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Abstract

In E. coli, 10 to 15% of growing bacteria produce dimeric chromosomes during DNA replication. These dimers are resolved
by XerC and XerD, two tyrosine recombinases that target the 28-nucleotide motif (dif) associated with the chromosome’s
replication terminus. In streptococci and lactococci, an alternative system is composed of a unique, Xer-like recombinase
(XerS) genetically linked to a dif-like motif (difSL) located at the replication terminus. Preliminary observations have
suggested that the dif/Xer system is commonly found in bacteria with circular chromosomes but that assumption has not
been confirmed in an exhaustive analysis. The aim of the present study was to extensively characterize the dif/Xer system in
the proteobacteria, since this taxon accounts for the majority of genomes sequenced to date. To that end, we analyzed 234
chromosomes from 156 proteobacterial species and showed that most species (87.8%) harbor XerC and XerD-like
recombinases and a dif-related sequence which (i) is located in non-coding sequences, (ii) is close to the replication
terminus (as defined by the cumulative GC skew) (iii) has a palindromic structure, (iv) is encoded by a low G+C content and
(v) contains a highly conserved XerD binding site. However, not all proteobacteria display this dif/XerCD system. Indeed, a
sub-group of pathogenic e-proteobacteria (including Helicobacter sp and Campylobacter sp) harbors a different
recombination system, composed of a single recombinase (XerH) which is phylogenetically distinct from the other Xer
recombinases and a motif (difH) sharing homologies with difSL. Furthermore, no homologs to dif or Xer recombinases could
be detected in small endosymbiont genomes or in certain bacteria with larger chromosomes like the Legionellales. This
raises the question of the presence of other chromosomal deconcatenation systems in these species. Our study highlights
the complexity of dif/Xer recombinase systems in proteobacteria and paves the way for systematic detection of these
components in prokaryotes.

Citation: Carnoy C, Roten C-A (2009) The dif/Xer Recombination Systems in Proteobacteria. PLoS ONE 4(9): e6531. doi:10.1371/journal.pone.0006531

Editor: Niyaz Ahmed, University of Hyderabad, India

Received May 13, 2009; Accepted June 25, 2009; Published September 3, 2009

Copyright: � 2009 Carnoy, Roten. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding organization: INSERM, Univ Lille Nord de France and University of Lausanne. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: christophe.carnoy@univ-lille2.fr

Introduction

In bacteria, DNA replication of circular chromosomes can

generate, by homologous recombination, concatenated chromo-

somes that affect cell viability. In Escherichia coli, resolution of

chromosomal concatenates requires a site-specific recombination

system involving two tyrosine recombinases (XerC and XerD)

associated with FtsK, the DNA translocase involved in bacterial

division [1,2,3]. Chromosomal deconcatenation occurs at a

specific chromosome site referred to as dif, for the ‘‘deletion-

induced filamentation’’, a phenotype observed in E. coli strains

which are either deficient in XerD or XerC recombinases or lack

the dif sequence [4,5]. The 28-nt dif locus is a palindromic motif

composed of two inverted repeats (each of which is specifically

targeted by one of the two Xer recombinases) separated by a

central hexanucleotide. The E. coli dif sequence is located opposite

the origin of chromosomal replication, i.e. near the chromosome

terminus at the junction of oppositely polarized DNA sequence

elements in a 30 kb-region called the dif activity zone (DAZ)

[6,7,8,9].

The Xer recombination system was originally described for E.

coli plasmids [10,11] but is not restricted to this bacterial species,

since homologous systems have been functionally characterized in

Bacillus subtilis, Haemophilus influenzae, Xanthomonas campestris, Caulo-

bacter crescentus and Vibrio cholerae [12,13,14,15,16]. Xer-related

recombinases have also been detected by sequence homology or

DNA hybridization in many bacterial taxa and some archaeal

species [17,18,19,20]. Homologs to E. coli dif sequences have been

found in other proteobacteria, firmicutes and actinobacteria

[15,21,22,23,16], suggesting the universality of the dif/Xer system

in the bacterial kingdom. Recently, an unconventional single Xer-

like recombinase targeting an atypical dif sequence was described

in streptococci and lactococci [23].

In addition to its role in chromosome dimer resolution, the dif

locus may be involved in the integration/excision of exogenous

DNA. For instance, the filamentous phages CTXW and VGJW in

Vibrio cholerae, f237 in V. parahaemoliticus, CUS-1 in E. coli

018:K1:H7, YpfW in Yersinia pestis and Cf16-v1 and WLf in

Xanthomonas campestris all integrate into the host chromosome at the

dif site [24,25,26,27,28,29,30]. The mechanism of prophage

genome integration has been described in detail in V. cholerae

CTXW, the filamentous phage containing the cholera toxin-

encoding gene [31,32]. Recently, Val et al. showed that after

appropriate folding, CTXW’s single-stranded phage DNA forms a

dif-like structure that irreversibly recombines with the bacterial dif

by using host XerC and XerD recombinases [32]. This clearly

demonstrates that dif is a preferential integration site for single-

stranded filamentous phages displaying dif-like motifs on their
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genome. Other large genetic DNA elements also target the dif

sequence, as evidenced by integration of the 57-kb gonococcal

genetic island (GGI, containing a type IV secretion system) into

the Neisseria chromosome [33,34]. Taken as a whole, these studies

strongly suggest that the dif sequence is a preferential site for

exogenous DNA integration and thus contributes to genome

evolution in general and to virulence gene acquisition in

particular. Moreover, dif’s natural ability to integrate exogenous

DNA has been used to deliver genes of biotechnological interest to

the bacterial chromosome [35,36].

Despite the publication of many bacterial genome sequences

(440 had been sequenced as of January 1st, 2007) with over half of

these from proteobacteria, no exhaustive analysis of the dif/Xer

system has yet been undertaken. As the dif sites do not appear in

GenBank’s genome annotation, we developed a strategy for

systematically identifying dif-related sequences in proteobacteria

chromosomes by combining similarity search tools (BLAST and

YASS) with genometric methods (cumulative GC-skew analyses).

In contrast to initial assumptions in the literature, we found that

not all proteobacterial circular chromosomes feature a dif/Xer

system and that a e-proteobacteria sub-group harbors an atypical

dif/Xer system, indicating heterogeneity of this recombination

system in proteobacteria. This report represents the first

comprehensive analysis of the dif motifs and of their associated

recombinases and should facilitate the identification of related

recombination systems in prokaryotes.

