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The Shiga toxin-producing Escherichia coli (STEC) strains, including those of 0157:H7 and the “big six” serogroups (i.e., sero-
groups 026, 045, 0103, 0111, 0121, and O145), are a group of pathogens designated food adulterants in the United States. The
relatively conserved nature of clustered regularly interspaced short palindromic repeats (CRISPRs) in phylogenetically related E.
coli strains makes them potential subtyping markers for STEC detection, and a quantitative PCR (qPCR)-based assay was previ-
ously developed for 026:H11, 045:H2, 0103:H2, O111:H8, 0121:H19, O145:H28, and O157:H7 isolates. To better evaluate the
sensitivity and specificity of this qPCR method, the CRISPR loci of 252 0157 and big-six STEC isolates were sequenced and ana-
lyzed along with 563 CRISPR1 and 624 CRISPR2 sequences available in GenBank. General conservation of spacer content and
order was observed within each 0157 and big-six serogroup, validating the gPCR method. Meanwhile, it was found that spacer

deletion, the presence of an insertion sequence, and distinct alleles within a serogroup are sources of false-negative reactions.
Conservation of CRISPR arrays among isolates expressing the same flagellar antigen, specifically, H7, H2, and H11, suggested
that these isolates share an ancestor and provided an explanation for the false positives previously observed in the qPCR results.
An analysis of spacer distribution across E. coli strains provided limited evidence for temporal spacer acquisition. Conversely,
comparison of CRISPR sequences between strains along the stepwise evolution of 0157:H7 from its O55:H7 ancestor revealed
that, over this ~7,000-year span, spacer deletion was the primary force generating CRISPR diversity.

higa toxin-producing Escherichia coli (STEC) strains are a

group of pathogenic E. coli strains transmitted to humans
through food, water, and animals (1). The diseases caused by
STEC strains vary in severity and include mild diarrhea, bloody
diarrhea (hemorrhagic colitis [HC]), and hemolytic uremic syn-
drome (HUS) (2). STEC infections are nationally notifiable infec-
tious diseases that are estimated to cause ~265,000 illnesses, with
consequences including more than 3,600 hospitalizations and 30
deaths per year in the United States (3). Raw beef products are
considered the main source of human STEC infections (4). Al-
though more than 200 serotypes of STEC have been identified, not
all of them are equally pathogenic (5). One of the most well-
known and studied STEC strains is E. coli O157:H7. This serotype
evolved from an O55:H7 ancestor, and a stepwise evolutionary
model was proposed and updated in several studies (6-10). The
non-0157 STEC strains, on the other hand, are underreported
due to limitations in laboratory isolation and detection methods.
For example, the B-glucuronidase (GUD)-negative and sorbitol
(SOR)-negative phenotypes common to E. coli O157:H7 are used
for distinguishing this serotype from other E. coli isolates, while
most non-O157 STEC isolates and other E. coli isolates are GUD
positive (GUD™) and SOR*. Among the non-0157 isolates, 026:
H11 or NM, O45:H2 or NM, O103:H2, H11, H25, or NM,
O111:H8 or NM, O121:H19 or H7, and O145:NM are the most
frequently isolated serotypes in United States (11). These 6 sero-
groups (i.e., 026, 045, 0103, 0111, 0121, and O145) accounted
for 71% of STEC isolates recovered from 1983 to 2002 in the
United States and are therefore referred to as the “big six.” The
increasing number of cases of disease caused by these organisms in
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the United States has driven recent policy changes declaring them
adulterants in beef products.

Clustered regularly interspaced short palindromic repeats
(CRISPRs), along with the CRISPR-associated (cas) genes, serve as
an adaptive immune system against foreign nucleic acids in pro-
karyotes (12, 13). About 50% of sequenced bacteria and 85% of
sequenced archaea have CRISPR arrays in their genomes (14). The
CRISPR arrays consist of partially palindromic direct DNA re-
peats separated by spacers, which is the term used for the unique
DNA sequences between repeats that are derived from foreign
nucleic acids (15). Often adjacent to the CRISPR arrays are cas
genes, which encode the proteins for CRISPR functionality (16,
17). Two CRISPR loci with associated cas genes (CRISPR-Cas)
have been identified in E. coli strains (18, 19). These systems are
classified as type I-E and type I-F (17). In proximity to each
CRISPR-Cas system are one or two additional CRISPR loci that
lack associated cas genes. In general, only 1 CRISPR-Cas system is
observed in each strain, and type I-E is the predominant subtype
(18, 19). The hypervariable nature of CRISPR loci makes them
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attractive subtyping markers for both evolutionary studies and
epidemiological investigations (20). CRISPRs were first used for
this purpose in a method for differentiating Mycobacterium tuber-
culosis called spoligotyping (21). Subsequently, CRISPR-based
subtyping methods have been applied to multiple species (22-34).
The subtyping resolution of a given CRISPR locus largely depends
on its rate of spacer acquisition; active CRISPR loci could be used
to differentiate strains within a clonal population for the purpose
of epidemiological investigation, such as outbreak tracking (28,
35, 36), while the CRISPR loci that are less active may be used as
markers for clonal population detection. The E. coli CRISPR loci
fall into the latter category (18, 19, 37), and Delannoy etal. (38, 39)
recently leveraged this to develop CRISPR-based quantitative
PCR (qPCR) protocols for the detection of O104:H4, O26:H11,
045:H2, 0103:H2, O111:H8, O121:H19, O145:H28, and O157:
H7 STEC isolates that were 95.7% to 100% sensitive and 97.5% to
100% specific (38, 39). Previous observations with E. coli (37) and
related organisms, such as Salmonella enterica (18, 33, 34, 40),
suggest that CRISPR loci within phylogenetically related isolates
diversify primarily through spacer deletion. We hypothesized that
such events are the reason behind the small number of false neg-
atives observed in the previous study (38).

