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Abstract

Bacteria are unicellular organisms that do not show compartmentalization of the genetic material
and other cellular organelles as seen in higher organisms. Earlier, bacterial genomes were
defined as single circular chromosome and extrachromosomal plasmids. Recently many bacteria
are found harboring multipartite genome system and the numbers of copies of genome elements
including chromosomes vary from one to several per cell. Interestingly it is noticed that majority
of multipartite genome harboring bacteria are either stress tolerant or pathogens. Further, it is
observed that the secondary genomes in these bacteria encode proteins that are involved in
bacterial genome maintenance and also contribute to higher stress tolerance and pathogenicity in
pathogenic bacteria. Surprisingly, in some bacteria the genes encoding the proteins of classical
homologous recombination pathways are present only on the secondary chromosomes, and some
do not have either of the classical homologous recombination pathways. This review highlights
the presence of ploidy and multipartite genomes in bacterial system, the underlying mechanisms
of genome maintenance and the possibilities of these features contributing to higher abiotic and
biotic stress tolerance in these bacteria.

2

Brief account on bacterial genome systems

Mostly bacteria harbor single circular chromosome as primary genetic material and plasmids as
extrachromosomal genome elements. Chromosomes encode proteins required for essential
functions like cell division, DNA replication, translation etc., and therefore are indispensable.
Physical organization of these elements is found to be different in different bacteria studied. In
majority cases circular chromosome and plasmids are located separately in the cell, but in some
bacteria including Deinococcus radiodurans the genome is packaged together in form of a highly
compact nucleoid structures (Minsky et al. 2006). Although not fully understood, the negative
supercoiling by topoisomerases and DNA condensation by structural proteins like H-NS, IHF,
Hu etc. contribute to genome compactness in bacteria. Negative supercoiling also favours DNA
unwinding and thus regulates many cellular processes including DNA-protein interaction in vivo.
The structural repertoire of DNA-binding proteins varies with growth rate and is associated with
the topological remodelling of the nucleoid, which could further contribute to the survival of
these organisms under adverse conditions.

Genome duplication and segregation are vital processes that ensure the stable transmission of
genetic materials to daughter cells. The basic mechanism of genome segregation is relatively
better understood in eukaryotes where the chromosome duplication, segregation and cell division
are temporally separated (Yanagida 2005). Chromosomes are duplicated in S phase and remain
together till G2 phase and partitioning occurs in M phase. This ensures that every cell has
acquired at least one set of chromosomes. A large number of proteins involved in replication and
segregation were characterized and their roles in eukaryotic genome segregation are better
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described. Centromere is a region where two identical sister chromatids come close in contact
and microtubule filaments interact with the centromere sequence binding proteins and separates
sister chromatids to opposite pole by a series of events and finally cells divide. However in
bacteria the genome partitioning mechanisms are not fully known. The interdependent regulation
of DNA duplication, segregation and cytokinesis has been fairly worked out in some rod shaped
bacteria harboring single circular chromosome and low copy plasmids. Recent advances in
genome sequencing technology helped in discovering bacterial genomes beyond a set paradigm.
Further this knowledge may help in understanding the mechanisms underlying both abiotic stress
tolerance and biotic stress tolerance particularly in pathogenic bacteria. In this review we have
made a good attempt and brought forth some useful information from the literatures, particularly
for the readers who may like to revisit the understanding of bacterial genome biology for both
basic and applied research.

Bacteria harboring multipartite genome and their occurrence

Since the discovery of DNA structure by 1950 to 1980, it was largely believed that bacteria have
single circular chromosome (Jacob et al. 1963). In the late 1980s, it was reported that in certain
bacteria, the DNA content per cell is more than one chromosome. Now it is known that many
bacterial genomes consist of more than one chromosome and megaplasmid. In general, the
primary chromosome is larger and tends to have significantly more conserved housekeeping
genes encoding core cellular functions and a greater conservation of the contents. On the other
hand, the secondary genome elements show a greater variability and encode accessory functions
associated with adaptation and survival in different niches and largely contribute to stress
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tolerance (Holden et al. 2004; Lykidis et al. 2010; Cooper et al. 2010). The secondary
chromosomes are normally smaller than primary chromosome (Prozorov 2008). These can also
encode some essential elements required for survival under both normal as well as stressed
conditions, and in many cases these have been found indispensable like primary chromosome.
Theoretically, the additional chromosomes can originate by mechanisms like split of a single
chromosome, chromosome duplication or acquisition of a large plasmid with essential genes.
The similarity in the origin of replication between some secondary chromosomes and plasmids
supports the greater possibility of secondary chromosomes evolution through plasmids acquiring
some essential genes for its prolonged maintenance (Egan et al. 2005).

