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In 1991, multiresistant Escherichia coli O78:H10 strains caused an outbreak of urinary tract infections in Copenhagen, Den-
mark. The phylogenetic origin, clonal background, and virulence characteristics of the outbreak isolates, and their relationship
to nonoutbreak O78:H10 strains according to these traits and resistance profiles, are unknown. Accordingly, we extensively
characterized 51 archived E. coli O78:H10 isolates (48 human isolates from seven countries, including 19 Copenhagen outbreak
isolates, and 1 each of calf, avian, and unknown-source isolates), collected from 1956 through 2000. E. coli O78:H10 was clonally
heterogeneous, comprising one dominant clonal group (61% of isolates, including all 19 outbreak isolates) from ST10 (phyloge-
netic group A) plus several minor clonal groups (phylogenetic groups A and D). All ST10 isolates, versus 25% of non-ST10 iso-
lates, were identified by molecular methods as enteroaggregative E. coli (EAEC) (P < 0.001). Genes present in >90% of outbreak
isolates included fimH (type 1 fimbriae; ubiquitous in E. coli); fyuA, traT, and iutA (associated with extraintestinal pathogenic E.
coli [ExPEC]); and sat, pic, aatA, aggR, aggA, ORF61, aaiC, aap, and ORF3 (associated with EAEC). An outbreak isolate was le-
thal in a murine subcutaneous sepsis model and exhibited characteristic EAEC “stacked brick” adherence to cultured epithelial
cells. Thus, the 1991 Copenhagen outbreak was caused by a tight, non-animal-associated subset within a broadly disseminated
O78:H10 clonal group (ST10; phylogenetic group A), members of which exhibit both ExPEC and EAEC characteristics, whereas
O78:H10 isolates overall are phylogenetically diverse. Whether ST10 O78:H10 EAEC strains are both uropathogenic and diar-
rheagenic warrants further investigation.

In 1991, a cluster of 18 patients in the Copenhagen area of Den-
mark experienced predominantly community-acquired urinary

tract infection (UTI) caused by multiresistant Escherichia coli O78:
H10, the only reported outbreak to date involving this serotype
(32). In addition, one patient with diarrhea was identified as car-
rying the outbreak strain by screening for serotype O78:H10
among 500 E. coli from diarrheal stool specimens from Copenha-
gen around the time of the outbreak. Notably, O78:H10 was not
found among 377 E. coli bacteremia isolates from a university
hospital in Copenhagen during the 5 years prior to outbreak (1986
to 1990) (33). The outbreak strain’s source was never identified.

Before and after the 1991 Copenhagen outbreak, several other
UTI outbreaks involving multiresistant clonal groups of E. coli,
including “Clonal Group A” (sequence type [ST] ST69, according
to multilocus sequence typing [MLST]), E. coli O15:K52:H1
(MLST clonal complex CC31), and the extended-spectrum-beta-
lactamase (ESBL)-associated O25:H4 clonal group (ST131), were
reported (21, 25, 27). These three clonal groups share uropatho-
genic traits corresponding to iha (adhesin-siderophore), sat (se-
creted autotransporter toxin), iutA (aerobactin system), fyuA (yer-
siniabactin system), and the pap operon (digalactoside-binding
adhesins); each also exhibits additional virulence genes typical of
extraintestinal pathogenic E. coli (ExPEC) (16).

The Copenhagen O78:H10 outbreak isolates exhibited the
same distinctive resistance profile, i.e., ACSSuTTp (ampicillin,
chloramphenicol, streptomycin, sulfonamides, tetracycline, and
trimethoprim), as the E. coli O15:K52:H1 strain that caused a
yearlong, community-wide outbreak of multiresistant extraintes-
tinal infections in South London in 1986 to 1987, shortly before

the Copenhagen outbreak (37). We previously demonstrated that
E. coli O15:K52:H1 is clonally homogeneous based on a large
number of phenotypic and molecular characteristics (34).

Here, we sought further insights into the basis for the Copen-
hagen outbreak. Specifically, we hypothesized that the Copenha-
gen O78:H10 outbreak isolates represented a single clonal strain,
which might (i) fulfill molecular criteria for ExPEC (17), (ii) ex-
hibit distinctive virulence-associated traits in comparison with
other O78:H10 isolates, (iii) have a food animal source, and (iv)
occur sporadically in other locales. To test these hypotheses, we
compared the previously described O78:H10 outbreak isolates to
archival nonoutbreak O78:H10 isolates according to phylogenetic
background, clonality, virulence factors, resistance profiles, and
clinical/ecological source.

