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PCR-Based Detection and Molecular Characterization of Shiga Toxin-
Producing Escherichia coli Strains in a Routine Microbiology
Laboratory over 16 years
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Shiga toxin-producing Escherichia coli (STEC) is a heterogeneous group of bacteria causing disease ranging from asymptomatic
carriage and mild infection to hemolytic uremic syndrome (HUS). Here, we describe patients with STEC infection and character-
ize the STEC strains detected in our laboratory by use of PCR for stx;, stx,, and eae from 1996 through 2011. Patient information
was collected from referral forms and from the Norwegian Surveillance System for Communicable Diseases. STEC isolates were
characterized with respect to serogroup or serotype, selected potential virulence genes, and multilocus variable-number tandem-

repeat analysis (MLVA) genotype. STEC strains were isolated from 138 (1.09%) of 12,651 patients tested. STEC strains of sero-
groups 026, 0103, 0121, 0145, and 0157 were the most frequent. These serogroups, except non-sorbitol-fermenting 0157,
were also the most frequent among the 11 patients (all =5 years old) who developed HUS. Twenty-four STEC strains were classi-
fied as being HUS associated based on an epidemiological link to a HUS case, including an MLVA genotype identical to that of
the STEC strain. The age of the patient (=5 years) and the genes eae and stx,, were significantly associated with HUS-associated
STEC (P < 0.05 for each parameter), while stx, was associated with non-HUS-associated STEC (P < 0.05). All of the potential
virulence genes analyzed, except ehxA, were significantly more frequent among HUS-associated than non-HUS-associated
strains (P < 0.05 for each gene). However, these genes were also present in some non-HUS-associated STEC strains and could
therefore not reliably differentiate between HUS-associated and non-HUS-associated STEC strains.

higa toxin-producing Escherichia coli (STEC) was recognized

as a cause of bloody diarrhea and hemolytic uremic syndrome
(HUS) for the first time in two independent studies in 1982 (1, 2).
Later this pathogen was found to be the main cause of diarrhea-
associated HUS with a high number of cases worldwide. Non-
sorbitol-fermenting STEC (NSF) O157:H7 was the first STEC se-
rotype that was isolated in association with HUS and has been the
most frequently reported cause of diarrhea-associated HUS (3).
However, STEC strains of other serogroups like 026, 0103, O111,
0121, and O145 have also been recognized to cause severe disease
and outbreaks (4, 5).

Shiga toxins 1 and 2 (Stx1 and Stx2) are essential virulence
factors of STEC. The term STEC is used to describe any E. coli-
producing Shiga toxin, whereas the term enterohemorrhagic
Escherichia coli (EHEC) is often used to describe the subset of
STEC strains responsible for causing hemorrhagic colitis and HUS
(3). Shiga toxins are encoded by the stx, and stx, genes located in
lambdoid bacteriophages integrated into the bacterial host ge-
nome. The toxins exist as various subtypes, in which the Stx2
subtypes Stx2a, Stx2¢, and Stx2d are more often associated with
HUS than are the other Stx subtypes (6-9). In addition to the
Shiga toxins, most STEC strains possess the locus of enterocyte
effacement (LEE) pathogenicity island in which the virulence gene
eae encoding the adherence factor intimin is located (3, 10).

In addition to stx,, stx,, and eae, the presence and absence of
various other genes have been investigated as potential virulence
markers for HUS and outbreaks. Karmali et al. reported that sev-
eral genes located on the genomic O island OI-122 were present in
60 to 100% of STEC strains of serotypes highly associated with
severe disease and outbreaks, while the same genes were detected
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in only 0 to 15% of strains of serotypes not associated with severe
disease or outbreaks (11). In addition, the presence of non-LEE-
encoded (nle) genes from the genomic O islands OI-71 and OI-57
has been associated with STEC virulence (12-14). Pathogenic
STEC also harbors a large virulence plasmid (frequently termed
pO157) encoding factors involved in STEC virulence (3, 15).
Since STEC was first recognized as a cause of diarrhea-associ-
ated HUS, the microbial detection of this pathogen has in most
laboratories until recently relied on culturing on sorbitol-Mac-
Conkey agar (SMAC), which is a selective medium for NSF
0157:H7 (16), with subsequent agglutination with anti-O157 an-
tiserum. While a selective medium for NSF O157:H7 STEC is a
sensitive method for detection of this specific STEC serotype, a
major drawback is that other STEC serotypes and sorbitol-fer-
menting (SF) O157:H- not will be detected. Therefore, a more
suitable strategy for the diagnosis of STEC infection is to combine
culture and nonculture methods detecting both O157 and non-
0157 STEC serotypes (17, 18). In recent years, many diagnostic

