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Shiga toxin (Stx)-producing Escherichia coli (STEC) causes hemorrhagic colitis and the hemolytic-uremic syndrome (HUS).
STEC strains may produce Stx1a and/or Stx2a or variants of either toxin. A 2006 spinach-associated outbreak of STEC O157:H7
resulted in higher hospitalization and HUS rates than previous STEC outbreaks. The spinach isolate, strain K3995, contains both
stx2a and stx2c. We hypothesized that the enhanced virulence of K3995 reflects the combination of stx2 alleles (carried on lyso-
genic phages) and/or the amount of Stx2 made by that strain. We compared the virulence of K3995 to those of other O157:H7
isolates and an isogenic Stx2 mutant in rabbits and mice. We also measured the relative levels of Stx2 produced from those
strains with or without induction of the stx-carrying phage. Some rabbits infected with K3995 exhibited intestinal pathology and
succumbed to infection, while none of those infected with O157:H7 strain 2812 (Stx1a� Stx2a�) died or showed pathological
signs. Rabbits infected with the isogenic Stx2a mutant K3995 stx2a::cat were not colonized as well as those infected with K3995
and exhibited no signs of disease. In the streptomycin-treated mouse model, more animals infected with K3995 died than did
those infected with O157:H7 strain 86-24 (Stx2a�). Additionally, K3995 produced higher levels of total Stx2 and toxin phage
DNA in cultures after phage induction than did 86-24. Our results demonstrate the greater virulence of K3995 compared to
other O157:H7 strains in rabbits and mice. We conclude that this enhanced virulence is linked to higher levels of Stx2 expression
as a consequence of increased phage induction.

Shiga toxin (Stx)-producing Escherichia coli (STEC) O157:H7 is
a food-borne pathogen that causes hemorrhagic colitis (HC)

and the hemolytic-uremic syndrome (HUS) (1, 2). E. coli
O157:H7 infection results in approximately 63,000 illnesses annu-
ally in the United States (3), and the yearly cost of these illnesses is
estimated to be $255 million to $405 million (2, 4). The principal
reservoir of STEC is the intestinal tracts of bovines and other ru-
minants. Initial STEC outbreaks were associated with consump-
tion of undercooked hamburger. However, over the last 2 decades
a wide variety of food items have been linked with disease due to E.
coli O157:H7 infection, such as unpasteurized fruit juices (5),
smoked meats (6), and fresh produce (7–10). Moreover, other
routes of STEC transmission that are unrelated to ingestion of
contaminated foods have been identified, and these include swim-
ming in contaminated water (11–13), contact with infected ani-
mals (14, 15), and person-to-person spread (16, 17). These modes
of transmission are likely facilitated by the fact that E. coli
O157:H7 can cause illness after exposure to �100 organisms (4).

STEC strains are characterized by production of Stx. This toxin
is critical to the development of HC and HUS (18, 19), and the
genes for Stxs are carried on lambda-like lysogenic converting
phages in E. coli (20–23). STEC produces two serologically distinct
groups of Stx, i.e., Stx1 and Stx2, and variants of both toxins, all of
which are N-glycosidases that inactivate the 60S ribosomal sub-
units in eukaryotic cells (24). The Stx-mediated injury to the ri-
bosome leads to inhibition of protein synthesis and cell death (24).
The Stx2 group of toxins consists of 7 subtypes, of which Stx2a is
the prototype (25). The Stx2c variant is 99% identical to Stx2a
at the amino acid level and differs by two amino acids in the
mature B subunit (26). Epidemiological studies suggest that

stx2a
�, stx2c

�, or stx2a
� stx2c

� E. coli O157:H7 strains are associ-
ated with more severe disease in humans than STEC strains with
other stx alleles or those that lack the capacity to cause attaching
and effacing (AE) lesions (27–30). A 2006 spinach-associated out-
break caused by an stx2a

� stx2c
� E. coli O157:H7 resulted in higher

hospitalization and HUS rates than were usually associated with
serotype O157:H7 outbreaks. These indicators of serious disease
fueled speculation that the implicated spinach E. coli O157:H7
strain had greater virulence potential than did “typical” outbreak
isolates (27). Furthermore, the prevalence of E. coli O157:H7
strains that belonged to clade 8 (a specific genotype of serotype
O157:H7 based on single nucleotide polymorphisms at 96 loci
[15]) and that frequently harbored the stx2a stx2c gene combina-
tion increased from 10% to 46% over a 5-year study period that
preceded the 2006 spinach outbreak (27).

In this study, we compared the virulence of an E. coli O157:H7
strain that carries both stx2a and stx2c and was isolated from a
person during the 2006 spinach outbreak, strain K3995, with dif-
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ferent E. coli O157:H7 strains that also carry the stx2a allele either
alone or in combination with stx1a. For that purpose we used 3
different animal models. We also evaluated the amount of Stx2
produced in vitro by two of the most pathogenic strains. In addi-
tion, we assessed the contribution of Stx2a to the virulence of E.
coli O157:H7 strain K3995. We found that E. coli O157:H7 strain
K3995 (stx2a

� stx2c
�) was more virulent in Dutch belted rabbits

than was E. coli O157:H7 isolate 2812 (stx1a
� stx2a

�). Further,
K3995 was more virulent in streptomycin (Str)-treated mice than
was E. coli O157:H7 86-24 (stx2a

�), although both strains colo-
nized mice with intact commensal flora (ICF mice) equally. Fi-
nally, Dutch belted rabbits infected with K3995 displayed higher
colonization and more disease and intestinal pathology and
gained less weight than rabbits infected with an stx2a-negative
K3995 isogenic mutant.

