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A B S T R A C T

Globally, Escherichia coli is a leading cause of multiple drug-resistant (MDR) extraintestinal infections. ST131 is 
an MDR, pandemic sequence type that causes urinary tract and bloodstream infections in humans and companion 
animals, and systemic infections affecting multiple organs in poultry. ST131 has also been isolated from 
wastewater treatment plants and diverse wildlife sources. Studies investigating the phylogeny of ST131 from a 
One Health perspective are, however, limited. We performed whole-genome sequencing on 898 ST131 isolates 
from humans (n = 713), diverse environments (n = 139), wildlife (n = 32), food animals (n = 13), and com
panion animals (n = 1), sourced from the Czech Republic from 2005–2021, to identify evidence of clonal spread 
across different sources and to investigate carriage of genes encoding extended-spectrum beta-lactamases 
(ESBLs). ST131 belonging to clades C1 (262/898; 29 %) and C2 (528/898; 58.8 %) were dominant in our study. 
Irrespective of source or clade designation, most isolates (72.4 %) carried a blaCTX-M allele, with those residing in 
clade C1 carrying blaCTX-M-27, while those in clade C2 carried blaCTX-M-15. IncF plasmid sequence types were also 
segregated by clades, with F29:A-:B10 residing in clade A, F1:A2:B20 in clade C1, and F2:A1:B- and F31/F36:A4: 
B1 partitioning to clade C2. Clonal ST131 isolates (0–10 single-nucleotide polymorphisms; SNPs) were identified 
from humans, wild birds, and wastewater. In summary, our study showed that clonal ST131 isolates can be 
recovered across diverse sources in the Czech Republic, underscoring the importance of studying pandemic 
ExPEC lineages within a One Health context and across widespread geographic locations.

1. Introduction

Antibiotic resistance is a complex problem influencing all areas of 
our lives, including health of humans and animals, as well as wildlife 
and the environment, making it one of the most pressing global risks of 
the modern era. The most prevalent agents of such infections are Gram- 
negative bacteria, including Escherichia coli. One of the multidrug- 
resistant E. coli sequence types (STs) is globally diffused pandemic 
ST131, which is a member of the extra-intestinal pathogenic E. coli 
(ExPEC) group, causing nosocomial diseases such as urinary tract or 

bloodstream infections, as well as community acquired infections, in
fections in poultry, wild birds, and companion animals (Pitout and Finn, 
2020; Petty, Apr. 2014). Conjugative plasmids increase the possibility of 
antibiotic resistance genes (ARGs) and virulence-associated genes 
(VAGs) dissemination, resulting in this ST being a main culprit in the 
spread of extended-spectrum beta-lactamases (Marie-Hélène et al., Jul. 
2014). The ST131 isolates frequently carry specific virulence factors, 
which might also provide the evolutionary advantage for this lineage to 
thrive over other STs, especially regarding the gastrointestinal coloni
sation (Mathers et al., Jul. 2015; Totsika, Oct. 2011). Along with 
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increasing synanthropism of certain species and progressive urbaniza
tion, a cycle is also observed in which resistant strains of E. coli ST131, 
together with their plasmids and ARGs, circulate independently amongst 
humans, domestic animals, wildlife, and environment (White, Feb. 
2024; Sato, Jun. 2024; Paulshus, Sep. 2019; Biggel et al., Nov. 2023).

E. coli ST131 is divided into five clades according to their phyloge
netic relatedness and presence of various fimH genes for fimbriae pro
duction. Clade A is characterized by the presence of fimH41, and 
common carriage of ESBL gene blaCTX-M-27. Clade B is defined by the 
presence of fimH22 and blaCTX-M-14. These two clades belong to the 
evolutionary oldest groups, having diverged from their most recent 
common ancestor approximately 130 years ago (Stoesser, May 2016). 
Evolution during their dissemination, especially under increased anti
microbial pressure, led to the emergence of a new group carrying fimH30 
gene, separating from the rest and creating clade C, around the early 
1990s (Stoesser, May 2016; Ben Zakour, May 2016). This clade further 
split up into three clades: C0, which does not carry blaCTX-M gene in most 
cases; C1 (H30R), with blaCTX-M-27; and C2 (H30Rx), carrying blaCTX-M-15 
(Stoesser, May 2016; Price, Dec. 2013). The expansion of C1 and C2 was 
driven by strong selective advantages conferred by fluoroquinolone 
resistance, encoded by chromosomal mutations in the gyrA and parC 
genes, which first appeared in the common ancestor of clade C. Notably, 
the emergence of blaCTX-M-15 in clade C2 is estimated to have occurred 
within a decade after the initial fluoroquinolone resistance mutations, 
further enhancing its global spread. Clade C2 (~50–60 %) is nowadays 
the most prevalent ST131 lineage worldwide, followed by clade C1 
(~25–30 %), clade A (~5–10 %), and clades B and C0 (both ~1–5 %) 
(Pitout and Finn, 2020), (Cummins et al., 2021; Flament-Simon, Mar. 
2020; Cho, Aug. 2024; Kohlenberg, Nov. 2024; Tóth, Apr. 2024).

