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Clustered, regularly interspaced, short palindromic repeats (CRISPRs) are implicated in defence

against foreign DNA in various archaeal and bacterial species. They have also been associated with

a slower spread of antibiotic resistance. However, experimental and evolutionary studies raise

doubts about the role of CRISPRs as a sort of immune system in Escherichia coli. We studied a

collection of 263 natural E. coli isolates from human and animal hosts, representative of the

phylogenetic and lifestyle diversity of the species and exhibiting various levels of plasmid-encoded

antibiotic resistance. We characterized the strains in terms of CRISPRs, performed replicon typing

of the plasmids and tested for class 1 integrons to explore the possible association between

CRISPRs and the absence of plasmids and mobile antibiotic resistance determinants. We found no

meaningful association between the presence/absence of the cas genes, reflecting the activity of

the CRISPRs, and the presence of plasmids, integrons or antibiotic resistance. No CRISPR in the

collection contained a spacer that matched an antibiotic resistance gene or element involved in

antibiotic resistance gene mobilization, and 79.8 % (210/263) of the strains lacked spacers

matching sequences in the 2282 plasmid genomes available. Hence, E. coli CRISPRs do not seem

to be efficient barriers to the spread of plasmids and antibiotic resistance, consistent with what has

been reported for phages, and contrary to reports concerning other species.

INTRODUCTION

Clustered, regularly interspaced, short palindromic repeats
(CRISPRs) and their CRISPR-associated (cas) genes have

been identified in most archaea and many bacteria. CRISPRs
typically consist of short (23–47 bp) and highly conserved
direct repeats interspersed with non-repetitive sequences
called spacers (Sorek et al., 2008). The CRISPRs form peculiar
genetic loci, which may provide acquired immunity against
viruses and plasmids by targeting nucleic acids in a sequence-
specific manner (Horvath & Barrangou, 2010; Wiedenheft
et al., 2012). CRISPR-encoded immunity is provided by
transcription of the repeat-spacer array, followed by transcript
processing into small CRISPR RNAs, which are then used in

Abbreviations: BHR, broad-host-range; CRISPR, clustered, regularly
interspaced, short palindromic repeat; FAC, factorial analysis of
correspondence.

Four supplementary tables are available with the online version of this
paper.
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combination with Cas proteins to interfere with invasive
DNA or RNA (Sapranauskas et al., 2011). However, the
number, sequence and length of CRISPR arrays and the
number and sequence of the Cas proteins are highly vari-
able between bacterial species (Makarova et al., 2011). In
Escherichia coli, CRISPRs map in two largely independent
pairs of loci, CRISPR1 and 2 located at 62 min on the
chromosome, and CRISPR3 and 4 at 20 min, each including
a different type of cas gene (subtype I-E and subtype I-F,
respectively) (Diez-Villaseñor et al., 2010; Touchon & Rocha,
2010). The functional roles of the CRISPRs in E. coli remain
unclear. Effective CRISPR-based protection against phages
and/or plasmids cannot be observed in wild-type strains, and
its demonstration requires complex genetic manipulation
such as H-NS inactivation (Edgar & Qimron, 2010; Pougach
et al., 2010; Pul et al., 2010), LeuO overexpression (Westra
et al., 2010), expression of a plasmid-encoded protein targeted
for export in cells that lack DnaK (Perez-Rodriguez et al.,
2011), or high-temperature protein G expression (Yosef et al.,
2011). It is doubtful that such conditions are relevant in the
natural environment. Molecular phylogeny analysis of several
hundred natural E. coli isolates has shown a strong
phylogenetic inertia of CRISPR loci, with CRISPR being
almost absent from strains of the major B2 phylogenetic
group, and a very slow spacer composition evolution; these
observations are at odds with expectations for an active
immune system (Delannoy et al., 2012; Diez-Villaseñor et al.,
2010; Touchon & Rocha, 2010; Touchon et al., 2011). Lastly,
cas genes evolve under purifying selection, without any
evidence of positive selection, indicating that there is no
evidence that they are involved in an arms race between
bacterial and archaeal hosts and invading virus or plasmid
DNA (Takeuchi et al., 2012). These various observations led
to the suggestion that in E. coli, because CRISPRs are
maintained in most lineages, the CRISPR/Cas system may
have functions in addition to defence against foreign DNA
(Babu et al., 2011).

