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Abstract: Recurrent urinary tract infection (rUTI) remains a major problem for many women and
therefore the pursuit for genomic and phenotypic traits which could define rUTI has been ongoing.
The present study applied a genomic approach to investigate recurrent urinary tract infections by
comparative analyses of recurrent and non-recurrent Escherichia coli isolates from general practice.
From whole-genome sequencing data, phylogenetic clustering and genomic traits were studied
on a collection of isolates which caused recurrent infection compared to non-recurrent isolates. In
addition, genomic variation between the 1st and following infection was studied on a subset of the
isolates. Evidence of limited adaptation between the recurrent infections based on single nucleotide
polymorphism analyses with a range of 0–13 non-synonymous single nucleotide polymorphisms
(SNPs) between the paired isolates. This included an overrepresentation of SNPs in metabolism
genes. We identified several genes which were more common in rUTI isolates, including nine fimbrial
genes, however, not significantly after false-discovery rate. Finally, the results show that recurrent
isolates of the present dataset are not distinctive by variation in the core genome, and thus, did not
cluster distinct from non-rUTI isolates in a SNP phylogeny.

Keywords: whole-genome sequencing; urinary tract infection; mobilome; single nucleotide polymor-
phisms; adaptation; genomics; Escherichia coli

1. Introduction

Recurrent urinary tract infections (rUTIs) occur in up to 25–40% of all UTI episodes and
is often caused by the same strain as the index strain, most often uropathogenic Escherichia
coli (UPEC) [1,2]. rUTIs are generally defined as ≥2 episodes of UTI within six months
or three episodes in 12 months [3]. The recurrent infections proposedly take place by two
major mechanisms: (i) Reintroduction of the same isolate, e.g., by contamination from
vagina or rectum, or (ii) persistence where antibiotics do not clear infection possibly due to
internal bladder colonies (IBCs), of which reintroduction is the most common [4,5]. Several
host factors have been correlated to UTI and rUTIs, which include increased susceptibility
for vaginal colonization with uropathogens, increased adherence of UPEC to uroepithelial
cells, post-menopause and sexual intercourse [5,6].

Several studies have investigated the virulence of recurrent E. coli without identifica-
tion of any traits associated to recurrent uropathogenic E. coli [4,7–10]. It has been shown
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that specific virulence factors and clonal groups of E. coli were over-represented in either
rUTI or cure based on PCR studies of specific genetic traits [11]. Recurrence has been
associated with specific antibiotic resistance traits and sequence types [7,9] or significantly
related to genes associated with biofilm production [12]. Today, whole-genome sequencing
(WGS) enables an unbiased search for differences in genetic traits and includes not only
known virulence traits but rather a whole-genome scale, i.e., gene content, single nucleotide
polymorphisms (SNPs) and k-mers. rUTIs with the same strain causing both the initial and
the recurrent infection have only been sparsely analyzed on a genomic level with respect
to genomic changes between the two infections as well as comparison of rUTI to non-rUTI.
Chen et al. [13] investigated adaptation between rUTI in one patient and identified few
SNPs between the isolates. Thänert et al. [4] recently published a study on four rUTI
patients, where the infections were caused by antimicrobial-resistant E. coli isolates and
found little diversity between infections and did not identify any specific virulence traits in
rUTI isolates when compared to non-recurrent UTI isolates. Thus, the aspect of genetic
traits and rUTI has so far not been studied on any larger collection of isolates, nor on
collections of antimicrobial susceptible isolates. Comparing recurrent episodes of UTI on a
larger set of isolates will additionally clarify whether the isolates develop into specialized
UTI isolates, or whether the isolate is fit for colonization without distinct adaptation to the
new environment. A previous study regarding adaptation between fecal carriage and UTI
infection showed very limited adaptation between the two environments, indicating that
the E. coli is well-adapted to both environments prior to causing UTI [14].

Here, we performed genomic analyses on a larger collection of recurrent and non-
recurrent E. coli from well-characterized lower urinary tract infections, with the aim of (i)
comparing recurrent and non-recurrent isolates in terms of relatedness and genetic content,
and (ii) identify genomic plasticity and adaptation by comparing E. coli isolates between
the first and recurrent infections in individual women.