In this study, the CRISPR1 and CRISPR2 loci from 252 STEC
isolates were sequenced. In addition, 563 CRISPR1 and 624
CRISPR2 loci in GenBank were analyzed. Our objectives were
3-fold: (i) to more completely understand CRISPR diversity
within clinically relevant STEC serogroups, (ii) to understand the
reason(s) for the false-negative and false-positive reactions ob-
served by Delannoy et al. (38), and (iii) to gain insights into the
temporal evolution of CRISPRs in E. coli, using the stepwise pro-
gression from O55:H7 to O157:H7 strains as a model.

MATERIALS AND METHODS

Bacterial isolates. The 252 STEC strains sequenced in this study were
obtained from the Pennsylvania Department of Health, the E. coli Refer-
ence Center at the Pennsylvania State University, the STEC Center at
Michigan State University, Andrew Benson from the Food Science and
Technology Department at University of Nebraska, Robert Mandrell
from the Produce Safety and Microbiology Research Unit at the United
States Department of Agriculture, and Peter Feng from the Center for
Food Safety and Nutrition at the Food and Drug Administration (Table
1). The bacterial isolates were stored at —80°C in 10% glycerol. When
needed, isolates were grown in lysogeny broth (LB) overnight at 37°C.
PCRs. The PCR primers and cycling conditions for amplifying the
CRISPR loci were adapted from the method of Diez-Villasenor et al. (see
Table S1 in the supplemental material) (19). The C1RI primer was de-
signed to obtain better sequencing results at the terminal end of CRISPR1.
CRISPR2a and -2b arrays were sequenced separately to avoid sequencing
the unnecessary 0.5-kb AT-rich region between the arrays (Fig. 1). When
only CRISPR2a was present, primers C2aF1 and C2bR1 were used. PCRs
were set up as follows: 0.5 ul of overnight bacterial culture, 0.1 pl Tag (1
unit; New England BioLabs, Ipswich, MA), 0.2 pl 10 mM deoxynucleo-
side triphosphates (ANTPs), 1 wl 10 mM forward and reverse primers, 2.5
wl 10X Tagq buffer, and 19.7 pl water to make a total volume of 25 pl.
Sequencing reactions. The PCR products were digested with 1 unit of
either shrimp alkaline phosphatase (USB Corp., Cleveland, OH) or Ant-
arctic alkaline phosphatase (New England BioLabs) and 10 units of exo-
nuclease (USB Corp.) for 45 min at 37°C, followed by 85°C for 15 min to
inactivate the enzymes. Sequencing reactions were performed by either
the Genomics Core Facility at The Pennsylvania State University or Ge-
newiz (South Plainfield, NJ). All loci were sequenced in both the forward
and reverse directions. For certain isolates that have larger CRISPR arrays,
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TABLE 1 O types, sources, and culture collections of the 252 Shiga
toxin-producing E. coli isolates analyzed in the present study

No. of

O type Source isolates  Culture collection

157 Human 25 PA Department of Health,” STEC Center
at MSU”

157 Cattle 1 Andrew Benson®

157 Other 1 Peter Feng?

26 Human 19 PA Department of Health

26 Cattle 20 Chitrita DebRoy*®

26 Other 3 Chitrita DebRoy

103 Human 20 PA Department of Health

103 Cattle 18 Chitrita DebRoy

103 Other 8 Chitrita DebRoy, Robert Mandrell

111 Human 20 PA Department of Health, Robert
Mandrell

111 Cattle 20 Chitrita DebRoy, Robert Mandrell

111 Other 3 Chitrita DebRoy, Robert Mandrell

45 Human 20 PA Department of Health, Robert
Mandrell

45 Cattle 1 Robert Mandrell

121 Human 13 PA Department of Health

121 Cattle 1 Robert Mandrell

121 Other 3 Chitrita DebRoy, Robert Mandrell

145 Human 9 PA Department of Health

145 Cattle 4 Chitrita DebRoy, Robert Mandrell

Other Human, cattle, 43 Chitrita DebRoy

other

“ PA Department of Health, Bureau of Laboratories, The Pennsylvania Department of
Health, Exton, PA.

b STEC Center, reference center to facilitate the study of Shiga toxin-producing
Escherichia coli, Michigan State University, East Lansing, MI.

¢ Andrew Benson, Food Science and Technology Department, University of Nebraska,
Lincoln, NE.

@ Peter Feng, Center for Food Safety and Nutrition, Food and Drug Administration,
College Park, MD.

¢ Chitrita DebRoy, E. coli Reference Center, The Pennsylvania State University,
University Park, PA.

/Robert Mandrell, Produce Safety and Microbiology Research Unit, WRRC, ARS,
USDA, Albany, CA.

internal primers were designed to ensure sequencing of the complete lo-
cus (see Table S1 in the supplemental material).