The aim of this work was to gain further insights into the
role of CRISPRs in E. coli by analysing a collection of 263
natural E. coli isolates from human and animal hosts,
representative of the phylogenetic and lifestyle diversity of
the species and exhibiting various levels of plasmid-
encoded antibiotic resistance. In this collection, we
characterized the CRISPR content and the presence of
mobile elements, i.e. plasmids and integrons, and explored
the putative link between the presence/absence of the
CRISPRs/Cas systems, the presence of mobile elements and
antibiotic resistance. We also searched for CRISPR spacers
that target nucleic acid sequences in relation to antibiotic
resistance and the acquisition or dissemination of plasmids
and integrons.

METHODS

Bacterial strains and antibiotic susceptibility. The collection of

263 natural E. coli isolates used for this study has been described in

Touchon et al. (2011). Briefly, they were isolated from various hosts

[humans (n5217), domestic animals (n522), wild animals (n524)]

over a 25-year period (1980–2005) (Branger et al., 2005; Lefort et al.,
2011; Picard et al., 1999; Skurnik et al., 2006). The strains were either
commensal (119 strains) or associated with extraintestinal infections
(144 strains). The CRISPR sequences and the phylogroups (Moissenet
et al., 2010; Tenaillon et al., 2010) as determined by specific PCR
(Clermont et al., 2000; Clermont et al., 2011a) and multilocus sequence
typing (Clermont et al., 2011b; Jaureguy et al., 2008) were available for
all the strains (Touchon et al., 2011). The proportions of the
phylogroups in the collection are: A (23.5 %), B1 (17.1 %), B2
(33.8 %), C (5.5 %), D (12.5 %), F (4.9 %), Escherichia clades (0.7 %)
and ungrouped (2.6 %). Extended-spectrum b-lactamases (ESBLs)
were produced by 125 of the strains, including 53, 22 and 50 strains
producing a TEM-, SHV- and CTX-M-type ESBL, respectively, all
encoded by plasmid genes (Branger et al., 2005; Marcadé et al., 2009).

For this study, resistance (mainly plasmid-encoded) to seven
antibiotics (ampicillin, cefotaxime, streptomycin, kanamycin, tetra-
cycline, chloramphenicol and sulphonamide) was determined for all
the strains. The strains were also tested for penicillinase by PCR or
isoelectric focusing (Branger et al., 1997, 2005): 32 non-ESBL- and 59
ESBL-producing strains were penicillinase-positive.

The main characteristics of the strains are given in Table S1 available
with the online version of this paper.

Plasmid replicon typing and integron detection. Plasmid replicons
were determined using the PCR-based replicon typing scheme,
described by Carattoli et al. (2005), which detects 18 plasmid replicons
frequently found in Enterobacteriaceae. This technique involves the
detection of the coding sequence of repA, the cis-repeats of the origin of
replication or the countertranscript RNAI (Carattoli et al., 2005), all
elements defining the basic replicons of plasmids.

The strains were screened for the presence of class 1 integrons, the
most prevalent integrons in E. coli (Lefort et al., 2011; Skurnik et al.,
2005), by PCR amplification of an internal fragment of the integrase
gene with a previously described primer pair (intl1L and intl1R) (Ploy
et al., 2000).

CRISPR spacer analysis. To identify the spacer sequences matching
sequences from plasmids (proto-spacers), the spacers were subjected
to the standard BLASTN search (e-value threshold, 1.1025) against 2282
plasmid genomes available in GenBank. Proto-spacers were defined
by identifying homologous plasmid sequences with an e-value
,1.1025 and less than 10 % difference in sequence length.

Statistical analysis. The Pearson’s x2 or the Fisher’s exact test was
used, when appropriate, for comparisons. The Student’s t test was
used for comparing means. A P value ,0.05 was considered
significant for all the tests. For correlation analyses, we used the
Spearman rho correlation coefficient. Factorial analysis of corres-
pondence (FAC) was used to describe associations between variables.
FAC uses a covariance matrix based on x2 distances. The computation
determines a plane defined by two principal axes of the analysis; the
first axis, F1, accounts for most of the variance, and the second axis,
F2, which is orthogonal to F1, accounts for the largest part of the
variance not accounted for by F1 (Greenacre, 1992). SPAD.N software
(Cisia) was used for FAC with a two-way table. The table had 263
rows, corresponding to the 263 E. coli strains studied, and 30
columns, corresponding to the 30 variables: the seven phylogenetic
groups (A, B1, B2, D, C, F and the Escherichia clades), the ungrouped
strains, the presence of ESBL and of penicillinase, the three resistance
scores (absence of resistance, resistance to one to three antibiotics,
resistance to four to seven antibiotics), the presence of class 1
integrons, the presence of five types of replicons [IncF (including
IncFII, IncFIA, IncFIB and IncFIC), IncB/O, Inc11, broad-host-range
(BHR) replicons including IncL/M, IncA/C, IncN and IncP, and other
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replicons (IncK, IncHI1, IncHI2 and IncY)], the absence of described

replicons, the presence of two types of cas gene (subtype I-E and

subtype I-F), the absence of cas genes, the presence of the four

CRISPR loci (CRISPR1–4), and the total number of repeats classified

into three categories (2–9, 10–24 and 25–54). For each strain, each

variable was coded as a binary code: present51, absent50.

