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Shiga toxin-producing Escherichia coli (STEC) strains (n = 194) representing 43 serotypes and E. coli K-12 were examined for
clustered regularly interspaced short palindromic repeat (CRISPR) arrays to study genetic relatedness among STEC serotypes. A
subset of the strains (n = 81) was further analyzed for subtype I-E cas and virulence genes to determine a possible association of
CRISPR elements with potential virulence. Four types of CRISPR arrays were identified. CRISPR1 and CRISPR2 were present in
all strains tested; 1 strain also had both CRISPR3 and CRISPR4, whereas 193 strains displayed a short, combined array,
CRISPR3-4. A total of 3,353 spacers were identified, representing 528 distinct spacers. The average length of a spacer was 32 bp.
Approximately one-half of the spacers (54%) were unique and found mostly in strains of less common serotypes. Overall,
CRISPR spacer contents correlated well with STEC serotypes, and identical arrays were shared between strains with the same H
type (026:H11, 0103:H11, and O111:H11). There was no association identified between the presence of subtype I-E cas and viru-
lence genes, but the total number of spacers had a negative correlation with potential pathogenicity (P < 0.05). Fewer spacers
were found in strains that had a greater probability of causing outbreaks and disease than in those with lower virulence potential
(P < 0.05). The relationship between the CRISPR-cas system and potential virulence needs to be determined on a broader scale,

and the biological link will need to be established.

higa toxin-producing Escherichia coli (STEC) has been recog-

nized as a human pathogen since the early 1980s, when two
consecutive outbreaks of STEC serotype O157:H7 in contami-
nated beef patties sickened 47 people in the United States (1). To
date, over 400 additional serotypes have been associated with bac-
terial gastroenteritis worldwide (2), and there are over 175,000
estimated cases of STEC infections each year in the United States
alone (3). Depending on the ability to cause outbreaks and/or
severe disease, Karmali et al. (4) classified STEC serotypes into
seropathotypes (SPTs) A to E: SPT A causes outbreak and disease
at high rates, and SPT E has not been linked to outbreaks or severe
disease.

Clustered regularly interspaced short palindromic repeats
(CRISPRs) were first discovered in E. coliin 1987 (5) and have now
been found in ~45% of bacteria and ~90% of archaea (6-8).
CRISPRs function as heritable and adaptive immune systems
against mobile genetic elements (phages and plasmids, etc.) (9-
11) and are made of three components: a leader sequence that
carries a promoter for transcription, CRISPR-associated genes
(cas) encoding proteins with multiple functions, and CRISPR ar-
rays formed by repeats and spacers (12). While most repeats are
typically indistinguishable in size and sequence within a defined
locus, they are intercalated by nonrepeated short sequences called
spacers, which are of a constant number of nucleotides and are
unique and hypervariable within a locus (13). They may originate
from mobile and invasive genetic elements incorporated into the
array and subsequently could serve as the sequence-specific rec-
ognition portion of the immune system (14-16).

Four CRISPR loci have been described in E. coli (17-19).
CRISPR1 and CRISPR2 have identical consensus repeats (20) and
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are located between iap and cysH and between ygcF and ygcE,
respectively (17, 19). CRISPR1 cas genes form the I-E CRISPR
subtype (18). CRISPR3 and CRISPR4 also share identical consen-
sus repeats (20), and both loci are located between clpA and infA.
CRISPR3 cas genes form the I-F CRISPR subtype (17, 19, 20).
Array size and content vary among CRISPR types and strains. It is
not common that the four loci are present in a single E. coli isolate,
but CRISPR1 and CRISPR2 are most frequently found in E. coli
(19, 21).

CRISPR arrays evolve by polarized acquisition of novel spacers
and represent a chronological record of infectious assault on a
bacterium from viral and other genetic elements. Distal spacers
from the leader sequence are older and are shared among strains,
while newer spacers are closer to the leader and more strain specific.
Occasionally, sporadic deletions of internal spacers do occur (22).
Differences in spacer content would indicate variations in the host
environment and geographical locations and may be useful in evolu-
tionary and epidemiological studies (12). This variability makes
CRISPR arrays suitable genetic markers for bacterial subtyping.

