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Precise Dissection of an Escherichia coli O157:H7 Outbreak by Single

Nucleotide Polymorphism Analysis

George Turabelidze,” Steven 1 Lawrence,” Hongyu Gao,® Erica Sodergren,” George M. Weinstock,® Sahar Abubucker,” Todd Wylie®
Makedonka Mitreva, Nurmohammad Shaikh,” Romesh Gautom,® Phillip 1. Tare

fissour Department of Health and Senior Services, St Louis, Missouri, USAY; Department of Medicine (Division of Infectious Diseases), Washington University Schod of

Medicine St Louis, Missour, USAY The Genome Institute, Washington University School of Medicing, St. Louis, Missour, USAT; Departm ents of Pediatrics (Division of

Gastroentercl ogy, Hepat clogy, and Nutrition) and fMolecular tMicrobiology, Washington University School of Medicing St Louis, Missour, USAY; Washington State Public

Health Laboratories, Shoreling Washington, USA

The current pathogen-typing methods have suboptimal sensitivities and specificities. DNA sequencing offers an opportunity to
type pathogens with greater degrees ofdiscrimination using single nucleotide polymorphisms (SNPs) than with pulsed-field gel
electrophoresis (PFGE) and other methodologies. In a recent cluster of Escherichia coli O157:H7 infections attributed to salad
bar exposures and romaine lettuce, a subset of cases denied exposure to either source, although PFGE and multiple-locus vari-
able-number tandem-repeat analysis (MLVA) suggested that all isolates had the same recent progenitor. Interrogation of a pre-
selected setof3,442,673 nucleotides in backbone open reading frames (ORFs) identified only 1 or 2 single nucleotide differences
in 3 of 12 isolates from the cases whodenied exposure. The backbone DNAs of 9 of 9 and 3 of 3 cases who reported or were un-
sure about ex posure, respectively, were isogenic, Backbone ORF SNP set sequencing offers pathogen differentiation capabilities

that exceed those of PEGEand MLVA.

Pdthngcn tvping (1} can identify food-borne infections with
common origins, enable the removal of contaminated foods
still in commerce, and facilitate tracing contaminations back to
their sources. The typing is usnally performed in public health
laboratories where the endonuclease-cleaved bacterial DNA is
separated using pulsed-neld gel electrophoresis (PFGE) (2) to
produce isolate-specific patterns. The retrospective determina-
tion that Escherichia coli ©157:H7 isolates from different individ-
wals ina 1993 outbreak had identical PFGE patterns (3) prompted
adoption of this technique in North America and elsewhere (2-5).
While PFGE is widely used as a tool in outbreak management, its
limitations are emerging. Bands of similar size comigrate, which
can obscure differentiating fragments (6). A few point mutations
(single nucleotide polymorphisms [SNPs|) reflect considerable
phylogenetic distances between isolates but do not change the
PFGE patterns. For these two reasons, isolates might appear iden-
tical when they are not. Conversely, PFGE patterns can change
during subculturing, presumably because of the mobilization of
elements of the genome such as bacteriophages (7, 8). Such alter-
ations can also occur in the course of human infections (9, 10).
Therefore, the progenyof the same recent bacterial progenitor can
appear to be different. Furthermore, the comparisons are best
performed using DNA separated on the same gels, necessitating
cumbersome transters of materials {pathogens or their DNAJ to
central laboratories.

When the PFGE patterns and epidemiologic data are at vari-
ance, it can be difficult to take well-informed action. To help re-
solve such scenarios, multiple-locus variable-number tandem-re-
peat analysis (MLVA), which exploits the patterns of amplicons
generated by primers that flank variable-length regions of the ge-
nome, is sometimes emploved (11, 12). However, as with PFGE,
isolates of different origins can have identical MLVA patterns,
because this technique will not resolve single nucleotide differ-
ences, Furthermore, MLVA is not widely available.

