cycle,
ensuring a single round of replication per cell. Plasmids generally have
no such constraint, replicating randomly during the bacterial cell cycle
(13). Despite its plasmid origin, Chr2 replication occurs only once per
cell cycle (14). Initiation of Chr2 replication is also delayed so that the two
chromosomes terminate replication at nearly the same time (15). The
mechanism responsible for triggering Chr2 replication at a specific
time of the cell cycle remains unknown. Here, we provide new insights
into this regulatory process, and we explain how Chr2 monitors the
replication status of Chr1 to time its own replication. We show that the
Chr1 RctB binding site (12), renamed crtS for Chr2 replication triggering
site, is crucial for the activation of Chr2 replication. We demonstrate that
the replication of crtS triggers the replication of Chr2. We also show that
the crtS locus and ori2 localize to the same region of the cell during the
entire cell cycle and display enhanced physical contacts, suggesting that
1 of 14
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RESULTS

Marker frequency analysis reveals the relative replication
pattern of the two chromosomes of V. cholerae
Replication of bacterial chromosomes occurs bidirectionally and ter-
minates in the region opposite to the origin, in the vicinity of the dimer
resolution site (dif), forming two replicated halves called replichores
(Fig. 1A, top) (16). Assuming that Chr1 and Chr2 replicate at the same
speed, replication of Chr2 must be delayed so that replication termina-
tion of the two chromosomes can be synchronous (15). Control of Chr2
replication initiation might be linked to cell mass or some “timer” on
Chr1 that, when replicated, signals initiation on Chr2. We used marker
frequency analysis (MFA) to precisely analyze the replication pattern of
the two chromosomes of a culture of wild-type V. cholerae El Tor
N16961 strain (WT) grown under steady-state conditions. MFA provides
an unprecedented resolution of the replication timing and the replication
fork speed, can pinpoint the origin and the terminus of chromosome
replication, and can detect chromosomal rearrangements (17). Indeed,
the MFA plot of WT compared to the reference genome sequence
(AE003852) registered a discrepancy in Chr1 organization (fig. S1).
Rectification of the Chr1 reference sequence corrected the deviation.
MFA of WT confirmed that both chromosomes are replicated bidirec-
tionally, with each chromosome having one origin (ori1 and ori2) and one
terminus (ter1 and ter2) of replication. The linearity and the slopes of
the graphs for the four replichores indicate that replication speed is
constant for both chromosomes (Fig. 1A, bottom). This analysis con-
firmed that Chr1 and Chr2 terminate replication concomitantly and
that Chr2 is initiated when about two-thirds of Chr1 is replicated, as
hypothesized.

Chr2 replication initiation depends on the location of a
timer region on Chr1
Chr2 replication initiation, after two-thirds of Chr1 has been replicated,
could be linked to an unknown mechanism for coordination of repli-
cation termination of the two chromosomes, consistent with their
relative sizes, 3 and 1 Mbp. To evaluate the impact of the chromosome
sizes on their relative timing of replication, we generated two mutants
with altered chromosome sizes using a dual site-specific recombination
tool to transfer DNA from one chromosome to the other (18). In the
CSV2 mutant, Chr1 and Chr2 sizes remained unbalanced at 2.5 and
1.5 Mb, respectively, whereas in the ESC2 strain, the two chromo-
somes are each at 2 Mb (Fig. 1, B and C). Increasing the size of Chr2
abolished synchronous termination in both ESC2 and CSV2 mutants,
with the now larger Chr2 terminating replication after Chr1 (Fig. 1, B
and C). MFA also revealed that Chr2 systematically initiates replica-
tion when a discrete position along one (or both) Chr1 replichore(s) is
being replicated (Fig. 1, B and C). This finding suggested that a region
located on Chr1 may trigger Chr2 replication initiation, and should be
localized within the first two-thirds of either or both replichores and
act as a “checkpoint” in replication of Chr2.

The relative timing of initiation of Chr1 and Chr2 can be followed
by qPCR analysis of the ori1/ori2 ratio. We reasoned that a change in
this ratio in isogenic mutants, where Chr1 size was unaltered but rep-
lichores were rearranged, would yield a signal for the region of interest.
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
This was performed by inversion between a fixed intergenic locus
(downstream of ORF VC018, that is, near ori1 on the left replichore)
and other intergenic loci located at increasing distances from ori1 along
the right replichore (Fig. 1D). Such inversions either caused no fitness
cost (JB392) or were similarly affected (JB590, JB659, JB771, and JB963)
compared to WT (fig. S2). We monitored the impact of each inversion
on the ori1/ori2 ratio in exponentially growing cultures (Fig. 1E). In WT,
the ori1/ori2 ratio is around 2, matching the observations of fast-growing
V. cholerae (15). In mutants JB392, JB590, and JB659, ori1/ori2 ratios
decreased, indicating that the region triggering Chr2 replication may
be closer to ori1, causing earlier Chr2 replication initiation. In mutant
JB771 and JB963, the ori1/ori2 ratio remains ~2, indicating the wild type–
like timing of replication and that the locus triggering Chr2 initiation
must be at the same distance from ori1 as in wild type. These results
indicate that a locus located between VC659 and VC771 and its dis-
tance from ori1 play a role in the regulation of Chr2 replication. This
region contains the Chr1 RctB binding locus, located in a noncoding
region upstream of VC765 (12). Strikingly, the log2(ori1/ori2) ratio
increases linearly with the distance between ori1 and the Chr1 RctB
binding locus (Fig. 1F). This observation indicates that the timing of re-
plication of the Chr1 RctB binding locus exerts a control on Chr2
replication initiation.

Replication of the Chr1 RctB binding locus (crtS) triggers
Chr2 replication initiation
We tested the Chr1 RctB binding locus for its role in the coordination
of the timing of replication between Chr1 and Chr2. Hereafter, we will
refer to the Chr1 RctB binding locus as crtS. crtS was relocated to four
intergenic loci on Chr1 at varying distances from ori1 (Fig. 2A). crtS-
positional mutants display wild type–like fitness and phenotype (fig. S3).
Therefore, all the determinants for crtS proper function appeared con-
tained within its sequence. MFA showed that in crtSVC23 and crtSVC392,
where crtS is closer to ori1, Chr2 initiates earlier than in WT (Fig. 2B).
In crtSVC2238, where crtS is positioned at the same distance from ori1
but on the other replicore, Chr2 initiates roughly at the same time as
in WT (Fig. 2B). In crtSVC963, with crtS farther from ori1, Chr2 initiates
later than in WT (Fig. 2B). We calculated the ori1/ori2 and ori2/crtS
ratios from the MFA (Fig. 2C). The log2 of ori1/ori2 ratio is linearly
correlated with the ori1-crtS distance (R2 = 0.9988), suggesting that the
timing of replication of crtS controls the timing of Chr2 replication
initiation. The crtS/ori2 ratio remains constant (~0.8), indicating that
there is a constant delay between crtS replication and Chr2 replication
initiation.

To confirm these observations, we tracked pairwise combinations
of fluorescently labeled chromosomal positions using epifluorescence
microscopy (19). We compared the distribution of ori1 with ori2 foci,
VC783 (near crtS) with ori2 foci, and ter1 with ter2 foci in both WT
and crtSVC23 strains (Fig. 3 and figs. S4 and S5). Images of exponen-
tially growing cells were acquired, and cell length, along with the po-
sition of each tagged loci, was followed. WT cells ranged in size
from 2 mm (newborn cells) to 4.5 mm (dividing cells), with two ori1 foci
appearing in cells from 2.5 to 3 mm and two ori2 foci from 3 to 3.5 mm
(Fig. 3, A, C, and E, and fig. S6, left). This observation indicates that
ori1 is replicated and segregated before ori2, as previously observed
(19). In crtSVC23, cells with two ori1 and two ori2 foci appeared in
the same cell size range from 2.5 to 3 mm (Fig. 3, B, D, and F, and fig.
S6, right), consistent with the MFA results showing that ori2 is repli-
cated shortly after ori1 (Fig. 2B). In WT, duplication of VC783 foci
2 of 14
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Fig. 1. Chr1 and Chr2 replication coordination is promoted by the presence of a timer on Chr1 and not by the requirement to terminate their
replication synchronously. (A) Top: Genome structure of wild-type (WT) V. cholerae. Ovals indicate the origins of replication (ori1 and ori2) and
triangles show dif sites (dif1 and dif2) on Chr1 (green) and Chr2 (red). Bottom: MFA of exponentially growing WT cultures using a corrected reference
sequence of Chr1 (fig. S1). Log2 of number of reads starting at each base (normalized against reads from a stationary phase WT control) is plotted
against their relative position on Chr1 and Chr2. Positions of ori1 and ori2 are set to 0 for a better visualization of the bidirectional replication. Any
window containing repeated sequences is omitted; thus, the large gap observed in the right arm of Chr2 consists of filtered repeated sequences
within the superintegron (28). Green (Chr1) and red (Chr2) dots indicate the average of 1000-bp windows; black dots indicate the average of 10,000-bp
windows. Dark green, light green, red, and orange lines indicate ori1, ter1, ori2, and ter2 number of reads, respectively; dashed blue lines indicate the Chr1
RctB binding locus (12). The same color code is used for all MFA figures. (B and C) Genomic variants CSV2 (Chr1 = 2.5 Mbp and Chr2 = 1.5 Mbp) (B) and
ESC2 (Chr1 = 2 Mbp, Chr2 = 2 Mbp) (C) are the same as in (A). The genetic exchanges made between Chr1 and Chr2 are shown in green and red. (D) Chr1
map of WT and genomic variants (JB392, JB590, JB659, JB771, and JB963) with large chromosomal inversions around a fixed locus (VC018) and other loci
located at increasing distances from ori1 (VC392, VC590, VC659, VC771, and VC963), respectively. For each genomic mutant, the loci flanking the DNA
inversion are shown in red. The left (dark green) and right (light green) replichores are separated by ori1 (oval) and dif1 (triangle). The position of the Chr1
RctB binding locus is indicated by a blue star. (E) Histogram representing quantitative PCR–measured ori1/ori2 ratios from relative gDNA quantification of
exponentially fast-growing strains (gDNA from WT stationary culture was used for normalization). Bars display means (±SD) of at least three experiments.
(F) Log2(ori1/ori2) plotted as a function of the distance between ori1 and the RctB binding locus displays a linear relationship (R2 = 0.92). Dots show means
(±SD) of three experiments.
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Fig. 2. Timing of replication of the Chr1 RctB binding locus (crtS) controls the timing of initiation of Chr2. (A) Circular map of WT Chr1 showing the
native locationof crtS (bluebar) and thevarious lociwhere crtSwas relocated (graybars)with respect toori1 (oval) anddif1 (triangle). The inside scaledesignatesDNA
size in kilobase pair. (B) MFA of relocated crtSmutants (crtSVC23, crtSVC392, crtSVC963, and crtSVC2238). The dashed blue lines indicate the number of reads of the loci
where crtS has been relocated. (C) Log2(ori1/ori2) and log2(ori2/crtS) plotted as a function of the distance between crtS and ori1 in kilobase pair. The ratios were
calculated as the ratios of the number of reads per base pair (from MFA) for each designated loci.
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Fig. 3. Segregationofori2 (but not ter2) occurs earlierwhen crtS is transposednearori1. (A andB) Plot showing the position of ori1 (left panel) and ori2
(right panel) foci insideWT (A) andmutant crtSVC23 (B) cells. Foci are oriented longitudinally relative to the old pole of the cell as a function of cell length. The
old pole of the cells was defined as the closest pole to an ori1 focus. The x axis represents the cell length (in micrometers). The y axis represents the relative
position of the focus in bacterial cells, 0 being the old pole and 1 the new pole. Snapshot images of 585WT and 2072 crtSVC23 mutant cells were analyzed.
(C and D) Histograms displaying the amount of cells that exhibit zero, one, two, three, four, or five and six fluorescent foci according to cell size (in micro-
meters) in WT (C) and mutant crtSVC23 (D) cells. (E and F) By correlating the longitudinal position of ori1 and ori2 foci as a function of cell length, the seg-
regation choreographies of the ori1 and ori2were reconstituted throughout the cell cycle ofWT (E) andmutant crtSVC23 (F) bacterial cells. Cells were classified
according to their size and grouped by 30 to define each size interval. For most loci and cell length intervals, there were cells with either a single focus or two
separated foci, the relative proportions of each type varying as a function of cell length. Only the position of the foci corresponding to the dominant cell type
in each cell length interval was plotted. The median positions of the observed foci (filled circles), along with the 25th to 75th percentiles (error bars), were
plotted for each cell size bin. The x axis represents the cell length (in micrometers). The y axis represents the relative position of the focus in bacterial cells
(0, new pole and 1, old pole).
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(near crtS) occurs shortly before ori2 foci duplication (fig. S4, C and
E), which is in accordance with MFA, showing a delay between crtS
replication and ori2 replication (Fig. 1A). In crtSVC23, when crtS is no
longer near VC783, ori2 foci duplicate before VC783 foci (fig. S4, D
and F), consistent with MFA results (Fig. 2B). Duplications of the ter1
and ter2 foci in WT were only visible at the end of the cell cycle in
dividing cells (fig. S5, A, C, and E, and fig. S6, left). Surprisingly, most
crtSVC23 cells with two ter1 and two ter2 foci appeared in the same cell
size range as WT (fig. S5, B, D, and F, and fig. S6, right). Because MFA
studies showed that ter2 is replicated long before ter1 in crtSVC23 mu-
tant (Fig. 2B), this result indicates that duplicated ter1 and ter2 remain
colocalized at mid-cell until cell division occurs.

To further probe the influence of crtS doubling on the initiation of
Chr2 replication, we analyzed two mutant strains, crtSWT/VC23 and
crtSWT/VC2238, carrying two chromosomal copies of crtS. The crtSWT/VC23

mutant carries the native crtS site, as well as an extra copy near ori1
(VC23), so that one crtS is replicated before the other. The two crtS
copies of the crtSWT/VC2238 mutant are located at equal distances from
ori1 on each replichore; thus, the two crtS are replicated at the same
time. Both mutants displayed a significant loss of fitness compared
to WT, with crtSWT/VC2238 being the least affected (fig. S7). Both
crtSWT/VC23 and crtSWT/VC2238 mutants displayed a wider cell size
range, from 2 mm (newborn cells) to 5.5 mm (dividing cells) (Fig. 4 and fig.
S8), indicating a flaw in the cell cycle control. Tracking of fluorescently
labeled ori1 and ori2 loci reveals that most crtSWT/VC23 newborn cells
exhibit two ori2 foci but only one ori1 focus (Fig. 4, A and B) compared
to WT (Fig. 3A). Most crtSWT/VC23 dividing cells present two ori1 foci
and four ori2 foci (Fig. 4, A to C), suggesting that whereas Chr1 goes
from one to two copies, Chr2 goes from two to four copies per cell
cycle. Similar results were obtained with the crtSWT/VC2238 mutant (fig.
S8). In both mutants, daughter cells usually receive one copy of ori1 and
two copies of ori2, whereas WT daughter cells normally receive a single
copy of both ori1 and ori2 (Fig. 4, C to E). Sporadically, in both mutant
strains, we observed that cell division occurs asymmetrically, leading to un-
even chromosome partitioning. The proportion of cells with three ori2 foci
in crtSWT/VC2238 (15%) is equivalent to the proportion of cells with one
ori2 foci (14%) (Fig. 4E), suggesting that these cells could have arisen
from the asymmetric cell division of four ori2 foci cells. However,
crtSWT/VC23 cells display a larger fraction of cells containing three ori2
foci (30%) and a smaller fraction of cells with only one ori2 foci (7%)
(Fig. 4D), meaning that uneven chromosome partitioning alone does
not explain the existence of three ori2 foci cells. We speculate that in
crtSWT/VC23, one of the two ori2 duplicates before the other. These differ-
ences between crtSWT/VC23 and crtSWT/VC2238 suggest that the differ-
ence in location and/or timing of replication of the extra crtS site alters
the synchrony of initiation of multiple origins. These observations are
puzzling because they do not fit with the E. coli paradigm where mul-
tiple origins initiate in synchrony (20). To explain that one ori2 is du-
plicated before the other in crtSWT/VC23, we hypothesized that the
duplication of one crtS 3triggers the firing of only one ori2. This may
require a direct contact between the replicated crtS and ori2.

Chromosome conformation capture reveals a preferential
contact between Chr1 and Chr2
To test for the possibility that Chr1-located crtS site regulation of Chr2
replication initiation involves physical contacts between the two chromo-
somes, we applied chromosome conformation capture [3C; (21)] to ex-
ponentially growing cultures in rapid (LB) and slow [minimal medium
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
(MM)] growth conditions (Fig. 5A and fig. S9). As expected, the two
chromosomes in the resulting contact map turned out as two well-
individualized entities, each exhibiting a strong diagonal signal re-
flecting frequent contacts between adjacent loci (Fig. 5A) (22). These
chromosomes presented local domains of increased contact frequencies,
separated by barriers (fig. S10), similar to the chromatin interaction
domains (CIDs) previously described in Bacillus subtilis (23, 24) and
Caulobacter crescentus (25). The intrachromosomal contact maps of Chr1
and Chr2 differ with respect to the presence of a secondary perpendicular
diagonal that reflects the bridging of left and right replichores by cohesin
complexes in other bacteria (23–25). Whereas Chr1 did not present such
a signal, Chr2 displayed a secondary diagonal revealing radically different
folding of the two chromosomes (Fig. 5A). The conversion of contact
maps into three-dimensional (3D) structures (fig. S9C and movies S1
and S2) (26) shows that whereas Chr1 adopts a largely open structure,
Chr2 folds into a helicoidally shape with its two replichores tightly in-
terlaced. It appears from this matrix that Chr2 folds into a structure similar
to that of B. subtilis (23, 24) or C. crescentus (27), whereas Chr1 adopts
a structure closer to the one observed for E. coli chromosome (22).
The superintegron, a large gene capture and excision system localized
on Chr2 (28), defines a clear CID surrounded by two highly transcribed
genes (fig. S10). This observation suggests a specific topological struc-
ture, which can reflect the generally low transcription in this DNA
element.

Overall, the chromosomes of V. cholerae present known features of
chromosome organization in bacteria, as well as new ones. Indeed, the
contact maps unveiled trans contacts between the two chromosomes at
an unprecedented resolution. The two replichores of Chr2 present en-
richment in contact with the bottom third of Chr1 replichore, as indi-
cated by the cross-shaped trans contacts (Fig. 5B). These contacts
initiate at dif sites and extend along the length of the chromosome up
to ori2 for Chr2 and midway to Chr1. The spatial proximity of the
terminus regions (ter), surrounding dif1 and dif2, is a striking driver
of organization, with strong contacts between the ter regions, visible in
both growth conditions (fig. S9A). The circos representation of the
strongest interactions of 100 kbp surrounding dif2 (Fig. 5C) illustrates
the enrichment of contacts between the ter regions. This is also visible in
the 3D contact maps (fig. S9C and movies S1 and S2). These results are
consistent with the imaging of the ter1 and ter2 showing a colocalization
of the regions to the mid-cell at the end of the cell cycle (fig. S5E). The
circos representation of the contacts made by a 50-kbp window centered
on ori2 reveals preferential contacts with the right replichore of Chr1
(Fig. 5D). These contacts initiate at crtS and become stronger imme-
diately after. More precisely, the contacts involve a region on the Chr2
left replichore adjacent to ori2, pointing toward a mechanical interplay
that would drive this interaction.

crtS is crucial for Chr2 replication initiation at ori2
To assess the importance of crtS on Chr2 replication, we deleted a 150-bp
sequence (coordinates 817950-818100), which closely corresponds
to the chrI-4 sequence (coordinates 817947-818099) deleted by Baek
and Chattoraj (12). Baek and Chattoraj (12) reported that chrI-4–
deleted mutants showed minimal phenotypic changes and no growth
defects, indicating that its action was probably modest. In contrast, our
DcrtS mutants exhibited strong fitness defects and suffered marked
physiological changes, with a large proportion of filamentous cells
(Fig. 6A, top, and fig. S11). To corroborate the marked phenotype
of DcrtS mutants with a problem in ori2 replication initiation, we deleted
6 of 14
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crtS in a V. cholerae strain where ori2 was replaced by a second ori1
locus and is thus no longer dependent on RctB (ICO1) (18).
ICO1DcrtS mutants displayed no marked filamentous phenotypes
and no additional growth defects compared to ICO1 (Fig. 6A, bottom,
and fig. S11), confirming that the DcrtS phenotype is linked to a defi-
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
ciency in replication initiation of Chr2 at ori2. By performing MFA on
mutant DcrtS #7 (with two separate chromosomes), we could detect
the location of ori2 by the overrepresentation of sequences (sharp
peak), indicating that replication initiation still occurs at ori2. However,
the MFA also highlighted an imbalance in the copy number of Chr1
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and Chr2 with an ori1/ori2 ratio of 5.2 and a ter1/ter2 ratio of 2.9 (Fig.
6B). This imbalance was also observed by imaging fluorescently
labeled Chr1 and Chr2 loci in a DcrtS mutant strain. Figure 6C shows
a typical DcrtS filamentous cell with more VC783 foci than ori2 foci,
whereas in WT, the two loci duplicate around the same time (fig.
S4E), and most cells display the same number of VC783 and ori2 foci
(fig. S4C). Time-lapse fluorescence microscopy of DcrtS cells shows that
filaments grow and accumulate many Chr1 foci (movie S3). These fila-
ments divide irregularly and occasionally give rise to a Chr2-less cell,
which does not grow (movie S4).