Each clade is also linked to particular groups of IncF plasmids car
rying various ARGs and VAGs (Nicolas-Chanoine, 2017; Whitmer et al., 
2019). Another connection was observed between avian pathogenic 
E. coli (APEC) isolates of clade B from poultry and ColV virulence 
plasmids (Yang, Sep. 2015; Cummins, Jun. 2023; Reid, Feb. 2022). 
Similarly, uropathogenic E. coli (UPEC) is connected to carriage of 
pUTI89-like plasmid, comprising conservative virulence region 
cjrABC-senB, which might be adding to an already high virulence po
tential of these strains (Wyrsch, Jun. 2022), (Elankumaran et al., Jun. 
2022). The IncF plasmids have been also instrumental in the rapid global 
spread of the ST131 clone, especially due to them harbouring high 
number of ARGs, VAGs and other advantageous regions, such as for the 
toxin-antitoxin or restriction systems. The plasticity of IncF plasmids 
enables them to evolve along with their hosts and causes positive se
lection for such strains when under selective pressure. Some combina
tions, e.g. clade C2 of ST131 with InF/blaCTX-M-15 plasmid, are 
considered to be one of the most successful clones capable of fast 
dissemination throughout the globe (Phan, Apr. 2015), (Pitout and 
Chen, Apr. 2023).

Previous studies focused on the Czech Republic and its hospital 
environment and community showed that ST131 was not only one of the 
most common sequence types overall, but also the most prevalent CTX- 
M-producing clone (Kutilova, Feb. 2021), (Röderova, Jan. 2017). A 
genomic approach using WGS was done to assess the complex popula
tion structure of ST131 clone circulating in human and non-human 
sources in the Czech Republic, which has not been investigated before. 
Here, we aim to describe the population structure and phylogeny terms 
of 898 ST131 isolates from the Czech Republic, originating across 
various sources, and explore the association of clades with certain 
plasmid lineages, ARGs, and VAGs.

2. Materials and methods

2.1. Study design and sampling

ST131 isolates were picked out from a large in-house collection of 
11,097 E. coli obtained throughout the years 2005–2021 from various 

countries and sources, as a part of previous studies. The selection was 
performed using a PCR screening of O25 rfb variant and specific single- 
nucleotide polymorphisms (SNPs) in genes mdh, gyrB and pabB, target
ing ST131 clone (Pitout and Finn, 2020), (Johnston and Johnson, 2017). 
Omission of a small number of ST131 isolates might have occurred due 
to filtering by the O25 variant, however, PCR screening of the SNPs 
increased the probability of ST131 detection. A total of 928 genomes, 
originating from the PCR-screened collection, as well as 98 sequences 
from already existing projects, were included into the analysis (Kutilova, 
Feb. 2021), (Röderova, Jan. 2017), (Jamborova, Jul. 2018), 
(Davidova-Gerzova, May 2023). Short-read sequencing was performed 
in order to confirm the ST, together with analysis of their genomic 
structure.

The complete short-read collection consisted of 1026 ST131 ge
nomes, from which a total count of 955 (93.08 %) originated from the 
Czech Republic. After omitting duplicates (isolates with zero SNP dif
ference obtained in the same location at the same time) and low-quality 
sequences, there was a final count of 898 short-read Czech ST131 ge
nomes included in this study (Fig. 1). Low-quality sequences were 
determined by the number of contigs (threshold: 400 contigs) and the 
total length of the genome (threshold: 4700,000 base pairs). Out of those 
898 isolates, 713 (79.40 %) were of human origin, 139 (15.48 %) came 
from the environment (wastewaters – 132, river – 7), 32 (3.56 %) were 
isolates from wild animals (rook – 18, gull – 7, raven – 6, cormorant – 1), 
13 (1.45 %) were isolates from food animals (poultry – 12, swine – 1), 
and one isolate (0.11 %) came from a companion animal (dog). Given 
the predominance of isolates originating from human hosts, smaller 
ecological niches, such as food or companion animals, are comparatively 
underrepresented, potentially introducing a slight bias. The information 
on the source material for the entire collection of 11,097 isolates is 
provided in a separate sheet in the Supplementary table S1, together 
with the distribution rates of ST131 isolates across these sources.