A primary biological role of CRISPR-cas systems is to provide
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acquired immunity to protect bacterial cells against mobile ge-
netic elements such as viruses and plasmids (10, 11). Conversely,
evolution of pathogenic strains is attributed to the acquisition of
elements such as transposons, phages, genomic islands, and plas-
mids through lateral gene transfer (23, 24). For example, genomic
analysis of STEC strains of serogroups 026, 0103, O111, and
0157 revealed that they have much larger genomes than non-
pathogenic E. coli, mainly due to a large content of prophages and
other integrative elements (25). It is expected that strains contain-
ing functional CRISPR systems restrict the acquisition of mobile
genetic elements and that strains with the most complex and ac-
tive CRISPR systems have a lower susceptibility to invasion by
mobile genetic elements (19). However, studies on the relation-
ship of CRISPR systems and the acquisition of genetic mobile
elements resulted in different findings. While an inverse relation-
ship between the presence of cas and virulence factors in Entero-
coccus spp. was reported, no correlation was found between
CRISPR and the presence of plasmids containing antimicrobial
resistance genes in E. coli (26, 27). We hypothesize that CRISPR
arrays are a suitable marker for STEC serotyping and that there could
be a correlation between the presence of CRISPR elements and viru-
lence determinants in STEC. To test this hypothesis, we described
CRISPR arrays of 194 STEC strains of 43 serotypes, investigated array
relationships among serotypes, and explored the potential relation-
ship between CRISPR elements and virulence genes.

MATERIALS AND METHODS

STEC strains. A set of 190 STEC strains from our collection were ana-
lyzed, including 30 026,30 0103,41 O111,6 045,4 0121, 6 O145,and 12
0157 strains and a variable number of strains of other serogroups (see
Table S1 in the supplemental material). The strains were isolated from a
variety of geographical locations and sources, including humans, cattle
and beef products, sheep, goat, deer, okapi, and produce. Collection dates
range from 1976 to 2010.

DNA isolation. Genomic DNA was extracted from a pure culture after
streaking onto LB agar and incubation at 35°C for 24 h, using Instagene
matrix (Bio-Rad, Hercules, CA). Briefly, 1 to 2 colonies were suspended in
1 ml of ultrapure water and centrifuged. The supernatant was discarded,
and 200 .l of Instagene matrix was added, followed by incubation at 56°C
for 15 min and at 94°C for 8 min. After centrifugation, the supernatant
containing DNA was stored at —20°C until use.

PCR and DNA sequencing. CRISPR array sequences were obtained
through PCR and Sanger sequencing using previously described prim-
ers (21). PCR mixtures consisted of 1 .l of bacterial DNA mixed with
HotStarTaq Plus Master mix (12.5 pl) (Qiagen, Valencia, CA), 10 pM
forward and reverse primers, and water to reach a final reaction mix-
ture volume of 25 pl. PCR parameters included an initial denaturation
step at 95°C for 5 min and 10 cycles of 94°C for 30 s, 56°C for 30 s, and
72°C for 90 s for 10 cycles, followed by 25 cycles of 94°C for 30 s, 56°C
for 30 s, and 72°C for 90 s plus a 10-s cycle elongation for each succes-
sive cycle and a final extension step at 72°C for 10 min (21). PCR
products were sequenced by MCLAB (South San Francisco, CA) from
both ends using Applied Biosystems fluorescent dye terminator tech-
nology in an ABI 3730xl sequencer with the same PCR primers.

CRISPR array sequence analysis. Sequences were assembled with Ge-
neious software v. 6.0.5 (New Zealand). Arrays were extracted by using the
“clean sequence tool” enclosed in a macro script/database provided by
DuPont, as previously described (28). The tool detected repeats listed in a
repeat database and automatically separated repeats and the intercalated
short sequences—spacers—into different columns. Data were subse-
quently formatted to a graphic representation of each spacer and repeat
based on their sequence (28). To corroborate array sequences, each se-
quence was tested by using the CRISPRfinder program (http://crispr.u
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-psud.fr/Server/) (29). In addition, CRISPR sequences of four major
STEC serogroups (026, 0103, O111, and O157) and E. coli K-12 were
obtained from the NCBI and included in the analysis (see Table S1 in the
supplemental material).