2. Materials and Methods
2.1. Study Population

The present study is based on a strain collection from a multicenter, randomized,
double-blind, placebo-controlled comparative study of different dosing regimens of pivme-
cillinam (piv-amdinocillin) for lower UTI [15]. Criteria for inclusion were women over
18 years of age with symptoms of lower UTI, i.e., urgency, dysuria, suprapubic pain or
loin pain. Exclusion criteria encompassed antibiotic therapy for UTI within the last month,
participation in other studies within last three months, known/suspected penicillin allergy,
genital infection, complicating factors (diabetes or abnormality of the urinary tract), one or
more signs of pyelonephritis (pyrexia: ≥38.5 ◦C, CRP ≥25 mg/L, kidney tenderness by
palpation), urine incontinence requiring catheter/pads, pregnancy/planned pregnancy
or previous participation in the study. Patients were randomized to pivmecillinam at
200 mg three times a day (TID) for 7 days, 200 mg twice a day (BID) for 7 days, 400 mg
BID for 3 days or placebo. Patients were evaluated clinically and bacteriologically with a
mid-stream urine sample at day 1 (inclusion), days 8–10 (first follow-up) and days 35–49
(second follow-up). In the parent study, the majority (86%) of the cases with significant
bacteriuria (≥103 colony forming units (CFU)/mL) at follow-up among women with E. coli
at inclusion, also had E. coli bacteriuria at follow-up. In a previous study [16], a subgroup
(156 patients) was chosen according to the following criteria: from the pivmecillinam
treatment group all patients showing significant E. coli bacteriuria and symptoms of UTI at
inclusion and at one or both follow-up visits were selected. Recurrent isolates of this study
were included from the mecillinam-treatment groups (i.e., two infections within 49 days
following relevant treatment) as positive for the same E. coli at initial sampling as well as at
first or second follow-up, as determined by pulsed-field gel electrophoresis (PFGE) [16].
Cure was defined as negative urine sample at follow-up or positive for a different E. coli or
other bacteria than the initial infection.
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2.2. Bacterial Isolates

For the present study we randomly selected from the 156 previously PFGE-typed
E. coli strain population same-strain recurrent isolates from the first patient-visit (n = 45)
and isolates from patients who did not suffer recurrence after antibiotic treatment (n = 43)
(Supplementary Table S1 for overview over isolates). For analysis of within-patient adap-
tation related to rUTI, we additionally selected pairs of matching recurrent isolates from
the 1st and following infection (n = 35 pairs). These were selected randomly within the
collection of same-strain recurrent isolates to investigate adaptation between first and
second sampling. Thus, the E. coli population analyzed in this study did not represent any
patients in the placebo group of the original study.

2.3. Sequencing, Assembly and Annotation

The isolates in this study were subject to whole-genome sequencing on HiSeq (Illu-
mina, 2 × 100 base-pair (bp)) using 180-bp fragment libraries and 3-kb mate-pair libraries
for scaffolding [14,17]. The isolates from the second infections were sequenced using
paired-end libraries (n = 35) on a Miseq (2 × 250 bp), and a subset of these were sequenced
with both paired-end and mate-pair libraries (n = 20) to further advance investigations into
the mobilome. Mate-pair genomes were assembled using ALLPATHS-LG and annotated as
previously described [17]. Isolates sequenced with paired-end only were assembled using
VelvetOptimiser [18]. Genome quality and sequencing methods are listed in Supplementary
Table S1.

2.4. Phylogeny and Pairwise SNPs

A phylogeny was constructed using Parsnp [19] for all 1st isolates causing rUTI
(n = 45) and isolates from patients with non-recurrent infections (n = 43) [19]. The tree
was annotated with metadata using CLCbio’s Genomics Workbench v8. Pairwise SNP
distances were identified using Biomatters Geneious v9.1.7 using the genome from the
initial infection as reference for the read mapping of the secondary infection isolate [14].
Analysis parameters were minimum coverage of 20-fold and with a minimum variant
frequency of 0.9. SNPs were manually inspected by visualization of the reference mapping
using Geneious as previously described [14].