MATERIALS AND METHODS
Bacterial strains. E. coli O157:H7 strain K3995 (stx2a

� stx2c
�) was iso-

lated from a patient infected during the 2006 spinach-associated outbreak
that occurred in the United States (8) and was kindly provided by Nancy
Strockbine of the Centers for Disease Control and Prevention (Atlanta,
GA). Strain K3995 was isolated from a patient infected in the same out-
break from which a sequenced E. coli O157:H7 strain, TW14359 (31), was
isolated. An Stx2a mutant of K3995 was constructed as described below. E.
coli O157:H7 strain 2812 (stx1a

� stx2a
�) was kindly provided by Darrell

Griffin of the Madigan Army Medical Center and was isolated from a
patient with hemorrhagic colitis who was infected during a 1993 outbreak
associated with contaminated hamburgers (32, 33). E. coli O157:H7 strain
86-24 (stx2a

�) was provided by Phil Tarr, then at the Washington Univer-
sity School of Medicine. The nalidixic acid-resistant (Nalr) mutant of
86-24 was provided by Arthur Donohue-Rolfe of Tufts University. Strain
86-24 was isolated in Washington State during a 1986 outbreak associated
with contaminated beef products. Additionally, spontaneous Str-resistant
(Strr) or Nalr mutants of each strain were isolated and used for animal
studies. Throughout this article, Stx2 indicates total toxin (Stx2 and
Stx2c) or refers to a study in which the Stx2 toxin subtype was not speci-
fied. Stx2a is the prototype Stx2 toxin and is encoded by stx2a. Stx2c indi-
cates that subtype of Stx2 with the associated gene designation stx2c.

Rabbit studies. Rabbit feces were prescreened for the presence of E.
coli by plating on sorbitol MacConkey agar (SMAC) plates. E. coli
O157:H7 isolates do not ferment sorbitol (i.e., are sorbitol nonferment-
ers) and are tan/colorless on SMAC plates. Conversely, most other E. coli
isolates ferment sorbitol and are pink on this agar. All rabbits used in this
study were free of sorbitol nonfermenters and were found to have �103

CFU/g feces sorbitol fermenters. Additionally, the animals were evaluated
for clinical signs of disease, such as diarrhea or hemorrhagic colitis, prior
to infection.

Rabbit infection studies were done as previously described (34, 35).
Dutch belted rabbits (Covance, Denver, PA) aged 5 to 8 weeks were fasted
overnight, and water was removed from the cages 2 h prior to bacterial
inoculation. Animals were anesthetized and received 5 or 10 ml of 10%
sodium bicarbonate solution by intragastric gavage through an infant
feeding tube and then were inoculated by gavage with Strr E. coli O157:H7
strains suspended in 1 ml phosphate-buffered saline (PBS). After inocu-
lation, rabbits were monitored daily for colonization and development of
clinical signs of disease for 7 days. Rabbits that showed signs of disease
(lethargy, fever, hemorrhagic colitis, or weight loss) and did not respond
to interventions (analgesic and rehydration therapy) were euthanized at
alternative endpoints: weight loss of more than 20% compared with the
preinoculation weight, inability to eat or drink for �12 h, or lack of move-
ment. All other rabbits were euthanized at the conclusion of the study (7
days postinfection [p.i.]). The analgesic was buprenorphine (buprenor-
phine HCl injection; PharmaForce, Columbus, OH) given at 0.02 mg/kg
subcutaneously every 6 to 12 h. Rehydration therapy was administered as

a lactate Ringer’s solution (Hospira, Inc., Lake Forest, IL) to the rabbits at
25 ml/kg daily until signs resolved. Colonization was monitored by levels
of E. coli O157:H7 isolated from the feces. Fecal pellets were collected,
weighed, diluted 1:10 by weight into PBS, and then homogenized. The
supernatants from the fecal homogenates were serially diluted and plated
on MacConkey agar supplemented with Str (40 �g/ml), and plates were
incubated overnight at 37°C. Colonies were enumerated to determine
CFU/g feces. Organs (including kidneys, small intestine, cecum, and co-
lon) were collected at necropsy for histopathological analyses.

The rabbit studies were conducted at an Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC)-
accredited animal facility in the Program of Comparative Medicine at the
University of Maryland School of Medicine. All procedures conformed to
the guidelines of the Guide for the Care and Use of Laboratory Animals (36)
and the policies of the Institutional Animal Care and Use Committee of
the University of Maryland School of Medicine. All procedures were in
compliance with the publications Biosafety in Microbiological and Biomed-
ical Laboratories (37).