The first report of MGH system came in 1989 when pulsed-field gel electrophoresis studies
showed that the genome of Rhodobacter sphaeroides, a phototrophic alphaproteobacterium,
contains two circular chromosomes and five large plasmids (Suwanto and Kaplan 1989). The
genome sequencing has revealed that many bacteria have multipartite genome system with more
than one chromosome and large plasmids. It is also noticed that almost all multipartite genome
harboring bacteria are either pathogenic to animals, human and plants or confer higher tolerance
to abiotic stresses (Table 1.0). At the same time there are many pathogenic and symbiotic
bacteria that have single circular chromosome as their genetic material. Presently, the
cytogenetic features and cellular organization of multipartite genome elements are better known
in only a few multipartite genome-harbouring (MGH) bacteria such as Vibrio cholerae,
Burkholderia cenocepacia and D. radiodurans. The alphaproteobacteria like brucellas; B.
melitensis, B. abortus, B. suis and B. ovis, Ochrobacterium anthropi (Jumas-Bilak et al. 1998)
and plant pathogen; A. tumefaciens, A. rubi (Allardet-Servent et al. 1993) have MGH system
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(Table 1). Among betaproteobacteria, Burkholderia (earlier known as Pseudomonas) was
reported for the presence of additional chromosomes as part of their genome (Cheng and Lessie
1994). Three circular chromosomes have been reported in the species of the Burkholderia
cepacia complex (Bcc). The members of Bcc include both plant pathogens and opportunistic
human pathogens of patients with cystic fibrosis (Komatsu et al. 2003; Nierman et al. 2004;
Holden et al. 2004) and maintain all the three chromosomes independently (Komatsu et al. 2003;
Holden et al. 2009; Agnili et al. 2012). Among gammaproteobacteria, the first report on the
genomic composition of vibrios came in 1998 and 1999 from Vibrio cholerae, which showed the
presence of 2 circular chromosomes (Trucksis et al. 1998; Yamaichi et al. 1999; Okada et al.
2005). Later on, many vibrios and related bacteria belonging to gammaproteobacteria were found
to contain additional chromosomes in their genomic composition (Okada et al. 2005 and Table 1
therein). In V. cholerae, both chromosomes carry their nearly non-redundant and independent
machinery for genome duplication and segregation (Fogel and Waldor 2005; 2006). D.
radiodurans has multipartite genome system with ploidy and all molecules seem to be packaged
in form of a highly compact single doughnut-shaped toroidal nucleoid (Minsky et al. 2006). The
nucleoid of Thermus aquaticus is uncondensed and distributed throughout the cytosol nearly
similar to that of E. coli (Zimmerman and Battista 2005). Nucleoid of Rubrobacter radiotolernas
appears to be highly compact but does not have any fixed shape and most of these cells contain
more than 2 different nucleoid structures.
Mechanism of bacterial genome segregation
Mechanisms of bacterial genome segregation have been modeled mostly based on the findings
from bacteria that harbor single circular chromosome and low copy plasmid(s). Initially it was
believed that the segregation of duplicated chromosome is a passive process, which later on
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found to be a highly dynamic and regulated process (Jensen and Shapiro 1999). However the
driving force or tension required for bringing bacterial chromosomes steadily apart was
intriguing. Later on, the characterization of conditional mutants led to the identification of many
factors or proteins that are involved in active genome partitioning in bacteria (Jensen and Shapiro
1999). Several mechanisms that could explain bacterial genome segregation have been reviewed
in detail (Errington et al. 2005; Leonard et al. 2005; Eagan et al. 2005, Ringgaard et al. 2009,
Gerdes et al., 2010, Hatano and Niki 2010) and are out of the scope of this review. For the
benefit of the readers to understand the subject covered in this review we have briefly
summarised the various aspects of tripartite genome segregation system (TGS). The TGS was
initially identified in plasmids and later on in chromosomes of Bacillus subtilis and Caulobater
crescentus. TGS comprises of two trans-acting factors like ParA (or ParA-like) and ParB (or
ParB-like) proteins and one cis element called centromeric sequences. ParAs or its homologues
are NTPase while ParBs or its homologues are centromere-binding proteins in bacteria. ParA
homologs are both structurally and functionally diverse in bacteria. Genetic organization of TGS
components defers from genome to genome and that tentatively defines three types of bacterial
genome partitioning systems such as Type I, Type II and Type III (Fig 1). Functional
homologues of these elements are present on both plasmids and chromosomes in different
bacteria. Some of these have been functionally characterized and are listed in (Table 2). The
centromeric sequences are different in different plasmids and chromosomes. General mechanism
of segregation involves the sequence specific interaction of ParB proteins with centromeric
sequences to form the nucleoprotein complexes. ParA proteins interact with respective ParBcentromere nucleoprotein complex. The polymerization and depolymerization dynamics of
different ParAs (NTPase protein) are differentially regulated upon their interaction with
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respective centromere-ParB nucleoprotein complex and ATP. Based on the mode of actions of
ParA proteins, three types of mechanisms for bacterial genome segregations have been
characterized. The pulling mechanism, a predominant mechanism of bacterial genome
segregation (Fig 2) involves P- loop ATPase having Walker type or its deviant motif. These
ATPases have been reported in plasmids like P1, F, pB171, pTAR and pTP228 and in the
chromosomes of many bacteria. These ATPases differ in their sizes and that would account their
different mechanisms of action as elaborated in (Gerdes et al. 2010). Some bacteria where
mechanisms of action of TGS components are different from that of those involved in pulling
mechanism, they apparently follow other mechanisms like pushing mechanisms (Fig. 3) and
Tram model (Fig. 4) (Ebersbach and Gerdes 2005; Schumacher 2007, Larsen et al. 2007; Ni et
al. 2010). There are bacteria whose genomes do not encode the typical TGS and in such cases
the molecular basis of genome partitioning would be different. For instance, E. coli chromosome
does not encode typical TGS and various mechanisms have been proposed. Recently, MatP and
matS system has been discovered and shown to be involved in partitioning of duplicated circular
chromosome. It was observed that 800 kb region in ter macrodomain of E. coli chromosome
contains 23 direct repeats of a 13 bp long sequence called matS (Mercier et al. 2008). MatP
protein binds to matS and helps in segregation. MatP also interacts with FtsZ through cell
division regulatory protein ZapB (Espeli et al. 2012) and suggests being a protein that regulates
the interdependence of cell division and genome segregation in E. coli.
Genome partitioning system in MGH bacteria
Molecular mechanisms underlying evolution, maintenance of multipartite genome system, its
inheritance into daughter cells, maintenance of ploidy and the functional significance of
multipartite genomes are some exciting areas in prokaryotic genome biology and would be worth
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studying. A large number of genes repeated on different genome elements can cause genetic
redundancy and would have equipped these bacteria for better resistance to DNA assaults. The
understanding of genome maintenance in these bacteria would help in unearthing the molecular
basis of stress tolerance and possibly bacterial pathogenesis. The primary chromosome in almost
all MGH bacteria contains parAB operon type genetic organization of Par proteins. In addition,
these bacteria also encode orphan ParAs and ParBs proteins in their primary chromosome (Table
S1). Very interestingly the secondary genome elements in many MGH bacteria do not contain
ParA and ParB homologs (Table 3). Some bacteria like Agrobacterium vitis S4, Brucella canis,
B. ovis ATCC 25840, B. pinnipedialis B2/94, Burkholderia pseudomallei Strain MSHR30, B.
thailandensis MSMB121, Cyanothece, Ochrobactrum intermedium, all the species of Prevotella,
Sphingobium japonicum UT26S and Variovorax paradoxus S110 do not have ParA and ParB
proteins on any of the secondary genome elements. Presence of TGS on secondary genome
elements and its absence on primary chromosome are intriguing and suspects some possible
cross-talks of secondary genome segregation elements with primary chromosome segregation
and would be worth understanding. Direct repeats located near the putative ori regions and
upstream to parAB operon may work as potential centromers for genome partitioning. Among
different MGH bacteria, the limited studies on genome partitioning have been carried out in V.
cholerae, D. radiodurans, Thermus thermophilus and B. cenocepacia. V. cholerae harbors two
chromosomes, chromosome I (2,961,149 bp) and chromosome II (1,072,315bp), and each
encodes independent partition system (Egan et al. 2005). Genetic and microscopic studies show
that chromosome I is localized at ¾th position from the cell pole and chromosome II in the midcell position. They follow bidirectional yet asymmetric chromosome segregation. Interestingly,
the partitioning systems in both chromosomes are non redundant and segregate independently
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(Fogel and Waldor 2005). In vivo interaction of ParA protein of chromosome I with its cognate
ParB-parS complex and regulation of its activity suggests a pulling type mechanism for
chromosome I segregation (Fogel and Waldor 2006). Unlike chromosome I which has one parS
site, chromosome II has nine repeats in parS (parS2) (Yamaichi et al. 2007). Functional
interaction of ParA of chromosome II (ParA2) with DNA is different from ParA of chromosome
I (ParA1), and ParA2 does not complement ParA1 loss in V. cholerae. The cystic fibrosis
pathogen B. cenocepacia genome comprises three chromosomes and one low copy plasmid. A
single parABS system is present near the origin of each replicon. ParA and ParB of the largest
chromosome are phylogenetically similar to primary chromosome in other bacteria but are
distinct from ParAs encoded on secondary genome elements. Plasmid stabilization test in E. coli
showed that each parAB exhibits partitioning activity only with its cognate parS (Dubarry et al.
2006). This study concluded that the functions of parABS system are independently regulated on
individual genome elements and the expression of parAB operons of smaller chromosome and
plasmid are autoregulated in this bacterium (Dubarry et al. 2006). Notably, ParB of chromosome
3 binds specifically to the centromeres of all the genome elements in spite of great sequence
diversity. Based on these results and other evidences, investigators suggested that the ancestral
features in genome partitioning are preserved during evolution at least in B. cenocepacia (Passot
et al. 2012). The T. thermophilus genome consists of a chromosome (1.85 Mb), a megaplasmid
pTT27 (0.26 Mb), a plasmid pTT8 (9.3 kb) and each of them is present in multiple copies
(Ohtani et al. 2010). Each genome element encodes ParAB homologues. Using molecular
genetics and imaging approaches, it has been shown that par locus of chromosome is neither
required for chromosomal nor megaplasmid bulk DNA replication and segregation. However,
megaplasmid ‘Par’ system is needed for the proper replication and segregation of megaplasmid
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(Ohtani et al. 2015). This might suggest that chromosome segregation in T. thermophilus follows
some other mechanism. D. radiodurans is an extremotolerant bacterium and its multipartite
genome consists of chromosome I (2,648,638 bp), chromosome II (412,348 bp), a megaplasmid
(177,466 bp) and a small plasmid (45,704 bp) (White et al. 1999, Slade and Radman 2011; Misra
et al. 2013). This bacterium also confers ploidy with 4-8 copies of its genome per cell, which
vary in different growth phases. Recently chromosome I partitioning system was characterized
and centromeric sequences (segS) have been identified in chromosome I in D. radiodurans
(Charaka and Misra 2012). ParA and ParB proteins of chromosome I (termed ParA1 and ParB1)
are functionally characterized as non-specific DNA binding ATPase and centromere binding
protein, respectively. ParA1-GFP expressing in synthetic E. coli showed pole-to-pole oscillation
only when its cognate ParB1 and centromeric sequences are present. Furthermore, the ATPase
activity of ParA1 was stimulated in the presence of ParB-segS complex. These results together
suggest that the chromosome I segregation in this bacterium is likely following pulling
mechanism of genome segregation (Charaka and Misra 2012). ParA-GFP localization in D.
radiodurans was observed irrespective of ParB presence but genome segregation was
significantly affected in parB mutant. Although centromere sequences for secondary genome
elements are not known, over expression of ParA of chromosome II inhibited cell division in the
absence of its cognate member ParB in D. radiodurans as well as in synthetic E. coli expressing
ParA2 (Charaka et al. 2013). While roles of Par system in segregation of secondary genome
elements of D. radiodurans are not completely understood, PprA a pleiotropic protein of
chromosome II having role in radioresistance in D. radiodurans has also been implicated in cell
division and genome segregation (Kota et al. 2014, Devigne et al. 2013). The D. radiodurans
genome encodes topoisomerase IB (DrTopoIB) and both the subunits of DNA gyrase (DrGyr).
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Both physical and functional interactions of PprA with DrGyr and DrTopoIB have been shown
(Kota et al. 2014a, 2014b), which indicated the roles of PprA in cell division and genome
maintenance perhaps through modulating the functions of DNA topoisomerases (Kota et al.
2016, Devigne et al. 2016).
Stress tolerance determinants on secondary genome elements in MGH bacteria.

a) Stress kinases

The presence of stress sensor kinases in bacteria is attributed to their better stress tolerance.
Presence of protein kinases in the genomes of MGH bacteria was checked. Interestingly a large
number of protein kinases are also found on secondary genome elements in these bacteria (Table
S2). The histidine kinases and their cognate response regulators constituting the typical twocomponent system (TCS) are highest (Fig 5) followed by others including serine/threonine
protein kinases. In majority cases, abundance of these kinases was higher on the primary
chromosome as compared to secondary genome elements. However, in some MGH bacteria, the
numbers of ORFs encoding these protein kinases are relatively more on secondary chromosomes
and on plasmids. For instance, bacteria belonging to genus Burkholderia, Vibrio, Agrobacterium
and Rastolnia were found to have more number of protein kinases on their secondary genome
elements. The other members like Cupriavidus taiwanensis LMG 19424, Sinorhizobium meliloti,
Rhizobium sp. IRBG74, Photobacterium profundum SS9, Candidatus Chloracidobacterium
thermophilum, Anabaena, D. radiodurans also showed higher number of protein kinases on their
secondary genome elements. Notably, burkholderias and vibrios are mostly pathogens to
mammals, while Agrobacterium and Rastolnia are highly infectious to plants.
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Since TCS role as stress response regulator is well characterized, the presence of TCS
components on secondary genome elements should be an added advantage to the stress tolerance
in MGH bacteria (Fig 5). Peculiarly, Ser /Thr protein kinases (STPKs), aspartate and tyrosine
protein kinases are found to be distributed on both primary and secondary genome elements in
several MGH bacteria (Fig 6). However number of the STPKs and tyrosine kinases are lesser
than histidine kinases. The correlation between higher number of signaling kinases especially on
secondary genomes with pathogenesis and abiotic stress tolerance would be worth investigating.