MATERIALS AND METHODS
Clinical and epidemiological information. The WHO Collaborating
Centre for Reference and Research on Escherichia and Klebsiella at the
Staten Serum Institut (SSI) in Copenhagen, Denmark, holds �70,000 E.
coli isolates, received from 85 different countries since 1951 from humans
(�60,000) and animals (�10,000) for diverse indications and projects.
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The Centre’s E. coli database (1951 to 2009) was searched for serotype
O78:H10. In total, 51 unique E. coli O78:H10 isolates, including 48 human
isolates originating from 48 patients plus 1 calf isolate, 1 avian isolate, and
1 isolate from an unknown host, all received between 1956 and 2000, were
identified. Serotyping was done according to the method of Ørskov and
Ørskov (35). Of the isolates, the 19 from the 1991 Danish outbreak were
described elsewhere (32). The remaining 32 (9 from Denmark, 8 from
Germany, 6 from Switzerland, 3 from Bulgaria, 3 from Chile, 2 from
Sweden, and 1 from Argentina) have not been reported previously.

Of the 48 E. coli O78:H10 human clinical isolates, 20 (including 18 of
the 19 Copenhagen outbreak isolates) were from urine and 24 from feces
(23 of these patients had diarrhea). Two fecal isolates, presumptively rep-
resenting one strain (same serogroup and biotype), were from the feces of
30 German neonates from a maternity clinic in 1970. One child had diar-

rhea; no information was available regarding the others. The poultry iso-
late was from Denmark and the calf isolate from Germany.

Biotyping, epithelial cell adherence, and mouse virulence. Biotyping
was done using 11 carbohydrates: adonitol, dulcitol, sorbitol, xylose,
rhamnose, maltose, salicin, inositol, lactose, sucrose, and sorbose (24).
One typical outbreak isolate was examined for its pattern of adherence
to HEp-2 cells (30) and its lethality in an established mouse model of
subcutaneous sepsis, in comparison with positive- and negative-con-
trol strains CFT073 and MG1655, respectively (19).

PFGE analysis. Pulsed-field gel electrophoresis (PFGE) analysis was
done according to the PulseNet protocol (43). Pulsotypes were defined at
the �94% profile similarity level, which approximately corresponds to a
�3-band difference, suggesting genetic relatedness (47). For isolates from
ST10, a dendrogram was inferred according to the unpaired group
method within BioNumerics (Applied Maths).

Phylogenetic analysis and MLST. Classification of major E. coli phy-
logenetic groups (A, B1, B2, and D) was performed by triplex PCR (6).
MLST was performed according to the Achtman scheme (54) using seven
housekeeping genes, i.e., adk, fumC, gyrB, icd, mdh, purA, and recA. Pro-
cedures, primers, and sequence type (ST) assignment were as described at
http://mlst.ucc.ie/mlst/dbs/Ecoli. All seven MLST loci were sequenced for
up to two representatives of each pulsotype, as available, since the MLST
status of any member of a pulsotype reliably predicts the MLST status of
other members of the same pulsotype (J. R. Johnson, unpublished data).
Any remaining isolates within multiple-isolate pulsotypes underwent
confirmatory sequencing of fumC and adk, which uniformly identified the
same alleles at these loci as found in the corresponding pulsotype’s full
MLST isolate (not shown).

Based on the MLST allele data, minimum-spanning trees were con-
structed by using eBURST (http://eburst.mlst.net/) (9) (Fig. 1). Clonal
groups were defined based on ST. STs differing at only one of seven MLST
loci were considered part of the same clonal complex (Table 1). To further
elucidate the phylogenetic relationships among the isolates, concatenated
MLST sequence data (as directly determined, for most isolates, or partially
inferred, for isolates assigned to STs based on pulsotype plus fumC and
adk sequence) were aligned by using CLUSTAL-X (48) and then used to
infer a phylogram according to maximum parsimony, as implemented
within PAUP* (46) (Fig. 2).

Virulence genotyping. Isolates were tested for various extraintestinal
and diarrheagenic virulence genes by three different PCR methods, com-
prising a wide array of virulence markers (n � 61) (Table 2). Testing was
done in duplicate using independently prepared boiled lysates of each
isolate, together with appropriate positive and negative controls.

First, established multiplex PCR assays were used to detect 35 markers
associated with ExPEC (Table 2) (14, 18, 20, 22). Based on epidemiolog-
ical and in vivo experimental data, isolates were regarded as ExPEC if

FIG 1 BURST diagram for 51 O78:H10 Escherichia coli isolates. Each sequence
type (ST) is represented by a circle, the size of which is proportional to the
number of isolates in the ST. STs belonging to the same clonal complex (CC10)
are connected by solid black lines and enclosed within a medium-green-
shaded zone with a dashed border. STs belonging to the same major phyloge-
netic group (group A or D) are enclosed within a pale-tan- or -green-shaded
zone with a solid border. Different E. coli pathotypes (EAEC, enteroaggregative
E. coli; ETEC, enterotoxigenic E. coli; EXPEC, extraintestinal pathogenic E.
coli) are color coded within each ST circle, with the area of the circle that
corresponds to coding for a particular pathotype being proportional to the
number of isolates of that pathotype within the ST. The 19 Copenhagen out-
break isolates (ST10) are indicated by diagonal hash marks.

