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Abstract

Homologous recombination is a key pathway found in nearly all bacterial taxa. The recombination complex not only allows bacteria to re-
pair DNA double-strand breaks but also promotes adaption through the exchange of DNA between cells. In Proteobacteria, this process is
mediated by the RecBCD complex, which relies on the recognition of a DNA motif named Chi to initiate recombination. The Chi motif has
been characterized in Escherichia coli and analogous sequences have been found in several other species from diverse families, suggesting
that this mode of action is widespread across bacteria. However, the sequences of Chi-like motifs are known for only five bacterial species:
E. coli, Haemophilus influenzae, Bacillus subtilis, Lactococcus lactis, and Staphylococcus aureus. In this study, we detected putative Chi
motifs in a large dataset of Proteobacteria and identified four additional motifs sharing high sequence similarity and similar properties to
the Chi motif of E. coli in 85 species of Proteobacteria. Most Chi motifs were detected in Enterobacteriaceae and this motif appears well
conserved in this family. However, we did not detect Chi motifs for the majority of Proteobacteria, suggesting that different motifs are used
in these species. Altogether these results substantially expand our knowledge on the evolution of Chi motifs and on the recombination pro-
cess in bacteria.
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Introduction
Bacteria frequently suffer DNA double-strand breaks; and these
damages need to be efficiently repaired to avoid cell death. One
of the primary repair mechanisms is mediated by homologous re-
combination which allows the exchange of homologous sequen-
ces and thus the repair of damaged DNA (Resnick 1976).
Homologous recombination is also a key mechanism contribut-
ing to the rapid evolution of bacteria and their viruses (Bobay
et al. 2013). In Proteobacteria, the main enzymatic complex in-
volved in this process is the RecBCD helicase–nuclease complex
(McKittrick and Smith 1989; Rocha et al. 2005). Following a
double-strand break, RecBCD binds to the broken end of the DNA
and unwinds it (Taylor and Smith 1980; Wilkinson et al. 2016)
upon encountering a Chi (Crossover Hotspot Instigator) site. The
recognition of the Chi motif triggers an endonucleolytic nick near
the 30 end of the Chi motif by RecBCD (Smith 2012) and initiates
the loading of RecA proteins on the DNA strand (Anderson and
Kowalczykowski 1998). The DNA–RecA complex can then initiate
the search and exchange of genetic material with a homologous
sequence (Smith 2012). The recognition of Chi motifs, mediated
by the RecC subunit (Handa et al. 2012), thus plays a key function
in the initiation of the homologous recombination.

Chi sites have been well defined in Escherichia coli, where the
sequence of this 8 nt-long motif is 50-GCTGGTGG-30 (Smith et al.
1981a, 1981b). This motif is overrepresented on the genome with
one motif every 5 kb on average (Touzain et al. 2011). Chi sites are
also more frequent in the conserved regions of the bacterial ge-
nome (i.e., the core genome) than in the genes recently acquired

(Halpern et al. 2007; Cockram et al. 2015) and in genomic repeats
(Li et al. 2019), suggesting the importance of the repair of the
regions that encode the most essential cellular functions. This
motif is also polarized on the chromosome, which is an impor-
tant feature for the recognition of Chi sites by RecBCD (Taylor
et al. 1985): in E. coli, Chi motifs are found almost exclusively on
the leading strand of replication. Chi sites have an important role
in the RecBCD pathway as its recognition by this enzymatic com-
plex is a key step in initiating this mechanism. However, most of
the knowledge on Chi sites has been derived from E. coli and little
is known about this mechanism in other species.