The number of 619 isolates (68.93 %) were cultivated on MacConkey 
agar (MCA) supplemented with an antibiotic, while 279 isolates 
(31.07 %) were obtained by cultivation on non-supplemented MCA. Out 
of those 619 isolates, 406 (65.59 %) were selected on MCA with cefo
taxime (2 mg/l), 201 (32.47 %) on MCA with ciprofloxacin (0.05 mg/l), 
11 (1.78 %) on MCA with meropenem (0.125 mg/l), and one (0.16 %) 
isolate on MCA supplemented with colistin (3.5 mg/l). All metadata 
regarding the source, year of isolation, and antibiotic used for selective 
cultivation are included in the Supplementary Table S1.

2.2. Whole-genome sequencing (WGS)

Genomic DNA from all ST131 isolates was extracted using Nucleo
Spin® Tissue Kit (Macherey-Nagel, GmbH & Co. KG, Germany), sub
jected to DNA libraries preparation by Nextera® XT Library Preparation 
Kit (Illumina, CA, USA), and followed by sequencing using NovaSeq 
6000 (Illumina) platform run in a paired-end mode. The DNA extraction 
was performed in our lab, and the diluted DNA was pipetted into strips 
and sent to the UTS Next Generation Sequencing Facility, Sydney, 
Australia, where the library preparation and sequencing itself was 
outsourced.

2.3. Data analysis and comparative genomics

Raw reads acquired by Illumina sequencing were trimmed using 
Trimmomatic v0.39 to remove adaptor residues and to discard low 
quality read regions (Q ≤ 20) (Bolger et al., Apr. 2014), and assembled 
by Shovill v1.1.0 with minimum contig length set to 200 base pairs and 
remaining parameters set to default (https://github.com/tseemann/sh 
ovill). Quality check was performed with FastQC v0.11.9 (https://gith 
ub.com/s-andrews/FastQC) for reads, and contamination check with 
Kraken2 v2.0.8 used for assemblies with the MiniKraken2 database 
v2_201904 (https://github.com/DerrickWood/kraken2). All data 
regarding the quality of the sequencing runs and assemblies are 
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provided in a separate sheet in the Supplementary table S1. Clade 
assignment was based on the presence of specific genes and point mu
tations (see Supplementary Table S2) and was performed using a pre
viously published protocol (Nicolas-Chanoine, 2017).

Fast hierarchical Bayesian analysis of population structure (fast
BAPS) was used for clustering the genomes into phylogenetically related 
groups. These groups were later compared to the clusters obtained by 
the clade assignment. The fastBAPS analysis was performed on two 
levels of hierarchy, with the second level delving deeper and dividing 
the clusters created by the first level into more subclusters (Tonkin-Hill 
et al., Jun. 2019). The abriTAMR v1.0.10 pipeline was used with the 
abriTAMR database v2021–09–30.1 to explore the presence of ARGs, 
VAGs, and point mutations encoding fluoroquinolone resistance, with 
species defined as Escherichia for the latter analysis (https://github. 
com/MDU-PHL/abritamr). The threshold for ARGs and VAGs analyses 
was set to 90 % coverage and 90 % identity, with isolates above this 
threshold being considered as carriers of respective genes. Center for 
Genomic Epidemiology tools FimTyper v1.0, SeroTypeFinder v2.0.1, 
PlasmidFinder v2.0.1, and pMLST v0.1.0 were used for the assessment of 
plasmid presence, plasmid sequence type, fimH gene variant, and sero
type, respectively (https://cge.cbs.dtu.dk/services/). Existing method
ology was adjusted and used for establishing the virotype of isolates 
(Marie-Hélène et al., Jul. 2014), (Dahbi, Nov. 2014), (Blanco, Oct. 
2013), (Barrios-Villa, Dec. 2018). The assignment was based on the 
presence of following genes: afa, cdtB, cnf1, hlyA, ibeA, iroN, neuC-K1, 
kpsMII-K2, kpsMII-K5, papGII, papGIII, and sat; and the output was 
simplified to group the isolates into five virotypes A, C, D, E, and F. 
Combinations of genes above assigned to the respective virotypes can be 
seen in the Supplementary Table S3.