Results

The dif-related sequences are highly conserved among
the proteobacteria

To detect dif homologs in proteobacterial chromosomes, we

developed an in silico approach based on (i) homology of the

candidate with the experimentally characterized proteobacterial

dif sequences in E. coli, C. crescentus, X. campestris, V. cholerae and H.

influenzae or with a related sequence found in a close taxon, (ii)

location of the putative sequence near the chromosome terminus,

as defined by the cumulative GC skew analysis, (iii) presence in

different strains of the same species, and (iv) presence of a single

copy of the dif candidate within the chromosome. Using this

strategy, 234 chromosomes from 156 proteobacterial species were

analyzed (Table 1 and Table S1). dif homologs were found in

87.2% of the chromosomes (204 out of 234) and in 87.8% (137 out

of 156) of the species. A dif-related sequence was detected in all b
and d-species and in 97.7% (44 out of 45) and 82.8% (53 out of 64)

of the a and c-species, respectively. Surprisingly, only 1 out of 8 e–
proteobacterial species (12.5%) harbored a dif-related sequence.

Lastly, one unclassified proteobacterium (Magnetococcus sp.) also

displayed a dif homolog.

To avoid redundancy, the first-published chromosome sequence

in a species was considered to be representative. Thus, of the 204

dif sequences that we characterized, 161 were considered to be

representative of the different proteobacterial taxa and were

therefore used to define a consensus sequence (Figure 1 and Table

S2). The two undecanucleotides (11-mers) corresponding to the

XerC and XerD binding sites were designated in this study as

dif XerC and dif XerD, respectively, whereas the central hexanucleo-

tide between the two Xer binding sites was named as dif cent

(Figure 1A). Analysis of the consensus revealed that the dif XerD site

is better conserved than the dif XerC site and that within both dif
XerC/D boxes, the most conserved region is located in the inner part,

near the central region. Regarding dif XerD, the adenine residue at

position 25 of the 28-nt dif sequence is highly conserved, whereas

the nucleotides at positions 23 and 24 are more variable

(Figure 1A). Within the less conserved nucleotides in dif cent, the

residue at position 13 (i.e. the second in the hexanucleotide) is the

most variable, compared with the other five. Furthermore, the

degree of variability upstream and downstream of the 28-mer

consensus sequence is high, indicating that the dif-related

sequences are located in different genetic environments

(Figure 1A).

Since dif XerC is more variable than dif XerD, we then wondered

whether XerC recombinases would be less well conserved than

the XerD proteins. To answer this question, a phylogenic analysis

based on the amino acid sequences was performed on both

recombinases in the 48 species which were held to be

representative of the proteobacterial taxa (Table 1 and

Figure 2). Firstly, our analysis revealed a clustering of the Xer

recombinases that confirms the taxonomic organization pro-

posed by Olsen et al [37] (i.e. clustering of the c and b groups on

one hand and the d, e and a groups on the other). Secondly,

comparison of the XerC and XerD phylogenic trees revealed

greater branch lengths in XerC’s phylogeny than in XerD’s

(Figure 2). This clearly indicates greater divergence between the

XerC recombinases than between the XerD proteins. The higher

variability of the proteobacterial XerC recombinases might thus

explain the higher degree of sequence variability for the dif XerC

site. This observation strongly suggests co-evolution of the Xer

recombinases and their related-dif sequences. The greater degree

of conservation of XerD relative to XerC might be constrained

by the direct interaction of XerD (but not XerC) with the highly

conserved translocase FtsK [38]. Thus, evolutionary changes in

XerD and consequently in dif XerD, might have been limited by the

conservation of FtsK.

Intra-species variations in dif-related sequences
Although the dif-related sequences are highly conserved within a

given species, differences in the dif sequences were observed

between strains. To evaluate any intra-species variations, we

compared the dif-related sequences in the 21 multi-strain dif+

species (Table S1) and calculated the degree of variability at each

nucleotide position in the dif locus (Figure 1B). This analysis again

revealed that the dif XerD site is best conserved and that intra-

species differences are located at the dif XerC and dif XerD outer ends

(nucleotides 1 to 4 and 27–28, respectively). Surprisingly, with

regard to the high nucleotide variability of the dif cent in the

consensus sequence (Figure 1A), this region displays low intra-

species variability. This observation clearly indicates that dif cent is

well conserved within strains of the same species but weakly

conserved between species.

Variations in dif-related sequences in multi-chromosome
bacteria

In a, b and c-proteobacteria, some species contain two or three

chromosomes, with each (except in Agrobacterium tumefaciens)

displaying one dif-related sequence (Table S3). Comparison of

the sequences in given species indicated that (i) each chromosome

harbors a distinct dif sequence, (ii) the main differences were

found in the dif cent region and (iii) the dif xerD region was less

variable than the dif xerC region (Figure 1B). Interestingly, the

genes encoding the XerC and XerD tyrosine recombinases were

always found as single copies, within the largest chromosome

(Table S3) indicating that one couple of Xer recombinases

interacts with two (or even three) distinct dif sequences in multi-

chromosome bacteria and confirming the recent report by Val et

al.[16]. This observation suggests that the recombinase / dif

interaction allows some degree of variability - especially for XerC

/ dif XerC. It is noteworthy that nucleotide positions 5 and 8 to 11

dif/Xer in Proteobacteria
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in dif xerC and 18 to 23 in dif xerD do not vary between

chromosomes (Figure 1B) and therefore these positions may well

be critical for recombinase binding.

When scanning the genome of the multi-chromosome A.

tumefaciens for dif-related sequences, we found a dif sequence on

the larger circular chromosome (2.84 Mb) but none on the

smaller linear chromosome (2.07 Mb). This finding is not

surprising, as it has been shown that the E. coli dif sequence is

dispensable after linearization of the circular chromosome [39].

The origin of the linear chromosome in A. tumefaciens is unknown

but some sequence features suggest that it derives from a plasmid

[40,41]. If the plasmid origin of the linear chromosome is

confirmed, one can hypothesize that the dif sequence would have

been lost after the chromosome became linear. Furthermore,

when analyzing the presence of Xer homologs in A. tumefaciens, we

observed that the gene coding for the XerD-like recombinase is

present on the linear chromosome, whereas the xerC homolog

gene was located on the circular chromosome. This distribution

of the Xer recombinase genes seems to be specific to A. tumefaciens,

since both recombinases are located on the larger chromosome in

the recently sequenced genomes of A. vitis and A. radiobacter.