2.5. Accessory Genome Content and Typing

Prokka v1.2 [20] was used to annotate genes with default settings followed by analysis
using Roary v3.6.0 [21] to determine the pan-genome across the collection and hence to
define gene “presence/absence” in individual isolates. In Roary, all options were default
except paralogs, that were set not to split. Alignment of the core genes were obtained in
Roary using PRANK and MAFFT. Only genes present in <95% and >5% of the samples
were kept for further analyses, this reduced the number of genes from 16,880 to 4062.
These genes were investigated for overrepresentation to either group, using a Fisher’s
exact test in R v3.6.2. p-values were corrected for multiple testing with the false discovery
rate (FDR) method. To investigate if a combination of genes could predict UTI recurrence
we performed Discriminant Analysis of Principal Components (DAPC) [22] from the R
package adegenet v. 2.1.3. The optimal number of principal components (PCs) was found
using the function xvalDAPC which performs multiple cross validations for DAPC analysis.
Number of replications were set to 1000, for PCs: 5, 10, 15, 20, 25 and 30, otherwise default
settings were used.

For a k-mer analysis, all assembled genomes were broken down to 30-mers and
added to a dictionary using python v2.7.10. Each unique k-mer was investigated for
overrepresentation to either group, using Fisher’s exact test in R v3.3.1 with corrected
p-values for multiple testing using FDR. If the k-mer, or reverse complement of the k-mer
already was present in the dictionary, the occurrence was incremented by one. Each k-mer
was only counted once per sample to avoid that few samples with long k-mer repeats
would skew the results. The k-mers did not span contig junctions. To type the isolates
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MLST v2.0 was applied and in silico phylogrouping according to Clermont et al., 2013 [23].
Twenty paired genomes were also compared using whole-genome alignments (WGA) using
progressive Mauve implemented in Geneious v9.1.7 using default settings. Mauve regions
were verified by reference mapping and coverage inspected (minimum 10× coverage).

2.6. Ethical Approval

The original study [15] was conducted in accordance with the Swedish Medical
Product Agency guidelines and was approved by the Agency 1995 03 01 (Dnr 151: 01783/94)
as well as by the Ethics Committee of Umea University 1995 03 07 (Dnr 93–178).

3. Results and Discussion

Our aim with the present study was to increase our understanding of the genetics
behind rUTI by performing genomic analyses on a larger collection of recurrent and non-
recurrent isolates from well-characterized lower urinary tract infections. This with the aim
of (i) comparing recurrent and non-recurrent isolates in terms of relatedness and genetic
content, and (ii) identify genomic plasticity and adaptation by comparing isolates between
the first and recurrent infections in individual women. If rUTI isolates can be distinguished
genetically, this could potentially improve diagnostics and treatment of these infections.

3.1. Adaptation between First and Second UTI

Of the selected PFGE matching pairs of isolates from individual patients, 32 of the
35 (91%) were similar based on WGS with a median of six SNPs/pair (range 1–21) and a
median of two non-synonymous SNPs (NSY) per pair (range 0–13) (Figure 1).
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The remaining three non-identical pairs were discarded from further analyses due
to 36,108, 97,781 and 100,224 SNPs, respectively, between the first and following episode,
distributed across the whole genome. We investigated whether the number of SNPs was
correlated to the number of days between the paired samples (Figure 2).

Microorganisms 2021, 9, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 2. Number of SNPs in correlation to time between urine samples of the same patient. Line 
is linear regression line, tested for slope significance. 

There was a slight trend, however, not significant (p = 0.09) towards more SNPs with 
the longer time between the samples (Figure 2). In total, 91 NSY SNPs were identified in 
the 32 pairs. Of these, 456 were positioned in metabolism-associated genes (Figure 1, Table 
S2). The number of SNPs in metabolism genes is striking as they constitute 49.5% (45/91 
NSY SNPs) of all NSY SNPs across the pairs of isolates from recurrent infections. Overall, 
across the collection, 42 different metabolism genes had NSY SNPs (highlighted in bold, 
Table S2) compared to 45 genes with other functions among an average of 4806 genes per 
isolate. With metabolism genes constituting approximately 30% of the coding E. coli 
genome [24], this yields 1441 (30% of 4806 genes) metabolism associated genes per isolate. 
Hence, an overrepresentation of SNPs was associated to these genes compared to the total 
number of genes (Fisher’s exact test, p = 0.0004). That metabolism genes are subject to 
mutation could be correlated to a change in nutrients available. To highlight a few, one 
gene, encoding the protein NarX, caught NSY SNPs in a total of three pairs. The NSY were 
not in identical positions, but these data strongly indicate that this gene is subject to 
adaptation during UTI. The protein NarX is part of a two-component regulatory system 
adapting to amount of nitrate in the environment [25]. Nitrate is present in urine and any 
adaptation to adjust uptake of nitrate available for the bacteria could indicate change in 
aerobic/anaerobic metabolism. Another protein, Slp, which is activated upon carbon 
starvation had a NSY SNP in one isolate. Combined, the metabolism genes with NSY SNPs 
indicate that changes in metabolic components are important in order to adapt to the 
urinary environment. However, we only observe a few SNPs in each pair, so this could be 

Figure 2. Number of SNPs in correlation to time between urine samples of the same patient. Line is linear regression line,
tested for slope significance.

