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ABSTRACT Escherichia coli is responsible for more than 80% of all incidences of urinary
tract infections (UTIs). We assessed a total of 636 cases of patients with E. coli UTls occur-
ring in June 2019 in eight tertiary hospitals in South Korea for the traits of patients with
E. coli UTls, UTl-causative E. coli isolates, and risk factors associated with bloodstream
infections (BSls) secondary to UTls. Antimicrobial susceptibility testing was conducted
using the disc diffusion method, and the genes for extended-spectrum beta-lactamases
(ESBLs) and plasmid-mediated ampC genes were screened by using PCR and sequencing.
Multilocus sequence typing and virulence pheno-/genotyping were carried out. A total of
49 cases developed BSlIs. The E. coli urine isolates primarily comprised sequence type 131
(ST131) (30.0%), followed by ST1193, ST95, ST73, and ST69. Three-quarters of the ST131
H30Rx isolates possessed the blacy..1s-like gene, whereas 66% of H30R and 50% of H41
isolates possessed the bldy..4-like gene. All the ST1193 isolates showed biofilm forma-
tion ability, and three-quarters of the ST73 isolates exhibited hemolytic activity with high
proportions of papC, focG, and cnfl positivity. The prevalence of the ST131 H41 subline-
age and its abundant CTX-M possession among the E. coli urine isolates were noteworthy;
however, no specific STs were associated with bloodstream invasion. For BSls secondary
to UTls, the papC gene was likely identified as a UTl-causative E. coli-related risk factor
and urogenital cancer (odds ratio [OR], 12.328), indwelling catheter (OR, 3.218), and costo-
vertebral angle tenderness (OR, 2.779) were patient-related risk factors.

IMPORTANCE Approximately half of the BSls caused by E. coli are secondary to E. coli
UTls. Since the uropathogenic E. coli causing most of the UTls is genetically diverse,
understanding the risk factors in the E. coli urine isolates causing the BSI is impor-
tant for pathophysiology. Although the UTls are some of the most common bacterial
infectious diseases, and the BSIs secondary to the UTIs are commonly caused by
E. coli, the assessments to find the risk factors are mostly focused on the condition
of patients, not on the bacterial pathogens. Molecular epidemiology of the UTl-caus-
ative E. coli pathogens, together with the characterization of the E. coli urine isolates
associated with the BSI secondary to UTI, was carried out, suggesting treatment
options for the prevalent antimicrobial-resistant organisms.
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rinary tract infections (UTIs) are among the most common bacterial infections,

annually affecting 150 million patients globally (1). UTls are caused by both Gram-
negative and Gram-positive bacteria, as well as by certain fungi. Among these, the
most common UTl-causing agent is uropathogenic Escherichia coli (UPEC), accounting
for approximately 80% of UTI cases (2). UPEC isolates are often clonal with the globally
prevalent sequence types (STs), including ST131, ST69, ST73, and ST95 (3). The patho-
genesis of UTls by UPEC involves (i) bacterial colonization of the periurethral area and
the urethra, (i) ascending bacterial infection of the bladder, (iii) bacterial adhesion to
the surface and interaction with the bladder, (iv) bacterial invasion and replication by
formation of an intracellular biofilm and residence in the underlying urothelium, and
(v) kidney colonization and host tissue damage with increased risk of a bloodstream
infection (BSI) secondary to the UTI (1). The secondary BSls, which are defined as an
infection developed from a detectable infection as a source of the bacteremia, are
linked with consequences of high morbidity/mortality, lengthened hospital stay, and
associated costs (4).

Known bacterial pathogen-related risk factors involved in BSIs secondary to the UTI
are adhesins, toxins, surface polysaccharides, flagella, and iron acquisition systems,
which are associated with any of the pathogenesis steps (2, 5). Therefore, many efforts
are made to further develop targeted antivirulence drugs and to devise effective strat-
egies, such as combination therapy, to treat the infections (6). Antimicrobial resistance,
which often leads to a treatment failure through limited therapeutic options for the
patients with UTlIs, is another risk factor for secondary BSls (7). The patient-related risk
factors, which were assessed for unrestricted infection-causative bacterial species,
were age, male sex, indwelling urethral catheter, underlying diseases such as diabetes
mellitus and malignancy, and the length of hospitalizations (8-11).