PFGE revealed a high instability in the genome structure of DcrtS
mutants. In many instances, the two chromosomes had spontaneously
fused (Fig. 6D; DcrtS #2 and #4 to #6), and in all DcrtS mutants, a
smear was clearly visible in the PFGE (Fig. 6D; DcrtS), indicating either
genomic DNA (gDNA) degradation or a high level of genomic instability.
crtS-positional mutants, however, did not display gDNA degradation/
instability, thus evidencing the proper activity of crtS when transposed to
ectopic chromosomal positions (Fig. 6D; crtSVC23, crtSVC392, crtSVC963,
and crtSVC2238). The high instability observed in the genome of DcrtS
mutants suggested a positive selection toward chromosome fusion.
To test for this constraint, we grew four independent cultures of DcrtS
mutants for 200 generations to investigate spontaneous fusion and other
potential suppressors. PFGE analysis was performed on samples col-
lected at the beginning and at the end of the experiment. At generation
0, three mutants (D185, D247, and C667) carried two chromosomes,
whereas the fourth (C926) had already undergone a fusion. After
200 generations, both C926 and C667 displayed a mixed population of
cells with fused and separate chromosomes, whereas D185 and D247
showed no sign of chromosome fusion (Fig. 6E). Evolved mutants sig-
nificantly improved their fitness over 200 generations (fig. S12). More-
over, the DNA smear trademark of a DcrtS deletion was no longer
detectable in any of the evolved mutants (D185-EV, D247-EV, C667-EV,
and C926-EV2) (Fig. 6E). Microscopy and flow cytometry showed that
D185-EV recovered a wild-type morphology with less than 1% of ab-
errantly sized cells (fig. S13). However, D247-EV, C667-EV, and C926-EV2
populations still displayed some filamentation. MFA of D247, before
experimental evolution, is very similar to the MFA of DcrtS #7 and shows
that no genome rearrangement had yet occurred (fig. S14). However,
MFA of D185 shows that gene amplification (triplication) had oc-
curred before experimental evolution and reverted in the evolved mu-
tant D185-EV (fig. S14). Stress-induced gene amplification has been
observed in E. coli and may confer a selective advantage to cells under
stress (29). After 200 generations, MFA of D185-EV and of D247-EV
reveals an up-regulation of ori2 initiation, presumably compensating
for the lack of crtS activation, as shown by the increase in the Chr2/
Chr1 copy number ratio compared to their parental strains (fig.
S14). Such a remarkable rescue of phenotype of all DcrtSmutants over
200 generations suggested that compensatory mutations were required
to restore, even partially, the growth defects. D185-EV whole-genome
sequencing revealed a single mutation, leading to a F230S substitution
in RctB, not present in D185. D247-EV genome sequence also revealed
a single mutation (C to A transversion), 25 nucleotides upstream of
the rctB start codon within the 29-mer RctB binding site, which is im-
portant for autorepression of RctB expression and ori2 initiation neg-
ative regulation via handcuffing with iterons (30). Further analysis of
the ori2 regions of C667-EV and C926-EV2 revealed two new single mu-
tations in RctB, which were absent from their parental strain (table
S1). In all four mutants, DcrtS phenotype was partially rescued by
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
rctB-related mutations, further supporting the direct connection be-
tween crtS and RctB.
DISCUSSION

Approximately 10% of bacterial species have genomes split over multiple
chromosomes. The machineries controlling replication initiation of
secondary chromosomes are always of plasmid origin (2). An important
difference between plasmids and chromosomes is that the latter replicate
once, and only once, per cell cycle. In V. cholerae, the two chromosomes
satisfy this rule; furthermore, they are known to have a synchronous
termination of replication. However, it remains unclear how this is co-
ordinated. Here, we show that the timing of Chr2 replication initiation
directly depends on the position of a short intergenic sequence (crtS)
on Chr1. Our results provide strong evidence that the replication of
crtS triggers initiation of Chr2 replication. Additionally, we reveal pref-
erential contacts between Chr1 and Chr2, suggesting the existence of
mechanistic functional interactions between these two chromosomes.
This study unravels a novel checkpoint control mechanism allowing
the replication coordination of multiple chromosomes in bacteria.

crtS is crucial for Chr2 replication
Here, deletion of crtS severely impairs growth and is associated with
filamentation and DNA damage (Fig. 6A, top, and fig. S11). The large
cell size heterogeneity in DcrtS mutants prevented statistically robust
analysis based on fluorescence microscopy data. Nevertheless, filaments
containing fewer Chr2 than Chr1 were consistent with MFA analysis
showing Chr2 underrepresentation in DcrtS mutants (Fig. 6, B and C).
In DcrtS filaments, we observed more VC783 foci than ori2 foci, sug-
gesting that failure of proper regulation/activation of Chr2 replication is
responsible for the observed filamentation. It was reported that dele-
tion of the chrI-4 sequence (DchrI-4) led only to mild phenotypic
changes (12). DchrI-4 mutants were also characterized by a delay in
ori2 foci duplication (12). Why DcrtS differs from DchrI-4 phenotype
previously characterized could be explained by some differences in the
way these sequences were deleted (see the Supplementary Materials). We
further show that crtS is directly involved in the regulation of replication
initiation at ori2 through an RctB-associated mechanism because its de-
letion does not affect the physiology of the ICO1 mutant, in which Chr2
replication is no longer dependent on RctB at ori2 (Fig. 6A, bottom).
Strains with crtS relocated to different positions along Chr1 did not show
any of the DcrtS phenotypes, indicating that the 150-bp crtS DNA
sequence is both necessary and sufficient to trigger Chr2 replication ini-
tiation, independently of its genetic context (Fig. 6D and fig. S3).

Replication of crtS orchestrates the replication of Chr1
and Chr2
The replication pattern of WT and mutant strains was investigated by
MFA.WTMFA results show that the copy number of ori1 is higher than
that of ori2, whereas the copy numbers of ter1 and ter2 are similar (Fig.
1A), in agreement with former hypotheses and results, suggesting a syn-
chronized termination (15). Displacing the crtS locus to different
positions on Chr1 modified Chr1 and Chr2 replication synchroniza-
tion (Fig. 2, A and B). The ori1/ori2 ratio is perfectly correlated with
the distance between ori1 and crtS (Fig. 2C), demonstrating that Chr2
replication initiation timing is dependent on this parameter, with crtS
replication triggering Chr2 replication. According to MFA, there is a
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constant delay between crtS replication and the firing at ori2 (Fig. 2C),
which roughly corresponds to the replication of 200 kbp, suggesting
that the transfer of information to ori2 is not immediate. This delay
may correspond to the time needed to activate RctB and the ori2 ini-
tiation system. Therefore, both the position of crtS and this delay
account for the Chr1 and Chr2 termination synchrony. The crtS
position may have been selected throughout evolution by the con-
straint imposed by this activation delay.

Transient genome remodeling suppresses crtS deletion
Spontaneous chromosome fusions are common suppressor events of
crtS deletion, but these marked rearrangements are transient and can
revert back to a two-chromosomal genomic configuration over time
(Fig. 6, D and E). We previously showed that recombination-induced
chromosome fusions occur spontaneously within wild-type popula-
tions of V. cholerae (31). These rearrangements are quickly reversed or
outcompeted, probably as a result of slower growth linked to an increase
in replication duration due to the larger chromosome size and/or meta-
bolic cost due to gene dosage imbalance. Fused chromosomes can be
stabilized upon depletion of Dam methylase, which is essential for Chr2
replication initiation (31). Here, we hypothesize that chromosome fu-
sions are a transient and conveniently accessible suppressor step when
confronted with crtS deletion, ensuring replication of Chr2 through
piggybacking of the Chr1 replication machinery. The higher cost of this
genome state would subsequently favor the acquisition and maintenance
of compensatory mutations, permitting the restoration of the wild type–
like two-chromosome structure. This was observed in mutant C926-EV2,
which acquired a compensatory mutation in RctB (R195C) and resolved
the chromosome fusion (Fig. 6E and table S1).

RctB-associated mutations compensate DcrtS by altering
Chr2 initiation regulation
Our 200-generation evolution experiment results showed that the phe-
notype of DcrtS mutants was largely rescued by the selection of spon-
taneous mutations in the origin region of Chr2. Although the phenotypes
of the evolved DcrtSmutants vary, they all involve an increase in fitness,
a decrease in cell filamentation, and an absence of gDNA degradation
compared to their parental strain (figs. S12 and S13). MFA of the evolved
crtS mutants showed a higher Chr2/Chr1 copy number ratio, suggesting
an up-regulation of ori2 initiation (fig. S14). This rapid acquisition of sup-
pressor mutations can explain why our observations on DcrtS mutants
differ from those of Baek and Chattoraj (12). Considering the rapid
genome remodeling and acquisition of compensatory mutations in ori2
of DcrtS mutants, we speculate that the DchrI-4 mutant previously char-
acterized (12) has acquired compensatory mutations to overcome the
marked effect of crtS deletion. All DcrtS compensatory mutations were
directly related to RctB (table S1), including three in the coding sequence
(R195C, F230S, and L357I). RctB is a large, relatively poorly character-
ized protein that presents a 70-AA C-terminal region (451 to 521)
involved in both iterons and 39-mer binding, as well as in dimerization
(8). Previous rctBmutants were selected in the E. coli heterologous host
for causing replication overinitiation of mini-Chr2 (9, 32–34). These
“copy-up” mutants of RctB show reduced dimer binding to iterons
(32), reduced dimerization (33), or reduced 39-mer binding (32) or fail
to bind ATP (9), all consistently preventing RctB to repress replication.
Most of these mutations were found outside the 70-AA C-terminal
region (34), implying that important functions for ori2 replication con-
trol remains to be identified in RctB. One of our DcrtS suppressor mu-
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
tants (R195C) was already documented as a copy-up mutant (34). An
additional mutation was found in the promoter region of RctB within
the 29-mer RctB binding site, possibly impairing binding. Up-regulation
of Chr2 replication initiation could result from the suppression of RctB
autorepression leading to an increase in RctB expression, or from the
abolition of the 29-mer negative regulatory function by handcuffing
with iterons (30). The mutations obtained in our study were selected
directly in V. cholerae on Chr2, therefore taking into account the na-
tive physiological levels of all partners interacting to regulate Chr2
replication initiation. The experimental evolution screening of crtS mu-
tants provides a promising approach to unravel new regulatory factors
involved in V. cholerae Chr2 replication.

Chr1 and Chr2 termini cohesion before cell division
MFA shows that V. cholerae Chr1 and Chr2 finish replication at ter1
(around dif1) and ter2 (around dif2), respectively, in a nearly synchro-
nous manner (Fig. 1A). In WT, both ter1 and ter2 are recruited early
to mid-cell and remain together until the end of the cell cycle (fig.
S5E), and 3C analysis shows strong interactions between the two ter
regions (Fig. 5C). When Chr2 replication completes before Chr1 in
crtSVC23 mutant (Fig. 2B), ter2 foci relocate earlier to mid-cell but re-
main at mid-cell until cell division, and segregate roughly at the same
time as ter1 foci, like in WT (fig. S5, E and F, and fig. S6). These results
suggest that ter1 and ter2 localization at mid-cell, where septum for-
mation occurs at the end of the cell cycle, is important to coordinate
their proper segregation before cell division.

In bacteria, chromosome replication, segregation, and cell division
are precisely orchestrated mechanisms. In E. coli, the Ter domain re-
locates to mid-cell as replication completes and becomes accessible to the
divisome machinery for the final steps of cell division, including chro-
mosome compaction, dimer resolution, and decatenation (35–38). MatP,
a DNA binding protein, bridges distant matS sites within the Ter do-
main to organize it into a compact structure (39, 40) that interacts with
the divisome to coordinate segregation and cell division (38). Chro-
mosome dimer resolution at dif is mediated by the XerCD site-specific
recombinases and the DNA translocase FtsK, which is anchored at the
septum (36). In V. cholerae, MatP is known to play a role in Ter con-
finement of the two chromosomes at mid-cell after replication (41)
and both Chr1 and Chr2 require the septal protein FtsK to resolve
their dimers (42). Therefore, ter1 and ter2 cohesion at mid-cell may
be important for their proper segregation, which may be coordinated
by MatP or another mechanism that remains to be found.

Proposed mechanisms that mediate the signal between crtS
replication and ori2 initiation
Our study shows that Chr2 initiation requires crtS replication (Fig. 2C),
meaning that either DNA conformational changes caused by the pas-
sage of the replication fork across crtS, or the doubling in copy number
of crtS after duplication triggers Chr2 replication. The binding activity
of RctB to chrI-4 (crtS) was observed by ChIP-chip (12). It was re-
ported that RctB binding could only be observed in vitro by DNase
I footprinting when chrI-4 was carried by a supercoiled plasmid (12).
Mutations of the protected bases abolished the enhancer activity of chrI-4,
suggesting a direct interaction between chrI-4 and RctB (12). Baek and
Chattoraj (12) suggested that chrI-4 could act as a DNA chaperone to
remodel RctB to an active form with altered DNA binding activities. In-
deed, by using a mini-Chr2 in E. coli, they show that addition of
chrI-4 in trans abolishes the requirement for DnaK/J chaperones, which
11 of 14
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are normally important to promote RctB-dependent initiation at ori2
(12, 32). Initiator remodeling upon interaction with their cognate
DNA binding sites has been observed for iteron-bearing plasmids
(43), as well as for E. coli DnaA (44). RctB could form a bidentate pro-
tein simultaneously using two DNA binding domains to contact two
DNA loci (for example, crtS and ori2). In mutants with two chromo-
somal copies of crtS, we observed that most of newborn cells have two
ori2 and only one ori1 (Fig. 4 and fig. S8), suggesting that it is the
duplication of the crtS sequence itself that triggers Chr2 replication ini-
tiation, and that the duplication of the single-copy crtS sequence in
wild type is limiting initiation at ori2. Once crtS is duplicated, dimers
of RctB could simultaneously contact two crtS sites, allowing a higher
DNA binding affinity to iterons. In mutants with two chromosomal
copies of crtS, a large proportion of cells divide with two ori1 and four
ori2 foci, giving rise to newborn cells already having one ori1 and two
ori2 foci (Fig. 4, C to E). Hence, passage of the replication fork across
crtSmight still be an option for triggering Chr2 replication if the signal
had been sent in the mother cell. crtS contains two GATC sites that are
substrates for Dam methylase. RctB binding is sensitive to the methyl-
ation state of iterons sites, which need to be fully methylated (45). The
passage of the replication fork across crtS would generate transiently
hemimethylated GATC sites that may affect RctB binding. However,
mutation of the two GATC sites had no impact on crtS function. Pas-
sage of the replication fork also generates single-stranded DNA on the
template for lagging-strand synthesis. RctB could recognize a DNA
hairpin structure formed by the single-stranded state of crtS, thereby
modifying its binding affinities for iterons and/or 39-mers. A better un-
derstanding of the genetic determinants enclosed within the crtS sequence
will provide new clues to decipher the crtS-RctB–mediated mechanism
that triggers Chr2 replication, and perhaps a better understanding of the
mechanisms controlling the activation/deactivation of RctB.

A large fraction of crtSWT/VC23 cells display three ori2 foci, suggesting
that one of the two ori2 duplicates before the other (Fig. 4D). These
observations are different from E. coli, where multiple origins initiate in
synchrony (20). To accommodate for a generation time shorter than
the replication time in fast-growing cells, overlapping rounds of repli-
cation occur with multiple origins of replication. In E. coli, multiple
origins fire synchronously, such that either 2, 4, or 8 (that is, 2n) origins
of replication are present at the same time (20). In E. coli, several mech-
anisms are responsible for the coordinated initiation of multiple origins
(DnaA titration, regulatory inactivation of DnaA, origin sequestration,
and DnaA reactivation sequences) (46). All these mechanisms control
the availability of the active form of DnaA for initiating replication
from oriC. If the control of ori2 initiation by crtS was done only by con-
trolling the availability of the RctB active form, we would expect a sim-
ilar synchrony in the firing of multiple ori2, and this would be observed
by cells containing only 2n ori2 foci (for example, 2 or 4). Because a
large portion of crtSWT/VC23 cells have three ori2 foci, we hypothesize
that the duplication of one crtS triggers the firing of only one ori2.
This reinforces the hypothesis that firing could necessitate a contact
between crtS and ori2. Fluorescence microscopy of WT fluorescently
labeled near crtS (VC783) and ori2 loci shows that the two loci localize
to the same region throughout the cell cycle (fig. S4E). The contacts
between ori2 and Chr1 revealed by 3C may be caused by the simul-
taneous binding of RctB to ori2 and crtS. The most frequent contacts
between ori2 and Chr1 occur downstream of crtS (Fig. 5D). A possible
explanation is that, following the duplication of the crtS locus, the rep-
lication machineries of Chr1 and Chr2 are in the vicinity of each other
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
until the end of replication of the two chromosomes. Nonreplicating
cells (that is, stationary phase) lose the cross-shape contacts observed
between Chr1 and Chr2 replichores during exponential growth (Fig.
5B, right), suggesting that replication is indeed responsible for the
contacts of the two chromosomes along their chromosomal arms.
Overall, the 3C analysis of the V. cholerae chromosomes points to a
direct interplay between 3D organization and replication regulation.
How trans topological contacts would drive a functional interaction
between the two chromosomes remains unknown.

Concluding remarks
Bacteria can be subjected to sudden environmental changes and must
adapt their replication rate to their growth rate. Fast-growing bacteria
often initiate multiple overlapping rounds of DNA replication. Inter-
related mechanisms control the availability of the active form of DnaA
to regulate chromosome initiation, some of which are modulated by
growth rate (46).V. cholerae is a fast-growing bacterium that encounters
a broad spectrum of habitats (for example, aquatic environments and
human beings). Here, we describe a system for the replication control of
multiple chromosomes. We demonstrate that Chr2 surveys the replica-
tion of Chr1 via the crtS locus and only initiates replication when this
site has been replicated. Repositioning crtS closer to or further from the
ori1 causes Chr2 initiation to be initiated earlier or later, respectively, in
the cell cycle. If the signal is not received (for example, ∆crtS mutant),
initiation of Chr2 will be impaired and the cell will filament, accumu-
lating many copies of Chr1. We suggest this mechanism to be an ex-
ample of a bacterial cell cycle checkpoint; coordination of passage from
early cell cycle, with only Chr1 replicating, into the late part of the cell
cycle, with both chromosomes replicating. The location of crtS on Chr1
dictates the timing of replication initiation at ori2 so that replication of
the two chromosomes terminate simultaneously. This, in turn, ensures
coordinated and faithful segregation of the chromosomes in line with
cell division. The crtS-RctB–mediated checkpoint control of Chr2 initia-
tion is a simple and flexible mechanism to ensure a cell cycle–specific time
setting of Chr2 replication relative to Chr1 replication. This novel mech-
anism is an elegant and cost-effective way for secondary chromosomes
to benefit from the already well-adapted replication regulatory system
of the host main chromosome.

