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Abstract
Urinary tract infections (UTIs) are a major public health concern in both community and hospital settings worldwide. 
Uropathogenic Escherichia coli (UPEC) is the main causative agent of UTI and increasingly associated with antibiotic 
resistance. Herein, we report the draft genome sequence of 9 fluoroquinolone-resistant UPEC isolates from Brazil and 
examine selected major phenotypic features, such as antimicrobial resistance profile, phylogroup, serotype, sequence 
type (ST), virulence genes, and resistance marks. Besides the quinolone resistance, beta-lactams, ESBL production, 
aminoglycosides, and tetracycline resistance were observed. High prevalence of 20 virulence genes was detected in all 
isolates, such as those encoding type 1 fimbriae, acid tolerance system, and hemolysin E, particularly within E. coli B2 
phylogroup, as ST131 and ST1193 strains, among other genomic analyses as genomic islands, resistance plasmids, and 
integron identification.
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Introduction

Urinary tract infections (UTIs) are one of the most com-
mon bacterial infections in humans, affecting ~ 150 mil-
lion individuals across the globe each year [1, 2]. It is esti-
mated ~ 50% of women and 5% of men will develop a UTI in 
their lifetime, and UTI accounts for > 1 million hospitaliza-
tions and ~ $3.5 billion in medical expenses each year in the 
USA [3]. UTI usually starts as a bladder infection (cystitis) 

but can develop to acute kidney infection (pyelonephritis) 
and lead to severe sequelae such as sepsis [1–3].

Uropathogenic Escherichia coli (UPEC) are the primary 
cause of UTI, and responsible for ~ 75% of uncomplicated 
and ~ 65% of complicated infections [1–3]. UPEC are also 
associated with increasing antibiotic resistance, includ-
ing last-line treatments [4]. Over the last 10 years, UPEC 
belonging to ST131 has emerged and disseminated globally 
[5]. Genomic epidemiology has described the phylogeny of 
ST131 and identified a dominant fluoroquinolone-resistant 
sub-lineage defined as clade C (or H30) [6–8]. Further anal-
ysis also revealed that ST131 strains containing the extended 
spectrum beta-lactamase (ESBL) blaCTX-M-15 allele com-
prised a subset of strains within this sub-lineage referred to 
as clade C2 (or H30-Rx). An increased incidence of resist-
ance to fluoroquinolones has also been described for E. coli 
ST1193 [9] and ST410 [10].

In Brazil, ESBL-producing E. coli strains (including 
strains containing the blaCTX-M-15 allele) have been reported 
since 2007 [11]. Concern around the inappropriate use of 
cephalosporins and last-resort carbapenems led to a ban in 
the use of antimicrobials without a prescription in 2010 by 
the National Health Surveillance Agency (ANVISA). How-
ever, the incidence of infections in the community caused 
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by ESBL-producing E. coli remains high, demonstrating the 
complexity of this problem [12–15].

This study reports the draft genome sequence and analy-
sis of selected features of 9 fluoroquinolone resistant UPEC 
strains isolated from the urine of patients with community-
acquired UTI in São Paulo State, Brazil.

Material and methods

Strains used in this study

E. coli isolates were obtained from UTI in outpatients at 
teaching hospital located in the city of Botucatu, Brazil. The 
whole collection has 77 UPEC isolates obtained in 2015, 
predominantly from female patients. Isolates were cultured 
from urine samples by plating onto MacConkey agar using 
sterile 1 μL calibrated wire loops. After aerobic incubation 
at 37 °C for approximately 24 h, a single bacterial colony 
was selected from cultures that contained >  105 CFU /mL. 
Bacterial identification was initially performed by VITEK® 
automated v2.0 system (bioMérieux). All isolates resistant 
to ciprofloxacin were selected to be detailed studied; ran-
domly from this selection, nine strains were selected to be 
sequenced and further characterized.

