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Chapter 1

Escherichia coli resistant to third-generation 
cephalosporins

Antimicrobial resistance (AMR) is rising across the globe, limiting the number of 
antimicrobials as effective therapeutic options. The global burden of AMR has proven very 
difficult to estimate1 although some studies have currently estimated tens of thousands 
of attributable deaths in Europe2 or possibly hundreds of thousands of attributable 
deaths globally per year3. These figures are expected to rise in the future, especially 
for low and middle income countries. AMR is a multifactorial problem, since factors 
driving an increase in resistance are diverse and many bacteria can become resistant to 
antimicrobials. However, some pathogens pose a more immediate threat to global health 
than others. Therefore, the World Health Organization has defined priority pathogens 
based on “bug-drug” combinations which require most attention4. Listed among the 
ones with the highest priority level are Enterobacterales resistant to carbapenems or 
third generation cephalosporins. In this thesis, I will focus on Escherichia coli, member of 
the Enterobacterales order, resistant to third generation cephalosporins.

Genetics of third-generation cephalosporin resistance in E. coli

Resistance to third generation cephalosporins in E. coli is mediated by various 
mechanisms. The most common mechanism is through the production of extended-
spectrum β-lactamase (ESBL) enzymes which are able to inactivate third-generation 
cephalosporins5. 

β-lactamase enzymes can be classified in several ways on the basis of their molecular 
function, for example molecular class (A, B, C, D) and Bush-Jacoby group (e.g. 1, 2b, 
2be, 2df)6. Additionally, β-lactamases can be classified into gene families, such as TEM, 
SHV, CTX-M or OXA6. Certain β-lactamases display an “extended spectrum” of activity. 
The term “extended broad-spectrum β-lactamases” originally referred to TEM and 
SHV β-lactamases which were able to hydrolyse oxyimino-cephalosporins and were 
inhibited by clavulanic acid7. Over the years, the term has shifted to “extended-spectrum 
β-lactamases” and has started to include a wider range of β-lactamases7. Currently, 
β-lactamases in Bush-Jacoby groups 2be, 2ber, 2de and 2e are typically considered ESBL 
enzymes6. Additionally, some extended-spectrum AmpC β-lactamases confer resistance 
to third-generation cephalosporins but are not commonly regarded as ESBL enzymes 
(e.g. blaCMY-2, Bush-Jacoby group 18). In E. coli, the most prevalent ESBL genes belong to 
the CTX-M gene family and to Bush-Jacoby group 2be9.

ESBL genes, encoding ESBL enzymes, can be present on mobile genetic elements 
such as plasmids or integrons or can be in close vicinity of insertion sequences. These 
genetic elements allow efficient horizontal transfer of ESBL genes and thus of AMR. It is 
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suggested that CTX-M enzymes have entered the E. coli population through horizontal 
gene transfer from Kluyvera spp., possibly mobilised by ISEcp1, an insertion sequence 
commonly identified upstream of CTX-M genes10. Plasmids harbouring ESBL or other 
β-lactamase genes typically incur a small fitness cost on the bacterial host. However, 
bacterial hosts can accumulate mutations that offset the fitness cost of plasmid carriage 
(compensatory mutations)11. Additionally, some plasmids might incur a fitness cost on 
some bacterial hosts but not on others12. If plasmids are able to spread quickly enough 
and reach enough bacterial hosts capable of plasmid maintenance, these plasmids 
continue to exist despite potential fitness costs12,13. 

Bacterial hosts that have acquired ESBL genes gain an evolutionary advantage in 
environments where cephalosporins are encountered, thus promoting their further 
dissemination. Isolates of several E. coli lineages capable of efficient human colonisation 
harbour a limited set of ESBL genes. For particular combinations of lineage and ESBL gene, 
this can be a stable association over many years,  facilitating the spread of ESBL genes. 
Isolates of sequence type (ST) 131 harbouring blaCTX-M-15 which was first described in 2008, 
are forming the most notable example14. Currently, ST131 isolates are the most prevalent 
cause of extraintestinal E. coli infections15 (e.g. urinary tract infections, meningitis or 
septicaemia). Reasons why ST131 has become globally prevalent might be its resistance to 
fluoroquinolones and third generation cephalosporins, adapted metabolism, acquisition 
of virulence factors or a combination of these and other factors16. The acquisition of the 
blaCTX-M-15 gene offered the ST131 lineage resistance to third generation cephalosporins 
but at the same time offered blaCTX-M-15 an opportunity to spread globally. Some other 
globally expanded lineages show a similar association with ESBL genes, such as two ST38 
sublineages with the ESBL genes blaCTX-M-14 or blaCTX-M-27 (Chapter 4). However, it should be 
noted that resistance to third generation cephalosporins is not a prerequisite for global 
expansion of E. coli lineages (e.g. ST69 and ST73)17.

One Health as an avenue to combat AMR 

An obvious research avenue to combat the increasing prevalence of resistant E. coli is the 
development of novel antimicrobial therapies. This includes the development of new 
antimicrobials but also novel applications of existing antimicrobials. Additionally, there 
is increasing attention for the use of vaccines to reduce AMR. Although these strategies 
have produced potential useful novel therapies in recent years18–20, additional strategies 
are required to curb the increasing spread of AMR pathogens4.

Limiting the spread of ESBL genes could be an additional strategy to reduce the 
prevalence of AMR. This requires better understanding how ESBL genes transmit through 
and across populations. These populations can be defined based on geography (e.g. the 
spread of resistant bacteria between countries), based on host species (e.g. the spread of 
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resistant bacteria between humans and other animals) or on other criteria. Understanding 
the spread of resistant bacteria between populations can be best achieved using the 
conceptual framework of One Health21. One Health implies that the health of the human 
population is connected to the environment and populations of other species. 

The One Health framework is highly applicable to questions in medical microbiology, 
as many if not most current human infectious diseases originated from animals22. This 
framework can also be applied to understand the increasing prevalence of ESBL genes. 
The World Organisation for Animal Health (OIE) estimated that approximately 1100 
tonnes of cephalosporins were administered in animals in 201723. Of these, approximately 
700 tonnes were third or fourth generation cephalosporins administered in Asia and 
Oceania. Cephalosporin usage in animals drives the selection of (novel) resistance 
genes which could potentially spread to the human population. Although resistant E. 
coli from animal hosts seem to colonise humans infrequently24,25, the human-animal 
interface remains a relevant pathway of AMR spread. An important example is mcr-1, a 
gene conferring resistance to the last resort antimicrobial colistin. Presence of mcr-1 was 
shown in three E. coli samples isolated in China in the 1980s, coinciding with the first 
use of colistin in food-producing animals in China26. The mcr-1 gene is now widespread 
in the human population, contributing to the increasing rate of colistin resistance of E. 
coli. Once bacteria with such resistance genes have reached the human population, a 
combination of sustained antibiotic pressure with potentially low fitness costs for the 
bacterial host harbouring them can result in widespread dissemination of resistance. 
The One Health concept can also be applied to other definitions of populations, such as 
populations separated by geography. Examples of this are the international emergence 
of E. coli O157:H727 or the findings presented in Chapter 4 of this thesis.

Bioinformatics

To study the complex epidemiology of E. coli in populations, genetic analyses have 
been developed. A landmark study introduced the multilocus sequence typing (MLST) 
method28. Originally, MLST involves sequencing (parts of) selected housekeeping genes 
using ddNTP Sanger sequencing. A unique number is subsequently assigned to each 
unique allele and these designations are stored in a central database. The allele numbers 
combined result in a genetic barcode, referred to as a sequence type (ST). For E. coli for 
example, the Warwick MLST scheme sequences parts of seven genes (adk, fumC, gyrB, 
icd, mdh, purA and recA). As an example, the sequence type of an ST95 E. coli isolate is 
expressed as adk(37) fumC(38) gyrB(19) icd(37) mdh(17) purA(11) recA(26). Even though 
MLST was first published more than 20 years ago, the ST designations still hold value 
for many bacterial pathogens including E. coli. As molecular epidemiology progressed 
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using whole-genome sequencing  (WGS) and sophisticated analysis methods, it turned 
out that STs capture the identities of naturally occurring lineages very reliably and that ST 
names facilitate easy communication about bacterial lineages.

Due to the advent of cost-efficient WGS, microbiologists have increasingly turned to 
whole-genome analyses29. WGS offers a number of advantages over earlier genetic 
typing methodologies. Where classic E. coli MLST investigates (parts of) seven genes, 
WGS provides information on the whole E. coli genome typically consisting of ~5000 
genes and other genetic elements. The entire genome can be analysed from WGS data, 
enabling a higher resolution in analyses of relatedness, but also enabling typing of all 
antimicrobial resistance or virulence genes harboured by the strain. These advantages 
of WGS were clearly demonstrated in a seminal 2010 study, when WGS was applied to 
study the transmission and resistance mutations of methicillin-resistant Staphylococcus 
aureus (MRSA) in a hospital setting30. Currently, large collections of bacterial isolates are 
routinely whole-genome sequenced, reflected by >180,000 whole-genome sequenced E. 
coli isolates in the database Enterobase31. The increased accessibility of bacterial WGS has 
enabled research not previously possible at large scale. A limited number of examples 
relevant to E. coli would include research on adaptation to avian hosts32, large-scale 
population structure31, ST131 evolution33,34 and the spread of resistance genes35.

A typical WGS analysis of a bacterial isolate sequenced on an Illumina platform involves 
a number of steps (also covered by Schürch et al.36). The very first step is often sequence 
read quality control. This step comprises the trimming of low-quality ends of sequencing 
reads, discarding complete sequence reads if these are of bad quality, trimming adapter 
sequences and/or correction of sequencing errors. This ensures that subsequent analyses 
use good quality data. If too many issues are encountered at this quality control step, 
the isolate usually needs to be resequenced. The genome can be reconstructed from 
the remaining good quality sequence reads using de novo assembly37. This analysis 
yields a draft genome assembly consisting of contiguous genomic segments that could 
be reconstructed with high certainty (“contigs”).  Genome assembly of only Illumina 
data almost always results in a fragmented draft assembly, as de novo assembly cannot 
resolve all repeats in a typical bacterial genome. To complete bacterial assemblies, one 
typically needs long read sequencing from e.g. Oxford Nanopore Technologies or Pacific 
Biosciences as sequence reads from these technologies span many repetitive regions, 
often allowing a complete resolution of an E. coli genome38.

To infer meaning from assembled genomic data, the genomes need to be annotated 
which can be done in several ways39. A general annotation strategy attempts to identify 
all protein-coding genes by scanning for open reading frames. The predicted genes that 
were identified are then compared to large databases of proteins or protein domains with 
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known functions. Specific annotation is also possible, e.g. for antimicrobial resistance 
genes, virulence genes or genes from other dedicated databases. 

For a set of bacterial isolates, the core genome, accessory genome and pangenome can 
be defined40. The core genome consists of the genes present in nearly all (e.g. >99%) 
genomes in the set of isolates. The accessory genome consists of all genes not belonging 
to the core genome. Antimicrobial resistance genes are typically a part of the accessory 
genome. Finally, the pangenome consists of all genes identified in any genome in the set 
of isolates, and thus forms the sum of the core and accessory genome. 

To identify relatedness between bacterial isolates, comparative analyses are needed. As 
the core genome is present in nearly all isolates, these genes can be aligned to assess 
relatedness between isolates36. This alignment can be achieved in various ways, roughly 
divisible into two strategies: reference-based read mapping (heavily used in Chapter 4) 
and core gene alignment. Reference-based read mapping involves selecting a reference 
genome, on which the sequence reads can be mapped. Multiple isolates, all mapped 
to the same reference genome, can be compared based on the regions shared by all 
isolates and the reference. The other strategy, core gene alignment, typically involves the 
identification of all protein-coding genes in a set of isolates (comprising the pangenome) 
and performing an all-versus-all comparison between these genes. Some genes will be 
present in all isolates (core protein-coding genes), and these can subsequently be aligned 
and compared to assess similarity between isolates. For both strategies, differences are 
commonly expressed in single nucleotide polymorphisms (SNPs) which signify single 
nucleotide differences between isolates. Note that the first approach is heavily influenced 
by the choice of reference genome, and the second approach typically only considers 
protein-coding genes. 

The results obtained with both reference-based read mapping and core gene alignment are 
dependent on the set of isolates. For another set of isolates, the defined core genome will 
almost always be different, hindering comparisons between multiple sets of isolates. Stable 
typing schemes can also be extracted from WGS data. Multilocus sequence types can be 
extracted from draft genomes and are still ubiquitous in epidemiological analyses. More 
comprehensive typing schemes such as core genome or whole genome MLST (cgMLST and 
wgMLST, respectively) offer an increased resolution compared to classic MLST and provide 
stable types36. Similar to classic MLST, cgMLST and wgMLST identify alleles of defined genes 
and translate these to a genomic “barcode”. The difference between cgMLST and wgMLST 
is the group of genes considered in the comparison. As indicated by its name cgMLST only 
considers core genes, meaning 2513 genes for E. coli in the Enterobase cgMLST scheme31. 
WgMLST on the other hand considers all known genes for a species. In the Enterobase 
wgMLST scheme, this comprises >25,000 genes with defined alleles.
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Finally, methods have been developed to associate phenotypes with bacterial genotypes, 
typically referred to as genome-wide association studies (GWASs)41. The basic principle 
behind these methods is to assess whether a given phenotype (e.g. resistance to third-
generation cephalosporins) is more common for bacteria with a particular genotype. 
Genotypes can be defined in a number of ways: the presence of genes, the presence 
of SNPs, or more abstracted representations of genetic elements such as k-mers or 
unitigs. There are a number of challenges for these kinds of analyses. Usually the number 
of genotypes examined is far larger than the number of isolates included for which 
the phenotype is known. Due to this phenomenon, a GWAS requires very thorough 
multiple testing correction. Secondly, many bacteria display a high degree of linkage 
disequilibrium. This means that the presences of bacterial gene variants are associated 
with each other, for example due to shared ancestry. In practice this means that if gene A 
and gene B co-occur often due to shared ancestry, and only gene A causes the phenotype 
under investigation, both genes A and B will appear associated to the phenotype under 
investigation. Due to this phenomenon, a bacterial GWAS has to correct for population 
structure. Multiple methods can be used for this correction, including linear mixed 
models42 and elastic net models43. A recent benchmarking study found that elastic net 
models, which have only recently been introduced in bacterial GWAS, perform well 
although there remains ample room for improvement44.

Combining all methods summarised above, an enormous amount of information can 
be extracted from WGS data. AMR phenotypes can be predicted from inferred genes, 
transmission events can be reconstructed from genomic similarity and the genetic basis 
of phenotypes can be determined using GWAS. However, this thesis also addresses 
several conditions which are necessary for successful WGS analysis. For example, to 
accurately predict AMR phenotypes from WGS data, databases with curated genotype-
phenotype relationships are needed (addressed in Chapter 2). Additionally, public 
sequence databases need to be complete and their contents accurately described 
(addressed in Chapters 3 and 8). Finally, it needs to be established through benchmarking 
which bioinformatics software works best on particular data and for which analysis 
(addressed in Chapter 6) and bioinformatics software should be tested thoroughly to 
ensure accuracy and reproducibility of analyses (addressed in Chapter 7). 

Chapter outline

For this thesis, I have investigated which E. coli types can colonise humans efficiently, 
and which genetic elements drive this adaptation. These efficiently colonising E. coli 
types are important to consider in pathogen surveillance, as these might cause disease 
or play a key role in the transmission of AMR genes between populations. Unravelling 
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the genetics of these widely spread E. coli types helps in understanding their biology 
and to assess their potential risks to public health. Additionally, I have investigated and 
developed methodologies and datasets enabling impactful WGS analysis. These include 
phylogenetic methodologies, phylogenetic classification of Escherichia species, software 
testing methodologies, reference genome datasets and information on AMR genotype-
phenotype relationships.

In the first two chapters after the introduction, I present studies introducing AMR 
and taxonomy of the Escherichia genus. Chapter 2 comprises a systematic review of 
ciprofloxacin resistance mechanisms in E. coli. Chapter 3 presents the description of a 
novel Escherichia species, Escherichia ruysiae. 

Chapters 4 and 5 set out the main findings presented in this thesis. Chapter 4 investigates 
a cohort of international travellers which have returned with newly acquired ESBL-Ec. 
While many travellers lose the ESBL-Ec within a month, some travellers harbour the ESBL-
Ec for more than a year after returning from travel. In this chapter, I investigate which 
ESBL-Ec lineages are associated with this long-term carriage. In Chapter 5 I investigate 
which genetic elements allow E. coli to colonise humans. To this end, a large and diverse 
collection of E. coli isolates, isolated from five different host species, is established. I 
compare the genomes of E. coli from humans with E. coli from other host species and 
present experimental characterisation for genes contributing to human colonisation. 

Finally, I present research on development of methodologies and datasets, supporting 
other chapters. These final chapters comprise a benchmarking study of phylogenetic 
methods (Chapter 6), a commentary on software testing to ensure reliability and 
reproducibility of bioinformatic analyses (Chapter 7) and the generation of complete 
genomes through the combination of short and long read data (Chapter 8). Chapter 9 
applies concepts from Chapter 2 (systematic review) and Chapter 5 (genetics of host 
adaptation) to the zoonotic swine pathogen Streptococcus suis. Finally, Chapter 10 
contextualises the prior chapters and discusses avenues for future research.
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Synopsis
Introduction

Reviews assessing the genetic basis of ciprofloxacin resistance in Escherichia coli have 
mostly been qualitative. However, to predict resistance phenotypes based on genotypic 
characteristics, it is essential to quantify the contribution of genotypic determinants 
to resistance.  We performed a systematic review to assess the relative contribution of 
known genomic resistance determinants to the MIC of ciprofloxacin in E. coli.

Methods

PubMed and Web of Science were searched for English language studies that assessed 
ciprofloxacin MIC and presence or introduction of genetic determinants of ciprofloxacin 
resistance in E. coli. We included experimental and observational studies without time 
restrictions. Medians and ranges of MIC fold changes were calculated for individual 
resistance determinants and combinations thereof.

Results

We included 66 studies, describing 604 E. coli  isolates that carried at least one genetic 
ciprofloxacin resistance determinant. Mutations in gyrA and parC, genes encoding targets 
of ciprofloxacin, contribute to the largest fold changes in ciprofloxacin resistance in E. coli 
compared to the wild type. Efflux, physical blocking or enzymatic modification, confer 
smaller increases in ciprofloxacin MIC than mutations in gyrA and parC. However, the 
presence of these other resistance mechanisms in addition to target alteration mutations 
further increases ciprofloxacin MIC, thus resulting in ciprofloxacin MIC fold increases 
ranging from 250 to 4000. 

Conclusion

This quantitative review of genomic determinants of ciprofloxacin resistance in  E. coli 
demonstrates the complexity of resistance phenotype prediction from genomic data 
and serves as a reference point for studies aiming to predict ciprofloxacin MIC from E. 
coli genomes.
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Introduction

Escherichia coli is a Gram-negative bacterium able to adopt a commensal or pathogenic 
lifestyle in humans and animals1. Adding to the danger of pathogenic E. coli is the rise 
of antimicrobial resistance. Escherichia coli has acquired resistance to some of our most 
important antimicrobials, including aminopenicillins, cephalosporins, aminoglycosides, 
carbapenems and fluoroquinolones2.

Ciprofloxacin is an antimicrobial of the fluoroquinolone class, commonly prescribed for 
a wide variety of infections including infections caused by E. coli3. As is the case for other 
fluoroquinolones, the substrate of ciprofloxacin is the complex formed by the DNA of the 
bacterium and either the DNA gyrase enzyme or the topoisomerase IV enzyme4–6. DNA 
gyrase creates single-stranded breaks in the DNA to negatively supercoil the DNA during 
replication or transcription7. If ciprofloxacin binds DNA gyrase in complex with DNA, the  
single stranded DNA breaks cannot be religated and thus accumulate, leading to double 
stranded DNA breaks8. A similar mechanism is hypothesized for topoisomerase IV9.

The mechanisms of ciprofloxacin resistance in E. coli have been investigated intensively 
in the past 30 years. Mutations in genes coding for DNA gyrase and topoisomerase IV 
contribute to ciprofloxacin resistance in E. coli10,11. In addition, efflux pumps may decrease 
drug accumulation whilst peptides and enzymes may block drug targets or may modify 
the drug, respectively (Figure 1). Numerous reviews have covered the topic of ciprofloxacin 
resistance in E. coli, but these reviews have been overwhelmingly qualitative in nature12–19.

With the rapidly increasing availability of next generation sequencing technologies, 
research aimed at the prediction of a resistance phenotype from genomic data is 
increasing. However, these efforts typically correlate genotypic data to a categorical 
measure of resistance, while a quantitative resistance phenotype prediction is of clinical 
relevance. Therefore, we carried out a systematic review, summarizing observational and 
experimental studies that assessed genetic ciprofloxacin resistance determinants and 
the ciprofloxacin MIC conferred by these determinants in E. coli, to elucidate how the 
presence of genomic resistance determinants, either alone or in combination, affects 
ciprofloxacin MIC in E. coli. In addition, we performed an E. coli protein network analysis 
to detect potential additional determinants of ciprofloxacin resistance on the basis of the 
findings of the systematic review.
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Figure 1. Schematic representation of four mechanisms of ciprofloxacin resistance in E. coli. A) 
Target alteration. B) Decreased ciprofloxacin accumulation. C) Physical blocking of ciprofloxacin 
target. D) Enzymatic modification of ciprofloxacin.

Methods
Systematic search

The PRISMA 2009 checklist was used as a guide for this systematic review20. PubMed 
and Web of Science were searched using a defined set of keywords, selecting original 
research articles in English language reporting on susceptibility test results of Escherichia 
coli isolates measured as MIC due to genetic modifications identified in clinical, 
carriage or environmental isolates (observational) or introduced in E. coli strains in vitro 
(experimental) (Supplementary methods). No time limits were applied. In addition to the 
defined search strategy, forward and backward citation searches of reviews and included 
articles was carried out. The final search was conducted on July 5th, 2018.

Inclusion and exclusion criteria for experimental and observational studies

Articles were not considered eligible for inclusion if they failed to mention any keyword 
(listed in the supplementary methods) describing ciprofloxacin resistance determinants 
in title or abstract. Eligible articles were screened by title, abstract and/or full text for 
inclusion based on the following inclusion and exclusion criteria (Figure 2). Studies could 
be included as experimental or as observational studies. For inclusion as an experimental 
study, the study needed to report a ciprofloxacin MIC before and after the introduction of 
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a genetic modification in a single Escherichia coli strain. Studies were eligible to be included 
as observational studies if the ciprofloxacin MIC of at least one Escherichia coli isolate was 
reported, together with the observed genetic determinants of ciprofloxacin resistance. In 
vitro evolution studies where E. coli were exposed to ciprofloxacin resulting in decreased 
susceptibility to ciprofloxacin, were considered observational studies, since mutations 
are not actively introduced in these studies. Observational studies were excluded if they 
failed to test for the presence of all of the following resistance determinants: mutations 
in Ser83 and Asp87 of gyrA, mutations in Ser80 and Glu84 of parC, mutations in acrR and 
marR, presence of oqxAB, qepA, qnrA, qnrB, qnrS and aac(6’)Ib-cr. If studies failed to indicate 
unambiguously which resistance determinants were tested, the study was excluded. 

Definitions

For this systematic review, the conventional definition of MIC was used, meaning the 
lowest concentration of ciprofloxacin that inhibits the visible growth of a bacterial culture 
during overnight incubation21. Clinical breakpoints (≤0.25 mg/L susceptible; 0.5 mg/L 
intermediately resistant, ≥1 mg/L resistant) and epidemiological cutoffs (0.064 mg/L) 
were used as defined by EUCAST22,23. 

A genomic resistance determinant was defined as a mutation in a gene or the presence of 
a plasmid-mediated gene that decreases ciprofloxacin susceptibility. Since currently four 
mechanisms of ciprofloxacin resistance in E. coli are known, an isolate can possess multiple 
resistance determinants encoding for multiple resistance mechanisms. In addition, a 
single resistance mechanism can be encoded by multiple resistance determinants.

Genetic modifications were defined as an experimentally acquired mutation, insertion 
or deletion of a nucleotide or a sequence of nucleotides in the chromosome. The 
introduction of plasmid-mediated genes was also considered a genetic modification. 
Dominance tests as described by Heisig et al. were considered experimental evidence24. 
In short, a dominance test relies on increasing the susceptibility of a bacterium to an 
antimicrobial, by introducing a plasmid containing the wild type gene that codes for the 
antimicrobial’s target. In the studies included in this report, the MICs of bacteria with 
mutations in gyrA or parC were lowered by introducing a plasmid containing wild type 
gyrA or wild type parC.

Data extraction and analysis

The management of the literature search was performed using Pubreminer (http://
hgserver2.amc.nl/cgi-bin/miner/miner2.cgi). 

All data on genetic modifications were extracted from the articles or supplementary 
material, together with MIC data. For experimental data, the MICs of the isolates before 
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and after a targeted genetic modification were extracted to calculate a fold change of 
ciprofloxacin MIC for each of the E. coli isolates. 

We calculated how frequently resistance determinants were tested in the experimental 
data. This frequency is expressed as the number of isolates in which the genetic 
modification was introduced, divided by the total number of isolates included from 
experimental studies. The frequency can be used to estimate the strength of evidence per 
resistance determinant (Table S1). Furthermore, the sample sources, country of origin and 
isolation date of included E. coli isolates were extracted from the observational studies. 
The MIC fold change data plot and the correlation matrix were generated using the ggplot2 
package RStudio version 1.1.383, running R version 3.4.2. Pearson correlation coefficients were 
calculated using the stats package and prepared for plotting using the reshape2 package.

Network construction

To investigate interactions between resistance determinants and to search for potential 
resistance determinants, a protein-protein interaction network was constructed. The 
Escherichia coli K-12 MG1655 interactome was extracted from the STRING-v10 database25. 
String-v10 aims to be more complete in terms of coverage of proteins for each organism 
in comparison to the other meta-interactomes available26,27. The functional association is 
the basic interaction unit of String in order to link proteins with a functional relation that 
are likely to contribute to a common biological purpose. Each interaction is derived from 
multiple sources, and we identify three groups of interactions (Table S2): PI interactions 
(where at least one physical protein interaction has been tested, imported from primary 
databases), FP interactions (determined by at least one functional prediction of an algorithm 
employed by String, genomic information, pathway knowledge, orthology relations) and TM 
interactions (supported only by automated text-mining of MedLine abstracts and full-text 
articles). Based on the sources, for each interaction in String a score is calculated, ranging 
from 0 to 1. In our analysis, only interactions with a score higher than 0.7 were retained 
(defined as high quality interactions by String), resulting in 3,890 nodes and 32,854 edges 
(with only 0.06% of the links supported only by TM interactions). Genes resulted by the 
systematic search were mapped to the EcoGene-3.0 database to obtain E. coli K-12 MG1655 
identifiers (bnumber)28, that were subsequently mapped to the MG1655 interactome.

Results
Systematic search

The systematic search yielded 5055 PubMed entries and 5873 Web of Science entries. 
After removal of duplicates, 1718 unique articles were screened on content by title, 
abstract and, if necessary, full text. This approach identified 50 articles that were included 
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as experimental studies. Additionally, 10 experimental studies were identified through 
backward/forward searches in citations of included articles and known reviews. Three 
articles fulfilled inclusion criteria for observational studies, of which two articles were 
also included as experimental studies because they provided experimental data as well 
(Figure 2). 

Figure 2. Flow chart adapted from the PRISMA guidelines (Moher 2009), showing the process of 
including articles starting from a systematic search of PubMed and Web of Science. *2 Studies 
contributed experimental and observational data, and were thus included for both types of 
articles.
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The number of E. coli isolates which were confirmed to harbour at least one resistance 
determinant and for which MICs were reported, amounted to a total of 366 isolates from 
experimental studies (Table S1) and 238 isolates from observational studies (Table S3). A 
total of 43 different genomic determinants were described in the collected experimental 
data, of which 21 were shown to have an effect on ciprofloxacin MIC (Table 1). 

Table 1. Ciprofloxacin resistance mechanisms in Escherichia coli and genes involved in these 
mechanisms. Note that in this overview, only genes are displayed that were shown to have any 
effect on ciprofloxacin susceptibility when mutations are present (chromosomal genes) or if the 
resistance gene is present (plasmid-encoded genes).

Resistance mechanism Chromosomal genes involved in 
ciprofloxacin resistance

Plasmid-encoded genes involved in 
ciprofloxacin resistance

Target alteration gyrA12, gyrB29, parC11 -
Decreased ciprofloxacin 
accumulation

marR30, acrRAB31, tolC31, soxS32, 
rpoB33

qepA34, oqxAB35

Physical blocking of 
ciprofloxacin target

- qnrA36, qnrB37, qnrC38, qnrD39, qnrE40, 
qnrS41

Enzymatic modification of 
ciprofloxacin

- aac(6’)-Ib-cr42

crpP43

Experimental studies focused primarily on mutations in Ser83 (28% of included isolates) 
and Asp87 (18%) of gyrA, S80 (15%) of parC and mutations in marR (20%). Of all plasmid-
mediated resistance genes, qnrA (17%), qnrS (12%) and aac(6’)Ib-cr (13%) were described 
most often. The other resistance determinants were tested in less than 10% of the 
experimentally modified isolates. 

Target alteration mutations in gyrA, gyrB, parC and parE
Mutations in gyrA were the first ciprofloxacin resistance determinants to be discovered12. 
Mutations in parC, gyrB and parE were later also proven or implied to decrease ciprofloxacin 
susceptibility11,29,44. gyrA and parC mutations that reduce ciprofloxacin susceptibility cluster 
in regions termed the quinolone resistance-determining regions (QRDRs). Generally, 
the QRDR of gyrA ranges from amino acid Ala67 to Gln10645, and the QRDR of parC from 
Ala64 to Gln10311. gyrA and parC mutations accumulate stepwise in E. coli when exposed 
to ciprofloxacin, increasing ciprofloxacin MIC concurrently11,46–48. The most common 
initial mutation is Ser83Leu in gyrA46–48. In the collected experimental data, this mutation 
confers a median fold increase in MIC of 24 compared to the wild type (range: 4-133x fold 
increase) 11,49–55. This mutation is most often followed by Ser80Ile in parC11,46,48 and finally by 
Asp87Asn or Asp87Gly in gyrA46–48. As mutations in gyrA and parC accumulate, ciprofloxacin 
MIC increases steeply. The ciprofloxacin MIC fold increase for a mutant of Ser83Leu (gyrA) 
and Ser80Ile (parC) is 62.551. A similar double mutant of Ser83Leu (gyrA) and Ser80Arg 
(parC) showed a ciprofloxacin MIC fold increase of 12553. For a triple mutant of Ser83Leu, 



29

Ciprofloxacin resistance in E. coli

2

Asp87Asn (gyrA) and Ser80Ile (parC) the median ciprofloxacin MIC fold increase is 200011,51,54. 
A quadruple mutant of Ser83Leu, Asp87Asn (gyrA) and Ser80Ile, Glu84Lys (parC) has 
been tested, but this mutant did not show a higher ciprofloxacin MIC than triple mutants 
within the same study11. In addition, Gly81Asp and Asp82Gly mutations in gyrA have been 
tested. These mutations caused low to no decrease in ciprofloxacin susceptibility (MIC fold 
changes: 2.6x and 1x, respectively, Table 2) 49,56. 

Only one gyrB mutation (Asp426Asn) was shown to slightly increase ciprofloxacin 
resistance (Table 2) 29. We did not find studies that showed a decreased ciprofloxacin 
susceptibility due to mutations in parE. However, a Leu445His mutation in parE of E. coli 
caused a 2x fold increase in the MIC of norfloxacin, another fluoroquinolone44.

Efflux pump genes (acrAB, tolC) and their transcriptional regulators (marR, 
acrR and soxS)
As with many other antimicrobials, bacterial efflux pumps also play a role in resistance 
against ciprofloxacin. Deletion of acrAB or tolC confers a clear increase in the ciprofloxacin 
susceptibility of E. coli (4-8 fold decrease in MIC)30,31,57. Deletions of 14 other genes or 
operons coding for efflux pumps in E. coli did not affect the ciprofloxacin MIC31. The 
deletion of transcriptional repressors of expression of efflux pumps like marR and acrR 
has been shown to affect ciprofloxacin MIC. The only study in our collected experimental 
data to investigate deletion of acrR showed that the MIC tripled after the repressor was 
deleted51. Nine studies investigated the effects of marR deletion or mutation, which 
reported a median fold increase in ciprofloxacin MIC of 4 (range 1.5-218x fold increase) 

30,51,52,54,58–60. A recent study by Pietsch et al. detected mutations in rpoB in an in vitro 
evolution experiment33. These mutations arose after accumulation of other mutations, 
and were shown to increase the ciprofloxacin MIC of a wild type E. coli by 1.5-3 fold 
change (Table 2). The mutations in rpoB were shown to increase ciprofloxacin MIC by 
upregulating the expression of mdtK (also known as ydhE).

Two experimental studies reported mutations in efflux pump operons, influencing 
ciprofloxacin MIC. The first mutation was Ala12Ser in soxS, leading to higher expression of 
acrB, in turn leading to a 4-fold increase in ciprofloxacin MIC32. The second mutation was 
a Gly288Asp mutation in acrB itself, conferring a 16.7 fold increase in ciprofloxacin MIC 
(Table 2) 61. This acrB mutation however increased susceptibility to other antimicrobials. 

