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Abstract

The study of chromosome segregation is currently one of the most exciting research frontiers in 

cell biology. In this review, we discuss our current knowledge of the chromosome segregation 

process in Vibrio cholerae, based primarily on findings from fluorescence microscopy 

experiments. This bacterium is of special interest because of its eukaryotic feature of having a 

divided genome, a feature shared with 10% of known bacteria. We also discuss how the 

segregation mechanisms of V. cholerae compare with those in other bacteria, and highlight some 

of the remaining questions regarding the process of bacterial chromosome segregation.

Introduction

The three main events of the cell cycle are chromosome replication, chromosome 

segregation, and cell division. Coordination of these processes is essential for efficient 

maintenance of the genome during cell proliferation. Because these processes are 

functionally integrated, an effective understanding of any one of them is only possible in the 

context of the other events of the cell cycle. Therefore, in our discussion of chromosome 

segregation we try to make connections to chromosome replication and cell division.

In bacteria, chromosome segregation is not as well understood as chromosome replication 

and cell division. In eukaryotes, chromosomes can be visualized using a simple microscope, 

and mitosis was described more than a century ago. In contrast, visualization of 

chromosome dynamics in bacteria was realized only a decade or two ago with the 

introduction of fluorescence microscopy, which allowed visualization of smaller objects 

such as specific proteins and DNA loci [Webb et al., 1997]. It is now clear that even in 

apparently compartment-less organisms such as bacteria, there is considerable spatio-

temporal order in the organization and segregation of chromosomes [Niki H et al., 2000; 

Possoz et al., 2012; Wang et al., 2013; Wiggins et al., 2010]. These cytological studies are 

also contributing to the understanding of how the segregation process is coordinated with 

chromosome replication and cell division. Just as great strides in molecular biology and 

biochemistry owe a great deal to X-ray crystallography for the discovery of DNA structure, 

the illumination of the inner workings of the bacterial cell in space and time, and “bacterial 

mitosis” in particular, owe a great deal to fluorescence microscopy.
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Segregation of V. cholerae chromosomes

V. cholerae is closely related to Escherichia coli except that the V. cholerae genome is 

divided into two chromosomes, chr1 and chr2. The close relationship has contributed both 

conceptually and experimentally to studies in V. cholerae and has made it the leading system 

for studying chromosome dynamics in bacteria with divided genomes.

The two chromosomes of V. cholerae are circular, ~3 (chr1) and 1.1 (chr2) Mbp long. The 

replication systems of chr1 and chr2 are distinct from each other and regulated by replicon-

specific initiators, similarly to the situation for the E. coli chromosome and one of its 

plasmid, P1 [Egan and Waldor, 2003]. Both chromosomes encode the three-component 

parABS segregation system. This system was first discovered and studied in plasmids, and is 

found in the chromosomes of about 70% of sequenced bacteria [Gerdes et al., 2000; Livny et 

al., 2007]. The parABS system allows active mobilization of centromeric sites, which 

comprise the parS component. ParB is a parS-specific DNA- binding protein and ParA is an 

ATPase that activates segregation. Although the par systems in general are highly 

homologous, including the ones in V. cholerae (parABS1 and parABS2) [Gerdes et al., 

2000], they function in a chromosome-specific fashion [Dubarry et al., 2006; Kadoya et al., 

2011; Saint-Dic et al., 2006]. Underlying this specificity are differences in parS sequences 

that ensure binding to cognate ParB proteins [Yamaichi et al., 2007a]. The ParB-parS 

complexes in turn also recognize their cognate ParA partner through specific protein-protein 

interactions [Radnedge et al., 1998].

The choreography of chromosome dynamics in V. cholerae has been studied in live cells by 

tagging chromosomal loci with either operator arrays or the plasmid ParB-parS systems 

[David et al., 2014; Fiebig et al., 2006; Fogel and Waldor, 2006; Srivastava and Chattoraj, 

2007]. The localization patterns of parS sites (and the nearby origin region) are different for 

the two chromosomes. In newborn cells that are obtained under slow growth conditions, the 

chr1 origin ori1 is found near the old pole. After duplication, ori1 copies segregate 

asymmetrically; one ori1 stays at the pole of duplication and the other moves to the opposite 

pole in a directed fashion, a process requiring hydrolysis of ParA1-bound ATP (Figure 1) 