Chi motifs and functionally related motifs (i.e., Chi-like motifs)
have only been identified in four other bacteria from diverse tax-
onomic groups: Haemophilus influenzae (50-GNTGGTGG-30/50G(G/
C)TGGAGG-30), Bacillus subtilis (50-AGCGG-30), Lactococcus lactis
(50-GCGCGT-30) (El Karoui et al. 1999), and Staphylococcus aureus
(50-GAAGCGG-30) (Halpern et al. 2007). Note that it remains
unclear whether the 50-AGCGG-30 motif stimulates homologous
recombination in B. subtilis and that it cannot therefore be consid-
ered a true Chi motif. For this reason, we will refer to “Chi motifs”
to designate the motifs found in E. coli and related bacteria with a
similar sequence. In contrast, we will use “Chi-like motifs” to des-
ignate all the motifs that are thought to be associated with ho-
mologous recombination in prokaryotes. For most of the species
with Chi-like sequences identified, Chi-like sequences are statisti-
cally overrepresented in the core genome (El Karoui et al. 1999).
The presence of Chi-like motifs across highly divergent bacteria
suggests that this mechanism of action is widespread in bacteria
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and possibly universal. Moreover, H. influenzae and E. coli are both
Gammaproteobacteria and present related Chi sequences.
Although Chi-like sequences have likely evolved toward different
sequences in most species, this last case suggests that they are
evolving relatively slowly and indicates that it might be possible
to identify them with computational approaches.

In this study, we searched for the presence of Chi motifs re-
lated to E. coli’s Chi motif across hundreds of species of
Proteobacteria. By using sequence similarity, oligonucleotide fre-
quency statistics and the known properties of Chi motifs (i.e., po-
larization on the leading strand and overrepresentation on the
core genome), we detected the presence of candidate Chi motifs
across 87 species of Proteobacteria. The identified motifs appear
restricted to five sequences: (GCTGGTGG, GCTGGCGG,
GCTGCTGG, GGTGGTGG, and GCTGGAGG). We further used phy-
logenomic approaches to reconstruct the evolution of these
sequences in Proteobacteria. Our results underline that these
sequences are well conserved in Enterobactericeae, suggesting a
common mode of action of homologous recombination in these
species. However, we did not find related sequences across most
Proteobacteria, indicating that Chi motifs are either absent in
these lineages or possess highly divergent sequences.

Materials and methods
Data collection
Genomic sequences were downloaded from GenBank in May
2018. One genome per species was selected. If multiple genomes
were available, we selected the one with the most complete as-
sembly (the one with the smallest number of contigs), and if a
species presented multiple assemblies with the same quality, we
randomly selected one of the genomes. Following this procedure,
we obtained 8924 genomes from distinct species. From this list,
we extracted the species belonging to the Proteobacteria and the
Terrabacteria, which yielded a total of 2603 species, composed of
1071 and 992 species of Proteobacteria and Terrabacteria, respec-
tively. We then selected the genomes with complete assemblies
(i.e., assemblies at the scaffold or the contig level were discarded),
and this yielded a total or 495 Proteobacteria and 363
Terrabacteria. Dataset information such as species name,
GenBank accession number, taxonomy, genome size, and nucleo-
tide composition (GC-content) are detailed in Supplementary
Dataset S1.

Definition of the core genome
It has been previously observed that Chi sites are only statisti-
cally overrepresented on the core genome (El Karoui et al. 1999),
likely because these regions need to be repaired efficiently. In or-
der to improve the sensitivity of our approach, we restricted our
analyses of Chi motifs to the core genome of each species. The
core genome of a bacterial species is typically defined by all the
genes present in every or almost every strain of a species.
However, it is not possible to build a core genome for most spe-
cies, since most species present a single or a few sequenced
genome(s). To circumvent this issue, we built a pseudo core ge-
nome for each species by using the set of orthologous genes
shared among closely related species. Indeed, the core genes of a
given species typically encode for the most essential cellular
functions (typically housekeeping genes) and those are expected
to be shared by closely related species. For each species, we used
HMMer v3 (Eddy 2011) and the set of 43 universal protein profiles
identified in a previous study (Raymann et al. 2015). Each of the
universal proteins identified were extracted and aligned with

MAFFT v7 (Katoh and Standley 2013). For each alignment, poorly
aligned regions were removed using Gblocks v0.91b (Castresana
2000). The 43 universal protein alignments were then
concatenated into a single alignment. All pairwise distances were
computed on the concatenate and the distances were used to
identify all the pairs of most closely related species. For each pair
of most related species, the set of shared orthologs was defined
as best reciprocal hits using USEARCH v11 (global alignment)
with a minimum of 70% sequence identity and 80% length con-
servation (Edgar 2010). For each species, the pseudo core genome
was defined as the set of genes shared by the two most closely re-
lated species.