ICF and Str-treated mouse models. Mouse studies were done as pre-
viously described (38, 39). Male Crl:CD-1(ICR, CD-1) or female BALB/
cAnNCrl (BALB/c) mice, 10 to 12 g and 3 to 6 weeks old, from Charles
River Laboratories (Wilmington, MA) were used for all mouse experi-
ments. Mice were fasted for �16 h and deprived of water 1 to 2 h prior to
bacterial inoculation. For the Str-treated mouse model, mice were given
drinking water with Str (5 g/liter) 18 h before infection. Str treatment
continued throughout the course of the experiment. To infect animals in
both models, overnight cultures of the E. coli O157:H7 strain were pelleted
by centrifugation and resuspended in glucose-PBS (1:200). Mice were fed
100 �l of inoculum by gavage. Intestinal colonization of BALB/c mice
with intact commensal flora (ICF mice) was monitored by the determi-
nation of the levels of Nalr E. coli O157:H7 isolated from the feces. Fecal
pellets were collected, weighed, diluted 1:10 by weight into PBS, and ho-
mogenized; the fecal homogenate supernatants were serially diluted and
plated on MacConkey agar plates supplemented with nalidixic acid (25
�g/ml) and incubated overnight at 37°C. Colonies were enumerated to
determine CFU/g feces. (Note that colonization by E. coli O157:H7 was
not routinely monitored in the Str-treated mouse model because histori-
cal data indicate that high levels of Strr bacteria are maintained for 25 days
[38].) In both models, mice were monitored for survival for up to 15 days
p.i. These studies were conducted in accordance with the recommenda-
tions of the Guide for the Care and Use of Laboratory Animals (36). All
mouse studies were approved by the Institutional Animal Care and Use
Committee of the Uniformed Services University of the Health Sciences.
All procedures were in compliance with the publication Biosafety in Mi-
crobiological and Biomedical Laboratories (37).

Immuno-dot blotting. (i) Preparation of samples. Samples for im-
muno-dot blotting to measure Stx2 levels in cultures of E. coli O157:H7
were prepared as follows. Bacteria were grown overnight in Luria broth
(LB). The overnight cultures were then diluted 1:500 in LB and grown at
37°C with shaking. In some cases, after 2 h of growth of the cultures,
lysogenic stx2-carrying phage were induced by addition of 15 ng/ml of
ciprofloxacin (1/2 the MIC). Aliquots from induced and uninduced cul-
tures were then obtained at various times of continued incubation, and
the optical density at 600 nm (OD600) for each such sample was deter-
mined. A portion of each sample was then diluted and plated to enumer-
ate CFU, and the remainder was lysed by sonication (2 to 5 min total; 10 s
on and 20 s off) or a series of freeze-thaw cycles and then spun at 20,000 �
g for 10 min at 4°C to remove debris. The resultant supernatants were used
in immuno-dot blot experiments as described below.

(ii) Immuno-dot blotting. Dot blots were prepared on a 96-well Mini-
fold I Dot-Blot apparatus (Whatman; Sigma-Aldrich, St. Louis, MO).
Culture lysate supernatants were serially diluted 2-fold in PBS, and 400 �l
of each dilution was applied to a 0.45-�m nitrocellulose membrane (Bio-
Rad Laboratories, Hercules, CA) with vacuum. The membrane was re-
moved from the apparatus, air dried briefly, and incubated in PBS that
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contained 0.05% Tween 20 (PBS-T) and 5% nonfat dry milk for 1 h at
room temperature. Primary antiserum (rabbit �-Stx2 polyclonal [40]
precleared against an Stx2	 E. coli O157:H7 strain) diluted 1:200 in PBS-T
with 5% milk was then applied to the membrane in the dot blot apparatus,
and the membrane was further incubated overnight at 4°C in the covered
dot blot apparatus. The membrane was then removed from the apparatus,
washed several times with PBS-T, and then incubated for 1 h at room
temperature with goat anti-rabbit IgG(H�L)– horseradish peroxidase
(HRP) conjugate (Bio-Rad, Hercules, CA) diluted 1:2,000 in PBS-T and
5% nonfat dry milk, applied to the membrane in the dot blot apparatus.
The membrane was removed from the apparatus and washed several
times with PBS-T. Signal was visualized with the Opti-4CN substrate kit
(Bio-Rad, Hercules, CA) according to the manufacturer’s directions.

(iii) Evaluation of integrated pixel density. The relative intensities of
the spots on the blot were quantified by assessing integrated pixel density
using Adobe Photoshop CS5 Extended (version 12.0 �32). For the pur-
pose of analysis, the color of the blot was inverted so the background was
black and the dots were white. A circle was drawn to encompass the spot,
and the measurement was recorded. The same circle was used to measure
all samples on each blot. To compare the values derived from blots in Fig.
4A and B, the values of the spots corresponding to the final three dilutions
at the 2-h time point on both blots were averaged to provide a background
value that was subtracted from all other spot intensities. The blot in Fig.
4C was assessed separately from those in Fig. 4A and B.