Replication of eukaryotic genomes is initiated from multiple origins
located on each chromosome, enabling the complete genomic replica-
tion within the S phase of the cell cycle (47). Thus, bacteria with mul-
tiple replicons may share similarities with eukaryotes in the control of
their genomic replication. However, it is observed in eukaryotes that
(i) not all origins are activated within a single replication round and
(ii) activated origins do not start replication simultaneously (48). The
observed tight control of initiation at ori2 is different from the sto-
chastic nature of initiation at eukaryotic origins (49). Nevertheless, we en-
visage that replication-dependent controls, such as the checkpoint
described here, may contribute to the orchestration of the complex eu-
karyotic DNA replication.
MATERIALS AND METHODS

Experimental design
Our objective was to determine the regulatory pathway responsible for
triggering Chr2 replication at a specific point of the cell cycle, so that the
two chromosomes terminate replication at nearly the same time. To
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achieve this, we created several V. cholerae derivatives with altered chro-
mosome organization and monitored their replication pattern to deter-
mine whether this synchronization was directly linked to the replication
of a specific region in Chr1. We used genome engineering, MFA,
microscopy, and chromosome conformation capture to identify the
elements involved in this regulatory pathway.

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in table
S2. Large genome rearrangements were performed following the pro-
cedures described by Val et al. (18). Details are given in the Supple-
mentary Materials.

Quantitative PCR
qPCR was performed on the gDNA of cells growing exponentially in
LB at 37°C [OD450 (optical density at 450 nm), ~0.15]. Primers used
to determine ori1/ori2 ratios are listed in table S3. Details are given in
the Supplementary Materials.

Marker frequency analysis
MFAwas performed on the gDNA of cells growing exponentially in LB
(glucose) at 30°C (OD450, ~0.15). Libraries were sequenced using an Ion
Proton sequencer (Life Technologies). MFA was performed essentially
as described by Skovgaard et al. (17). Details are given in the Supple-
mentary Materials.

Pulsed-field gel electrophoresis
PFGE was done following the procedure described by Val et al.
(10). Details are given in the Supplementary Materials.

Fluorescence microscopy
All Chr1 loci were labeled with a parSpMT1 site, and Chr2 loci were
labeled with a lacO array. The genes encoding for yGFP-D30ParBpMT1

and LacI-mCherry protein fusions were inserted in the lacZ gene using
plasmid pAD19 (table S2) (19). Cultures for microscopy were grown in
minimal fructose medium to limit replication rounds to once per cell
cycle. Microscopy observations and data analysis were performed
following procedures and using MATLAB scripts already described
by David et al. (19). Details are given in the Supplementary Materials.

Chromosome conformation capture
3C libraries were built, sequenced, and analyzed as previously described
(23). For all the data, we generated matrices with bins of 5 kbp using a
four-base cutter (Hpa II). Bothmatrices (LB andMM) showed a strong
correlation together using Spearman’s rank correlation coefficient (r =
0.488, P < 10 to 64). Experimental details are given in the Supplemen-
tary Materials.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1501914/DC1
Materials and Methods
fig. S1. Chromosomal inversion detected around ori1 when WT sequences are mapped against
the National Center for Biotechnology Information (NCBI) reference genome AE003852.
fig. S2. Large DNA inversions either caused no fitness cost (JB392) or were similarly affected
(JB590, JB659, JB771, and JB963).
fig. S3. Complementation of DcrtS filamentous phenotype by addition of an ectopic chromosomal
copy of crtS.
Val et al. Sci. Adv. 2016; 2 : e1501914 22 April 2016
fig. S4. Duplication and segregation of VC783 and ori2 foci in WT and mutant crtSVC23
throughout the cell cycle.
fig. S5. Duplication and segregation of ter1 and ter2 foci in WT and mutant crtSVC23 throughout
the cell cycle.
fig. S6. ori2 foci duplicate earlier when crtS is located near ori1.
fig. S7. The addition of an extra copy of crtS affects the growth of V. cholerae.
fig. S8. Doubling in ori2 copy number in mutant with two chromosomal copies of crtS.
fig. S9. Comparison of global chromosome organization of V. cholerae in different growth
conditions.
fig. S10. Comparison of directional index analysis at a 100-kbp scale with transcription and GC
content for fast-growing cells.
fig. S11. DcrtSmutants have a fitness defect, whereas ICO1DcrtS shows no additional growth defect.
fig. S12. Fitness improvement of DcrtS mutants by the acquisition of compensatory mutations.
fig. S13. Loss of filamentation phenotype of DcrtS mutants by the acquisition of compensatory
mutations.
fig. S14. MFA of crtS mutants before and after acquisition of compensatory mutations.
fig. S15. The effect of MFA normalizations.
table S1. Compensatory mutations obtained after evolution of DcrtS mutants.
table S2. List of plasmids and bacterial strains.
table S3. Primers used in qPCR.
movie S1. 3D representations of the contact map from fig. S9 (exponential growth of the WT in LB).
movie S2. 3D representations of the contact map from fig. S9 (exponential growth of the WT in MM).
movie S3. Time-lapse fluorescence microscopy of DcrtS filamentous cells, tagged at VC783 (Chr1)
and near ori2 (Chr2), growing on an M9 MM agar pad supplemented with fructose and thiamine.
movie S4. Time-lapse fluorescence microscopy of DcrtS filamentous cells, tagged at VC783
(Chr1) and near ori2 (Chr2), growing on an M9 MM agar pad supplemented with fructose
and thiamine.
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1.3. Complementary results: RctB-associated mutations compensate ΔcrtS deleterious 

mutation by altering Chr2 initiation regulation 

In the previous publication we have shown that crtS is crucial for Chr2 replication. crtS deletion 

severely impairs cells fitness, which is directly linked to improper regulation/activation of Chr2 

replication. PFGE analysis of ΔcrtS mutants revealed that, in some cases, transient genome 

remodelling suppresses crtS deletion. In the absence of crtS, Chr2 seems to temporarily benefit from 

Chr1 replication machinery which is shown by chromosome fusion events. However, this situation 

does not seem sustainable since after a 200-generation experimental evolution these strains 

acquired mutations affecting ori2 and revert to the two chromosome configuration. At the time of 

the publication we had only performed extensive analysis by whole-genome sequencing and 

subsequently MFA on two of these mutants. Here we present additional data concerning strains 

C667 and C926 before and after the evolution experiment. The –EV suffix refers to the clones 

isolated after the 200-generation experimental evolution. 

Microscopy and flow cytometry revealed that after 200 generations filamentation was no longer 

detectable for strain C926-EV, compared to the 5,6% filamentous cells observed in the parental strain 

C926 (Fig. 23). However, the phenotype of crtS deletion mutants is quite diverse and filamentation is 

not always evident. For strain C667 cell filamentation was not apparent before the evolution 

experiment (Fig. 23). In turn, genomic instability characterized by Chr2 replication downregulation 

seems to be a hallmark of crtS deletion mutants.  

MFA of C667 before the experiment is very similar to the ΔcrtS MFA pattern, showing Chr2 

downregulation and no genome rearrangement (Fig. 23). In contrast, MFA of strain C926 does not 

show the typical triangular form with a sharp peak corresponding to ori2. Indeed, C926 MFA pattern 

reveals a chromosome fusion event between Chr1 and Chr2, which is consistent with the already 

published PFGE data on this mutant (Fig. 23). After 200 generations, this genomic arrangement is 

reversed back to a two-chromosomal genomic configuration. MFA of C667-EV and C926-EV reveals 

an up-regulation of ori2 initiation compared to the respective parental strains (Fig. 23). The increase 

in the Chr2/Chr1 copy number ratio is explained by the acquisition of mutations on ori2 that 

compensate the lack of crtS activation. 

Previous rctB mutants causing replication overinitiation of ori2-based plasmids have already been 

selected in E. coli (Duigou et al., 2008; Jha et al., 2012; Koch et al., 2012; Yamaichi et al., 2011). These 

“copy-up” mutants of RctB were shown to consistently prevent RctB to repress replication by causing 

reduced dimer binding to iterons (Jha et al., 2012), reduced dimerization (Koch et al., 2012), or 
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reduced 39-mer binding (Jha et al., 2012) or fail to bind ATP (Duigou et al., 2008). Indeed, mutations 

at the same position as two of the ΔcrtS suppressor mutations identified in our study (R195C and 

L357I) have already been documented as copy-up mutants (Yamaichi et al., 2011).  

With the exception of strain D247-EV carrying a mutation on the 29-mer region, the remaining 

evolved mutants carry mutations affecting RctB domain 2 (Fig. 24). Domain 2 harbours the RctB 

dimerization interface (Orlova et al., 2016). RctB binds to 12-mers on ori2 in both monomer and 

dimer forms, however the monomers are the active initiators for Chr2 (Jha et al., 2012). Dimers 

appear to serve as direct competitors of monomers for 12-mer binding (Jha et al., 2012) and are 

involved in handcuffing by bridging the 12-mers (Venkova-Canova and Chattoraj, 2011), which 

functions as an inhibitory mechanism for Chr2 replication. We have not further investigated the 

impact of our mutations on RctB structure or on how it affects its binding to the different sites, such 

as iterons, 39-mers and crtS. However, the fact that three of the mutations lie within the domain 2 

led us to speculate that they may inhibit the formation of RctB dimers, and consequently favour Chr2 

replication activation. This is merely speculative, since additional experiments are required to 

effectively prove that Chr2 up-regulation is linked to the impossibility of RctB dimer formation.  

The acquisition of RctB-associated mutations suggests a direct interplay between crtS and RctB to 

coordinate chromosome replication. On the next chapter, we provide additional evidence supporting 

this direct interaction. 
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Figure 23. Characterization of ΔcrtS mutants before and after experimental evolution. (A) ΔcrtS mutants are 

frequently characterized by cell filamentation and downregulation of Chr2 replication, which is restored after 

200 generations. (Left panel) Representative picture of ΔcrtS mutants observed by phase-contrast microscopy. 

The white bar corresponds to 10 µm. (Central panel) Cell size distribution determined by flow cytometry of 

cells grown in M9 (fructose, thiamine) using MACSQUANT Analyzer (Miltenyi Biotec). The x-axis and y-axis 

represent Forward Scatter Area and cell count, respectively. The proportion of normal size cells (P1) was 

calibrated on a WT population. P2 represents the proportion of abnormally longer cells. P1 and P2 regions are 

indicated by green lines. (Right panel) MFA of exponentially growing crtS mutants. Positions of ori1 and ori2 are 

set to 0. Blue and green dots correspond to Chr1 and Chr2 reads, respectively. 

 

Figure 24. Map showing the ori2 compensatory mutations acquired after 200 generations. The arrows above 

the map correspond to the mutations identified in our study, while the arrows below indicate the copy-up 

mutants previously documented (Jha et al., 2012; Koch et al., 2012; Yamaichi et al., 2011). Mutations at the 

amino acid positions 195 and 357 have already been described in the literature, however with different amino 

acid substitutions. RctB coding region is depicted in light grey. The different domains composing RctB are 

indicated with different colours. 
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II. Research Article in preparation: 

RctB monomers binding to crtS controls the V. cholerae Chr2 copy number 

 

de Lemos Martins, F.*, Fournes, F.*, et al. (in preparation). 

* These authors contributed equally to this work 

Introduction 

Nearly 10% of bacteria harbor large secondary replicons being classified either as chromids or as 

megaplasmids (1,2). Chromids (also called secondary chromosomes) encode essential core genes 

and have nucleotide and codon compositions close to the chromosome, suggesting that they have 

evolved together for hundreds of millions of years to become domesticated (2,3). Chromids replicate 

using plasmid-like mechanisms indicating that they originated from plasmids or megaplasmids (2). 

Since plasmids are frequently maladapted to a new genetic background, their stabilization in the 

genome must require adaptation to the host cell cycle and physiology. Replication is primarily 

regulated at the initiation step (4) and plasmid eventually become domesticated as bona fide 

secondary chromosomes through cell-cycle synchronized replication controls. As of today, most of our 

knowledge on the conjoint management of chromosomes and chromids comes from the bacterial 

model Vibrio cholerae, which has a genome divided over a main chromosome (Chr1) of 3 Mbp and a 

chromid (Chr2) of 1 Mbp (5-7).  

Each of the two replicons encodes for its own initiator protein to start replication at unalike replication 

origins (8). Chr1 replication initiation is performed by DnaA the ubiquitous chromosome replication 

initiator in bacteria (9), and the replication origin of V. cholerae Chr1 (ori1) is fairly similar to the 

canonical Escherichia coli chromosomal origin (oriC) (8,10). ori1 contains five DnaA binding sites 

(DnaA boxes), an IHF binding site and an AT-rich region for replication initiation. In addition, Chr1 ori1 

contains several GATC sites for methylation by DNA adenine methyltransferase (Dam) which 

regulates the timing of subsequent re-initiation through sequestration of hemi-methylated sites by 

SeqA (11,12). On the other hand, Chr2 replication initiation is triggered by a Vibrio-specific factor 

called RctB, and Chr2 replication origin (ori2) is closely related to the one of iteron-type plasmids (8). 

ori2 can be divided in two regions: a minimal origin of replication (Figure 1A, (+)) and a region of 

regulation of Chr2 replication (Figure 1A, (-)). The minimal origin of replication contains the rctB 

encoding gene and six repeated 12-mers (iterons) onto which RctB binds to promote replication 

initiation with the unwinding of a contiguous AT-rich sequence (13). It also contains putative IHF and 

DnaA binding sites, the latter being required for replication at ori2 (14,15). ori2 regulatory regions 

contains a transcribed but non-translated ORF (rctA) and two types of RctB binding sites: five 

regulatory iterons and two 39-mer motifs one of which is found in rctA (16). RctB binds efficiently to 

the 39-mer motifs where it serves as a negative regulator of ori2 initiation (16,17). This inhibitory 
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activity is mainly achieved by origin handcuffing which consists in bridging 39-mers with iterons via 

RctB (7,16-18). ori2 handcuffing is a strong inhibitor and to counterweigh it other mechanisms will 

interfere, such as the out-competition of RctB binding to 39-mer by ParB2 (19), the redirection of 39-

mer handcuffing with other regulatory iterons (16) or rctA transcriptional interference of RctB binding to 

39-mer (18). In addition to the ori2 binding regions, RctB binds to a 74 kb DNA stretch containing five 

iterons and one 39-mer motif, located 40 kb away from ori2 (20). This locus appears to be reminiscent 

of the E. coli datA titration locus and negatively regulates ori2 replication (21,22). 

RctB is a 658 AA protein with four domains. Its central region (domains 2 and 3) is structurally 

homologous to iteron plasmid initiators while its outer domains (domains 1 and 4) are unique (23). 

RctB has three identified DNA binding surfaces in domains 1, 2 and 3 and the protein can adopt a 

monomeric or a dimeric form (23). Its dimer interface is mediated by domains 2 and 3 and mutations 

impairing its dimerization such as RctBD314P, have been identified (23). RctB was reported to bind as a 

monomer or as a dimer onto iterons but only as a monomer on 39-mers (17,24). RctB is remodeled by 

chaperones DnaJ and DnaK which promote the binding of RctB to both iterons and 39-mers (17). 

DnaK specifically interacts with RctB to promote its monomerization but also to remodel RctB 

monomers (25). 

Analogous to that of eukaryotes, the bacterial cell cycle is divided into three stages: cell birth to 

chromosome replication initiation (B), chromosome replication (C) and termination of replication to cell 

division (D). Chromosomes ensure a single round of replication per cell cycle (26). This is not the case 

for iteron-type plasmids, which replicate several times per cell cycle (7). In V. cholerae, Chr2 has 

integrated a more sophisticated replication regulation system. Despite its plasmid-like vestiges, Chr2 

replication is restricted to only once per cell cycle. Dam methylation is essential for ori2 replication 

initiation while it is not for ori1 (27). All iterons in ori2 have a GATC site that needs to be fully 

methylated in order to bind RctB (28). Therefore, RctB binding to iterons functions in a cell-cycle 

dependent manner. In contrast, RctB binding to the 39-mer motifs do not require methylation (29). 

Dam regulation of Chr2 replication offered some clues as to how Chr2 replication is limited to once per 

cell cycle (29). In V. cholerae, the timing of Chr1 and Chr2 initiations is coordinated in such a way that 

they terminate replicating at the same time (30). Chr1 initiates at the onset of the C period while 

initiation of Chr2 is delayed and occurs when 2/3rds of the C period has completed (30). In fact, Chr2 

monitors the replication status of Chr1 to time its own replication via a non-coding locus on Chr1, 

called crtS (Chr2 replication triggering site) (31). This locus was originally found by the ChIP-chip of 

RctB on V. cholerae genome (20) and its critical role in the coordinated timing of Chr1 and Chr2 

replication was only revealed later (31). Indeed, Chr2 initiates replication only when crtS has been 

replicated (31).  

crtS is a intergenic sequence located ~690 Kb downstream of ori1 on Chr1 (between VC0764 and 

VC0765 genes), conserved in the Vibrionaceae family (20,32). Its sequence shows no homology to 

previously described RctB binding sites, i.e. iteron or 39-mer. crtS contains an AT-rich stretch, a 

putative DnaA box and several conserved GATC sites. Deletion of crtS severely impairs growth and is 

associated with cell filamentation and Chr2 loss (31). This phenotype was shown to be directly linked 
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to improper regulation/activation of Chr2 replication (31). The presence of crtS in E. coli enhances the 

replication of an ori2-driven plasmid (mini-chr2) (15,20). Serial deletions of a DNA fragment containing 

crtS in a plasmid showed that the replication-enhancing activity of a mini-chr2 in E. coli could be 

narrowed down to a 70-mer site (chrI-9) (20). Baek et al. reported that in vitro, crtS only has a visible 

effect if present on a supercoiled plasmid (20). Indeed, the binding of purified RctB on crtS could never 

be directly observed by electrophoretic mobile shift assay (EMSA) using linear DNA (20). RctB binding 

site on crtS was inferred by primer extension mapping of a DnaseI footprinting with crtS contained on 

plasmid. Seven protected bases were found within the 70-mer to have an important role in crtS activity 

(20). It was shown that crtS-containing plasmids increased RctB affinity to iterons, decreased RctB 

affinity to 39-mers and also abolished the requirement for the DnaK/J chaperones, which are normally 

required to promote initiation at ori2 in E. coli (20). Baek et al. suggested that crtS may act like a DNA 

chaperone to remodel RctB which would alter its binding to both iterons and 39-mers. However this 

remodeling would act differently than DnaK/J which increase RctB binding to both iterons and 39-

mers. 