Detection of Chi sites
Candidate Chi motifs were inferred by using multiple criteria.
First, we searched for the presence of candidates Chi sites with
an identical or highly similar sequence of the motif found in
E. coli (50-GCTGGTGG-30). All the motifs with one nucleotide differ-
ence compared with the motif of E. coli have been analyzed,
namely a total of 25 motifs: GCTGGTGG, ACTGGTGG,
CCTGGTGG, TCTGGTGG, GATGGTGG, GGTGGTGG, GTTGGTGG,
GCAGGTGG, GCGGGTGG, GCCGGTGG, GCTAGTGG, GCTTGTGG,
GCTCGTGG, GCTGATGG, GCTGTTGG, GCTGCTGG, GCTGGAGG,
GCTGGCGG, GCTGGGGG, GCTGGTAG, GCTGGTCG, GCTGGTTG,
GCTGGTGA, GCTGGTGC, and GCTGGTGT. The pseudo core
genomes of the 2063 species were analyzed by the software
R’MES v3.1.0 (Schbath and Hoebeke 2011). The statistics of all the
possible octamers were performed using a Gaussian law (Prum
et al. 1995; Schbath et al. 1995; Schbath 1997) in R’MES v3.1.0,
allowing the calculation of the expected frequency of the motifs
relative to the oligonucleotide composition of the genomes. The
overrepresentation of each motif was then evaluated by a statis-
tical comparison between the observed and expected numbers
using different Markov models to take into account the different
levels of oligonucleotide composition of the sequences (different
composition bias: mono-nucleotides, di-nucleotides, tri-
nucleotides, tetra-nucleotides, penta-nucleotides, and hexa-
nucleotides). For each model, a motif was considered as signifi-
cantly overrepresented based on the statistics observed for the
Chi site frequencies of E. coli (thresholds used are presented
Supplementary Table S1). The detected motifs were considered
as candidate Chi motifs when found significantly overrepre-
sented in the core genome with at least three different Markov
models and when found polarized on the genome. The polariza-
tion statistics were computed with the Wilcoxon signed-rank test
implemented in R version 3.5.1. Since we could not confidently
identify the origin and terminus of replication for all species, we
reasoned that, in the absence of polarization on the genome, Chi
sites should be randomly distributed on both DNA strands. If Chi
sites are polarized on the chromosome, we should observe a bi-
ased distribution where consecutive Chi sites should be found on
the same strand more frequently than expected by chance. We
compared the distribution of the positions of Chi sites on the pos-
itive strand and on the negative strand. We considered that the
candidate Chi motifs were polarized on the genome when the dis-
tribution was significantly biased (P < 0.001, Wilcoxon test) from
the null expectation.

Phylogenetic analysis
The concatenated alignment of 43 protein sequences described
above was used to build the phylogenetic tree of the
Proteobacteria (Raymann et al. 2015). We built the phylogenetic
tree with a maximum likelihood approach using RAxML v8
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(Stamatakis 2014) with the LG model, which was selected as best-
scoring model by RAxML. The tree was rooted by including the
sequences of three Firmicutes: Bacillus cereus, Lactobacillus casei
and Staphylococcus saprophyticus. The resulting tree was edited
with colors and legends with iTOL (Letunic and Bork 2007). The
Newick format of the tree is available in Supplementary Dataset
S2.

Data availability
All genomes analyzed in this study were downloaded from
GenBank in May 2018 (https://www.ncbi.nlm.nih.gov/genome/).
The list of genome IDs and other information such as species
name, taxonomy, genome size and nucleotide composition
(GC-content) are provided in Supplementary Dataset S1. The
Newick file of the bacterial phylogenetic tree is available in
Supplementary Dataset S2. The list of species with polarized can-
didate Chi motifs (25 polarized motifs searched) is provided in
Supplementary Dataset S3. The list of species with non-polarized
candidate Chi motifs (25 non-polarized motifs searched) is avail-
able in Supplementary Dataset S4. The extended list of species
with non-polarized candidate Chi motifs (830 non-polarized
motifs searched) is available in Supplementary Dataset S5. The
list of all statistically overrepresented octamers is presented in
Supplementary Dataset S6 (de novo motif identification).

