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ABSTRACT Escherichia coli sequence type 1193 (ST1193) is an emerging multidrug-
resistant pathogen. We performed longitudinal and cross-sectional surveillance for
ST1193 among clinical and fecal E. coli isolates from Minneapolis Veterans Affairs
Medical Center (VAMC) patients and their household members, other Minnesota
centers, and national VAMCs and compared these ST1193 isolates with archival
human and canine ST1193 isolates from Australia (2008). We also developed and
extensively validated a novel multiplex PCR assay for ST1193 and its characteris-
tic fimH64 (type 1 fimbrial adhesin) allele. We found that ST1193-H64 (where
“H64” refers to a phylogenetic subdivision within ST1193 that is characterized by
the fimH64 allele), which was uniformly fluoroquinolone resistant, appeared to
emerge in the United States in a geographically staggered fashion beginning
around 2011. Its prevalence among clinical and fecal E. coli isolates at the Min-
neapolis VAMC rose rapidly beginning in 2013, peaked in early 2017, and then
plateaued or declined. In comparison with other ST14 complex (STc14) isolates,
ST1193-H64 isolates were more extensively multidrug resistant, whereas their vir-
ulence genotypes were less extensive but included (uniquely) K1 capsule and
fimH64. Pulsed-field gel electrophoresis separated ST1193-H64 isolates from other
STc14 isolates and showed genetic commonality between archival Australian ver-
sus recent U.S. isolates, fecal versus clinical isolates, and human versus canine
isolates. Three main ST1193 pulsotypes differed significantly in resistance profiles
and capsular types; emergent pulsotype 2123 was associated with trimethoprim-
sulfamethoxazole resistance and K1 (versus K5) capsule. These findings clarify
ST1193-H64’s temporal prevalence trends as a fluoroquinolone-resistant patho-
gen and commensal; document clonal subsets with distinctive geographic, tem-
poral, resistance, and virulence gene associations; and establish a new laboratory
tool for rapid and simple detection of ST1193-H64.
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Escherichia coli is an important extraintestinal pathogen with emerging antimicrobial
resistance (1, 2). The emerging resistance is due mainly to a few widely dissemi-

nated clones, most notably the H30R subclone of sequence type 131 (ST131-H30R;
associated with allele 30 of fimH [type 1 fimbrial adhesin]), which derives from
virulence-associated phylogroup B2 (3–6). Recent reports from diverse locales describe
a possible new such clone, ST1193, which likewise is from phylogroup B2 but, unlike
ST131, represents sequence type complex 14 (STc14) and is associated with fimH allele
64, i.e., ST1193-H64 (7–12).

The earliest report regarding ST1193 documented its important contribution to the
fluoroquinolone (FQ)-resistant (FQ-R) clinical E. coli population among humans in
eastern Australia in 2008, with spillover into dogs (7). The Australian ST1193 isolates
were all type O75, lactose negative, and FQ-R; most were coresistant to piperacillin,
gentamicin, tetracycline, and trimethoprim-sulfamethoxazole. Their consensus viru-
lence genotype included the F10 papA allele (P fimbria structural-subunit variant)
without other pap elements, iha (adhesin-siderophore receptor), fimH (allele 64), sat
(secreted autotransporter toxin), vat (vacuolating autotransporter toxin), fyuA (yersini-
abactin receptor), iutA (aerobactin receptor), kpsM II (group 2 capsule), usp (uropatho-
genic specific protein), ompT (outer membrane protease), and malX (pathogenicity
island marker). The only virulence gene variation involved the K1 versus K5 capsule
variants, which segregated with different pulsed-field gel electrophoresis (PFGE) types
(pulsotypes).

Subsequent reports from China (9, 10), Korea (11), Norway (12), Germany (13), and
the United States (8) documented ST1193 as a progressively emerging FQ-R human
pathogen in these regions, often second only to ST131-H30R among FQ-R isolates and
sometimes associated with CTX-M extended-spectrum beta-lactamases (ESBLs) (9, 12).
These isolates’ virulence genotype, O type, and lactose-negative phenotype, when
reported, have resembled those of the 2008 Australian isolates, suggesting global
clonal dissemination.

Gut colonization with multiresistant clones, such as ST131-H30 and ST1193-H64,
may underlie these clones’ epidemic spread and ability to cause extraintestinal disease
(14, 15). As such, the intestinal reservoir deserves attention, along with clinical isolates.
To date, however, gut colonization with ST1193 has been reported only in an abstract
describing a point-prevalence survey of newly admitted Norwegian inpatients (12).

Accordingly, we sought to clarify the prevalence trends and characteristics of
ST1193-H64 in the United States among clinical and fecal surveillance isolates and to
facilitate future global molecular epidemiological studies of this emerging lineage. For
this, we devised and validated extensively a rapid and simple PCR assay for ST1193-H64
and then used it to screen for ST1193-H64 both cross-sectionally and longitudinally
among clinical and fecal surveillance isolates from the Veterans Affairs Medical Center
(VAMC) in Minneapolis, MN (MVAMC), other centers in Minnesota, and other VAMCs
across the United States. We also compared the resulting isolates molecularly and
phenotypically with historical human and canine ST1193-H64 isolates from Australia
and with concurrent non-ST1193 isolates from STc14.