The molecular mechanism by which crtS controls the initiation of Chr2 replication is still largely 

unknown. Chr2 initiation requires crtS replication, meaning that either DNA alterations caused by the 

passage of the replication fork across crtS or the doubling in copy number of crtS after duplication 

triggers Chr2 replication (31). In a previous work, we showed that in mutants with two chromosomal 

copies of crtS, the majority of newborn cells display an unbalanced chromosome ratio with two ori2 

and only one ori1 (31). This suggested that having two copies of crtS is enough to trigger Chr2 

replication initiation. On the other hand, the replication of crtS generates transiently hemi-methylated 

GATC sites that could affect RctB binding and send a signal to trigger Chr2 replication. In this work, 

we combined in silico, in vivo and in vitro approaches to study the genetic determintants enclosed 

within the crtS sequence, to characterize the binding parameters of RctB on crtS and to inspect the 

involvement of other factors (Dam methylation, ParAB2, DnaA, DnaK/J) in the crtS-RctB-ori2 

replication system. We show that crtS regulates not only the timing of Chr2 initiation but also its copy 

number. We defined the minimal crtS functional sequence in V. cholerae and found out that it 

significantly differs from the 70-mer previously found in E. coli. We show that RctB in vitro binds to a 

linear 54-bp crtS site. This binding is dependent on DnaK/J and independent of Dam. We show that 

DnaA binds to ori2 but not crtS, rejecting the existence of DnaA box in crtS. We show that RctB binds 

to crtS under its monomeric form and further promote the binding of additional RctB monomers. We 

propose that RctB molecules oligomerize on Chr1 from crtS (the nucleation site), and that upon the 

passage of the replication fork, RctB is somehow activated to trigger Chr2 replication. 
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Results 

1. crtS regulates Chr2 copy number 

To better characterize the molecular function of crtS on Chr2 maintenance, we reconstituted an 

artificial replication system in Escherichia coli based on ori2, RctB and crtS. We constructed a set of 

strains derived from E. coli MG1655 carrying up to four chromosomal crtS sites (Table S1) and 

generated a plasmid, pORI2, which replication in MG1655 solely depends on ori2. We performed a 

plasmid stability assay over 60 generations to follow the loss of pORI2 in function of crtS copy number 

(Figure S1). In absence of crtS, pORI2 is lost at a high rate of ~15% per generation while in the 

presence of only 1 crtS, the loss of pORI2 dropped to 5% per generation (Figure 1B). pORI2 stability 

increased exponentially as a function of crtS copy number (Figure 1C) and was only loss at a rate of 

1% per generation when MG1655 contained 4 crtS sites. To understand how crtS stabilizes pORI2, 

we measured the impact of crtS on pORI2 copy number. We used multiplex digital PCR (dPCR) to 

monitor copy number variation between chromosome and pORI2 in MG1655 with various crtS site 

number (33). We observed an exponential increase of pORI2 copy number as a function of crtS 

number (Figure 1D, S2A). These results explains the concomitant exponential increase in pORI2 

stability since the higher the copy number is, the more likely the two daughter cells will contain the 

plasmid. In absence of an active partition system if plasmid segregate randomly, the probability of 

having a plasmid-less daughter cell is 2
(1−CN)

, where CN is the plasmid copy number. In E. coli, crtS 

stabilizes pORI2 by stimulating its replication which increases its copy number. In V. cholerae, we 

have previously shown that 2 chromosomal copies of crtS double ori2 number of replicating cells 

leading cells dividing with 1 ori1 and 2 ori2. Using dPCR, we measured the copy number variation 

between Chr1 and Chr2 of non-replicating V. cholerae carrying 1, 2 or 3 crtS sites. As expected, Chr2 

copy number increased with the number of crtS sites (Figure 1E). In WT (VC0764), the ori2/ori1 ratio 

equaled 1 meaning that non-replicating cells have the same number of Chr1 and Chr2. When a 

second crtS site was added near ori1 (VC0023) or near the terminus of Chr1 (VC0963), Chr2 copy 

number relative to Chr1 increased similarly (ori2/ori1 ~1.7). When a third crtS site was added in the 

attTn7 site (VC0487), Chr2 copy number relative to Chr1 increased up to 2. Unlike in E. coli, Chr2 

copy number increased logarithmically as a function of crtS number suggesting that Chr2 copy 

number is restricted in V. cholerae (Figure S2B). 
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Figure 1. crtS controls Chr2 copy number 

(A) Schematic map of ori2, the origin region of V. cholerae Chr2 and the contiguous parAB2 genes. 
ori2 is divided in two. (+) the minimal functional origin includes an array of six regular spaced iterons 
oriented in a head-to-tail manner each containing a GATC Dam methylation site, a contiguous AT-rich 
region, putative binding sites for IHF and DnaA, the rctB gene encoding for the initiator. RctB auto-
regulates its own expression through binding to a 29-mer (truncated 39-mer) located in its promoter 
region (29). (-) the negative regulatory region includes two 39-mers, five iterons and the rctA non-
translated ORF which harbors an iteron in its promoter and a 39-mer and a parS2(-B) site within its 
coding sequence (B) pORI2 plasmid loss in E. coli strains carrying up to four chromosomal crtS sites. f 
: frequency of pORI2 loss at each cell generation. 2(R/R), the two crtS sites are located on the same 
chromosomal arm. 2(L/R), the two crtS sites are located on different arms (C) Exponential increase of 
pORI2 stability (experimental values from B) as a function of crtS copy number in E. coli. (D) 
Histograms representing pORI2 copy number relative to the chromosome (pORI2/oriC) in E. coli 
strains carrying up to four chromosomal crtS sites. pORI2 and oriC copy number were measured by 
dPCR on genomic DNA from non-replicating cells (stationary phase) after 16hours growth with 
antibiotic selection for the plasmid. (E) Histograms representing Chr2 copy number relative to Chr1 
(ori1/ori2) in V. cholerae strains carrying up to three chromosomal crtS sites. ori1 and ori2 copy 
number were measured by dPCR on genomic DNA from non-replicating cells (stationary phase) after 
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16hours growth. All the data represent the mean of three independent experiments (+/- standard 
deviation).  
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2. crtS and parAB2 have an additive effect on the control of ori2 replication 

Adjacent to ori2 are found ParA2 and ParB2 encoding genes that are related to plasmid partitioning 

systems and which are crucial for Chr2 maintenance (34). Plasmid partitioning systems consist of two 

proteins, ParA and ParB, and cis-acting centromere-like sites, parS. One parB2 binding sites is 

located within ori2, in rctA (Figure 1A, parS2-B). ParB2 spreads from parS2-B into the rctA 39-mer and 

interferes with RctB 39-mer-binding replication inhibitory activity (19). ParB2 also binds directly to a 

39-mer motif outside rctA without requiring initial binding to a parS2 site and out-compete RctB binding 

(19). On the other hand, binding of RctB to rctA activates parAB2 expression (35). These binding 

fluctuations show how chromosome replication and origin segregation can be intimately intertwined. It 

was previously shown that crtS decreases the binding of RctB to 39-mer (20). This would enhance 

replication initiation at ori2 by precluding 39-mer inhibitory effect. Similarly, ParB2 promotes replication 

at ori2 by restraining RctB binding to 39-mer (19). We investigated the contribution of both crtS and 

parAB2 on ori2 replication to look for potential genetic interactions that would provide us new insights 

into crtS mechanism of action. We compared the maintenance of two ori2-plasmids, pORI2 and 

pORI2-parAB2 which includes the ori2 neighbouring parA2 and parB2 genes (Figure 1A). We first 

measured their stability over 80 generations in MG1655 in presence and absence of one 

chromosomal copy of crtS (Figure 2A). Both crtS and parAB2 independently stabilized the plasmid at 

similar rates (5% and 5.4% plasmid loss per generation, respectively). When both crtS and parAB2 

are present, plasmid loss dropped to 0.9% per generation. Because ParAB2 is active in both 

segregation and replication of Chr2, we measured the copy number of the ori2-plasmids to discern the 

impact of ParAB2 on replication only. Figure 2B shows that crtS and parAB2 independently increase 

pori2 copy number. Actually, pori2 copy number is higher in the presence of crtS than in the presence 

of parAB2. The difference between the sum of the individual values obtained with crtS and parAB2 

only (2.8 and 1.8, respectively) and the value obtained in the presence of both crtS and parAB2 (4.7) 

is not significant (P = 0,4596 by Student's t test), suggesting that the contribution of crtS and 

parAB2 to pORI2 replication control constitutes an additive effect. 

 

Figure 2. crtS and parAB2 have an additive effect on the control of ori2 copy number 

(A) Loss of pORI2 (with or without parAB2) in E. coli strains (with or without a crtS site). f : frequency 
of plasmid loss at each cell generation. (B) Copy-number of pORI2 (with or without parAB2) relative to 
the chromosome (pORI2 /oriC) in E. coli strains (with or without a crtS site). 
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3. RctB binds to linear crtS independently of its methylation state 

We characterized the binding of RctB to crtS by EMSA. We first checked the binding properties of our 

purified RctB protein onto iterons and 39-mer containing linear DNA to see if the protein behaved as 

reported (17). As expected, RctB binding to iterons is Dam-methylation dependent and the binding of 

RctB to the 39-mer is Dam-methylation independent (Figure S3). From previous ChIP-chip of RctB, it 

was expected that RctB would bind to crtS. However, Baek et al. reported that no binding of RctB 

could be directly detected on a 153bp crtS-containing linear DNA (Figure S4, ChrI-4) (20). Here, we 

characterized the binding of RctB on a crtS-linear DNA of 114bp encompassing the 70bp minimal 

functional crtS site reported in E. coli (Figure S4, ChrI-9) (20). In our conditions, RctB formed a 

complex with crtS radiolabeled linear DNA (Figure 3A, 114bp crtS). Since RctB preferentially binds to 

Dam methylated iterons (12) and the larger crtS-containing fragments contains two very conserved 

GATC sites than can be Dam methylated, we compared the binding of RctB on in vitro methylated and 

unmethylated DNA substrates (Figure 3A, 114bp crtS vs. 114bp crtS
Me

). We observed that RctB could 

bind indistinguishably to both methylated and unmethylated crtS-containing DNA fragments with no 

apparent different efficiencies (Figure 3B, 114bp crtS vs. 114bp crtS
Me

). These results were confirmed 

in vivo in V. cholerae mutants with point mutations in the native crtS (GATC to GAAC) (Figure S5). 

These results allowed us to conclude that the methylation state of crtS has no impact on either RctB 

binding nor its control on the ori2 replication initiation. 
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Figure 3. RctB binding to crtS is methylation independent  

(A) EMSA experiment showing the interaction between increasing concentrations of RctB and crtS. 
Two different probes carrying crtS are compared: the methylated (

Me
) or unmethylated 114bp crtS. The 

unbound DNA (P) and complexed with RctB (C) are represented. (B) Quantification of three 
independent experiments presented in (A), the concentrations in Nano-molar of RctB are presented in 

the X-axis. Percent of bound DNA (% bound DNA) are equal to intensity of the shifted band/combined 

intensities of shifted and unbound DNA bandx100. The grey bars correspond to the unmethylated 
114bp crtS and the dark grey bars correspond to the methylated crtS. 
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4. The crtS 62bp minimal site overlaps with DNase I footprinting of RctB  

We next determined the minimal functional sequence of crtS by testing its activity on Chr2 replication 

in V. cholerae. To do so, we used a crtS-containing DNA fragment of 164bp and reduced it from either 

side down to 58bp (Figure 4A - left panel). These fragments were inserted specifically in the Tn7 

insertion site (attTn7) located on Chr1 of V. cholerae, prior excision of its own native site (Figure S6). 

Using dPCR, we measured the copy number variation between Chr1 and Chr2 of non-replicating V. 

cholerae carrying the various crtS sizes (Figure 4A - right panel). If crtS is active in triggering Chr2 

replication, we expect an ori1/ori2 ratio ~1 (e.g. WT). If the active length of crtS is disrupted, Chr2 will 

be lost which will translate into a high ori1/ori2 ratio (e.g. 58-bp fragment). Our results show that a 62-

bp sequence is sufficient to keep an equal copy number of Chr1 and Chr2 in V. cholerae suggesting 

that the 62-bp sequence is the minimal crtS site. The minimal crtS site doesn’t contain any GATC sites 

which corroborates with the fact that RctB doesn’t require Dam methylation to bind to crtS. Moreover, 

the minimal crtS site doesn’t contain the putative DnaA binding site (Figure S7A) (20). We compared 

the binding of V. cholerae DnaAVc to both ori2 and crtS in the presence of ATP and observed that 

DnaAVc binds to ori2 but not to crtS (Figure S7B). These results were confirmed in vivo in V. cholerae 

mutants with point mutations in the putative DnaA binding site of crtS (Figure S7C). We conclude that 

the DnaA box-like motif on crtS is too degenerated (three mismatches to the consensus sequence) to 

bind DnaA (even in the presence of ATP) and should no longer be referred to as a DnaA box. 

We verified that the active 62-bp crtS overlap with the localization of the RctB binding site within crtS 

by performing a DNase I footprinting experiment were RctB-bound DNA is protected from DNase I 

cleavage. Using a non-methylated crtS-containing 270-bp linear DNA substrate, we were able to 

detect a window of RctB protected DNA against the DNase I digestion, (Figure 4B). With increasing 

amounts of RctB, we only observed two hypersensitive DNase I cleavage sites (RctB, I & II). Upon 

addition of DnaKVc and DnaJVc chaperones, a region of protection extended from one cleavage site 

(RctB+DnaK/J, II) in both directions and unraveled a new DNase I hypersensitive cleavage site 

(RctB+DnaK/J, III). This result suggests that DnaK/J promote RctB binding to crtS and that the DNA 

bound by RctB is distorted. We further used a monomeric mutant of RctB where aspartate 314 is 

substituted by proline residue (D314P) that disrupts the dimerization process (23). With RctBD314P 

mutant, the protected region was more discernable and flanked by additional DNase I hypersensitive 

cleavage sites (RctBD314P, IV), and correctly correspond to the results observed with RctB+DnaK/J. 

The protected window obtained with RctB+DnaK/J and RctBD314P largely overlaps with the 62-bp 

minimal crtS site (Figure S4). These footprint results suggest that RctB preferentially binds to crtS as 

monomers. Note that two hypersensitive cleavage sites (RctB+DnaK/J, I & II) disappear in RctBD314P 

footprint suggesting that RctB and RctBD314P binding on crtS are slightly different. Altogether, these 

results may suggest that DnaK/J by enhancing RctB monomerization, promote the binding of RctB to 

crtS. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plasma-protein-binding
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Figure 4. crtS minimal functional site in V. cholerae largely overlaps its binding site 

(A) WebLogo illustration of the 124bp consensus sequence surrounding crtS from 28 Vibrionaceae 
species published with complete assembled genomes on NCBI (Figure S7). The heights of letters 
within the stack indicates the relative frequency of each base at that position. The sequence under the 
WebLogo corresponds to V. cholerae N16961 (WT). Histograms representing ori1/ori2 ratios 
measured by dPCR on the gDNA from non-replicating V. cholerae strains carrying various crtS sizes 
(from 164bp down to 58bp). Various length of crtS were inserted in V. cholerae attTn7 site prior 
deleting the native crtS site (Figure S6). Active crtS sites (ori1/ori2 ~1) are represented by green lines. 
Inactive crtS sites (ori1/ori2 > 1.5) are represented by red lines. ori1 and ori2 copy number were 
measured by dPCR on genomic DNA from non-replicating cells (stationary phase) after 16hours 
growth. All the data represent the mean of three independent experiments (+/- standard deviation). 
The two vertical grey dash lines indicate the limits of the minimal 62bp functional crtS site. (B) The 
DNase I footprinting experiment was performed with an identical increasing concentration of RctB and 
RctBD314P (from 20nM to 100nM), in the presence of absence of 5nM of DnaKVc and 5nM of DnaJVc. 
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From the left to the right: the G+A chemical sequencing ladder is presented near a digested sequence 
without protein, the footprint with RctB, RctB+DnaK/JVc and RctBD314P and the right panel correspond 
to the quantification of the last lines of each presented gel. The hypersensitive cleavage sites (I, II, III, 
IV) and the protected windows are indicated on the gels and the quantifications.  

 

5. RctB binds to crtS as a monomer 

To characterize the binding of RctB on a 54bp crtS site inferred from the previous footprint results 

(Figure 4B), we used EMSA (Figure 5). In the presence of RctB alone, RctB with DnaK/JVc or 

RctBD314P and at increasing protein concentration, we observed at least two complexes: C2 and C3 

(Figure 5A). We compared the migration of these complexes with RctB and RctBD314P bound to 54bp 

linear DNA fragments containing a 39-mer motif. This allowed us to conclude that C2 corresponds to 

the binding of two RctB molecules on crtS and that the complex C3 is formed by the binding of a third 

RctB molecule (Figure 5A, S9). At higher concentration of RctB (+DnaKJVc) and RctBD314P an 

additional complex appeared, C4, which is probably due to the binding of a fourth RctB molecule. Note 

that C2 complexes formed by RctB and RctBD314P harbor a slight shift of migration, possibly due to the 

different conformations of the complex, also observed in footprinting experiments (Figure 4B, 5A). The 

quantification of the EMSA experiments showed that RctB binding to crtS was more efficient in 

presence of DnaK/JVc or when RctB is present only as a monomer (RctBD314P) (Figure 5A). These 

results, in agreement with the results obtained from the footprint (Figure 4B), allowed us to conclude 

that RctB binds to crtS as a monomer. In presence of DnaKVc and DnaJVc and with increasing 

concentration of RctB, the C2 and C3 complexes appeared earlier and the C4 is also observed (Figure 

5A). This result suggests that the chaperones, in addition to monomerization of RctB, enhance the 

oligomerization of RctB onto the DNA. We next verified this activity on the methylated iteron and 39-

mer. In presence of RctB or RctBD314P, the shifted bands of the probes carrying one iteron or one 39-

mer corresponding to C1 and C2 showed an identical migration, as described above. Furthermore, 

RctBD314P showed a higher efficiency to bind the two different sites. These results suggest that RctB 

binds to the iterons and the 39-mer only as a monomer. At the higher RctBD314P concentration a third 

band: C3 can be observed. When DnaK/JVc are added to the reaction with either RctB or RctBD314P, 

the C3 complex is observed at all concentrations and has become majoritarian, suggesting an 

activation of the RctB oligomerization by DnaK/JVc. Taken together these results allowed us to 

conclude that the chaperones DnaK and DnaJ are involved in two-step of RctB modification. First 

DnaK/JVc permit the transfer of RctB from its dimeric to its monomeric form and then modify the RctB 

monomer to enhance its oligomerization onto the DNA. 
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Figure 5. DnaK/JVc promote the monomerization and the oligomerization of RctB 

(A) EMSA experiments with a 54bp DNA probe carrying either a negative control, or the 39-mer, or 
crtS. The unbound DNA (P) and the bound DNA (C1, C2, C3 and C4) are represented. The C1, C2, 
C3 and C4 complexes correspond to the binding of 1, 2, 3 and 4 RctB molecules, respectively. The 
histograms corresponds to the quantification of three independent experiments with the 54bp-crtS, the 
RctB concentration are presented in the x-axis and the DnaK/JVc concentration were the same as in 
Figure 4B. (B) Comparison of results obtained by EMSA experiments using 40bp probes carrying one 
methylated iteron (12-mer) or one 39-mer. The RctB and RctBD314P concentration were 19nM and 38 
nM. Remaining details are the same as those described in A. 
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Discussion 

crtS controls Chr2 copy number 

In our previous study, we looked at the role of crtS in replicating cells (31). We observed that the 

timing of replication of crtS determines the timing of initiation of Chr2. Hence the location of crtS 

compared to ori1 was important in controlling the timing of Chr2 replication. However, we didn’t look at 

the role of crtS on Chr2 copy number control. In this study, we measured ori1:ori2 ratios in non-

replicating cells to infer the number of Chr2 relative to Chr1. In wild-type V. cholerae with a unique crtS 

site, non-replicating cells have an equal number of Chr1 and Chr2 (Figure 4A, WT). When crtS is 

moved closer to ori1 in the attTn7 site (VC0487), we observed an equal number of Chr1 and Chr2 like 

in WT (Figure 4A, 164bp). Therefore the location of crtS compared to ori1 has no impact on Chr2 copy 

number. When we increase the number of crtS sites, this balance is altered and Chr2 number exceed 

Chr1 number (Figure 1). However, whether we added a second site near the origin or the terminus of 

Chr1, the effect was the same (Figure 1E, VC0023 vs. VC0963). This confirms that crtS location has 

no effect on Chr2 copy number. In absence of a functional crtS, Chr2 copy number relative to Chr1 

dramatically drops (Figure 4, 58bp) which is coherent with Chr2 loss already observed in a population 

of crtS deleted mutants (31). Having a unique copy of crtS is important to maintain an equal ratio of 

Chr1 and Chr2 suggesting that crtS limits Chr2 replication to one round per cell generation. This study 

demonstrates that crtS not only controls the timing of initiation of Chr2 but also regulates its copy 

number.  

We also observed in E. coli, that by adding up to four chromosomal copies of crtS, we gradually 

increased the copy number of an ori2-driven plasmid (pORI2). This demonstrates that just by 

providing crtS and ori2 in E. coli, we can reconstitute a controlled replication system where the copy 

number of an ori2-driven plasmid will depend on the number of crtS chromosomal sites. We further 

observed that crtS and parAB2 have an additive effect on the control of pORI2 copy number (Figure 

2B). Indeed in the presence of single crtS site, an ori2-driven plasmid with a partition system (ParAB2, 

parS2) is very stable in absence of antibiotic selection with less than 1% loss per cell generation 

(Figure 2A). The cumulative stabilisation effect of crtS and parAB2 is higher than the cumulative effect 

of 4 crtS sites in absence of parAB2 (Figure 1B, 2A). This ability of crtS to regulate pORI2 copy 

number displays obvious interesting potentials for biotechnological applications such as controlling the 

dosage of genes of interest encoded on an ori2-driven plasmid by simply modifying the E. coli host 

(carrying various number of crtS) or keeping an artificial plasmid stable without requiring antibiotic 

selection.  

