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Abstract

The present work set out to search for a virulence repertoire distinctive for Escherichia coli
causing primitive acute pyelonephritis (APN). To this end, the virulence potential of 18 E.
coli APN strains was genotypically and phenotypically assessed, comparatively with 19
strains causing recurrent cystitis (RC), and 16 clinically not significant (control, CO) strains.
Most of the strains belong to phylogenetic group B1 (69.8%; p<0.01), and APN strains
showed unique features, which are the presence of phylogroup A, and the absence of phy-
logroup B2 and non-typeable strains. Overall, the most dominant virulence factor genes
(VFGs) were ecpA and fyuA (92.4 and 86.7%, respectively; p<0.05), and the mean number
of VFGs was significantly higher in uropathogenic strains. Particularly, papAH and malX
were exclusive for uropathogenic strains. APN and RC strains showed a significantly higher
prevalence of fyuA, usp, and malXthan of CO strains. Compared to RC strains, APN ones
showed a higher prevalence of iha, but a lower prevalence of iroN, cnf1, and kpsMT-II. Hier-
archical cluster analysis showed a higher proportion of two gene clusters (malX and usp,
and fyuA and ecpA) were detected in the APN and RC groups than in CO, whereas iutA and
iha clusters were detected more frequently in APN strains. The motility level did not differ
among the study-groups and phylogroups considered, although a higher proportion of
swarming strains was observed in APN strains. Antibiotic-resistance rates were generally
low except for ampicillin (37.7%), and were not associated with specific study- or phyloge-
netic groups. APN and RC strains produced more biofilm than CO strains. In APN strains,
iha was associated with higher biofilm biomass formation, whereas iroN and KpSMT-K1
were associated with a lower amount of biofilm biomass. Further work is needed to grasp
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the virulence and fitness mechanisms adopted by E. coli causing APN, and hence develop
new therapeutic and prophylactic approaches.

Introduction

Acute pyelonephritis (APN) is a very common community infection in women [1]. Although
the associated mortality is only 0.7%, APN sometimes progresses to sepsis, uremia and multi-
organ failure and, consequently, there can be dismal outcomes [2].

Pyelonephritis is usually caused by ascent of bacteria from the bladder. The most common
pathogens in APN belong to the Enterobacteriaceae family, with Escherichia coli representing
the leading cause in more than 80% of cases [3, 4]. Other microorganisms contributing to
the pathogenesis of APN include Citrobacter spp, Proteus spp, Klebsiella spp, and enterococci
[3,4].

Uropathogenic E. coli (UPEC) expresses a variety of virulence factors that contribute to its
capacity to colonize the urinary tract and cause disease. The most important include surface-
associated factors (flagella, outer-membrane vesicles, pili, curli, non-pilus adhesins, polysac-
charide capsules, outer-membrane proteins, and lipopolysaccharide), toxins (a-hemolysin
and cytotoxic necrotizing factor type 1), and iron-acquisition systems [5]. Several studies have
shown that virulence factors do not act individually but in a coordinated way to guarantee
the successful survival and persistence of UPEC in the hostile environment of the urinary tract
[6-8].

Since a strain’s propensity to cause disease varies with its phylogenetic origins, one needs
rapid and universal tools to identify the clones/clonal complexes/phylogroups of E. coli. MLST
provides the best means of typing E. coli, although the knowledge of ST does not directly pro-
vide any information regarding strain’s phylogroup. Clermont et al. [9] proposed a successful
phylogroup assignment based on the presence/absence of chuA and yjaA genes, and one DNA
fragment (TspE4.C2). This method allows to classify E. coli under four main phylogroups (A,
B1, B2 and D) whose assignments are highly congruent with those derived from MLST data
[10].

Although different studies analyzing the prevalence of many virulence factors in different
UTIs have been performed in the past, pyelonephritis-associated virulence factors have not yet
been clearly defined [11-21].

In this frame, the main aim of the present work is to examine the virulence factor repertoire
exhibited by E. coli strains prospectively isolated from women with community-acquired
primitive APN. We hypothesized that primitive APN-associated strains would exhibit a dis-
tinct virulence repertoire, and we inferred that any virulence factors, or phylogenetic groups,
specifically associated with this cohort should reflect high virulence. For this purpose, broad-
range virulence genotyping assays, and amplification-based phylotyping methods were used to
characterize 53 E. coli strains isolated in urine samples from patients with primitive APN, as
compared to recurrent cystitis (RC)-associated strains and clinically not significant (coloniz-
ers) strains. The associations of virulence factor genes with regard to patient status, phyloge-
netic background, antibiotic resistance, motility, and biofilm formation were also investigated.

Materials and methods

Study subjects

A total of 53 patients were enrolled in this prospective study over a two-year period (May 2012
to May 2014). Subjects were aged from 18 to 52 years, with a median age of 30 years.
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Eighteen consecutive patients were assigned a diagnosis of primitive (uncomplicated) APN
based on the following criteria: i) at least one of the following symptoms was observed:
temperature > 38°C, urgency, frequency, dysuria or suprapubic tenderness; and ii) quantita-
tive midstream urine culture yielded bacterial growth > 10> colony-forming units (CFU)/mL
(or > 10* CFU/mL when antibiotic therapy was started before collecting urine) [22]. The pres-
ence of systemic and/or anatomical predisposing factors, and/or immune-impairment or preg-
nancy, defined the APN as “complicated” or secondary, excluding such patients from
enrollment.

Nineteen patients were diagnosed for RC, defined as three or more uncomplicated UTIs
(minimum concentration of 10°> CFU/ml in midstream urine, dysuria, pollakiuria, lower
abdominal pain, urinary urgency, pyuria) in the last 12 months. Both APN and RC infections
were considered community-acquired since patients were diagnosed within the first 48 h of
hospitalization.

A total of 16 volunteer subjects having normal urinalysis, a negative urine culture (< 10’
CFU/mL), and no history of UTI served as controls. Both RC and control (CO) groups were
age-matched with the APN group.

The Ethical Committee of the “G. d’Annunzio” University of Chieti-Pescara confirmed that
ethical approval was not needed since the study deals with a non-invasive diagnostic tool used
according to standard indications in a specific subset of patients, for which previous indica-
tions are available in the literature. As clinical information for patients with UTI was collected
anonymously, patient consent was not obtained.

Clinical and reference strains

Fifty-three E. coli strains were prospectively collected in the Laboratory of Clinical Microbiol-
ogy at “G. d’ Annunzio” University of Chieti-Pescara, Italy: 18 from APN patients; 19 from
patients with RC, and 16 “colonizer” apathogenic strains isolated from healthy subjects,
namely those without signs or symptoms of genitourinary tract disease (controls, CO). Each
strain was isolated from freshly voided midstream urine cultures, and identified by biochemi-
cal profiling using the Vitek-2 system (bioMérieux, Marcy I'Etoile, France). Only patients with
E. coli as the sole positive isolate were included in the study. One arbitrarily chosen E. coli col-
ony per specimen was studied. One arbitrarily chosen E. coli colony per specimen was selected
from the initial culture plate and stored at —80°C (Microbank; ProLab Diagnostics, Wirral,
UK) until used.

Other strains used as controls for specific virulence factor gene detection were kindly pro-
vided by James R. Johnson (University of Minnesota, Minneapolis, USA) and included: J96
(papA, papC, papEF, papG alleles I and 111, sfa/foc, focG, kpsMT 111, hlyA, cnfl, rfc), IA2 (papG
allele IT), LG1315(iutA), P678-54/pHK1 1 (cvaC), DH5a/pCIB10B (ibeA), IH11165 (bmaE,
gafD), HB101/pSR366 (kpsMT I1), P678-54/pAH1010 (nfaE), E6468/62 (cdtB), P678-54/
pKT107 (traT), 536-21/pANNS8O01 13 (sfa/foc, sfaS), NS24 (K1), GR12 (K5), and A30 (afa/dra)
[19]. Strain P678-54 was used as a negative control [11].