Hence, A. tumefaciens is the only known multi-chromosome

bacterium in which the XerC and XerD-encoding genes are on

different chromosomes. This example suggests a xer gene

Figure 1. Nucleotide variability within dif-related sequences. (A) Consensus sequence and dif nucleotide variability for 161 dif-related
sequences from 137 proteobacterial species. Nucleotide sequence characters in bold represent the dif sequence (28-mer). If the nucleotide frequency
represents more than 50%, it is written in upper case letters; if not, the nucleotide is written in lower case letters. The nucleotide variability at each
position in the 28-mer was defined as 1–f, where f is the frequency of the most frequent nucleotide. Nucleotide frequencies at each position are given
in Table S2. Black bars represent dif XerC and dif XerD nucleotides, whereas grey bars correspond to the the dif cent nucleotides. White bars represent
nucleotides outside dif. (B) Degree of variability in the dif sequence in 21 multi-strain species and in 19 multi-chromosome species. The degree of
variability was calculated for each nucleotide position, as described in the Methods section.
doi:10.1371/journal.pone.0006531.g001
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translocation from the larger, conserved chromosome to the

smaller, less conserved one [42].

Low G+C content, palindromicity, close association with
the terminus and presence in a non-coding region are
conserved features of the dif-related sequences

Nucleotide analysis of the dif-related sequences revealed that for

a given species, the G+C content of the dif motif was systematically

lower than the G+C content of the corresponding chromosomes (a

difference of between 8.3% and 58.4%, median value = 29.9%)

(Table S1). Furthermore, as palindromicity seems to be essential

for dif functionality [11,43], we next searched for palindromes in

the dif sequences from the 48 selected species. Of the 28

nucleotides of the dif sequence, 16.363.0 are involved in a

palindrome. When the analysis was performed with 28-mers

randomly generated from the initial dif sequences, the number of

nucleotides involved in palindrome was significantly lower

(9.364.4) (p,0.001; Student’s test, n = 48) confirming that

palindromicity is a key feature of the dif motif. We then analyzed

each nucleotide position in the dif sequences for their involvement

in a palindrome. Positions 5, 6, 23, 24 of the 28-mer are rarely

involved in a palindromic structure, whereas nucleotides at

position 8 to 11 and 18 to 21 (corresponding to the inner part

of dif XerC and dif XerD) are frequently associated (Figure S1).

We then compared the dif position on the chromosome relative

to the maximum cumulative GC skew. On the 161 chromosomal

Figure 2. Phylogeny of proteobacterial XerC and XerD recombinases. Representative proteobacterial species of each taxon were selected for
the analysis (Table 1). b-proteobacterial species are represented in blue, with c in red, d in green, a in magenta and e in black. Amino acid sequence
alignments were performed using Clustal W (MEGA 4 [60]). The evolutionary history was inferred by using the Neighbor-Joining method [61] conducted
in MEGA4. Similar results were obtained using the Minimum Evolution method (data not shown). Only significant bootstrap values ($90%) obtained
with 1000 runs are indicated next to the branches (white with a grey background). The tree is drawn to scale, with branch lengths (below the branches)
in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Branch lengths below the value 0.05 are not shown. The
evolutionary distances were computed using the Poisson correction method and are given as the number of amino acid substitutions per site.
doi:10.1371/journal.pone.0006531.g002
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sequences, the median distance between the dif motif and the

replication terminus as defined by the cumulative GC skew

method was calculated to be 7277 bp (first quartile = 2055.5; third

quartile = 21,445.5), with a distance ranging from 146 bp for

chromosome 1 in V. cholerae to 199612 bp for Syntrophus

aciditrophicus. The great distance between the location of dif and

the peak of the cumulative GC skew curve for a few species can be

mainly explained by a noisy GC skew signal blurring the precise

location of its maximum value. However, despite this difficulty, we

noted a high degree of correlation (R2 = 0.9978) between dif’s

position and the peak of the cumulative GC skew curve (Figure 3),

which confirms the close association previously observed in a

smaller number of species [22].

Furthermore, we analyzed the gene environment of the 161 dif

motifs and found that most (96.3%) were located in non-coding

regions. This observation clearly indicates that dif intergenicity is

another key feature. However, in a few cases (6 sequences out of

161, 3.7%), dif was present within coding sequences, four of

which corresponding to hypothetical proteins, plus two associ-

ated to characterized open reading frames (ORFs). Whereas the

sequence was inserted within a bacteriophage protein-coding

sequence in Vibrio parahaemolyticus (chromosome 1), the motif was

located in a gene coding for a major facilitator family transporter

in the third chromosome of Burkholderia ambifaria (Table S1).

Analysis of the flanking coding sequences of the 161 represen-

tative dif-related sequences revealed that 10.9% were flanked by

proteins of phage origin and 14.2% were associated with

insertion sequences or transposase- or integrase-encoding genes.

This shows that about a quarter of the dif sequences are

associated with ORFs whose products are involved in mobility.

This number might even be an underestimate, since 60% of the

dif sequences have ORFs with unknown functions in their vicinity

(upstream, downstream or both). These results emphasize the

propensity of the terminus region in general and dif in particular

to facilitate DNA mobility.

Two dif/Xer systems in e-proteobacteria
During the initial analysis of the e-proteobacterial chromo-

somes, we found that only one species (Sulfurimonas denitrificans)

out of 8 had a dif sequence (Table 1 and Table S1). In order to

understand the apparent absence of a dif-related sequence in the

genome of Helicobacter and Campylobacter species, we searched for

the presence of the Xer-like recombinases in this subgroup. A

XerD homolog was found in all bacteria belonging to this e-

subgroup, although the corresponding protein had a low degree

of homology with E. coli XerD and was longer (between 353 and

363 amino acids versus 298 amino acids for E. coli XerD).

Surprisingly, we did not detect any other recombinases that

unambiguously corresponded to a XerC homolog. Blastp

analysis with E. coli XerC showed the presence of XerC-like

recombinases but none was ubiquitously found in the Helicobacter

and Campylobacter species. Some of these XerC-like recombinases

probably correspond to the transposable element-associated

recombinases found in Helicobacter and designated ‘‘XerT’’ by

Kersulyte et al. [44]. We thus concluded that this e-proteobac-

teria sub-group expresses only one ubiquitous Xer recombinase

that we designated here as ‘‘XerH’’ because Helicobacter is a major

representative of this group. The presence of a single Xer

recombinase is not unique in the bacterial kingdom. Indeed, it

was recently shown that Streptococcus and Lactococcus species

display an unconventional dif sequence (difSL) which requires a

single 356-amino acid recombinase, XerS [23]. Although XerS

and XerH exhibit a similar size, the proteins appear to be

phylogenetically unrelated (Figure 4). However, when BLASTing

Figure 3. Correlation between the position of the dif sequence and the terminus of replication as defined by cumulative GC skew.
The analysis was performed on the 161 proteobacterial chromosomes from the 137 representative dif+ species (Table S1). Chromosome of Wolbachia
endosymbiont of Drosophila melanogaster and chromosome 2 of Pseudoalteromonas haloplanktis were not included in the analysis since no terminus
of replication could be located for these species by the method of the cumulative GC skew. The equation of the plot and the coefficient of
determination (R2) are given.
doi:10.1371/journal.pone.0006531.g003
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difSL on e-proteobacteria genomes, we discovered a difSL homolog

presenting all key features of a dif motif, i.e. (i) located near to the

peak of the cumulative GC skew, (ii) present in non-coding

regions and (iii) with a low G+C content (Table 2). Furthermore,

this difSL–like sequence designated as difH was composed of 2

highly conserved, inverted repeats separated by a central

hexanucleotide variable region - another hallmark of dif

(Figure 5). A difH sequence was also found in chromosomes of

e-proteobacteria sequenced after January 1st, 2007 (Arcobacter

butzleri, C. concisus, C. hominis, C. doylei and Nitratiruptor sp) (Table 2).