Draft genome sequencing and assembly

The selected UPEC isolates were grown overnight aerobi-
cally at 37 °C on Luria–Bertani broth (LB), and cells were 
harvested for genomic DNA extraction using the GenElute™ 
Bacterial Genomic DNA kit (Merck KGaA, Darmstadt, Ger-
many). Paired-end DNA libraries were prepared using the 
Nextera XT kit (Illumina, San Diego, CA, USA) in accord-
ance with the manufacturer’s instructions and previously 
described [16]. Sequencing was performed on the Illumina 
NextSeq 500 (Australian Centre for Ecogenomics, Univer-
sity of Queensland), generating reads with 150 bp in length. 
Bacterial genomes were assembled through a multi-refer-
ence assisted de novo approach. Initially, raw reads served 
as input for A5 pipeline (August 2016 version) [17, 18], soft-
ware specially designed for Illumina sequencing data. This 
pipeline started trimming the reads with Trimmomatic [19], 
which performed quality filtering removing Illumina adaptor 
sequences, low-quality bases (phred score quality < 28), and 
reads shorter than 35 bp. Trimming was followed by read 
error correction by SGA k-mer-based algorithm [20]. Con-
tig assembly was performed using the IDBA-UD algorithm 
[21], which produced contigs that were scaffolded with 
SSPACE [22] using the error-corrected paired reads. After 
scaffold quality control checking for misassemblies (A5QC), 
SSPACE used the broken scaffolds, followed by a final round 
of scaffolding, to finish the A5 pipeline, set to –end = 5. 

Nonetheless, this pipeline did not achieve closed genomes 
or L50 scores of at least 3. Hence, reference-assisted scaf-
folding in iteration was performed using MeDuSa 1.6, set 
to default mode [23], which exploited information from a 
set of closely related genomes to guide the previously scaf-
folded contigs in the correct order and orientation. Based on 
a previous in silico Multi-Locus Sequence Typing (MLST 
2.0) analysis [24] of the raw reads, seven complete reference 
genomes were chosen for the MeDuSa scaffolding guidance. 
They were six UPEC strains (536, CFT073, EC958, IAI39, 
UMN026, and UTI89) and the E. coli K-12 strain MG1655. 
After at least three rounds of iteration, a single scaffold 
representing the draft chromosome was obtained for each 
isolate. The final scaffolds were passed through Gapfiller 
1.10 [25], which used the error-corrected reads to fill gaps 
between the contig sequences. Gapfiller was programmed to 
perform up to 20 iterations, which was enough to achieve an 
L50 contig count of 1 for eight of the assemblies and 2 for 
the other three assemblies. Library file used by Gapfiller was 
set with 800 as expected insert size between paired reads, 0.5 
as minimum allowed error in insert size, read orientation as 
FR, and bwasw as aligner method (other settings were oper-
ated as -m 30 -o 2 -r 0.7 -n 10 -d 50 -t 10 -g 0 -i 20).

Assembled genomes in silico and their main 
features

The sequence type of each strain was determined in silico 
with MLST 2.0 [24]. In silico serotyping was performed 
using SerotypeFinder [26]. The 9 draft genomes were depos-
ited in GenBank, as listed in Supplementary Table 1, and 
annotated by the NCBI Prokaryotic Genome Annotation 
Pipeline (PGAP) [27]. A BLAST Atlas was created with 
all the Brazilian UPEC strains described here plus the same 
representative E. coli strains used for the phylogeny analy-
sis through GView [28]. To evaluate the evolution distance 
between the sequenced genomes and Escherichia coli repre-
sentative strains, it was built a neighbor-joining phylogenetic 
tree with the ezTree algorithm and ggTree R package [29]. 
The Genbank file generated by PGAP was used as input for 
SeqWord Gene Island Sniffer (SWGIS) [30] for genomic 
island prediction, as the fasta files were the input for the 
software Integron Finder for identification of integrons and 
their associated resistance genes [31], and posteriorly, the 
whole genomes were submitted to INTEGRALL platform 
for search and recognition (http:// integ rall. bio. ua. pt/) [32]

Identification of virulence genes

Virulence genes were identified using the Virulence Finder 
software (https:// bitbu cket. org/ genom icepi demio logy/ virul 
encefi nder/ src/ master/) [33] and manual interrogation of 
the genomes using UPEC CFT073, UTI89, and EC958 as 
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reference strains. Sequence comparisons were performed 
using the BLASTn tool.