Clonal relatedness and phylogenetic analysis

Relatedness among isolates was established by Pulsed Field Gel Electrophoresis (PFGE) analy-
sis. Agarose-embedded chromosomal DNA was digested with the restriction enzyme Xbal,
and the fragments obtained were separated in a CHEF MAPPER XA apparatus (Bio-Rad; Her-
cules, CA). The DNA banding patterns were normalized with bacteriophage lambda concate-
mer ladder standard (Bio-Rad) and PFGE patterns were compared using the criteria for strain
relatedness established by Tenover et al. [23].
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Phylogenetic grouping into groups A, B1, B2, and D was determined by a triplex PCR assay
using chuA, TspE4.C2 and yjaA as DNA markers [9]. PCR conditions were as follows: activa-
tion for 10 min at 95°C, 30 cycles of 5 s at 95°C, 10 s at 59°C, and a final extension step of 7
min at 72°C. E. coli ATCC 25922 was used as a positive control for the B2 phylogenetic group
which had all 3 of the DNA markers.

Detection of virulence factor genes (VFGs)

Each strain was screened by PCR analysis [11, 12, 19, 24] for the presence of the following 28
VEGs, presumptively associated with extraintestinal pathogenic E. coli (S1 Table): i) adhesins:
papAH (P fimbriae), papG (P fimbria adhesin—alleles I, IT and III), sfa/focDE (S and F1C fim-
briae), focG (F1C fimbrial adhesin), iha (iron-regulated gene homologue adhesin), afa/draBC
(Dr family adhesin), bmaE (M fimbriae), gafD (G fimbriae), nfaE (nonfimbrial adhesin), sfaS
(S fimbrial adhesin), and ecpA (E. coli common pilus); ii) siderophores: iutA (aerobactin recep-
tor), fyuA (ferric yersiniabactin receptor), and iroN (catecholate siderophore receptor); iii) tox-
ins: hlyA (hemolysin), cnfl (cytotoxic necrotizing factor), and cdtB (cytolethal distending
toxin); iv) capsule: kpsMT-11 and kpsMT-III (group 2 and 3 capsule synthesis), kpsMT-K1 (K1
capsule synthesis); and v) miscellaneous: rfc (04 lipopolysaccharide synthesis), cvaC (colicin
V), traT (serum resistance), ibeA (invasion of brain epithelium), usp (uropathogenic-specific
protein, bacteriocin), omptT (outer membrane protein T, protease), and malX (a marker for a
pathogenicity-associated island, PAI, from archetypal uropathogenic strain CFT073).

The aggregate VEG score was defined as the total number of VFGs detected for a given iso-
late [11]. VFG patterns were determined as all unique virulence-associated gene assemblages
in the study population. Such molecular characteristics were shown to predict experimental
virulence in vivo [25].

Antibiotic susceptibility testing

Antimicrobial susceptibility tests were performed by the disk diffusion agar test, according to
EUCAST recommendations and interpretative criteria [26], for ampicillin, amoxicillin/clavu-
lanate, piperacillin/tazobactam, cefotaxime, ceftazidime, cefepime, ertapenem, imipenem,
meropenem, amikacin, gentamicin, fosfomycin, nitrofurantoin, and cotrimoxazole. The pres-
ence of extended spectrum beta-lactamases (ESBL) was assessed using the Vitek-2 ESBL test
[27]. E. coli ATCC25922 was used as a quality control strain. Strains were defined as multi-
drug resistant (MDR) when exhibiting resistance to at least one agent in three or more antimi-
crobial categories [28].

Biofilm formation

The ability of 53 E. coli strains to form biofilm was evaluated in a 96-well flat-bottom polysty-
rene tissue-culture microtiter plate (BD Italia), as previously described [29]. Briefly, each well
was inoculated with 200 pL of a standardized suspension (1-3 x 10" CFU/ml) prepared in
Tryptone Soya broth (Oxoid S.p.A, Milan, Italy). Following incubation at 37°C for 24 h non-
adherent bacteria were removed by three washes with sterile PBS, then biofilm samples were
quantified by staining with crystal violet, and finally destained with 33% glacial acetic acid.
Biofilm biomass was evaluated by measuring the optical density at 492 nm (OD,g,).
Considering a low cut-off (ODc) represented by 3xSD above the mean OD of control wells
(not seeded with bacteria), strains were classified into the following categories [30]: no biofilm
producer (OD < ODc), weak biofilm producer (ODc < OD < 2 x ODc), moderate biofilm
producer (2 x ODc < OD < 4 x ODc), and strong biofilm producer (4 x ODc < OD).
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Motility assays

Swimming, swarming, and twitching motilities were evaluated as previously described [31],
with some modifications. Briefly, individual colonies from an agar growth were transferred,
using a sterile needle, to the surface of swimming agar (10 g/l tryptone, 5 g/l NaCl, 0.3% agar)
and swarming agar (8 g/l nutrient broth, 5 g/l glucose, 0.5% agar). Swarm plates were allowed
to dry overnight at room temperature before being used. After incubation for 48 h, results
were expressed as the diameter (mm) of the halo of growth formed around the point of inocu-
lation. Twitching agar (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, 1% agar) was inoculated
into the bottom of the Petri dish plate using a sterile needle. After incubation for 48 h, the
diameter (mm) of migration and growth at the agar/Petri dish interface was measured by
staining with crystal violet.

Statistical analysis

Each assay was performed in triplicate and repeated on at least two different occasions. All sta-
tistical tests were performed using GraphPad software, version 6.0 (GraphPad Inc.).

Comparisons of proportions were evaluated using the chi-square test or Fisher’s exact test
as appropriate. Comparisons between groups were evaluated by parametric (Analysis-of-Vari-
ance followed by Tukey’s multiple comparison post-test) or non-parametric (Kruskal-Wallis
+ Dunn’s multiple comparison post-test, Mann-Whitney test) tests. The D’Agostino & Pearson
omnibus normality test was used to assess if the values came from a Gaussian distribution.
Correlation between groups was evaluated by calculating the Spearman’s correlation coeffi-
cient. Factor analysis using the principal component method (Principal Component Analysis)
was performed on detection frequencies of gene presence to identify VFGs that were indepen-
dently predictive of specific epidemiologic subgroups (APN, RC, and CO). The Principal
Component Analysis scores were calculated using the covariance matrix, and the principal
components 1 and 2 (PC1 and PC2) were determined to explain most data variation, using a
Scree test. PC1 was plotted against PC2 to identify the genes driving the two components and
to explain the percentage variation.

For all tests, the threshold for statistical significance was set at p < 0.05.

Results
Clonal relatedness and phylogenetic analysis

The clonal relatedness of E. coli strain populations was assessed by PFGE analysis, and the
results are shown in Fig 1. Tenover et al. [23] defined two strains with identical PFGE profiles
as belonging to the same clone, and two strains showing less than or equal to three differences
in the PFGE banding patterns as strictly related. If the number of differences was >3, strains
might be considered as unrelated. Overall, our findings showed an extremely heterogeneous
population with a highly polyclonal distribution. The most genetically related strains, albeit
not belonging to the same clone, were CO15 and RC8, showing three differences in the band-
ing pattern.

Phylogenetic group analysis was carried out by triplex PCR assay, and the results are shown
in Table 1. The most prevalent phylogenetic group was B1, both considering strains as a whole
(37 out of 53, 69.8%; p<0.01 vs other groups), and within each study-group (61.1, 78.9, and
68.7% for APN, RC, and CO strains, respectively). APN strains showed unique features,
namely the presence of phylogroup A (5 out of 18, 27.8%; p = 0.005 vs other groups), and the
absence of both phylogroup B2 and non-typeable strains. A total of 3 (5.6%) E. coli strains
were classified as non-typeable.
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Fig 1. Clonal relatedness. The clonal distribution of 53 E. coli strains—isolated from women with acute pyelonephritis
(APN), recurrent cystitis (RC), or not symptomatic (healthy controls; CO)—was assessed by PFGE analysis. The
vertical dotted line shows the three-band-difference breakpoint [23]. Four strains (APN3, APN34, CO4, and RC5)
proved not to be typeable by Xbal macrorestriction analysis.

https://doi.org/10.1371/journal.pone.0196260.g001

VFGs distribution by source and phylogenetic group

The presence of 28 VFGs in each strain was evaluated by PCR, the results being summarized
in Table 2. Considering the strains as a whole, the most dominant VFGs were ecpA and fyuA,
found in a significantly higher percentage of strains (92.4 and 86.7%, respectively) than other
VEGs screened (fyuA vs papG II/111, p<0.05; fyuA vs other VFGs, p<0.01). Particularly, these
genes along with PapG II/III, and hlyA were found in at least 50% of strains, whereas bmaE,
gafD, nfaE, cdtB, kpsMT-III, and ompT were always lacking.
With regard to the three source groups, APN and RC strains showed a significantly higher
prevalence of fyuA, usp, and malX than did control strains. Compared to RC strains, APN
showed a lower prevalence of iroN, cnfI, and kpsMT-II, but a higher prevalence of iha. PapG I
was found in two APN strains alone, while rfc and cvaC were respectively observed only in two
and one RC strains. papAH and malX were exclusive for uropathogenic APN and RC strains,
having been found in at least 10.5% and 44.4% of strains, respectively. The only strain that
proved negative for all VFGs screened was CO4.