b) Oxidative stress response genes

Bacteria exhibiting resistance to different stresses are known to have higher tolerance to
oxidative stress. Since, majority of the MGH bacteria are infectious, the possibility of these
having higher tolerance to oxidative stress would be anticipated. The distributions of known and
ubiquitous stress response proteins like OxyR, SoxRS, RpoS, catalases and superoxide
dismutases (SODs) on different genome elements have been reviewed in this article. Although
the distribution of OxyR, SoxRS, RpoS, catalases and SODs on primary or secondary genome
elements does not follow a pattern, a large number of ubiquitous antioxidant enzymes like
catalases and SODs are found on secondary genome elements (Table 4). For example, catalases
like Mn-catalase, KatA, KatE, KatG, KatN and superoxide dismutases like Mn-SODs, CuFeSOD and Mn-Fe SODs are mostly found on secondary genome elements. Although OxyR or
its homologs are mostly found on primary chromosome, some of the MGH bacteria also have the
additional copies of OxyR / SoxR on secondary genomes (Table 4). Similarly, DsqI and DqsR
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proteins are found in secondary genome elements. Some of them have both OxyR and SoxR
regulators on their secondary genome elements. Secondary genome also has RpoS, a stationary
phase sigma factor in many MGH bacteria. Although the oxidative stress management system in
these bacteria spread over all the genome, a large number of catalases and superoxide dismutases
are also there on their secondary genome elements. Earlier, it has been shown that catalases are
required to fight against the oxidative bursts of phagocytes in pathogenic bacteria (Ng et al.
2004; Cosgrove et al. 2007; Italiani et al. 2011). Although not studied in greater detail, plants
also exert hypersensitive response mainly through oxidative stress. The catalases in plant
pathogenic bacteria might play the same role in plant cell infection as articulated during the
infection of pathogenic bacteria to mammalian cells. These observations might together support
the hypothesis that secondary genome elements provide an additional dose of oxidative stress
management enzymes to fight against oxidative stress posed by the host system upon infection
by these bacteria.

c) DNA repair pathways

Bacterial cells exposed to stress conditions produce DNA damage. Since the majority of MGH
bacteria are stress tolerant, the possibility of these having efficient DNA repair mechanisms
encoded on secondary genome elements could be speculated. When the presence of DNA repair
and recombination proteins on secondary genome elements are searched, the distribution was
sporadic (Table 5). The genomes of majority MGH bacteria considered under this study, encode
for the components of RecF and RecBC types (RecBCD enzymes or AddAB enzymes)
homologous recombination pathways. Notably, however the genomes of some MGH bacteria
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such as Anabaena sp PCC 7120, C. chloracidobacterium thermophilum, C. taiwanensis LMG,
Cyanothece, D. radiodurans R1, P. dentalis DSM , P. intermedia, Pseudoalteromonas sp. SM9913, V.
paradoxus S110 , A. salmonicida, V. hollisae, do not encode RecBC or AddAB enzymes (Table 6). On

the other hand, there are MGH bacteria that harbor either RecBC or RecF recombination
pathway components (Table S3). For instance the genome of all species of Burkholderia except
B. pseudomallei strain MSHR305 encodes E. coli type RecB, RecC and RecD enzymes but not
RecF protein. Surprisingly there are bacteria like C. taiwanensis LMG 19424, R. eutropha
JMP134 (pJP4) and R. pickettii DTP0602 that have neither classical RecBC complex nor RecF
pathway enzymes of homologous recombination. The most puzzling information derived from
the analysis of annotated protein database of MGH bacteria is that the RecF pathway proteins are
found on secondary chromosome rather than primary chromosome in Prevotella sps like P.
dentalis DSM 3688, P. melaninogenica ATCC 25845 and P. intermedia and these bacteria do not
have LexA homologues on either of the chromosome. On the other hand genomes of all the
Vibrio species have both RecBC and RecF pathways components, RecA and RadA as well as
LexA. The MGH bacteria also have a large number of proteins involved in excision and
mismatch repair on their secondary genomes. Some bacteria have only one or two DNA repair
proteins on secondary genomes but these are regulatory in nature. For instance, the photolyase
(Phr) enzyme is found on secondary genome elements in B. xenovorans, Pseudoalteromonas
haloplanktis TAC125, V. fischeri ES114, O. intermedium, Anabaena, B. multivorans ATCC
17616, B. abortus A13334, B. pseudomallei strain MSHR305 and in some vibrio species. This
might suggest that the photoreactivation repair of UV damaged lesions is supported by secondary
genome elements in these bacteria. Similarly, Ku80 homologues are present in C. taiwanensis
LMG 19424, R. pickettii DTP0602, B. dolosa and R. eutropha JMP134 (pJP4). Thus,

15

thepossibility of cross talk between different homologous recombination pathways in the
regulation of multipartite genome maintenance cannot be ruled out in these bacteria. Earlier, the
role of RecBCD in plasmidic recombination leading to formation of plasmid multimers has been
shown (Mythili and Muniyappa 1993). D. radiodurans an MGH bacterium does not seem to
have RecBC recombination pathway and in trans expression of E. coli RecB and RecC
homologues made these cells sensitive to  radiation (Khairnar et al. 2008).

d) Pathogenic determinants on secondary genome elements

Molecular mechanisms underlying bacterial pathogenesis are not fully understood. However, we
searched some known virulence factors associated with the bacterial pathogenicity in the genome
of MGH bacteria. These include capsular polysaccharide (CPS) that confers resistance to
phagocytosis and serum killing, secretary systems, iron acquisition and extracellular enzymes
and toxins, proteins that control cell motility, type IV pilus formation and RTX toxin. The
presence of these pathogenicity markers if any on secondary genome elements was therefore,
reviewed in some notable pathogenic MGH bacteria.

The vibrios are well known human pathogens having multipartite genome system. The
pathogenic factors in V. cholerae are mainly distributed on its primary chromosome. However,
the chromosome II of this bacterium also encodes virulence factors like VCA0865 encoding for
hap a secretory haemagluttinin metalloprotease, VCA0219 for hlyA a secretory haemolysin with
enterotoxic activity, VCA0594 for hemolysin (hlx) and VCA0218 and VCA1111 for
thermolabile & thermostable hemolysin (tdh), respectively. In addition, Chr II in V. cholerae
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encodes haemagglutinin (VCA0446) and its associated protein (VCA0447), as well as other
hypothetical hemolysin and haemagglutinin type proteins etc., (Heidelberg et al. 2000).
Likewise, V. vulnificus YJ016 a highly invasive agent causing fulminant septicemia in humans
has multiple virulence factors like the capsular polysaccharide (CPS), five groups of genes (type
IV pilus, iron acquisition, extracellular enzyme and toxin, and RTX toxin on its secondary
chromosome (Chen et al. 2003). In addition to a cytolysin gene vvhA (VVA0965) uniquely
present only on small chromosome, it also encodes a metalloprotease (VVA1465), a
phospholipase (VVA0303), the clusters of RTX A-D homologues (VVA1030, VVA1032,
VVA1034, VVA1035, VVA1036) (Chen et al. 2003). V. fischeri is a symbiont in a few squids
and fishes and is non-pathogenic. It carries many homologs of toxin-encoding genes from vibrios
and the virulence factors are encoded on chromosome I (Ruby et al. 2005). Chromosome II
encodes Flp1 pilus and PilA2 pilus for efficient colonization by bacteria in light organ of the
host. In addition, the cholera toxin (CTX) phage-like mobile elements composed of 8 ORFs,
including four homologs of CTX-phage genes: cep, orfU, ace, and zot, and the majority of toxin
co-regulated pilus proteins (TCP) are encoded on chromosome II. The V. fischeri genome
contains 10 separate pilus gene clusters including eight type-IV pilus loci (5 on Chr I and 3 on
Chr II) and these are required for colonization and pathogenesis by this bacterium.

These features were also looked in the members of genus Burkholderia another potent human
pathogen that contains multipartite genome system. The distribution of pathogenic determinants
in most of the Burkholderia strains was found to be on secondary chromosomes. For instance, in
B. mallei 21 of 33 genes for nonribosomal peptide synthases and polyketide synthases that are
associated with virulence in this bacterium are located primarily in clusters on the smaller
chromosome (Neirman et al. 2004). The chr II of this bacterium encodes the enzymes that are
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involved in toxins and extracellular capsule production and also encodes a S. typhimurium-like
type III secretion system. When the genomes of 10 B. mallei strains (7 virulent strains and 3
avirulent strains tested in Syrian golden hamsters) were hybridized and compared, there are 162
genes which either diverged or absent in the avirulent isolates were present on both the
chromosomes of virulent strains. In B. pseudomallei K96243, the virulence functions are
encoded on the secondary genome. These include three sets of Type III secretion systems (TTS1,
BPSS1390–BPSS1408; TTS2, BPSS1613–BPSS1629; and TTS3, BPSS1543–BPSS1552), two
potential surface polysaccharide clusters (BPSS1825–BPSS1834 and BPSS0417–BPSS0429),
one of three phospholipases C (BPSS0067), metalloprotease A (BPSS1993) and a putative
collagenase (BPSS0666), few Hep-Hag repeat family proteins (BPSS0796, BPSS0908,
BPSS1434, and BPSS1439) that potentially modulate host cell interactions (Holden et al. 2004;
Chain

et al. 2006). The presence of both survival and virulence functions in the secondary

genome of this organism reflects the importance of secondary replicon in the survival and
success of such bacteria in different environments. The B. cenocepacia strain J2315 which is
more fatal, encodes the core functions (cell division, central metabolism, and other “housekeeping” functions) on chromosomes 1. However, chromosome 2 also encodes many potential
virulence factors like LPS and other surface polysaccharides biosynthesis (BCAL2402 to
BCAL2408; BCAL3110 to BCAL3125; BCAL1929 to BCAL1935), phospholipase C
(BCAL0443; BCAL1046; BCAM0408; BCAM1969; BCAM2429; BCAM2720), all types of
secretion system (Type I-Type VI) and quorum sensing genes like N-acylhomoserine lactone
regulons. Several proteins responsible for pilli formation, motility and adhesiveness of this
bacterium are also present on secondary genome elements (Holden et al. 2009).
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Leptospira interrogans, an obligately aerobic and tightly coiled spirochaete produces a fatal
medical pathology in human, leptospirosis. Leptospiras exhibit structural differences in the
carbohydrate moiety of LPS that determines antigenic diversity (Evangelista and Cobum 2010).
It contains multipartite genome system comprised of two chromosomes. Although most of the
genes required for growth and viability are located on Chr I, some pathogenic genes also lie on
Chr II (Ren et al. 2003). These include LPS, hemolysins, outer membrane proteins (OMPs),
chemotaxis system, sphingomyelinase like hemolysins (sph 1 and sphH) and four genes for nonsphingomyelinase like hemolysins (tlyA, hlyX, hlpA, hlyC) and host extra cellular matrix (ECM)
interacting system, which makes this bacterium most effective pathogen.

