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Summary

Background Escherichia coli is the most frequent cause of bloodstream infections (BSIs). About one-third of patients
with BSIs due to E coli develop sepsis or shock. The objective of this study is to characterise the microbiological
features of E coli blood isolates causing sepsis or septic shock to provide exploratory information for future diagnostic,
preventive, or therapeutic interventions.

Methods E coli blood isolates from a multicentre cross-sectional study of patients older than 14 years presenting with sepsis
or septic shock (according to the Third International Consensus Definitions for Sepsis and Septic Shock criteria) from
hospitals in Spain between Oct 4, 2016, and Oct 15, 2017, were studied by whole-genome sequencing. Phylogroups,
sequence types (STs), serotype, FimH types, antimicrobial resistance (AMR) genes, pathogenicity islands, and
virulence factors were identified. Susceptibility testing was performed by broth microdilution. The main outcome of
this study was the characterisation of the E coli blood isolates in terms of population structure by phylogroups, groups
(group 1: phylogroups B2, F, and G; group 2: A, B1, and C; group 3: D), and STs and distribution by geographical
location and bloodstream infection source. Other outcomes were virulence score and prevalence of virulence-associated
genes, pathogenicity islands, AMR, and AMR-associated genes. Frequencies were compared using y> or Fisher’s exact
tests, and continuous variables using the Mann-Whitney test, with Bonferroni correction for multiple comparisons.

Findings We analysed 224 isolates: 140 isolates (63%) were included in phylogenetic group 1, 52 (23%) in group 2, and
32 (14%) in group 3. 85 STs were identified, with four comprising 44% (n=98) of the isolates: ST131 (38 [17%]), ST73
(25 [119%)]), ST69 (23 [10%)]), and ST95 (12 [5%]). No significant differences in phylogroup or ST distribution were
found according to geographical areas or source of bloodstream infection, except for ST95, which was more frequent
in urinary tract infections than in other sources (11 [9%)] of 116 vs 1 [1%] of 108, p=0-0045). Median virulence score
was higher in group 1 (median 25-0 [IQR 20-5-29-0) than in group 2 (median 14-5 [9-0-20-0]; p<0-0001) and group 3
(median 21 [16-5-23-0]; p<0-0001); prevalence of several pathogenicity islands was higher in group 1. No significant
differences were found between phylogenetic groups in proportions of resistance to antibiotics. ST73 had higher
median virulence score (32 [IQR 29-35]) than the other predominant clones (median range 21-28). Some virulence
genes and pathogenicity islands were significantly associated with each ST. ST131 isolates had higher prevalence of
AMR and a higher proportion of AMR genes, notably blacrx.a..; and blaoxa...

Interpretation In this exploratory study, the population structure of E coli causing sepsis or shock was similar to
previous studies that included all bacteraemic isolates. Virulence genes, pathogenicity islands, and AMR genes were
not randomly distributed among phylogroups or STs. These results provide a comprehensive characterisation of
invasive E coli isolates causing severe response syndrome. Future studies are required to determine the contribution of
these microbiological factors to severe clinical presentation and worse outcomes in patients with E coli bloodstream
infection.
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Introduction
Extraintestinal pathogenic Escherichia coli are the most
frequent cause of bloodstream infections (BSIs), mostly

related to urinary tract infections (UTIs) and intra-
abdominal infections.! The burden of disease and mortal-
ity associated with BSIs due to E coli is considerable, in
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Research in context

Evidence before this study

Escherichia coli is the most frequent cause of bloodstream
infections (BSIs); one-third of patients with E coli BSIs develop
sepsis or shock. We searched PubMed, SCOPUS, and Web of
Science, from database inception to Oct 31, 2023, using the terms
“Escherichia coli” and (“bacteraemia” or “bloodstream infection” or
“sepsis” or “septic shock”) and (“virulence” or “resistance” or
“pathogenicity island”), with no language restrictions, and found
no previous studies providing a full characterisation of E coli
isolates causing sepsis or septic shock using whole-genome
sequencing. Previous studies in bacteraemic infections included all
E coli blood isolates without disaggregating by clinical severity and
were heterogeneous in terms of typing methods and virulence
genes studied.

high-income countries and in older populations.! About
one-third of patients with E coli-causing BSIs develop a
disregulated hostresponse (ie, sepsis or septic shock), which
isamain driver for mortality.? The ability of E coli to colonise
the human bowel and eventually cause an extraintestinal
infection has been associated with the expression of a large
arsenal of virulence factors, which are usually encoded on
pathogenicity islands, plasmids, and other mobile genetic
elements.?

E coliisolates are classically classified in nine phylogroups
(A, B1, B2, C, D, E, F, G, and H) according to their genetic
background. Typically, the so-called commensal strains,
belonging primarily to phylogenetic groups A and B1,
possess fewer virulence determinants than the so-called
extraintestinal pathogenic B2 and D phylogenetic groups.*
Some clonal lineages that have been predominant in
invasive isolates tend to show a correlation with virulence
profiles.s

To our knowledge, there are no studies providing specific
data for isolates causing a disregulated host response. The
analysis of the microbiological determinants of E coli
isolated from patients presenting with sepsis and septic
shock might contribute to a better understanding of the
pathogenesis of these infections and help to identify
potential targets for the development of diagnostic, pre-
ventive, or therapeutic strategies. Therefore, the objective of
this exploratory study was to characterise, in detail, the
microbiological factors of E coli blood isolates causing sepsis
or septic shock using whole-genome sequencing, to provide
descriptive data that would eventually be useful to raise
hypotheses and potential targets for interventions.