Received 14 February 2014 Returned for modification 2 April 2014
Accepted 6 June 2014

Published ahead of print 11 June 2014
Editor: B. A. Forbes
Address correspondence to J. E. Afset, jan.afset@ntnu.no.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JCM.00453-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JCM.00453-14

September 2014 Volume 52 Number 9


http://dx.doi.org/10.1128/JCM.00453-14
http://dx.doi.org/10.1128/JCM.00453-14
http://dx.doi.org/10.1128/JCM.00453-14
http://jcm.asm.org

Characteristics of STEC Strains Detected by PCR

TABLE 1 Characteristics of stx-negative strains, isolated at St. Olavs Hospital, Trondheim, Norway, during the 1996-2011 period, classified as

STEC-lost Shiga toxin in this study

Strain stx, subtype eae Serotype Reason the strain was included in the study
St. Olav49 STEC-LST? + 0103:H25 HUS?

St. Olav59 STEC-LST + 0103:H25 HUS

St. Olav75 2a‘ + SF O157:H- Outbreak investigation

St. Olav77 STEC-LST + SF O157:H- HUS

St. Olav84 STEC-LST + SF O157:H- Outbreak investigation

St. Olav97 STEC-LST + 0145:H? Outbreak investigation

St. Olav131 STEC-LST + 0103:H25 BD¢

St. Olav154 2b o Previously positive for stx,;,
St. Olav156 STEC-LST + o BD

St. Olav165 STEC-LST + 0145:H28 BD

“ eae-positive E. coli isolate classified as STEC that may have lost its stx genes (STEC-lost Shiga toxin [LST]).

Y HUS, hemolytic uremic syndrome.

¢ Strain previously positive for stx,, which after storage was found to be stx, negative.
4 H2, motile but unknown H-type.

¢BD, bloody diarrhea.

/Serotype 0, the strains did not belong to any of the serogroups tested for in the study.

laboratories have switched to PCR for detection of stx; and stx,
and other putative virulence genes (e.g., eae and ehxA) in STEC
strains. Although the use of PCR improves the detection of non-
0157 STEC serotypes which may be the cause of HUS, it may also
lead to detection of a range of STEC strains with a probable low
potential for causing severe disease in humans (10, 17, 19). In
many cases, we therefore still do not know how to differentiate
between high- and low-risk STEC strains, and it is a challenge to
make a reliable assessment of the clinical and public health risk
related to the diagnosis of non-O157 STEC infections.

The aim of this study was to present the results of PCR-based
diagnosis of STEC infection from patient stool specimens during the
period 1996-2011 and to search for differences between HUS and
HUS-associated compared to non-HUS-associated STEC isolates
based on serotypes and analysis of selected potential virulence genes.

MATERIALS AND METHODS

Bacterial strains and clinical information. All STEC isolates included in
the present study were retrieved from patient stool specimens in the years
1996 through 2011 at the Department of Medical Microbiology, St. Olavs
Hospital, Trondheim, Norway. From 1996 to 2011 the laboratory routine
was to analyze stool specimens from children <2 years old for stx, and stx,
(and eae from 2000) irrespective of clinical information by PCR and to
analyze stool specimens from patients in age groups >2 years old if there
was information on HUS or bloody diarrhea. In addition, specimens from
persons epidemiologically associated with a HUS case or a STEC outbreak
were analyzed for STEC. Based on data from the laboratory information
system, stx, and/or stx, was detected in mixed stool cultures from 150
patients during the study period. Among these, 20 patients were excluded
from the study because the laboratory did not succeed in obtaining STEC
isolates in pure cultures, whereas for the remaining 130 patients, STEC
isolates were identified in pure cultures. Another eight stx-negative (eae-
positive) E. coli isolates were included in the study because they were
isolated from patients with HUS or bloody diarrhea or were epidemiolog-
ically linked to a HUS case and were of the same MLVA genotype as the
STEC isolate from that case (Table 1). STEC strains that have lost stx genes
are often termed EHEC/STEC-lost Shiga toxin (LST) (20). In total, 138
strains were included in the study.

In Norway, STEC infection is notifiable to the Norwegian Surveillance
System for Communicable Diseases (MSIS) at the Norwegian Institute of
Public Health (NIPH), where clinical information on the patients and
results from laboratory analyses of the bacterial strains are stored. We
collected data from the MSIS on clinical symptoms (HUS, bloody diar-

September 2014 Volume 52 Number 9

rhea, diarrhea, or no symptoms), age, and sex and correlated these data
with laboratory results.