Supplementary material is available at figshare DOI: https://
doi.org/10.25387/g3.13202909.

Results
Detection of five Chi motifs in Proteobacteria
We used multiple criteria to detect putative Chi sites in our data-
set of 495 Proteobacteria: (1) sequence similarity to the Chi motif
of E. coli, (2) polarization with the leading strand of replication,
and (3) statistical overrepresentation on the core genome relative
to the oligonucleotide composition of these genomes (see
Methods for details). Because multiple oligonucleotide biases can
impact the inference of Chi motifs, we computed the statistical
overrepresentation of these motifs in the core genomes with
R’MES using different Markov models: from model 0, which
accounts for the mononucleotide composition of the core ge-
nome, to model 5, which accounts for the hexanucleotide compo-
sition of the core genome. A Chi motif was inferred as a
candidate when statistically overrepresented in the core genome
with three Markov models (see Supplementary Tables S2–S3 for
the detailed results across all Markov models). Using these differ-
ent criteria, we identified 85 species of Proteobacteria with candi-
date Chi sites (see Supplementary Dataset S3 for details). Across
these species, five main motifs were identified as potential Chi
motifs in Proteobacteria: GCTGGTGG, GCTGGCGG, GCTGCTGG,
GGTGGTGG, and GCTGGAGG (Figure 1). The most frequent motif,
GCTGGTGG, is the Chi motif shown to be functional in E. coli.

Estimation of false positives
To assess the quality of our detection approach, we used a large
sample of Terrabacteria (n¼ 363) to estimate our rate of false pos-
itive detection (see Supplementary Tables S1–S3 for the detailed
results across all Markov models). Terrabacteria are highly diver-
gent from Proteobacteria but they also exhibit a large diversity of
genome size and nucleotide composition. We reasoned that these
divergent bacteria are not expected to present similar motifs to
Proteobacteria. Indeed, the Chi motifs previously identified in
B. subtilis, L. lactis, and S. aureus are not related to the motifs in-
ferred in Proteobacteria. Using the same detection procedure for

the 25 putative motifs, we estimated our rate of false positives to
be 3.9%. Interestingly, the putative Chi motifs are GC-rich and
the false positives were mostly found in species of Terrabacteria
with high GC-content, indicating that a weak detection bias due
to sequence composition remains even though our framework
should compensate for mononucleotide and oligonucleotide
compositions.

GC-content and Chi sites
The reference Chi motif of E. coli is a GC-rich sequence and all the
related Chi motifs that we searched in these genomes present
high GC-content (76.7% on average). We observed that the spe-
cies with inferred candidate Chi motifs present higher genomic
GC-content relative to the species without Chi motifs (respec-
tively, 60.8% and 51.5%; P < 10�5; Wilcoxon test; Supplementary
Figure S1A). This difference was also observed when limiting the
comparison to Gammaproteobacteria (P < 10�5; Wilcoxon test;
Supplementary Figure S1B). However, the genomic GC-content of
Proteobacteria is much lower than the GC-content of Chi motifs
(respectively, 60.8% and 76.6%; P < 10�5; Wilcoxon test;
Supplementary Figure S1A). These results suggest that species
harboring these Chi motifs tend to be relatively GC-rich, but their
GC-content remains much lower than the GC-content of the mo-
tif itself.