The aim of the study was to investigate the clonal diversity, antimicrobial resistance,
virulence pheno- and genotypes of E. coli urine isolates, and the pathogen- and
patient-associated factors leading to BSIs secondary to UTI by analyzing E. coli clinical
isolates retrieved from deduplicated UTI cases which occurred in eight tertiary care
hospitals in a month. In addition, possible treatment options for UTls caused by CTX-
M-type extended-spectrum beta-lactamase (ESBL)-producing E. coli were proposed
through in vitro synergy testing of cephalosporin and aminoglycoside drugs.

RESULTS

Characteristics of enrolled patients with UTIs. A total of 636 E. coli UTI cases
occurring in a month was gathered from eight sentinel hospitals. The median value of
the E. coli UTI cases per hospital was 88.5 (30 to 121 by hospital). Of the total patients
with E. coli UTI, 72.7% (464/636) were female and 48.4% (308/636) were elderly patients
(>65 years). Over four-fifths of the UTls (85.7%, 547/636) were infections of community
origin (CO) (Table 1). Mortality of the patient was observed in 4 cases by 30 days and 6
cases by 90 days after the UTI onset; moreover, 49 of the 636 UTI cases (7.7%) devel-
oped secondary BSls, with 5 to 12 cases per hospital.

Diabetes mellitus was dominant (17.6%, 112/636) among underlying diseases of the
patients with UTIs, followed by chronic renal diseases (8.2%, 52/636) (Table 1). Urogenital
cancer, i.e, kidney and/or bladder cancer, was a risk factor for the BSI secondary to UTI with
an odds ratio (OR) of 12.328 (95% confidence interval [CI], 0.876 to 173.481; P = 0.032). UTI
patients with an indwelling catheter (OR, 3.218; 95% Cl, 1.600 to 6.288; P = 0.001) and costo-
vertebral angle (CVA) tenderness (OR, 2.779; 95% Cl, 0.892 to 7.351; P = 0.039) were patient-
associated risk factors with the BSls secondary to UTI, whereas dysuria (OR, 0.118; 95% Cl,
0.003 to 0.711; P = 0.009) was instead a protective factor. Among the lab data, numbers of
white blood cells (WBC) and platelets and the levels of hemoglobin and bilirubin, which
were out of normal ranges, were possible signs for the BSIs secondary to UTI.
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TABLE 1 Characteristics of the enrolled patients with Escherichia coli UTI®