The study was approved by the Regional Committee for Medical and
Health Research Ethics, REC South-East (REC number 2011/2314).

Primary detection and identification of STEC. stx,, stx,, and eae
(from the year 2000) were detected by a two-step procedure where PCRs
for the stx,, stx,, and eae genes first were done in mixed cultures from a
stool specimen and thereafter repeated on subcultures of discrete colonies
from positive specimens with the aim of identifying STEC strains in pure
cultures. STEC isolate culturing was done by standard methods, including
SMAC agar, and E. coli was identified by standard biochemical tests (API
10S/20E; bioMérieux, Marcy I'Etoile, France). During the period 1996-
2004, screening for stx, and stx, was performed using primers and ampli-
fication conditions as described by Brian et al. (21). In 2004, conventional
PCRs for stx; and stx, were replaced by multiplex real-time PCRs (for
primers, see Table S1 in the supplemental material). DNA isolation meth-
ods, amplification conditions, PCR reagents, and PCR instruments varied
in the years 2004-2011.

PCR for eae was done using the AE13 and AE14 primers, and ampli-
fication conditions were as described by Gannon et al. (22) from 2000 to
2004 and as described by Nielsen and Andersen (23) from 2004 to 2008.
Thereafter detection of eae was done by real-time PCR with the primers
described in Table S1 in the supplemental material. Confirmation of stx;,
stx,, and eae was done at the National Reference Laboratory for Entero-
pathogenic Bacteria (NRL) at the NIPH (24, 25).

Serotyping. Initial serogrouping was performed with O antisera using
polyspecific anti-coli I, II, and IIT and monospecific O antisera for the O
serogroups 026, 0103, O111, 0145, and O157, as described by the man-
ufacturer (Sifin, Germany). Later, more extensive serotyping was done at
the NRL, NIPH, using monospecific O:K and H antisera covering alto-
gether 44 O serogroups, including 026, 0103, O111, O121, 0145, and
0157 and 8 H antigens (in-house antisera and antisera from Sifin and SSI,
Denmark).

stx, subtyping and MLVA genotyping. The stx, subtype was deter-
mined at the NRL, NIPH, using modifications of previously published
methods for PCR-restriction fragment length polymorphism (RFLP) and
sequencing (8, 26, 27) and by PCR (9).

Two MLVA protocols, one for the O157 serogroup and one for all E.
coli isolates, were used for MLVA typing (28-30) at the NRL, NIPH.

Verification of stx |, stx,, and eae and detection of potential virulence
genes. To verify the primary PCR results, we repeated PCRs for stx;, stx,,
and eae for all strains included in the study. For PCR analyses, bacterial
strains were grown overnight on MacConkey agar. One colony of bacterial
cells was suspended in 100 ! lysis buffer (50 mM KCl, 10 mM Tris-HCl
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TABLE 2 Age distribution and other characteristics of patients with STEC infections diagnosed at St. Olavs Hospital during the 1996-2011 period

No. (%) of patients: Sex (no.) Clinical presentation in patients with STEC (no.):
Age group (yr) With STEC Tested Positive rate Female Male HUS* BD Diarrhea Asymptomatic® ND4
<2 50 (36.3) 6,860 (54.2) 0.73 25 25 6 5 25 5 9
2-4 32(23.2) 1,301 (10.3) 2.46 17 15 4 0 15 6 7
5-9 9 (6.5) 344 (2.7) 2.62 2 7 1 1 1 2 4
=10 47 (34.0) 4,146 (32.8) 1.13 25 22 0 3 27 7 10
Total 138 (100.0) 12,651 (100.0) 1.09 69 69 11 9 68 20 30

“ HUS, hemolytic uremic syndrome.

b BD, bloody diarrhea.

¢ Some of the strains were from persons tested in outbreak investigations.

4 ND, no clinical information. Some of these strains were from outbreak investigations.

[pH 8.3], 2.5 mM MgCl,, 0.1 mg/ml gelatin, 0.45% NP-40, and 0.45%
Tween 20) and 100 pl Tris-EDTA (TE) buffer solution (pH 7.4) and
boiled for 15 min at 95°C. After centrifugation at 13,000 rpm for 1 min,
the supernatant was used directly for PCR analysis.