Plasmid-encoded efflux pump genes oqxAB and qepA
In addition to chromosomally-encoded efflux pumps, the presence of plasmid-encoded 
efflux pump genes oqxAB and qepA has been shown to increase ciprofloxacin MIC in E. 
coli34,35. oqxAB confers a median fold increase in MIC of 7.5 (range 2-16x fold increase)35,62–64, 
while qepA confers a median fold increase of 4.5 (range 2-31x fold increase, Table 2)34,52,65–68.
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qnr genes
qnrA was the first plasmid-mediated quinolone resistance (PMQR) determinant to be 
discovered36. Qnr proteins are pentapeptide repeat proteins that decrease binding of 
fluoroquinolones to DNA gyrase by binding the DNA:DNA gyrase complex69. Since 2002, 
many more qnr alleles have been discovered. Currently seven families of qnr genes are 
recognized: qnrA, qnrB, qnrC, qnrD, qnrE, qnrS and qnrVC70. In the collected experimental 
data, all qnr families have been tested for their influence on ciprofloxacin MIC of E. coli, 
except for qnrVC. qnr genes confer ciprofloxacin MIC fold increases between 4 and 125. 
The median ciprofloxacin MIC fold increase differed per qnr allele (Table 2). 

aac(6’)Ib-cr and crpP
A plasmid mediated mutant aac(6’)Ib gene that decreased fluoroquinolone susceptibility 
in E. coli was discovered in 200642. Until then, aac(6’)Ib genes were only known to decrease 
E. coli susceptibility to aminoglycosides. A double mutation in the acetyltransferase-
encoding gene enabled the resulting protein to acetylate both aminoglycosides and 
some fluoroquinolones, including ciprofloxacin. This novel variant, aac(6’)Ib-cr, was 
shown to confer a median fold increase in ciprofloxacin MIC of 6.9 (range: 1-62.5x fold 
increase, Table 2)52,71–76.

The most recently discovered ciprofloxacin resistance determinant in E. coli is crpP, a 
plasmid-mediated gene coding for a protein with the putative ability to phosphorylate 
certain fluoroquinolones such as ciprofloxacin43. crpP was first detected in a clinical 
isolate of Pseudomonas aeruginosa, but was shown to confer a 7.5 fold-change increase in 
ciprofloxacin MIC when conjugated to E. coli J53.

Table 2. Medians and ranges of ciprofloxacin MIC fold changes stratified by resistance 
determinants. Only data from isolates harbouring resistance determinants from a single 
mechanism are shown.

Resistance determinant Median ciprofloxacin MIC fold 
change (range)

# of 
isolates References

Gly81Asp (gyrA) 2.6 (1-4.2) 2 49,56

Asp82Gly (gyrA) 1 1 49

Ser83Trp (gyrA) 6.3 1 10

Ser83Leu (gyrA) 23.8 (4-133.3) 9 11,49–51,53–55

Asp87Asn (gyrA) 15.6 (7.5-15.6) 3 51,54,55

Gly81Asp, Asp82Gly (gyrA) 2 1 49

Ser83Leu, Asp87Asn (gyrA) 23.8 (15-23.8) 3 51,54,59

Ser83Leu, Asp87Gly (gyrA) 4266.7 1 77

Asp426Asn (gyrB) 8 1 29

Ser80Ile (parC) 1 1 51

Ser83Trp (gyrA), Gly78Asp (parC) 33.3 1 11
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Ser83Leu (gyrA), Ser80Ile (parC) 62.55 1 51

Ser83Leu (gyrA), Ser80Arg (parC) 125 1 53

Asp87Asn (gyrA), Ser80Ile (parC) 23.8 1 51

Ser83Leu, Asp87Asn (gyrA), Ser80Ile (parC) 2000 (1066.7-2000) 3 11,51,54

Ser83Leu, Asp87Gly (gyrA), Ser80Ile (parC) 1024 (256-8533.3) 3 11

Ser83Leu, Asp87Asn (gyrA), Ser80Arg (parC) 2258.3 (250-4266.7) 2 11,59

Ser83Leu, D87Y (gyrA), Ser80Ile (parC) 256 1 11

Ser83Leu, Asp87Asn (gyrA), Glu84Lys (parC) 533.3 1 11

Ser83Leu, Asp87Gly (gyrA), Glu84Lys (parC) 4266.7 1 11

Ser83Leu, Asp87Asn (gyrA), Ser80Ile, 
Glu84Gly (parC)

1600 (1066.7-2133.3) 2 11

acrB: Gly228Asp 16.7 1 61

ΔacrAB 0.1 (0-0.3) 10 30,31,57

ΔtolC 0.3 1 31

marR (various mutations) 3.5 (1.5-4) 14 60

ΔmarR 3.8 (2-218) 5 30,51,54,58,59

acrR (various mutations) 4 (2-16) 6 78

ΔacrR 2.9 1 51

soxS: Ala12Ser 4 1 32

rpoB (various mutations) 3 (1.5-3) 3 33

oqxAB 7.5 (2-16) 17 35,62–64

qepA 8.3 (1.9-64) 13 34,52,65–68,79

qepA, ΔmarR 15 1 67

qnrA (unspecified allele) 31.3 (20.8-31.7) 12 80

qnrA1 31 (4-66.7) 37 39,50,52,53,81–89

qnrA3 31.3 1 81

qnrB1 12.5 (4-62.5) 8 52,53,85,87

qnrB2 15.6 (11.8-31.3) 4 81,90

qnrB4 15.6 (15.6-15.6) 3 91

qnrB5 15.6 (15.6-15.6) 2 72

qnrB6 15.6 1 72

qnrB19 11.9 1 82

qnrC1 31.3 (15-62.5) 3 59,38,85

qnrD1 15 (7.5-62.5) 3 59,39,85

qnrE1 62.5 1 40

qnrS (unspecified allele) 12.3 (2-83.3) 6 74,76

qnrS1 33.3 (4-125) 24 39,50,52,53,63,79,81, 

82,85,87,90,92–94

qnrS2 15 1 95

aac(6’)Ib-cr 6.9 (1-62.5) 28 52,42,71,73–76,79,94,96

crpP 7.5 1 43



32

Chapter 2

Effect of multiple modifications on MIC

The fold change in MIC of each included experimental isolate was plotted, stratified 
for the resistance mechanism present (Figure 3). Target alteration resulted in the 
largest range of MIC fold changes which were on average higher than the fold changes 
observed as a result of the three other mechanisms. Whilst the presence of determinants 
representing different ciprofloxacin resistance mechanisms may result in a moderate fold 
change in MIC, the accumulation of multiple resistance determinants encoding multiple 
mechanisms of resistance is likely to increase the ciprofloxacin MIC significantly.

Data on plasmid-mediated resistance genes comes from either resistance genes cloned 
into typical lab vectors (such as pUC18), or the genes can be tested in their “native” 
plasmid. Generally, lab plasmids have higher copy numbers which could  bias results 
when resistance genes cloned into lab plasmids are compared with resistance genes in 
their native plasmids. To assess this possible difference, we extracted information about 
the plasmids used in all experimental isolates, in which the effect one single plasmid-
mediated resistance gene was tested. For three mechanisms (efflux, physical blocking 
and enzymatic modification), we compared the ciprofloxacin MIC fold change conferred 
by the resistance genes compared between native (n = 97) and cloned (n = 70) plasmids 
(Figure S1). This analysis indicated resistance genes cloned into lab plasmids did not 
confer higher MIC fold changes than resistance genes in native plasmids, when stratified 
per mechanism.

Comparison of experimental and observational data

We compared the findings from the experimental data with susceptibility test results 
and associated presence of mutations reported for isolates in observational studies. 
Because studies were excluded if isolates were not tested for the presence of all known 
resistance encoding determinants, only studies could be included that were published 
after oqxAB was linked to increased ciprofloxacin MIC in 200735. The description of crpP 
was only recently published and was therefore not used as an inclusion criterion. Only 
three observational studies reported on the presence of all currently known resistance 
determinants33,97,98. Since mutations in both acrR and marR genes were shown to result 
in no to low fold changes in ciprofloxacin MIC, we added five observational studies that 
fulfilled all inclusion and exclusion criteria except testing for the presence of mutations in 
acrR and marR genes, in a secondary analysis. Thus, eight observational studies published 
between 2012 and 2018 were included, contributing data on a total of 238 strains (Table 
S3). The studies reported data on 1 to 92 isolates, with a median of 13.5 isolates per study. 
Ciprofloxacin MICs of included isolates ranged from 0.015 to 1024 mg/L with a median 
MIC of 1 mg/L.
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We analysed MIC distributions for combinations of resistance determinants that 
were reported at least five times in the experimental and observational data. These 
combinations of resistance determinants included the mutation Ser83Leu in gyrA, 
presence of qnrS1 and presence of aac(6’)Ib-cr. Although for most combinations of 
resistance determinants small numbers of isolates were reported, results of experimental 
and observational data appear comparable with the exception for the reported MICs for 
E. coli strains solely harbouring aac(6’)Ib-cr (Table 3).

Figure 3. Median fold change (interquartile range) in ciprofloxacin MIC for each resistance 
mechanism or combination of resistance mechanisms experimentally tested in 335 isolates. Fold 
changes were calculated by dividing the MIC after modification by the MIC before modification 
for each isolate. Data points represent single E. coli isolates. Darker fill of data points indicates 
the presence of multiple resistance mutations or resistance genes in the isolate. Isolates that 
showed a decreased ciprofloxacin MIC after modification (such as deletion of acrAB or tolC) are 
not shown but are listed in table S1 (n = 31) 30,31,57. TA = target alteration (mutations in gyrA, gyrB 
or parC), EP = efflux pump (mutations in acrB, marR, acrR, rpoB or presence of qepA or oqxAB), 
PB = physical blocking (presence of qnrA, qnrB, qnrC, qnrD, qnrE or qnrS), EM = enzymatic 
modification (presence of aac(6’)Ib-cr or crpP).
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Table 3. Median ciprofloxacin MICs for three resistance determinants that were reported at 
least five times in both experimental and observational data. The EUCAST epidemiological cut-
off for ciprofloxacin resistance in E. coli is 0.064 mg/L.

Resistance 
determinant(s)

Median and range of 
ciprofloxacin MIC in 
experimental data (mg/L)

Number of 
isolates in 
experimental 
data

Median and range of 
ciprofloxacin MIC in 
observational data (mg/L)

Number of 
isolates in 
observational 
data

Ser83Leu (gyrA) 0.25 (0.06-0.38) 5 0.25 (0.125-64) 34
qnrS1 0.25 (0.032-1) 16 0.2 (0.1-4) 19
aac(6’)Ib-cr 0.06 (0.004-0.5) 22 0.25 (0.25-0.5) 5

We also examined if certain combinations of resistance mechanisms were more prevalent 
than others in the observational data. Calculating Pearson correlation coefficients 
between commonly observed resistance determinants showed that gyrA (Ser83, Asp87) 
and parC (Ser80) mutations were positively correlated with each other. Additionally, 
these three mutations were shown to inversely correlate with the presence of qnrB and 
qnrS genes in our observational data. This inverse correlation was not observed with 
other frequently reported plasmid-mediated resistance determinants such as aac(6’)Ib-cr 
(Figure 4).

Figure 4. Matrix displaying Pearson correlation coefficients calculated between resistance 
determinants in a pairwise manner. All 238 strains used for this analysis were screened for all 
displayed resistance determinants. The reported frequencies of resistance determinants in our 
dataset are displayed on the y-axis. Full data is provided in table S3.
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Network visualization

In order to get a global picture of the mutation landscape associated with ciprofloxacin 
resistance, we mapped the selected chromosomal genes onto a Protein-Protein 
Interaction (PPI) network. The selected genes were evaluated in a wide range of E. coli 
strains, and we mapped them to the String-v10 database referring to the E. coli K-12 
MG1655 model organism, since it showed the highest number of matching edges and 
nodes among the strains available in String database. We noted that plasmid-associated 
genes like oqxAB and the qnr gene family were not described by interactomes in general, 
since interactomes mostly describe the core genome. Moreover, some genes (such as 
yohG) could not be mapped because they are not present in E. coli K-12 MG1655.

Figure 5. Network of E. coli ciprofloxacin resistance-associated chromosomal genes. 31 genes 
that were examined for their influence on ciprofloxacin and were present in the E. coli K-12 
MG1655 genome were mapped to the String-v10 PPI database. Genes were coloured green if a 
mutation conferring increased ciprofloxacin resistance was observed; genes were coloured red 
when a mutation decreased ciprofloxacin resistance; genes were coloured blue when a mutation 
showed no effect on ciprofloxacin resistance. The network is displayed by R package iGraph 
employing the force-directed layout algorithm by Fruchterman and Reingold. The list of edges 
with corresponding data categories (PI, FP or TM) is available as supplementary table 3.
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Of the 43 selected genes, 31 (72%) mapped to the PPI network, resulting in a fully connected 
sub-module. The network highlighted the close relationship between gene connectivity 
and ciprofloxacin resistance effects: the chosen visualization algorithm showed that 
genes with similar effects tightly grouped in the interactome (Figure 5). Particularly, the 
genes that had an increasing effect on ciprofloxacin resistance when mutated seemed 
to cluster, even if the genes belonged to different resistance mechanisms. As expected, 
close relationships between particular sets of genes were revealed. Transcriptional 
regulators such as marR, acrR and soxS were shown to interact with efflux pump genes 
such as acrA, acrB, acrD, acrF and tolC. Also, the physical interactions between gyrA, gyrB 
and parC were depicted in the network.

Discussion

This report provides a comprehensive and systematic analysis of 66 papers linking 
genotype of E. coli to a quantitative ciprofloxacin resistance phenotype, spanning the 
years 1989-2018 and amounting to a total of 604 isolates. Ciprofloxacin MIC in E. coli is 
largely affected by target mutations in specific residues in gyrA (Ser83 and Asp87) and 
parC (Ser80), conferring median MIC fold increases ranging from 24 for single Ser83Leu 
(gyrA) mutants to 1533 for triple Ser83Leu, Asp87Asn/Gly (gyrA) Ser80Ile/Arg (parC) 
mutants. However, accumulation of multiple resistance determinants, including those 
representing other resistance mechanisms, can increase ciprofloxacin MIC even further, 
up to MIC fold increases of 4000. 

Beside the MIC fold changes that are conferred by resistance determinants, it is important 
to consider how these genetic resistance determinants are acquired. Various pathways 
leading to mutagenesis are known in E. coli. First and foremost, spontaneous mutagenesis 
leads to the accumulation of mutations at a rate of about 2.5 × 10-3 per genome per 
replication, although more recent studies observed mutation rates as low as 1 × 10-3 
per genome per replication99,100. Additionally, a subset of E. coli isolates display a higher 
mutation rate because of mutS or mutL mutations100. Finally, specific mechanisms exist that 
induce mutagenesis. One such mechanism is the SOS response which is induced after DNA 
damage inflicted by exogenous substances, including quinolones such as ciprofloxacin101. 
Two proteins that are central in the SOS response are LexA and RecA. In the absence of DNA 
damage, LexA dimers are bound to a SOS box (promoter region of SOS genes) and inhibit 
expression of SOS genes. If DNA damage is induced, for example through the presence of 
ciprofloxacin, RecA will bind ssDNA that is a result of the DNA damage. The activated RecA 
in turn mediates the self-cleavage of LexA, derepressing the SOS box, finally leading to 
expression of SOS genes and thus the SOS response. This SOS response induces mutations, 
among others, through DNA damage repair performed by error-prone DNA polymerases102. 
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Currently, four ways are known in which the SOS response affects ciprofloxacin resistance 
in E. coli. First, the SOS response induces a higher mutation rate, making it more likely that 
ciprofloxacin resistance mutations will arise within a fixed population103. Additionally, if 
the SOS response is knocked out in E. coli, ciprofloxacin MIC decreases. Clinically resistant 
E. coli that had recA knocked out showed MIC fold decreases of 4-8103. Furthermore, 
the SOS response has been shown to induce expression of some qnr gene families, for 
example qnrB and qnrD104,105. Finally, the SOS response has been shown to promote 
horizontal gene transfer of an integrative conjugative element (ICE) SXT in Vibrio cholerae 
and recombinant E. coli harbouring genes encoding for resistance to chloramphenicol, 
sulphonamides, streptomycin and trimethoprim in the presence of ciprofloxacin106. After 
mutagenesis through mechanisms such as the SOS response, the fitness of the mutant 
indicates how likely the bacterium is to survive. In absence of ciprofloxacin, gyrA mutations 
and parC mutations have been shown to confer limited fitness costs compared to other 
resistance determinants48,51,59,67,75. Additionally, mutations in gyrA and parC show positive 
epistasis, as the MIC fold change of the triple Ser83Leu, Asp87Asn (gyrA) and Ser80Ile 
(parC) mutant is higher (2000x fold increase) than would be expected based on the 
MIC fold changes conferred by the individual mutations (24x, 16x and 1x fold increases, 
respectively) 51,107. This epistatic effect thus raises ciprofloxacin MIC very efficiently. This, 
in combination with the low fitness costs in absence of ciprofloxacin might explain why 
ciprofloxacin resistance mutations in gyrA and parC are the most common ciprofloxacin 
resistance determinants observed in E. coli. 

Notably, other combinations of resistance determinants also show positive epistatic 
effects, although the observed effects are weaker. A similar positive epistatic effect 
was observed for chromosomal gyrA/parC mutations together with plasmid-mediated 
resistance determinants qepA67 and aac(6’)Ib-cr52,75. However, experimental studies of 
combinations of gyrA and parC mutations with qnr genes showed discordant results. 
One study reported a negative epistatic effect on ciprofloxacin MIC of target alteration 
mutations with all qnr genes tested (qnrA, qnrB, qnrC, qnrD, qnrS)59, and another study 
observed a similar effect of target alteration mutations with qnrB, but the opposite effect 
for target alteration mutations with qnrS in terms of conferred MIC52.

The complex relation between gyrA/parC mutations and qnr genes is further illustrated 
by our findings from the observational data. We observed a clear negative correlation 
between presence of gyrA or parC mutations and presence of qnrB and qnrS genes. This 
finding is in line with an earlier study that reported an E. coli population fixating gyrA/
parC mutations at a reduced rate when the E. coli population harboured a qnr gene as 
opposed to when the E. coli strain did not harbour a qnr gene81. However, no additional 
fitness costs are usually reported for E. coli harbouring both gyrA/parC mutations and 
qnr genes59. One possible explanation was suggested by the study of Garoff et al., who 
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reported an enhanced fitness cost conferred by qnr genes when Lon protease was 
absent from an E. coli genome108. This finding shows that the fitness cost conferred by an 
antimicrobial resistance gene to an E. coli strain can be influenced by genes that do not 
directly play a role in antimicrobial resistance.

By mapping the selected genes onto a known E. coli interactome, we found a clear 
association between their role in ciprofloxacin resistance and their position in the 
network, with a significant proximity of genes that produce a similar response in terms 
of resistance (i.e. increase or decrease). This global picture highlights the presence of 
common biological functions (mostly associated with the efflux pumps and their 
regulation), and it suggests that system biology approaches in the future will likely be 
helpful to identify new targets or specific pathways related to ciprofloxacin resistance or 
antimicrobial resistance in general. As an example, the position in the network of acrD and 
acrF genes, which were not identified as resistance-associated genes in the experiments 
reported so far, and their biological function as efflux pump protein complexes, suggest 
that their role in resistance should be more deeply investigated.

Despite its comprehensiveness our study has certain limitations. First, gene expression 
data are not included in this review because our study aims at prediction of MIC on the 
basis of a DNA sequence. It has been shown that increased expression of efflux pumps 
such as acrAB or transcriptional regulators of efflux pumps such as marA is significantly 
correlated with increased fluoroquinolone MIC in E. coli109,110. Secondly, complex 
combinations of resistance determinants such as combinations of gyrA/parC mutations 
with plasmid-mediated resistance determinants have been reported sparsely in the 
experimental data. Therefore, the comparison of experimental and observational data 
for these combinations of resistance determinants is impossible using this dataset. 
Finally, only currently known ciprofloxacin resistance determinants could be included in 
this report. The very recent discovery of crpP suggests that more resistance determinants 
or resistance mechanisms are still waiting to be discovered43. Additionally, complex 
mutation patterns influencing ciprofloxacin resistance through unknown pathways may 
exist, but current research methods do not usually detect these kinds of effects. 

One possible solution for the issues described above would be the use of advanced 
machine learning algorithms to predict ciprofloxacin resistance. These algorithms 
should be able to associate large quantities of sequence data with phenotypic metadata 
in an unbiased manner. One such attempt has been made for ciprofloxacin resistance 
already111. It was reported that Ser83Phe, Ser83Thr (gyrA), Ser80Arg (parC) and presence 
of any qnr gene were the most important resistance determinants according to the 
algorithm used. However, this study used categorical (susceptible or resistant) and not 
quantitative phenotype data, and included various Enterobacteriaceae species and the 
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results can thus not be directly compared with the data presented here for E. coli alone. 
This is exemplified by the fact that neither Ser83Phe nor Ser83Thr (gyrA) were reported in 
our observational data. For future studies, the data collected for this review could serve 
as a benchmark, as this review presents a comprehensive set of quantitative data on the 
contribution of various resistance determinants to ciprofloxacin MIC in E. coli.
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Supplementary material

Figure S1. Ciprofloxacin MIC fold changes conferred by single plasmid-mediated resistance 
genes, stratified per mechanism and by plasmid type. A resistance gene is considered to be in the 
native plasmid if the gene has not been cloned into another vector after isolation from a clinical 
or environmental sample. A resistance gene is considered to be cloned when the authors have 
stated in the article that the gene has been cloned into another vector, or if the authors use a 
plasmid that has been cloned into another vector before. Mechanisms: EP = Efflux Pump (qepA 
or oqxAB), PB = Physical Blocking (any qnr gene), EM = Enzymatic Modification (aac(6’)Ib-cr or 
crpP). This figure is also available on FigShare. Doi: 10.6084/m9.figshare.6974171.

Table S1. Full set of genetic modifications, resistance determinants present before genetic 
modification and MIC data extracted from 60 experimental studies, totaling 366 E. coli isolates. 
Resistance determinants are classified on mechanism, gene and if applicable, amino acid 
residue. For gyrA, gyrB and parC, specific residues are indicated and amino acids are expressed 
in single letter code. For marR, soxS, acrR and efflux pump subunits it is indicated if the gene was 
deleted (DEL) or mutated (MUT) in the tested isolate. Presence of oqxAB, qepA, qnrA, qnrB, qnrC, 
qnrD, qnrE, qnrS, aac(6’)Ib-cr and crpP is indicated by ‘YES’, if no information on the allele was 
provided. Numbers indicate the alleles of these genes where possible. Information on the genetic 
background of genertically modified strains was extracted from the paper. No prior resistance 
determinants are indicated by a hyphen (-) and if genetic background of strains was not defined 
indicated by a question mark (?). An asterisk indicates a comment on the information is available 
at the end of the table. References are included at the bottom of the table.

This table (432 rows by 45 columns) is available from Figshare (https://tinyurl.com/f09a3) 
or with the online version of this article.
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Table S2. List of edges used to visualize the PPI network. Combined_score indicates the score 
assigned to the interaction in the String v10 database. The label indicates the type of interaction. 
PI=Physical Interaction, FP=Functional Prediction, TM=Text Mining. The edge is assigned to the 
highest level type of interaction, where PI > FP > TM. Thus, if interactions are found between two 
proteins that can be assigned to Physical Interaction and Functional Prediction, the interaction 
will be labeled as “PI” in this table.

protein1 protein2 combined_score label
acrB acrA 999 PI
acrB acrR 922 FP
acrB emrE 731 FP
acrB cusC 928 FP
acrB macA 855 FP
acrB macB 714 FP
acrB mdtA 916 FP
acrB emrK 727 FP
acrB emrB 710 FP
acrB tolC 998 PI
acrB acrE 945 FP
acrB mdtE 965 FP
acrA acrR 962 FP
acrA cusC 969 FP
acrA macA 837 FP
acrA macB 813 FP
acrA marR 746 TM
acrA mdtB 875 FP
acrA mdtC 867 FP
acrA gyrA 823 TM
acrA acrD 999 PI
acrA emrA 750 FP
acrA emrB 748 FP
acrA parC 749 TM
acrA tolC 999 PI
acrA acrF 981 FP
acrA mdtF 966 FP
acrA soxS 790 TM
acrA mdtP 839 FP
acrR marR 815 TM
acrR gyrA 727 FP
acrR acrD 848 FP
acrR parC 756 FP
acrR tolC 880 FP
acrR acrF 832 FP
acrR soxS 847 FP
emrE acrD 728 FP
emrE emrD 710 TM
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protein1 protein2 combined_score label
cusC macA 833 FP
cusC macB 851 FP
cusC mdtA 731 FP
cusC mdtB 715 FP
cusC mdtC 715 FP
cusC acrD 948 FP
cusC acrE 950 FP
cusC acrF 941 FP
cusC mdtE 948 FP
cusC mdtF 942 FP
mdfA gyrA 817 FP
mdfA tolC 811 FP
mdfA rpoB 712 TM
macA macB 999 PI
macA mdtB 778 FP
macA mdtC 716 FP
macA emrK 706 FP
macA acrD 858 FP
macA emrA 727 FP
macA tolC 998 PI
macA acrF 808 FP
macA mdtF 806 FP
macB mdtB 777 FP
macB mdtC 794 FP
macB acrD 824 FP
macB tolC 999 PI
macB acrF 744 FP
macB mdtF 749 FP
macB mdtP 839 FP
tehA tehB 983 FP
marR gyrA 984 PI
marR parC 713 TM
marR tolC 846 FP
marR soxS 816 TM
mdtA mdtB 999 FP
mdtA mdtC 999 FP
mdtA emrK 776 FP
mdtA acrD 969 FP
mdtA emrA 718 FP
mdtA tolC 964 FP
mdtA acrF 908 FP
mdtA mdtF 906 FP
mdtB mdtC 999 PI
mdtB emrA 766 FP
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protein1 protein2 combined_score label
mdtB emrB 757 FP
mdtB tolC 976 FP
mdtB acrE 711 FP
mdtB mdtE 850 FP
mdtC emrA 776 FP
mdtC emrB 753 FP
mdtC tolC 976 FP
mdtC mdtE 836 FP
gyrA parC 810 PI
gyrA tolC 861 FP
gyrA gyrB 999 PI
gyrA rpoB 972 FP
emrY emrK 999 FP
emrY emrA 938 FP
emrY tolC 959 FP
emrY mdtP 769 FP
emrK acrD 734 FP
emrK emrB 941 FP
emrK tolC 964 FP
emrK mdtE 783 FP
emrK mdtP 774 FP
acrD emrA 717 FP
acrD emrB 714 FP
acrD tolC 989 FP
acrD acrE 932 FP
acrD mdtE 964 FP
acrD soxS 712 TM
emrA emrB 999 FP
emrA tolC 997 PI
emrA mdtP 742 FP
emrB tolC 983 FP
emrB acrF 750 FP
emrB mdtF 711 FP
parC tolC 777 FP
parC gyrB 999 FP
parC rpoB 736 FP
tolC acrE 969 FP
tolC acrF 987 FP
tolC mdtE 981 FP
tolC mdtF 978 FP
tolC gyrB 755 FP
tolC soxS 817 TM
acrE acrF 999 FP
acrE mdtF 920 FP
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protein1 protein2 combined_score label
acrE mdtP 845 FP
acrF mdtE 959 FP
acrF soxS 713 TM
mdtE mdtF 999 FP
mdtE mdtP 884 FP
mdtF mdtP 743 FP
gyrB rpoB 963 FP

Table S3. Full set of mutations, MIC data and isolate information extracted from 8 observational 
studies, totaling 238 E. coli isolates. Resistance determinants are stratified on mechanism, 
gene and if applicable, amino acid residue. For gyrA, gyrB, parC and parE, specific residues are 
indicated and amino acids are expressed in single letter code. For acrR, marR, soxR and rpoB, 
it is indicated which genetic changes where observed in the tested isolate. Presence of oqxAB, 
qepA, qnrA, qnrB, qnrS and aac(6’)Ib-cr is indicated by ‘YES’, if no information on the allele was 
provided. Numbers indicate the alleles of these genes where possible. Hyphens indicate the 
residue was tested, but no differences were observed compared with wild type E. coli. References 
are included at the bottom of the table. 

This table (254 rows by 34 columns) is available from Figshare (https://tinyurl.com/f09a3) 
or with the online version of this article.

Supplementary methods

The full search used for PubMed is:

(CIPROFLOXACIN[MESH] OR CIPROFLOXACIN[TIAB] OR FLUOROQUIN*[TIAB] OR DNA 
GYRASE[MESH] OR GYRA[TIAB]) AND (“ESCHERICHIA COLI/DRUG EFFECTS”[MESH] 
OR ESCHERICHIA COLI[TIAB] OR E. COLI[TIAB]) AND (ANTIBIOTIC RESISTANCE, 
MICROBIAL[MESH] OR MICROBIAL SENSITIVITY TEST[MESH] OR MIC[TIAB] OR 
RESIST*[TIAB]) AND (JOURNAL ARTICLE)

The last search was performed on July 5th, 2018 and yielded 5055 articles. Pubreminer 
was used to select genetic resistance determinants that were mentioned in the title or 
abstract of these 5055 articles. The selected resistance determinants were:

((GYRASE OR GYRASES) OR (GYRB OR GYRBS) OR (PARC OR PARCS) OR PARE OR (QNR OR 
QNRS) OR (SOX OR SOXS) OR (SOXR OR SOXRS) OR AAC OR ACRA OR ACRAB OR ACRB 
OR ACRR OR DELTAACRAB OR DELTAACRB OR DELTAMARR OR DELTATOLC OR GYRA OR 
GYRA1AB OR GYRA43 OR GYRA462 OR GYRA87 OR MARA OR MARO OR MAROR OR MARR 
OR MARRAB OR OQXA OR OQXAB OR OQXB OR QEPA OR QEPA1 OR QEPA2 OR QEPA4 OR 
QNRA OR QNRA1 OR QNRA3 OR QNRA6 OR QNRB OR QNRB1 OR QNRB10 OR QNRB19 OR 
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QNRB2 OR QNRB4 OR QNRB5 OR QNRB6 OR QNRB7 OR QNRB9 OR QNRC OR QNRD OR 
QNRS1 OR QNRS2 OR QNRVC1 OR QNRVC3 OR QNRVC4 OR QNRVS1 OR ROB OR TOLC)

Articles that failed to mention at least one of these resistance determinants in the title or 
abstract were expected to not cover genetic mechanisms of ciprofloxacin resistance and 
were thus excluded. This left 1129 articles identified from PubMed.

For Web of Science (WoS), the preliminary search was performed using the following set 
of keywords:

((TS=(Escherichia coli OR e. coli OR coli)) AND DOCUMENT TYPES: (Article)) AND 
((TS=(ciprofloxacin) OR TI=(ciprofloxacin AND resistan*)) AND DOCUMENT TYPES: (Article))

The last search was performed on July 5th, 2018 and yielded 5873 articles. The same list of 
resistance determinants was used to exclude articles not mentioning genetically encoded 
ciprofloxacin resistance determinants. This left 1260 articles identified from WoS.

Next, the identified articles from PubMed and WoS were listed and 671 duplicates were 
removed. Finally, the remaining 1718 articles were screened on title, abstract and if needed, 
full text. This yielded inclusion of 50 experimental studies and 3 observational studies. 
After adapting the inclusion criteria for observational studies, 5 more observational 
studies were included. 10 experimental studies were identified through backward and 
forward searching of articles of interest. 2 articles were included as experimental and 
observational studies. This amounted to a total of 66 included studies.
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Abstract

The Escherichia genus comprises four species and at least five lineages currently not 
assigned to any species, termed ‘Escherichia cryptic clades’. We isolated an Escherichia 
strain from an international traveller and resolved the complete DNA sequence of the 
chromosome and an IncI multi-drug resistance plasmid using Illumina and Nanopore 
whole-genome sequencing (WGS). Strain OPT1704T can be differentiated from existing 
Escherichia spp. using biochemical (VITEK2) and genomic tests (average nucleotide 
identity [ANI] and digital DNA:DNA hybridisation [dDDH]). Phylogenetic analysis based 
on alignment of 16S rRNA sequences and 682 concatenated core genes showed similar 
results. Our analysis further revealed that strain OPT1704T falls within Escherichia cryptic 
clade IV, and is closely related to cryptic clade III. Combining our analyses with publicly 
available WGS data of cryptic clades III and IV from Enterobase confirmed the close 
relationship between clades III and IV (>96% interclade ANI), warranting assignment of 
both clades to the same novel species. We propose E. ruysiae sp. nov. as a novel species, 
encompassing Escherichia cryptic clades III and IV (type strain OPT1704T = NCCB 100732T 
= NCTC 14359T).
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Introduction

Within the Escherichia genus, five species are recognized; E. coli1, E. hermannii2, E. fergusonii3, 
E. albertii4 and most recently, E. marmotae5. It has been proposed to reassign E. hermannii 
to Atlantibacter hermannii6, but this reassignment is not yet formally approved. Several 
other species were previously reassigned from the Escherichia genus to other genera, 
such as E. vulneris (now Pseudescherichia vulneris7), E. blattae (now Shimwellia blattae8) and 
E. adecarboxylata (now Leclercia adecarboxylata9). All five current Escherichia species have 
been associated with the potential to cause animal and/or human disease2,10–13. Several 
Escherichia strains cannot be assigned to any of the five existing species14. Based on 
analysis of genomic data, these strains cluster into several groups, which were termed 
‘Escherichia cryptic clades’, numbered I through VI14,15. Recently, cryptic clade V was 
formally recognized as a separate species (E. marmotae), leaving at least five cryptic clades 
that have not been delineated at the species level5. Here we report the novel species 
Escherichia ruysiae sp. nov., isolated from faecal material of an international traveller. 
Escherichia ruysiae sp. nov. encompasses the closely related Escherichia cryptic clades III 
and IV.

Isolation and Ecology

We discovered a cryptic clade IV strain in our collection, previously identified as extended 
spectrum beta-lactamase (ESBL) producing E. coli as part of the COMBAT study, which 
investigated the acquisition of ESBL-producing Enterobacteriaceae (ESBL-E) during 
international travel16. This isolate, OPT1704T, was further characterized in detail.