To analyze arrays, strains were arranged based on the presence of
common consecutive spacers from the distal end to the leader sequence.
Strains with the longest series of spacers on their array were designated
“anchors,” which were used as a guide for organizing strains into clusters.

Protospacer analysis. Spacer identity was determined by using a
stand-alone blast program (blast+ 2.2.27) against the NCBI nonredun-
dant (nr) nucleotide collection. Protospacers were defined as homologous
sequences with an E value of <1.10e—5 and <10% difference in sequence
length (21). Self-matches to E. coli CRISPR locus sequences were omitted.

Subtype I-E cas screening. A seropathotype (4)-balanced subset of 81
strains was selected based on our previous study (30) to screen for the
presence of casI and cas2, which are markers of the I-E system (see Table
S1 in the supplemental material). Primers casIFW (5'-CGCCTGCATTA
TGCTCGAAC-3"), casIREV (5'-CATTTTGCGCACCACCTTCA-3'),
cas2FW (5'-ATGAGCATGGTCGTGGTTGT-3"), and cas2REV (5'-CCC
ATCCAAATCCACCGGAA-3") were designed based on whole-genome
sequencing (WGS) of 24 strains by using Geneious v. 6.0.5. In separate
reactions for subtype I-E casI and cas2 genes, 12.5 .l of HotStarTaq Plus
Master mix (Qiagen) was mixed with 10 pM forward and reverse primers
(Invitrogen, Carlsbad, CA), 1 pl of bacterial DNA, and water for a final
reaction mixture volume of 25 ul. PCR parameters were an initial dena-
turation step at 95°C for 5 min; 30 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 90 s; and a final extension step at 72°C for 10 min.

Subtype I-E cas analysis. A maximum likelihood phylogenetic tree
was constructed based on the concatenated sequence of subtype I-E cas
system genes (casl, cas2, cas3', csel, cse2, casée, cas7, and cas5) (20) of 16
STEC strains sequenced previously (31) and 8 publically available E. coli
sequences (GenBank) (see Table S1 in the supplemental material). The
tree was constructed by using Mega 5.1 (32) with 1,000 bootstrap itera-
tions, and E. coli K-12 was used as the outgroup. A pairwise distance
matrix was calculated based on a total of 1,014 single-nucleotide polymor-
phisms (SNPs) to display the evolutionary divergence between different
groups on the phylogenetic tree (Mega 5.1 with 1,000 bootstrap replica-
tions).

Virulence gene screening. The presence of selected virulence genes,
stx,, stx,, eae, hlyA, pagC, sen, nleB, efa-1, efa-2, terC, ureC, iha, aidA-I,
nle2-3, nleG6-2, nleG5-2, irp2, and fyuA, was determined for a subset (see
Table S1 in the supplemental material) of strains from our previous stud-
ies (30).

Statistical analysis. Data were analyzed with SSPS v20. Analysis of
variance (ANOVA) or a Kruskal-Wallis test was performed, when suit-
able. P values of <0.05 were considered statistically significant.

Nucleotide sequence accession numbers. Sequences identified were
submitted to GenBank with accession numbers KF522692 to KF523262.

RESULTS

In the current work, we screened and characterized CRISPR arrays
of 194 STEC strains of 43 representative serotypes and also evalu-
ated the potential association between CRISPRs and virulence
genes.

CRISPR arrays. Four types of CRISPR arrays (18) were iden-
tified among the 194 STEC strains and E. coli K-12. CRISPR1 and
CRISPR2 were present in all strains tested. One strain (95_3322)
also had both CRISPR3 and CRISPR4, whereas 193 strains dis-
played a short, combined array, CRISPR3-4 (Table 1). The length
of CRISPR1 and CRISPR?2 arrays varied from 1 to 20 spacers, with
most having 5 or 7 spacers. Strain 95_3322 CRISPR3 and
CRISPR4 arrays were 11 and 6 spacers in length, respectively,
whereas the combined array CRISPR3-4 typically had only 1
spacer (Table 1). Nearly 90% of STEC strains (173/195) carried an
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TABLE 1 General characteristics of CRISPR arrays from E. coli (n = 195)

