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How split genomes arise and evolve in bacteria is poorly understood. Since each replicon of such genomes encodes a specific par-
tition (Par) system, the evolution of Par systems could shed light on their evolution. The cystic fibrosis pathogen Burkholderia
cenocepacia has three chromosomes (c1, c2, and c3) and one plasmid (pBC), whose compatibility depends on strictly specific
interactions of the centromere sequences (parS) with their cognate binding proteins (ParB). However, the Par systems of B.
cenocepacia c2, c3, and pBC share many features, suggesting that they arose within an extended family. Database searching re-
vealed seven subfamilies of Par systems like those of B. cenocepacia. All are from plasmids and secondary chromosomes of the
Burkholderiales, which reinforces the proposal of an extended family. The subfamily of the Par system of B. cenocepacia c3 in-
cludes plasmid variants with parS sequences divergent from that of c3. Using electrophoretic mobility shift assay (EMSA), we
found that ParB-c3 binds specifically to centromeres of these variants, despite high DNA sequence divergence. We suggest that
the Par system of B. cenocepacia c3 has preserved the features of an ancestral system. In contrast, these features have diverged
variably in the plasmid descendants. One such descendant is found both in Ralstonia pickettii 12D, on a free plasmid, and in
Ralstonia pickettii 12J, on a plasmid integrated into the main chromosome. These observations suggest that we are witnessing a
plasmid-chromosome interaction from which a third chromosome will emerge in a two-chromosome species.

Low-copy-number bacterial plasmids encode partition (Par)
systems that ensure active segregation of plasmid copies prior

to cell division. Most Par systems consist of three elements: an
NTPase (generally ATPase), a DNA-binding protein, and a cen-
tromere. The DNA-binding protein, generically termed ParB, in-
teracts with the centromere, parS, to create a partition complex.
The NTPase, ParA, is recruited by the partition complexes to
move sister plasmids toward opposite cell poles. There are two
main types of Par system, defined according to the nature of the
ATPase (21, 22). Type II, currently the best understood, has an
actin-like ATPase which by forming filaments pushes sister plas-
mids to the poles (7, 41). Type I, the most common, has a P-loop
ATPase (45) which oscillates over the nucleoid (9, 26) and, at least
in vitro, polymerizes (3, 6). How these ParA proteins segregate
plasmids remains speculative.

Type I ParA and ParB proteins are diverse in sequence (5), but
their genetic organization falls mostly into two subtypes: Ia (e.g.,
plasmids F and P1) and Ib (e.g., plasmids pTAR, TP228, and
pB171-Par2) (21). Ia ParA proteins are large (Table 1), with an
N-terminal extension that binds the promoter to regulate the
parAB operon, while Ib ParA proteins are small and have no pro-
moter-binding domain. Ia ParB proteins bind the centromere via
a helix-turn-helix (HTH) domain. Ib ParB proteins are small and
bind via a ribbon-helix-helix domain to a centromere which har-
bors the parAB promoter (48). More recently, type III and IV
partition systems have been identified. The type III systems drive
partition with tubulin-like GTPases, whereas the type IV systems
use a single, non-NTPase coiled-coil protein (33, 49–51).

Most bacterial chromosomes also encode Par systems, but the
role of these in chromosome partitioning is often unclear. Their
contribution may be evident only for cells in certain physiological
states, such as growth deceleration in Pseudomonas putida and
sporulation in Streptomyces coelicolor (23, 32); it may be restricted
in scope, e.g., to positioning of new oriC replicas (34, 47, 52), and
it may be indirect, as in regulation of the replication initiator

DnaA (30, 44) and of the DNA condensin SMC (24). Nevertheless,
chromosomal Par systems are true partitioning machines, since
they can stabilize plasmids (15, 23, 56). Chromosomal Par systems
constitute a specific subtype of type I (21, 56). Their ParA proteins
have no N-terminal extension, like Ib ParA proteins, while their
ParBs are large, with a central HTH domain (37), like Ia ParB
proteins. Unlike plasmid centromeres, which are highly variable
(Table 1) and located next to their parAB genes, chromosomal
parS units are 16-bp palindromes of remarkably uniform (“uni-
versal”) sequence (38), dispersed within the region surrounding
the replication origin (4, 39).

Although bacteria typically possess a single chromosome, some
have more than one, notably proteobacteria in the orders Vibri-
onales, Rhodobacterales, Rhizobiales, and Burkholderiales. Split ge-
nomes are organized in a characteristic pattern: the largest chro-
mosome has most of the housekeeping genes, an oriC, and a Par
system similar to those of monochromosome species; secondary
chromosomes have fewer housekeeping genes, a plasmid-like
oriC, and a specific Par system (15, 17). The last feature suggests a
crucial role for Par systems in the maintenance of multichromo-
some genomes.

One such genome is that of Burkholderia cenocepacia ET12, a
bacterium of soils and roots also identified as an aggravating agent
in cystic fibrosis (28). The first ET12 isolate to have its genome
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sequenced, J2315 (27), has three chromosomes (c1 to c3, defined
as carrying essential genes), of 3.9, 3.2, and 0.9 Mb, and a plasmid
of 93 kb (pBC). Although the par loci of all four replicons are
strictly specific with regard to partition (15), those of the second-
ary chromosomes, c2 and c3, and the plasmid pBC are very similar
with respect to protein size, clustering of parS sites upstream of
parAB, and, more strikingly, the structure of parS (Table 1) (15,
39). These similarities suggest evolution from a common ances-
tor, within either B. cenocepacia or its predecessors. The in silico
analysis of bacterial genomes we report here strengthens this hy-
pothesis by revealing a distinct set of B. cenocepacia-like partition
systems, all on secondary chromosomes and plasmids of the wider
Burkholderiales group. To further characterize a link between
these Par systems, we explored the possibility of so-far-undetected
cross-reactions between ParB proteins and noncognate parS sites
of related species. The cross-reactions we found suggest that ex-
tant Par systems indeed retain the capacity to bind centromeres of
their family despite high DNA sequence divergence.