Table 1. Distribution of phylogenetic groups, according to clinical syndrome.

No. (%) of strains

Phylogenetic group APN RC CcO p-value Total n (%)
A 5(27.8) - 0.005 5(9.4)
Bl 11 (61.1) 15 (78.9) 11 (68.7) 0.495 37 (69.8)*
B2 - 2 (10.5) 1(6.3) 0.380 3(5.7)
D 2 (11.1) 1(5.3) 2 (12.5) 0.733 5(9.4)
NT 1(5.3) 2 (12.5) 0.288 3(5.7)

E. coli strains were isolated from women with acute pyelonephritis (APN; n = 18), recurrent cystitis (RC; n = 19), or not symptomatic (healthy controls; CO; n = 16).

Phylogenetic groups were evaluated using the PCR triplex assay, according to Clermont et al. [9]: A (n = 5), B1 (n =37), B2 (n = 3), D (n = 5). NT (n = 3), non-typeable.
Bold values are statistically significant (p<0.05) as assessed by the chi-square test.
* p<0.01 vs other phylogenetic groups, chi-square test.

https://doi.org/10.1371/journal.pone.0196260.t001
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Table 2. Distribution of virulence factor genes, according to clinical syndrome.

No. (%) of strains p-value
Virulence genes Total (n = 53) APN (n=18) RC(n=19) CO (n=16) APN vs RC APN vs CO RCvs CO
Adhesins
ecpA 49 (92.4) 17 (94.4) 18 (94.7) 14 (87.5) 1.000 0.591 0.446
papG II/1I1 35 (66.0) 15 (83.3) 11 (57.9) 9 (56.3) 0.151 0.134 0.922
iha 20 (37.7) 12 (66.7) 6(31.6) 2 (12.5) 0.045 0.002 0.243
sfa/focDE 19 (35.8) 5(27.8) 10 (52.6) 4 (25.0) 0.184 1.000 0.096
sfaS 16 (30.1) 5(16.7) 6 (31.6) 5(31.3) 0.447 0.429 0.983
focG 13 (24.5) 3(16.7) 5(26.3) 5(31.3) 0.693 0.429 0.748
afa/draBC 5(9.4) 4(16.7) - 1(6.3) 0.105 0.604 0.269
papAH 5(9.4) 3(16.7) 2 (10.5) - 0.660 0.230 0.489
papG I 2(3.7) 2(11.1) - - 0.230 0.487
bmaE - - - -
gafD : : : :
nfaE - - - -
Siderophores
fruA 46 (86.7) 17 (94.4) 19 (100.0) 10 (62.5) 0.486 0.035 0.003
iroN 30 (56.6) 8(44.4) 16 (84.2) 6 (37.5) 0.016 0.738 0.004
iutA 25 (47.1) 12 (66.7) 7 (36.8) 6 (37.5) 0.103 0.168 0.968
Toxins
cnfl 33(62.2) 8 (44.4) 15 (78.9) 10 (62.5) 0.045 0.327 0.283
hlyA 32 (60.3) 9 (50.0) 15 (78.9) 8 (50.0) 0.091 1.000 0.072
cdtB - - - -
Capsule
kpsMT-1I 31(58.4) 9 (50.0) 16 (84.2) 6 (37.5) 0.038 0.510 0.004
kpsMT-K1 7 (13.2) 4(22.2) 1(10.5) 2(12.5) 0.405 0.660 0.855
kpsMT-IIT - - - -
Miscellaneous
traT 26 (49.0) 8 (44.4) 12 (63.2) 6 (37.5) 0.330 0.738 0.130
malX 21 (39.6) 9 (44.4) 12 (57.9) - 0.517 0.003 0.001
usp 21 (39.6) 8(44.4) 11 (57.9) 2 (12.5) 0.517 0.043 0.006
ibeA 5(9.4) 1(5.6) 1(5.3) 3(18.8) 1.000 0.323 0.212
rfc 2(3.7) - 2 (10.5) - 0.486 0.156
cvaC 1(1.8) - 1(5.3) - 1.000 0.402
omptT - - - -

Twenty-Eight E. coli virulence factor genes tested were screened by PCR. See Materials and Methods for gene description. Bold values are statistically significant

(p<0.05) as assessed by the chi-square test or Fisher’s exact test, when appropriate.

https://doi.org/10.1371/journal.pone.0196260.t002

For each isolate, the aggregate VFG score—defined as the total number of VFGs detected-
was calculated since it predicts experimental virulence in vivo [25] (Fig 2). Overall, the aggre-
gate VFG scores extensively varied among the strains tested, ranging from 0 to 13. The mean

VEFG score exhibited by APN and RC strains was significantly higher than CO ones

(mean + SD: 8.6 + 2.3 and 9.7 + 2.3 vs 6.1 + 2.8, respectively; p<0.05 and p<0.001, APN vs
CO, and RC vs CO, respectively) (Fig 2A). This is because, apart from ecpA (87.5%), only four
genes (papG II/I11, fyuA, hlyA, and cnfl) occurred in at least 50% of CO isolates. No significant
differences among phylogroups were observed in the VFG score (Fig 2B).
To investigate the relationship between phylogenetic groups and VFGs, the VFG score was
calculated according to the phylogroups, the results being summarized in Fig 2B-2E.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196260 May 14,2018

7/26


https://doi.org/10.1371/journal.pone.0196260.t002
https://doi.org/10.1371/journal.pone.0196260

@° PLOS | ONE

Phenotypic and genotypic traits of Escherichia colifrom primitive acute pyelonephritis

A

VFG score

VFG score

VFG score

OVERALL
'5-
o0 an
L ] | | | ]
10- % A
_{é}_ | ] | ]
[ ] ®
[ 1] ]
S5+ [ ] A
AA
APN RC co
RC
15+
Wox
A [ J
54
0 T T T
82 D uT
APN
15+
[ ]
[ )
104 oo
[ J
L
[ ] [ J -
5- .
0 T T T T 1
00 02 04 06 08 10

biofilm biomass (ODg4s3)

VFG score

VFG score

VFG ecore

151

-
o
1

OVERALL

T1¥

[T ]
0 T A v v v
A B1 B2 D uT
co
154
104 e
—ae—
54
A
D v T T \J
B1 82 D ut
RC
154
[ ] L
o0 o
104 *—o—o
) .
e o
[ ]
54
D T T T 1
0.0 0.2 0.4 0.6

biofilm biomass (ODg4s3)

08

Cc

VFG score

VFG score

VFG score

APN
15+ .
an
10- %
(] L 11}
% L] —
54
0 T T ¥
A B1 D
OVERALL
15+
L
L LA R J
10+ 0 6 o o
e ¢ o o
e e &
o &
o o L J
54 L L]
L J L
0 —— T T T
0.0 0.2 0.4 06 08 1.0
biofilm biomass (ODyy3)
Cco
15+
10 o
L 4 L J
[ ] °
N,\
54 °
L
0 T T » T
0.0 0.1 0.2 03 0.4

biofilm biomass (ODys2)

Fig 2. Virulence factor gene (VFG) score. A) Distribution of VFG scores among E. coli strains isolated from women with acute pyelonephritis (APN, n = 18), recurrent

cystitis (RC, n = 19), or not symptomatic (healthy controls; CO, n = 16), and B-E) according to phylogenetic group, considering strains as a whole or according to

clinical syndrome. Results are expressed as a scatter plot, showing mean + SD. *p<0.05, *** p<0.001, ANOVA + Tukey’s multiple comparison post-test. Each dot is the

average from three independent experiments with three replicates of each strain per experiment. F-I) Correlation between biofilm biomass formed and VFG score,

considering all strains as a whole or according to clinical syndrome. Spearman r coefficient calculation showed no significant trends, although a clear trend towards a
negative relationship was observed for APN isolates (Spearman r: -0.501; p = 0.0508). Each dot is the average from three independent experiments with three replicates

of each strain per experiment (n = 9).

https://doi.org/10.1371/journal.pone.0196260.9002

Considering APN strains, the VFG score shown by strains belonging to phylogroup B1 was

significantly higher than phylogroup A (VFG score, mean + SD: 9.7 + 2.1 vs 6.8 + 1.6, respec-
tively; p<0.05) (Fig 2C).