Microbiology Spectrum

Total sBSI° Other¢
(n =636) (n=49) (n=587)
Characteristic No. % No. % No. % OR 95% Cl P value
Demography
Inpatients 313 49.2 37 75.5 276 47.0 3.468 1.727-7.456 <0.001
co 545 85.7 40 81.6 420 71.6 0.709 0.320-1.740 0.390
Female 462 726 36 735 426 72.6 1.047 0.526-2.208 1.000
Old age (>65 yr) 308 48.4 41 83.7 267 45.5 6.126 2.773-15.397 <0.001
90-day mortality 6 0.9 5 10.2 1 0.2 2.420 0.050-22.263 0.383
Underlying diseases
Diabetes mellitus 112 17.6 12 24.5 100 17.0 1.578 0.723-3.228 0.239
Chronic renal diseases 52 8.2 4 8.2 48 8.2 0.998 0.250-2.916 1.000
Other cancer 40 6.3 3 6.1 37 6.3 0.969 0.184-3.251 1.000
Urogenital cancer 4 0.6 2 4.1 2 0.3 12.328 0.876-173.481 0.032
Immunosuppression treatment 25 3.9 3 6.1 22 3.7 1.673 0.309-5.889 0.431
Symptom
Indwelling catheter 100 15.7 17 36.7 83 14.1 3.218 1.600-6.288 0.001
Dysuria 89 14.0 1 2.0 88 15.0 0.118 0.003-0.711 0.009
Frequency 72 1.3 5 10.2 67 11.4 0.882 0.264-2.330 1.000
Urgency 33 52 1 2.0 32 55 0.362 0.009-2.269 0.503
Flank pain 39 6.1 4 8.2 35 6.0 1.401 0.346-4.181 0.531
Fever 116 26.1 38 77.6 128 21.8 12.329 5.967-27.524 <0.001
CVA tenderness 34 5.3 6 12.2 28 4.8 2.779 0.892-7.351 0.039
Nausea 20 3.1 1 2.0 19 32 0.623 0.015-4.094 1.000
Vomiting 28 4.4 3 6.1 25 43 1.465 0.273-5.083 0.469
Lab data?
WBC 280 44.0 34 69.4 295 50.3 3.136 1.621-6.341 <0.001
Hemoglobin 335 52.7 40 81.6 295 50.3 4.391 2.050-10.482 <0.001
Platelets 146 23.0 19 38.8 127 21.6 2.29 1.177-4.366 0.012
Bilirubin 105 16.5 19 38.8 86 14.7 3.679 1.868-7.106 <0.001
CRP 29 4.6 4 8.2 25 43 1.995 0.484-6.147 0.270
Status
Abnormal mental status 23 3.6 7 14.3 16 2.7 5.917 1.948-16.253 <0.001
Mechanical ventilation 27 4.2 7 14.3 20 3.4 4.705 1.589-12.435 0.003
Empirical treatment
ES cephalosporins 277 43.6 23 46.9 254 433 1.159 0.616-2.169 0.654
Carbapenems 36 5.7 6 12.2 30 5.1 2.585 0.834-6.788 0.050
Fluoroquinolones 113 17.8 11 224 102 17.4 1.376 0.613-2.862 0.435
Aminoglycosides 14 2.2 1 2.0 13 2.2 0.92 0.021-6.378 1.000
Definitive treatment
ES cephalosporins 189 29.7 15 30.6 174 29.6 1.047 0.516-2.035 0.872
Carbapenems 82 129 16 32.7 66 11.2 3.816 1.856-7.593 <0.001
Fluoroquinolones 95 14.9 12 245 83 14.1 1.967 0.896-4.052 0.060
Aminoglycosides 13 2.0 3 6.1 10 1.7 3.750 0.641-15.256 0.071
Data for the causative E. coli isolate
MLST
ST131 191 30.0 21 42.9 170 29.0 1.838 0.963-3.460 0.051
ST131 H41 50 7.9 5 10.2 45 7.7 1.368 0.403-3.691 0.576
ST131 H30R 78 12.3 10 204 68 11.6 1.955 0.831-4.219 0.108
ST131 H30Rx 56 8.8 4 8.2 52 8.9 0.915 0.230-2.660 1.000
ST1193 90 14.2 5 10.2 85 14.5 0.671 0.202-1.758 0.525
ST95 63 9.9 6 12.2 57 9.7 1.297 0.432-3.246 0.616
ST73 55 8.6 5 10.2 50 8.5 1.220 0.361-3.271 0.602
ST69 50 7.9 7 143 43 7.3 2.105 0.753-5.119 0.094
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TABLE 1 (Continued)

Microbiology Spectrum

Total sBSI° Other¢
(n=636) (n=49) (n=587)
Characteristic No. % No. % No. % OR 95% Cl P value
Resistance type
MDR 138 21.7 6 12.2 132 225 0.481 0.164-1.170 0.106
XDR 291 45.8 26 53.1 265 451 1.373 0.734-2.583 0.300
Resistance to drugs
ES cephalosporins 239 37.6 23 46.9 216 36.8 1.518 0.806-2.845 0.169
Fluoroquinolones 294 46.2 25 51.0 269 458 1.231 0.658-2.309 0.552
Aminoglycosides 192 30.2 16 32.7 176 30.0 1.132 0.566-2.180 0.746
Beta-lactamases
Plasmid-mediated AmpC 9 1.4 1 2.0 8 1.4 1.507 0.033-11.641 0.516
All ESBLs 220 34.6 22 449 198 337 1.600 0.845-3.001 0.120
Group 1 CTX-M 84 13.2 10 204 74 12.6 1.776 0.758-3.818 0.126
Group 9 CTX-M 141 222 12 245 129 22.0 1.151 0.531-2.337 0.720
Virulence phenotype
Hemolysis 168 264 14 28.6 154 26.2 1.124 0.544-2.213 0.737
Biofilm formation 459 72.2 34 69.4 425 724 0.864 0.444-1.756 0.623
Virulence genotype
afaA 72 11.3 8 16.3 64 10.9 1.593 0.617-3.644 0.243
cnfl 166 26.1 15 30.6 151 257 1.273 0.626-2.481 0.498
hlyF 38 6.0 1 2.0 37 6.3 0.310 0.007-1.927 0.349
sat 292 45.9 28 57.1 264 45.0 1.630 0.870-3.095 0.104
papC 259 40.7 27 55.1 232 39.5 1.876 1.002-3.547 0.035
focG 56 8.8 4 8.2 52 8.9 0.915 0.230-2.660 1.000

9The odds ratio, the 95% Cl, and the P values were estimated by Fisher's exact tests. The factors with statistical significance (P < 0.05) are indicated in boldface. CO,
community-originating infections; CVA, costovertebral angle; WBC, white blood cells; CRP, C-reactive protein; ES, extended spectrum; Cl, confidence interval; OR, odds ratio.

bsBSI, the BSI cases secondary to UTls.
cOther than the BSI cases secondary to UTls.
9The cases with values out of the normal range of each type of data were taken into account.