Prokka v1.14.112 (Seemann, Jul. 2014) was used for genome 
annotation of isolates’ assemblies, with their pangenome aligned using 
PIRATE v1.0.4 (Bayliss et al., Oct. 2019). Subsequently, the alignment 
was used to generate phylogenetic tree in IQ-TREE v1.6.12 under 
GTR+GAMMA model, supported by 1000 bootstraps (Nguyen et al., Jan. 
2015). The alignment was run through a recombination filtering soft
ware Gubbins v3.1.0 with default settings (Croucher, Feb. 2015). 
Phylogenetic distances between isolates were estimated after the 
recombination filtering, using the pangenome alignment in snp-dists 
v0.6.3 (https://github.com/tseemann/snp-dists), considering the num
ber of SNPs. The distance between two E. coli isolates lower or equal to 
10 SNP was set as a threshold for evaluating such isolates as clonal 
(Schürch et al., Apr. 2018). The phylogenetic tree was visualized in iTOL 
v5.715 (Letunic and Bork, Apr. 2024). Statistical computing, bar charts, 
and SNP distance matrices were created using custom R (Team) scripts, 
and utilizing R packages readr v2.1.5 (Wickham et al., 2024), magrittr 
v2.0.3 (Bache and Wickham, 2022), dplyr v2.4.0 (Wickham et al., 
2023), tidyverse v2.0.0 (Wickham, Nov. 2019), ggplot2 v3.5.0 
(Wickham, 2016), pheatmap v1.0.12 (Kolde, 2019), ggtree v3.6.2 (Yu, 
Mar. 2020), ape v5.7–1 (Paradis and Schliep, Feb. 2019), phytools 
v2.1–1 (Revell, Jan. 2024), and highcharter v0.9.4 (https://github.com/ 
jbkunst/highcharter). The heatmap in Fig. 7 and heatmaps in Supple
mentary files S6–S10 were generated using an edited publicly available 
script (https://github.com/maxlcummins/ST95/blob/main/scripts 
/Supplementary_Figure_1_SNP_matrix.R) (Cummins et al., Feb. 2022). 
Statistical analysis used the Shapiro–Wilk test of normality, followed by 

the Mann–Whitney test and T-test, performed on non-parametric and 
parametric datasets, respectively. Results from the statistical analysis, 
including the selected tests, can be found in the Supplementary Table S4.

3. Results

3.1. The most widespread clades C1 and C2 also most prevalent in the 
collection

The phylogenetic tree based on the analysis of SNP distances showed 
clear distribution of 898 E. coli ST131 genomes into clades A, B, and C 
divided further into clades C0, C1, and C2 (Fig. 2). Clades were assigned 
using the presence of fimH41, fimH22, and fimH30 alleles, respectively. 
Isolates with different fimH alleles were allotted to clades based on their 
phylogenetic closeness to the clusters of those clades. The C1 and C2 
clades were then determined by the presence of any gyrA and parC 
chromosomal mutations, and distinguished by the presence of blaCTX-M- 

27 and blaCTX-M-15 genes, respectively, while no gyrA and parC chromo
somal mutations were present in the C0 clade. Out of 898 isolates, clade 
C2 was the most prevalent one (59.58 %; n = 535), followed by clades 
C1 (28.51 %; n = 256), A (5.46 %; n = 49), B (5.01 %; n = 45), and C0 
(1.45 %; n = 13). There were minor discrepancies found in eight isolates 
and their clade assignment, which are highlighted in the tree (Fig. 2). 
Two of these unusual isolates were assigned into clade C1 instead of C0 
based on the phylogenetic distances, even though the gyrA and parC 
mutations were missing. Six of the isolates were grouped with clade C2 
instead of C1 due to the tree branching, even though the IncF pMLST, 
blaCTX-M gene type, and/or fastBAPS grouping suggested otherwise. The 
tree-building tool regards the complete genome, while the clade- 
defining characteristics consider only few selected genes, which might 
have caused the discrepancies in the clade assignment, with those eight 
isolates being genetically more similar to others regardless of the pres
ence of the defining genes.

There were no apparent host associations with certain clades; how
ever, this might be confounded by sampling bias, as a large majority 
(79.40 %) of the analysed genomes originated from human hosts. Such 
disproportionate representation might have reduced the ability to detect 
potential host-specific associations in underrepresented host groups. 
Chromosomal mutations gyrA and parC, contributing to the fluo
roquinolone resistance, were present only in clades C1 (99.22 %) and C2 
(100 %). All such isolates carried gyrA S83L (n = 790) followed with 
gyrA D87N (n = 788), parC S80I (n = 789), and parC E84V (n = 788). 
The majority of the genomes (98.11 %; 881/898) carried IncF plasmids, 
with F2:A1:B- being the most prevalent one (42.57 %; 375/881), espe
cially in clade C2 (69.91 %; 374/535). Five different virotypes were 
observed across all clades, with A being the most common one (44.54 %; 
400/898), followed by C (36.19 %; 325/898), E (12.03 %; 108/898), D 
(0.05 %; 45/898), and F (0.01 %; 4/898). There were genomes from 
various clades and sources with unidentifiable virotype due to unusual 
combination of determining genes. Strong association of clade C2 and 
virotypes A (66.73 %; 357/535) and E (18.32 %; 98/535) was observed. 
Clade C1 was then linked mostly to virotype C (96.48 %; 247/256), and 
clade B to virotype D (100 %; 45/45) (Fig. 3).