Real-time PCRs for stx,, stx,, and eae were done using the primers
described in Table S1 in the supplemental material and PerfeCTa Multi-
plex qPCR Supermix, UNG (Quanta Biosciences, Gaithersburg, MD,
USA) as described by the manufacturer. Real-time PCR was performed in
a CFX instrument (Bio-Rad, Hercules, CA, USA), in a 20-pl volume with
cycling conditions for stx, and stx, as follows: 95°C for 3 min and then 40
cycles with denaturation at 95°C for 10 s and annealing at 58°C for 10 s
before elongation at 72°C for 10 s. The PCR for eae was done using the
following cycling conditions: 95°C for 3 min and then 40 cycles with
denaturation at 95°C for 10 s and annealing at 50°C for 10 s before elon-
gation at 72°C for 10 s.

Analyses for the ehxA, ent/espL2, nleB, nleE, nleF, nleHI-2, and nleA
genes were done using the primers described by Bugarel et al. (31). In
addition, PCR for the espK gene was done using the primers described by
Bugarel et al. (12), and the efa-1/1ifA gene was analyzed with the 88AT and
88TN primers from Nicholls et al. (32). A subset of strains was also tested
for efa-1/IifA using an alternative efa-1 primer pair (see Table SI in the
supplemental material). The PCRs were done in singleplex in a 20-pul
volume using the SsoFast EvaGreen Supermix (Bio-Rad), as described by
the manufacturer. The cycling conditions for the nleB and nleE genes were
98°C for 2 min and then 40 cycles with 95°C for 5 s and 60°C for 5 s, and
the cycling conditions for ehxA, ent/espL2, nleF, nleHI1-2, nleA, espK,
and efa-1/lifA were 95°C for 3 min and then 40 cycles with 95°C for 10 s
and 57°C for 30 s.

HUS-associated strains. A STEC strain was classified as HUS associ-
ated if it either was isolated from a patient with HUS or was epidemiolog-
ically linked to a HUS case and was of the same MLVA genotype as the
STEC isolate from that case.

Statistical methods. Fisher’s exact test was used for statistical calcula-
tions. A P value of =0.05 was considered statistical significant.

Cluster analysis of virulence genes with construction of dendrograms
was performed by BioNumerics version 6.6 (Applied Maths NV, Sint-
Martens-Latem, Belgium) using the Dice correlation and the unweighted-
pair group method using average linkages (UPGMA).

RESULTS

The present study included 138 patients among a total of 12,651
patients tested in whom STEC infection had been diagnosed by
PCR, and STEC strains had successfully been isolated in pure cul-
tures (positive rate, 1.09%) in the period 1996-2011 at the Depart-
ment of Medical Microbiology, St. Olavs Hospital, Trondheim,
Norway. Stool specimens from children <2 years old were most
frequently tested for STEC, and this age group was also the most
common among the 138 patients diagnosed with STEC infection
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(36.3%) (Table 2). Sixty-nine of the patients with STEC infections
were female and 69 were male. Eleven patients had HUS, while
bloody diarrhea was recorded for 9 patients, and nonbloody diar-
rhea was recorded for 68 patients. All HUS patients were =5 years
old (P = 0.007) (Table 2). Six of the HUS patients were female and
5 were male (Table 3).

The STEC strains included in the present study had the follow-
ing distribution of serogroups: 0157, n = 29 (21.0%); other com-
mon STEC serogroups, n = 69 (50.0%), including 0145 (n = 28),
0103 (n = 21), and 026 (n = 11); and less common STEC sero-
groups, n = 17 (12.3%). Twenty-three (16.7%) strains, one of
which was Orough, did not belong to any of the serogroups tested
(Table 4).

A total of 128 strains contained the stx; and/or stx, gene, and
108 strains contained eae (Table 5). A combination of stx; and stx,
was found in 21 (15.2%) strains, while stx, only was found in 57
(41.3%) strains and stx, only in 50 (36.2%) strains. The stx, sub-
types most frequently detected were stx,, (n = 36) and stx,. (n =
18) (Table 5). Two strains which had previously been con-
firmed to be stx, positive were negative for stx after frozen storage
(Table 1).

PCRs for ehxA, nleB, nleE, ent, efa-1/lifA, nleA, nleF, nleHI-2,

TABLE 3 Characteristics of STEC strains from patients with hemolytic
uremic syndrome and information from the patients with STEC
infections diagnosed at St. Olavs Hospital during the 1996-2011 period

Age stx,
Strain yr Sex* (yr) Serotype subtype
St. Olav26 2002 F 4 026:H- 2a
St. Olav49 2006 F 1 0103:H25 -+
St. Olav56 2006 M 2 SF O157:H- 2a
St. Olav59 2006 M 1 0103:H25 —
St. Olav77 2008 F 1 SF O157:H- —
St. Olav80 2009 F 3 SF O157:H- 2a
St. Olav81 2009 M 5 SF O157:H- 2a
St. Olav9l 2009 F 1 O121:H19 2a
St. Olav100 2009 M 1 0145:H?° 2a
St. Olav164 2011 F 2 0O145:H? 2a
St. Olav166 2011 M 0 SF O157:H- 2a

@ F, female; M, male.

b Strains were negative for stx,,. The 0103:H25 strains (St. Olav49 and St. Olav59) were
part of a national outbreak in 2006 where stx,, was identified in some of the other
strains included in the same MLVA genotype cluster (50). St. Olav77 was part of a small
family outbreak with St. Olav75 (see Table 1).