MATERIALS AND METHODS
In vivo determination of parS-induced growth inhibition. parS sites of
J2315 and mutated derivatives were obtained by annealing two oligonu-
cleotides (Eurogentec) complementary at the 3= end but carrying at the 5=
end either an EcoRI or an MluI overhang. The duplex was cloned between
the EcoRI and MluI sites of the broad-host-range, multicopy, Cmr vector
pMMB206 (42). parS� c2 and parS� pBC clusters were obtained by PCR
amplification of J2315 genomic DNA. PCR fragments were cut with ApaI

and HindIII or ApaI and HpaI and cloned in pMMB206 similarly cut.
Recombinant plasmids were introduced into the J2315 derivative strain
Mex1 by electrotransformation as described previously (14). Cells were
spread on LB agar with chloramphenicol (40 �g/ml) and incubated at
37°C. From day 2 to day 7, colonies were scored twice a day.

Sources of Burkholderiales ParB proteins. The sources of the parB
genes were Burkholderia cenocepacia J2315 (DSMZ), Burkholderia vietna-
miensis G4 (J. Tiedje, Michigan State University), Polaromonas naphtha-
lenivorans CJ2 (DSMZ), Polaromonas sp. strain JS666 (ATCC), Ralstonia
pickettii 12D and 12J (T. Marsh, Michigan State University), Ralstonia
solanacearum GMI1000 (M. Arlat, INRA, Toulouse, France), and Rhod-
oferax ferrireducens DSM 15236 (D. Lovley, University of Massachusetts).

ParB cloning and extract preparation. Wild-type parB genes of J2315
and other Burkholderiales were amplified by PCR from start to stop codon
on genomic DNA. Primers were designed with a consensus Shine-Dal-
garno sequence inserted 7 bp upstream of the start codon. parB genes were
inserted under the control of the pBad promoter into the pDAG127 vector
(35) with a deletion of the sopA gene by NheI/HindIII or EcoRI/HindIII
digestion. Directed mutagenesis of the putative HTH of B. cenocepacia
J2315 c3 and Ralstonia pickettii 12D plasmid 1parB genes in pDAG127 was
ordered from GenScript. Recombinant plasmids, verified by sequencing,
were electroporated into the Escherichia coli strain DLT812 (36). Cells
grown in LB medium at 37°C to an optical density at 600 nm (OD600) of
0.25 were induced with 0.1% arabinose (final concentration), incubated
for 4 h at 37°C, and chilled on ice for 10 min. Subsequent steps were
carried out at 4°C. Cells were centrifuged, washed with TNE (50 mM
Tris-HCl [pH 7.5], 50 mM NaCl, 1 mM EDTA), and resuspended in
TNES (TNE, 20% sucrose) at an OD600 of 300. Lysozyme was added at 400
�g/ml; cells were then incubated for 5 min, frozen with liquid nitrogen,

TABLE 1 Features of par loci of B. cenocepacia J2315 replicons and other model systemsa

Replicon ATPase (avg residues)
DNA-binding protein
(avg residues) Minimal centromere repeat Reference(s)

Universal chromosome ParA (250–270)b ParB (280–330)b tGTTNCACGTGAAACac 38

J2315 c1 ParA (259) ParB (305) TGTTTCACGTGAAACa 15

J2315 c2 ParA (220) ParB (353) gTTTATGCGCATAAAc 15

J2315 c3 ParA (231) ParB (343) gTTGTCACGTGACAAc 15

J2315 pBC ParA (223) ParB (290) cTTGGCTCGAGCCAAg 15

Ralstonia c2 ParA (222) ParB (334) cTTTCAGCGCTGAAAg 15, 39

Plasmid RK2 IncC (364–259)d KorB (358) TTTAGCSGCTAAA 2

Vibrio c2 ParA (407) ParB (323) NTTTACANTGTAAAN 39, 57

Phage P1 (Ia) ParA (398) ParB (333) (A) ATTTCAM (B) TCGCCAe 12, 19
Plasmid F (Ia) SopA (391) SopB (323) TGGGACCACGGTCCCA 43

Rhizobiales MP RepA (400–435)b RepB (300–370)b GTTNNCNGCNGNNAACc 10

Plasmid TP228 (Ib) ParF (206) ParG (76) ACTCWWWW 18, 55
Plasmid pTAR (Ib) ParA (222) ParB (94) AYCCGRT 18, 20
Plasmid pB171 (Ib) ParA (214) ParB (91) TTATKA 16, 18
a c1, c2, c3, and MP refer to chromosomes 1, 2, and 3 and to megaplasmids, respectively; Ia and Ib are Par system subtypes. Convergent arrows indicate symmetry. The single letter
code is as follows: N � A, C, G, or T; S � C or G; M � A or C; W � A or T; Y � C or T; R � A or G; and K � G or T. Lowercase letters indicate bases that vary in the few natural
repeats detected.
b Size range of proteins in this category.
c Consensus based on different replicons of the category.
d Full and N-terminus-lacking forms of IncC.
e (A) and (B) refer to the A and B boxes of P1 centromere.
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and thawed on ice. Lysis buffer (TNES, 660 mM NaCl, 4.5 mM dithio-
threitol) was added to bring the OD600 to 200, the mixture was incubated
on ice for 10 min, and the cells were lysed by sonication. The lysate was
centrifuged for 15 min at 10,600 � g and the supernatant centrifuged at
20,800 � g. The final supernatant was then frozen with liquid nitrogen
and stored at �20°C. Total protein concentrations were measured using
the Bradford method (Bradford protein assay; Bio-Rad). Samples con-
taining 3.5 �g of protein were electrophoresed in 4 to 12% polyacrylamide
bis-tris denaturing gels (NuPage; Invitrogen) at a constant voltage of 200
V for 55 min and then stained with a Coomassie blue derivative (Instant-
Blue Expedeon) for estimation of ParB concentration.