RESULTS AND DISCUSSION

Characterization of the plasmid and integron
content of the collection

We used a PCR-based replicon typing scheme to analyse
the plasmid content of the strains (Carattoli et al., 2005).
Although some plasmids are not typable with this scheme
(Carattoli, 2009; Marcadé et al., 2009), the results of such
PCR typing correlate well with those of S1 nuclease
plasmid analysis in a collection of natural E. coli and can
therefore be considered to be a good approximation of
plasmid content (Bengtsson et al., 2012).

Replicon typing detected 506 replicons in 221 strains (84%)
(mean 1.92, range 0–6): 55 strains had one replicon, 78
strains had two, 63 strains had three, 21 strains had four, two
strains had five and two strains had six. Fourteen different
incompatibility groups were detected: IncF (n5186) [IncFII
(n5155), IncFIB (n5142), IncFIA (n548) and IncFIC
(n510)], IncI1 (n537), IncB/O (n514), BHR replicons
(n570) [IncA/C (n546), IncN (n515), IncP (n59) and
IncL/M (n54)], other replicons (n525) [IncY (n59), IncK
(n58), IncHI1 (n55) and IncHI2 (n54)].

As expected, replicons were more prevalent among resistant
strains than susceptible strains (89.2 % versus 72.7 %
contained replicons, respectively; P50.002). Among strains
with plasmids, resistant strains had more different replicons
than susceptible strains (mean 2.4 versus 1.92, respectively;
P50.003); similarly, more ESBL-producing strains than
non-ESBL-producing strains carried replicons [(92.8 %
versus 76.81 %, respectively; P50.0003) (mean number of
replicons 2.44 versus 2.12, respectively; P50.02)]. There
were no such differences between non-ESBL-producing
strains producing and not producing penicillinase.

BHR replicons were detected only in resistant strains
(70/186 strains) (P,0.0001), which were mostly ESBL-
producing strains (n561) (P,0.0001); most of the non-
ESBL strains produced penicillinase (n57) (P,0.0001). In
the ESBL-producing strains, most of these replicons are on
the same plasmid as the ESBL genes (Marcadé et al., 2009).
IncI1 replicons were found more frequently among ESBL-
producing strains than among all other strains (19.2 %
versus 10.1 %; P50.036). However, combining all resistance
markers into one group, there was no difference in the
frequency of IncI1 replicons between resistant and suscept-
ible strains. The carriage of the IncF or IncB/O replicons was
not associated with the antibiotic resistance of the strains.
The remaining replicons were generally more frequent in the
ESBL-producing than other strains (P50.029).

We screened the collection for class 1 integrons. Integrons
are mobile elements associated with antibiotic resistance,
and class 1 integrons are the most prevalent (Mazel, 2006).
Integrons were found in 135 strains, all of which were
resistant to antibiotics and most of which produced an ESBL
(120 strains) (96 % of the ESBL-producing strains versus
10.8 % of the non-ESBL producing strains, P,0.0001);
seven (21.8 %) of the non-ESBL-producing strains produced
penicillinase and eight (7.5 %) did not (P50.02).

Comparison of CRISPRs/cas genes according to
the presence of replicons and integrons in E. coli
strains

Cas proteins are necessary for the functioning of the
CRISPR/Cas immune system and are indicators of the
system’s activity (Horvath & Barrangou, 2010). To test for
an association between the presence and the activity of
CRISPRs and the presence of replicons and integrons, we
compared the presence of cas genes (both subtype I-E and
I-F) between E. coli strains with and without replicons or
integrons. There were no significant differences in the
prevalence of cas genes between the replicon- or integron-
positive and -negative E. coli strains (Table 1).