With regard to each VFG tested, significant differences in prevalence between study-groups
were found for BI strains alone (Table 3): iha was significantly more prevalent in APN strains
than in CO ones (63.6 vs 0%, respectively; p<0.05), fyuA and malX were significantly more
prevalent in APN and RC strains (fyuA: 100 vs 100 and 63.6%; malX: 73.3 and 63.6 vs 0%;
respectively for RC, APN, and CO; p<0.01), whereas kpsMT-II was significantly more
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Table 3. Virulence factor gene distribution, according to phylogenetic group.

No. (%) of strains

APN RC CO
Virulence genes A (n=5) Bl (n=11) D(n=2) Bl (n=15) B2 (n=2) D(n=1) Bl (n=11) B2(n=1) D(n=2)
Adhesins
papAH - 2(18.1) 1 (50.0) 2 (13.3) - - - - -
papG /111 5(100) 8(72.7) 2 (100) 8(53.3) 2 (100) 1 (100) 7 (63.6) - -
papG1 - 1(9) - - - - - - -
sfa/focDE 1(20.0) 4(36.3) - 8(53.3) 2 (100) - 3(27.2) - -
focG - 3(27.2) - 5(33.3) - - 5(45.4) - -
iha 3(30.0) 7 (63.6)* 2 (100) 5(33.3) - 1 (100) - 1 (100) -
afa/draBC - 3(27.2) - - - - - - 1 (50.0)
bmaE - - - - - - - - -
gafD : : : : - - - : :
nfaE - - - - - - - - -
sfaS - 3(27.2) - 6 (40.0) . . 4(36.3) - -
ecpA 4 (80.0) 11 (100) 2 (100) 15 (100) 2 (100) 1 (100) 10 (90.9) - 2 (100)
Siderophores
iutA 4 (80.0) 6 (54.5) 2 (100) 5(33.3) - 1 (100) 3(27.2) 1 (100) 1 (50.0)
fruA 4 (80.0) 11 (100) 2 (100) 15 (100) 2 (100) 1 (100) 7 (63.6)b - 2 (100)
iroN 1(20.0) 7 (63.6) - 13 (86.6) 2 (100) - 5(45.4) - -
Toxins
hlyA 2 (40.0) 7 (63.6) - 13 (86.6) 2 (100) - 7 (63.6) - -
cnfl 2 (40.0) 5(45.4) - 13 (86.6) 2 (100) - 8(72.7) - -
cdtB - - - - - - - - -
Capsule
kpsMT-II 1 (20.0) 6 (54.5) 2 (100) 14 (93.3)° 1 (50.0) - 4(36.3) - 1 (50.0)
kpsMT-IIT - - - - - - - - -
kpsMT-K1 1 (20.0) 3(27.2) - 2(13.3) - - 1(9.0) - -
Miscellaneous
rfe - - - - 2 (100) - - - -
cvaC - - - - - - - - -
traT 3 (60.0) 4(36.3) 1 (50.0) 10 (66.6) - 1 (100) 4(36.3) - 1 (50.0)
ibeA - 1(9.0) - 1(6.6) - - 3(27.2) - -
usp 1(20.0) 7 (63.6) - 11 (73.3) - - - - -
omptT - - - - - - - - -
malX 1(20.0) 7 (63.6)° - 11 (73.3)¢ - - - - -

E. coli strains were isolated from women with: primitive acute pyelonephritis (APN, n = 18); recurrent cystitis (RC, n = 19); no symptomatology (controls, CO, n = 16).

Phylogenetic groups were evaluated using PCR triplex assay, according to Clermont et al. [9]: A (n = 5), B1 (n = 37), B2 (n = 3), D (n = 5). No significant differences

were found between phylogroups, within each study-group. Bold values are significant (p<0.05) differences found between study-groups as assessed by the chi-square

test or Fisher’s exact test, when appropriate
2 APN vs CO (p = 0.006)

® CO vs APN and RC (p = 0.005)
“RC vs APN and CO (p = 0.008)
4 APN and RC vs CO (p<0.01).

https://doi.org/10.1371/journal.pone.0196260.t003

dominant in RC strains (kpsMT-II: 93.3 vs 54.5 and 36.3%, respectively for RC, APN, and CO;
p<0.01). Within each study-group, no significant differences were found among phylogroups.
On the other hand, the prevalence of some VFGs observed in strains belonging to phylogroup
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B1 significantly differed between study groups (Table 3): iha (APN > others; p = 0.006), fyuA
(APN and RC > CO; p = 0.005), kpsMT-II (RC > others; p = 0.008), and malX (RC > others;
p<0.001). It is worth noting that focG and sfaS genes were confined to phylogroup B1.

Forty-nine unique VFG assemblages were observed, with only four shared by two strains
each: two assemblages shared by strains belonging to RC groups (RC2 and RC9; RC4 and
RC5), whereas the remaining two were shared by strains belonging to different groups
(APN21 and RC16; APN29 and RC17) (data not shown).

Principal component (PC) analysis, based on the presence of VFGs, clustered E. coli strains
into two groups that incorporate 32% cumulative variation: PC1 explained 12.8% of the varia-
tion, whereas PC2 explained 12.8% of the variation (Fig 3). Plotting PCI1 against PC2 for visual
evaluation revealed trends in differentiation and clustering of groups with a similar gene
pattern.

Several different genes, such as hlyA and iutA loaded heavily on PC2, whereas malX, usp
and fyuA determined the loading for PC1 (Fig 3).

The gene clusters derived from hierarchical cluster analysis were based on their contribu-
tion to cluster formation (Table 4). In cluster 1, the most representative genes hlyA and cnfl
were detected in each group with comparable frequencies. In cluster 2, the most representative
genes malX and usp were detected in a significantly higher percentage in the APN and RC
groups than in CO (44.4 and 57.9% vs 12.5%, respectively; p = 0.025). Furthermore, no CO
strains simultaneously showed both genes. In cluster 3, iutA and iha were detected more fre-
quently in APN strains (78.0%; p = 0.003). In cluster 4, the most representative genes fyuA and
ecpA were found more frequently in RC and APN than in CO strains (100 and 94.4% vs 87.5%,
respectively; p = 0.042).

Motility assays

Swimming, swarming, and twitching motilities were assayed, and the results are shown in S1
Fig and Table 5. No significant differences were observed in motility efficiency, as shown by
the median motility level, regardless of the study-groups and phylogroups considered (S1 Fig).
However, striking differences were observed in the ability for movement among the study-
groups considered (Table 5). A significantly higher proportion of swarming-positive strains
was observed in APN than in CO strains (83.3 vs 63.1 and 37.5%, respectively; p<0.05). All E.
coli strains showed twitching motility, whereas swimming motility was more frequent among
CO strains than RC strains (87.5 vs 42.1%, respectively; p<0.05). By contrast, no differences
were found in the prevalence of motility types among phylogroups (Table 5).