MATERIALS AND METHODS
Isolates. The study isolates were derived from multiple published and unpublished sources, includ-

ing collections of clinical E. coli isolates from diverse institutions and an ongoing prospective MVAMC-
based fecal surveillance study. The clinical isolates included 6,569 E. coli isolates from the MVAMC
microbiology laboratory, collected prospectively from November 2010 through May 2011 (here labeled
2011) and April 2012 through November 2018 (reference 16 and J. R. Johnson, unpublished data) (the
10-month hiatus was for logistical reasons). They also included (i) temporally matched sets of concurrent
FQ-R and FQ-susceptible (FQ-S) E. coli isolates from 24 nationally distributed VAMCs in 2011 (approxi-
mately 20 each; total, 472) (17); (ii) all E. coli isolates from clinical laboratories in Olmsted County, MN, in
2013 (total, 299) (18); and (iii) all E. coli clinical isolates from the University of Minnesota Medical Center
(UMMC) in July and August 2013 (total, 233) (19). These clinical isolates were predominantly (65% to 85%,
by collection) from urine, followed by miscellaneous sources (e.g., abdominal, wound, drainage, tissue,
and respiratory specimens); approximately 5% were from blood. Positive and negative controls for
development and validation of an ST1193-H64-specific PCR assay (described below) included isolates for
which the ST and the fimH allele had been determined previously, as selected from the E. coli Reference
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(ECOR) collection (20), a urinary-source bacteremia isolate collection (21), the above-mentioned national
VAMC clinical-isolate collection (17), and a collection of Australian ST1193 isolates (7).

Fecal isolates were recovered from self-collected fecal swabs provided by veterans at the MVAMC and
their household members (totals, 1,459 humans and 150 pets) from 2014 through November 2018. The
veterans were recruited by sending invitations for study participation to all newly discharged MVAMC
inpatients and randomly selected outpatients. Veterans who agreed to participate were encouraged to
refer all available household members. Consenting veterans and household members collected fecal
swabs according to an Institutional Review Board-approved protocol and mailed them at room temper-
ature in commercial transport medium to the research laboratory. There, swabs were plated to Gram-
negative selective media with and without ciprofloxacin (4 mg/liter) for overnight incubation at 37°C.
Indole-positive, citrate-negative colonies with a characteristic E. coli morphology were regarded pre-
sumptively as E. coli.

Molecular typing. Established multiplex PCR-based assays were used to identify E. coli phylogroups
(22), nine clonal subsets (including STc14) within group B2 (23), ST131 and its H30R subclone (5), 50 E.
coli virulence genes (24), and the O75 and O18 antigen-encoding rfb regions (25). Clonal typing was done
for all FQ-R isolates (clinical and fecal), all FQ-S isolates from the University of Minnesota and Olmsted
County, a random 25% subsample of non-ST131 group B2 FQ-S MVAMC clinical isolates through April
2017 and all such isolates thereafter, and selected FQ-S MVAMC fecal surveillance isolates. All PCR testing
was done in duplicate using boiled lysates as template DNA, in parallel with standard positive and
negative controls. Sequencing-based ST determination was done selectively using full or partial seven-
locus multilocus sequence typing (MLST) (26) or two-locus fumC-fimH (CH) typing (27), with or without
sequencing of additional MLST loci (28).

Genomic profiling was done using XbaI PFGE according to the PulseNet protocol (29). Pulsotypes
were defined at 94% profile similarity based on computer-assisted Dice coefficient analysis of banding
patterns within BioNumerics (Applied Maths) (30). Newly determined profiles were compared digitally
with an existing large private profile library (currently, 6,901 profiles and 2,379 pulsotypes) (30).

Novel multiplex ST1193-H64 PCR assay. A multiplex PCR assay for ST1193-H64 that included
primers for icd, fimH, and fumC was developed. Allele 200 of the housekeeping gene icd, which
distinguishes ST1193 from other STs within STc14, is specific to ST1193, plus several rare single-locus
variants (based on an 18 June 2018 search of Enterobase [http://enterobase.warwick.ac.uk/species/index/
ecoli ]) (31). In silico analysis of 933 aligned icd allele sequences from Enterobase identified a distinctive
icd-200-specific single-nucleotide polymorphism (SNP) (G¡A) at bp 551 of the whole gene. The novel
forward primer 1193icdF.21 (5=-ATTCCTGCGTGAAGAGATGGA-3=) was designed with this SNP at the 3=
end. The combination of this novel primer with the published reverse primer icdgpVII.r (5=-CAATTAAA
TCAGCCGCTTCG-3=), which is specific for the STc14-associated clonal subset VII within phylogroup B2
(23), yielded a unique icd-200-specific primer pair that produced a 600-bp PCR amplicon with ST1193
control strains.