It is noticeable that in most e-species, difE is genetically linked to

the recombinase-encoding gene, the pair corresponding to an

individual genetic module, as defined by Le Bourgeois et al. for

difSL and xerS (Table 2) [23]. Interestingly, the recently sequenced

e-species Sulfurovum sp did not have a difH sequence but did possess

a more classical motif with homology to the dif sequence of the

taxonomically-related Sulfurimonas denitrificans. Hence, two dis-

tinct groups can now be defined in the e taxon as a function of

their dif/Xer system. One encompasses most of the epsilon

species (Campylobacter sps, Helicobacter sps, Wolinella succinogenes,

Arcobacter butzleri and Nitratiruptor) with difH sequences similar to

the firmicutes’ difSL and which, in most species, is genetically

linked with xerH, a single Xer recombinase-encoding gene.

Another group (Sulfurimonas denitrificans and Sulfurovum) displays

the classical features of the dif/Xer system i.e. a dif sequence with

homology to the canonical dif and two recombinases genes

scattered across the chromosome. Interestingly, the two groups

belong to two distinct clades [45], suggesting that the dif/Xer

recombination systems are associated with specific phylogenic

groups. Experimental approaches are now required to test the

functionality of the newly discovered e Xer-like recombination

system.

The dif/Xer system is not present in all proteobacteria
Our approach revealed that 12.2% of the studied proteobacter-

ial species do not contain a dif motif. Most of them lack the XerC,

XerD, XerH or XerS recombinases, justifying the absence of dif

(Table S4). It seems that genome size should be taken into account

when considering the absence of the dif/Xer system. Indeed, insect

endosymbiont bacteria (Buchnera sp, Blochmannia sp, Carsonella ruddii,

Ruthia magnifica, Baumannia cicadellinicola and Wigglesworthia glossinidia)

have a genome size ranging from 0.159 to 1.1 Mb and lack the

dif/Xer system (Table S4). During their co-evolution with their

host, the endosymbiotic bacteria have lost a large part of their

genome and have retained only genes that are essential for survival

[46]. The absence of the dif/Xer system in these bacteria indicates

that this recombination system is not required for microbial

symbiosis. Likewise, the marine a-proteobacteria Pelagibacter ubique

has the smallest known genome of a free-living microorganism

(1.3 Mb) [47] and, like the endosymbiotic bacteria, does not

possess a dif/Xer system. This confirms that genome fitting can

affect non-vital systems, such as the Xer machinery. However, low

chromosome size is not always associated with the absence of the

dif/Xer system, since the Rickettsiales (a-proteobacteria with a

genome ranging from 0.85 to 1.52 Mb in size) do harbor dif/Xer

recombination machinery (Table 1 and Table S1). Furthermore,

Figure 4. Phylogenetic analysis of XerC, XerD, XerH and XerS recombinases. XerH from the e subgroup species (listed in Table 2) were
compared with XerD and XerC recombinases from other e species and representative bacteria from the a, b, d and c taxa (Table 1). XerS recombinases
of S. pyogenes M1 GAS and L. lactis Il1403 [23] were added for comparison. Amino acid sequence alignment (with Clustal W) and phylogenetic
analyses were performed in MEGA4 [60]. The phylogeny was built using the Neighbor-Joining method [61]. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using
the Poisson correction method and are in the units of the number of amino acid substitutions per site. The size range of the recombinases (in amino
acids) is indicated under the recombinase name, in brackets.
doi:10.1371/journal.pone.0006531.g004
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the absence of the dif/Xer system cannot only be explained by

chromosome fitting, since bacteria with a larger chromosome (like

the Legionellales, Colwellia psychrerythraea or Saccharophagus degradans:

genome size ranging from 2 Mb to 5 Mb) also lack this machinery.

Surprisingly, a dif/Xer system was not found in Aromatoleum

aromaticum str EbN1 (also designated as Azoarcus sp EbN1) whereas

the complete system was revealed in Azoarcus BH72. This

difference could be attributed to the low degree of synteny seen

for the genomes of these two phylogenetically similar species [48].

Chromosome dimerization is a prerequisite for dif/Xer activity

and requires the presence of RecA, RecBC, and RecF pathways

for homologous recombination between sister chromosomes,

RecA being the most efficient for this function [49,4]. Except for

Candidatus Ruthia magnifica which does not display RecA, RecB or

RecF homologs, all other dif-deficient species encode at least one

enzyme that may be responsible for chromosome dimerization

(Table S4). This observation raises the question of the fate of

bacterial cells in which dimerization occurs without the rescue by

the dif/Xer system.

Discussion

In the present study, 234 chromosomes from 156 proteobacter-

ial species were analyzed for the presence of a dif-related sequence

by using a strategy mainly based on homology with experimen-

tally-defined dif sequences and a close association with the

chromosome terminus defined by the cumulative GC skew. We

now have an overview of the features of the dif/Xer systems

present in proteobacteria. Most species display a ‘‘classical’’ dif

sequence composed of two undecanucleotides, a conserved dif XerD

and a more variable dif XerC separated by an hexanucleotide region

(dif cent). These dif motifs (i) contain inverted repeats forming a

palindrome, (ii) are located intergenically, with no apparent

specific genetic environment, (iii) have a lower G+C content than

the chromosomal G+C content and (iv) are located near the

replication terminus as identified in GC skew analyses. These

sequences are found in bacteria harboring XerD- and XerC-like

recombinases. Other proteobacteria, notably a subgroup of e-
proteobacteria, display a sequence (difH) which is homologous to

difSL from streptococci and lactococci [23]. As the canonical dif motif,

difH (i) exhibits a low G+C content (ii) is located intergenically,

near the terminus defined by the GC skew, (iii) is not associated

with specific genetic elements or open reading frames, (iv) displays

a palindromic structure and, (v) like difSL, can be located in the

immediate vicinity of its recombinase. Furthermore, as for the

streptococci and lactococci, a single Xer-like recombinase (XerH)

was found in species displaying a difH sequence. However, no

phylogenic association between XerS and XerH could be found,

which strongly suggests the existence of two unrelated dif/Xer

systems. Taken as a whole, these data demonstrate that at least two

types of dif/Xer systems exist in proteobacteria: the classical

machinery found in most species and an atypical system present in

a sub-group of e proteobacteria. Exhaustive analysis of the dif/Xer

systems in other bacterial taxa is now required to evaluate the

distribution of these systems in the bacterial kingdom. The general

features of dif defined in our study should facilitate this

investigation.