The strain was isolated from a human faecal sample provided immediately after an 
individual’s return from a one-month journey to several Asian countries. No ESBL-E 
were detected in a faecal sample collected immediately before departure, suggesting 
the ESBL gene, and possibly strain OPT1704T, were acquired during travel. The traveller 
reported diarrhoea during travel but no antibiotic usage. No ESBL-E were isolated in 
follow-up faecal samples, suggesting loss of the OPT1704T strain or the ESBL gene within 
one month after return from travel. 

Genome Features

The whole-genome sequence of strain OPT1704T was determined using a combination 
of the Illumina HiSeq and Oxford Nanopore Technologies (ONT) sequencing platforms. 
Strain OPT1704T was grown o/n in liquid LB at 37 °C. DNA for Illumina sequencing 
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was extracted using the Qiagen Blood and Tissue kit (cat nr. 69506, Qiagen) and the 
sequencing library was prepared using the Illumina Nextera XT DNA Library Preparation 
kit (cat nr. FC-131-1096, Illumina), both according to manufacturer’s instructions. DNA 
for ONT sequencing was extracted using the Qiagen MagAttract HMW DNA extraction 
kit (cat nr. 67563, Qiagen) and the sequencing library was prepared using the native 
barcoding and ligation sequencing kits (cat. nr. EXP-NBD114 and SQK-LSK109, respectively, 
Oxford Nanopore Techonologies) according to manufacturer’s instructions. The Illumina 
sequencing run yielded a total of 6.3×106 paired-end reads, with a mean read length of 
151 bp. Default parameters were used in bioinformatic analyses unless noted otherwise. 
Illumina reads were filtered using fastp (using flag “--disable-length-filtering”, version 
0.19.5,17) and downsampled using seqtk (version 1.3-r106, https://github.com/lh3/seqtk) 
to provide a theoretical coverage depth of 100X with the assumption that the strain 
OPT1704T has a genome size of approximately 5×106 bp. The ONT sequencing run yielded 
a total of 2.5×104 reads, with a mean read length of 9078 bp before filtering. ONT reads 
were filtered on length and on read identity using Filtlong (version 0.2.0, https://github.
com/rrwick/Filtlong) with Illumina reads as a reference, leaving 1.5×104 reads with a mean 
length of 12580 bp. This provided a theoretical coverage depth of ~38X of ONT reads. 
The combined assembly using Unicycler (version 0.4.618) of Illumina and Nanopore reads 
resulted in a completely assembled genome, consisting of one circular chromosome 
(4,651,588 bp) and one circular plasmid (116,086 bp). The GC content of the complete 
strain OPT1704T genome was 50.6%.

Putative resistance and virulence genes were predicted from the complete genome 
using ABRicate (https://github.com/tseemann/abricate) with the CARD19 and VFDB20 
databases. Strain OPT1704T harbours 6 resistance genes on its IncI plasmid, associated 
with reduced susceptibility to fluoroquinolones (qnrS1), aminoglycosides (aph(6)-Id & 
aph(3’’)-Ib), cephalosporins (blaCTX-M-14), trimethoprim (dfrA14) and sulphonamides (sul2), 
corresponding with its reduced susceptibility to fluoroquinolones (norfloxacin, MIC: 2 
mg/L and ciprofloxacin, MIC: 0.5 mg/L), cephalosporins (cefuroxime, MIC: >32 mg/L and 
cefotaxime, MIC: 4 mg/L) and trimethoprim-sulfamethoxazole (MIC: >8 mg/L), assessed 
using VITEK2 (BioMérieux). However, strain OPT1704T was susceptible to tobramycin 
(MIC: ≤1 mg/L) and gentamicin (MIC: ≤1 mg/L) despite presence of aminoglycoside 
resistance genes aph(6)-Id and aph(3’’)-Ib. The aph(6)-Id gene encodes an aminoglycoside 
modifying enzyme that mediates resistance against streptomycin21. The aph(3’’)-Ib 
gene encodes an aminoglycoside modifying enzyme mediating resistance against 
tobramycin and gentamicin22 but the aph(3’’)-Ib variant identified in strain OPT1704T 
possesses a Glu18Lys mutation which maps to the catalytic phosphorylase kinase 
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domain (assessed with InterPro23). This could potentially inhibit enzymatic function, 
explaining the observed susceptibility to gentamicin and tobramycin, based on clinical 
breakpoints24. Furthermore, several putative virulence genes were predicted from the 
genome sequence associated with siderophore function (chuX, entS, fepABD), fimbriae 
(fimBCDGI), a type II secretion system (gspGHI) and capsular polysaccharide biosynthesis 
(kpsD). These predicted virulence genes, when present in Escherichia coli, are not typically 
associated with a specific clinical syndrome such as diarrhoeal disease.

Physiology and Chemotaxonomy

Strain OPT1704T formed circular, grey-white colonies on a Columbia sheep (COS) blood 
agar plate when incubated overnight at 37 ˚C. No haemolysis was observed. Individual 
cells were observed using transmission electron microscopy (TEM) and were rod-shaped 
and on average 0.7 by 1.9 µm in size (Fig. S1). Bacteria were fixed with McDowell fixative 
(4% v/v PFA and 1% v/v GA in 0.1 M phosphate buffer) with 1.5% lysine acetate (Merck) for 
4 hours and postfixed with 1% osmium tetraoxide (Electron Microscopy Sciences) for 1 
hour. Afterwards, the bacteria were dehydrated using an ethanol series and embedded in 
Epon 812 (Ladd Research). Copper grids covered with formvar were used to collect 60-70 
nm sections made using a Leica EM FC6 ultramicrotome (Leica). Sections were stained with 
uranyl acetate (Merck) and lead citrate (Laurylab). Electron micrographs were collected 
using an FEI Tecnai T12 Biotwin electron microscope (FEI Company) operated at 120 kV 
and equipped with an EMSIS Xarosa camera. Subsequently, we tested motility using the 
hanging drop method, oxidase presence using an oxidase strip (cat. nr. 40560, Sigma 
Aldrich) and catalase presence using H2O2

25. The strain was shown to be Gram-negative, 
non-motile, oxidase-negative and catalase-positive. The strain was capable to grow 
in the absence of oxygen. On COS blood plates, it showed growth in the temperature 
range of 20-42 °C. The strain was also able to grow in NaCl concentrations ranging from 
0% to 6% w/v in lysogeny broth overnight at 37 ˚C, but not at NaCl concentrations from 
7% to 10% w/v (1% steps). MALDI-TOF (Bruker) and VITEK2 (BioMérieux) systems both 
identified strain OPT1704T as E. coli with high confidence scores (score>2 for MALDI-TOF 
and “Excellent identification” for VITEK2, see Supplemental information for MALDI-TOF 
spectrum). Comparison of the output of the VITEK2 biochemical test with published 
biochemical reactions of other Escherichia species revealed that E. ruysiae sp. nov. str. 
OPT1704T is distinct from other Escherichia species based on a combination of biochemical 
markers (table 1) (2–5,26).
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Table 1. Comparison of biochemical markers which differentiate E. ruysiae sp. nov. from other 
Escherichia species. + and – indicate that ≥85% of tested strains is positive or negative for that 
biochemical marker, respectively. Data for E. albertii, E. coli, E. fergusonii and E. marmotae 
summarised from literature (2–5,26).

E. ruysiae E. albertii E. coli E. fergusonii E. hermannii E. marmotae
ONPG + + + + +  − 

Lysine 
decarboxylase

- + + + - +

Ornithine 
decarboxylase

+ + +* + +  − 

Fermentation of:
  Adonitol -  −   −  + -  − 

   d-Xylose -  −  + + + +

  Cellobiose -  −   −  + +  − 

   d-Sorbitol +  −  +  −  - +

*50-85% of E. coli possess this biochemical property.

16S rRNA and whole-genome phylogeny

Next, we calculated 16S rRNA sequence similarities, ANI values and digital DNA:DNA 
hybridisation (dDDH) values between strain OPT1704T and type strains of the four other 
Escherichia species, representative genomes of the other three Escherichia cryptic clades, 
and S. enterica serovar Typhimurium (table 2). Representative genomes for the Escherichia 
cryptic clades I, II, III and VI were selected from Enterobase27, using the genomes with 
the highest contiguity. Clades VII and VIII in Enterobase only consisted of a single strain 
and were not used in further analyses. We used three separate tools to calculate average 
nucleotide identity (ANI) (fastANI28, OrthoANIu29 and ANI calculator from Enveomics30). 
Multiple ANI calculation algorithms were employed to increase confidence in the 
genomic species delineation, as different ANI algorithms can output different ANI values. 
In this study, calculated ANI values were similar across ANI calculation algorithms. We 
also included calculation of the digital DNA:DNA hybrisation (dDDH) values between 
strains using the DSMZ Genome-to-Genome Distance Calculator to calculate31. The 
output of formula 2 of the DSMZ Genome-to-Genome Distance Calculator was used, as 
recommended by the authors of the tool. 16S rRNA genes were extracted from whole 
genomes using barrnap (version 0.9, https://github.com/tseemann/barrnap) and SNPs 
between strains were counted using snp-dists (version 0.6, https://github.com/tseemann/
snp-dists). Extracted 16S rRNA gene segments were 1538 bp long for all strains and were 
manually aligned and checked. The alignment is provided in the supplementary material.
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Table 2. Comparison of strain OPT1704T 16S rRNA and whole-genome sequence with type strains 
of E. albertii, E. coli, E. fergusonii, E. marmotae, representative genomes of Escherichia cryptic 
clades I, II, III and VI and S. enterica serovar Typhimurium. In bold are the values that warrant 
assignment of strain OPT1704T to a novel species (<98.7% 16S rRNA sequence similarity, <95-96% 
ANI, <70% dDDH). ANI: average nucleotide identity, dDDH: digital DNA:DNA hybridisation.

E. ruysiae sp. nov. 
OPT1704T

16S rRNA sequence 
similarity (%)

ANI (%, 
fastANI)

ANI (%, 
OrthoANIu)

ANI (%, ANI calculator 
Enveomics) dDDH (%)

E. albertii 
NBRC 107761T

98.6 90.0 90.0 89.2 39.8

E. coli 
ATCC 11775T

98.7 92.8 92.4 92.0 48.3

E. fergusonii 
ATCC 35469T

98.9 89.4 88.2 89.7 36.7

E. hermanni
NCTC 12129T

98.0 80.2 77.7 80.1 21.4

E. marmotae 
HT073016T

98.9 92.2 92.2 91.4 47.1

S. enterica
Typhimurium
LT2T

97.5 82.1 80.7 81.8 24.0

Escherichia cryptic 
clade I
89-3506

99.0 92.5 92.1 91.8 47.8

Escherichia cryptic 
clade II
MOD1-EC7253

99.2 92.0 91.7 91.0 45.5

Escherichia cryptic 
clade III
E4694

99.7 96.6 96.5 96.3 70.8

Escherichia cryptic 
clade VI
UHCL_3L

98.4 91.6 91.7 91.3 45.9

Strain OPT1704T showed 98.7-98.9% 16S rRNA sequence similarity to E. coli ATCC 11775T, E. 
fergusonii ATCC 35469T and E. marmotae HT073016T, which would not warrant assignment 
to a novel species based on the current threshold for species delineation (less than 98.7% 
sequence similarity32). However, the threshold for species delineation on the basis of 16S 
rRNA sequence has changed often and thresholds of up to 99% sequence similarity have 
been proposed previously33. In contrast, ANI analysis and dDDH did support assignment 
of strain OPT1704T to a novel species, together with the representative strain of Escherichia 
cryptic clade III (table 2). The analyses also suggested that strain OPT1704T falls within the 
Escherichia genus. This novel species, encompassing both Escherichia cryptic clades III 
and IV, was assigned E. ruysiae sp. nov. with strain OPT1704T as the proposed type strain. 

Assigning a novel species to a particular genus is challenging and currently no clear 
guidelines exist. Several approaches have been proposed, such as phylogenomics32 or 



60

Chapter 3

counting shared genes34. Our phylogenomic analyses show OPT1704T clusters closely 
with other Escherichia spp., and clusters further away from E. hermannii and S. enterica. 
This clustering pattern is well supported by the bootstrapping analysis, for both the 
alignment 16S rRNA genes and 682 concatenated core genes. Another commonly used 
approach is calculating the percentage of conserved proteins (POCP34). Strain OPT1704T 
had the highest POCP with organisms in the Escherichia genus, clearly above the ‘universal’ 
cut-off of 50% shared proteins. This cut-off seems to be inadequate for Enterobacterales: 
Salmonella enterica and Escherichia hermannii showed a POCP of more than 60% with all 
true Escherichia strains (table S1). As the original POCP approach was developed using 
only 17 genera and has not been verified for Enterobacterales, the high rate of genetic 
exchange in this order35 may necessitate an alternative POCP cut-off to the previously 
proposed cut-off of 50%.

To gain a better understanding of the Escherichia genus, we produced two phylogenies, 
based on 16S rRNA sequence (Fig. 1) and on an alignment of 682 core genes (Fig. 2). 
In short, rRNA genes were predicted from whole genomes using barrnap (version 0.9, 
https://github.com/tseemann/barrnap) and a tree was generated using FastTree (version 
2.1.1036). For the core gene alignment, genomes were first annotated with Prokka (version 
1.14.037) and a core gene alignment was produced using Roary (version 3.12.038) and 
MAFFT (version 7.30739). The phylogeny was inferred using a generalised time reversible 
model using base frequencies from the SNP alignment and free rate heterogeneity 
(GTR+F+R4 model) in IQ-tree (version 1.6.640), as advised by ModelFinder41. Phylogenies 
were rooted on the Salmonella enterica serovar Typhimurium str. LT2T genome. Both 
phylogenies showed that strain OPT1704T clusters closely with the strain MOD1-
EC7259 from Escherichia cryptic clade III, and away from the current Escherichia species. 
Comparing the number of SNPs extracted from the core genome of the strains included 
in table 2 showed the same results, as the two strains with the smallest number of SNPs 
were strains OPT1704T (clade IV) and MOD1-EC7259 (clade III, table S2).

Chun et al.32 proposed that strains with >95-96% genome-wide ANI between each other 
should be assigned to the same species. If cryptic clades III and clade IV would share >95-
96% ANI, this would mean both clades should be assigned to the same novel species, 
E. ruysiae. To assess this for a larger number of strains than the type strains presented 
in table 2, we downloaded all 65 available WGS from clade III and clade IV strains from 
Enterobase and compared ANI between all genomes using fastANI (version 1.128). This 
analysis revealed that within 33 clade III genomes, the median ANI is 98.6% (range: 97.7%-
99.9%), while within 32 clade IV genomes, the median ANI is 98.9% (range: 98.6%-99.9%, 
table S3). Between clade III and clade IV genomes, the median ANI is 96.5% (range 96.1%-
96.8%). This suggests clades III and IV should be assigned to the same novel species, 
E. ruysiae sp. nov. Subsequently, based on ANI analysis we selected 10 representative 
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clade IV genomes and 10 representative clade III genomes to be analysed using the TYGS 
platform42. The TYGS platform employs dDDH estimation and 16S and core genome 
phylogenetics to define species and subspecies within a given set of genomes, with an 

Figure 1. 16S phylogeny of E. ruysiae str. OPT1704T with type strains of other Escherichia spp., 
other Escherichia cryptic clades and Salmonella enterica serovar Typhimurium as outgroup. 
Numbers indicate bootstraps on a scale of 0 to 1. Phylogeny available at https://itol.embl.de/tree
/14511722611226771596704407. 

Figure 2. Phylogeny based on 682 concatenated core genes including E. ruysiae str. OPT1704T 
with type strains of other Escherichia spp., other Escherichia cryptic clades and Salmonella 
enterica serovar Typhimurium as outgroup. Numbers indicate bootstraps on a scale of 0 to 100. 
Phylogeny available at https://itol.embl.de/tree/14511722611160731596708541.
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upload limit of 20 user-provided genomes. The TYGS analysis also indicated that clade 
III and clade IV should be assigned to a single species, but could be delineated into two 
separate subspecies (table S4). Currently, no IJSEM guidelines exist for the delineation of 
subspecies based on genomic data. However, E. ruysiae could potentially be delineated 
further into two subspecies (representing the current clades III and IV, respectively) in the 
future, after a type strain for cryptic clade III has been identified. In the meantime, we 
propose to term clades III and IV genomic lineages of E. ruysiae sp. nov.

Finally, we annotated the genomes of the strains provided in table 2 using the EggNOG 
database43 and extracted categories of cluster of orthologous genes (COG categories). 
Strain OPT1704T did not encode a different profile of COG categories compared to other 
Escherichia type strains (table S5). Possibly, a gene ontology analysis which includes more 
genomes from all species might elucidate the different functional profiles, but this is out 
of the scope of the current study.

Based on phenotypic and genotypic data presented above, the niche for E. ruysiae sp. 
nov. cannot be exactly defined yet. Although OPT1704T was isolated from human faeces, 
earlier studies have indicated that strains belonging to E. ruysiae sp. nov. do not adhere 
well to human-derived cell lines44. This finding is highlighted by the fact that we could 
not detect OPT1704T anymore using ESBL microarray a month after we first detected it, 
although this might also be caused by loss of the ESBL gene. In conclusion, it seems that 
the human gut is not the primary niche for E. ruysiae sp. nov. 

Description of Escherichia ruysiae sp. nov.

Escherichia ruysiae (ruy’si.ae N.L. gen. n. ruysiae named after Anna Charlotte Ruys, 
professor of microbiology at the University of Amsterdam from 1940 to 1969). Cells are 
Gram-negative, facultatively anaerobic, non-sporulating, non-motile rods with a size of 
approximately 1 by 2 µm. Colonies are circular, convex, grey-white and semi-transparent 
when grown overnight at 37 °C on COS sheep blood agar plates. The species is catalase-
positive and oxidase-negative and grows at temperatures between 20 and 42 °C and 
NaCl concentrations between 0% and 6% w/v. In the VITEK2 GN biochemical test set 
it yields a positive result for Beta-Galactosidase, D-Glucose, D-Maltose, D-Mannitol, 
D-Mannose, D-Sorbitol, D-Trehalose, Saccharose/Sucrose, D-Tagatose, Gamma-Glutamyl-
Transferase, Fermentation Glucose, Tyrosine Arylamidase, Succinate Alkalinisation, 
Alpha-Galactosidase, Ornithine Decarboxylase, Courmarate, Beta-Glucoronidase, 
0/129 Resistance (Comp.Vibrio.) and Ellman and negative for Ala-Phe-Pro-Arylamidase, 
Adonitol, L-Pyrrolydonyl-Arylamidase, L-Arabitol, D-Cellobiose, H2S Production, Beta-N-
Acetyl Glucosaminidase, Glutamyl Arylamidase Pna, Beta-Glucosidase, Beta-Xylosidase, 
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Beta-Alanine Arylamidase Pna, L-Proline Arylamidase, Lipase, Palatinose, Urease, Citrate 
(Sodium), Malonate, 5-Keto-D-Gluconate, L-Lactate Alkalinisation, Alpha-Glucosidase, 
Beta-N-Acetyl-Galactosaminidase, Phosphatase, Glycine Arylamidase, Lysine 
Decarboxylase, L-Histidine Assimilation, Glu-Gly-Arg-Arylamidase, L-Malate Assimilation 
and L-Lactate Assimilation (table S6).

The type strain, OPT1704T  ( = NCCB 100732T = NCTC 14359T ), was isolated from faecal 
material of an international traveller returning from Asia. 

The 16S rRNA sequence is deposited in ENA under accession LR745848. Raw Illumina and 
Nanopore whole-genome sequencing data, as well as the complete genome assembly 
are deposited under project PRJEB34275.
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Supplementary material

Figure S1. Transmission electron micrograph of E. ruysiae str. OPT1704T at a magnification of 
18,500×.
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Table S3. FastANI analysis for Escherichia cryptic clades III and IV (E. ruysiae sp. nov.)

This table (4161 rows by 8 columns) is available from Figshare (https://tinyurl.com/1ebef) 
or with the online version of this article.

Table S4. TYGS results for E. ruysiae sp. nov. strains. Ten uploaded genomes belong to clade III, 
while the other ten belong to clade IV. Genome names correspond to the assembly barcodes from 
Enterobase.

This table (21 rows by 18 columns) is available from Figshare (https://tinyurl.com/1ebef) 
or with the online version of this article.

Table S5. Gene ontology analysis of type strains and other representative strains spanning 
the Escherichia genus, with Salmonella enterica included as outgroup.  Functional categories 
are based on the EggNOG database and ordered according to higher-level functions. J: 
Translation, ribosomal structure and biogenesis; A: RNA processing and modification; K: 
Transcription; L: Replication, recombination and repair; D: Cell cycle control, cell division, 
chromosome partitioning; V: Defense mechanisms; T: Signal transduction mechanisms; M: Cell 
wall/membrane/envelope biogenesis; N: Cell motility; U: Intracellular trafficking, secretion, 
and vesicular transport; O: Posttranslational modification, protein turnover, chaperones; C: 
Energy production and conversion; G: Carbohydrate transport and metabolism; E: Amino acid 
transport and metabolism; F: Nucleotide transport and metabolism; H: Coenzyme transport and 
metabolism; I: Lipid transport and metabolism; P: Inorganic ion transport and metabolism; Q: 
Secondary metabolites biosynthesis, transport and catabolism; S: Function unknown 

This table (13 rows by 24 columns) is available from Figshare (https://tinyurl.com/1ebef) 
or with the online version of this article.
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Table S6. Output from the biochemical VITEK2 analysis using the GN card.

Well Test Mnemonic Result
2 Ala-Phe-Pro-ARYLAMIDASE APPA -

3 ADONITOL ADO -

4 L-Pyrrolydonyl-ARYLAMIDASE PyrA -

5 L-ARABITOL IARL -

7 D-CELLOBIOSE dCEL -

9 BETA-GALACTOSIDASE BGAL +

10 H2S PRODUCTION H2S -

11 BETA-N-ACETYL GLUCOSAMINIDASE BNAG -

12 Glutamyl Arylamidase PNA AGLTp -

13 D-GLUCOSE dGLU +

14 GAMMA-GLUTAMYL-TRANSFERASE GGT +

15 FERMENTATION GLUCOSE OFF +

17 BETA-GLUCOSIDASE BGLU -

18 D-MALTOSE dMAL +

19 D-MANNITOL dMAN +

20 D-MANNOSE dMNE +

21 BETA-XYLOSIDASE BXYL -

22 BETA-Alanine arylamidase pNA BAlap -

23 L-Proline ARYLAMIDASE ProA -

26 LIPASE LIP -

27 PALATINOSE PLE -

29 Tyrosine ARYLAMIDASE TyrA +

31 UREASE URE -

32 D-SORBITOL dSOR +

33 SACCHAROSE/SUCROSE SAC -

34 D-TAGATOSE dTAG -

35 D-TREHALOSE dTRE +

36 CITRATE (SODIUM) CIT -

37 MALONATE MNT -

39 5-KETO-D-GLUCONATE 5KG -

40 L-LACTATE alkalinisation ILATk -

41 ALPHA-GLUCOSIDASE AGLU -

42 SUCCINATE alkalinisation SUCT +

43 Beta-N-ACETYL-GALACTOSAMINIDASE NAGA -

44 ALPHA-GALACTOSIDASE AGAL +

45 PHOSPHATASE PHOS -

46 Glycine ARYLAMIDASE GlyA -



72

Chapter 3

47 ORNITHINE DECARBOXYLASE ODC +

48 LYSINE DECARBOXYLASE LDC -

53 L-HISTIDINE assimilation IHISa -

56 COURMARATE CMT +

57 BETA-GLUCORONIDASE BGUR +

58 0/129 RESISTANCE (comp.vibrio.) O129R +

59 Glu-Gly-Arg-ARYLAMIDASE GGAA -

61 L-MALATE assimilation IMLTa -

62 ELLMAN ELLM +

64 L-LACTATE assimilation ILATa -

Supplementary information. MALDI-TOF spectrum for strain OPT1704T and full length 
16S rRNA gene alignment used for figure 1 and table 2.

This file is available from Figshare (https://tinyurl.com/1ebef) or with the online version 
of this article.
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Abstract

Objectives Extended-spectrum ß-lactamase-producing Escherichia coli (ESBL-Ec) are 
frequently acquired during international travel, contributing to the global spread of 
antimicrobial resistance. Human-adapted ESBL-Ec are predicted to exhibit increased 
intestinal carriage duration, resulting in a higher likelihood of onward human-to-human 
transmission. Yet, bacterial determinants of increased carriage duration are unknown. 
Previous studies analysed small traveler cohorts, with short follow-up times, or did not 
employ high-resolution molecular typing, and were thus unable to identify bacterial 
traits associated with long-term carriage.

Methods In a prospective cohort study of 2001 international travelers, we analysed 
160 faecal ESBL-Ec isolates from all 38 travelers who acquired ESBL-Ec during travel and 
subsequently carried ESBL-Ec for at least 12 months after return, by whole-genome 
sequencing. For 17 travelers, we confirmed the persistence of ESBL-Ec strains through 
single nucleotide variant typing. To identify determinants of increased carriage duration, 
we compared the 17 long-term carriers (≥12 months carriage) with 33 age-, sex- and 
destination-matched short-term carriers (<1 month carriage). Long-read sequencing was 
employed to investigate ESBL plasmid persistence.

Results We show that in healthy travelers with very low antibiotic usage, extraintestinal 
pathogenic lineages of E. coli (ExPEC) are significantly more likely to persist than other 
E. coli lineages. The long-term carriage of E. coli from ExPEC lineages is mainly driven by 
sequence type 131 and phylogroup D E. coli.

Conclusions Although ExPEC frequently cause extra-intestinal infections such as 
bloodstream infections, our results imply that ExPEC are also efficient intestinal colonizers, 
which potentially contributes to their onward transmission.
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Introduction

International travel contributes significantly to the spread of extended-spectrum 
ß-lactamase (ESBL) gene positive Escherichia coli (ESBL-Ec)1,2. Genetically diverse ESBL-
Ec are frequently acquired during international travel3–5. Whilst travel-acquired ESBL-Ec 
typically are lost during travel or within the first month after return (Figure 1A) 6, ESBL-Ec 
and ESBL genes have been detected for more than 12 months after return in a proportion 
of travelers1,3–5,7. ESBL genes can persist through at least two different mechanisms8. 
Bacterial strains that carry ESBL-encoding genes in their chromosome or on a stable 
plasmid can persist over time as part of the local microbiome (strain persistence, Figure 
1B). In addition, ESBL genes can be located on mobile genetic elements (MGEs) which 
persist in the microbiome by their ability to transfer between different bacterial hosts 
(MGE persistence, Figure 1C).

Figure 1. Schematic overview of main persistence mechanism of ESBL genes in the gut of 
returning travelers. Gray arrows indicate carriage duration over time. A) No persistence, where 
the colonizing strain is lost during the follow-up period. B) Strain persistence, where a bacterial 
strain harboring an ESBL gene is continuously present. C) Persistence through mobile genetic 
elements, where the original strain harboring the ESBL gene has been lost, but the ESBL gene 
(located on a mobile genetic element) has been passed on to another strain.

B)

C)

Strain persistence

Mobile genetic element 
persistence

Duration of colonization

Bacterial strains ESBL plasmid

A)

No persistence
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ESBL-Ec lineages which are capable of long-term colonization and are adapted to the 
human intestinal tract are likely to contribute to onward transmission of ESBL-Ec and 
ESBL genes. However, it is unknown which ESBL-Ec lineages are capable of persistence 
after return from travel, due to a lack of studies with a sufficiently large sample size 
and a prospective longitudinal study design. Additionally, high-resolution typing 
methods such as whole-genome sequencing (WGS) are needed to reliably determine 
whether the strains have been carried over a long period. One study employed WGS to 
investigate persistence in 16 travelers who acquired ESBL-Ec abroad and showed that 
only one traveler carried a travel-acquired ESBL-Ec strain for at least 7 months7. A very 
recent study analysed data from 11 travellers which were colonised for >3 months9. Due 
to the low sample sizes in both studies, few ESBL-Ec attributes could be identified that 
were significantly associated with long-term carriage. Armand-Lefèvre et al. reported an 
association between phylogroups B2/D/F with prolonged carriage duration (p = 0.02) 9. 
Other studies either did not employ WGS or focused on short-term carriage only.

We studied a cohort of 2001 Dutch international travelers (COMBAT cohort)1. Six hundred 
and thirty-three travelers acquired ESBL gene-positive Enterobacterales during travel 
abroad, of whom 38 travelers (6.0%) were colonized for ≥12 months after acquisition of 
ESBL gene-positive Enterobacterales, all of which were E. coli. Here we report on host 
and bacterial characteristics associated with ESBL genes persistence and the mechanism 
through which the ESBL genes persisted. We identified an association between 
extraintestinal pathogenic E. coli and long-term carriage.

Materials and methods
Travelers and isolates selection

We included all 38 travelers from the COMBAT cohort (N=2001) who were colonized 
for ≥12 months with Escherichia coli which possessed ESBL genes belonging to a single 
ESBL gene group at return from travel and at all subsequent time points (1, 3, 6, and 
12 months after return), and who tested ESBL-negative before travel (see reference 1 
for a detailed description of sampling and microbiological methods)1. In short, faecal 
samples were inoculated in tryptic soy broth containing 50 mg/L vancomycin to select 
for Enterobacterales. After overnight incubation, the broth was subcultured on chromID 
ESBL agar plates (bioMérieux). Morphologically different colonies were isolated, with a 
maximum of five isolates per faecal sample. Eighty-five ESBL-Ec isolates sampled at return 
from travel (T0) and 75 ESBL-Ec isolates sampled 12 months after return from travel (T12) 
were included in the current study (Figure 2).
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Figure 2. Study flowchart. Strain persistence was defined as isolates from a single traveler, 
sample twelve months apart with identical ESBL alleles, identical MLST profiles and 25 or fewer 
genome-wide SNPs difference. Clonal ST38 isolates were excluded. Seventeen long-term carriers 
(colonized ≥12 months with a single strain) were matched on sex, age and travel destination to 
thirty-three short-term carriers (colonized <1 month).

In silico typing
DNA extraction and library preparation were performed on all available isolates using the 
Qiagen Blood and Tissue DNA extraction kit (Cat No./ID: 69506) and Kapa HTP library prep 
kit (Kit Code KK8234), respectively. Whole-genome sequencing was performed on Illumina 
HiSeq 2500 by the Amsterdam UMC Core Facility Genomics. Sequencing data were analysed 
using a Snakemake v5.7.110 pipeline, available at https://github.com/boasvdp/COMBAT 
(v1.1.0 archived at https://doi.org/10.5281/zenodo.4582689). In short, Illumina sequencing 
data were trimmed using fastp v0.20.011, assembled using the Shovill wrapper v1.0.9 
(https://github.com/tseemann/shovill) for SPAdes12, and resistance genes were identified 
using AMRfinderplus v3.2.313. E. coli phylogroups were predicted using EzClermont v0.4.314. 
Multi-locus sequence typing (MLST) was performed with the mlst script (https://github.
com/tseemann/mlst), using the Achtman scheme for Escherichia coli15.

633 travelers acquired ESBL-E 
during travel

38 travelers
ESBL-positive

for ≥12 months

360 travelers
ESBL-positive
for <1 month

34 travelers

22 travelers

17 travelers
colonised ≥12 
months with a 

single strain

33 travelers
colonised <1 

month

Missing samples
n = 4

Excluded based on SNP typing
n = 12

Colonised by clonal ST38 
lineages

n = 5
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Analysis of strain persistence

We defined strain persistence as the presence of one or more ESBL-Ec isolates in faecal 
samples from a single traveler obtained at return from travel (T0), as well as 12 months 
thereafter (T12), with a maximum of 25 SNPs per 5 Mbp difference in the core genome16.

To assess strain persistence, we calculated single nucleotide polymorphism differences 
between isolates to identify which isolates belonged to the same strain. We mapped 
sequencing reads using Snippy v4.4.5 (https://github.com/tseemann/snippy) on MLST-
specific reference genomes selected with ReferenceSeeker v1.6.317 to obtain core 
genome alignments. Reference genomes used for all MLST sequence types, together 
with core genome alignment lengths, can be found in table S1. For each MLST, IQtree 
v1.6.1218 was used to infer a phylogeny from the core genome alignment under the 
model advised by Modelfinder19. Recombination events in the core genome alignment 
were identified using ClonalFrameML v1.1220 and masked using maskrc-svg v0.5 (https://
github.com/kwongj/maskrc-svg). SNP differences were counted using snp-dists v0.7.0 
(https://github.com/tseemann/snp-dists) and alignment lengths were calculated using a 
modified version of snp-dists v0.7.0 (https://github.com/boasvdp/snp-dists). SNP counts 
were scaled to 5 Mbp, to approximate the number of genome-wide SNPs16.

To determine whether ESBL plasmids had persisted independent of bacterial host, we 
employed long read sequencing (Oxford Nanopore Technologies). We generated Oxford 
Nanopore Technologies sequencing data according to Van der Putten et al. (2020)21. In 
short, strains were grown overnight at 37 °C in liquid LB. DNA extraction and library 
preparation were performed using the Qiagen MagAttract HMW DNA Kit (Cat. No. 
67563) and ONT native barcoding kit (Cat. No. EXP-NBD114), respectively. The library was 
subsequently sequenced on an ONT MinION flowcell. Raw read data was filtered using 
Filtlong v0.2.0 (https://github.com/rrwick/Filtlong) and assembled with corresponding 
Illumina data using Unicycler v0.4.822. Quality control was implemented at several 
steps in the pipeline using FastQC v0.11.823, Quast v4.6.324, and MultiQC v1.625. Plasmid 
comparison was performed using ANICalculator26.

Comparison with short-term carriers

Seventeen long-term carriers were matched by age (range +/-7 years), sex, and travel 
destination (United Nations subregions) to thirty-three travelers who were colonized for 
less than a month using SPSS 26 (Figure 2). Illumina WGS was performed as described 
before on all ESBL-Ec isolated at return from travel from these short-term carriers (total 
41 isolates).
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Plotting and statistical analysis

Data were plotted using ggplot2 v3.1.127, ggthemes v2.4.028, and patchwork29 in R v3.5.1. 
Tabular data were analysed using Pandas v0.24.230 in Python v3.6.7. Statistical analysis 
was performed using Fisher’s exact test as implemented in the Python library SciPy31.