[Fogel and Waldor, 2006]. In contrast, the chr2 origin ori2 is found at midcell. After 

duplication, ori2 copies segregate symmetrically to cell-quarter positions in a parAB2-

dependent fashion [Yamaichi et al., 2007b]. Under rapid growth conditions, cells are born 

with two copies of ori1, one at each pole, but with one ori2 at midcell [Srivastava and 

Chattoraj, 2007]. Initiation from ori1 occurs from both poles and segregation of the 

duplicated copies appears similar in the two halves of the cell. The old and the new pole 

therefore appear equally efficient in initiating replication and segregating the sisters. This is 

noteworthy because in Caulobacter crescentus, whose chromosomal origin also migrates 

from one pole to the other pole, only the origin at the old pole fires in the next rounds 

[Sliusarenko et al., 2011]. This is rationalized from the fact that two cell-halves of C. 

crescentus have distinct behavioral characteristics, which is not the case in V. cholerae. The 

higher number of ori1 over ori2 (ori1:ori2::2:1) in V. cholerae at fast growth rates is 

expected because the time to replicate the larger chr1 but not the smaller chr2 exceeds the 

cell generation time [Skarstad et al., 1985; Srivastava and Chattoraj, 2007; Stokke et al., 

2011].
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Chromosome segregation studies have revealed that the origin is the first region that 

segregates, even in bacteria that do not have parABS system, and this is believed to set the 

course of separation for the remainder of the chromosome [Wang et al., 2013]. The region 

where replication terminates (ter) has also drawn special attention because its segregation 

makes room for cell division. Complete segregation of sister chromosomes clears the 

midcell area and allows septum closure without steric hindrance from the nucleoid [Bernard 

et al., 2010; Cambridge et al., 2013]. In newborn V. cholerae cells, the chr1 ter (ter1) is 

found at the new pole opposite to the pole where ori1 is found (Figure 1) [Srivastava et al., 

2006]. The ter1 region then gradually migrates to the midcell in older cells, where following 

replication the copies remain together until the time of septum closure. In contrast, the 

duplicated copies of chr2 ter (ter2), which are formed at about the same time as ter1 

[Rasmussen et al., 2007], can segregate away from the midcell significantly before septum 

formation. However, in a significant fraction of cells, ter2 copies also remain together at the 

midcell until the time of septum closure, similar to the ter1 copies.

The reason for the heterogeneous behavior of ter2 and the basis for the different timing of 

separation of ter1 and ter2 appear to be due to the differential role that the MatP/matS 

system plays at the two termini [Demarre et al., 2014]. The MatP/matS system was 

discovered in E. coli and is specifically involved in organizing the ter region [Mercier et al., 

2008]. The E. coli chromosome appears to be divided into a few large domains 

(macrodomains), (connect to the Waldminshaus review) one of which encompasses the ter 

region [Mercier et al., 2008; Valens et al., 2004]. Special sites (matS) in the ter 

macrodomain bind MatP, which causes compaction of the region, and in E. coli, tethers the 

domain to the closing division septum [Bailey et al., 2014]. V. cholerae has MatP, and both 

ter1 and ter2 regions have matS sites [Demarre et al., 2014]. Without MatP both ter regions 

show segregation earlier than the onset of septal closing. The significance of the differential 

behavior of ter1 and ter2 remains to be understood. It is an intriguing issue for future 

investigation, given the timing and locations of replication termination are so similar for 

chr1 and chr2.

The segregation of the bulk of the chromosome has also been followed in some bacterial 

species, including V. cholerae [David et al., 2014]. The location of markers between ori and 

ter determines the overall topology of the chromosomes both during and between replication 

phases. In both chr1 and chr2, markers on the two replichores (the halves of the 

chromosome between ori and ter loci) are arranged along the longitudinal axis of the cell 

(Figure 2) [David et al., 2014]. The order of location of the markers follows the order in 

which they are present on the chromosome, and the markers segregate sequentially as they 

are replicated. Orientation of chr1 is dictated by parS1. When parS1 is displaced to an 

ectopic locus, it still migrates to the pole, causing rotation of the bulk of the chromosome. 

An exception is the ter1 region that retains its normal midcell location when parS1 is 

misplaced. As mentioned earlier, the ter region is specifically controlled by the MatP/matS 

system, which probably confines it to the midcell irrespective of the pull from parS1. 