There was a slight trend, however, not significant (p = 0.09) towards more SNPs with
the longer time between the samples (Figure 2). In total, 91 NSY SNPs were identified
in the 32 pairs. Of these, 45 were positioned in metabolism-associated genes (Figure 1,
Table S2). The number of SNPs in metabolism genes is striking as they constitute 49.5%
(45/91 NSY SNPs) of all NSY SNPs across the pairs of isolates from recurrent infections.
Overall, across the collection, 42 different metabolism genes had NSY SNPs (highlighted
in bold, Table S2) compared to 45 genes with other functions among an average of 4806
genes per isolate. With metabolism genes constituting approximately 30% of the coding
E. coli genome [24], this yields 1441 (30% of 4806 genes) metabolism associated genes per
isolate. Hence, an overrepresentation of SNPs was associated to these genes compared
to the total number of genes (Fisher’s exact test, p = 0.0004). That metabolism genes are
subject to mutation could be correlated to a change in nutrients available. To highlight
a few, one gene, encoding the protein NarX, caught NSY SNPs in a total of three pairs.
The NSY were not in identical positions, but these data strongly indicate that this gene is
subject to adaptation during UTI. The protein NarX is part of a two-component regulatory
system adapting to amount of nitrate in the environment [25]. Nitrate is present in urine
and any adaptation to adjust uptake of nitrate available for the bacteria could indicate
change in aerobic/anaerobic metabolism. Another protein, Slp, which is activated upon



Microorganisms 2021, 9, 1416 6 of 12

carbon starvation had a NSY SNP in one isolate. Combined, the metabolism genes with
NSY SNPs indicate that changes in metabolic components are important in order to adapt
to the urinary environment. However, we only observe a few SNPs in each pair, so this
could be considered a genetic fine-tuning, in order to increase fitness and survival chances
in the bladder environment with new nutrients available, compared to the likely preceding
intestinal and/or vaginal environment.

We investigated gene loss on all isolates from whole-genome alignments using pro-
gressive Mauve with subsequent verification using reference read mapping. Here 18 of the
20 (90%) mate-pair isolate pairs had identical gene content in their accessory genome when
comparing isolates of the first and following infection and only two isolates (#3889 and
#4076) had changes in gene content. Isolate #3889 gained 59,769 bp of plasmid material
(top BLAST hit: KT754167, 99.1% sequence identity, 75.5% sequence coverage) as well as a
6253 bp plasmid region (top BLAST hit KM085450, 97.7% sequence identity, 55% sequence
coverage). Whether these two acquisitions are linked cannot be established with certainty
based on the current genome assembly. The gained material included prophage-related ma-
terial so a phage acquisition cannot be excluded. Isolate #4076 had an additional copy of a
urea transporter in the isolate from the recurrent episode (similar to protein ID: VED05424.1
of GenBank ID: LR134237).

Noteworthy, the dataset described in this study revealed only minute differences
between the first and second infection in individual patients indicating limited adaptation
and the isolates with different gene content between infections were isolates sampled the
most far apart in time when considering the complete isolate collection (48 and 39 days
apart, respectively). One explanation for the lack of genetic changes in the majority of the
isolates could be that the period of time between the sampling was not long enough to
study this adaptation for many of the isolates. A recent study on three antibiotic-resistant
E. coli from rUTI identified <10 SNPs between the first and second infection [4]. Our data
support this limited variation but also expands upon this by showing that this is also the
case in a larger susceptible population.