Value for array

Characteristic CRISPR1 CRISPR2a CRISPR2b CRISPR3 CRISPR4 CRISPR3-4 Total
No. of isolates with array 195 195 186 1 1 193 771
No. of unique arrays 78 79 6 1 1 6 171
No. of spacers in array

Range 1-20 1-20 0-1 11 6 1-13

Avg 9 7 1 11 6 1

Mode 5 7 1 11 6 1
Total no. of spacers 1,612 1,349 157 11 6 218 3,353
No. of different spacers 258 230 1 11 6 22 528
No. of unique spacers 128 123 0 11 6 15 283
Spacer length (bp)

Avg 32 32 32 32 32 32

Min 31 30 32 32 32 28

Max 34 35 32 32 33 34
No. of protospacers detected 4 4 0 1 1 0 10

additional array in the I-E system located 0.5 kb from CRISPR2
(17-19). This array, CRISPR2b, had one spacer, and its sequence
was conserved among strains (18) (see Table S3 in the supplemen-
tal material).

CRISPR1 was less polymorphic than CRISPR2. Most CRISPR1
arrays (94%; 184/195) shared an ancestral (first) spacer, and 64%
(125/195) also shared the second-oldest spacer (Fig. 1), indicating
a common origin. However, CRISPR2 arrays did not share the
first spacer, and many shared only the second spacer. Both loci
showed numerous deletions of spacers, mostly of 2 or 3 spacers.
Interestingly, despite the observation that the older spacer of
CRISPR1 was shared by 184 strains, the first repeat was shared by
only 151 strains (see Table S4 in the supplemental material). For
most of the combined arrays, CRISPR3-4 had only one spacer
(95%; 180/195), and this same spacer was present in 145 strains
across different serotypes, reflecting a common origin.

Spacer diversity. A total of 3,353 spacers were identified, of
which 528 were distinct. The average length of a spacer was 32 bp,
ranging from 30 to 35 bp. Approximately one-half of the 528 spac-
ers (54%) were unique (Table 1) and were found in strains of less
common serotypes (Fig. 1). Many strains shared spacers in the
same CRISPR loci, but no spacers were shared between CRISPR
loci (Fig. 1).

Ten of the 528 spacers had identities with sequences from plas-
mids of Salmonella enterica or E. coli (i.e., protospacers). These
spacers were observed in 13 strains. Additionally, one spacer
showed identity to bacteriophage P7 and was present in 12 of the
13 strains (see Table S2 in the supplemental material). Most spac-
ers (8/10) with known protospacers formed part of CRISPR1, and
some strains (7/13) had more than one of these spacers in their
array (Table 2). For example, strains XDN_4854 and XDN_5545
contained five and four of these spacers in CRISPR1, respectively.
Strain 95_3322 carried one of the spacers in arrays CRISPRI,
CRISPR3, and CRISPR4. The locations of these spacers in the
array were random, from positions 1 to 19. Most strains harboring
these spacers were of uncommon serotypes, and five of them were
not even serologically typeable (Table 2). The sequence homology
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of spacers with phage and plasmid is consistent with the role that
CRISPR plays in resisting mobile genetic elements, as previously
described (9, 10).

Array organization by serotype. CRISPR arrays were orga-
nized based on the spacer content of anchor strains, which are
defined as those strains containing all spacers for a group/cluster
in the correct order representing ancestral strains. Although a uni-
versal anchor was not identified, four clusters were established,
each one with one anchor (Fig. 1). The first cluster was formed by
0145 strains and anchored by a human isolate, 07865 (0145:
H28). The second group was anchored by CVM 9591 (O111:
H11), isolated from a cow in 1995. The cluster included two sub-
groups: O111:H8 and O111:NM in a block and O26:H11, O103:
H11, and O111:H11, among others, in a second group. The third
cluster was more diverse, formed by several serotypes, including
045:H2, 0103:H2, O103:H25, O91:H21, and O91:H14. This
group was anchored by CVM 9340 (0103:H25), isolated from
humans. The last group was also very diverse, anchored by 08023
(O121:H19). Strains of less common serotypes did not form clusters.
Since CRISPR1 and CRISPR2 coclustered, the same arrangement was
achieved by using either one as a guide (Fig. 1). This was consistent
with a parallel evolution of the two CRISPR loci over time.