Southern and DNA dot blotting. Southern and DNA dot blot analyses
were done as directed in the Roche digoxigenin (DIG) system manual
(41). For the Southern blots, total genomic DNA was isolated from the cell
pellet (MasterPure DNA purification kit; Epicentre Biotechnologies,
Madison, WI) and digested with EcoRI. The resultant restriction frag-
ments were separated on a 0.7% agarose gel, transferred with the iBlot Dry
blotting system (Invitrogen, Carlsbad, CA) to a 0.2-�m nylon membrane,
fixed by UV, and probed for the stx2a A subunit gene or the chloramphen-
icol (Chl) acetyltransferase gene (cat). In vitro DNA dot blot samples were
prepared as follows. Overnight cultures were diluted 1:500 in LB and
grown at 37°C with shaking for 24 h; samples were removed at 2, 4, 6, and
24 h. For cultures that were induced, 15 ng/ml ciprofloxacin (1/2 the MIC)
was added at 2 h. Culture samples were collected and the OD determined
at 600 nm; a portion of the sample culture was then diluted and plated to
determine CFU. Next, total genomic DNA was isolated from the whole-
culture samples (MasterPure DNA purification kit; Epicentre Biotechnol-
ogies, Madison, WI) and applied to a 0.45-�m nylon membrane (What-
man Nytran SuPerCharge TurboBlotter; Sigma-Aldrich, St. Louis, MO)
by vacuum using a 96-well Minifold I Dot-Blot apparatus (Sigma-Aldrich,
St. Louis, MO).

The probes for Southern and DNA dot blot analyses were amplified by
PCR according to the manufacturer’s directions (PCR DIG probe synthe-
sis kit; Roche Applied Sciences). The primers used to amplify the stx2a

A subunit gene probe from pJES120 (42) were 5=-GGGTACTGTGCCTG
TTACTG-3= and 5=-TACCACTGAACTCCATTAAC-3=. The primers
used to amplify the cat probe from pACYC184 were 5=-CCTATAACCAG
ACCGTTCAG-3= and 5=-TAAGCATTCTGCCGACATGG-3=. Detection
of the genes encoding phage replication protein O, designated O, was used
as a measure of the amount of 933W or 2851 phage present. The primers
used to amplify the O probe from the stx2a-bearing phage 933W were
5=-ATACTCAACTTCGGCAGAGG-3= and 5=-CCAAACATGCCGCCTT
GCTG-3=. The primers used to amplify the O probe from the stx2c-bearing
phage 2851 were 5=-GAGCATCGCGTGGCAGATAC-3= and 5=-GTCCT
GGCTAATCCACTGAG-3=.

For evaluation of integrated pixel density, the spots on the DNA blot
were quantified in Photoshop as described above. Each blot was assessed
individually.

Stx2 mutant construction. K3995 stx2a::cat is a K3995 derivative in
which base pairs (bp) 529 to 1012 of stx2a were replaced by cat. This
mutant was constructed by the use of the lambda Red recombinase system
according to the method of Serra-Moreno et al. (43) as detailed below.

(i) Creation of linear DNA piece stx2a-cat-stx2a. The linear DNA frag-
ment cat flanked by 230 to 280 bp of stx2a sequence, stx2a-cat-stx2a, was
generated as follows. First, a 1,022-bp portion of stx2a was cut from
pJES120 (42) with Sau3AI and EcoRI, and that piece was ligated into
pUC18 (Thermo Scientific, Pittsburgh, PA) that had been digested with
EcoRI and BamHI. The resultant plasmid was designated pTZ101. A SacI
site was then created by splicing by overlap extension PCR in the stx2a B
subunit gene with primers SFor (5=-GCGGTTTTATTTGCATGAGCTC
CTGTTAATGCAATGG-3=) and SRev (5=-CCATTGCATTAACAGGAG
CTCATGCAAATAAAACCGC-3=), and the resultant PCR fragment was
ligated into pUC18 to generate pTZ105. Since pUC18 had other SacI sites,
pTZ105 was then cut with EcoRI to release stx2a, and the stx2a DNA seg-
ment with EcoRI overhangs was ligated to EcoRI-cut pUC7 to create
pTZ106. cat was amplified from pACYC184 with CatAmpF (5=-CCCGA
GCTCCACTTATTCAGGCGTAGCAC-3=) and CatAmpR (5=-CCCATG
CATATCGGCACGTAAGAGGTTCC-3=), primers that include SacI (5=-
GAGCTC-3=) and NsiI (5=-ATGCAT-3=) restriction sites, respectively, on
the 5= ends. The cat amplicon was cut with SacI and NsiI and inserted into
pTZ106 cut with SacI and NsiI to create pTZ109. The stx2a-cat-stx2a frag-
ment for lambda Red recombination was amplified by PCR from pTZ109
with TZ1F (5=-CAGGCGCGTTTTGACCATCTTG-3=) and TZ3R (5=-AC
CCACATACCACGAATCAG-3=) primers and then purified with the
QIAquick PCR purification kit (Qiagen, Germantown, MD) according to
the manufacturer’s instructions.