Antibiotic resistance

In vitro antibiotic susceptibility test results are summarized in Table 6. No statistically signifi-
cant differences in antibiotic-resistance rates were found. The prevalence of resistance to the
tested antibiotics was generally low, ranging from 0% (ertapenem, imipenem, meropenem,
and nitrofurantoin) to 18.8% (amoxicillin/clavulanic acid, and cotrimoxazole), except for
ampicillin whose resistance rate was 37.7%. Antibiotic resistance profiles were not associated
with a specific study- or phylogenetic group. However, a trend suggestive of higher resistance
to ampicillin and cotrimoxazole was found in APN strains, although not statistically significant
(ampicillin: 44.4 vs 31.6 and 37.5%; cotrimoxazole: 27.8 vs 15.8 and 12.5%; respectively for
APN, RC, and CO strains). Resistance to amikacin was observed in strain APN1 alone (5.6%),
whereas resistance to piperacillin/tazobactam was found in two RC strains only (RC2 and
RCS8; 10.5%). Resistance to cephalosporins (cefotaxime, ceftazidime, and cefepime) was
observed only in ESBL-positive strain CO7 (6.3%). No other ESBL-positive strains were found.
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Fig 3. Principal component analysis based on VFG detection. Three groups of subjects were enrolled: women with acute pyelonephritis (APN, n = 18), recurrent
cystitis (RC, n = 19), or not symptomatic healthy controls (CO, n = 16). PC1 represent 19.2% of the data variability, whereas PC2 represents 12.8% of such variability.

https:/doi.org/10.1371/journal.pone.0196260.g003

Regarding phylogroups, higher ampicillin-resistance were observed in phylogroups A and
D, and higher resistance to ciprofloxacin and cotrimoxazole in phylogroup D; however, both
trends were statistically not significant.

The overall resistance rate, calculated as the ratio between the total number of resistances
and the total antimicrobial susceptibility tests performed, was comparable among the groups
tested (APN: 18 out of 270, 6.6%; RC: 15 out of 342, 4.3%; CO: 16 out of 288, 5.5%). Similarly,
MDR strains—those that are resistant to at least one agent in three or more antimicrobial cate-
gories [28] —were observed as having comparable prevalence in each group (APN: 3 out of 18,
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Table 4. Virulence factor gene cluster distribution.

Cluster | No. of genes | Most representative genes | Cluster proportion of variance explained | Total proportion of variation explained | Percentage of | p-value

strains
belonging to:
1 5 hlyA, cnfl 0.569 0.129 | 44.4 | 78.9 | 50.0 0.150
2 4 malX, usp 0.529 0.096 | 44.4 | 57.9 | 12.5| 0.025°
3 6 iutA, iha 0.438 0.120 | 555 | 31.6 | 12.5| 0.003"
4 2 fyuA, ecpA 0.761 0.069 | 94.4 | 94.7 | 62.5| 0.042°

VEFGs clusters were determined by Principal Component Analysis based on the detection frequency of virulence genes in women with acute pyelonephritis (APN,

n = 18), recurrent cystitis (RC, n = 16), or not symptomatic (healthy controls; CO, n = 19). The first principal component (PC1) of genes in each cluster was considered.
Most representative clusters were shown. Bold values are statistically significant (p<0.05) as assessed by the chi-square test

* APN and RC vs CO

" APN vs RC and CO

© APN and RC vs CO.

https://doi.org/10.1371/journal.pone.0196260.t004

16.6%; RC: 2 out of 19, 10.5%; CO: 3 out of 16, 18.7%). Almost all MDR strains belonged to
phylogroup B1 (6 out of 7, 85.7%).

No correlation was observed between the number of antibiotic resistances and the VFG
score, whether considering strains as a whole, or according to clinical syndrome (S2 Fig).

Biofilm formation

Biofilm forming ability onto polystyrene was spectrophotometrically assessed by crystal violet
stain, the results being summarized in Fig 4. Most of the strains tested were able to form bio-
film, and no significant differences were found among groups in the proportion of biofilm-
positive strains (83.3, 73.6, and 81.2% for APN, RC, and CO, respectively). However, biofilm
forming ability varied greatly (OD,q, range: 0.183-0.771), with value distribution proving
more skewed among APN strains, as suggested by the coefficient of variation values (47.8,
35.5, and 20.2%; respectively for APN, RC, and CO strains). The mean biofilm biomass formed
by APN and RC strains was comparable (OD,g,, mean + SD: 0.394 + 0.188 and 0.399 + 0.141,
respectively), but significantly higher than CO strains (OD.g,: 0.256 + 0.05; p<0.05).
According to the biofilm amount formed, strains were classified into several categories,
according to Stepanovic et al. [30], and the results are summarized in Table 7. Most strains

Table 5. Distribution of motility, according to clinical syndrome and phylogroup.

No. (%) of strains positive for: No. (%) of strains positive for:

group (n) swarming twitching swimming phylogroup (n) swarming twitching swimming

APN (18) 15 (83.3) 18 (100) 12 (66.6) | A (5) 4(80.0) 5 (100) 3 (60.0)

RC (19) 12 (63.1) 19 (100) 8 (42.1) | B1 (37) 24 (64.8) 37 (100) 23 (62.1)

CO (16) 6(37.5) 16 (100) 14 (87.5) | B2 (3) 1(33.3) 3 (100) 2 (66.6)
D (5) 2 (40.0) 5 (100) 4(80.0)
NT (3) 3 (100) 3 (100) 2 (66.6)

p-value 0.018* 1.000 0.019° 0.315 1.000 0.955

Swimming, swarming, and twitching motilities were assessed for 53 E. coli strains isolated from women with acute pyelonephritis (APN), recurrent cystitis (RC), or not
symptomatic (healthy controls; CO). Phylogenetic groups were evaluated using PCR triplex assay according to Clermont et al. [9]: A, B1, B2, D, NT (non-typeable). Bold
values are statistically significant (p<0.05) as assessed by the chi-square test

* APNvs CO

®RCvs CO.

https://doi.org/10.1371/journal.pone.0196260.t005
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Table 6. In vitro susceptibility to antibiotics.

No. (%) of resistant strains: No. (%) of resistant strains: p-value No. (%) of resistant strains: p-value
Antibiotics APN RC CO A B1 B2 D
Ampicillin 20(37.7) | 8(444)| 6(3L6)| 6(37.5) 0722 3(60.0)| 13(35.1) - 3(60.0) 0.348
Amoxicillin/clavulanate 10(18.8) | 3(167)| 3(158)| 4(25.0) 0.753 | 1(20.0)| 8(21.6) - - 0.755
Piperacillin/tazobactam 2(3.7) - 2(10.5) - 0.156 - 2 (5.4)
Cefotaxime 1(1.8) - - 1(6.3) 0.308 - - - 1(20.0)
Ceftazidime 1(1.8) - - 1(6.3) 0.308 - - - 1(20.0)
Cefepime 1(1.8) - - 1(6.3) 0.308 - - - 1(20.0)
Ertapenem - - - - - -
Imipenem - - - - - - -
Meropenem - - - - - - -
Amikacin 1(1.8) 1(5.6) . . 0.371 . 12.7) N .
Gentamicin 2(3.7) 1(5.6) - 1(6.3) 0.556 - 1(2.7) - -
Ciprofloxacin 5(94)| 2(11.2) 1(53)| 2(125) 0622 2(5.4) S| 2(40.0) 0.141
Fosfomycin 1(1.8) - 1(5.3) - 0.402 - 1(2.7) - -
Nitrofurantoin - - - - - -
Cotrimoxazole 10(18.8) | 5(27.8)| 3(158)| 2(12.5) 0478 | 1(20.0)| 6(16.2) - 3(60.0) 0.142
MDR? 8 (15.0) 3(16.6) 2(10.5) 3(18.7) 0.755 - 6(16.2) - 1 (20.0) 0.902

Susceptibility testing was performed, using the disk diffusion agar method, and interpreted according to EUCAST guidelines [26]. Strains were isolated from women
with: primitive acute pyelonephritis (APN, n = 18); recurrent cystitis (RC, n = 19); no symptomatology (controls, CO, n = 16). Phylogenetic groups were evaluated using
PCR triplex assay, according to Clermont et al. [9]: A (n = 5), B1 (n = 37), B2 (n = 3), D (n = 5). No significant differences were found by the chi-square test.

* MDR, multi-drug resistant strain.

https://doi.org/10.1371/journal.pone.0196260.t006

were classified as weak-producers, followed by moderate-producers (56.6% vs 20.7%;
p<0.001). Eleven strains, equally distributed among the study-groups considered, were not
able to form biofilm.

No significant differences in biofilm category prevalence were found among the study-
groups considered. The only strain classified as a strong-producer was APN26, belonging to
phylogroup A (mean OD,o,: 0.771) (20 vs 0%, p = 0.026; phylogroup A vs others, respectively).