Evolution of Chi sites in Proteobacteria
We further analyzed the evolution of Chi motifs in
Proteobacteria. To do so, we reconstructed the phylogenetic tree
of Proteobacteria using a set 43 universal proteins previously
identified (Raymann et al. 2015). The distribution of species with
inferred Chi motifs in the Proteobacteria tree confirms that the
vast majority of these species are close relatives of E. coli: mostly
Enterobacteriaceae (Gammaproteobacteria) (Figure 2). Several spe-
cies of Gammaproteobacteria—other than the Enterobacteriaceae—
were inferred to possess candidate Chi motifs (Aeromonas,
Zobellella, Pseudomonas et Kushneria) but their genomes contain a
GC-content of about 60%, which suggests that these could repre-
sent false positives. In the other groups of Proteobacteria, we
detected Chi motifs among Betaproteobacteria (Paraburkholderia
genus), as well as in Epsilon/Deltaproteobacteria (Myxococcus ge-
nus) and Alphaproteobacteria (Azorhizobium caulinodans and
Komagataeibacter europaeus). Those species all present a relatively
high GC-content (GC% > 60%), also suggesting that the Chi motifs
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Figure 1 Frequencies and sequences of candidate Chi motifs identified in
Proteobacteria. Five main Chi motifs have been detected in a total of 87
species of Proteobacteria based on our criteria.

A. Buton and L.-M. Bobay | 3

https://www.ncbi.nlm.nih.gov/genome/
https://doi.org/10.25387/g3.13202909
https://doi.org/10.25387/g3.13202909


inferred in these species likely represent false positive. For com-
parison, the GC-content of E. coli is 52.3%.

In contrast, virtually all Enterobacteriaceae presented Chi
motifs. One notable exception is the genus Yersinia for which we

did not detect the presence of Chi sites for any of the available
species (Figure 3). The phylogenetic distribution of species with
inferred Chi sites suggests that this motif was present in the an-
cestor of all Enterobacteriaceae and was subsequently lost in

Tree scale: 0.1

Taxa

Gammaproteobacteria

Betaproteobacteria

Zetaproteobacteria

Oligoflexia

Acidithiobacillia

Alphaproteobacteria

delta/epsilon

Terrabacteria

GCTGGTGG
GCTGGCGG
GCTGCTGG
GGTGGTGG
GCTGGAGG
GCTGGGGG
GCTGGTGC
GCTGATGG
GCTGGTCG

Chi Motifs

Figure 2 Phylogenetic tree of Proteobacteria and distribution of species with inferred Chi motifs. The tree was inferred using a set of 43 universal
proteins and with RaxML (see Materials and methods) using the LG substitution model and rooted using three Firmicutes species.
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Yersinia and several Serratia species. Alternatively, it is possible
that Chi sites were acquired after the divergence of the Yersinia/
Serratia lineage and subsequently transferred to Serratia protea-
maculans. Interestingly, many species of Enterobacteriaceae possess
multiple Chi motifs. Indeed, three motifs are frequently identified
in the same species: GCTGGTGG, GCTGGCGG, and GCTGCTGG.
This suggests that several species might recognize the degener-
ated Chi motif GCTG[G/C][T/C]GG. Finally, some of the more ba-
sally branching species of Enterobacteriaceae such as members of
the genera Dickeya and Edwardsiella were predominantly found to
present the motif GGTGGTGG. These results suggest that Chi
motifs are relatively well conserved across Enterobacteriaceae but
that these sequences have experienced some minor sequence
changes over time.

Extending the search of Chi motifs
Our initial analysis was based on stringent parameters to identify
candidate Chi sites with high confidence using the same proper-
ties observed for E. coli’s Chi sites. It is very likely, however, that
some Chi sites do not possess similar properties in other species.

We conducted the same detection strategy without imposing any
constraints on sequence polarity. This extended our list to a total
of 234 species of Proteobacteria with candidate Chi motifs
(Supplementary Dataset S4) and these motifs were found in 64
Terrabacteria (21% of the species). Although this likely increases
our rate of false positives, it is possible that many of these candi-
date motifs are true Chi motifs that need not be polarized to be
functional.