(ii) Transformation of K3995. K3995 was first transformed with the
lambda Red helper plasmid pKD46 by electroporation, as per the method
of Serra-Moreno et al. (43). Then, a 50-ml culture of K3995(pKD46) in LB
with ampicillin (100 �g/ml) and 0.1 M arabinose was grown at 30°C with
shaking to an OD600 of 0.6. The cells were harvested by centrifugation at
3,000 � g for 5 min at 4°C and washed four times with ice-cold distilled
water. The cells were then resuspended in 100 �l water, and 500 ng of the
stx2a-cat-stx2a linear DNA fragment was added. The cells were electropo-
rated at 2.5 kV, 25 F, and 200 
 and recovered in 1 ml Super Optimal
broth with catabolite repression (SOC) for 1 to 16 h at 37°C without
shaking. Recombinants were selected on LB plates supplemented with Chl
at 5 �g/ml. Loss of pKD46 was achieved by growth at 42°C and confirmed
by sensitivity to ampicillin. Replacement of stx2a with cat was confirmed
by Southern blotting hybridization and Vero cell cytotoxicity assay (done
as previously described [26, 35, 44]).

Statistical analyses. All statistical analyses were done through appli-
cation of the GraphPad Prism v5.04 for Windows software (GraphPad
Software, San Diego, CA). The repeated-measures (RM) analysis of vari-
ance (ANOVA) was used to assess statistical differences in weight and
colonization of infected animals. When infected animals died, the last
weight observation was carried forward and used in all subsequent calcu-
lations.

RESULTS
Pathogenesis of K3995 in Dutch belted rabbits. Dutch belted
rabbits are susceptible to STEC infection and develop clinical dis-
ease that closely resembles human disease (34, 45). Therefore, we
compared the virulence of the stx2a

� stx2c
� spinach outbreak iso-

late K3995 to that of another E. coli O157:H7 outbreak isolate,
stx1a

� stx2a
� 2812, in the Dutch belted rabbit model. Rabbits in-

fected with K3995 showed greater morbidity than those infected
with 2812: 2/6 K3995-infected rabbits were lethargic, 5/6 K3995-
infected rabbits had diarrhea, and 5/6 K3995-infected rabbits lost
weight. K3995-infected rabbits also lost more weight than those
infected with strain 2812, and this difference was significant on
days 5 to 8 p.i. (Fig. 1A). Only one 2812-infected rabbit had diar-
rhea, and none showed any other signs of morbidity. Finally, 5/6
K3995-infected rabbits succumbed to infection, whereas all of the
2812-infected rabbits survived. Over the course of the study, we
assessed the capacities of strains K3995 and 2812 to colonize the
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rabbit large intestine by enumerating Strr E. coli O157:H7 shed in
the feces. Both strains colonized consistently throughout the study
(Fig. 1B), although K3995 colonized to a higher level than did
2812.

Gastrointestinal (GI) organs and kidneys were collected after
euthanasia and assessed for histopathology. The organs of the
2812-infected rabbits did not show any pathology that differed
significantly from that of the organs of the control rabbits. How-
ever, various degrees of damage to the GI tract were seen in all
K3995-infected rabbits, especially in the cecum, a finding that has
previously been reported for E. coli O157:H7-infected rabbits
(46). Additionally, we noted extensive damage in the colons of two
rabbits that succumbed to infection with K3995; the histological
sections from the colon of one of those rabbits are shown in Fig. 2
(compare to a histological section from the colon of an uninfected
rabbit, shown in Fig. S1 in the supplemental material).

Colonization and virulence capacity of K3995 in mice. Previ-
ous work from our lab showed that Stx2a plays a role in coloniza-
tion and virulence of mice by E. coli O157:H7 strain 86-24 (39, 47)
(strain 2812 is not virulent in ICF mice [data not shown]). Here
we sought to assess the contribution of Stx2c to the colonization of
a strain that also makes Stx2a compared to that of a strain that
makes only Stx2a. Therefore, we compared the colonization ca-
pacities of strains 86-24 and K3995 in a mouse with an intact
commensal flora (ICF). For that purpose, ICF BALB/c mice were
infected with 86-24 or K3995, and intestinal colonization by the E.
coli O157:H7 strains was monitored by enumeration of the Nalr

bacteria shed in the feces. We found that strains 86-24 and K3995
colonized ICF BALB/c mice to similar levels (Fig. 3A). Next, to
compare the pathogenicities of strains 86-24 and K3995, we used
the Str-treated CD-1 mouse model. The Str-treated mouse model
permits high levels of colonization by E. coli over time and is
therefore a more consistent model in which to assess virulence of
E. coli O157:H7 than is the ICF model. The Str-treated, infected
mice were monitored for survival over 15 days. We found that
37% of the mice succumbed to K3995 infection, while only 3% of
mice died after infection with 86-24 (Fig. 3B).

Total Stx2 production by K3995 and 86-24. We next com-
pared the relative amounts of total Stx2 (includes Stx2c for K3995)
produced by the E. coli O157:H7 strains by immuno-dot blotting

with a polyclonal anti-Stx2 antibody probe. That antiserum de-
tects Stx2a and Stx2c (48). Although K3995 made levels of Stx2
similar to those made by 86-24 (data not shown), when the cul-
tures were induced with ciprofloxacin, K3995 produced at least
8-fold more toxin than did 86-24 (Fig. 4A and B).