TABLE 1 Distribution by sequence type, clonal complex, and phylogenetic group of alleles at seven housekeeping gene loci among 51 isolates of
Escherichia coli O78:H10a

ST CC
Phylogenetic
group

No. of
isolates

Allele at indicated locusb

adk fumC gyrB icd mdh purA recA

ST10c 10 A 31c 10 11 4 8 8 8 2
ST34 10 A 5 10 11 4 1 8 8 2
ST48 10 A 4 6 11 4 8 8 8 2
Novel 10 A 3 10 11 4 8 8 2 2
Novel 23 A 2 6 11 12 1 20 13 7
ST57 350 D 3 6 31 5 28 1 1 2
ST173 None D 3 6 6 15 16 42 46 7
a ST, sequence type; CC, clonal complex.
b Alleles are numbered according to the Achtman system (http://mlst.ucc.ie/mlst/dbs/Ecoli). Allele numbers shown in bold correspond to ST10 (top row). For 36 isolates, all loci
were sequenced. For 15 of the presumptive ST10 isolates (all from a pulsotype containing an ST10 isolate according to full multilocus sequence typing), two loci were sequenced,
i.e., adk and fumC.
c The 19 Copenhagen outbreak isolates fell within ST10.
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positive for �2 of 5 classic ExPEC-defining traits, including the presence
of papA and/or papC (P fimbriae; counted as one), sfa-foc (S and F1C
fimbriae), afa-dra (Dr-binding adhesins), kpsMII (group 2 capsule), and
iutA (aerobactin system) (17).

Second, real-time PCR (Light Cycler) was used to detect the following
six diarrhea-associated genes (41, 42): stx1 and stx2, characteristic of Shiga
toxin-producing E. coli (STEC); eltI and estA (Heat-Labile I and Heat-
Stable I enterotoxin), both characteristic of enterotoxigenic E. coli
(ETEC); eae, characteristic of enteropathogenic E. coli (EPEC) and attach-
ing and effacing E. coli (A/EEC) (13); and ipaH, characteristic of both
enteroinvasive E. coli (EIEC) and Shigella spp. ipaH was detected using the
following primer and probes: primers IpaHF (5=-TGGAAAAACTCAGT
GCCTCT-3=) and IpaHR (5=-CCAGTCCGTAAATTCATTCT-3=) and

probes IpaH-HP-1 (GATAAAGTCAGAACTCTCCATTTTGT-FL) and
IpaH-HP-2 ([Red 640]-GATGAGATAGAAGTCTACCTGGCCT-[Ph]).
Third, four multiplex PCR assays (3) were used to screen for 20 entero-
aggregative E. coli (EAEC)-associated putative virulence genes (aaiC,
aafA, aafC, aap, aatA, agg3A, agg4A, agg3-agg4C, aggA, aggR, air, astA,
capU, ORF3, ORF61, pet, pic, sat, sepA, and sigA (3). Strains exhibiting �1
of aggR, aatA, and aaiC were considered to fulfill molecular criteria for
EAEC (4, 5, 8).

The number of virulence markers detected was the virulence gene
score. In the MLST-based phylogram, the isolates within each ST were
sorted based on their pairwise similarity relationships according to
extended virulence profiles (i.e., the presence or absence of all detected
markers), using BioNumerics. The virulence genes were then dis-

FIG 2 Phylogram and associated bacterial characteristics and source data among 51 isolates of Escherichia coli O78:H10. The phylogram is based on maximum-
parsimony analysis of the concatenated multilocus sequence data, with sequence type (ST) ST173 used as the outgroup. The scale represents numbers of
nucleotide changes. Horizontal dashed lines separate different STs. Gray shading indicates the 19 Copenhagen outbreak isolates. Red text indicates isolate
C555-91, the outbreak isolate used in the adherence assay and mouse sepsis model. Colored squares, presence of virulence genes (color coded by functional
category or pathotype), as defined in Table 2. Asterisks identify the presumptive ST10 isolates for which ST status was inferred based on pulsotype and sequence
of fumC and adk. Pathotype abbreviations: EAEC, enteroaggregative E. coli; ETEC, enterotoxigenic E. coli; EXPEC, extraintestinal pathogenic E. coli. DEC,
diarrheagenic E. coli. Phylotype, major E. coli phylogenetic group. Blank spaces for “host” and “sample type” reflect missing data. The biotypes were negative for
adonitol, sorbose, salicin, inositol, and sucrose and positive for dulcitol, sorbitol, xylose, rhamnose, maltose, and lactose, except as follows: A1, rhamnose and
lactose negative; A2, rhamnose negative; C, salicin and sucrose positive; D, dulcitol negative and sucrose positive; E, dulcitol negative and salicin positive; F,
sorbose positive; G, dulcitol negative; and H, salicin positive.
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played adjacent to the phylogram to illustrate their clonal distribution
(Fig. 2).