The distinctive fimH allele that characterizes ST1193 is fimH64 (32). In silico analysis of a 448-allele
fimH library (27) identified two SNPs (bp 80, C¡T; bp 311, C¡T) that occur jointly only in fimH64.
Incorporation of these two SNPs into the respective 3= ends of novel primers, i.e., forward primer
fimH64F.18 (5=-TGTAAACCTTGCGCCCGT-3=) and reverse primer fimH64R (5=-TCAAATAAAGCGCCACCA-
3=), yielded a novel fimH64-specific primer pair that produced a 266-bp amplicon with ST1193-fimH64
control strains.

fumC, a housekeeping gene used in MLST, was added as an internal amplification and species control
by using published primers (fumC for, 5=-TCACAGGTCGCCAGCGCTTC-3=, and fumC rev, 5=-GTACGCAGC
GAAAAAGATTC-3=) (26), which gave an 802-bp amplicon. After multiplex PCR, gel electrophoresis
separates this amplicon well from the amplicons for icd-200 (600 bp) and fimH64 (266 bp).

After empirical optimization of PCR conditions and screening of multiple primer pairs with different
calculated annealing temperatures, the best-performing primer combination and conditions were used
in a single multiplex reaction for validation experiments. For each PCR, 1.6 �l sample DNA was combined
with 15 �l of the following amplification master mix: 0.75 U GoTaq hot start polymerase (Promega), 1�
GoTaq Flexi Buffer (Promega), 2.5 mM MgCl2, 0.8 mM deoxynucleoside triphosphates (dNTPs), 16 pmol
per icd-200 primer, 7 pmol per fimH64 primer, 0.85 pmol per fumC control primer, and H2O to 15 �l. The
cycling conditions were as follows: denaturation at 95°C for 2 min, 30 amplification cycles of 94°C for 20 s
and 66°C for 1 min, extension at 72°C for 2 min, and then holding at 12°C.

A nonblinded operator did assay validation experiments in duplicate using 10 positive- and 150
negative-control strains. The negative controls represented 71 STs other than ST1193, distributed by E.
coli phylogroup as follows: A (15 STs, 28 isolates), B1 (13 STs, 17 isolates), B2 (20 STs, 67 isolates, including
3 non-1193 STs from STc14), C (3 STs, 8 isolates), D (12 STs, 13 isolates), E (3 STs, 4 isolates), and F (5 STs,
13 isolates). The control strains for which fimH sequence was known represented 45 fimH alleles other
than fimH64.

Antimicrobial susceptibility testing. For the MVAMC clinical isolates, broth microdilution sus-
ceptibility results (from a bioMérieux Vitek instrument) were available from the MVAMC clinical
laboratory for 12 antibiotics, i.e., ampicillin, ampicillin-sulbactam, cefazolin, ceftazidime, ceftriaxone,
ciprofloxacin, ertapenem, imipenem, gentamicin, nitrofurantoin, piperacillin-tazobactam, and trimethoprim-
sulfamethoxazole. For a subset of these isolates and selected others, susceptibility to 20 antibiotics was
determined by a standardized disk diffusion method, using Clinical and Laboratory Standards Institute-
approved procedures, reference strains, and interpretive criteria (33). Drugs included the 12 mentioned
above plus an additional 8 drugs, i.e., amikacin, aztreonam, chloramphenicol, nalidixic acid, piperacillin,
streptomycin, tetracycline, and trimethoprim. Intermediate isolates were analyzed as resistant.
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Statistical methods. Comparisons of proportions were tested using a two-tailed Fisher’s exact
test or a chi-squared test, as appropriate. A chi-squared test for linear trend (http://epitools.ausvet.com
.au/content.php?page�trend) was used to assess for prevalence shifts over time. Prevalence curve
segments for statistical comparison were selected based on inspection of the curves for seeming
inflection points. Differences in slope between adjacent segments of the prevalence curves were
assessed for statistical significance by using a logistic regression model that included three variables as
predictors of resistance prevalence: time, curve segment, and their interaction term (which reflected the
slope change between segments). Two-group comparisons involving host age were tested using a
two-tailed t test. The criterion for statistical significance was a P value of �0.05.

RESULTS
Validation of the ST1193-H64 PCR assay. The novel multiplex PCR assay for

ST1193-H64 exhibited 100% sensitivity (95% confidence interval [CI], 69% to 100%) with
the 10 ST1193 positive-control isolates, all of which yielded both expected ST1193-
specific bands (for icd200 and fimH64), and 100% specificity (95% CI, 98% to 100%) with
150 non-ST1193 negative-control isolates, none of which yielded either ST1193-specific
band. The assay’s fumC internal-control band appeared with all 160 validation set
isolates, whether ST1193 or non-ST1193, except ECOR strain 6 (ST77, phylogroup A).
The assay confirmed all FQ-R ST1193 isolates identified in this study (as described
below) as ST1193-H64 (not shown).