We then extended the search of putative Chi motifs to more
divergent sequences. Starting from the five candidate motifs that
we detected, we generated 830 additional non-redundant motifs,
each containing two different nucleotides relative to one of these
five motifs. The same procedure was then used to search for sta-
tistically overrepresented motifs based on oligonucleotide com-
positions on the core genome and sequence polarity. We found
very few polarized motifs statically overrepresented relative to ol-
igonucleotide compositions of the genomes (Supplementary
Table S4). Using our previous criteria, we did not identify any of
these motifs to be polarized and statistically overrepresented us-
ing at least three Markov models (Supplementary Table S5).
Finally, we searched for these 830 Chi-like motifs without impos-
ing that these motifs should be polarized (i.e., by lifting the polar-
ity criterion). This yielded a list of only 11 additional species of
Proteobacteria with unpolarized candidate Chi motifs and 16 spe-
cies of Terrabacteria (Supplementary Dataset S5), which strongly
suggests that these candidate motifs are likely false positives.
This result further indicates that reducing the stringency of our
parameters does not substantially increase the list of species
with candidate Chi motifs.

Inferring de novo candidate motifs
Our results suggest that Chi-like motifs in most Proteobacteria
are too divergent—or not related—to the candidate Chi motifs
found in Enterobacteriaceae. This indicates that de novo detection of
DNA motifs is needed to define new candidate motifs that might
be involved in homologous recombination. We used our motif
statistics to generate a list of new 8-nt long motifs that likely rep-
resent functional sequences based on their overrepresentation in
the genome and their frequency across species of Proteobacteria.
The list was generated using the same criteria of motif frequency
from mononucleoide composition to hexanucleotide composi-
tion, as used above to infer Chi motifs similar to E. coli’s motif (cri-
teria defined in Supplementary Table S1). Interestingly, we
identified 75 motifs that were found more frequently that the Chi
motif of E. coli (Supplementary Dataset S6) and the vast majority
of these motifs presented little similarity to Chi-like motifs de-
fined above. The most commonly identified motif (AGGCGCTG)
was found statistically overrepresented in 39% of all
Proteobacteria (average determined across the six Markov mod-
els). We aligned the 75 most common motifs using Muscle (no in-
ternal gaps were allowed) and we identified that the 4-nt
palindrome GCGC was found overrepresented across these
motifs. Although they might not be involved in homologous re-
combination, these motifs constitute preferential targets for fu-
ture experimental analyses aiming at characterizing new
functional motifs in Proteobacteria.

Discussion
This study suggests that a relatively small proportion of
Proteobacteria use Chi motifs. We found that a minority of
Gammaproteobacteria (12.5% of the total Proteobacteria) is likely
using a similar Chi motif to the one of E. coli. However, this study
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Figure 3 Distribution of candidate Chi motifs in Enterobacteriacaea. The
subtree was extracted from the tree of Proteobacteria presented in
Figure 2 and rooted with non-Enterobacteriacaea species.
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was limited to a list of motifs closely related to the one found in
E. coli, i.e., a list of motifs with a one nucleotide difference (25
motifs). Among the 25 sequences, only five were found frequently
in the Proteobacteria: 50-GCTGGTGG-30, 50-GCTGGCGG-30, 50-
GCTGCTGG-30, 50-GGTGGTGG-30, and 50-GCTGGAGG-30. Some
bacterial species are known to completely lack (e.g., Buchnera aphi-
dicola) or show a strong reduction in homologous recombination
(e.g., Yersinia pestis) (Cui and Song 2016) and is it theoretically pos-
sible that Chi sites might be completely absent in additional spe-
cies. This last scenario remains highly unlikely given the high
prevalence of homologous recombination in bacteria (Vos and
Didelot 2009; Bobay and Ochman 2017). In addition, some species
of Proteobacteria, such as Alphaproteobacteria, rely on the
AddBC recombination system instead of RecBCD (Rocha et al.
2005). However, given the focus of our procedure on Chi sites re-
lated to E. coli’s motif, it is very likely that more divergent—or
unrelated—Chi-like sequences exist in Proteobacteria. Searching
for additional motifs could enable the identification of Chi sites
in these species. This endeavor remains difficult due to the sensi-
tivity of ab initio detections and that no Chi-like motifs unrelated
to E. coli’s motif have been identified in Proteobacteria so far. In
addition, it may not be possible at all to detect such motifs using
computational approaches if these sequences are simply not sta-
tistically overrepresented in the genome (see later section).