We then assessed the amounts of Stx2a- and Stx2c-converting
phage DNA in the K3995 and 86-24 cultures. Since stx2a is found
on a 933W-type phage in both strains and stx2c is on the 2851-type
phage (49), we assessed the amount of phage DNA with a probe
for the gene of the bacteriophage replication protein O (the gene
for replication protein O is not homologous between 933W and
2851). More Stx2a-converting phage DNA was present in K3995
cultures than was found in 86-24 cultures (Fig. 5A), a finding that
suggests that more spontaneous phage induction takes place in
cultures of K3995 than in cultures of 86-24. As expected, Stx2c-
converting phage DNA was detected only in cultures of strain
K3995 (Fig. 5B).

Contribution of Stx2 to the virulence of K3995. Collectively
our data suggest that the increased virulence of K3995 compared
to 86-24 is linked to higher levels of total Stx2 production in
K3995 after induction, a finding that may reflect the presence of
two toxin genes carried on separate inducible phages. Therefore,
we constructed an Stx2a	 K3995 strain by replacing stx2a with cat.
We assessed wild-type (wt) K3995 and the Stx2a mutant for toxin
production and found that K3995 stx2a::cat produced less toxin
than did K3995 (data not shown), an expected result since the
mutant strain has only one toxin gene (stx2c) and the parent strain
has two. However, when K3995 stx2a::cat cultures were induced
with ciprofloxacin, Stx2c production was increased over basal lev-
els (Fig. 4C), a result that indirectly shows that the phage that
harbors the gene for Stx2c can be induced in K3995.

We next assessed the virulence of K3995 stx2a::cat compared to
that of wt K3995 in Dutch belted rabbits and ICF mice. Dutch
belted rabbits were infected with wt K3995 or K3995 stx2a::cat and
assessed for morbidity and colonization over 7 days. K3995-in-
fected rabbits gained less weight (Fig. 6A) and displayed more
disease than did rabbits infected with K3995 stx2a::cat: 2/6 K3995-
infected rabbits had diarrhea and 4/6 were lethargic, while none of
the K3995 stx2a::cat-infected rabbits showed any signs of disease.
Additionally, K3995 colonized rabbits to a higher level and more

FIG 1 E. coli O157:H7 K3995 is more virulent in Dutch belted rabbits than is E. coli O157:H7 2812. (A) Percent weight change of rabbits infected with K3995 (�)
or 2812 ({). Each symbol represents one animal; the line indicates mean percent weight change. K3995-infected rabbits lost more weight than did rabbits infected
with 2812, and that difference was significant on days 5, 6, 7, and 8 postinfection (***, P � 0.001; ****, P � 0.0001). (B) K3995-infected rabbits (�) were more
highly colonized than rabbits infected with 2812 ({), beginning on day 3 postinfection and continuing through the remainder of the study. Limit of detection,
102 CFU/g feces.
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consistently than did K3995 stx2a::cat (Fig. 6B). Similarly, K3995
colonized ICF mice more highly than K3995 stx2a::cat, and this
difference was significant on day 2 p.i. (Fig. 7).

DISCUSSION

While epidemiological data suggest that the Stx2a� Stx2c� E.
coli O157:H7 strain implicated in the 2006 spinach outbreak was
more virulent than previous E. coli O157:H7 outbreak strains
(27), that hypothesis has not been specifically addressed in an
animal model of E. coli O157:H7 pathogenesis. In this study, we
found that K3995, isolated from a patient infected in that 2006
spinach-associated outbreak, was more pathogenic than two
other E. coli O157:H7 strains in Dutch belted rabbits and in
Str-treated CD-1 mice (strain 2812 was tested in this model

previously [32]). The virulence of K3995 was associated with
an increase in the Stx2a (933W)- and Stx2c (2851)-encoding
phage DNA and total Stx2 production after induction with
ciprofloxacin compared to strain 86-24. We deem induction
with ciprofloxacin to be a proxy for stress-related stx2-encod-
ing phage induction in vivo.

In the Dutch belted rabbit model, K3995 caused more morbid-
ity and mortality than 2812, an stx1a

� stx2a
� E. coli O157:H7 iso-

late from a fast-food chain outbreak. Additionally, histopatholog-
ical damage was evident in the colon of a Dutch belted rabbit that
succumbed to K3995 infection. Pathology in the colon of an E. coli
O157:H7-infected Dutch belted rabbit has not been previously
shown. Garcia et al. did note some small spots of blood, edema,
and thickening on “serosal surfaces of the cecum and/or proximal

FIG 2 Histopathological analysis of colon from a K3995-infected rabbit that succumbed to disease. (A) Section of colon. Note contrast of less-affected (*) and
ulcerated (**) tissue. Magnification, �40. (B to D) Enlargements of the boxed areas in panel A. Note hemorrhage as evidenced by extravasated erythrocytes
(arrowhead) and the gradual loss of epithelium (arrow) (B) and the transition to total effacement of the mucosa (C), characterized by loss of glands with
replacement by necrotic debris, neutrophils (#), and fibrin (f). Magnification, �400. (D) Area of less-affected colon, displaying typical architecture; note the
presence of glands (g). Magnification, �400.
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colon” in one E. coli O157-infected rabbit, although no image was
shown (45).