No significant differences in the aggregate VFG score were found among biofilm categories
(data not shown).

Association between biofilm formation and other phenotypic or genotypic
traits

Biofilm formation and phylogenetic groups. No statistically significant differences
among phylogenetic groups were found in biofilm formation capacity considering the E. coli
groups (AP, RC, CO) (Fig 4).

Biofilm formation and VFGs. The mean VFG aggregate score was not associated with
the biofilm biomass formed, regardless whether strains were considered as a whole (Fig 2F) or
according to clinical syndrome (Fig 2G-2I). However, a clear though not significant trend
towards a negative relationship was observed for APN strains (Spearman r: -0.501; p = 0.0508)
(Fig 2G).

Biofilm biomass was stratified on the presence or absence of each VFG considered, and the
results are shown in Figs 5 and 6, and S3 Fig. In APN strains the presence of iha was associated
with higher biofilm biomass formation (median ODg,: 0.357 vs 0.218, respectively for iha*
and iha” strains; p<0.05), whereas the presence of iroN and KpSMT-K1 was associated with a
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Fig 4. Biofilm formation, according to clinical syndrome and phylogenetic group. Strains were isolated from
women with acute primitive pyelonephritis (APN), recurrent cystitis (RC), or healthy subjects (controls, CO). Biofilm
forming ability onto polystyrene was spectrophotometrically assessed by crystal violet stain [29]. Phylogenetic groups
were evaluated using PCR triplex assay, according to Clermont et al. [9]: A, B1, B2, D, NT (non-typeable). Results are
expressed as scatter plots, where bars indicate median values with interquartile range. Each dot is the average from two
independent experiments with eight replicates of each strain per experiment (n = 16). Only biofilm-positive strains
were considered since “not producer” strains had comparable prevalence both in groups and phylogroups (see

Table 7). * p<0.05, ANOVA + Tukey’s multiple comparison post-test.

https://doi.org/10.1371/journal.pone.0196260.9004

lower amount of biofilm biomass (median OD,g,: 0.218 vs 0.417, respectively for iroN" and
iroN" strains; p<0.05) (median OD,g,: 0.205 vs 0.346, respectively for KpSMT-KI* and
KpSMT-KI strains; p<0.05) (Fig 5). With regard to control strains, the presence of ecpA was
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Table 7. Biofilm formation.

No (%) of strains: p-value No (%) of strains: p-value
Biofilm categories APN RC CO A B1 B2 D
Biofilm producer 15 (83.3) 14 (73.6) 13 (81.2) 0.579 4(80.0) 31(83.7) 3(100) 2 (40.0) 0.107
Weak producer 10 (55.6) 8 (42.1) 12 (75.0) 0.148 1(20.0) 24 (64.9) 1(33.3) 2 (40.0) 0.233
Moderate producer 4(22.2) 6 (31.6) 1(6.3) 0.181 2 (40.0) 7 (18.9) 2 (66.7) - 0.144
Strong producer 1(5.5) - - 0.371 1(20.0) - - - 0.026
Not producer 3(16.7) 5(26.3) 3(18.8) 0.749 1 (20.0) 6(16.2) - 3(60.0) 0.142

Results from crystal violet stain assay were stratified into four biofilm-producer categories, according to criteria proposed by Stepanovic et al. [30]. Strains were isolated

from women with: primitive acute pyelonephritis (APN, n = 18); recurrent cystitis (RC, n = 19); no symptomatology (controls, CO, n = 16). Phylogenetic groups were

evaluated using PCR triplex assay, according to Clermont et al. [9]: A (n = 5), Bl (n =37), B2 (n = 3), D (n = 5). Bold values are statistically significant (p<0.05) as

assessed by the chi-square test.

https://doi.org/10.1371/journal.pone.0196260.t007

significantly associated with reduced biofilm biomass formation (median OD 49,: 0.220 vs
0.332, respectively for ecpA™ and ecpA” strains; p<0.05) (Fig 6).

Biofilm formation and motility. Motility did not correlate with efficiency in biofilm bio-
mass formation (54 Fig). Particularly, APN24, RC13, RC14, CO8, and C11 strains showed nei-
ther swimming nor swarming motility, whereas they were able to form biofilm. No statistically
significant differences were found among the motility patterns with respect to the biofilm
amount formed.

Biofilm formation and antibiotic resistance. The mean amount of biofilm formed did
not statistically differ either between resistant and susceptible strains, regardless of drug con-
sidered, or according to the MDR phenotype (S5 Fig). No differences were found in the preva-
lence of biofilm-producer strains between resistant and susceptible strains, regardless of the
antibiotic considered (data not shown). However, a significantly higher percentage of moder-
ate-producer strains were found in ampicillin-resistant strains, compared to susceptible ones
(80 vs 20%, respectively; p<0.01).

Discussion

In the present study we searched for a virulence repertoire distinctive for E. coli causing primi-
tive APN. To this end, we examined the distribution of both genotypic (VEGs, phylogenetic
groups), and phenotypic (antibiotic-resistance, biofilm formation, motility) traits among E.
coli isolates from women with primitive APN, as compared to those isolated from women with
RC and healthy controls.

Clonal relatedness

The genome plasticity is the main driver for the phenotypic diversity and evolution of E. coli
[14]. The high dynamicity of its genome is responsible for the relevant differences observed
among pathogenic strains associated with human diseases. Pulsed field gel electrophoresis
genomic typing we performed has demonstrated such high diversity showing an extremely
heterogeneous population with a highly polyclonal distribution. The most genetically related
strains, albeit not belonging to the same clone, were from healthy (CO15) and recurrent cysti-
tis (RC8) groups. It is, therefore, plausible to infer that CO15 is a potential pathogenic strain
that was residing innocuously within its reservoir. In this regard, previous studies [32, 33]
showed that commensal E. coli may potentially serves as a source or reservoir of virulence
genes for human pathogenesis.
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Fig 5. Biofilm formation by E. coli strains from women with acute pyelonephritis (APN), according to each virulence factor gene (VFG). The presence of VEGs
was assessed by PCR. Biofilm forming ability onto polystyrene was spectrophotometrically assessed by crystal violet stain [29]. Each dot is the average from two
independent experiments with eight replicates of each strain per experiment (n = 16). Horizontal bars are medians. * p<0.05, Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0196260.9005

VFGs

A wide variety of virulence factors have been associated, epidemiologically or in vivo, with
UPEC. Using PCR, we screened our entire collection of E. coli strains for 28 VFs, selected by
their potential role described in the literature. Then, to visualize the distribution of VFGs and
detect if specific combinations of VFGs were associated with APN we made a cluster analysis.

Overall, we found that E. coli causing APN or RC had a comparable mean aggregate VFG
score, but significantly higher compared to apathogenic commensal strains (8.6 and 9.8 vs 6.2,
respectively; p<0.05 and p<0.001, CO vs APN and RC, respectively). Particularly, APN and
RC strains differed from apathogenic commensal ones in having a significantly higher preva-
lence of fyuA (yersiniabactin receptor for iron uptake), usp, and malX (pathogenicity-associ-
ated island marker) genes. The same virulence repertoire (fyuA-usp-malX) has been shown, in
a mouse model, to be associated with killer strains [34].

Yersiniabactin has previously been associated with relapse and in vivo pathogenesis [35],
whereas the uropathogenic-specific bacteriocin USP has been shown to be associated with
pyelonephritis, prostatitis and bacteremia, and with enhanced virulence and fitness of patho-
genic strains of E. coli [36-38].
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Fig 6. Biofilm formation by E. coli strains from healthy control women (CO), according to each virulence factor gene (VFG). The presence of VFGs was assessed by
PCR. Biofilm forming ability onto polystyrene was spectrophotometrically assessed by crystal violet stain [29]. Each dot is the average from two independent
experiments with eight replicates of each strain per experiment (n = 16). Horizontal bars are medians. * p<0.05, Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0196260.9006

Besides encoding virulence genes, pathogenicity islands may contribute to UPEC pathoge-
nicity as well [39]. The presence of malX, coding for a pathogenicity-associated island marker
of the pyelonephritis-associated CFT073 strain, was previously associated with persistence or
relapse [18].