Results
Data characteristics

Out of 2001 Dutch international travelers, we included 34 travelers with samples 
available, out of all 38 travelers whose faecal samples were positive for E. coli harbouring 
the same ESBL group gene at return (T0), one month after return from travel (T1) and 12 
months after return from travel (T12), but were ESBL-negative before travel (Figure 2). We 
included a median of 1 ESBL-Ec isolate per traveler per timepoint (range: 1-5 isolates). 
SNP typing showed that acquired ESBL-Ec isolates were genetically diverse, with some 
travelers acquiring up to four distinct strains.

ESBL-Ec strain persistence

SNP analysis

Twenty-two out of 34 travelers harboured persistent strains based on SNP typing (Figure 
2). Of the 12 travelers who did not harbour persistent strains, ten carried strains with 
differing MLST profiles between T0 and T12, and two carried strains from a single ST but 
with the number of core genome-wide SNP differences exceeding the threshold (25 SNPs 
for a 5 Mbp genome)16.

Clonal ST38 lineages

Non-persistent, yet highly conserved strains that are widely disseminated within the 
human population could potentially be misidentified as persistent when using SNV 
analyses. Hence, we compared SNV distances between isolates obtained from unrelated 
travelers (i.e., belonging to different households) to identify strains shared across our 
study population. Conserved strains belonging to two ST38 lineages were identified in 
five unrelated travelers. Lineage ST38-blaCTX-M-27 was identified in three unrelated travelers 
and lineage ST38-blaCTX-M-14 in two other, unrelated travelers. All five unrelated travelers 
returned from different countries and continents, suggesting these two lineages have 
disseminated widely. Whole genomes from lineages ST38-blaCTX-M-27 and ST38-blaCTX-M-14 
were also abundantly present in public data and a phylogenetic analysis of their core 
genomes confirmed their high similarity (Figure S1). Hence, we could not conclusively 
determine whether these highly clonal strains had persisted in the five travelers 
concerned, or whether these strains were re-acquired from an unknown source. Therefore, 
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we excluded the travelers harbouring these clonal ST38 strains from further analyses to 
identify lineages potentially associated with persistence. ST38 strains colonizing four 
additional travelers were not related to the ST38-blaCTX-M-27. and ST38-blaCTX-M-14 lineages 
and were thus not excluded from further analyses.

We identified two related travelers who harboured highly similar ST69 isolates (9 genome-
wide SNPs). The most likely explanation of this observation is that the travellers acquired 
this strain from the same source or one from the other, and that it has persisted in both 
travellers since.

Plasmid analysis

For six travelers, we detected identical ESBL genes from isolates sampled at return from 
travel and twelve months thereafter, but we could exclude ESBL gene persistence in 
persistent isolates based on SNP typing (Table S1). To determine whether the plasmid 
carrying these ESBL genes had persisted independent of bacterial host (Figure 1B), 
we employed long read sequencing. For one traveler, we detected a pair of ESBL-Ec 
isolates belonging to different MLST types in which an almost identical plasmid (99.8% 
nucleotide identity) was identified at T0 and T12, suggesting ESBL gene persistence by 
plasmid transfer between different E. coli hosts.

In summary, we identified persistent ESBL-Ec strains in 17 out of 34 travelers with 
prolonged ESBL-Ec carriage and persistent ESBL-plasmid in one traveler (Table S1). 
Although we included multiple ESBL-Ec isolates for some travelers, we did not observe 
multiple persistent strains within any single traveler.

Comparison of ESBL-Ec from long-term and short-term carriers

For each long-term carrier (≥12 months carriage) harbouring a persistent strain, two 
short-term carriers (<1 month carriage) were matched by age, sex and travel destination. 
For one long-term carrier, only a single matching short-term carrier could be identified, 
resulting in a comparison of 17 isolates from 17 long-term carriers and 42 isolates from 33 
matched short-term carriers, which were sequenced.

Antibiotic usage was low before, during, and after travel and similar between long-term 
and short-term carriers (Table 1). None of the travelers were admitted to the hospital 
during or after travel in either group. One single traveler returned to the same country as 
visited during index travel, within 12 months after return from index travel.
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Table 1. Characteristics of long-term and short-term carriers. Matching was performed on sex, 
age and travel destination (United Nations subregions). These characteristics are depicted in 
italic. Data are presented as number (%) for all characteristics except age and travel duration, 
which is presented as median (IQR).

Long-term carriers 
(n = 17)

Short-term carriers 
(n = 33)

Male 4 (23.5%) 8 (24.2%)

Age (years) 50.2 (41.7-59.4) 51.4 (36.5-58.1)

Continent 
visited during 
index travel

Asia 16 (94.1%) 31 (93.9%)

North and South America 1 (5.9%) 2 (6.1%)

Travel duration (days) 20 (17-28) 19 (14-21)

Admitted to hospital during index travel 0 (0%) 0 (0%)

Travel to the same country as index travel, within 12 
months after return from index travel

1 (5.9%) 0 (0%)

Antibiotic usage Within 3 months before index travel 0 (0%) 0 (0%)

During index travel 3 (17.6%) 2 (6.1%)

Within 1 month after return from 
index travel

0 (0%) 0 (0%)

Within 1 to 3 months after return 
from index travel

1 (5.9%) 2 (6.7%)

Within 3 to 6 months after return 
from index travel

0 (0%) 2 (7.1%)

Within 6 to 12 months after return 
from index travel

3 (17.6%) 2 (7.4%)

Traveler’s diarrhoea 6 (35.3%) 9 (27.3%)

Following the recent definition of common extraintestinal pathogenic E. coli (ExPEC) 
lineages according to Manges et al. (2019)32, persistent strains belonged significantly 
more often to ExPEC lineages than non-persistent strains. In 15 out of 17 long-term 
carriers, ExPEC were identified as the persistent strain while in only 7 out of 33 short-term 
carriers ExPEC were detected (odds ratio 27.86, 95% confidence interval: 5.11-151.74). This 
difference appears to be driven mostly by ST131 and phylogroup D strains.

Discussion

We demonstrated long-term carriage of travel-acquired ESBL-positive Escherichia coli in 
17 travelers out of a cohort of 2001 travelers, which was driven by persistence of ESBL-Ec 
belonging to ExPEC lineages. In a single traveler, the persistence of ESBL-Ec seemed to 
be due to an ESBL plasmid which shifted between bacterial hosts after colonising the 
traveler’s gut. Our study strengthens the finding of Armand-Lefèvre et al. 9 that ESBL-Ec 
lineage is associated with persistent carriage after acquisition during travel. Interestingly, 
we come to similar conclusions although we have focused on long-term carriage (≥12 
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months) as compared to the previous study (>3 month carriage). Earlier work could 
not make strong assertions about the persistence of strains, either due to the limited 
number of included travelers, because the typing methods employed were insufficiently 
discriminating between isolates, because of a limited duration of follow-up, or because 
the study population was not representative of community exposure3–5,7. In a recent 
study in Laos, a group of travelers attending a course at local hospitals acquired a very 
high diversity of ESBL-Ec immediately upon arrival and it was shown that this acquisition 
of resistant E. coli during travel is highly dynamic6. However, the short follow-up in this 
study did not allow analysis of long-term outcomes of the acquisition of ESBL-Ec.

Previous studies have shown that a limited number of E. coli lineages contribute to a large 
fraction of E. coli-mediated extraintestinal disease, including urinary tract infections and 
bloodstream infections32. These extraintestinal pathogenic E. coli are commonly referred 
to as ExPEC. While ExPEC display pathogenic potential, epidemiological studies often 
find ExPEC colonizing the human gut in the absence of symptoms33,34. In fact, it has been 
proposed that ExPEC have evolved towards particularly efficient intestinal colonization 
and their extraintestinal virulence is an evolutionary “byproduct”35. The long-term 
persistence of ExPEC lineages, acquired after relatively short travel duration as observed 
in our study (median 20 days, interquartile range: 17 – 29 days) suggests that ExPEC 
lineages have spread globally successfully due to their adaptation to the human intestinal 
tract. It should however be noted that we restricted our analysis to ESBL-producing E. coli 
and duration of persistence of susceptible ExPEC in this cohort is unknown.

Whole-genome sequencing allowed us to detect two clonal ST38 lineages which were 
shared between unrelated travelers. By additional analysis of publicly available WGS data, 
these ST38 lineages were shown to have spread globally. The extremely high degree of 
similarity within these ST38 lineages interfered with reliable strain identification based 
on core genome DNA sequence analysis. Future studies should explore the application of 
SNP typing using the pangenome rather than only the core genome, for example through 
software like Pandora36. These novel methods however currently display a higher error 
rate than the core genome analysis approach used in the present study36. Awareness of 
the circulation of ST38 or other rapidly expanding lineages that are indistinguishable by 
their core genome is important, for example for management of suspected outbreaks of 
ST38 in hospital settings.

Our current study focused solely on ESBL-producing E. coli and found an association 
between ExPEC carriage and increased carriage duration. Our approach could also be 
applied to non-ESBL-producing ExPEC, to determine whether acquisition of ExPEC in 
general, independent of their antibiotic susceptibility profile, is more likely to results in 
increased carriage duration after travel. The frequency of sampling can be considered 
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a limitation of this study. However, when comparing between two timepoints, twelve 
months apart, we could still identify very closely related isolates in samples from the 
same traveler, indicating strain persistence. Additionally, we only had isolates available 
for household members of four long-term carriers. Including more household members 
in future studies might allow us to estimate the likelihood of onward transmission 
following long-term carriage.

Applying genomic epidemiology to a large traveler cohort, we have shown that ESBL-
positive E. coli acquired during travel are able to persist for more than a year. The strains 
that showed the longest carriage duration belonged predominantly to pathogenic 
ExPEC lineages. Our data imply that long-term carriage of resistant E. coli is governed by 
bacterial characteristics which are associated with lineage. This finding possibly allows 
a more precise risk assessment for international travelers returning with travel-acquired 
resistant E. coli.
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Supplementary material

Figure S1.Core genome phylogeny of 1805 clonal complex 38 E. coli strains. Outer ring indicates 
continent on which the strain was isolated. The two clonal ST38 lineages present in the COMBAT 
collection are marked in red and blue. Tree and metadata available through iTOL: https://itol.
embl.de/tree/2131278347268071589210657.
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Abstract

Escherichia coli is an opportunistic pathogen that can colonize or infect various host 
species. There is a significant gap in our understanding to what extent genetic lineages 
of E. coli are adapted or restricted to specific hosts. In addition, genomic determinants 
underlying such host specificity are unknown.

By analyzing a randomly sampled collection of 1,198 whole-genome sequenced E. coli 
isolates from four countries (Germany, UK, Spain, and Vietnam), obtained from five host 
species (human, pig, cattle, chicken, and wild boar) over 16 years, from both healthy and 
diseased hosts, we demonstrate that certain lineages of E. coli are frequently detected 
in specific hosts. We report a novel nan gene cluster, designated nan-9, putatively 
encoding acetylesterases and determinants of uptake and metabolism of sialic acid, to be 
associated with the human host as identified through genome wide association studies. 
In silico characterization predicts nan-9 to be involved in sialic acid (Sia) metabolism. In 
vitro growth experiments with a representative Δnan E. coli mutant strain, using sialic 
acids 5-N-acetyl neuraminic acid (Neu5Ac) and N-glycolyl neuraminic acid (Neu5Gc) as 
the sole carbon source, indicate an impaired growth behaviour compared to the wild-
type.

In addition, we identified several additional E. coli genes that are potentially associated 
with adaptation to human, cattle and chicken hosts, but not for the pig host. Collectively, 
this study provides an extensive overview of genetic determinants which may mediate 
host specificity in E. coli. Our findings should inform risk analysis and epidemiological 
monitoring of (antimicrobial resistant) E. coli.
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Introduction

Escherichia coli is a Gram-negative bacterium which has been isolated from various host 
species, including humans, cattle, chickens and pigs1. Because E. coli can colonize or 
infect multiple host species, this bacterium can act as a reservoir for genes encoding 
antimicrobial resistance (AMR)2 that can be transmitted between different host species. 
The likelihood that E. coli and its AMR encoding genes persist in a new host after 
transmission depends on multiple factors3,4. For example, small changes in metabolic 
pathways may enable E. coli to colonize or infect a host more efficiently1. Several studies 
have suggested that highly successful E. coli clones, such as the sequence type 131 (ST131) 
clone5,6 or clonal complex 87 (ST58 and ST155) E. coli facilitate the spread of AMR E. coli in 
the human population7 whilst other studies have shown that different lineages of AMR E. 
coli vary in their ability to spread8. These findings both indicate that AMR genes, at least 
to some extent, hitchhike on bacterial strains that are specifically equipped to colonize a 
given host. Beyond classical virulence or adhesion factors, genetic and functional traits 
defining different degrees of host adaptation3,9 and thereby indirectly impacting on the 
spread of AMR between host species, have not been identified thus far.

Comparative genomic analysis of bacterial populations from multiple hosts has revealed 
signatures of host-adaptation in bacterial genomes10. The emergence of large-scale 
bacterial genome-wide association studies (GWAS) allowed for the detection of genes 
or genomic variants that are associated with resistance, pathogenicity, and host adaptive 
traits11–13. Here, we have applied population-based bacterial GWAS to identify host-
associated genomic determinants in a diverse panel of 1,198 E. coli isolates, irrespective 
of their AMR pattern. Isolates were recovered from five different host species, including 
healthy and diseased individuals from four different countries in two continents over 16 
years. The pan-genome was analyzed for specific host association followed by a k-mer 
based bacterial GWAS approach to identify host-specific genomic determinants and their 
potential role in host-adaptation.

Material and Methods
Sampling strategy

A panel of 1,213 E. coli isolates from four countries (Germany, UK, Spain, and Vietnam), 
obtained from five host species (human, pig, cattle, chicken, and wild boar) during three 
time periods (2003-2007, 2008-2012 and 2013-2018) from both healthy and diseased hosts 
were selected randomly from existing strain collections and newly collected isolates. Out 
of 120 possible strata (defined as a unique combination of country, host, time-period, 
and host health status), 42 strata contained isolates. We included all isolates available per 
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stratum if there were less than 30 isolates and performed a random selection of up to a 
maximum of 30 isolates if more were available. Potentially duplicate isolates that were 
part of an outbreak, isolated at a single location within a short timeframe, or from a single 
farm or a single individual were excluded. Only one isolate per individual was included in 
the analyses. Isolates included per stratum are shown in Table S1.

DNA extraction and sequencing

The DNA of the E. coli isolates from Germany was extracted using the QIAamp DNA 
Mini Kit (Qiagen) following the manufacturer’s instructions. The DNA concentration was 
evaluated fluorometrically by using QubitTM 2.0 fluorometer (Invitrogen, USA) and the 
associated QubitTM dsDNA HS Assay Kit (0.2-100ng) and QubitTM BR Assay Kit (2-1000ng), 
respectively. The libraries were generated using Nextera DNA library preparation 
(Illumina, https://www.illumina.com). The sequencing was performed using the Illumina 
MiSeq and HiSeq systems, generating 2 × 250 bp and 2 × 150 bp reads, respectively.

The DNA of the E. coli isolates from the UK was purified using a Promega DNA Wizard® 
genomic purification kit and quantified using Nanodrop. Libraries were generated using 
Nextera XT technology (Illumina), and DNA sequencing of isolates was performed at the 
Animal and Plant Health Agency (APHA, Surrey, UK, https://www.gov.uk/government/-
organisations/animal-and-plant-healthagency) using an Illumina MiSeq system 
generating 2 × 150 bp reads.

For E. coli isolates from Spain, DNA was extracted using the DNA blood and tissue Qiagen 
kit according to the manufacturer’s instruction. The total amount of DNA was quantified 
using a Qubit fluorometer and frozen at -20ºC until further analysis. Libraries were 
prepared using Nextera XT DNA Library preparation (Illumina), and DNA samples were 
sequenced using a MiSeq platform (2 × 300 cycle V3 Kit).

The DNA of the E. coli isolates from Vietnam was extracted using the Wizard Genomic DNA 
purification kit (Promega, Madison, WI, USA) following the manufacturer’s instructions. 
The concentration of the DNA was measured fluorometrically by using picogreen 
(Invitrogen). The sequencing was performed using an Illumina HiSeq 4000 system, which 
generates 2 × 150 bp reads.

Quality control

Adapter sequences were removed from raw reads using flexbar v3.0.314,15 with trimming 
mode (-ae) ANY. Low-quality bases within raw reads (Phred score value <20) were trimmed 
using a sliding window approach (-q WIN). FastQC v0.11.716 and MultiQC v1.617 were used 
for quality control before and after processing steps.
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Genome assembly and annotation

Adapter-trimmed reads were assembled using SPAdes v3.13.118 using read correction. 
Scaffolds smaller than 500bp were discarded. QUAST v5.0.019 was used to assess assembly 
quality using default parameters. Draft assemblies were excluded if the N50 was below 
an aribrary value of 30 kbp or consisted of more than 900 contigs. Draft genomes were 
annotated using prokka v1.1320 with a genus-specific blast for Escherichia. Phylogroups 
were predicted using ClermonTyper v1.4.121, and sequence types (STs) of the isolates 
were identified in silico using the Achtman seven gene MLST scheme using mlst (https://
github.com/tseemann/mlst).

Pan-genome and phylogenetic analysis

Roary v3.12.022 was used to define the pan-genome of the population, using paralog 
splitting. The core genes were aligned using prank23 on default parameters. The core 
gene alignment was used to construct the phylogenetic tree using RaxML 8.2.424 with 
100 bootstraps under a General Time Reversible (GTR) substitution model with the 
Gamma model of rate heterogeneity and Lewis ascertainment bias correction25. The core 
gene phylogeny was corrected for recombination using ClonalFrameML26 using default 
parameters. Phylogenetic Clusters (or BAPS clusters) within the dataset were defined 
using hierBAPS27,28 based on the core gene alignment. The accessory gene clustering was 
performed using package Rtsne v0.1529,30 with 5000 iterations and perplexity 15 in R v3.6.1. 
iTOL31 and Microreact32 were used to visualize the population structure in the context of 
available metadata. The function chisq.test from the MASS library33 (v7.3-51.1) was used in 
R34 (v3.5.2) to perform Χ2-tests of independence between phylogenetic clusters and host 
species. Tests were carried out on the full dataset (14 phylogenetic clusters vs. five hosts 
and nine phylogroups vs. five host species).

Genome-wide association study (GWAS)

We excluded the wild boar E. coli isolates from the GWAS analysis, because of their low 
number (n=29). GWAS was performed to screen k-mers for associations with their host 
(pig, human, chicken, and cattle). Assemblies were shredded into k-mers of 9-100 bases 
using FSM-lite (https://github.com/nvalimak/fsm-lite). The association between k-mers 
and host phenotype was carried out using Fast-LMM linear mixed model implemented 
in pyseer35 using a pairwise similarity matrix derived from the phylogenetic tree as 
population correction. A GWAS analysis was carried out for each host (pig, human, 
chicken, and cattle). To reduce false-positive associations, isolates from the host of 
interest were compared with an equal number of isolates from each of the other hosts, 
designated control isolates. This analysis was repeated 100 times per host of interest by 
selecting the control strains from other hosts per iteration36. The selection of control 
isolates was random and with replacement except for stratification by phylogenetic 
clusters to minimize phylogenetic bias. The statistical significance threshold was 
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estimated based on the number of unique k-mers patterns for each run35. K-mers, which 
were significantly associated with 90% of the runs per host, were retained and mapped 
to reference genomes (Table S2) using a fastmap algorithm in bwa35,37⁠. An arbitrary 
cut-off of a minimum of 10 k-mers mapped per gene was chosen for further analysis to 
reduce false-positives. In silico characterization and gene ontology (GO) assignment was 
performed using Blast2GO38, and Clusters of Orthologous Groups (COGs) were assigned 
using CD-search39,40.

Prevalence of a human-associated nan gene cluster

All available E. coli genome assemblies in NCBI RefSeq were downloaded on Nov 29th, 2019, 
using NCBI-genome-download (https://github.com/kblin/ncbi-genome-download). 
Using a custom ABRicate (https://github.com/tseemann/abricate) database, consisting of 
the nine genes of the novel human-associated nan gene cluster, all downloaded genomes 
(n=17,994) were scanned. STs for all the genomes were assigned as described above.

Construction of mutants and phenotypic experiments

Mutants Δnan-9 (AmpR) and ΔnanRATEK of extra-intestinal pathogenic E. coli (ExPEC) strain 
IMT12185 (ST131; RKI 20-00501; AmpR) were constructed using the Datsenko-Wanner 
method41. The genomic DNA of the wild-type and the mutant strains was isolated using a 
QIAamp DNA Mini Kit (QIAGEN). Libraries were prepared using the Nextera XT DNA Library 
preparation kit (Illumina), and MinION one-dimensional (1D) libraries were constructed 
using the SQK-RBK004 kit (Nanopore technologies, Oxford, UK) and loaded according 
to the manufacturer’s instructions onto an R9.4 flow cell. MinIon sequencing data were 
collected for 48 h and the paired-end Illumina sequencing was performed using MiSeq. 
Hybrid assembly using Illumina and MinION reads was performed using unicycler v0.4.842 
with default parameters to complete both strains’ genomes. The absence of the desired 
genes was confirmed based on the assembly followed by annotation using prokka v1.1320.

Carbon utilization and chemical sensitivity of the deletion mutants and their parental 
strain were tested using a Biolog Phenotypic Array system, using the PM1 MicroPlate and 
the Gen III MicroPlate according to the manufacturer’s instructions.

Growth curve analysis

E. coli strains were grown at 37°C aerobically in lysogeny broth (LB) (10 g/l tryptone, 5 g/l 
yeast extract, 5 g/l NaCl, pH 7.5) or in minimal medium (MM). MM is M9 mineral medium 
(33.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.55 mM NaCl, 9.35 mM NH4Cl) supplemented with 
2 mM MgSO4 and 0.1 mM CaCl2. As carbon and energy source, either 27.8 mM [0.5% w/v] 
glucose, 6.47 mM [0.2% w/v] 5-N-acetyl neuraminic acid (Neu5Ac), or 6.15 mM [0.1% w/v] 
N-glycolylneuraminic acid (Neu5Gc) (all purchased from Sigma-Aldrich, Taufkirchen, 
Germany) was added. If appropriate, the following antibiotics were used: ampicillin 
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sodium salt (150 mg/ml) or kanamycin (50 µg/ml). For solid media, 1.5% agar (w/v) was 
added. For all growth experiments, bacterial strains were grown in LB medium overnight 
at 37°C, washed twice in PBS and then adjusted to an optical density at 600 nm (OD600) 
of 0.005 in the desired liquid growth medium, or streaked on agar plates. Growth curves 
were obtained from bacterial cultures incubated at 37°C with gentle agitation in 96-well 
microtitre plates containing 200 µl medium. The OD600 was measured by an automatic 
reader (Epoch2T; BioTek, Bad Friedrichshall, Germany) at appropriate time intervals as 
indicated.

Results
Data collection

After WGS quality control, 14 isolates were excluded because of poor quality sequences. 
One additional isolate was excluded since this isolate was identified as Escherichia 
marmotae (formerly cryptic clade V)43,44, a species commonly mistaken for E. coli. Our final 
collection comprised 1,198 E. coli whole-genome sequences with metadata (Table S1), 
which also contained 8 cryptic clade I isolates, which were included as E. coli based on the 
recommended species cut-off of 95-96% average nucleotide identity43. Our collection 
consisted of 22.1% (n=265) cattle, 28.1% (n=337) chicken, 27.3% (n=327) human, 20.3% 
(n=240) pigs and 2.4% (n=29) wild boar isolates (Fig. S1A). Fifty-one percent (n=612), 
19.4% (n=233), 14.5% (n=174) and 14.9% (n=179) of these isolates were from Germany, 
Spain, the UK, and Vietnam, respectively (Fig. S1A). Chicken isolates were from all four 
countries, human isolates from Germany, the UK and Vietnam, pig isolates from Germany, 
Spain and Vietnam, cattle isolates from Germany and Spain and only Spain provided 
wild boar isolates. In total, 35.5% (n=426) of the isolates were from hosts with reported 
disease, whereas 62.0% (n=743) were from hosts without reported disease, while host 
health status was unknown for the wild boar isolates (2.4%, n=29). Of the 1198 isolates 
analyzed, 1140 were grouped into 358 different STs, and 58 could not be assigned to any 
known ST. The population structure of the collection closely resembles that of the ECOR 
collection45, indicating that it represents most of the known diversity of E. coli sensu stricto 
(Fig. S2).

Pan-genome analysis

The pan-genome of the 1,198 E. coli isolates consisted of 77,130 genes, of which 1,956 genes 
belonged to the core genome (i.e., present in at least 99% of the isolates). The population 
structure of the collection based on core genome single-nucleotide polymorphisms 
(SNPs) was defined using Bayesian analysis of population structure (BAPS), which assigns 
isolates to discrete clusters. Most of the isolates were assigned to phylogroups B1 (n=366, 
30.55%), A (n=313, 26.12%) and B2 (n=213, 17.77%). The remaining isolates were distributed 
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among phylogroups D (n=97, 8.09%), E (n=55, 4.59%), G (n=49, 4.09%), F (n=35, 2.92%), C 
(n=60, 5.0%), and clade I (n=8, 0.6%). A comparison of phylogenetic clusters, phylogroups, 
country, host, and a maximum likelihood (ML) tree based on 110,920 core-genome SNPs 
is shown in Fig 1. The χ2-tests for independence revealed a positive correlation between 
host status and phylogenetic clusters (at p < 2.26e-16, df=52) and between phylogroups 
and hosts (p<2.2e-16, df=32). This indicates that specific phylogenetic clusters (Fig. S1 B&C) 
and phylogroups, such as B1 (cattle), A (pig), B2 (human and chicken), and G (chicken) 
were enriched within different hosts in our collection (Fig. S1D).

Clustering of isolates based both on core gene alignment and on accessory gene profile 
appeared to be correlated with phylogroups. The interactive visualization of data is 
also available on Microreact (https://microreact.org/project/ouDOdcFxc). A minimum 
spanning tree was built on the allelic profiles of 358 (n=1,140 isolates) known STs and 58 
isolates belonging to unknown STs using GrapeTree46 along with the host distribution 
(Fig. S3). Several sequence types, of which at least ten isolates were available, appeared 
to be linked with certain host species. ST33 (n= 10/10, 10 human isolates out of all 10 
isolates), ST73 (n=11/17), ST131 (n=37/42) and ST1193 (n=12/12) were associated with a 
human host. ST131 was also found in chickens (n=4/42) and pigs (n=1/42) in this collection. 
ST23 (n=18/22), ST95 (n=25/31), ST115 (n=11/11), ST117 (n=30/33), ST140 (n=19/20) and 
ST752 (n=29/30) were associated with the chicken host.

GWAS

The genome-wide association analysis was performed on 1,169 E. coli isolates from cattle, 
chickens, humans, and pigs. The 29 wild boar isolates were excluded because of their 
small group size. Genome-wide association analysis revealed the positive association 
(ß>0) of 27,854, 16,164, and 69,307 k-mers with E. coli isolates from humans, cattle, and 
chickens at a likelihood ratio test p-value less than 1.87×10-9, 2.16×10-9, and 1.9×10-9 
respectively (reported as “lrt-pvalue”). There were no k-mers significantly associated 
with the pig host. The significant k-mers accounted for 426, 179, and 915 bacterial genes 
associated with isolation from human, cattle, and chicken hosts, respectively (Fig 2 and 
Table S3). An arbitrary cut-off of at least 10 k-mers mapped per gene was chosen to select 
genes for in silico functional characterization as well as COG assignment using Blast2GO38 
(Table S4) and CD-search39,40 (Fig. S4).
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Association of novel nan genes with human host

GWAS revealed a strong association of nine contiguous genes, assigned to the group of 
nan genes with the human host (Fig 2B). Seven of these genes were annotated in silico as 
nan genes (Fig 3a) and the remaining two genes were annotated as being similar to axeA1 
of Prevotella ruminicola ATCC 19189 (Uniprot accession D5EV35). However, the amino acid 
sequences of the products of these axeA1-like genes only shared 19-20% similarity with 
AxeA1. Further investigation with EggNOG and CD search revealed an acetylesterase/
lipase-encoding region (COG0657) in both genes and confirmed nan gene annotations. 
Previous evidence and the genomic location (i.e., between the nan genes; Fig 3a) suggest 
that these genes encode potential acetylesterases and may be analogous to sialyl 
esterases (NanS)47. Hence, these nine novel nan genes are collectively termed “human-
associated nan gene cluster (nan-9)” (Fig 3a).

Distinct nan genes are present in E. coli and are also known as the sialoregulon (nanRATEK-
yhcH, nanXY [yjhBC], and nanCMS; Fig 3a)48. The sialoregulon is known to be involved 
in metabolism of sialic acids49–51, a diverse group of nine-carbon sugars, abundant in 
the glycocalyx of many animal tissues52,53. Sialic acids present on mucin proteins in the 
human gut are an essential energy source for many intestinal bacteria54. The proteins 
encoded by the seven genes of nan-9 (i.e. nanAKTCMRS) share 45-64% similarity with the 
corresponding nan genes of the sialoregulon in E. coli or the recently described phage-
encoded nanS-p genes of enterohemorrhagic E. coli55. Both the human-associated nan 
gene cluster and the sialoregulon are located on the bacterial chromosome. The human-
associated nan gene cluster was found in 7% of our isolate collection, whereas the genes 
comprising the sialoregulon were more common. In our collection, nanXY was identified 
in ~15% of isolates, nanCMS in ~93% of isolates, whilst nanRATEKyhcH was found in almost 
all (>99%) isolates. 

The nan-9 cluster was detected in 86 isolates, mainly from phylogroups B2 and D (Fig 3b) 
and predominantly in isolates belonging to ST131, ST73, and ST69, both in our collection 
as well as across 17,994 RefSeq E. coli genomes (Fig 3c). The order and orientation of 
genes in the human-associated nan gene cluster were found to be identical in 82 out of 
86 isolates (Fig. S5). In 63 isolates, insertion sequence (IS) 682 was found upstream, and in 
23 isolates, IS2 was found downstream of this novel gene cluster (Fig. S5).

To further explore the function of the human-associated nan-9 gene cluster, the entire 
cluster was knocked-out from strain IMT12185 (ST131), yielding strain IMT12185Δnan-9. 
For comparison, an additional mutant, which lacked the nanRATEK locus from the 
sialoregulon (IMT12185ΔnanRATEK) was constructed from wild-type IMT12185. Correct 
gene deletion in both mutants was confirmed through WGS. No significant differences 
in carbon utilization and chemical sensitivity were observed between wild-type strain 
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IMT12185 and its mutant IMT12185Δnan-9 in Biolog phenotyping array experiments (PM1 
and Gen III MicroPlates).

Deletion mutant IMT12185Dnan-9 was grown in MM with 0.2% 5-N-acetylneuraminic 
acid (Neu5Ac) or with 0.1% N-glycolylneuraminic acid (Neu5Gc) as sole carbon and 
energy source. Neu5Ac is the most common sialic acid of the glycocalyx of both humans 
and other mammals, whereas Neu5Gc is absent in humans. In the presence of Neu5Ac, 
mutant IMT12185Dnan-9 grew to a maximal OD600 of 1.34 comparable to that of parental 
strain IMT12185 (OD600 = 1.37). However, the mutant exhibited a delayed growth start of 
approximately three hours (Fig 4A). When Neu5Gc was offered as substrate, the mutant 
not only showed a similar growth start retardation, but also a slower growth rate and 
a lower maximal OD600 (1.31) in comparison with strain IMT12185 (OD600 = 1.43) (Fig 4B). 
Both Neu5Ac and Neu5Gc are degraded by the enzymatic activities of the enzymes 
NanRATEK, of which four, namely NanRATK, are encoded by redundant genes located 
on the determinants nanRATEK and nan-9. Deletion mutant IMT12185DnanRATEK was 
unable to grow with Neu5Ac (Fig 4C), demonstrating that nan-9 alone is not sufficient 
for sialic acid degradation, probably due to a lack of nanE in the nan-9 gene cluster. 
To exclude a pleiotropic effect of the nan-9 deletion, parental strain IMT12185 and its 

Figure 4. Growth curves of E. coli IMT12185 and its mutant derivatives in various media. a) Growth 
of IMT12185 and IMT12185 Δnan-9 in M9 minimal medium with 0.2% 5-N-Acetylneuraminic 
acid (Neu5Ac)  b)  Growth of IM12185 and  IMT12185 Δnan-9 in M9 minimal medium with 0.1 
5-N-Glycolylneuraminic acid (Neu5Gc)  c)  Growth of IMT12185 and  IMT12185 ΔnanRATEK  in 
M9 minimal medium with 0.2% 5-N-Acetylneuraminic acid (Neu5Ac)  d)  Growth of IMT12185 
and IMT12185 Δnan-9 in lysogeny broth (LB).
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mutant IMT12185Dnan-9 were grown in LB medium. No significant difference was 
observed between the two growth curves (Fig 4D). These data demonstrate that the 
nan-9 determinant of strain IMT12185 is biologically functional and contributes to the 
degradation of the sialic acids Neu5Ac and Neu5Gc.

Other genes associated with the human host

Several other genes associated with the human host were identified in the GWAS analysis, 
such as the sat gene encoding a serine protease autotransporter vacuolating toxin (Fig 
2B)56. This gene was detected in 22.9% (n=75/327) of the human isolates in our collection 
and in only 0.59% (n=5/891) of the strains isolated from other hosts (Table S5). This gene 
was mainly detected in isolates belonging to specific lineages such as ST131, ST1193, and 
ST73 (Table S5). In addition, we found an association with two distinct homologs of the 
macB gene that encodes an ABC transporter57 and is involved in many diverse processes, 
such as resistance to macrolides58, lipoprotein trafficking59, and cell division60.