Sequence analysis. Sequences were assembled and aligned using
SeqMan (Lasergene 10; DNAStar, Madison, WI). An R script developed
in-house (available upon request) was used to analyze the CRISPR se-
quences. Briefly, the script first checks the completeness of the CRISPR
locus by identifying the conserved sequences that are upstream and down-
stream from the first and last repeat, respectively. Next, it extracts the
repeats and spacers and assigns letter and number designations to unique
repeats and spacers, respectively. CRISPR arrays were represented by
codes with alternating letters (repeat) and numbers (spacer). An allele
number was then assigned for each unique spacer combination within a
CRISPR locus. The CRISPR1 and CRISPR2 locus numbering systems
were distinct. Each unique CRISPR1 and -2a combination was assigned a
sequence type (ST) number. BLAST analyses for each unique spacer were
performed against the nonredundant nucleotide database in GenBank.

Serotyping. Allisolates that had CRISPR sequences distinctly different
from those of the majority of the isolates within the same serogroup were
verified by serotyping at the E. coli Reference Center at the Pennsylvania
State University.

Genome data analysis. CRISPR sequences were extracted by BLAST
using a combination of conserved repeat sequences and/or known leader
and trailer sequences against the publicly available E. coli genome or
whole-genome shotgun contigs (WGS) in GenBank (see Table S2 in the
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FIG1 Schematic view of CRISPR1 (A), CRISPR2 with insert (B), and CRISPR2 (C) without insert in E. coli. Black diamonds and white rectangles represent direct
repeats and spacers, respectively. Terminal repeats are represented by white diamonds. Black squares marked with “L” represent leader sequences. The gray
rectangle represents the 0.5-kb AT-rich sequence between CRISPR2a and -2b arrays. All schematics are not drawn to scale.

supplemental material). Once the existence of a CRISPR site was estab-
lished, 4 kb of sequence was extracted (CRISPR site = 2 kb) and spacer
and repeat data were extracted.

Nucleotide sequences accession numbers. The nucleotide sequences
of CRISPR alleles identified in this study were submitted to GenBank with
accession numbers KC765163 to KC765914.

RESULTS

Proposal for a new CRISPR nomenclature for E. coli. Previous
reports describing E. coli CRISPRs have used two different no-
menclatures. Touchon et al. (18) identified four loci within a col-
lection of E. coli strains and designated the CRISPR downstream of
iap CRISPR1 and a second locus that was between ygcE and ygcF
CRISPR2. Of note, these two loci are separated by approximately
20 kb and share common repeat sequences, while only CRISPR1
has associated cas genes (type I-E). A 0.5-kb highly conserved AT-
rich sequence was noted by Touchon et al. (18) within the
CRISPR2 locus of some strains. Diez-Villasefior et al. (19) noted
the same sequence and designated the two CRISPRs separately.
They suggested the nomenclature CRISPR2.1 (instead of
CRISPR1) and CRISPR 2.2 and 2.3 for the distinct spacer arrays
when the 0.5-kb sequence was present or CRISPR2.2-3 when the
insert was absent and only one CRISPR was observed between
ygcE and ygcF. Here, we propose a nomenclature that combines
the strengths of the designations of both Touchon et al. and Diez-
Villasenor et al., keeping CRISPR1 and CRISPR2 (Fig. 1) while
using CRISPR2a when referring to the array present between ygcE
and ygcF independent of the 0.5-kb AT-rich sequence and
CRISPR2D for the ygcE-proximal array observed when this insert
is present. This nomenclature is consistent with that used for Sal-
monella enterica (18, 29, 30), where CRISPR1 and CRISPR2 are
accepted designations for the iap- and the ygcE-F-associated
CRISPR, respectively.

While two other CRISPR loci have been described for E. coli,
designated CRISPR3 and -4 by Touchon et al. (18) and CRISPR4.1
and -4.2 by Diez-Villasefior et al. (or CRISPR4.1-2 when com-
bined) (19), these do not appear to be as diverse as CRISPR1 and
-2 (19, 37), and therefore, we did not investigate these loci here.

CRISPR diversity in O157:H7 and O157:H~ STEC isolates.
To more comprehensively characterize the diversity of CRISPR
sequences in serotype O157:H7 isolates, a collection of 24 isolates
were selected, including those from all 9 previously defined clade
types (41), and their CRISPR1 and -2 loci were sequenced (see
Table S3 in the supplemental material). In addition, CRISPRs
from 30 publicly available O157:H7 genomes were analyzed (see
Table S2). In this article, we will refer to the combination of
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CRISPR1 and -2a alleles as a sequence type (ST). CRISPR2b arrays
were not included since they were conserved among all isolates
sequenced and genomes studied except for O145 isolates, which
lacked spacers at this locus (see Table S4 in the supplemental ma-
terial). Fifty-three of 54 strains had the same CRISPR1 and
CRISPR? alleles, which we defined as ST1 (Fig. 2). The one outlier
was a strain previously designated PA48 (42) (ST2) that is pheno-
typically GUD* SOR™. GUD™ E. coli O157:H7 strains are evolu-
tionary predecessors to GUD™ SOR™ strains, which is the pheno-
type of the remaining 53 strains screened. Therefore, we suspected
that additional GUD™ strains would also have CRISPRI and -2
alleles that were different from those observed in GUD ™ strains.