Plasmids of the IncF, IncB/O and IncI1 groups have narrow
host ranges and are commonly found in Enterobacteriaceae
(Johnson et al., 2007); IncF plasmids are particularly well
adapted to E. coli (Boyd et al., 1996). Other groups of
plasmids (IncL/M, IncA/C, IncN and IncP) are considered
to have BHRs (Toukdarian, 2004). We analysed the data
according to the type of replicon, because CRISPRs may be
particularly involved in the defence against BHR replicons.
We found no significant differences in the prevalence of the
cas system except for strains containing IncF replicons,
which had fewer cas genes (28.4 % versus 41.5 %; P50.039)
(Table 2). These data generally indicate that there is no
significant link between CRISPR activity and the presence of
foreign DNA (plasmids or integrons).

CRISPRs and acquired antibiotic resistance

Recently, an inverse correlation between the presence of a
CRISPR/Cas locus in enterococci and that of acquired
antibiotic resistance genes has been reported (Palmer &
Gilmore, 2010). Thus, we compared CRISPRs between
susceptible and resistant strains, assuming that the observed
resistances were largely due to plasmid-borne determinants.
We also looked for differences in the production of plasmid-
encoded enzymes conferring resistance to b-lactams, i.e.
penicillinase and ESBL.

The presence of subtype I-E cas genes did not differ
between the susceptible and resistant strains, or between
those producing and not producing b-lactamases. The
subtype I-F cas system was significantly more prevalent
among susceptible strains [n511 (14.2 %) versus n55
(2.6 %); P50.0003] (Table 1). However, in our collection of
strains this system was carried only by a small number of
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Table 1. CRISPR characteristics of the E. coli strains studied according to antibiotic resistance, b-lactamase production and presence of integrons and replicons

Antibiotic resistance ESBL production Non-ESBL production Integron Replicon

Presence Absence P Presence Absence P Presence

of Pase*

Absence

of Pase

P Presence Absence P Presence Absence P

No. of strains 186 77 125 138 32 106 135 128 222 41

No. (%) of

strains with:

Subtype I-E 118 (63.4) 45 (58.4) 0.44 78 (62.4) 85 (61.5) 0.81 18 (56.2) 67 (63.2) 0.31 87 (64.4) 76 (59.3) 0.39 142 (63.9) 21 (51.2) 0.08

Subtype I-F 5 (2.6) 11 (14.2) 0.0003 5 (4.0) 11 (7.9) 0.17 0 (0) 11 (10.3) 0.057 5 (3.7) 11 (8.5) 0.09 13 (5.8) 3 (7.3) 0.71

Absence of

cas gene

64 (34.4) 21 (27.2) 0.26 43 (34.4) 42 (30.4) 0.49 14 (43.7) 28 (26.4) 0.061 44 (32.5) 41 (32) 0.9 68 (30.6) 17 (41.4) 0.17

*Pase, Penicillinase.

Table 2. CRISPR characteristics of the E. coli strains studied according to the five different types of replicons

IncF replicon IncI1 replicon IncB/O replicon BHR replicons Other replicons

Presence Absence P Presence Absence P Presence Absence P Presence Absence P Presence Absence P

No. of strains 186 77 37 226 14 249 70 193 25 238

No. (%) of

strains with:

Subtype I-E 122 (65.5) 41 (53) 0.06 27 (73) 136 (60.1) 0.13 8 (57.1) 155 (62.2) 0.70 48 (68.5) 115 (59.5) 0.27 18 (72) 145 (61) 0.27

Subtype I-F 12 (6.4) 4 (5.1) 0.69 2 (5.4) 14 (6.2) 0.85 1 (7.1) 15 (6.0) 0.86 2 (2.8) 14 (7.2) 0.18 0 (0) 16 (6.7) 0.18

Absence of

cas gene

53 (28.4) 32 (41.5) 0.039 9 (24.3) 76 (33.6) 0.26 5 (35.7) 80 (32.1) 0.78 20 (28.6) 65 (33.6) 0.43 7 (28) 78 (32.7) 0.62
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strains of the B2 group (15/89) and a single B1 strain: most
group B2 strains with subtype I-F systems were susceptible
to antibiotics (11/15).

Comparisons excluding the phylogenetic group
B2 strains

The major phylogenetic group B2 is almost devoid of
CRISPR (Diez-Villaseñor et al., 2010; Touchon et al.,
2011). This may bias the analysis of our collection, so we
reanalysed the data, excluding the 89 group B2 strains (19
replicon-negative and 70 replicon-positive strains): almost
all (92.5 %) of the 174 non-B2 group strains possessed cas
genes.

The distributions of replicons, integrons, antibiotic resist-
ance and b-lactamases in the 174 non-B2 group strains were
similar to those in the total collection: 152 (87.3 % versus
84.4 %, respectively) had at least one replicon, 92 had an
integron (52.8 % versus 51.3 %, respectively), 48 (27.5 %
versus 29.2 %, respectively) were antibiotic susceptible, 83
(47.7 % versus 47.5 %, respectively) produced an ESBL,
and among the 91 non-ESBL-producing strains, 20 (21.9 %
versus 23.1 %, respectively) produced a penicillinase.