Our analysis also demonstrated that the dif/Xer system is not as

universal as initially thought. Indeed, 12.2% of the studied

proteobacterial species do not harbor this recombination machin-

ery - an absence that could be explained by genome fitting for

small genome microorganisms but not for bacteria with large

chromosomes (like the Legionellales, Saccharophagus degradans or

Colwellia psychrerythraea). It is presently unclear whether the large

chromosome in these microorganisms lost the Xer recombination

system, never acquired it or developed a substitutive system to

deconcatenate the chromosomes. The consequences of this

absence are also intriguing, as most of these dif-deficient species

seem to possess the enzymatic machinery (RecA, RecBCD and

RecF) potentially responsible for chromosome dimerization by

homologous recombination (Table S4) [49,4]. In the absence of dif

and Xer recombinase, how do bacterial cells handle chromosome

deconcatenation? Can these bacteria survive without the need to

resolve chromosome dimers or does an alternative recombination

system replace the dif/Xer system? It has already been shown that

the loxP/Cre resolvase system (but not res/Tn3) can suppress the

filamentation phenotype of a dif-deficient E. coli but only when loxP

is located at the chromosome terminus [6]. This demonstrates that

the dif/Xer machinery can be replaced by other recombination

systems. However, there is presently no evidence to suggest that

dif/Xer-deficient proteobacteria harbor loxP/Cre resolvase-like

systems. In the case of Legionella, the absence of dif/Xer agrees with

an early observation showing filamentous cells in Legionella cultures

[50]. Experimental evidence is now required in order to establish

whether the filamentous phenotype in L. pneumophila results from

the absence of dif/Xer recombination. This question could be

answered by reintroducing a functional dif/Xer system into

Legionella and then checking for the filamentous phenotype.

Compared with other recombination targets, the dif motif

harbors a particular structure in view of the presence of two

recombinases. It is composed of two recombinase–specific outer

regions and two inner regions with dyad symmetry, close to the

central hexanucleotide. Our analysis of nucleotide variability in

proteobacteria species revealed that the inner regions of dif XerC

and dif XerD are highly conserved, whereas the outer regions are

much more variable (Figure 1A). Nucleotides at position 23 and 24

(located in the outer part of dif XerD) are highly variable and are

rarely part of the palindrome. Interestingly, these positions were

experimentally defined in E. coli as major contributors to the XerD

binding specificity [43] and analysis of the crystal structure of

XerD predicted that the dif nucleotide at position 24 interacts

directly with the highly conserved amino acid residue Q221 of

XerD [51]. Furthermore, this position is much less variable in

multi-strain species and multichromosome species (Figure 1B).

This observation shows that the variability of the nucleotide at

position 24 is primarily inter-species variability and could even be

Figure 5. Alignment of difH and difSL. The difH sequence corresponds to the putative dif motif of H. pylori 26695 (Table 2), whereas difSL was
described by Le Bourgeois et al. [23]. Asterisks indicate the common nucleotides and arrows designate inverted repeats.
doi:10.1371/journal.pone.0006531.g005
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considered as a species marker. Lastly, an adenine residue is highly

conserved at position 25 within the outer part of dif XerD and could

represent a general feature of the dif in proteobacteria.

As for dif XerD, the variable outer region of dif XerC corresponds to

the recombinase binding site, since positions 2 and 5 have been

described as major contributors to XerC binding [43]. For the

outer dif XerC region, our study shows that nucleotides in position 2

of dif display the highest variability, whereas the residue located in

position 5 is the least variable. It would be interesting to know

whether the most conserved position in dif XerC (position 5) is

associated with a conserved amino acid residue in XerC.

Unfortunately, structure/function analysis of XerC is prevented

by the lack of structural data.

The dif cent was a hexamer in all the proteobacterial genomes

that we analyzed, suggesting that the size of the central region

separating the recombinase binding sites is a critical feature. In

E.coli, it has been demonstrated that the 6 bp-distance between the

XerC and XerD binding sites was optimal for chromosomal

recombination activity and cleavage [52,53]. A 8-bp central region

is found in natural plasmids like ColE1 but is always associated

with adjacent DNA sequence and accessory proteins [54,55,56].

The presence of a 6-bp central region in proteobacteria thus

suggests that chromosomal recombination at dif in these species

does not require accessory elements. Furthermore, positions in the

central hexamer do not appear to be equivalent. Indeed, our

overall analysis suggests that the nucleotide at position 13 within

dif cent is highly variable (Figure 1A), whereas it is the least variable

residue of the hexanucleotide in the genomes of multi-chromo-

some bacteria (Figure 1B). Hence, this position may represent an

important feature for species discrimination. Moreover, in multi-

chromosome species, dif cent is more variable than the dif XerC or dif
XerD regions (Figure 1B). This observation agrees with the study by

Val et al. [16] and confirms that the central hexanucleotide is a

key region for discriminating between chromosomes within the

same bacterium and for avoiding chromosome fusion.

This study represents the first comprehensive analysis of the dif

motif and its recombinases; it revealed a new dif/Xer recombi-

nation system in proteobacteria and constitutes an important step

toward the characterization of the dif/Xer-like systems in bacteria

with circular chromosomes.

Methods

Identification of dif-like motifs in proteobacteria
The dif-related sequences were identified by using genomic

similarity search tools, such as the Basic Local Alignment Search

Tool (BLAST) (http://www.ncbi.nlm.nih.gov/sutils/genom_table.

cgi) [57] and the YASS DNA pairwise alignment tool (http://

bioinfo.lifl.fr/yass/yass.php) [58]. Sequences of the experimentally

characterized dif elements from E. coli, B. subtilis, C. crescentus, X.

campestris, V. cholerae, streptococci and lactococci [13,14,15,16,23]

were used as query sequences. Given that previous studies had

revealed conservation of the dif sequence, we used this feature to

develop an approach for characterizing dif homologs in phyloge-

netically related species.