Methods

Study design, participants, and bacterial isolates

The PROBAC-Ec is a cross-sectional study nested in a
prospective multicentre cohort study (PROBAC) done in
26 hospitals in Spain (appendix 2 p 2), including all episodes

Added value of this study

To the best of our knowledge, this is the first multicentre study in
which a high number of E coli blood isolates causing sepsis or septic
shock were characterised by whole-genome sequencing. This
exploratory study provided a comprehensive insight into the
relationship between phylogenetic or clonal background and
virulence, pathogenicity islands, and antibiotic resistance.

Implications of all the available evidence

The analysis of the microbiological determinants of E coli can
improve the understanding of the pathogenesis of E coli
bloodstream infection and of the contribution of molecular factors
to the severe clinical presentation and worse outcomes in patients
with bacteraemia. These insights represent a first step towards the
identification of potential targets for the development of
preventive or therapeutic strategies.

of microbiologically confirmed BSIs in patients older than
14 years, between Oct 4, 2016, and Oct 15, 2017. The
methodology, including clinical and demographic infor-
mation collected from patients, and some results of the
project were previously reported.®

In the PROBAC study, blood cultures were used to
establish the aetiology of BSIs. For this study, we planned to
include the blood isolates from the first 225 patients with
monomicrobial BSIs due to E coli from the PROBAC cohort
presenting as sepsis or septic shock at the time of sampling
of the blood culture. Sepsis and septic shock were defined
according to the Third International Consensus Definitions
for Sepsis and Septic Shock.” The PROBAC study was
approved by the ethics committees of the participating
centres, which waived the need to obtain informed consent
due to the observational design.

Procedures
Patient data were collected by trained infectious diseases
physicians or microbiologists at each participating site from
the medical records. The following variables were included:
demographics; geographical location; chronic underlying
diseases; exposure to invasive devices, procedures, or anti-
microbials during the previous month; type of acquisition;
source and aetiology of BSIs; antibiotic empirical treatment;
and 30-day mortality. Quality of data was monitored
centrally for completeness and consistency of key variables.
Standard microbiological procedures were used for blood
culture processing;® E coliisolates (the first per patient) were
stored at -80°C in Tryptose soy broth containing 15% (v/v)
glycerol and sent to the Microbiology Laboratory of
University Hospital Virgen Macarena in Seville, Spain, for
further characterisation. Isolate identification was confirmed
by MALDI-TOF mass spectrometry (Bruker Daltonics,
Billerica, MA, USA). Susceptibility testing to fosfomycin,
amoxicillin—clavulanic acid, piperacillin—tazobactam, cefoxitin,
cefotaxime, ceftriaxone, cefepime, cefuroxime, ertapenem,
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imipenem, meropenem, nalidixic acid, ciprofloxacin,
amikacin, gentamicin, and trimethoprim—sulfamethoxazole
was done by EUCAST broth microdilution method using
E coli ATCC 25922 and 35218 as quality control strains;
EUCAST version 10.0 clinical breakpoints for susceptibility
were used.

Fully automated DNA extraction from E coli cultures was
done with Dneasy Blood & Tissue Kit (Qiagen, Hilden,
Germany) in QIAcube instrument (Qiagen), following the
manufacturer’s recommendations. Pure DNA was quanti-
fied using a Qubit 3 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) with a minimum DNA concentration of
20 pg/pL. The sample library was prepared with the Nextera
XT DNA library preparation kit (Illumina, San Diego, CA,
USA). DNA paired-end sequencing was performed in the
MiSeq System (2 x 300 bp) with a MiSeq Reagent Kit V3
(600 cycles; Ilumina). De novo assembly was performed
using the CLC Genomics Workbench version 10 (Qiagen).

Phylogenetic group was assigned using the Clermont
Scheme in the Clermont Typing platform. Multilocus
sequence type, serotype, FimH type, virulence factors, and
antimicrobial resistance (AMR) genes were determined
using MLST 2.0, SerotypeFinder 2.0, FimTyper 1.0,
VirulenceFinder 2.0, and ResFinder 3.2 databases,
respectively. These services are available on the Center for
Genomic Epidemiology website. ST131 isolates were
classified into three major clades (A, B, and C) and subclades
(CO, C1, and C2)* The assembled sequences were
annotated with RAST server version 2.0 to determine the
presence of the alleles IT and III of the papG gene.

The OrthoFinder software (version 2.5.2; with options -a
14 -M msa) was used to analyse the proteomes of E coli
isolates and to obtain a concatenated alignment of 1133
single-copy pan-orthologous genes that represented the core
genome of the dataset. This alignment was used to calculate
a phylogenetic tree with 1Q-Tree (version 2.0.3). Branch
stability was assessed by 1000 ultra-fast bootstrap pseudor-
eplicates. The tree visualisation was generated with the
online tool Iroki Phylogenetic Tree Viewer.