The findings for the non-B2 group strains were similar to
those for the entire collection including group B2 strains:
there was no correlation between the presence of the
subtype I-E cas system and any characteristics of the strains
including the type of replicons. The subtype I-F cas system
is not found in non-B2 strains, with one exception, as
previously reported (Diez-Villaseñor et al., 2010; Touchon
& Rocha, 2010). Thus, exclusion of B2 strains did not
substantially change the results.

Numbers of repeats according to the presence of
replicons, integrons or antibiotic resistance

Another indicator of CRISPR activity could be the median
number of repeats. Repeat-spacer units can be both added
and deleted, such that a CRISPR can evolve while
maintaining an identical number of repeats, although
species with a large number of repeats nevertheless tend to
have high CRISPR activity (Delaney et al., 2012; Kuno
et al., 2012; Tyson & Banfield, 2008). Using this measure,
we found no evidence of any negative association between
the presence of replicons, integrons or antibiotic resistance
and the total number of repeats (data not shown).

Multidimensional analysis of the data

We conducted an FAC to have an overview of the data. The
first two axes (planes F1 and F2) accounted for 33.56 % of
the total variance. The first factor separated the presence of
CRISPR1 and 2, large numbers of CRISPR repeats (10–24
and 25–54 categories) and the presence of subtype I-E cas
genes from small numbers of CRISPR repeats (two to nine
category) and the absence of subtype I-E cas genes (Fig. 1).
Thus, factor F1, which accounts for 19.57 % of the total

variance, may be associated with the activity of the CRISPR
system. The phylogenetic groups were projected along this
axis, and group B2 appeared on the opposite side from
the others, illustrating the association between the species
phylogeny and CRISPRs (Diez-Villaseñor et al., 2010;
Touchon et al., 2011). The second factor, F2, accounted for
13.99 % of the total variance; it appeared to characterize
the resistance and the plasmid content of the strains.
Thus, a high resistance score (resistance to four to seven
antibiotics) and the presence of a class 1 integron and an
ESBL were projected at opposite extremes to the absence of
resistance, a low level of resistance (resistance to one to
three antibiotics) and the presence of a penicillinase. The
presence and types of replicons were projected along this
axis, with BHR, the other replicons, the IncI1 replicons and
the presence of replicons being opposed to the presence of
IncB/O replicons and the absence of replicons. The subtype
I-F cas genes and the CRISPR4 were closely linked, as
previously reported (Diez-Villaseñor et al., 2010; Touchon
et al., 2011), and distinguished by the negative values of the
two axes.

This FAC indicates that the strain phylogeny and the
CRISPR activity are correlated (axis F1) and that the
resistance to antibiotics and the presence of replicons and
integrons are also correlated (axis F2), but that strain
phylogeny and CRISPRs are independent of antibiotic
resistance and the presence of integrons and replicons.

Sequence similarities between the spacers and
available plasmid sequences

We searched for proto-spacers in 2282 sequenced pro-
karyote plasmids to assess the role of CRISPRs in the
acquisition of plasmids. Most (210/263) strains lacked
spacers that matched plasmid sequences. In 53 strains,
we identified only 29 different spacers with significant
matches (19 spacers had 100 % and 10 had 90.6–96.8 %
identity to plasmid sequences); of these, 17 spacers
matched sequences in genes encoding functions such as
methylase, partition proteins, antirestriction proteins, and
replication and transfer systems (Table S2). We found no
occurrence of spacers that matched antibiotic resistance
genes or elements involved in antibiotic resistance gene
mobilization (e.g. Tn3, ISEcp1, intI). We observed no
association between spacers that matched plasmid se-
quences and ESBL production or the type of ESBL or
replicon. The number of spacers matching plasmid genes
in the 53 strains was relatively small: 77.3 % of the strains
had one, 13.2 % had two, 7.5 % had three or four and one
single strain (IAI48) had 15 (Tables S2, S3 and S4). These
spacers were specific for each group of CRISPR. In
CRISPR1 and CRISPR2, their diversity was low: only
seven different spacers were found in the CRISPR1 of 27
strains and three in the CRISPR2 of 13 strains. For the
CRISPR3–4/subtype I-F cas system, the diversity of the
spacers was greater: eight different spacers were found in
the CRISPR3 of 14 strains and 11 in CRISPR4 of seven
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strains. Strains with the same spacers matching plasmids
belonged to the same CRISPR spacer relatedness group as
defined by Touchon et al. (2011), reflecting phylogenetic
inertia (Tables S3 and S4).