€ H?; motile but unknown H-type.
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TABLE 4 Serogroups of 138 HUS-associated and non-HUS-associated
STEC strains isolated by PCR and culture at St. Olavs Hospital,
Trondheim, Norway, during the 1996-2011 period

No. (%) of STEC strains

Serogroup HUS associated Non-HUS associated Total
0145 7(29.1) 21 (18.4) 28 (20.3)
0103 2(8.4) 19 (16.6) 21 (15.3)
0157 0(0) 20 (17.5) 20 (14.5)
026 1(4.2) 10 (8.8) 11(7.9)
SF 0157 9 (37.5) 0(0) 9 (6.5)
0121 5(20.8) 4(3.5) 9 (6.5)
Other” 0(0) 40 (35.1) 40 (28.9)
Total 24 (100) 114 (100) 138 (100)

“ Other serogroups: O2 (n = 1), 076 (n = 1), 091 (n = 1), 0104 (n = 3), O111 (n =
1), 0113 (n = 3),0117 (n = 1), 0118 (n = 1), 0119 (n = 1), 0128 (n = 3), 0177
(n = 1), and unknown O serogroups (n = 23), of which one strain was Orough.

and espK revealed that ehxA was the most frequent (n = 123,
89.1%), whereas nleA was the least frequent (n = 87, 63.0%) in the
138 STEC strains examined (Table 5). All of the potential viru-
lence genes were found among strains of serogroups 0145, 0103,
0157,026,0121, SFO157,and O111 (see Table S2 in the supple-
mental material), whereas 11 strains with other serogroups con-
tained none of the genes analyzed in the study.

The STEC strains isolated from patients with HUS belonged to
the serotypes SF O157:H-, O145:H? (H unknown), O103:H25,

Characteristics of STEC Strains Detected by PCR

026:H-, and O121:H19 (Table 3). Another 13 STEC strains were
epidemiologically linked to an HUS case and of the same MLVA
genotype as the STEC strain isolated from that case. Altogether 24
strains were therefore classified as HUS associated. Among these
strains SF O157:H- and O145:H? were the most common (Table
4). The age of the patient (=5 years old) was significantly associ-
ated with HUS-associated STEC infection, as 20 of the 24 HUS-
associated strains were isolated from children within this age
group (P = 0.035). The eae gene was present in all of the HUS-
associated strains compared with its presence in 84/114 (73.7%)
non-HUS-associated strains (P = 0.002) (Table 5). stx, was sig-
nificantly more frequent among HUS-associated than non-HUS-
associated strains (P = 0.013) (Table 5), especially the stx,, sub-
type, which was present in 18/24 HUS-associated strains
compared with 22/114 non-HUS-associated strains (P < 0.0001)
(Table 5). In contrast, stx, was not detected in any of the HUS-
associated strains, but was present in 78 of the non-HUS-associ-
ated strains (P < 0.0001) (Table 5). The genes ehxA, nleB, nleE,
ent, efa-1/lifA, nleA, nleF, and nleHI-2 were present in all HUS-
associated strains, whereas espK was present in all but one of these
strains. All of the potential virulence genes analyzed, except ehxA,
were significantly more frequent among HUS-associated than
non-HUS-associated strains (P < 0.05 for each gene) (Table 5).
By cluster analysis of potential virulence genes, eae-positive and
eae-negative STEC strains were separated into two main clusters (Fig.
1; see also Fig. S1 in the supplemental material). One exception was an

TABLE 5 Virulence genes identified by PCR analysis and stx, subtypes of 138 HUS-associated and non-HUS-associated STEC strains isolated at St.