Emergence of E. coli ST1193-H64 as an FQ-R pathogen at MVAMC. Longitudinal
surveillance of MVAMC E. coli clinical isolates (October 2010 to November 2018:
n � 6,569) showed a statistically significant overall prevalence decline for both the FQ-R
subset and its main clonal component, ST131-H30R (for both, P � 0.001 for linear trend)
(Fig. 1A). In contrast, ST1193-H64 (as identified by screening all non-ST131 FQ-R group
B2 isolates for nine group B2 subtypes and then all STc14 isolates for ST1193-H64)
appeared first in 2013 and rose rapidly in prevalence (P � 0.001 for linear trend). The
prevalence of ST1193-H64 peaked in 2016, both among E. coli isolates overall (4.8%)
and within the FQ-R subset (16.6%). These peaks were followed by statistically signif-
icant downward slope deflections (P � 0.001 for each), with downward-trending
(overall) or stable (within the FQ-R subset) prevalences in 2017 and 2018 (slopes not
significantly different from zero).

Emergence of ST1193-H64 as a gut commensal at MVAMC (2014 to 2018).
Prospective fecal surveillance of MVAMC patient volunteers and their human house-
hold members (May 2014 to November 2018: 1,459 total subjects) identified prevalence
trends for colonization with FQ-R E. coli, ST131-H30, and ST1193-H64 that largely
paralleled those observed among MVAMC clinical isolates (Fig. 1B). Specifically, for both
FQ-R E. coli and ST131-H30, the prevalence curves trended downward after 2015,
although not statistically significantly so. In contrast, for ST1193-H64, overall prevalence
rose nearly 5-fold from 2014 through 2017, i.e., from 0.7% to 3.3% (P � 0.03 for linear
trend), and fractional prevalence within the FQ-R subset rose over 4-fold, from 8.3%
(2014) to 26.3% (2017) (P � 0.016 for linear trend). Thereafter, in 2017, both prevalence
curves deflected significantly downward (for change in slope, overall, P � 0.015; within
the FQ-R subset, P � 0.008), leading to borderline significantly negative slopes from
2017 to 2018 (overall, P � 0.09; within the FQ-R subset, P � 0.06).

The MVAMV-based household fecal surveillance also involved 150 pets, mainly dogs
(Table 1). Colonization with FQ-R E. coli was significantly less common among pets than
among humans and among pets was limited to dogs and involved only ST1193-H64
and other non-ST131-H30 FQ-R strains.

Host age. For MVAMC clinical isolates, the mean source patient age was 4.4 years
higher in association with FQ-R isolates than with FQ-S isolates (71.7 versus 67.3 years;
P � 0.001) but, for FQ-R isolates, was similar for ST1193-H64 and ST131-H30R isolates
(71.0 versus 71.7 years). Similarly, for human fecal swab donors, the mean subject age
was 6.0 years higher among those with FQ-R E. coli versus those with FQ-S E. coli only,
non-E. coli, or no growth (68.9 versus 62.9 years: P � 0.001) but, among those with FQ-R
E. coli, was similar for those with ST1193-H64 versus ST131-H30R (70.1 versus
68.4 years).
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Historical survey. For comparison with the MVAMC clinical isolates, we screened for
ST1193-H64 within three relevant historical E. coli collections (two from 2011 and one
from 2013) (Table 2). First, among 472 isolates collected systematically in 2011 from 22
nationally distributed VAMCs, ST1193-H64 accounted for 4 (1.7%) of 236 consecutive
FQ-R isolates versus 0% of 236 concurrent FQ-S isolates (P � 0.12). Adjustment for the
mean prevalence of FQ-R E. coli at the participating VAMCs (29%) yielded an estimated
overall ST1193-H64 prevalence of 0.5%. The four identified ST1193-H64 isolates were
derived from widely separated VAMCs in San Diego, CA (n � 2); Salt Lake City, UT

FIG 1 Prevalence of FQ-R E. coli variants among clinical isolates and human volunteers. (A) Clinical
isolates (6,569) at the MVAMC. (B) Fecal surveillance subjects (MVAMC veterans and their household
members). H30R, prevalence of the ST131-H30R subclone; ST1193, prevalence of ST1193-H64; ST1193/
FQ-R, prevalence of ST1194-H64 among FQ-R E. coli clinical isolates (A) or FQ-R E. coli-colonized subjects
(B). P values not preceded by Δ are for the respective curve or curve segment’s fit to a chi-squared test
for linear trend; those preceded by Δ are for the change in slope at the inflection point, according to
multivariable logistic regression analysis. The vertical lines mark inflection points used to define curve
segment boundaries (i.e., ST1193 and ST1193/FQ-R) for analyses of segmental slope and change in slope.
Curves without a vertical line (i.e., FQ-R and H30R) were analyzed in total. P values are shown where P
is less than 0.10. NS, nonsignificant (P � 0.10). Numbers of isolates (top) or subjects (bottom) per year are
shown below the x axis.
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(n � 1); and Miami, FL (n � 1). Second, among 299 consecutive clinical isolates collected
concurrently in 2011 from clinical laboratories in Olmsted County, MN, ST1193-H64
accounted for 0.7% of isolates overall (n � 2), including 2.3% of 88 FQ-R isolates, versus
0% of 211 FQ-S isolates (P � 0.09). Third, among 233 consecutive clinical isolates
collected 2 years later (2013) at the UMMC, ST1193-H64 accounted for 1.7% of
isolates overall (n � 4), including 6% of 65 FQ-R isolates, versus 0% of 168 FQ-S
isolates (P � 0.006).