Antimicrobial resistance profile

Antibiotic resistance genes were identified in silico using 
ResFinder [34]. Antimicrobial susceptibility testing was per-
formed using the disk diffusion method according to Clinical 
and Laboratory Standards Institute (CLSI) [35] guidelines 
and using commercial disks obtained from Cefar, Brazil. The 
antimicrobial disks used were as follows: ampicillin (AMP, 
10 μg), piperacillin/tazobactam (PPT, 100/10 μg), ampicil-
lin/sulbactam (ASB, 10/10 μg), amoxicillin/clavulanic acid 
(AMC, 20/10 μg), cephalothin (CFL, 30 μg), cefuroxime 
(CRX, 30 μg), ceftriaxone (CRO, 30 μg), ceftazidime (CAZ, 
30 μg), cefotaxime (CTX, 30 μg), cefepime (CPM, 30 μg), 
imipenem (IPM, 10 μg), ertapenem (ETP, 10 μg), mero-
penem (MER, 10 μg), gentamicin (GEN, 10 μg), amikacin 
(AMI, 30 μg), tobramycin (TOB, 10 μg), chloramphenicol 
(CLO, 30 μg), tetracycline (TET, 30 μg), trimethoprim/sul-
famethoxazole (SUT, 1.25/23.75 μg), nitrofurantoin (NIT, 
300 μg), and fosfomycin (FOS, 200 μg). Extended-spectrum 
β-lactamase (ESBL) production was investigated using cef-
tazidime (30 μg) and cefotaxime (30 μg) with and without 
clavulanic-acid (10 μg). An increase of 5 mm or more in 
the zone diameter observed in the presence of clavulanic 
acid was considered positive for ESBL production. The Qui-
nolone Resistance Determinant Region (QRDR) mutations 
to GyrA, ParC, and ParE were also evaluated. The minimum 
inhibitory concentration (MIC) for ofloxacin and ciprofloxa-
cin was also determined to all 9 selected strains, when neces-
sary, the strains have had the MIC assessed to cephalothin 
and ceftazidime by Etest® gradient strips (bioMérieux, 
Marcy-l’Étoile, France) according to the manufactures’ 
recommendations. Briefly, the turbidity of the bacterial 
inoculum was adjusted using the 0.5 McFarland standard as 
a reference, and then, the Mueller–Hinton agar plates (Bio-
Rad, Marnes-la-Coquette, France) were inoculated with a 
swab. Etest® strips were applied to the inoculated agar, and 
the plates incubated at 37° C for 24 h. MIC were defined 
as the lowest drug concentration at which the border of the 
elliptical inhibition intercepted the scale of the Etest® strip. 
In addition, the MIC for norfloxacin was also assessed by 
VITEK® 2 Compact (bioMérieux) protocol as indicated.

Results

Gene conservation through the E. coli species

The E. coli MG1655 strain was used as reference against 
all the strains reported in this study and also the representa-
tive genomes to build a BLAST Atlas comparing the gene 

conservation between all these strains as if the MG1655 
could be considered most close as a core genome (Fig. 1). 
There is a high conservation level of the MG1655 genes 
through the genomes herein reported, with similar gaps also 
presented on the others representatives genomes assessed 
(Fig. 1). The B2 phylogroup strains (Sup. Mat. Figure 1S ) 
share a gap region around 1450 kbp (Fig. 1).

A range of different E. coli STs were associated 
with fluoroquinolone resistance

The complete collection of 77 E. coli isolates compromised 
56 ciprofloxacin-resistant isolates (72%). From these, 9 
isolates were randomly selected for genome sequencing, 
with the sequences deposited in GenBank (NCBI) as draft 
genomes under the accession numbers shown in the Sup. 
Mat. Table 1S, and their genome compared among them, 
other UPEC prototype strains and non-pathogenic E.coli 
MG1655 (Fig. 1). Among these 9 strains, we detected only 
one ST131 strain (BR43-DEC); two of the strains were 
ST2179, and one strain was from each of ST224, ST2509, 
ST1193, ST410, ST641, and ST617 (Table 1). Clinical 
details showed the age distribution was between 25 and 
86 years old, with most strains isolated from female patients.

Phylogroup analysis

The 9 isolates were placed in the context of the E. coli phy-
logeny using a set of reference strains belonging to the dif-
ferent E. coli phylogroups sensu stricto (A, B1, B2, C, D, E, 
and F), as previously described [36]. Based on this analy-
sis, two strains were from phylogroup B2 (BR14-DEC and 
BR43-DEC), one from phylogroup A (BR32-DEC), and the 
remainder were from phylogroup B1 (Sup. Mat. Figure 1S). 
In silico typing revealed the strains possessed a diversity of 
O antigen (O) and flagella (H) serotypes and many UPEC 
virulence factors (Table 1).

Virulence factors associated with UPEC

UPEC possess a range of 20 distinct virulence genes, these 
genes encoding diverse virulence factors were found at vary-
ing frequencies in the 9 UPEC strains, a finding consistent 
with their location in genomic islands frequently associated 
with pathogenesis, with detailed prediction and virulence 
features described (Table 1, Sup. Mat. Table  4S).