Susceptibility testing. Susceptibility to 11 antimicrobial agents (am-
picillin, amdinocillin, cefuroxime, gentamicin, tetracycline, chloram-
phenicol, ciprofloxacin, trimethoprim, nitrofurantoin, streptomycin, and
sulfonamides) was determined on 5% Danish blood agar (Statens Serum
Institut) using Neo-Sensitabs, according to the instructions of the manu-
facturer (Rosco). Intermediate isolates were analyzed as resistant. Multi-
resistance was defined as resistance to �5 antimicrobial agents. The num-
ber of resistance markers was the resistance score.

Statistical methods. Comparisons were tested using Fisher’s (2-
tailed) exact test for proportions and the Mann-Whitney (2-tailed) U test
for scores. Statistical significance was defined as P � 0.05.

RESULTS
Phylogenetic group and MLST. PCR-based phylotyping placed
45 (88%) of the 51 E. coli O78:H10 isolates, including all 19 Co-
penhagen outbreak isolates, within phylogenetic group A, and 6
(12%) within group D (Table 1 and Fig. 1). According to MLST,
one large clonal group, corresponding to ST10, accounted for 31
(69%) of the group A isolates (61% of isolates overall) and in-
cluded all 19 outbreak isolates. The remaining 20 isolates were
divided among six smaller clonal groups (STs), each accounting
for between 2 and 5 isolates. Of the 6 non-ST10 STs, 3 were single-

locus variants of ST10 and so part of CC10, whereas 1 was from
group A but not CC10 and 2 were from separate clonal complexes
within group D.

Phylogram. Phylogenetic relationships among the isolates and
their respective STs were visualized by constructing a phylogram
from the concatenated MLST sequence data, which allowed asso-
ciated source data and bacterial characteristics to be displayed
within a phylogenetic framework (Fig. 2). In the phylogram, the
CC10 isolates formed a fairly tight cluster that included ST10,
relative to which the ST48 isolates (group A, non-CC10) were
nearest neighbors and the isolates from the two group D STs were
outliers.

Locale, year, and host. Four of the STs were geographically
heterogeneous (Fig. 2). The three homogeneous exceptions in-
cluded ST34 (Denmark, n � 5) and the two novel STs (CC10
[Germany; n � 3] and CC23 [Chile; n � 2]). The three earliest
isolates, all collected from humans in Switzerland in 1956, were
from ST48 (n � 1) and ST10 (n � 2). The poultry isolate was from
Denmark (1981) and corresponded to ST350 (group D), whereas
the calf isolate was from Germany (1964) and corresponded to a
novel ST within CC10 (group A).

Biotyping and adherence. The nine observed biotypes differed

TABLE 2 Prevalence of significantly distributed virulence genes among 51 outbreak and nonoutbreak isolates of Escherichia coli O78:H10

Pathotypec Gened

No. (%) of genesa

P value,b outbreak isolates vs:

Total
(n � 51)

Outbreak isolates
(n � 19)

Nonoutbreak isolates

All
(n � 32)

ST10 only
(n � 12)

All nonoutbreak
isolates

ST10 nonoutbreak
isolates

ExPEC traT 25 (49) 17 (90) 8 (25) 4 (33) �0.001 0.004
iutA 31 (61) 17 (90) 14 (44) 8 (67) 0.002

EAEC aaiC 34 (67) 18 (95) 16 (50) 11 (92) 0.002
aatA 32 (63) 18 (95) 14 (44) 10 (83) �0.001
aap 32 (63) 18 (95) 14 (44) 10 (83) �0.001
agg3-agg4C 13 (26) 0 (0) 13 (41) 3 (25) 0.0015
aggA 31 (61) 19 (100) 12 (38) 9 (75) �0.001
aggR 33 (65) 19 (100) 14 (44) 10 (83) �0.001
ORF3 32 (63) 18 (95) 14 (44) 9 (75) �0.001
ORF61 32 (63) 19 (100) 13 (41) 9 (75) �0.001