Electrophoretic mobility shift assays (EMSA). parS DNA probes ob-
tained by annealing 26-base oligonucleotides (PAGE purified by Sigma)
were 32P labeled using T4 polynucleotide kinase. Total protein extracts of
E. coli (0.2 to 25 �g for initial titration tests and 10 �g for subsequent tests)
were added to the probes (1 nM in 50 mM Tris-HCl [pH 7.5], 100 mM
NaCl, 10% glycerol) on ice and then incubated for 10 min at room tem-
perature prior to electrophoresis on 5% polyacrylamide gels in TBE buffer
(90 mM Tris-borate, 1 mM EDTA) at 160 V for 2 h at 4°C. The gels were
dried on Whatman DE81 paper and exposed to a PhosphorImager screen
(Fuji). Proportions of shifted and unshifted probes were measured using
the MultiGauge program (Fujifilm).

Bioinformatic analysis. For detection of parS motifs, defined 14-bp
palindromic sequences with a central CG were first used as queries at
NCBI/BLAST, with the program adapted for short, nearly exact matches
of the blastn suite on all bacterial genome sequences. A second analysis
was carried out using the proteins ParA and ParB encoded by chromo-
some 2 of Ralstonia eutropha as queries to perform similarity searches with
the BLASTP2 program of the BLAST suite (1). The search was carried out
on all protein sequences deduced from the genome annotations of com-
pletely sequenced Burkholderiales genomes (chromosomes and plasmids)
downloaded from the EBI site (http://www.ebi.ac.uk/genomes/) and in-
complete genomes from the NCBI (http://www.ncbi.nlm.nih.gov/). The
vicinity of parAB loci was explored using PatScan (13) for the presence of
palindrome motifs of at least 14 bp with a central CG, with one mismatch
allowed.

Multiple alignment was generated with MAFFT (31) and edited with
Jalview (54). A maximum likelihood tree was generated with PhyML (25),
using the JTT amino acid substitution model of evolution (29), four cat-
egories of substitution rate, and 1,000 bootstrap replicates. Tree topology,

branch length, and substitution rate parameters were optimized. The tree
was rooted using NJplot (46), drawn using Treedyn (11), and colored
according to ParB subfamilies. Comparisons between chromosome 1
from Raltonia pickettii 12J and plasmid 2 from Ralstonia pickettii 12D
sequences were performed with the Artemis Comparison Tool (8) (http:
//www.sanger.ac.uk/Software/ACT).

RESULTS
ParB/centromere selectivity in B. cenocepacia J2315. When ex-
pressed in E. coli, the parAB operons of Burkholderia cenocepa-
cia— c1, c2, c3, and pBC— each stabilize only the mini-F vector
that carries its cognate parS (15), implying strict ParB/parS spec-
ificity. Nevertheless, similarities among the parS sites of the four
replicons (Table 1) suggest some potential for cross-reaction.

To investigate ParB-parS interactions in the natural host, we
transformed B. cenocepacia with plasmids carrying each of the
parS sites. Ability to bind ParB would provoke competition with
native centromeres, which could well impair growth. Indeed,
transformant colonies appeared later than those of cells trans-
formed by the vector alone. The colony size 4 days after transfor-
mation is very reproducible and thus a sensitive indicator of
growth impairment. In the case of c2 and pBC, the whole parS
cluster (i.e., 5 and 3 parS sites, respectively; see operon structures
in Fig. 3) was required for clear inhibition, whereas for c1 and c3 a
single parS site was sufficient (Fig. 1A). We took advantage of the
latter high sensitivity to assay the effects of all single base substi-
tutions on one arm of the 16-bp palindromes parS-c1 and parS-c3
(Fig. 1B). In parS-c1 most single changes lead to loss of function,
i.e., unperturbed growth of transformant colonies, whereas
substitutions at position 1 and the transition T5C do not, i.e.,
maintenance of growth inhibition. Mutant parS-c1 sites with sym-
metric double changes at these positions remained partly (T1G-
A16C) or fully (T5C-A12G) inhibitory for growth. Among
parS-c3 mutants, those with changes at position 1 or the transition
C6T imparted a degree of inhibition, the others none. As the 8-bp
core sequences of parS-c1 and -c3 are identical, we tested a hybrid

FIG 1 Extra parS sites inhibit growth in B. cenocepacia J2315. (A) Growth inhibition induced by wild-type parS sequences. Each sector shows three colonies of
J2315-Mex1 4 days after transformation with the pMMB206 vector or recombinant derivatives carrying parS-c1, -c2, -c3, or -pBC in single copy or the parS-c2
and -pBC clusters (denoted parS�). (B) Mutated parS-c1 and parS-c3 sequences tested for growth inhibition. Each single-base change in parS-c1 and parS-c3 (left
top and middle boxes) is shown above its corresponding wild-type base (numbered), in blue when silent (i.e., still growth inhibitory) or in red when leading to
loss of function (i.e., allowing normal growth). Doubly mutated parS-c1 and parS-c3 (right boxes) are shown above the wild-type sequence, with changed bases
in blue or red as described above. The chimeric parS-c1/c3 sequence, a loss-of-function mutant, is shown (bottom left), with the noncomplementary parS-c1 and
parS-c3 ends indicated in red. Arrows, inverted repeated sequences.
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parS-c1/c3 (Fig. 1B). This sequence was not inhibitory, i.e., it did
not compete in vivo with either parS-c1 or parS-c3.