Concluding remarks

We were not able to find any solid or meaningful correlation
between the presence of plasmids, integrons, acquired
antibiotic resistance and CRISPRs. This is surprising given
the suggested role of CRISPRs in moderating plasmid
transfer (Horvath & Barrangou, 2010); it is also contrary to
findings in enterococci, in which CRISPR are negatively
associated with antibiotic resistance (Palmer & Gilmore,
2010). Indeed, the probability of acquiring plasmids and
integrons and thereby becoming multi-resistant should be
higher for strains with less active CRISPRs, if such activity
inhibits transfer. Our findings are consistent with the
observation that the sensitivity of an E. coli collection,
representative of the species diversity, to a set of 59
coliphages (Kutter, 2009) does not correlate with CRISPR
content (Diez-Villaseñor et al., 2010). The patterns of
distribution that we report suggest that the presence of

CRISPRs has little effect on the epidemiology of plasmids in
E. coli or on the spread of antibiotic resistance. The 20 % of
the strains that retain spacers with identity to plasmids could
indicate ancient contacts with plasmids, the CRISPRs being
no longer active.
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Pul, Ü., Wurm, R., Arslan, Z., Geißen, R., Hofmann, N. & Wagner, R.
(2010). Identification and characterization of E. coli CRISPR-cas
promoters and their silencing by H-NS. Mol Microbiol 75, 1495–1512.

Sapranauskas, R., Gasiunas, G., Fremaux, C., Barrangou, R.,
Horvath, P. & Siksnys, V. (2011). The Streptococcus thermophilus
CRISPR/Cas system provides immunity in Escherichia coli. Nucleic
Acids Res 39, 9275–9282.

Skurnik, D., Le Menac’h, A., Zurakowski, D., Mazel, D., Courvalin, P.,
Denamur, E., Andremont, A. & Ruimy, R. (2005). Integron-associated
antibiotic resistance and phylogenetic grouping of Escherichia coli
isolates from healthy subjects free of recent antibiotic exposure.
Antimicrob Agents Chemother 49, 3062–3065.

Skurnik, D., Ruimy, R., Andremont, A., Amorin, C., Rouquet, P.,
Picard, B. & Denamur, E. (2006). Effect of human vicinity on
antimicrobial resistance and integrons in animal faecal Escherichia
coli. J Antimicrob Chemother 57, 1215–1219.

Sorek, R., Kunin, V. & Hugenholtz, P. (2008). CRISPR – a widespread
system that provides acquired resistance against phages in bacteria
and archaea. Nat Rev Microbiol 6, 181–186.

Takeuchi, N., Wolf, Y. I., Makarova, K. S. & Koonin, E. V. (2012).
Nature and intensity of selection pressure on CRISPR-associated
genes. J Bacteriol 194, 1216–1225.

Tenaillon, O., Skurnik, D., Picard, B. & Denamur, E. (2010). The
population genetics of commensal Escherichia coli. Nat Rev Microbiol
8, 207–217.