Strain types of E. coli urine isolates. Among 83 different STs identified in the
study, ST131 (30.0%, 191/636) was the primary dominant ST, followed by ST1193
(14.1%, 90/636), ST95 (9.9%, 63/636), ST73 (8.6%, 55/636), ST69 (7.9%, 50/636), and
other STs consisting of fewer than 20 isolates. Of a total of 191 ST131 isolates of clonal
complex (CC) 131, 29.3% (n = 56), 40.8% (n = 78), and 26.2% (n = 50) were H30Rx,
H30R, and H41 subgroups, respectively, whereas the other subgroups including H30
(n=2),H22 (n=2),H38 (n = 1), H43 (n = 1), and H47 (n = 1) were found rarely.

CC14 (14.9%, 98/636), which was composed of ST1193 (n = 90), ST14 (n = 7), and
ST550 (n = 1), was the second most dominant CC, and CC38 (of ST38, ST5150, and
ST1177; n = 20), CC648 (of ST648 and ST624; n = 10), and CC10 (of ST10 and ST617;
n = 8) were next (Fig. 1).

Antimicrobial resistance characteristics of E. coli urine isolates. Among the E.
coli urine isolates, 21.7% (138/636) were multidrug resistant (MDR) and 45.8% (291/
636) were extensively drug resistant (XDR). Ampicillin and piperacillin resistance was
observed in 73.4% (467/636) and 68.7% (437/636) of the E. coli isolates, respectively.
Rates of resistance to cefotaxime, ceftazidime, and cefepime were 39.2% (249/636),
16.7% (106/636), and 34.7% (221/636), respectively, and that to cefoxitin was 8.5% (54/
636), whereas only one isolate was resistant to carbapenems. Ciprofloxacin resistance
was observed in 46.2% (294/636) of the isolates. Gentamicin and amikacin resistance
was observed in 29.9% (190/636) and 1.6% (10/636) of the isolates, respectively. One
isolate was resistant to tigecycline, and none were resistant to colistin.

Among the 249 cefotaxime-resistant isolates, 220 carried the blay.,, gene: 79 isolates
carried the blacy.1s-like gene, 136 isolates carried the blay.q4-like gene, and five iso-
lates carried both genes. Among the 54 cefoxitin-resistant isolates, 9 isolates possessed a
gene for plasmid-mediated AmpC, either the blap,,, (n = 4) or the blac,y., (n = 5) gene.

Virulence phenotypic and genotypic characteristics of E. coli urine isolates.
Hemolytic activities were observed in 26.4% (168/636) of the E. coli urine isolates, and the
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== Group 1 CTX-M ESBL-producer
== Group 9 CTX-M ESBL-producer 6998 o ‘
== Both groups of CTX-M ESBL-producer

== Susceptible to cephalosporins 3

FIG 1 Minimum spanning tree of the Escherichia coli urine isolates. The number in the center of each circle indicates the ST, the size of each circle
indicates the logarithmic number of isolates belonging to the ST, and the pie graph indicates the proportion of the blay.,s-like and the blacry y..4-like
genes possessed by the ST isolates. Clonal groups are indicated with colored outlines of each circle if available. The length of the branch represents the
number of allele differences between STs.

biofilm formation ability was found in 72.2% (459/636) of the isolates. Among the four adhe-
sion genes, the papC gene was the most abundant, identified in 40.7% (259/636) of the E.
coli isolates, followed by afa (11.3%, 72/636) and focG (8.8%, 56/636). Among the toxin
genes, the sat gene was the most abundant, identified in 45.9% (292/636) of the E. coli urine
isolates, followed by cnf1 (26.1%, 166/636) and hiyF (6.0%, 38/636).