To complement these results, we carried out electrophoretic
mobility shift assays (EMSA) using short duplex parS probes and
extracts of ParB-overproducing Escherichia coli cells (see Materials
and Methods). Extracts were used rather than purified ParB pro-
teins, owing to the impracticability of purifying certain proteins
which, despite strong transcription of their genes, could be ob-
tained only at low concentrations. Because of variation of ParB
concentrations between extracts (see Fig. S1 and Table S1 in the
supplemental material), we determined the quantities of extract
appropriate for EMSA by measuring the binding of each parS
probe as a function of the quantity of extract protein containing
the cognate ParB (Fig. 2A). For ParB-c2, -c3, and -pBC, 1 �g of
extract gave maximal binding. For ParB-c1, �5 �g was required
for a strong binding, even though this was the most concentrated
of the ParB proteins. Variation in intrinsic affinity and in the ac-
tive fraction of each ParB presumably accounts for the differences
in binding efficiency. We carried out further EMSA using 10 �g
for all ParB proteins, which ensures strong binding of the four
ParB homologues to their cognate probes. Figure 2B shows that
even at these higher-than-saturating ParB concentrations, each
parS bound only its cognate ParB. For parS-c1, -c2, and -pBC,

binding produced a single retarded species. In the case of parS-c3,
three bands appeared. Although the two faster-migrating bands
might be due to cleavage products of ParBc3, other explanations
have not been ruled out (see the legend to Fig. 6).

We then examined the binding of ParB-c1 and ParB-c3 to mu-
tant parS-c1 sites. Mutant parS-c1 that no longer inhibited growth
also failed to bind ParB-c1, as illustrated by T5A and T3C (Fig.
2C), while those that did inhibit growth, such as T1A and T1G, still
bound (Fig. 2C). The noninhibitory hybrid parS-c1/c3 also failed
to bind ParB-c1 (Fig. 2D). Binding affinities reflected relative in
vivo inhibition in some cases (compare T5C-A12G with T1G-
A16C in Fig. 2C) but not all (T1A and T1G mutants appeared
equally inhibitory). In contrast, ParB-c3 exhibited distinct bind-
ing properties; e.g., the hybrid sequence parS-c1/c3, although
noninhibitory, bound ParB-c3 with somewhat reduced affinity,
forming the characteristic three-band pattern (Fig. 2D), as did two
other chimerae not tested in vivo, c2/c3 and c3/pBC (Fig. 2D; see
Table 1 and Fig. 3 for parS sequences). In vitro binding of ParB-c3
appears to tolerate changes in one arm of the cognate sequence.
This result appears to be at odds with the in vivo tests, in which
most changes in one arm of parS-c3 abolished inhibition. In vivo,
however, parS sites entering on a plasmid compete for ParB with
chromosomal parS sites. Moreover, an entering single parS-c3 site

FIG 2 EMSA of the Par systems of B. cenocepacia. (A) Binding of each B. cenocepacia parS probe was tested with increasing amounts (0.2, 1, 5, and 25 �g) of crude
extracts of E. coli cells overproducing its cognate ParB (Œ, c3; �, pBC; �, c2; }, c1). (B) Radiolabeled parS probes, denoted above each group of lanes, were
incubated with 10 mg of crude extract protein containing ParB-c1 (lanes c1), -c2 (lanes c2), -c3 (lanes c3), or -pBC (lanes p) or no ParB (lanes 0). The cognate
ParB-parS interactions produce a single shifted complex in the case of c1, c2, and pBC and a three-band pattern in the case of c3 (arrowheads). The parS-c3
fragment is also retarded by an unknown E. coli protein (*). (C) Protein extracts containing ParB-c1 or no ParB, indicated by “c1” and “0” above the lane groups,
were incubated with the radiolabeled 26-bp probes indicated below each lane as follows: negative-control sequence CTAGTCGTACGACTAG (lanes 0),
wild-type parS-c1 (lanes WT), and parS-c1 mutated as indicated (other lanes). The mutated parS-c1 T1G-A16C fragment is shifted by an unknown E. coli protein
(*). (D) Cell extracts containing no ParB, ParB-c3, or ParB-c1 (as indicated) were incubated with the hybrids indicated below each lane.
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must compete with a natural cluster of parS sites that binds ParB
more strongly (15). Correspondence between the in vivo test and
EMSA with ParB-c3 nevertheless appears: e.g., C6T is the only
internal mutant that maintains the inhibition, and accordingly,
the double symmetric mutant C6T-G11A is the only one to show
ParB binding comparable to that of the wild type (see Fig. 5).

These results confirm that ParB/parS systems of B. cenocepacia
are highly specific and nonoverlapping. Some relaxation of spec-
ificity is nevertheless possible, suggesting that certain of these sys-
tems might cross-react with those of related bacteria.

Par families characteristic of secondary replicons of Burk-
holderiales. We carried out a bioinformatic analysis of available
eubacterial genomes to find centromeres similar to those of J2315.
The criteria were (i) palindromes of at least 14 bp, (ii) a central CG
dinucleotide, (iii) a T-rich 5= end, and (iv) a location upstream of
a parAB operon. We found such palindromes. In all cases, the
adjacent parAB genes encode proteins with sizes similar to those of
J2315 (Fig. 3). These loci were found only in species from the
order Burkholderiales, most of them belonging to the family Burk-
holderiaceae (genera Ralstonia, Cupriavidus, and Burkholderia)
and five to Comamonadaceae (genera Polaromonas and Rhod-
oferax). Essentially all these loci are in secondary chromosomes or
large plasmids. The one apparent exception is a par locus on chro-
mosome 1 (c1) of Ralstonia pickettii 12J; however, it appears to
belong to a 380-kb plasmid integrated in the terminus region of
c1. We identified 8 new palindromic parS motifs related to those
of B. cenocepacia. On the basis of the phylogenies and the parS
sequences, we could distinguish seven families of par loci, which
we name Bsr (Burkholderiales secondary replicon) (Fig. 3). Bsr1 is
the Par family of the plasmid pBC (15), and most Bsr1 ParB proteins
are from Burkholderia plasmids, forming a narrow cluster (Bsr1-a