Str-treated CD-1 mice are susceptible to infection with certain
strains of E. coli O157:H7. Such mice remain consistently colo-
nized to a high level with the infecting Strr strain, and the infected,
Str-treated mice develop acute tubular necrosis and sometimes
die from the effects of Stx2 (subtypes 2a, 2c, and 2dact) (38, 40, 42,
50). In this investigation, we showed that K3995 is more virulent
than 86-24, an stx2a

� E. coli O157:H7 outbreak strain, in such
Str-treated mice. We hypothesize that the reason that K3995 was
more pathogenic than 86-24 in Str-treated mice is because the
933W phage DNA and Stx2a levels do not increase after induction
with ciprofloxacin to the same degree in 86-24 as they do in
K3995.

There is one description of TW14359 (another clinical isolate
from the 2006 spinach-associated outbreak) in an animal model

(51). In that study, researchers assessed the susceptibility of infant
germfree mice to a number of E. coli O157:H7 strains, including
TW14359, 86-24, and 93-111 (from the same outbreak in which
2812 was isolated [27, 32, 33]) and found that the prevalence of
disease in the germfree mice infected with TW14359 was similar to
the occurrence of disease in mice infected with 93-111 or 86-24.
These results differ from ours, as we found that K3995 is more
virulent than 2812 and 86-24 in rabbits and Str-treated mice, re-
spectively. The discrepancies between the study by Eaton et al.
(51) and ours is most likely due to the differences in the models
used to assess virulence. For example, Dutch belted rabbits and
Str-treated mice do not remain persistently colonized with greater
than 108 CFU E. coli O157:H7/g feces (34, 38), whereas germfree
mice shed high levels (109 CFU) of E. coli O157:H7 over the course
of the experiment (51). This higher level of E. coli O157:H7 colo-
nization in germfree mice may reflect the fact that by definition,

FIG 3 Colonization and virulence of K3995 compared to 86-24 in mice. (A) CFU/g feces of K3995 (�) and 86-24 (Œ). K3995 and 86-24 colonize ICF BALB/c
mice similarly. (B) However, K3995 (dashed line) is more virulent than 86-24 (solid line) in Str-treated CD-1 mice (n � 25).

FIG 4 Amounts of Stx2 produced in vitro by K3995, 86-24, and K3995 stx2a::cat as assessed by immuno-dot blotting. Samples were removed from cultures at the
times indicated (in hours) and lysed, and supernatants were applied to the membrane in 2-fold dilutions as specified on the right of each blot. Values below the
spots indicate the integrated pixel densities, measured using Adobe Photoshop. Values derived from Photoshop analysis were divided by 1,000 for ease of
presentation on the blots. When induced with ciprofloxacin, K3995 (A) produced more toxin than did 86-24 (B), as is evident even at early time points. Similarly,
when induced with ciprofloxacin, the amount of toxin produced by K3995 stx2a::cat was increased to levels nearer those made by wt K3995 (C).
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germfree animals do not have intestinal flora, whereas rabbits
have intact commensal flora to compete with the incoming E. coli
O157:H7 infecting strain, and even the Str-treated mice have some
gut flora. The capacity of the germfree mice to remain highly col-
onized over an extended period most likely allows an accumula-
tion of systemic toxin that leads to kidney disease and death in that
model. In contrast, when animals are colonized for only a short
period or at a lower level, the amount of toxin delivered is limited
and differences in toxin production by the infecting strains may be
more readily apparent.

We compared the amounts of total Stx2 (including Stx2c) pro-
duced by K3995 and 86-24 (we chose 86-24 for our comparison as

it was more virulent than 2812 in this study). K3995 produced
levels of total toxin similar to those produced by 86-24 under
noninducing conditions. However, when induced with cipro-
floxacin, Stx2 was found in greater amounts in K3995 cultures
than in 86-24 cultures. Additionally, we showed that the higher
level of Stx2 production was associated with an increased level of
stx2a-bearing phage (933W) DNA in K3995 compared to 86-24. As
933W phage induction has been shown to occur in the mouse
intestine (52), it is therefore reasonable to hypothesize that in vivo,
K3995 would also produce more Stx2 than 86-24; in fact, Eaton et
al. quantitated Stx2 in the cecal contents of infected germfree mice
and found that TW14359 produced about six times more toxin
(5,843 � 1,518 ng/ml) than did 86-24 (921 � 111 ng/ml) (51).
Since infection with TW14359 and 86-24 resulted in similar
amounts of disease in the germfree mice, it may be that the
amount of Stx2a produced by 86-24 is sufficient for maximal dis-
ease in that model and no further disease would be observed with
a strain that produces more toxin. Our finding that total Stx2
levels are higher in K3995 than in 86-24 after induction are sup-
ported by in vitro studies in which Abu-Ali et al. showed an in-
crease in transcript levels of total stx2 in TW14359 compared to

FIG 5 Dot blot of stx2a-converting (933W) or stx2c-converting (2851) phage
DNA. Samples from an in vitro culture were applied to a nylon membrane in
2-fold dilutions as indicated and probed for the gene for the 933W or 2851
replication protein O. Values below the dots indicate the integrated pixel den-
sities, measured using Adobe Photoshop. Values derived from Photoshop
analysis were divided by 1,000 for ease of presentation on the blots. (A) More
933W phage DNA was detected in the K3995 culture than in the culture of
86-24. (B) 2851 phage DNA was found only in K3995.