Displacing parS also rotates the C. crescentus chromosome, including the ter region 

[Umbarger et al., 2011]. The rotation of ter was possibly because there is no MatP/matS 

system in C. crescentus.
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The location of chromosome-wide markers also indicated the relative positions of the two V. 

cholerae chromosomes. In newborn cells, chr1 extends over the entire cell length, whereas 

chr2 occupies only the cell-half containing the new pole (Figure 2). Chr2 thus overlaps the 

terminal half of chr1. Naked DNA occupies <1% of cell space, although the nucleoid could 

occupy ~75% of the cell space [Fisher et al., 2013]. Whether the overlap between the 

chromosomes causes any steric hindrance for their independent segregation remains to be 

addressed. Demixing of the two chromosomes is expected from entropic reasons [Jun and 

Wright, 2010]. Other forces (e.g., anchoring of parS and ter) might be at work as well.

Generality in chromosome segregation systems

Chromosome segregation has been studied in many bacterial species, to varying depth: 

Bacillus subtilis [Wang et al., 2014a], C. crescentus [Viollier et al., 2004], E. coli [Nielsen et 

al., 2006; Wang et al., 2006], Helicobacter pylori [Sharma et al., 2014], Pseudomonas 

aeruginosa [Vallet-Gely and Boccard, 2013], Streptomyces coelicolor (only ori region)

[Jakimowicz et al., 2007] and Myxococcus xanthus (only ori region)[Harms et al., 2013]. 

Although these bacteria belong to different phyla, their segregation systems appear to have a 

lot in common. First, wherever tested the chromosomal loci are found to have fixed 

addresses and the overall loci organization changes during replication/segregation in a 

reproducible manner. Second, the chromosomal loci segregate sequentially as they are 

replicated [David et al., 2014; Vallet-Gely and Boccard, 2013; Viollier et al., 2004; Wang et 

al., 2006]. (An exception is found in E. coli where some loci stay together longer than others 

[Bates and Kleckner, 2005; Joshi et al., 2013].) Third, the two chromosomal arms flanking 

ori (the replichores) overlap over their entire length. An exception is seen in E. coli, where 

the replicores stay away from each other in separate cell halves under slow growth 

conditions (Figure 2). However, in fast growth conditions, the replichores overlap even in E. 

coli [Youngren et al., 2014]. Recently, the two patterns of replichore orientations, 

overlapping vs. non-overlapping, were found to occur at different stages of the same 

replication cycle in B. subtilis [Wang et al., 2014a]. When overlapping, the daughter 

chromosomes show mirror symmetry in the mother cell, whereas when non-overlapping, 

they are directly repeated [Wang et al., 2006]. Fourth, the parAB genes show a remarkable 

degree of conservation [Gerdes et al., 2000]. The parS sites are also conserved or have 

undergone minor changes [Lin and Grossman, 1998; Livny et al., 2007; Passot et al., 2012]. 

When present, the parABS system makes at least some contribution to the segregation 

process. Fifth, the parAB genes as well as multiple parS sites (up to about 10) are found 

close to the replication origin. The origin region is the only one that is actively segregated in 

a directed manner, both in parABS dependent and independent systems. In dependent 

systems, the parS sites migrate ahead of the origin [Fogel and Waldor, 2006; Yamaichi et 

al., 2012]. Finally, the segregation process is interfaced with other cell cycle events, 

particularly cell division, discussed below under “Chromosome segregation and the cell 

cycle”.

The “spindle” pole

It is to be expected that the segregation process should not only move the chromosomal loci 

to their designated addresses, but also retain them after the segregation completes. Although 
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no specific host factors have been found in plasmid segregation and positioning, in the case 

of chromosomes there are several examples of proteins that appear to tether segregated parS 

regions to cell poles, including the parS region of chr1 [Yamaichi et al., 2012]. A 

transmembrane polar protein, HubP, directly interacts with ParA1. Since ParA1 interacts 

with the ParB1-parS1 complexe, the HubP-ParA1 interaction helps to retain the parS region 

at the pole. A similar mechanism operates in C. crescentus, where a polar protein, PopZ, 

directly interacts with the ParB-parS complex and anchors parS to the pole [Bowman et al., 

2008; Ebersbach et al., 2008]. An anchoring mechanism was described even earlier in 

sporulating B. subtilis, in which there are several centromeric sites in and around the origin 

where the ParB analog RacA binds. RacA interacts with the polar protein DivIVA, which 

localizes itself by recognizing the negative curvature of the pole [Ben-Yehuda et al., 2005; 

Lenarcic et al., 2009; Ramamurthi and Losick, 2009]. DivIVA also participates in 

chromosome segregation in another Gram-positive bacterium, Corynebacterium glutamicum 

[Donovan et al., 2012]. In S. coelicolor, ParA interacts with a polar protein, Scy, to 

coordinate segregation with growth [Ditkowski et al., 2013].