The ideal typing method would use easily conveyed data gen-
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erated at decentralized facilities, not be prone to interpretation
artifacts, and be unaffected by bacterial mutations that occur ex
vivo or in the host (10). Additionally, this ideal method would
produce sutficiently powertul data such that if two different iso-
lates produce identical readouts, then there would be considerable
confidence that they have the same recent progenitor. Whole-
genome bacterial sequencing can convey unambiguous data, but
pathogenicity islands, representing approximately one-fourth of
the E. coli ©137:H7 chromosome (13), are unstable. Hence,
pathogens with the same recent progenitor acquired from the
same vehicle might appear allogeneic after passing through and
replicating in humans, which is one of the problems that dimin-
ishes the utility of PEGE, as noted above.

By focusing on the set of largely invariant backbone open read-
ing frames (ORFs) in pathogen chromosomes, it is theoretically
possible that isolate-specific SNPs (14) can be used to precisely
tvpe the pathogens, Indeed, the value of SNPs for identifving out-
break-related E. coli O1537:H7 was suggested by Underwood etal.
(15}, who used whole-genome sequencing to generate a set oftour
SNPs, which were then used to SNP tyvpe additional isolates with
identical MLVA patterns. However, the backbone chromosome
ORFs common to all E. celi O157:H7 isolates contain 3,442,673
different nucleotides for analvsis, and SNP typing would not be
sufficiently sensitive to identify the mutations that provide a
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greater level of phyvlogenetic resolution. Specifically, one can state
that two strains are highly likely to have descended from a recent
common ancestor onlyif such a large setis interrogated, in view of
the low rate with which backbone SNPs occur (approximately
once every 10 vears [14]) in this lineage.

Here, we dissect a time-space cluster of E. coli O157:H7 infec-
tions using PFGE, MLVA, and backbone ORF SNPs. The gel-
based methods did notdistinguish the isolates of cases who denied
exposure to the incriminated sowrce from those who claimed expo-
sure, whereas SNP profiling reconciled a subset of the discrepancies.

MATERIALS AND METHODS

Characteristics of the outbreak. On 24 October 2011, the St. Louis
County Department of Health identified a cluster of E. coli O157:H7-
infected patients, many of whom had recently conswmed salad bar items
at different supermarket chain A stores. In the following days, cases from
other counties were 1dentified, and the Missourl Department of Health
and Senior Services and the Centers for Disease Control and Prevention
joined localotficials in investigating this growing cluster. A matched case-
control study was conducted on 2 November 2011 to identify the likely
source of infection. The interview questionnaire ncluded questions about
exposures historically associated with E. coli O157:H7 and consisted of
iterms on the Standardized National Hypothesis-Generating Question-
naire developed with the Centers for Disease Control and Prevention to
which =50% of the cases claimed exposure in the 7 days before illness
onset. The 22 cases for the case-control study were defined as Missouri
residents from the metropolitan St Lows area whose illness was identified
as of 2 November, whose diarrhea began atter 7 October, and whose stool
cultures yielded E. coli O157:H7 1solates with PEGE and MLVA outhreak
patterns. These patterns were Xbal pattern EXHO1L.0047 and Blnl pattern
EXHA26.00150n PFGE (pattern A/C) and MLVA pattern Al (8-7-10-4-
4-7-10-7), i MLV Awas performed prior to the case-control study. The 82
controls were individuals who were neighborhood matched to the cases
using a reverse directory of landline telephones, were frequency matched
by age category (<218, 18 t0 50, and =50 years ), and reported no diarrhea
in the month preceding the interview. Controls were questioned on 2
November about their exposures during the third week of October 2011
(to correspond to the case exposure period ).

This cluster and its investigation were recently detailed (16). This publi-
cation included as cases three individuals who had been excluded from the
case-control study. [solates from two of these three excluded cases had the
outbreak isolate PFGE and MLVA patterns, but these cases resided in Boone
County, Missourl, and were excluded because, for logistic reasons, controls
were selected only in the St. Louls metropolitan area. The isolate from the
third excluded case, a St. Lows resident infectad in October 2011, had PFGE
Xbal pattern EXHO L0047and Blnl pattern EXHA26.1381 { pattern A/D).