Antibiotic resistance profiles of clinical isolates 
and resistance genes

The full quinolone profile revealed strains were also non-
susceptible to ofloxacin (OFX), nalidixic acid (NAL), 
norfloxacin (NOR), and levofloxacin (LVX); the only 
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exception was BR02-DEC, which has presented an inter-
mediate resistance only to norfloxacin (Table 1). Cipro-
floxacin and ofloxacin MIC were also evaluated (Table 1). 
Most strains contained the GyrA, ParC, and ParE muta-
tions, known to cause non-susceptibility to fluoroqui-
nolones, with the exceptions to the ParE mutations in the 
BR02-DEC, BR07-DEC, and BR25-DEC, the same strains 
that have shown lower Ciprofloxacin MIC, respectively 6, 
6, and 8 μg/mL (Table 1). Screening for sensitivity to other 
classes of antibiotics revealed a range of profiles (Table 1), 
with the following notable features: 11.1% (1/9) of isolates 
were non-susceptible to gentamicin (GEN10), 11.1% (1/9) 
to cefepime (CPM), 77.7% (7/9) to ampicillin (AMP), 
55.5% (5/9) to sulfamethoxazole trimethoprim (SUT), 
55.5% (5/9) to chloramphenicol (CLO30), and 66.6% (6/9) 
to tetracycline (TET 30). Furthermore, 11.1% (1/9) of iso-
lates exhibited a profile consistent with extended spectrum 
beta-lactamase (ESBL) production (Table 1).

Overall, genome sequence analyses have identified 
the genome presence of the β-lactamase genes blaTEM-1A, 
blaTEM-1B, blaCTX-M-15, and blaCMY-2 as the sources of resist-
ance to β-lactams (Table 1). Several strains also possessed 
genes encoding resistance to aminoglycosides (aadA1, 
aadA2, aadA5, strA, strB, aac3), chloramphenicol (catA1, 
cmlA1, floR), trimethoprim (dfrA8, dfrA12, dfrA17), sulfona-
mide (sul1,2,3), tetracycline (tetA, tetB, tetM) (Table 1).

Class 1 integrons were identified in 6 of the 9 isolates 
reported herein, all carrying antibiotic resistance genes (Sup. 
Mat. Table 2S). The INTEGRALL platform and integron 
finder classified them as three different types: In54 (BR02-
DEC, BR07-DEC, and BR12-DEC), In640 (BR10-DEC and 
BR29-DEC), and In1002 (BR32-DEC). Interestingly, two 
among the three In54 were identified within two phyloge-
netic close-related isolates (BR02-DEC and BR07-DEC), 
similarly with both In640 (BR10-DEC and BR29-DEC) 
(Sup. Mat. Figure 1S and Table 2S).

Discussion

UPEC is a major bacterial pathogen associated with increas-
ing antibiotic resistance. However, despite the global impact 
of UPEC infection, there is limited data on the genomic 
characterization of fluoroquinolone-resistant strains from 
Brazil. This work presents the draft genome sequence of 9 
fluoroquinolone-resistant UPEC isolates from patients with 
community-acquired UTI in São Paulo State, Brazil, and 
describes their major virulence features and also resistance 
to different antibiotic classes.

The worldwide prevalence of fluoroquinolone-resistant 
UPEC is largely dominated by the ST131 clone, which is 
a major cause of UTI and bloodstream infections [37–40]. 