3.2. Do rUTI Isolates Differ Genetically from Non-rUTI Isolates?

The SNP-based analysis across the data set of rUTI isolates and non-rUTI revealed
that the isolates clustered in the phylogeny based on sequence type and phylogroup with
many isolates belonging to common urinary and fecal sequence types (illustrated as clonal
complexes, CC’s), with ST73 as the most common type (Figure 1). In addition, isolates caus-
ing recurrent infections did not cluster distinct from isolates causing single UTIs (Figure 3).
The data illustrated that isolate causing rUTI did not constitute distinct monophyletic
clusters, and hence, did not evolve independently compared to non-recurrent isolates.

To analyze the accessory genome, we compared non-core genes across both rUTI and
non-rUTI isolates with Roary (n = 4062), identifying any differences in presence/absence
of genes in the rUTI and non-rUTI group. In addition to this we analyzed all 30 bp k-
mers (n = 29,746,686) in the assembled genomes to identify overrepresentation in one of
the groups.

Both analyses revealed no genes or k-mers significantly overrepresented in the recur-
rence group compared to the non-recurrence group after adjusting for multiple testing.
Unbiased search for genes and k-mers throughout the genomes, indicated that no unique
traits distinctively classify E. coli as recurrent and non-recurrent. This could reflect the
current dataset, and/or caused by lack of statistical power from the large collection of
genes in the included diverse study population. Multivariate analysis (DAPC) was per-
formed to investigate if a combination of multiple genes could predict rUTI. Multiple
cross-validations revealed that the optimal number of PCs was 15 PCs, which on average
gave a mean success rate of 0.52. A random model would predict correctly in ca. 50% of
cases, which means that a combination of genes could not predict outcome in this dataset
and further DAPC analysis was terminated. The isolates in this study were all from the
same cohort, however, they spanned 6 of the 8 known phylogroups. This diversity relates to
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the large pangenome and thus the number of multiple tests to be performed, with lowered
power as a result.

 

2 

B.  

C.  

D.  

 

 
Figure 3. Midpoint-rooted phylogenetic clustering of recurrent and non-recurrent E. coli. Phylogenetic groups are illustrated
along the periphery of the tree. Scale bar: substitutions/site. CC: clonal complexes based on MLST typing.

The Roary analyses identified genes which were overrepresented in the rUTI group
compared to the non-rUTI group, although not significantly after adjusting the multiple
testing by FDR (Table 1). The results indicate, based on our data, that prediction of
recurrence based on any E. coli genomic traits alone is not readily achieved. 43/50 genes
with lowest p-values pre-FDR were linked to genes overrepresented in the rUTI group
(Table 1). Interestingly, these genes represented fimbriae (including seven genes from the
S/F1C fimbrial cluster), lipopolysaccharide (LPS), biosynthesis, toxin/antitoxin systems,
type VI secretion system, metabolism, as well as a secretion pathway (Table 1). Many
of the genes identified are linked to the same clusters within each category, including
LPS synthesis, metabolism and the S/F1C fimbrial cluster (Table 1). Fimbrial genes, type
VI secretion, toxin/antitoxin systems have been linked to virulence of E. coli in previous
studies [26–28]. The S/F1C fimbria has been associated with biofilm production [29], a
feature which has been correlated to internal bladder colonization and rUTI previously [30].
This fimbria is not essential in order to bind to the epithelial lining of the bladder, however,
likely contributes to virulence of the isolates and could influence on persistence of the
infection. This should be investigated in a larger study. In a previous study we have
identified genes of the type VI secretion system to be overrepresented in UTI isolates
compared to fecal isolates [14], which supports the present data.
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Table 1. Comparison of accessory genome of rUTI and non-rUTI isolates. Listed are top 50 p-values below 0.01 before
false-discovery rate (FDR).

Gene Annotation Function p-Value p-Value FDR Cure n (%) rUTI n (%) Isolate_Locus Tag

Overrepresented in rUTI isolates
Fimbria-related genes

papB S/F1C fimbrial
transcriptional regulator 0.0062 0.619 14 (33) 28 (62) 3244-2_K_03164

sfaH S-fimbrial protein subunit 0.0072 0.619 2 (5) 12 (27) 3244-2_K_03157
mprA Transcriptional repressor 0.0072 0.619 26 (60) 39 (87) 3244-2_K_03155

sfaF S/F1C fimbrial biogenesis
usher protein 0.0118 0.619 15 (35) 28(62) 3244-2_K_03160

sfaE S/F1C fimbrial biogenesis
chaperone 0.0118 0.619 15 (35) 28 (62) 3244-2_K_03161