Cases and isolates analyzed. We genome sequenced the isolates from
22 ofthe 37 Missour cases (designated cases M1 to M22) and each of the
2 Kansas cases (designated cases K1 and K2 ( 16). We also sequenced five
1solates that were believed to be completely unrelated to the outbreak,
even though four had the outbrealt PFGE pattern A/ C. Two of these 1so-
lates were from Washington State cases (Wal and Wa2) who had no
linkage to each other and were infected in October 2011 with E. coli
O157:H7 that had non-Al MLVA patterns. The other two isolates were
from Webster County cases, one of whom was a historic case { July 2011)
{(WC1), while the second 1solate, which was from a case whose illness
occurred during the outbreak (WC2), had a non-A1 MLVA pattern. The
fifth unrelated isolate was from a St. Lowis patient (case M23 ) who denied
expostire to the salad bar or to romaine lettuce. This isolate had a nonout-
break PFGE pattern that completely ditfered tfrom that of the outbreak
pattern.

Gel-based pathogen typing. All study isolates were subjected to Xbal
and Blnl PFGE at the Missouri State Public Health, Kansas Health and
Environmental, or Washington State Public Health laboratories, and six
and sex-bacteriophage insertion site genotyping (17) was done at Wash-
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mgton University. Most study isolates underwent MLV A at the Minne-
sota Department of Health Public Health Laboratory, using a validated
elght-locus interrogation on a Beckman Coulter CEQ 8000 electrophore-
sis platform (18},

Sequencing and backbone ORF SNP set assignments. DNA from the
study strains was sequenced, and SNPs were 1dentified, validated, and
confirmed, as described i the supplemental material.

Statistics. We used Fisher’s exact test ( 2-tailed P values) to determine
the statistical significance of differences in the ratios of SNPs that are
synonymous (mutations that do not change the corresponding amine
acid structures) to SNPs that are nonsynonyvmous (mutations that do
change the corresponding amino acids) in different strain sets.

Nucleotide sequence accession numbers. This whole-genome shot-
gun project has been deposited at DDBJ, EMBL, and GenBank under
accession no. AWPMO 0, AWPNO0000000 ) )
W, AWPQO 0, AWPR(

AWQI
0, AWQMO0000000
)0 (solates M1 to M23, K1, K2,
ions described in this

), AWPOO 000000

paperare versions AWPMO

AWPPO1 . AWPQOI
AWPTO] , AWPUDI

AWPX0 1 , AWPYO10
AWQBO10 I, AWQCD 1
AWOF AWQGOI

AWQI01
AWQNO100

RESULTS

Epidemiologic summary and correlation with gel-based patho-
gen typing. The publication that detailed the outbreak (16) re-
ported 538 cases from Missouri (# = 37), Arizona (# = 1}, Arkan-
sas (# = 2), Georgia (# = 1), lllinois {» = 9}, Indiana {» = 2),
Kansas (# = 2}, Kentucky (# = 1), Minnesota {# = 2}, and Ne-
braska {# = 1) as being infected with E. coli O157:H7 that dis-
plaved the outbreak PFGE and MLVA patterns. The definitions of
the outbreak strain pattern in that publication included PFGE
patterns A/Cand A/D. PCR genotyping demonstrated thateach of
the 39 Missouri and Kansas case isolates belonged to E. coli
0157:H7 phylogenetic cluster 1. Cluster 1 has two main branches
(14, the 87-14 lineage, named tor an E. coli O157:H7 strain recov-
ered in Washington State in 1987, and the TW14359 lineage,
named for an E. coli O157:H7 strain associated with a nationwide
outbreak attributed to spinach in 2006 (19).

Of the 37 Missouri cases, 23 reported ( “exposure claimed”)
and 11 denied (“exposure denied”) consuming items from the
salad bar. Five of the 11 exposure-denied cases also denied con-
suming any romaine lettuce. Three Missouri residents neither
claimed nor denied exposure to the salad bar or to romaine lettuce
{(“exposure unsure” ). The two Kansas residents were classified as
exposure denied.