[Fig. 3]). One Bsr1 ParB, more divergent, corresponds to the plasmid
pNAP1 of Polaromonas naphthalenivorans CJ2 (Bsr1-b [Fig. 3]). Bsr1
members share the parS TTGGCTCGAGCCAA, but the pNAP1
parS set includes variants with a one-base transversion, T6G or
G10T. Bsr2 is the family to which chromosome 2 parAB loci of
Burkholderia species belong. Bsr3 consists mostly of a narrow clus-
ter with a defined parS (Bsr3-a [Fig. 3]). This parS and the associ-
ated par genes appear characteristic of chromosome 3 of closely
related species which together compose the Burkholderia cepacia
complex (Bcc) (40, 53) rather than of Burkholderia in general.
Three other Bsr3 ParB subtypes were found, each associated with
a specific parS motif (Bsr3-b, -c, -d [Fig. 3]). Bsr4 is the family of
Par systems of Ralstonia-Cupriavidus megaplasmid chromosome
2, previously identified (15, 39). Bsr5, Bsr6, and Bsr7 are novel.
Bsr5 groups three Comamonadaceae plasmid Par systems whose
parS sites share the core sequence ACCGGT. Bsr6 is defined by
the Par system of plasmid 2 of Polaromonas naphthalenivorans
CJ2. Bsr7 groups the par loci of Burkholderia glumae BGR1 plas-
mid 4 and some of the unassembled contigs of Burkholderia spe-
cies (see Table S2 in the supplemental material).

ParB-parS cross-reactions within Bsr families. The Bsr fam-
ilies with variant parS sites and ParB proteins appeared well suited
to addressing the question of whether ParB proteins bind natural
noncognate centromeres. The parB genes of representatives of Bsr
families 1 to 6 and their subfamilies (Fig. 3) were amplified,
cloned, and expressed in E. coli, and the ParB proteins in cell
extracts were tested by EMSA for binding to various parS sites. All
ParB/parS cognate shifts were detected (Fig. 2 and 4; see also Fig.
S2 in the supplemental material) except for the three plasmids of
the Bsr5 family whose poor ParB protein solubility precluded
analysis.

FIG 3 Bsr families and corresponding parS palindromes. Each color corresponds to one of the seven Bsr families. ParB proteins and loci are listed in Table S1 in
the supplemental material. For clarity, only the bootstrap values superior to 800 concerning the deep branches are indicated (*). RepB proteins from Rhizobiales
megaplasmids and chromosome 1 ParB proteins from Burkholderiales are indicated as outgroups. Protein and parS variations allow identification of 13 Bsr
subtypes. Each subtype is exemplified (right) by one replicon: B. cenocepacia J2315 plasmid pBC (J2315-pBC), B. cenocepacia J2315 chromosome 2 (J2315-c2),
B. cenocepacia J2315 chromosome 3 (J2315-c3), P. naphthalenivorans CJ2 plasmid 1 (pNAP1), P. naphthalenivorans CJ2 plasmid 2 (pNAP2), plasmid integrated
in chromosome 1 of R. pickettii 12J (12J-c1::p), R. pickettii 12D plasmid 1 (12D-p1), B. vietnamiensis G4 plasmid 2 (G4-p2), R. solanacearum GMI 1000
megaplasmid (Rsol-Mp), Polaromonas sp. strain JS666 plasmid 1 (JS666-p1), Polaromonas sp. strain JS666 plasmid 2 (JS666-p2), R. ferrireducens T118 plasmid
1 (T118-p1), and Burkholderia glumae BGR1 plasmid 4 (BGR1-p4). The minimal 14-bp palindrome (parS) near the parAB operon is indicated. In the case of
pNAP1 parS, underlined letters indicate positions of degeneracy. The structure of each parAB operon is shown (black line, minimal palindrome; first arrow, parA;
second arrow, parB). ParA proteins vary from 217 residues (BGR1-p4) to 242 (JS666-p2), and ParB proteins vary from 290 (J2315-pBC) to 376 (JS666-p2).
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We then sought cross-reactions between and within families
whose parS elements shared sequence similarity. None were found
among the Bsr2, Bsr4, and Bsr6 families (Fig. S2 in the supplemen-
tal material). On the other hand, the Bsr1 ParB of pBC bound not
only to the parS characteristic of its family but also to the two
variant parS sites specific to the Bsr1-b locus of pNAP1. Moreover,
the pNAP1 and pBC ParB proteins showed the same order of
affinity for the three parS sites: wild type � T6G � G10T (Fig. 4A
and B). This result confirms the phylogenic link between the two
ParBs and suggests that the changes in the parS sites of pNAP1
affect bases not essential for binding of these proteins.

Cross-reaction was also found in Bsr3. This result was more
surprising because proteins and parS sites of this family exhibit
considerable divergence. The main subtype (Bsr3-a [Fig. 3]) is
that of B. cenocepacia J2315 chromosome 3 (c3). The other sub-
types, i.e., Bsr3-b, -c, and -d (Fig. 3), are from, respectively, (i) a
plasmid integrated into chromosome 1 of Ralstonia pickettii 12J
(referred to as 12J; this system is also found on plasmid 2 of Ral-
stonia pickettii 12D), (ii) plasmid 1 of Ralstonia pickettii 12D (re-
ferred to as 12D), and (iii) plasmid 2 of Burkholderia vietnamiensis
G4 (referred to as G4).

Cross-recognition between these subtypes was tested by EMSA
(Fig. 4C and D). ParB-c3 bound the incomplete palindromic
parS-12J almost as strongly as its own parS and more strongly than
the nonpalindromic hybrid parS sites shown in Fig. 2D. Recipro-
cally, ParB-12J bound parS-c3 strongly. Also, both proteins
formed a multiband pattern, further implying their relatedness.
There are nevertheless obvious differences in the binding specific-
ities of these proteins; e.g., (i) binding to the T5C variant of parS-
12J (parS-12J# in Fig. 4C and D) was scarcely detected, whereas
ParB-12J showed significant binding; (ii) ParB-c3 bound parS-
12D better than ParB-12J did; and (iii) unlike parS-c3, parS-12J
was not inhibitory when introduced into B. cenocepacia.