Clonal traits. Clonal traits of the five dominant STs are presented in Table 2. The
prevalent ST131 presented higher-than-average rates of resistance to all tested drugs,
except cefoxitin. Approximately three-quarters of the ST131 isolates were XDR (74.9%,
143/192); the sublineages H30Rx (91.1%, 51/56) and H30R (80.8%, 63/78) had a higher
proportion of XDR isolates than that in the remaining lineages. ST131 H41 presented
high rates of XDR and MDR at 54.0% and 30.0% of the isolates, respectively. Of the
ST131 isolates, 27.7% (n = 53) and 41.9% (n = 80) possessed the blacry..15-like and the
blacry.m.14-like genes, respectively. The sublineage H30Rx isolates more frequently car-
ried the blacry.1s-like gene than the blacry.y.14-like gene (78.6% versus 16.1%), while
the sublineage H30R less frequently carried the blacry..1s-like gene than the blacry y.14-
like gene (9.0% versus 60.3%). As a notable clonal feature in the urine isolates, half of
the sublineage H41 isolates possessed the blacry..14-like gene (48.0%, 24/50). All the
plasmid-mediated ampC genes were identified in ST131 isolates. Of the 191 ST131 iso-
lates, all but two had biofilm-forming ability (99.0%, 189/191) and double the propor-
tion of the sublineage H30RXx isolates had hemolysis activity (53.6%, 30/56) compared
to that of the other ST131 sublineages. The virulence-associated genes, except focG
and hlyF, were more frequently identified in ST131 clones.

The second dominant clone, ST1193, presented a more proportional composition of
MDR (33.3%, 30/90) and XDR (52.2%, 47/90) phenotypes. None of the ST1193 isolates
presented hemolytic activity, whereas all were able to form biofilms. Fewer isolates car-
ried virulence genes except sat (86.7%, 78/90).
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TABLE 3 MICs and FIC indexes of cephalosporins with amikacin

MIC (zg/ml) (FIC index with amikacin)?

Identifier Isolate CTX-M ESBL gene Cefotaxime Ceftazidime Cefepime Amikacin
D546-14 DO019EC0546  bldcry 14 32(0.5) 1(23) 4(1) 4
E777-27  EO019EC0777  bldcry .y 2r 256 (0.3)  8(0.6) 8(0.6) 8
F434-15  FOO19EC0434  bldcry y1s 1,024 (0.3) 64 (0.6) 128(06) 8

9FIC indexes indicating synergistic effect are indicated in bold face.

The ST95 isolates were mostly identified from the CO infections (95.2%, 60/63), and
few isolates presented XDR phenotypes (4.8%, 3/63). Only one isolate belonging to
ST95 had the ability to form biofilms, and the highest proportion was observed for the
papC- (84.1%, 53/63) and hlyF-positive (23.8%, 15/63) isolates.

Of the fourth most identified ST73 isolates, more than three-quarters of the isolates
presented hemolytic activity (76.4%, 42/55), whereas 9.1% (5/55) of the isolates had
biofilm-forming ability. More than three-quarters of the isolates had either the papC
(76.4%, 42/55), focG (83.6%, 46/55), or cnf1 (80.0%, 44/55) gene.

Among the ST69 isolates, fewer isolates had hemolytic activity (8.0%, 4/50) and
more isolates had biofilm-forming ability (88.0%, 44/50).

In vitro synergistic activity of the extended-spectrum cephalosporin-amikacin
combination. As the rates of resistance to extended-spectrum cephalosporins and
amikacin were low in any E. coli urine clone, the efficacy of the drugs was evaluated
alone or in combination. Similarly, the predominant ST131 clones having the dominant
resistance determinants CTX-M-type ESBLs were taken into account for the in vitro syn-
ergistic activity.

Three ST131 isolates carrying three different types of the blay., ESBL genes (D546-
14 for the DOO019EC0546 isolate carrying the blacyyq4 9gene, F434-15 for the
FOO019EC0434 isolate carrying the blacry.m.1s gene, and E777-27 for the EO019EC0777
isolate carrying the blacy.v, gene) were used to evaluate the efficacy of antimicrobial
combinations for the three extended-spectrum cephalosporins—cefotaxime, ceftazi-
dime, and cefepime with amikacin (Table 3). The MICs in D546-14, E777-27, and F434-
15 for the drugs were as follows: cefotaxime, 32, 256, and 1,024 mg/L; ceftazidime, 1, 8,
and 64 mg/L; and cefepime, 4, 8, and 128 mg/mL, respectively. All the isolates were
susceptible to amikacin as the MICs were 4 or 8 mg/L. In vitro testing of the cefotax-
ime-amikacin combination indicated a synergistic activity against E777-27 and F434-15
isolates, with fractional inhibitory concentration (FIC) values of 0.3, whereas an additive
activity was observed for the combination against D546-14 with the FIC value of 0.5.
The ceftazidime-amikacin or cefepime-amikacin combination presented an additive
effect against all three isolates.