Since MGH group also includes plants pathogenic bacteria, the distribution of virulence factors
on secondary genome elements of these bacteria was analysed. It was observed that the
secondary genome elements like pSymA and pSymB in S. meliloti, a symbiont of the legume
alfalfa encode the majority of the proteins required for the symbiotic association with plants
(Galibert et al. 2001). These include ABC transporters (~12 % of whole genome) and regulatory
functions like LysR family, GntR regulators, histidine kinases, response regulators and
nucleotide cyclases that occupied ~8.7 % in whole genome.

In addition, genes for

exopolysaccharide synthesis, multidrug efflux permeases (SMb20345, SMb20346 and
SMb20698), putative acriflavine resistance proteins (acre; SMb21497 and acrF; SMb21498),
C4-dicarboxylate (dctA) and phosphate transport (phoCDET) as well as the complete nitrogen
fixation machinery including those required for N2-fixing root nodule formation (bacA) are
reported on pSymB (Finan et al. 2001). Similarly, A. tumefaciens a well-known plant pathogen
consists of a circular chromosome, a linear chromosome and two plasmids (pAtC58 and pTiC58)
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(Wood et al. 2001). All four replicons of A. tumefaciens contains orthologs of those present in S.
Meliloti pSymA and pSymB plasmids except nitrogen fixation operon fixNOQP of pSymA, on
the circular chromosome in A. tumefaciens. The presence of chvAB genes involved in the
synthesis of the extracellular β-1, 2-glucan for adhesion to plant cells on its primary
chromosome, the chvGI, chvE and ros genes involved in regulation of vir genes on Ti plasmid;
the chvD, chvH and acvB genes on linear chromosome (Goodner et al. 2001) have been found.
Ti plasmid encodes for proteins involved in virulence functions as well as control opines
metabolism during and after infections to plants. Interestingly, the linear chromosome of A.
tumefaciens encodes a highly potent virulence factor pectinase (kdgF). The presence of other
important factors like ligninase (ligE) on Ti plasmid, and xylanase as well as regulators of
pectinase and cellulase production (pecS / pecM) on circular chromosome has been observed.
These informations suggest that secondary genome elements with their higher copies in some
cases might provide the strong support to pathogenic bacteria to invade the host defense system
and causes pathoginicity.

Correlation between multipartite genome system and stress tolerance

Since the discovery of multipartite genome system and its biology in bacteria is relatively new,
the role of multipartite genome system and ploidy in bacterial response to various stresses is less
characterized. Conceptually, the genetic redundancy because of the ploidy and /or multiple
copies of a gene could provide substrates during the recombination repair of damaged DNA, and
that helps the organisms for maintaining genome integrity. Therefore, the possibility of higher
DNA damage tolerance in these bacteria if due to its multipartite genome and ploidy nature
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cannot be ruled out. Microscopic examination of different members of Deinococacceae family
showing almost similar levels of radioresistance and the D. radiodurans mutants that have
compromised radioresistance did not support this hypothesis. For instance, rec30 strain of D.
radiodurans is highly sensitive to  radiation but its ploidy and nucleoid structure did not change.
Furthermore, D. geothermalis and D. radiopugnans are as resistant to  radiation as D.
radiodurans but their nucleoid compactness differed widely (Ferreira et al. 1997). On the other
hand, D. geothermalis and D. pugnans as well as T. aquaticus and E. coli’s nucleoid are less
compact and have more fluid genome structure than D. radiodurans, also show different levels
of radioresistance.

Deletion of parABS system from the genome of bacteria harbouring single circular chromosome
had affected survival and growth characteristics of wild type cells (Lasocki et al. 2007, Donovan
et al. 2010, Donczew et al. 2016). Genome partitioning mechanisms in four MGH bacteria have
been studied as described above. ParB1 and ParB2 have been deleted from the chromosome I
and II in V. cholerae and the roles of these proteins in polarization of respective chromosomal
ori regions have been shown (Kadoya et al. 2011; Fiebig et al. 2006; Yamaichi et al. 2007).
When pathogenesis of these mutants was checked, interestingly it was observed that both ParBs
in V. cholerae controls respective chromosome segregation. These cells loose many
characteristics linked to the pathology of V. cholerae like arrest of growth after one cycle of
division, cell enlargement, nucleoid condensation, degradation and loss of membrane integrity
(Yamaichi et al. 2007). However, the absence of ParA1 did not affect segregation of
chromosome I. Transcriptome analysis and the screening of genes responsible for pathogenesis
in V. cholerae showed that quite a large number of proteins that are involved in bacterial
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pathogenesis are encoded on chromosome II (Kamp et al. 2013). D. radiodurans harbors 2
chromosomes and 2 plasmids. ParBs of chromosome II and megaplasmid were deleted and
deletion mutants show loss of respective genome elements. These cells also significantly
compromised radioresistance and oxidative stress tolerance as compared to wild type D.
radiodurans (H. S. Misra, G K Maurya and V. K. Charaka, unpublished data). The parB1 mutant
of D. radiodurans showed growth defect and prolonged cell division (Charaka et al. 2014). In
case of B. cepacia, the chromosome 3 (C3) deletion mutant was isolated through transposon
mutagenesis and this mutant becomes non-infectious to Caenorhabditis elegans (Agnili et al.
2012). When C3 based mini-chromosome was constructed and used for curing chromosome 3 in
several strains of B. cepacia complex species, all C3-null mutants lost virulence in multiple
infection hosts. From these available evidences it appears that secondary genome elements that
could be either extra chromosomes or plasmids do not seem to be required for normal growth of
MGH bacteria but might contribute in stress tolerance and pathogenesis.

Concluding remarks and future perspectives

Like bacteria harboring single circular chromosome, MGH bacteria also encode ‘Par’ protein
homologues of tripartite partitioning systems. The centromeric sequences have not been
identified in most of MGH bacteria except in case of V. cholerae, D. radiodurans and B.
cenocepacia where genome segregation mechanisms have been partly studied. Primary
chromosome in these three MGH bacteria appears to segregate through pulling mechanism. Not
much has been studied about the segregation mechanism of secondary chromosomes and
plasmids. Primary chromosome in MGH bacteria is nearly similar to the chromosome of the
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single chromosome harboring bacteria, particularly for the genes encoded on these elements.
Genome wide scanning showed that a large number of stress response kinases and cognate
regulators, DNA damage repair proteins and the machinery for their maintenance in these
bacteria are encoded on secondary genome elements. Information on the presence and the
distribution of RecBC and RecF recombination pathways on both primary chromosome and
secondary genome elements might open up further debate on the essentiality of E. coli type
homologous recombination pathways for maintaining genomic integrity in MGH bacteria. This is
also because there are some MGH bacteria, where neither of these homologous recombination
pathways exists while in some cases only one is found. Understanding the underlying
mechanisms of multipartite genome maintenance and its ploidy, and its relation with microbial
infections could be one of the most exciting and demanding directed basic research areas in
bacterial genome biology and pathogenesis.

Although not much work has been reported on the curing of secondary genome elements and its
effect on phenotypes, the available information clearly supports that secondary genome elements
have roles in abiotic and biotic stress tolerance in MGH bacteria. Curing of secondary genome in
B. cenocepacia has resulted in the loss of infectivity and therefore, the use of this approach in the
management of bacterial infections would be a hypothesis worth testing. Further studies on
understanding the underlying mechanisms of secondary genome maintenance in these bacteria
and the anucleation strategy if it leads to the altered phenotypes might help in designing the
effective and sustainable technologies in the development of live vaccines for the management of
microbial pathogenesis.
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Table 1. List of known MGH bacteria, their genome composition and inhabitats. Details of the
chromosomes (Chr) and more than 50kb plasmids are given.
Bacteria

Size
(Mbp)
Agrobacterium
Chr I
4
radiobacter K84
Megareplicon 2.65
pAgK84B
0.184
Agrobacterium
Chr I
2.84
tumefaciens C58
Chr II
2.08
pAtC58
0.54
Agrobacterium vitis S4
Chr I
3.72
Chr II
1.28
pAtS4e
0.631
pTiS4
0.258
pAtS4c
0.211
pAtS4b
0.13
pAtS4a
0.078
Anabaena sp 90
Chr I
4.32
Chr II
0.81
Plasmid A
0.080
Plasmid B
0.056
Brucella
abortus Chr I
2.12
A13334
Chr II
1.16
Brucella canis
Chr I
2.01
Chr II
1.17
Brucella ceti TE10759- Chr I
2.11
12
Chr II
1.16
Brucella melitensis NI
Chr I
2.11
Chr II
1.17
Brucella
25840