Models for segregation mechanism

Several models for active segregation of chromosomes have been proposed [Wang et al., 

2013]. Here, we discuss the ones that are germane to centromere movement. The 

centromeres of V. cholerae chr1 appear to segregate by a mitosis-like pulling mechanism 

[Fogel and Waldor, 2006]. A similar mechanism seems to operate in C. crescentus, where 

chromosome segregation has been studied in the most detail [Lim et al., 2014; Ptacin et al., 

2014; Shebelut et al., 2010]. In both organisms, the origins travel from one pole to the other 

with the help of parABS systems and are anchored by polar proteins, HubP in V. cholerae 

[Yamaichi et al., 2012], and PopZ and TipN in C. crescentus [Bowman et al., 2008; 

Ebersbach et al., 2008; Schofield et al., 2010] (Figure 1). The poleward movement requires 

hydrolysis of ParA-bound ATP [Fogel and Waldor, 2006; Ptacin et al., 2010; Schofield et 

al., 2010]. A model invoking pulling by ParA has also been described for M. xanthus, 

although in this system the origins stay a bit removed from the pole (Figure 2) [Harms et al., 

2013].

The pulling mechanism appears to involve retraction of the ParA “cloud” towards the new 

pole. ParA-ATP concentrates (forms a “cloud”) at the pole, particularly the new pole, due to 

its attraction for proteins, such as PopZ and HubP, which are concentrated more at the new 

pole (Figure 1). Interaction of the ParB bound centromeres with ParA-ATP hydrolyzes ATP, 

and this is believed to dissolve the cloud frontier and the retracting cloud causes a 

directional movement of the centromeres towards the pole. The directional retraction 

mechanism includes features of the diffusion-ratchet model proposed for plasmid 

movement, where the ParA-ATP is attracted to the nucleoid (rather than to polar proteins) 

due to non-specific DNA binding activity of ParA-ATP [Hwang et al., 2013; Ptacin et al., 

2014; Szardenings et al., 2011; Vecchiarelli et al., 2013]. The ParA-ATP cloud serves as a 

matrix for ParB-bound plasmid movement because interaction of plasmid-bound ParB with 

ParA-ATP stimulates the release of ParA-ATP from DNA, which is likely to be coupled to 

ParB-stimulated ATP-hydrolysis by ParA. Rebinding of ParA to DNA requires not only 

ATP binding but also a conformational change of ParA-ATP, which is a slow step. The time 
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delay prevents ParA from rebinding the nucleoid in the vicinity of the ParB-bound plasmid. 

The resulting ParA gradient that surrounds the ParB-bound plasmid allows it to drift with 

bias towards locations on the nucleoid where ParA-ATP concentrations are higher. (Note 

that the time delay is directly related to forming the ParA gradient, not force generation. It is 

the ParA gradient that is directly related to the force generation mechanism.) The model 

adequately explains maximal separation of plasmids away from each other.

In principle, ParB-bound chromosomal centromeres can also surf on a nucleoid associated 

ParA gradient, depleting ParA from the old to the new pole direction as segregation 

proceeds. For this mechanism to be effective, the released ParA should not readily rebind 

(back track) to the depleted regions of the nucleoid towards the old pole. It appears that in C. 

crescentus, the polar proteins PopZ and TipN sequester released ParA molecules and 

thereby favor directional movement of the centromeres [Ptacin et al., 2014; Schofield et al., 

2010]. In V. cholerae, it is not known whether HubP has a similar sequestering function. 

Backtracking would also be discouraged if the reactivation rate of released ParA to a DNA-

binding competent state is slow, the key feature of the diffusion- ratchet model. Prevention 

of backtracking must be efficient because the ParB1/parS1 complex is found at the leading 

edge of the nucleoid, significantly ahead of the nearby chromosomal region, and the 

poleward retraction of ParA1 coincides with ParB1/parS1 movement [Fogel and Waldor, 

2006]. These facts were initially accommodated in a model wherein ParA1 polymerizes to 

form filaments (rather than a cloud), which are bound to HubP at one end and depolymerize 

from the ParB1/parS1 bound end [Fogel and Waldor, 2006]. At present, the evidence for 

ParA polymerization is generally clear only in vitro, not in vivo [Vecchiarelli et al., 2012]. 