Furthermore, a time-kill kinetic assay was carried out for the three isolates to better
evaluate the cefotaxime and amikacin pharmacodynamic interaction (Fig. 2). The
diminishing or increasing bacterial counts of the D546-14, E777-27, and F434-15 iso-
lates over 24 h following exposure to cefotaxime (1x MIC), amikacin (1x MIC), and the
two drugs in combination were plotted. While the cefotaxime monotherapy resulted
in outgrowth of all the bacterial isolates after 8 h, the cefotaxime-amikacin combina-
tion presented absolute bactericidal activity, showing rapid diminishment of the bacte-
rial counts within 2 h without any outgrowth by 24 h.

DISCUSSION

This study for a total of 636 E. coli UTI cases occurring in a month was undertaken
to assess the patients with E. coli, UTl-causative E. coli isolates, and the risk factors asso-
ciated with BSls secondary to UTI.

E. coli is the most common UTl-causing agent (2), and according to the Kor-GLASS
reports, E. coli was found to be the most frequent bacterial species recovered not only
from the urine samples but also from the blood samples (12). Increasing rates of cepha-
losporin resistance in E. coli are of particular concern, and the rate of cefotaxime
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FIG 2 Time-kill kinetic assay of cefotaxime in combination with amikacin for the Escherichia coli
ST131 isolates D546-14 carrying the blacy .1, gene (A), E777-27 carrying the blacy .5 gene (B), and
F434-15 harboring the bla,..,, gene (C). Black circles with black lines indicate the bacterial growth
in media devoid of any adjuvants, gray circles with solid lines and white circles with broken lines
indicate the bacterial growth in media supplemented either with 1x MIC of cefotaxime or with
1x MIC of amikacin, respectively, and gray circles with broken lines present the bacterial growth in
media supplemented with 1x MIC of cefotaxime and 1x MIC of amikacin.

resistance, 37.6% of E. coli urine isolates in this study, were comparable to the 36.0% of
E. coli blood isolates (13). The primary dominant clone ST131 was also the most preva-
lent clone in E. coli blood isolates, making up a quarter of the total isolates (14). One
interesting discrepancy was the composition of the sublineages belonging to ST131.
Among E. coli urine isolates, the sublineage H41 was the third most isolated, account-
ing for more than a quarter of the ST131 isolates, and the sublineage H30 was very
rare. However, among the E. coli ST131 blood isolates, three sublineages, H30Rx, H30R,
and H30, accounted for approximately 93% of the ST131 isolates and H41 was scarce
(14). Curiously, half of the E. coli ST131 H41 isolates possessed the bldcry.y.14-like gene.
The sublineage H41 was isolated in equal numbers from the eight hospitals, and the pro-
portion of the isolates carrying the blay.\.14-like gene was even as well. Since the ST131

sublineage H41 has never been reported as a major clone elsewhere in the world and has

never been a notorious MDR clone carrying the blacy. ESBL gene, the unusual domi-

nance of the E. coli ST131 H41 urine isolates was likely associated with the blacy.y.14-like
gene-carrying isolates having a big advantage in clinical settings. The latter dominant
clones ST95, ST75, and ST69 were well-known UPEC clones (15).

Among UPEC-related virulence factors, the adhesion- and toxin-associated virulence
factors were the focus of screening, since those were likely much associated with the
BSIs secondary to UTI (2). For a similar reason, hemolysis activity and the ability to form
biofilms were evaluated (2). Notably, the papC gene for P fimbriae, which are associ-
ated with adhesion to cells (16), was a marked risk factor for the secondary BSls and
frequently found in E. coli ST73. Since E. coli ST73 included fewer drug-resistant

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01660-22 8


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01660-22

BSIs Secondary to E. coli UTI

isolates, it was likely that the clone was strengthened not by antimicrobial resistance
but by virulence to survive in clinical settings.