The genome assemblies were screened to identify patho-
genicity islands. For local use, a database was built in
makeblastdb (integrated in BLAST+ with the option -dbtype
nucl) including the complete pathogenicity islands from
the PAI-DB database (accessed on April 1, 2022), whose
nucleotide sequences were obtained from the National
Center for Biotechnology Information. BLASTn searches
were done between the E coli isolates and the local patho-
genicity islands database, with an e-value cutoff of 1x107°.
For each isolate, a pathogenicity island was considered as
present if more than 80% of the genes of the reference
island were identified.

Outcomes

The main outcome of this study was the characterisation of
the E coli blood isolates collection from patients presenting
with sepsis or septic shock in terms of population structure
by phylogroups, groups, and sequence types (STs) and of
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distribution by geographical location and BSI source. Other
outcomes analysed in the overall collection and by
phylogroups and STs were: virulence score; prevalence of
virulence-associated genes (including subtyping of isolates
by fimH alleles); prevalence of pathogenicity islands;
prevalence of AMR determined by susceptibility testing; and
prevalence of AMR-associated genes.

Statistical analysis

The sample size was based on (1) the funds available; (2) the
distribution of E coli clones in previous studies on E coli
BSIs,*" such that ten or more representatives from the four
predominant STs would be included; and (3) the inclusion
of a reasonably representative sample (ie, 15-20%) of the
1211 patients with monomicrobial E coli BSIs presenting
with sepsis or shock from the PROBAC cohort.

The virulence score was calculated for each isolate as a
total number of genes detected, as well as the median values
and IQR for each phylogroup and ST. For statistical com-
parisons of genotypic results, phylogroups were merged
according to their phylogenetic relatedness into three
groups: group 1 (phylogroups B2, F, and G); group 2
(phylogroups A, B1, and C), and group 3 (phylogroup D).
Percentages were compared using x” or Fisher’s exact tests,
as appropriate, and continuous variables using the Mann-
Whitney test. Bonferroni correction for multiple compar-
isons was used for assessing statistical significance. Because
of the exploratory nature of the study, estimates of associa-
tions were not calculated. SPSS version 18 was used for
statistical analyses.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of the
report.

Results

This study planned to include the blood isolates of the first
225 patients with monomicrobial BSIs due to E coli
presenting with sepsis or septic shock recruited for the
PROBAC cohort. Since one isolate could not be retrieved,
the final number of included isolates was 224. These
patients were recruited from 22 of the 26 participating
hospitals (appendix 2 p 2).

The median age of the patients was 75 years (IQR 65-84,
range 27-97) and 135 (60%) of 224 patients were men. The
urinary tract was the most frequent source of bacteraemia
(116 [52%]), followed by intra-abdominal sources (73 [33%)])
and respiratory tract sources (15 [7%)]; figure). Most BSIs
were community-acquired (121 [54%]; figure). The most
frequent comorbidities were neoplasia (60 [27%)]), diabetes
(58 [26%)), chronic pulmonary disease (32 [14%]), and liver
disease (28 [13%]). 290 (93%) patients received active
empirical antibiotic therapy based on local antibiotic
susceptibility results. 30-day mortality was 31% (69 patients;
appendix 2 p 3).

For EUCAST see https://www.
eucast.org

For the CLC Genomics Work-
bench see http://www.clchio.
com/products

For the Clermont Scheme in the
Clermont Typing platform see
http://clermontyping.iame-
research.center

For the Center for Genomic

Epidemiology see https://www.
genomicepidemiology.org/

For the RAST server see www.
nmpdr.org

For the Iroki Phylogenetic Tree
Viewer see https://www.iroki.net

For the PAI-DB database see
www.paidb.re.kr
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Figure: Phylogenetic tree reconstruction

Phylogenetic tree reconstruction based on the concatenated alignment of 1133 single-copy pan-orthologous genes that represented the core genome among the 224 Escherichia coli isolates from patients
with bacteraemiaand presentation as sepsis or septic shock. From the centre, the inner dotted ring shows sequence types, the second ring shows the source of bacteraemia, the third ring shows the acquisition
site, and the outer ring shows the geographical origin.
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Phylogroups B2 (127 [57%] of 224 isolates) and
D (32 [14%)] isolates) were predominant. 22 (10%) isolates
belonged to B1, 17 (8%) isolates to A, 13 (6%) to C, 7 (3%) to
F, and 6 (3%) to G (panel; figure). According to the prede-
fined phylogenetic groups in this study, 140 isolates (63%)
were included in group 1 (B2, F, and G), 52 (23%) in group 2
(A, B1, and C), and 32 (14%) in group 3 (D). Isolates were
classified into 85 STs; four STs comprised 44% (n=98) of all
isolates: ST131 (38 [179%]), ST73 (25 [119]), ST69 (23 [10%)),
and ST95 (12 [5%)]; panel, figure). Other STs with frequen-
cies higher than three isolates were ST12 (9 [4%)]), ST88
(7 [3%)), ST141 (6 [3%]), ST10 (6 [3%]), ST117 (5 [2%)), and
ST1193 (4[2%)]). No significant differences in phylogroup or
ST distribution were found according to geographical areas
(appendix 2 p 4) or source of BSI (appendix 2 p 5), except for
ST95, which was more frequent in UTIs than in other
sources (11 [9%)] of 116 vs 1 [1%] of 108, p=0-0045).