Furthermore, we saw an important difference between E. coli and V. cholerae in the crtS-mediated 

control of ori2 copy number. While we observed an exponential increase of pORI2 copy number as a 

function of crtS number in E. coli, Chr2 copy number slowly increased in a logarithmically manner in V. 

cholerae (Figure S2B). In strains with 3 crtS, pORI2 reached a copy number of ~6 in E. coli while Chr2 

only displayed a copy number of ~2 in V. cholerae. This suggests that Chr2 copy number is restricted 

in V. cholerae. This could be explained by the physiological burden of having multiple Chr2 (e.g. 
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higher dosage of toxic genes…). However, we didn’t see any fitness or morphological defects in V. 

cholerae mutants carrying 2 or 3 crtS sites (data not shown). We can also envisage that sister 

chromatids have to compete for limiting replication factors, such as proteins responsible for replication 

initiation and/or pools of precursors that are required for DNA synthesis. This is however unlikely, 

since the same competition should occur for pORI2 and it doesn’t appear to be limiting in E. coli. 

Another plausible explanation is the presence on Chr2 of a locus located 40 kb away from ori2 which 

negatively regulates replication at ori2 (20). It would be interesting to see if this locus would restrain 

pORI2 copy number in E. coli as it does in V. cholerae. 

Another observation is that Chr2 copy number doesn’t increase linearly. For example, the ori2/ori1 

ratio of non-replicating V. cholerae with 2 crtS sites equals ~1,7, a decimal number. This suggests the 

existence of heterogeneity in the population with cells containing more chromosomes than others. We 

previously observed cell-to-cell variation in the replication dynamics of V. cholerae with 2 crtS sites 

(asymmetric cell division resulting in daughter cells that differ in both size and Chr2 copy number) 

(31). We speculate that this heterogeneity may reflect a relaxation of the replication cell cycle 

checkpoint. 

crtS minimal functional site  

Since we observed ori2 replication control discrepancies between E. coli and V. cholerae or between 

an ori2-driven plasmid and Chr2, we decided to determine the minimal active crtS sequence in its 

native host on the chromosome. We found a minimal chromosomal crtS sequence of 62bp in V. 

cholerae. Surprisingly, some DNA motifs outside the minimal crtS site are very conserved (Figure S8) 

and for this reason these motifs were expected to be important. However, their deletion or mutation 

have no consequences on crtS activity (Figure S4, S5, S7). The minimal 62bp crtS site excludes all 

the conserved GATC methylation sites, suggesting that Dam methylation is not playing a role in the 

crtS mediated activation of ori2 upon passage of the replication fork (Figure 4). This was confirmed by 

mutating the GATC sites upstream and downstream of the 62bp (Figure S5). Furthermore, we showed 

that RctB indifferently binds to methylated and non-methylated crtS sequences (Figure 3). The 

minimal 62bp crtS site also excludes the putative DnaA box. We further mutated this box and 

confirmed that it is not important for crtS activity. The crtS putative DnaA-box has three mismatches 

compared to the ori1 and ori2 DnaA-boxes. We show that DnaA does not bind to crtS in vitro (Figure 

S7). The putative DnaA-box in crtS is probably too degenerated to permit the binding of DnaA. 

However, we show here the first evidence of DnaA binding to ori2 (Figure S7). The DnaA box found in 

ori2 was shown to be essential to initiate the replication initiation of the Chr2 (14). Nevertheless, the 

exact implication of DnaA in ori2 replication control is still unknown. From our knowledge on the 

replication control of iteron-containing plasmids (36), we can hypothesize that DnaA could be 

implicated in the stabilization of the RctB complex opening the A-T rich region, or could be involved in 

the recruitment of the other replisome components.  

This 62bp minimal sequence is different from the 70bp minimal crtS site found in E. coli (20). Both 

sequences only partially overlap (Figure S4). It appears that the 11bp upstream of the 70bp is crucial 
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for crtS proper activity in V. cholerae and not important in E. coli. On the other hand, the crtS putative 

DnaA box is essential in E. coli but is not important in V. cholerae for crtS activity (Figure 4, S4). 

Multiple reasons could explain why the crtS minimal sequences differ such as the use of different 

hosts, the use of an artificial plasmid system to test ori2 replication and the use of a plasmid 

containing crtS in E. coli instead of using a chromosomal site. We also observed divergent results 

when complementing a crtS deleted mutant of V. cholerae with either crtS on the chromosome or on a 

plasmid (data not shown).  

This minimal 62bp crtS site largely overlaps with the protected window obtained with RctB+DnaK/J 

and RctBD314P (Figure 4B, S4). However few bases pairs are protected against the Dnase I outside the 

62bp active crtS site. These bases pairs are not required to the in vitro binding observed with EMSA 

experiments (Figure 5, S4). Thus, we consider these bases pairs as resulting from a non-specific 

interaction between RctB and the DNA. 

Several monomers of RctB can bind to iteron, 39-mer and crtS 

The RctB binding activity to crtS allowing to correctly characterize this interaction was never shown. In 

this study, we provide the first characterization of a direct interaction between RctB and crtS.  

By comparing the binding of RctB and RctBD314P on crtS, we clearly observed that RctB preferentially 

binds to crtS as a monomer (Figure 5A). We observed the same for RctB binding to iterons and 39-

mer. In Figure 5B, the C1 and C2 complexes formed by RctB and RctBD314P on iterons and 39-mer 

harbor an identical migration shift. These results together, along with the RctB structural data (23,25), 

allow us to say that RctB binds to iterons, 39-mers and crtS preferentially under its monomeric form. 

Besides, the region of protection in presence of RctBD314P and RctB+DnaKJ is too large for the binding 

of one monomer suggesting that more than one RctB binds to crtS. 

In all cases, the presence of V. cholerae DnaK and DnaJ increased the efficiency of RctB binding to its 

DNA substrates (Figure 5). In iteron-containing plasmids, the chaperones favor monomerisation of 

plasmid initiators and thereby increase monomer binding to the origin. However, monomers also need 

to be remodeled to promote iteron binding (37). This could also be the case for RctB. Indeed, the 

addition of DnaK/J led to the apparition of an additional complex between RctB with either the iterons 

or the 39-mers (Figure 5B). This was also observed with RctBD314P, suggesting the DnaK/J do not only 

favor RctB monomerization but also remodel RctB to form higher order complexes. We propose the 

DnaK/J may remodel RctB monomers to further promote the binding of additional RctB monomers. 

Indeed, we saw that the number of additional DNA/RctB complexes (C1, C2, C3, C4) depends on the 

length of the DNA containing the RctB-binding site (40bp or 54bp) (Figure 5). 

Such observation of RctB was never reported with the addition of DnaK/J. In our experiments we used 

purified V. cholerae DnaK and DnaJ. To our knowledge, previous reported work has always been 

performed using DnaK and DnaJ from E. coli. Comparing the sequences of DnaK from E. coli and 

from V. cholerae reveals that the C-terminal extremities of both proteins share only 62% identity. This 
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observation suggests that species-specific interactions between DnaKVc and RctB allow for the in vitro 

observation of RctB remodeling that is not observed using the E. coli chaperones. 

In V. cholerae, it appears that the chaperones DnaK and DnaJ are the master regulator of the RctB 

interaction with its binding sites. Whatever the site, RctB has to be monomerized by DnaK/J to 

enhance its binding activity. On all its substrates, we show that RctB binds under its monomeric form 

and further promote the binding of additional RctB monomers. Moreover, DnaK/J could remodel RctB 

monomers to promote their oligomerization onto DNA after their initial binding. In the case of crtS, we 

propose that RctB monomers oligomerize on Chr1 from crtS (the nucleation site) and further trigger 

Chr2 replication by a replication-dependent mechanism that is still unclear. 

Material and Methods 

Bacterial strains and plasmids 

Bacterial strains, plasmids and primers used in this study are listed in Table S1, S2, S3. Details are 

given in the Supplementary Material. 

Genome editing by co-transformation 

Insertions of point mutations in crtS were performed according to the MuGENT procedure described in 

(38). Details are given in the Supplementary Material. 

Tn7 transposition 

crtS sites of various lengths were transposed into the unique Tn7 attachment site (attTn7) of V. 

cholerae, located near VC0487 on Chr1. Briefly, crtS sites were inserted between Tn7 recombination 

sites contained in a shuttle vector (Figure S6, pTn7::crtS) (Table S1, pMVM5). crtS containing shuttle 

vectors were then conjugated along with a helper plasmid (Figure S6, pMVM1) in the recipient strain, 

MV250. pMVM1 encodes for TnsABCD that promote transposition into attTn7, at a high frequency 

(39). The recipient V. cholerae strain, MV250, has its native crtS site flanked by frt recombination 

sites. Once another copy of crtS was inserted in attTn7, the native crtS was excised using a Flipase 

encoding plasmid, pMP108 (Table S1). 

Digital PCR quantification of DNA loci 

The absolute quantification of (ori1, ori2) and (oriC, pORI2) was performed in multiplex by digital PCR 

(Stilla Technologies, Villejuif, France) and used to generate ratios (ori2/ori1, pORI2/oriC) (33). Primers 

and probes are listed in Table S2. Details are given in the Supplementary Material. 

Plasmid stability assay 

Plasmid stability assays were performed by growing bacteria in MH at 37°C under agitation for 60 or 

80 generations. Liquid cultures grown in absence of antibiotic selection were spread every 10 or 20 
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generations onto MH and MH containing chloramphenicol agar plates to determine the percentage of 

cells harboring plasmid (Figure S1). Details are given in the Supplementary Material. 

Proteins purification 

Expression plasmids (pFF066, pFF067, pFF072, pFF078 and pFF079) were used to transform E.coli 

BL2-D3 strain. The resulting strains were grown in LB to an OD600 of 0.6. After 42°C heat chock, 

protein expression was performed at 16°C and induced with 0.1mM IPTG for at least 8h. Lysis was 

performed in a buffer-P (50 mM Tris-HCl pH=8, 300 mM Nacl, 10% glycerol) complemented with 

0,1mg/ml lysozyme and EDTA free protease inhibitor cocktail (Roche) for 1h30min on ice. After 

sonication and centrifugation (1h at 20.000 g), the soluble fraction was submitted to chromatography 

on nickel (1ml His-trap column, GE) using an imidazole gradient in buffer-P. The eluted proteins was 

then subject to an exclusion dialyze against buffer-S (50 mM Tris HCl pH=8, 500 mM NaCl, 20% 

glycerol, 1 mM EDTA, 1 mM DTT). After verification on NuPAGE bis-tris protein gel (Invitrogen), 

proteins were considered as more than 90% pure and store at -80°C (Figure S9).  

In vitro experiments  

For Electrophoretic Mobile Shift assays (EMSA), the 70-bp and 114-bp crtS variant are amplified by 

PCR and purified by agarose gel electrophoresis. The methylated DNAs are produced in vitro using 

the E.coli Dam methylase following the provided protocol (Biolabs).These subtracts, as the other 

synthetic oligonucleotides carrying the iteron, 39-mer and 54-crtS, were 5' end labeled with -
32

P 

ATP and T4 DNA polynucleotide kinase. Binding reaction were carried out in a buffer containing 25 

mM Tris-HCl pH=8, 250 mM NaCl, 2.5 mM MgCl2, 10% glycerol, 0.5 mM EDTA, 0.5 mM DTT, 0.1 

mg/ml BSA, 1 mg of poly(dI-dC) in the presence of 5000 cpm of labeled DNA and the indicated protein 

concentrations. The reactions were incubated at 30°C for 30min, analyzed by electrophoresis in 5% 

polyacrylamide native gel run in 1X TBE, then dried and analyzed with the Typhoon FLA 9500 laser 

scanner. 

For the DNAse I footprinting analysis, 20 000 cpm of 270-bp crtS carrying-DNAs labeled at the 5' end 

with -
32

P were incubated with various amounts of proteins (RctB, RctBD314P, DnaKVc, DnaJVc). 

Reaction was performed as for the EMSA. After 30min of incubation at 30°C, the partial digestion of 

the DNA was initiated by adding DNAse I empirically diluted (1/800). The mixture was incubated 30s 

at room temperature and stopped by adding the buffer-Stop (0.4M sodium acetate, 10mg/ml ctDNA, 

2.5 mM EDTA). DNAs were then ethanol precipitated and re-suspended in 6 µL of loading buffer and 

separated by electrophoresis in an 8% polyacrylamide denaturing sequencing gel run in 0.6X TBE. 

Gels were dried and analyzed with the Typhoon FLA 9500 laser scanner. 
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SUPPLEMENTARY FIGURES 
 
 
 

 
 

Figure S1. Plasmid stability assay 

pORI2 or pORI2-parAB2 are ori2-driven plasmids that can only initiate replication from ori2 in 

MG1655. Bacteria were grown for 60 to 80 generations without selection for the plasmid. Every 10 or 

20 generations, cells were platted on non-selective media and 100 colonies were replica-plated on 

selective media to check for the presence or absence of the plasmid (see Material and Methods). 
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Figure S2. Effect of crtS copy number on ori2 replication in E. coli and V. cholerae 

(A) Exponential increase of pORI2 copy number as a function of crtS number in E. coli. (B) 

Logarithmic increase of Chr2 copy number as a function of crtS number in V. cholerae. 
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Figure S3. Binding properties of our purified RctB protein onto iterons and 39-mer containing 

linear DNA 

EMSA of RctB using two radiolabeled DNA probes of the same length (40bp) containing either an 

iteron (unmethylated or methylated 
me

) or a 39-mer. RctB binding to the iteron is Dam-methylation 

dependent and the binding of RctB to the 39-mer is Dam-methylation independent. Quantification of 

three independent experiments, the concentrations in Nano-molar of RctB are presented in the X-axis. 

Percent of bound DNA (% bound DNA) are equal to intensity of the shifted band/combined intensities 

of shifted and unbound DNA bandx100. RctB binding to the iteron forms two complexes (C1 and C2), 

while the binding of RctB to the 39-mer forms one complex (C2). We observed that the higher complex 

(C2) formed with the iteron and the 39-mer harbors the same migration shift. This observation could 

only suggest that the C1 complex corresponds to the binding of one RctB and that the C2 complexes 

correspond to the binding of two RctB either as monomers or as a dimer. However, we further showed 

in Figure 5, that C2 corresponds to the binding of two RctB monomers.  
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Figure S4. Comparison of crtS sequences from this study and previously reported 

WebLogo illustration of the 124bp consensus sequence surrounding crtS from 28 Vibrionaceae 

species published with complete assembled genomes on NCBI (Figure S7). The heights of letters 

within the stack indicates the relative frequency of each base at that position. The sequence under the 

WebLogo corresponds to V. cholerae N16961 (WT). Active and inactive crtS sites (from Figure 4A), 

are represented by green and red lines, respectively. The hypersensitive cleavage sites (II, III, IV) and 

the protected windows are indicated in blue (from Figure 4B). Previously reported crtS sites are 

represented in black. The two vertical grey dash lines indicate the limits of the minimal 62bp functional 

crtS site. 
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Figure S5. Mutations in crtS-flanking GATC sites don’t impact Chr2 copy number 

Histograms representing ori1/ori2 ratios in V. cholerae strains carrying point mutations in GATC sites 

flanking crtS. WT-addA7 (control strain with aadA7 cassette used for co-transformation of crtS point 

mutations); crtSmut14 : one GATC site mutated for GAAC upstream of crtS; crtSmut26 : 4 GATC sites 

mutated for GAAC downstream of crtS.  
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Figure S6. Tn7-mediated insertion of ectopic crtS site in the attTn7 site of V. cholerae Chr1 

crtS sites were first cloned between Tn7 recombination sites contained in a shuttle vector (pTn7::crtS). 
crtS containing shuttle vectors were then conjugated along with a helper plasmid (pMVM1) in the 
recipient strain, MV250. pMVM1 encodes for TnsABCD that promote transposition into attTn7, at a 
high frequency. The recipient V. cholerae strain, MV250, has its native crtS site flanked by frt 
recombination sites. Once another copy of crtS was inserted in attTn7, the native crtS could be 
excised using a Flipase encoding plasmid. It is important to delete crtS at the end to prevent the rapid 
acquisition of compensatory mutations previously observed in crtS deleted mutants (31).  
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Figure S7. DnaA doesn’t bind to crtS and mutations in the conserved formerly called DnaA box 

don’t impact Chr2 copy number 

(A) Alignment of ori2 DnaA box, crtS putative DnaA box (three mismatches to the consensus 

sequence are shown in red) and mutants studied in (C). (B) EMSA of V. cholerae DnaAVc to both ori2 

and crtS in the presence of ATP.  DnaAVc binds to ori2 but not to crtS. (C) Histograms representing 

ori1/ori2 ratios in V. cholerae strains carrying point mutations in the putative DnaA box. WT-addA7 

(control strain with aadA7 cassette used for co-transformation of crtS point mutations); crtSmut7 and 

crtSmut23 mutations are shown in (A).  
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Figure S8. ClustalW alignment of 124bp sequences surrounding crtS taken from 28 complete 

Vibrio genome sequences (NCBI). 
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Figure S9. Purified proteins used in this study 
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SUPPLEMENTARY TABLES 
 
Table S1. List of plasmids and bacterial strains 
 

 
Name 
 

Relevant genotype or features Reference 

Plasmids 

pSW23T oriVR6K oriTRP4 ; cat (40) 

pSW29T oriVR6K oriTRP4 ; aph (40) 

pMP7 (pSW7848) Suicide plasmid for allele exchange - oriVR6K oriTRP4 araC PBAD-ccdB ; cat (41) 

pMVM1 Tn7 helper – oripSCS101 repAts oriTRP4 araC PBAD-tnsABCD ; bla This study 

pMVM5 Tn7 shuttle – pSW29T ::  [Tn7R-aadA7-MCS-Tn7L] This study 

pORI2 pSW23T :: ori2 This study 

pORI2-parAB2 pSW23T :: ori2-parAB2 This study 

pMVM19 pMVM5 :: crtS164 This study 

pMVM16 pMVM5 :: crtS134 This study 

pMVM14 pMVM5 :: crtS124 This study 

pMVM26 pMVM5 :: crtS114 This study 

pMVM24 pMVM5 :: crtS105 This study 

pMVM3 pMVM5 :: crtS100 This study 

pMP203 pMVM5 :: crtS95 This study 

pMP207 pMVM5 :: crtS87 This study 

pMP205 pMVM5 :: crtS80 This study 

pMP211 pMVM5 :: crtS62 This study 

pMP212 pMVM5 :: crtS59 This study 

pMP222 pMVM5 :: crtS58 This study 

pMP108 oripSCS101 repA oriTRP4 araC PBAD-flp ; bla This study 

pFF066 pET-32b :: dnaAVc This study 

pFF067 pET-32b:: rctB This study 

pFF072 pET-32b :: rctBD314P This study 

pFF078 pET-32b :: dnaJVc This study 

pFF079 pET-32b :: dnaKVc This study 

E. coli 

3813 B462 thyA::(erm-pir116) (42) 

3914 2163 gyrA462 zei-298::Tn10 (42) 

MG1655 E. coli K-12 F– λ– ilvG– rfb-50 rph-1 Lab stock 

MG1655-1crtS MG1655 lacZ :: crtS170 This study 

MG1655-2crtS(L/R) MG1655 lacZ :: crtS170 – [hycI-crtS-ascB] This study 

MG1655-2crtS(R/R) MG1655 lacZ :: crtS170 – [yaiL-crtS-frmB] This study 

MG1655-3crtS MG1655 lacZ :: crtS170 – [hycI-crtS-ascB] – [yaiL-crtS-frmB] This study 
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MG1655-4crtS MG1655 lacZ :: crtS170 – [hycI-crtS-ascB] – [yaiL-crtS-frmB] – [hypF-crtS-ygbD] This study 

V. cholerae 

WT (= crtSVC0764) 
N16961rep : Vibrio cholerae serotype O1 biotype El Tor strain N16961 – 
repaired for hapR 

(43) 

crtSVC0764-VC0023 WT with crtS inserted between VC0023/VC0024 This study 

crtSVC0764-VC0963 WT with crtS inserted between VC0963/VC0964 This study 

crtSVC0764-VC0023-VC0487 crtSWT/VC0023 with crtS114 inserted in attTn7 (VC0487) This study 

crtSVC0764-VC0963-VC0487 crtSWT/VC0963 with crtS114 inserted in attTn7 (VC0487) This study 

MV250 N16961rep with crtS site flanked by frt sites (crtS excision using Flippase) This study 

WTΔcrtS-crtS164 MV250 with crtS164 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS134 MV250 with crtS134 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS124 MV250 with crtS124 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS114 MV250 with crtS114 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS105 MV250 with crtS105 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS100 MV250 with crtS100 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS95 MV250 with crtS95 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS87 MV250 with crtS87 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS80 MV250 with crtS80 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS62 MV250 with crtS62 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS59 MV250 with crtS59 inserted in attTn7 and deleted for native crtS This study 

WTΔcrtS-crtS58 MV250 with crtS58 inserted in attTn7 and deleted for native crtS This study 

WT-aadA7 
WT-aadA7, spectinomycin resistance cassette used for natural co-
transformation to co-select for point mutations elsewhere on the genome 

This study 

crtSmut14  
Point mutation in a GATC motif to a GAAC upstream of crtS by co-
transformation  with aadA7 

This study 

crtSmut26  
Point mutations in four GATC motifs to four GAAC downstream of crtS by co-
transformation with aadA7 

This study 

crtSmut7 
Point mutation in TTATATAAA motif to TTATCGCGA in crtS by co-
transformation with aadA7 

This study 

crtSmut23 
Point mutation in TTATATAAA motif to CCGTATAAA in crtS by co-
transformation with aadA7 

This study 
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Table S2. Primer and probe sequences used in digital PCR reactions. 