SNP patterns and epidemiologic associations. Figure | por-
trays the phylogeny of the study isolates. The case M23 isolate, an
offshoot of the 87-14 lineage, was not further analyzed. The re-
maining study isolates share 93 (backbone ORF SNP set 1) of the
106 radial SNPs with strain TW14359 (14) before forming three
assemblages, defined by SNPs that are not found in strain
TW14359. The Webster County assemblage, consisting of two iso-
lates with the proximalbackbone ORF SNP set 2 and the backbone
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Elssis

State A

Pulsed-field gel ;Iactruphuresis; both isolates A/C,
MLVA: both isolates non-A1

K2

M19  Exposure'claimed: M1-9
Exposure denied: M10-17, K1
Exposure unsure: M20-22

Missouri-Kansas Assemblage
Pulsed-field gel electrophoresis:
23 isolates A/C, 1 isclate A/D
MLWA: all isolates A1

Webster County Assemblage
Pulsed-field gel electrophoresis: both isolates A/C
MLWVA: non-A1 or not tested
{from cases WC2 and WG1, respectively)

\

From Cluster 1
Founder

FIG I Phylogenetictopology of study 1solates. Numb ers within rectangles denote single nucleotide polymorphism (SNPJ sets. Alphanumeric symbols denote
cases i whomiselates (except for reference strain TWI4239) onginated. White, bladk, and gray circles sigmify proxamal, terminal, and dual preximal-terminal
SNP sets, respectively. Cases fromwhomE. coli Q1 57:H7 isolates were recovered are described inthetext and n Table 1. (Right) The topology relates to specific
SNP sets in study strains, reference strams TWI4259 and 87-14, and the selate from the negative-control case M22 Pulsed-neld gel electrophoresis and
multiple-locus variable-number tandem-repeat analysis ( MLVA | patterns are provided tor selates within each assemiblage. The dashed line portrays the radial
SNPs i ostram TWI143539 that are not i stramn 87-14. (Lefi ) SNP sets correspond to strans from specihc cases within the Missouri-Kansas assemblage. The
cxposire status is provided for each case with an isolate in which SNP set 1015 a terminal SNP set. For cases K2, MI18, and M19, cach of who mdenied exposure,

SNP set 100s apreximal SNP set.

terminal ORF SNP sets 3 or 4, branches first from the TW14359
lineage. The remaining 26 isolates share six proximal SNPs (back-
bone ORF SNP set 3 with strain TW14359 before they diverge
from the TW14359 lineage. After this divergence, these 26 isolates
share three proximal SNPs (backbone ORF SNP set 6) and then
bifurcate into the Washington State assemblage {isolates tfrom the
two cases from that state] and the Missouri-Kansas assemblage
(the remaining isolates, all from Missouri and Kansas cases). The
specific radial SNPs that underlie the phylogeny in Fig. 1 are de-
tailed in Table 51 in the supplemental material. Notably, none of
these SNPs were found in any other sequenced cluster 1 E. col:
O157:H7 strain according to the GenBank database when our
analysis was performed. However, a SNP (2041566CA ) in isolate
Wal is also present in strain EDL933, a cluster 3 E. coli O157:H7
strain (14}, and probably represents an independent mutation.
Because the comparisons in this investigation related the case iso-
lates to strain TW14339, this newly identified polyphyletic SNP
does not atfect our findings.

The 24 isolates in the Missouri-Kansas assemblage have four
different terminal backbone ORF SNP set patterns. Most isolates
possess the backbone ORF SNP sets 1, 5, 6, and 10, including the
isolates from each of the 9 exposure-claimed cases, isolates from 9
of the 12 exposure-denied cases, and isolates from each of the 3
exposure-unsure cases. The remaining isolates {from exposure-

3952 jom.asm.org

denied cases M18, K2, and M19) have, in addition to the proximal
backbone ORF SNP sets 1, 5, 6, and 10, terminal backbone ORF
SNPsets 11, 12, or 13, consisting of only one, two, and one unigue
SNPs, respectively (Fig. 1; see also Table S1 in the supplemental
material).