Both astA 14 (28) 0 (0) 14 (44) 9 (75) �0.001 �0.001
sat 31 (61) 19 (100) 12 (38) 10 (83) �0.001
pic 31 (61) 18 (95) 13 (41) 8 (67) �0.001

a Only data for virulence genes that yielded P � 0.05 in at least one comparison are shown. Percent values represent comparisons to column totals.
b P values, determined by Fisher’s (2-tailed) exact test, are shown where P � 0.05.
c ExPEC, extraintestinal pathogenic E. coli; EAEC, enteroaggregative E. coli.
d Traits shown in the table correspond to the following genes: aatA (ABC transporter), aaiC (type VI secretion system), aap (dispersin transporter protein), agg3-agg4C (usher for
AAF/III and IV), aggA (encodes AFF/I; colonic mucosa adhesin and hemagglutinin), aggR (master regulator), astA (enteroaggregative heat-stable enterotoxin [EAST-1]), iutA
(aerobactin receptor), ORF3 (putative ORF3-ORF4a coregulated two-gene cluster with homology to isoprenoid synthesis genes), ORF61 (putative contact hemolysis of
erythrocytes), pic (serine protease autotransporter), sat (secreted autotransporter toxin), and traT (serum resistance associated). Traits detected in �1 isolate each but not yielding a
significant between-group difference (definition [overall prevalence]): air (aggregation and adherence, EAEC [10%]), capU (hexosyltransferase homologue, EAEC [92%]), cvaC
(microcin V, ExPEC [2%]), fyuA (yersiniabactin receptor, ExPEC [80%]), hlyF (hemolysin F, ExPEC [2%]), hra (heat-resistant agglutinin, ExPEC [6%]), iha (adhesin-siderophore,
ExPEC [2%]), iroN (siderophore receptor, ExPEC [4%]), iss (increased serum survival, ExPEC [2%]), LT1 (heat-labile I enterotoxin, characteristic of enterotoxigenic E. coli [ETEC]
[6%]), ompT (outer membrane protease T, ExPEC [8%]), papAH, papC (P fimbriae operon), sepA (extracellular protein [S. flexneri, EAEC [2%]), tsh (temperature-sensitive
hemagglutinin, ExPEC [2%), and vat (vacuolating autotransporter, ExPEC [4%). Traits screened for but not detected in any isolate: aafA (AAF/II; colonic mucosa adherence,
EAEC), aafC (AAF/II usher, EAEC), afa/dra (Dr family adhesins, ExPEC), agg3A (AAF/III; hemagglutinin, EAEC), agg4A (AAF/IV; colonic mucosa adherence, EAEC), bmaE (M
fimbriae, ExPEC), cdtB (cytolethal distending toxin, ExPEC), clpG (fimbrial adhesin CS31A, ExPEC), cnf1 (cytotoxic necrotizing factor, ExPEC), eae (enterocyte attachment and
effacement, EPEC and A/EEC), fliC (H7 flagellin, ExPEC), focG (F1C fimbriae, ExPEC), gafD (G fimbriae, ExPEC), hlyD (hemolysin, ExPEC), ibeA (invasion of brain endothelium,
ExPEC), ipah (the invasion plasmid antigen H gene sequence, enteroinvasive E. coli [EIEC] and Shigella spp.), ireA (siderophore receptor, ExPEC), kpsMII (group 2 capsule,
ExPEC), malX (pathogenicity island marker, ExPEC), pap (P fimbriae operon including papEG and papG alleles I, II, and III; ExPEC), rfc (O4 lipopolysaccharide, ExPEC), sfa/focDE
(S and F1C fimbriae, ExPEC), sfaS (S fimbriae, ExPEC), sigA (protease-like homologue, EAEC), AAF/II-IV (aggregative adherence fimbria, EAEC), stx1 and stx2 (toxins of Shiga
toxin-producing E. coli, STEC), ST1 (heat-stable I enterotoxin, enterotoxigenic E. coli, ETEC), and usp (uropathogenic-specific protein, ExPEC).

Olesen et al.

3706 jcm.asm.org Journal of Clinical Microbiology

http://jcm.asm.org


only with respect to fermentation of rhamnose, dulcitol, salicin,
sucrose, and sorbose (among 12 carbohydrates) (Fig. 2). Rham-
nose-negative biotypes (A1 and A2) predominated, accounting
for 36 isolates (71%) and occurring throughout the study period.
Partial phylogenetic segregation of biotypes was evident (Fig. 2).
Notably, the 19 Copenhagen outbreak isolates all corresponded to
biotype A1, which categorically differentiated them from all other
isolates (0%; P � 0.001).

Virulence genotypes and phenotypes. The 34 virulence genes
that were detected in �1 isolate also exhibited partial phylogenetic
segregation (Fig. 2). Notably, the 19 ST10 outbreak isolates had
highly homogeneous virulence profiles that included the follow-
ing genes (prevalences): fimH, fyuA, sat, aatA, aggR, aggA, and
ORF61 (100% each); aaiC, aap, ORF3, and pic (95% each); and
traT and iutA (90% each) (Table 2 and Fig. 2).

Despite 18 of the 19 outbreak isolates being from urine, none
fulfilled the operational molecular criterion for ExPEC, since their
only detected ExPEC-defining gene was iutA. (The study’s only
ExPEC-qualifying isolate according to this molecular criterion
was a nonoutbreak isolate from ST57 [group D] that contained
both papAC and sfa/foc [Fig. 1 and 2]). However, in addition to
iutA, the outbreak isolates contained fyuA and traT (associated
with ExPEC) plus sat and pic (associated with both ExPEC and
EAEC). Moreover, in the mouse subcutaneous sepsis model, a
typical outbreak isolate (C555-91) was highly lethal, killing 10/10
challenged mice within 48 h, compared with 0/10 for negative-
control strain MG1655 (P � 0.001) and 10/10 for positive-control
strain CFT073 (P � 0.10).