ParB-c3 bound to parS-12D, which was surprising given that
parS-12D diverges from parS-c3 by three substitutions in each
arm: G4T, T5C, and C6A and, symmetrically, C13A, A12G, and
G11T. Bsr7-parS (Fig. 3) differs from parS-c3 by the same substi-
tutions as parS-12D except with C6T-G11A instead of C6A-G11T.
However, Bsr7-parS was bound by ParB-c3 very weakly (Fig. 5),
which led us to examine the role of each of the symmetrical base
change pairs in determining binding of ParB-c3 (Fig. 5). By itself,
T5C-A12G, common to parS-12D and parS-Bsr7, drastically re-

FIG 4 Cross-reactions in Bsr1 and Bsr3 families. (A) EMSA of Bsr1 ParB proteins and parS sites. Samples are grouped according to parS, indicated below: 0,
negative-control sequence TAGTCGTACGACTA; wt, parS Bsr1, TTGGCTCGAGCCAA, common to pBC (Bsr1-a) and pNAP1 (Bsr1-b); T6G and G10T, parS
derivatives exclusive to pNAP1. ParB proteins are denoted above parS as follows: 0, no ParB; 1, ParB-pBC; 2, ParB-pNAP1. (B) Bsr1 interaction summary. Arrows
indicate that ParB in the box binds the parS pointed to. Curved and straight arrows represent cognate and noncognate binding, respectively. Black, gray, and
dashed arrows correspond, respectively, to strong, medium, and weak binding relative to the specific binding. pNAP1-parS sequences are shown with bases
changed relative to Bsr1 underlined and numbered. (C) EMSA of Bsr3 ParBs and parS sites. Samples are grouped according to parS: 0, negative-control sequence
CTAGTCGTACGACTAG; c3, parS chromosome 3; G4, parS plasmid 2 of B. vietnamiensis G4; 12D, parS plasmid 1 of R. pickettii 12D; 12J #, secondary parS of
R. pickettii 12J; 12J, main parS of R. pickettii 12J. ParB proteins are denoted as follows: 0, no-ParB extract; 1, ParB-c3; 2, ParB-G4; 3, ParB-12D; 4, ParB-12J. The
parS-c3 fragment is also retarded by an unknown E. coli protein (*). (D) Bsr3 interaction summary. Arrows signify interactions as described for panel B. parS
sequences are shown below each box, with bases changed relative to parS-c3 underlined.
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duced binding. G4T-C13A, also common to both parS sites,
allowed moderate binding. C6T-G11A, exclusive to parS-Bsr7, al-
lowed binding comparable to that of the wild type, and C6A-
G11T, exclusive to parS-12D, allowed strong binding. It appears
that parS-12D is bound by ParB-c3 specifically despite its differ-
ences from parS-c3, which include even the detrimental T5C-
A12G double change.

Identification of a domain involved in specific binding. The
foregoing results show that in vitro, ParB-c3 binds different parS
motifs of the Bsr3 family, notably parS-12D, while ParB-12D fails
to bind parS-c3. What are the determinants responsible for such
differences? Typically, a helix-turn-helix (HTH) constitutes the
core of the DNA-binding domain of ParB proteins. The predic-
tion of an HTH motif for ParB-c3 was weak (15), and we have
found this to be so for the other Bsr3-ParB subtypes. Nevertheless,
protein alignments revealed amino acid conservation in the re-
gion where most ParB proteins have a putative or verified HTH
domain. Moreover, certain observations are compatible with the
assignment of DNA recognition and binding to this region of
ParB: (i) mutation of the highly conserved Ala5 of helix 1 (Fig. 6A)
reduced binding of ParB-c3 to both cognate and noncognate parS
sites (Fig. 6B, c3A5K lanes); (ii) replacement of Gly 9 of ParB-c3 by
Asp, as in ParB-12D, or by Thr, as in ParB-12J, reduces binding to
parS (Fig. 6B, c3G9D and c3G9T lanes); (iii) in contrast, replacement
of Asp 9 by Gly in ParB-12D results in binding at least as strong as
that with the wild type (Fig. 6B). Points ii and iii corroborate the
role of Gly 9 in ParB-c3 as the highly conserved interhelix hinge
residue of HTH motifs. Hence, although designation of these re-
gions as HTH domains is provisional, we refer to them as such
hereafter.

To analyze its role in centromere binding, we exchanged the
whole HTH of ParB-c3, as depicted in Fig. 6A, for those of ParB-
G4, -12J, and -12D. The three hybrid ParB-c3 proteins were pro-
duced at comparable concentrations (see Fig. S1 and Table S1 in
the supplemental material) and were functional in the sense that
they all bound to parS-c3 and parS-12J. ParB-c3HTH-12J binding is
little impaired compared with that of ParB-c3, even though the
amino acid changes include G9T, which by itself reduces binding

strongly (Fig. 6B; compare lanes c3G9T, c3HTH-12, and c3), imply-
ing that the exchanged region acts as a functional unit. Neverthe-
less, no clear shift in binding specificity was seen with the G4 (data
not shown) and 12J hybrids, suggesting that some determinants of
specificity lie outside the HTH.

On the other hand, the binding characteristics of ParB-c3HTH-12D

plainly differed from those of ParB-c3. While ParB-c3 bound each
of the three parS probes to form the same pattern of three retarded
bands, ParB-c3HTH12D formed a single complex with parS-12D
which migrated like that formed with its cognate ParB, indicating
a clear alteration in binding behavior associated with the exchange
of putative HTH motifs. The change in specificity is partial, how-
ever, since like ParB-c3 but unlike ParB-12D, the 12D hybrid
binds to the c3 and 12J parS sites. These results imply that in the
Bsr3 group of ParB proteins, elements both inside and outside the
putative HTH motif determine parS binding specificity.