CRISPRs and plasmids in E. coli

http://mic.sgmjournals.org 3003

http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.1016%2FS0195-97)90088-
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.3201%2Feid1101.040257
http://dx.doi.org/10.1128%2FAAC.01707-
http://dx.doi.org/10.1128%2FAAC.01707-
http://dx.doi.org/10.1128%2FAAC.01707-
http://dx.doi.org/10.1016%2Fj.mimet.2005.03.018
http://dx.doi.org/10.1016%2Fj.mimet.2005.03.018
http://dx.doi.org/10.1016%2Fj.mimet.2005.03.018
http://dx.doi.org/10.1016%2Fj.mimet.2005.03.018
http://dx.doi.org/10.1128%2FAEM.66.10.45552000
http://dx.doi.org/10.1128%2FAEM.66.10.45552000
http://dx.doi.org/10.1128%2FAEM.66.10.45552000
http://dx.doi.org/10.1128%2FAEM.66.10.45552000
http://dx.doi.org/10.1111%2Fj.14622011.02519.x
http://dx.doi.org/10.1111%2Fj.14622011.02519.x
http://dx.doi.org/10.1111%2Fj.14622011.02519.x
http://dx.doi.org/10.1111%2Fj.14622011.02519.x
http://dx.doi.org/10.1016%2Fj.meegid.2011.02.005
http://dx.doi.org/10.1016%2Fj.meegid.2011.02.005
http://dx.doi.org/10.1016%2Fj.meegid.2011.02.005
http://dx.doi.org/10.1016%2Fj.meegid.2011.02.005
http://dx.doi.org/10.1016%2Fj.meegid.2011.02.005
http://dx.doi.org/10.1371%2Fjournal.pgen.1002511
http://dx.doi.org/10.1371%2Fjournal.pgen.1002511
http://dx.doi.org/10.1371%2Fjournal.pgen.1002511
http://dx.doi.org/10.1371%2Fjournal.pgen.1002511
http://dx.doi.org/10.1371%2Fjournal.pgen.1002511
http://dx.doi.org/10.1128%2FJCM.01656-
http://dx.doi.org/10.1128%2FJCM.01656-
http://dx.doi.org/10.1128%2FJCM.01656-
http://dx.doi.org/10.1128%2FJCM.01656-
http://dx.doi.org/10.1128%2FJCM.01656-
http://dx.doi.org/10.1099%2Fmic.0.036046-
http://dx.doi.org/10.1099%2Fmic.0.036046-
http://dx.doi.org/10.1099%2Fmic.0.036046-
http://dx.doi.org/10.1099%2Fmic.0.036046-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1128%2FJB.00644-
http://dx.doi.org/10.1177%2F096228029200100106
http://dx.doi.org/10.1177%2F096228029200100106
http://dx.doi.org/10.1177%2F096228029200100106
http://dx.doi.org/10.1126%2Fscience.1179555
http://dx.doi.org/10.1126%2Fscience.1179555
http://dx.doi.org/10.1126%2Fscience.1179555
http://dx.doi.org/10.1186%2F1471-9-
http://dx.doi.org/10.1186%2F1471-9-
http://dx.doi.org/10.1186%2F1471-9-
http://dx.doi.org/10.1186%2F1471-9-
http://dx.doi.org/10.1186%2F1471-9-
http://dx.doi.org/10.1128%2FAEM.02171-
http://dx.doi.org/10.1128%2FAEM.02171-
http://dx.doi.org/10.1128%2FAEM.02171-
http://dx.doi.org/10.1128%2FAEM.02171-
http://dx.doi.org/10.1128%2FAEM.02171-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1128%2FAEM.00626-
http://dx.doi.org/10.1007%2F978-60327-6_14
http://dx.doi.org/10.1007%2F978-60327-6_14
http://dx.doi.org/10.1007%2F978-60327-6_14
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1128%2FJCM.01902-
http://dx.doi.org/10.1038%2Fnrmicro2577
http://dx.doi.org/10.1038%2Fnrmicro2577
http://dx.doi.org/10.1038%2Fnrmicro2577
http://dx.doi.org/10.1038%2Fnrmicro2577
http://dx.doi.org/10.1038%2Fnrmicro2577
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1093%2Fjac%2Fdkn428
http://dx.doi.org/10.1038%2Fnrmicro1462
http://dx.doi.org/10.1038%2Fnrmicro1462
http://dx.doi.org/10.1038%2Fnrmicro1462
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FJCM.00529-
http://dx.doi.org/10.1128%2FmBio.00227-
http://dx.doi.org/10.1128%2FmBio.00227-
http://dx.doi.org/10.1128%2FmBio.00227-
http://dx.doi.org/10.1111%2Fj.13652010.07482.x
http://dx.doi.org/10.1111%2Fj.13652010.07482.x
http://dx.doi.org/10.1111%2Fj.13652010.07482.x
http://dx.doi.org/10.1111%2Fj.13652010.07482.x
http://dx.doi.org/10.1111%2Fj.13652010.07482.x
http://dx.doi.org/10.1128%2FAAC.44.10.26842000
http://dx.doi.org/10.1128%2FAAC.44.10.26842000
http://dx.doi.org/10.1128%2FAAC.44.10.26842000
http://dx.doi.org/10.1128%2FAAC.44.10.26842000
http://dx.doi.org/10.1111%2Fj.13652010.07265.x
http://dx.doi.org/10.1111%2Fj.13652010.07265.x
http://dx.doi.org/10.1111%2Fj.13652010.07265.x
http://dx.doi.org/10.1111%2Fj.13652010.07265.x
http://dx.doi.org/10.1111%2Fj.13652010.07265.x
http://dx.doi.org/10.1111%2Fj.13652010.07073.x
http://dx.doi.org/10.1111%2Fj.13652010.07073.x
http://dx.doi.org/10.1111%2Fj.13652010.07073.x
http://dx.doi.org/10.1111%2Fj.13652010.07073.x
http://dx.doi.org/10.1093%2Fnar%2Fgkr606
http://dx.doi.org/10.1093%2Fnar%2Fgkr606
http://dx.doi.org/10.1093%2Fnar%2Fgkr606
http://dx.doi.org/10.1093%2Fnar%2Fgkr606
http://dx.doi.org/10.1093%2Fnar%2Fgkr606
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1128%2FAAC.49.7.30622005
http://dx.doi.org/10.1093%2Fjac%2Fdkl122
http://dx.doi.org/10.1093%2Fjac%2Fdkl122
http://dx.doi.org/10.1093%2Fjac%2Fdkl122
http://dx.doi.org/10.1093%2Fjac%2Fdkl122
http://dx.doi.org/10.1093%2Fjac%2Fdkl122
http://dx.doi.org/10.1038%2Fnrmicro1793
http://dx.doi.org/10.1038%2Fnrmicro1793
http://dx.doi.org/10.1038%2Fnrmicro1793
http://dx.doi.org/10.1038%2Fnrmicro1793
http://dx.doi.org/10.1128%2FJB.06521-
http://dx.doi.org/10.1128%2FJB.06521-
http://dx.doi.org/10.1128%2FJB.06521-
http://dx.doi.org/10.1038%2Fnrmicro2298
http://dx.doi.org/10.1038%2Fnrmicro2298
http://dx.doi.org/10.1038%2Fnrmicro2298
http://dx.doi.org/10.1038%2Fnrmicro2298