In contrast, all 19 outbreak isolates exhibited the presence of
�1 of aggR, aatA, and aaiC, with 18 of 19 outbreak isolates having
all three genes, thereby qualifying molecularly as EAEC, compared
with only 17 (53%) of the nonoutbreak O78:H10 isolates (P �
0.001) (Table 2 and Fig. 1 and 2). Consistent with this, typical
outbreak isolate C555-91 exhibited classic “stacked brick” adher-
ence to cultured epithelial cells, the defining phenotype of EAEC
(not shown).

Another 17 isolates also qualified molecularly as EAEC. All
were from group A, 12 (71%) were from ST10 proper, and 13
(76%) exhibited biotype A2 (Fig. 1 and 2). Thus, the study’s total
of 36 EAEC isolates (71% of all isolates) were significantly concen-
trated within (i) group A (80% EAEC versus 0% of group D iso-
lates, P � 0.001); (ii) ST10 (100% EAEC versus 25% for non-ST10
isolates, P � 0.001); and (iii) biotypes A1 and A2 (92% EAEC
versus 20% for other biotypes, P � 0.001).

Overall, the outbreak isolates differed significantly from non-
outbreak isolates with respect to the prevalence of numerous vir-
ulence genes, including EAEC-associated genes, with most such
differences favoring the outbreak isolates (Table 2 and Fig. 2).
Accordingly, the median virulence gene score for the outbreak
isolates was 16 (range, 12 to 16) versus only 9 (range, 2 to 19) for
nonoutbreak isolates (P � 0.002). Although virulence gene scores
did not differ significantly between outbreak and nonoutbreak
isolates within ST10, the range of scores was much smaller among
outbreak isolates (i.e., 12 to 16 for outbreak versus 4 to 19 for
nonoutbreak isolates), consistent with these isolates being more
genetically homogeneous.

As for non-EAEC diarrheagenic pathotypes, three nonout-
break isolates (two from feces, one of unknown origin; from non-
CC10 STs from groups A and D) represented enterotoxigenic E.

coli (ETEC), since they contained eltI (Fig. 1 and 2). No isolate
exhibited genes associated with other E. coli diarrheal pathotypes.

Pulsotypes. PFGE analysis of the 51 study isolates resolved 35
distinct pulsotypes, as defined at the 94% similarity level, each of
which was homogeneous according to ST (not shown). In a
PFGE-based dendrogram based on just the ST10 isolates, the 19
Copenhagen outbreak isolates clustered together at approxi-
mately the 79% similarity level (Fig. 3). Sixteen (84%) of the out-
break isolates, including the sole fecal isolate (C1192-91), shared
the same pulsotype (1415), whereas, of the remaining three, each
represented a distinct pulsotype closely related to pulsotype 1415.
The only interposed nonoutbreak isolate was a 1956 human fecal
isolate from Switzerland (C603-56), which shared pulsotype 1417
with an outlier outbreak isolate. Although this isolate’s virulence
gene profile resembled that of the outbreak isolates (Fig. 2), its
biotype was different (A2 rather than A1) (Fig. 2 and 3).

Antimicrobial susceptibility. Of the 51 study isolates, 39
(76%) exhibited resistance to from 1 to 7 (median, 5) of the 10
tested antimicrobial agents, and 19 (37%) were multiresistant (re-
sistant to �5 agents); only 24% were fully susceptible. Likewise,
resistance to all agents except aminoglycosides, cephalosporins,
and fluoroquinolones, was detected. All 19 outbreak isolates
(100%) were multiresistant versus 0% of other isolates (P �
0.001), with a median resistance score of 6 versus only 1 for the
nonoutbreak isolates (P � 0.001). The signature resistance profile
ACSSuTTp occurred in all 19 outbreak isolates versus none of the
nonoutbreak isolates (P � 0.001).

DISCUSSION

In this study, we investigated the characteristics of 51 E. coli archi-
val O78:H10 isolates, including 48 human clinical isolates, 1 calf
isolate, and 1 poultry isolate, from seven countries, as submitted
to the SSI from 1956 through 2000. We sought to determine
whether the 1991 Copenhagen multiresistant UTI outbreak (32)
was caused by a single clonal strain that fulfills molecular criteria
for ExPEC (17), exhibits distinctive virulence-associated traits in
comparison with other O78:H10 isolates, has an identifiable food
animal source, and has occurred in other locales.