To test this, the CRISPR1 and -2 loci of two O157:H " strains in
our collection and the publically available genome sequence of
one strain (see Table S2 in the supplemental material) were ana-
lyzed. All three O157:H" strains were defined as ST3 (Fig. 2).
Notably, although different in sequence, the arrays of all O157
serogroup isolates shared spacers that were arranged in similar
order. Given the similarity of the CRISPRs of O157:H7 and
O157:H" strains, we next speculated that STEC isolates of sero-
groups associated with the big six would also be related to one
another.

CRISPR diversity in big-six STEC human isolates. To eluci-
date the CRISPR diversity within each big-six STEC serogroup,
(026, 045, 0103, O111, O121, and O145), 101 human isolates
(see Table S4 in the supplemental material) and 19 publicly avail-
able STEC genome sequences (see Table S2) were analyzed. For
the 120 026, 045, 0103, O111, 0121, and 0145 human isolates
and genome sequences analyzed, 10, 5, 10, 8, 3, and 6 ST's were
found, respectively (Fig. 2). Similar to the observation with 0157
isolates, the STs observed within serogroups 026, 045, 0111, and
0121 shared common ancestral spacers and the spacer orders
were conserved. Spacer deletion was the primary contributor of
CRISPR1 and -2a allelic variants within these serogroups. In some
instances, possible spacer acquisition on the leader end was ob-
served (for example, for serogroup 0103, compare CRISPR1 al-
leles 5 and 10). Distinct CRISPRs were also observed among iso-
lates belonging to the same serogroup. As one example, 9 STs from
human 0103 isolates and genome sequences (ST31 to -37, -39,
and -43) were related to each other, but these were distinct from
ST44, which was different by 13 out of 14 and 3 out of 4 spacers in
CRISPRI and -2a, respectively. Similar observations were made
with serogroup 0145 isolates; 5 of the ST's were similar (ST54, -55,
-56, -58, and -59), while strain 4.0967 (ST60) had CRISPRs more
similar to those observed in serogroup O103. Comparing between
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Source and Frequency Characteristics ST CRISPR1 Alleles CRISPR2a Alleles
Human(22) Cattle (1) Genome(30) 0157:H7 SOR-GUD- 1 [=]
Human(1) 0157:H7 SOR-GUD+ 2 E] [=]
Human(2) Genome(1) 0157:H- 3 I=1=
Human(6) Cattle (6) Other (2) Genome(2) 026 4 [l =]
Cattle(9) 5 L= ||
Human(4) Cattle (1) Other (1) Genome(2) 6 =] |
Human(3) Cattle (1) 7 [ ] m]
Human(2) 8 =i} o
Cattle(2) 9 =] (|
Human(1) 10 = m]
Human(1) 11 =] m]
Human(1) 12 =] oj
Human(1) 13 =] m]
Cattle(1) 14 m [m]
DEC10A 15 =] o
EPECal4 16 a m]
Human(15) Cattle(16) Other(3) Genome(5) 0111 17 [m]
Human(2) 18 m ]
Cattle(1) Genome(1) 19 m]
Human(1) 20 [m]
Human(1) 21
Human(1) 22 (m]
Cattle(2) Genome(1) 6 (m]
Cattle(1) 23 [m]
DECSB 24 o
Human(16) 045 25
Human(1) 26
Human(1) 27
Human(1) 28
Human(1) 29
Gartet) 2 TS T >
Human(8) Cattle(13) Genome(1) 0103 31 o 5
Human(3) Other(1) 32 o 10
Human(2) Cattle(1) 33 oa 5
Human(3) 34
Human(1) 35
Human(1) 36
Human(1) 37
Cattle(1) 38
Other(2) Genome(1) 39
Other (1) 40
Other(1) 41
Other(1) 42
12009 43
Human(1) 44
Cattle(2) 45
Cattle(1) 46
Unknown(1) 47 H Bl 31
Unknown(1) a8 ERETS | [ ==
Human(10) Cattle(1) Other(1) Genome(1) 0121 49 m] m] 8 [O] [O] 8
Human(2) 50 mll 19 =1 8
Human(1) 51 [m] 16 =1 = 8
Other() 52 CIE 55 38
Other(1) 53 m=IENE - [T 67 69
Human(3) Cattle(1) 0145 54 =) ] =] 12
Human(2) Cattle(1) 55 ull | [u] 12
Human(2) 56 ol [=] 19
Cattle(2) 57 ol =] 27
Human(1) 58 mll | [=] 19
Human(1) 59 ml | =] 12
4.0967 60 EomEl | I =2 o o

FIG 2 CRISPRI and CRISPR2a alleles of 0157 and big-six isolates. The source and CRISPR sequence type (ST) frequency of isolates are shown in the source
column. “Other” designates isolates from sources other than human and cattle (e.g., water, food, rabbit). “Genome” indicates data from publicly available
genome sequences where the isolation source was not available. The CRISPR ST that were only observed in genome sequences are indicated by italicized strain
names. CRISPR ST designations are shown in the ST column. CRISPR1 and -2a alleles are shown in their respective columns, with the allele numbers to the right
of the CRISPR arrays. Each unique spacer is represented by a unique color combination of the center shape and background. The shape in the center indicates
the spacer length (0 = 32 bp, A= 33 bp, ® = 30 bp, @ = 31 bp). Gaps were introduced to improve the alignment of similar CRISPR arrays. “IS” represents an
insertion sequence. Asterisks represent the breaking of one array into two rows. The dagger symbol indicates that the last spacer of CRISPR2a allele 2 is 1 base
different from the last spacer of CRISPR2a allele 1.
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serogroups, the sequence types identified in 026 and O111 iso-
lates were similar in terms of spacer content, with 9 out of 10 and
9 out of 13 spacers in CRISPR1 and -2a, respectively, being shared.
Shared CRISPR alleles (i.e., CRISPR1 allele 11 and CRISPR2a al-
lele 4) were observed between these two serogroups as well. For
045 and 0103 isolates, 4 of 12 spacers in CRISPR1 and 7 of 8
spacers in CRISPR2a were shared.