Fig. 1. Timeline of obtained isolates by source and production of ESBLs.
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3.2. Higher variety in ARGs and VAGs is between clades than sources

The whole collection was screened for the presence of plasmids, IncF 
pMLSTs, ARGs, and VAGs. A total of 85 different ARGs were found, with 
clade C2 being the most resistant one (Fig. 4). It carried the highest 
average amount of ARGs (n = 18.96), with numbers ranging from 12 to 
27 genes per isolate, and the genes associated with resistance to at least 
seven antibiotic classes in a majority of isolates. The lowest ARGs car
riage was observed in clade C0 (8.54; 8–15), which also contained the 
highest number of isolates obtained by cultivation on media without any 
antibiotics. There was, however, no significant difference in the carriage 

of ARGs between isolates cultivated on media with antibiotics and those 
without (Fig. 4A).

Considering the content of VAGs, clade B was the one with the 
significantly highest average amount (n = 21.53), with numbers 
ranging from 8 to 39 genes per isolate, compared to clades C0 (17.00; 
17), C2 (16.99; 9–28), C1 (14.84; 6–32), and A (14.69; 8–20) (Fig. 4C). 
Prevalence of ColV plasmids was also significantly higher in clade B 
(73.33 %; 33/45), as opposed to clades A (0 %; 0/49), C0 (0 %; 0/13), 
C1 (0.39 %; 1/256), and C2 (0.19 %; 1/535). There was a substantial 
difference in carriage of VAGs among isolates selected and not selected 
on media with antibiotics, where the non-selected ones displayed higher 

Fig. 2. SNP-based phylogenetic tree of all ST131 genomes. The tree is sectioned into five groups by clade assignment (A-blue, B-purple, C0-yellow, C1-green, C2- 
red). Firstly, the presence of IncF plasmids is denoted with the four most common pMLSTs highlighted in colour. Smaller squares then describe the presence of 
chromosomal gyrA and parC mutations. Further rings show fimH type, virotype, number of ARGs, blaCTX-M gene type, fastBAPS clade assignment, and source of the 
isolate. Red branches display the ColV plasmid carriage. Name labels highlighted in red point out genomes whose clade assignment was not completely certain.
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carriage. This might have been caused by uneven distribution of selected 
and non-selected isolates between sources and clades. All p-values can 
be found in the Supplementary Table S4.

Regarding the carriage by source, the highest number of ARGs was 

found in isolates from humans (n = 17.96) ranging from 6–27 genes, as 
opposed to isolates from the environment (16.84; 8–21), wild animals 
(15.06; 7–21), and food animals (10.54; 10–17) (Fig. 4B). The highest 
number of VAGs then occurred in isolates from food animals, with an 

Fig. 3. Association of clades with certain virotypes. Clade on the left, virotype on the right. Interactive version also available at https://ruzickm.github.io 
/ST131/Figure%203.html.

Fig. 4. Number of ARGs and VAGs across clades and sources. Fig. 4A denotes ARGs by clade, Fig. 4B ARGs by source, Fig. 4C VAGs by clade, and Fig. 4D. VAGs 
by source. Each part is divided into isolates that were selected on media with an antibiotic (S-red) and those that were not (N-blue). Percentage for each group is 
shown in the chart. The “Other” category in source groups together isolates from food animals (n = 13) and companion animals (n = 1).
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average of 21.54 genes and ranging from 19–39 genes, compared to 
isolates from humans (16.58; 6–32), environment (15.63; 8–26), and 
wild animals (15.41; 8–21) (Fig. 4D). Again, the isolates sourced from 
food animals were solely of clade B and displayed high carriage of the 
ColV plasmid (12/13; 92.31 %). The isolate from a companion animal 
was excluded from this statistical analysis due to the small size of the 
group. To sum up, the largest differences were observed between live
stock isolates of clade B and human isolates of clade C1 and C2 com
bined, with the carriage of ARGs significantly higher in isolates of 
human origin, and the carriage of VAGs higher in those from food 
animals.