Replicons

ovis

ATCC Chr I
Chr II

Brucella pinnipedialis Chr I
B2
Chr II
Brucella suis VBI22
Chr I
Chr II
Burkholderia ambifaria
Chr I
Chr II
Chr III
Plasmid
Burkholderia
Chr I
cenocepacia
Chr II
J2315
Chr III
Plasmid
Burkholderia dolosa
Chr I

2.11
1.16
2.13
1.26
2.1
1.2
3.44
2.77
1.13
0.3
3.87
3.21
0.87
0.092
3.31
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Specific features

Sources

Biological control agent Slater et al.
againt
some
pathogenic (2009)
bacteria.
Plant pathogen
Goodner et
al. (2001)
Grapevine plant pathogen

Slater et al.
(2009)

Stress tolerant cyanobacteria

Wang et al.
(2012)

Cattle pathogen

Kim et al.
(2012)
Canine pathogen
Kim et al.
(2012)
Dolphins pathogen
Ancora et al.
(2014)
Causes zoonotic brucellosis
Michaux et
al.
(1993)
Jumas-Bilak
et al. (1998)
Veterinary sheep pathogen
Paulsen et al.
(2002) Tsolis
et al. (2009)
Pinnipeds (Seal) pathogen
Audic et al.
(2011)
Causes brucellosis in animals Tae et al.
(2011)
Causes cystic fibrosis in CP001025.1
human
CP001026.1
CP001027.1
CP001028.1
Causes cystic fibrosis in Holden et al.
human
(2009)

Opportunistic

pathogen

in Workentine

Chr II
Chr III
Burkholderia gladioli
Chr I
Chr II
bgla_1p
bgla_2p
bgla_3p
bgla_4p
Burkholderia mallei
Chr I
Chr II
Burkholderia
Chr I
multivorans
ATCC Chr II
17616
Chr III
Plasmid
Burkholderia
Chr I
phenoliruptrix BR3459a Chr II
Plasmid
Burkholderia
Chr I
pseudomallei
Chr II
Burkholderia
Chr I
thailandensis MSMB121
Chr II

2.16
0.82
4.41
3.7
0.28
0.13
0.13
0.4
3.51
2.33
3.45
2.47
0.92
0.17
4.15
2.71
0.78
4.07
3.17
3.67

Burkholderia
vietnamiensis G4

3.65
2.41
1.24
0.4
0.27
0.23
0.11
0.09
4.89
3.36
1.47
3.55
0.3
0.36
0.19
2.68
1.01

TCE degrador and cystic CP000614.1
fibrosis pathogen
CP000615.1
CP000616.1
CP000617.1
CP000618.1
CP000619.1
CP000620.1
CP000621.1
A polychlorinated biphenyl Chain et al.
(PCB) degrader
(2006)

3.41
2.5

Nitrogen Fixing Symbiont

Amadou et
al. (2008)

Diazotrophic cyanobacterium

Welsh et al.
(2008)
White et al.
(1999)

Burkholderia
xenovorans
Butyrivibrio
proteoclasticus

Chr I
Chr II
Chr III
pBVIE01
pBVIE02
pBVIE03
pBVIE04
pBVIE05
Chr I
Chr II
MP
Chr I
Chr II
pCY360
pCY186
Chr I
Chr II

Candidatus
Chloracidobacterium
thermophilum
Cupriavidus taiwanensis Chr I
LMG 19424
Chr II

Cyanothece 51142
Deinococcus
radiodurans R1

pRalta
Chr I Cir.
Chr II Lin.
Chr I
Chr II
MP

human

et al. (2014)

Plant
pathogen
and Seo et
opportunistic pathogen in (2011)
human

al.

Etiological agent of glanders

Nierman et
al. (2004)
Infectious in cystic fibrosis Komatsu et
patients
al. (2003)

Stress tolerant symbiont of Zuleta et al.
Mimosa flocculosa
(2014)
Causative
agent
melioidosis
Non-pathogenic
opportunistic

2.76

of Holden et al.
(2004)
but Tuanyok et
al. 2013

Rumen bacterium help in Kelly et al.
plant
polysaccharide (2010)
degradation
Biocidal to microbial mat of Garcia et al.
alkaline siliceous hot springs
(2012)

0.55
4.93
0.42
2.64
0.41
0.17

Extraordinary radioresistance
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Leptospira interrogans

Photobacterium
angustum

Chr I
Chr II
Chr I
Chr II
pOANT01
pOANT02
pOANT03
pOANT04
Chr I
Chr II
Plasmid
Chr I
Chr II

4.33
0.36
2.89
1.9
0.17
0.1
0.09
0.06
2.6
1.91
0.06
3.2
1.8

Photobacterium
damselae

Chr I
Chr II

3.2
1.4

a BjornsdottirButler et al.
(2015)
Pathogenic to marine fishes
NZ_ADBS00
000000.1

Photobacterium
leiognathi

Chr I
Chr II

3.3
1.6

Bioluminescent
and
symbiont of ponyfish

Photobacterium
profundum SS9

Chr I
Chr II
pPBPR1
Chr I

4.09
2.24
0.08
1.89

A
barophilic
bacterium

Chr II

1.45

Chr I
Chr II
Chr I

0.58
2.12
1.8

Chr II

1.37

Chr I
Chr II
Chr I
Chr II
Chr I

3.21
0.635
3.33
0.7
3.81

Chr II

2.73

MP

0.63

Plasmid1

0.087

Ochrobactrum anthropi

Ochrobactrum
intermedium

Prevotella dentalis DSM

Prevotella intermedia
Prevotella
melaninogenica
25845

An opportunistic
pathogen

pickettii Chr I
Chr II
Chr III
Rhizobium sp. IRBG74
Chr I

Ren et al.
(2003)
human Jumas-Bilak
et al. (1998);
Chain et al.,
(2011)

Opportunistic gut pathogen in Kulkarni et
human
al. (2013)
Bioluminescent
and
symbiont marine fish

a NZ_JZSK00
000000.1

marine Vezzi et al.
(2005)

Dental root canol infections

Causes peridontal disease and
gingivitis
Lives in oral cavity and infect
teeth

ATCC

Pseudoalteromonas
haloplanktis TAC125
Pseudoalteromonas sp.
SM9913
Ralstonia
eutropha
JMP134 (pJP4)

Ralstonia
DTP0602

Leptospirosis in human

4.49
2.88
0.73
2.84

A psychrophilic bacterium
Adapted
to
sedimentary life
Chloroaromatic
degrador

Degrades
trichlorophenol

deep-sea
pollutants

2,4,6-

Legume symbiont diazotroph
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NC_019960.
1
NC_019961.
1
Nambu et al.,
2015
NC_014370.
1
NC_014371.
1
Medigue et
al. (2005)
Qin et al.
(2011)
NC_007347.
1
NC_007348.
1
NC_007336.
1
NC_007337.
1
Ohtsubo et
al. (2013)
Crook et al.

Rhodobacter
sphaeroides KD131

Chr
II 2.03
(linear)
pIRBG74a
0.58
Chr I
3.05
Chr II
0.91

Salinivibrio costicola

Chr I
Chr II

3.2
1.3

Sinorhizobium meliloti

Chr I
pSymA
pSymB

3.65
1.35
1.68

Sphingobium japonicum Chr I
UT26S
Chr II
pCHQ1
Variovorax paradoxus Chr I
S110
Chr II

3.51
0.68
0.19
5.8

Vibrio alginolyticus

Chr I
Chr II
Vibrio campbellii ATCC Chr I
BAA-1116
Chr II
Plasmid

3.33
1.81
3.77
2.2
0.09

Vibrio cholerae O1 Chr I
biovar eltor str. N16961 Chr II
Vibrio fischeri ES114
Chr I
Chr II

2.96
1.07
2.9
1.3

Vibrio furnissii

3.29
1.62
3.28
1.87
3.3
1.68
3.35
1.85
4.11
2.41
3.6
2.3
3.3
1.21
0.08
3.3
1.77
0.25

Chr I
Chr II
Vibrio parahaemolyticus Chr I
RIMD 2210633
Chr II
Vibrio splendidus LGP Chr I
32
Chr II
Vibrio vulnificus
Chr I
Chr II
Vibrio nigripulchritudo
Chr I
Chr II
Vibrio mediterranei
Chr I
Chr II
Alivibrio salmonicida
Chr I
Chr II
pVSAL84
Vibrio tubiashii
Chr I
Chr II
P251

(2012)

Purple
non-sulpher Suwanto et
photosynthetic bacterium
al.
(1989);
Lim et al.
(2009)
Halotolerant
facultative AQOF00000
anaerobe
000.1
Legumes symbiotic bacterium Sobral et al.
(1991);
Galardini et
al. (2013)
Hexachlorocyclohexan
Nagata et al.
degrador
(2010)
Biogenic and anthropogenic NC_012791.
contaminants degrador
1
NC_012792.
1
Humans and marine animals Liu et al
pathogen
(2015)
A bioluminescent marine Lin, et al.
bacterium
(2010)
Wang, et al.
(2013)
An etiological agent of Heidelberg
cholera
et al. (2000)
Certain fishes and squids Ruby et al.,
infectious agent
(2005)

1.35

Acute
gastroenteritis Lux et al.
infections
2011
Gastroenteritis infections
Makino et
al. (2003)
Oyster pathogen
Le Roux et
al., (2009)
Causes
seafood-born Chen et al.
infections in human
(2003)
Cause Summer syndrome in Goudenege et
Shrimp
al. (2013)
Non-pathogenic,
gut NZ_BCUE00
colonizer of turbot larvae
000000.1
Causes Hitra disease in Hjerde et al.
Atlantic salmon and rainbow (2008)
trout
Pathogenic for oyster and Temperton et
clam larvae
al. (2011).
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P123
P57
Chr I
Chr II