Supporting our clonality hypothesis, we found that 69% of the
O78:H10 isolates, including the 19 Copenhagen outbreak isolates,
represented a single clonal group within phylogenetic group A,
corresponding to ST10. The remaining 15 O78:H10 isolates be-
longed to six other STs, including 4 within phylogenetic group A
(3 being single-locus variants of ST10) and 2 within group D.
Moreover, within ST10 proper, the outbreak isolates were distinct
from, and more highly homogeneous than, nonoutbreak isolates
with respect to resistance profile (more extensive [uniformly
ACSSuTTp]), biotype (A1), and PFGE profiles (79% similarity).
Thus, the Copenhagen outbreak isolates clearly represented a sin-
gle clonal strain within ST10, whereas E. coli serotype O78:H10
overall is highly clonally diverse.

Unexpectedly, 100% of the present ST10 O78:H10 isolates, in-
cluding all 19 Copenhagen outbreak isolates, fulfilled molecular
criteria for the diarrheagenic pathotype EAEC, but not for ExPEC,
despite containing several ExPEC-associated virulence genes (as
discussed below). Additionally, a representative EAEC outbreak
isolate (C555-91) exhibited “stacked brick” adherence to cultured
epithelial cells, the classic phenotype of EAEC. The finding of
EAEC-defining characteristics in the Copenhagen outbreak clone
conflicts with those of previously described multiresistant ExPEC
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clonal groups, including CGA (ST69, group D), E. coli O15:
K52:H1 (CC31, group D), and O25:H4 (ST131, group B2), mem-
bers of which rarely if ever contain EAEC-defining or other diar-
rheagenic markers (unpublished data). It also conflicts with the
conventional understanding that the E. coli strains that cause di-
arrhea are distinct from those that cause extraintestinal disease,
both phylogenetically and according to their discrete repertoires
of syndrome-specific virulence genes (23).

Regarding ST10 and EAEC, ST10 is known to be pathotypically
heterogeneous (31), comprising EAEC, ETEC (31, 50, 54),
ExPEC, and commensal E. coli (2, 49). EAEC is a very common
diarrheal pathotype, occurring in multiple lineages (31). Its
pathogenic potential is illustrated by volunteer studies, outbreaks,
and other epidemiological data (11, 12, 28). Additionally, the 2011
European outbreak of Shiga toxin-producing EAEC highlights the
epidemic potential of EAEC (39). However, identification of truly
pathogenic EAEC strains remains elusive. Okeke et al. found that
ST10 was the most common ST complex among Nigerian chil-

dren with EAEC, that ST10 was significantly overrepresented
among EAEC compared to all other isolates in the database (P �
0.001), and that EAEC ST10 was associated with diarrhea among
children 10 months of age or older (31). It is conceivable that the
O78:H10 Copenhagen UTI outbreak strain represents one of the
ST10 EAEC clones described by Okeke et al., despite the Copen-
hagen outbreak involving UTI rather than diarrhea.

Whether the present O78:H10 ST10 EAEC isolates can cause
diarrhea is unknown. However, 12 of these 13 isolates were recov-
ered from the feces of patients with diarrhea. Moreover, one such
isolate originated from an AIDS patient with diarrhea, consistent
with the ability of EAEC to cause persistent diarrhea in HIV-in-
fected patients (10). Interestingly, two O78:H10 EAEC fecal iso-
lates from Brazilian children participating in a case-control study
of diarrhea were reported in 2005 (51), although both children
were in the control group (W. P. Elias, personal communication).

As for the true extraintestinal virulence capability (i.e., ExPEC
status) of the present Copenhagen outbreak isolates, three lines of

FIG 3 XbaI pulsed-field gel electrophoresis profiles for 31 Escherichia coli O78:H10 isolates from sequence type ST10. The tree was inferred according to the
unweighted pair group method, using BioNumerics. Gray shading indicates the 19 Copenhagen outbreak isolates. Red text indicates outbreak isolate C555-91,
which was used in the adherence assay and mouse sepsis model. Asterisks identify the presumptive ST10 isolates for which ST status was inferred based on
pulsotype and sequence of fumC and adk. The 19 Copenhagen outbreak isolates cluster together at approximately the 79% similarity level, with a single interposed
nonoutbreak isolate.
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evidence are indicative. First, the isolates were recovered from the
urine of patients with symptomatic UTI, implying pathogenicity
on epidemiological grounds. Second, they contained five ExPEC-
associated virulence genes (fyuA, iutA, pic, traT, and sat). Al-
though only one of these is part of an established molecular defi-
nition of ExPEC that requires the presence of �2 of papA (and/or
papC), sfa-foc, afa-dra, iutA, and kpsMII for an isolate to be clas-
sified operationally as ExPEC, this definition provides only an
approximate indication of an isolate’s extraintestinal virulence
potential, as determined experimentally (15, 19). Third, and per-
haps most tellingly, a typical outbreak isolate was highly lethal in a
mouse model of subcutaneous sepsis. Taken together, these ob-
servations suggest that the outbreak clone indeed does represent
ExPEC.