In the three collections combined, ST1193-H64 was significantly more prevalent
among FQ-R isolates than FQ-S isolates (10/389 [2.6%] versus 0/615 [0%]: P � 0.001)
and among FQ-R isolates was significantly more prevalent in 2013 (4/65 [6%]) than
in 2011 (6/324 [2%]: P � 0.045). In contrast, for the MVAMC clinical isolates, none of
312 total FQ-R isolates from either 2010 and 2011 (n � 120) or 2012 (n � 192) were
ST1193-H64 (Fig. 1A), a significant difference versus the above-mentioned 2011 non-
MVAMC isolates (P � 0.03).

Pulsotypes. According to XbaI PFGE analysis, the present 95 ST1193-H64 isolates,
plus 26 historical ST1193-H64 isolates from humans and dogs in Australia (2008),
represented 13 total pulsotypes (94% profile similarity level) (Table 3; see Fig. S1 in the
supplemental material). Three major pulsotypes (1297, 1298, and 2123) accounted for
14% to 45% of the isolates each (collectively, 78% of the isolates); the remaining 10
pulsotypes accounted for �7% of the isolates each.

TABLE 1 Prevalence of colonization with FQ-R E. coli in relation to host group among
veterans and their human household members and pets

Host group
No. of subjects
with samples

No. (% within row) of subjects
with specific culture result

FQ-R E. coli ST131-H30R ST1193

Human
Total 1,459 181 (11.8)a,b,c 93 (6.0)d,e,f 28 (2.1)g

Veterans 924 115 (11.8) 62 (6.0) 20 (2.5)
Household members 535 66 (11.9) 31 (6.0) 8 (1.5)

Animals
Total 150 4 (2.5)a 0 (0)d 1 (0.6)g

Dogs 93 4 (4.4)b 0 (0)e 1 (1.1)g

Other animals 57 0 (0)c 0 (0)f 0 (0)g

aHumans versus all animals, P � 0.001.
bHumans versus dogs, P � 0.02.
cHumans versus other animals, P � 0.005.
dHumans versus all animals, P � 0.001.
eHumans versus dogs, P � 0.01.
fHumans versus other animals, P � 0.049.
gHumans versus other groups, all comparisons, P � 0.05.

TABLE 2 Prevalence of ST1193 within collections of clinical E. coli isolates from multiple centers in 2011 and 2013

Population Location Yr

Total
no. of
isolates

ST1193 [no.
(% of total)]

FQ-R isolates FQ-S isolates
P value,
ST1193 in
FQ-R vs. FQ-S

No.
(% of total)

ST1193, no.
(% of FQ-R)

No.
(% of total)

ST1193, no.
(% of FQ-S)

Veterans 24 VAMCs 2011 472 4 (0.5a) 236 (29a) 4 (1.7) 236 (71a) 0 (0) 0.12

General Olmsted County, MNb 2011 299 2 (0.7) 88 (29) 2 (2.3) 211 (71) 0 (0) 0.09
Minneapolis, MNc 2013 233 4 (1.7) 65 (28) 4 (6) 168 (72) 0 (0) 0.006

Any of the above All of the above 2011–2013 1,004 NAd 389 (NA) 10 (2.6) 615 (NA) 0 (0) �0.001
aBecause the analyzed VAMC isolates were selected artificially to be 50% FQ-R and 50% FQ-S, the true total prevalence of ST1193 among VAMC isolates was
estimated by adjusting the observed prevalence within the FQ-R and FQ-S subsets by the prevalence of those subsets at the contributing VAMCs, which is shown
here as “% of total” for FQ-R and FQ-S isolates.

bOlmsted County Medical Center and Mayo Clinic, Rochester, MN.
cUniversity of Minnesota Medical Center (East Bank facility, West Bank facility, and Children’s Hospital).
dNA, percentage was not applicable (due to deliberate selection of FQ-R and FQ-S isolates for the VAMC collection).
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Two of the major pulsotypes were significantly distributed geographically: pulso-
type 2123 was associated with U.S. isolates and pulsotype 1298 with Australian isolates
(Table 3). Furthermore, among the U.S. clinical isolates, pulsotype 2123 was distributed
temporally, accounting for only 4% (1/28) of isolates before the 4th quarter of 2015 but
for 53% (18/34) of isolates thereafter (P � 0.001) (data not shown). The MVAMC fecal
isolates exhibited a similar but statistically nonsignificant trend (not shown). In contrast,
the various pulsotypes were distributed indifferently by clinical versus fecal origin and
host species (Table 3).

In comparison, the 21 remaining STc14 isolates from these collections were more
diverse by PFGE, representing 14 total pulsotypes, each accounting for only 1 to 4 (5%
to 19%) isolates (see Fig. S2 in the supplemental material). In the similarity dendrogram,
12 of 13 ST1193-H64-associated index profiles (i.e., all but pulsotype 2123) clustered
together, separately from the other profiles (see Fig. S2).