CRISPR alleles in big-six STEC nonhuman isolates. In other
bacterial systems, such as that of Streptococcus thermophilus,
CRISPRs evolve in response to foreign DNA, such as phages and
plasmids (12). We hypothesized that STEC isolates from humans
would carry different spacers within CRISPRs than would nonhu-
man isolates due to niche-specific differences in foreign DNA
pools. To investigate this, CRISPR1 and CRISPR2 from 64 big-six
cattle STEC isolates were sequenced (see Table S5 in the supple-
mental material). For the cattle STEC isolates, 6, 1, 5, 4, 1, and 3
STs were observed, and among these 3, 0, 2, 1, 1, and 2 ST's were
observed previously for human STEC isolates from serogroups
026,045,0103,0111, 0121, and O145, respectively (Fig. 2). The
STs that were only associated with cattle had spacers and spacer
arrangements similar to those of human STs in the same sero-
group, except for ST30, which was observed in a single O45 cattle
isolate.

Given the shared alleles between human and cattle STEC iso-
lates within each serogroup, we next extended the investigation to
big-six STEC isolates from other environmental sources. A total of
15 isolates (i.e., 3 026,6 O103,3 O111, and 3 O121 isolates) from
sources other than human and cattle (e.g., pig, bird, horse, and
water) were obtained (see Table S6 in the supplemental material).
Additionally, 2 0103 isolates of unknown source were included.
For these 026, 0103, 0111, and O121 STEC isolates, 2,7, 1, and 3
STs were found, respectively, and 2, 1, 1, and 1 STs were shared
with human STEC STs, respectively (Fig. 2). Five STs from O103
isolates obtained from undefined environmental sources (ST32,
-39, -40, -41, and -42) were similar or identical to STs observed
from 0103 human isolates. Two additional 0103 isolates of ST47
and -48 had a spacer composition distinct from those previously
identified. The 2 STs in O121 isolated from pigs (ST52 and -53)
were distinct from the remaining STs in O121. Therefore, while
the spacer composition and arrangement of CRISPR1 and -2a
were mostly similar in isolates of a common serogroup, regardless
of the isolation source, a few distinct alleles were observed.

In comparing the CRISPR1 and -2 loci in all the isolates ana-
lyzed, although an almost equal number of unique spacers were
found at each locus, a universal ancestral spacer was seen in almost
all CRISPRI1 arrays but not in CRISPR2 arrays (Fig. 2). Also, for
the 432 spacers identified in STEC isolates, only one single-nucle-
otide polymorphism (SNP) was observed between 2 spacers
(CRISPR2 spacers 1 and 4; see Table S10 in the supplemental
material).

In silico analysis of qQPCR primers targeting CRISPR arrays.
With a larger picture of CRISPR array diversity before us, we
wanted to determine if our data could provide insights into the
small number of false-negative reactions observed by the previ-
ously described qPCR method (38). By overlaying the gPCR prim-
ers designed by Delannoy et al. (Fig. 3) onto typical CRISPR arrays
observed in isolates of each big-six serogroup, we found that this
method would detect the most commonly observed CRISPR STs
of O121 (ST49), 045 (ST25), 0103 (ST31), O145 (ST54), 026
(ST4), and O111 (ST17) strains, as well as most variants of these
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sequence types that differed by small spacer deletions. Notably,
however, these primer sets would not detect 026 ST14, 045 ST27,
O111 STe6, -18, -19, -21, -23, or -24, 0121 ST51, the isolates with
the more-divergent CRISPR alleles, such as O103 ST44, -45, or
-46, or isolates from noncattle, nonhuman sources.

CRISPR alleles in genome data and grouping by H-type clus-
ters. We also noted in the published qPCR protocol (38) that
cross-reactivity was reported among strains with different O types
but the same H type. Therefore, we hypothesized that isolates
sharing only the H type would carry similar CRISPRs or share
spacers, indicating a common origin. To test this hypothesis, the
CRISPR1 and -2 sequences of 13 H7, 20 H2, and 25 H11 strains
with different O types, obtained from publicly available genome
sequences (see Table S2 in the supplemental material), were ana-
lyzed. Additionally, 2 GUD" O157:H" strains were included.
Strong conservation was observed within CRISPR1 and -2a loci
within isolates of the same H type in terms of spacer content and
arrangement (Fig. 4). We were also able to explain some of the
false-positive reactions reported previously for the qPCR detec-
tion method. For example, primers designed to detect O45:H2
and O103:H2 (Fig. 3) target regions also found two of four
0128:H2 isolates (Fig. 4). Additionally, primers for detecting O26:
H11 (Fig. 3) annealed to regions found in a single O15:H11 and all
five O111:H11 isolates screened (Fig. 4). Not all isolates expressing
the same H type had conserved CRISPR sequences, however. One
exception was an Stx1 ¥ Stx2* 0128:H2 (ST81) strain, which had
10 distinct spacers at the leader-proximal end of both CRISPR1
and -2a. Additionally, strains DEC5A (ST72) and DEC5B (ST73)
in the H7 group had 5 and 8 unique spacers, respectively, when
compared to the rest of the H7 group.