Association of distinct Omptins with the cattle and chicken hosts

We detected homologs of the ompT (encoding outer-membrane protease VII) gene, a 
member of the omptin family of proteases, in our dataset (Fig 2A & Fig 2C). Two homologs, 
ompP (UniProt accession P34210, sharing 70% amino acid identity with OmpT) and arlC 
(also referred to as ompTp, UniProt accession Q3L7I1, sharing 74% amino acid identity 
with OmpT), were found to be associated with the cattle and chicken hosts, respectively 
(Fig 5). In our collection, ompP was predominant in phylogroup B1 (n=68), whereas arlC 
was found in distinct phylogroups (such as B2, B1 and G) (Fig 5) and in isolates belonging 
to ST95 and ST117 (Table S6). A similar association was observed in 17,994 public E. coli 
genomes from RefSeq (Table S6). Previous studies have reported an increased prevalence 
of arlC (erroneously reported there as ompT) in a cluster of uropathogenic E. coli (UPEC) 
and avian pathogenic E. coli (APEC) classified as ST9561. Notably, arlC is associated with 
increased degradation of antimicrobial peptides (AMPs) in UPEC isolates62. OmpP is also 
able to degrade AMPs and displays a AMP cleavage specificity different from that of 
OmpT63.

Association of genes involved in metal acquisition with the chicken host

GWAS analysis revealed an association of the iroBCDEN gene cluster (Fig 2C) with the 
chicken host, but not with other host species included in this study. The prevalence of 
the iro gene cluster was 24.3% (n=291/1198) in our collection, of which 61.5% (n=179/291) 
were from the chicken host. The gene cluster was found in different STs and with higher 
prevalence in STs such as ST117, ST95, ST23, and ST140 (Table S7). The chromosomal 
iroBCDEN gene cluster was first described in Salmonella enterica and is involved in uptake 
of catecholate-type siderophores, high-affinity iron-chelating molecules contributing 
to bacterial survival during infection by sequestering iron64. In E. coli, this gene cluster 
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has mainly been described in uropathogenic (UPEC) and avian pathogenic E. coli (APEC) 
and is regarded as a virulence factor65. The cluster has been reported on a chromosomal 
pathogenicity island, although in ExPEC, the cluster can also be located on ColV or ColBM 
virulence plasmids66,67. In addition, homologs of genes involved in zinc catabolism (znuB) 
and iron metabolism (fes) were found to be associated with the chicken host (Fig 2C).

Discussion

Escherichia coli can colonize many different ecological niches in a diverse range of host 
species, ranging from a commensal lifestyle to intra- or extra-intestinal infections. 
Presence of certain adhesin and other virulence-associated genes is well known to 
correlate with the relative ability of E. coli strains to colonize the intestinal tract of certain 
hosts (e.g., ecp for humans68, F9 fimbriae and H7 flagellae for cattle69,70 or Stg fimbriae 
for chickens71). Variations in host adaptation levels and their molecular basis in E. coli 
strains presumptively realizing a commensal-like lifestyle in the reservoir host are rarely 
described and poorly understood as of yet72. Commensal E. coli strains may be carriers of 
AMR and a source of mobile genetic elements conferring AMR to other bacteria including 
pathogenic strains in a shared microbiome, e.g. in the intestinal tract of animals including 
humans. We therefore collated an extensive and diverse dataset to identify genetic 
determinants of E. coli host adaptation. We observed significant enrichment of specific 
hosts within some phylogroups and STs in our collection. Furthermore, we unveiled 
correlations between the likelihood of genetically related isolates having been isolated 
from a certain host with the possession of distinctive genetic traits. Some of these traits, 
e.g. the iroBCDEN gene cluster, have been linked to E. coli and Salmonella virulence before, 
while others, in particular the human-associated nan gene cluster, are novel traits and 
have not been implicated in the infection and colonization process of E. coli. Of note, the 
latter gene cluster encodes for metabolic properties which have received little attention 
in bacterial infectious disease research. Specific metabolic properties have been linked 
to the relative ability of Shiga toxin-encoding E. coli (STEC) to asymptomatically colonize 
cattle, their reservoir host73. Unraveling the nutrient and energy flows in the complex 
interplay of intestinal bacteria, the surrounding microbiome and the host may open novel 
avenues to control the persistence and transmission of pathogenic and/or antimicrobial 
resistant bacteria74.

We employed a k-mer based bacterial GWAS, applied in previous studies to associate 
multiple types of genetic variation with phenotypes75,76. In our study, we were able 
to associate a phenotype (i.e., isolates obtained from a certain host species) with 
the presence of specific genes, but not with sequence variation at the level of single 
nucleotide polymorphisms between genes. This lack of associations found at the SNP 
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level could possibly be explained by the fact that through our filtering approach to 
prevent false positive hits, we might have excluded k-mers that captured host-associated 
SNP variation. Secondly, it might be possible that since E. coli is genetically diverse, host-
associated SNP variation is challenging to capture between unrelated strains. Finally, 
the absence of host-associated SNPs might be a biological observation, indicating that 
colonization of particular hosts is determined by gene presence or absence rather than 
minimal genetic variation within genetic elements. However, we were able to confirm 
previously published host associations, indicating the validity of our approach. For 
example, carriage of the salmochelin operon encoded by iroBCDEN and involved in iron 
metabolism was previously identified as associated with increased ability of E. coli strains 
to colonize chickens65,77. 

In addition to iroBCDEN, we found an association of omptin proteins (OmpP and ArlC) 
with chickens and cattle as hosts, respectively. Earlier studies using UPEC strains had 
demonstrated that these proteins are associated with cleavage and inactivation of 
cationic antimicrobial peptides (AMPs)62. Because AMPs are secreted as part of the host’s 
innate immune response78–80, these proteins may play a vital role in colonization. AMPs 
are also increasingly used as alternatives to antimicrobial agents in animal farming81–83, 
further investigation into the contribution of these Omp variants to host colonization as 
well as to resistance to exogenous AMPs is warranted. 

We did not identify any significant associations of k-mers with the pig host. Bacterial 
colonization of the porcine intestine by edema-disease E. coli (EDEC) is mediated by 
the ability of these bacteria to adhere to villous epithelial cells via their cytoadhesive 
F18 fimbriae84. The expression of receptors for these fimbriae on the apical enterocyte 
surface is inherited as a dominant trait among pigs and determines susceptibility to 
diseases caused by F18-fimbriated pathogenic E. coli85. Enterotoxigenic E. coli (ETEC) 
express F4 or F5 fimbriae with similar consequences86. However, we found only three, 
four and six isolates harbouring genes for F4, F5 and F18 fimbriae, respectively. Thus, we 
might not have had all E. coli pathovars associated with pig host sufficiently present in 
our collection, although we did observe an association between phylogroup A and pig 
colonization. An alternative reason might be that the association between phylogroup 
A and pig colonization complicated the identification of statistically significant k-mers. 
GWAS corrects for population structure, which means that if there is a strong association 
between lineage and phenotype, the genes harbored by that lineage will not be reported 
as having a strong association with the phenotype under study87. 

We identified a novel human host-associated nan gene cluster, distinct from the previously 
reported sialic acid (Sia) metabolic operon (nanRATEK-yhcH, nanXY, and nanCMS)48. 
This novel cluster is conserved and abundant in ExPEC lineages, such as ST131, ST73, 
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and ST69. The gene cluster is flanked by insertion sequences which might play a role 
in the horizontal exchange between different E. coli lineages. Knock-out in vitro studies 
indicated that this novel nan-9 gene cluster contributes to catabolism of the sialic acids 
Neu5Ac and Neu5Gc, although it cannot replace the function of the nanRATEK locus 
which is abundant in E. coli. Hence, we hypothesize that E. coli harboring the nan-9 gene 
cluster have an evolutionary advantage through either more efficient access to sialic 
acids or through access to more diverse sialic acids. The genes annotated as acetylxylan 
esterases are expected to represent novel sialyl esterases, as known sialyl esterases (nanS 
variants) have previously been mistaken for acetylxylan esterases47. Additional sialyl 
esterases – possibly with alternative deacetylation specificity – might provide a more 
efficient catabolism of acetylated sialic acids. Future studies should investigate the role 
of the human-associated nan-9 gene cluster in the catabolism of differentially acetylated 
sialic acids and their relevance for the human host. 

Approximately one-third of the isolates in our dataset were obtained from diseased hosts, 
while the remaining isolates were from healthy hosts. Many of the isolates in our dataset 
that originate from healthy hosts belong to ExPEC lineages which are typically considered 
to be pathogenic. In fact, the locus most strongly associated with the human host, the 
nan-9 gene cluster, is abundant in ExPEC lineages. This does not necessarily mean that 
the nan-9 gene cluster is associated with pathogenicity. In fact, this observation primarily 
supports the notion that these pathogenic E. coli are highly efficient colonizers of the 
human intestine72. Based on our results, we hypothesize that the human-associated nan-9 
gene cluster is one of the factors driving the adaptation of ExPEC to the human intestine.

Finally, we observed an association between the sat gene and human host colonization. 
Sat contributes to the pathogenicity of E. coli in the urinary tract56. The high prevalence 
of sat in previously studied E. coli isolates from the feces of healthy individuals suggests 
it may not act as a virulence factor in the human gut88. However, in our isolate collection, 
the sat gene was found in E. coli strains belonging to phylogroups A, B2, D, and F, which 
had been isolated from both healthy and diseased hosts (Table S5). Understanding the 
role of Sat in the colonization and adaptation of E. coli in healthy humans warrants further 
investigation.

Conclusion

Our study identified several distinct genetic determinants that may influence E. coli 
adaptation to different host species and provide an adaptive advantage. These findings are 
important as they aid the better understanding of the potential outcome of transmission 
events of E. coli between host species. This is particularly relevant for the control of the 
spread of antimicrobial resistant commensal and zoonotic E. coli strains within and across 
human and animal populations. The data generated here can also be used in risk analysis 
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and for diagnostic and monitoring purposes. More importantly, our study identified 
biological processes, including sialic acid catabolism, that should be investigated in more 
detail to better understand E. coli host adaptation.
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Supplementary material

Figure S1. Distribution of 1,198 isolates and enrichment analysis: A) The plot represents the 
proportion of E. coli strains isolated from hosts in four countries. The number above each plot 
indicates the total number of isolates per host. B) Proportion of E. coli strains obtained from 
the five host species contributing to 14 phylogenetic clusters. The number on top of each bar 
represents the total number of isolates per cluster. C) Phylogenetic clusters enriched with a 
different host (Pearson residual > 0 represents positive correlation indicating the enrichment of 
certain host-species in distinct clusters at p-value <2.22e-16). D) The proportion of E. coli isolates 
from different host species contributing to different phylogroups.
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Figure S2. Core genome phylogeny of E. coli isolates of our collection (n=1,198) and reference 
strains (n=146) from the ECOR collection, RefSeq and cryptic clades annotated with their 
phylogroups (phylogroups were determined by ClermonTyper v. 1.3).
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Table S1. Metadata of 1,198 E. coli isolates.

This table (1198 rows by 14 columns) is available from Figshare (tinyurl.com/48054cf).

Table S2. Genomes from our dataset used for annotating host-associated k-mers.

Host Genome
Human 21224_3#267

15-04719
21224_3#237
14-03445
21ZN-0147-1

Cattle ZTA1500328-1EC
IMT33253
IMT13376
IMT30910

Chicken 14756
21225_2#181
Sap638

Table S3. Genes and genetic variants associated with different hosts.

This table (1521 rows by 10 columns) is available from Figshare (tinyurl.com/48054cf).

Table S4. Functional re-annotation of host-associated E. coli genes using Blast2go.

This table (246 rows by 5 columns) is available from Figshare (tinyurl.com/48054cf).
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Table S5. The E. coli isolates (n=81) harboring the sat gene in our collection.

Strain Country Health Host year of 
isolation ST Phylogenetic 

cluster Phylogroups

35110 Germany Diseased Human 2015 69 10 D
06-03041 Germany Diseased Human 2006 38 6 D
14-03445 Germany Healthy Human 2014 62 13 F
14-04252 Germany Diseased Human 2014 975 2 A
20222_6-191 Vietnam Healthy Human NA 648 14 F
20222_7-277 Vietnam Healthy Human NA 131 11 B2
20222_8-126 Vietnam Healthy Human NA 73 4 B2
21224_2-340 Vietnam Healthy Human NA 131 11 B2
21224_2-344 Vietnam Healthy Human NA 131 11 B2
21224_2-88 Vietnam Healthy Human NA 10 2 A
21224_3-256 Vietnam Healthy Human NA 131 11 B2
21224_3-267 Vietnam Healthy Human NA 1177 6 D
21224_3-370 Vietnam Healthy Human NA 1193 4 B2
21225_2-129 Vietnam Healthy Human NA 131 11 B2
21225_2-274 Vietnam Healthy Human NA 1177 6 D
21225_2-28 Vietnam Healthy Human NA 131 11 B2
21225_2-31 Vietnam Healthy Human NA 131 11 B2
21225_2-74 Vietnam Healthy Human NA 131 11 B2
21225_2-89 Vietnam Healthy Human NA 10 2 A
21ZN-0026-2 Vietnam Diseased Human NA 1193 4 B2
21ZN-0037-2 Vietnam Diseased Human NA 131 11 B2
21ZN-0052-2 Vietnam Diseased Human NA 1193 4 B2
21ZN-0071-2 Vietnam Diseased Human NA 69 10 D
21ZN-0073-1 Vietnam Diseased Human NA 131 11 B2
21ZN-0089-1 Vietnam Diseased Human NA 131 11 B2
21ZN-0105-1 Vietnam Diseased Human NA 38 6 D
21ZN-0134-1 Vietnam Diseased Human NA 1193 4 B2
21ZN-0147-1 Vietnam Diseased Human NA 69 10 D
21ZN-0151-1 Vietnam Diseased Human NA 1193 4 B2
21ZN-0152-1 Vietnam Diseased Human NA 1193 4 B2
21ZN-0154-2 Vietnam Diseased Human NA 1193 4 B2
21ZN-0188-1 Vietnam Diseased Human NA 69 10 D
21ZN-0188-2 Vietnam Diseased Human NA 69 10 D
21ZN-0196-2 Vietnam Diseased Human NA 1193 4 B2
21ZN-0198-2 Vietnam Diseased Human NA 131 11 B2
21ZN-0201-2 Vietnam Diseased Human NA 131 11 B2
21ZN-0206-2 Vietnam Diseased Human NA 1193 4 B2
21ZN-0220-2 Vietnam Diseased Human NA 1193 4 B2
9352_7-29 Germany Healthy Human 2004 10 2 A
9352_7-48 Germany Healthy Human 2004 10 2 A
IMT12185 Germany Diseased Human 2006 131 11 B2
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Strain Country Health Host year of 
isolation ST Phylogenetic 

cluster Phylogroups

IMT12490 Germany Diseased Chicken 2007 73 4 B2
IMT13784 Germany Healthy Human 2007 10 2 A
IMT13798 Germany Diseased Human 2007 73 4 B2
IMT13800 Germany Diseased Human 2007 73 4 B2
IMT13882 Germany Healthy Human 2007 73 4 B2
IMT15474 Germany Diseased Pig 2008 393 5 D
IMT16218 Germany Healthy Pig 2003 73 4 B2
IMT16220 Germany Healthy Pig 2003 73 4 B2
IMT20024 Germany Diseased Cattle 2009 73 4 B2
IMT9270 Germany Diseased Human 2004 62 13 F
IMT9687 Germany Diseased Human 2004 34 2 A
SAP1372 UK Diseased Human 2017 131 11 B2
SAP1468 UK Diseased Human 2017 394 10 D
SAP1515 UK Diseased Human 2017 73 4 B2
SAP1597 UK Diseased Human 2017 69 10 D
SAP1609 UK Diseased Human 2017 73 4 B2
SAP1614 UK Diseased Human 2017 14 4 B2
SAP1621 UK Diseased Human 2017 131 11 B2
SAP1632 UK Diseased Human 2017 38 6 D
SAP1781 UK Diseased Human 2017 8455 11 B2
SAP1836 UK Diseased Human 2017 131 11 B2
SAP1847 UK Diseased Human 2017 131 11 B2
SAP1852 UK Diseased Human 2017 131 11 B2
SAP1858 UK Diseased Human 2017 131 11 B2
SAP1873 UK Diseased Human 2017 131 11 B2
SAP1887 UK Diseased Human 2017 131 11 B2
SAP1913 UK Diseased Human 2017 1193 4 B2
SAP1926 UK Diseased Human 2017 73 4 B2
SAP1953 UK Diseased Human 2017 131 11 B2
SAP2068 UK Healthy Human 2017 131 11 B2
SAP2072 UK Healthy Human 2017 62 13 F
SAP2081 UK Healthy Human 2017 1193 4 B2
SAP2082 UK Healthy Human 2017 10 2 A
SAP2089 UK Healthy Human 2017 131 11 B2
SAP2093 UK Healthy Human 2017 415 13 F
SAP2096 UK Healthy Human 2017 131 11 B2
SAP2098 UK Healthy Human 2017 73 4 B2
SAP2131 UK Healthy Human 2018 59 13 F
SAP2148 UK Healthy Human 2018 131 11 B2
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Table S6. Prevalence of ompP, arlC and ompT in different STs in the RefSeq collection (n=17,994) 
and in our collection of E. coli isolates (n=1,198).

This table (1799 rows by 9 columns) is available from Figshare (tinyurl.com/48054cf).

Table S7. Prevalence of the iroBCDEN gene cluster in sequence types and associated hosts. 
Details are shown for sequence types (STs) with at least ten isolates harboring iroBCDEN.

ST # Isolates harboring iroBCDEN # Total isolates %
117 32 33 96.9
95 21 31 67.7
23 20 22 90.9
140 18 20 90
69 17 31 54.8
73 14 17 82.3
101 10 19 52.6
58 10 22 45.4
Other STs 149 1003 14.6
Total 291 1198 24.3





Part III

Genomic Resources and Methodologies



Chapter 6



Boas C.L. van der Putten$, Niek A.H. Huijsmans$, Daniel R. Mende, Constance Schultsz

$Equal contribution

A revised version of this manuscript was published in Microbial Genomics, Volume 8, 
Issue 3, March 2022, https://doi.org/10.1099/mgen.0.000790

Benchmarking topological accuracy of  
bacterial phylogenomic workflows using  
in silico evolution



138

Chapter 6

Abstract

Phylogenetic analyses are widely used in microbiological research, for example to trace 
the progression of bacterial outbreaks based on whole-genome sequencing data. In 
practice, multiple analysis steps such as de novo assembly, alignment and phylogenetic 
inference are combined to form phylogenetic workflows. Comprehensive benchmarking 
of the accuracy of complete phylogenetic workflows is lacking. 

To benchmark different phylogenetic workflows, we simulated bacterial evolution under 
a wide range of evolutionary models, varying the relative rates of substitution, insertion, 
deletion, gene duplication, gene loss and lateral gene transfer events. The generated 
datasets corresponded to a genetic diversity usually observed within bacterial species 
(≥95% average nucleotide identity). We replicated each simulation three times to assess 
replicability. In total, we benchmarked seventeen distinct phylogenetic workflows using 
8 different simulated datasets.

We found that recently developed k-mer alignment methods such as kSNP and SKA 
achieve similar accuracy as reference mapping. The high accuracy of k-mer alignment 
methods can be explained by the large fractions of genomes these methods can align, 
relative to other approaches. We also found that the choice of de novo assembly algorithm 
influences the accuracy of phylogenetic reconstruction, with workflows employing 
SPAdes or SKESA outperforming those employing Velvet. Finally, we found that the 
results of phylogenetic benchmarking are highly variable between replicates. 

We conclude that for phylogenomic reconstruction k-mer alignment methods are 
relevant alternatives to reference mapping at species level, especially in the absence 
of suitable reference genomes. We show de novo genome assembly accuracy to be an 
underappreciated parameter required for accurate phylogenomic reconstruction.

Impact statement

Phylogenetic analyses are crucial to understand the evolution and spread of microbes. 
Among their many applications is the reconstruction of transmission events which 
can provide information on the progression of pathogen outbreaks. For example, to 
investigate foodborne outbreaks such as the 2011 outbreak of Escherichia coli O104:H4 
across Europe. As different microbes evolve differently, it is important to know which 
phylogenetic workflows are most accurate when working with diverse bacterial data. 
However, benchmarks usually consider only a limited dataset. We therefore employed 
a range of simulated evolutionary scenarios and benchmarked seventeen phylogenetic 
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workflows on these simulated datasets. An advantage of our simulation approach is that 
we know a priori what the outcome of the analyses should be, allowing us to benchmark 
accuracy. We found significant differences between phylogenetic workflows and 
were able to dissect which factors contribute to phylogenetic analysis accuracy. Taken 
together, this new information will hopefully enable more accurate phylogenetic analysis 
of bacterial outbreaks.

Data summary

A Zenodo repository is available at https://doi.org/10.5281/zenodo.5036179 containing 
all simulated genomes, all alignments produced by phylogenetic workflows and .csv 
files summarising the topological accuracies of phylogenies produced based on these 
alignments. Code is available at https://github.com/niekh-13/phylogenetic_workflows.

Introduction

Phylogenetic analyses are crucial to assess the relatedness within a population of micro-
organisms. These analyses provide information on the speciation, evolution and spread 
of microbes. Within clinical settings they can be used to identify microbial outbreaks and 
transmission events1. With the introduction of cost-efficient whole-genome sequencing 
(WGS), bacterial outbreak tracing is increasingly based on whole genome data, instead 
of on a small section of the genome such as 16S rRNA genes or a set of universal genes2. 
Whole-genome phylogenetic analysis can be applied by various pipelines or workflows, 
often composed of multiple separate tools. Common differences between workflows are 
which genomic loci are considered in the analysis (only protein-coding genes or also 
intergenic regions), how genetic features are defined (genes, k-mers, single nucleotide 
variants, etc.), but also how genomes are assembled. Benchmarking is necessary to make 
sense out of the plethora of bioinformatic methodologies available. Although previous 
benchmarks of bacterial phylogenetic reconstruction have generated important 
insights3–5, some gaps remain. For example, the usefulness of recently developed k-mer 
alignment methods has not been fully explored in previous benchmark exercises. 
Additionally, the role of using different de novo assembly methods prior to comparative 
analysis has received little attention (especially in combination with the aforementioned 
k-mer alignment methods). Other methodological choices (e.g. choice of phylogenetic 
tree inference) have been amply studied before3. 

Benchmarking phylogenetic workflows requires knowledge of the true phylogenetic tree, 
as benchmarking results need to be compared to this reference. The true phylogenetic 
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tree is typically not known in real world settings. As such, various approaches have 
been proposed to determine or estimate the true phylogenetic tree of a set of strains. 
Some previous studies have assumed that the consensus of all phylogenies produced 
by the studied methods is close to the true phylogeny. Alternatively, studies have 
collated benchmark data sets where the epidemiological data was concordant with the 
phylogenomic analyses4. Because this approach uses real-life data, little is known about 
the underlying genetic events, and it does not allow to experimentally vary evolutionary 
parameters. Another approach is to have a mutant strain with an increased mutation rate 
evolve in vitro, and determine the structure of the true phylogeny from the experimental 
evolution controlled in the lab5. This approach provides a good grasp of the true 
phylogeny and allows the sampling of ancestral strains, but the method is costly and 
time-consuming and evolutionary parameters cannot be easily controlled. Finally, some 
studies have used in silico evolution to produce realistic sequencing data together with 
an a priori defined true phylogeny3,4,6–9. This approach offers the possibility to increase 
or decrease the rate of a range of evolutionary events, such as point mutations, indels, 
gene duplication, gene loss, gene translocation and lateral gene transfer. Additionally, 
genomic regions can be evolved under different evolutionary models, as is typical in real 
life scenarios (e.g. protein-coding genes vs. intergenic regions). Finally, this approach 
allows a comparison to the true phylogeny, which is not possible with other methods.

Several in silico evolution frameworks have been developed, with differing goals and 
strengths3,7–13. In the current study, we aimed to select a simulation strategy producing 
complete, haploid bacterial genomes. As lateral gene transfer is a common phenomenon 
in bacteria, simulation of lateral gene transfer should be included during in silico evolution. 
As we aim to compare against a true tree, the in silico evolution should be guided by 
a user-provided phylogenetic tree. We surveyed the Genetic Data Simulator database 
(https://surveillance.cancer.gov/genetic-simulation-resources/) and previously published 
manuscripts3,4,7–11,13. The workflow used by Lees et al. (2018)3 was used as it satisfied all our 
criteria. The workflow combines ALF and DAWG software and enabled easy tuning of 
evolutionary parameters and setting simulation seeds for reproducible analysis.

In this study, we aim to assess which bioinformatic workflows are able to reconstruct the 
true phylogeny accurately under diverse evolutionary scenarios. We consider simulating 
evolution in silico to be the optimal approach to achieve this. We simulated the evolution 
of Escherichia coli genomes in silico under eight different scenarios, varying the rates of 
indels, gene duplication, gene loss and lateral gene transfer. We used these simulated 
datasets to assess the topological accuracy of seventeen phylogenetic reconstruction 
workflows, including de novo genome assembly, alignment or mapping, and finally 
phylogenetic tree inference. We included six alignment or mapping methods to identify 
single nucleotide polymorphisms (SNPs) between samples which can be subdivided 
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into k-mer alignment, reference mapping and gene-by-gene alignment methods. We 
also included three different de novo assembly approaches as the impact of this pre-
processing step on phylogenomic accuracy is understudied.

Methods
Study design

This study consists of two main parts: simulation of in silico genome evolution (Fig 1A) 
and application of phylogenetic workflows on the simulated data sets (Fig 1B). A total 
of eight sets of parameters were used to simulate a variety of evolutionary processes 
on genic and intergenic regions separately, using the same phylogeny every time (Table 
S1). Each simulation was repeated three times with different random seeds to obtain 
technical replicates. From the in silico evolved genomes, short sequencing reads were 
generated. These sequencing reads were then used as input for the 17 phylogenetic 
workflows. We tested three de novo assembly algorithms in the workflows (Velvet, SKESA, 
SPAdes), alongside six methods for alignment or mapping (Snippy, Roary, PIRATE, SKA, 
kSNP, mlst-check). A total of seventeen phylogenetic workflows were tested (Table S2). 
All phylogenies have been inferred from alignments using IQ-Tree and ModelFinder. As 
the same phylogeny was used for each simulation, but the parameters for genetic events 
changed between simulations, each simulated dataset is expected to yield the same 
genetic distance between isolates (governed by the phylogeny), although the genetic 
events that have led to this identical genetic distance could be different (governed by 
the parameters).

In silico evolution
All code is available as a Snakemake v5.8.115 pipeline at https://github.com/niekh-13/
phylogenetic_workflows. All tools were run using default parameters, unless otherwise 
noted. The complete chromosome of Escherichia coli K-12 MG1655 (RefSeq Assembly 
GCF_000005845.2) was used as the ancestral genome in all simulations. Evolution was 
simulated according to the phylogeny described in Kremer et al.16. The general approach 
used in this study was based on the approach described by Lees et al.3. The ancestral 
genome was annotated using Prokka v1.14.617 and subsequently divided into protein-
coding genes and intergenic regions (all sequences not annotated as protein-coding 
gene). Protein-coding regions were in silico evolved using Artificial Life Framework v1.0 
(ALF)12 while intergenic regions were in silico evolved using DAWG v2.0.beta113. 

ALF simulations were run using an empirical codon model, using a standard indel rate of 
0.0252, a gene duplication and gene loss rate of 0.05, lateral gene transfer rates of 0.04 
for single genes and 0.16 for groups of genes, and no spontaneous gene inversion or 
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gene translocation, based on previous bacterial simulations3. Complete specifications for 
the default run are available from https://github.com/niekh-13/phylogenetic_workflows/
blob/master/input/alf_protein_sim.drw. Seven additional simulation were performed 
(Table S1): “Indel x 0.5” (halved indel rate), “Indel x 2” (doubled indel rate), “gene 
duplication x 2” (doubled gene duplication rate), “gene loss x 2” (doubled gene loss rate), 
“gene duplication x 2 & gene loss x 2” (doubled gene duplication and gene loss rates), 
“lateral gene transfer x 0.5” (halved lateral gene transfer rate for single genes and groups 
of genes), “lateral gene transfer x 2” (doubled lateral gene transfer rate for single genes 
and groups of genes).

DAWG simulations were run using a default indel rate of 0.00175 and evolved under 
a general time-reversible (GTR) model with rates A↔C: 0.91770, A↔G:4.47316, 
A↔T:1.10375, C↔G:0.56499, C↔T:6.01846, G↔T:1.00000, based on the GTR matrix 
inferred from dataset of nearly 1200 E. coli strains isolated from various host species 
(HECTOR study, manuscript in preparation). For simulations “indel x 0.5” and  “indel x 2” 
the indel rate was appropriately changed (Table S1).

Per simulation, ALF and DAWG in silico evolution yielded protein-coding genes and 
intergenic regions for 96 in silico evolved genomes. These were assembled into 96 
complete genomes. As stop codons are removed during ALF simulation, stop codons 
were inserted at the ends of genes. Paired-end sequencing reads in FASTQ format were 
simulated using ART v2016.06.0518, based on a Illumina HiSeq 2500 profile with 30X depth, 
read length of 150 bp and a mean DNA fragment size of 600 bp with a standard deviation 
of 10 bp, using seed 21 (flags “-ss HS25 -na -rs 21 -p -l 150 -f 30 -m 600 -s 10”).

For the generation of clonal datasets, we divided branch lengths of the true tree by factor 
3, 30 and 100 corresponding to a median average nucleotide identity of 99.0%, 99.5% 
and 99.9% between genomes, respectively. Clonal datasets were generated using the 
standard rates for indel, gene duplication, gene deletion and lateral gene transfer events.

Comparing pipelines

From the simulated Illumina sequencing reads, phylogenies were reconstructed 
through seventeen workflows (Table S2). Assemblies were created using the Shovill 
v1.1.0 (https://github.com/tseemann/shovill) wrapper for Velvet v1.2.1019, SPAdes v3.14.0 
using “--isolate” mode20 and SKESA v2.3.021. Contigs were retained if they were 500bp 
or larger for all de novo assembly algorithms. Assembly quality metrics were assessed 
using Quast v5.0.222 and all versus all average nucleotide identity (ANI) comparisons were 
made using fastANI v1.223. K-mer alignment methods kSNP v3.124 and SKA v1.025 were 
used on all assemblies, and SKA was additionally run on sequencing reads. In our study, 
both tools were used to extract k-mers of 31 bp from assemblies or sequencing reads. 



143

Benchmarking of phylogenetic methods

6

Subsequently, these tools aligned k-mers of which the first and last 15 bp were identical, 
thus allowing only the middle base to vary between aligned k-mers. This k-mer alignment 
produced SNP alignments, which can be used for phylogenetic inference. Important to 
note is that although SKA and kSNP also employ k-mer-based methods, these methods 
are conceptually distinct from other k-mer-based tools such as Mash (https://github.
com/marbl/Mash). The bacterial mapping pipeline Snippy v4.6.0 (https://github.com/
tseemann/snippy) was used on sequencing reads alone, using the Escherichia coli K-12 
MG1655 chromosome as reference (RefSeq Assembly GCF_000005845.2). As all genomes 
in the current study are simulated from this chromosome, this represents the most 
suitable reference. Gene-by-gene methods Roary v3.13.026 and PIRATE v1.0.327 were used 
on annotations produced by Prokka v1.14.6. Finally, alignments were constructed from 
multi-locus sequence type genes using mlst-check v2.1.170621628 and realigned using 
ClustalO v1.2.429. All methods, including k-mer alignment methods, produce nucleotide 
alignments, which were subsequently used to infer phylogenies using IQ-tree v2.0.330 and 
ModelFinder31 packaged with IQ-tree. Differences between the ground truth phylogeny 
and produced phylogenies were assessed using Robinson-Foulds distance calculation 
implemented in ape v5.432 and Kendall-Colijn distance calculation implemented in 
treespace v1.1.3.233. All simulations and pipelines were run three times, with seeds 1, 42 
and 1704 in ALF simulation. Alignment lengths were extracted using snp-sites v2.5.134.

Visual and statistical analysis

Parsing of results was performed using the pandas library v0.25.335 in Python v3.8.3 and 
using the tidyverse v1.3.036 and rstatix v0.6.0 (https://cran.r-project.org/package=rstatix) 
libraries in R v4.0.1. Results were plotted using ggplot2 v3.3.137, ggpubr v0.4.0 (https://
cran.r-project.org/package=ggpubr), ggthemes v4.2.038, patchwork v1.0.139 and using 
SuperPlotsOfData40. Tests for statistical significance were carried out using the scipy 
library41 using paired Wilcoxon ranked sum tests where indicated. Bonferroni correction 
for multiple testing was applied where applicable.
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Results

Figure 1. Overview of this study. A) Simulation of the in silico evolution. The E. coli K-12 MG1655 
genome is evolved in silico according to a phylogeny (providing genetic distances) and a set of 
parameters controlling the rates of genetic events (providing which genetic events result in the 
genetic distance provided by the phylogeny). The resulting genomes are depicted by coloured 
complete genome graphs visualised in Bandage42. The complete genomes are subsequently 
shredded into sequencing reads.  B) Phylogenetic workflows. Generated sequencing reads are 
assembled into draft genomes (coloured draft genome graphs) or directly mapped onto the 
ancestral genome. From alignments, phylogenetic trees are inferred using IQ-Tree.
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Reference-based mapping and k-mer alignment methods yield phylogenetic trees 
most similar to ground truth

The in silico evolution yielded isolate sets with a genetic diversity comparable to a single 
bacterial species (≥95% average nucleotide identity43, Figures 1 and S1). The same level of 
genetic diversity was attained between simulations, although these simulations included 
different rates of simulated genetic events (substitutions, indels, lateral gene transfer, 
etc., Table S3). 