Our analysis of dif-related motifs was performed on all the 234

completed proteobacterial chromosome sequences released before

January 1st, 2007 (Table S1). This corresponds to 156 species and

represents 53.1% (234 out of 440) of all the bacterial chromosomes

sequenced as of that date. The nucleotide sequences were

downloaded from the National Center for Biotechnology Infor-

mation (NCBI, http://www.ncbi.nlm.nih.gov). Forty-eight species

were selected as being representative of the different proteobacter-

ial taxa (Table 1). Information on the coding sequences flanking

the dif-related sequence was obtained from the protein tables (.ptt

file) summarizing the genome annotation at NCBI.

Skew analysis
The position of the candidate dif sequences was compared with

that of the DNA replication terminus, as defined by the maximum

of cumulative GC nucleotide (CGC) skew obtained by nucleotide

skew analyses of the chromosome sequences [59]. When the

maximum of CGC skew was undetectable, we chose the

maximum of GC skew (GC) of the chromosome or at the first

position of the codon (GC1).

Determination of the dif consensus sequence
To define the dif consensus sequence for proteobacteria, we

aligned the dif-related sequences extracted from the available

chromosomes. To avoid redundancy when several genome

sequences were available for one bacterial species, only the

information on the first-published chromosome (according to the

NCBI release date) was used. In the end, 161 bacterial

chromosomes were selected for determination of the dif consensus

sequence; since some species have several chromosomes, the

number of chromosomes is higher than the number of species. The

degree of nucleotide variability (v) at each position of the 28-mer

was defined as v = 1–f, where f is the frequency of the most

frequent nucleotide.

Measurement of the degree of variability
The intra-species nucleotide variability of the dif sequence was

measured in the 21 dif+species represented by at least two strains

(termed ‘‘multi-strain species’’ in this study). Intra-species

variability was measured at each position of the 28-nucleotide dif

sequence. A score of 1 was attributed to the position when the

nucleotides differed between strains of the same species; if not, the

score at this position was 0 (i.e. conservation). For each position of

the 28-nucleotide dif sequence, the scores obtained for all the

species were added and normalized against the number of species

(n = 21). This value obtained corresponds to the degree of

variability at each position and, hence, a low value corresponds

to low nucleotide variability at the position.

A similar approach was adopted for analyzing the nucleotide

variability of dif in 19 out of 20 multi-chromosome species (listed in

Table S3). Multi-chromosome Agrobacterium tumefaciens was not

included in the analysis since only one of its two chromosomes

display a dif sequence. Within the same strain, chromosomes were

compared in terms of dif sequence. A score of 1 was attributed to

the position if the nucleotides differed for the 2 or 3 chromosomes

in the same strain; if not, the position was scored as 0. Next, for

each position, the scores were added and normalized against the

number of species (n = 19) to obtain a value representing the

degree of variability in multi-chromosome species, a low value

being associated with a low nucleotide variability at the position.

Palindromicity
Palindromicity was analyzed by comparing the 28-nt dif

sequence with its inverted complementary counterpart in the 48

selected proteobacterial species (Table 1). The palindrome was

defined as the conserved nucleotide sequence between dif and its

inverted, complementary strand. When a nucleotide was found

both in dif and in the reverse complementary sequence, a value of

1 was given to the position. Next, the values for the 48 dif

sequences for each position were added together to give the n

value. The palindromicity frequency (fpal) was then estimated as:

fpal = n/48, with 48 being the number of dif sequences analyzed. A

dif/Xer in Proteobacteria
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fpal value of 1 to a nucleotide position means that the nucleotide is

always part of a palindrome.

In order to demonstrate that the presence of a palindrome is a

key feature of dif motifs, we compared each dif sequence with a

randomly generated 28-mer obtained by shuffling the nucleotide

of the original dif. Next, the nucleotides involved in the palindrome

were counted in both dif and the randomized 28-mers and the

average numbers of nucleotide involved in a palindrome were

calculated and compared.

BLASTp analysis and the phylogeny of the Xer
recombinases

BLASTp analysis were performed using reference amino acid

sequences from E.coli K12 XerC and XerD recombinases (protein

reference on NCBI: NP_418256 and NP_417370, respectively),

from Lactococcus lactis Il1403 XerS (NP_267388) and from E. coli

K12 RecA, RecB and RecF (NP_417179, NP_417297.1 and

NP_418155.1, respectively).

Phylogenetic analysis of the Xer recombinases was performed

with MEGA version 4 [60]. Sequences were aligned with

ClustalW, whereas phylogeny was build using the Neighbor-

Joining method [61].

Supporting Information

Figure S1 Palindromicity of the dif-related sequences. The

frequency of palindromicity was calculated from the 48 represen-

tative dif sequences (Table 1), as described in the Methods section.

Black bars represent dif XerC and dif XerD nucleotides, whereas

grey bars correspond to dif cent nucleotides. White bars represent

nucleotides outside dif.

Found at: doi:10.1371/journal.pone.0006531.s001 (6.24 MB TIF)

Table S1 Genome, dif, and Xer recombinase features of 234

protobacteria

Found at: doi:10.1371/journal.pone.0006531.s002 (0.17 MB

XLS)

Table S2 Nucleotide frequency (%) of the dif-related sequences

from 161 proteobacterial chromosomes.

Found at: doi:10.1371/journal.pone.0006531.s003 (0.07 MB

DOC)

Table S3 dif-related sequences in multi-chromosome proteo-

bacteria

Found at: doi:10.1371/journal.pone.0006531.s004 (0.15 MB

DOC)

Table S4 Xer recombinases and RecA, RecB and RecF

homologs in dif-deficient proteobacteria

Found at: doi:10.1371/journal.pone.0006531.s005 (0.03 MB

XLS)

Acknowledgments

We thank Claire Bertelli for her help with the Bayesian analysis and Michel

Simonet, Florent Sebbane and Stephanie Herwegh for critical reading of

the paper. We also thank Douglas Berg for his helpful comments and

Mohammed Benghezal for his collaboration.

Author Contributions

Conceived and designed the experiments: CC CAR. Performed the

experiments: CC. Analyzed the data: CC CAR. Contributed reagents/

materials/analysis tools: CAR. Wrote the paper: CC.

References

1. Blakely G, May G, McCulloch R, Arciszewska LK, Burke M, et al. (1993) Two

related recombinases are required for site-specific recombination at dif and cer in
E. coli K12. Cell 75: 351–361.

2. Steiner W, Liu G, Donachie WD, Kuempel P (1999) The cytoplasmic domain of

FtsK protein is required for resolution of chromosome dimers. Mol Microbiol
31: 579–583.