Of the 61 SNPs newly identified in the study strains, 43 are
nonsynonymous. [n comparison, among the 504 subgroup C
SNPs identified in the five E. ¢coli O157:H7 strains that were exten-
sively analyzed by Leopold et al (14), 285 were nonsynonymous
(P = 0.04).

DISCUSSION

Circumchromosomal SNP analysis of 82.6 million nucleotides in
24 isolates lent clarity toa cluster of E. ¢coli O157:H7 infections for
which the PFGE and MLVA patterns ofisolates were identical, but
the cases denied uniform exposure histories. The backbone ORF
SNP setanalysis also enabled the confident assignment of case M9
to the outbreak (exposed) group, despite a variant PFGE pattern
in that case’s isolate. Overall, the backbone ORF SNP set analysis
confirmed that 4 of the 24 putative outbreak cases were misclassi-
fied by PFGE, including cases whose isolates were subjected to
MLVA for corroboration. Additionally, the backbone ORF se-
quences were identical among isolates from cases whe claimed
exposure or were unsure about their exposure. This technique,

Journal of Clinical Microbiclogy
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TABLE | Outbreak versus nonoutbreak classifications of study isolates
based on PFGE and MLV A or SNP-based typing methodologies

MNo. of 1solates with:

PFGEMLVAY patterns SNP* set patterns

Exposure Oruthreak” Nonouthreak Outbreaks Nonouthreak
Claimed & 9h) 1# of 0
Denied 12" 0 g 3
Unsure 3% 0 3k 0
Unrelated 0 5 0 5

"SNP, single nudeotide polymorphism.

COutbrealk patterns defined as PFGE pattern A/Cand MLV A pattern AL (G performed
prior to 2 Novenber 2011 for the case-control study and as PFGE pattern AJ/C or A/D
and MLV A pattern Al for the publication that detailed the outbreak (16).

A The outbreal pattern cons s of badkbone open reading frame SNP sets 1,5, 6, and 10
Lo, SN set | 0was the terminal SNP set).
tes from cases M1 to ME (all from Missourt ).

lates from cases M1 to M9 (all from Missouri ). The isalate from case M9 had PFGE
pattern AT and was designated as a case in the publication that detailed the outbreal

(16) butnot in the c
"

e-contral study. The value in the leftmost column isin

parentheses to note that the single sublect whose isolate had a variant PFGE pattern was

included in one analysis (the paper that detailed the cutbrealk [16]) but not the other

e-control study ).
¢ from case MY,
lates from cases M0 to M9 (all trom Missourt ) and cases K1 and K2 (both from

lates from cases M0 ta M 17 and K1
lates fram cases M8, M9 and K2, which possess SNP sets 1, 5, 6, 10, and 11 (From

case MUE, L, 5,6, 10, and 12 (hrom case K20, and 1,5, 6, 10, 13 (from case M 19,

£l

lates fronn cases M20ta M22 (all from Missour ).

Msolates from cases unrelated to the outbre lates from cases WO and WO2 have

SNPsets |, 2 and 3 or 1, 2, and 4, respectively, and isolates from cases Wal and W

have SNP sets |, 5,6, 7, and 8 or 1, 5,6,7, and 9, respectively. Isol from cases WL,

Wal, and WaZ2 have nonoutbrealk MLV A patterns. All isolates in these groups, except

the isolate from case M 23, have the PFGE pattern A/ C,

therefore, offers a precise and durable way to differentiate isolates.
Recent reports demonstrated the value of whole-pathogen se-
quencing in controlling nosocomial antibiotic-resistant Klebs:ella
puewmioniac and Staphylococcus aurens and nosocomial neonatal
E. coli outbreaks (20-23). We now demonstrate that whole bacte-
rial genome sequencing can dissect E. coli O157:H7 infection clus-
ters and reduce the proportion of variant epidemiologic histories
by refining the assignment of isolates as being outbreak or nonout-
break This added precision can be critical when investigations are
conducted on a product that might still be in commerce, because E.
coli O157:H7 cases come to light 7 to 10 days after exposure (22).
The backbone ORF SNP set analysis can serve as an adjunct to
gel-based typing of pathogens. However, there are barriers to im-
mediate widespread adoption of this technology, such as cost,
time to result, access to sequencing, and widespread availability of
the standardized analvtical software, although these barriers are
falling. Furthermore, our postsequencing analysis was aided by
knowledge of the phylogeny of E. coli O157:H7, which is not as
extensive as that for other pathogens. Specifically, we were able to
build on whole-genome sequence data from multiple strains (14,
24-28), the recognition that SNPs accrue slowly in the backbone
ORFs of E. ¢coli O157:H7 (14, 29), and the prior demonstration of
the value of limiting the phvlogenetic analysis to stringently de-
fined SNPs and ORFs in the backbone (14, 29). We were also
aware of the pitfalls in the database, such that when the polyphyvl-
etic SNP at 5137547 was identified, we immediately diverted it