DISCUSSION

Although the strong similarities among the Par systems of B. ceno-
cepacia could lead one to expect that they interact, the results of all
tests applied in vivo (stabilization in E. coli and growth inhibition
in B. cenocepacia) and in vitro (EMSA) attest to their nonoverlap-
ping specificities. It is rather in the taxonomic neighborhood of B.
cenocepacia that we have discovered cross-reactions between Par
systems allowing us to propose evolutionary relationships.

The Bsr families of Burkholderiales and their centromeres.
To identify Par systems similar to those of B. cenocepacia J2315, we
focused our analysis on the search for new centromeres. Livny et
al. (39), using sequence matrices based on the chromosomal parS
sites then known, revealed the wide distribution of such sites
among bacterial species and replicons but identified no new cen-
tromere motifs. Our search was based on the centromere struc-
ture, i.e., palindromes of at least 14 bp with a central 5=-CG dinu-
cleotide. It led to the identification of 8 new parS motifs, including
one in Rhodoferax ferrireducens plasmid 1 (Bsr5-c [Fig. 3]) missed
in the previous analysis. We brought to light seven families of such
Par systems, all exclusive to secondary chromosomes and large
plasmids of Burkholderiales, which by itself implies a phylogenetic

FIG 5 Binding of ParBc3 to parS-c3, parS-12D, parS-Bsr7, and related or mutated sequences was analyzed by EMSA. Positions 4, 5, and 6 and 11, 12, and 13 are
underlined in parS-c3. Underlined bases in the other parS sequences differ from those in parS-c3. The characteristic three-band pattern of ParB-c3 is indicated
by arrowheads.
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linkage. Incidentally, in the case of Bsr3-a, i.e., the Par subtype
characteristic of the chromosome 3 of Bcc members, this feature
could aid in identification of Bcc pathogens. For example, the
pathogen Burkholderia ubonensis, classified with difficulty as a Bcc
member because of an atypical phenotype (53), has the Bsr3-a
subtype. Conversely, Burkholderia xenovorans has a third chromo-
some, like Bcc members, but does not belong to the Bcc and,
accordingly, does not carry a Bsr3-a subtype.

A notable parallel to the Bsr family of Par systems is found in
the Rhizobiales, whose secondary replicons and megaplasmids are
characterized by loci (repABC) that combine both partition
(RepAB, analogous to ParAB) and replication (RepC) functions
(10). As in the Bsr families, the parS sites of RepAB families are
palindromes of 16 bp with a T-rich 5= end. The only prominent
difference is that whereas the central dinucleotide in Bsr-parS sites
is CG, in Rep-parS sites it is GC. Rhizobiales and Burkholderiales
belong to different classes, Alphaproteobacteria and Betaproteo-
bacteria, respectively, but are both remarkable for the frequency of
species that exhibit division of their genome into large replicons.
Although the advantage conferred by split genomes is unclear, the
diversification of an ancestral partition system (Rep or Bsr) in
compatible descendants would have been central to the stability of
large secondary replicons.

Further analysis of the newly identified parS families reveals
some interesting aspects. The internal 14 bp appears to be the
essential component of parS palindromes: although palindromes
may extend to 16 bp, positions 1 and 16 are naturally the most
variable, and our tests of parS-c1 and parS-c3 in vivo and in vitro

show that these positions are less important. On the other hand,
the 6-bp core of Bsr centromeres varies less than could be expected
on the basis of the core sequences of B. cenocepacia c2, c3, and pBC
and of Ralstonia solanacearum c2, i.e., the models for our search
for new centromeres. These sequences, TGCGCA, CACGTG,
CTCGAG, and AGCGCT, respectively, all consist of 2 C’s, 2 G’s, 1
A, and 1 T (Table 1). Keeping the central CG and the palindromic
structure, this base composition rule would predict four addi-
tional sequences: ACCGGT, GACGTC, GTCGAC, and TCCGGA.
We found the core ACCGGT in the Bsr5 family (Fig. 3) but were
unable to find the three other motifs within putative centromeres.
Unless genomes containing such parS sites have not yet been se-
quenced, this result suggests tighter constraint on parS base com-
position. However, some families, e.g., Bsr5 and Bsr3, display clear
variation in parS (border or core sequences) associated with ParB
variants (Fig. 3). This observation suggests that an ancestral ParB-
parS cognate pair may relax its specificity, coevolve, and generate
a diversity of subtypes.

Binding of ParB-c3 to family centromeres: is it ancestral? The
Bsr3 family includes four clearly distinct Par subtypes: C3 (chro-
mosome 3 of J2315 and all Bcc members), G4 (B. vietnamiensis G4
plasmid 2), 12J (R. pickettii 12J plasmid integrated in chromosome
1), and 12D (R. pickettii 12D plasmid 1). Bsr3 appeared well-
suited to testing ParB-parS cross-interaction within the family and
to tracking a Par evolutionary pathway. In assessing which of these
Par systems is closest to an ancestral form, we assume that an
ancestor possesses the most general properties and that descen-
dants acquire a more restricted binding specificity that allows