0.122
0.057
3.3
1.9

Chr I
Chr II
Chr I
Chr II

3.3
1.9
3.3
1.9

Chr I
Chr II
Chr I
Chr II
Chr I
Chr II
Chr I

3.3
1.7
3.2
1.8
3.2
1.7
3.3

Chr II

1.52

pAWOD9

0.091

Chr I
Chr II
Chr I
Chr II
Chr I
Chr II
Chr I
Chr II
Chr I
Chr II

3.2
1.7
3.2
1.4
3.2
1.4
3
1.5
2.97
1.3

Vibrio halioticoli

Chr I
Chr II
Chr I
Chr II
Chr I
Chr II
pJM1
Chr I
Chr II
Chr I

3
1.5
3
1.3
3.06
0.98
0.065
3
1.2
3

Vibrio hollisae

Chr II
Chr I

1.1
3.22

Chr II

0.78

Vibrio natriegens

Vibrio nereis
Vibrio fluvialis

Vibrio orientalis
Vibrio aestuarianus
Vibrio pelagius
Vibrio wodanis

Vibrio proteolyticus
Vibrio ichthyoenteri
Vibrio pectenicida
Vibrio logei
Vibrio mimicus

Vibrio mytili
Vibrio rumoiensis
Vibrio anguillarum

Vibrio gazogenes

Non-Pathogenic, halophile

Wang et al.
(2013)

Non-Pathogenic, halophile
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NZ_BCUD0
0000000.1
Causes gastroenteritis in de Oliveira
humans
Veras
et
al. (2015)
Associated with aquaculture NZ_ACZV00
farm
000000.1
Pathogenic to Oyster
Okada et al.
2005
Non-Pathogenic
Okada et al.
2005
Fish pathogen
NZ_LN5548
46.1
NZ_LN5548
47.1
NZ_LN5548
48.1
Marine Pathogen in Corals
NZ_BATJ00
000000.1
Pathogens
of
Japanese Hoffmann et
flounder larvae
al. (2012)
A pathogen of scallop larvae
Okada et al.
2005
Bioluminscent organism
AJYJ000000
00.2
Human Pathogen
Hasan et al.
2010
Hosted in Mussels

NZ_JXOK00
000000.1
Facultatively Psychrophilic NZ_AJYK00
Bacterium
000000.2
Pathogenic to marine fishes
Naka et al.
2011
Non-pathogenic to human,
marine bacteria
Alginolytic marine bacterium
isolated from the gut

FQUH00000
000.1
NZ_BAUJ00
000000.1

Occasional human pathogen

NZ_CP01405
5.1
NZ_CP01405
6.1

Vibrio ordalii
Vibrio metschnikovii

Chr I
Chr II
Chr I
Chr II

3
0.9
3
0.9

Pathogenic to marine fishes
Occasional human pathogen
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Naka et al.
2011
NZ_ACZO00
000000.1

Table 2: Summary of characterized elements of tripartite genome segregation systems.
Name
Bacteria

of Genome
elements

Partitioning elements

References

NTPase

Adaptor

Centromere

E. coli

P1 plasmid

ParA

ParB

P1parS

E. coli

F plasmid

SopA

SopB

sopC

B. subtilis

Chromosome

Soj

Spo0J

parS

C. crescents

Chromosome

ParA

ParB

parS

D.
radiodurans
S. enterica

Chromosome

ParA1

ParB1

segS (1-3)

Mohl et al. 2001;
Mohl and Gober 1997
Charaka and Misra 2012

pTP228

ParF

ParG

parH

Dobruk-Serkowska et al. 2012

pB171
pSM19035
PSK41

ParA
δ/ω
ParM

ParB

parC

ParR

parC

Ebersbach and Gerdes 2005
Volante et al. 2015
Gerdes et al. 2010

S. aureus
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Ebersbach and Gerdes 2005;
Ghosh et al. 2006;
Gitai 2006;
Leonard et al. 2005
Ebersbach and Gerdes 2005;
Ghosh et al. 2006;
Gitai 2006
Leonard et al. 2005
Draper and Gober 2002;
Lee et al. 2003

Table 3: Occurrence of ParA and ParB homologs in secondary genome elements
Name of Bacteria
Agrobacterium
radiobactor K84
Anabaena
Brucella
abortus
A13334
Brucella
ceti
TE10759-12
Brucella melitensis
NI
Brucella suisVBI22
Burkholderia
ambifaria
Burkholderia
cenocepaciaJ2315
Burkholderia dolosa

Secondary Chromosomes
ParA
ParB
Arad_7000
Arad_7001

Plasmids
ParA
Arad_15017

ParB
-

BAA13334_II0021
3
V910_200092

BAA13334_II0021
4
V910_200091

ANA_P10019
-

ANA_P10018
-

-

-

BMNI_II1147

BMNI_II1148

-

-

BSVBI22_B1192
BamMC406_5102
BamMC406_6362
BCAM0003
BCAS0003
BDSB_24405

-

-

pBCA001

pBCA002

-

bgla_1p0020
+
3 ParB like
BMULJ_0631
1

Burkholderia
gladioli

bgla_2g00010

BSVBI22_B1193
BamMC406_3107
BamMC406_5757
BCAM0004
BCAS0002
BDSB_24410
BDSB_26075
bgla_2g00020

Burkholderia mallei
Burkholderia
multivorans ATCC
17616
Burkholderia
phenoliruptrix
BR3459a
Burkholderia
vietnamiensis G4

BMAA2114
BMULJ_05360
BMULJ_05370

BMAA2115
BMULJ_05361
BMULJ_05369

bgla_1p0010
+
4 ParA like
BMULJ_0631
0

BUPH_01337

-

-

BUPH_08203

Bcep1808_3795
Bcep1808_5481

Bcep1808_3794
Bcep1808_5482

Burkholderia
xenovorans
Butyrivibrio
proteoclasticus
Cupriavidus
taiwanensis
LMG
19424
Deinococcus
radiodurans
Leptospira
interrogens serovar
Lai str. 56601
Photobacterium
profundum SS9
Pseudoalteromonas
haloplanktis

Bxe_B3028
Bxe_C1369
bpr_III214

Bxe_B3027

Bcep1808_679
7
+
2 Par A Like
-

Bcep1808_67
98
+
2 ParB like
bpr_IV199

RALTA_B0004

RALTA_B0003

bpr_IV197
bpr_II428
pRALTA_030
7

DR_A0001

DR_A0002

LB_026
LB_365

LB_027
LB_366

DR_B0001
DR_B0031
-

DR_B0002
DR_B0030
-

PBPRB2025

PBPRB2024

PBPRC0026

PBPRC0027

PSHAb0001

PSHAb0002

-

-

-
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pRALTA_030
6

TAC125
Pseudoalteromonas
sp. SM9913
Ralstonia eutropha
JMP (pJP4)
Ralstonia
pickettii
DTP0602
Rhizobium
sp.
IRBG74
Rhodobacter
sphaeroides KD131

PSM_B0001

PSM_B0002

-

-

Reut_B5343

Reut_B5344

-

Reut_C6163

- N234_34400

N234_20970
N234_34405
BN877_II0977

-

-

BN877_p0001

BN877_p0002

RSKD131_3309
RSKD131_3783
RSKD131_3815
RSKD131_3816
Sinme_4125
Sinme_4234
Sinme_5508
N646_3463

RSKD131_43
85
RSKD131_45
46
Sinme_6884

RSKD131_43
86
RSKD131_45
45
Sinme_6883

-

-

M892_27705

M892_28710

M892_28705

VC_A1114

-

-

VF_A1171
vfu_B00988
VPBB_A1599
+
2 ParA like

SJA_P1-00020
+
3 ParA like

VS_II0001

VS_II0002

-

SJA_P100030
+
3 ParB like
-

VVA1697
VSAL_RS21715

VSAL_RS21710

VVP64
-

-

VAA_RS16255,
VAA_RS16385
AL536_RS20315
AL542_RS00130
AL543_RS01115,
AL543_RS01310,
AL543_RS02545
PN96_RS16485
VIBNI_RS18690,
VIBNI_RS18850
IX91_RS15165
AWOD_RS18155,
AWOD_RS19730,
AWOD_RS20355

VAA_RS16380

-

-

AL536_RS20320
AL542_RS00135
AL543_RS01305

-

-

PN96_RS1648
VIBNI_RS18695

-

-

IX91_RS15170
AWOD_RS20350

-

-

BN877_II0976
-

Sinorhizobium
meliloti

Sinme_4124
Sinme_4233
Sinme_5507
Vibrio alginolyticus N646_3464
NBRC 15630 =
ATCC 17749
Vibrio
campbellii M892_27710
ATCC BAA-1116
Vibrio cholerae O1 VC_A1115
biovar eltor str.
N16961
Vibrio fischeri ES114 VF_A1172
Vibrio furnissii
vfu_B00989
Vibrio
VPBB_A1600
parahaemolyticus
+
BB22OP
2 ParA like
Vibrio
splendidus
LGP 32
Vibrio vulnificus
Alivibrio
salmonicida
Vibrio anguillarum
Vibrio fluvialis
Vibrio hollisae
Vibrio mimicus

Vibrio natriegens
Vibrio
nigripulchritudo
Vibrio tubiashii
Vibrio wodanis
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Table 4: Distribution of some selected oxidative stress tolerance markers on secondary genome
elements in MGH bacteria
Names of the bacteria

Oxidative stress response managers
Response regulator
Catalases

Agrobacterium radiobacter Arad7240(OxyR)
K84
Arad8448 (OxyR)
Arad9369 (OxyR)
Agrobacterium tumefaciens Atu4641 (OxyR)
C58
Atu3915 (SoxR)

Arad7339 (KatE)
Arad9370 (KatG)

Agrobacterium vitis S4

Avi_5771 (OxyR)