Among pathogenic strains, iha was significantly more prevalent in strains isolated from
patients with APN, thus suggesting this adhesin, with its siderophore function, might play a
relatively more important role than others examined (papAH, papG I, papG II/111, sfa/focDE,
focG, afa/draBC, bmaE, gafD, nfaE, sfaS, and ecpA genes) in the pathogenesis of acute primitive
pyelonephritis by E. coli.

On the contrary, multiple virulence factors were found to be apparently associated with the
pathogenesis of RC since a higher prevalence of iroN (outer membrane receptor for catecholate
siderophore salmochelin), cnfl (cytotoxic necrotizing factor 1), and kpsMT-II (group II-cap-
sule, protecting against phagocytosis, opsonization and lysis)-was found in strains from
patients with RC.
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iroN, a novel catechole siderophore receptor that exhibits increased expression in urine,
was found to be more prevalent among E. coli isolates from patients with UTI or bacteremia
than among commensal strains, consistent with its being a virulence factor in extraintestinal
infections.

E. coli is able to produce and inject toxins into the host uroepithelial cells, leading to differ-
ent cell defense and cell damage events. Among these, CNF1 has been reported as being more
prevalent in UPEC because it promotes bacterial attachment to and invasion of uroepithelial
cells, both in vitro and in vivo, inducing cytoskeleton reorganization and modulation of
inflammatory signaling pathways [14, 40].

The majority of the extraintestinal pathogenic E. coli strains, including UPEC, produce
group II type capsules. Particularly, K2 capsule is essential for protection from complement-
mediated killing in a murine model [17].

Cluster analysis performed by Principal Component Analysis indicated that fyuA+/ecpA+
(E. coli common pilus) and iutA+ (aerobactin receptor)/iha+ combinations were significantly
associated respectively with uropathogenic strains (APN, RC) or APN, and conceivably could
be considered as markers for predicting the pathogenic potential of a strain and, therefore, for
innovative therapy strategies. No specific VFG combination was found in RC strains.

Interestingly, some VFGs were confined, although with low prevalence, to a single source
group or to both uropathogenic groups. However, although these VFGs may contribute to the
uropathogenesis in selected patients, they would not be ideal targets for anti-virulence inter-
ventions for the prevention of APN or RC. This is the case with PapG I (P fimbria adhesin—
allele I), found in 2 out of 18 (11.1%) APN strains, and rfc (O4 lipopolysaccharide synthesis)
and cvaC (colicin V) respectively observed only in 2 (10.5%) and 1 (5.25%) out of 19 RC
strains. Although P fimbriae are associated with adherence to renal cells, our findings con-
firmed that their contribution to the pathogenesis of pyelonephritis remains equivocal [41].

papAH and malX were exclusive for uropathogenic strains having been found in APN and
RC strains only, although with different frequencies. P fimbria-encoding papAH gene was
present only in a minority of our uropathogenic strains, with a comparable prevalence in APN
and RC strains (16.7 and 10.5%, respectively). In disagreement with these findings, previous
studies showed papAH as being statistically associated with pyelonephritis rather than cystitis
isolates [13, 20].

Phylogroup prevalence and association with VFGs

E. coli strains can be assigned to one of the four well-recognized phylogenetic groups: A, BI,
D1 and B2 [42]. Previous studies have evidenced that extraintestinal pathogenic E. coli strains
belong mainly to phylogenetic groups B2, the most ancestral one, and D [15, 43]. Conversely,
most of the APN and RC strains we tested in the present work belong to group B1, and to a
lesser extent to phylogroups B2 and D (70.2% vs 5.4% and 8.1%, respectively; p<0.01). A point
worth noting is the exclusive phylogenic arrangement observed for APN strains, that is the pres-
ence of phylogroup A and absence of phylogroup B2. The reasons for these discrepancies are
unclear. They might be due to geographical variations [16, 44], reflect a study population with a
greater number of clinical compromising conditions, or suggest that APN ad RC strains come
from the commensal microbiota of the intestinal tract. Previous phylogenetic analyses have
indeed reported that group B2 E. coli isolates are uncommon among commensal intestinal flora
[25, 45]. Overall, these findings suggest that the phylogenetic background, as well as the VFG
repertoire, is important for predicting the pathogenic potential in extraintestinal E. coli.

A link between phylogeny and virulence has been previously documented [15, 43]. Particu-
larly, B2 and D strains causing urinary tract infections or newborn meningitis harbored a
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greater number of VFGs, as compared with strains from other phylogroups, and this number
was proportional to its pathogenic potential [46]. Although we found no differences in VFG
score among phylogroups within each study-group, only B1 strains showed the following viru-
lence traits: namely, that iha is significantly associated with APN, kpsMT-II and malX are asso-
ciated with RC, whereas fyuA is significantly more prevalent in clinical (APN and RC) than
control strains.

The confinement of focG and sfa$ to the B1 phylogroup may be due either to their recent
arrival in this group or to barriers (whether from genetic or selection factors) to their horizon-
tal movement into other groups.

To our knowledge, our results for the first time suggest that exploring VFs or other bacterial
characteristics associated with phylogenetic B1 might be helpful in unveiling the pathogenesis
behind APN and RC.

Biofilm formation and its association with virulence factors

Biofilms are microbial communities consisting of bacterial cells adhering to each other and
onto a biotic or abiotic substratum. They are clinically relevant since they are inherently resis-
tant to antibiotics as well as phagocytosis and host defense mechanisms, thus allowing micro-
organisms to persist in the host.

In disagreement with previous works [37, 47], we found that the ability to adhere and form
biofilm is highly conserved regardless of the source considered, with comparable prevalence
rates (ranging from 83.3% to 73.6%, for APN and RC strains respectively). However, a great
variation in the ability of pathogenic E. coli to form biofilms was observed, which confirmed
previous studies [48, 49].

Although the capacity for biofilm formation was highly conserved, the efficiency in forming
biofilm proved to be higher among uropathogenic strains in which the mean biofilm amount
formed was significantly higher than with apathogenic strains. In support of this, the single
strong biofilm producer strain belonged to APN and phylogroup A. These findings confirmed
that biofilm production is one of the several putative virulence determinants possessed by
UPEC causing APN or RC. In fact, even if not directly involved in invasiveness, higher
amounts of biofilm formation may still result in an increased ability by strains to persist in the
urinary tract, thus leading to recurrent UTIs.

In disagreement with previous studies [37, 47], no significant differences in biofilm forma-
tion were found among phylogroups.

Studying the mechanisms underlying biofilm formation may be of help in devising new
therapeutic solutions to treat these infections. In this regaard, a variable association between
biofilm formation and certain urovirulence genes in E. coli has been reported [35, 50-53]. In
the present work, a clear trend towards a negative relationship between biofilm biomass
formed and VFG aggregate score was observed in APN strains. This finding suggests that in E.
coli a virulent strain may be able to decrease its virulence by forming a biofilm so that it can
achieve persistent infection in vivo, a mechanism already described for other species [54, 55].

Considering the single VFGs tested, we found that the higher potential for biofilm forma-
tion by APN strains is positively associated with the presence of iha (iron-regulated gene
homologue adhesion).

To the best of our knowledge, this is the first report suggesting that iron-regulated iha—
codifying for an adhesin, siderophore receptor—may also have significant roles in biofilm for-
mation, contrary to what was found by Kanamaru et al. [51].

In disagreement with Magistro et al. [53], we found that iroN, codifying for outer mem-
brane receptor for catecholate siderophore salmochelin, hinders biofilm formation in UPEC.
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Similarly, the absence of KpSMT-K1 (K1 capsule synthesis) significantly improves biofilm bio-
mass levels, confirming the antibiofilm effect played by capsular polysaccharides by both
shielding bacterial surface adhesins [50, 52] and releasing a soluble high-molecular-weight
polysaccharide [52].

Motility

Bacterial motility is thought to play an important role in virulence, correlating with the induc-
tion of various virulence determinants [56]. Flagella assist UPEC in the ascent from the blad-
der to the kidneys through the ureters, mediating bacterial adhesion and invasion, and
reducing resistance to phagocytosis [57, 58]. In E. coli, two distinct types of flagellum have
been implicated in different forms of motility [59]: i) conventional flagella, required for bacte-
rial swimming in liquid medium; and ii) lateral flagella, required for bacterial swarming on
surfaces or in viscous substances.