sfaG S/F1C fimbrial adhesin
minor pilin SfaG/FocF 0.0118 0.619 15 (35) 28 (62) 3244-2_K_03159

sfaD S/F1C fimbrial minor
subunit 0.0118 0.619 15 (35) 28 (62) 3244-2_K_03162

ydiV
Putative

anti-FlhC(2)FlhD(4) factor
YdiV

0.0118 0.619 15 (35) 28 (62) 3244-2_K_03156

hifA fimbrial protein 0.0095 0.619 11 (26) 24 (53) 3244-2_K_02738
Other virulence-related genes

shlB Hemolysin transport 0.0100 0.619 16 (37) 30 (67) 3230-3_K_03314
cbeA Toxin/antitoxin system 0.0128 0.619 33 (77) 43 (96) 3244-2_K_03419
yeeW Toxin/antitoxin protein 0.0106 0.619 28 (65) 40 (89) 3244-2_K_03421
yeeJ Adhesin 0.0079 0.619 29 (67) 41 (91) 3244-2_K_00508

wgrG Type VI secretion system
protein 0.0088 0.619 4 (9) 15 (33) 3244-2_K_04080

klcA Anti-restriction protein 0.0068 0.619 34 (79) 44 (98) 3014-3_K_04082
cbtA Toxin/antitoxin system 0.0064 0.619 32 (74) 43 (96) 3244-2_K_04704

LPS-biosynthesis
gspA_3 Secretion pathway protein 0.0015 0.619 30 (70) 43 (96) 3244-2_K_02772
gspA_4 Secretion pathway protein 0.0015 0.619 30 (70) 43 (96) 3244-2_K_00614

rfaY Lps biosynthesis protein 0.0015 0.619 30 (70) 43 (96) 3244-2_K_02773
epsJ Glycosyltransferase 0.0028 0.619 26 (60) 40 (89) 3244-2_K_02775

gspA_2 Secretion pathway protein 0.0028 0.619 26 (60) 40 (89) 3244-2_K_02774
rfaL Lps biosynthesis protein 0.0028 0.619 26 (60) 40 (89) 3244-2_K_02776

Phage-related genes

- Bacteriophage Replication
protein O 0.0056 0.619 27 (63) 40 (89) 3014-3_K_04219

- Phage replication protein 0.0057 0.619 23 (53) 37 (82) 3014-3_K_04220

alpA Prophage regulatory
protein 0.0007 0.619 20 (47) 37 (82) 3244-2_K_03100

Metabolism-related genes
bglA Metabolism protein 0.0079 0.619 29 (67) 41 (91) 3244-2_K_00072
bglH Metabolism protein 0.0079 0.619 29 (67) 41 (91) 3244-2_K_00073
yidP Transcriptional regulator 0.0079 0.619 29 (67) 41 (91) 3244-2_K_00077
yfjR Transcriptional regulator 0.0082 0.619 20 (46) 34 (76) 3244-2_K_03712
ykfF Hypothetical protein 0.0089 0.619 19 (44) 33 (73) 3244-2_K_03710

Hypothetical protein 0.0017 0.619 20 (47) 36 (80) 3244-2_K_03711
rspA Starvation sensing protein 0.0038 0.619 25 (58) 39 (87) 3244-2_K_01532

yjjL Inner membrane transport
protein 0.0038 0.619 25 (58) 39 (87) 3244-2_K_01531

- Putative inner membrane
protein 0.0024 0.619 23 (53) 38 (84) 3244-2_K_03387

- Cytoplasmic protein 0.0047 0.619 24 (56) 38 (84) 3244-2_K_03386
rbsK Ribokinase 0.0047 0.619 24 (56) 38 (84) 3244-2_K_03385

Replication
crfC Replication protein 0.0122 0.619 23 (53) 36 (80) 3244-2_K_03407

Chemotaxis protein 0.0057 0.619 23 (53) 37 (82) 3244-2_K_03408
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Table 1. Cont.