Brucella abortus A13334

BAA13334_II01548
(OxyR)
BCA52141_II0695
(OxyR)
BCA52141_II0695
(OxyR)
-

Avi_5326 (KatE)
Avi_5190 (KatA)
BAA13334_II01546
(KatE)
BCA52141_II0693
(KatE)
V910_RS14490
(KatE)
BMNI_II0336
(KatE)
BOV_A0322 (KatA)

Brucella canis
Brucella ceti TE10759-12
Brucella melitensis NI
Brucella ovis ATCC 25840
Brucella pinnipedialis B2/94
Brucella suisVBI22
Burkholderia ambifaria

Atu4642 (KatA)
Atu5491 (KatE)

BOV_A0321 (OxyR)
BOV_A0665 (OxyR)
BPI_II352 (OxyR)
BSVBI22B0350
(OxyR)
-

Burkholderia
cenocepaciaJ2315

-

Burkholderia dolosa

AK34_3727 (SoxR)

Burkholderia gladioli

-

BPI_II353 (KatA)
BSVBI22_B0351
(Kat A)
BamMC406_6342
(KatE)
BamMC406_5625
(KatG)
BCAS0635
(Mn-catalase)
BCAM2107 (KatA)
BDSB_28020
(Mn-Catalase)
bgla_2g20310
(Mn-Catalase)
bgla_2g27370 (KatE)
bgla_2g27730 (KatE)
bgla_2g28310 (KatG)
Bcep1808_5181
(Mn-Catalase)
Bcep1808_5870
(Mn- Catalase)
Bcep1808_5733
(KatE)
Bcep1808_5214
(KatG)

Burkholderia vietnamiensis Bcep1808_4695
G4
(RpoS)
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Superoxide
dismutases
-

Atu4583 (Fe-SOD)
Atu4726 (Fe SOD)
Atu0876 (Fe SOD)

BAA13334_II01076
(Cu-Zn SOD)
BCA52141_II0228
(Cu-Zn SOD)
V910_RS12985
(Cu Zn SOD)
BMNI_II0654
(Cu-Zn SOD)
BOV_A0659
(Cu-Zn SOD)
BPI_II757
(Cu-Zn SOD)
BSVBI22_B0695
(Cu-Zn SOD)
BamMC406_4594
(Fe-SOD)

-

bgla_2g28560
(Fe-SOD)

Bcep1808_6106
(Mn-Fe SOD)
Bcep1808_7479
(Mn –Fe SOD)

Burkholderia xenovorans

Cupriavidus
LMG 19424

-

Bxe_B0318 (KatN)
Bxe_B1215 (KatE)
Bxe_B1668 (KatE)
RALTA_B1505
(KatN)
RALTA_B0345
(KatE)
DR_A0259 (KatA)
DR_A0146 (KatA)
OANT_RS15805
(KatE)
OINT_2000336
(KatE)
OINT_2001566
(KatE)
OINT_2001849
(KatE)
PBPRB0286 (KatE)

taiwanensis RALTA_B2083
(SoxR)

Deinococcus
radiodurans DR_A0336 (OxyR)
R1
Ochrobactrum anthropi
OANT_RS15285
(SoxR)
Ochrobactrum intermedium OINT_2000242
(SoxR)

Photobacterium profundum PBPRB1505 (SoxR)
SS9
Ralstonia eutropha H16
h16_B2319 (SoxR)

H16_A3109 (KatE)
H16_A2777 (KatG)
H16_B1428 (KatE)

Ralstonia eutropha JMP134 (pJP4)
Ralstonia pickettii DTP0602 N234_33075 (SoxR)

Rhizobium sp. IRBG74

BN877_II1722
(OxyR)
BN877_II0984
(SoxR)
Vibrio alginolyticus NBRC N646_3759 (Sox R)
15630 = ATCC 17749
Vibrio campbellii ATCC BAA-1116
Vibrio
parahaemolyticus VPBB_A0311
BB22OP
(SoxR)

Vibrio
parahaemolyticus VPA0335 (SoxR)
RIMD 2210633
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Bxe_C1205 (Mn-Fe
SOD)
RALTA_B0932
(Cu-ZnSOD)

DR_A0202
(Cu-Zn
SOD)
OANT_RS19760
(cu-Zn SOD)
OINT_2000919
(Cu-Zn SOD)

-

H16_A0610 (Mn-Fe
SOD)
h16_B1110 (Cu-Zn
SOD)
Reut_B4409
(Mn- Reut_B4338 (Cu-Zn
Catalase)
SOD)
N234_24060 (KatE)
N23426615 (Cu-Zn
SOD)
N23426615 (Cu-Zn
SOD)
N23435130 (Mn-Fe
SOD)
BN877_II1832
BN877_II1666
(Kat E)
(Mn-Fe SOD)
BN877_II1723
BN877_II1885
(Kat G)
(Mn-Fe SOD)
N646_3134 (KatE)
N646_3233 (Cu-Zn
N646_4164 (Kat G)
SOD)
M892_19460 (Kat E) M892_19470
M892_25335 (Kat (Cu-Zn SOD)
E)
VPBB_A12 91
(Kat E)
VPBB_A02 85
(Kat E)
VPBB_A0408
(Kat G)
VPBB_A0708
(Kat G)
VPA0305 (KatE)
VPA1514
(Cu-Zn
VPA1418 (KatE)
SOD)

Vibrio splendidus LGP 32
Vibrio vulnificus

VS_II0853(RpoS)
-

Alivibrio salmonicida

VSAL_RS17285
(SoxR)
AL536_RS21800
(OxyR)
AL536_RS14685
(SoxR)
PN96_RS17565
(SoxR)
VIBNI_RS18965
(SoxR)

Vibrio fluvialis

Vibrio natriegens
Vibrio nigripulchritudo

Vibrio tubiashii
Vibrio wodanis

VPA0453 (KatG)
VPA0768 (KatG)
VS_II0148 (KatE)
VVA0294 (KatE)
VSAL_RS17235
(KatE)
-

VIBNI_RS21325,
(KatE)
VIBNI_RS19155
(KatE)
IX91_RS24110
(KatE)
AWOD_RS13805
(KatE)

IX91_RS17995
(SoxR)
AWOD_RS13900
(SoxR)
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VVA0291
(Cu-Zn
SOD)
VSAL_RS18750
(Cu-Zn SOD)
AL536_RS21525
(SodA)
AL536_RS10230
(SodB)
PN96_RS15615
(Cu-Zn SOD)
-

-

Table 5: DNA recombination and repair proteins in secondary genome elements.
Bacteria

Names of the ORFs and proteins in parentheses
Recombination
Repair
Anabaena
ANA_C20356 (RecQ)
ANA_C20446 (MutS)
ANA_C20436 (RecJ)
ANA_C20598 (PhrB)
ANA_C20139 (RecF)
ANA_C20032 (RecG)
Brucella abortus A13334
BAA13334_II0133 (AlkB)
BAA13334_II00265 (Phr)
BAA13334_II00555 (MutL)
Brucella canis
BCA52141_II0352
BCA52141_II0896 (MutL)
(RecG)
BCA52141_II0896 (AlkB)
Brucella ceti TE10759-12
V910_200672 (RecG)
V910_200990 (MutL)
V910_200719 (AlkB)
Brucella ovis ATCC 25840
BOV_A0546 (RecG)
BOV_A0198 (MutL)
BOV_A0463 (AlkB)
Brucella pinnipedialis B2/94
BPI_II633 (RecG)
BPI_II216 (MutL)
BPI_II516 (AlkB)
Burkholderia dolosa
BDSB_17505 (RecQ)
BDSB_29025 (Ku80)
Burkholderia gladioli
bgla_2g27310 (AlkB)
Burkholderia multivorans 17616
BMULJ_03921(RecQ)
BMULJ_03823(Phr)
BMULJ_04524(AlkB)
Burkholderia pseudomallei strain BDL_2177 (RecQ)
BDL_2630 (LexA)
MSHR305.
BDL_1251 (RecQ)
BDL_3237 (MutL)
BDL_738 (RecD)
BDL_3140 (MutS)
BDL_739 (RecB)
BDL_1988 (Phr)
BDL_740 (RecC)
BDL_1847 (Ada)
BDL_3210 (RecJ)
BDL_3521 (RecF)
BDL_3014 (RecO)
BDL_47 (RecR)
BDL_2611 (RecN)
BDL_2576 (RecG)
BDL_1250 (RecX)
BDL_3370 (RecA)
BDL_1106 (RadA)
BDL_1856 (RadC)
Butyrivibrio proteoclasticus
bpr_IV188 (RecD)
bpr_IV158 (UmuC)
Cupriavidus taiwanensis LMG RALTA_B0289 (Ku80)
19424
RALTA_B2123 (Ku80)
RALTA_B1379 (UvrA)
Cyanothece
cce_5212 (RuvC)
cce_5074 (LexA)
cce_5035 (XseA)
cce_5034 (XseB)
Ochrobactrum anthropi
OANT_RS18815
OANT_RS16275 (SbcC)
(RecG)
OANT_RS15780 (MutL)
OANT_RS18980 (MutT)
Ochrobactrum intermedium
OINT_2000735 (RecG)
OINT_2000330 (MutL)
OINT_2000372
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Photobacterium profundum SS9

PBPRB0507 (RecQ)

Prevotella intermedia

PIN17_A0096 (RecB)
PIN17_A1674 (RecJ)
PIN17_A1308 (RecF)
PIN17_A0335 (RecO)
PIN17_A1532 (RecR)
PIN17_A0189 (RecG)
PIN17_A0655 (RecX)
PIN17_A1062 (RecA)
PIN17_A0441 (RadC)
PIN17_A0453 (RuvB)
PIN17_A1083 (RuvA)