Antimicrobial resistance and lactose fermentation. Overall, the ST1193-H64 iso-
lates were extensively antimicrobial resistant, exhibiting a �50% resistance prevalence
for 9 of 20 tested agents (ampicillin, piperacillin, cephalothin, streptomycin, trim-
ethoprim, trimethoprim-sulfamethoxazole, nalidixic acid, ciprofloxacin, and tetracy-
cline) (Table 4). Within STc14, compared with other STc14 isolates, the ST1193-H64
isolates had a significantly higher resistance prevalence for nine agents (gentamicin
plus all of the above-mentioned agents except trimethoprim-sulfamethoxazole) and a
significantly lower prevalence for none. They also were nearly all (99%) lactose negative
versus only 41% of the other STc14 isolates (P � 0.001).

Within ST1193-H64, the three main pulsotypes differed significantly from one
another for resistance prevalences to 10 of the 20 tested agents (Table 4). Pulsotype
1297 had the lowest resistance prevalence for nine agents (i.e., all but gentamicin),
whereas pulsotype 1298 had the highest resistance prevalence for four agents (peni-
cillin, piperacillin, cefazolin, and gentamicin), and pulsotype 2123 had the highest
resistance prevalence for five agents (ampicillin-sulbactam, streptomycin, trim-
ethoprim, trimethoprim-sulfamethoxazole, and tetracycline).

Virulence genotype. Overall, the ST1193-H64 isolates exhibited extensive virulence
gene profiles, including a �85% prevalence for 14 genes: adhesins (papA [F10 allele],
iha, fimH, and yfcV), toxins (sat and vat), siderophores (fyuA, iutA, and chuA), protectins
(kpsM II and rfb [O75 variant]), and miscellaneous traits (usp, ompT, and malX) (see Table
S1 in the supplemental material). Within STc14, non-ST1193 and ST1193-H64 isolates
differed significantly in the prevalences of 16 genes: ST1193-H64 isolates had a higher

TABLE 3 Distribution of pulsotypes by locale and source among 133 isolates of E. coli ST1193

Pulsotypea

No. of isolates

Total
(n � 133)

United States

Australian
clinicalc

Fecalb MVAMC,
2014–2018 Clinicalb,c

Human
(n � 28)

Dog
(n � 1)

MVAMC,
2010–2018
(n � 68)

24 VAMCs,
2011
(n � 4)

Olmsted County, MN,
2011
(n � 2)

UMMC,
2013
(n � 4)

Human,
2008
(n � 24)

Dog,
2008
(n � 2)

1297 56 14 1 26 2 2 3 8 0
2123 29 6 0 23 0 0 0 0 0
1298 18 1 0 2 0 0 0 14 1
2361 10 3 0 5 0 0 1 0 1
2359 4 2 0 1 0 0 0 1 0
2364 4 2 0 2 0 0 0 0 0
2362 3 0 0 2 1 0 0 0 0
2365 3 0 0 2 1 0 0 0 0
aOf 13 total ST1193 pulsotypes, 8 (shown in the table) accounted for �3 isolates each (127 total isolates; 95% of 133). The remaining 5 ST1193 pulsotypes accounted
for either 2 isolates (pulsotype 2366; 2 MVAMC clinical isolates) or 1 isolate (3 MVAMC clinical isolates, 1 Australian human isolate) each.

bAmong U.S. isolates, all prevalence comparisons between fecal and clinical isolates for individual pulsotypes, P � 0.50 (Fisher’s exact test).
cAmong clinical isolates, the U.S. and Australian isolates differed significantly for the prevalence of pulsotypes 2123 (23/68 [28%] [United States] versus 0/26 [0%]
[Australian]; P � 0.001) and 1298 (2/68 [3.0%] [United States] versus 15/26 [58%] [Australian]; P � 0.001). For all other pulsotypes, P was �0.05.
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prevalence of 4 (F10 papA allele, sat, K1, and O75 rfb variant) and a lower prevalence
of the other 12. In contrast, within ST1193-H64, the virulence gene profiles of the three
main pulsotypes differed significantly only for the prevalence of capsule variants K1
(100%, pulsotypes 1297 and 2123; 0%, pulsotype 1298: P � 0.001) and K5 (100%,
pulsotype 1298; 0%, pulsotypes 1297 and 2123: P � 0.001).

DISCUSSION

Our longitudinal and cross-sectional survey for ST1193-H64 within multiple collec-
tions of clinical and fecal E. coli isolates (from Minnesota, national VAMCs, and Australia)
and our characterization of the resulting isolates support five main conclusions. First, at
MVAMC, ST1193-H64 emerged rapidly as an FQ-R pathogen beginning in 2013, signif-
icantly later than at VAMCs nationally or at other Minnesota centers, but appears now
to have plateaued. Second, the prevalence of fecal colonization with ST1193-H64
among MVAMC patients and their household members has largely paralleled clinical
prevalence, consistent with the fecal reservoir (and, possibly, within-household trans-
mission) driving clinical emergence, as also supported by the similarity of clinical and
fecal ST1193-H64 isolates. Third, ST1193-H64 appears more extensively antimicrobial
resistant than other STc14 isolates, conceivably contributing to its emergence. In
contrast, it has similarly or less extensive virulence gene profiles, which nonetheless
uniquely include the K1 capsule variant, another possible contributor to clonal emer-
gence by enhancing fitness in the clinical (21, 34) and possibly the commensal (35)
niches. Fourth, ST1193-H64 exhibits three main PFGE subtypes, which segregate geo-