Also, filament formation may not be obligatory since a concentration gradient of ParA 

dimers or small oligomers with maximal density at the new pole could also explain the 

results. The latter scenario is more likely because ParA appears as a cloud in most cases, and 

a recent high-resolution study in C. crescentus has argued convincingly against the existence 

of filaments [Lim et al., 2014]. It is noteworthy that the movement of chromosomal parS 

sites in the polar region is unlikely to be due to cloud formation over the nucleoid because 

the polar regions are usually devoid of DNA due to exclusion from polysomes [Bakshi et al., 

2012] and because parS1 moves significantly ahead of the nearby chromosomal regions in 

V. cholerae [Fogel and Waldor, 2006]. The ParA1 cloud formation in the DNA-free polar 

region most likely owes to polar proteins (Figure 1).

The recent C. crescentus study also found the cloud-based diffusion-rachet model to be 

inadequate to account for the speed of ParB-parS movement, and proposed that the 

movement is aided by the chromosomal DNA itself because of its elastic nature. The idea 

here is that ParA bound to the chromosome pushes the ParB-parS complex from one point to 

another (“DNA-relay”) when the stretched (elastic) chromosomal regions relax. Thus a 

combination of diffusion-ratchet and intrinsic chromosome dynamics seems to account for 

the speed, while the burden of providing the direction of movement still rests with the ParA 

concentration gradient.

Which aspects of these mechanisms are general and which are particular to certain systems 

need to be established. The DNA-relay model was proposed on the basis that ParA is static 

on DNA and the ParA concentration is particularly low (90 dimers per cell) in C. crescentus 
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[Lim et al., 2014]. If these are not generally found, other mechanisms might exist. V. 

cholerae chr1 is less dependent on par than the C. crescentus chromosome. The 

Caulobacter origin travels no more than 40% of the cell length without par [Shebelut et al., 

2010; Toro et al., 2008]. In contrast, V. cholerae chr1 origin travels about 80% of cell length 

without par1 [Fogel and Waldor, 2006; Kadoya et al., 2011]. In V. cholerae, the role of par1 

appears to be only in anchoring the centromere to the pole at the final step of segregation. V. 

cholerae and C. crescentus also differ in another respect: Whereas C. crescentus depends on 

ParB to sequester MipZ, a potent cell division inhibitor [Thanbichler and Shapiro, 2006], 

par1 is not essential for V. cholerae. This bacterium does not have MipZ and therefore may 

not need ParB1 to allow cell division.

Unlike par1, par2 (parABS2) is essential for segregation of V. cholerae chr2 [Yamaichi et 

al., 2007b]. Although the overall organization and segregation program of chr2 are known, 

the mechanism of segregation is not [Demarre et al., 2014; Fiebig et al., 2006; Fogel and 

Waldor, 2006; Srivastava and Chattoraj, 2007]. In particular, the mechanisms underlying the 

directionality of centromere movement and retention of the centromeres once they reach 

their destination in cell-quarter positions remain to be determined (Figure 2). Since the 

location of markers in chr2 follows their order on the chromosome, it should be actively 

organized as in chr1. It is to be noted that although chr2 is believed to have originated from 

a plasmid, the maintenance mode of chr2, particularly its replication, is typical of 

chromosomes rather than plasmids. Whereas both the timing of replication initiation and 

centromere movement are random for plasmids [Leonard and Helmstetter, 1988; Sengupta 

et al., 2010], chr2 replication starts at a fixed time in the cell cycle that might well depend on 

the timing of chr1 replication, and the sister origins progressively separate away from each 

other [Baek and Chattoraj, 2014; Fiebig A et al., 2006; Fogel and Waldor, 2005; Rasmussen 

et al., 2007; Srivastava and Chattoraj, 2007]. Because the plasmid diffusion-ratchet 

mechanism accounts for directional movement over a short range only, it may not be 

adequate to explain the ordered movement of chr2 over a quarter of cell-length.