Model of evolution of O157:H7 from O55:H7. The stepwise
evolution of GUD™ SOR™ O157:H7 strains from an O55:H7 an-
cestor has been described in great detail (6-10). At least one ge-
nome sequence from each proposed evolutionary node (except
for 9.1a and 9.2e) is available, permitting for the first time the
ordered reconstruction of CRISPR dynamics in E. coli over a sev-
eral-thousand-year span (10). CRISPR1 and, when available,
CRISPR2a sequences were assembled using WGS reads from 12
strains comprising 10 nodes from the common ancestor (O55:H7;
clade 9.3a) asitevolved into GUD ™ SOR™ O157:H7 (Fig. 4 and 5).
Surprisingly, CRISPR1 does not show strong evidence of temporal
acquisition of spacers on the leader-proximal end. On the con-
trary, it appears that during the initial steps radiating from clade
9.3a, significant spacer loss occurred. With the exception of one
spacer found within CRISPR1 from strain LSU-61 (clade 9.2a)
and one spacer in strain G5101 (clade 9.1b), all spacers observed in
offspring of clade 9.3a were found in the strain DEC5A and
DEC5B spacer arrays. It is also noteworthy that, in the two nodes
for which two strains were available for analysis (clade 9.3a and
9.1b), the CRISPRI alleles differed slightly from one another. All
strains analyzed shared the same anchor spacer, and the adjacent
spacer was conserved in all but two strains. The lack of the third
spacer from the leader distal end in the CRISPR1 allele of strain
LSU-61 indicated this strain may not be the direct ancestor of
strains on the following nodes. A similar trend of spacer deletion
was observed in CRISPR2, where the GUD™ SOR™ O157:H7
strain has only 1 spacer (Fig. 4). Therefore, CRISPR evolution in E.
coli appears more complex than simple spacer acquisition and,
similar to what was observed with big-six isolates, the main driver
of CRISPR diversity appears to be spacer deletion.
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FIG 3 Positions of 0157 and big-six qPCR primers within CRISPR arrays. The positions of qPCR primers (blue arrows) and the TagMan probe (red line, only
shown for O111) designed by Delannoy et al. (38) are shown. Black diamonds and white diamonds represent direct and terminal repeats, respectively. Each
unique spacer is represented by a unique color combination of the center shape and background. The shape in the center defines the spacer length (00 = 32 bp,
M = 31 bp). Primer pair names (i.e., O157A, O157B, O157C, 0121, 045 and 0103, 0145, 026C, 026D, and O111) were adopted from Delannoy et al. (38). Of
note, O157A, O157B, and O157C are three separate primer pairs used for detecting E. coli O157:H7, and O26C and 026D are two separate primer pairs for the
detection of E. coli 026 STEC. The primer pair O45 and O103 targets spacers conserved in both serogroups.

Spacer frequency distribution. A similar analysis cannot be
done for big-six STEC isolates, as we lack detailed phylogenetic
analysis for these serogroups. However, if CRISPRs evolved in
these strains by the acquisition of new spacers on the leader-prox-
imal end, we would expect that these spacers are less well con-
served than leader-distal spacers among a collection of E. coli iso-
lates. In order to analyze the frequency of each spacer, 563 and
CRISPR1 and 624 CRISPR2a sequences available in GenBank (see
Table S2 in the supplemental material) were analyzed, and two
nonredundant E. coli CRISPR array databases were constructed
for CRISPR1 (276 arrays) and CRISPR2a (264 arrays) separately
(databases available upon request). For O157 and the big-six se-
rogroups, representative CRISPR1 and -2a sequences were chosen
and the frequency of each spacer within the database was deter-
mined. Two CRISPR1 and -2a arrays from O103 strains were cho-
sen for analysis, reflecting two distinct patterns of spacers ob-
served in CRISPRI and -2a within this serogroup (designated
“dominant allele” and “less-common allele” in Fig. 6). For
CRISPRI1 arrays, the ancestral spacer was more conserved than the
leader-proximal spacer within the nonredundant database for all
serotypes analyzed (Fig. 6A). Removal of the anchor spacer, which
is highly conserved within CRISPR sequences contained within
our database, still showed the expected stepwise decrease in spacer
frequency from the leader-distal to the proximal end for serotypes
0157:H7, 0O45:H2, and O111:NM; however, this trend was less
obvious for other serotypes. For the CRISPR2a arrays, the step-
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wise trend was only seen for O157:H " serotypes, and except for
the penultimate leader-proximal spacer, for O45:H2 and
0103:H2 (dominant CRISPR allele) serotypes as well (Fig. 6B).
Unexpectedly, the less-common O103:H2 CRISPR1 allele had a
leader-proximal spacer that was more common than those of the
other three, and this spacer was the penultimate leader-distal
spacer in O103:H2 (dominant allele) isolates. Interestingly, none
of the CRISPR1 spacers within serotype O121:H19 strains were
commonly found in other strains, and most O145:NM CRISPR1
spacers were uncommon as well.