Gene Annotation Function p-Value p-Value FDR Cure n (%) rUTI n (%) Isolate_Locus Tag

Other and unknown function
tnpB Transposase 0.0098 0.619 26 (60) 14 (31) 3805-3_K_04559

ompD Porin protein 0.0057 0.619 23 (53) 37 (82) 3244_2_K_00430
- Hypothetical protein 0.0118 0.619 15 (35) 28 (62) 3244-2_K_03094
- Hypothetical protein 0.0137 0.619 22 (51) 35 (78) 3244-2_K_03400

higA Toxin/antitoxin system 0.0122 0.619 23 (53) 36 (80) 3244-2_K_00724
Overrepresented in non-rUTI isolates

pipB Type III secretion system
protein 0.0106 0.619 15 (35) 5 (11) 3212-3_K_02120

- Hypothetical protein
(prophage) 0.0112 0.619 6 (14) 0 (0) MN187550_Orf34

waaZ Lps biosynthesis 0.0112 0.619 6 (14) 0 (0) CP046003_GJD94_01225
waaY Lps biosynthesis 0.0112 0.619 6 (14) 0 (0) CP046003_GJD94_01220
waaJ Lps biosynthesis 0.0112 0.619 6 (14) 0 (0) CP046003_GJD94_01215
waaO Lps biosynthesis 0.0112 0.619 6 (14) 0 (0) CP046003_GJD94_01210

yibB RfaH-regulated
high-temperature protein 0.0032 0.619 10 1 CP046003_GJD94_01255

Seven of the genes were more common in the non-rUTI group. These were genes
responsible for LPS biosynthesis including genes from the waa-cluster (waaO, waaY, waaZ,
waaJ and htrL), pipB (type III secretion system protein) and a gene encoding a phage protein
(Table 1).

In this study, we analyzed genetic variation and content for a collection of isolates
which caused UTI and rUTI. The present study compares a large collection of whole-
genome sequenced E. coli isolates for in-depth analyses of genetic content in rUTI and
non-rUTI isolates. A recent study on a smaller set of antimicrobial resistant isolates
described rUTI isolates as similar to non-recurrent isolates with respect to virulence factors
and phylogenetic distribution based on three E. coli rUTI pairs [4]. The present study
elaborates on this study by describing genetic comparison in a large collection of both
rUTI and non-rUTI isolates, enabling higher resolution during the analyses compared to
the previous studies. Previously, we identified that healthy controls with no previously
reported UTI carried genetically similar isolates in the intestinal microbiota compared to
patients with a concurrent UTI [31]. The current study is in line with these results, as the
findings of this study also indicate large genetic overlaps between isolates of UTI and rUTI.

Whether the phenotypes differ between recurrent and non-recurrent isolates is beyond
the scope of this study, but is a relevant follow-up study. The lack of major genetic
differences between the rUTI and cure group indicates the complex interplay between
bacterial infection capabilities, treatment success and host factors are likely to determine
recurrence rather than specific genetic characteristics of the E. coli bacteria itself. A larger
study on hundreds or thousands of isolates might enable the power of an unbiased search
through the accessory genome to identify significant traits of recurrence. Oppositely,
the pangenome is likely to increase with increasing number of isolates, decreasing the
likelihood of identifying significant traits for rUTI. A study on specific lineages (e.g., ST73
or ST131) on a larger collection of isolates could be another option in identifying significant
genes for rUTI, as this would limit the pangenome. Future studies combining the host-
genomics or transcriptomics with the bacterial genomics and microbiome studies of both
urinary, vaginal and fecal environment will perhaps enable classification of pathotypes
and predict recurrence.

3.3. Limitations

Limitations of this study include that we only sequenced one isolate per woman per
incident. It is possible that the observed variation between the isolate pairs was already
present at the first time of sampling. However, we have previously described intraclonal
variation in both fecal and urinary environment to be sparse [32], and the transition from
the fecal environment to the urinary tract has also been shown to include only minor
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adaptation [14]. The isolates were collected from a limited area of Sweden, which could be
a possible limitation, however, the phylogenetic diversity of the isolates in this study is
large and represents a broad range of clones from six different phylotypes.

4. Conclusions

Our findings indicate sparse genomic adaptation in some consecutive rUTIs by ex-
change of mobile elements and via SNPs primarily found in metabolism-associated genes.
Our detailed comparison of rUTI and non-recurrent isolates, however, did not identify any
significantly associated genetic factors or exhibited any distinct phylogenetic clustering.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9071416/s1, Table S1: Overview of isolates in the study: Infection type,
phylogroup, MLST clonal complex (CC), sequencing method, average sequencing depth, number of
scaffolds and Genbank/ENA ID, Table S2: Coding SNPs identified between pairs.
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