In the present study, we comparatively evaluated commensal and uropathogenic strains for
motility patterns. All strains showed twitching motility, regardless of the study-group consid-
ered, whereas significant differences were found for both swarming and swimming motilities.
Swarming motility is more prevalent in APN strains than commensal ones, thus confirming
that during the early stages of infection bacterial pathogens are exposed to viscous environ-
ments, such as mucus overlaying urothelium, and may preferentially differentiate into
swarmer cells to increase their growing area. Swarming has also been associated with patho-
genesis, and enhanced resistance to both antibiotics and eukaryotic engulfment [60].

Interestingly, an opposite trend was observed for swimming motility whose prevalence was
higher in commensal strains than those isolated from women with RC.

The flagellum controls many important functions other than motility, including biofilm
formation. In E. coli, motility improves the chance of coming in contact with a surface, at
which point type I pili are required to stabilize cell-to-surface attachment [61, 62]. Finally,
motility facilitates the development of a mature biofilm by allowing movement along a surface,
thereby helping spread the biofilm. However, our data do not support a direct role for motility
in biofilm formation.

Antibiotic resistance

Increasing resistance by pathogenic E. coli is a world-wide phenomenon that has appeared
during the past three decades [63]. Previous studies revealed a high variability in the antibi-
otic-resistance rates of APN-causing E. coli strains, probably depending on the geographic
regions and local or national antibiotic policy for treatment of UTT and other infections [3, 4,
64].

In the present study, no statistically significant differences in resistance rate were found
among groups and phylogroups. Considering a cut-off point of 20% as the level of resistance at
which an agent should no longer be used [65], our results clearly showed that ampicillin,
amoxicillin/clavulanate, and cotrimoxazole should not be considered as an initial therapeutic
regimen in patients with community-acquired APN or RC, without first obtaining antimicro-
bial susceptibility data. Conversely, the relatively low resistance rates to ciprofloxacin (11.2%)
and gentamicin (5.6%) indicate that these antibiotics could be safely used as empirical agents.
No resistance was found to carbapanems and nitrofurantoin.

It is worth noting that only one ESBL-producer strain belonged to the CO group. This find-
ing, added to the comparable antibiotic resistance patterns observed both in UPEC and CO
groups, clearly suggest that commensal isolates might represent a potential human health
threat, as well as UPEC isolates.
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No relationship was found between antibiotic-resistance and the efficiency in forming
biofilm.

Association between VFGs and resistance is a complex phenomenon. Although previous
investigations have shown that resistance to various classes of antimicrobial agent is associated
with lack of uropathogenic virulence traits [20, 37, 66, 67], in this study no significant relation-
ship was found, regardless of the antibiotic considered.

Strengths and limitations of the present study

Strengths of the present study include: i) the extensive array of phenotypic and genotypic traits
considered; ii) the analysis of their distribution by a multiple complementary analytical
approach; iii) the use of prospectively collected strains for each study-group, isolated from the
same place and time frame. However, this work also has several drawbacks: i) not having con-
sidered VFGs that could be specifically associated with APN or RC in women [68]; ii) lack of
attention to VFG expression, since the presence of VFGs may be insufficient per se to define
virulence; ii) biofilm formation in vitro might not predict biofilm formation in vivo; further
work is warranted to evaluate whether the detection of biofilm production might be useful for
selecting which patients may require short or prolonged antibiotic treatment; iv) the lack of
clinical data for both RC and CO groups.

Conclusions

In conclusion, our results indicate that, compared with commensal apathogenic isolates, E. coli
from APN and RC show a significantly higher number of VFGs, thus indicating the virulence
potential of UPEC strains.

However, in some cases commensal and UPEC isolates showed a comparable phylogenetic
background and antibiotic-resistance pattern, and were genetically related. Commensal E. coli
isolates might therefore have similar fitness properties to UPEC when adapting to an extrain-
testinal lifestyle, which, in turns, enable them to cause extraintestinal disease in humans, as
does UPEC.

It is worth noting that some single VFGs were confined to a single pathogenic source
group. Trying to identify syndrome-specific VFs that could be used as markers for detecting
uropathogenic E. coli, we observed that iha may play a prevalent role in the pathogenesis of
APN, as well as iroN and KpsMT-1I in RC. Whether these VFs could act in concert with other
known or unknown VFs in causing APN or RC, they could conceivably be used as targets for
designing new prophylactic and/or therapeutic interventions [69].

Considering all the functional VFG groups screened, we did not find a specific pathogenic
strategy that predisposes E. coli strains to cause persistence or relapse of UTI. On the contrary,
the higher potential for biofilm formation we observed on the part of both APN and RC strains
might offer a possible explanation in this regard. Lastly, we reported an exclusive phylogenic
arrangement for APN strains, consisting in the presence of phylogroups A and B1, mostly
associated with commensal strains, and the absence of phylogroup B2.

Further work is warranted to translate the knowledge gained in virulence and fitness mech-
anisms into developing therapeutics and vaccines.

Supporting information

S1 Fig. In vitro motility of E. coli. Swimming, swarming, and twitching motilities were mea-
sured using dedicated agars, as previously described [31]. Phylogenetic groups were evaluated
using PCR triplex assay, according to Clermont et al. [9]: A, B1, B2, D, NT (non-typeable).
Results are expressed as scatter plot, where bars indicate median value with interquartile
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range. Each dot is the average from two independent experiments with eight replicates of each
strain per experiment (n = 16). No significant differences were found among groups by Krus-
kal-Wallis + Dunn’s multiple comparison post-test.

(DOCX)

S2 Fig. Antibiotic-resistance and VFG score shown by E. coli. E. coli strains were isolated from
patients with acute primitive pyelonephritis (APN), recurrent cystitis (RC) or from uninfected
control subjects (CO). No significant relationship existed by Spearman’s correlation coefficient.
(DOCX)

S$3 Fig. Biofilm formation by E. coli strains from women with recurrent cystitis (RC),
according to each virulence factor gene (VFG). The presence of VFGs was assessed by PCR.
Biofilm forming ability onto polystyrene was spectrophotometrically assessed by crystal violet
stain [29]. Each dot is the average from two independent experiments with eight replicates of
each strain per experiment (n = 16). Horizontal bars are medians. No statistically significant
differences were found by the Mann-Whitney test.

(DOCX)

$4 Fig. Biofilm formation and motility. E. coli strains were isolated from patients with acute
primitive pyelonephritis (APN), recurrent cystitis (RC) or from uninfected control subjects
(CO). A, G, E) Correlation between motility and biofilm formation. Swimming (green
squares), swarming (red triangles), and twitching (blue circles) motilities were performed as
previously described [31]. Biofilm biomass was spectrophotometrically evaluated [29]. Spear-
man’s correlation coefficient indicated no significant (p<0.05) correlation. B, D, F) Biofilm
formation stratified according motility patterns (swimming/swarming/twitching; + positivity,
—negativity). Results are median values with interquartile ranges. No significant differences
between groups were observed by Kruskal-Wallis + Dunn’s multiple comparison post-test (or
Mann-Whitney test, for CO). Each dot is the average from two independent experiments with
eight replicates of each strain per experiment (n = 16).

(DOCX)

S5 Fig. Biofilm formation and antibiotic resistance. E. coli strains were isolated from patients
with acute primitive pyelonephritis (APN), recurrent cystitis (RC) or from uninfected control
subjects (CO). Antimicrobial susceptibility tests were performed by disk diffusion agar test and
results interpreted according to EUCAST recommendations [26]. Strains were classified as “sus-
ceptible” (S) or “resistant” (R), whereas “Intermediate” strains were considered as “resistant”. A
strain was defined as multidrug-resistant (MDR) if resistant to at least one agent in three or
more antimicrobial categories [28]. Each dot is the average from two independent experiments
with three replicates of each strain per experiment (n = 6). Results are median values with inter-
quartile ranges. The Mann-Whitney test indicated no significant difference between groups.
(DOCX)

S1 Table. Primers used in PCR assay to assess the presence of virulence factor genes
(VFEGs). E. coli strains were screened for the presence of 28 VFGs using PCR assay. See Materi-
als and Methods for gene description.

(DOCX)
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