3.3. Resistance to at least five groups of antibiotics present in all clades 
and sources

Regarding the class of ARGs, isolates originating from humans dis
played the highest carriage of genes associated with resistance to ami
noglycosides, macrolides, tetracyclines, and trimethoprim, as opposed 
to the “Other” category, sourced from food and companion animals, 
which mostly showed a carriage of genes linked to resistance to beta- 
lactams and quinolones (Fig. 5B). There was at least one ESBL gene 
present in 75.95 % (n = 682) of genomes, with no significant difference 
observed between isolates selected on media with and without antibi
otics. The most common was blaCTX-M-15 (52.01 %; 467/898), found 
majorly in the C2 clade, and blaCTX-M-27 (15.48 %; 139/898), found 
mainly among C1 isolates. There was a significantly lower amount of 
ESBL genes in clades B and C0 (13.33 % and 15.22 %, respectively), as 

opposed to clade A (84.00 %) and clade C2 (82.61 %) (Fig. 5A). The 
statistical analysis can be found in the Supplementary Table S4.

Genes related to resistance to aminoglycosides, sulfonamides, and 
tetracyclines were observed throughout all clades (Fig. 5). In four clades, 
excluding the least represented clade C0, genes noted for resistance to 
macrolides, quinolones, and trimethoprim were present. Out of all eight 
aminoglycoside resistance genes found, the most common were aac(6′)- 
Ib-cr5 (70.33 %; n = 422) and aac(3)-IIe (17.67 %; n = 106). There 
were three genes associated with resistance to macrolides, with mph(A) 
being the most prevalent one (99.48 %; n = 573). Resistance to quino
lones was suggested by four various genes, with the most common one 
being aac(6′)-Ib-cr (91.26 %; n = 428), and the rest represented by the 
qnr genes. Three genes linked to resistance to sulfonamides were found, 
with the most common sul1 (73.71 %; n = 569), sul2 (25.91 %; 
n = 200), and then sul3 (0.13 %; n = 1), together with one point mu
tation folP P64S (0.26 %; n = 2). Tetracycline resistance was indicated 
by two genes, with prevailing tet(A) (96.68 %; n = 466). Five genes 
associated with resistance to trimethoprim were found, with dfrA17 
(93.04 %; n = 561) being the most common one. Genes noted for 
resistance to carbapenems, phenicols, and colistin were observed in a 
minority of isolates, and thus did not contribute to the multidrug- 
resistant status of any particular clade.

3.4. Clade association with specific IncF plasmids

Most of the clades showed a connection to specific IncF plasmids 
(Fig. 6). F29:A-B:10 plasmid, also known as pUTI89-like, was mostly 

Fig. 5. Prevalence of resistance genes by antimicrobial class, clade, and source. Fig. 5A shows resistance rate in each phylogenetic clade while Fig. 5B focuses 
on the source of the isolate. Each antibiotic group has its own section except for quinolones which are further split by ARGs and chromosomal mutations. Resistance 
to beta-lactams is also divided into AmpC, ESBL and NSBL groups which stand for genes encoding the production of AmpC, extended-spectrum and narrow-spectrum 
beta-lactamases, respectively. Significant differences between groups are denoted by asterisks (p-value < 0.05).
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carried by clade A isolates (62.96 %; 34/54). Another strong association 
was observed in clade C1 with F1:A2:B20 plasmid (57.81 %; 148/256), 
and clade C2 with F2:A1:B- plasmid (69.91 %; 374/535). Clade C2 also 
displayed high carriage of F31/F36:A4:B1 plasmid (12.34 %; 66/535). 
Clade B isolates were linked with various sequence types of IncF plas
mids, most of them falling into a subgroup of ColV plasmids, with C4/ 
F18:A-:B6 (42.42 %; 14/33) and F2:A-:B1 (27.27 %; 9/33) being the 
most prevalent plasmid STs.

3.5. Source-diverse isolates show highest clonality in clades C1 and C2

Highest phylogenetic relatedness was observed amongst the most 
represented and most source-diverse clades C1 and C2, with average 
SNP difference after recombination filtering of 130.26 and 150.25 SNPs, 
respectively (Supplementary Table S5). Clade C0 was excluded from 
these statistics, as it only consisted of 13 isolates originating mostly from 
the same sampling site. Within C1 clade, highest clonality was observed 
among a subset originating from humans, wild birds, and wastewaters 
with SNP differences often ranging between 0–10 SNPs (Fig. 7); a trend 

also observed in clade C2 within groups obtained from humans and 
wastewaters. No significant pattern in phylogenetic relatedness was 
observed amongst isolates sampled during different years. This was 
expected, since the sampling did not occur repeatedly at the same place.

There was no considerable close relatedness between source-diverse 
isolates from clades A and B; however, clustering of isolates from the 
same sources was visible. This was observed especially in clade B, with 
isolates originating from food animals, which were collected within a 
single study. Complete SNP heatmaps of all clades A, B, C0, C1, and C2 
can be found in Supplementary files S6–S10, respectively.