The optimal phylogenetic workflow should produce a phylogeny identical to the 
phylogeny which was used in the simulation process (the “ground truth phylogeny”). Per 
workflow, we calculated tree distance between the phylogeny produced by the workflow 
and the ground truth phylogeny. Tree distances were expressed in the Robinson-Foulds 
distance and the Kendall-Colijn metric. 

The workflow showing the lowest tree distances across simulations employed SPAdes de 
novo assembly and subsequently SKA for k-mer alignment. After Bonferroni correction for 
multiple testing, the Kendall-Colijn metric of this workflow was significantly lower than 
all other workflows except Snippy, SPAdes + kSNP, SKESA + kSNP and SKESA + SKA (Fig 2 
and Table S4). Notably, core gene alignment methods and methods employing Velvet for 
de novo assembly performed worse in our study. MLST gene alignment methods showed 
the highest deviation from the ground truth phylogeny as measured by Kendall Colijn 
metric and Robinson Foulds distance (Fig S2).

We also simulated more clonal datasets with a median ANI of 99.0%, 99.5% and 99.9%. As 
expected, the true tree was reconstructed less accurately when simulated genomes were 
more similar (Fig S3). The workflows which showed low Kendall-Colijn metrics between 
reconstructed phylogenies and the true tree showed a similar pattern in the clonal 
datasets, although differences are less clear than in Figure 2.

De novo assembly algorithms have a strong influence on accuracy of phylogenetic 
reconstruction
Next, we compared the accuracy of phylogenetic reconstruction between workflows 
employing different de novo assembly algorithms (Fig 3 and Table S5). Across eight 
simulations, workflows employing SPAdes and SKESA both resulted in significantly lower 
Kendall-Colijn metric values compared to the same workflows employing Velvet. In other 
words, workflows employing SPAdes and SKESA reconstruct phylogenies more accurately 
than the same workflows employing Velvet.

To gain insights in the de novo genome assembly quality, we compared the assemblies 
produced by Velvet, SKESA and SPAdes to the in silico evolved genomes from which 
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the sequencing reads were generated, using detailed assembly quality metrics such 
as total genome fraction, NGA50 (N50 of all blocks correctly aligned to the reference 
genome and corrected for reference genome length22), and the number of misassemblies 
alongside standard quality metrics such as number of contigs or total assembly size. 
We observed that although Velvet produced genome assemblies with a relatively high 
NGA50, Velvet also produced the highest number of misassemblies compared to SKESA 
or SPAdes (Table S6 and Fig S4). SPAdes seemed to perform best across multiple assembly 
quality metrics, reconstructing a large part of the original genome in few contigs (NGA50, 
genome fraction reconstructed, number of contigs), with a low number of errors (number 
of misassemblies).

Figure 2. Kendall-Colijn metrics and Robinson-Foulds distances per phylogenetic workflow 
across eight simulations. Displayed distances are calculated between the ground truth phylogeny 
and the phylogeny produced by the relevant workflow. Generated using SuperPlotsOfData, 
ordered by median. Large circles indicate median of replicates. Small circles indicate separate 
measurements for replica.

A)

B)
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Figure 3. Kendall-Colijn metrics and Robinson-Foulds distances per de novo assembly algorithm 
used in workflows, across eight simulations. Displayed distances are calculated between the 
ground truth phylogeny and the phylogeny produced by the relevant workflow. Generated using 
SuperPlotsOfData, ordered alphabetically. Large circles indicate median of replicates. Small 
circles indicate separate measurements for replica.

Accuracy of phylogenetic reconstruction is associated with number of 
informative sites in the alignment

We hypothesised that the workflows using a larger part of the genome in the comparative 
analysis would yield larger alignments and more accurate phylogenetic reconstruction. 
To assess this, we extracted the alignment length produced per workflow. We found that 
the alignment length shows a strong negative correlation with the Kendall-Colijn metric 
and explains approximately 32% of variance in KC metric (R2, Fig 4). This indicates that 
the methods that included a larger fraction of the genomes under study produced more 
accurate phylogenies. When the workflows employing MLST alignments were included, 
this negative correlation was even stronger (Fig S5).

A)

B)
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Figure 4. Count of informative sites in alignment plotted against Kendall-Colijn metric, with 
a linear model fitted (shading indicates 95% confidence interval). Pearson’s Rho and associated 
p-value are shown.

 

Phylogenetic benchmarking shows a high variability between replicates

Repeating each of the eight simulations three times allows us to assess the reproducibility 
of this analysis. We see extensive variability in the accuracy of phylogenetic reconstruction 
even when comparing identical workflows across identical simulations, where only the 
starting seed for simulation differed (Fig 5). The largest difference between technical 
replicates reached a 31 point different in the Kendall-Colijn metric (SPAdes + Roary, 
simulation with double indel rate). Over 22% of Kendall-Colijn metric calculations were 
off more than 10 points between technical replicates.

Discussion

We present a systematic analysis of the accuracy of phylogenetic reconstruction of 
several workflows, based on simulated bacterial whole-genome data. We have included 
seventeen phylogenetic workflows. These were each benchmarked using eight simulation 
scenarios with three independent replicates. 

First, we show that k-mer alignment methods provide a good alternative to reference-
based mapping in species-level phylogenetic reconstruction. The high accuracy of 
workflows employing k-mer alignment seems to be due to the large fraction of genomes 
that can be utilised in these workflows, reflected by the high number of informative sites 
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in alignments produced by k-mer methods. In more clonal datasets, k-mer alignment 
methods also performed well. Through including eight simulation scenarios we were 
able to determine a clear influence of the de novo assembly algorithm on phylogenetic 
accuracy. Based on assembly quality evaluation, we hypothesise that an increased rate 
of misassemblies has a detrimental effect on phylogenetic accuracy. This also applies to 
k-mer alignment methods, which performed best when combined with either SPAdes or 
SKESA. 

Surprisingly, we observed a high variability between replicates of phylogenetic 
workflows. Over one-fifth of comparisons showed differences of 10 points or more in the 
Kendall-Colijn metric. To contextualise, the difference in median Kendall-Colijn metric 
between the best and worst workflows in Fig 2A was 14.6 points. Generally, workflows 
using core gene alignment methods such as Roary or PIRATE displayed the highest 
discrepancies between replicates. This might be because core gene alignment methods 
need to employ heuristics to compare genes in an all-versus-all manner, which could 
introduce variability in their results. 

Across seventeen phylogenetic workflows, eight simulations and three replicates, we 
reconstructed a total of 408 phylogenies. By including multiple workflows, simulations 
and replicates, this number increases quickly. We were able to limit computational 
workload by selecting only a single method (IQtree) to infer phylogenies from alignments. 
We chose to include only IQ-Tree because there was little difference between IQ-Tree, 
RAxML or other approaches in earlier studies3, because IQ-Tree is widely used and thus 
represents an established method to infer phylogenies, and finally because IQ-Tree 
offers the identification of an optimal substitution model through ModelFinder. For the 
reference-based mapping analysis, we only used the Snippy pipeline in the current study. 
In a recent study by Bush et al.44, Snippy was identified as the method which identified 
SNPs most accurately when reads were mapped to a reference genome representative 
for a species. For a larger genetic distance between reads and reference genome, Smalt 
and NextGenMap were identified as highly accurate read mapping algorithms (Table S9 
of Bush et al. (2020)44). Given the small genetic distances between reads and reference in 
our study, which were smaller than in the study of Bush et al., we did not include Smalt 
and NextGenMap in our approach.

One of the challenges in benchmarking studies is to employ all methods in such a way 
that these can be compared sensibly. For k-mer alignment methods SKA and kSNP, we 
observed that configuring the desired k-mer length differs between tools. To obtain 
aligned k-mers of 31 bp, SKA requires to set k-mer length (flag “-k”) to 15, resulting in the 
alignment of two split k-mers of 15 bp with a middle base, amounting to a total aligned 
k-mer of 31 bp. However, for kSNP the k-mer length (flag “-k”) should be set to 31, to obtain 
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a 31 bp aligned k-mers of which the middle base may vary. Configuring the k-mer length 
correctly resulted in a highly similar accuracy of SKA and kSNP, while previous studies did 
not establish similar performance due to discrepancies in k-mer length configuration25.

Determining the exact rates of genetic events such as point mutations or indels 
is challenging. In this study, we have evolved bacterial genomes across a range of 
evolutionary scenarios which means our results should be interpreted as generalisable 
findings, rather than findings specific to Escherichia coli and its evolutionary mechanisms. 

Here we simulated datasets which exhibited a limited genetic diversity, similar to the 
genetic diversity observed within species (at least ~95% ANI43). In the context of more 
diverse datasets, for example comparing different species or genera, we expect that 
k-mer alignment methods would perform worse as these methods typically perform best 
with limited genetic diversity25. In accord with our results, we theorise that this is due to a 
faster decrease in informative sites with increasing evolutionary distance.

The current study focuses on the analysis of short sequencing reads specifically. However, 
previous studies have investigated the applicability of long read sequencing (especially 
Oxford Nanopore Technologies) for outbreak analysis45,46. Analysing long read sequence 
data uses fundamentally different algorithms and approaches than short read sequence 
data analysis,. Future studies could focus on the parameters that influence accuracy of 
phylogenetic reconstruction based on long read sequence data.

This study illustrates how phylogenetic reconstruction methods based on bacterial whole 
genome data compare. The simulations cover diverse evolutionary scenarios for bacterial 
species, providing detailed insight into the performance of phylogenetic reconstruction 
methods valid across diverse sets of bacterial strains. Recently developed k-mer 
alignment methods achieved similar accuracy as the gold standard (reference mapping) 
and thus seems to be a useful alternative when no suitable reference genome is available. 
Every microbe evolves according to different evolutionary parameters, so phylogenetic 
workflows need to be able to resolve many different evolutionary scenarios. Our study 
provides data on the accuracy of existing phylogenetic workflows and a framework to 
assess future phylogenetic workflows. 
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Figure S1. Violin plots of ANI comparisons made using FastANI, per simulation. From each 
simulation replicate (three replicates for eight simulations), all 96 in silico evolved genomes were 
compared in an all vs. all fashion.
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Figure S2. Kendall-Colijn metrics and Robinson-Foulds distances between the ground truth 
phylogeny and phylogenies produced by workflows, across eight simulations.

A)

B)
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Figure S3. Kendall-Colijn metrics and Robinson-Foulds distances per phylogenetic workflow for 
clonal simulated data. Displayed distances are calculated between the ground truth phylogeny 
and the phylogeny produced by the relevant workflow.
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Figure S4. Comparison of SKESA, SPAdes and Velvet algorithms for de novo genome 
assembly, based on number of contigs, NGA50, genome fraction reconstructed and number of 
misassemblies.
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Figure S5. Count of informative sites in alignment plotter against Kendall-Colijn metric, with 
a linear model fitted (shading indicates 95% confidence interval). Pearson’s Rho and associated 
p-value are shown.

Table S1. Parameters which differed per simulation. All other parameters were kept stable.

Genes (ALF) Intergenic 
regions (DAWG)

Simulation Indel rate geneDuplRate geneLossRate lgtRate lgtGRate Indel rate
Standard 0.0252 0.05 0.05 0.04 0.16 0.00175

Indel x 0.5 0.0126 0.05 0.05 0.04 0.16 0.000875

Indel x 2 0.0504 0.05 0.05 0.04 0.16 0.0035

LGT x 0.5 0.0252 0.05 0.05 0.02 0.08 0.00175

LGT x 2 0.0252 0.05 0.05 0.08 0.32 0.00175

Gene dupl. x 2 0.0252 0.1 0.05 0.04 0.16 0.00175

Gene loss x 2 0.0252 0.05 0.1 0.04 0.16 0.00175

Gene loss x 2 and 
gene dupl. x 2

0.0252 0.1 0.1 0.04 0.16 0.00175
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Table S2. Seventeen phylogenetic workflows included in this study, with software versions.

Workflow de novo genome assembly 
algorithm

Annotation 
method Comparison method

Snippy (no assembly) NA NA Snippy vs.4.6.0

Velvet + kSNP Shovill v1.1.0 using Velvet v1.2.10 NA kSNP v3.1

SPAdes + kSNP SPAdes v3.14.0 NA kSNP v3.1

SKESA + kSNP SKESA v2.3.0 NA kSNP v3.1

Velvet + PIRATE Shovill v1.1.0 using Velvet v1.2.10 Prokka v1.14.6 PIRATE v1.0.3

SPAdes + PIRATE SPAdes v3.14.0 Prokka v1.14.6 PIRATE v1.0.3

SKESA + PIRATE SKESA v2.3.0 Prokka v1.14.6 PIRATE v1.0.3

Velvet + Roary Shovill v1.1.0 using Velvet v1.2.10 Prokka v1.14.6 Roary v3.13.0

SPAdes + Roary SPAdes v3.14.0 Prokka v1.14.6 Roary v3.13.0

SKESA + Roary SKESA v2.3.0 Prokka v1.14.6 Roary v3.13.0

Velvet + SKA Shovill v1.1.0 using Velvet v1.2.10 NA SKA v1.0

SPAdes + SKA SPAdes v3.14.0 NA SKA v1.0

SKESA + SKA SKESA v2.3.0 NA SKA v1.0

SKA (no assembly) NA NA SKA v1.0

Velvet + MLST Shovill v1.1.0 using Velvet v1.2.10 NA mlst-check v2.1.1706216

SPAdes + MLST SPAdes v3.14.0 NA mlst-check v2.1.1706216

SKESA + MLST SKESA v2.3.0 NA mlst-check v2.1.1706216
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Table S3. Counts of genetic events across replicates of eight simulations.

Simulation Replicate # of lateral gene 
transfers

# of 
insertions

# of 
deletions

# of genes 
lost

# of genes 
duplicated

Standard Run 1 575 7750 7567 167 144

Standard Run 2 515 7838 7662 142 161

Standard Run 3 534 7790 7721 145 114

Indel x 0.5 Run 1 575 3864 3890 171 152

Indel x 0.5 Run 2 515 3909 3829 142 161

Indel x 0.5 Run 3 534 3838 3851 145 114

Indel x 2 Run 1 575 15302 15644 171 152

Indel x 2 Run 2 515 15239 15507 142 161

Indel x 2 Run 3 534 15128 15480 145 114

LGT x 0.5 Run 1 256 7620 7705 135 194

LGT x 0.5 Run 2 308 7810 7663 126 164

LGT x 0.5 Run 3 289 7638 7589 129 126

LGT x 2 Run 1 1189 8046 8321 157 133

LGT x 2 Run 2 1206 7947 7966 152 157

LGT x 2 Run 3 1240 8236 8163 181 146

Gene dupl. x 2 Run 1 544 8018 8001 114 356

Gene dupl. x 2 Run 2 575 7815 7743 125 266

Gene dupl. x 2 Run 3 585 7754 7784 183 238

Gene loss x 2 Run 1 504 7776 7727 323 155

Gene loss x 2 Run 2 571 7655 7698 251 154

Gene loss x 2 Run 3 576 7688 7596 304 124

Gene loss x 2 and 
gene dupl. x 2

Run 1 585 7747 7815 265 306

Gene loss x 2 and 
gene dupl. x 2

Run 2 615 7596 7832 209 226

Gene loss x 2 and 
gene dupl. x 2

Run 3 601 7679 7800 290 273
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Table S4. Results of statistical significance tests using Wilcoxon ranked sum test between 
Kendall-Colijn metrics of SPADES + SKA vs other workflows. The p-value threshold after 
Bonferroni correction for multiple testing is 3.85×10-3. Statistically significant differences are 
marked with an asterisk.

Condition Median of differences P-value
SPAdes + SKA vs Velvet + PIRATE 12.53 1.192E-07*

SPAdes + SKA vs Velvet + kSNP 5.10 2.384E-07*

SPAdes + SKA vs Velvet + SKA 7.98 2.384E-07*

SPAdes + SKA vs Velvet + Roary 10.92 1.192E-07*

SPAdes + SKA vs SKESA + PIRATE 3.65 8.345E-07*

SPAdes + SKA vs SKESA + Roary 10.15 1.192E-07*

SPAdes + SKA vs SPAdes + Roary 11.30 1.192E-07*

SPAdes + SKA vs SPAdes + PIRATE 6.73 5.126E-06*

SPAdes + SKA vs Snippy (no assembly) 2.66 1.135E-03*

SPAdes + SKA vs SKESA + SKA 1.00 1.447E-02

SPAdes + SKA vs SKESA + kSNP 0.90 1.962E-02

SPAdes + SKA vs SKA (no assembly) 0.00 0.862

SPAdes + SKA vs SPAdes + kSNP 0.00 0.441

Table S5. Results of statistical significance tests using paired Wilcoxon ranked sum tests between 
Kendall-Colijn metrics of workflows employing Velvet vs SPAdes and SKESA. The p-value 
threshold after Bonferroni correction for multiple testing is 2.5×10-2. Statistically significant 
differences are marked with an asterisk.

Condition Median of differences P-value
Velvet vs SKESA -5.65 1.393E-27*

Velvet vs SPAdes -5.42 9.684E-24*
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Abstract

Computational algorithms have become an essential component of research, with great 
efforts of the scientific community to raise standards on development and distribution 
of code. Despite these efforts, sustainability and reproducibility are major issues since 
continued validation through software testing is still not a widely adopted practice. Here, 
we report seven recommendations that help researchers implement software testing 
in microbial bioinformatics. We have developed these recommendations based on our 
experience from a collaborative hackathon organised prior to the American Society for 
Microbiology Next Generation Sequencing (ASM NGS) 2020 conference. We also present 
a repository hosting examples and guidelines for testing, available from https://github.
com/microbinfie-hackathon2020/CSIS. 

Impact Statement

In the field of microbial bioinformatics, good software engineering practises are not 
yet widely adopted. Many microbial bioinformaticians start out as (micro)biologists and 
subsequently learn how to code. Without abundant formal training, a lot of education 
about good software engineering practices comes down to an exchange of information 
within the microbial bioinformatics community. This paper serves as a resource that 
could help microbial bioinformaticians get started with software testing if they have not 
had formal training. 

Background

Computational algorithms, software, and workflows have enhanced the breadth and 
depth of microbiological research and expanded the capacity of infectious disease 
surveillance in public health practice. Scientists now have a wealth of bioinformatic 
tools for addressing pertinent questions quickly and keeping pace with the availability 
of larger and more complex biological datasets. Despite these advances, we are finding 
ourselves in a crisis of computational reproducibility1.

Modern software engineering advocates reliable software testing standards and best 
practices. Different approaches are employed: from unit testing to system testing2, going 
from testing every individual component to testing a tool as a whole (Fig 1). The extent 
of testing is a balance between the resources available and increasing sustainability 
and reproducibility. Continuous Integration (CI), where code changes are frequently 
integrated and assertion of the new code’s correctness before integration is often 
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automatedly performed through tests, provides a robust approach for ensuring the 
reproducibility of scientific results without requiring human interaction. Comprehensive 
testing of scientific software might prevent computational errors which subsequently 
lead to erroneous results and retractions3,4. However, the role of testing extends beyond 
that, as it also provides a way to measure software coverage, and therefore its robustness, 
allowing for reported issues to be converted into testable actions (regression tests), and 
the expansion and refactoring of existing code without compromising its function.

Figure 1. Testing strategies. A) White-box vs. black-box testing. In white-box testing, the tester 
knows the underlying code and structure of the software, where the tester does not know this 
in black-box testing. Note that this distinction is not strictly dichotomous and is considered less 
useful nowadays B) Unit vs. integration vs. system testing. When software comprises several 
modules, it is possible to test each single module (unit testing), groups of related modules 
(integration testing) or all modules (system testing). Note that the terms white-box testing and 
unit testing are sometimes used interchangeably but relate to different concepts.

Software testing among peers across fields aligns with previous efforts of hackathons 
to create a more unified and informed bioinformatics software community5. In this 
context, we hosted a cooperative hackathon prior to the ASM NGS conference in 2020, 
demonstrating that the microbial bioinformatics community can contribute to software 
sustainability using a collaborative platform. From this experience, we would like to propose 
collaborative software testing as an opportunity to continuously engage software users, 
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developers, and students to unify scientific work across domains. We have outlined the 
following recommendations for ensuring software sustainability through testing and offer 
a repository of automated test knowledge and examples at the Code Safety Inspection 
Service (CSIS) repository on GitHub (https://github.com/microbinfie-hackathon2020/CSIS).  

Recommendations

Based on our experiences from the ASM NGS 2020 hackathon, we developed seven 
recommendations that can be followed during software development.

1. Establish software needs and testing goals

Manually testing the functionality of a tool is feasible in early development but can 
become laborious as the software matures. Developers may establish software needs 
and testing goals during the planning and designing stages to ensure an efficient testing 
structure. Table 1 provides an overview of testing methodologies and can serve as a 
guide to developers that aim to implement testing practises. A minimal test set could 
address the validation of core components or the program as a whole (system testing) 
and gradually progress toward verification of key functions which can accommodate 
code changes over time (unit testing, Fig 1). Ideally, testing should be implemented from 
the early stages of software development (test-driven development). Defining the scope 
of testing is important before developing tests. For pipeline development, testing of 
each individual component can be laborious and can be expedited if those components 
already implement testing of their own. Testing of the pipeline itself should take priority.

2. Input test files: the good, the bad, and the ugly

When testing, it is important to include test files with known expected outcomes for a 
successful run. However, it is equally important to include files or other inputs on which 
the tool is expected to fail. For example, some tools should recognize and report an 
empty input file or a wrong input format. Therefore, the test dataset should be small 
enough to be easily deployed (see recommendation #4) but as large as necessary to cover 
all intended test cases. Data provenance should be disclosed, either if it’s from real data 
or originated in silico. Typically, a small test data is packaged with the software. Examples 
of valid and invalid file formats are available through the BioJulia project (https://github.
com/BioJulia/BioFmtSpecimens). The nf-core project (https://nf-co.re/) provides a 
repository with test data for a myriad of cases (https://github.com/nf-core/test-datasets).

3. Use an established framework to implement testing 

Understanding the test workflow can not only ensure continued software development 
but also the integrity of the project for developers and users. Testing frameworks improve 
test development and efficiency. Examples include unittest (https://docs.python.org/3/
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library/unittest.html) or pytest (https://docs.pytest.org/en/stable/) for Python, and testhat 
(https://testthat.r-lib.org/) for R, testing interfaces such as TAP (http://testanything.org/), 
or built-in test attributes such as in Rust. Although many tests can be implemented using 
a combination of frameworks, personal preferences (e.g. amount of boilerplate code 
required) might drive your choice. Additionally, in Github Actions the formulas of each test 
block can be explicitly stated using the standardised and easy-to-follow YAML (https://

Table 1 Overview of testing approaches. Software testing can be separated into three types: 
installation, functionality and destructive. Each component is described, followed by an example 
on a real-life application on Software X, a hypothetical nucleotide sequence annotation tool.

Name Description Example

Installation testing: can the software be invoked on different setups?
Installation testing Can the software be installed 

on different platforms?
Test whether Software X  can be installed using apt-get, 
pip, conda and from source.

Configuration 
testing

With which dependencies can 
the software be used?

Test whether Software X can be used with different 
versions of BLAST+.

Implementation 
testing

Do different implementations 
work similarly enough?

Test whether Software X works the same between the 
standalone and webserver versions.

Compatibility 
testing

Are newer versions 
compatible with previous 
input/output?

Test whether Software X can be used with older 
versions of the UniProtKB database.

Static testing Is the source code 
syntactically correct?

Check whether all opening braces have corresponding 
closing braces or whether code is indented correctly in 
Software X.

Standard functionality testing: does the software do what it should in daily use?
Use case testing Can the software do what it is 

supposed to do regularly?
Test whether Software X can annotate different FASTA 
files: with spaces in the header, without a header, an 
empty file, with spaces in the sequence, with unknown 
characters in the sequences, et cetera.

Workflow testing Can the software successfully 
traverse each path in the 
analysis?

Test whether Software X works in different modes 
(using fast mode or using one dependency over the 
other).

Sanity testing Can the software be invoked 
without errors?

Test whether Software X works correctly without flags, 
or when checking dependencies or displaying help info.

Destructive testing: what makes the software fail?
Mutation testing How do the current tests 

handle harmful alterations to 
the software?

Test whether changing a single addition to a 
subtraction within Software X causes the test suite to 
fail.

Load testing At what input size does the 
software fail?

Test whether Software X can annotate a small plasmid 
(10 Kbp), a medium-size genome (2 Mbp) or an 
unrealistically large genome for a prokaryote (1 Gbp).

Fault injection Does the software fail if faults 
are introduced and how is this 
handled?

Test whether Software X fails if nonsense functions are 
introduced in the gene calling code.
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yaml.org/, Supplementary Figure S1), already adopted by most continuous integration 
platforms (Recommendation 4). For containerised software, testing considerations differ 
slightly and have been covered previously by Gruening et al. (2019)6.

4. Testing is good, automated testing is better

When designing tests, planning for automation saves development time. Whether your tests 
are small or comprehensive, automatic triggering of tests will help reduce your workload. 
Many platforms trigger tests automatically based on a set of user-defined conditions. 
Platforms such as GitHub Actions (https://github.com/features/actions) and GitLab CI (https://
about.gitlab.com/stages-devops-lifecycle/continuous-integration) offer straightforward 
automated testing of code seamlessly upon deployment. A typical workflow, consisting 
of a minimal testing framework (see recommendation #1 and #3) and a small test dataset 
(see recommendation #2),  can then be directly integrated within your project hosted on a 
version control system, such as GitHub (https://github.com/), and directly integrated with a 
continuous integration provider, such as GitHub Actions in GitHub. Testing considerations 
for containerised software has been covered previously by Gruening et al. (2019)6.

5. Ensure portability by testing on several platforms 

The result of an automated test in the context of one computational workspace does 
not ensure the same result will be obtained in a different setup. It is important to ensure 
your software can be installed and used across supported platforms. One way to ensure 
this is to test on different environments, with varying dependency versions (e.g., multiple 
Python versions, instead of only the most recent one). Developers can gain increased 
benefits of testing if tests are run on different setups automatically (see recommendation 
#4 and Supplementary Figure S1).

6. Showcase the tests

For prospective users, it is good to know whether you have tested your software and, 
if so, which tests you have included. This can be done by displaying a badge7 (see 
https://github.com/microbinfie-hackathon2020/CSIS/blob/main/README.md#example-
software-testing), or linking to your defined testing strategy e.g. a GitHub Actions YAML, 
(see recommendation #2, Supplementary Figure S1). Documenting the testing goal and 
process enables end-users to easily check tool functionality and the level of testing8.

It may be helpful to contact the authors, directly or through issues in the code repository, 
whose software you have tested to share successful outcomes or if you encountered 
abnormal behaviour or component failures. An external perspective can be useful 
to find bugs that the authors are unaware of. A set of issue templates for various 
situations is available in the CSIS repository on GitHub (https://github.com/microbinfie-
hackathon2020/CSIS/tree/main/templates). 
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7. Encourage others to test your software

Software testing can be crowdsourced, as showcased by the ASM NGS 2020 hackathon. 
Software suites such as Pangolin (https://github.com/cov-lineages/pangolin)9 and 
chewBBACA (https://github.com/B-UMMI/chewBBACA)10 have implemented automated 
testing developed during the hackathon. For developers, crowdsourcing offers the 
benefits of fresh eyes on your software. Feedback and contributions from users can 
expedite the implementation of software testing practices. It also contributes to software 
sustainability by creating community buy-in, which ultimately helps the software 
maintainers keep pace with dependency changes and identify current user needs.

Conclusions

Testing is a critical aspect of scientific software development, but automated software 
testing remains underused in scientific software. In this hackathon, we demonstrated the 
usefulness of testing and developed a set of recommendations that should improve the 
development of tests. We also demonstrated the feasibility of producing test suites for 
already-established microbial bioinformatics software.
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Supplementary material

Figure S1. Example YAML file for a GitHub Actions workflow.
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Table S1. Software tested during the ASM NGS 2020 hackathon.

Software 
Name Software (URL) Test File (URL) Literature Citation (DOI)

BUSCO https://gitlab.com/
ezlab/busco

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/busco.yml

10.1093/bioinformatics/
btv351

Centrifuge https://github.com/
DaehwanKimLab/
centrifuge

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/centrifuge.yml

10.1101/gr.210641.116

CheckM https://github.
com/Ecogenomics/
CheckM

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/checkm.yml

10.1101/gr.186072.114

chewBBACA https://github.com/B-
UMMI/chewBBACA

https://github.com/B-UMMI/
chewBBACA/blob/master/.github/
workflows/chewbbaca.yml

10.1099/mgen.0.000166

CSIS https://github.
com/microbinfie-
hackathon2020/CSIS

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/CSIS.yml

this manuscript

Genotyphi https://github.com/
katholt/genotyphi

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/genotyphi.yml

10.1038/ncomms12827

Kraken https://github.com/
DerrickWood/kraken

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/kraken.yml

10.1186/gb-2014-15-3-r46

Kraken2 https://github.
com/DerrickWood/
kraken2

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/kraken2.yml

10.1186/s13059-019-1891-0

KrakenUniq https://github.
com/fbreitwieser/
krakenuniq

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/krakenuniq.yml

10.1186/s13059-018-1568-0

Pangolin https://github.
com/cov-lineages/
pangolin

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/pangolin.yml

10.1093/ve/veab064

Prokka https://github.com/
tseemann/prokka

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/prokka.yml

10.1093/bioinformatics/
btu153

Quast https://github.com/
ablab/quast

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/quast.yml

10.1093/bioinformatics/
btt086

Shovill https://github.com/
tseemann/shovill

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/shovill.yml

absent

SKESA https://github.com/
ncbi/SKESA

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/skesa.yml

10.1186/s13059-018-1540-z

Trycycler https://github.com/
rrwick/Trycycler

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/trycycler.yml

10.5281/zenodo.4430941

Unicycler https://github.com/
rrwick/Unicycler

https://github.com/microbinfie-
hackathon2020/CSIS/blob/main/.
github/workflows/unicycler.yml

10.1371/journal.pcbi.1005595
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Abstract

The zoonotic pathogen Streptococcus suis can cause septicemia and meningitis in 
humans. We report five complete genomes of Streptococcus suis serotype 2 and serotype 
9, covering the complete phylogeny of serotype 9 Dutch porcine isolates and zoonotic 
isolates. The isolates include the model strain S10 and Dutch emerging zoonotic lineage.

Main

Streptococcus suis is an opportunistic pathogen in pigs, which can cause zoonotic 
infections. Human infections are predominantly caused by S. suis serotype 21 and can 
lead to septicemia and meningitis2. We recently identified a zoonotic S. suis serotype 2 
clone belonging to Clonal Complex (CC) 20 which emerged from a non-zoonotic serotype 
9 CC16 clone3, in the Netherlands. To facilitate further research on the zoonotic potential 
of S. suis, we sequenced the genomes of S. suis serotype 9 CC16 and CC20 strains, isolated 
from diseased pigs, and three serotype 2 strains, including strain S10 (CC1, pig) and two 
CC20 strains, one each from human and porcine infection (Table 1).  Data were generated 
using Illumina and Nanopore MinION sequencing technologies. 

S. suis was grown overnight in THY and genomic DNA was isolated using the Qiagen 
MagAttract HMW DNA extraction kit. The sequence library was constructed using 
the native barcoding (EXP-NBD114) and ligation sequencing (SQK-LSK109) kit (Oxford 
Nanopore). DNA was repaired and A-tailed using NEBNext FFPE DNA Repair Mix and the 
NEBNext Ultra II End Repair/dA-Tailing Module (New England BioLabs). A barcode was 
ligated to the A-tailed DNA using Blunt/TA Ligase Master Mix (New England Biolabs). 
Sequence adapters were ligated to barcoded samples pooled by equal mass with Quick 
T4 DNA Ligase (New England BioLabs). The library was loaded on the flow cell (FLO-
MIN 106D R9) and sequenced using MinKNOW fast basecalling version 3.5.5. Default 
parameters were used for all tools except where noted otherwise. Illumina data were 
available from our previous study (Table 1)3.

Illumina read filtering was performed using fastp version 0.20.04. MinION reads were 
filtered on quality and length using filtlong version 0.2.05, using the filtered Illumina reads 
as reference. FastQC was used for quality control version 0.11.86. Illumina and MinION 
reads were used in hybrid assembly using Unicycler version 0.4.8, which also performs 
assembly trimming, circularizing and rotating7. Assembly statistics were collected using 
Quast version 4.6.38. Coverage was assessed using Minimap2 version 2.179, Samtools 
version 1.910 and bedtools version 2.29.011. The complete genomes were annotated using 
prokka version 1.14.012. MLST was performed using mlst version 2.17.613. For workflow 
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management, Snakemake version 5.7.114 was used. The pipeline is freely available from 
https://github.com/boasvdp/MRA_Streptococcus_suis.

Genomes of all five strains consisted of a single chromosome ranging from 2,042,889 to 
2,292,626 bp with a GC content between 41,10% and 41,43 and a coverage between 23-
72x using Nanopore data (Table 1).

Draft assemblies of the five strains were between 46-74 kbp smaller than the complete 
genomes. Mapping the draft genomes to the complete genomes revealed no missing 
regions in the draft genomes. The draft genomes are likely smaller than the complete 
genomes due to the collapse of repeats, which has been described before15. 