Prevotella melaninogenica ATCC HMPREF0659_A6930
25845
(RecF)
HMPREF0659_A7398
(RecR)
HMPREF0659_A6927
(RadA)
HMPREF0659_A7215
(RadC)
HMPREF0659_A6842
(RuvC)
Pseudoalteromonas
haloplanktis TAC125
Ralstonia eutropha JMP134
Reut_B4547 (RecQ)
Ralstonia pickettii DTP0602
-

Rhizobium sp. IRBG74

Vibrio fischeri ES114

Vibrio furnissii

BN877_II1155 (RecX)
BN877_II0672 (RuvA)
BN877_II0671 (RuvB)
BN877_II0673 (RuvC)
VF_A1156 (RecQ)
VF_A0522 (RadC)
VF_B0007 (RadC)
-
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(Methyl transferase)
OINT_2001883 (Phr)
OINT_2001414 (Ung)
PBPRB0972 (UmuC)
PBPRB0973 (UmuD)
PIN17_A0707 (Vsr)
PIN17_A0090 (MutL)
PIN17_A0541 (MutS)
PIN17_A0405 (MutT)
PIN17_A1375 (MutT)
PIN17_A1998- MutY
PIN17_A1641- UvrD
PIN17_A1644- UvrD
PIN17_A0525- UvrC
PIN17_A1504- UvrB
PIN17_A1486- UvrA1
PIN17_A1743 (UvrA2)
PIN17_A1338 (XseB)
PIN17_A1904 (XthA)
PIN17_A1373 (LigA)
PIN17_A0341(Ung)
PIN17_A0342(Ung)
PIN17_A0934(PriA)
PIN17_A1704(AlkD)
HMPREF0659_A6530 (UvrD)
HMPREF0659_A6762 (UvrD)
HMPREF0659_A6764 (UvrD)
HMPREF0659_A7124 (UvrB)
HMPREF0659_A6927 (LexA)

PSHAb0293 (OgtA)
PSHAb0453 (Phr)
Reut_B4423 (Ku80)
RALTA_B1379 (UvrA)
RALTA_B0289 (Ku80)
RALTA_B2123 (Ku80)
-

VF_A0753 (Phr)

vfu_B01401 (MutT)
vfu_B00078 (MutT)
vfu_B00126 (MutT)

Vibrio vulnificus

-

Alivibrio salmonicida

VSAL_RS16195
(RecQ)

Vibrio fluvialis

-

Vibrio hollisae
Vibrio mimicus

-

Vibrio natriegens

-

Vibrio nigripulchritudo

-

Vibrio tubiashii

-

Vibrio wodanis

AWOD_RS20280 (RecQ)
AWOD_RS18700 (RecX)
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vfu_B00768 (AlkB)
VVA0562 (MutT)
VVA0615 (MutT)
VVA0357 (Phr)
VVA0455 (AlkA)
VSAL_RS18510 (MutT)
VSAL_RS18710
(Methyl
transferase) VSAL_RS17155
(Methyl transferase)
VSAL_RS16915 (AlkB)
AL536_RS07165 (Photolyase
AL536_RS03210,(MutT)
AL536_RS04435,(MutT)
AL536_RS05340(MutT)
AL536_RS00850 (AlkB)
AL542_RS01910 (Photolyase)
AL543_RS01565 (Photolyase)
AL543_RS03960,(MutT)
AL543_RS04165,(MutT)
AL543_RS00715 (AlkB)
PN96_RS15445 (Photolyase)
PN96_RS17385,(MutT)
PN96_RS20200 (MutT)
PN96_RS17160 (AlkA)
VIBNI_B1750(Photolyase)
VIBNI_B1039 (MutT)
VIBNI_RS27630 (UvrD
VIBNI_RS23040,(Methyl
transferase) VIBNI_RS23045,
(Methyl
transferase)
VIBNI_RS23580
(Methyl
transferase)
IX91_RS21430 (Photolyase)
IX91_RS23940 (RadC)
IX91_RS17725,(MutT)
IX91_RS18650,(MutT)
IX91_RS19680 (MutT)
AWOD_RS17980
(Photolyase)
AWOD_RS15880,
(MutT)
AWOD_RS15880 (MutT)

Table 6. Absence / incomplete RecBC / RecF types homologous recombination pathway genes in the
genome of some MGH bacteria.
Bacteria
Anabaena

RecB
-

RecC
-

RecD
-

AddAB

RecF
ANA_C
12201

RecA
ANA_C1
2885

Candidatus
Chloracidoba
cterium
thermophilum
Cupriavidus
taiwanensis
LMG
Cyanothece

Cabther_
A1450

-

Cabther
_A2066

-

Cabther
_A0743

Cabther_
A0040

-

-

-

-

-

RALTA_
A0499

-

-

-

-

cce_261
3

cce_4639

Deinococcus
radiodurans
R1
Prevotella
dentalis DSM
Prevotella
intermedia

-

-

DR_190
2

-

DR_108
9

DR_2340

-

-

-

-

-

-

-

-

-

-

Pseudoaltero
monas
sp.
SM9913
Ralstonia
eutropha
Ralstonia
pickettii
Rhodobacter
sphaeroides

-

-

-

-

PSM_A
0003

Reut_A2
115
N234_13
810
RSKD13
1_2919

-

Reut_A
2114
-

-

-

Variovorax
paradoxus
S110
Alivibrio
salmonicida

-

-

-

-

VAPA_
1c12300

VAPA_1c
54021

-

-

-

-

VSAL_
RS0015
5

VSAL_R
S03540

-

LexA
ANA_
C1299
6
-

RadA
ANA_C1
1844

RALT
A_A1
825
cce_18
99
cce_50
74
-

RALTA_
A1733

Prede_09
60
PIN17_A
1062

-

Prede_04
02
PIN17_03
60

-

PSM_
A2971

PSM_A2
399

Reut_
A2008
N234_
13250
RSKD
131_0
770
VAPA
_1c29
160
VSAL
_RS15
215

Reut_A19
33
N234_11
755
RSKD131
_2919

Reut_A05
27
N234_02
680
RSKD1 RSKD131
31_1784 _0299

-

RSKD1 31_2744
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-

Cabther_
A1430

cce_4001

DR_1105

VAPA_1c
03050
VSAL_R
S03500

Figure legends
Figure 1. Genetic organization of par loci in different genome partitioning systems as observed
in low copy plasmid and chromosome. Type Ia par loci characterized from plasmids P1, F, and
RK2 encodes large ParAs with N-terminal DNA-binding domains and large ParBs while Type Ib
par loci are small ParAs and ParBs characterized from plasmidsTP228 and pTAR encoding
single set of ‘Par’ proteins while plasmid pB171 contains double par loci as par1 and par2 (A).
Type II par loci encoding actin homologs and found in plasmids R1, pSK41, and pBET131 (B).
Type III par loci encoding tubulin homologs as reported from plasmids pBtoxis and pXO1 (C).
Solid arcs indicate regulation of promoter activity and dashed arcs show centromere binding. The
boxes represent repeat elements within each centromere and are schematic. The number of
nucleotides in each repeat is indicated in numeric in each box.
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Figure 2. Type I partitioning system depicted the pulling mechanism of genome segregation. A.
Low copy plasmids like F and P1 duplicated at mid cell position of E. coli. ParA-ATP
polymerizes from poles and its depolymerization starts from proximal to ParB bound to
centromeres generating Par-ADP and DNA is pulled toward poles. ParA-ADP gets recycled to
ParA-ATP, which takes parts in next round to segregation. B. Chromosomal DNA segregation is
shown in C. crescentus. Chromosomal DNA duplication initiates at one pole in Swarmer cells
and ParA-ATP polymerization starts from its opposite pole. After ParA polymers interact with
ParB bound to centromere, depolymerization of ParA begins from the ends interacting with
ParB-centremere and one of the duplicated DNA molecule gets pulled to the other end by the
force generated through progressive depolymerization of ParA polymer.
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Figure 3. Type II partitioning system depicting pushing mechanism of genome segregation in
plasmid pSK41. A. Schematic representation of ParR interaction with parC followed by
nucleation and polymerization of ParM, which pushes duplicated plasmid molecules in opposite
direction. B. Molecular assembly of ParR-parC complex (PDB ID: 1Q2K) depicting the
processive ParM polymerisation mechanism. At a time only one subunit of ParM-ATP is added
to ParR-parC complex and undergoes ATPase activation leading ATP hydrolysis and addition of
ParM monomer on gorwing chain of ParM protofilament. This results in the growth of ParM
filaments and pushing of daughter DNA molecules in opposite direction.
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Figure 4. Type III partitioning model of genome segregation. Certain plasmids including
pBToxis do not encode ATPase type tripartite genome partitioning system but GTPase type
system. TubZRC tripartite system contains TubZ a GTPase, TubR adaptor and tubC centromere.
TubR binds to tubC and then TubZ-GTP binds to this complex. TubZ-GTP polymerizes at
growing ends of the polymer and then gets converted at TubZ-GDP, which leaves polymer and
apparently does not have affinity to TubR-tubC complex. As a results DNA molecules moves
along with the growth of the TubZ polymer like a Tram. Hence, named as ‘Tram’ Model of
genome segregation.
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Figure 5. Distribution and density of histidine kinases in the primary and secondary genome
elements of different multipartite genome harboring bacteria. For presentation purpose, total
MGH bacteria containing histidine kinase have been divided into 2 graphs (HK1 and HK2).

53

Figure 6. Distribution and density of other kinase than histidine kinases in the primary and
secondary genome elements of different multipartite genome harboring bacteria. Number of
ORFs encoding serine/threonine (STPK), serine (SK), tyrosine (TK) and aspartate (AK) kinases
on the genome of MGH bacteria are depicted.
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