4. Discussion

E. coli ST131 lineage in Europe was first reported around the year 
2003 in eight different countries (Spain, Russia, Italy, Germany, France, 
Poland, Hungary, and Austria) and quickly started to spread further 
(United Kingdom, Netherlands, Sweden) (Marie-Hélène et al., Jul. 
2014), (Rogers et al., Jan. 2011), (Cagnacci et al., Aug. 2008). First re
ports of this ST in the Czech Republic originated from the year 2006 and 

Fig. 6. Association of clades with sources and IncF plasmid sequence types. Source on the left, clade in the middle, plasmid sequence type on the right. 
Interactive version also available at https://ruzickm.github.io/ST131/Figure%206.html.

Fig. 7. Clade C1 heatmap cutout displaying close relatedness amongst isolates from humans, environment, and wild animals.
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were associated with hospital outbreaks (Novais, Jul. 2012). After that, 
ST131 disseminated to other environments, such as wastewaters 
(Dolejska, Dec. 2011), wild birds (Tausova, May 2012), food animals 
(Röderova, Jan. 2017), and patients from the community 
(Papagiannitsis, Feb. 2015). Our research describes 898 E. coli ST131 
genomes collected in the Czech Republic throughout the years 
2005–2021, which shows even earlier emergence of this clone (Fig. 1). 
The four isolates obtained in the year 2005 originated from wild birds 
(three from gulls, one from a rook), which is notable given ST131 in the 
Czech Republic was reported only in hospital-related environments 
during that time (Novais, Jul. 2012), (Hrabák, Oct. 2009). Our human 
samples also displayed rising number of ESBL-positive isolates, with 
32.20 % in the year 2007 and 88.57 % in the year 2021. Even though 
there are also several years where the number of ESBL-positive isolates 
decreased, the trend is overall increasing, same as in the samples ob
tained from the environment. It is also interesting to note that no isolates 
obtained from food-producing animals carried genes for ESBL 
production.

Our collection was divided into five clades: A, B, C0, C1, and C2, with 
the clade distribution correlating with trends from other parts of the 
world (Petty, Apr. 2014; Marie-Hélène et al., Jul. 2014), (Li, Dec. 2021; 
Ludden, Apr. 2020). Clades C1 and C2 proved to be the most resistant 
ones, carrying the largest amount of ARGs associated with resistance to 
at least seven different antibiotic classes in the majority of isolates. 
These clades were distinguished from the rest by the presence of both 
chromosomal point mutations gyrA and parC, encoding resistance to 
fluoroquinolones, providing them with further evolutionary advantage 
and causing the success of such strains (Marie-Hélène et al., Jul. 2014). 
We observed these mutations in other clades as well, however, except for 
one isolate in clade A, both of them never occurred together as in clades 
C1 and C2. High carriage of ESBL genes observed in clade C2 is based on 
the sole classification of the ST131 lineage. This clade was originally the 
first one to contain blaCTX-M-15 on an IncF plasmid, which has been 
associated with the rapid spread of this subclone (Stoesser, May 2016), 
(Ludden, Apr. 2020). During dissemination of ST131, clade C1 also 
obtained an IncF plasmid, this time carrying the blaCTX-M-27, the pre
dominant ESBL gene detected in our C1 genomes as well (Stoesser, May 
2016). In our collection, clade A frequently contained ESBL genes, 
mostly blaCTX-M-15 or blaCTX-M-27, as opposed to clades B and C0, which 
displayed lower carriage. This is linked to overall lower ESBL occurrence 
observed in these two clades, whereas clades A, C1, and C2 are known 
for high resistance levels and common production of CTX-M beta-
lactamases (Price, Dec. 2013), (Li, Dec. 2021).

Clades C1 and C2 proved to be the most clonal, showing low SNP 
differences even between isolates from different sources and years. This 
correlates with their widest dissemination within the ST131 lineage, 
with their clones circulating in all kinds of environment, easily 
exchanging mobile genetic elements, and leading to a stabilization of the 
most successful strains. Close relatedness of source-diverse isolates from 
clades C1 and C2 correlates with previous studies, as opposed to 
research focused on clade B, where we observed low SNP differences 
only within isolates from the same source (Li, Dec. 2021), (Reid et al., 
Sep. 2019). In clade C1, we observed a high degree of genetic similarity 
among isolates originating from humans, wild birds, and wastewater. 
This suggests that anthropogenically impacted environments, particu
larly wastewater, act as a reservoir or transmission hub, facilitating the 
spread of resistant bacteria to wildlife through indirect exposure, such as 
contaminated foraging sites or water runoff. However, river water iso
lates showed lower genetic relatedness to those from other sources, 
indicating that while wastewater potentially plays a key role in the 
transmission chain, downstream environments could dilute the bacterial 
load or fail to select for resistant lineages.