Accession numbers

Nanopore .fastq and .fast5 data, as well as assembled genomes have been deposited in 
ENA under accession numbers listed in Table 1 and study number PRJEB35407.
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Abstract

Streptococcus suis  is an emerging zoonotic pathogen. Over 100 putative virulence 
factors have been described, but it is unclear to what extent these virulence factors 
could contribute to zoonotic potential of S. suis. We identified all S. suis virulence factors 
studied in experimental models of human origin in a systematic review and assessed 
their contribution to zoonotic potential in a subsequent genomic meta-analysis. PubMed 
and Scopus were searched for English-language articles that studied  S. suis  virulence 
published until 31 March 2021. Articles that analyzed a virulence factor by knockout 
mutation, purified protein, and/or recombinant protein in a model of human origin, 
were included. Data on virulence factor, strain characteristics, used human models 
and experimental outcomes were extracted. All publicly available  S. suis  genomes 
with available metadata on host, disease status and country of origin, were included in 
a genomic meta-analysis. We calculated the ratio of the prevalence of each virulence 
factor in human and pig isolates. We included 130 articles and 1703 S. suis genomes in the 
analysis. We identified 53 putative virulence factors that were encoded by genes which 
are part of the S. suis core genome and 26 factors that were at least twice as prevalent in 
human isolates as in pig isolates. Hhly3 and NisK/R were particularly enriched in human 
isolates, after stratification by genetic lineage and country of isolation. This systematic 
review and genomic meta-analysis have identified virulence factors that are likely to 
contribute to the zoonotic potential of S. suis.
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Introduction

Streptococcus suis is an opportunistic pathogen in pigs and can cause zoonotic infections 
that often result in meningitis1,2. S. suis zoonotic infections occur worldwide with the 
highest reported incidence in Thailand, Vietnam and the Netherlands1. Close contact 
with pigs and consumption of undercooked pork have been identified as important 
risk factors for zoonotic S. suis infections1. The emergence of zoonotic clones has been 
demonstrated and led to new insights in the evolution of S. suis’ population structure3, 
but the virulence factors involved in zoonotic potential of S. suis are not well understood.

S. suis of multiple serotypes from different phylogenetic groups (clonal complexes) are 
found in healthy and diseased pigs, but human infections are predominantly caused by 
strains from clonal complex 1 and serotypes 2 or 141,4. Distinct stages in the pathogenesis 
of S. suis infections in humans include the adhesion and translocation across mucosal 
surface particularly in case of foodborne infection, survival in blood, and translocation 
across the blood brain barrier in case of meningitis5. Over 100 putative S. suis virulence 
factors have been described that may contribute to the pathogenesis of infection in 
pigs4,6. Although many of these virulence factors were identified in in vitro models of 
human origin, their contribution to S. suis zoonotic potential has not been studied.

We performed a systematic review of S. suis virulence factors studied in in vitro models of 
human origin. In a subsequent genomic meta-analysis we determined if these putative 
virulence factors are encoded by the S. suis core or accessory genome and identified 
those virulence factors that may contribute to the pathogenesis of zoonotic infection, 
designated putative zoonotic virulence factors (PZVFs).

Methods
Definitions

Virulence factors can be defined as “molecules produced by pathogens that contribute 
to the pathogenicity of the organism by allowing its establishment, replication, 
dissemination and persistence in the host”4. Here, we define a PZVF as a virulence factor 
of a bacterial pathogen from an animal reservoir that contributes to pathogenicity in the 
human host specifically. We define human models as in vitro models of human origin, 
including cell lines in continuous culture of human origin, human primary cells, human 
blood, human blood components, human extracellular matrix proteins, and the zebrafish 
human streptococcal infection model7.
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Search strategy and selection criteria

The systematic review was performed according to Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines8. TR searched PubMed and 
Scopus for primary research articles published until 31 March 2021 describing S. suis and 
virulence in the title and/or abstract using Pubmed PubReMiner to generate the search 
query (appendix S1 p1)9. References were downloaded and duplicates were removed 
using Endnote (9.3.3), Mendeley (1.19.8) and a manual search. TR and KA independently 
screened all titles and abstracts and selected articles that mentioned a host (e.g. human 
or pig) and S. suis and both agreed on the final selection for full text screening, which was 
done by TR. Studies were included when a virulence factor was evaluated in a human 
model and the virulence factor was studied in an isogenic knockout (KO) mutant, as 
recombinant protein, and/or as purified protein. Articles were excluded when the full 
text was unavailable in English. Experimental outcomes included bacterial binding of 
host proteins, adhesion, invasion, translocation, survival and immune cell responses.

Data extraction

TR and ST extracted data from the included articles in a pre-specified table in Microsoft 
Excel 2016 (appendix S1 p2, appendix S2), followed by an overall curation of extracted 
data by KA. In short, we extracted information on virulence factor analysis approach 
(KO, recombinant protein and/or purified protein), S. suis strain characteristics, applied 
in vitro models, experimental outcomes and NCBI protein ID. If NCBI protein ID was 
not stated, the NCBI protein ID was searched manually using available data such as 
primer sequences, gene names or protein sequences. Experimental outcomes for single 
virulence factors studied in at least 5 articles were summarized and compared. As part of 
a critical appraisal, data on growth rates of wildtype, isogenic KO and complementation 
mutants were extracted from the articles or articles’ references. In addition, the number 
of S. suis strains analyzed in each study was recorded.

Bacterial genome meta-analysis

We downloaded all BioSample records from NCBI mentioning “Streptococcus suis” (final 
date 31–01-2020). Missing metadata were searched in the corresponding publications 
and pubMLST10, and added. Genomes were included if at least metadata on host, host 
health status, and country of origin were available (see appendix 1 p3). The curated set of 
assembled genomes with corresponding metadata was deposited on Zenodo (10.5281/
zenodo.4686597).

The presence of a virulence factor in S. suis isolates was determined by mapping its 
protein sequence with a minimal protein identity of 95% and query coverage of 60% 
on the translated S. suis genome assemblies (see appendix 1 p311–14). We defined the 
core genome as all genes present in ≥95% of the isolates whilst the remaining genes 
constitute the accessory genome.
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We calculated the ratio of the prevalence of each virulence factor in S. suis populations 
isolated from human, and healthy and diseased pigs respectively. A virulence factor was 
considered a PZVF if the prevalence ratio > 2. A stratified analysis was performed for 
the main zoonotic S. suis lineage (clonal complex 1) and the countries contributing most 
human isolates (China, Vietnam).

Results

Title and abstract of 713 unique records were screened and 411 articles were selected for 
full text screening. Of these 411, 268 articles did not meet inclusion criteria and 13 were 
excluded due to unavailability of full text in English. The 130 included articles described 
124 different putative virulence factors (Figure 1).

Figure 1. PRISMA flow diagram.

1199 research articles describing Streptococcus suis
and virulence in title or abstract found in Scopus 

(599) and PubMed (600)

Screened title and abstract of 713 unique research 
articles for mentioning a host and S. suis

Full text of 411 articles was screened

302 articles excluded

268 did not meet inclusion criteria
223 no human model
42 virulence factor not studied as KO mutant, 
purified protein or recombinant protein
3 editorial or review

130 articles included for data extraction

486 duplicates removed

13 full text unavailable in English 

124 unique putative virulence factors extracted
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Putative virulence factors were studied as purified protein (3), as recombinant protein 
(51), as (partial) isogenic KO (152), by blocking protein function with antibodies (3) or as 
a combination of these. For 56/152 (37%) of the isogenic KO mutants, changes in growth 
rate compared to parental wildtype were not assessed. For 72/152 (47%) growth rate 
of KO mutants was reported as unaffected and for 24/152 (16%) impaired growth was 
observed for the KO mutant. In only 43 (28%) studies the KO mutant was genetically 
complemented and three articles (2%) described complementation with a recombinant 
protein.

Figure 2. Grouping of human models to their respective human S. suis infection site. Number of 
articles per model is indicated between brackets.
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Models used to evaluate putative virulence factors were grouped based on the human 
body sites from which the model originated (Figure 2). The human epithelial HEp2 cell 
line was used in 63 out of 72 articles that studied adhesion, invasion or cell lysis induced 
by S. suis in a human epithelial model. Adhesion to extracellular matrix was studied in 13 
different articles that used laminin (3), collagen (1), fibronectin (10) and/or fibrinogen (7). 
Survival in blood was studied in 70 articles using a diverse set of models, of which human 
whole blood (19), human (polymorphonuclear) neutrophils (15) and zebrafish (15) were 
most frequent. Human brain microvascular endothelial cells (BMECs) were used in 14 out 
of 25 articles that studied the role of a virulence factor in crossing the blood-brain barrier 
(BBB).

Experimental outcomes

Five out of 124 (4%) putative virulence factors (appendix S1 p2, appendix S2) were studied 
in at least 5 articles and the experimental outcomes were summarized and compared for 
each factor to evaluate their contribution to zoonotic potential (appendix S1 p4-6).

Capsular polysaccharide (CPS)

The CPS forms the outer layer of bacteria and consists of repeating oligosaccharide subunits 
that differ in composition and linkage between S. suis serotypes15,16. The CPS decreases 
S. suis adherence to and invasion of human epithelial cells17–21. One study reported no 
effect of the CPS on adherence to cervical epithelial HeLa cells22. The CPS contributes 
to S. suis blood survival21,23 and to immune evasion by decreasing phagocytosis21,22,24–29, 
increasing intracellular survival in PMN23, dampening the innate immune response and 
decreasing complement activation25,26,28–30. The CPS decreases S. suis adherence to and 
invasion of meningeal cells and fetal astrocytes31 and the adherence to human umbilical 
vein endothelial cells (HUVEC)21. A CPS KO showed a trend of increased translocation 
across human choroid plexus papilloma cells (HIBCCP)32. The CPS decreases IL-6 and IL-8 
secretion by BMECs, but MCP-1 secretion is unaffected33. Moreover, purified CPS induces 
PGE2 and MMP-9 secretion in macrophage-like U937 cells which increases BBB leakiness25. 
The CPS also binds fibrinogen24.

Suilysin (Sly) 

Suilysin is a cholesterol-dependent hemolysin secreted by S. suis that can form pores 
in eukaryotic cells by oligomerization in cellular membranes34,35. Sly can induce HEp2 
cell lysis36 and at subcytolitic concentrations contributes to HEp2 invasion37. Sly does 
not contribute to HEp2 cell adherence37 or translocation across an intestinal epithelial 
Caco-2 monolayer20. In human blood, Sly induces TNFα release by monocytes38, PMN 
degranulation39, platelet-neutrophil complex formation40 and its hemolytic activity 
causes inflammasome activation in macrophage-like THP-1 cells28. Sly induces the release 
of arachidonic acid in BMEC, which can enhance BBB permeability41. Sly does not affect 
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adherence to meningeal cells, adherence to astrocytes or invasion of meningeal cells but 
does increase astrocytes invasion31.

Muramidase release protein (MRP) 

MRP is a cell-wall anchored protein similar to the fibronectin-binding protein of 
Staphylococcus aureus42–45. MRP can directly bind to HEp2 cells46 and contributes to S. suis 
adhesion to HEp247. MRP was shown to bind fibrinogen48–50 and MRP binding of fibrinogen 
contributes to blood survival, decreases PMN killing48,49 and in brain microvascular 
endothelial hCMEC/D3 cells increases adhesion and translocation51. MRP with bound 
fibrinogen also decreases the adherens junction protein p120-catenin in hCMEC/D3 thus 
potentially increasing BBB permeability51. Besides fibrinogen, MRP was shown to bind 
factor H50,52 and fibronectin50.

Factor H binding protein (Fhb) 

Fhb also named Streptococcal adhesin protein (SadP) is anchored in the cell wall 
and secreted53. Fhb can bind proteins from the host complement system as well as 
glycans53–55. Fhb can bind to Gb3 on human erythrocytes and a specific allele of Fhb 
(SadPn) can also bind to Gb456. Fhb contributes to S. suis adhesion to and translocation 
across a Caco-2 monolayer by binding to Gb357. Fhb can bind human factor H, which 
increases S. suis adherence to airway epithelial A549 cells29. A Fhb KO showed decreased 
binding to vascular endothelial EA.hy926 cells56. Fhb contributes to S. suis survival in 
whole blood53 and intracellular survival in PMN53,55. Fhb can bind factor H52,53,55 and C3 
simultaneously53 and a Fhb KO showed decreased factor H binding and increased C3b/
iC3b deposition53,55. Secreted Fhb lowers C3b/C3b deposition on a Fhb KO mutant and 
restores PMN intracellular survival of S. suis53. However, a Fhb KO in a different strain still 
bound factor H and degraded C3b, whilst THP-1 phagocytosis of the KO mutant was 
unaffected29. Translocation across and adhesion to hCMEC/D3 cells is decreased in a Fhb 
KO mutant58 and factor H binding by Fhb increases adherence to BMEC cells29. Fhb was 
shown to bind fibrinogen48.

Enolase 

Enolase is a multifunctional protein with glycolytic functions and plasminogen binding 
abilities, and is found in many organisms59. In S. suis, enolase was found within the 
cytoplasm and on the cell surface of S. suis, although lacking a LPXTG-motif60. Blocking 
enolase functioning with recombinant protein or polyclonal antibodies was shown to 
decrease adherence to HEp2 cells61–63. Enolase was shown to bind fibronectin61, laminin61 
and factor H52. 40S ribosomal protein SA (RPSA), a protein involved in BBB integrity, was 
shown to increase at the cell surface of hCMEC/D3 cells when treated with enolase64. In 
transfected HEK-293 T cells it was demonstrated that enolase can interact with RPSA64,65. 
Enolase can induce apoptosis in HEK-293 T cells65 and in hCMEC/D3 cells by interacting 
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with RSPA64,65. The apoptosis induced by enolase is inhibited by caveolae, a type of lipid 
raft64.

Identification of putative zoonotic virulence factors

Out of 3307 S. suis BioSample records in the NCBI database, 315 human, 896 pig diseased 
and 492 pig healthy S. suis genome assemblies were included (appendix S1 p7, appendix 
S3), including human isolates from Vietnam (45%), China (31%), the Netherlands (9%), 
Thailand (5%) and Togo (5%). For 1012 (31%) BioSample records, the information on host 
was unavailable (appendix S1 p7).

Out of 111 unique protein sequences, including multiple alleles for four proteins, 53 
proteins were encoded by genes which are part of the S. suis core genome (appendix S1 
p8). The remaining 58 proteins were encoded by genes which are part of the accessory 
genome. The presence of these 58 accessory proteins together with isolate metadata was 
plotted against a clustered core genome alignment11–14 (Figure 3a) and the human-pig 
prevalence ratio was calculated (Figure 3b, appendix 1 p9). Six proteins (Atl1, Atl2, AtlAss, 
CPS9E, KAR and PK) had a prevalence ratio below 1. For 26 proteins, including MRP, Sly 
and CPS2B/E/F/G/J/L which form a single operon15, the prevalence ratio was above 2 and 
three of these proteins, Fhb_1, NisK and NisR were at least ten times more prevalent in 
human isolates than in pig isolates.

Ninety percent of human S. suis isolates had the same genetic background (CC1) while 
the pig isolates were genetically more diverse (Figure 3a). To adjust for potential lineage 
effects, we repeated our analysis for the 52 proteins with prevalence ratio above 1 in the 
first analysis, but restricted to CC1 isolates. Of these 52 proteins, 35 were encoded by genes 
which are part of the CC1 core genome, including Sly and CPS2B/L. Four proteins (nisin 
dependent two-component signal transduction system [NisK/R], putative hemolysin-III-
related protein [Hhly3] and Fhb_1) had a prevalence ratio of at least 2 (appendix S1 p10-
11). NisK/R and Hhly3 were initially discovered on the 89 K pathogenicity island found in 
Chinese human S. suis outbreak isolates belonging to ST766,67. Outside ST7 but within CC1, 
both PZVFs were also present in 110 Vietnamese human isolates from ST 1 (105), ST144 
(3), ST869 (1) and ST951 (1), and in 4 Chinese human isolates from ST1 (2), ST665 (1) and 
ST658 (1).
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Geographical clustering of S. suis lineages may explain the presence of NisK/R and Hhly3 
in zoonotic isolates from certain countries. Therefore, we determined the prevalence 
ratio of these proteins per country of origin. The prevalence ratio within Chinese isolates 
was 6·4 for NisK/R and 5·5 for Hhly3. In addition, inclusion of multiple strains belonging 
to a single outbreak may cause confounding. When isolates from the Chinese outbreak in 
200568, which all except one harbored NisK/R and Hhly3, were excluded, the prevalence 
ratio within Chinese isolates was 3·7 for NisK/R and 3·1 for Hhly3. In Vietnamese isolates 
the prevalence ratio for NisK/R was 1·5 and for Hhly3 1·4. NisK/R and Hhly3 were not 
detected in human isolates from other countries than China and Vietnam.

Discussion

We identified 124 S. suis putative virulence factors studied in a human model in our 
systematic review. In our subsequent genomic meta-analysis, we identified 26 putative 
virulence factors with prevalence at least two times higher in human isolates than in pig 
isolates, which were therefore considered as PZVFs.

The five virulence factors most studied in in vitro models of human origin were CPS, 
Sly, MRP, Fhb and enolase. The contribution of these five virulence factors to S. suis 
virulence has also been studied in vivo in pig and mouse infection models. In a review 
of studies of Sly, MRP and Fhb, these putative virulence factors were found not to be 
critical for virulence in all models4. CPS was shown to contribute to S. suis virulence in 
vivo in pig and mice15,21,69,70,71. Both Sly and MRP contributed to virulence in mice50,51,28,72,73, 
but a Sly or MRP KO did not show decreased virulence in pigs38,43,74. Fhb was shown to 
contribute to virulence in pigs55 and to be essential to cross the BBB via Gb3 in mice58. 
Enolase was only tested in mice and increased the BBB permeability75. Pig and mouse in 
vivo infection models appear to yield different outcomes for certain virulence factors. A 
similar observation was made for the difference in virulence of different S. suis serotype 
2 strains, observed after experimental infections in pig and mouse2. These data indicate 
that, although we can learn much from these in vivo models, the translation of mice or pig 
infection studies to the human S. suis pathogenesis can be challenging.

In our genomic meta-analysis, proteins involved in the serotype 2 capsular polysaccharide 
biosynthesis were more prevalent in zoonotic isolates, confirming epidemiological 
observations1. Sly, MRP, and Fhb were identified as PZVF, while enolase was found to 
be part of the S. suis core genome and therefore not identified as PZVF. Only Fhb_1 
remained more prevalent in human than in pig isolates within the CC1 lineage. In a 
previous genomic analysis, a comparison between human and pig isolates from Vietnam 
and pig isolates from the UK did not find a substantial enrichment of specific accessory 
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genes in human isolates76. The prevalence of virulence factors was higher in clinical pig 
isolates than in non-clinical isolates from the UK76. Putative virulence factors were more 
abundant in Dutch zoonotic isolates than in non-zoonotic isolates3. Zoonotic and non-
zoonotic strains could only be separated based on their accessory genome and not 
based on their core genome3. Moreover, zoonotic isolates with dissimilar core genomes 
showed similarity in their accessory genome3, implying that PZVFs are most likely part of 
the accessory genome. Here, 53 of the putative virulence factors were encoded by genes 
which are part of the S. suis core genome. Given their function (appendix S2), many of 
these putative virulence factors are likely to be involved in S. suis metabolism although 
a role in pathogenesis cannot be ruled out. As was noted before and was also observed 
in this study, many S. suis putative virulence factors have not yet been thoroughly 
characterized4. Most virulence factors were studied in a single isolate instead of multiple 
isolates, introducing potential bias77. An additional concern is that isogenic KO mutants 
used to study the virulence factors were not always properly characterized. In 37% of the 
studies that used an isogenic KO mutant, the impact of the mutation on growth rate was 
not verified and therefore a direct effect of the KO on the experimental outcome due to 
changes in growth rate, instead of or in addition to a potential functional effect, cannot 
be ruled out.

Independent parallel genomic acquisition events can introduce different PZVFs that 
could drive the emergence of a zoonotic S. suis lineage, as observed in the Dutch 
zoonotic CC20 lineage3. Such acquisition event could explain why NisK/R or Hhly3 are not 
present in all human S. suis isolates. These findings suggest that these specific PZVFs are 
not essential for zoonotic potential per se, as the acquisition of other genes could confer 
zoonotic potential as well. However, within the zoonotic CC1 lineage or after stratification 
by country of origin, NisK/R and Hhly3, as well as Fhb_1 are still more prevalent in human 
isolates than in pig isolates suggesting that these PZVFs contribute to zoonotic potential.

Hhly3 is a cholesterol-independent hemolysin first discovered in the foodborne pathogen 
Bacillus cereus78 and later also identified in the foodborne pathogen Vibrio vulnificus79. 
Hhly3 monomers bind in a temperature-dependent fashion to host cell membranes 
and form 3–3·5 mm pores after multimerization80. The cholesterol independency of 
Hhly3 could give S. suis the ability to induce pores in membranes with low cholesterol 
or unavailable cholesterol, such as endosomes81. The contribution of Hhly3 to S. suis 
virulence has not been studied in in vivo pig or mouse infection models yet.

Nisin is al antibiotic produced by several Lactococcus and Streptococcus species with 
antimicrobial properties against Gram-positive and Gram-negative bacteria82. Operons 
conferring nisin resistance in strains that cannot produce nisin themselves have mainly 
been found in human pathogenic strains, including Streptococcus mutants and 
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Streptococcus agalactiae82. In S. suis, three independent acquisitions of nisin resistance 
genes have been reported. A complete nisin production and resistance locus including 
NisK/R was found on two different pathogenicity islands in two unrelated strains83,84. 
NisK/R was also present on the 89 K pathogenicity island in a CC1/ST7 strain from China66. 
Here we also detected NisK/R in CC1/ST1 strains from Vietnam. Besides conferring nisin 
resistance, NisK/R could potentially contribute to zoonotic potential by regulating gene 
expression85. NisK/R was demonstrated to contribute to S. suis virulence in mice66. A NisK/R 
KO mutant was shown to have decreased hemolytic activity and decreased adhesion to 
and invasion of HeLa cells66.

Our study has several limitations. To determine the presence of the putative virulence 
factors in S. suis genomes, we mapped the proteins to the assembled genomes using 
a minimal identity of 95%. Although this cutoff can distinguish between virulent and 
avirulent MRP50, it cannot distinguish small differences at the amino acid level. However, 
a single amino acid change can affect the function of a putative virulence factor, as 
for example recently shown for SadP86. Additionally, we included two articles in the 
systematic review that studied sRNAs87,88, but our protein mapping approach did not 
permit meta-analysis of regulatory RNA molecules or regulatory non-coding DNA 
sequences that could contribute to virulence. Moreover, we determined the presence of 
single virulence factors and did not study a potential combined effect of virulence factors. 
For the proteins encoded by genes of the accessory genome we attempted to compare 
their prevalence in human and pig isolates per study, which would allow for a combined 
statistical analysis comparable to an individual patient data meta-analysis. However, 
only a single study systematically sampled both pig and human isolates3, precluding 
such meta-analysis. Whilst we included all S. suis genomes with accompanying metadata 
present in NCBI BioSample, for 31% of BioSample records metadata were lacking, likely 
introducing further bias. We tried to overcome this limitation partly by performing our 
analysis within genomic lineage CC1 and for individual countries.

Genomic determinants associated with particular bacterial traits are increasingly 
identified using genome-wide association studies. Such studies require confirmation 
of biological relevance of genes with significant association. Here, we used a different 
approach by starting with a systematic approach toward identification of functional 
proteins and subsequent estimation of their relative frequency in genomes of strains 
representing different S. suis populations. The collected metadata with corresponding 
assembled genomes and the list of PZVF are valuable tools for further research into 
zoonotic potential of S. suis, the pathogenesis of zoonotic S. suis infections, and for early 
detection of emerging zoonotic lineages.
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In this thesis I identified ESBL-positive Escherichia coli types capable of persistent 
colonisation of the human gut, contributing to global spread after travel (Chapter 4). 
In addition, in Chapter 5 I identified E. coli genetic factors associated with the capacity 
to efficiently colonise humans. The other chapters presented in this thesis offer critical 
evaluation of the conditions for optimal datasets and methodologies needed to complete 
this type of research.

Extraintestinal pathogenic Escherichia coli 

Extraintestinal pathogenic E. coli (ExPEC) are defined as E. coli types capable of causing 
extraintestinal disease1. Major ExPEC lineages, as defined by sequence type (ST), are 
ST131, ST73 and ST69. In Chapter 4, I presented the finding that specific ExPEC lineages 
are strongly associated with an increased carriage duration in international travellers. In 
addition, the E. coli lineages associated with human host colonisation are also considered 
to be ExPEC (Chapter 5). However, defining when exactly a lineage can be considered 
capable of causing extraintestinal disease is challenging and varying definitions are 
used. Some authors consider any lineage of which E. coli strains have been shown to 
cause extraintestinal disease to be ExPEC2 while others employ a stricter definition and 
only consider lineages that are often found to cause extraintestinal disease to be ExPEC3. 
Classical ExPEC lineages such as ST131, ST69 and ST73 seem to be well-adapted to colonise 
the human intestine. In Dutch and Danish surveillance studies, most ExPEC lineages were 
similarly distributed among extraintestinal infection isolates and asymptomatic faecal 
carriage isolates4,5. In the Dutch study, only ST131 was more prevalent in bloodstream 
isolates compared to asymptomatic faecal carriage isolates4. Additionally, nearly all 
travellers included in the study presented in Chapter 4 did not report any intestinal or 
extraintestinal symptoms, in line with other reports of studies about intestinal ExPEC 
colonisation6. Even before the emergence of the most prevalent ExPEC lineage (ST131)2,7, 
it was noted that the capability of ExPEC to cause extraintestinal disease might be an 
“evolutionary by-product” as a result of increased fitness in the human intestine8. The 
ability to cause extraintestinal disease does not increase the transmissibility of E. coli in 
itself, as extraintestinal sites represent a “dead end” for E. coli transmission8. This raises the 
question whether the term “ExPEC” correctly reflects the ecology of these E. coli. Multiple 
ExPEC lineages certainly have the virulence genes necessary for extraintestinal infection9, 
but the capability of these lineages to colonise the human intestine might play a larger 
role than previously appreciated. Possibly, the ability of ExPEC to cause extraintestinal 
disease depends on two factors. First, an increased fitness in the human intestine 
leads to a higher chance of ExPEC reaching a host environment which is susceptible to 
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extraintestinal infection. Secondly, ExPEC lineages possess the necessary virulence factors 
to invade, survive and cause disease once a susceptible host environment is reached. The 
term ExPEC might mislead readers which are not well acquainted with E. coli biology. The 
term emphasises the virulent properties of these E. coli while asymptomatic colonisation 
of the gut seems to be the primary niche for these E. coli lineages.

In Chapter 5, E. coli lineages and genes associated with human colonisation were identified. 
As anticipated, ST131 was the lineage most strongly associated with human colonisation. 
Additionally, 106 genes were associated with human colonisation. A commonly held view 
is that ExPEC fitness is largely driven by virulence factors10–12 (bacterial factors determining 
capacity to cause disease but not required for bacterial viability13). However, of these 106 
genes associated with human colonisation, only four – iucB, iucC, sat and papA – encode 
known virulence factors. For papA (part of the P fimbriae operon, involved in adherence14) 
and iucB and iucC (part of the aerobactin operon, involved in iron acquisition15), one could 
argue that these genes do not strictly encode virulence properties, but may also offer an 
evolutionary advantage for asymptomatic colonisation of the human gut. Most human-
associated genes were predicted to encode metabolic enzymes. Notably, a previously 
unknown cluster of nine genes involved in sialic acid catabolism was found to be strongly 
associated with human colonisation. These findings further stress that ExPEC have not 
necessarily evolved towards extraintestinal virulence, but rather towards efficient 
intestinal colonisation. Future endeavours investigating E. coli host adaptation should 
ensure that metabolic adaptation markers receive adequate attention (also see Future 
perspectives at the end of this chapter).

Although animal hosts are seemingly not the most important reservoirs of E. coli causing 
human infection16,17, some E. coli lineages found among animal hosts might facilitate 
transmission of antimicrobial (AMR) genes between host populations. In Chapter 5, 
isolates belonging to clonal complex 10 (CC10), comprising ST10 and related STs, were 
isolated from four host species. The mcr-1 gene, which might have originated in an animal 
population18, is associated with CC10 isolates19. This was also observed in the isolate 
collection studied in Chapter 5 (data not shown). Lineages with similar properties (e.g. 
CC155) have been previously identified20. Although lineages such as CC10 or CC155 might 
not be the most common cause of E. coli disease in humans, these lineages are important 
to monitor closely. Possibly, these lineages might transmit AMR genes between host 
populations and therefore make an ideal study case for the application of the One Health 
framework.
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Challenges of bacterial typing

A crucial step in many bacterial genomics analyses is to define discrete “types”, which 
can be compared in studies to infer the genetic relationship between bacteria21. Whether 
it is to trace outbreak progression, to relate phenotypes to genotypes or to infer 
epidemiological parameters, bacterial samples often need to be discretely grouped. 
These discrete groups are typically assumed to reflect a shared descent between bacteria. 
Due to the increased accessibility of whole-genome sequencing (WGS), resolution of 
typing analyses has greatly increased. However, certain issues with typing have persisted 
or have been emphasised by WGS analyses.

To divide bacteria into discrete types, cut-off values of similarity have to be used. In this 
final chapter, I will discuss two genetic similarity cut-offs which have proven challenging 
to define: the threshold to determine recent E. coli transmission and the cut-off for 
bacterial species delineation.

To assess whether two bacterial isolates share a recent common ancestor, single 
nucleotide polymorphisms (SNPs) are typically analysed. Usually, a numerical threshold 
is defined and if two isolates differ in fewer SNPs than the threshold, there is reason 
to assume that the isolates share a very recent common ancestor. This would indicate 
possible strain persistence or recent transmission. The SNP threshold accounts for the 
number of polymorphisms that can be accumulated during a certain period, but also 
accounts for technical variability that can be expected in the analysis (e.g. due to genomic 
regions that are difficult to map reads to). In Chapter 4, I defined a cut-off of 25 SNPs to 
determine which E. coli strains were persistent over a period of twelve months. However, 
I noticed that ST38 isolates from reportedly unrelated travellers differed in fewer than 25 
SNPs, possibly suggesting recent transmission. Nonetheless, I could not find any relations 
between the nine travellers harbouring the highly similar isolates. Based on publicly 
available WGS data, I determined that these ST38 isolates belonged to two distinct clonal 
sublineages of ST38. Both sublineages were identified on three or more continents 
while remaining highly clonal, often differing in 25 SNPs or fewer within a sublineage. 
Decreasing the SNP cut-off might help in specific cases, but this would lead to true 
persistence events being missed. Therefore, these findings also highlight that bacterial 
SNP analyses require more than just comparing the number of SNPs. Relevant analysis 
parameters need to be considered, such as the expected diversity of the population 
under study, the sampling density and which background population to compare against, 
in addition to essential epidemiological metadata. Considering this auxiliary information 
also requires the development of computational frameworks which can incorporate 
this information22. Better reporting of underlying considerations and methods in SNP 
analyses would also contribute towards more standardised SNP analyses. As an extension 
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of standardised reporting guidelines for observational epidemiological studies (STROBE 
guidelines23), specific guidelines for molecular epidemiology in infectious diseases 
have been compiled (STROME-ID guidelines24). Reporting relevant considerations and 
methods using the STROBE and STROME-ID guidelines would facilitate comparing SNP 
analyses and possibly aid in establishing best practices for E. coli epidemiology. However, 
a systematic review found that for studies investigating the molecular epidemiology of 
Mycobacterium tuberculosis, adherence to these reporting guidelines was low25.

Prior to widespread application of WGS analyses, DNA-DNA hybridization (DDH) values 
have been used to delineate microbial species26. With the advent of cost-efficient WGS, 
many studies have employed WGS to assign novel species. From WGS data, the average 
nucleotide identity (ANI) can be calculated between two genomes. This value indicates 
how similar two sequences are at nucleotide level, for the regions that are shared between 
those two sequences. In an early study using 28 microbial strains, an ANI value of 95% 
was found to correlate well with the 70% DDH threshold originally used to delineate 
species27. In Chapter 3, I employed this 95% ANI cut-off to assign Escherichia ruysiae as a 
novel species. The Escherichia genus can be divided into mostly discrete clusters based 
on this cut-off (E. coli including cryptic clade I, E. whittamii28, E. fergusonii29, E. albertii30, 
E. ruysiae (Chapter 3), E. marmotae31, cryptic clade VI32 and possibly additional cryptic 
clades). After a large-scale analysis of >90,000 publicly available prokaryotic genomes, 
only 0.21% of comparisons of paired isolates showed an ANI value between 83% and 
95%, indicating most comparisons fall either above the 95% ANI threshold or well below 
it33. This might suggest that ANI values facilitate a nearly dichotomous assignment to 
species. However, many genera (including Streptococcus, Staphylococcus, Pseudomonas, 
Escherichia, Enterobacter, Campylobacter and others) show a long tail of ANI values 
between 83% and 95% ANI which hinders unambiguous assignment of strains to species, 
even though ANI values between 83% and 95% remain rare34. The criteria for definitive 
species delineation are still subject to much discussion, although ANI values might seem 
to offer a practical solution for most bacteria.

Both examples outlined above show that fitting discrete genetic types on complex 
genomic data is challenging and impossible to perform perfectly. It is important to realise 
genomic types are a proxy for the genomic identity of a strain, functioning as a human-
designed method to interpret similarity between complex and evolving genomes.
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Deciphering the genetics of bacterial phenotypes

One of the primary goals of bacterial WGS analysis is to identify the genotypic basis 
for certain bacterial phenotypes. For example, genes contributing to virulence35, 
antimicrobial resistance36 or carriage duration37 have been identified this way. However, 
several considerations are important for this kind of analysis to be successful, which I 
have outlined below. 

Isolate selection

How isolates are selected before WGS analysis has a dramatic impact on the validity and 
usefulness of subsequent analyses. In this section I will address two considerations on 
isolate selection: the number of isolates and the relationship between genotype and 
phenotype. Generally, including more isolates provides more statistical power and can 
better associate genotypes with a given phenotype38. As the presence or absence of 
each bacterial gene can be considered a bacterial genotype, oftentimes the number 
of genotypes far outnumbers the number of isolates in a GWAS39. Stringent cut-offs for 
statistical significance are therefore used (e.g. p-value<1×10-8). If few isolates can be 
included, it might be more appropriate to reduce the number of genotypes examined 
(similar to the approach in Chapter 4). Additionally, it might be feasible to include more 
isolates with a certain phenotype than another phenotype (class imbalance). The study 
presented in Chapter 4 encountered this as travellers with a very short carriage duration 
largely outnumbered those with a very long carriage duration. Class imbalance typically 
affects the sensitivity and specificity of the subsequent analysis40. Isolate selection for 
uneven group sizes might even be leveraged to increase either sensitivity or specificity 
of an analysis. 