TABLE 4 Antimicrobial resistance of E. coli isolates of ST1193-H64, its main pulsotypes (PFGEs), and other STc14 STs

Antimicrobial
agenta

Prevalence of resistance by
ST1193-H64 status within STc14
(% within column)

2-Group
P valued

Prevalence of resistance by pulsotype within
ST1193-H64 (% within column)

3-Group
P valued

Other STc14
isolates (n � 29)

ST1193-H64
(n � 117b or 77c)

PFGE 1297
(n � 55b or 31c)

PFGE 1298
(n � 17b or 16c)

PFGE 2123
(n � 23b or 9c)

Penicillin
AMP 56 83 0.01 71f 100e 96 0.004
SAM 45 33 0.28 29 24 57f 0.04
PRL 52 79 0.008 61f 100e 89 0.008

Cephalosporin
KZ 21 56 0.001 40g 94g 39 <0.001

Aminoglycoside
GEN 0 21 0.004 11f 77g 0f <0.001
STR 21 81 <0.001 65f 88 100 0.04
AMK 0 7 0.32 0 19 0 0.02

Folate inhibitor
TMP 3 68 <0.001 58 88 100e 0.007
SXT 45 63 0.09 49f 82 93g <0.001

Quinolone
NA 10 99 <0.001 100 100 89 0.07
CIP 0 100 <0.001 100 100 100 1.0

Tetracycline
TE 10 61 <0.001 42f 88e 100f <0.001

aAMK, amikacin; AMP, ampicillin; CIP, ciprofloxacin; GEN, gentamicin; KZ, cefazolin; NA, nalidixic acid; PRL, piperacillin; SAM, ampicillin-sulbactam; STR, streptomycin;
SXT, trimethoprim-sulfamethoxazole; TE, tetracycline; TMP, trimethoprim. The antimicrobial classes and agents shown are those for which resistance was significantly
clonally distributed. Additional studied agents, for which resistance was not significantly clonally distributed, included (range of resistance prevalence by clonal
subset) piperacillin-tazobactam (TZP) (0% to 22%), ceftriaxone (CRO) (0% to 18%), ceftazidime (CAZ) (0% to 6%), ertapenem (ETP) (0% to 1%), imipenem (IMP) (0% to
3%), aztreonam (ATM) (0% to 10%), nitrofurantoin (NF) (0% to 12%), and chloramphenicol (C) (0% to 13%).

bA larger set of ST1193-H64 isolates was tested against only AMP, CAZ, CRO, ETP, GEN, IMP, KZ, NF, SAM, and SXT.
cA smaller set of ST1193-H64 isolates was also tested against AMK, ATM, C, NA, PRL, STR, TE, TMP, and TZP.
dTwo-group P values (by Fisher’s exact test, two-tailed) and 3-group P values (by 3-group Pearson �2) are shown in boldface; P � 0.05.
eP � 0.05 (Fisher’s exact test, two-tailed) for comparisons of each pulsotype versus all other ST1193 isolates.
fP � 0.01 (Fisher’s exact test, two-tailed) for comparisons of each pulsotype versus all other ST1193 isolates.
gP � 0.001 (Fisher’s exact test, two-tailed) for comparisons of each pulsotype versus all other ST1193 isolates.
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graphically and temporally and correspond to resistance profiles and capsular types.
Fifth, our novel ST1193-H64 PCR-based assay was simple and accurate and so should
facilitate the molecular epidemiological studies needed to further assess the preva-
lence, ecology, and clinical significance of ST1193-H64.

Regarding clonal emergence, several recent reports have documented ST1193-H64
as an emerging contributor to the FQ-R E. coli population (7–13), usually second only
to ST131-H30, which in contrast emerged globally beginning nearly 2 decades ago (6,
24, 36–40). Our findings suggest a staggered timing for the emergence of ST1193-H64
at different centers, with historical isolates from Australia dating to 2008; a low
prevalence in 2011 in Olmsted County, MN, and at VAMCs nationally in the United
States; and a later appearance at MVAMC (2013), followed by a rapid rise and then a
plateau and even a possible decline (fecal colonization).

The basis for such clonal prevalence fluctuations is largely unknown, although shifts
in population level antibiotic use may contribute. Local clonal emergence, followed by
decline, has been documented for other prominent multiresistant E. coli clones, includ-
ing “clonal group A” (ST69) (41) and the O15:K52:H1 clonal group (STc31) (42). Our
longitudinal data from MVAMC provide what, to our knowledge, is the first evidence in
any locale of a statistically significant prevalence decline for either ST131-H30 or
ST1193-H64. Whether these recent trends at MVAMC also apply to other locales and
populations, and whether they will continue even at MVAMC, will be important to
determine for public health, infection prevention, and rapid diagnostics purposes. The
needed studies can now be done readily by using our novel PCR-based ST1193-H64
assay.