Strain clustering based on CRISPR spacer content correlated
well with STEC serotype. For instance, serotype O111:H8 formed
a large cluster of 29 strains that had almost identical spacer con-
tents with only a few minor deletions of 1 or 2 spacers in CRISPR1
and CRISPR2. Similar findings were observed among serotypes
026:H11, O103:H2, and O157:H7. Unique, long CRISPR arrays
were present in less common STEC serotypes (Fig. 1).

It was notable that spacer content seemed to correlate well with
strains retaining the same H-antigen type but not necessarily with
strains having the same O group. For example, O103:H2 did not
share any spacer in CRISPR2 with O103:H11, although they did
have common ancestral spacers in CRISPR1 (3/12 strains). How-
ever, O103:H2 clustered together with O45:H2 and contained
identical spaces in CRISPR1 up to the fourth spacer, where
0103:H2 had an additional eight spacers. Similarly, O45:H2
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FIG 1 CRISPRI and CRISPR2 arrays of STEC strains. The left block represents CRISPR1 and the right block represents CRISPR2 for the same strains in the same
order. Only spacers are shown and are represented by colored squares. A same color/figure combination represents identical nucleotide sequence. Spacers on the
right are older than those on the left. Column L indicates the leader sequence position. Strains underlined and in boldface type are anchor strains. Sequences were
extracted by using a proprietary macro designed by DuPont (28). The same software was used for the representation of spacers and repeats. Except for E. coli K-12,
all 194 strains were STEC (stx, stx,, or stx; and stx, positive). t., type; NM, nonmotile; OR and ONT, O-antigen nontypeable; UN, nontypeable.

and O103:H2 differed only by one spacer deletion in CRISPR2
(Fig. 1). On the other hand, only 9 of 17 spacers were shared
between O111:H8 and O111:H11 strains, whereas strains of O26:
H11 and O103:H11 had practically identical arrays, forming a

1414 aem.asm.org

subcluster based on antigen H11 (Fig. 1). Taken together, these
data may point to H-antigen loci as being more phylogenetically
stable, while O-antigen alleles appear to be shuffled in the evolu-
tion of some STEC clades (31).
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FIG 1 continued

Correlation between CRISPR content and occurrence of vir-
ulence genes. Previous reports indicated an inverse correlation
between the presence of virulence genes and the distribution of cas
genes in Enterococcus faecalis (27). Therefore, we analyzed a subset
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of strains (n = 81) of different STEC seropathotypes (see Table S1
in the supplemental material) for virulence genes (30) and the
presence of subtype I-E cas genes. While most strains (91%) had
casl, all STEC strains carried cas2. Because of such high positive
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TABLE 2 Location of spacers with protospacers in STEC strain arrays

No. of spacers in

Position in the array
(from leader sequence) in cluster:

No. of spacers with

Strain Serotype CRISPR the array protospacers 1 2 3 4
90_0327 022:H8 1 11 2 2 7
95_3322 022:H5 1 9 1 2
3 11 1 1
4 6 1 6
ESC_0589 NT“ 1 7 2 2 3
ESC_0608 O73:H18 1 12 1 2
ESC_0613 0O168:H8 1 7 1 2
UMD_131 OR:H9 2 12 3 10 11 12
XDN_2746 083:H8 1 3 1 2
XDN_4854 ONT:H10 1 19 5 2 8 17 19
2 8 1 8
XDN_5545 ONT:H7 1 19 4 2 7 17 19
XDN_5578 ONT:H46 1 9 2 2 7
XDN_11682 083:H8 1 3 1 2
XDN_15432 083:H8 1 10 2 7 2
XDN_23765 ONT:H2 1 6 1 2

“NT, nontypeable.

rates, there was no significant difference in the presence of subtype
I-E cas among different seropathotypes. Similarly, no association
between the presence of subtype I-E cas and virulence genes was
observed.