Virulence scores varied extensively among the E coli
isolates, ranging from 4-0 to 37-0 (median 22-0 [IQR 17-0 —
27-0)). Isolates from group 1 phylogroups had a higher
virulence score (median 25-0 [20-5-29-0]) than isolates from
group 2 (median 14-5 [9-0-20-0]; p<0-0001), and group 3
(median 21-0 [16-5-23-0]; p<0-0001). Among specific
phylogroups, B2 isolates had significantly higher virulence
scores (median 25-0 [20-5-29-0]) than the other major
phylogroups (A, B1, C, and D), with differences in virulence
profile (table 1; appendix 3). Among the main clones, viru-
lence score was statistically higher for ST73 (median 32-0
[29-0-35-0]) than for ST131 (median 22:0 [19-0-23-0];
p<0-0001), ST69 (median 21-0 [16-5-23-5]; p<0-0001) and
ST95 (median 28 [25-5-29-5]; p=0-0026; table 1).

Overall, the most frequently detected genes coding for
putative virulence factors were type 1 fimbrin D-mannose
specific adhesion (fimH; 224 [100%)] isolates), tellurium
ion resistance protein (terC; 223 [100%)]), outer membrane
protease (ompT; 193 [86%]), increased serum survival
(iss; 192 [86%]), and iron transport protein (sitA; 192 [86%)).
Isolates from group 1 presented a significantly higher
frequency of specific virulence genes than did isolates
from groups 2 and 3, in particular for fimbrial protein
yfcV, siderophore receptor fyuA, iron regulatory irp2, and
other toxin-related genes (usp, vat, clbB, cnfl, and pic;
appendix 2 p 6).

Some virulence genes were significantly associated with
certain STs. Specifically, genes related to adhesion or inva-
sion, such as iha and papA-F43, were associated with ST131,
IpfA and air with ST69, focG with ST73, and papA-F11 with
ST95. Genes involved in the production of bacteriocins were
found in most ST73 isolates (cea, mchF, memA, mchB, and
mchC) and ST95 isolates (mchF, cia, and cvaC). Finally,
genes related to K1 capsule synthesis were detected in all
ST95 isolates (neuC and kpsMII-K1), and some genes
encoding toxins were more frequently detected in ST73
(cnfl, clbB and pic), ST131 (sat), and ST95 (vat and hlyF;
table 2; appendix 2 p 7; appendix 3).

Subtyping based on FimH revealed 55 subtypes, and
two isolates were not typable. FimH30 was most
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Panel: Number of isolates by sequence type (ST) within each phylogroup in our
collection of 224 Escherichia coli isolates

« Phylogroup A: ST10 (n=6), ST46 (n=1), ST48 (n=1), ST167 (n=1), ST329 (n=1), ST409

(n=1), ST744 (n=1), ST1488 (n=1), ST2040 (n=1), ST2624 (n=1), ST2930 (n=1),
ST3014 (n=1)

« Phylogroup B1: ST58 (n=2), ST224 (n=2), ST453 (n=2), ST109 (n=1), ST155 (n=1), ST162
(n=1), ST345 (n=1), ST348 (n=1), ST359 (n=1), ST380 (n=1), ST448 (n=1), ST533 (n=1),
ST539 (n=1), ST641 (n=1), ST847 (n=1), ST949 (n=1), ST977 (n=1), ST1196 (n=1), ST1431

(n=1)

« Phylogroup B2: ST131 (n=38), ST/3 (n=25), ST95 (n=12), ST12 (n=9), ST141 (n=6),

ST1193 (n=4), ST127 (n=3), ST978 (n=3), ST355 (n=2), ST372 (n=2), ST537 (n=2),

ST80 (n=1), ST126 (n=1), ST135 (n=1), ST144 (n=1), ST421 (n=1), ST429 (n=1), ST538
(n=1), ST567 (n=1), ST569 (n=1), ST636 (n=1), STE76 (n=1), ST681 (n=1), ST968 (n=1),
ST1057 (n=1), ST1385 (n=1), ST1851 (n=1), ST2015 (n=1), ST2279 (n=1), ST2554 (n=1),

ST4110 (n=1)

+ Phylogroup C: ST88 (n=7), ST23 (n=2), ST90 (n=1), ST369 (n=1), ST410 (n=1), ST2230

(n=1)

+ Phylogroup D: ST69 (n=23), ST38 (n=2), ST70 (n=1), ST362 (n=1), ST393 (n=1), ST1011

(n=1), ST1394 (n=1), ST1406 (n=1), ST1882 (n=1)
+ Phylogroup F: ST624 (n=2), ST648(n=2), ST59 (n=1), ST354 (n=1), ST6469 (n=1)
+ Phylogroup G: ST117 (n=5), ST5993 (n=1)

frequently typed among ST131 isolates (34 [89%)] of 38),
FimH27 among ST69 isolates (22 [96%)] of 23), FimH10
among ST73 isolates (13 [52%] of 25), and FimH27
(4 [33%)] of 12) and FimH41 (3 [25%)] of 12) among ST95
isolates (appendix 2 p 7).