Cephalosporins are used only in combination with beta-lactamase inhibitors to treat
patients with UTIs by ESBL-producing Enterobacterales (17). However, amikacin monother-
apy is often used to treat patients with UTls caused by ESBL-producing Enterobacterales
since the urine isolates are rarely resistant to the drug (18, 19). Amikacin is known to have
a bactericidal effect through its targeting of the bacterial ribosome and inhibition of trans-
lation by causing misreading and hindering translocation (20), but as demonstrated here
through time-kill assay, amikacin monotherapy can result in outgrowth of the bacteria by
24 h. Moreover, for amikacin in combination with cefotaxime, which is hydrolyzed by any
type of CTX-M ESBL, a synergistic bactericidal activity was observed in the E. coli isolates
carrying either the blacry.»7 Or the blacy .15 genes conferring resistance not only to cefo-
taxime but also to ceftazidime. Of note, the blacy .14 gene conferring resistance only to
cefotaxime, not to ceftazidime and cefepime, leaves a remaining treatment option.

To the best of our knowledge, this is the first report of the synergistic activities of
the cefotaxime-amikacin combination differing by the CTX-M ESBL subtype, and it
could be a good option for antimicrobial treatment for patients with E. coli UTI, whose
cefotaxime resistance rate is nearly 40%.

This study has several limitations. First, we analyzed E. coli isolates collected in June of
one year. Within a month, more than 600 UTI cases were accumulated from eight hospitals,
and because of the fully labor-dependent process, further increasing the sampling period
was not possible. Second, analysis of paired blood isolates was missing. Additional assess-
ments, such as pulsed-field gel electrophoresis (PFGE) and whole-genome comparison, are
left for a further study. Finally, the antimicrobial synergistic effect was evaluated for only
three isolates. Even though the isolates were representative dominant strains having char-
acterized resistance determinants, further evaluation for more clinical isolates is needed.

In conclusion, an unexpected widespread UTl-associated bacterial clone, E. coli
ST131 H41, was identified with approximately 50% of the sublineage producing group
1 CTX-M ESBL, requiring particular attention. Furthermore, the P fimbria gene, papC,
which was prevalent in the widespread UPEC clones ST95, ST73, and ST69, was identi-
fied as a risk factor for BSIs secondary to UTls. Even though few dominant STs were
identified, no specific STs were associated with bloodstream invasion, indicating that
patient risk factors are likely more important in the development of secondary BSls.

Finally, to the best of our knowledge, we demonstrate for the first time that the
effect of drug combination could be differentiated by resistance mechanisms, and we
propose the cefotaxime-amikacin combination as a therapeutic alternative for patients
with UTls caused by ESBL-producing E. coli.

MATERIALS AND METHODS

Ethics. The clinical data of the patients including sex, age, type of admission, type of infection, clini-
cal history, comorbidity, clinical symptoms, and lab data, i.e., white blood cell counts, platelet counts,
and levels of hemoglobin, bilirubin, and C-reactive protein, were investigated by retrospective chart
review devoid of personally identifiable information. Due to the purely observational nature of the study
and the very low risk to individual privacy of the participants, this study was approved by all local institu-
tional review boards of the eight sentinel hospitals and exempted from the requirement of informed
consent.

Bacterial isolates. A total of 636 E. coli isolates, which were obtained from all the UTI cases from
eight sentinel hospitals occurring in the month of June 2019, was obtained through the Korea Global
Antimicrobial Resistance Surveillance System (Kor-GLASS) (21). All the bacterial isolates were collected
through semiquantitative culture of the urine specimens at =10* CFU/mL of E. coli in homogeneous
growth or at =10° CFU/mL of E. coli in heterogeneous growth. Bacterial species were verified using ma-
trix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) with the
Bruker Biotyper (Bruker Daltonics GmbH, Bremen, Germany). The origin of the infections was determined
by the calendar days of the patient’s hospitalization, including the previous health care facility before
transfer, at the day of urine specimen sampling: hospital origin for =2 days and community origin (CO)
for <2 days. The BSI secondary to UTI was determined by a subsequent blood culture positive for E. coli
with an identical antibiogram.