A significant difference in the total content of spacers between
strains of different seropathotypes was observed (P < 0.05) (Fig.
2a). Fewer spacers were found in strains that had greater potential
of causing outbreaks (SPTs A and B) than in those with lower
virulence potential (SPTs C, D, and E) (P < 0.05) (Fig. 2b). Sim-
ilarly, strains with a higher potential for causing severe disease
(SPTs A, B, and C) had fewer spacers than did those with lower
potential (SPTs D and E) (P < 0.05) (Fig. 2c). An association
between the number of spacers and the presence of certain viru-
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=
[
[
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25

20

Mean total spacers
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lence genes was also observed. For example, eae-positive strains
had significantly fewer spacers than eae-negative strains (P <
0.05). Other virulence genes, including pagC, sen, terC, ureC, nleB,
nle2-3, nleG6-2, and nleG5-2, also showed the same significant
relationship with the number of spacers. However, the opposite
relationship was seen with the fyuA and irp2 genes, and no asso-
ciation was detected between the number of spacers and the pres-
ence of hlyA, aidA-I, iha, efa-1, efa-2, stx;, and stx, (data not
shown). Interestingly, strains containing both stx genes showed
significantly fewer spacers than did those with only one of them
(P < 0.05) (Fig. 2d).

Subtype I-E cas phylogeny. To investigate the relationship be-
tween CRISPR and the evolutionary history of strains, we recon-
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FIG 2 Association of total spacer content with seropathotype, the ability to cause outbreaks and severe disease, and stx genes. Bars represent total spacer counts
(CRISPRI, CRISPR2a, CRISPR2b, CRISPR3-4, CRISPR3, and CRISPR4). (a) Seropathotypes A to E; (b) potential ability to cause an outbreak; (c) potential
ability to cause severe disease based on the classification of Karmali et al. (4); (d) stx genes. Vertical lines represent =2 standard errors. Statistical tests revealed
significant differences (P < 0.05) between seropathotypes and between the ability to cause outbreaks and severe disease and stx gene content (P < 0.05). Different

letters above the bars indicate significant differences.
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0111H11CVM9545
026H11CVM10026
026H11STR11368
0103H25CVYM9340

0103H2CVM3450

L 0103H2STR12009
O157H7TW14359
O157HTEC4115

O157H7EDLI33
e}
K12

FIG 3 Maximum likelihood phylogenetic tree based on concatenated sequences of type I-E cas genes in 24 STEC strains. Concatenated sequences of type I-E cas
genes (casl, cas2, cas3', csel, cse2, cas6e, cas7, and cas5) were obtained from our previous study on 16 STEC strains (31) and publically available sequences of 8 E.
coli strains. The maximum likelihood phylogenetic tree was generated by using Mega 5.1 (32), with 1,000 bootstrap replications. E. coli K-12 was used as the

control outgroup strain.

structed a maximum likelihood phylogenetic tree based on the
concatenated sequence of the subtype I-E cas system genes ex-
tracted from 24 E. coli strains (Fig. 3). The strains were grouped
into four major clades, except for E. coli K-12, which was used as
the outgroup. All O157:H7 strains formed a single clade, whereas
0103:H2 strains belonged to another cluster. However, an O103:
H25 strain (CVM 9340) appeared in a separated clade. Interest-
ingly, the remaining strains of serotypes O111:H11, 0111:H8, and
026:H11 were clustered together, indicating a closer phylogenetic
relationship and more conserved subtype I-E cas alleles among
them.

Additionally, a pairwise distance matrix of SNP differences (see
Table S5 in the supplemental material) supported phylogeny re-
sults of the maximum likelihood analysis. For example, the num-
ber of SNP differences between the group formed by H8 and H11
and groups 0103:H25, 0103:H2, and O157:H7 were 14, 74, and
100 SNPs, respectively (Fig. 3).

DISCUSSION

In this study, we determined the occurrence and content of
CRISPR loci in STEC strains and observed conservation among
strains of the same serotype (O- and H-antigen type combination)
but not between serogroups (i.e., only O-antigen type). However,
in some cases, strains of different O groups but with the same H
type shared identical CRISPR sequences, suggesting that such se-
rotypes might have common ancestors (Fig. 1). This may provide
a genetic basis for the specific detection and tracking of particular
E. coli strains in the environment or in the food supply. In addi-
tion, a significant negative association was observed between the
number of spacers (an indicator of CRISPR system activity) and
the pathogenic potential of STEC strains, as indicated by their
seropathotype (4), a finding heretofore undescribed among STEC
strains.