 
 
  

Assay Target Primers (5 '→ 3') Probe (5 '→ 3') 

ori1 
VC2774 

Chr1 
(V. cholerae) 

GCTGCTCGACAAATGGAAC [FAM]-
TCCGATGGAAATGTTGGTGAAACACATTCT 

-[BHQ1] AAGATGCGGACTGACCAC 

ori2 
VCA002 

Chr2 
(V. cholerae) 

TGTCTCGTCGTCATACCG [HEX]- 
ATCTGATCCGCGAACTTCGTCGTCTCT 

-[BHQ1] CTTCACTCCCCTTCCCTTC 

oriC 
atpB 

(E. coli) 

CCACCGAGAAGAACATGGAG [FAM]-
ATTGTCCAGAAGGTGGCTGGGGGGTTTT 

-[BHQ1] GCCGCAGGATTACATAGGAC 

pORI2 
pSW23T 
(plasmid) 

TTATGGTGAAAGTTGGAACCTC [HEX]- 
GCCGATCAACGTCTCATTTTCGCCA 

-[BHQ1] GCCGAATAAATACCTGTGACG 
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Table S3. Primers used to amplify ori2 and crtS 

 
 
  

Plasmid constuct 
or DNA substrate 

Primer name Primers (5 '→ 3') 

pORI2 
FM17  CTATTATTTAAACTCTTTCCTGATACCAAACGAACAAAGTTAAG 

FM18  TACGTAGAATGTATCAGACTAGTCGGGATAGAAAGCACTG 

pORI2-parAB2 
FM19  CTATTATTTAAACTCTTTCCGCCTAAGAAACCAATAAGGCTAAG 

FM18  TACGTAGAATGTATCAGACTAGTCGGGATAGAAAGCACTG 

pSW23T 
FM15 GGAAAGAGTTTAAATAATAGGGCCGCTCTAGAACTAGTGG 

FM16 AGTCTGATACATTCTACGTATTCCCATGTCAGCCGTTAAG 
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SUPPLEMENTARY MATERIAL AND METHODS 

 

Strain constructions 

Bacteria were grown in LB broth (Lennox) or Mueller Hinton broth. Antibiotics were used at the 

following concentrations: carbenicillin, 100 µg/ml; chloramphenicol, 25 µg/ml for Escherichia coli and 5 

µg/ml for Vibrio cholerae; kanamycin, 25 µg/ml; spectinomycin, 100 µg/ml; rifampicin, 1µg/ml. 

Diaminopimelic acid was used at 0.3 mM, thymidine (dT) at 10µg/ml, glucose at 1% and arabinose at 

0.2% (w/v). For cloning purposes in R6K γ-ori-based suicide vector, 3813 was used as a plasmid 

host (42). For conjugal transfer of plasmids to V. cholerae strains, E. coli 3914 was used as the donor 

(42). Natural transformation was performed according to the procedure described in (44).  

Genomic DNA was extracted using DNeasy® Tissue Kit (Qiagen). Plasmid DNA was extracted using 

the GeneJET Plasmid Miniprep Kit (Thermo Scientific, Lafayette, CO, USA). PCR assays were 

performed using Phusion High-Fidelity PCR Master Mix (Thermo Scientific, Lafayette, CO, USA). DNA 

concentration was measured on a NanoDrop ND1100 (Thermo Scientific, Lafayette, CO, USA). 

 

Genome editing by co-transformation 

Insertions of point mutations in crtS were performed according to the MuGENT procedure described in 

(38). An aadA7 gene cassette conferring resistance to spectinomycin and flanked by 6Kb of DNA 

sequence homologous to VC1903/1902 intergenic region was co-transformed with 3µg of a 6Kb long 

DNA fragment containing the point mutation to insert in the genome. Correct genome editing was then 

confirmed by PCR and sequencing of the mutated loci. Approximately 50% of the spectinomycin 

resistant clones had also integrated the point mutation. 

 

Digital PCR quantification of DNA loci 

Total genomic DNA (gDNA) was prepared with the DNeasy® Tissue Kit (Qiagen) from 1mL of cells in 

stationary phase (non-replicating). For E. coli [pORI2] assay, gDNA was first digested with DraI. PCR 

reactions were done with 0.1 ng of gDNA using the PerfeCta Multiplex qPCR ToughMix (Quanta 

Biosciences, Gaithersburg, MD, USA) within a Sapphire chips. Digital PCR was conducted on a Naica 

Geode (programmed to perform the sample partitioning step into droplets, followed by the thermal 

cycling program: 95◦C for 10 minutes, followed by 45 cycles of 95◦C for 10 seconds and 60◦C for 15 

seconds) according to the instructions described in (33). Image acquisition was performed using the 

Naica Prism3 reader. Images were then analyzed using the Crystal Reader (total droplet enumeration 

and droplet quality control) and the Crystal Miner software (extracted fluorescence values for each 

droplet). 

 

Plasmid stability assay 

Plasmid stability assays were performed by growing bacteria in MH at 37°C under agitation for 60 or 

80 generations. For this, each culture was diluted in fresh medium every morning and every evening, 

allowing the cells to grow for 10 generations between dilutions. Based on the volume of the media in 

the tubes, we used a 1:1024 dilution factor to obtain growth for 10 generations (as Volume = 2n, with n 
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= #of generations of bacteria). (We added 39,1 μL from the 10
-1

 dilution of the saturated culture to 4 

mL of fresh medium). Every morning, serial dilutions (10
-4

, 10
-5

, 10
-6

) of the saturated cultures were 

plated on non-selective media (MH). After an overnight incubation at 37ºC, 100 clones were streaked 

on MH and MH + chloramphenicol to determine the number of plasmid-containing bacteria. The 

plasmid kinetics was obtained by plotting the percentage of plasmid-containing cells at each time point 

against the number of generations. 
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III: Unpublished results: new insight into crtS mechanism of action 

As mentioned before, the crtS sequence is strongly conserved amongst the Vibrionaceae. It is AT-rich, 

contains conserved GATC sites, which are substrates for Dam methylase, and it was described to 

harbour a putative DnaA box. In the previous section we have demonstrated that the change in the 

methylation state of crtS upon passage of the replication fork does not impact its function. There are 

still two possibilities that can explain the requirement of crtS replication to trigger Chr2 replication. 

The first is based on the fact that crtS needs to be duplicated and the presence of 2 crtS sites would 

activate Chr2 replication. The second hypothesis relies on the formation of single stranded DNA 

during replication that could somehow be important to trigger Chr2 replication. DNA secondary 

structure prediction shows that crtS single stranded form may adopt a hairpin conformation upon 

passage of the replication fork (Fig. 25). To map crtS structural features and sequences required for 

Chr2 replication activation we generated a collection of crtS mutants in V. cholerae by using a 

targeted mutagenesis approach. 

Figure 25. Folding prediction of the crtS single-stranded form. The secondary structure of the crtS minimal 

functional site was determined by using the RNAfold webserver. The black dashed lines delimit the 62 bp 

minimal crtS site. The light blue rectangles highlight the bases involved in the formation of a putative hairpin 

structure. 

 

3.1. crtS targeted mutagenesis in V. cholerae 

We constructed a panel of V. cholerae mutants where we perturbed specific features in the crtS 

sequence, such as the bases involved in the formation of a putative hairpin and other highly 

conserved regions. For this purpose we used two different strategies. The first strategy is based on 

the recently described natural co-transformation method (see Material & Methods for more details), 
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which allows scarless genome editing in naturally competent microorganisms such as V. cholerae 

(Dalia et al., 2014). The second approach relies on the chromosomal integration system of the Tn7 

transposon (Material & Methods for more details). This is an efficient method that provides site-

specific and stable single-copy integration (McKenzie and Craig, 2006). In this case, integration occurs 

at the single V. cholerae natural attTn7 site, located downstream of the highly conserved glmS gene. 

We used a V. cholerae strain carrying its native crtS locus flanked by FRT sites. After integration of 

each mutated crtS sequence at the attTn7 site the WT crtS is excised by FLP-FRT recombination, 

leaving a single crtS copy on the genome (Fig. 29B in Material & Methods). This strategy avoids the 

accumulation of compensatory mutations upon deletion of crtS since crtS deletion mutants are highly 

unstable and easily accumulate mutations affecting ori2, as we previously observed (section 1.3 in 

the Results chapter). 

3.2. Mutations affecting the putative hairpin structure inactivate crtS 

We performed a functional analysis of the different crtS mutants in V. cholerae by digital PCR (dPCR). 

As mentioned previously, ΔcrtS mutants show a high genomic instability, which is mainly 

characterized by the loss of Chr2. For this reason non-replicating cells of these mutants exhibit 

Chr1/Chr2 ratios greater than 1. For our purposes we established an ori1/ori2 threshold of 1,5 to 

indicate Chr2 loss, and hence crtS inactivation. Based on this assumption, we determined the 

functionality of the mutated crtS sites by measuring the copy number of ori1/ori2 on non-replicating 

cells. For this purpose, for each strain we collected gDNA from stationary phase cells that was 

subsequently analysed by dPCR. We found out that all the non-permissive mutations lie within the 62 

bp minimal crtS site (de Lemos Martins, in preparation). These mutations mostly seem to affect the 

bases involved in the formation of a putative stem loop (Fig. 26). Surprisingly, one of the non-

permissive mutations (Mut28) lies outside the RctB-binding region (Fig. 26). There are two 

hypotheses that could explain this observation. One possibility relies on the involvement of an 

additional factor participating in the crtS-ori2 crosstalk. In addition to RctB there might be another 

factor binding crtS that could be essential in the activation of Chr2 replication. Another hypothesis 

consists on the fact that these sequences (outside RctB-binding region) might impact the proper 

folding of the putative stem loop structure. Indeed, sequences adjacent to DNA secondary structures 

might influence their stability. Comparison of the predicted secondary structures for the WT 

sequence and for the crtS-Mut28 (outside RctB-binding site) reveals a drastic change at the level of 

the DNA conformation (Fig. 27). The stem loop predicted for the WT crtS sequence is no longer 

expected to form from the crtS-Mut28. This change in the crtS conformation can mask/unmask the 

bases recognized by RctB and affect its binding, which would ultimately impact crtS function as Chr2 

replication activator.    
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We observed that, at two nucleotide positions, substitution and deletion mutations had different 

effects (Fig. 27). While a base substitution on Mut17 and Mut33 had a neutral effect, the 

corresponding deletions (Mut32* and Mut33ΔT*, respectively) led to an increase in the ori1/ori2 

ratio. Indeed, a nucleotide substitution leaves the spacing between the nucleotides composing the 

crtS sequence unaltered. In turn, a deletion changes this spacing. This might negatively affect the 

formation of an eventual secondary structure or the binding of RctB to crtS. Based on DNA secondary 

structure predictions the hairpin structure of the deletion mutants remains unchanged compared to 

the respective substitution mutants that are still functional (Fig. 27). In this case, it is likely that the 

deletions affect the RctB binding, since they lie within the RctB binding region identified by DNase I 

footprinting (de Lemos Martins, in preparation). On ori2 it was shown that both the spacing and 

helical phasing between initiator binding sites, and between these sites and the AT-rich region, are 

important for replication (Gerding et al., 2015). Mutations perturbing the spacing between these 

elements reduce or abolish ori2 replicative function, while concomitantly affecting RctB’s binding 

kinetics (Gerding et al., 2015). Thus, we could imagine a similar situation occurring at the level of the 

crtS site. A simple base substitution might not interfere with its function, while a deletion may 

negatively impact RctB binding, leading to an improper Chr2 replication activation. 

3.3. Conclusions 

Overall, these results point out to the formation of a secondary structure as a critical event for the 

crtS function. We hypothesize that upon passage of the replication fork the crtS site would adopt a 

hairpin conformation that ultimately leads to the activation of Chr2 replication. However, additional 

experiments are essential to confirm this possibility and to understand how such DNA conformation 

can be on the basis of the crtS mechanism of action. Currently, in vitro RctB binding to single 

stranded DNA crtS sites and in vivo replication slippage assay (Leach, 1994) are performed in the lab 

to corroborate our hypothesis of crtS secondary structure formation upon the passage of the 

replication fork that would serve as a signal to trigger Chr2 replication. 
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Figure 27. Folding prediction of crtS mutated sites. The secondary structure of the different sites was 

determined with the RNAfold webserver by using the 62 bp minimal crtS sequence. The nucleotides highlighted 

in light blue represent the bases involved in the formation of a stem loop in the WT sequence. The green and 

red rectangles around the name of the mutations indicate the permissive and non-permissive mutations, 

respectively. 
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DISCUSSION 

During my PhD I have explored the crtS-RctB-mediated mechanism triggering Chr2 replication in V. 

cholerae. We have shown that crtS replication is crucial to trigger Chr2 replication, meaning that 

either DNA alterations caused by the passage of the replication fork across crtS or the doubling in 

crtS copy number after duplication triggers Chr2 replication. Here we have used a combination of in 

vivo and in vitro approaches to investigate the mechanism behind the crtS/ori2/RctB crosstalk. We 

have demonstrated that the change in the methylation state of crtS during replication is not involved 

in its function as replication activator of Chr2. Indeed, RctB molecules appear to oligomerize at the 

level of the crtS site in a methylation independent way. Instead, our results point out to the 

formation of a secondary structure during DNA replication as crucial event for Chr2 replication 

activation. This would reveal a novel mechanism controlling DNA replication in bacteria. In addition, 

the existence of a site dependent on the replication of the main chromosome to control the 

replication of a secondary replicon seems to be an effective way of integrating the later in the cell 

cycle.    

Selective pressure for a 2-chromosome genome arrangement 

crtS is crucial for Chr2 replication. We have shown that transient genome remodelling might supress 

the lack of crtS momentarily. This is illustrated by the crtS deletion mutant C926. Upon crtS deletion 

this mutant displayed spontaneous fusion of Chr1 and Chr2. We believe this genomic configuration 

allows Chr2 to benefit from the Chr1 replication machinery in order to compensate the lack of Chr2 

replication activation mediated by crtS. However, this situation does not seem to be favourable for 

the cells. After 200 generations C926 mutant acquired mutations affecting Chr2 replication initiator 

and reverted back to the two-chromosome genome structure. This suggests a strong selective 

pressure to keep such genomic arrangement.  

It has been suggested that the possession of a chromid would enable a bacterium to have a larger 

genome while keeping the chromosome small, which could allow it to replicate faster (Aiyar et al., 

2002; Yamaichi et al., 1999). In fact, the analysis of 70 chromid-bearing genomes shows that the total 

genome size averages 5,73 ± 1,66 Mb (mean ± standard deviation). While the average for the 729 

that do not possess chromids is only 3,38 ± 1,81 Mb. The fact that V. cholerae Chr2 replication is 

initiated later in the cell cycle suggests that the metabolic burden of replication is shifted to a time 

when cell size is larger and potentially better able to support it. In addition, among root-nodule 

bacteria, genera possessing secondary chromosomes, such as Rhizobium and Sinorhizobium, are able 

to grow faster in culture than those that do not, like Mesorhizobium and Bradyrhizobium (Harrison et 
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al., 2010). Probably in ΔcrtS mutants the one-chromosome conformation is outcompeted as a result 

of slower growth linked to an increase in replication duration due to the larger chromosome size 

resulting from Chr1 and Chr2 fusion.  

In fast-growing bacteria it has been shown that having a split genome enables the possibility to 

differentially coordinate gene expression, through the modulation of gene dosage. As V. cholerae 

Chr1 starts to replicate before Chr2 there is a higher average gene dosage, and, consequent 

transcription of Chr1 genes (Dryselius et al., 2008; Soler-Bistué et al., 2015). In addition, grouping of 

genes together on individual replicons may facilitate their coordinated regulation by transcription 

factors. Indeed, the transcription machinery is not equally distributed throughout the cell (Weng and 

Xiao, 2014). Multiple transcriptomic studies have demonstrated that particular replicons are 

enriched in differentially regulated genes during niche adaptation. For example, in the case of V. 

cholerae, it was shown that there are many more Chr2 genes expressed under intestinal growth than 

under laboratory conditions (Xu et al., 2003). Other examples of replicon-specific patterns of gene 

expression exist in other bacteria, such as B. cenocepacia J2315 (Yoder-Himes et al., 2010), R. 

leguminosarum (Ramachandran et al., 2011), Rhizobium phaseoli (López-Guerrero et al., 2012) and S. 

meliloti (Barnett et al., 2004; Becker et al., 2004). Thus, in addition to the possibility of leading to 

growth defects, this suggests that the single-chromosome arrangement observed in the mutant C926 

may provoke an imbalance at the level of gene expression. This is clearly harmful, since crtS deletion 

mutants displaying a fused chromosome rapidly acquire mutations affecting ori2, reverting back to 

the two-chromosme configuration. 

Surprisingly, a strain carrying Chr1 and Chr2 artificially fused does not exhibit major fitness defects. 

Its generation time is only slightly extended compared to the WT strain (Val et al., 2012). However, 

one major difference between the Δcrts mutants carrying a single fused chromosome and the 

synthetic monochromosomal strain is the fact that the latter was built by respecting known criteria 

for chromosome organization and maintenance. This synthetic strain contains only a single origin and 

terminus of replication, which conserves the “ori-ter” axial symmetry, gene synteny, strand bias and 

the polarities of the original replichores. In addition, replication of the fused chromosome initiates at 

ori1 of Chr1 and finishes in the terminus of Chr2, near dif2. By initiating replication at ori1, this 

synthetic strain conserves the replication-associated gene dosage effects on Chr1. In contrast, 

chromosome fusion in ΔcrtS mutants occurred spontaneously and prokaryotic genomes show 

intolerance towards various chromosome rearrangements such as inversions or relocations of DNA 

fragments that alter the chromosome organizational features (Campo et al., 2004; Esnault et al., 

2007; Guijo et al., 2001; Hill and Gray, 1988; Lesterlin et al., 2005; Liu et al., 2006; Louarn et al., 1985; 

Miesel et al., 1994; Segall et al., 1988). Thus, the growth defects observed in the ΔcrtS mutants with a 
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fused chromosome cannot be directly linked to an increase in the chromosome size. Instead, they 

are likely to be the result of major changes at the level of the chromosome organization patterns.  

 

Requirement for termination synchrony 

V. cholerae Chr2 initiates replication when approximately two-thirds of the Chr1 have been 

replicated. As a consequence, the two chromosomes terminate replication at the same time. We 

have shown that this pattern can be changed by moving the crtS site to other positions, either 

further away or closer to the terminus, without any deficiencies in cell viability. However, in these 

rearranged strains, in which Chr2 replication terminates long before Chr1, the two copies of ter2 

remain at midcell until cell division, and segregate approximately at the same time as ter1, like in WT 

cells (Val et al., 2016). This suggests a coordination of events towards the final steps of the cell cycle. 