Competition (incompatibility) between chr1 and chr2 for segregation

Mis-segregation of chromosomes in eukaryotes is avoided through sister-chromatid-

cohesion, and sensing of tension from microtubules pulling the sister centromeres towards 

the opposite spindle poles. There is no competition among the chromosomes because the 

cell-cycle specific factors that participate in segregation, such as cohesins and microtubules 

are apparently not limiting. From studies in a few bacteria with a multipartite genome (V. 

cholerae, Burkhoderia cenocepacia [Dubarry et al., 2006], B. cereus [Deghelt et al., 2014]) 

it is becoming clear that the factors that control chromosome replication and segregation are 

chromosome specific, whereas in eukaryotes they are not. It has been well established that 

by encoding specific control factors, plasmids avoid competition (incompatibility) with the 

host as well as with other plasmids if they happen to be present in the same bacterium. This 

principle of coexistence of different plasmids with each other and the host chromosome has 

been retained in bacteria with a multipartite genome. This is to be expected since in these 

bacteria the largest chromosome is equivalent to the single chromosome of bacteria with 

undivided genomes, and the other (smaller) chromosomes appear to have originated from 

plasmids [Egan et al., 2005]. In the plasmid to chromosome transition, the plasmid-like 
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strategy for avoiding incompatibility has apparently been retained. It is worth noting that 

overlapping binding specificities have been discerned among the ParBs and centromeres of 

the Burkholderiales multipartite genomes [Passot et al., 2012]. The binding affinities, 

however, differ widely, and this might suffice to avoid incompatibility in this system.

Par-independent segregation of chr1

About 30% of sequenced bacteria do not have par genes, including E. coli. How 

chromosomes move in these bacteria is not clear. Even the bacteria that do have par genes 

(e.g., B. subtilis) may not require them for chromosome segregation. The same can be said 

for V. cholerae chr1. In the absence of par1, chr1 segregation appears normal except that the 

mean position of centromeres becomes ~10% further removed from the pole [Fogel and 

Waldor, 2006; Kadoya et al., 2011]. These results indicate that the separation of the 

duplicated ori1 and their pole-ward migration can occur independently of the par1 system. 

This initial par-independent and subsequent par-dependent migration is also true for the C. 

crescentus chromosome except that the par-dependent step is more extensive, as discussed 

above [Kadoya et al., 2011; Shebelut et al., 2010]. A recent study indicates that the origin 

region could provide the centromeric function in the absence of par1 in V. cholerae [David 

et al., 2014]. This was evident when an extra ori1 was placed in chr1 distal to the native 

ori1. Either one of the origins could go to the pole indicating that the origin activity suffices 

for polar segregation. Notably, parS1 is dominant over ori1: when both are present, parS1 

occupies the polar position.

Chromosome segregation and the cell cycle

Accumulating evidence supports a connection between chromosome replication, segregation 

and cell division in many bacteria, including in V. cholerae.

Connection of replication to segregation is suggested by the proximity of parS sites to ori 

[Livny et al., 2007] and co-replicational segregation of replicated regions [David et al., 

2014]. The free energy of DNA polymerization could be a source of motive force for 

bidirectional segregation of newly replicated sister DNA [Lemon and Grossman, 2001]. 

Similarly, the “snap”-mediated build-up of tension due to ongoing replication could be 

another source of force to push sisters apart when the tension is released [Joshi et al., 2013]. 

As discussed above, the best evidence for replication contributing to segregation has come 

from recent evidence that V. cholerae ori1 can fulfill centromeric function in the absence of 

par1 [David et al., 2014]. We note that the role of the origin as centromere was initially 

tested in E. coli and was considered unlikely [Gordon et al., 2002]. Another link between 

replication and segregation is the fact that the V. cholerae chr2 replication initiator, RctB, 

regulates the chr2 par operon [Yamaichi et al., 2011].

The evidence for segregation proteins influencing replication is more direct. In B. subtilis 

and Streptococcus pneumonia, ParB organizes the replication origin by loading a condensin 

protein in the vicinity the origin [Gruber and Errington, 2009; Minnen et al., 2011; Sullivan 

et al., 2009; Wang et al., 2014b]. ParA controls the activity of DnaA and thereby controls 

replication initiation in B. subtilis, and in V. cholerae for chr1 [Kadoya et al., 2011; 

Scholefield et al., 2012]. V. cholerae ParB2 also controls replication of chr2 using two 
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separate mechanisms [Venkova-Canova et al., 2013; Yamaichi et al., 2011]. It is noteworthy 

that Par proteins control replication by targeting the most important regulators of replication, 

the DnaA initiator for chr1 and the B. subtilis chromosome, and the RctB initiator for chr2. 

The proximity of centromeres advances replication timing in several eukaryotes [Tanaka et 

al., 2013]. Recently, one of the replication initiator proteins (Orc1) was shown to control 

centriole duplication [Hossain and Stillman, 2012]. It is only a matter of time before more 

connections like these will be evident.

There is also considerable evidence for coordination between segregation and cell division. 