Spacer BLAST results. Another indication that CRISPRs
might function as an active immune system is whether sequence
homology is found between spacers and horizontally acquired
DNA, such as plasmids and bacteriophages. Therefore, we used
BLAST to analyze all 432 unique spacers from the CRISPR1 and -2
loci we sequenced. Forty-four CRISPR1 and 56 CRISPR2 spacers
were unique in the database (i.e., did not match plasmids, phages,
or other E. coli CRISPR spacers). Allowing for a 2-nucleotide mis-
match, 27 CRISPR1 (12%) and 8 CRISPR2 (4%) spacers matched
known phages, plasmids, or putative phage regions (see Tables S8
and S10 in the supplemental material). Interestingly, 6 of 25 spac-
ers of CRISPR1 allele 63 (O6 human isolates) matched the same
putative phage region found in E. coli strains E24377A and SE11,
and 3 of these spacers were at the leader-proximal end. In addi-
tion, 4 of those phage-matching spacers in CRISPR1 allele 63 were
also found at the leader-proximal end of CRISPR1 allele 56 (0174
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FIG 4 CRISPR1 and CRISPR2a alleles of E. coli H7, H2, and H11 strains. Strain name, O type, H type, and ST are shown in their respective columns. stxI1A and
stx2A types are indicated if the information was available. CRISPR1 and -2a alleles are presented in their respective columns, with the allele numbers to the right.
Each unique spacer is represented by a unique color combination of the center shape and background. The shape in the center indicates the spacer length (O =

32 bp, A= 33 bp, ® = 30 bp, O = 28 bp, &= 26 bp). “IS” represents an insertion sequence.

humanisolate). Another interesting observation was that the lead-
er-proximal spacer of strain LSU-61 (O157:H7) is likely self-tar-
geting, as it matches the virulence plasmid (pO157) that this strain
is known to carry.

DISCUSSION

Although CRISPR sequences were first identified in bacteria in
1987 (43), it took 20 years to demonstrate that these elements
constitute an adaptive immune system against foreign DNA (12).
Subsequently, numerous research papers have elegantly described
many details of CRISPR function (17, 44), and several groups have
also developed CRISPR-based applications, including molecular
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subtyping and detection methods (22-34). These methods are
made possible because CRISPR spacer arrays are highly diverse
between strains of bacteria, including E. coli and S. enterica; how-
ever, they do not evolve as dynamically in these organisms as in
organisms such as S. thermophilus. Previous studies suggested that
CRISPR loci in E. coli strains are conserved among phylogeneti-
cally related strains (18, 19, 37), making CRISPRs potential mark-
ers for rapid identification of 0157 and big-six STEC strains in
mixed cultures. This knowledge was leveraged recently by Delan-
noy etal. (38), who proposed a highly sensitive and specific gPCR
method for such an application, designing primers and probes
based upon a limited number of genome and CRISPR sequences
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FIG 5 Expanded stepwise evolution model of E. coli O157:H7 with CRISPRI alleles of representative strains. Evolution nodes are represented by rectangles with
CRISPR alleles inside. The B-glucuronidase (GUD) activity and sorbitol (SOR) fermentation activity are shown at the top of each section that is separated by a
red dashed line. For clade 9.1a, no known strain fits in this clade. For clade 9.2e, no representative strain was sequenced.

available for O26:H11, O45:H2, O103:H2, O111:H8, O121:H19,
0145:H28, and O157:H7 strains. Therefore, one major impact of
our work is to provide a detailed insight into the CRISPR se-
quences found within a larger strain collection of STEC and other
closely related E. coli strains, in order to better understand the
strengths and weaknesses of using CRISPRs as subtyping markers.
Additionally, we combined our extensive analysis here with the
known evolutionary model of E. coli O157:H7 to gain better in-
sight into CRISPR evolution in this lineage.

Although CRISPR arrays in large collections of E. coli isolates
have been characterized before (18, 19, 37), an in-depth study of
CRISPR arrays from STEC isolates was lacking. In this article, we
showed that CRISPR alleles within isolates from each of the big-six
serogroups were similar in terms of spacer content and order,
reflecting their close phylogenetic relationship. This finding vali-
dated the qPCR primers from the method of Delannoy et al. and
suggested that most human and cattle STEC isolates would be
detected, as expected. While spacer deletions or, in the case of
ST14 from serogroup 026, the presence of an insertion sequence
(Fig. 2) were the main causes of false negatives, these were limited
to single human isolates (045 ST27, O111 ST21 and -18, and
0121 ST51 isolates) (Fig. 2), less-common ST's from cattle isolates
(026 ST14 and O111 ST6, -19, and -23) (Fig. 2), or genome se-
quences deposited within GenBank (O111 ST24) (Fig. 2). While
some of the CRISPR sequences observed were distinct from others
found within the same serogroup (045 ST30, 0103 ST47 and -48,
0121 ST52 and -53, and 0145 ST60), these were again STs that
were uncommon, not observed in human isolates, or both. Given
our suggestion that being H type may at times be a better indicator
of phylogenetic relatedness than being O type (Fig. 4), it is possible
that isolates from the same serogroup that have distinct CRISPR
sequences express different flagellar antigens. One point to high-
light concerning the use of CRISPRs as detection markers is our
observation that the related O103 STs ST44, -45, and -46 were
found in both cattle and human isolates, but the published qPCR
primers are not predicted to anneal to regions within the CRISPR
sequences. How common these ST variants are among human and
cattle 0103 STEC strains would be interesting to know in order to
decide whether qPCR primers and probes targeting these strains
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should be used by laboratories that adopt the method of Delannoy
et al. (38).