Strong associations of clades with certain plasmids were observed in 
all clades, except C0. Genomes of clade A carried mostly F29:A-:B10 
plasmid, also known as pUTI89-like plasmid. This plasmid contains a 
conservative virulence region cjrABC-senB and is linked to E. coli strains 

of various STs (ST95, ST127, ST131, ST141, ST961, ST963, ST1193), 
causing urinary tract infections (UTIs) with nosocomial potential 
(Wyrsch, Jun. 2022), (Elankumaran et al., Jun. 2022). Our clade A 
isolates carrying this plasmid originated from not only humans, but also 
municipal wastewaters, river water, and a gull, thus displaying a wide 
range of host environments outside of the hospital settings. Clade B 
showed high carriage of ColV plasmids, with the most prevalent plasmid 
ST C4/F18:A-:B6. These plasmids are a subgroup of IncF plasmids, 
carrying large number of VAGs, and are commonly associated with 
APEC clones, found especially in poultry (Yang, Sep. 2015), (Cummins, 
Jun. 2023; Reid, Feb. 2022). Our clade B genomes displayed signifi
cantly higher content of VAGs compared to other clades, which was 
attributed to the presence of the ColV plasmid. They were commonly 
found in poultry with APEC infections, but other sources also included 
humans, wastewaters, and wild birds, such as gulls or rooks. Clade C1 
carried mainly an IncF plasmid of F1:A2:B20 sequence type. This was 
anticipated, since this plasmid type is considered to be one of the de
terminants responsible for shaping the evolution of this clade (Johnson, 
Aug. 2016). The same situation can be observed in clade C2, with most 
of the genomes carrying the F2:A1:B- plasmid, which was again one of 
the main factors distinguishing this clade from the rest during its evo
lution (Johnson, Aug. 2016). Even though these plasmids transferred 
among isolates from clades C1 and C2 in the past, as well as now, there is 
still a clear association to be observed. A smaller part of our C2 genomes 
carried also an IncF plasmid with sequence type F31/F36:A4:B1. All 
these isolates, except for one, belonged to a virotype E and formed a 
highly clonal phylogenetic sublineage. This plasmid often carries a 
genomic island GI-pheU with cnf1/hemolysin genes, increasing its 
virulence and creating a pandemic clone out of this sublineage, while 
underscoring the need for further study (Omid, Aug. 2021; Hojabri, Nov. 
2020). We observed higher presence of virotype E, as opposed to other 
studies in which this virotype was often not even detected, except for a 
single research (Blanco, Oct. 2013), (Kondratyeva et al., Jan. 2020). 
However, the rest of the overall distribution of virotypes roughly cor
responded with previous research (Blanco, Oct. 2013), (Li, Dec. 2021). 
This was displayed especially in clade B, where all isolates belonged to 
virotype D, and vice versa (Li, Dec. 2021), (Hojabri, Nov. 2020). The 
connection between clade B and virotype D is crucial, as this combina
tion is strongly linked to avian pathogenic E. coli (APEC) infections in 
poultry and other birds. Additionally, the frequent presence of ColV 
plasmids, carrying high amounts of VAGs, further strengthens this 
lineage and likely contributes to its efficient transmission within poultry 
production environments (Li, Dec. 2021), (Flament-Simon, Mar. 2020; 
Merino, Dec. 2020). The strong association between clade C1 and 
virotype C is also particularly important, as these isolates often represent 
UPEC strains capable of causing UTIs. The intrinsic fluoroquinolone 
resistance characteristic of the C1 clade, then further enhances their 
fitness, clinical impact, and potential for widespread dissemination 
(Merino, Dec. 2020).

5. Conclusion

This study presents a detailed genomic investigation of 898 isolates 
of E. coli ST131, collected in the Czech Republic between the years 
2005–2021, revealing the early emergence and persistent spread of this 
multidrug-resistant lineage across diverse environments. The collection 
included isolates from human, animal, and environmental sources, and 
covered all five recognized ST131 clades. Notably, clades C1 and C2 
showed high clonality and wide host and environmental distribution, 
reflecting their evolutionary success and adaptive potential. Distinct 
plasmid-clade associations were identified, with specific F-type plasmids 
contributing to the dissemination of resistance and virulence traits. The 
detection of highly similar isolates across unrelated sources highlights 
the importance of anthropogenic environments in bacterial transmission 
and underscores the role of mobile genetic elements and selective 
pressures in shaping the success of dominant ST131 subclones. These 
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findings provide valuable insight into the epidemiology of ST131 in a 
single European country and demonstrate the significance of exploring 
previously overlooked areas to better understand the mechanisms 
driving the spread of antimicrobial resistance.
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