Nucleoid occlusion directly prevents cytokinesis in B. subtilis and E. coli [Bernard et al., 

2010; Cambridge et al., 2013]. The ter macrodomain at the cell center may also serve as a 

landmark for the formation of the septal ring [Bailey et al., 2014]. The best evidence so far 

has come from studies in C. crescentus, where sequestration of the cell division inhibitor, 

MipZ, by ParB is required for cell viability [Thanbichler and Shapiro, 2006]. This has been 

one of the most insightful findings in understanding how the sequence of the three basic cell 

cycle processes can be coordinated. Only upon replication initiation and segregation of the 

origins to the poles can MipZ be sequestered away from the midcell, allowing FtsZ 

polymerization at the right place (midcell) and at the right time (only after ensuring that 

replication and segregation have initiated). Clear evidence has also come from the finding 

that the ter macrodomain organizer MatP interacts with ZapB, a component of the cell 

division apparatus of E. coli [Espeli et al., 2012]. Since V. cholerae has MatP and both ter1 

and ter2 regions contain matS sites, both chromosomes might interface with the cell division 

apparatus [Demarre et al., 2014].

Future

Since the discovery in plasmids of ParA and ParB proteins and the finding that they serve 

motor function and kinetochore formation, respectively, the search has been on for the 

missing components of the mitotic apparatus, the spindle. It was expected that the host 

might provide an equivalent of the spindle to be used as tracks for plasmid segregation. 

However, no convincing evidence of host factor participation was obtained. The plasmid 

segregation models can now explain how segregation can be achieved without requiring 

additional proteins, although some plasmid segregation systems do require the help from the 

nucleoid [Hester and Lutkenhaus, 2007; Szardenings et al., 2011]. However, there is more 

order in chromosome segregation than is the case for plasmid segregation, and there is 

evidence that additional factors (MipZ, TipN, PopZ, HubP) play crucial roles in ordered 

segregation of the chromosome. Initial studies using bacterial and yeast two-hybrid systems 

in V. cholerae have indicated that there are proteins other than HubP that interact with both 

ParA and ParB [Baek et al., 2014]. The interactions need to be authenticated and their 

physiological significance determined. These studies are likely to help understand how the 

different cell cycle processes are coordinated.

Segregation falls in the general category of pattern formation and theories on biological 

pattern formation have been considered to explain plasmid segregation. The most recent 

among them is the diffusion-ratchet mechanism [Meinhardt and Gierer, 2000; Vecchiarelli 

et al., 2010]. As mentioned earlier, the diffusion-ratchet mechanism has also been invoked to 
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explain chromosome segregation [Lim et al., 2014; Ptacin et al., 2014]. In this context, it 

would be of interest to know the reactivation rate of inactive ParA in vitro, which is the 

essence of the diffusion-ratchet model, and how the chromosomal Par proteins compare with 

their plasmid counterparts in making ParA-free zones on the nucleoid. In other words, can 

the nucleoid be used as scaffold for its own segregation?

Chromosome segregation is a multistep process that includes not only motion but 

condensation (keeping the chromosome bulk together), anchoring of centromeres, clearing 

the nucleoids from midcell and coordination with the cell cycle. Understanding how 

chromosomal markers move in a directional fashion is the most pressing problem 

confronting the chromosome segregation field. Tracking the mover ParA in space and time 

and at super-resolution is crucial for a deeper understanding of the dynamics. Use of 

superresolution microscopy to measure the diffusion rate of ParA molecules (free and 

nucleoid bound, as has been done for RNA polymerase [Bakshi et al., 2013]) is in order. 

Efforts have already begun in C. crescentus [Lim et al., 2014; Ptacin et al., 2014] and it 

remains to be seen how closely the V. cholerae segregation system resembles that of C. 

crescentus.

Understanding the basis of par-independent segregation is more challenging. From the 

examples in Figure 2, it appears that movement towards the pole is an inherent feature of the 

origin region. Determining the role of replication in segregation appears to be the first order 

of business. The exciting possibility that a completely new mechanism may await discovery 

is also there.