Antimicrobial susceptibility testing. Antimicrobial susceptibility for most drugs, such as ampicillin,
piperacillin, ampicillin-sulbactam, cefazolin, cefotaxime, ceftazidime, cefepime, cefoxitin, aztreonam, imi-
penem, meropenem, ertapenem, amikacin, gentamicin, ciprofloxacin, trimethoprim-sulfamethoxazole,
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and tigecycline, was determined using the disc diffusion method, and that for colistin was determined
using broth microdilution using cation-adjusted Mueller-Hinton broth (CAMHB) (BD, Franklin Lakes, NJ,
USA). Interpretation of the susceptibility testing results for drugs followed the guidelines of the Clinical
and Laboratory Standards Institute (22), except that for tigecycline interpretation followed the guide-
lines of the European Committee on Antimicrobial Susceptibility Testing (23). E. coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 were used as quality control isolates for the testing. The evalua-
tion of susceptibility was done on in vitro analysis only.

DNA manipulation and molecular typing. Genomic DNA was extracted from E. coli isolates using
the Maxwell 16-cell DNA purification kit (Promega, Madison, WI, USA). STs of each strain were deter-
mined using multilocus sequence typing (MLST), with the Achtman scheme (24), by allele numbering
the seven housekeeping genes, namely, adk, fumC, gyrB, icd, mdh, purA, and recA. A minimum spanning
tree was constructed using PHYLOVIZ 2.0 (25) with the allelic profile of each ST. Subgroups of the ST131
isolates were identified by (i) fimH typing, using the database for the single nucleotide polymorphism
(SNP)-based numbering system (26), (ii) ciprofloxacin resistance, and (iii) SNP-based x typing (27). For re-
sistance genotyping, the ESBL bla.,.,, gene and the plasmid-mediated ampC gene primer pairs were
used (21). To genotype the virulence, eight pairs of primers each for adhesin genes, i.e., afaA, papC,
papG, and focG, and for toxin genes, i.e., cnf1, hlyF, sat, and cdtB (2), were designed and used to screen
for the presence of the gene.

Virulence phenotyping. To detect hemolytic activity of each strain, E. coli isolates were inoculated
on 5% sheep agar and incubated at 37°C for 24 h (28). The hemolytic reactions around the inoculum
were observed on a light box, in comparison with the quality control isolates E. coli ATCC 25922 and
Staphylococcus aureus ATCC 25923 with beta-hemolytic activity. Biofilm formation ability was deter-
mined using the Congo red agar test (29). Each E. coli isolate was inoculated by stabbing on brain heart
infusion agar (BD) supplemented with 5% (wt/vol) sucrose (Sigma-Aldrich), and 0.08% (wt/vol) Congo
red (Sigma-Aldrich), and a strain with black colonies appearing after the incubation at 37°C for 24 h was
considered to have an ability to form biofilm.

Resistance phenotyping. /n vitro antimicrobial combinations of the three extended-spectrum ceph-
alosporins and amikacin were assessed using checkerboard analysis on the basis of the fractional inhibi-
tory concentration (FIC) index (30). In a 96-well flat-bottom microplate, three different checkerboard
designs, that is, cefotaxime plus amikacin, ceftazidime plus amikacin, and cefepime plus amikacin, were
prepared. After inoculating 2 x 10* bacterial cells/well, the plates were incubated at 37°C for 24 h and
the MICs of each drug alone and in combinations were determined. The FIC index values were deter-
mined and were interpreted as follows: =0.5, synergy; 0.5 to 4, additivity; and =4, antagonism. Time-kill
assay was carried out to evaluate the potential synergistic bactericidal effect of amikacin with cefotax-
ime. Each isolate at a final concentration of 1 x 10° CFU/mL in MH broth was incubated at 37°C and
under four conditions ([il with 1x MIC of cefotaxime, [ii] with 1x MIC of amikacin, [iii] with 1x MIC of
cefotaxime and 1x MIC of amikacin in combination, and [iv] without antimicrobials) for 24 h; subse-
quently, enumeration of the CFU was carried out after 2, 4, 6, 8, and 24 h of culture. Criteria for defining
MDR and XDR in E. coli were based on the number of drugs in an antimicrobial category to which the
isolate was nonsusceptible, following the work of Magiorakos et al. (31): MDR refers an isolate nonsus-
ceptible to one or more drugs in more than three antimicrobial classes and XDR indicates an isolate non-
susceptible to one or more drugs in all but two or fewer antimicrobial classes.

Statistical analyses. R software (version 4.1.2, http://www.R-project.org/) was used for statistical
analyses. The difference between the groups was analyzed using Yates continuity-corrected Pearson’s
chi-square test and Fisher's exact tests for count data. The level of significance for all the comparisons
was set at a P value of <0.05.

Data availability. The data sets generated in this study can be found in the paper.
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