3. Aussel L, Barre FX, Aroyo M, Stasiak A, Stasiak AZ, et al. (2002) FtsK Is a DNA

motor protein that activates chromosome dimer resolution by switching the
catalytic state of the XerC and XerD recombinases. Cell 108: 195–205.

4. Kuempel PL, Henson JM, Dircks L, Tecklenburg M, Lim DF (1991) dif, a recA-

independent recombination site in the terminus region of the chromosome of
Escherichia coli. New Biol 3: 799–811.

5. Blakely G, Colloms S, May G, Burke M, Sherratt D (1991) Escherichia coli XerC

recombinase is required for chromosomal segregation at cell division. New Biol
3: 789–798.

6. Leslie NR, Sherratt DJ (1995) Site-specific recombination in the replication

terminus region of Escherichia coli: functional replacement of dif. Embo J 14:
1561–1570.

7. Cornet F, Louarn J, Patte J, Louarn JM (1996) Restriction of the activity of the

recombination site dif to a small zone of the Escherichia coli chromosome. Genes
Dev 10: 1152–1161.

8. Kuempel P, Hogaard A, Nielsen M, Nagappan O, Tecklenburg M (1996) Use of

a transposon (Tndif) to obtain suppressing and nonsuppressing insertions of the
dif resolvase site of Escherichia coli. Genes Dev 10: 1162–1171.

9. Perals K, Cornet F, Merlet Y, Delon I, Louarn JM (2000) Functional

polarization of the Escherichia coli chromosome terminus: the dif site acts in
chromosome dimer resolution only when located between long stretches of

opposite polarity. Mol Microbiol 36: 33–43.

10. Stirling CJ, Stewart G, Sherratt DJ (1988) Multicopy plasmid stability in
Escherichia coli requires host-encoded functions that lead to plasmid site-specific

recombination. Mol Gen Genet 214: 80–84.

11. Clerget M (1991) Site-specific recombination promoted by a short DNA segment

of plasmid R1 and by a homologous segment in the terminus region of the
Escherichia coli chromosome. New Biol 3: 780–788.

12. Neilson L, Blakely G, Sherratt DJ (1999) Site-specific recombination at dif by

Haemophilus influenzae XerC. Mol Microbiol 31: 915–926.

13. Sciochetti SA, Piggot PJ, Blakely GW (2001) Identification and characterization

of the dif Site from Bacillus subtilis. J Bacteriol 183: 1058–1068.

14. Jensen RB (2006) Analysis of the terminus region of the Caulobacter crescentus

chromosome and identification of the dif site. J Bacteriol 188: 6016–6019.

15. Yen MR, Lin NT, Hung CH, Choy KT, Weng SF, et al. (2002) oriC region and

replication termination site, dif, of the Xanthomonas campestris pv. campestris 17
chromosome. Appl Environ Microbiol 68: 2924–2933.

16. Val ME, Kennedy SP, El Karoui M, Bonne L, Chevalier F, et al. (2008) FtsK-

dependent dimer resolution on multiple chromosomes in the pathogen Vibrio

cholerae. PLoS Genet 4: e1000201.

17. Sirois S, Szatmari G (1995) Detection of XerC and XerD recombinases in

gram-negative bacteria of the family Enterobacteriaceae. J Bacteriol 177:
4183–4186.

18. Hayes F, Lubetzki SA, Sherratt DJ (1997) Salmonella typhimurium specifies a

circular chromosome dimer resolution system which is homologous to the Xer
site-specific recombination system of Escherichia coli. Gene 198: 105–110.

19. Recchia GD, Sherratt DJ (1999) Conservation of xer site-specific recombination

genes in bacteria. Mol Microbiol 34: 1146–1148.

20. Chalker AF, Lupas A, Ingraham K, So CY, Lunsford RD, et al. (2000) Genetic
characterization of gram-positive homologs of the XerCD site-specific

recombinases. J Mol Microbiol Biotechnol 2: 225–233.

21. Carnoy C, Floquet S, Marceau M, Sebbane F, Haentjens-Herwegh S, et al.
(2002) The superantigen gene ypm is located in an unstable chromosomal locus of

Yersinia pseudotuberculosis. J Bacteriol 184: 4489–4499.

22. Hendrickson H, Lawrence JG (2007) Mutational bias suggests that replication
termination occurs near the dif site, not at Ter sites. Mol Microbiol 64: 42–

56.

23. Le Bourgeois P, Bugarel M, Campo N, Daveran-Mingot ML, Labonte J, et al.
(2007) The Unconventional Xer Recombination Machinery of Streptococci/

Lactococci. PLoS Genet 3: e117.

24. Huber KE, Waldor MK (2002) Filamentous phage integration requires the host
recombinases XerC and XerD. Nature 417: 656–659.

25. Campos J, Martinez E, Suzarte E, Rodriguez BL, Marrero K, et al. (2003) VGJ

phi, a novel filamentous phage of Vibrio cholerae, integrates into the same
chromosomal site as CTX phi. J Bacteriol 185: 5685–5696.

26. Iida T, Makino K, Nasu H, Yokoyama K, Tagomori K, et al. (2002)

Filamentous bacteriophages of vibrios are integrated into the dif-like site of the
host chromosome. J Bacteriol 184: 4933–4935.

27. Gonzalez MD, Lichtensteiger CA, Caughlan R, Vimr ER (2002) Conserved

filamentous prophage in Escherichia coli O18:K1:H7 and Yersinia pestis biovar
orientalis. J Bacteriol 184: 6050–6055.

28. Derbise A, Chenal-Francisque V, Pouillot F, Fayolle C, Prevost MC, et al. (2007)

A horizontally acquired filamentous phage contributes to the pathogenicity of

the plague bacillus. Mol Microbiol 63: 1145–1157.

dif/Xer in Proteobacteria

PLoS ONE | www.plosone.org 13 September 2009 | Volume 4 | Issue 9 | e6531



29. Dai H, Chow TY, Liao HJ, Chen ZY, Chiang KS (1988) Nucleotide sequences

involved in the neolysogenic insertion of filamentous phage Cf16-v1 into the

Xanthomonas campestris pv. citri chromosome. Virology 167: 613–620.

30. Lin NT, Chang RY, Lee SJ, Tseng YH (2001) Plasmids carrying cloned

fragments of RF DNA from the filamentous phage (phi)Lf can be integrated into

the host chromosome via site-specific integration and homologous recombina-

tion. Mol Genet Genomics 266: 425–435.

31. McLeod SM, Waldor MK (2004) Characterization of XerC- and XerD-

dependent CTX phage integration in Vibrio cholerae. Mol Microbiol 54: 935–947.

32. Val ME, Bouvier M, Campos J, Sherratt D, Cornet F, et al. (2005) The single-

stranded genome of phage CTX is the form used for integration into the genome

of Vibrio cholerae. Mol Cell 19: 559–566.