In almost all E coli isolates (210 [94%] of 224) at least one
pathogenicity island was detected; the most prevalent
pathogenicity islands were IVapec.o1 (171 [76%)] isolates),
AGI-3 (167 [75%)), and Ia1g62 (158 [71%)]). A significantly
higher prevalence of pathogenicity islands was found in
group 1 than in groups 2 and 3 (in particular, pathogenicity
islands Is36, Ils3s, Ills36, Vsse lcrroys, and espC); con-
versely, pathogenicity islands [Ixpgc.o1, AGI-1, and LEE-03
were significantly more frequent in group 3 than in
groups 1 and 2 (appendix 2 p 8). When STs were considered,
pathogenicity islands Is36, [Ils36, and LEE-07 were signifi-
cantly more frequent in ST73 than in the other three main
STs, whereas LEE-03 was found exclusively in ST69 (table 3;
appendix 3).

Overall, 103 (46%) of 224 isolates were resistant to cipro-
floxacin, 94 (42%) to trimethoprim—sulfamethoxazole,
80 (36%) to amoxicillin—clavulanic acid, 45 (20%) to cefur-
oxime, 41 (18%) to gentamicin, 38 (17%) to ceftazidime,
35 (16%) to cefotaxime, 27 (12%) to cefepime, 20 (9%) to
piperacillin—tazobactam, 14 (6%) to fosfomycin, and 11 (5%)
to amikacin. None of the isolates was resistant to carbape-
nems (appendix 2 p 9). The prevalence of AMR was similar
between the groups, except for gentamicin, which was sig-
nificantly higher in group 3 (phylogroup D) than in group 1
(appendix 2 p 9). Among the main clones, ST131 isolates
had significantly higher prevalence of resistance to cipro-
floxacin, nalidixic acid, cefuroxime, cefotaxime—ceftriaxone,
and cefepime than ST73, ST69, and ST95 (appendix 2 p 10).

See Online for appendix 3
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Virulence score

Virulence profile*

A
B1
B2

C

D, group 3
F

B2+F+G, group 1

A+B1+C, group 2
ST131

ST73

ST69

ST95

10-0 (8-0-15-0), n=17
15-0 (10-0-19-0), n=22
25-0 (20-5-29-0), n=1271

20-0 (15-0-23-0), n=13%
21-0 (16-5-23-0), n=32§
23-0 (20-0-275), n=71
235 (21-0-27-0), n=6|

25.0 (20-5-29-0), n=140**

14-5 (9-0-20-0), n=52
220 (19-0-23-0), n=38

32:0 (29-0-35-0), n=25tt

21.0 (16-5-23-5), n=23

28-0 (25-5-29-5), n=12%%

Data are median (IQR), unless otherwise stated. For all other comparisons, p>0-05. p values for significance are in appendix 3.
*For profiles determination, the genes present in more than 66% of isolates within each phylogroup and in the four main
sequence types were included; in bold, genes detected in more than 90% of the isolates within each phylogroup or sequence
type. Statistically higher median virulence scores were found for: B2 vs A, B2 vs B1, B2 vs C, and B2 vs D; $Cvs A; SDvs A, D vs
B1, and group 3 vs group 2; IF vs A and F vs B1; ||G vs A and G vs B1; **Group 1 vs group 2 and group 1 vs group 3; 11ST73 vs
ST131, ST73 vs ST69, and ST73 vs ST95; and #$ST95 vs ST131 and ST95 vs ST9.

fimH, terC, iss, gad, traT

fimH, terC, iss, gad, traT, sitA, IpfA

fimH, terC, iss, gad, sitA, ompT, fyuA, irp2, chuA, kpsE,
yfcV, usp

fimH, terC, iss, sitA, ompT, fyuA, irp2, traT, IpfA, iutA, iucC
fimH, terC, iss, sitA, ompT, IpfA, gad, chuA, kpsE, eilA, air
fimH, terC, sitA, IpfA, gad, chuA, iutA, iucC, kpsE, eilA,
traT, yfcV, ompT, air, fyuA, irp2, etsC

fimH, terC, sitA, IpfA, chuA, iutA, iucC, traT, ompT, iss,
iroN, hylF, etsC, ireA, vat, pic, mchF, fyuA, irp2, cma
fimH, terC, iss, gad, sitA, ompT, fyuA, irp2, chuA, kpsE,
yfcV, usp, traT

fimH, terC, iss, gad, IpfA, traT

fimH30, chuA, terC, ompT, fyuA, irp2, usp, iss, gad, kpsE,
iucC, iutA, yfcV, sitA, iha, sat, papA_F43, traT, kpsMII_K5
chuA, terC, ompT, fyuA, irp2, usp, kpsE, yfcV, pic, iss, sitA,
clbB, iroN, mchF, vat, cnf1, mchB, mchC, mecmA, ceq, hra,
focG, papC

fimH27, chuA, terC iss, gad, eilA, IpfA, ompT, kpsE, sitA,
fyuA, irp2, air, iucC, iutA, traT

chuA, terC, ompT, fyuA, irp2, usp, iss, sitA, papGll, neuC,
ireA, kpsMII_K1, papA_F11, gad, kpsE, yfcV, traT, papC,
iucG, iutA, iroN, mchF, etsC, hylF, cvaC, vat, cia