Olavs Hospital, Trondheim, Norway, during the 1996-2011 period

No. ([%]) of genes in:

HUS-associated STEC

Non-HUS associated STEC

Virulence gene (n=24) (n=114) Total P
stx, 0 (0) 57 (50) 57 (41.3) <0.0001
stx, + stx, 0(0) 21(18.4) 21 (15.2) 0.02
stx, 18 (75)° 32 (28)° 50 (36.2) <0.0001
eae 24 (100) 84 (74) 108 (78.3) 0.002
ehxA 24 (100) 99 (87) 123 (89.1) 0.073
nleB 24 (100) 82 (72) 106 (76.8) 0.001
nleE 24 (100) 81 (71) 105 (76.1) 0.001
ent 24 (100) 82 (72) 106 (76.8) 0.001
efa-1/lifA 24 (100) 73 (64) 97 (70.3) 0.0001
nleA 24 (100) 63 (55) 87 (63) <0.0001
nleF 24 (100) 84 (74) 108 (78.3) 0.002
nleH1-2 24 (100) 85 (75) 109 (79) 0.004
espK 23 (96) 83 (73) 106 (76.8) 0.002
Total 24 (100) 114 (100) 138 (100)
stx, subtype
51Xy, 18 (75)¢ 18 (15.8) 36 (50.7) P < 0.0001
StXy, T StX,C 0(0) 4(3.5) 4 (5.6) ND*
stxy, 0(0) 9(7.9)% 9 (12.7) ND
st 0 (0) 18 (15.8) 18 (25.4) ND
Sty 0(0) 2(1.8) 2(2.8) ND
e 0(0) 1(0.9) 1(1.4) ND
ND 0(0) 1(0.9)* 1(1.4) ND
Total 18 (75) 53 (47) 71 100

@ This number does not include one SF O157:H- strain (St. Olav75; see Table 1) previously found to be positive for stx,,.
b This number does not include one strain of unknown serotype (St. Olav154; see Table 1) previously found to be positive for stx,y,.

¢ ND, not determined.

9 The stx, phage was lost in the STEC strain at arrival at the Norwegian Institute of Public Health and therefore was not stx, subtyped.
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FIG 1 Cluster analysis of potential virulence genes in STEC strains. eae-negative and eae-positive STEC strains were mainly separated into two clusters. One
exception was one eae-negative strain that clustered among the eae-positive strains due to the presence of some of the potential virulence genes. All HUS-
associated strains clustered among the eae-positive strains and harbored all of the potential virulence genes investigated in the study. For further details (serotype,

stx, subtype, etc.), see Fig. SI in the supplemental material.

eae-negative, stx,-positive strain (St. Olav12) that clustered with the
group of eae-positive strains due to the presence of some of the po-
tential virulence genes in this strain. In the cluster of 29 eqe-negative
STEC strains, ehxA was the only potential virulence gene present (17
strains) (Fig. 1; see also Fig. S1). All eae-positive strains harbored
more than three of the potential virulence genes investigated (Fig. 1;
see also Fig. S1). Although all the HUS-associated strains clustered
among strains which were eae and stx, positive but stx, negative, non-
HUS-associated strains were also found in the same cluster (Fig. 1; see
also Fig. S1).

The 109 non-0157 STEC strains were distributed in 48 distinct
MLVA genotypes (see Fig. S2 in the supplemental material). Thir-
ty-one of these MLVA genotypes were represented by only one
strain each, including one O26:H- strain from an HUS patient.
The other 17 MLVA genotypes, with 78 non-O157 strains, were
found in 2 to 15 strains, respectively. Some of these MLVA geno-
types included STEC strains from local or national outbreaks.
Among the 29 0157 and SF O157 STEC strains, 17 distinct MLVA
genotypes were observed (see Fig. S3 in the supplemental mate-
rial). Twelve of these MLVA genotypes were present in single
strains, including two SF O157:H- strains from HUS patients,
while five genotypes included two to five strains. For the two
MLVA methods, some of the HUS-associated strains showed the
same MLVA genotype as non-HUS-associated strains.

DISCUSSION

In this study, we present the results of STEC infection diagnosis in
our laboratory based on PCRs for the stx;, stx,, and eae genes in
cultures from stool samples in the years 1996-2011. During this
period stx genes were detected in stool samples from 150 patients,
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and STEC or STEC-LST strains were isolated in pure cultures
from 138 patients (Table 2). Similar to what has been reported
elsewhere, the highest number of STEC infections was diagnosed
in children <5 years old (4, 33). In our study, this may partly be
explained by the routine of the laboratory to analyze all stool spec-
imens from children <2 years old for STEC, while samples from
older age groups were analyzed only if there was a clinical suspi-
cion of HUS or bloody diarrhea or the samples were part ofa STEC
outbreak investigation. However, the fact that a high number of
STEC infections were also detected in children 2 to 4 years old
(Table 2) in whom tests for STEC were done only because of a
specific suspicion, supports the notion that STEC infection is most
common in young age groups.