33. Hamilton HL, Dominguez NM, Schwartz KJ, Hackett KT, Dillard JP (2005)

Neisseria gonorrhoeae secretes chromosomal DNA via a novel type IV secretion

system. Mol Microbiol 55: 1704–1721.

34. Snyder LA, Jarvis SA, Saunders NJ (2005) Complete and variant forms of the

‘gonococcal genetic island’ in Neisseria meningitidis. Microbiology 151: 4005–4013.

35. Bloor AE, Cranenburgh RM (2006) An efficient method of selectable marker

gene excision by Xer recombination for gene replacement in bacterial

chromosomes. Appl Environ Microbiol 72: 2520–2525.

36. Cooke GD, Cranenburgh RM, Hanak JA, Ward JM (2003) A modified

Escherichia coli protein production strain expressing staphylococcal nuclease,

capable of auto-hydrolysing host nucleic acid. J Biotechnol 101: 229–239.

37. Olsen GJ, Woese CR, Overbeek R (1994) The winds of (evolutionary) change:

breathing new life into microbiology. J Bacteriol 176: 1–6.

38. Bigot S, Sivanathan V, Possoz C, Barre FX, Cornet F (2007) FtsK, a literate

chromosome segregation machine. Mol Microbiol 64: 1434–1441.

39. Cui T, Moro-oka N, Ohsumi K, Kodama K, Ohshima T, et al. (2007) Escherichia

coli with a linear genome. EMBO Rep 8: 181–187.

40. Wood DWSJ, Kaul R, Monks DE, Kitajima JP, Okura VK, Zhou Y, Chen L,

Wood GE, Almeida NF Jr, Woo L, Chen Y, Paulsen IT, Eisen JA, Karp PD,

Bovee D Sr, Chapman P, Clendenning J, Deatherage G, Gillet W, Grant C,

Kutyavin T, Levy R, Li MJ, McClelland E, Palmieri A, Raymond C, Rouse G,

Saenphimmachak C, Wu Z, Romero P, Gordon D, Zhang S, Yoo H, Tao Y,

Biddle P, Jung M, Krespan W, Perry M, Gordon-Kamm B, Liao L, Kim S,

Hendrick C, Zhao ZY, Dolan M, Chumley F, Tingey SV, Tomb JF,

Gordon MP, Olson MV, Nester EW (2001) The genome of the natural genetic

engineer Agrobacterium tumefaciens C58. Science 294: 2317–2323.

41. Goodner B, Hinkle G, Gattung S, Miller N, Blanchard M, et al. (2001) Genome

sequence of the plant pathogen and biotechnology agent Agrobacterium tumefaciens

C58. Science 294: 2323–2328.

42. Slater SC, Goldman BS, Goodner B, Setubal JC, Farrand SK, et al. (2009)

Genome sequences of three agrobacterium biovars help elucidate the evolution

of multichromosome genomes in bacteria. J Bacteriol 191: 2501–2511.

43. Hayes F, Sherratt DJ (1997) Recombinase binding specificity at the chromosome

dimer resolution site dif of Escherichia coli. J Mol Biol 266: 525–537.
44. Kersulyte D, Lee W, Subramaniam D, Anant S, Herrera P, Cabrera L, Balqui J,

Barabas O, Kalia A, Gilman RH, Berg DE (2009) Helicobacter pylori’s plasticity

zones are novel transposable elements. PLoS ONE, in press.
45. Campbell BJ, Engel AS, Porter ML, Takai K (2006) The versatile epsilon-

proteobacteria: key players in sulphidic habitats. Nat Rev Microbiol 4: 458–468.
46. Andersson SG (2006) The bacterial world gets smaller. Science 314: 259–260.

47. Giovannoni SJ, Tripp HJ, Givan S, Podar M, Vergin KL, et al. (2005) Genome

streamlining in a cosmopolitan oceanic bacterium. Science 309: 1242–1245.
48. Krause A, Ramakumar A, Bartels D, Battistoni F, Bekel T, et al. (2006)

Complete genome of the mutualistic, N2-fixing grass endophyte Azoarcus sp.
strain BH72. Nat Biotechnol 24: 1385–1391.

49. Steiner WW, Kuempel PL (1998) Sister chromatid exchange frequencies in
Escherichia coli analyzed by recombination at the dif resolvase site. J Bacteriol 180:

6269–6275.

50. Brenner DJ, Feeley JC, Weaver RE (1984) Family VII. Legionellaceae. In:
Krieg NRH, J.G, eds. Bergey’s Manual of Systematic Bacteriology Williams &

Wilkins Co.: Baltimore ed. pp 279–288.
51. Subramanya HS, Arciszewska LK, Baker RA, Bird LE, Sherratt DJ, et al. (1997)

Crystal structure of the site-specific recombinase, XerD. Embo J 16: 5178–5187.

52. Blakely GW, Davidson AO, Sherratt DJ (1997) Binding and cleavage of nicked
substrates by site-specific recombinases XerC and XerD. J Mol Biol 265: 30–39.

53. Blakely G, Sherratt D (1996) Determinants of selectivity in Xer site-specific
recombination. Genes Dev 10: 762–773.

54. Summers DK, Sherratt DJ (1988) Resolution of ColE1 dimers requires a DNA
sequence implicated in the three-dimensional organization of the cer site. Embo J

7: 851–858.

55. Stirling CJ, Szatmari G, Stewart G, Smith MC, Sherratt DJ (1988) The arginine
repressor is essential for plasmid-stabilizing site-specific recombination at the

ColE1 cer locus. Embo J 7: 4389–4395.
56. Stirling CJ, Colloms SD, Collins JF, Szatmari G, Sherratt DJ (1989) xerB, an

Escherichia coli gene required for plasmid ColE1 site-specific recombination, is

identical to pepA, encoding aminopeptidase A, a protein with substantial
similarity to bovine lens leucine aminopeptidase. Embo J 8: 1623–1627.

57. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J Mol Biol 215: 403–410.

58. Noe L, Kucherov G (2005) YASS: enhancing the sensitivity of DNA similarity
search. Nucleic Acids Res 33: W540–543.

59. Lobry JR (1996) Asymmetric substitution patterns in the two DNA strands of

bacteria. Mol Biol Evol 13: 660–665.
60. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary

Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol 24: 1596–1599.
61. Saitou N, Nei M (1987) The neighbor-joining method: a new method for

reconstructing phylogenetic trees. Mol Biol Evol 4: 406–425.

dif/Xer in Proteobacteria

PLoS ONE | www.plosone.org 14 September 2009 | Volume 4 | Issue 9 | e6531