Other studies also demonstrated the relationship between
CRISPR array content and serotypes. Delannoy et al. (33, 34) re-
ported the presence of specific CRISPR polymorphisms related to
O:H serotypes of STEC 026:H11, O45:H2, 0103:H2, O104:H4,
O111:H8, O145:H28, and O157:H7, which were useful to differ-
entiate these serotypes. However, they reported numerous cross-
reactions: primers for O145:H28 reacted with O28:H28 strains,
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and primers detecting O103:H2 and O45:H2 altogether also cross-
reacted with O128:H2 and O145:H2 strains, among others (33).
Similarly, Yin et al. (18) confirmed a relationship between
CRISPR polymorphisms and serotypes and also described a strong
conservation of CRISPR arrays within isolates of the same H type,
including H7, H2, and H11. Our data showed similar findings:
strains of different O types shared identical arrays with strains of
the same H antigen (026:H11, O103:H11, and O111:H11 as well
as O45:H2 and O103:H2), but arrays of strains of the same O
group with different H types seemed unrelated (O103:H2 and
0103:H11), further underscoring the linkage between CRISPR
arrays and H-antigen alleles (Fig. 1). A previous study on the evo-
lutionary history of non-O157 STEC by WGS showed that O26:
H11 and O111:H11 grouped together, also suggesting that strains
with the same H antigens may have common ancestors (31). Fur-
thermore, we could not distinguish between strains of serotypes
026:H11, O111:H8, and O111:H11 based on the concatenated
sequences of their subtype I-E cas genes, reflecting a close related-
ness of these serotypes. Ju et al. (31) also demonstrated that strains
with H8/H11 antigens formed a major clade on a genome-wide
phylogenetic tree but displayed closer relatedness with O103:H2
strains. In contrast, group H8/H11was closer to O103:H25 strains
than to O103:H2 strains based on subtype I-E cas sequences. Thus,
concatenated subtype I-E cas genes could not be used to determine
the same phylogenies as those found in genomic comparisons
among serotypes (35).

Four CRISPR arrays have been identified in E. coli but are
rarely found in a single isolate (17, 19). Similarly to what was
reported by Yin et al. (18), our data showed that the type I-E
CRISPR-cas system (CRISPR1 and CRISPR2) was most widely
distributed in STEC strains. One strain (95_3322), however, car-
ried the four arrays, and the remaining strains carried a shorter,
combined CRISPR3-4 array, as previously described (19), which is
associated with the fusion of the remaining sections of loci 3 and 4
when subtype I-F genes, originally located between the two loci,
are deleted (19). To confirm the absence of subtype I-F cas genes,
we sequenced the region between primers C3Fw (clpA target) and
C4 Rev (infA target). In most cases (179/190), the fragment pro-
duced was ~800 bp instead of the expected ~3,000 bp when sub-
type I-F cas genes were present (19). The absence of cas genes and
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repeats among these motifs suggests a relatively minor role for
CRISPR system I-F in STEC “immune” function.

We identified 10 protospacers among STEC spacers. Most pro-
tospacers (9/10) were located in plasmids from Salmonella and E.
coli, including multiple protospacers from the same plasmid (see
Table S2 in the supplemental material), for both CRISPR1 and
CRISPR2. Additionally, a spacer that had sequence identity with
bacteriophage P7 was found in 12 of the 13 strains where matching
protospacers were identified (see Table S2 in the supplemental
material). Yin et al. (18) also observed that multiple spacer se-
quences originated from the same origin, and Datsenko et al. (36)
demonstrated that a mutated motif stimulated the acquisition of
more spacers from the same target to strengthen immunity against
the element.