FIG 6 The stx2a mutant K3995 stx2a::cat, is less virulent in Dutch belted rabbits than wt K3995. (A) Percent weight change of rabbits infected with K3995 (�) or
K3995 stx2a::cat (o). The line indicates mean percent weight change. K3995-infected rabbits gained less weight than rabbits infected with K3995 stx2a::cat. (B)
Mean CFU/g feces of K3995 (�) or K3995 stx2a::cat (o). K3995 colonized rabbits to a higher level and more consistently than K3995 stx2a::cat. Limit of detection,
102 CFU/g feces.

FIG 7 Mean CFU/g feces of K3995 (�) or K3995 stx2a::cat (o). K3995 colo-
nizes ICF mice more highly than the stx2a mutant K3995 stx2a::cat. ICF mice
infected with K3995 or K3995 stx2a::cat did not colonize well or remain colo-
nized for longer than 3 days p.i.; however, on day 2 p.i. colonization levels of
K3995 were higher than those of K3995 stx2a::cat, and this difference was sig-
nificant on this day. Limit of detection, 102 CFU/g feces. ****, P � 0.0001.
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Sakai (an stx1a
� stx2a

� E. coli O157:H7 outbreak strain) as well as
increased stx2 transcript from clade 8 strains (to which K3995
belongs) compared to clade 2 strains (53). However, it is impor-
tant to measure toxin protein amounts as well, because stx2 tran-
script levels do not necessarily correlate with Stx2 levels as mea-
sured by Western blotting (54).

Our results that showed that K3995 produces more toxin than
86-24 are in contrast to a study that found that Stx2 levels were
decreased in an E. coli K-12 strain that carried two Stx2-bearing
phages compared to an isogenic strain which had only one such
phage (55). Our findings may differ from that study for several
reasons. First, our comparison is between two wt, nonisogenic E.
coli O157:H7 strains lysogenized with one (86-24) or two different
(K3995) Stx2 phages. Second, in the previous study the stx2 gene
on the second phage was replaced with an antibiotic resistance
cassette. Therefore, there were two phages present but only one stx
gene in the K-12 strains used in that investigation. In contrast,
K3995 harbors two toxin-converting phages and two stx2 genes.
Third, Serra-Moreno et al. (55) used stx2 phages isolated from
cattle, while K3995 is a human isolate. Our results that suggest that
total Stx2 production is higher after induction in an E. coli
O157:H7 strain that carries two toxin-encoding phages are in
agreement with a later report in which stx transcription was up-
regulated in a double lysogen compared to an isogenic single ly-
sogen of E. coli K-12 (56). However, Neupane et al. (54) found that
levels of stx2 transcript varied when they examined different wt E.
coli O157:H7 strains lysogenized with two stx2-bearing phages.
These investigators concluded that differences in toxin produc-
tion by such strains appears to be strain specific (54). Thus, toxin
levels in wt E. coli O157:H7 strains that carry more than one toxin-
encoding phage will have to be evaluated on an individual basis.

To assess the contributions of Stx2 and Stx2c to the pathogen-
esis of K3995, we created an Stx2a	 derivative of K3995 by replac-
ing stx2a with cat. K3995 stx2a::cat-infected Dutch belted rabbits
gained more weight than did wt-infected rabbits, and K3995 stx2a::
cat colonized both rabbits and ICF BALB/c mice at a lower level
than did wt K3995. That the Stx2a	 strain colonizes to a lesser
extent than the wt strain is not surprising given that Stx2a en-
hances the colonization of E. coli O157:H7 in ICF BALB/c mice
(47). Although we found that the Stx2c� strain K3995 stx2a::cat is
not sufficient to cause disease in Dutch belted rabbits, there may
be a role for Stx2c in pathogenesis, as wt K3995 was more virulent
than 86-24 (which produces Stx2a only). We did find that K3995
stx2a::cat produces Stx2c, albeit at a low level, and that the amount
of Stx2c produced could be increased by induction with cipro-
floxacin. Moreover, previous studies showed that an E. coli
O157:H7 strain that makes Stx2c only (40) and an E. coli K-12
producing plasmid-borne stx2c (42) are virulent in Str-treated
CD-1 mice. While we made numerous attempts to generate a spe-
cific stx2c mutation in K3995, we were unsuccessful and so we
could not directly answer the question of the role for Stx2c in the
virulence of K3995 in Dutch belted rabbits or Str-treated mice.

High hospitalization and HUS rates were associated with the
2006 spinach-associated E. coli O157:H7 outbreak (27). Few stud-
ies have set out to specifically address the increased virulence of
the strain responsible for that outbreak (27, 53, 57), and those
studies were done in vitro. Indeed, to our knowledge, there is only
one other description of pathogenesis of this strain in an animal
model of E. coli O157:H7 infection (51). Here we showed that the
E. coli O157:H7 spinach outbreak isolate K3995 is more virulent in

two animal models than other E. coli O157:H7 outbreak isolates,
and we correlated the virulence of K3995 to the presence of stx2a

and to total Stx2 production.
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