Table 1: Virulence scores and virulence profiles of Escherichia coli isolates from patients with bacteraemia and
presentation as sepsis or septic shock
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When screening for acquired genes mediating AMR, the
blaoxa4s gene was detected in one isolate and genes
encoding extended-spectrum beta-lactamases (ESBLs) were
detected in 27 (12%) isolates. blacrx.m-15 (17 [8%] isolates)
was the most frequent ESBL-encoding gene, followed
bY blacrs.maa (4 [2%)]), blacrxmaa (3 [1%)), blacrsx.m3z
(1 [<1%]), and blagiy.12 (2 [1%]). 23 (10%) isolates har-
boured blapxa;. Aminoglycoside phosphotransferase
genes aph(3")-Ib and aph(6)-Id were detected in 60 (27%)
and 61 (27%) isolates, respectively. No notable differences
were found in relevant acquired AMR genes between the
different phylogenetic groups (appendix 2 p 11). In the
analysis by STs, ST131 had a significantly higher proportion
(>92% of isolates) of point mutations in DNA gyrase (gyrA)
and topoisomerase IV (parC and parE) genes, associated
with fluoroquinolone resistance, compared with the other
three main clones. Also, in ST131, higher prevalences of
blacrxar.is (16 [42%] of 38), blaoxa.1 (15 [39%)] of 38), and
fluoroquinolone acetylating aminoglycoside-(6)-N-acetyl-
transferase (aac[6 |-Ib-cr; 15 [39%)] of 38) genes were detected
thanin ST73, ST69, and ST95 isolates, in which these genes
were not present (significant difference for ST131 vs ST73
and ST69 after Bonferroni correction; appendix 2 p 12).

One (3%) of the 38 ST131 isolates belonged to clade A
(serotype O16:H5, fimH41 allele) and none to clade B
(serotype O025:H4, fimH22 allele). Regarding the

distribution by subclades, one (3%) isolate belonged to
subclade CO, also known as H30 (serotype O25:H4, fim H30
allele, and susceptible to fluoroquinolones); 19 (50%) iso-
lates belonged to subclade C1 (H30-R) characterised by the
acquisition of fluoroquinolone resistance, and 14 (37%)
isolates were classified into subclade C2 (H30-Rx), all of
which harboured blacrx.ps.15.1°

Discussion

This study describes the microbiological features of
bacteraemic E coli isolates causing a dysregulated response
(ie, sepsis or septic shock) in a multicentre study in Spain.
Overall, most of the isolates belonged to phylogroups B2 and
D; isolates showed a wide clonality, but 44% of BSIs were
caused by the four globally dominant clones ST131, ST73,
ST95, and ST69. In general, ST131 isolates had a higher
prevalence of AMR, whereas ST73 and ST95 had a higher
content of virulence factors.

To the best of our knowledge, this is the first multicentre
study in which a high number of E coli isolates causing BSIs
and presenting with sepsis or septic shock were characterised
by whole-genome sequencing. Previous studies included all
bacteraemic isolates and not only those causing sepsis or
shock?51127%5 (approximately a third of cases of bacteraemia)?
but they provide a useful context for our results.

The proportion of isolates belonging to phylogroups B2
and D (71%) was similar to that found in previous studies of
bacteraemic isolates, in which these classic extraintestinal
phylogroups ranged between 67% and 80%.2'*** In add-
ition, phylogroup B2 isolates showed more virulence genes
than the other major phylogroups, also in line with previous
data.’*’s Isolates from phylogroups F and G presented
virulence scores above the overall median value and closer to
virulence scores of phylogroup B2 than of other phylogroups.
Few studies have previously characterised virulence in these
two less frequent phylogroups. Phylogroup F isolates were
shown to have high prevalence of extraintestinal pathogenic
E coli virulence genes in chicken colibacillosis;'® and phy-
logroup G was described by Clermont and colleagues'” as an
intermediate lineage between phylogroups F and B2. The
most common clone within phylogroup G is ST117, a poultry-
associated lineage,” which in our collection represented five
of six isolates, and had many traits typically associated with
extraintestinal virulence.