Indeed, termination synchrony seems to be a conserved feature among the Vibrionaceae. The 

analysis of the crtS position on Chr1 of 29 fully sequenced Vibrionaceae species shows that the 

distance between crtS and ter1 corresponds to the length of the respective Chr2 replichore (Kemter 

et al., 2018). MFA of eleven different strains from the Vibrionacea group reveals that, in 

exponentially growing cells, the copy numbers of ter1 and ter2 within individual strains is very similar 

(Kemter et al., 2018). This means that in Vibrio species with smaller secondary chromosomes than 

that of V. cholerae, replication of Chr2 starts later. In turn, species with larger secondary 

chromosomes, replication of Chr2 starts earlier compared to V. cholerae. Thus, the delay between 

the start of Chr1 and Chr2 replication seems to be irrelevant. In contrast, it seems that there is a 

strong evolutionary pressure to keep Chr1 and Chr2 terminating replication at the same time. This 

differential timing in Chr2 replication initiation essential to achieve replication termination synchrony 

between Chr1 and Chr2 is controlled by the position of crtS on Chr1 (Val et al., 2016). 

The requirement for a synchronous termination can be explained by the coordination of 

chromosome segregation and cell division. The chromosomal region opposite to the replication 

origin is the part of the chromosome where dimer resolution occurs at the dif site (Kennedy et al., 

2008). This is mediated by the XerCD site-specific recombinases and the DNA translocase FtsK, which 

is anchored at the septum (Val et al., 2008). In addition, chromosome segregation is coordinated with 

cell division through interactions of the Ter domains with the divisome in E. coli, as well as in V. 

cholerae (Demarre et al., 2014; Dupaigne et al., 2012; Espéli et al., 2012). Chr2 harbours binding sites 

for an inhibitor of Z-ring formation (SBS motifs) that contribute to the regulation of cell division (Galli 

et al., 2016). The Chr2 SBS motifs help to accurately position the V. cholerae divisome at mid-cell and 
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postpone its assembly to the very end of the cell cycle (Galli et al., 2016). Thus, the cohesion of ter1 

and ter2 with their respective sister ter sequences near the division site observed in V. cholerae 

seems to be important for the final stages of the cell cycle, such as dimer resolution and cell division, 

and the synchronized termination of the two chromosomes might facilitate the processes involved. 

crtS function could be reminiscent of E. coli DARS1 and DARS2 

Baek et al. suggested that crtS may act as a DNA chaperone remodelling RctB. They have shown that 

crtS increases RctB affinity for iterons and decreases it for 39-mers, enhancing ori2 replication. In 

addition, crtS abolishes the requirement for the DnaK/J chaperones, which are normally required to 

promote initiation at ori2 in E. coli (Baek and Chattoraj, 2014). Here, we have demonstrated that crtS 

is crucial for Chr2 replication initiation. Relocation of crtS to other genomic positions on Chr1 alters 

the timing of Chr2 replication initiation, meaning that crtS replication triggers Chr2 replication. 

Similarly to V. cholerae, in E. coli there are also sequences with a chaperone-like activity. These 

include datA, DARS1 and DARS2. These three elements are all able to modulate DnaA function. While 

datA locus promotes the inactivation of DnaA by converting DnaA-ATP to DnaA-ADP  (Kasho and 

Katayama, 2013), DARS1 and DARS2 are involved on its regeneration, enhancing replication 

initiation. DARS1 and DARS2 promote the release of the ADP molecule from DnaA, which is necessary 

for the re-binding of ATP, leading to DnaA reactivation. Yet, DARS1 and DARS2 affect the cell cycle 

control differently. DARS1 ensures the proper origin concentration by a replication fork-associated 

gene dosage effect (Frimodt-Møller et al., 2016). This is because DARS1 is always active (Fujimitsu et 

al., 2009) and de novo synthesis of DnaA will along with the constitutive DnaA-ADP rejuvenation at 

DARS1 ensure a steady DnaA-ATP increase throughout the cell cycle. On the other hand, DARS2 main 

function is to ensure synchronous initiations between cellular origins, and hence, a reduced gene 

dosage results in asynchrony (Frimodt-Møller et al., 2016). Rejuvenation at DARS2 is dependent on 

the binding of both Fis and IHF (Kasho et al., 2014). The activity at DARS2 is growth phase regulated 

by Fis (only active during exponential growth) and cell cycle regulated by IHF (Kasho et al., 2014). 

Maximal IHF binding to activate DARS2 occurs immediately before initiation (Kasho et al., 2014). 

Thus, initiation of all cellular origins in synchrony is explained by a mechanism where DnaA-ATP 

released from the first origin initiated will trigger initiations on fully methylated not yet initiated 

origins, by a cascade-like mechanism (Løbner-Olesen et al., 1994). A genotype comparison between 

59 E. coli species with chromosome sizes ranging between 3,9 Mbp and 5,7 Mbp showed that the 

relative distances from oriC to datA, DARS1 and DARS2 are well preserved (Frimodt-Møller et al., 

2015). Similarly, among the Vibrionaceae there is a bias on the relative position of crtS. Indeed, there 

is a correlation between crtS-ter1 distance and the length of Chr2 replichores (Kemter et al., 2018).  
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In the particular case of DARS1 it appears that gene dosage is more important rather than its specific 

location. In contrast, the genomic location of DARS2 is relevant meaning that the local genomic 

environment is important for DARS2 function (Frimodt-Møller et al., 2016). In E. coli, the correct 

regulation of initiation at oriC relies on the proper position of not only one but all three known sites. 

The loss or aberrant position of either has a fitness disadvantage, explaining why these regions are 

conserved with respect to both chromosomal location and sequence. Despite crtS relative position 

conservation, its genetic context does not seem to be important for its function. Relocation of crtS to 

other positions appears to only impact the timing of Chr2 replication initiation, not affecting cell 

viability or Chr2 copy number (Val et al., 2016). And similarly to DARS1 and DARS2, we have observed 

that providing the cells with multiple crtS sites alters Chr2 copy number. However, it is still not clear 

if the change in the Chr2 replication pattern is due to a gene dosage effect or to another event 

occurring during replication, such as the formation of single-stranded DNA. 

crtS constitutes another example of a direct link between DNA replication control and genomic 

initiator binding cluster positions (Frimodt-Møller et al., 2017). Contrary to DARS1 and DARS2 that 

act in cis, crtS is a trans-acting element having an effect on another replicon. In the particular case of 

V. cholerae, the crtS-dependent control of Chr2 replication constitutes an effective mechanism to 

ensure the once per cell cycle replication. Chr2 surveys Chr1 replication status via the crtS locus 

benefiting from the cell-cycle regulated replication of the main chromosome. This system is 

particularly interesting from the point of view of bacteria with a multipartite genome, where 

chromids replication should be coordinated with the main chromosome. This might highlight a novel 

theme in regulation of chromosomal replication initiation. 

crtS may adopt a hairpin conformation essential for Chr2 replication activation 

V. cholerae Chr2 replication initiation requires crtS replication. However, it is still not clear if this is 

mediated by DNA conformational changes caused by the passage of the replication fork across crtS 

or a gene dosage effect due to its doubling after replication. Baek et al. reported that, in vitro, crtS 

only has a visible effect if present on a supercoiled plasmid (Baek and Chattoraj, 2014). The 

requirement for supercoiled crtS suggests that crtS needs to be in a single-stranded state to be 

active. This is in agreement with the need for crtS to be replicated to trigger Chr2 replication, since 

the passage of the replication fork generates single-stranded DNA on the template for lagging-strand 

synthesis. So far, our mutational analysis of crtS points out to the formation of a single stranded DNA 

hairpin during replication. When we performed nucleotide substitution at the level of the bases 

involved in the formation of the putative stem loop, crtS was no longer functional in the majority of 

the cases.  
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Indeed, the ssDNA formed during replication on the template for lagging-strand synthesis is not 

simply a transient inert state of DNA. It can fold into secondary structures and interact with proteins, 

having a role in cellular processes such as site-specific recombination, transcription, and replication 

(Bikard et al., 2010). Thus the dynamics of the formation of hairpin structures can affect the way 

proteins interact with DNA. For instance, the DNA-protein interaction can be inhibited if a hairpin 

overlaps a protein recognition site (Horwitz and Loeb, 1988); and proteins can directly recognize and 

bind DNA hairpins (Barabas et al., 2008; Gonzalez-Perez et al., 2007; MacDonald et al., 2006; Masai 

and Arai, 1997; Val et al., 2005). In the particular case of crtS, RctB binding might depend on the 

formation of a secondary structure or instead its formation may mask/unmask the bases recognized 

by RctB affecting differently Chr2 replication initiation. 

From our mutational analysis, not only the crtS secondary structure would be recognized but also the 

sequences uncovered by the hairpin formation. In V. cholerae there are several cellular processes 

mediated by the formation of ssDNA secondary structures. For instance, the attC recombinantion 

sites flanking the gene cassettes in the V. cholerae superintegron are recognized and recombined by 

the integrase only as hairpins folded from the bottom strand of the site (Bouvier et al., 2005; Mazel, 

2006). The genetic information required for proper recombination of the attC sites is mainly 

determined by specific features of their secondary structures (Bouvier et al., 2009; MacDonald et al., 

2006), such as the extrahelical bases (EHBs), the unpaired central spacer (UCS), and the variable 

terminal structure (VTS), which ensure strand selectivity and high levels of attC recombination 

(Bouvier et al., 2009; Frumerie et al., 2010; Nivina et al., 2016). However, there are a few nucleotides 

conserved in the attC sequence, namely at the cleavage site (Frumerie et al., 2010) and at the level of 

the extrahelical bases (EHBs), and these were shown to have major roles in the recombination 

reaction. For example the EHBs  determine the recombinogenic strand in the site, the bottom strand, 

and serve as stabilizers of the synaptic complex, establishing contacts with protein monomers across 

the synapse (Bouvier et al., 2009; MacDonald et al., 2006). However, the location of the bottom 

strand of an attC site on the leading strand template, where limited ssDNA is available during DNA 

replication, disfavours its folding (Loot et al., 2010). Interestingly, inversion of the superintegron is 

deleterious in conditions of integrase expression (Vit and Loot, unpublished). Another example relies 

on the single-stranded CTX phage involved in V. cholerae virulence. In the lysogenic phase, it 

integrates V. cholerae Chr1 or Chr2 at their respectives dif1 and dif2 sites. CTX enters the infected 

cells as ssDNA, and the single-stranded form is integrated directly into one of the chromosomes (Val 

et al., 2005). The folding of the CTX attP region into a double-forked hairpin unmasks a Xer 

recombination site, which is recognized by the host XerCD protein complex that catalyzes the strand 

exchange between attP and the dif site (Val et al., 2005).  
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The possibility that the genetic information required for proper Chr2 activation is not entirely 

encoded in the crtS primary sequence, but also determined by specific features of crtS secondary 

structure, adds a new layer of information and regulation in the Chr2 replication control. This would 

represent a novel mechanism regulating DNA replication in bacteria. 

How can we better differentiate chromids from iteron-plasmids? 

Secondary chromosomes or chromids are generally defined by being large replicons that have 

plasmid-type maintenance and replication systems; a nucleotide composition close to that of the 

chromosome; and encode core genes that are found on the chromosome in other species 

(Harrison et al., 2010). According to this definition the main difference between chromids and 

megaplasmids is based solely on presence/absence of essential genes. However, this has some 

limitations and does not seem enough to distinguish a secondary domesticated chromosome from 

megaplasmids. For example, large portions of the genome can be moved from one replicon to 

another. Similarly, the size of the replicon cannot be used as a criterion because of the existence 

of large mega-plasmids. This is the case of Deinococcus deserti VCD115, whose chromid is smaller 

than either of the two accompanying plasmids (Harrison et al., 2010). The knowledge we acquired 

by studying the V. cholerae Chr2 can provide us more objective criteria to differentiate 

chromids/secondary chromosomes from megaplasmids. 

V. cholerae Chr2 harbours many features of the primary chromosome. For instance, it exploits the 

replication/segregation regulatory systems of Chr1. This is illustrated by common mechanisms 

acting on both chromosomes. For instance, Dam methylation prevents the over-initiation of Chr1 

and Chr2 replication (Demarre and Chattoraj, 2010) and the final stages of Chr1 and Chr2 

segregation depend on the same FtsK/XerCD machinery (Val et al., 2008).  

In terms of Chr2 replication control it appears it has evolved from a plasmid-like system, however, 

it is considerably more complex. Chr2 acquired additional layers of control allowing the timing of 

replication to switch from random to cell cycle regulated. This include the modification of 

initiator-origin interactions by allowing initiator dimer binding to iterons as an additional 

inhibitory mechanism and by separating initiator binding sites involved in promoting iterons and 

in inhibiting (39-mer) initiation. Indeed, the inhibitory role of the 39-mers can be compared to the 

E. coli datA locus, as they both contribute to initiator titration. On Chr2 there is also the 

involvement of a Par protein (ParB2) in the regulation of replication, which mediates a cross -talk 

between chromosome replication and segregation. Additionally, here we have demonstrated a 

new layer of control where Chr1 and Chr2 communicate to coordinate their replication (Val et al., 

2016). This is achieved by the replication of the crtS site on Chr1. We have shown that crtS 
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replication not only triggers Chr2 replication but it also controls its copy number (de Lemos 

Martins, in preparation). The presence of this site on Chr1 shows that Chr2 evolved to take 

advantage of the well-regulated replication of the main chromosome to be integrated in the cell 

cycle.  

Another difference between Chr2 and the iteron-plasmids relies on the initiator protein. Despite 

the structural similarities between RctB domains 2 and 3 and the Rep proteins of the iteron-

plasmids, RctB is considerably larger, possessing two additional domains (domain 1 and 4) (Orlova 

et al., 2016). Although it was not experimentally demonstrated, we can hypothesize that the 

presence of additional domains on RctB compared to its plasmid counterparts may indicate their 

involvement in regulatory processes not required in plasmid replication. 

The fact that V. cholerae Chr2 adopted new layers of control not observed in related plasmids, 

allowing it to behave like a bona fide chromosome, reinforces the idea that the distinction 

between megaplasmids and chromids/secondary chromosomes cannot be based solely on 

descriptive criteria, such as replicon size and presence of essential genes. A functional analysis 

seems to be required to fully understand if secondary replicons can be considered 

chromids/secondary chromosomes. Based on our observations, this involves the study of their 

replication and segregation mechanisms to understand if these events are cell-cycle coordinated. 
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CONCLUSIONS AND PERSPECTIVES 

Overall, the results obtained during this work show that crtS needs to be replicated to trigger Chr2 

replication and that it controls Chr2 copy number. Our data suggest that this can be either mediated 

by a gene dosage effect, i. e., by duplication of the number of crtS sites during DNA replication, or by 

the formation of single stranded DNA during replication.  

Our crtS targeted mutagenesis analysis has revealed that mutations affecting the putative hairpin 

structure inactivate crtS. These preliminary results suggested that crtS might adopt a stem loop 

conformation during DNA replication, which could be somehow responsible for the Chr2 replication 

initiation. Since the moment I started to write my thesis manuscript advances were made in the lab 

to test the hairpin hypothesis as the possible signal triggering Chr2 replication. In vivo replication 

slippage assays confirmed that crtS is able to form a stem loop in E. coli. In addition, in vitro RctB 

binding to single stranded DNA crtS has revealed that RctB binds preferentially the top strand 

(lagging strand template). Altogether, these results strongly suggest that the formation of a stem 

loop is somehow implicated in the Chr2 replication triggering in V. cholerae. However, a recent study 

has shown that Chr2 replication is triggered by the doubling of crtS gene dosage. The authors of the 

study claim that the presence of two unreplicated crtS sites is sufficient to license Chr2 replication 

and exclude the involvement of any DNA replication associated process. Our data do not allow us to 

exclude a gene dosage effect, however in some circumstances we have obtained results that left us 

sceptical about this hypothesis. For instance, when we insert two crtS copies very close to each other 

(approximately 1 kb away from each other) in the chromosome it behaves like a single site (data not 

shown). This observation together with our last results led us to hypothesize that the formation of 

the hairpin is an essential step to activate Chr2 replication. Nonetheless, to clarify this question we 

plan to generate a strain carrying two crtS sites located on the Chr2 of V. cholerae. If two 

unreplicated crtS sites are sufficient to activate Chr2 replication we would expect this strain to be 

functional and to replicate Chr2 normally.  

In order to further confirm and test the importance of crtS folding in the activation of Chr2 

replication it would be interesting to restore the stem loop structure on the crtS mutants where it 

has been destabilized and Chr2 replication impaired. This would allow us to clarify the RctB binding 

specificity to crtS. In addition, in the case of a stem loop formation, the crtS orientation regarding the 

passage of the replication fork would be relevant. Indeed, crtS orientation is conserved among Vibrio, 

being always found on the template for the lagging strand synthesis. During lagging strand synthesis 

large amounts of single stranded DNA are formed, allowing the formation of secondary structures. 
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Thus, by changing the orientation of crtS on the chromosome, i. e., by flipping it to the leading strand 

template, we expect less ssDNA to be available at the level of crtS, which can impact Chr2 replication.  

Despite our data suggesting the formation of a stem loop, we still do not know exactly how it could 

trigger Chr2 replication. We have demonstrated that RctB binds to double-stranded crtS and by 

quantifying the RctB binding to ssDNA crtS we have observed a preferential binding to the top strand. 

An attractive and very intuitive model would be that crtS could work as a titration site for RctB and 

once the replication fork passes through it, it would release the bound RctB and it would be available 

to bind ori2 and initiate Chr2 replication. However, this does not seem to be the case. The supply of 

extra crtS copies enhances Chr2 replication and in its absence we observe an impairment instead of 

an enhancement of Chr2 replication. A previous study has shown that crtS reduces RctB binding to 

the 39-mers, suggesting that crtS remodels RctB, in such a way that its affinity to the 39-mer sites is 

decreased.  We can thus imagine that right before Chr2 replication initiation RctB is bound to all its 

binding sites (iterons, 39-mers and crtS). The binding to 39-mers has a negative regulatory role and 

inhibits Chr2 replication by handcuffing. Thus, upon crtS replication and consequent stem loop 

formation RctB would bind to this site differently. This could induce a rearrangement of the initiator 

molecules in such a way that certain domains could be exposed or masked, which would ultimately 

affect ori2-bound RctB molecules and promote Chr2 replication. RctB binds four different sites, 

(iterons, 39-mers, double-stranded crtS and single-straded crtS) with no sequence conservation 

among them. The determination of the RctB structure bound to these different binding sites is then 

essential to understand precisely how it can recognize such different sites and the mechanism behind 

the crtS-mediated Chr2 replication activation. The DNA-bound RctB structure determination would 

allow us to visualize the conformation of the initiator bound to the DNA and to understand how the 

different domains interact with each binding site. Since the DnaK/J chaperones are involved in RctB 

remodelling and monomerization it would also be interesting to test their effect on the structure of 

the DNA-bound RctB.  

We have observed important differences between E. coli and V. cholerae in the crtS-mediated 

control of ori2 copy number. While the supply of additional crtS copies in E. coli increases the copy 

number of an ori2-based plasmid exponentially, in V. cholerae the increase in Chr2 copy number 

seems to be restricted, increasing in a logarithmic manner. One possible explanation for this 

difference could be attributed to the fact that Chr2 carries a locus that negatively regulates 

replication at ori2. This locus spans 74 kb and contains five iterons and one 39-mer. It would be 

interesting to test if a sequence carrying these regulatory sites would restrain the ori2-based plasmid 

copy number in E. coli as it does in V. cholerae. However the differences between E. coli and V. 

cholerae do not reside solely on this regulatory locus. The DnaK/J chaperones also differ slightly 
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between these two organisms. The C-terminal extremities of DnaK of E. coli and V. cholerae only 

share 62% identity, while the N-terminal regions share 87% identity. Thus, in the future, it would be 

interesting to test the effect of V. cholerae DnaK/J chaperones in the ori2-based system that we 

reconstituted in E. coli. In addition to help us to understand the variances between the two bacteria 

at the level of ori2 replication control, this could allow us to develop a more accurate ori2-based 

system in E. coli, which presents interesting potentials for biotechnological applications.   

In general, these additional experiments would definitely increase our understanding regarding the 

control of Chr2 replication and would provide us important insights about how crtS replication 

activates RctB and consequently replication initiation at ori2.    
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MATERIAL AND METHODS 

Bacterial strains and plasmids 

All bacterial strains and plasmids used in this study are listed on tables 2 and 3, respectively. 

Growth conditions 

Bacteria were routinely grown at 37ºC in LB broth (Lennox) or Mueller Hinton broth with shaking or 

on agar plates. Growth of strains carrying temperature-sensitive plasmids (Ts) was performed at 

30ºC, and these plasmids where cured by switching the temperature to 42ºC. When needed, 

antibiotics where used at the following concentrations: carbenicillin, 100 ug/mL; chloramphenicol, 25 

ug/mL for E. coli and 5 ug/mL for V. cholerae; kanamycin, 25 ug/mL; spectinomycin, 100 ug/mL, 

rifampicin, 1 ug/mL. Diaminopimelic acid was used at 0,3 mM, thymidine (dT) at 10 ug/mL, glucose at 

1% and arabinose at 0,2 % (w/v).  