We suspect that the outbreak strain’s known ExPEC-associ-
ated virulence genes, although not fulfilling the standard molecu-
lar epidemiological criteria for ExPEC, nonetheless contribute to
extraintestinal virulence. Likewise, certain of the strain’s EAEC-
associated genes also may contribute to its extraintestinal viru-
lence. This concept is supported by in vitro assays (55) demon-
strating that (EAEC-associated) aggregative adherence fimbriae
variant type 1 (AAF/I) encoded by the aggA gene might facilitate
uroepithelial cell adherence (29).

Regarding the commonality of virulence traits between ExPEC
and diarrheagenic E. coli, classic uropathogenic traits among
certain EAEC fecal isolates have been described previously.
Yamamoto et al. reported an EAEC O127a:H2 fecal isolate from a
child with diarrhea that adhered avidly to human urethral mu-
cosa, suggesting that its adhesin(s) is related to those of uropatho-
genic E. coli (UPEC) (55). Likewise, Suzart et al. reported four
fecal EAEC isolates, from three patients with and one without
diarrhea, carrying hly and pap, classic ExPEC-associated virulence
genes (45). Diarrheagenic E. coli and UPEC strains were compar-
atively characterized in a study from 2010 (40). Amplification as-
says revealed that 45% and 22% of EAEC and EPEC strains, re-
spectively, carried at least one of the urovirulence sequences.
Additionally, among EAEC strains from Nigeria, 10 independent
antimicrobial-resistant isolates belonged to the ST69 clonal com-
plex, which includes uropathogenic E. coli “clonal group A” (53).

Conversely, EAEC characteristics among urine isolates from
children with UTI have been documented by Park et al. (36). Spe-
cifically, Park et al. searched for two EAEC genes (aggR and aap)
among E. coli isolates from suprapubic urine specimens of 22
young children with febrile UTI. Nine isolates (41%) carried aggR,
the master regulator of EAEC (8). Likewise, the presence of set1
encoding Shigella enterotoxin 1 has been demonstrated in uro-
pathogenic E. coli (44). Finally, Abe et al. found 16 EAEC isolates
among 225 uropathogenic E. coli isolates (1), as well as the genes
astA, ehly (enterohemolysin), eae, iha, irp2, pet, pic, pilS, and shf,
all characteristic of diarrheagenic E.coli.

We were not able to identify a possible food animal source for
the Copenhagen outbreak. The single poultry isolate belonged to a
different clonal complex than the outbreak isolates, and the calf
isolate belonged to an undefined single-locus variant of ST10. Al-
though this isolate’s virulence profile resembled that of the out-
break isolates, including the EAEC genes, the isolate differed from
the outbreak isolates according to astA status (positive), biotype
(D), and PFGE profile (data not shown). Thus, although a po-
tential food or animal origin has been proposed for certain
human-associated, multidrug-resistant uropathogenic E. coli

clonal groups (26, 38), and a close relationship has been demon-
strated between E. coli from retail chicken meat and E. coli causing
human UTI (52), no candidate animal source for the Copenhagen
outbreak was identified here.

Although we previously reported finding the estA gene, encod-
ing the ETEC heat-stable enterotoxin, in several (ExPEC) O15:
K52:H1 clonal group members (34), to our knowledge eltI has not
previously been detected among extraintestinal E. coli isolates.
Heat-labile toxin (LT) has, however, been demonstrated in several
E. coli isolates causing urinary tract infection in pigs (7).

Study strengths include the geographically and temporally di-
verse set of O78:H10 study isolates, the extensive and complemen-
tary phylogenetic, molecular, and phenotypic methods used to
characterize them, and the use of in vivo testing to assess the ex-
traintestinal virulence of a typical outbreak isolate. Limitations
include the small number of animal isolates, the limited associated
clinical data, and the absence of in vivo testing regarding the iso-
lates’ diarrheagenic potential.

In conclusion, this report demonstrates that the 1991 Copen-
hagen O78:H10 outbreak was caused by a fairly genetically and
phenotypically homogeneous, human-associated subset within a
larger, more broadly disseminated O78:H10 (ST10) clonal group.
In contrast, at least six other clonal groups, including 2 from phy-
logenetic group D, also exhibit serotype O78:H10. Remarkably,
71% of the study isolates, including all 19 outbreak isolates, ful-
filled molecular criteria for EAEC. Moreover, an EAEC outbreak
isolate exhibited the classic “stacked brick” pattern of adherence
to epithelial cells but also contained several ExPEC-associated vir-
ulence genes and was highly lethal in a mouse subcutaneous sepsis
model. Whether this outbreak strain, and other EAEC isolates that
contain urovirulence genes, are both diarrheagenic and extraint-
estinal pathogenic remains to be determined.
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