December 2012 Yolume 51 Number 12
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from analysis. Such knowledge is growing for other pathogens.
[ndeed, Zhou et al. recently proposed that whole-genome se-
quencing provides data that are superior to those from PFGE for
the purpose of typing Salnowella enterica serovar Agona strains
(30). Nonetheless, despite our familiarity with the population
structure of E. coli O157:H7, a considerable amount of manual
analysis was needed to generate our phvlogeny. Ultimately, any
migration from gel-based typing, currently performed largely at
state and regional laboratories, to sequencing-based technology
will require careful thought as to how to optimize the hardware
and analvtical capacity and to integrate them with existing capa-
bilities to use public health laboratory resources moststrategically.
Factors that will warrant consideration include the processes and
infrastructure for isolating, identitving, and taking possession of
pathogens as expeditiously as possible after cases present for care,
ways to transport specimens {live organism or DNA) to anappro-
priate facility for sequencing, and phylogenetic characterization
and data dissemination after sequencing.

[tis important to note that at least at the present time, de novo
sequencing, rather than categorizing an isolate based on the pres-
ence or absence of known SNPs, is needed to differentiate E. coli
O157:H7. It we had sought only the SNPs that had been discov-
ered when our work commenced, we would not have differenti-
ated within or between the members of the three assemblages.
Also, it we performed SNP typing based on the sequencing of a
limited number of pilot strains (15), we would not have identified
the differentiating mutations in SNP sets 11, 12, and 13. Hence,
until databases become sufficiently “rarefied” that they contain all
the SNPs in all the wild-type isolates in existence, sequence-based
analysis will remain critical for maximizing confidence (short of
certainty) that two isolates are identical.

Interestingly, almost all backbone SNPs in the study isolates
{except those in the case M23 isolate] were also present in isolate
TW14359. This means that the offshoots from the strain
TW14359 lineage, i.e., SNP sets 2 and 6, occurred relatively re-
cently in phylogenetic terms, reinforcing the concept that extant
E. col; O157:H7 strains have a small effective population size {14,
29). Finally, the proportion of the nonsynonymous to synony-
mous mutations among the SNPs that were discovered in the
studystrains was even greater than thatin the strains sequenced by
Leopold etal. (14), again demonstrating the tolerance of this clade
for diversitying selection.

[nsummary, thebackbone ORF SNP setanalysis provided greater
pathogen-differentiating power than did a combination of PFGE and
MLVA. Sequence-based typing of pathogens is phylogenetically
sound, epidemiologically usetul, as suggested by Underwood et al.
{15}, who used a somewhat different strategy, and increasingly feasi-
ble. We emphasize that pathogen typing requires bacterial isolates,
which reinforces the critical role of clinical microbiologists in the
initial recovery of pathogens from infected cases. Outbreak investiga-
tionsintegrate clinical and microbiologic case definitions, hypothesis
generation and testing, and molecular studies to identity sources.
Whole-genome sequencing and analysis focused on the backbone
chromosomes of pathogens can improve the efficiencies of these it-
erative processes by increasing the precision of statistical estimates
and confidence in epidemiological conclusions. Until such precise
differentiation technology is widely available, caution should be ex-
ercised before one assumes that isolates with indistinguishable gel-
based types have common sources, even if the illnesses that they cause
are clustered in time and space.
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