General DNA manipulation and purification 

DNA fragments were amplified by PCR using the DreamTaq Green PCR Master Mix (Thermo 

Scientific) or the Phusion High-Fidelity PCR Master Mix (Thermo Scientific) when high fidelity PCR 

products were required. PCR amplifications were carried out in accordance to the manufacturer 

instructions in a standard thermocycler. The amplification products was analysed by electrophoresis 

in agarose gels running in 0,5X Tris-Acetate-EDTA (TAE) as electrophoresis buffer. After an ethidium 

bromide bath the gels were analysed under ultraviolet light and pictures were acquired using Gel Doc 

EZ Imager system (BIO-RAD).  

Purification of DNA fragments obtained from PCR amplification or enzymatic restriction was 

performed using the GeneJET PCR Purification Kit (Thermo Scientific). Plasmid DNA purification was 

carried out using the GeneJET Plasmid Miniprep Kit (Thermo Scientific, Lafayette, CO, USA) according 

to the protocol recommended by the manufacturer. DNA was eluted in a minimal volume of sterile 

distilled water and stored at 4ºC or -20ºC. Restriction enzymes (FastDigest, Thermo Scientific) and T4 

DNA ligase (New England Biolabs) were used according to supplier’s instructions. 

When necessary, DNA concentration was determined by spectrophotometry using NanoDrop® ND-

1100 Spectrophotometer (Thermo Scientific). Samples purity was evaluated based on A260/A280 ratio. 
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Construction of E. coli strains carrying multiple crtS sites 

E. coli strains carrying 1, 2, 3 and 4 crtS sites are derivatives of E. coli MG1655. These strains were 

constructed by homologous recombination using the suicide plasmid pMP7. In all cases the crtS site 

was designed to be inserted in intergenic zones of inversely oriented ORFs to avoid gene or operon 

interruption (Fig. 28).  PCR products carrying the crtS site and the two flanking 1 kb homology regions 

were generated by two-step PCR and cloned in pMP7 by Gibson Assembly. The mixture was then 

transformed into the Π3813 cloning strain. After screening, the pMP7 derivatives carrying crtS they 

were introduced in the conjugative strain β3914.  

The transfer and further integration of the pMP7 derivatives in the MG1655 strain was performed by 

conjugation. For the conjugation step, the donor (β3914) and the recipient (MG1655) strains were 

grown overnight with the corresponding antibiotics and other additives (Chloramphenicol, DAP and 

glucose for the donor strain). After the overnight growth the cultures were diluted 100-fold on the 

respective medium (DAP and glucose for the donor strain) and grown until an OD600 of 0,4 – 0,5. 

Then, 1 mL of donor and 1 mL of recipient cultures were mixed, centrifuged, and the pellet was 

spread on a 0,45 μm filter placed on a plate supplemented with DAP and glucose for an overnight 

conjugation. The filter was then resuspended in 5 mL of medium, after which serial 1:10 dilutions 

were spread on plates supplemented with chloramphenicol and glucose to select for integration 

events. 

Integration of the pMP7 at the desired genomic positions of MG1655 was checked by PCR. In order 

to get rid of the plasmid backbone to generate a scarless insertion, the integrants were plated on 

arabinose-containing plates after growth on liquid medium supplemented with glucose. Arabinose 

induces the expression of the CcdB toxin, whose gene which is under the control of the PBAD 

promoter, and only the cells that have lost the plasmid backbone will survive. The excision step 

either originates WT clones (revertants) or clones carrying the crtS site at the desired location. The 

correct insertion was verified by PCR and further sequencing of the insertion locus.  
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Figure 28. Chromosome map of the E. coli strains carrying multiple crtS sites. crtS is indicated by the yellow 

stars.  

Construction of the V. cholerae crtS mutants 

V. cholerae crtS mutants were constructed either using the co-transformation method (Dalia et al., 

2014) or the Tn7 transposition system (McKenzie and Craig, 2006). 

- Genome editing by co-transformation 

To insert point mutations in crtS, chitin-induced V. cholerae competent cells were co-transformed 

with a PCR product carrying the mutation of interest and a PCR-generated antibiotic resistance 

cassette, both flanked by 3-kb homology arms. The antibiotic cassette was designed to be inserted in 

a neutral region of the genome, whereas the mutated crtS sequences replace the native crtS site by 

homologous recombination (Fig. 29A).  The neutral locus targeted with the antibiotic cassette was 

the intergenic region between the convergent genes VC1902 and VC1903. We have previously 

observed that insertions at this region do not affect cell’s physiology. 

The preparation of chitin-induced competent cells and subsequent co-transformation was performed 

by adapting the procedure described in Dalia et al., 2014. After an overnight growth in LB at 30ºC, V. 

cholerae cultures were diluted in LB and grown at 30ºC with shaking. When the OD600 reached 0,4-

1,0, 1 mL of the culture was washed in the same volume of IO (7 g/L Instant Ocean sea salts 

(Aquarium systems)) and resuspended to an OD600 of 1,0 in IO. Then, 100 μL of the cell suspension 

was mixed with 900 μL of chitin slurry (6 mg of chitin powder from shrimp cells (Sigma-Aldrich) per 

mL of IO) and incubated statically at 30ºC for 16 to 24h. After this period, 550 μL of supernatant were 
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removed without disturbing the settled chitin and the DNA was added. All the PCR products, i. e., the 

fragment carrying the crtS mutated site and the antibiotic-resistance cassette, were added to the 

transformation reaction at a final concentration of 3 μg/mL. The reaction mixtures were incubated at 

30ºC for an additional 16 to 24 h in the presence of the DNA. After this, 1 mL of LB was added to the 

reaction and the cells were incubated at 30ºC with shaking for 2-5 h. This step allows the “resolution” 

and segregation of the mutations making sure that each colony will be clonal. The cell suspension 

was plated on media supplemented with spectinomycin and incubated at 30ºC overnight. 

Spectinomycin resistant clones were screened by PCR and point mutations on crtS were confirmed by 

sequencing of the insertion locus. Approximately 50% of the spectinomycin resistant clones carried 

the mutation of interest in crtS. 

- Tn7 transposition 

Previous Tn7 systems have been developed (McKenzie and Craig, 2006), however we have optimized 

this tool to increase its efficacy.  For this we built a helper plasmid, pMVM1, carrying the TnsABCD 

transposases involved in the transposition event; and a shuttle plasmid, pMVM5, carrying the 

sequence to be transposed flanked by the terminal repeats of the Tn7 (Fig. 29B). The mutated crtS 

sites (crtS*) were cloned between the Tn7 recombination sites contained in the pMVM5 shuttle 

vector. crtS*-containing shuttle vectors were conjugated in the recipient strain (MV250) already 

harbouring the pMVM1 helper plasmid. For the conjugation, the donor (B3914) and the recipient 

(MV250::pMVM1) strains were grown overnight at 37ºC and 30ºC, respectively, with the 

corresponding antibiotics and other supplements (kanamycin, spectinomycin and DAP for the donor; 

and carbenicillin for the recipient). After the overnight growth, the cultures were diluted 100-fold on 

the same media without antibiotics and supplemented with arabinose for the recipient strain. When 

the cultures reached an OD600 of 0,4 – 0,5, 1 mL of the donor and 1 mL of the recipient cultures 

were mixed and centrifuged. The resultant pellet was spread on a 0,45 μm filter placed on a plate 

supplemented with DAP and arabinose for a 4h conjugation at 30ºC. The filter was then resuspended 

in 5 mL of LB and serial 1:10 dilutions were plated on spectinomycin-containing plates, which were 

incubated overnight at 42ºC. The temperature switch to 42ºC allows the loss of the pMVM1 helper 

plasmid. The spectinomycin-resistant clones were screened by PCR to check the crtS* insertion at the 

attTn7 site and crtS point mutations were verified by sequencing. Once the mutated crtS sites were 

inserted at the attTn7 generating MV250-Tn7::crtS* strain, the native crtS was excised by FLP-FRT 

recombination. For this, a Flipase-enconding plasmid, pMP108, was conjugated in the MV250-

Tn7::crtS* strain following a similar conjugation procedure as the one described above. After 

conjugation, the flipase expression was induced by growing the strains in the presence of arabinose. 
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Serial dilutions were then spread on plates without any antibiotic. The excision of the native crtS was 

checked by the loss of the rifampicin resistance and by PCR.   

 

Figure 29. Construction of crtS mutants by targeted mutagenesis approaches. (A) Generation of crtS mutants by 
natural co-transformation. Briefly, a PCR fragment carrying each crtS mutation is co-transformed with a PCR-
generated antibiotic resistance cassette into chitin-induced V. cholerae cells. After selection, approximately 
50% of the spectinomycin resistant cells carry a mutation in crtS. (B) Insertion of crtS mutated sites at the V. 
cholerae attTn7 site. The integration at the attTn7 is mediated by the TnsABCD transposases carried in the 
thermo-sensitive helper plasmid pMVM1. The TnsABCD transposases recognize the Tn7 elements flanking 
crtS*-aadA7 on the shuttle-plasmid pMVM5::crtS* and promote its transposition into the chromosome of the 
recipient strain (MV250). The shuttle plasmid is not able to replicate in V. cholerae, being rapidly lost, while the 
helper plasmid is thermo-sensitive, being cured by switching the temperature to 42ºC. The red star/crtS* refers 
to mutated crtS sequences. 
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Plasmid stability assays 

Plasmid stability assays were performed by growing bacteria in MH at 37°C under agitation for 60 or 

80 generations. For this, each culture was diluted in fresh medium every morning and every evening, 

allowing the cells to grow for 10 generations between dilutions. Based on the volume of the media in 

the tubes, we used a 1:1024 dilution factor to obtain growth for 10 generations (as Volume = 2n, 

with n = #of generations of bacteria). (We added 39,1 μL from the 10-1 dilution of the saturated 

culture to 4 mL of fresh medium). Every morning, serial dilutions (10-4, 10-5, 10-6) of the saturated 

cultures were plated on non-selective media (MH). After an overnight incubation at 37ºC, 100 clones 

were streaked on MH and MH + chloramphenicol to determine the number of plasmid-containing 

bacteria. The plasmid kinetics was obtained by plotting the percentage of plasmid-containing cells at 

each time point against the number of generations. 

Digital PCR quantification of DNA loci 

E. coli and V. cholerae genomic DNA (gDNA) extraction was performed using the DNeasy® Tissue Kit 

(Qiagen) from 1 mL of a stationary phase culture (non-replicating). To measure the pORI2 copy 

number in E. coli, gDNA was digested with DraI before the PCR quantification. PCR reactions were 

done with 0,1 ng of gDNA using the PerfeCta Multiplex qPCR ToughMix (Quanta Biosciences) within 

Sapphire chips. Digital PCR was conducted on a Naica Geode (programmed to perform the sample 

partitioning step into droplets, followed by the thermal cycling program: 95ºC for 10 minutes, 

followed by 45 cycles of 95ºC for 10 seconds and 60ºC for 15 seconds). Image acquisition was 

performed using the Naica Prims3 reader. Images were then analysed using the Crystal Reader (total 

droplet enumeration and droplet quality control) and the Crystal Miner software (extracted 

fluorescence values for each droplet). 
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Table 2. Bacterial strains used in this study. 

E. coli 

Name Relevant genotype/Feature Source 

Π3813 B462 ΔthyA::(erm-pir116) 
Le Roux et al., 

2007 

Β3914 Β2163 gyrA462 zei-298::Tn10 
Le Roux et al., 

2007 

MG1655 E. coli K-12 F-λ-ilvG-rfb-50 rph-1 Lab stock 

MG1655-1-crtS MG1655 lacZ::crtS170bp This study 

MG1655-2-
crtS(L/R) 

MG1655 lacZ::crtS170bp – [hycI-crtS-ascB] This study 

MG1655-2-
crtS(R/R) 

MG1655 lacZ::crtS170bp – [yaiL-crtS-frmB] This study 

MG1655-3-crtS MG1655 lacZ::crtS170bp – [hycI-crtS-ascB] – [yaiL-crtS-frmB] This study 

MG1655-4-crtS 
MG1655 lacZ::crtS170bp – [hycI-crtS-ascB] – [yaiL-crtS-frmB] – [hypF-crtS-
ygbD] 

This study 

 

V. cholerae 

Name Relevant genotype/Features Source 

WT 
N16961rep: Vibrio cholerae serotype O1 biotype El Tor strain N16961 – 
repaired for hapR 

Kühn et al., 
2014 

N16961 
ChapRΔlacZ 

N16961 ChapRΔlacZ Val et al., 2012 

C667 
N16961 ChapRΔlacZΔcrtS with 2 separated chromosomes (before 
experimental evolution) 

This study 

C667-EV C667 after ~200 generations (experimental evolution) This study 

C926 
N16961 ChapRΔlacZΔcrtS with a single fused chromosome (before 
experimental evolution) 

This study 

C926-EV C926 after ~200 generations (experimental evolution) This study 

WT-aadA7 
WT-aadA7, spectinomycin resistance cassette used for natural co-
transformation to co-select for point mutations elsewhere in the 
genome 

This study 

MV250 
N16961 rep carrying crtS site flanked by FRT sites (crtS excision using 
Flippase) 

This study 

crtSmut1 
Point mutation in the GAATATGT motif to GAAGGTGT in crtS by co-
transformation with aadA7 

This study 

crtSmut2* 
Point mutation in the ATATGTAAC motif to ATAAAAAAC in crtS by Tn7 
transposition 

This study 

crtSmut3 
Point mutation in the TGTAACTT motif to TGTCGCTT  in crtS by co-
transformation with aadA7 

This study 

crtSmut4 
Point mutation in the CTTATGCTT motif to CTTCCCCTT in crtS by co-
transformation with aadA7 

This study 

crtSmut5* 
Point mutation in the TGCTTTCGG motif to TGCGGGCGG in crtS by Tn7 
transposition 

This study 

crtSmut6 
Point mutation in the TGGGTGGTT motif to TGGAAAGTT in crtS by co-
transformation with aadA7 

This study 

crtSmut8 
Point mutation in the AGTTCTTTT motif to AGTGGGTTT in crtS by co-
transformation with aadA7 

This study 

crtSmut9 
Point mutation in the TTAAAATTGA motif to TTAGCCGTGA in crtS by co-
transformation with aadA7 

This study 

crtSmut10 Point mutation in the GATTTTTATTCT motif to GATAAAATATCT in crtS This study 
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by co-transformation with aadA7 

crtSmut11 
Point mutation in the ATTGAAATGC motif to ATTCTTTTGC in crtS by co-
transformation with aadA7 

This study 

crtSmut12 
Point mutation in the AATGCAGAA motif to AATCGTGAA in crtS by co-
transformation with aadA7 

This study 

crtSmut13 
Point mutation in the CAGAATAT motif to CAGTTTAT in crtS by co-
transformation with aadA7 

This study 

crtSmut16 
Point mutation in the AATTGAA motif to AATCGAA in crtS by co-
transformation with aadA7 

This study 

crtSmut17 
Point mutation in the AAATGCA motif to AAACGCA in crtS by co-
transformation with aadA7 

This study 

crtSmut18 
Point mutation in the GCAGAAT motif to GCAAAAT in crtS by co-
transformation with aadA7 

This study 

crtSmut19 
Point mutation in the TAACTTAT motif to TAAAGTAT in crtS by co-
transformation with aadA7 

This study 

crtSmut20 
Point mutation in the ATGCTTT motif to ATGATTT in crtS by co-
transformation with aadA7 

This study 

crtSmut21 
Point mutation in the TTTCGGTGG motif to TTTTAATGG in crtS by co-
transformation with aadA7 

This study 

crtSmut22 
Point mutation in the CGGTGGGTG motif to CGGACAGTG in crtS by co-
transformation with aadA7 

This study 

crtSmut25 
Point mutation in the TAAAAGTTC motif to TAA-CTTTC in crtS by co-
transformation with aadA7 

This study 

crtSmut27 
Point mutation in the TTGTTTTTAGA motif to TTGGGGGGAGA in crtS by 
co-transformation with aadA7 

This study 

crtSmut28* 
Point mutation in the TTTAGATTTT motif to TTTTCTATTT in crtS by Tn7 
transposition 

This study 

crtSmut29* 
Point mutation in the TATTCTTTTT motif to TATAGAATTT in crtS by Tn7 
transposition 

This study 

crtSmut30* 
Point mutation in the CTTTTTAAAA motif to CTTAAATAAA in crtS by Tn7 
transposition 

This study 

crtSmut31* 
Point mutation in the TTAAAAT motif to TTATAAT in crtS by Tn7 
transposition 

This study 

crtSmut32* 
Point mutation in the AAATGCA motif to AAA-GCA in crtS by Tn7 
transposition 

This study 

crtSmut33* 
Point mutation in the ACTTATG motif to ACTAATG in crtS by Tn7 
transposition 

This study 

crtSmut33ΔT* 
Point mutation in the ACTTATG motif to ACT-ATG in crtS by Tn7 
transposition 

This study 

crtSmut34* 
Point mutation in the CTTATGC motif to CTTCTGC in crtS by Tn7 
transposition 

This study 

crtSmut35* 
Point mutation in the TTTCGGT motif to TTTGGGT in crtS by Tn7 
transposition 

This study 
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Table 3. Plasmids used in this study. 

Name Relevant genotype/Features Source 

pMVM1 Tn7 helper – oripSC101 repAts oriTRP4 araC PBAD-tnsABCD; bla This study 

pMVM5 Tn7 shuttle – pSW29T::[Tn7R-aadA7-MCS-Tn7L] This study 

pMP108 oripSC101 repA oriTRP4 araC PBAD-flp; bla This study 

pUC18 oriColE1; bla Lab stock 

pFM1 pUC18::crtS flanked by 3 kb homology regions on each site This study 

pFM2 pUC18::crtSmut1 flanked by 3 kb homology regions on each site This study 

pFM3 pUC18::crtSmut3 flanked by 3 kb homology regions on each site This study 

pFM4 pUC18::crtSmut4 flanked by 3 kb homology regions on each site This study 

pFM5 pUC18::crtSmut6 flanked by 3 kb homology regions on each site This study 

pFM6 pUC18::crtSmut8 flanked by 3 kb homology regions on each site This study 

pFM7 pUC18::crtSmut9 flanked by 3 kb homology regions on each site This study 

pFM8 pUC18::crtSmut10 flanked by 3 kb homology regions on each site This study 

pFM9 pUC18::crtSmut11 flanked by 3 kb homology regions on each site This study 

pFM10 pUC18::crtSmut12 flanked by 3 kb homology regions on each site This study 

pFM11 pUC18::crtSmut13 flanked by 3 kb homology regions on each site This study 

pFM12 pUC18::crtSmut16 flanked by 3 kb homology regions on each site This study 

pFM13 pUC18::crtSmut17 flanked by 3 kb homology regions on each site This study 

pFM14 pUC18::crtSmut18 flanked by 3 kb homology regions on each site This study 

pFM15 pUC18::crtSmut19 flanked by 3 kb homology regions on each site This study 

pFM16 pUC18::crtSmut20 flanked by 3 kb homology regions on each site This study 

pFM17 pUC18::crtSmut21 flanked by 3 kb homology regions on each site This study 

pFM18 pUC18::crtSmut22 flanked by 3 kb homology regions on each site This study 

pFM19 pUC18::crtSmut25 flanked by 3 kb homology regions on each site This study 

pFM20 pUC18::crtSmut27 flanked by 3 kb homology regions on each site This study 

pFM21 pMVM5::crtSmut2 This study 

pFM22 pMVM5::crtSmut5 This study 

pFM23 pMVM5::crtSmut28 This study 

pFM24 pMVM5::crtSmut29 This study 

pFM25 pMVM5::crtSmut30 This study 

pFM26 pMVM5::crtSmut31 This study 

pFM27 pMVM5::crtSmut32 This study 

pFM28 pMVM5::crtSmut33 This study 

pFM29 pMVM5::crtSmut33ΔT This study 

pFM30 pMVM5::crtSmut34 This study 

pFM31 pMVM5::crtSmut35 This study 
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