Touchon, M. & Rocha, E. P. (2010). The small, slow and specialized
CRISPR and anti-CRISPR of Escherichia and Salmonella. PLoS ONE 5,
e11126.

Touchon, M., Charpentier, S., Clermont, O., Rocha, E. P., Denamur, E.
& Branger, C. (2011). CRISPR distribution within the Escherichia coli
species is not suggestive of immunity-associated diversifying selection.
J Bacteriol 193, 2460–2467.

Toukdarian, A. (2004). Plasmid strategies for broad-host-range
replication in Gram-negative bacteria. In Plasmid Biology, pp. 259–
270. Edited by B. E. Funnell & G. J. Phillips. Washington, DC:
American Society for Microbiology.

Tyson, G. W. & Banfield, J. F. (2008). Rapidly evolving CRISPRs
implicated in acquired resistance of microorganisms to viruses.
Environ Microbiol 10, 200–207.

Westra, E. R., Pul, U., Heidrich, N., Jore, M. M., Lundgren, M.,
Stratmann, T., Wurm, R., Raine, A., Mescher, M. & other authors
(2010). H-NS-mediated repression of CRISPR-based immunity in
Escherichia coli K12 can be relieved by the transcription activator
LeuO. Mol Microbiol 77, 1380–1393.

Wiedenheft, B., Sternberg, S. H. & Doudna, J. A. (2012). RNA-guided
genetic silencing systems in bacteria and archaea. Nature 482, 331–
338.

Yosef, I., Goren, M. G., Kiro, R., Edgar, R. & Qimron, U. (2011). High-
temperature protein G is essential for activity of the Escherichia coli
clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas system. Proc Natl Acad Sci U S A 108, 20136–20141.

Edited by: E. M. Top

M. Touchon and others

3004 Microbiology 158

http://dx.doi.org/10.1371%2Fjournal.pone.0011126
http://dx.doi.org/10.1371%2Fjournal.pone.0011126
http://dx.doi.org/10.1371%2Fjournal.pone.0011126
http://dx.doi.org/10.1371%2Fjournal.pone.0011126
http://dx.doi.org/10.1128%2FJB.01307-
http://dx.doi.org/10.1128%2FJB.01307-
http://dx.doi.org/10.1128%2FJB.01307-
http://dx.doi.org/10.1128%2FJB.01307-
http://dx.doi.org/10.1128%2FJB.01307-
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1111%2Fj.13652010.07315.x
http://dx.doi.org/10.1038%2Fnature10886
http://dx.doi.org/10.1038%2Fnature10886
http://dx.doi.org/10.1038%2Fnature10886
http://dx.doi.org/10.1038%2Fnature10886
http://dx.doi.org/10.1073%2Fpnas.1113519108
http://dx.doi.org/10.1073%2Fpnas.1113519108
http://dx.doi.org/10.1073%2Fpnas.1113519108
http://dx.doi.org/10.1073%2Fpnas.1113519108
http://dx.doi.org/10.1073%2Fpnas.1113519108

	Table 1
	Table 2
	Reference 1
	Reference 2
	Fig 1
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44