Given the large dataset used for this study, it is likely that
some Chi motifs identified correspond to detection errors (i.e.,
false positives). By using a large set of Terrabacteria species,
which are thought to use different motifs (El Karoui et al. 1999),
we identified our rate of false positives to reach about 4% of
detected motifs. The detection of false positives seems to be
closely linked to the richness in GC-content since most false posi-
tives were found in GC-rich genomes (e.g., Actinobacteria).
Although the nucleotide composition biases were taken into ac-
count by the statistics generated by R’MES, it seems that these fil-
ters did not completely eliminate all the false positives due to
nucleotide composition. This suggests that the candidate Chi
motifs inferred in GC-rich species should be taken with care.

The evolution of Chi sites and other DNA motifs is still poorly
understood; however, we can conclude that species related to E.
coli likely use very similar motifs, indicating that these motifs
have been conserved for millions of years. Based on our phyloge-
netic analysis we can infer that this motif appeared at least since
the divergence between the Enterobacteriaceae and the rest of the
Gammaproteobacteria and that the sequence of the motif
evolved in some of these taxa. In agreement with our results, it
was previously observed that several species of Enterobacteriaceae
were capable of Chi-dependent cleavage of DNA constructs con-
taining E. coli’s Chi motif (Schultz and Smith 1986; Smith et al.
1986). Our results extend these findings by showing that most
Enterobacteriaceae contain polarized and statistically overrepre-
sented Chi motifs in their core genomes and that some of these
species likely use slightly different motifs than E. coli’s motif (or a
degenerated version of this motif). However, we found that the
majority—but not all—species of Enterobacteriaceae use Chi motifs
similar to E. coli’s motif. Indeed, we did not detect the presence of
polarized Chi motifs in Vibrionaceae, although several of these
species were shown capable of Chi-dependent cleavage of DNA
constructs containing E. coli’s Chi motif (Schultz and Smith 1986).
However, we identified a non-polarized candidate Chi motif
(GCTGGTGG) in 23 species of Vibrio (Supplementary Dataset S4),
indicating that polarity might not be required for the proper func-
tion of Chi motifs in these species. We did not detect candidate
Chi motifs in H. influenzae (Pasteurellaceae), although Chi motifs

were identified for this species in a previous study (El Karoui et al.
1999). In fact, the original study that identified Chi sites in H.
influenzae (El Karoui et al. 1999) showed that these motifs are
degenerated, less represented statistically and less polarized
than the ones found in E. coli, even though their function has
been experimentally validated (Sourice et al. 1998). We used strin-
gent criteria to avoid the detection of false positives, but it is pos-
sible that some species present Chi motifs too degenerated to be
confidently identified using in silico approaches. Furthermore, it is
likely that other species of Proteobacteria contain Chi sites with
other sequences than those we searched for in this study. It is
possible that the stringency of our approach prevented us from
identifying additional motifs but relaxing our search criteria di-
rectly leads to a much higher rate of false positives. Our results
do not constitute a proof that most Proteobacteria are devoid of
Chi or Chi-like motifs, but our analyses rather suggest that their
putative motifs must substantially differ from E. coli’s motif.
Considering that some experimentallycharacterized motifs, such
as the ones of H. influenzae, virtually escape to all bioinformatic
detection procedure, it is possible that only an experimental ap-
proach would allow to confidently detect new Chi-like motifs in
Proteobacteria. Together, these results contribute to better char-
acterizing the signals and pathways involved in homologous re-
combination in bacteria, as well as the evolution of genomic
motifs.

Overall, our results indicate that Chi motifs similar to E. coli’s
motif evolved at least since the ancestor of Enterobacteriaceae and
were lost in several lineages. Some of these species likely use
motifs whose sequence is slightly different from E. coli’s motif.
Using in silico approaches we did not confidently detect such
motifs in other species of Proteobacteria, suggesting that these
lineages use unrelated sequences or that these motifs do not pre-
sent all the characteristics of E. coli’s motif (i.e., polarization on
the leading strand). Experimental analyses will be needed to con-
firm that these motifs can efficiently trigger RecBCD-mediated
homologous recombination. Overall this study revealed new can-
didate Chi motifs and extends our understanding of the mecha-
nisms controlling homologous recombination in Proteobacteria.
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