Previous studies describing the population structure of
E coliin BSI collections revealed a wide clonal distribution of
isolates; however, four lineages (ST131, ST73, ST95, and
ST69) account for 38-61% of isolates.>'!-*151° This was also
the case in our study, in which 44% of isolates belong to
these so-called pandemic extraintestinal pathogenic E coli
lineages. The fact that these predominant STs were not over-
represented in patients with sepsis or septic shock suggests
that clonality by itself might not be determinant in the risk of
inducing a severe systemic response. Regarding the source
of infection, in our study, ST95 was more frequent in BSIs
from UTIs than those from other sources, a finding that
warrants further investigation. Previous studies comparing
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ST131 (n=38) ST73 (n=25) ST69 (n=23) ST95 (n=12)
Adhesins-invasins
fimH30 34 (89%)1.5,|| 2 (8%) 0 3 (25%)
fimH27 0 1 (4%) 22 (96%)%, 11,99 4 (33%)
fimH10 13 (52%)*,** 0 0
yfeV 37 (97%)§ 25 (100%)** 0 11 (92%)|||
hra 16 (42%) 20 (80%)** 1 4 (17%) 0
iha 36 (95%)S. | 15 (60%)++ 12 (52%) 0
IpfA 0 23 (1004, 11,9191 0
papA-F11 1(3%) 0 0 12 (100%) 91,5, I||
papA-F14 0 7 (28%)* 1(4%) 0
papA-F43 34 (90%)S,|| 13 (52%) 3 (13%) 0
papA-fSiA-F16 0 0 8 (35%)+ 0
papG allele Il 14 (37%) 14 (56%) 10 (44%) 12 (100)91
sfaD 0 13 (52%)*,** 0 0
air 0 0 17 (74%)%, 11,99 0
focC 0 7 (28%)* 0 0
focG 0 20 (80%)*,** 4 0 0
Bacteriocins
cea 4 (11%) 22 (88%)*** 3 (13%) 4 (33%)
cia 3 (8%) 0 2 (9%) 9 (75%)MSS 11|
mchF 3 (8%) 23 (92%)*,** 4 (17%) 0 (83%)91.]l||
mcmA 1(3%) 23 (92%)*,** 1+ 0
mchB 1(3%) 23 (92%)*,** 0
cvaC 2 (5%) 0 4 (17%) 10 (83%)91,5S.11|
mchC 1(3%) 23 (92%)*,** % 0
Iron uptake
iucC 37 (97%)t 14 (56%) 16 (70%) 0 (83%)
jutA 37 (97%)t 14 (56%) 16 (70%) 10 (83%)
iroN 3 (8%) 23 (92%)*,** 5 (22%) 10 (83%)9,||
ireA 1(3%) 12 (48%)* 2(9%) 2 (100%)91, /1|
Protectins
gad 37 (97%)t 9 (36%) 23 (100%)T1 11 (92%)
Capsule synthesis
kpsMIl-K5 6 (68%)5,| 8 (32%) 1 (4%) 0
neuC 1(3%) 0 3 (13%) 12 (100%) 91,5, 1|
kpsMil-K1 1(3%) 0 2 (9%) 12 (100%)91,SS, /||
Toxins
usp 38 (100%)§ 25 (100%)** 0 12 (100%)]/]|
vat 1(3%) 23 (92%)*,** 0 0 (83%)91.]l||
sat 34 (90%)S,| 14 (56%) 11 (48%)
hylF 3 (8%) 0 4 (17%) 10 (83%)91,SS/11|
cnfl 9 (24%) 23(92%)*,* ++ 0
clbB 0 24 (96%)*,** 1+ 0 4(33%)
pic 0 25 (100%)*,** 11 0 0
Others
etsC 3 (8%) 0 4 (17%) 10 (83%)91,SS/1|
eilA 0 0 23 (100%)%, 11,9191 0
tepC 0 15 (60%)*,** 0 3 (25%)

Data are number of isolates (%). Only genes showing significant differences between at least two of the four predominant STs are presented. Data for all virulence genes detected
overall and disaggregated for the main STs are shown in appendix 2 (p 7). See appendix 3 for p values calculated by Fisher's exact test or % test. All other comparisons p>0-0005.
ST=sequence type. According to the Bonferroni correction, statistically significant higher proportions were found for: *ST73 vs ST131; 1ST131 vs ST/3; $ST69 vs ST131; §ST131 vs
ST69; 91ST95 vs ST131; ||ST131 vs ST95; **ST73 vs ST6Y; T1ST69 vs ST73; $4ST73 vs STO5; SSST95 vs ST73; CIST69 vs STIS5; |[||ST95 vs ST69.

Table 2: Virulence genes according to the four main sequence types of Escherichia coli in patients with bacteraemia and presentation as sepsis or septic shock
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ST131 (n=38) ST73 (n=25) ST69 (n=23) ST95 (n=12)

PAI'l apec.01 22 (58%) 24 (96%)% || 8 (35%) 12 (100%)9191

PAI Il ppec.or 0 0 22 (96%)1,** 12 (100%)S,++

PAI Il ppec.o1 0 0 0 3 (25%)

PAI IV apeco1 38 (100%) 25 (100%) 17 (74%) 11 (92%)

AGI-3 37 (97%) 25 (100%) 21 (91%) 12 (100%)

PAIl pis6 36 (95%) 25 (100%) 19 (83%) 11 (92%)

espC PAI 38 (100%)+ 25 (100%)|| 0 12 (100%)A1

0l-57 35 (92%),91 15 (60%) 6 (26%) 1(8%)

AGI-1 0 0 22 (96%)t,** 12 (100%)S,++

ETT2 18 (47%) 14 (56%)Tt 10 (44%) 0

HPI 19 (50%)§1 16 (64%)tT 6 (26%) 0

PAI lg36 12 (32%) 21 (84%)* ||, T 1 (4%) 1(8%)

PAI ll36 15 (40%) 24 (96%)*| 3 (25%) 7 (58%)

PAI llls36 16 (42%) 25 (100%)* ||+ 4 (17%) 4 (33%)

PAIV 536 28 (74%) 25 (100%)|| 9 (39%) 10 (83%)

PAI lcero73 12 (32%) 15 (60%)t 5 (22%) 0

PAl llcrroz3 17 (45%) 25 (100%)*|| 3 (13%) 8 (67%)

TAI 5 (13%) 13 (52%)* | 1 (4%) 0

LEE-01 10 (26%) 0 8 (35%)** 0

LEE-03 0 0 23 (100%)t,** §§ 0

LEE-07 6 (16%) 14 (56%),||, T 1 (4%) 0
Dataare number of isolates (%). See appendix 3 for p values by Fisher’s exact test or y” test. All other comparisons p>0-0018.
According to the Bonferroni correction, statistically higher proportions were found for: *ST73 vs ST131; ST69 vs ST131;
$ST131vs ST69; §STO5 vs ST131; 1ST131 vs STI5; ||ST73 vs ST6Y; **ST69 vs ST73; T15T73 vs STY5; $£ST95 vs ST73; §§ST69
vs ST95; 19ST95 vs ST69.
Table 3: Distribution of pathogenicity islands in to the four main sequence types of Escherichia coli in
patients with bacteraemia and presentation with sepsis or septic shock
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urine and blood E coli isolates could not find any specific ST
associated with bacteraemia, which suggests that some
particular bacterial virulence mechanisms and host predis-
posing factors probably are more important than clonality in
causing BSIs.**!