The levels of Par proteins are crucial in thinking about segregation models [Lim et al., 

2014], especially as overexpression of par genes is often detrimental [Kadoya et al., 2011; 

Mohl and Gober, 1997; Schofield et al., 2010]. The regulation of chromosomal par genes 

are generally not known except in some isolated cases [Casart et al., 2008]. In plasmids, the 

parAB genes form an autoregulated operon, but this was not the case when chromosomal 

par genes were tested in P. aeruginosa and in V. cholerae for chr1 [Baek et al., 2014; 

Bartosik et al., 2014]. Whether and how par genes of chr1 are regulated remains to be 

determined. Studies in both P. aeruginosa and V. cholerae also showed that Par proteins 

directly or indirectly control several other genes apparently unrelated to segregation. The 

mechanism of this regulation remains totally unknown and its understanding may reveal 

how Par proteins play their wider role in bacteria.

Cohesins play major and variable roles in mitosis and meiosis [Tanaka et al., 2013]. 

Although cohesins per se have not been found in bacteria, a similar role of lesser duration 

could be played by SeqA [Joshi et al., 2013; Stokke et al., 2011]. SeqA has been found to 

affect segregation and cell division over and above its role in replication in V. cholerae 

[Demarre and Chattoraj DK, 2010; Saint-Dic et al., 2008]. The condensins on the other hand 

(e.g., MukB in E. coli and SMC in B. subtilis) could play significant role in cell cycle events 

(connect to Graumann and Rybenkov reviews)[Danilova et al., 2007; Gruber and Errington, 

2009; Sullivan et al., 2009]. Unexpectedly, the role of MukB does not appear critical for V. 

cholerae, although this remains to be further studied [Davis et al., 2014].
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Cell division requires clearing the midcell region of chromosomal DNA [Bernard et al., 

2010; Cambridge et al., 2013]. This is a rather intricate process, requiring not only 

completion of replication but also decatenation of the sisters, resolution of dimers that 

occasionally form when sisters recombine, and organization of the ter macrodomain. These 

processes are fundamental prerequisites for cytokinesis (connect to Cornet review) and, 

although not yet demonstrated, must be operating on both chromosomes of V. cholerae.

V. cholerae provides the opportunity to examine the behavior of two distinct chromosomal 

maintenance systems operating in the same environment. It is not known whether the 

presence of one chromosome influences the segregation of the other. We know only that 

preventing chr2 replication does not influence chr1 replication or segregation [Kadoya and 

Chattoraj, 2012]. V. cholerae strains are available with largescale rearrangement of the 

genome [Val et al., 2012]. Segregation studies in these cells could reveal whether the 

chromosomal bulk causes any steric hindrance to segregation. These cells are also of interest 

for investigating whether a divided genome has helped in chromosome segregation, as has 

been argued [Srivastava and Chattoraj, 2007].
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Figure 1. 
Model of parABS-mediated segregation of V. cholerae chr1. The chromosome is represented 

by an ellipse, whose major axis has the ParB1 bound centromere (B) at one end and the 

replication terminus region (capped) at the other. In newborn cells, the centromere is found 

anchored to the old pole by the HubP (P) trans-membrane polar protein via ParB1, ParA1 

and HubP interactions. ParA1 is shown as a cloud whose density is maximal near the pole. 

After replication initiation and duplication of the nearby centromeric region, one of the 

daughter centromeres migrates towards the new pole where ParA1 is present at higher 

concentration, shown by a larger cloud. The cloud meets the ParB1/parS1 centromeric 

complex when replication elongation has progressed further. The complex is then rapidly 

pulled to the pole by retraction of the ParA1 cloud. In predivisional (mother) cells, the 

terminus region is found together at midcell. Adapted from [Fogel and Waldor, 2006; 

Srivastava et al., 2006; Yamaichi et al., 2012].
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Figure 2. 
Spatial arrangement of chromosomes in newborn bacterial cells. Note that the locations of 

origin/parS region (B) and the terminus region (capped) can vary in different bacteria. In E. 

coli, the terminus region is compacted by the MatP/matS system but the region also must 

extend to join the two arms (replichores) of the chromosome, which do not overlap under 

slow growth conditions. The junctions are indicated by thinner lines. In other examples, the 

replichores overlap over their entire length. Some other noteworthy features are as follows. 

The second (smaller) chromosomes in V. cholerae and in B. abortus are located differently 

[Deghelt et al., 2014]. The extra lines in B. abortus next to the centromere and the terminus 

indicate that their locations are not that fixed and move around their mean positions a bit. In 

P. aeruginosa, the origin and terminus regions are more compacted than in other bacteria 

[Vallet-Gely and Boccard F, 2013]. Both regions are also more removed from the poles. In 

M. xanthus, the regions are also removed from the pole. It is worth noting that centromeres 

are poleward in all examples (an exception is E. coli which may not have a centromere).
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