Another issue seen with the Delannoy et al. qPCR method (38)
was cross-reactivity when evaluating strains expressing the same
H antigen. For example, the O157:H7 CRISPR-targeting reaction
detected O55:H?7 strains, and the O45:H2 and O103:H2 primers
cross-reacted with O145:H2 and O128:H2 strains. Our data pro-
vide explanations for these observations by demonstrating that, in
certain cases, isolates sharing a common H antigen also carry sim-
ilar CRISPR sequences (Fig. 4). This observation is not surprising
in retrospect, as it is concordant with a previous publication that
used 20-enzyme-based multilocus enzyme electrophoresis
(MLEE) to study the clonal relationship among E. coli strains and
found that isolates of serotypes O111:H2 and O128:H2 and iso-
lates of serotypes O55:H7 and O157:H7 were phylogenetically re-
lated (45). This same study also reported that O26:H11 and
O111:H8 serotypes are related, which is also reflected in our
CRISPR sequences (Fig. 2). These facts further reinforce previous
suggestions that CRISPR sequences and spacer order are con-
served among E. coli strains of phylogenetically related serotypes
(18, 37).

Our data also provide insights into the temporal evolution of
CRISPRs in E. coli, which to date has only been demonstrated in
genetically manipulated systems (46, 47). Our results suggest that
internal deletion of spacers drives much of the evolution of
CRISPRs in E. coli, consistent with previous results (37), while also
providing indirect evidence of novel spacer acquisition. For exam-
ple, our analysis of spacer frequency distribution indicated that
most unique E. coli spacers are more localized toward the leader
end than are well-distributed spacers (Fig. 6), which is concordant
with the results from Touchon et al. (37). There are also a few
instances in our sequences, as noted above, where the CRISPR
sequences of two strains only differ by one leader-proximal spacer.
Our best insight takes advantage of the stepwise progression from
E. coli O55:H7 to O157:H7, which is arguably the best-defined
process of temporal evolution for E. coli. The most recent refine-
ment of this model (10) proposes that E. coli O55:H7 strains de-
fined as clade 9.3a are the last common ancestor of E. coli O157:H7
(Fig. 5) and that clades 9.2a and 9.1a represent two direct nodes
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FIG 6 Spacer frequency distribution of alleles characteristic of STEC isolates for CRISPR1 (A) and CRISPR2a (B). Shiga toxin-producing E. coli (STEC) spacer
arrays are drawn on the x axis, and frequency is labeled on the y axis. The darker the color of the bar, the more frequently the spacer occurs within the 9 alleles,

with black representing 9 times.

toward clade 7e, the most ancient node containing GUD ™~ SOR™
0157:H7. Our analysis does not provide evidence for spacer ac-
quisition along this pathway except for one new spacer in strain
LSU-61 and another one in strain G5101. Quite to the contrary,
our data suggest that, as evolution radiated from clade 9.3a, mas-
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sive spacer deletions occurred. It has been suggested that the evo-
lution of O157:H7 from a common ancestor occurred over 7,000
years (7), which suggests that CRISPR changes may occur more
rapidly than suggested by Touchon et al. (37). Another way we can
indirectly look for CRISPR function is to screen for spacers that
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match extrachromosomal elements. For the 432 unique spacers
identified in the current study, only 8% matched known phages or
plasmids, compared to 34% in Streptococcus thermophilus (48)
and 24% in Pseudomonas aeruginosa (24); however, our results are
consistent with previous E. coli CRISPR studies (18, 37). Never-
theless, spacer matches were observed at the leader end in some
0157, 06, and O174 isolates (see Fig. S1 and Tables S8 and S10 in
the supplemental material). The observation of adjacent spacers
putatively targeting the same prophage is intriguing, given
Swarts’s experiment demonstrating that 2 or more spacers are
commonly acquired in response to plasmid challenge (46). How-
ever, while our study does not provide convincing evidence for
CRISPRs functioning as an adaptive immune system in E. coli, we
certainly cannot discount their role in other cellular processes that
would explain the maintenance of these loci within a large number
of diverse E. coli isolates. Given the large number of prophages
often found in the genomes of these organisms (49-51), we also
cannot discount the possibility that CRISPRs are active but their
expression is repressed by prophage-encoded anti-CRISPR pro-
teins (52).

In conclusion, for 0157 and the big six serotypes, the CRISPR
alleles within strains of each serogroup were generally similar in
their spacer content and order regardless of the isolation source.
Our study confirms that the CRISPR-based qPCR method de-
scribed previously (38) is an effective way of screening for STEC,
while also demonstrating that spacer deletion and conservation of
sequences between isolates of a common H antigen are sources of
the small number of false positives and negatives observed. Know-
ing the correlation between phylogeny and CRISPRs, we mapped
the CRISPR1 alleles on the evolution model of O157:H7 from
055:H7, and we suggest that spacer deletion is the main driving
force of CRISPR evolution in this serotype. Our analysis of the
distribution of spacers across the known E. coli genomic landscape
(Fig. 6) will provide a reference for a more in-depth analysis of the
mechanism of CRISPR evolution within this species.
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