Longer CRISPR arrays reflect larger numbers of immunization
events and can be evidence of more active CRISPR systems. In this
work, we postulated that these events may have contributed to
preventing the uptake and acquisition of virulence genes. The role
of CRISPR as an immune system against mobile genetic elements
was previously reported (9, 37). Since many virulence determi-
nants are acquired through mobile genetic elements (25), it is
expected that strains with more active CRISPR systems carry fewer
virulence genes and other mobile genetic elements, but studies on
the role of CRISPR systems in acquisition of virulence determi-
nants showed contradictory results. One study found that
CRISPR-cas systems were inversely correlated with the presence of
acquired antibiotic resistance in Enterococcus faecalis (38). Simi-
larly, an inverse correlation between the presence of two virulence
genes and the distribution of cas genes in Enterococcus spp. was
reported, and fewer virulence genes were detected when cas genes
were present (27). In contrast, the acquisition of plasmids carrying
antimicrobial genes was not related to the presence of the CRISPR
systemin E. coli (26). A recent study showed that uropathogenic E.
coli strains seemed less likely to have CRISPR loci than nonuro-
pathogenic E. coli strains from the same patient, suggesting that
CRISPR may have a role in the acquisition of phage and plasmids
and serves as an adaptive advantage for the group (39). In the
present study, we found that subtype I-E cas genes were not related
to the presence of virulence markers in STEC (30); however, sta-
tistical differences indicated that seropathotypes historically asso-
ciated with outbreaks and severe disease had fewer spacers than
others (Fig. 2), suggesting a negative correlation between CRISPR
array length, an indicator of CRISPR-cas system activity, and the
propensity for pathogenic trait acquisition. Moreover, while the
presence of some virulence genes (9/18) was inversely related to a
lower spacer content, strains with both stx genes had significantly
fewer spacers than did those having only one (P < 0.05). These
findings were consistent with the documented role of CRISPR-cas
immune systems in limiting the uptake of genetic material derived
from mobile and invasive elements such as phages and plasmids,
yet experiments have failed to prove that wild-type E. coli CRISPR
systems actively function as immune systems (21, 37, 40). Recent
evidence indicates that CRISPR systems are involved in bacterial
virulence, but this role may not be directly related to an immune
system function. For example, cas9 from Francisella novicida indi-
rectly regulated genes to prevent host recognition (41), and Legio-
nella pneumophila cas2 was required for intracellular infection of
amoebae, an amplification step in their life cycle (42). Our data
did not demonstrate that the CRISPR system acted as an immune
system in the STEC strains. However, the inverse relationship be-
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tween CRISPR array length and virulence genes may be associated
with other attributes. For instance, Louwen et al. suggested an
association between more pathogenic Campylobacter jejuni and
the presence of nonfunctional CRISPR, which was likely due to an
indirect relationship between the production of gangliosides
(linked to Guillain-Barré syndrome) and a higher level of resis-
tance to phage, resulting in a lower evolutionary pressure on the
CRISPR system selecting against them (43). Similarly, Bikard et al.
(44) showed that Streptococcus pneumoniae selected against
CRISPR arrays. Therefore, some relationships (direct and/or in-
direct) exist between CRISPR systems and virulence, and further
studies on a broad range of bacteria are needed to assess such
relationships.

The current study provides insights into the occurrence and
role of CRISPR-cas systems in STEC serogroups (026, 0103, and
O111) as well as several additional uncommon serotypes. CRISPR
array sequence analysis suggests that H antigen might have been
acquired more ancestrally than O antigen since arrays are shared
by strains with the same H antigen but not by strains with the same
O antigen. Alternatively, stability among H antigens in STEC
strains may also point to a more vertical inheritance pattern and
less promiscuity than O-antigen evolution, known to be dappled
by numerous horizontal gene transfer events throughout its radi-
ation in E. coli (45). Also, the relationship between CRISPR ele-
ments and pathogenicity traits in STEC needs to be studied to
determine whether they have a causal relationship or whether a
formal balancing selection drives the acquisition of the two. Fur-
ther studies using additional and genetically diverse strains would
provide a better understanding of the CRISPR-cas system in STEC
and E. coli as a whole. CRISPR arrays and other genetic markers
could be used to differentiate high-risk STEC from low-risk
strains, thereby providing useful tools for the control of STEC
infections and insights into their genetic content and phenotypic
traits.
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