We identified at MVAMC a substantial fecal reservoir of ST1193-H64, which exhibited
prevalence trends largely paralleling those seen among clinical isolates. These parallel
clinical-versus-fecal temporal trends and the extensive similarity of ST1193-H64 fecal
and clinical isolates support the notions that the fecal reservoir gives rise to clinical
isolates (14, 43, 44) and that prevalence changes within the fecal reservoir may drive
clinical prevalence (45–47). As such, identification of host factors that favor colonization
and infection with specific organisms may help in understanding and mitigating clonal
emergence.

In that regard, host age, although greater in association with FQ-R than with FQ-S
isolates, did not differ between the two principal FQ-R subsets, ST1193-H64 and
ST131-H30R. This conflicts with a recent study involving mainly non-VAMC clinical
isolates in which source hosts were significantly younger for ST1193-H64 than for
ST131-H30R (8), possibly due to population differences, as MVAMC patients are mainly
elderly men with multiple comorbidities (16).

Identification of ST1193-H64 among canine clinical and fecal isolates suggests that
dogs participate in the ecology of ST1193, possibly contributing to dissemination (7).
Dogs are unlikely to be the primary reservoir, however, given the significant prevalence
gradient from humans to dogs. Bidirectional transmission is likely, potentially making
ST1193-H64 infection both a zoonosis and an anthroponosis.

Against the background of overall genetic homogeneity within ST1193-H64 across
locales, sources, and hosts, we observed subtle molecular variation, some of which
segregated geographically and/or temporally, e.g., the associations of pulsotype 1298
with K5 capsule and Australian isolates from 2008 and of pulsotype 2123 with K1
capsule and recent isolates from the United States. Likewise, among recent U.S. isolates,
resistance profiles differed between the three main ST1193-H64 pulsotypes, with
emergent pulsotype 2123 exhibiting the highest resistance prevalence for the most
drugs, including (widely used) trimethoprim-sulfamethoxazole, which together with
this pulsotype’s K1 capsule might have favored its epidemiologic success.

Our findings indicate a need for more extensive molecular epidemiological surveys
and phylogenomic analyses of ST1193-H64. Such studies ideally would include isolates
from diverse geographic locations, ecological contexts, hosts, and time periods; would
incorporate epidemiological data regarding host characteristics and exposures; and
would use whole-genome sequencing to more definitively resolve clonal sublineages
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and their accessory traits, as has been done for ST131-H30R (37–40, 48) and, prelimi-
narily, ST1193-H64 and STc14 (49). Notably, within ST131-H30R, certain important
subclones are associated with distinctive geographic locations and ESBL variants (37,
50, 51); whether this also occurs within ST1193-H64 awaits assessment.

The needed studies should be facilitated by our novel ST1193-H64 PCR assay, which
was highly sensitive and specific. The assay detects both ST1193 per se and its
distinctive fimH64 allele; this doubly confirms ST1193 status and screens for possible
new molecular variants at either locus. Currently, fimH64 is the only fimH allele known
to be associated with ST1193 (8), making its detection seemingly redundant. If, how-
ever, new ST1193 sublineages should emerge that carry alternate fimH alleles, as has
occurred within ST131 (36), the fimH64 allele may acquire sub-ST taxonomic signifi-
cance analogous to that of ST131’s fimH30 allele (27, 48).

Both lactose negativity and type O75 proved to be highly sensitive markers for
ST1193-H64 but are known to lack specificity. That is, multiple other E. coli lineages are
lactose negative, including ST648 (52), certain O78:H10 strains within ST10 (53), certain
O15:K52:H1 strains within STc31 (54), and (as shown here) many non-ST1193 STc14
strains. Likewise, most non-ST1193 STc14 isolates are type O75. An important implica-
tion of ST1193-H64’s lactose negativity is that reliance on the lactose phenotype to
identify E. coli will predictably create bias against detection of ST1193-H64.

Study limitations include the scant clinical and epidemiological data, focus on
veterans and their household members, narrow geographical scope, post hoc (oppor-
tunistic) selection of time points for trend analyses, and absence of whole-genome
data. Study strengths include the large sample size, inclusion of both fecal and clinical
isolates from multiple institutions and diverse locales from 2008 through November
2018, longitudinal analysis of prevalence trends, extensive molecular and phenotypic
typing, and development and validation of a novel ST1193-H64 PCR assay, which
should facilitate future epidemiologic analyses.

In summary, we documented recent rise-and-fall prevalence trends for ST1193-H64
among clinical and fecal isolates from the MVAMC, detected ST1193-H64 at multiple
other VAMCs and non-VA centers in diverse U.S. locales, showed genomic commonality
between these isolates and archival Australian ST1193-H64 isolates, and identified
differences in resistance and virulence gene profiles between ST1193-H64 and other
STc14 isolates—and between the main ST1193-H64 pulsotypes—that might underlie
clonal expansion and be clinically relevant. We also devised and extensively validated
a rapid and simple multiplex PCR assay for ST1193-H64. Our findings suggest a need for
additional studies of the molecular epidemiology, prevalence trends, and ecology of
ST1193-H64, which our novel PCR assay should facilitate.
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