Fig. 1  BLAST Atlas of the 
9 strains partial genomes 
sequenced and described herein 
and important E. coli represent-
atives compared to the MG1655 
strain
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Other fluoroquinolone-resistant UPEC clones that have been 
documented in recent literature include ST1193 and ST410. 
Our analysis identified E. coli strains from diverse phylo-
groups and a range of STs that were resistant to ciprofloxa-
cin, including well-characterized (ST131, ST1193, ST410) 
and less well-characterized clones (ST2179, ST2509, ST641, 
and ST617). Another recent and larger study from Brazil 
examined a collection of 324 UPEC strains from patients 
with community-acquired UTI, and showed that 61 strains 
(18.8%) were resistant to ciprofloxacin [41]. Strains from 
phylogroups A (42.6%) and B2 (29.5%) were most common 
among the ciprofloxacin-resistant isolates, with ST131 com-
prising 14.7% (9/61) of these strains. Taken together with 
our own findings, which provides detailed genomic analysis 
of 9/56 ciprofloxacin-resistant isolates (from a total collec-
tion of 77 UPEC isolates), it appears that there is a diversity 
of fluoroquinolone-resistant UPEC STs circulating in Brazil, 
highlighting the urgent need for more extensive epidemio-
logical analyses together with genomic studies to understand 
this complex resistance profile. This is further highlighted 
by the fact that among the 9 isolates sequenced in this study, 
three were from ST2179 (n = 2) and ST224 (n = 1). The viru-
lence genes were found in all strains, whereas they were 
more prevalent in B2 phylogroup members, more than 10 
virulence genes; conversely, the A phylogroup strain has 
only shown 6 virulence genes. The B2 phylogroup includes 
the well-characterized ST131 and ST1193, both described 
as very concerning UPEC pathogens. Correlation between 
the serotype identification and phylogroups was not conclu-
sive among these strains. Fluoroquinolone-resistant strains 
from both of these STs have previously been cultured from 
dairy buffalo [42], and it remains to be determined if iso-
lates from these lineages are exchanged between animal and 
human reservoirs. The quinolone profile includes resistance 
to ciprofloxacin, ofloxacin, nalidixic acid, and levofloxacin, 
and is associated with previously described point mutations 
found in GyrA, ParC, and ParE, related to their consider-
able fitness with the QRDR mutations [43]. Interesting with 
these QRDR, the BR02-DEC, BR07-DEC, and BR25-DEC 
strain absence of ParE mutations may be directly linked to 
the lower ciprofloxacin MIC, where ParE mutations, par-
ticularly Ser458Ala, are previously associated to non-sus-
ceptibility and an increase in the MIC for fluoroquinolones 
in E. coli isolates [44]. Additional resistance to beta-lactams, 
ESBLs, aminoglycosides, macrolides, and tetracycline was 
observed. Most of these resistance phenotypes were asso-
ciated with known acquired plasmidial and chromosomal 
genes (Table 1, Sup. Mat. Table 3S); nevertheless, other 
mechanisms including 16S RNA modifications and efflux 
pump over-expression may account for some resistance 
phenotypes.

The integron investigation within these strains’ 
genomes found antibiotic resistance genes in 6/9 strains. 

The integron Finder program was unable to identify the 
In1002 integron within BR32-DEC genome. Conversely, 
the structure of all In54 integrons was lesser complex in 
INTEGRALL platform identification, which compared to 
the one done through Integron Finder missed qacE∆1 and 
the sulfonamide resistance gene sul1, both vastly associ-
ated with class 1 integrons [45]. Furthermore, there was a 
disagreement between INTEGRALL and Integron Finder 
in In640 integrons quaternary ammonium compound efflux 
SMR transporter coding gene characterization, as INTE-
GRALL identified as qacH meanwhile Integron Finder did 
as qacL. To solve this conflict, a BLAST search with the 
aminoacid translated sequence has shown the qacL gene, 
which corroborates with the previously NCBI’s PGAP 
annotation deposited. Therefore, herein, we report an 
interesting class 1 integron carrying the qacL gene in both 
BR10-DEC and BR29-DEC strains (Sup. Mat. Table 2S), 
which is not commonly found in clinical strains, especially 
in Brazil, but it has been previously reported in Steno-
trophomonas maltophilia [46].

UPEC possess a range of virulence genes that distin-
guish them from diarrhoeagenic and commensal E. coli 
[47, 48]. Pathogenic E. coli are generally differentiated 
into specific pathovars based on the presence of distinct 
virulence genes, which are linked to the capacity to colo-
nize certain host sites and cause disease [47]. For exam-
ple, UPEC frequently carry genes encoding multiple 
chaperone-usher fimbriae (e.g., P, F1C fimbriae, and S 
fimbriae), siderophore systems for scavenging iron (e.g., 
enterobactin, salmochelin, aerobactin, and yersiniabactin), 
toxins (e.g., hemolysin, cytotoxic necrotizing factor-1, 
and the serine proteases vacuolating autotransporter toxin 
and secreted autotransporter toxin), and surface polysac-
charides comprising distinct O antigens, serine protease 
autotransporters Sat and Vat [47–50], all of which enhance 
colonization of the urinary tract [47].

The prevalence of the 20 virulence genes among the 9 
strains detailed examined in this study was highly variable, 
with only 3 virulence genes found in all strains; the fimH 
gene encoding the tip adhesin of type 1 fimbriae, the gad 
genes encoding the acid tolerance system, and the hlyE 
encoding hemolysin E. Similarly, we observed extensive 
differences in the set of antibiotic resistance genes cir-
culating in a background of fluoroquinolone resistance, 
including several different ESBL genes. Overall, the draft 
genomes generated and analyzed in this work highlight an 
emerging public health concern and stress the urgent need 
to understand better the occurrence of fluoroquinolone-
resistant UPEC in Brazil and Latin America, and further 
to place this in the context of global UPEC resistance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42770- 021- 00513-3.
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