The relation between genotype and phenotype also influences the statistical power 
needed. Antimicrobial resistance is sometimes mediated by only a single or few genes36, 
while more complex phenotypes such as host adaptation seem to be mediated by 
many genes (Chapter 5). Because host adaptation is a complex phenotype, the goal in 
Chapter 5 was to obtain a diverse set of E. coli from different host species to find genetic 
markers for host adaptation. To reach a sample size large enough for a genome-wide 
association study, we calculated that at least 200 isolates per host were needed. Thus, 
we included 1198 E. coli isolates from four host species and could associate genotypes 
to host adaptation for three out of four hosts. Additionally, if several different genotypes 
can lead to an identical phenotype, these different genotypes also need to be included 
appropriately. An example of this might be ciprofloxacin resistance in E. coli (Chapter 2), 
which may be caused by gyrA mutations, presence of qnr genes, or other genotypes, 
leading individually or combined to the same resistance phenotype. Not including 
enough samples from a particular lineage with its own genotype-phenotype relation 
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might lead to missing certain causative genotypes and a decreased sensitivity in new 
data.

Chapter 9 of this thesis investigated genetic factors contributing to virulence and zoonotic 
potential in Streptococcus suis. S. suis virulence is a complex phenotype to study and novel 
applications of GWAS methods might reveal additional insights on this topic. For example, 
most zoonotic S. suis display a serotype 2 capsule. Consequently, the contribution of 
serotype 2 capsule genes to S. suis zoonotic potential might overshadow other (epi-)
genetic factors contributing to zoonosis. This could be overcome by conditioning a 
GWAS for known genetic determinants, in order to identify minor additional genetic 
determinants. Recently, such a conditional GWAS method was used to identify minor 
genetic determinants of azithromycin resistance in Neisseria gonorrhoeae in the presence 
of known azithromycin resistance mutations41. The additional resistance mutations that 
were detected were experimentally shown to significantly contribute to azithromycin 
resistance in N. gonorrhoeae. A similar approach could be used to identify additional 
genetic determinants of zoonotic potential in the presence of serotype 2 capsule genes 
in S. suis. Other developments such as the application of elastic net to GWAS could also 
help to reduce false positive associations, which might be expected due to the strong 
association between serotype 2 and virulence42. 

Data organisation

Databases contain structured sets of data and can often be used to relate one data type 
to another. For WGS analysis, publicly available databases are crucial and have numerous 
uses. Databases store isolate genomes used for comparisons43, genotype-phenotype 
relationships used to predict phenotypes44 or schemes used to assign types45. Two 
chapters in this thesis have produced data which can be incorporated for reuse in public 
databases: Chapter 8 resolved complete genomes of ubiquitously used Streptococcus suis 
strains and Chapter 2 compiled genotype-phenotype relations for E. coli ciprofloxacin 
resistance through a systematic literature review.

Aside from containing as much accurate information as possible, adhering to the 
FAIR principles increases the usefulness of databases for WGS analyses46. The FAIR 
principles state that data should be Findable, Accessible, Interoperable and Reusable. 
A great example of a database adhering to FAIR principles is PubMLST45. The database 
has a dedicated website and metadata is available in a searchable resource (Findable), 
provides an application programming interface (API) for programmatic access47 as well 
as a graphical user interface for straightforward access (Accessible), is able to export and 
read data in a variety of widely-adopted file formats (Interoperable) and the database 
contains rich metadata that meets the community standard (Reusable). Adopting the 
FAIR principles allows for much more efficient use of databases such as PubMLST.
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Another consideration on databases pertains to their maintenance. Database maintenance 
is important to add novel data or update obsolete information. Additionally, database 
infrastructure needs to be on par with the increasing data sizes in microbiology. This 
requires contributions by a wide variety of experts (subject matter experts, IT infrastructure 
engineers) and thus requires funding. Although acquiring continuous funding through 
grants is challenging, several funding agencies have or had dedicated funding calls for 
databases and software (e.g. Biomedical Resource Grant by the Wellcome Trust or the 
Open Science programme by the Chan-Zuckerberg Initiative). Additionally, researchers 
explore novel funding models for sustainable database maintenance48.

Experimental follow-up

Finally, experimental studies remain an important companion to WGS analysis. Many 
databases mentioned previously contain aggregated data generated in experimental 
studies. Additionally, experimental validation forms an important confirmatory activity 
in studies investigating the genetic basis of phenotypes. A recently revised version of the 
molecular Koch’s postulates, termed the next-generation Koch’s postulates, could be a 
leading guideline for this effort49. In Chapter 5, colleagues and I validated the molecular 
function of a nan gene cluster, involved in sialic acid catabolism. The pace at which 
sample sizes of WGS studies are increasing seem larger than what classic microbiological 
techniques can support, possibly leading to an “analytical disconnect”49. As computational 
methods move into more complex genotype-phenotype relationships50, experimental 
studies should consider the interplay between multiple mutations or the interplay 
between mutation and strain background. Although this often forms a challenging part 
of any study seeking the genetic basis of phenotypes, this remains the best way to prove 
a genotype underlies a certain phenotype.

Future perspectives

Although WGS has provided important insights on E. coli biology, pertinent questions 
remain. Many of these outstanding questions relate to the role of genetics and 
environment of E. coli in its dissemination and potential therapies against E. coli carriage 
or infection. 

E. coli genetics

In Chapter 5, colleagues and I identified a cluster of nine genes associated with human 
colonisation of E. coli. Cleaved sialid acid is scavenged from the intestinal environment 
by E. coli and can be used as a carbon source. We have shown that all nine genes 
together contribute to more efficient growth when sialic acid is available as an energy 
source. Two out of nine genes encode putative sialylesterases, which might allow E. coli 
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to deacetylate sialic acids more efficiently. For Streptococcus pneumoniae, it has been 
shown that deacetylation of sialic acids contributes to bacterial fitness in in vitro growth 
and in vivo infection models51. Future studies might investigate this E. coli locus further, 
detailing its transcriptional regulation, differences with the core sialic acid catabolism 
genes of E. coli and its potential role in catabolising differentially acetylated sialic acids. 
In a broader sense, it would be interesting to investigate other metabolic genes which 
were associated with human colonisation in Chapter 5. Typically, virulence factors such as 
adhesins, fimbriae or outer membrane proteins are regarded as important determinants 
of host specificity. Bacterial metabolism might play a key role in host adaptation as well52 
and could be an exciting avenue for future research.

Additionally, the HECTOR project now focused on human host adaptation in a broad 
sense, although it can be argued that for E. coli, the human host consists of several 
interconnected environments (e.g. gastrointestinal tract, bloodstream, urinary tract). 
With current WGS analyses it is possible to dissect the genetic determinants allowing E. 
coli to colonise or exert virulence in a particular environment. A recent study attempted to 
associate the genotype of septic E. coli strains with clinical outcomes and portal of entry 
(either urinary or gastrointestinal tract). The authors could associate genes encoding 
P fimbriae with a urinary portal of entry, but could not associate genotypes with any 
clinical outcome53. Efforts like these provide a more accurate subdivision of pathogenic E. 
coli types and as such might improve risk assessment of E. coli clones.

Interaction of E. coli with host and microbiome

Although the genetics of an E. coli strain influence the chance of its successful colonisation 
or infection, this also strongly depends on the environment itself. The most obvious 
environmental influence is the interaction of E. coli with its host. It has been long known 
that host genotypes54 and bacterial genotypes together influence the risk and outcomes 
of bacterial disease. Recent studies have performed combined analyses of host and 
bacterial genotypes55,56. Combining these data allows investigating interaction effects, 
which describe whether a phenotype is associated to a specific combination of host and 
bacterial genotypes. A microbiome study suggested genetic variation in the human 
NOD2 gene might be associated with E. coli colonisation57. However, specific GWASs 
combining human and E. coli genotypes are currently lacking. 

A field receiving much attention in recent years is microbiome research. Phenomena such 
as colonisation resistance due to nutrient competition have been shown to influence 
the colonisation of intestinal pathogenic E. coli types such as E. coli O157:H758,59. As it has 
become clear that ExPEC clones are efficient intestinal colonisers (Chapter 4), it would be 
interesting to investigate whether competition for certain nutrients – perhaps sialic acids 
– influences ExPEC colonisation. Additionally, E. coli displays a stable population structure 
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of broadly defined lineages60,61, although within these broader lineages replacement is 
common. This phenomenon might be driven by negative frequency-dependent selection, 
ensuring a stable population structure62. Large sequencing efforts, densely sampling E. 
coli populations will help to inform researchers about population dynamics63. It should 
be noted that clinical and human-derived E. coli isolates are still often overrepresented, 
resulting in an unequal coverage of the full diversity of E. coli.

Future therapeutic or preventive interventions

Bacterial WGS analysis also informs prudent use of therapeutic or preventive 
interventions. First, while designing interventions it is important to know which part of 
the bacterial population needs to be targeted. Resolving bacterial population structure 
can inform which bacterial types require most urgent attention. Secondly, to ensure 
the interventions remain effective against pathogenic bacterial types, continuous 
surveillance is warranted. Finally, WGS analysis can suggest novel molecular targets for 
designing interventions.

E. coli vaccines are one of the preventive options that could help curb the spread of 
resistant E. coli. The main component that is studied for E. coli is the O antigen, encoding 
part of lipopolysaccharide (LPS)64. This antigen is immunogenic, although it displays 
considerable diversity in the E. coli population and over 180 variants are known64. Several 
E. coli vaccines with O antigen components are tested in clinical trials, including a four-
valent (ExPEC4v, phase 265), a nine-valent (ExPEC9V, phase 366) and a ten-valent version 
(ExPEC10V, phase 265). WGS analysis of French and English cohorts of E. coli bloodstream 
infections showed that the ExPEC4V vaccine matched the O antigen of 35-48% of cases, 
while the ExPEC10V vaccine matched the O antigen of 58-72% of all isolates60,67,68. Bacterial 
WGS analysis can optimise the selection of O antigens for these vaccines. Both the French 
and the English study advised to include the O allele 17 to cover an additional 5-6% of 
cases60,67,68. Other WGS analyses could inform on O antigens displayed by commensal 
E. coli in the human microbiome, to minimise the disruption of the commensal E. coli 
population. Additionally, continuous surveillance of O antigens displayed by pathogenic 
and commensal E. coli is necessary to assess serotype replacement. Serotypes covered 
by vaccines typically decrease in prevalence but may be replaced by other serotypes 
which are not covered by the vaccine. This phenomenon is well described for S. 
pneumoniae69 and necessitates continuous surveillance of vaccine coverage and possibly 
the introduction of vaccines with a more comprehensive coverage. Finally, WGS analysis 
can identify conserved bacterial antigens which might serve as vaccine components. 
A recent study assessed the conservation of possible vaccine antigens of S. pyogenes 
and listed a number of antigens that are conserved across the whole population of S. 
pyogenes70. Additionally, development of antimicrobials such as darobactin71 or other 
drugs that for example inhibit plasmid transmission72 provide avenues for combating the 
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increase in antimicrobial resistance. Also, for the introduction and continued use of these 
therapies, continued genomic surveillance is warranted. 

The combined promises of bacterial vaccines, novel antibiotics and targeted drugs 
provide possibilities to curb the increase in multi-drug resistant E. coli disease. Aside from 
scientific progress, there is clear role for genomic research and surveillance to inform 
novel or existing interventions.
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Escherichia coli is a Gram-negative opportunistic bacterial pathogen in humans and 
other animals. E. coli can develop resistance against many antimicrobials, including 
the commonly used third-generation cephalosporins. The genes that often confer this 
resistance to E. coli encode extended-spectrum beta-lactamase (ESBL) enzymes. To 
combat the increase of resistance in resistant E. coli, it is important to understand how E. 
coli and its antimicrobial resistance encoding genes spread between reservoirs. With the 
increased availability of whole-genome sequencing and genomic analysis, novel insights 
on E. coli biology can be gained. Using genomics, this thesis investigated the population 
structure of E. coli across host species and countries, and which genetic elements are 
associated with host adaptation and dissemination of ESBL-producing E. coli. Additionally, 
I investigated resources or methodologies necessary to support genomic analysis of 
antimicrobial resistant E. coli.

Chapters 2 and 3 introduce two key concepts used in later chapters: antimicrobial 
resistance and genomics of Escherichia spp. In Chapter 2, colleagues and I summarised 
mechanisms of ciprofloxacin resistance in E. coli through a systematic review of literature. 
Ciprofloxacin is commonly used for the oral treatment of urinary tract infection in primary 
care and in outpatients. However, ciprofloxacin resistance is now common in E. coli, 
which can be the result of four genetically encoded resistance mechanisms: alteration of 
molecular targets, decreased cellular accumulation of ciprofloxacin, physical blocking of 
molecular targets and enzymatic modification of ciprofloxacin. These four mechanisms 
can be the result of various genetic events, including single base substitutions, frameshift 
mutations or acquisitions of genes or gene cassettes. Although our results showed that 
it is possible for E. coli to become clinically resistant against ciprofloxacin without target 
alteration mutations in gyrA and parC, this was very rare. Large increases in resistance 
were not observed without gyrA or parC mutations.

Chapter 3 describes a novel species in the Escherichia genus: Escherichia ruysiae. The 
type strain of this species was isolated from a faecal sample of an international traveller. 
This novel species does not seem to be pathogenic in humans and is rarely identified in 
human samples during infection. The species comprises cryptic clades III and IV of the 
Escherichia genus. Together with other published or proposed Escherichia species E. coli, 
E. albertii, E. fergusonii, E. marmotae and E. whittamii, almost the entire diversity of the 
Escherichia genus is currently covered by named species. Taxonomic entities specific to 
the Escherichia genus such as the cryptic clades are not typically included in databases 
such as NCBI, as opposed to named species. Assigning an officially recognised name to 
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these Escherichia clades facilitates more accessible and comprehensive analyses of the 
Escherichia genus.

The main questions of this thesis are addressed in the subsequent Chapters 4 and 5. 
Chapter 4 describes a follow-up of the COMBAT study, which studied the acquisition of 
Enterobacterales harbouring ESBL genes (ESBL-E) in travellers. A total of 633 out of 2001 
Dutch international travellers acquired ESBL-E during travel abroad. Seventeen travellers 
who harboured these ESBL-E in their faeces for more than 12 months after travel (long-
term carriers), were further studied here. All long-term carriers harboured ESBL-positive 
E. coli. Thirty-three travellers who harboured ESBL-positive E. coli only for one month 
after travel (short-term carriers) were matched to these long-term carriers based on age, 
sex and travel destination. Comparing the E. coli isolated from long-term and short-term 
carriers, we found that long-term carriers were far more likely to be colonised by E. coli 
lineages considered to be extraintestinal pathogenic E. coli (ExPEC). While ExPEC are 
often isolated from infection sites outside of the intestine, these findings indicate ExPEC 
strains are also efficient colonisers of the human intestine.

In Chapter 5, we compiled a dataset of 1,198 whole-genome sequenced E. coli isolates 
from five host species (human, cattle, chicken, pig and wild boar). Through genome-
wide association, we identified E. coli genes and lineages that were associated with 
isolation from each of these host species. The genes associated with human colonisation 
or infection were mostly observed in ExPEC strains, the same E. coli lineages that also 
seemed adapted to human intestine in Chapter 4. Nine of these genes are involved in 
the metabolism of sialic acid and are termed the human-associated nan locus. Knocking 
out these genes in an ExPEC strain diminished the strains capacity to use sialic acids 
as an energy source, in in vitro growth experiments. Further experiments should be 
performed to ascertain the functions of two novel putative sialylesterases which are part 
of the human-associated nan locus. Possibly, these sialylesterases enable deacetylation 
of sialic acids, allowing ExPEC strains to metabolise more variants of sialic acid. We also 
identified associations of E. coli genes with isolation from other hosts. For example, we 
identified the previously described association of the salmochelin operon (encoded by 
the iroBCDEN genes) with chicken-associated E. coli types (avian pathogenic E. coli).

Chapters 6 through 9 address challenges in bacterial genomics. These include the 
benchmarking of phylogenetic methods, establishing good software engineering 
principles, generating high-quality genomes and defining virulence factors. The two 
latter chapters relate to Streptococcus suis, an emerging zoonotic swine pathogen capable 
of causing meningitis and sepsis in humans.
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In Chapter 6, we simulated datasets of bacterial genomes in silico. These genomes 
evolved according to a predefined phylogeny, termed the ground-truth phylogeny. 
Genomes underwent various mutations, including base substitutions, insertions, 
deletions, horizontal gene transfers, gene duplications and gene loss events. From the 
evolved genomes, phylogenies were reconstructed using seventeen different workflows 
and all resulting phylogenies were compared to the ground-truth phylogeny. We scored 
phylogenetic reconstruction workflows based on how similar their produced phylogenies 
were to the ground-truth phylogeny. We simulated eight datasets, each varying in rates of 
mutational events (e.g. more or fewer insertions/deletions, more or less horizontal gene 
transfer, etc.). We found that newly developed k-mer alignment methods performed on 
par with reference-based read mapping, currently considered the gold standard. We 
also observed that de novo assembly methods used in the workflows strongly influence 
accuracy of phylogenetic reconstruction, which was not addressed in previous studies. 
Our results could guide researchers in selecting phylogenetic reconstruction workflows 
which fit their datasets and needs. 

When writing or maintaining software, implementing software tests can greatly help 
to prevent errors and facilitate code development. In Chapter 7, we defined a set of 
seven recommendations for researchers in microbial bioinformatics looking to develop 
software tests. Good software engineering practices are sometimes lacking in the field 
of microbial bioinformatics as many researchers receive little or no formal training in 
software engineering. Through this community effort, we established recommendations 
for researchers planning to implement software tests. These recommendations are based 
on our experiences with developing software tests during a hackathon organised prior 
to the ASM Conference on Rapid Applied Microbial Next-Generation Sequencing and 
Bioinformatic Pipelines (ASM NGS) in 2020. 

Chapters 3, 4, 5 and 6 of this thesis used genomes stored in public databases, in addition 
to original data generated in the research. Most public genomes are draft genomes, 
which are easier and cheaper to generate than completely resolved genomes. However, 
genomic regions that are difficult to assemble are not contiguous in draft genomes, 
meaning contig breaks are present. These unresolved regions might be found in plasmids, 
phages or other genetic elements and can encode important biological functions. 
Therefore, it is crucial to generate complete genomes. In Chapter 8, we used Illumina 
short read sequencing and Oxford Nanopore Technologies long read sequencing on five 
S. suis strains which represent the recent Dutch S. suis population and are widely used in 
experiments. Using short and long reads, we could fully resolve all five genomes and we 
have made these available through public databases for reuse by anyone. Making these 
genomes available can support future research endeavours which require complete and 
accurate information on the genomic makeup of these strains. 
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A commonly used concept in bacteriology is the concept of virulence factors. These 
factors comprise components of a bacterium increasing its capacity to cause disease but 
are considered not essential for its viability. For S. suis, many studies have been published 
describing novel putative virulence factors. These virulence factors are often considered 
to be important for zoonotic potential as well. Through a systematic review presented 
in Chapter 9, S. suis virulence factors were identified in the literature. A genomic survey 
of the presence of these putative virulence factors in pig and human-originating S. suis 
genomes showed that 53 virulence factors are encoded by the S. suis core genome. This 
finding indicates that these genes should not be considered typical virulence factors, 
as these genes seem to be generally required for the viability of S. suis. Another 26 
virulence factors were identified more often in human than in pig-originating S. suis, 
suggesting some contribution to zoonotic potential. Three genes (nisK, nisR and hhly3) 
were particularly strongly enriched in human-originating S. suis, even after correction for 
S. suis lineage and country of isolation. These results together show that many published 
virulence factors might not match the definition of a virulence factor. Additionally, certain 
virulence factors seem to contribute to zoonotic potential.

Chapter 10 connects the themes of previous chapters and provides directions for future 
research. Outstanding questions on ExPEC biology and transmission are emphasised. 
Challenges in bacterial genomic typing and genotype-phenotype analyses are also 
considered. Finally, this chapter presents future research directions, such as the interplay 
between E. coli and its host and microbiome, potential therapeutic interventions and the 
importance of bacterial genomics for these endeavours.
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Escherichia coli is een Gram-negatieve opportunistische bacteriële ziekteverwekker bij 
mensen en andere dieren. E. coli kan resistentie ontwikkelen tegen veel antibiotica, 
waaronder de veelgebruikte derde-generatie cefalosporines. De genen die deze 
resistentie van E. coli vaak veroorzaken, coderen voor zogenaamde extended-spectrum 
bèta-lactamase-enzymen (ESBL). Het is belangrijk om te begrijpen hoe E. coli zich 
verspreidt tussen reservoirs en hoe antimicrobiële resistentie zich verspreidt via E. coli. 
Met de toegenomen beschikbaarheid van genoomsequencing en genomische analyses 
kunnen nieuwe inzichten in de biologie van E. coli worden verkregen. Met behulp van 
genomics heb ik in dit proefschrift de populatiestructuur van E. coli in verschillende 
gastheren en landen onderzocht, en welke genetische elementen ESBL-positieve E. 
coli in staat stellen om zich aan te passen en te verspreiden. Daarnaast heb ik datasets 
en methoden onderzocht die nodig zijn om genomische analyse van antimicrobieel-
resistente E. coli te ondersteunen.

Hoofdstukken 2 en 3 introduceren twee sleutelconcepten die in latere hoofdstukken 
werden gebruikt: antimicrobiële resistentie en genomics van Escherichia spp. In Hoofdstuk 
2 wordt een systematische literatuurstudie beschreven van de mechanismen waardoor 
E. coli resistent kan worden tegen ciprofloxacine. Ciprofloxacine kan dienen als een orale 
behandelingsoptie voor patiënten met urineweginfectie in de eerste en tweede lijn. 
Resistentie tegen ciprofloxacine komt echter inmiddels vaak voor bij E. coli, wat het gevolg 
kan zijn van vier resistentiemechanismen: verandering van het moleculaire doelwit van 
ciprofloxacine, verminderde cellulaire accumulatie van ciprofloxacine, fysieke blokkering 
van moleculaire doelwit en enzymatische modificatie van ciprofloxacine. Deze vier 
mechanismen kunnen teweeggebracht worden door verschillende veranderingen in het 
bacteriële genoom, waaronder substituties, frameshift-mutaties of acquisitie van genen 
of gencassettes. Hoewel onze resultaten aantonen dat E. coli mogelijk resistent wordt 
tegen ciprofloxacine zonder mutaties in gyrA en parC (verandering van het moleculaire 
doelwit), is dit zeer zeldzaam. Grote toenames in resistentie werden niet waargenomen 
zonder gyrA- of parC-mutaties.

Hoofdstuk 3 beschrijft een nieuwe soort in het geslacht Escherichia: Escherichia ruysiae. 
De typestam van deze soort werd geïsoleerd uit de ontlasting van een internationale 
reiziger. Deze nieuwe soort lijkt niet pathogeen bij mensen want het wordt zelden 
geïdentificeerd in diagnostische monsters. De soort omvat cryptic clades III en IV van 
het geslacht Escherichia. Samen met andere geaccepteerde of voorgestelde Escherichia-
soorten E. coli, E. albertii, E. fergusonii, E. marmotae en E. whittamii, wordt vrijwel de gehele 
diversiteit van het geslacht Escherichia in benoemde soorten omvat. Taxonomische 
entiteiten die specifiek zijn voor het geslacht Escherichia, zoals de cryptic clades, worden 
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doorgaans niet opgenomen in databases zoals NCBI, in tegenstelling tot benoemde 
soorten. Het vaststellen van wetenschappelijk erkende soorten zorgt dus voor volledigere, 
toegankelijkere en eenvoudigere analyses van Escherichia spp.

De belangrijkste vragen van dit proefschrift worden behandeld in de hoofdstukken 4 
en 5. In Hoofdstuk 4 wordt een vervolg van de COMBAT-studie, die de acquisitie van 
Enterobacterales met ESBL-genen (ESBL-E) in reizigers onderzocht. In totaal acquireerden 
633 van de 2001 Nederlandse internationale reizigers ESBL-E tijdens de reis. Alle zeventien 
reizigers die deze ESBL-E meer dan 12 maanden na hun reis bij zich droegen (langdurende 
dragers) zijn hier verder bestudeerd. Alle langdurende dragers droegen ESBL-positieve 
E. coli. Drieëndertig reizigers die maximaal één maand na de reis ESBL-positieve E. coli 
hadden (kortdurende dragers) werden gematcht met langdurende dragers op basis van 
leeftijd, geslacht en reisbestemming. Bij het vergelijken van de E. coli geïsoleerd uit de 
ontlasting van langdurende en kortdurende dragers, zagen we dat langdurende dragers 
veel meer kans hadden om gekoloniseerd te zijn door E. coli types die onder de noemer 
extra-intestinale pathogene E. coli (ExPEC) geschaard worden. Naast dat ExPEC vaak 
geïsoleerd worden uit infecties van anatomische locaties buiten de darm, laten deze 
bevindingen zien dat ExPEC ook efficiënt de menselijke darm kunnen koloniseren.

In Hoofdstuk 5 hebben we een dataset van genoomsequenties samengesteld afkomstig 
van 1.198 E. coli isolaten die geïsoleerd zijn uit vijf gastheersoorten (mens, rund, 
kip, varken en wild zwijn). Door middel van genome-wide association studies (GWAS) 
identificeerden we E. coli-genen en -types die geassocieerd zijn met isolatie uit elk van 
deze gastheersoorten. De genen die geassocieerd zijn met kolonisatie van de humane 
gastheer werden meestal waargenomen in ExPEC-stammen, dezelfde E. coli die ook 
aangepast leken om de menselijke darm efficiënt te koloniseren beschreven in Hoofdstuk 
4. Negen van deze genen dragen bij aan het metabolisme van siaalzuur en dit cluster van 
genen wordt het humane gastheer-geassocieerde nan locus genoemd. Het verwijderen 
van deze genen uit het genoom van een ExPEC-stam verminderde het vermogen van 
deze stam om siaalzuren als energiebron te gebruiken in in vitro groei-experimenten. 
Verdere experimenten moeten worden uitgevoerd om de functies van twee nieuwe 
vermeende sialylesterasen (waarvan de genen deel uitmaken van het nieuwe humane 
gastheer-geassocieerde nan locus) vast te stellen. Mogelijk maken deze sialylesterasen 
de deacetylatie van siaalzuren mogelijk, waardoor ExPEC meer siaalzuurvarianten kan 
metaboliseren. We identificeerden ook associaties van E. coli-genen met isolatie uit 
andere gastheersoorten, zoals de eerder beschreven associatie van het salmochelin-
operon (gecodeerd door de iroBCDEN-genen) met pluimvee-geassocieerde E. coli-typen 
(aviair pathogene E. coli).
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Hoofdstukken 6 tot en met 9 gaan in op uitdagingen in bacteriële genomics. Deze 
hoodstukken omvatten benchmarking van fylogenetische analysemethoden, het 
vaststellen van goede software-engineeringprincipes, het genereren van hoogwaardige 
genoomsequenties en het definiëren van virulentiefactoren. In hoofdstukken 8 en 9 
staat Streptococcus suis centraal, een opkomende zoönotische varkenspathogeen die 
meningitis en sepsis bij mensen kan veroorzaken.

In Hoofdstuk 6 hebben we datasets van bacteriële genomen in silico gesimuleerd. 
Deze genomen evolueerden volgens een vooraf gedefinieerde fylogenie, de 
grondwaarheidsfylogenie genoemd. Genomen ondergingen verschillende mutaties, 
waaronder substituties, inserties, deleties, horizontale gen-overdracht, genduplicaties 
en genverlies. Van de geëvolueerde genomen werden fylogenieën gereconstrueerd 
met behulp van zeventien verschillende workflows en alle resulterende fylogenieën 
werden vergeleken met de grondwaarheidsfylogenie. We beoordeelden fylogenetische 
reconstructieworkflows op basis van vergelijkbaarheid van geproduceerde fylogenieën 
met de grondwaarheidsfylogenie. We simuleerden acht datasets, elk variërend in 
verhoudingen tussen mutatiegebeurtenissen (bijv. meer of minder inserties/deleties, meer 
of minder horizontale gen-overdracht, enz.). We ontdekten dat nieuw ontwikkelde k-mer-
methodes om DNA sequenties te vergelijken ongeveer even goed presteerden als de 
huidige gouden standaard (read-mapping methodes die een referentiegenoom gebruiken). 
We hebben ook waargenomen dat de novo assemblagemethoden de nauwkeurigheid 
van fylogenetische reconstructie sterk kunnen beïnvloeden, wat in eerdere studies niet 
onderzocht werd. Onze resultaten kunnen onderzoekers helpen bij het selecteren van 
workflows voor fylogenetische reconstructie die passen bij hun datasets en behoeften.

Bij het schrijven of onderhouden van software kunnen softwaretests helpen om fouten 
te voorkomen of softwareontwikkeling te vergemakkelijken. In Hoofdstuk 7 hebben 
we een reeks van zeven aanbevelingen geformuleerd voor onderzoekers in microbiële 
bio-informatica die softwaretests willen implementeren. In het veld van microbiële bio-
informatica ontbreken soms best practices op het gebied van software-engineering, 
aangezien veel onderzoekers weinig of geen formele training in software-engineering 
hebben gekregen. De aanbevelingen zijn gebaseerd op de ervaringen van een diverse 
en internationale groep microbiële bio-informatici die deelnamen aan een hackathon 
voorafgaand aan de ASM Conference on Rapid Applied Microbial Next-Generation 
Sequencing and Bioinformatic Pipelines (ASM NGS) in 2020.

Hoofdstukken 3, 4, 5 en 6 van dit proefschrift gebruikten genoomsequenties die zijn 
opgeslagen in openbare databases, naast data die zelf gegenereerd werd voor het 
onderzoek. De meeste openbare genomen zijn niet helemaal compleet (zogenaamde 
draft genomen), aangezien het genereren van volledige genomen kostbaar is. 
Genoomregio’s die moeilijk te assembleren zijn, zijn niet aaneengesloten in deze draft 
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genomen, wat betekent dat het geassembleerde genoom gefragmenteerd is. De niet-
geassembleerde gebieden kunnen worden gevonden in plasmiden, fagen of andere 
genetische elementen en kunnen coderen voor belangrijke biologische functies. Daarom 
is het cruciaal om volledige genomen te genereren. In Hoofdstuk 8 gebruikten we 
Illumina short read sequencing en Oxford Nanopore Technologies long read sequencing 
op vijf S. suis-stammen die de Nederlandse S. suis-populatie vertegenwoordigen en die 
veel worden gebruikt in experimenten. Met behulp van korte en lange reads konden we 
alle vijf genomen volledig assembleren en we hebben deze beschikbaar gemaakt via 
openbare databases voor hergebruik vrij van beperkingen. Het beschikbaar maken van 
deze genomen kan toekomstige onderzoeksinspanningen ondersteunen die volledige 
en nauwkeurige informatie over de genoomsamenstelling van deze stammen vereisen.

Een veelgebruikt concept in de bacteriologie is het concept van virulentiefactoren. Deze 
factoren omvatten componenten van een bacterie die het vermogen om ziekten te 
veroorzaken vergroten, maar niet vereist zijn voor zijn levensvatbaarheid van de bacterie. Voor 
S. suis zijn veel studies gepubliceerd die nieuwe vermeende virulentiefactoren beschrijven. 
Vaak wordt aangenomen dat deze virulentiefactoren ook belangrijk zijn om infecties bij 
de mens te veroorzaken. Door middel van een systematische review gepresenteerd in 
Hoofdstuk 9, werden S. suis virulentiefactoren geïdentificeerd in de literatuur. Onderzoek 
naar de aanwezigheid van deze vermeende virulentiefactoren in S. suis-genomen van 
stammen die uit mens en varken geïsoleerd waren, toonde aan dat 53 virulentiefactoren 
worden gecodeerd door genen die in meer dan 95% van alle S. suis genomen voorkomen 
(kerngenoom). Deze bevinding geeft aan dat deze genen niet als virulentiefactoren in de 
strikte zin moeten worden beschouwd, aangezien deze genen over het algemeen nodig 
lijken te zijn voor de levensvatbaarheid van S. suis. Nog eens 26 virulentiefactoren werden 
vaker geïdentificeerd bij S. suis afkomstig van mensen dan bij S. suis afkomstig van varkens, 
wat wijst op een mogelijke bijdrage aan het zoönotisch potentieel. Drie genen (nisK, nisR 
en hhly3) waren bijzonder sterk verrijkt in S. suis geïsoleerd uit mens, zelfs na correctie voor 
S. suis-type en land van isolatie. Deze resultaten tonen samen aan dat veel gepubliceerde 
virulentiefactoren mogelijk niet voldoen aan de definitie van virulentiefactor. Bovendien 
lijken bepaalde virulentiefactoren bij te dragen aan zoönotisch potentieel.

In Hoofdstuk 10, ten slotte, worden de thema’s van voorgaande hoofdstukken verbonden 
en worden mogelijke richtingen voor toekomstig onderzoek aangegeven. In het bijzonder 
worden openstaande vragen over de biologie en transmissie van ExPEC benadrukt. 
Uitdagingen in bacteriële genoom typering en genotype-fenotype-analyses worden 
ook aangestipt. Tenslotte worden er in dit hoofdstuk toekomstige onderzoeksrichtingen 
gepresenteerd, zoals het samenspel tussen E. coli en zijn gastheer en microbioom, 
mogelijke therapeutische interventies en het belang van bacteriële genomics voor deze 
ontwikkelingen.
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