As shown in Table 4, the STEC serogroups isolated most often
in this study, including strains associated with HUS, belonged to
the STEC serogroups frequently implicated in severe disease and
outbreaks described elsewhere (5, 34). However, only 20 (14.5%)
of the 138 STEC strains belonged to serotype NSF O157:H7, the
only STEC serotype that is selected for by SMAC agar. Seventy-
eight (56.5%) STEC strains belonged to other common STEC se-
rogroups, including SF O157, that would easily have been missed
on SMAC agar since they could not be differentiated from the
majority of commensal E. coli, and 40 strains belonged to sero-
groups not common for STEC or unknown serogroups. Conse-
quently, use of PCRs resulted in detection of a high number of
non-O157 STEC strains, both of STEC serogroups that based on
current knowledge may be viewed as high-risk strains (35), and of
non-O157 STEC serogroups that most likely do not represent a
high risk for HUS development.

Journal of Clinical Microbiology


http://jcm.asm.org

More than half (55%) of the patients infected with SF O157:H-
STEC developed HUS, and this serotype was the most common
serotype isolated from HUS patients in this study (Table 3). These
results are in line with previous reports suggesting that there is a
high risk for development of HUS with SF O157 infection (36, 37).
Six (54.5%) of the 11 HUS cases were caused by non-O157 STEC
serotypes, while NSF O157, which is the most common STEC
serotype causing HUS worldwide (3-5), was not the cause of any
of the HUS cases in this study. During the same time period, this
serotype was isolated from four cases of HUS in other parts of
Norway (MSIS).

In this study, HUS-associated STEC strains contained the fol-
lowing characteristics: (i) all of them, except STEC-LST strains,
carried stx, (stx,,), (ii) all harbored eae, (iii) all but one contained
the other nine potential virulence genes tested, and (iv) all be-
longed to STEC serogroups frequently associated with severe dis-
ease, many of them non-O157. Stx2a and intimin are important
virulence factors in STEC strains that have been associated with
severe disease (3, 38). Analysis of the presence or absence of viru-
lence genes in this study revealed that eae and stx,, were signifi-
cantly more frequent in HUS-associated than non-HUS-associ-
ated strains, whereas STEC strains containing stx; were exclusively
associated with non-HUS infection (Table 5). While the ehxA
gene has been regarded as an important virulence marker in STEC
infection and has been reported to be a marker of “typical EHEC”
(14), it was the only potential virulence gene analyzed that was not
significantly more frequent in HUS-associated than non-HUS-
associated strains in this study. ehxA was also the sole potential
virulence gene present among the subset of eae-negative STEC
strains (Fig. 1; see also Fig. S1 in the supplemental material). How-
ever, although most of the potential virulence genes were signifi-
cantly more present among HUS-associated than non-HUS-asso-
ciated strains, several of the non-HUS-associated STEC strains
contained a virulence gene profile similar to that for the group of
HUS-associated strains. In particular, non-HUS-associated STEC
strains of the serogroups 0145, 0103, O157 (NSF and SF), 026,
0121, and O111 contained a high number of the potential viru-
lence genes, which is in line with previous reports (39, 40). This
made reliable differentiation between HUS-associated and non-
HUS-associated STEC strains based on serotype and potential vir-
ulence genes impossible in this strain collection.

Two of the STEC strains were negative for stx after frozen stor-
age. Although in general only stx-positive strains are regarded as
STEC, it is well known that STEC may lose its stx encoding pro-
phage, either in the course of an infection or upon handling in the
laboratory (20, 41, 42).

Although eae- and stx;-positive, stx,-negative STEC strains
have been isolated from patients with HUS (43, 44), there are to
our knowledge no reports of outbreaks of severe disease with such
bacteria. Furthermore, in line with reports from other regions in
Norway (L. T. Brandal, A. L. Wester, H. Lange, I. Lobersli, B.-A.
Lindstedt, G. Kapperud, and L. Vold, unpublished data) and other
countries (5,45-47), our results support the notion that infections
with STEC strains that do not belong to common STEC sero-
groups and lack eae and/or stx,, even if stx, is present represent a
low risk for HUS development. Therefore, based on the results
from the present study, it seems safe to suggest a classification of
stx;-positive, stx,-negative STEC strains with a low risk for HUS
development.

In the current study, it was difficult to assess the risk profile of
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STEC strains with a serotype and virulence profile similar to that
of HUS-associated strains. It may be that such strains are actually
virulent and should be interpreted as STEC with a high risk for
HUS development. Alternatively, there may be other bacterial
characteristics not analyzed in these strains that may be of impor-
tance for the virulence potential of STEC. In addition to bacterial
virulence, young age (48) of the infected person is a risk factor for
HUS development. This is also evident in this study where all HUS
cases were in children =5 years old. Most likely, development of
HUS may be influenced by other host factors as well.