This study showed a high prevalence of virulence genes in
E coli isolates, with a median virulence score of 22; this was
higher than the virulence score found in studies including
all blood isolates (range 15-19) using whole-genome
sequencing data.?*?? The most prevalent virulence genes
found in our study were terC, coding for one of the key
proteins in tellurite resistance; ompT, a housekeeping
protease that degrades peptides released by the host’s
immune system, and in particular the endogenous tissue
factor anticoagulant inhibitor pathway, contributing to the
haemostatic imbalance associated with sepsis;* iss gene, a
factor associated with complement resistance,” and the sitA,
irp2, and fyuA genes, responsible for uptake of iron,* an
essential element for supporting growth and bacterial
development. Altogether, these results suggest that
iron acquisition and immune evasion are important for
bacteraemic E coli isolates.”!

Although each isolate exhibits a particular combination of
virulence factors, probably due to the plasticity of the E coli
genome, specific genes were significantly associated with
specific STs; for example, genes involved in bacteriocin
production were found in most ST73 isolates (cea, mchB,
mchC, mchF and memA) and ST95 isolates (cia, cvaC), genes

related to K1 capsule synthesis (neuC, kpsMII-K1) and the
ireA siderophore receptor were detected in all ST95 isolates,
and specific toxin-encoding genes were significantly more
frequent in each clone (eg, cnfl, clbB, and pic in ST73, sat in
ST131, and vat and hlyF in ST95). These observations show
that virulence factors in E coli are not randomly distributed
and reflect the underlying clonal structure of the population,
in agreement with previous reports.>'®*

Pathogenicity islands are a group of large (>10 kb) inte-
grative elements of the genome encoding one or more
virulence genes.?® Daga and colleagues® reported a higher
presence of pathogenicity island markers in blood E coli
isolates belonging to phylogenetic group B2, in particular
pathogenicityislands Is3, IVs36, Icrrozs, Lcrrozs, and Ijoe.'
Accordingly, in our collection, several pathogenicity islands
were identified in isolates from group 1 (phylogroups B2,
F and G) including pathogenicity islands I-III and V
of strain 536, encoding a range of virulence factors (eg,
a-hemolysin, S fimbriae, adhesins, hemagglutinin-like
adhesins, and iron siderophore system)?* and pathogen-
icity island Ilcproz3, encoding P fimbriae, a-hemolysin, and
aerobactin.”” In addition, in both group 1 and group 3, there
was a high prevalence of pathogenicity islands IVaprco1,
implied in the biosynthesis of the siderophore yersinia-
bactin,”® and AGI-3, related to carbohydrate assimilation and
virulence.”” We also found some pathogenicity islands to be
associated with specific STs, suggesting a clonal-associated
dissemination of these elements.

Regarding AMR, our isolates showed high resistance rates
to ciprofloxacin, trimethoprim—sulfamethoxazole, and
amoxicillin—clavulanic acid. In addition, resistance to third-
generation cephalosporins was consistent with previous
studies.>'"** Although no significant differences were found
among phylogenetic groups, ST131 isolates showed higher
prevalence of AMR, acquired AMR genes, and chromo-
somal mutations conferring AMR, as previously repor-
ted."® ST131 has become a dominant extraintestinal
pathogenic E coli strain worldwide, exhibiting fluoroquino-
lone resistance restricted almost entirely to a single, rapidly
expanding ST131 subclone (H30-R). H30-Rx, a well defined
multidrug-resistant clade within H30-R, comprised most of
the blacrx..is-producing isolates in ST131.1° Subtyping
revealed that around one-third of the ST131 isolates in
our dataset belonged to H30Rx, corresponding to 6% of
the overall E coli collection. In another Spanish study
including 425 bacteraemic UTI isolates, the prevalence of
ST131-H30Rx subclone was 5%.%

This study has limitations. Our results might not be
applicable to other geographical areas. Although the num-
ber of isolates analysed is reasonably large, the significance
of results must be interpreted with caution because of the
large number of comparisons made, despite the use of
Bonferroni correction, and because of the small numbers in
some subgroups; estimates of associations and analysis of
confounders were not done due to the exploratory nature of
the analyses and to avoid further complexity in interpret-
ation. However, the strengths of this study include the use of
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whole-genome sequencing, inclusion of cases and isolates
from a multicentre, countrywide representation, and the
use of current definitions for sepsis and septic shock.

In summary, E coli blood isolates causing sepsis or septic
shock showed similar clonal distribution as urine and
overall bloodstream isolates in previous studies; the distri-
bution of virulence genes, pathogenicity islands, and AMR
genes provided deeper insights into the epidemiology of
E coli causing severe infections, as a basis for further studies
to elucidate the contribution of those microbiological factors
to severe clinical presentation and worse outcomes in
patients with E coli BSI and, potentially, for the development
of diagnostic, preventive, or therapeutic interventions.
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