FIG 6 Modifications in a putative HTH domain of ParB-Bsr3. (A) Comparison of the putative HTH domains of ParB-c3, -12J, -G4, and -12D. Amino acids
identical to ParB-c3 are in black, others in red. Positions are numbered and presumed helices are shown. (B) EMSA of ParB proteins with the HTH domain
exchanged (from �3 to 20 according to the numbering in panel A) or modified as shown above each panel, e.g., for c3A5K, ParB-c3 with Lys substituted for Ala
at position 5. The parS probes are denoted below each lane as follows: 0, negative-control sequence CTAGTCGTACGACTAG; c3, parS-c3; D, parS Ralstonia
pickettii 12D plasmid 1; J, main parS Ralstonia pickettii 12J. The parS-c3 fragment is also retarded by an unknown E. coli protein (*). Note that the three-band
pattern typical of ParB-c3, possibly resulting from protein cleavage at sites distant from the HTH, is replaced by a single band after substitution with the 12D
HTH. This exchange would not be expected to eliminate protease sensitivity of two sites, suggesting that the three-band pattern could have another explanation,
such as formation by ParB-c3 of three types of complex with parS sites, each with a different gel electrophoretic mobility.
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compatibility with other Par systems. G4 is an example of the
latter. B. vietnamiensis G4 is a Bcc member, and as such, it carries
a C3 system. Accordingly, G4 and C3 do not cross-react. Indeed,
despite their common core, CACGTG, parS-G4 and parS-c3 differ
by 8 bases, and the ParB-G4 and ParB-c3 HTH domains differ at
many residues (Fig. 6A), suggesting evolution for compatibility
between G4 and C3.

In contrast, there is no compatibility constraint between sub-
types C3 and 12J or between C3 and 12D, C3 being from Burk-
holderia, the latter two from Ralstonia. We found indeed that
ParB-c3 binds to parS-12J and, more weakly, to parS-12D. 12J has
one arm of parS identical to one parS-c3 arm, and its ParB HTH is
similar to that of C3 (Fig. 6A). These similarities explain the cross-
reaction between 12J and C3. In contrast, the cross-reaction be-
tween 12D and C3, even though weak, is unexpected. The HTH
domain of ParB-12D strongly diverges from that of ParB-c3 (Fig.
6A), and parS-12D differs from parS-c3 by three double changes
(positions 4 to 6 and symmetric 11 to 13). Besides, one of these
changes introduced alone in parS-c3 (positions 5 and 12 [Fig. 5])
almost completely abolished the binding to ParB-c3 (Fig. 5). It
appears that binding of ParB-c3 to parS-12D is based not on mere
residual affinity for a degenerate site but on the recognition of this
parS in its entirety.

ParB-c3 is the least specialized of the Bsr3 proteins tested. Its
HTH domain has an interhelix glycine, a feature of most HTHs
which was adaptable here to the HTH of ParB-12D. In contrast,
the HTH of ParB-12D has an atypical interhelix Asp, which pre-
vents significant binding of the hybrid protein to noncognate parS
sites, suggesting that the HTH domain of ParB-12D is more spe-
cialized. Besides, ParB-c3 binds noncognate parS, even the dis-
tantly related parS-12D. The frame of ParB-c3 is sufficiently
adaptable to accommodate related DNA-binding domains in

functional form. The swapped ParB-c3HTH12D even binds parS-
12D, producing a single retarded species similar to that observed
with ParB-12D (Fig. 6B). These observations argue for ParB-c3 as
the ancestor of the Bsr3 group. Likewise, parS-c3, with its symmet-
rical form, core CACGTG, and terminal GTT, appears ancestral;
each related parS has lost one of these features—12J the symmetry,
12D the core, and G4 the ends (see Fig. 7 for a summary).

Is a third chromosome emerging in Ralstonia pickettii? R.
pickettii 12D carries not only a 12D Bsr3-Par subtype, on its plas-
mid 1, but also a 12J subtype, on its 270-kb plasmid 2. The latter is
an exact copy—proteins, parS sequence, and repeat arrange-
ment— of that found in R. pickettii 12J, on a 380-kb replicon in-
tegrated in c1. Remarkably, the 380-kb integrant of R. pickettii 12J

FIG 7 Evolution of an ancestral Bsr3-Par system. The Par system of Burkholderia cepacia complex chromosome 3 (C3) is proposed to be the most likely ancestor.
Its ParB has a relatively wide binding specificity, and its parS comprises the features of the other systems: GTT ends (red circles), CACGTG core (red rectangle),
and symmetry (red convergent arrows). An ancestral plasmid form would have been captured and frozen by C3 but would have spread on other plasmid replicons
and diverged to generate the Par systems 12J, 12D, and G4, each with a parS having lost one feature. Where evolution has proceeded in different species, without
the requirement for compatibility, ParB-parS cross-reaction can be detected (arrows). When managing two replicons in the same species (e.g., B. vietnamiensis
G4 and R. pickettii 12D), Par systems must diverge for the replicons to be compatible and ParB-parS cross-reaction is detected barely or not at all (ball lines).

FIG 8 Ralstonia pickettii 12J chromosome 1 compared to R. pickettii 12D
plasmid 2. Ralstonia pickettii 12J chromosome 1, nucleotides 1,560,000 to
1,950,000, is represented at the top, the whole Ralstonia pickettii 12D plasmid
2 at the bottom. They share extensive sequence homology and gene order.
Conserved blocks with 99% identity are shown in red. Blue blocks correspond
to inversions with sequence conservation above 80%. Duplications of 6 kb,
presumably arising during plasmid integration, are highlighted as yellow
blocks. (See also Materials and Methods.)
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corresponds to the 270-kb plasmid 2 of R. pickettii 12D (Fig. 8),
sharing with it blocks of DNA 99% identical. The integrant, how-
ever, has been enlarged to 380 kb by the acquisition of blocks of
heterologous DNA. Presumably this accretion can continue, up to
and beyond the eventual excision of the replicon. It is frequently
proposed that secondary chromosomes are derived from plasmids
by horizontal gene transfer and genome shuffling. We seem to be
witnessing this situation in R. pickettii 12J. This strain is a melting
pot from which a chromosome 3 is emerging, under the necessary
constraints of a Par system (subtype 12J) that is most similar to the
Par system (subtype C3) controlling chromosome 3 of the Burk-
holderia cepacia complex.
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