As expected MLVA genotyping revealed that STEC isolates of
some MLVA genotypes clustered with isolates from other parts of
the country, in relation to local or national outbreaks. The largest
local outbreak occurred in a kindergarten in 2009 where 15 iso-
lates of STEC serotype O145:H28 were of the same MLVA geno-
type. Although the index child presented with bloody diarrhea,
none of the children affected in that outbreak developed HUS
(49).

Our laboratory was one of the first in Norway to introduce
PCR for detection of human STEC infection. During the period
from 1996 through 2011, a higher number of STEC infections
were detected in our laboratory than in other regions of Norway,
as more than one-fourth of the cases of STEC infections on the
national level were detected here (MSIS), although less than one-
tenth of the population live in this region. The high detection rate
of STEC infections in our laboratory compared to rates in other
parts of Norway most likely was, at least to some extent, due to
early introduction of PCR in our laboratory. However, the fact
that during this period, a higher proportion than expected of HUS
cases (11 of 53 [20.8%], data from MSIS) also were from central
Norway where our hospital is located may indicate that there may
be epidemiological differences in the risks of STEC infection and
disease between different regions in Norway.

Starting with PCR for STEC detection in 1996, the routine in
our laboratory was to analyze all stool specimens from children
<2 years for STEC irrespective of the clinical diagnosis and only
those from older children and adults on clinical suspicion. One
might expect that this practice could have led to identification of
less virulent STEC strains not related to clinical disease in the
younger age group. However, a comparison of the virulence pro-
file of STEC strains isolated from children <2 years of age com-
pared with that of STEC strains isolated from older children and
adults does not support this idea. Strains from the younger age
group contained at least as many virulence genes as those isolated
from older children and adults (see Table S3 in the supplemental
material).

A limitation of this study was that the laboratory routine to use
different indications for testing of samples for STEC dependent on
the age of the patient was not always followed. This was reflected in
that the 39 patients diagnosed with STEC infections in the present
study who were >2 years of age had diagnoses other than HUS
and bloody diarrhea and were not part of an outbreak investiga-
tion. Furthermore, information regarding bloody diarrhea may
have been incomplete since bloody diarrhea was recorded for only
9 of the patients, while there was no information on bloody stools
in 68 other patients with diarrhea. For these cases, the information
given by the referring physician might have been incomplete, or
such data were not always recorded or updated in the patient
information database. Another weakness was that in the first part
of the study period, only the stx, and stx, genes were analyzed,
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whereas eae was included from year 2000 onward. In addition,
different primers, reagents, and equipment were used for PCR
analysis through the study period, including a switch from con-
ventional to real-time PCR. Although different primers were used
for detection of stx, and stx2, the primers used were designed to
detect all variants of the stx genes, except stx,. The use of different
PCR methods for STEC detection might potentially have had an
impact on which STEC strains were detected. However, despite
the variations in the PCR protocols used throughout the study
period, the strain collection represents an unselected group of
STEC infections diagnosed by PCR analysis of the stx and eae
genes in a hospital laboratory throughout a period of 16 years. In
this study, we tested the STEC strains for a limited number of
virulence genes. Although through this virulence characterization
of the STEC strains, we did not disclose new knowledge, we were
able to confirm results from previous studies regarding STEC vir-
ulence in a unselected collection of STEC isolates from hospital
routine diagnosis based on PCR (12-14, 31).

In summary, STEC infection was diagnosed by PCR and STEC
strains were isolated from stool samples from 138 (1.09%) of
12,651 patients tested at St. Olavs Hospital, Norway, during the
period 1996-2011. More than half of the patients diagnosed with
STEC infections were <5 years old. Eleven patients (all =5 years
old) had HUS, but no one died. All HUS patients were infected
with STEC strains of serogroups frequently involved in severe dis-
ease and outbreaks elsewhere. Six of the 11 HUS patients were
infected with non-O157 serogroups. Twenty-four STEC strains
were classified as HUS associated. Young age (=5 years old) and
STEC strains containing eae and stx,, were significantly associated
with HUS (P < 0.05 for each parameter), while STEC strains con-
taining stx, were associated with non-HUS-associated STEC in-
fections (P < 0.05). Also, the other potential virulence genes an-
alyzed, except for ehxA, were significantly associated with HUS
(P < 0.05 for each gene). However, as they were also present in
some of the non-HUS-associated STEC strains, these genes could
not reliably differentiate between HUS-associated and non-HUS-
associated STEC strains.
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